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Atmospheric aerosols are the dominant source of
Pb to the modern marine environment, and as a
result, in most regions of the ocean the Pb isotopic
composition of dissolved Pb in the surface ocean
(and in corals) matches that of the regional aerosols.
In the Singapore Strait, however, there is a large
offset between seawater dissolved and coral Pb
isotopes and that of the regional aerosols. We propose
that this difference results from isotope exchange
between dissolved Pb supplied by anthropogenic
aerosol deposition and adsorbed natural crustal Pb
on weathered particles delivered to the ocean by
coastal rivers. To investigate this issue, Pb isotope
exchange was assessed through a closed-system
exchange experiment using estuarine waters collected
at the Johor River mouth (which discharges to
the Singapore Strait). During the experiment, a
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known amount of dissolved Pb with the isotopic composition of NBS-981 (2%Pb /297 Pb = 1.093)
was spiked into the unfiltered Johor water (dissolved and particulate 206pp, /207Pp —=1.199) and
the changing isotopic composition of the dissolved Pb was monitored. The mixing ratio of the
estuarine and spike Pb should have produced a dissolved 2%Pb/207Pb isotopic composition
of 1.161, but within a week, the 2%Pb/297Pb in the water increased to 1.190 and continued to
increase to 1.197 during the next two months without significant changes of the dissolved Pb
concentration. The kinetics of isotope exchange was assessed using a simple Kq model, which
assumes multiple sub-reservoirs within the particulate matter with different exchange rate
constants. The K3 model reproduced 56% of the observed Pb isotope variance. Both the closed-
system experiment and field measurements imply that isotope exchange can be an important
mechanism for controlling Pb and Pb isotopes in coastal waters. A similar process may occur
for other trace elements.

This article is part of the themed issue ‘Biological and climatic impacts of ocean trace element
chemistry’.

1. Introduction

Fluvial transport has long been noted as an important source for metals into the ocean (e.g. [1,2]
and references therein). The transport of metals involves the direct injection of dissolved metals
and transport of particulate matter that may release or exchange elements when it contacts
seawater [3—6]. Through their interaction with seawater, crustal-derived particulates can affect
the concentration of some elements in estuarine waters (e.g. Ba, Cd, [6-10]); or can affect the
isotopic composition of some elements without much change in concentration [11]. Such isotope
exchange has been noted for Sr and Nd in both closed-system experiments [12,13] and in field
observations [14-16]. There is no information on whether such isotope exchange influences Pb
isotope data in coastal and estuarine waters.

Pb is widely used in tracing anthropogenic emissions into the earth surface environment, as
its isotopic composition can distinguish sources from different reservoirs [17]. Understanding the
processes that affect Pb isotopes in different environments is of critical importance in interpreting
Pb data in a dynamic environment. In the modern open ocean, anthropogenically enhanced
aeolian input is the major source of Pb [18]. And absent an abundant supply of crustal particulates,
Pb isotopes found in surface oceans are generally the same as the aerosols depositing in the
sea surface (e.g. [10,19,20]). In estuarine and coastal environments, the fluvial contribution of
elemental Pb into the ocean and the potential exchanges in Pb isotopes by crustal particulates
has not been clearly assessed, because of the dynamic nature of estuarine environments and the
overwhelming supply of anthropogenic Pb into the modern environment.

As an alternative strategy, the fluvial and estuarine behaviour of Pb has been investigated
extensively using radiogenic 2!9Pb. It has been found that the majority (greater than or equal
to 79%) of 21%Pb in an estuary was associated with particulate matter (e.g. [21-25]), although
some exceptions have been found in rivers with high concentrations of dissolved organic
matter (e.g. [26]). These studies concluded that 2!°Pb is scavenged within the estuaries, and,
by analogy, it was suggested that stable Pb should also be scavenged. However, much of the
elemental Pb is originally contained within mineral crystals, but these unstable phases break
down and dissolve during weathering and release elemental Pb which largely adsorbs onto
mineral surfaces (e.g. [27]). By contrast, 21Pb is produced within the 233U decay series by
its precursor the inert gas 222Rn, which partially leaks into the atmosphere from which the
daughter 210py jg deposited. As a result, surface ocean water is relatively enriched in 210pp and
low in stable Pb, while the crustal particulates are relatively depleted in 2!°Pb but enriched in
stable Pb. There might be significant differences between the pathways by which natural Pb
and 21%Pb move through the environment, although this subject has never been explored in
the field.
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Despite very few observations of stable Pb isotope ratios in estuarine and coastal water,
a few studies did imply that isotope exchange may influence Pb in coastal and estuarine
regions. One example comes from coral Pb studies in the Singapore Strait. Three corals were
investigated on an east-west transect of the strait, and the Pb isotopes in these corals all
shown 206Pb /207Ph = >1.190 [28,29] distinct from regional aerosols (¥06pp /207Pp = ~1.097-1.167
in Southeast Asia [30]). No high 206p}, /207Ph sources in the region have been found except
regional natural soil. Hence, isotope exchange between seawater and natural crustal particulates
is a possible explanation for why 2%Pb/2%Pb was higher in marine systems compared with
the aerosols.

A second example is the Japanese GEOTRACES data on dissolved Pb and Pb isotopes in
Indian Ocean seawater (KH09-5, November—December 2010; [31]). Thirteen stations were covered
including the Arabian Sea and the Bay of Bengal. The 2°°Pb/2’Pb in one profile obtained from
the Bay of Bengal was 0.005-0.010 higher than in a profile obtained from the Arabian Sea, despite
a concentration profile depth distribution that was almost identical. The isotopic offset could not
be fully explained by different anthropogenic sources as the offset was observable throughout
the water column, whereas the anthropogenic dissolved Pb contamination in the northern Indian
Ocean was still confined to the upper ocean. From these observations, it was proposed that isotope
exchange in the Arabian Sea and the Bay of Bengal may have created the isotopic offset between
the two profiles.

These examples imply that isotope exchange might be an important mechanism modulating
Pb isotopes in the ocean. To this end, the objective of this study is to experimentally illustrate
the isotope exchange of Pb between the dissolved phase and coastal particulate matter, and
investigate the kinetics of exchange using a simple K4-type model.

2. Sampling and methodology

(a) Closed-system isotope exchange experiment

A closed-system isotope exchange experiment was carried out using estuarine water from the
Johor River mouth (figure 1). The Johor River is located at the southern end of the Malaysian
Peninsula and discharges a large quantity of freshwater from the Malaysian Peninsula to
the Singapore Strait [32,33]. The mean annual discharge for the Johor River is approximately
1200 km3 yr~! [34]. At the same time, a large quantity of crustal particulates is delivered to the
Singapore Strait due to the mountainous terrain, intense chemical weathering and heavy rainfall
in the region [35]. The upstream of the Johor River basin is mainly forest, while the downstream
is agricultural land (oil palm and rubber, [36]). On 22 November 2013, 81 water samples were
collected from the estuarine waters near the Johor River mouth (1°2522” N 104°00'05” E; figure 1).
The samples were collected by lowering a plastic coated pole sampler near the front of the boat
while the boat was slowly moving forward. A trace-metal-clean bottle was attached in the front
of the pole to collect the water sample. The samples were transferred to the laboratory in a dark
cooler box after collection.

In the laboratory, 250 ml of unfiltered water and 250 ml of 0.4 um filtered water were sub-
sampled to provide the initial dissolved Pb and Pb isotope ratios in the water before the
isotope exchange experiment. A subsample of the unfiltered water was acidified to pH~2 to
determine ‘total dissolvable’” Pb and Pb isotope ratios (95% of which was derived from the
particulate fraction). The remaining samples were divided into two groups (A and B): for group A,
approximately 3.51 of unfiltered sample was put into a 41 trace-metal-clean narrow mouth bottle
(bottle A). For group B, approximately 3.51 of sample was filtered through 0.4 um Nuclepore®
polycarbonate filters, and kept in another identical narrow mouth bottle (bottle B) to serve as
a control. The filters used in this study have been leached multiple times in ultrapure acid and
then rinsed multiple times in 4x distilled deionized water, which should in theory contribute
an immeasurable blank. The Pb concentration of the filtered sample at the beginning of the
experiment was 18.3 pmol kgfl. At time t =0, both bottles were spiked with 1.75ml of pH~2,
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Figure 1. Map of the Singapore Strait and the Johor River with monsoonal wind and current directions. The sampling sites
are illustrated in numbered boxes. The sampling sites include (1) Johor River mouth for isotope exchange water samples;
(2) National University of Singapore for aerosol samples; (3) Kusu for seasonal seawater samples and (4) Hantu for seasonal
seawater samples.
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21 nmol kg~! NBS-981 (2°Pb/2%7Pb =1.093, [37]). The amount of spike added should result in
10.5pmolkg~! concentration increase in the sample (to 28.8pmolkg™') if no net adsorption
occurs. The bottle was vigorously shaken during spike addition to minimize the possible effects of
the acidic spike on the water chemistry. After spike addition, a 250 ml sample was separated and
filtered from each 41 bottle at different time points up to 60 days. A schematic about the isotope
exchange experiment is shown in figure 2.

(b) Aerosol sampling

Aerosol samples for were collected on the roof of building S16 of National University of Singapore
(NUS) from July 2011 through November 2012. From November 2012 to April 2013, the sampling
station was moved to NUS CREATE building but the two buildings were within 1km distance.
The samples were collected by pumping air through a pre-cleaned 0.45um PTFE filter using a
diaphragm pump (similar to that employed by Bollhofer et al. [38]). Most aerosol samples were
collected over about a week although some had longer collection periods (multiple weeks) due to
the travel schedule of the sampling personnel.
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Figure 2. Schematics of the isotope exchange experiments.

(c) Seawater sampling

Seawater samples were collected seasonally in both Hantu and Kusu from September 2011
through November 2013. The samples were filtered (0.4pm) and acidified to pH~2 with
ultrapure 6N HCI. The time between sample collection and filtration varies from within 1 day
to six months due to personnel limitations. Given the variable time between sample collection
and filtration, only Pb isotopes are reported as Pb concentrations could have been affected by
adsorption to the bottle walls. The filtered samples were stored acidified for at least two months
before analysis to ensure the release of Pb adsorbed onto the surface of the container.

(d) Methods for analysing Pb and Pb isotopes

The filtered samples were analysed for both Pb concentration and Pb isotope ratios. The Pb
concentrations were measured using isotope dilution after single batch nitrilotriacetate (NTA)
resin extraction [31]. In brief, 1.3 ml of seawater samples was spiked with a known amount
of 2MPb enriched spike (Oak Ridge National Laboratories) and then adjusted to pH=>5.3 by
adding an ammonium acetate buffer. Approximately 2400 NTA superflow resin beads were
added to each sample. After 4 days on a shaker table to allow the resin beads to bind Pb,
the resin was rinsed several times with ultrapure water and then eluted using 0.1 M high-
purity nitric acid. The eluted samples were then analysed on a Quadrupole ICP-MS (VG
PlasmaQuad 2+). All samples were run in triplicate and accepted only if at least two out of three
replicates agreed.

Pb isotope ratios in the seawater were measured using an IsoProbe multi-collector ICP-
MS after Mg(OH), co-precipitation and HCI-HBr ion exchange chromatography as described
in [39,41]. The seawater sample was spiked with a minimum dose of ammonia solution to induce
Mg(OH); precipitation that scavenges Pb from the seawater. The precipitates were redissolved by
a minimum amount of high-purity HCl and the Mg(OH), precipitation method was repeated for
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Figure 3. The Phisotope time series in Singapore aerosols (grey filled diamonds) and seawater (squares). The seawater samples
were taken from the Singapore Strait near either Hantu (black filled squares) or Kusu (open squares). The dashed line illustrates
an average 26Pb/27Ph ratio in Singapore Strait water. The aerosol samples were taken on top of the S16 building and CREATE
building. The light band illustrates the regional aerosols [30] and the dark band illustrates the seawater feeding to the Singapore
Strait [29,31].

a second time to further concentrate the Pb. The final precipitates were redissolved in 200 ul of
ultrapure 1.1 M HBr and loaded onto an Eichrom AG-1X8 (chloride form, 200—400 mesh) anion
exchange resin column, and then eluted with 1M and 6 M HCI to separate the Pb from the
sample matrices. After ion exchange, the samples were dried in a class 100 clean environment
and redissolved in ultrapure 0.2 M HNO3 for GV IsoProbe multi-collector sector ICP-MS analysis.
Standardization and corrections were handled as discussed in Boyle et al. [40]. Although the
expected precision and accuracy of the measurement depends on the concentration of the sample
(limited by Johnson resistor noise), these 206pp /207Ph data should be good to at least £0.001 (20).

Pb isotope ratios in aerosols were measured using the MC-ICP-MS in the same way as seawater
samples after leaching the filter in 6 M high-purity HCI, drying down, loading with 1.1 N HBr,
and passing the leachates through the anion exchange columns.

3. Results

The Pb isotope ratios in aerosols (table 2) and seawater samples are shown in figure 3.
The 2%°Pb/2%Pb in Singapore seawater was consistently approximately 1.195 with no evident
seasonal cycle. Additionally, no spatial difference for Pb isotopes was observed (figure 3). The
206pb /207Ph in Singapore aerosols was approximately 1.147, with 2°Pb /2%Pb in the northeast
monsoon season (November—March) being slightly higher (approx. 0.005) than in the southwest
monsoon season (April-September). However, the Pb isotopes in Singapore aerosols are clearly
distinct from Singapore Strait seawater at all times.

The change in Pb concentration during the isotope exchange experiment is shown in
figure 4. The dissolved Pb concentration in the collected water was 18.3 pmol kg_1 (before any
manipulation); the unfiltered ‘total dissolvable’ Pb concentration was 371 pmol kg™!, indicating
a large reservoir of particulate Pb (353 pmol kg~!). After spike addition, the Pb concentration in
unfiltered bottle A increased to 25.4 pmolkg~!, and then fluctuated approximately between 20
and 30 pmol kg*1 within next 2 days. Afterwards, the Pb concentration increased approximately
from 21 to 35pmolkg~! within 7 days and remained there until the end of two months. The
detailed concentration variability can be found in table 1.

The Pb concentration in the filtered bottle B was fairly stable at approximately 46.3 pmol kg~!
within 7 days and gradually decreased to approximately 36.4 pmol kg~ during two months. We
did not expect to see the Pb concentration increase by 28 pmol kg™ (from 18.3 to 46.3 pmol kg 1)
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Figure 4. The measured Pb concentration in seawater after spiking with NBS-981 standard reference material. Bottle A (grey
filled triangles) is the unfiltered seawater; bottle B (open triangles) is the 0.4 um filtered seawater; and the unspiked sample is
shown in a black filled triangle. The main figure shows the detail change in Ph concentration in bottle A within first 200 h and
the inset figure shows the two-month-long variation of Pb concentration in both bottles A and B.

from the added spike, which should only have caused a 10.5pmolkg™" increase in the Pb
concentration. We suspect that the higher Pb concentration in bottle B was introduced during
the large-volume filtration process involved in filling-up bottle B (this filtration took up to 3h)
and some Pb from the particles might have been released into the water during the filtration
process. The high Pb concentration could also have been caused by contamination during the
filtration process. However, neither cause of the high Pb concentration affects the interpretation
of Pb variability during the two months. It was encouraging to see the Pb concentration in bottle
B decrease by only approximately 20% from 2 days to two months suggesting that the effect of
bottle wall uptake should be minimal in the particle-buffered unfiltered experiment.

The isotopic variability during the isotope exchange experiment (table 1) is illustrated in
figure 5. During the two months of the experiment, the 2%Pb/207Pb of the filtered and spiked
bottle ‘B” was 1.168 4+ 0.002 (20), indicating no isotope exchange happened in this bottle. Before
the spike addition, the 206pp /297P in both filtered and acidified unfiltered samples was 1.199,
showing that the dissolved and acid-soluble particulate Pb have the same isotopic composition.
Assuming that the filtered (dissolved) concentration of this water was 18.3 pmolkg~!, the spike
addition (1.75ml of 21 nmol kg_l) should have lowered the dissolved 2%°Pb/2%7Pb in the bottle
to 1.161 (calculated T'=0). Filtering a subsample soon after the spike addition (within 5min),
the 20°Pb /207Pb in bottle A was 1.178 and further increased to 1.189 by 3h. From 3 h to 1 day, the
206pp /207Ph in bottle A decreased from 1.189 to 1.181. After that brief drop, 206p, /207P} increased
steadily from 1.181 to 1.197 at two months (figure 5 and table 2).

4. Discussion

(a) Pbisotopes in Singapore seawater and aerosols

Pb isotope ratios in Singapore seawaters were generally stable during our 2-year sampling
period, with 2%Pb/27Pb =1.195+0.004 (20) and 2%Pb/?%Pb =2.479 +0.006 (20). The steady
Pb isotope ratios in Singapore seawater indicates that the strait Pb was dominated by a
consistent Pb reservoir with high 2°°Pb/2’Pb ratio. This consistency is at odds with the
oceanographic setting of the Singapore Strait. The Singapore Strait is dominated by seasonal
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Table 1. Variability in Ph concentration and isotopes during closed-system isotope exchange experiment.

206/207 208/207 [Pb] SD for [Pb]°

name and timestep 206/207 2s.el 208/207 2s.e? (pmol I77) (pmol I77)
Johor A unfiltered 1.1987 0.0001 2.5438 0.0001 3734 5.4

3The 2 s.e. was twice of the normalized standard deviation associated with the internal counting statistics of the ICP-MS during the run. The
external reproducibility was monitored by measuring an in house standard (BAB3 deg, calibrated with NBS981 standard reference material)
in the beginning and the end of the day and in between every five samples.

bEach seawater sample was measured at least three times and the s.d. was the standard deviation of the triplicates.

Ran out of sample.

monsoon-driven currents [42]. It is flushed mainly by South China Sea water during the
northeast monsoon (November—March) and mainly by the Malacca Strait and Java Sea water
during southwest monsoon (April-September) [43]. There is almost no Pb isotope data in
either of these regions, but neither the South China Sea water (one surface sample collected
near Taiwan in 2000 had 2°6Pb/207Pb =1.156 + 0.015, 20, 298Pb/207Pb =2.444 +0.017, 20, [29],
table 3) nor the Indian Ocean water (eight samples of central Indian Ocean surface water had
206pp /207Pb = 1.144 4 0.006, 25, 2%8Pb /27Pb =2.426 + 0.009, 20 [31]) can account for the isotope
ratios of Pb in Singapore seawater.

The high 2%Pb/207Pb ratio in Singapore seawater is also clearly distinct from Pb isotope
ratios of aerosols from all of Southeast Asia. Singapore aerosol 2°°Pb /2%’Pb averaged 1.150 in the
northeast monsoon season and 1.145 in the southwest monsoon season (figure 3). Atmospheric
deposition appears to be the main source of Pb to the Singapore region as suggested by the
sedimentary record from the central catchment reserve [44]. Besides Singapore aerosols, the
regional aerosols (Kuala Lumpur, Bangkok, Vietnam, Indonesia, Hong Kong) 2°°Pb/2’Pb range
from 1.097 to 1.167 (table 3, [30,45]). In this case, regardless of local or distal sources, none of
the 206Pb /207Pb in aerosols in this region comes close to the 1.19540.004 (20') ratio observed
in Singapore Strait seawater (figure 3). Instead of reflecting the aerosol Pb isotope value, the
high 2%°Pb/2%Pb in Singapore water is similar to the 100-year-old natural soil we observe in
this region (2°°Pb/27Pb ~ 1.214, [44]), also in the same geological formation of the Johor River
catchment [46]. In this case, the isotope differences between Singapore seawater and aerosols,
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Figure 5. The measured 2°Pb/27Pb ratios of seawater after spiking with NBS-981 standard reference material (big open
square). The main figure shows the detailed change in 26Pb/2Pb in the unfiltered bottle A (grey filled squares) after spike
addition with the shaded area indicating the range of 2°Pb/2” Ph in Singapore Strait water. The inset figure shows the overview
of the 26Pb/2Pb in unfiltered sample (big filled square), spike (big open square), the change in 2°Pb/2Pb ratios in the
unfiltered bottle A and filtered bottle B (filtered at t = 0, open squares). The two arrows in the inset figure illustrate the average
206p/27ph in Singapore aerosol and natural regional soil.

together with the near-constancy of the Pb isotope ratio in strait seawater all suggest that the Pb
isotope ratios in Singapore seawater have been converted from their primary aerosol values into
more ‘crustal-like” values by exchanging with crustal particulates.

(b) Mechanisms inferred from the closed-system isotope exchange experiment

Total dissolvable Pb in the Johor River mouth sample was 371 pmol kg™, but only 18.3 pmol kg !
was dissolved at the natural pH. These data indicate that less than 5% of Pb was in the dissolved
form. The fraction of dissolved Pb is similar to that observed for 21Pb in many estuaries
(e.g. [21-25]). Soon after spike addition, the Pb concentration in unfiltered bottle A increased
to 25.4+ 1.4pmolkg™!, which was nearly that expected for the amount of Pb added. Within
the first 3h, the Pb concentration increased from 25.4 to 32.7 pmol kgfl, and then decreased
steadily to 20.9 pmolkg™! from 3h to 2 days. It is difficult to be confident that the high Pb
concentration at T=23h is a real signal as it was only a single sample that must be considered
in view of Pb’s contamination-prone character. The decreased Pb concentration from 3 h to 2 days
was more prominent as the decreasing trend was visible at T =5, 24 and 47.5h. The decrease
in Pb concentration implied that Pb was scavenged from the water from 3h to 2 days. In the
following 2 days to two months, the Pb concentration increased to 33.9 pmolkg ™! at T =7 days
and remained at approximately 33 pmolkg~!. The increase in Pb concentration from 2 days to
two months suggested that processes in this experiment can release Pb from particulate matter
into the water. The release of Pb from particles has been suggested in some estuaries (e.g. [47]).
The dissolution and scavenging of Pb might function at different rates that result in the observed
fluctuations of Pb concentration in bottle A, which has also been previously noted for thorium
isotopes [48]. However, with limited sampling resolution, we cannot specify which processes
account for these Pb removal/addition observations, but some possibilities are ion exchange with
particle surfaces (+ or —), biological uptake (—), biological decomposition (+), scavenging onto
mineral or biological surfaces (—), mineral dissolution (+) and mineral precipitation (—). The time
dependence of these processes may differ substantially, i.e. some may occur quickly and others
slowly. A limited role for colloids on isotope exchange has been observed in this experiment as
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Table 2. Singapore aerosol Pb isotope data. See Lee et al. [29] for data from July 2011 to April 2012.

sampling period 206/207 6/72s.e. 208/207
27-29 July 20Mm 11415 0.0001 2.4192

(Continued.)
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Table 2. (Continued.)

sampling period 206/207 6/72s.e. 208/207 8/72s..
19-24 Sep 2012 11427 0.0000 2.4205 0.0001

Table 3. The Ph isotope values in local or regional sources compare to the Singapore Strait water. Note the large difference in
the Ph isotope of Singapore Strait water from all other sources in the region.

sample 206/207 208/207 source
Singapore Strait water 1191-1.198 2.474-2.484 this study

the 0.4 um filtered bottle B, excluding particulates but including commonly defined colloids (0.4
0.02um), showed limited change in Pb concentration and isotopes over the whole experiment,
except adsorption onto the inner surface of the bottle wall after one month.

Pb isotope ratios in the unfiltered bottle A show large changes during the experiment. Soon
after spike addition, the 206pp /207Ph decreased from 1.199 to 1.178, reflecting the effect of the low
206Ph /207Ph from the NBS-981 spike (1.093). It should be noted that by simply adding 1.75ml
of 21 nmol kg~! NBS-981 into the 18.3 pmol kg™ of sample, the resulting 2°°Pb/2”Pb should be
1.161 (calculated from mass balance assuming simple mixing of dissolved Pb), which is lower than
the observed first sample 2°°Pb /2% Pb ratio (1.178). The higher observed 2°°Pb /2%’ Pb from simple
mixing indicates that some isotope exchange (with Pb adsorbed onto particulates) happened
within minutes so the 2%Pb /2%Pb in the bottle has already been altered to a higher value within
a few minutes (our filtration would generally take approx. 5min). The 2%Pb/2Pb increased to
1.190 within 7 days, while the Pb concentration only increased by 9.8 pmol kg~!. If the increase in
206pp /207Ph was purely due to release from particulate Pb (*%Pb/27Pb =1.199), the resulting
206pp /207Ph at T=7 days should be 1.184 by mass balance, which was again lower than the
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observed 1.190. The disproportional increase in 2°Pb/207Pb also indicates that the particulates
exchanged Pb isotopes and altered the 2°Pb /2% Pb to higher values. From 7 days to two months,
the 290Pb /207Pp further increased to 1.197 without obvious change in Pb concentration, further
supporting an isotope exchange mechanism. It is difficult to explain the 2%°Pb/2Pb data for
T=3hand T =1 day (figure 5) even though on a broader perspective, adsorption and desorption
can operate at different rates (e.g. [48]). These speculations remain elusive given the coarse
temporal resolution we have in this study. However, despite these uncertainties our closed-system
experiment clearly demonstrates a rapid Pb isotope exchange process (within one week for the
majority of isotope change; figure 5).

(c) Amodel for Pb isotope exchange

It has been previously suggested that isotope exchange without net element transfer occurs for Sr
and Nd isotopes. The mechanism for this isotope exchange was proposed as contemporaneous
dissolution and precipitation into secondary minerals [4,12-14]. That suggested mechanism for Sr
isotopes might not be plausible for Pb as the concentration for Pb in seawater is generally in the
pico-molar region (e.g. [49]), in which the formation of secondary Pb minerals by precipitation is
unlikely.

We suggest that Pb isotope exchange happens between multiple distinct exchangeable sub-
reservoirs. We make this assumption following the modifying premises proposed by Li et al. [50,
p- 2012] and Nyffeler et al. [51]: ‘the radioisotopes and their natural stable counterparts may not
be exchanged rapidly especially with those not in the surface sorption sites. Sorption of certain
cations may not follow the reaction, but may involve oxidation and precipitation, ion exchange
inside crystal lattices through diffusion, and adsorption of radiotracers on colloids <followed
by> coagulation of colloids on larger particles etc.” Hence we assume that there are multiple Pb
reservoirs with different exchange rate time constants. As discussed in §4b, there must be at least
one rapid exchange reservoir operating within a few minutes and one slow exchange reservoir
that operates over days to months.

In modelling this process, we assume that Pb on the surface of suspended particulate matter
approaches distribution coefficient (K3) equilibrium with dissolved Pb with a time constant that
is characteristic of sub-reservoirs within the particulate matter:

__ particulate Pb per gram of suspended particulate matter

K
d dissolved Pb per gram of water

(4.1)

We estimate K4 =2 x 10° from the total (acid) dissolvable Pb in the water sample compared to
the 0.4 um filtered dissolved Pb at the initiation of the experiment with the assumption that the
total particulate concentration is 10mgkg~! (average particulate concentration measured in the
Singapore Strait, [52]). It is possible that not all of the acid-soluble Pb participates in exchange
equilibrium at the higher natural pH, but the total exchangeable Pb must be close to this number
in order to be consistent with the high 2°°Pb/27Pb ratio observed at the end of the experiment.
It should also be noted that a large variability exists for K4 in natural systems [21]; therefore, this
estimated Kq represents the distribution coefficient in the bottle experiment, not throughout all of
the actual estuarine system.

In the model, we assume Pb ions move in and out from each reservoir to the dissolved pool
at the same rate for all of its isotopes. We treat each Pb isotope separately assuming the same Ky
for each, and then calculate the resulting isotope ratios (it is known that small stable isotope ratio
fractionations can occur during ion exchange, e.g. [53], but these fractionations are generally a
few tenths of a per cent compared with the 11% radiogenic Pb isotope signature differences in
nature and in this experiment). Taking 206Ph as an example, the instantaneous concentration of
206Pb in the reservoir R; at time point ¢ can be calculated from the following equation:

At
[*%Pblg,¢ = [*Pblr i1 + = x {[**Pblr,equitibrum — [**Pblr,-11, (42)

1
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Figure 6. The modelled 2°°Pb/2"Ph ratio (dashed grey line) compared to measured values from the close-system experiment
(filled squares). The parameters used in the model are also provided.

where T; is the time constant for reservoir i; and At is the time step. The equilibrium concentration
for reservoir i can be calculated from the instantaneous concentration in the dissolved seawater
as equation (4.3):

[*%Pblg,,
> iz1 PPblg, 4,

where the PM is the concentration of particulate matter (assumed 10 mg kg~1). The same equation
can be applied for the other isotopes, and then the isotope ratios can be calculated by taking ratios
of the concentrations of each Pb isotope in each reservoir.

The model was initiated based on the initial 18.3pmolkg™! concentration ([Pblsw,, =
18.3pmolkg™!) and measured isotopic composition before spike. And then the dissolved
concentration is augmented by a 10.5pmolkg™' NBS-981 addition. This increases the
concentrations of all the dissolved Pb isotopes, which then approach K4 equilibrium given
assumed reservoir sizes and kinetic time constants. The size of each reservoir and its kinetic
time constant was established by trial and error; but at least two reservoirs and time constants
are necessary to explain our results. The model proceeds by time steps with rate constant-based
transfer of Pb to the particulate phases (which is determined by the difference between the
equilibrium adsorbed Pb for each isotope based on the dissolved concentration from the previous
time step, equations (4.2) and (4.3)) and the calculated adsorbed Pb from the previous time step.

We began with a single reservoir that accounts for the long-term time evolution of the isotope
ratios in the experiment, adjusting the time constant (69 days) to fit the later stages of the
experiment (23 days to two months). Then we added a second reservoir that exchanges more
rapidly (1.7 days), and used trial and error variations of the time constant and reservoir size to
fit the intermediate stages of the experiment. Finally, we added a third reservoir with very rapid
exchange constant (5h) and approximated the earlier portion of the experiment. With the three
exchangeable reservoirs, our simple model could reproduce the fast increase in 2°°Pb/27Pb as
we observed in the close-system experiment with R? =0.56 (excluding the T =3 and 24 h ratios,
R2 rises to 0.89).

The change in 206pp, /207Pp during the experiment (figures 6 and 7) provides a direct
evidence for isotope exchange between dissolved and particulate Pb and can explain the field
observations for Singapore Strait seawater. Investigations in Singapore seawater indicated the
206pp /207Pb in the seawater was more than 1.190 (figure 3), different from either regional aerosols
(?%Pb/207Pb ~1.140) or the open-ocean seawater feeding the Singapore Strait (2°°Pb/?%Pb =
1.144-1.156 [29,31]). In the isotope exchange experiment, 206p} /207Ph increased from 1.178 to

[*%Pb]R, equilibrum = Kd x [*%Pbly—1 x PM x (4.3)
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Figure 7. The modelled dissolved Pb concentration (dashed grey line) compared to measured values from the close-system
experiment (filled squares). The parameters in the model are the same as illustrated in figure 6.

greater than 1.190. The magnitude of the increase in 2°°Pb/2%Pb during the experiment was
comparable to the difference between Singapore seawater and aerosols.

Besides the magnitude of increase, the timescale of the isotope exchange in the closed-system
experiment also supports the consistent isotopic departure between Singapore seawater and
aerosols. In the experiment, the major change in Pb isotopes occurred within a week. If the
timescale of isotope exchange is much shorter than the residence time of Pb in Singapore water,
the isotope exchange could maintain a consistent isotopic difference between Singapore seawater
and aerosol (figure 3), which agrees well with what has been observed in Singapore. The residence
time of Pb in the Singapore Strait has not been directly investigated, but there are a few clues:
the 210Pb-derived residence time in the surface oceans feeding water to the Singapore Strait is
2—4 years (1.8 year in South China Sea [54], 4 years in the eastern Indian Ocean, [55]); although
in estuary and coastal regions, a much shorter 210pp-derived residence time (days-months) has
been inferred [21]. We think that the former residence time is more likely for the Singapore
Strait, because the variation of Pb/Ca in Singapore corals over more than a 50-year period
consistently correlated with the local rainfall with a lag of 2-3 years [28]. The latter estimate
should be regarded with caution as ?!°Pb and stable Pb might follow different mechanisms in
estuarine areas. Therefore, we think that 2-3 years should be taken as a preliminary estimate
of the residence time of Pb in Singapore water. In this case, the timescale of isotope exchange
(hours—days) should be significantly shorter than the residence time of Pb in Singapore water and
the isotope exchange could maintain the observed isotopic difference between anthropogenically
sourced Pb and Singapore Strait seawater.

(d) The potential role of Pb isotope exchange in ocean chemistry

Crustal particulates transported by rivers have been proposed as an important factor regulating
the chemistry of marine trace elements [4]. The global suspended riverine flux has been estimated
as 15-20Gtyr~! [56,57], among which rivers in South Asia and maritime continent transport
disproportionally high amounts of particulates to the Pacific and Indian Ocean (approx. 2/3 of the
global suspended particle flux, [35]). These fluvial particulates could provide abundant materials
for isotope exchange potentially happening in these regions, changing the Pb isotopes in the
water to more ‘crustal-like” ratios. The influence of isotope exchange on the geochemistry of Pb,
and the extent of this influence is still poorly understood because of sparse seawater Pb isotope
data in estuaries, coastal areas and near continental margins. The composition of particulates
and their role in exchange process, the role of colloids and the dynamic nature of the natural
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Figure 8. Anillustration of isotope exchange schematics in: (a) the Singapore Strait water. When high 2°Pb/2Pb particulates
meet low 2%6Pb/27Ph water, the 26Ph is preferentially released from particulate to water with other isotopes adsorbing from
water to particulates. (b) general estuarine areas. When low 2°Pb/Pb particulates meet high °Ph/Pb water, the 2°Pb is
preferentially adsorbed from water to particulates with stable Pb releasing from particulates to water.

aqueous systems are still poorly constrained. Despite this paucity of observational data, the
batch isotope exchange experiment imply that isotope exchange can significantly influence the
isotopic composition of Pb in coastal environments and illuminate the fate of particulate material
upon its arrival to oceans. Further experimental investigations, including sterilized systems that
cannot have biological uptake or decay, targeted exchange experiments using waters from other
rivers (especially in regions where the geological Pb source is extreme); some simple single well-
characterized phase experiments to illuminate the exchange process in a simple system, and better
evidence on the spatial distributions of Pb isotopes in estuaries and coastal environments could
provide important insights for the processes affecting Pb in the ocean.

This mechanism of isotope exchange also calls to attention the redistribution of dissolved
and particulate Pb in the estuaries and has implications for the anthropogenic Pb impact as
well as the natural oceanic Pb cycle. Pb isotopes have been widely used as a fingerprint for
tracing anthropogenic sources [17]. The interpretation of Pb isotopes from coastal and estuarine
environments is worth re-evaluating as the Pb isotopes in these environments could have
been altered to different values from their sources via isotope exchange (figure 8a). It also has
implications for the possible mechanisms contributing natural fluvial Pb to the ocean. Before
extensive Pb contamination of the atmosphere, Pb would have weathered from unstable natural
crustal materials and then adsorb back onto the residual stable weathered phases. When rivers
carried this particulate matter into the ocean, particles that had experienced a relatively high-Pb
environment would have encountered very low-Pb ocean waters (resulting from a short residence
time created by efficient internal ocean scavenging). Based on this partitioning concept, some Pb
adsorbed on the particulates would be released in a dissolved form in the estuary that would then
mix out into the open ocean. This fluvial source (supplemented by the same process occurring on
wind-blown dust deposited into the ocean) would have been the source of lead to the ancient
ocean as represented by ferromanganese nodule records (e.g. [58]).

5. Implications for the use of Z/°Pb as a proxy for elemental Pb (and similar
implications for other radioisotope systems)

We have shown that Pb with a different isotope composition added to the coastal marine
environment takes on the natural crustal ratio of the regional continental crust, re-equilibrating
the isotope ratios in the dissolved and particulate phases. It is clear that the same process
would also occur for the uranium series radioisotope 210pp, i.e. the 219Pb /Pb ratio of the crustal
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particles and the impinging open-ocean waters should be re-equilibrated in estuarine areas.
Crustal materials should have a very low 210Pp /Pb ratio, while open-ocean water has a much
higher 2!9Pb /Pb ratio. Based on the concept of isotope exchange, once low 2!°Pb/Pb particulates
encounter high 2I°Pb/Pb open-ocean water in the estuarine region, the redistribution would
favour the transfer of 2!°Pb from water onto particulates and stable Pb from particulates into
water (figure 8b).

Taylor & McLennan [59] estimate that the average continental crust has 2.8 ppm U and 20 ppm
Pb; left undisturbed until radiochemical equilibrium was attained that would result in a 210pp /Pb
ratio of 4.05 x 102 Bqmol~! of Pb. The actual ratio will be lower for materials involved in the
active weathering process because a lot of the ??2Rn produced in the 238U series will be lost to the
atmosphere, and a significant fraction of the daughter 210py i deposited in the ocean (e.g. [60]).
Observations near Bermuda during the 1980s (even when anthropogenic Pb contamination was
high) suggest that the 210pp /Pb ratio of ocean waters was high (2.6 x 107 Bq mol~! of Pb, [61])
compared with crustal materials. The ratio must have been much higher before anthropogenic
elemental Pb contamination. Considering the spatial variability of 2!°Pb depositional flux,
Bermuda is close to the average value of the published ?!°Pb depositional flux across the globe
(varying a factor of approx. 6 [62]). Therefore, even adding spatial variability into consideration,
the 219Pb/Pb ratio of ocean waters would still be at least an order of magnitude higher than
the 210Pb /Pb ratio in crustal particulates. Hence, in the natural state, adsorbed Pb on weathered
crustal material would have a low 219Pb/Pb ratio that would have encountered dissolved marine
lead with a much higher 2!°Pb/Pb ratio (figure 8b). Isotope equilibration would have ensued,
and because on an atom per atom basis there is much more stable elemental lead on the crustal
material than 219Pb dissolved in the seawater, most of the marine 21°Pb would be taken up onto
the particles, releasing an immeasurably small amount of stable Pb in its place. Therefore, in this
situation, it would appear that 219Pb was scavenged and lost from solution whereas elemental Pb
could have been at least slightly released into the low-Pb dissolved phase, just by the operation
of the Ky adsorption equilibration. The contrasting difference between the cycling of 210Pp and
stable Pb results in a large difference in the 2!°Pb/Pb ratio between ocean waters and crustal
particulates, which eventually results in their different behaviour in the estuarine environment.
In other words, as we noted in our introduction ‘there may be some differences between the 21°Pb
budget compared to the elemental Pb budget’.

Benninger [22] quantified the 2!°Pb budget for Long Island Sound (USA) and concluded that
210pPp was scavenged in estuaries, and by extension argued that elemental Pb should also be
scavenged in estuaries; therefore, rivers would not be a source of Pb into the ocean. As we have
noted above, we show that 21°Pb should be removed from solution by isotope re-equilibration
even when there is a net release of elemental Pb from crustal particles. We suggest that some of
the conclusions based on 21Pb to stable Pb should be is re-thought in the light of this process, and
we suggest that the process of isotope equilibration should be quantified in other coastal marine
environments to determine its generality.

Finally, we note that a similar process may occur for other radionuclide systems. For example,
most of the thorium in crustal materials is long-lived 232Th with a minor contribution of 2°Th
from the 238U series, whereas the ocean contains a higher 230Th /232Th ratio because dissolved U
is enriched in seawater and produces a steady supply of 2’Th into the ocean. Therefore, there
may be situations when net scavenging of Th is inferred from 230Th data, when instead exchange
with crustal 2%2Th is the cause of the lost 23’Th.

These considerations should remind us that Kg-style equilibration also may be an important
factor in the elemental cycles of elements that do not have the strong isotope ratio contrasts that
allowed us to deduce this process for Pb.

6. Conclusion

Isotope exchange of Pb in coastal waters has been investigated through a closed-system exchange
experiment using estuarine waters sampled from the Johor River mouth. During the experiment,
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the 2°Pb/27Pb in the sample changed from 1.178 to more than 1.190 within 7 days with
disproportional changes in Pb concentration. The change in Pb isotope ratios in the batch
experiment was significantly larger than the measurement error. With a timescale of isotope
exchange much shorter than the residence time of Pb in a water environment, isotope exchange
could maintain a consistent isotope departure from the Pb source feeding the water, which
has been observed in the Singapore Strait. In addition to our closed-system experiment and
field observations, a simple model was employed to simulate the kinetics of isotope exchange.
Using a K4-type exchange model, more than 50% of the observed 2%°Pb/2’Pb variance can
be simulated. The observations in both closed-system experiment and field measurements
provide a compelling evidence for rapid (days—-months) Pb isotope exchange between seawater
and suspended particulate materials. Further investigation of the distributions of Pb and
Pb isotopes around estuaries and coastal areas could enhance our understanding on the
role of isotope exchange in marine Pb geochemistry. Finally, we suggest in some situations,
isotope equilibration might need to be considered in interpreting data from 21°Pb and other
radioisotope systems.
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