
1. Introduction

Determining source regions and fluxes of aeolian dust deposition to the open ocean can provide insight into 

atmospheric circulation patterns, climate, and aridity, and may have implications for ocean productivity 

and carbon sequestration (Martin,1990; Paytan etal.,2009; Winckler etal.,2008; Xie & Marcantonio,2012). 

The source and quantity of dust reaching a particular site can vary with climate and anthropogenic changes 

to landscapes and with changes in the strength and trajectory of winds (Rea, ), with advective trans1994 -

port with in the water column at most a second-order effect (Anderson etal., ). In particular, dust 2016

loads can be impacted by changes in climatic conditions, which affect wind dynamics and alter the aridity 

of the source regions and their land cover (Maher etal., ). Moreover, different sources of dust have 2010
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best when combined with other dust source tracers.
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been shown to induce diverse responses in ocean primary productivity and plankton community structure 

(Chien etal., ; Mackey etal, ). Therefore, it is important to identify how dust deposition 2016 2010 2012,

sources have changed spatially and temporally.

Pb isotopes have been used in a range of studies to trace aeolian dust flux sources (Jones etal., ; Pettke 2000

etal.,2000; Pichat etal.,2014; Stancin etal.,2006) and to reconstruct changes in the location of the ITCZ 

(Reimi etal., ; Reimi & Marcantonio, ; Xie & Marcantonio, ). The premise is that since dif2019 2016 2012 -

ferent dust source regions are of different ages and have different lithologies, and therefore distinct stable 

Pb isotope ratios, it should be possible to discern the relative contribution of these different sources using 

source apportion mixing models. Indeed, this approach has worked well with other isotope systems. For 

example, Nd isotopes in sediment detrital fractions generally show clear latitudinal delineation, with pro-

gressively more northern sourced dust in northern locations (Bayon etal., ; Reimi etal.,2020 2019; Xie & 

Marcantonio, ).2012

Pb isotopes in sediment detrital fractions also show ocean-scale trends, with distinct differences between 

Northern and Southern Hemisphere samples (Jones etal., ; Pichat etal., ; Stancin etal.,2000 2014 2006). 

However, when regional Pb records are considered, particularly north-south transects that span the ITCZ, 

the Pb isotope records alone do not show the expected separation of Northern and Southern Hemisphere 

dust sources (Xie & Marcantonio,2012). Several suggestions have been put forth to explain why Pb isotopes 

do not show clear regional signatures of dust provenance when used alone. Specifically, it is possible that 

the source material itself is highly heterogeneous and/or that different dust constituents are differentially 

preserved in the sedimentary record (Arimoto, ). It is also possible that the methods used for sample 2001

preparation result in preferential dissolution of different phases (Hyeong etal., ). Anthropogenic con2011 -

tamination of the samples used to characterize the source may also be a factor (Grousset & Biscaye, ).2005

Multiple studies have been undertaken to constrain source region variability in Pb isotopes (Höfig etal.,2016; 

Pettke etal., ; Pichat etal., ; Stancin etal., , and references therein). For example, in Höfig 2000 2014 2006

etal.(2016), 2,014 samples from the GEOROC database were compiled to capture the range and variability 

in source area signatures. While Höfig etal.( ) provide isotopic bounds for each source region, there are 2016

some shortcomings. First, most of the samples used are from igneous rocks, and while weathering of igne-

ous rocks is an important dust sources, these results are biased against sedimentary rocks that may be more 

readily weathered. Moreover, using rocks rather than soil or dust samples does not account for incongruent 

weathering. Additionally, dust may also inherit Pb from other sources during the weathering cycle and 

transport to the ocean. Finally, different sequential leaching procedures have been employed for delineating 

terrigenous sources in ocean sediments, which could bias source reconstructions.

Given the low concentration of Pb in many marine sediments, the addition of anthropogenic Pb to the sed-

iment from authigenic phases remains a concern. While anthropogenic Pb has a range of isotopic values, 

typically the values are less radiogenic than natural dust sources (Gallon etal., ; Zurbrick etal.,2011 2017) 

and possess distinctive isotopic signatures. Therefore, even a small amount of anthropogenic contamina-

tion can impact the Pb isotopic signature of a sample. However, while contamination cannot be always 

eliminated, the unique signature of anthropogenic Pb and the ability to use multiple isotope ratios in the 

Pb system can help identify contaminated samples and remove them when studies are interested in natural 

preanthropogenic processes.

In this study, we consider some of the potential influences on the Pb isotopic signature of the detrital frac-

tion in open-ocean sediments that may confound identifying source signatures. While redefining the estab-

lished Pb isotope compositions of source regions is outside the scope of this project, we consider the impact 

of sample treatment such as leaching procedures on the robustness of source region characterizations. We 

analyze the Pb isotopes of the operationally defined terrigenous fraction of sediments from the upper 10cm 

of piston cores across the Pacific to help illustrate regional (adjacent cores) and site specific (within one 

core) variability. The impact of anthropogenic contamination is also considered. Finally, we present a down-

core record for core TTN013-PC72 at the equator at 140°W, compare this record to previously published data 

from equatorial Pacific cores and discuss the impact of imprecise age models on the record.
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2. Methods

2.1. Sample Materials

Loess, silt, and basalt samples from several potential dust source regions with different published bulk 

Pb isotope signatures (Stancin etal.,2006; Vallelonga etal.,2010) were obtained and processed using the 

sequential leaching method described below. These samples include Chinese loess, New Zealand loess, 

Australian loess, Galapagos Island basalts, and South American (Atacama Desert) and North American 

silt. We focus on loess and silt samples, as these are more representative of potential dust transported to the 

open ocean than the bulk rocks. The locations of these samples are listed in Table . These locations and S1

samples were selected to best represent potential eolian material and, when possible, to capture regional 

variability where it is likely to exist, such as in China and the Atacama Desert. Samples were excavated from 

the subsurface to minimize impacts of anthropogenic Pb contamination. Samples were freeze dried at the 

University of California Santa Cruz (UCSC) and then dry sieved through plastic mesh to isolate the <63µm 

fraction, representative of wind-blown sediment (Ridame & Guieu, ).2002

The Chinese loess samples are from a Chinese loess plateau transect, along 108°E between 34°N and 37°N. 

Detailed sample locations and collection information can be found in Yang and Ding( ). Additional ge2003 -

ochemical information for the Chinese loess samples, including percent calcium carbonate and strontium 

isotope ratios, can be found in Jacobson( ).2004

New Zealand loess was collected from the beach cliffs outside the town of Oamaru at 45.084°S, 170.988°E. 

Loess at this location is thought to have been deposited during the Last Glacial Maximum (Worthy & 

Grant-Mackie,2003) and represents material that could have been transported to the Pacific. Australian 

dust was characterized using samples from the B soil horizons in the Bago-Maragle forest and a site near 

the town of Brucedale in New South Wales, Australia, obtained from the CSIRO National Soil Collection.

Samples from the Atacama Desert were obtained from five transects spanning 20°S to 36°S collected from 

multiple alluvial fan settings at a depth of 25–30cm below the surface. To characterize the impact that vol-

canic material, particularly volcanic ash that may have arrived at the eastern equatorial Pacific (EEP), fresh 

basalt from the Galapagos Islands was obtained and prepared as discussed in section .2.2

Samples from the Channel Islands off the coast of southern California were collected differently from sam-

ples in the other regions, namely they represent soil samples that required additional separation steps to 

isolate the silt fraction (Muhs etal.,2007). However, they are included as representatives of combined North 

American source regions. The silt deposited on these islands has been transported from North America and 

gives an integrated representation of dust that is transported to mid-latitude North Pacific coastal regions 

(Muhs etal., ). Samples were obtained from three islands defining a 160km north-south transect, 2007 

East Anacapa Island, Santa Barbara Island, and San Clemente Island. Further description of the samples 

and collection methods can be found in Muhs etal. ( , ).2007 2008

To construct a survey of Pb isotopes in the detrital fraction of core-top sediments, samples from across the 

Equatorial Pacific, with a focus on the EEP, were obtained from the Oregon State and Scripps Institution 

of Oceanography core repositories. Cores were selected to provide tight spatial coverage within the EEP, 

with multiple north-south transects and with samples along the equator from 90°W to 140°W. The location 

and water depth of the samples are given in Table . All samples were from the upper 10cm of the core, S2

and typically the upper 5cm. In addition, a handful of samples from across the greater Pacific Ocean were 

processed to provide context to the detailed EEP investigation. Locations and water depths of these samples 

are listed in Table . It should be noted that while attempts were made to verify the ages of the core-top S3

samples to ensure they were Holocene, that information was not always available for all sites and dating 

each sample was outside the scope of this work.

To reconstruct changes in the dust sources to the equatorial Pacific region over time, downcore samples 

from TTN013-PC72 (0.1°N, 139.4°W, Figure ) were obtained at roughly 10cm depth resolution for the 1

upper 200cm of the core, representing a record of 100 ka. Detailed core description and the age model for 

this core are given in Murray etal.( ).2000
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2.2. Analytical Methods

No consistently used method currently exists to isolate a pure terrigenous dust fraction from sediments. 

Nevertheless, one can optimize comparisons between source and sediment samples by processing them 

identically. As such, an operationally defined detrital fraction, consisting predominantly of silicates, was 

isolated from each sample (source samples and sediments) using a sequential leaching procedure as de-

scribed below. This fraction represents the silicate fraction of the eolian component in sediments; however, 

it may also include noneolian insoluble material, such as marine barite or rutile from submarine volcanic 

activity. In contrast, some eolian components such as terrigenous carbonate minerals are lost in the process.

Most samples were freeze dried at the University of California Santa Cruz (UCSC) and then dry sieved 

through plastic mesh to isolate the <63µm fraction, representative of wind-blown sediment (Ridame & 

Guieu,2002). As the Galapagos Basalt sample was a fresh hand sample, it was prepared to simulate dust 

and allow for similar chemical leaching conditions as other samples. After removing the outer portion of a 

basalt hand sample to avoid anthropogenic Pb, the inner portion was crushed using a ceramic mortar and 

pestle and sieved to <63µm. The North American samples were processed differently because these were 

soil samples and the detrital fraction had to be separated from soils. For these samples, the silt size fraction 

(2–53µm) was isolated from the soil, organic matter was removed with hydrogen peroxide, and sodium 

hexametaphosphate, in combination with ultrasonic shaking, was used as a dispersant. The clays were then 

removed by utilizing Stokes Law through repeated sedimentation and siphoning, isolating the 2–53 µm 

fraction.

Approximately 150mg of each sample were weighed and placed in acid-cleaned 50mL centrifuge tubes. 

Primary or secondary carbonate and ferromanganese precipitates were removed from the sediment fol-

lowing methods modified from Gutjahr etal.( ). Specifically, carbonates were removed using a mixed 2007

sodium acetate/acetic acid solution; the lightly bound Pb was removed via MgCl2 solution-induced cation 

exchange, and two repeats of a buffered NH2OH/EDTA solution treatment were added sequentially and 

allowed to react overnight to ensure all oxyhydroxides were removed. Samples were rinsed with ultrapure 
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Figure 1.  Overview map of modern wind patterns and ITCZ location for the Pacific Ocean. Winter wind vector map 
is from Kalnay etal.( ) and ITCZ locations are from Liu etal.( ). Site 17PC represents downcore studies from 1996 2015
Reimi etal. ( , ), Site 849 includes work by Pichat etal.( ) and Xie and Marcantonio( ), and PC72 2016 2019 2014 2012
is presented in this study. Source region sample locations used in this study are shown in yellow. ITCZ, Intertropical 
Convergence Zone.
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water three times between each step. The residual sediment was treated with H2O2 to remove organic ma-

terial, rinsed 3 times with ultrapure water, and transferred to acid-cleaned Teflon vials. These samples were 

digested over 72h on a 90°C hotplate in three sequential steps: 50:50 mixture of 14N quartz distilled HNO3

and 22.6N Optima grade HF, dried, and redissolved overnight in 6N quartz distilled HCl; and dried and 

redissolved overnight in 7N quartz distilled HNO3. Bulk sediment samples (e.g., without the pretreatment) 

were also digested in Teflon vials as described above for comparison. Reagent and method blanks were mon-

itored throughout the process. Typically, the blank contribution was less than 1% of the sample.

To prepare all samples for Pb isotope analysis, each digested sample was dried and redissolved in 100µL 

of concentrated Optima grade HBr. This fraction was gently dried, and the process repeated to ensure the 

predominance of an HBr matrix. The sample was then redissolved in 1N HBr for column separation. Chem-

ical separation was achieved using 10cm Teflon columns packed with AG1-X8 anion resin (adapted from 

Kamber & Gladu, ). Approximately 600µL of resin was cleaned with quartz distilled 6N HCl and 2009

conditioned with 1N HBr. The sample was then loaded onto the columns and washed with 2.2mL of 1N 

HBr followed by 1mL 2N distilled HCl. To elute the retained Pb, 2.2mL of 6N distilled HCl was added and 

collected in a separate acid-cleaned Teflon vial. The sample was dried and reconstituted in 0.28N Optima 

grade HNO3 for isotope and Pb concentration analyses. All work was conducted in a Class 1000 clean lab 

facility at the University of California at Santa Cruz (UCSC).

2.3. Pb Concentration and Isotope Ratio Measurements

Concentrations of Pb were determined using an Element ICP-MS at UCSC on an aliquot of the samples 

and a subset of samples was also analyzed for other elements (Al, Fe, Zr, Ba, U). The 0.28N HNO3 used for 

reconstitution contained 1 ppb of both Bi and Rh to allow correction of instrument drift. A calibration curve 

was constructed at the start of the analytical run using a serial dilution of ICP-MS element standards, with 

standards monitored every 6–12 samples. Overall, the standard deviation of a 1 ppb Pb standard was 0.012 

ppb over the duration of a run after any drift correction. The internal sample standard deviation ranged 

from 0.06% to 2% (average 1%) depending on the size of the sample measured. Additionally, three aliquots 

of a subset of samples were run every 10–20 samples, with a reproducibility of 5%.

Pb isotope ratios (206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb) were measured using a Neptune MC-ICP-MS 

either at the University of California Santa Cruz (UCSC) or Davis (UCD). Samples were introduced into the 

instrument using a CETAC MCN 6000 desolvating nebulizer at UCSC and an APEX desolvating nebulizer at 

UCD, in combination with a high efficiency X-cone. The former configuration has been shown to maximize 

both precision and accuracy for sample concentrations<10 ppb (Gallon etal.,2008) on the UCSC Neptune 

MC-ICP-MS. Sensitivity averaged 5–10V on 208Pb for a 15ppb standard solution, and samples were diluted 

as necessary to keep sample sizes between 5 and 20V on 208Pb. Sample concentrations above 3ppb, resulting 

in at least 1V of 208Pb, had internal 1σ run standard deviations of <0.003 for 206Pb/204Pb. Both Ar and N2

flows were optimized for maximum sensitivity during each run. Between samples, a 2% HNO3 solution was 

introduced until the monitored 208Pb signal dropped below 0.002V. Data collection was preformed over 50, 

1-s cycles, with a 90s uptake time. A 2σ rejection of outliers was preformed automatically.

After allowing the plasma to stabilize for 1.5h and tuning the instrument to optimize sensitivity, NIST 

SRM 981 was repeatedly analyzed to ensure accuracy and reproducibility. After establishing the stability 

and reproducibility of Pb ratios for SRM 981, samples were introduced, and SRM 981 was reanalyzed every 

five samples. Inter-run 2σ standard deviation (2σSD) of all samples averaged 0.002 for 206Pb/204Pb, 0.022 for 
207Pb/204Pb, and 0.065 for 208Pb/204Pb. Over the lifetime of this project and concurrent projects measuring 

Pb isotopes, 256 analyses of Pb SRM 981 were conducted. These analyses resulted in 206Pb/204Pb of 16.932 

(2σSD 0.006), 207Pb/204Pb of 15.482 (2σSD 0.005), and 208Pb/204Pb of 36.671 (2σSD 0.02). Because the meas-

ured standard ratios were consistently slightly less than the certified ratios for NIST SRM 981 (Galer,1999), 

sample ratios were normalized to the certified ratio using sample/standard bracketing.

Instrumental mass bias was corrected using the exponential law through Tl addition. Since the mass range 

of Tl overlaps that of Pb, the addition of a Tl standard with a known isotopic composition (NIST SRM 997) 

can be used to correct for mass bias (Kamenov etal., ). The Tl was added to the samples to achieve a 2004

Tl/Pb concentration ratio of 0.2 (Gallon etal.,2008). Data were corrected using a 205Tl/203Tl ratio of 2.3871, 
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based on the certified ratio of SRM 997. To evaluate the similarity of Tl to Pb fractionation between samples 

and standards, the exponential law mass fractionation factors ( ) were monitored throughout the run to β

ensure that samples and standards had similar values resulting in a consistent correction for instrumental 

mass fractionation (e.g., White etal., ). To evaluate reproducibility, 10% of the samples were processed 2000

in triplicate. The 2σSD of these sample sets averages 0.02 206Pb/204Pb, 0.005 207Pb/204Pb, and 0.023 208Pb/204Pb. 

Finally, a procedural blank, representing the entirety of the sample preparation, was processed every 20 

samples. Sample blanks were too low in concentration to achieve a reliable isotopic measurement, with 

blanks averaging 1–5% of the sample concentration (10–50 pg for a full procedural blank). In addition, the 

SRM 981 was processed using the same column protocol applied to samples to document precision and 

verify the lack of Pb isotope fractionation during the sample preparation process.

To quantify the contributions of dust from various sources, the isotope mixing model simmr was used (Par-

nell,2020). This R model solves mixing equations for stable isotope data using a Bayesian framework. These 

simulations were run for both the source areas determined in this study and from literature compilations. 

Mixing models were run using both the likely published sources and source values from this study to com-

pare the impact of using bulk versus the operationally defined terrigenous fractions of source regions.

Published source area average values and standard deviations were taken from the compilation in Pichat 

etal.(2014). As this compilation did not have an average Pb isotopic value for North American dust, the val-

ue from Stancin etal. ( ) was used. New Zealand loess average value was from this study. Likely source 2008

regions were determined based on those identified in previous dust isotopic studies along with some source 

regions that were specifically close to our sediment sampling sites. Asian dust has been established as a 

predominant dust source to both hemispheres and has been included as a potential source in all regions. 

For the North Pacific, source regions used were consistent with Stancin etal.( ) and Jones etal.(2006 2000). 

While Asian and North American dust have been proposed as the most likely sources, Galapagos Basalts, 

Central American dust, and the South American NVZ and SVZ were also included due to proximity to our 

sediment sampling sites. Indeed, Pichat etal.( ) identified the SVZ and south CVZ as the dominant end 2014

members for samples from ODP849 in the eastern equatorial Pacific. Additionally, Papua New Guinea vol-

canics were included for equatorial and Southern Hemisphere samples based on the suggestion by Ziegler 

etal.(2008) of far-reaching transport of this source via the Equatorial Undercurrent. For the Southern Hem-

isphere samples, dominant sources from Li etal.( ) were used. They found that Australian and South 2008

American Sources as well as Asian dust are the dominant sources.

3. Results

Pb isotopic results for the bulk and residual fractions of the source regions show distinct differences, with 

some samples having similar bulk and detrital values while others showing differences between these two 

fractions (Table  and Figure ). Overall, Australian and New Zealand silts are the most radiogenic, ChiS1 2 -

nese and North American are less radiogenic, and the South American and Galapagos samples are the least 

radiogenic. Although the North American samples were prepared differently than other source samples 

in this study and those reported in the literature, results were in general agreement with other studies for 

North American dust.

To allow for comparison to published data sets, select bulk source samples were analyzed (Table ). On S1

average, the 206Pb/ 204Pb ratios for the residual (post leaching) fraction were less radiogenic than the bulk 

fractions by about 0.1, though there was variability in this offset. The differences between the New Zealand 

bulk and residual fractions were substantially greater, with the 206Pb/ 204Pb of the residual fraction being 

more radiogenic than bulk sample by 0.5. This difference was less pronounced for the South American 

samples, with the residual fraction only 0.05 more radiogenic than the bulk sample. As bulk Chinese loess 

samples were not available, the bulk and silicate fractions from Jones etal.( ) are used for comparison.2000

For the core-top detrital samples, 207Pb/204Pb ratios vary from 15.59 to 15.68, with most samples, particularly 

in the EEP, clustering around 15.63–15.64 (Table  and Figure ). The least radiogenic ratios are generally S2 3

located near coastal settings, particularly near Alaska and Central America. Conversely, the most radiogenic 

samples are located north of the equator at 140°W, as well as at open-ocean locations in the northwestern 

Pacific. These trends are also generally observed also in 206Pb/204Pb and 208Pb/204Pb ratios.
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For the core-top detrital samples, 207Pb/204Pb ratios vary from 15.59 to 15.68, with most samples, particularly 

in the EEP, clustering around 15.63–15.64 (Table  and Figure ). The least radiogenic ratios are generally S2 3

located near coastal settings, particularly near Alaska and Central America. Conversely, the most radiogenic 

samples are located north of the equator at 140°W, as well as at open-ocean locations in the northwestern 

Pacific. These trends are also generally observed also in 206Pb/204Pb and 208Pb/204Pb ratios.

Downcore samples from PC72 (Table  and FigureS4 4) show slightly different trends with depth for each Pb 

isotopic ratio. The samples show an average value of 18.85 for  206Pb/204Pb, 15.66 for 207Pb/204Pb, and 38.9 

for 208Pb/204Pb. Less radiogenic Pb isotopic ratios are noted, however, at the end of Marine Isotope Stage 

(MIS) 5c (87 ka), MIS 4 (63 ka), and a large excursion toward less radiogenic values during MIS 2 (25–14 ka). 

Within MIS2, all three ratios show a trend toward less radiogenic values at the start of MIS 2, though the 

least radiogenic values for each of the ratios occur at different times within MIS 2. Specifically, 206Pb/204Pb 

ratios are least radiogenic at 14.7 ka, 207Pb/204Pb are least radiogenic at 24.8 ka and thereafter gradually rise, 

while 208Pb/204Pb ratios remain low for the duration of MIS2

4. Discussion

4.1. Impact of Anthropogenic Contamination on Core-Top Data

Anthropogenic lead contamination of samples is a concern for any Pb isotopic study. To understand if

samples from this and previous studies have been impacted, the composition of modern contamination is 

compared to our data set. While no present-day seawater Pb isotope records exist for the EEP, surface and 

depth profiles collected in 1979 (Flegal etal., ) and 2002 (Gallon etal.,1984 2011; Zurbrick etal.,2017) have 

been reported for regions in the central and northwest Pacific, along with values for the Western Philippine 

Sea collected in 2014 (Chien etal., ). Of the surface seawater samples reported in Flegal etal.(2017 1984), 

the sample at 2°N, 150°W is the closest sample to the ITCZ (1.176 206Pb/207Pb 2.4318 208Pb/207Pb), while 

the sample at 15°S, 150°W (1.176 206Pb/207Pb, 2.443 208Pb/207Pb) is likely the most indicative of seawater 
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Figure 2.  Comparison of bulk versus detrital fractions Pb isotope ratios of the same sample for source regions. 
Squares represent the bulk sediment, while circles are the detrital fraction isolated through sequential leaching. As 
no bulk sediment was available for the Chinese loess samples, both the Chinese bulk and detrital fractions from Jones 
etal.( ) are shown in red for comparison purposes.2000
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Figure 3. 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb results from core-top sediment detrital fractions across the Pacific Ocean measured for this study (outlined in 
dark circles) and published data (Godfrey, ; Hyeong etal., ; Jones etal., ; Pettke etal., ; Stancin etal., , , Xie & Marcantonio, ). 2002 2011 2000 2000 2006 2008 2012
Warmer colors represent more radiogenic ratios, and cooler colors less radiogenic ratios. Results for source regions are listed on the figure. 1Published results 
from Stancin etal.( ) calculated from analysis of core-top data; 2006 2Published ratios measured on the silicate (detrital) fraction of Chinese loess by Jones 
etal.( ); 2000 3Published results of preanthropogenic Saharan dust compiled by Abouchami and Zabel ( ); 2003 3Published results for Papua New Guinea from 
Park etal.( ). ITCZ summer (red) and winter (green) from Liu etal.( ). ITCZ, Intertropical Convergence Zone.2010 2015
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influenced by southern source anthropogenic contamination. Additionally, the most eastern samples of

Gallon etal.,( ) at 26.65°N, 152.06°W (1.164 2011 206Pb/207Pb, 2.448 208Pb/207 Pb) likely capture seawater in-

fluenced by northern sourced anthropogenic Pb such as North America. These seawater values generally 

correspond to the Pb isotope composition of modern dust, shown in Figure .5

Pacific Ocean water depth profiles are consistent with limited anthropogenic Pb reaching the seafloor (Wu 

etal.,2010; Zurbrick etal.,2017), with anthropogenic Pb input declining sharply with distance from Asia 

(Zurbrick etal., ). Additionally, a compilation of modern aerosol values in Zurbrick etal.( ) show 2017 2017

that the Pb isotopes of aerosols Pb generally matches the surface seawater dissolved Pb isotope ratios and 

are different from the core-top samples in this study. These values for anthropogenic contamination can 

then be compared to sediment results. Overall, it appears that any anthropogenic Pb influence on core-top 

Pb isotopes or source region samples we present is likely limited. Any sample suspected of contamination 

based on its isotopic composition was removed from further discussion.

4.2. Pacific Ocean Core-Top Pb Data Compilation

4.2.1. Core-Top Samples—North and South Pacific

We observe that Pb isotope values for the detrital fraction in core-top samples from the North Pacific and 

those from the South Pacific differ, consistent with the known dust sources and the ITCZ location (Figure3). 

The core-top samples in the North Pacific are more radiogenic (displayed as warmer colors in Figure3) than 

ERHARDT ET AL.

10.1029/2020PA004144

9 of 19

Figure 4.  Downcore records of 206Pb/204Pb, 206Pb/204Pb, and 206Pb/204Pb PC72 (0.1°N, 139.4°W, purple, this study) and 
ODP Site 849 (110.5°W, 0.2°N, blue, Pichat etal., ). If no error bars are shown, the error (2sigma) is less than 2014
the symbol. 232Th results (Winckler etal., ) for PC72 and ODP849 provide dust flux reconstructions. The oxygen 2008
isotope curves for PC72 (Mix etal., ) and ODP849 (McGee etal., ) are shown for climatic comparison.1995 2007
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samples from the equatorial and eastern Pacific, with the most radiogenic samples being in the western 

North Pacific consistent with the decrease in the fraction of Chinese loess with distance from source, as 

previously suggested by Jones etal.( ). This is most clearly illustrated in the 2000 207Pb/204Pb and 208Pb/204Pb 

ratios.

Some core-top samples, particularly near Hawaii and Alaska, are less radiogenic than most other samples 

from the North Pacific (207Pb/204Pb isotopic composition 15.64). This may reflect local influences. Ha -

waiian volcanic debris (average 207Pb/204Pb isotopic composition 15.47, Abouchami etal., ; Marske  2000

etal.,2007; among others) likely contributes to the nearby core-top sample (23.2°N, 254.45°W). The less 

radiogenic core-top Pb isotopes (15.59–15.61 207Pb/204Pb) near Alaska are consistent with published detrital 

data from this region (Horikawa etal., ; Jones etal.,2015 2000) and may include volcanic and/or fluvial ma-

terial from continental Alaska and the Aleutian islands, which have an average 207Pb/204Pb ratio of 15.56 

(Chang etal., ; Greene etal., ). Similarly, we can attribute the less radiogenic Pb in the far western 2009 2006

equatorial Pacific ( 160°E) to local volcanic sources, such as Java, Indonesia, which has a  207Pb/ 204Pb ratio 

of 15.6 (McDermott & Hawkesworth, ). These results, in combination with published detrital data 1991

from samples near Japan and the northernmost Pacific, point toward regional, less radiogenic volcanic 

influences affecting areas proximal to land in the Pacific (ring of fire).
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Figure 5.  Pb isotope samples from core-top and downcore sediments in comparison to likely anthropogenic influence. 
Pacific Ocean anthropogenic seawater values are from 1979 (Flegal etal., ) and 2002 (Gallon etal., ; Zurbrick 1984 2011
etal., ). Modern dust values are from Bollhöfer and Rosman ( , ) for the Southern and Northern 2017 2000 2001
Hemisphere samples, respectively. Sediment samples from 110W are from Xie and Marcantonio( ) (<30 ka) and 2012
Pichat etal.( ) (downcore), while samples from 158°W are from Reimi etal.( ) (<30ka) and Reimi etal.( ) 2014 2016 2019
(105–160 ka). Samples in red are core-top samples presumed to be anthropogenically contaminated.
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The few samples analyzed in this study from the south Pacific show more radiogenic ratios (15.63–15.66 
207Pb/204Pb) in the south Pacific compared to the north Pacific Ocean, consistent with the more radiogenic 

signature of New Zealand and Australian loess observed in this study. This radiogenic signature is compli-

cated by the less radiogenic South American samples, although the influence from that region to the open-

ocean South Pacific is likely limited (Li etal., ).2008

While general trends in dominant dust source regions can be observed from a visual analysis, multiple sourc-

es are likely to contribute dust at each site. The contributions of each source, and the potential to identify 

less prevalent source contributions, require additional techniques such as source apportion mixing models. 

When our data for the various regions are used in an isotope mixing model (Figure ), the nonuniqueness 6

of each potential source is highlighted. When all potential sources used in the literature (compiled in Pichat 

etal. [ ] and Höfig etal. [ ]) are included in our isotope cross-plots (Figure , columns A and B), we 2014 2016 6

see that the Pb isotopic overlap between end member source samples makes differentiation challenging. To 

simplify, only likely source regions were included in the isotope mixing models, with column C in Figure6

utilizing the literature data and column D in Figure  source area results from this study.6

For the North Pacific, mixing models using published data show that Asian and North American sources 

predominate. This is consistent with our knowledge of wind patterns and observations from the spatial dis-

tribution shown in Figure . As expected, few of the southern sources cross the ITCZ. The mixing models 3

results differ, however, depending on source region values used. While results from previously published 

data attribute the greatest source probability to North America and Asia, using results obtained in this study 
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Figure 6.  Detrital fractions and source area comparisons for five regions across the Pacific Ocean. Columns A and (b) Detrital fractions (open circles) for each 
region with mean source area data from Pichat etal.( ) and Park etal.( ) and this study. Columns C and (d) Whisker plots show the likely proportion 2014 2010
of each source using a three-isotope mixing model with only likely sources. Column C uses source end member and standard deviation values from Pichat 
etal.( ), while Column D uses the source end members from this study.2014
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we attribute a higher source region probability to Central American sources. This highlights the sensitivity 

of mixing models to both source region values and the number of sources considered.

This difference illustrates the challenges of using Pb isotopes as a dust source tracer. Each source region 

data compilation has its limitations. The published data set is composed primarily of bulk rock material 

which may not be representative of dust while data from this study are limited in number and not compre-

hensive. While the differences between the Pb isotope values used in the literature and those produced and 

used in this study vary only slightly, mixing model results show sizable shift in the proposed influence of

the difference sources.

For the Southern Pacific, model results for both published source data and data from this study do not 

identify a conclusive source. Indeed, the probability of contribution from Asian versus Australian sources 

is very similar, although the ITCZ likely impedes significant Asian dust transport to this region (Kienast 

etal.,2016). Again, the isotopic overlap of Pb in likely sources makes clear source determinations difficult 

when Pb isotopes are used as a sole indicator.

While overall differences are observed in Northern and Southern Pacific samples, the wide range in Pb 

isotopes of both the detrital sample data and data from potential sources makes unique source region iden-

tifications challenging. We note that in addition to source differences between the North and South Pacific, 

spatial patterns, such as proximity to unique local (i.e., Hawaii or Aleutian Islands) sources, play a role. 

Isotope mixing models highlight the difficulty of distinguishing sources when the source isotopic ranges 

are large and not unique, the number of potential sources is large, and/or when relatively small differences 

within end members result in large differences in the mixing models source probability results.

Finally, the source region values, from both this study and others, are not radiogenic enough to fully char-

acterize sources of all samples. In particular, a few samples in the North Pacific have 206Pb/204Pb isotope 

values greater than 19 which would suggest New Zealand as a predominant source, a scenario that seems 

unlikely given known dust transport processes. Other workers have also found a handful of samples with 

values more radiogenic than those defined by expected source regions (Reimi etal., ). Overall, while 2019

the known general dust source trends are supported by isotopic results, some details regarding source iden-

tification for all sediment samples remains elusive.

4.2.2. Core-Top Samples—Eastern Equatorial Pacific

Given that the location of the ITCZ is presumed to have a prevailing influence on the sources of dust reach-

ing the EEP and that the ITCZ location is known to vary both seasonally and over longer-term climate cycles 

(Liu etal., ), we have further focused our study on samples from the EEP. Although the large-scale 2015

source signals are captured in the EEP as noted above, on a regional to local scale significant variability was 

observed in Pb isotope signatures of the detrital fractions among cores in the EEP, consistent with other 

studies (Reimi etal., ; Xie & Marcantonio, ).2016 2012

Because the location of the ITCZ creates a boundary between Northern and Southern hemisphere dust 

sources, we should be able to differentiate sources north and south of the ITCZ in the EEP, particularly 

when viewing results spatially at any given time interval (Figure ). As expected, the Pb isotope values of 3

samples lying north of the ITCZ, for example, the northern most samples at 140°W, cluster closer to the 

northern hemisphere sources. South of the ITCZ South America is a dominant dust source to the EEP, 

particularly at longitudes east of 100°W (Saukel etal., 2011). This is reflected in the Pb isotopic signatures 

in our samples, although clearly observed only when using the published bulk source isotope values and 

not to those from this study (Figure ). Core-top samples from the EEP are isotopically most similar to the 7

published South and Central American source regions with an overall east-west gradient showing reduced 

influence of this source to the west (Figure ). When the source signatures from this study are used, Central 3

American sources predominate east of 120°W (Figure ).7

Across the broader EEP (Figure ), the most radiogenic samples predominantly occur to the west, with less 3

radiogenic values at longitudes east of 110°W, particularly for 207Pb/204Pb and 208Pb/204Pb likely due to the 

influence of Andean volcanism. The east-west trend is consistent with the increasing influence of Chinese 

loess in the west Pacific and increased influence of South and Central American sources in the eastern 

sector of the EEP.
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When looking at samples collected along a transect or at locations within a degree from each other, consid-

erable variability is apparent. For example, along W, with samples spanning from 6°N to 1°S, the dif140° -

ference between the maximum and minimum values were 0.41, 0.049, and 0.40 for 206Pb/204Pb, 207Pb/204Pb, 

and 208Pb/204Pb, respectively (Figure ). These differences, seen across transects in the EEP, reinforce the 3

need to better constrain sources of variability. Intermittent small-scale changes in dust sources over time 

and different sedimentation, bioturbation rates and sediment focusing may result in high variability be-

tween relatively adjacent cores even when using identical sample processing procedures.

It was not possible to precisely date each sample for this study, and previously published ages are available 

for only a handful of cores. Specifically, the role of bioturbation in integrating different age windows of

sediment deposition is unknown. Therefore, if the samples represent a wide age range, variability may 

correspond to temporal regional shifts in dust sources and abundance. Downcore studies, with well-dated 

cores, provide more promise to understanding temporal changes in dust deposition patterns.

Finally, when the likely source regions are considered within the isotope mixing model, differences between 

previously published source signatures and source signatures obtained in this study are observed (Figure7). 

All model outputs show a sizable component of Asian dust as expected. For the published source region 

data from Stancin etal.( ) and Reimi etal.( ) model results attribute a sizable component of the 2006 2019

sediment detrital fraction Pb to the South-Central Volcanic Zone. Even though the South American sample 

in this study was from a roughly similar location regionally, it was not a dominant source in the mixing 

model. Instead, Central American sediment was a more prominent source. Interestingly, the probability of
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Figure 7.  Detrital fractions and source area comparisons for five regions across the Pacific Ocean. See Figure  for legend and data sources.6
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North American sources was lowest in between 100°W and 120°W (Fig-

ure7). Again, the lack of a known radiogenic source end member limits 

the accuracy of any mixing model.

The impact of small differences in source area values, and even the selec-

tion of “likely” source areas, has the potential to significantly alter mixing 

model results. While the clear importance of Asian dust throughout the 

EEP remained in any simulation, the use of the detrital fraction of sam-

ples from the various source regions increased the potential contribution 

of Australian and South American sources in the samples from 120°W to 

140°W. This exercise highlights the importance of careful consideration 

of which sediment fractions are influencing sediment isotopic signatures.

The large difference in Pb isotope ratios from spatially adjacent cores at 

any given time, particularly cores that are well dated, show the sensi-

tivity of Pb to local changes in dust flux or suggest other nondust input 

related local effects as discussed above for the core tops. The variability 

in the Pb isotope data also suggests the possibility of considerable local 

fluctuations in dust input and hence uncertainty in age assignment can 

perhaps explain at least some of the differences observed in the EEP core-

top samples.

4.3. Downcore Trends in EEP Pb Isotopic Ratios

Multiple downcore records of Pb isotope ratios have been previously 

measured in the Equatorial Pacific. Existing records have focused on two 

locations-a N-S transect from 0.5°N to 7°N between 156°W and 162°W 

(Reimi etal., ) and between 3°S and 7°N along 110°W, includ2016 2019, -

ing ODP849 (Pichat etal., ; Xie & Marcantonio.,2014 2012). The records 

from ODP849 are shown in Figure , along with our record from PC72 4

at 140°W.

Each downcore data set compared here was prepared with slightly differ-

ent separation techniques, which has the potential to result in differenc-

es caused by sample treatment. However, studies have generally shown 

that most of the Pb in open-ocean sediments is found in the residue/de-

trital fraction (70.1%–91.6% in Pichat etal., ). Additionally, Pichat 2014

etal. (2014) have shown that in ocean sediment samples the bulk and 

detrital fractions are similar within analytical error, supporting their us-

age of bulk sediment for downcore analysis. Therefore, interpretations 

that are based on trends rather than absolute values between datasets 

should be valid.

The compilation of results from each study (Pichat etal., ; Reimi 2014

etal.,2016; Xie & Marcantonio, ) shows inconsistent trends for sam2012 -

ples collected in the same region along a transect, particularly samples 

from the last 30kyr (Figure ). There is also no similarity within sites 8

on either side of the ITCZ or clear consistent trends along the N-S transect for either 160°W or 110°W. We 

would expect, for example, that the northernmost sites along each of the transects would have the highest 

contribution of Pb from more radiogenic northern dust sources. However, the northernmost sample at 

160°W is among the most radiogenic while the sample at a similar latitude at 110°W is among the least ra-

diogenic (Figure ). This may suggest that source contributions over time at each site varied independently, 8

resulting in differences in trends within proximal regions or that samples at each time interval represent 

different integrated time slices as discussed in Section .4.2.2

The ranges of values observed, both within a single core over time and during a specific time interval in dif-

ferent cores along transects, is similar or greater than that observed in core-top sediments from the EEP. The 
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Figure 8.  Pb isotope ratio downcore records for the Equatorial Pacific. 
Samples from 160°W are shown in dashed and 110°W in solid lines, with 

warmer shades for more northern locations. Data sources are (1) Reimi 
etal.( ), (2) Pichat etal.( ), and (3) Xie and Marcantonio( ). 2016 2014 2012
Results from PC72 at 140°W are from this study.
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core-top sediments from the EEP have a range of 0.40 for 208Pb/204Pb ratios. Comparatively, the downcore 

range for PC72 from this study for 208Pb/204Pb is 0.26, while the published range for 208Pb/204Pb at the equa-

torial sites at 110°W and 160°W is 0.60 and 0.42, respectively (Xie & Marcantonio,2012). Further expanding 

the comparison, when all downcore samples from the last 30 kyr are considered from the transects at 110°W

and 160°W, the range is 0.93 and 0.71208Pb/ 204Pb, respectively (Figure ).8

Comparing the longer-term record from PC72 (this study) to that from ODP849, located 30° to the east 

(Pichat etal., ), we see that generally samples from the central equatorial Pacific are more radiogenic, 2014

hence likely have a greater influence of northern sourced dust, than samples to the east (Figure4). Samples 

from ODP849 are more similar to South American sources. Given the similar latitude of ODP849 and PC72, 

it is likely that the two locations remained on the same, that is, southern, side of the ITCZ throughout this 

time interval. However, the Pb isotope ratios during MIS 2, between 29 and 14 ka during the LGM and de-

glacial, have an antithetic trend between the two cores. PC72 during MIS2 records less radiogenic isotopic 

ratios, trending toward more southern sources, and ODP849 records more radiogenic isotopic ratios, trend-

ing toward more northern sources such that the sites become more similar to each other.

Multiple processes could explain both the changes in the Pb isotopic ratios over time in a single core and 

differences between cores at any given time. To constrain changes in dust flux it is useful to consider 232 

thorium excess (232Thexcess), a proxy for dust deposition. A relation between 232Thexcess  dust flux and the 

δ18O climate records has been previously noted (Jacobel etal., ) and suggest an 2017; Winckler etal.,2008

increased dust flux during glacial intervals. The 232Thexcess  record shows an overall increase leading into the 

LGM. Such an increase without change in source would not impact the Pb isotope record, however, we see 

changes in the Pb isotopic records for both PC72 and ODP849 with the differences between sites decreas-

ing. This may indicate a new dust source contributing to the system at both sites. In this case, this source is 

expected to have an isotopic signature that is less radiogenic than the North American-Asian end members 

but more radiogenic than the South and Central American sources. Alternatively, an increase in the relative 

contribution from an existing source with such an intermediate signature could also explain the trend. Po-

tential sources for this include some subregions of South America, such as the Transitional Central Volcanic 

Zone (20.5°S–21.5°S), though no one source is definitive.

The possibility remains that the ITCZ is not as effective of a dust barrier as generally proposed, particularly 

during glacial times. This would result in a greater mixing of dust sources, contributing to the convergence 

of Pb isotope values at 20 ka in the two cores considered here. Indeed, McGee etal.( ) considered dust  2007

flux along a N-S transect from 7°N to 3°S in the EEP (including ODP849), showing a reduced gradient of

dust across the equator during glacial times, potentially from a weaker ITCZ. Additionally, this theory pro-

vides an explanation for the considerable variability observed in the compiled 30 ka record (Figure ), i.e., a 8

greater and more variable degree of mixing of northern and southern sourced dust.

The records presented here do not provide a definitive link between dust inputs and ITCZ dynamics but 

highlight the complexity of using Pb isotopes for high-resolution dust source reconstructions. With difficul-

ty in constraining dust sources and isotopic ambiguity between likely sources, Pb isotopes must be coupled 

with other isotope systems, such as Nd, Sr, and/or Hf isotopes, for more definitive reconstructions (Grousset 

and Biscayne,2005; Trudgill etal.,2020; Xie & Marcantonio, ).2012

Finally, circulation changes cannot be excluded as driver for the variability observed at 140°W. As Ziegler 

etal.(2008) estimated a maximum contribution of 25% of material from Papua New Guinea to core PC72, 

contributions of detrital fractions via the Equatorial Undercurrent are possible. Given the relatively less 

radiogenic values for Papua New Guinea sediment (Kennedy etal.,1990; Park etal., ), the lower Pb iso2010 -

tope ratios in core PC72 during cooler intervals may result from an increase in the Equatorial Undercurrent 

strength and/or greater erosion of Papua New Guinea sediments. While our core-top isotope mixing model 

does not show a sizable influence of Papua New Guinea sediments to the EEP, further work is needed to 

understand the role of Equatorial Undercurrent transport to this region.

4.4. Methodological Influences on Detrital Particle Pb Isotopes

Incomplete removal of Pb from nonterrigenous constituents in the sediment, including biogenic silica, au-

thigenic clays, refractory authigenic minerals, and volcanic minerals, have the potential to influence the 
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Pb isotope ratio of the samples. This is evident from the differences seen in results obtained using different 

leaching procedures when applied to the same core-top samples (Hyeong etal.,2011) and the differences in 

average source values between published data and this study which used different sample treatments prior 

to analysis (Figures  and ).5 6

The question of isotopic differences among distinct mineralogical phases within a sample has been con-

sidered for both marine sediments and terrigenous dust source regions. For example, for Pacific Ocean 

sediments, Pichat etal.( ) considered the issue of divergent Pb isotopic ratios between the insoluble 2014

residue and bulk sediment fractions. Seven samples from ODP849 were analyzed for some combination of

bulk, leachate, and residue after a range of acetic acid and hydroxylamine hydrochloride leaches. Each of

these samples had a 206Pb/204Pb and 208Pb/204Pb in the residue fraction within error of the bulk fraction, with 

the residue fraction accounting for 70.1–91.6% of the total Pb (Pichat etal., ). This however may not be 2014

the case for other oceanic sites and most likely not for source region samples. The mineralogical composi-

tion of source regions generally differs from ocean sediment, with implications to the distribution of Pb in 

different fractions of the source sample. Existing compilations by Pichat etal.( ) and Höfig etal.(2014 2016) 

were based upon bulk measurements of predominantly igneous rocks material. Bulk source samples of het-

erogeneous sedimentary rocks and, more specifically topsoil, likely contain phases such as carbonates and 

organic matter. Indeed, Yokoo etal.( ) analyzed sequential leachates from loess and desert sand from 2004

the Chinese Loess Plateau, isolating evaporite, calcite, phosphate, and insoluble phases. Each leachate frac-

tion had distinct 87Sr/86Sr ratios. While Pb isotopes were not included, it was clear that consistency between 

measured fraction(s) of source region samples and the sample representing the dust fraction is needed if we 

are to use source region values to reconstruct dust sources.

Bulk and detrital fractions from four broad source regions, including New Zealand, Australia, South Amer-

ica, and North America show that some samples had similar isotope ratios for both bulk and detrital frac-

tions, but this was not universally the case. Samples from New Zealand, Australia, and the published results 

from China show differences between the isotope ratios of the bulk source region sample and the detrital 

fraction of the sediment samples, while in North and South American samples bulk and detrital fractions 

were generally similar. Where the bulk and detrital fractions differ, i.e., New Zealand, Australia, and China, 

the detrital fraction has a less radiogenic 207Pb/204Pb and 208Pb/204Pb ratio than the bulk sediment (Figure2).

While this study contained only a limited number of samples, our results suggest that there are implications 

for the use of Pb isotopes in bulk rocks as representative end members for aeolian materials accumulating in 

the sediment. The agreement in Pb isotopes between the potential source region signature and the detrital 

fraction in sediments depends on the mineralogical composition of the source material and the chemical 

preparation treatment used to characterize the samples. As such, caution should be taken in terms of using 

bulk source material data as an end member representing the delivered and deposited dust composition. 

Additionally, a lack of methodological consistency for isolating the detrital fraction from sediments may 

complicate comparison between studies. As we have observed in the mixing model results, small differences 

in assigned source region values, such as those that can result from using bulk versus the isolated detrital 

fractions of source regions, can significantly impact dust source reconstructions.

5. Conclusion

In this study, we examined the utility of Pb isotopes for tracing dust deposition sources across the Pacific, 

with an emphasis on the EEP. We observed that ocean-scale trends, such as a general differentiation of 

Pb isotopic ratios north and south of the ITCZ, remain clear. However, a relatively large difference in Pb 

isotopic data in proximal cores was observed in this and other studies. We focused on understanding if

these differences result from dust delivery from different source regions, anthropogenic contamination of

samples, poor age control contributing to differences in signal integration, and/or changes in sedimentary 

components analyzed over time.

Overall, it is likely that the heterogeneity of dust sources to the EEP, combined with changes to the location 

and/or efficiency of the ITCZ to impede mixing of northern and southern dust, result in inconsistencies in 

Pb isotope ratios between adjacent cores. Downcore records from PC72 and ODP849 show changes on gla-

cial/interglacial scales, highlighting the role of climate in dust delivery. As such, poor age control may result 
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in different cores capturing different climatic, and therefore dust depositional, environments. Core-top sam-

ples have Pb isotopic ratios more similar to downcore records than to modern dust and seawater, suggesting 

a limited role of anthropogenic contamination. Finally, we note that differences between bulk and detrital 

phases for many source regions may complicate interpretation and it is important for further studies to 

better constrain source regions based on specific minerals analyzed, possibly even utilizing single mineral 

signatures. Overall, while basin-scale source regions may be identified based on Pb isotopes, regional-scale 

Pb isotope results are variable both spatially and temporally making the determination of ITCZ location and 

movement difficult using only Pb isotopes.

Data Availability Statement

All data used in this study are contained within the references and tables and have been uploaded to the 

Zenodo data base http://doi.org/10.5281/zenodo.4440228.
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