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ABSTRACT: Decades-long emissions and long-range transport of
chlorinated paraffins (CPs) have resulted in their pervasive presence in
the global environment. The lack of an understanding of the global
distribution of short-, medium-, and long-chain CPs (SCCPs, MCCPs,
and LCCPs) hinders us from quantitatively tracing their origins in
remote regions. Using the BETR-Global model and historical emission
estimates, we simulate the global dispersion of CPs from 1930 to 2020.
Whereas contamination trends in the main contaminated regions (East
Asia, Europe, North America, and South Asia) diverge, CP
concentrations in the Arctic, Antarctica, and the Tibetan Plateau all | \ AR
increase. By 2020, East Asian, European, and North American ~ %a
emissions contributed 38%, 26%, and 18% of CP contamination in
the High Arctic, respectively, while Southern hemispheric emissions
and emissions around the Tibetan Plateau primarily contribute to CP contamination in central Antarctica and on the Plateau,
respectively. Our results emphasize the important contribution of (i) European and North American emissions to historical CP
contamination in remote regions and current MCCP and LCCP contamination in the High Arctic and (ii) East Asian emission to
current SCCP and MCCP contamination of all three remote regions. These results can help to evaluate the effectiveness of potential
global and regional CP emission-reduction strategies.
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Bl INTRODUCTION under the Stockholm Convention.”’ Given this context, it is
Since the 1930s, the extensive production and use of imperative to co'mpfehensively understand the environmental
chlorinated paraffins (CPs), including short-chain (SCCPs), fate and contamination of CPS ona g19bal scale.

medium-chain (MCCPs), and long-chain (LCCPs) CPs, have In recent decades, monitoring studies have fflé}lsglcfg our
resulted in significant emissions into the environment." By understanding of the environmental fate of CPs.” ™" ™" For
2020, the cumulative global emissions of these synthetic example, elevated environmental concentrations of SCCPs,
chemicals were estimated to have reached approximately 5.2 MCCPs, and LCCPs have been reported in China,”*** and
million metric tons, which even surpasses the global cumulative their presence in remote Arctic, Antarctic, and Tibetan Plateau
production of polychlorinated biphenyls that notoriously have regions has been confirmed.””?**” However, environmental
caused numerous environmental and health problems around measurements are often scattered in time and space and may
the world.' ™ Such substantial emissions have not only caused not represent comprehensively the average occurrence within a
pervasive environmental contamination in regions where CPs region, a crucial factor for environmental risk assessment.”®
are produced and used but the atmosphere and marine Deriving spatial distributions from environmental measure-
currents have also conveyed quantities worthy of concern to ments reported by different studies is challenging because of

distant regions."® Due to this potential for long-range
transport,”~ coupled with environmental ;)ersistence,m_12
bioaccumulation,”'* and adverse effects’>~"" on ecosystems
and humans, CPs have been recognized as global pollutants of
concern. Consequently, national agencies and international
treaties have actively evaluated and regulated CPs."* "> SCCPs
are regulated as persistent organic pollutants (POPs) since
2017, and the POP Review Committee has recently
determined that MCCPs meet all four criteria for regulation

divergent time periods of sampling in different regions and
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inconsistency in analytical methods and reporting conventions.
The available measurements do not reach far back in time to
deduce the long-term environmental fate of CPs, which is
crucial for assessing the effectiveness of possible emission-
reduction actions in the future. Therefore, there remains a
need for a holistic view of the spatial and temporal trends in
the environmental fate of CPs on a global scale.

In particular, while existing studies have independently
established the occurrence of CPs in both source regions and
remote receptor regions,””’ a quantitative understanding of
the relationship between individual source regions and
receptor regions is missing. Such source—receptor relationships
are particularly complex for CPs given that (i) temporal trends
of emissions in different source regions diverge, for example,
while CP emissions in Western Europe peaked and dominated
globally in the 1980s, emissions in China did not surge until
the 2000s," and (ii) the relative abundance of SCCPs, MCCPs,
and LCCPs in emissions varies across regions and time, for
example, while SCCP emissions have peaked and begun
decreasing before the 1990s in North America, the MCCP and
LCCP emissions continue to increase and now dominate CP
emissions." Developing source—receptor relationships should
aid in identifying the primary sources of CP contamination in
remote regions and enhance the understanding of how that
contamination responds to the evolving use and emissions of
CPs. Such a capability would support the goals of multilateral
environmental agreements aiming to reduce or eliminate
emissions that impact remote ecosystems.' ">’

Multimedia fate and transport models linking the environ-
mental fate of CPs with emission inventories can complement
measurements in the task of establishing source—receptor
relationships.””*' Taking advantage of the availability of global
time-variant emission inventories for the CPs,' we simulate
here their long-term global environmental fate and explore
how their environmental occurrence changes across environ-
mental compartments, regions, and over time. Furthermore, we
quantify the relative contribution of emissions from different
source regions to the contamination in three remote regions
and uncover how these contributions evolve over time.

B METHODS AND MATERIALS

Fate Modeling Strategy. We applied the global, multi-
media model BETR-Global (Version 2.16)*** to simulate the
environmental fate of SCCPs, MCCPs, and LCCPs. BETR-
Global, which has previously been evaluated and successfully
applied to SCCPs** and other POP-like chemicals,”*
divides the global environment into 288 15° latitude X 15°
longitude grid cells, with each cell containing seven
interconnected compartments (upper air, lower air, vegetation,
freshwater, coastal water, soil, and sediment). Figure S1 in the
Supporting Information shows the model structure and
environmental processes considered in BETR-Global. When
supplied with emission estimates, equilibrium partition ratios
between air, water, and octanol (K,y, Kon and Kow),
environmental degradation half-lives, internal energies of
phase change, and activation energies, the model calculates
annually averaged masses and concentrations in all 2016
environmental compartments. Here we ran the model with
input parameters resolved at the level of 21 carbon-specific CP
homologue groups. Results for SCCPs, MCCPs, and LCCPs
were obtained as the sum of model results for the
corresponding homologue groups.
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In a baseline scenario, BETR-Global was first run with the
complete CP emission estimate. To establish global source—
receptor relationships we delineated four source regions
(Figure S1): North America (corresponding to cells 52—56,
76—80), Europe (60—63, 84—87), East Asia (91—94, 115—
118), and South Asia (113—114, 137—138) and three remote
regions: the High Arctic (1—24), central Antarctica (265—
288), and Tibetan Plateau (90). Running the model four more
times with emissions solely occurring in one of the source
regions allowed the attribution of the CPs in each of the
remote regions to specific source regions.30 In this analysis, any
secondary emissions of CPs previously deposited in a surface
compartment are attributed to the source regions of their
original emission.

Emission Estimates and Physicochemical Properties.
We employ the global, time-varying, region-specific emission
inventories for the CPs for the period 1930—2020 by Chen et
al." Emissions, resolved at the level of 21 carbon-specific CP
homologue groups,””*' were assumed to occur into the lower
air, freshwater, and soil compartments.l Regional emissions
arising from production, industrial processing, in-use, and
waste treatment were geographically allocated into specific grid
cells based on surrogate data on the production capacities and
locations of CP manufacturers, gross domestic product,
population density, and waste generation density, respectively.'

To obtain Ehysicochemical properties, we used a Monte
Carlo method*™*’ to generate a set of Simplified Molecular-
Input Line-Entry System (SMILES) strings representing CPs
(See detailed descriptions in Table S1 and elsewhere*”***).
These SMILES strings were then used to predict the Kqyy, Koa,
and K,y and heats of phase transfer between these phases by a
COSMO-RS-trained fragment contribution model.”* Degrada-
tion half-lives were predicted using AOPWIN and BIOWIN
within EPI Suite.***” Comprehensive details on property data,
calculations, and assumptions are provided in Table SI.
Default values in BETR-Global were used for other required
input data.”

B RESULTS AND DISCUSSION

Model Performance Evaluation. By comparing the
model results with measurements reported in the literature
(details in Figure S2), we observe that over 79% of the
modeled concentrations fall within an order of magnitude of
measured values. The model also succeeds in reproducing
temporal trends measured in soil and sediment cores (Figure
§2),'01248=30 e.g., a decreasing trend of SCCPs in Swedish
coastal sediments and Swiss soils in recent years (Figure
S2¢,d), and general increasing and steady trends of MCCPs in
Swedish coastal sediments and Swiss soils, respectively, after
the 1990s (Figure S2f,g).'>* Considering the large uncertainty
or variation in the measurements due to different analytical
methods being applied among the studies, this agreement
indicates satisfactory model performance in reproducing
environmental concentrations of CPs and their temporal
trends.

Environmental Occurrence in Source Regions. Our
modeling results unveil the spatial global environmental
distribution of SCCPs, MCCPs, and LCCPs (Figure S3).
Consistent with relatively high use volume and emissions in
East Asia, Europe, North America, and South Asia," these four
regions were the “hotspots” of CP contamination, containing
17%, 16%, 31%, and 12% of the total mass present in the global
environment by 2020, respectively (Figure S4).
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Figure 1. Temporal evolution of SCCP, MCCP, and LCCP concentrations in atmosphere (lower air), coastal water, and soil within BETR-Global
cells 61 (panels g, e, and i), 79 (panels b, f, and j), 92 (panels ¢, g, and k), and 114 (panels d, h, and 1), which represent Europe, North America,

East Asia, and South Asia, respectively.
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Figure 2. Temporal evolution of SCCP, MCCP, and LCCP concentrations in the lower atmosphere, coastal water, and soil within the High Arctic,
central Antarctica, and Tibetan Plateau from 1930 to 2020. Panel f shows concentrations in fresh water since there is no coastal water on the

plateau.

Temporal trends of CP concentrations in air, coastal water,
and soil deviate considerably between these four regions
(Figure 1). While concentrations in East and South Asia
increase substantially, those in Europe have peaked and begun
to decrease since the 2000s. In North America, concentrations
of SCCPs started decreasing after the 1990s, but those of
MCCPs and LCCPs continue to increase remarkably. These
trends, including the relative abundances of SCCPs, MCCPs,
and LCCPs, closely match emission trends in these source
regions (Figure SS). For example, in Europe, the predominant
use of SCCPs in metalworking fluids results in more emissions

628

into water and soil, leading to higher concentrations of SCCPs
in coastal water and soil, whereas MCCPs, primarily applied in
PVC products, dominate emissions into air and consequently
air concentrations.'

As for multimedia distributions, Figure 1 illustrates that
within the same region, despite MCCP emissions exceeding
SCCP emissions to water in East Asia (Figure SS), the relative
enrichment of MCCPs compared to SCCPs is lower in coastal
water since more MCCPs partition into soil or sediment due to
their higher Kqy. In addition, within the same region, the
relative enrichment of LCCPs is higher in soil than in air due
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Figure 3. Temporal trends of the relative emission contributions of East Asia, Europe, North America, and South Asia to SCCP, MCCP, and LCCP
contamination in the High Arctic, central Antartica, and Tibetan Plateau. The blue, gray, and purple areas designate the contributions of emissions
in the local High Arctic, Southern Hemisphere, and cell no. 90, respectively, while the white areas designate the contribution of emissions from the

rest of world.

to their higher Kg,, causing them to preferentially settle onto
soils. These trends are further reflected in the compartment-
specific homologue profiles (Figure S6), where lighter CP
homologues (e.g., C;o_;5-CPs) are more prevalent than heavier
homologues (e.g., C;5_30-CPs) in air, and the opposite holds in
soil.

Environmental Occurrence in Remote Regions.
Contrasting with the remarkably divergent temporal trends
in source areas, concentrations of CP are increasing in all three
remote regions from 1930 to 2020 (Figure 2). This aligns with
reported measurements, such as an ascending trend in
atmospheric concentrations of SCCP and MCCP during the
period 2013—2020 in Arctic Norway”' and a slight increase in
atmospheric SCCP and MCCP concentrations during the
period 2014—2018 on the Fildes Peninsula, Antarctica.” The
temporal trends in remote regions reflect the combined
influence of emissions in different source regions. For instance,
while atmospheric SCCP concentrations in the High Arctic
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follow a trend similar to that of SCCP emissions in East Asia
after the 2000s, the corresponding MCCP concentrations align
with atmospheric MCCP emissions in Europe before the 2000s
and, subsequently, with those in North America. Conse-
quently, a quantitative analysis of source—receptor relation-
ships is necessary for a more comprehensive understanding of
the temporal evolution of concentrations in remote regions
(see the section below).

Comparing CP homologue profiles in the remote regions
(Figure S7) with those in the source regions (Figure S6)
reveals that shorter-chain CPs, notably C,,_,,-CPs, are more
abundant in remote environments than in source regions. This
reflects the higher potential of these lighter CPs to reach
remote regions. Among CPs reaching remote regions, the
heavier, longer-chain CPs, notably C,,_3,-CPs, are more prone
to partition to surface media such as soil. This is further
evident when comparing Figure 2a—c with Figure 2g—i, where
heavier LCCPs are more prevalent in soil than in the
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atmosphere. Overall, these results underscore the fractionation
and redistribution of CPs in the global environment due to
diverging environmental behaviors between homologue
groups.

Global Source—Receptor Relationships for Remote
Regions. Figure 3 depicts the relative emission contributions
of the four source regions to SCCP, MCCP, and LCCP
contamination in the three remote regions. Overall, emissions
from the selected source regions contribute to over 80% of the
contamination in the High Arctic, while these contributions are
much lower in Antarctica and on the Tibetan Plateau (no more
than 32% by 2020). This discrepancy arises from the facts that
(i) all selected source regions are located in the Northern
Hemisphere and interhemispheric atmospheric transport of
CPs to Antarctica is limited; and (ii) contamination on the
Tibetan Plateau is predominantly influenced by the local
emissions within cell 90. Additional simulations indicate that
emissions from the Southern Hemisphere and locally within
cell 90 contribute over 59% and 86% to contamination in
central Antarctica and on the Plateau by 2020, respectively
(Figure 3). Importantly, this should not be interpreted as long-
range transport of CPs to the Tibetan Plateau being negligible.
A mass balance analysis (Table S2) shows that the mass of CPs
transported to the Tibetan Plateau from other regions is of
similar size to the mass transported into the High Arctic.
However, emissions locally within cell 90 are much higher than
local emissions within the High Arctic and Antarctica. One
reason for this is that parts of industrial Xinjiang are falling
within the confines of cell 90. Overall, these results underscore
the importance of accurately assessing CP emission and fate in
the Southern Hemisphere and around the Tibetan Plateau to
mitigate the adverse effects of CPs in these remote regions.

Focusing on the relative importance of the selected source
regions, our results highlight the historical contribution of
European and North American emissions to CP contamination
in remote regions (Figure 3), driven by their predominant
emission fractions before the 2000s (Figure S8). For example,
by 1990, emissions from these regions contributed ~71% of
SCCP contamination in the High Arctic. Notably, the
contribution of European emissions to CP contamination on
the Tibetan Plateau are much larger than that of North
American emissions due to westerly airflow in Northern
midlatitudes, resulting in dominant eastward transport of
CPs.>” Figure 3 also highlights the enduring dominance of
European and North American contributions to MCCP and
LCCP contamination in the High Arctic, with contributions
reaching 41% and 64% of MCCP and LCCP contamination by
2020, respectively. Moreover, Figure 3 reveals the crucial role
of East Asia in the SCCP and MCCP contamination of all
three remote regions after the 2000s (e.g., contributing ~73%
and 42% of SCCP and MCCP contamination, respectively, in
High Arctic by 2020), attributed to the exponential increase in
SCCP and MCCP emissions in China over the last two
decades."’

Research Limitations. Notwithstanding the insights
gained from this study, we acknowledge important limitations
in this work. While the quantum chemistry-based approach for
predicting partition properties has an applicability domain that
is not limited to specific groups of chemicals and has
performed well in previous evaluations,"”*’ the EPI Suite
models might generate highly uncertain degradation properties
outside their applicability domains. In addition, substantial
data gaps may affect the emission estimates for the Southern
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Hemisphere, where information about the production and use
of CPs is rather inadequate.' This may lead to an under-
estimation of CP concentrations in the South. For example,
modeled SCCP concentrations in Antarctica are lower than
measurements on the Fildes Peninsula. However, this part of
Antarctica has considerable human activity (research, tourism)
possibly leading to concentrations higher than what can be
expected for Antarctica overall.’

Owing to the low 15° X 15° resolution of BETR-Global, cell
90 does not exactly overlap with the geographic Tibetan
Plateau but also includes parts of Xinjiang and South Asia.
Emissions within cell 90 do not necessarily refer to emissions
occurring only on the Plateau itself but in its periphery (Figure
S9). This may underestimate the South Asian contribution to
contamination of the Plateau. Future research could opt for
more highly spatially resolved models (e.g., Nested Exposure
Model®*) to optimize source—receptor relationships. Different
definitions of the Arctic and Antarctic regions may also alter
the contributions of different source regions. For example, if
one defines the Arctic as the region N of 60° (i.e., cells 1—48),
the relative contributions of the four source regions decrease
and that of local emissions will increase (Figure S10), since
Northern Europe then becomes part of the Arctic. However,
defining Antarctica as the region S of 60° (i.e., cells 241—288)
has a limited impact on source contributions (Figure S10),
since local emissions in cells 241—-288 are estimated to be
negligible (estimates of CP emissions from activities related to
Antarctic research, tourism, and shipping are presently not
available).

Moreover, the default assumptions of (i) equilibrium gas—
particle partitioning and (ii) no degradation on atmospheric
particles in BETR-Global can overestimate the atmospheric
transport of CPs, especially for LCCPs, since they may not
reach gas-particle partitioning equilibrium®>*® and/or undergo
multigphase reactions®” (albeit with possibly much slower
rates’”>”). Our additional illustrative calculations with C,s—
CPs either applying steady-state gas-particle partitioning™ or
allowing for degradation on particles (Figure S11) suggest that
abandoning the default assumptions lowers atmospheric
concentrations by less than an order of magnitude. Future
global fate modeling efforts should seek to account for
nonequilibrium partitioning (e.g., refs 55, 56) and multiphase
chemistry in the atmosphere. Finally, BETR-Global does not
appropriately represent snow and ice, which is a limitation,
especially for the Arctic and Antarctic regions. As the presence
of ice and snow may increase chemical concentrations in air
but reduce long-range transport,(’0 investigating how snow and
ice influence global source—receptor relationships for CPs is a
worthwhile future endeavor.
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(Figure S9); and assumption justifications (Figure S10
and S11) (PDF)
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