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Lead (Pb) has been used for centuries in currency, transportation, building materials, cookware, makeup,
and medicine. Mining of Pb in the Roman era matched the ever-increasing demand for metallurgy,
transportation, and industry, resulting in a marked deposition of human activity in the geologic record.
Researchers use global snowpacks and ice cores to study the historic anthropogenic use of Pb and
subsequent deposition into the environment. As the cryosphere resources erode with climate warming,
there is an increased urgency to map the content and source of Pb distribution in the environment. In
this systematic literature review, we examine studies of long-traveled background atmospheric lead
signals in natural, undisturbed snowpacks and ice cores globally. After a systematic review of the
literature, we have synthesized 165 published papers to contextualize current data availability and
examine spatial and temporal coverage of existing long-range transported Pb records. Cumulatively,
these papers contain 560 records for individual and transect sample sites. Of these site records, 147 are
ice core analyses, 389 are from snowpits, and 24 span the snow to ice transition. The records are
globally distributed, with a high concentration of records at the poles and fewer records at low latitude
alpine sites. Long timescale records are available from the Greenland and Antarctic ice sheets (>100 000
years). Shorter timescale records are available for alpine glaciers (>15000 years) and persistent
snowpacks (generally <5 years). To illustrate the research potential of these records, we selected key
global records to analyze and contextualize the Pb pollution record from the North Pacific, noting its
unique record of China's industrial revolution and the subsequent explosion of industrial output from
China over the last 45 years. Finally, we provide recommendations for future studies aimed at reducing
current temporal and spatial gaps in the records. We suggest analyzing archived ice cores never before
analyzed for Pb, focused proposals on regions with critical data gaps, continuous resampling of sites to
include modern Pb emission sources, and use of analysis techniques which have low sample preparation
requirements, high sensitivity, and capability for ultra-trace concentration Pb analysis.

For centuries, anthropogenic activity has been responsible for inputting Pb, and other trace metals, into the environment. As a highly toxic metal with known
negative effects on human health, it is critical to understand the amount of Pb being released into the environment, sources of Pb emissions, and how these

factors have evolved over time. In this study, we compile published records of long-range transported Pb analyzed from the cryosphere (ice and snow). With this

collated set of records, researchers will now be able to quickly evaluate which records will be pertinent to their research questions. Questions regarding regional,
inter-regional, and global comparisons of the amount of Pb deposited in the environment and the major Pb sources through time can be examined without

a lengthy review of the literature. Additionally, examining these records as a whole highlights spatial and temporal data gaps which are currently limiting our
understanding of changes to anthropogenic Pb emissions. As climate change remobilizes legacy Pb into water sources and oceans, understanding the amount of
legacy Pb trapped in the cryosphere is necessary to mitigate impact on human health.
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Introduction

Lead (Pb) is a naturally occurring heavy metal,* found as a trace
element in the Earth's upper crust (17 x 10 ° g g ). The
primary natural sources of Pb in the crust are hydrothermal

} Present address: Department of Geology, Amherst College, Ambherst, veins, volcanogenic sedimentary deposits, and hydrothermal

Massachusetts, USA.

878 | Environ. Sci.. Processes Impacts, 2025, 27, 878-891

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d4em00526k&domain=pdf&date_stamp=2025-04-12
http://orcid.org/0000-0003-1153-2179
http://orcid.org/0000-0002-1006-1283
http://orcid.org/0000-0003-1881-2341
http://orcid.org/0000-0002-9868-7909
https://doi.org/10.1039/d4em00526k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4em00526k
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM027004

Open Access Article. Published on 10 Mé&rz 2025. Downloaded on 21.02.2026 17:51:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

and marine deposits." Critically, Pb isotope ratios (e.g,
206pp/297ph, 2°8pb/*°°pb) are fixed through physiochemical
processes, including ore extraction, smelting, and combustion
of fossil fuels, and are not modified during atmospheric
transportation or deposition.> Therefore, Pb isotope ratios in
paleoclimate records provide a long-term record of changes to
emission sources through time.*”

Cryosphere (ice core and snowpack) paleoclimate records
encompass hundreds to thousands of years of depositional
time; identifying the historic natural and anthropogenic varia-
tion of Pb.** Any use changes by human culture that changes
the gross Pb concentration or alters the pollution source(s) can
be examined using these paleorecords.*>*' For example, high-
altitude European ice cores and snowpack sites record the onset
of Greco-Roman mining and smelting activity"* and the Indus-
trial Revolution.* The sudden population decrease resulting
from the Black Plague caused a swift cessation of mining and
smelting across Europe. This event was recorded in the Colle
Gnifetti glacier in the Swiss Alps, as a dramatic decrease in Pb
concentration.” In more recent times, the impact of adding
tetraethyl lead to gasoline, and its subsequent global phase-out
can be observed globally.”****

However, these cyrosphere paleorecords are threatened by
climate change.™ Higher temperatures accelerate the melting of
ice, snow, and permafrost in the cryosphere.’® Many of the
cyrosphere sites most vulnerable to increased effects of climate
change reside in areas where Pb data is already scarce, primarily
low-latitude sites and mountain glaciers.** Additionally, the
increase in meltwater from these sites poses increased health
risks. As meltwater moves through the environment, it carries
remobilized historic trace metals, including Pb.'”*® This legacy
Pb is subsequently remobilized in the downstream environ-
ment, eventually ending in critical human water sources and
oceans.'> 7

This tutorial review aims to synthesize globally distributed
records of long-range transported Pb concentration and isotope
ratios in the cryosphere, evaluate regional coverage, provide
context for differences in regional trends (e.g., North Atlantic vs.
North Pacific), and identify critical research needs. This
systematic literature review is the most extensive global exam-
ination of published records (including 559 sample areas,
published in 165 papers) of Pb ice core and snowpack data
compiled to date. Here, we have synthesized 165 published
papers to contextualize current data availability and examine
spatial and temporal coverage of existing long-range trans-
ported Pb records. Our hope is that, using the compiled records,
researchers will be able to quickly filter available records® to
match selection criteria, mitigating lengthy literature searches,
and enabling local, regional, and international Pb emissions
and transportation comparisons.

2 Why do we care about Pb?

2.1 History of human use

Pb is found globally in raw materials (i.e., raw ore and fossil
fuels) and industrial/commercial products.®** Through time,
anthropogenic use of these materials in evolving ways has left
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a direct imprint on the environment. The earliest known spikes
in Pb traced in paleoclimate records have been tied to mining
and metallurgy. Pb was developed as a smelting agent at
different times regionally: ~6500-6400 BCE (Great Lakes
Region, North America, and Turkey), 2800 BCE (Lianghzhi Lake,
central China), 1000 BCE (Iberian Peninsula), and 400 CE (pre-
Incan Bolivia).”** During the Early Bronze Age (~3000 BCE),
most Pb was produced as a by-product of silver refining during
cupellation. Cupellation is a refining process by which precious
metals (i.e., gold, silver) are separated from base metals (i.e.,
lead, copper) using very high heat.” Use of Pb in commercial
products continued to rise during the Roman Empire, as Pb was
used in currency, weights, pipes, glassmaking, ceramics glazes,
cooking pots, makeup, and medicine.® Pb emissions rose
dramatically as nations industrialized, beginning with the
United States and Western Europe in mid-17th century to the
early 19th century.> By the 20th century, roughly half of the lead
produced was used in vehicles, as a critical component in car
batteries, and in gasoline as tetraethyl lead ((CH3;CH,),Pb). In
2021, leaded gasoline for cars and trucks was phased out
worldwide, but leaded fuels are still used in small aircraft
aviation, motorsports and off-road vehicles.** All fuel continues
releasing small concentrations of Pb into the atmosphere, even
when labeled as ‘unleaded’.”*

While the high-temperature industrial processes that emit
Pb emissions are well known (e.g,, metal smelting, refuse
incineration), the worldwide use of these processes is not well-
tracked.”*** In industrialized nations, yearly emissions esti-
mates (Fig. 1) are compiled by source and pollutant for the
United States,”?* the European Union,” Canada,*® and
China.*»** Reported yearly Pb emissions estimates indicate
a steady decrease across Europe, North America, and Russia
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Fig. 1 Pb emissions in metric tons for several major industrialized
nations from 1970 to 2020.2225-31 For many countries, data only existed
once the harmful nature of leaded gasoline was recognized and
phased out in the 1990s.
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since the 1970s (Fig. 1). This decrease has been driven by
legislation that prohibited tetraethyl leaded gasoline, improve-
ments in the efficiency of coal combustion, and advances in
non-ferrous metal smelting technology.***>* Critically, over the
same period, Pb emissions from China largely increased.*" In
newly dev in newly developed countries, rising Pb emissions
stem from increasing resource demand and human population
growth in the mid-20th century.***

Some limited data (such as leaded gas usage) is available for
countries such as Australia®* and Brazil.** Direct assessments of
the global Pb aerosol emissions into the atmosphere are logis-
tically complicated, time-consuming, and must be updated as
Pb use changes over time (e.g., phase-out of leaded gasoline,
technological advancement).***®* Therefore, to constrain the
use, emission, and impacts of Pb in the environment, emission
estimates rely on models and environmental data records (i.e.,
ice, snow, soils, lakes) when direct, observational atmospheric
data is unavailable.”*

2.2 High Pb concentrations directly impacts health

Pb's adverse health and environmental effects were already
known during Roman times: smelting furnaces were placed on
the top of hills, as placing them where the fumes would blow
across the land led to “spoiled vegetation and poisoned soil”.®
Formal medical descriptions for lead poisoning or lead colic are
recorded as early as 370 BC.** Modern medicine understands
that Pb exposure at all levels has toxic effects on many organ
systems.*** Critically, 10% of the Pb that passes through adults
is absorbed, compared to 50% in children, leading to increased
severity from exposure.** Uptake routes include inhalation and
oral ingestion, allowing Pb to be stored in bone marrow.*’

The U.S. Environmental Protection Agency has established
a maximum daily consumption of Pb to 10 pg daily.** However,
due to the risk to reproductive health, some U.S. states set
a maximum limit of 0.5 pg daily.** Pb poisoning targets the
nervous, cardiovascular, gastrointestinal, genitourinary, and
hemopoietic systems.**** Pb readily crosses the blood-brain
barrier into the brain tissue (depositing in the cortex and
hippocampus) and can also deposit into bones. Pb deposition
can also be transferred from mother to child within the
placenta.*® Even at low levels, Pb can cause nausea, fatigue,
headache, irritability, tremors, memory loss, and joint and
muscle pains.**® At high exposures, Pb can cause permanent
behavioral and neurological problems, developmental delays in
children, motor deficits, slowed bone growth, spontaneous
abortions in the first trimester, encephalopathy, and
death.>?'??394% Degpite known health effects, Pb remains
common in cosmetics (i.e., lipstick, hair dye), building mate-
rials (i.e., roofing, old plumbing, old paint), welding/solder, in
automobiles (i.e., car batteries), bullets, children's play products
(i.e., crayons, playing dough).>>**

2.3 Global dispersal and entrainment

Pb is released and evaporates into the atmosphere through
natural (i.e., volcanoes, dust) and anthropogenic sources (i.e.,
production of industrial/consumer goods, combustion of fossil
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fuels, refuse incineration, chemical spills, and leaching in
landfills).>* Aerosolization allows Pb particles to be transported
long distances (>rbin 100 km) with sea salt spray, aeolian dust,
or condensation of atmospheric gas in the troposphere.*>*
Aeolian dust is particularly suited to carry sub-micron particles
of air pollutants, including Pb, for 5 to 10 days**** (and thou-
sands of kilometers) within the atmosphere in wind
currents.*>*****” The distance atmospheric particles are trans-
ported before deposition depends on these aerosols' physical
and chemical properties, including particle size, shape, mass,
and composition.* As snow is transformed into ice, a high
temporal resolution record with an annual chronology is
recorded.**® Five-day back trajectories (120 hours; Fig. 2) from
HYSPLIT* show that while a given site records a local regional
signal, it also captures the signal from surrounding regions,
corresponding to the local climatology and prevailing wind
direction. Careful site selection allows researchers to build
alocal, regional, and inter-regional image of changing pollution
sources through time. For example, detailed examinations of
Arctic sites record changes in North American, European, and
Asian Pb.*®*'"" Studies of sites in Antarctica and South America
can record Antarctic, South American, and Australian Pb
sources.*** Asian study sites reveal changes in Pb sources from
Eastern Europe, Asia, and Africa.®*~* Layering sites and regions,
as in Fig. 2 Panel F, would allow for global examination of Pb.
However, the major data gaps in Asia, South America, and Africa
(Fig. 3) hinder efforts to assess the impact of Pb deposition on
a global scale.?***Pb deposition occurs through either dry (i.e.,
gravitational settling) or wet deposition (i.e., precipitation)
processes in sedimentary environments.**” Sedimentary Pb
records in lakes, peat, bogs, and snow/ice fields receive
primarily atmospheric input and are geomorphically stable. Ice
cores and snowpacks are considered the ‘gold standard’ for
studying historic emission records, since cold conditions and
low concentrations of chemical impurities impede signal
migration post-deposition in ice.”**® Once deposited on the
surface and incorporated into various sedimentary environ-
ments (e.g., glaciers, peatlands), Pb is chemically immobile,
providing a historical record of metal pollution.®** Any
disruption to the equilibrium of the substrate within which the
lead has settled can cause re-mobilization.*” Pb and other
pollutants’ major re-mobilization in the cryosphere occurs as
discharge in meltwater discharge.®”””® Melt effectively reintro-
duces historic pollution into downstream environments,*>~*7*
impacting the biological productivity and ecology of the system,
especially at top trophic levels.””> Reintroduction of historic
pollution therefore poses a large risk to human health. As
meltwater increases, transported Pb concentrations increase,
creating a higher risk of severe Pb poisoning in communities
using glacial meltwater and snowmelt drinking sources.®***%”*
Previous studies have identified monitoring of increased air
surface temperatures and resultant glacial melt as an ecological
priority.'s'719%671 High-temperature industrial processes emit
several metals simultaneously (e.g., ferrous metallurgy which
emits Pb, Zn, Ni, Cd, Cr, & Hg).>> Therefore, Pb records can also
be a proxy for other metal emissions, providing an under-
standing of metal pollution overall.”

This journal is © The Royal Society of Chemistry 2025
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Hysplit 120 Hour Backtrajectories from the 2010s
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Fig. 2 Calculated 5 day (120 hour) back trajectories showing the wind path to different ice core sites generated using the NOAA HYSPLIT
Trajectory Model.**5° One trajectory path is plotted per day for the period from 2010 to 2019. This decade was examined as it provides context to
the start of the leaded gasoline phase out. The trajectories plotted are generally representative of wind patterns from 1949 to 2022. See ESI Fig. 21
to compare with trajectories from the 1970s. The trajectories have been transformed into a hexbin map, colored to indicate the number of
trajectories within a given hex. Panel (A) shows the trajectories for Mt. Logan, Canada (60.59 N, 219.5 W), (B) is Summit, Greenland (72.967 N,
38.067 W), (C) is Illimani, Bolivia (16.617 S, 68.067 W), (D) is Qomolangma (Everest; 28.05 N, 87.6 E), (E) is the South Pole (90 S, O E), and panel (F)

shows a combination of (A-E).

To correctly interpret the deposited Pb signal, researchers
must also consider the temporal context of sites. The more
static, long-lasting ice sheets of Greenland and Antarctica
contain Pb signals that extend beyond the onset of human
pollution: 155 kyr B.P.”® and 801.5 kyr B.P.,”* respectively. High
alpine ice cores can capture decades, centuries, or even thou-
sands of years of Pb data.”®®® Whereas yearly data can be
collected in locations with permanent or semi-permanent
snowpacks and little melt.”>”” Pb analyses in snow and ice
samples are biased towards the poles and high-altitude alpine
sites in Europe (Fig. 3), with minimal analyses focused on high-
altitude, low-latitude mountain regions, leaving gaps in the
temporal and spatial record (see Section 4). As melting accel-
erates throughout the cryosphere (i.e., Tibetan Plateau™),
researchers have begun focused efforts to study areas vulner-
able to climate change impacts before the records disappear.**”
Many of the sites endangered by climate change reside in
regions where major regional-scale data gaps exist. Additional
focus on sites endangered by climate change is necessary to
begin quantifying the increased risk to downstream drinking
water sources and associated health risks.*?>7

This journal is © The Royal Society of Chemistry 2025

2.4 Determining Pb levels in snow and ice

In the 1950s, improved procedures to reduce anthropogenic
contamination during sampling and analysis of ice and
snow™'**® provided the first records illustrating natural levels of
Pb vs. anthropogenic emissions in various reservoirs.®-* In the
following decades, data was collected and analyzed worldwide,
including aerosols in the atmosphere,***” peat cores,**
lakes,®*® and snow and ice fields (Table 1, ESI1*°).

Modern methods (Table 1, ESI12°) allow examination of Pb in
snow and ice where Pb concentrations are trace values (10 X
107° g ¢7'). Even at these low composition values, these
methods can also accurately analyze isotopic ratios. Inductively
coupled plasma mass spectrometry (ICP-MS) instruments are
sensitive enough to analyze Pb isotopes in snow and ice®*° with
multiple sample introduction methods to enhance data quality
and reduce sample preparation requirements.”~* Promising
new developments for ICP-MS methodologies include sub-
nanogram detection limits via ICP-MS with a jet interface
pump,’® inline octopole reaction cells (ICP-MS/MS) for the
removal of isobaric interferences,*'*'*"'*> time of flight mass

Environ. Sci.: Processes Impacts, 2025, 27, 878-891 | 881
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Fig. 3 The Robinson map projection shows the global records of Pb concentration and isotopes from Tables A.1 and A.2.1 Sampling sites for Pb
work in snow and ice are colored by temporal length. When samples were collected as a traverse, the path is illustrated as a solid line as the best
approximation. Note: some traverse lines have artifacts due to incomplete trip logistical data. For ease of discussion, the Pb records are broken
into 23 regions, the 20 first-order regions from the Global Terrestrial Network for Glaciers,®* plus three author-defined regions. These regions are
mapped on the figure with grey boxes, labeled with their numerical glaciated region code (i.e., 01 for Alaska). See Table 1 for a complete list of
glacier region names and codes. To see how these sample sites compare to the known glaciers mapped in the Randolph Glacier Inventory,®® see

ESI figure.2°

spectrometry (ICP-TOF-MS) on ultra-trace concentration
samples.'® At ultra-low concentrations (<5 x 10~ g g~ 1),
laser atomic fluorescence spectrometry,'*>'°® thermal ionization
mass spectrometry (TIMS),'*”'*® isotope dilution thermal ioni-
zation mass spectrometry (ID-TIMS),'* and secondary-ion mass
spectrometry (SIMS)'® analyses are used to calculate exact
isotopic ratios. However, these methods are limited by extensive
sample preparation requirements. Novel combined scanning
electron microscopy and energy-dispersive X-ray spectroscopy
(SEM-EDS'') may provide researchers a new method for the
direct measurement of Pb in snow and ice.

3 Reviewing global long-range
transported Pb records from the
cryosphere

After systematically reviewing the literature, we have assembled
and organized all available Pb long-range transported deposi-
tional records (as of this writing, June 2024) from snow pits and
ice cores (ESIf*°). These tables provide the record metadata,
including sampling site location, analysis method, and
temporal scope. All systematic literature review methods are
detailed in ESI 1, including database search parameters,
selection criteria and citations of included records. Critically,
we have only included records with long-range transported Pb
deposition. All records of Pb source signatures (volcanic ash,
bedrock, ore, coal, leaded gasoline, aerosols, etc.) have been
excluded from the curated records. Researchers querying the
records need to access suitable potential local contributions
and other sources of Pb, and include them in data analysis.*”

882 | Environ. Sci.. Processes Impacts, 2025, 27, 878-891

These Pb sources will be site specific, as source contributions
vary regionally and globally.*® Combining the collated records
(ESIT?**) and Pb source information from select spatial or
temporal areas of interest, researchers will be able to quickly
examine differences attributed to fluctuating pollution sources
and the marked effects of human choices on the
environment.*”

This review seeks to collate published 560 site records (from
165 published papers), and to examine spatial and temporal
coverage. For clarity, records of individual sample sites were
separated from records collecting samples along transects
(ESIT?°). Together, these long-range Pb depositional records
account for 413 individual sites and 16 transects, representing
thousands of years of Pb data collected globally by hundreds of
researchers. We examined the spatial and temporal coverage of
the records by splitting the analyses into 23 global regions (see
Table 1; Fig. 3). Fig. 3 provides a visual representation of the
records and the global regions. Here, the known glaciers
included in the Randolph Glacier Inventory® are marked with
light blue dots, and the Pb records are marked in orange.
Quickly, areas where sampling was primarily sea ice (i.e., region
22), ice sheets (i.e., regions 05 and 20), and snowpacks (i.e.,
regions 21 and 23) become easily identifiable. Table 1 provides
greater detail for each global region, including the number of
sample sites, sampling location name, instrument methods
employed, temporal range, and data citations. We have pub-
lished metadata for each included article on the Zenodo data
repository (see data availability) as an open access resource for
researchers. This metadata will serve as a searchable index,*®
providing researchers with the ability to quickly query what
records are available in specific global regions or time periods.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Visualization of the temporal coverage of records for all glacier
regions with records. Each glacier region is listed on the y-axis. There
are two x-axes. To the left, in the red box, the x-axis corresponds to
year (CE) on a linear scale. The time period from 2020 to 1950 CE has
been plotted on a linear scale in the right panel, to provide greater
visualization of small variations. On the right side, the second x-axis
corresponded with time in years before the present (B.P.) on a loga-
rithmic scale. The time period from 0 to 672 000 B.P. is presented in
logarithmic scale to better visualize the long duration records from
Antarctic and Greenland. See Table 1 for more details of regional
temporal scales. From these plots, we see that the long ice core
records from Antarctica and Greenland have the best temporal
coverage. Eastern North America has the smallest temporal range of
the regions with records, as the record consists entirely of snow
collected from 1997 to 1998.

3.1 Spatial and temporal coverage of existing records

Examination of the spatial coverage of the global Pb records
reveals the emergence of apparent data gaps. While mapped
glaciers exist in Arctic Canada South, Iceland, Scandinavia,
Caucasus and Middle East, South Asia West, and New Zealand,
no Pb data has yet been reported from this ice or from snow-
packs in these regions (Table 1). While data has been collected
from all the other regions, the amount of data varies
dramatically.

Pb concentration and isotopic analyses have been primarily
focused (>15 records) on snow and ice in Antarctica, Greenland,
Arctic Sea Ice, and the Tibetan Plateau, and on snowpacks in
Eastern North America (Table 1). Some work (6-14 records) has
been reported in Arctic Canada North, Central Europe, Alaska,
Western North America, and the Low Latitudes (Table 1). Little
data (1-5 records) exists for Svalbard and Jan Mayen, the
Russian Arctic, the Baltic Sea, and the Southern Andes (Table 1).

Temporal coverage is also incredibly variable by region,
which presents challenges to researchers (Fig. 3 and 4). Long ice
cores recovered from Greenland and Antarctica span hundreds
of thousands of years (Fig. 3 and 4; Table 1), providing insight
into natural Pb fluctuation and examination of the first impacts
of humans on the environment. Alpine glaciers stretch back
only ~10000 years (Table 1) but provide critical context to
regional developments of culture, technology, and legislation

884 | Environ. Sci.. Processes Impacts, 2025, 27, 878-891

View Article Online

Tutorial Review

through regional Pb pollution sources. Regions with only
snowpack data, tend to have the smallest temporal coverage
(Fig. 3 and 4). The 54 records for Eastern North America
represent only a year's Pb data - from 1997 to 1998 (Table 1).
While many regions have Pb records spanning the start of the
Industrial Revolution, few sites have been resampled to
examine the change in Pb since the worldwide phase-out of
leaded gasoline (Fig. 4). Even fewer have been sampled to record
to the present (the 2020s), allowing researchers to see the effects
of modern technology, legislation, and culture (e.g., the impact
of the Covid-19 pandemic).

3.2 Analyzing gaps in available records

The collection of global long-range transported Pb records can
only be utilized to its fullest potential in data-rich regions. Large
data gaps make regional, inter-regional, and global compari-
sons difficult, if not impossible. Given the current spatial
distribution of records (Fig. 3 and 4; Table 1), region-wide
questions are only potentially accurate in regions that contain
long temporal coverage and high spatial coverage. Typically,
these two constrain potentially accurate regional data to regions
with greater than five records. Recent work from Longman
et al.®® only used data from four regions in their regional anal-
ysis: Europe, Northeastern North America, the Central Andes,
and Eastern Asia. One of the most pressing temporal data gaps
is the absence of records existing post-1970. To make a rich
comparison of the Arctic, Ardini et al. supplemented cryosphere
records with other record types (sediment, peat, rock, biota, etc.)
to have more complete spatial and temporal coverage.'*
Without complete records, researchers cannot accurately
examine the impact of the phase-out of tetraethyl gasoline'*
and monitor new dominant Pb emission sources. Poor coverage
spatially or temporally - “data gaps” - currently prohibit the
accurate assessment of how Pb emissions change in most
glacier regions (see Table 1) and worldwide over time.>>%

The data collection barriers must be understood to address
the gaps in the published global Pb records. Early investigations
of the snow and ice in low latitudes (glacial regions: SAN and
TRP) primarily consisted of cores cut and melted in the field,
with liquid samples prepared on-site for oxygen and hydrogen
isotope, dust, and major cation and/or anion analysis. Critically,
these procedures do not allow for decontamination, preventing
accurate Pb and other metal analyses.®***>'"* Therefore, the first
reliable Pb data in tropical ice cores and snow were not gathered
until 2001, when solid samples were recovered in Bolivia and
transported to the laboratory for decontamination.™® This shift
in sampling procedure, while more costly, has mitigated critical
data gaps in the low latitudes (ESI{>?).849%115-119

Some ice cores collected and transported frozen for analysis
have never been analyzed for Pb. Given the large number of
analyses which are performed on ice cores (e.g., water isotopes,
dust, trace elements, black carbon) on a finite amount of ice, it
is key that proposed Pb analyses employ high sensitivity at low
sample volumes. Researchers would fill spatial and temporal
data gaps in published records by proposing to analyze ice
already housed in archive facilities (e.g., the National Science
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Foundation Ice Core Facility) without facing the cost of drilling
a new ice core. Additionally, analysis of Pb on these cores would
complement work already completed by researchers on the ice
core site, broadening the drilling project's reach.

Ice core records from Greenland, Antarctica, and Europe
provide a good understanding of past spikes in Pb emissions
and emission signals verified through numerous sampling
locations (Table 1). However, despite these direct assessments
of the global Pb aerosol emissions, many of these ice core
records have not been updated in 20 years. Of the sites exam-
ined (ESI{*°), few Pb analysis records extend past 2010 or 2015.
After the tetraethyl gasoline phase-out, industrial emission
signals dominate,**?*” clarifying the use and emission of Pb
regionally.” Global Pb use, since the turn of the century, has
shifted from North American and European industrialization to
an emerging signal from China. Without direct data from ice
cores and snowpacks, Pb emissions rely on governments'
accurate self-reporting (Fig. 1 and citations therein). Extending
records to the present would provide a greater understanding of
ongoing global shifts in Pb emissions.

4 Using the records to answer
research questions: a case study in the
North Pacific

The power of this collection of global Pb records lies in its
ability to quickly allow researchers to build regional, inter-
regional, or global datasets. With these records, researchers
can begin to ask regional or even global research questions
about the effects of past regional development of technology
and human culture on Pb composition and isotopes.®*® We
illustrate this utility using the records to identify Pb records
within the North Pacific region (Yukon Territory, Canada;
Alaska, U.S.A.; Kamchatka Peninsula, Russia) and compare
these with results from selected global sites.

The North Pacific contains over 86000 km® of glaciers,
making it one of the world's largest havens of non-polar ice.*
21st-century global climate change has dramatically affected
this alpine region, with 3019 Gt of mass loss from Alaska alone
from 1961 to 2016."*° Alpine study sites in the North Pacific
sample snow and aerosol (pollutant) deposition from both the
Asian and North American continents,'** allowing the study of
Pacific climate processes and the examination of historical
pollutant trends.********>*>3 The aerosol plumes arriving in the
North Pacific tend to contain large concentrations of anthro-
pogenic aerosol particles. Contrary to the United States and
Western Europe, which underwent industrialization from the
mid-17th century to the early 19th century,” China has had
several failed industrial revolutions before a successful mass
production revolution from 1980 to the present.*** Now an
industrialized superpower globally, Chinese emissions have
steadily increased (Fig. 1 and citations therein). Rising emis-
sions are driven by population growth and industrialization
without strict implementation of the breaking edge advances in
engineering, which reduced atmospheric emissions from high-
temperature smelting and refining processes.**

This journal is © The Royal Society of Chemistry 2025
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Examining the collated records, we see that several
researchers working at sites across the North Pacific have re-
ported Pb concentration and isotopes. At the Mt. Logan
Prospector-Russell Col site (60.57 N, 140.41 W, 5300 m asl),
a 186 m-long ice core was drilled to bedrock, yielding an 8000
year paleoclimate record of rising Pb concentrations.® In 2002,
several shallow cores from Eclipse Icefield (60.51 N, 139.47 W,
3017 m asl) were recovered, and a 150 year Pb concentration and
isotope ratio record was developed.®* Snow pits collected across
Alaska®>*** and the St. Elias mountains”**® have been
analyzed for Pb concentrations and isotope ratios at select
depths. In this section, we will compare records from selected
North Pacific publications®®** to key global records from (1)
Summit, Greenland,”***>7*8%12% (2) East Rongbuk Glacier,
Tibetan Plateau,** and (3) Dome Concordia, Antarctica.”*****%3
To gather the data, we queried the collation of published long-
range transported Pb records (Table 1, ESI{*°) for eligible
matches. We then examined the publication to ensure
compatibility with our research question. Next, we gathered the
Pb composition and isotope ratio data provided in each publi-
cation. Finally, we graphed the Pb concentration and isotope
ratio data to identify regional, inter-regional, and global trends.
Importantly, through this exercise, we will be able to establish
what makes the North Pacific region unique.

Examining the Pb concentration values from the North
Pacific and Greenland, the trends at each site illustrate unique
regional trends. In Greenland, the rise in Pb concentration from
1760 till 1820 coincides with the First Industrial Revolution in
Europe and North America.****"** As the Industrial Revolution
grew and the demand for energy increased, Europe and North
America turned to coal mining and consumption.'** Coal was
sourced from the United States, the British Isles, and Broken
Hill, Australia.” The addition of tetraethyl Pb to gasoline in the
1920s is recorded as a large upswing in Pb concentration and in
the 2°°Pb/*°’Pb ratio, peaking in 1968 at 236.31 x 10~ > g g~ 1.1
In 1967, the U.S. Clean Air Act restricted the addition of tet-
raethyl Pb in gasoline and limiting air pollution, sparking
a global ban."* Pb concentrations recorded at Summit steadily
decreased as a result."

In the North Pacific, the trends observed in Greenland are
not duplicated. From 5500 BCE (8000 BP) to 1500 CE, the
average Pb concentration record is only 5.57 x 10""> g g~ ".*In
1500 CE, large spikes started to appear in Pb concentrations, up
to 30 x 107 '? g g, associated with anthropogenic pollution.?
However, the large rise in Pb concentration associated with the
European and American industrial revolutions (1750s-1840s),
continued rise due to coal mining and tetraethyl lead in gaso-
line, and fall associated with the banning of leaded gasoline is
absent. Instead, the record remained relatively unchanged until
the 1980s, when Pb concentration experienced a significant
exponential increase from ~20 to ~60 x 10~"> g g~' in the
1970s%% t0 226.57 x 10~ > g ¢~ " in 2001.>* These records reflect
China's industrial revolution in 1978 and the subsequent
explosion of industrial output from China over the last 45
years'6,8,51,136

Examining Pb isotopes from the North Pacific as compared
to other global regions (Fig. 5), we can see that the North Pacific
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Fig. 5 Comparison of North Pacific®*® Pb isotope data to Dome Concordia, Antarctica,”®**°-%32 East Rongbuk Glacier (Mt. Everest), Tibetan
Plateau,*%%* and Summit, Greenland.®*”72 No records are presented from South America due to a lack of available data. Panels (A—H) show slices
of the data through time. Panel (A) shows data prior to 1770 (the preindustrial), (B) shows 1770-1920 (data from the European and American
Industrial revolutions), and (C) shows 1920-1970 (Pb Gas Use). Panel (D—H) show decadal data progressively from the 1970s to the 2010s.

closely resembles the signal recorded in Greenland during the
1970s. Progressing from the 1970s through the 2010s, the Pb
signal from the North Pacific drifts to higher, to more Asia-like,
206ph/297pb values, providing a regionally unique signal for the
North Pacific (Fig. 5 and references therein). Greenland records
the impact of the United States and European leaded gasoline,
coal, and aerosols on the environment from 1980 to 2008.”

886 | Environ. Sci.: Processes Impacts, 2025, 27, 878-891

However, as policy restricts Pb emission in North America and
Europe at the end of the century, Greenland study sites begin to
record the impact of Asian Pb pollution.” Conversely, the North
Pacific strongly records the impact of Chinese and other Asian
aerosols, ore, and coal Pb pollution signatures from the 1980s
till 2001.%*'A lack of data before the 1970s prevents a rich inter-
regional comparison during the pre-industrial, North American,
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and European industrial revolutions, and Pb gas usage time
frames. Filling this data gap is critical to determining if the pre-
industrial signal from the North Pacific matches the closely
clumped Asia, Greenland, and Antarctica records (Fig. 5, Panel
A). While we would expect the North Pacific to resemble the Mt.
Everest signal from 1770 till 1970, it is currently impossible to
verify this hypothesis due to data availability (Fig. 5). Incom-
plete datasets temporally and spatially, not complete lack of
data from South America, hinder a complete inter-regional or
global comparison.

5 Conclusions and recommendations

Understanding Pb's global emission, transportation, and
deposition is vital to mitigating its impact on human health and
the environment. As Pb sources change, it is critical to contin-
uously assess global Pb aerosol emissions. An understanding of
published long-range transported Pb records analyzed from
natural, undisturbed snowpacks and ice is required to track Pb
deposition changes through time. The records collated for this
systematic literature review (Table 1, ESI{*°) will enable
researchers to trace the connections between human action and
Pb emission, leveraging recorded Pb isotope ratios as a method
to fingerprint emission sources through time.

Immediate action is required to mitigate the endangerment
of many high-altitude glaciers and the large temporal and
spatial gaps in the current Pb data. Many of the sites endan-
gered by climate change reside in regions where data is already
scarce: low-latitude sites and mountain glaciers. To work within
the constraints of climate change and funding agencies, we
need to use a multi-faceted approach:

1. Some ice cores that have been collected and transported
frozen for analysis and archive have never been analyzed for Pb.
New analyses coupled with existing chronology would quickly
begin to reduce regional and worldwide data gaps (i.e., South
America and Central Asia).

2. New proposals to work on snow and ice should be written
to include Pb analyses. Researchers should work to reduce
spatial gaps observed in the published records by sampling ice
and snow from data-sparse regions in Table 1.

3. Previously studied sites must be revisited periodically to
understand modern Pb emission sources and cultural effects.
For example, an ice core retrieved in 1960 will not be able to
record the transition from leaded to non-leaded gasoline.

4. Analyses should be non-destructive with low sample
preparation requirements, high sensitivity, and capability for
ultra-trace concentration Pb analysis, thereby preserving the
sample for additional analysis types. Promising developments
with cryo-LA-ICP-MS/MS, CIM-ICP-MS, ICP-TOF-MS, ICP-MS/
MS, and SEM-EDS analyses make these requirements feasible.

A curated list of global long-traveled background atmo-
spheric Pb records is crucial to researchers working to under-
stand regional, inter-regional, and global anthropogenic
impacts on the environment. Examining records from the
cryosphere (ice and snow) allow researchers a unique opportu-
nity to peer back in time and evaluate the direct impact of
human society on Pb pollution emissions and sources. For this
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to be successful, spatial and temporal data gaps need to be
reduced. It is critical to complete this work presently, as climate
change threatens the availability of cryosphere paleoclimate
records. Effects of climate change in the cryosphere are
heightened in regions with current spatial and temporal data
gaps, adding pressure to collect Pb concentration and isotope
ratio records quickly.

Data availability

Data for this article are available on the Zenodo data repository
at: https://doi.org/10.5281/zenodo.7072483. There are several
files available: (1) individual sample site records, (2) traverse
sample site records, (3) records grouped into 23 regions (full
version of Table 1), (4) full citations of included records (as
a text file and RIS), (5) additional figures and (6) systematic
literature review methodology.*
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