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The distribution and fractionation of persistent organic pollutants (POPs) in different matrices refer to
how these pollutants are dispersed and separated within various environmental compartments. This is a
significant study area as it helps us understand the transport efficiencies and long-range transport po-
tentials of POPs to enter remote areas, particularly polar regions. This study provides a comprehensive
review of the progress in understanding the distribution and fractionation of POPs. We focus on the
contributions of four intermedia processes (dry and wet depositions for gaseous and particulate POPs)
and determine their transfer between air and soil. These processes are controlled by their partitioning
between gaseous and particulate phases in the atmosphere. The distribution patterns and fractionations
can be categorized into primary and secondary types. Equations are developed to quantificationally study
the primary and secondary distributions and fractionations of POPs. The analysis results suggest that the
transfer of low molecular weight (LMW) POPs from air to soil is mainly through gas diffusion and particle
deposition, whereas high molecular weight (HMW) POPs are mainly via particle deposition. HMW-POPs
tend to be trapped near the source, whereas LMW-POPs are more prone to undergo long-range atmo-
spheric transport. This crucial distinction elucidates the primary reason behind their temperature-
independent primary fractionation. However, the secondary distribution and fractionation can only be
observed along a temperature gradient, such as latitudinal or altitudinal transects. An animation is
produced by a one-dimensional transport model to simulate conceptively the transport of CB-28 and CB-
180, revealing the similarities and differences between the primary and secondary distributions and
fractionations. We suggest that the decreasing temperature trend along latitudes is not the major reason
for POPs to be fractionated into the polar ecosystems, but drives the longer-term accumulation of POPs in
cold climates or polar cold trapping.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Persistent organic pollutants (POPs) are persistent, bio-
accumulative, and toxic in the environment, with a high potential
to undergo long-range transport. The sources of POPs, resulting
from their various uses, can be well depicted by their primary
emission inventories with different spatial and temporal
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resolutions. Global-scale gridded emission inventories are
currently available for only a limited number of POP groups. The
first published global-scale gridded emission inventory focused on
hexachlorocyclohexanes (HCHs) [1,2], followed by polychlorinated
biphenyls (PCBs) [3e5], endosulfan [6], polycyclic aromatic hy-
drocarbons (PAHs) [7], and polybrominated diphenyl ethers
(PBDEs) [8]. The global latitudinal emission distributions of a-HCH
from 1945 to 2010 and 22 PCB congeners from 1930 to 2000 are
present in Figs. S1a and b, Supporting Information (SI), clearly
showing a “global source region” (GSR) of a-HCH and PCBs within
specific latitude bands, from 20� to 50� N for the former [1] and
from 30� to 60� N for the latter [3e5].

In general, the sources of POPs can be divided into primary and
secondary sources. Primary sources involve the direct application
and/or emission of POPs into the environment during their use and
production. On the other hand, secondary sources involve the later
redistribution of POPs between air and soil/water. Following their
initial release, POPs disperse through the air and accumulate in
surface soils through wet and dry depositions, forming secondary
sources in soil, which can be remobilized as secondary emissions to
the atmosphere. Once released, POPs can spread globally, even
reaching remote areas like the Arctic [9e11]. Among all pathways,
air movement is considered themost significant and rapid route for
the global transport of most POPs. Consequently, over time, surface
soils have become the largest reservoir for historical emissions of
POPs. Thus, the soil should be a more appropriate medium for
studying the global distribution processes of POPs than the atmo-
sphere [12]. Therefore, in this study, we focus on surface soil,
although a few other matrices are also discussed under some
circumstances.

Multiple research groups have reported distribution patterns of
POPs in the soil and air attributed to various sources. The existence
of an “urban pulse” was revealed by levels of PBDEs [13] and PCBs
[14] in both air and soil on a transect across Birmingham City, the
United Kingdom (UK). Concentrations were highest in the city
center and decreased with increasing distance away from the city.
This urban pulse was also observed with the air concentrations of
PCBs [15] and PBDEs [16] in an urbanerural transect in the Toronto
area, Canada. Furthermore, the urban pulsewas observed for the air
concentrations of several emerging flame retardants (EFRs) and
PBDEs in Stockholm, Sweden [17], and PCBs in the soil of the
Moscow region [18].

Like the urban pulse, a so-called “point pulse” of a POP can be
formed near a specific point source, such as a manufactory or an e-
waste site that emits this chemical. Several instances of point
pulses have been documented in surface soils, demonstrating
elevated concentrations of PCBs and polychlorinated dibenzo-p-
dioxins and dibenzo-furans (PCDDs/Fs) near e-waste sites [19],
dechloranes surrounding a dechlorane plus (DP) manufactory in
China [20], PCBs around a municipal solid waste incinerator [21],
PCBs away from three chemical manufactures [22], PBDEs and
tetrabromobisphenol-A (TBBPA) around an e-waste site [23],
brominated flame retardants (BFRs) surrounding two BFR plants
[24], PCBs and PBDEs near an e-waste site [25], and PBDEs and
novel brominated flame retardants (NBFRs) surrounding two e-
waste recycling facilities [26]. These cases have displayed strong
negative correlations between chemical concentrations and dis-
tance from the sources, indicating the presence of point pulse
patterns.

For over two decades, a few large-scale studies have investi-
gated POPs in the surface soils, aiming to better understand their
distribution and fate along latitudinal and longitudinal transects
[27e29]. The latitudinal distribution of PCBs was first investigated
2

by Meijer and co-workers in surface soils [27] and air [30] across a
latitudinal transect, spanning from 50.6� to 75� N through the UK
and Norway. Five years later, a study was carried out for examining
the longitudinal distribution of PCBs in Chinese rural and back-
ground soil, spanning from 94� to 122� E [28]. Additionally, similar
investigations were conducted for PBDEs [31] and NBFRs [32] in soil
samples collected from five Asian countries.

The concept of fractionation of POPs was initially proposed by
Wania and Mackay in 1993 [33,34], known as global or latitudinal
fractionation. This concept suggests that highly persistent semi-
volatile chemicals (SVOCs) can be enriched within spatial temper-
ature gradients, occurring on latitudinal or vertical scales
[12,33,34]. Several studies have sought evidence of global frac-
tionation by studying spatial trends of POPs in different matrixes,
such as soil [27,35], air [36], vegetation, and biota samples [37,38].
Following the publication by Meijer and co-workers on latitudinal
fractionation, a longitudinal fractionation on a large scale was re-
ported for PCBs in Chinese background/rural soils [28]. Subse-
quently, similar studies were conducted for PBDEs [31] and NBFRs
[32] in soil samples from five Asian countries.

Latitudinal and longitudinal fractionations on lowlands are
usually observed on large scales, global or continental. In 2004, a
so-called “urban fractionation”was reported for PCBs in the air on a
local scale (~75 km) along an urbanerural transect in Toronto,
Canada, by Harner and co-workers [15]. Subsequently, a similar
urban fractionation pattern was identified for PCBs in soil along an
urbanerural transect in and around Shanghai, China [28]. Analo-
gously to the urban fractionation but with a smaller scale, a “point
source fractionation” pattern was observed for both BFRs and
NBFRs in the soil near industrial and e-waste sites in China [31,32].
This was further investigated by examining novel and legacy BFRs
in the surface soil surrounding two e-waste recycling facilities in
Australia [26].

Based on the distinct characteristics of reported fractionation
types in the existing literature, Li and co-workers categorized these
fractionations into two groups: primary and secondary fraction-
ations [39]. Primary fractionation of POPs arises from primary
factors, such as their sources, physiochemical properties, and travel
distances away from the sources. It is identified as a higher pro-
portion of certain substances than others as the distance from the
source increases. The absolute amounts of individual substances
still showa primary distribution pattern. Secondary fractionation of
POPs occurs due to secondary factors, with ambient temperature
being a key consideration. This fractionation is characterized not
only as an increasing proportion for certain compounds with
increasing distance away from the sources but also displaying a
secondary distribution pattern for at least one individual substance
[40].

Here, we have reviewed the distribution and fractionation pat-
terns of POPs in the surface soil with the following objectives: (1) to
explore and define the distribution and fractionation patterns of
POPs in soil; (2) to explain and demonstrate these patterns by using
examples drawn from the literature; (3) to quantify the effects of
primary and secondary sources on the observed patterns; and (4) to
reveal the mechanism of the primary and secondary distributions
and fractionations. Given the diverse physical-chemical properties
of POPs, the larger number of available datasets in soil than other
POPs, and their important role in deriving different fractionation
hypotheses, we primarily focus on PCBs in this study. Specifically,
we have chosen CB-28 as a representative for lowmolecular weight
PCBs (LMW-PCBs) and CB-180 as a representative for high molec-
ular weight PCBs (HMW-PCBs). Nevertheless, we also discuss a few
other POPs within this study.
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2. Methods

2.1. Literature review

We searched extensively to include all peer-reviewed papers
published after 1993, whenWania andMackay [41] first introduced
the concept of global fractionation. Table S1 provides a compre-
hensive list of 114 papers that examine the primary and secondary
distributions and/or fractionations for different POPs in different
matrices. Among these papers, only 26 papers discussed the frac-
tionation issue, with an additional 38 papers focusing on PCBs in
the surface soil. The number of the selected papers in Table S1
versus the publishing year is shown in Fig. S2, indicating that
60.5% of these papers were published after 2010 (inclusive).

2.2. P/G partitioning of SVOCs in the atmosphere and major
processes between air and soil

As shown in Fig. S3, the four major processes (fluxes) that
transfer POPs from air to soil are diffusion (known as a dry gaseous
deposition) (FAS), rain and snow scavenging (wet gaseous deposi-
tion) (FRS and FSS, respectively) for gaseous POPs, and wet and dry
depositions (FWD and FDD, respectively) for particulate POPs.
Aerosol particles sorbing POPs exhibit a higher deposition rate than
gaseous POPs [41]. The partitioning between gaseous and particu-
late phases determines the relative portions of POPs in the gas and
particle phases, thus controlling all four processes. Thus, the par-
ticle/gas (P/G) partitioning of atmospheric POPs is an important and
direct influencing factor of POP distribution and fractionation in the
soil [42e44]. The P/G partitioning is also important for mountain
cold-trapping [45]. Here, we analyzed the P/G partitioning (See
details in Text S1.1) and these four processes (See details in Text
S1.2) to lay a theoretical ground for the study of the distribution and
fractionation patterns of SVOCs in the surface soil.

Notably, previous studies have investigated the role of adsorp-
tion in studying P/G partitioning [46e48]. However, the adsorption
effect on the P/G partitioning has been found insignificant [49].
Similarly to the P/G partitioning process, absorption into soil
organic matter (SOM) is also the dominant partitioning mechanism
for the soil/air partitioning process, while adsorption processes can
be neglected for most nonpolar SVOCs [50e60]. Thus, this study
only considers the absorption process for nonpolar POPs, such as
PCBs, organochlorine pesticides (OCPs), and PBDEs.

The steady-state equation (Li-Ma-Yang equation) was developed
explicitly to study the P/G partitioning behavior of SVOCs [61]:

log KPS ¼ log KPE þ log a (1)

where KPS is the partitioning quotient at steady state, and KPE is the
partitioning coefficient at equilibrium, which is given by Ref. [62]:

log KPE¼ logKOAþlogfOM � 11:91 (2)

and loga is given as [61]:

log a¼� log
�
1þ4:18�10�11fOMKOA

�
(3)

where KOA is the octanol-air partitioning coefficient, and fOM is the
mass fraction of organic matter in aerosol particles.

The above equations lead to two thresholds for logKOA:
logKOA1 ¼ 11.38 and logKOA2 ¼ 12.50. As shown in Fig. S4, the two
thresholds partition the range of logKOA into equilibrium (EQ),
nonequilibrium (NE), and maximum partition (MP) domains, in
which the values of logKPS reach a maximum constant value of
logKPSM ¼ �1.53, independent of the values of logKOA [61]. Notably,
3

KOA is a strong function of airborne temperature given by equation
logKOA ¼ AO þ BO/T, where T is the airborne temperature in K, and
AO and BO are given in Table S2 for selected PCB and PBDE conge-
ners. Additionally, we have calculated the temperature thresholds,
denoted as tTH1 and tTH2, which correspond to the temperatures at
which logKOA of SVOCs reaches the threshold values, logKOA1 and
logKOA2. For CB-28, tTH1 is calculated as �34.0 �C, and tTH2
as �48.1 �C. For CB-180, the values are tTH1 ¼ 8.5 �C and
tTH2 ¼ �9.5 �C (Fig. S5).

The logarithm of KPS values for CB-28 and CB-180, together with
their ratios, as a function of temperature from 30 to �30 �C, is
presented in Fig. S6. The results indicate that, at the same tem-
perature, logKPS-180 is higher than logKPS-28. The ratio of KPS-180/KPS-

28 decreases as the temperature decreases, from 340 at t ¼ 30 �C to
2.8 at t ¼ �30 �C. These findings suggest that, at the same tem-
perature, the particle fractions of CB-180 are higher than those for
CB-28, and their ratios decrease as the temperature decreases.
Fig. S7 depicts 4P for CB-28 and CB-180, as well as their ratio, in
relation to temperature, assuming TSP ¼ 50 mg m�3. The results
reveal that the particle fractions of CB-180 are higher throughout
the entire temperature range than those for CB-28. Specifically,
within the temperature range of 30 �C to �30 �C, the particle
fractions for CB-28 were from 0.03% to 34.07%, whereas CB-180
ranged from 9.41% to 59.48%. Furthermore, their ratios decrease
with decreasing temperature, from 304 at t ¼ 30 �C to
1.75 at t ¼ �30 �C. This suggests that in scenarios where equal
amounts of CB-180 and CB-28 are introduced into the atmosphere
devoid of these compounds, significantly larger quantities of CB-
180 than CB-28 will be sorbed onto aerosol to reach the steady
state.

POPs in the surface soil may go back to air through volatilization
to compensate for the flux from air to soil (FAS). The net flux be-
tween air and soil depends on the fugacity of the gaseous POPs in
the air (fG) and soil (fS). At the initial stage, fG > fS, the soil acts as a
sink, resulting in a net flux of POPs from air to soil. When POPs reach
an equilibrium between air and soil, or when fG ¼ fS, the net flux
equals zero. Conversely, when fS> fG, there is a net fluxof POPs from
soil to air, and the soil acts as a secondary source. Therefore, this
relationship between fG and fS is important, as it determines the
strength of the respective sources: the primary source prevailing
when fG > fS, or the secondary source when fG < fS. If the airborne
temperature is below zero and the soil is covered by snow, the flux
from air to soil should be replaced by that from air to snow (FASn),
which is discussed in Text S1.2.

When POPs reach equilibrium between air and soil, the ratio of
its concentration in soil to its gaseous concentration in air is given
by CS/CG ¼ KSA, where KSA is the soileair partitioning coefficient.
given by KSA z fSOMKOA when temperature is above zero. This
relationship indicates that KSA is proportional to KOA and soil
organic matter content (fSOM) and increases at colder temperatures,
aligning with KOA. As shown in Fig. S8, at the same temperature, the
values of KSA for CB-180 are higher than CB-28 by ~3 orders of
magnitude. When the temperature drops from 30 to 0 �C, the
values of KSA increase by ~1.5 orders of magnitude for CB-28 and
~1.8 orders of magnitude for CB-180. A global griddedmap of logKSA
values was produced for CB-28 and CB-180 [39]. The map clearly
illustrated that CB-180 exhibited higher KSA values than CB-28 at
identical locations. Furthermore, KSA increased along with
decreased temperatures from the equator towards the poles,
applicable to CB-180 and CB-28. A higher KSA value for a particular
chemical indicates stronger retention by the soil. Thus, CB-180
exhibits a greater retention capacity in the soil than CB-28.
Furthermore, this retaining ability increases along with the
decrease of the ambient temperature. Therefore, the re-entry of CB-
180 from the soil back into the air is considerably more challenging
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than that of CB-28. Alternatively, the switch of soil from a sink to a
source will take much longer for CB-180 than for CB-28.

Detailed equations related to the processes between air and soil
can be found in Text S1.2. The fluxes for these major processes
between air and soil for CB-28 and CB-180 calculated from these
equations are presented in Fig. 1. The fluxes for the individual
processes are shown in Fig. S9. To facilitate comparison, we assume
the total air concentration (gas phase þ particle phase) of
100 ng m�3 for both CB-28 (0.39 mol m�3) and CB-180
(0.25 mol m�3). For CB-28, with lower KOA values, total fluxes
from air to soil are dominated by the diffusion of gaseous CB-28,
except when the temperature falls below �21 �C (Fig. 1). At tem-
peratures below this threshold, particle deposition emerges as the
primary contributor to the flux from air to soil. Notably, this air-to-
soil flux is compensated to a certain extent by the volatilization of
CB-28 from soil to air. In contrast, for CB-180, which has higher KOA
values, particle deposition is always the major factor determining
the flux from air to soil over the entire range of temperatures from
30 to �30 �C. At any ambient air temperature, CB-28 and CB-180
significantly transfer from air to soil at the source region. Howev-
er, as these compounds disperse from the source, the magnitude of
their transfers decreases, establishing the primary distribution
pattern for each compound. The higher total fluxes from air to soil
for CB-180 than CB-28, plus the stronger potential of soil to retain
CB-180 than CB-28, contributes to the primary fractionation for
these two chemicals: an enrichment of CB-28 and a depletion of
CB-180 with increasing distance. The primary distribution and
fractionation patterns are primarily determined by the distance or
remoteness from the source in all directions rather than being
primarily influenced by the air temperature. As depicted in Fig. 1, a
trend of generally increasing flux can be observed as the temper-
ature decreases for CB-180 and CB-28. For CB-180, the fastest
increasing trend (approximately by a factor of 7) occurs when
t � 0 �C, increasing from 8.47 � 10�7 mol h�1 at t ¼ 30 �C to
4.31 � 10�6 mol h�1 at t ¼ 0 �C, and then almost remains constant
(~6.10 � 10�6 mol h�1) when t � 0 �C. For CB-28, the total flux
increases from 1.84 � 10�7 mol h�1 at t ¼ 30 �C to
3.69 � 10�7 mol h�1 at t ¼ 0 �C and from 2.14 � 10�6 mol h�1 at
Fig. 1. Fluxes for the major processes (particle deposition, gaseous diffusion, and rain
and snow scavenging) for CB-28 and CB-180 as a function of temperature from �30 to
30 �C. The two vertical dashed yellow lines are the temperature thresholds for CB-180,
which divide the temperature into three domains (ER, NE, and MP domains) for CB-180
(Assuming TSP ¼ 50 mg m�3, CA þ CP ¼ 100 pg m3, which are concentrations of CB-28 or
CB-180 in the gas phase and particle phase).

4

t ¼ 0 �C to 5.39 � 10�6 mol h�1 at t ¼ �30 �C, demonstrating a
substantial factor of 29 increase. The fast increase in CB-28 fluxes
provides the main mechanism that forms the secondary distribu-
tion pattern for this compound. It is worth mentioning that the
secondary distribution pattern depends strongly on airborne tem-
perature, making it most discernible along transits exhibiting a
pronounced airborne temperature gradient, frequently aligned in
latitudinal or altitudinal direction.

As discussed above, P/G partitioning and the four processes are
all related to KOA. Therefore, the parameter KOA plays a critical role
in all processes responsible for transferring POPs from air to soil
and determining the net flux of airesoil exchange. The difference in
the removal efficiency of CB-28 and CB-180 from air to soil is mainly
due to the contrast in KOA at any given temperature, which will vary
with air temperature. Since KOA is a strong function of air temper-
ature, air temperature is a critical factor in determining P/G parti-
tioning and the relative importance of each process. This is
important when trying to understand the distribution and frac-
tionation patterns of POPs, which will be explored later. Two factors
may lead to the observed distribution and fractionation patterns of
POPs in the soil: one is the primary factors or the physicochemical
properties (KOA, for example) and the distance from the source; and
the second factor is airborne temperature, displaying clearly along
latitude transect.

As introduced earlier, the secondary distribution and fraction-
ation patterns can also occur altitudinally; however, the mecha-
nism from the secondary factors along altitude is more
complicated. Thus, we firstly focus on the secondary phenomena
along the latitudinal transect and subsequently delve into discus-
sing phenomena along the altitudinal transect in Section 5.

It is worth noting that the subcooled liquid vapor pressure (PL)
has also been used for calculating the P/G partitioning quotient
[48,63,64]. Yang and co-workers [65] have reported that the pa-
rameters PL and KOA can be linked by a simple equation:
logKOA ¼ �logPL þ 6.46. Using this relationship, any equation based
on KOA can be transferred to one based on PL, and vice versa.
However, the parameter KOA has been predominantly favored in
modeling the transport and fate of POPs, since octanol is a suitable
surrogate of organic matter in soil, aerosol particles, and other
matrices containing organic matter. In contrast, the parameter PL
lacks this advantageous characteristic.
2.3. Quantification of primary and secondary source effects

To study the influences of human activities and environmental
factors on the spatial distribution of PBDEs in the surface soil, Li and
co-workers [31] developed a multiple linear regression equation.
They considered three independent variables: temperature in the
sampling site (T, in K), soil organic carbon (fSOC, in %), and area
population density (PD, the surrogate of the primary area source).
Later, the fourth variable, the distances from the sources (Di), was
added by the equation [32], and a multiple linear regression
equation with the four independent variables was obtained. In this
study, we have employed two modified forms of the equation to
analyze the data, as follows:

ln CS ¼ a ln SA þ
X

bi ln Di þ cT þ dfSOM þ e (4)

using natural logarithms or base ten logarithms as

log CS ¼ a log SA þ
X

bi log Di þ cT þ dfSOM þ e (5)

where CS is the concentration of an SVOC in the soil, SA is an area
source (usually using a surrogate, such as population density, PD),
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Di the distance from the point source i, fSOM the soil organic matter
content (%), and a, bi, c, d, and e are normalized regression
coefficients.

In this study, we define the first two terms, a and bi, as the
primary terms, followed by the two secondary terms, c, and d. The
final term, e, is related to the background concentration of the
chemical. To assess the dominant factors influencing the distribu-
tion, we compare the magnitudes of these terms. If |a| þ |

P
bi/n| > |

c| þ |d|, the primary factors play a major role, indicating a primary
distribution. Conversely, if |c| þ |d| > |a| þ |

P
bi/n|, the secondary

factors dominate, resulting in a predominantly secondary distri-
bution. When |a| þ |

P
bi/n| ¼ |c| þ |d|, the chemicals are in the

transiting phase, switching between the primary and secondary
distributions. This method serves as the criterion to distinguish the
relative importance of primary and secondary factors. The half
distance (D1/2) represents the distance where the chemical con-
centration decreases by half of the value at the point source. This
parameter facilitates the comparison of the travel abilities among
chemicals. These equations are especially useful when an area
source of a POP is under consideration.
Fig. 2. BDE-209 concentrations in the soil from a BFR manufacturing plant as a
function of distance, showing pulse distribution patterns. a, One-dimensional graph. b,
Three-dimensional graph. Data are taken from Li et al. [24].
3. Primary and secondary distribution patterns

3.1. Primary distribution patterns of POPs in the soil

3.1.1. Point source and point pulse
If a single point source can be identified, the influence of that

source on POP distribution, showing a “point pulse”, could be easily
identified. By considering the second and last term in equation (4),
we obtain the following relationship between concentration and
distance [66]:

ln CS ¼ b ln Dþ e (6)

where CS is the concentration in the soil at a distance ofD (km) from
the source center, b is the slope, and e is the natural logarithm of the
background concentration of the chemical.

Li et al. measured concentrations of BFRs, including PBDEs, in
the surface soil surrounding two chemical plants manufacturing
BFRs in China [24]. A linear relationship between the natural log-
arithm concentration of BDE-209 in the soil and the natural loga-
rithm distance from the source center was found for both two
plants. Two linear equations were found to represent BDE-209
concentrations in the soil around the two manufacturers:

ln CS¼� 1:149 lnDþ15:838 (7)

for Plant 1 (Fig. 2) and similarly

ln CS¼� 1:426 lnDþ17:851 (8)

for Plant 2. Based on the equations, it can be observed that Plant
1 exhibits a D1/2 at 0.365 km, whereas Plant 2 demonstrates a
slightly larger value of D1/2 at 0.370 km. These results indicate a
decreasing trend with the distance increases, with both plants
having nearly identical values of D1/2 for the pulse shape under
consideration.

Wang et al. reported a similar finding for dechloranes in the soil
surrounding a DP manufactory in China [20]. These authors
determined that DP concentrations in the soil (CS) from DP
manufacturing plant could be expressed as a function of distance
(D):

log CS¼� 1:14 logDþ1:97 (9)

Primary distribution patterns associated with point sources
5

have also been reported for PBDE and TBBPA concentrations in the
surface soil around an e-waste site in Longtang, China [23], and
SPBDEs and SNBFRs concentrations in the surface soil surrounding
two e-waste recycling facilities in Australia [26]. These two studies
revealed a strong negative correlation between chemical concen-
trations and distance from the sources.

Another good example of a point-source primary distribution
pattern has been provided by historical and emerging flame
retardant concentrations in Chinese forest soils [67]. It reveals that
the concentration distributions in the soil were primarily
controlled by the distribution of industrial sources, including fire
retardant manufacturing plants within the region.
3.1.2. Urban source and urban pulse
The distributions of PCBs originating from urban sources have

been extensively studied in various locations worldwide. For
instance, research conducted in Toronto, Canada, examined the
distribution of PCBs in the air [15]. In another study, the distribution
of PCBs in the soil was investigated along a transect in Shanghai,
China [28]. Similarly, the distribution of PBDEs in the soil was
analyzed along a rural-urban-rural transect in Kuwait [68]. In
Stockholm, Sweden, a comprehensive study investigated the dis-
tribution of HMW PBDEs in the soil and several flame retardants in
the air along a transect [17]. Moreover, the distribution of PBDEs in
the air around Birmingham, the UK, was also examined [56]. This
kind of primary distribution pattern was also called the “urban
pulse” [17,56], which indicates the source as an urban and the
primary distribution pattern as a pulse. A generalized urban source
involving several urban centers was also observed. The urban
centers exhibited the highest total PCB concentrations, followed by
those in rural sites, and the background sites on Chinese soil with
the lowest concentrations [28]. The overall concentrations of PBDEs
followed the order of urban > rural > background sites in Chinese
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air [69] and in the soil across five Asian countries, i.e., China, India,
Japan, South Korea, and Vietnam [31].

3.1.3. Area sources
In certain cases, the origins of target pollutants do not stem from

a specific localized point or an urban center, but rather from a
broader region that can be symbolized by a surrogate indicator like
population density. Here, we might use the PD in equation (4) to
represent the SA as follows:

ln CS ¼ a ln PDþ e (10)

Li and co-workers (2017) reported residues of 19 NBFRs in the
soil of five Asian countries, i.e., China, India, Japan, South Korea, and
Vietnam [32]. The results showed a significant positive correlation
between the natural logarithm of concentrations and the natural
logarithm of PD. Similar correlations between concentration and PD
were also observed for PBDEs in the surface soil in the five Asian
countries [32]. Zhang et al. [70] reported PCB and PBDE concen-
tration distributions in the soil across Scotland. They found that
PCBs and PBDEs were higher in the two southern transects than in
the two northern transects. This may be due to the proximity to
areas of high population and industrial activity in the south. These
results revealed a primary distribution pattern with area sources.

The usages of OCPs are also considered as area sources. Previous
studies have also examined the primary distribution patterns of
OCPs associated with area sources. For example, endosulfan con-
centration in Chinese agricultural surface soils has been found to
follow a primary distributing pattern similar to the usage pattern of
this pesticide [71].

3.1.4. Longitudinal primary distribution
Longitudinal primary distribution was first observed for PCBs

[28] and followed by PBDEs [31] in Chinese surface soils. As shown
in Fig. 3c, a significant correlation (with R2 ¼ 0.23, p ¼ 0.003) has
been found between the logarithm of SPCBs concentrations in
Chinese rural/background soil and the corresponding longitude
from 94� to 122� E (~3000 km).

Although longitudinal distribution for PCBs does not directly
point to a primary source, this distribution pattern does follow the
general characteristics for a primary distribution pattern, consis-
tent with their usage pattern in China, decreasing from east to west
Fig. 3. aed, Longitudinal distributions and fractionations based on data from China. a, PCB
versus longitude. d, Relative compositions of PCBs versus longitude. eeh, Latitudinal distribu
concentration versus PCB usage. g, PCB concentration versus latitude. h, Relative compositio
Ren et al. [28]; PCB concentration data in Norwegian soil are taken from Meijer et al. [27]; P
are taken from Breivik et al. [3,4].
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(Fig. 3a), whereas the concentrations of PCBs is strongly correlated
with their usage data per grid cell with R2¼ 0.32 and p < 0.001 [72],
as shown in Fig. 3b. The relationship between concentration CPCB
and the PCB usage UPCB can be expressed as follows:

CPCB¼ 0:3545UPCB þ 179:38 (11)

This longitudinal distribution pattern may be observed only in
China due to a unique PCB and PBDE (or other industrial pollutants)
usage pattern in this country, as depicted in Fig. 3a, revealing that
the PCB usage per grid cell in Chinese soil are strongly linked with
longitude from 74� to 120� E with R2 ¼ 0.71 and p < 0.001,
decreasing from east to west in China [72].

3.1.5. Latitudinal primary distribution
Latitudinal primary distribution has been reported by Meijer

et al. [27] for PCBs in background soil in the UK and Norway from
50� to 75� N. Here, we consider the Norwegian data only from 58.3�

to 75� N, and the reason is discussed in Section 7.4. This decreasing
trend for PCB concentrations in Norwegian soil was evident, as
presented in Fig. 3g, showing a strong and significant correlation
between PCB concentrations and latitude in Norway with R2 ¼ 0.31
and p ¼ 0.001. The primary nature of this latitudinal decreasing
pattern can be identified from Fig. 3f, indicating that PCB concen-
trations in Norwegian soil were strongly linked with PCB usage
(R2 ¼ 0.58 and p ¼ 0.007). This finding aligns with the strong and
significant correlation observed in Chinese rural and background
soil, as discussed in the previous subsection. The source is also an
area one, and the relationship between concentration (CPCB) and
usage (UPCB) can be expressed as follow:

CPCB¼ 1:0306UPCB þ 821:6 (12)

This is attributed to the decreasing trend of PCB usage from
south to north in Norway, similar to that from east to west in China
(described in the previous subsection). Importantly, a strong and
significant correlation (R2¼ 0.45 and p¼ 0.008) exists between PCB
usage and latitude from south to north in Norway, as shown in
Fig. 3e. The strong and significant correlations between PCB con-
centrations and their usage (Fig. 3f) and between the usage and
latitude (Fig. 3e) lead to the correlation between PCB concentration
and latitude (Fig. 3g). The leading factor is the decreasing trend of
PCB usage from south to north along latitude in Norway, which
usage versus longitude. b, PCB concentration versus PCB usage. c, PCB concentration
tions and fractionations based on data from Norway. e, PCB usage versus latitude. f, PCB
ns of PCBs versus latitude. Note: PCB concentration data in Chinese soil are taken from
CB usage data in China are taken from Zhang et al. [72]; and PCB usage data in Norway
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aligns with the primary distribution.
The striking similarities for PCBs in the soil between the longi-

tudinal distribution in China from east to west and the latitudinal
distribution in Norway from south to north are observed (Fig. 3).
Despite the existence of a temperature gradient along the lat-
itudinal transect in Norway, it appears that temperature variations
may not have a significant impact on shaping the latitudinal dis-
tribution pattern of PCBs in Norwegian soil.

3.2. Secondary distribution pattern of POPs in the soil

The secondary distribution pattern of PCBs in the soil has been
reported by Wang and co-workers [73]. Forty background surface
soil samples were measured in the Qingzang Plateau, China. A
positive, strong, and significant correlation (R2 ¼ 0.96, p ¼ 0.008)
was found for tetra-PCBs along the latitude from 28.2� to 37.1� N,
showing a secondary distribution pattern.

Secondary distribution patterns have also been reported for
other POPs by different groups. For example, this pattern was
clearly observed for a-HCH in Chinese soils. Technical HCH was
historically applied in far greater quantities in southern China, but
high concentrations of a-HCH, a leading component of technical
HCH, were found in the soil from northeast China [40,74]. This was
illustrated by plotting the usages and soil concentrations at five
sites from southmost Site 1 (30.1� N) to northmost Site 5 (51.5� N)
(Fig. 4). The total usage of a-HCH was ~1000 kg m�2 at Site 1,
decreasing to ~5 kg m�2 at Site 5. The concentration of a-HCH
measured from June 2005 to June 2006 was ~2 ng g�1 dw at Site 1,
and increased by one order of magnitude to ~12 ng g�1 dw at Site 5,
showing a clear secondary distribution pattern [40].

4. Primary and secondary fractionation patterns

4.1. Primary fractionation pattern

4.1.1. Point source fractionation
Point source fractionation was first identified in the soil near

BFR-related industrial sites in China [24]. The HMW NBFRs and
PBDEs were deposited to soils closer to the industrial and e-waste
sites, while the LMW NBFRs and PBDEs were deposited far away
from the sites. This fractionation was also found for BFRs in the
surface soil surrounding two e-waste recycling facilities in Australia
[26].

4.1.2. Urban fractionation
Urban fractionation in the soil is demonstrated in Fig. 5,
Fig. 4. The total usages and measured soil concentrations of a-HCH in 2005e2006 at
five sites from the south (30.1� N) to the north (51.5� N) of China. Data are taken from
Liu et al. [40].
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showcasing the distribution of six PCB homologs (di-, tri-, tetra-,
penta-, hexa-, and hepta-PCBs) in Shanghai and its surrounding
area, China [28]. Site U0 was located within the city, and Sites R1,
R2, and R3 were ~100, ~400, and ~500 km to the west of the city,
respectively. The total concentration of PCBs at the four sites
correlated with the distances away from the city with R2¼ 0.88 and
p ¼ 0.06. Over this urban-rural transect, the relative concentrations
for these six homologs observed in monitoring data correlated with
distances from the central urban site. The observed trend showed
an enrichment of the LMW di- and tri-PCBs and a depletion of the
hexa- and hepta-PCBs with increasing distance from the urban
center. However, the relative concentrations for tetra- and penta-
PCBs remained almost unchanged. Furthermore, a broader urban
fractionation phenomenon involving several urban centers was
also observed. At the national scale of China, surface soils from
urban sites in China displayed relatively higher proportions of
HMWPCBs, whereas soils from rural sites exhibited higher levels of
LMW PCBs, thus providing strong evidence of large-scale urban
fractionation [75].

Urban fractionation has been found in various regions. For
instance, in the Pearl River Delta, LMW PCBs were the major con-
geners detected in distal areas lightly impacted by industrial ac-
tivities, while HMW PCBs were more prevalent near industrial
centers like Shenzhen, Zhongshan, and Guangzhou, China [76].
Similarly, in Manipur, India, relatively high concentrations of HMW
PCBs homologs were found near local sources, contrasted with the
increased relative contribution of LMW PCBs to distant soils [77]. In
Europe, LMW PCBs tend to be in equilibrium with the fSOM, while
HMW PCBs tend to be confined close to the source areas [29].

4.1.3. Longitudinal fractionation
As pointed out in Section 3.1.4, longitudinal primary distribu-

tion was observed for individual PCB and PBDE congeners in Chi-
nese soils, which also displayed longitudinal fractionation patterns
for PCBs [28] and PBDEs [31]. This pattern follows the general
characteristics of a primary distribution pattern, given that PCBs in
Chinese soil decrease from east to west. As displayed in Fig. 3d, the
relative composition of homolog groups, normalized to the percent
composition for the longitude band of 120e125� E, where all values
are unity, indicates the effect of fractionation on PCBs as they
westward transport. Specially, LMW PCB homologs (di-, tri-, and
tetra-PCBs) became enriched, while HMW PCB homologs (penta-,
hexa-, and hepta-PCBs) became depleted. This is a typical primary
longitudinal fractionation pattern.

4.1.4. Latitudinal fractionation
The first reported latitudinal fractionation in the soil was ob-

tained with the PCBs in background soil in the UK and Norway from
50� to 75� N [27]. The percent composition of the PCB profile was
determined for each site and normalized to the percent composi-
tion for each homolog (tri-, tetra-, penta-, hexa-, hepta-, and octa-
PCBs) at the southmost site in Norway, where all the relative con-
centrations are unity (Fig. 3h). The relative concentrations of LMW
PCBs (e.g., tri- and tetra-PCBs) increased with latitude, while those
of HMW PCBs (e.g., hepta- and octa-PCBs) decreased. The penta-
and hexa-PCBs have almost equal relative concentrations of these
homolog groups. This was considered consistent with the global
fractionation theory, showing a preferential transport of more
volatile compounds to higher latitudes.

4.2. Secondary fractionation pattern

Wang and co-workers [73] reported the discovery of tetra-PCB
evidence showcasing a correlation with latitude (R2 ¼ 0.96,
p ¼ 0.008) and a slight positive slope of 0.057, thereby suggesting



Fig. 5. The relative composition of PCB homologs in soil samples at sites U0, R1, R2,
and R3. All the values were normalized to the percent composition for Site U0, where
all values are unity. Data are taken from Ren et al. [28].
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latitudinal fractionation in the surface soil in the Qingzang Plateau,
China. However, this interpretation is flawed as it confuses a sec-
ondary distribution pattern (See Section 3.2) with fractionation,
which cannot be observed for a single PCB homolog. The real evi-
dence of the secondary fractionation can be obtained by analyzing
the data for two PCB congeners, CB-28 and CB-52, from the same
study by Wang et al. [73]. Analysis of variation in CB-28 and CB-52
along with the latitude, as presented in Fig. 6, revealed that CB-28
levels increased along the latitude (R2 ¼ 0.17, p ¼ 0.01), showing a
secondary distribution pattern. Conversely, CB-52 levels decreased
along the latitude (R2 ¼ 0.12, p ¼ 0.07), showing a primary distri-
bution pattern. The combined behavior of these two congeners
displayed a secondary latitudinal fractionation pattern, which
could represent the first reported evidence for such fractionation
for PCBs in surface soils. However, this still be debatable, as dis-
cussed in Section 7.4.

Secondary fractionation of PCBs on global lowland soil has not
yet been identified, most likely because fresh PCBs escape from e-
waste sites, old equipment, and old buildings containing PCBs.
Furthermore, the emission of unintentional-produced PCBs (UP-
PCBs) as byproducts of industrial processes has become the major
source of PCBs in some countries, possibly maintaining a primary
distribution pattern in the soil [78].

5. Altitudinal distributions and fractionation of POPs

While the secondary distribution pattern and the secondary
fractionation have been hardly observed on lowlands, they have
been frequently reported along the slopes of mountains. Blais and
co-workers published the first report on the altitudinal accumula-
tion of POPs in mountainous areas [79]. This study measured PCBs
and OCPs in the snow in Western Canadian mountains. Their
Fig. 6. Latitude distribution of CB-28 and CB-52, showing a secondary fractionation
pattern. Data are taken from Wang et al. [73].
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results showed the secondary distribution pattern for LMW di- and
tri-CB congeners and the primary distribution pattern for HMW
hepta-CBs. Consequently, these results elucidated a secondary
fractionation pattern among these compounds (Fig. S10).

Numerous studies have been carried out following the work by
Blais and co-workers, such as studies in the surface soil for PAHs
[80], PCBs and OCPs [81], PCBs and selected OCPs [82,83], PCBs and
PBDEs [84e86], and OCPs in the soil [55,73,87e89]. Five studies
investigated PCBs in surface soils within the Qingzang Plateau,
China [82,84e86,90]. In addition to the aforementioned findings,
several studies have investigated the presence of various pollutants
in different media. For example, one study focused on PCBs, PAHs,
and selected OCPs in snow cores [91]. Another study examined
PCBs, OCPs, and additional selected organochlorine compounds
(OCs) in lake fish and sediment [92], as well as mosses [93]. Addi-
tionally, investigations have analyzed the levels of OCPs in both the
air, with a specific focus on lichen [55] and air and spruce needles
[87]. Furthermore, a study investigated the presence of PCBs and
PBDEs in lake fish [94].

A so-called “mountain cold-trapping” has been used to explain
the observed altitudinal concentration gradients of POPs [92]. On
the one hand, mountain cold-trapping is similar to polar cold-
trapping, in which POPs are transported to higher altitudes via
multi-hoppers or repeated cycles of deposition and evaporation.
Chen et al. [82] investigated the soil in Balang Mountain, China,
collected in the autumn of 2006, and identified the presence of CB-
28 and CB-52. Their findings revealed a higher trapping efficiency
for the lighter CB-28 than the heavier CB-52, with a secondary
distribution pattern for each congener and a combined secondary
fractionation pattern for both congeners (Fig. S11). The levels and
compositions for PCBs in the soil in Italian Alps were determined by
Tremolada and co-workers [83], showing that the LMW PCBs
increased along the slope of the mountain, while the HMW PCBs
showed a decreasing trend. These examples confirmed the ten-
dency of the less chlorinated congeners to be preferentially trans-
ported at high altitudes, which is the same as those for polar cold-
trapping, enrichment for LMW PCBs, and depletion for HMW PCBs
in background soil from southern UK to northern Norway [27].
Consequently, similar secondary fractionation patterns are
observed among these compounds. On the other hand, these two
trapping mechanisms are different, as extensively discussed by
Wania and Westgate [45,95]. They suggested that the wet deposi-
tion due to temperature-induced precipitation is the key factor
distinguishing mountain cold-trapping and polar cold-trapping,
thus influencing altitudinal and latitudinal fractionations. They
also predicted that heavier PCBs, rather than lighter ones, will
preferentially concentrate upslope on a mountain, aligning with
reported observations [82,84,90,92,94,96].

Complicated phenomena regarding PCBs in the soil have been
observed and documented. Wang et al. [84] have identified two
opposite trends of log-transformed total organic carbon (TOC)-
normalized concentrations of PCBs and PBDEs in the surface soil
from the Qingzang Plateau, China. A negative relationship was
observed below an altitude of approximately 4500 m, followed by a
positive altitude dependence above this threshold. Zheng and co-
workers [85] measured the concentrations of PCBs and PBDEs in
Balang Mountain, China. They found that the TOC-normalized
concentrations of these contaminants were higher in samples
from the lower mountain, below the treeline, than those from the
upper mountain with alpine meadow. The forest filter effect was
identified as a potential explanation for this variation. In another
study, Meng and co-workers [86] studied the altitudinal distribu-
tion of PCBs and PBDEs in the surface soil samples collected along
two sides of Mt. Sygera, southeast of the Qingzang Plateau. Sur-
prisingly, the relationships between concentrations of the two
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groups of POPs and the altitudes showed different trends on the
windward and leeward sides. Thewindward side exhibited positive
and significant correlations for heavier PCB congeners (e.g., CB-138
and CB-180), whereas lighter PCB congeners (e.g., CB-28 and CB-52)
showed negative and significant correlations (Fig. S12a), forming a
nice secondary fractionation pattern (Fig. S12b). However, on the
leeward side, all PCB congeners (e.g., CB-28, CB-52, CB-138, and CB-
180) displayed a negative correlation with altitude above 4100 m,
which was different from the increasing trends of these congeners
below 4100 m, as shown in Fig. S13a, and did not display a frac-
tionation pattern (Fig. S13b).

According to the discussions above, we suggest that these dif-
ferences are caused by the local conditions, such as local climate
and vegetation condition, and soil contents. However, the under-
lying mechanisms for generating these different results have not
been comprehensively investigated. Consequently, further studies
are needed to reveal these different distribution and fractionation
patterns for POPs along altitude transect in remote mountains.
Similar suggestions were also brought up by Shen et al. [87] and
Meng et al. [86].

6. Modeling primary and secondary distribution patterns and
fractionation effects

Only a few studies have investigated the distribution and frac-
tionation patterns based on modeling [12,42,97e103]. Wania and
Su [12] applied a zonally averaged global fate and transport model
(Globo-POP) to simulate the compositional shifts of PCBs as a
function of the environmental compartment, latitude, and time.
Model results indicated that relative abundance increased for
lighter PCB congeners whereas decreased for heavier ones with
increasing latitude, which had been observed in field studies and
agreed with the global fractionation hypothesis. Using a simple
conceptual model (CliMoChem), Scheringer [42] was able to
simulate the primary fractionation for three PCB congeners (CB-28,
CB-101, and CB-180), and the results were in good agreement with
the field data measured by Meijer et al. [27] in European soils.

Similar researchwas carried out by Stemmler and Lammel [102],
who used a multi-compartment chemical-transport model (MPI-
MCTM) [104,105] to study the fractionation, transport, and fate of
four PCB congeners (CB-28, CB-101, CB-153, and CB-180) from 1950
to 2010. The model predictions indicated that trends of declines of
PCB levels along with their compositions in soil would not only be
observed along latitudinal lines, but also along longitudinal gradi-
ents, which was confirmed by the study by Ren et al. [28] and Li
et al. [31]. The authors also found that, in 2010, on the Eurasian
Continent, the maximum zonally averaged soil and vegetation
burden for CB-180 was still located in the GSR, showing a primary
distribution pattern, while the maxima portion for other three
congeners located further north. Interestingly, only CB-28 has the
maximum burden located >70� Nwith a second maximum <60� N,
showing a secondary distribution pattern. Therefore, these four
PCBs form a secondary fractionation pattern.

To investigate the environmental behavior, and the distribution
and fractionation patterns of POPs, Cui and co-workers developed a
Chinese Gridded Industrial Pollutants Emission and Residue Model
(ChnGIPERM). This model was used to explore the distribution
patterns and fractionation phenomena for four PCB compounds,
including CB-28, CB-101, CB-153, and CB-180 [98]. A single-source
site located in eastern central China (118�220e119�140 E;
31�140e32�370 N) was assumed with an emission rate of 1 kg d�1

from a source (S1) for 1965 only, and the potential for long-range
atmospheric transport (LRAT) and fractionation were simulated
for 45 years, spanning from 1965 to 2010. Fig. S14 presents an
intriguing finding regarding the temporal variation of the relative
9

concentration of CB-28 at the three northward sites (F1, F2, and F3)
in the order from the closest to Site F1 over five time periods,
1966e1970, 1970e1980, 1980e1990, 1990e2000, and 2000e2010,
after emissions stopped in 1966 [98]. Assuming the concentrations
at F1 in the five periods were all equal to 1, the concentrations of
CB-28 decreased along with the distances from F1 to F3 in the first
two periods (1966e1970 and 1970e1980), showing a primary
distribution pattern. However, the concentrations increased during
the last two periods (1990e2000 and 2000e2010), indicating a
secondary distribution pattern. The distribution in 1980e1990 was
quite even, identifying the critical time when the CB-28 distribu-
tion in the soil shifted from the primary to secondary distribution
pattern. The secondary distribution pattern in the last two periods
(1990e2000 and 2000e2010) can form a secondary fractionation
with the other three congeners.

This study presents the development of a one-dimensional and
conceptual fugacity model, referred to as the 1D-POP-AS model, to
investigate the transport and transfer of POPs between air and
surface soil. The model utilizes the equations listed in Text S1 to
simulate the transport of CB-28 and CB-180, and the formation of
their longitudinal and latitudinal distributions and fractionations.
Two compartments, namely air and surface soil, are considered in
this model, with both the gas and particle phases taken into ac-
count in the air compartment. The results of the model are shown
in an animation video titled “Animation_PCB28&180.gif” in SI,
which simulates conceptively and animatedly the spatial concen-
tration distributions of CB-28 and CB-180 in the air and soil in
continuous time series, showing the transport of these two
chemicals. The above two panels in the animation present the
transport of CB-28 and CB-180 in 365 days in the air (the top left
panel) and in the soil (the top right panel) from the start of their
emissions. The results indicate that both CB-28 and CB-180 can
undergo LRAT. Notably, CB-28 exhibits a higher transport potential
compared to CB-180. Each chemical shows a primary distribution
pattern, while together they exhibit a primary fractionation pattern
after a certain distance from the source. The middle two panels
depict the transport of CB-28 and CB-180 in the air (the middle-left
panel) and in the soil (the middle-right panel) over 80 years after
the cessation of their emissions, without considering temperature
variations. The findings suggest that neither CB-28 nor CB-180 form
the secondary distribution pattern. Consequently, both chemicals
exhibit the primary fractionation pattern rather than the secondary
one. This simulates the longitudinal transport of these two chem-
icals. The bottom two panels depict the transport of these two
chemicals in the air (the bottom left panel) and soil (the bottom
right panel) over 80 years along a latitudinal direction after the
cessation of their emissions. It indicates that CB-28 can form the
secondary distribution pattern and display a secondary fraction-
ation with CB-180 along a latitudinal transect with a decreasing
temperature gradient in the air and soil after ~40 years. In contrast,
CB-180 fails to form the secondary distribution pattern in air or soil,
even along a temperature gradient.

Compared to other global transport models, such as the Cli-
MoChem [103], the MPI-MCTM [104,105], and the 1D-POP-AS
model, the Globo-POP model [12] has some limitations in studying
the global fractionation. These limitations arise from two reasons.
Firstly, this model only considers the latitudinal compositional
shifts of POPs since the zones used were defined according to the
latitude. Consequently, the model only focuses on composition
shifts along the latitudinal transect. Secondly, the latitudinal tran-
sect and temperature gradient coincide closely, as shown in the
case from the southern UK to northern Norway (Fig. 7) [27]. Thus,
the Globo-POPmodel encounters difficulty separately investigating
the effects of latitudinal transect and temperature gradient on POP
transport.
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7. Discussion

7.1. Relationship between distribution and fractionation

Fractionation has sometimes been mixed up with the distribu-
tion of POPs in the surface soil. Distributions usually refer to the
concentrations in a medium observed individually for single
chemical, such as a PCB congener, or a group of chemicals treated as
a unit, such as a homolog. Two important kinds of distributions
exist: primary and secondary distributions (See in Section 3).
Fractionation is a process of composition change among several
congeners or homologs during transport. Similar to distribution,
primary and secondary are two important kinds of fractionations
(See Section 4). From this point of view, some statements in the
literature are not properly expressed. For example, the increasing
trend of tetra-PCB [73] and CB-28 [98] along latitude represents a
pattern of latitudinal distribution rather than latitudinal fraction-
ation, since fractionation cannot exist for a single homolog or
congener.

7.2. Global fractionation

The pioneering work by Wania and Mackay has greatly
contributed to understanding the transport of POPs to the Arctic
[34,41]. Global or latitudinal fractionation was introduced to
address the different transport efficiencies or long-range transport
potentials for several chemicals (e.g., in a suite of PCB congeners or
homologs). According to the authors, global or latitudinal frac-
tionation contains two major elements: latitudinal transect and
airborne temperature gradient, which were treated as undis-
tinguishable (See Section 6).

Latitudinal transect and airborne temperature gradient are two
different mechanisms. According to a previous study [103], the
latitudinal transect belongs to the differential removal hypothesis,
and the airborne temperature gradient belongs to the global
distillation hypothesis. Translating to our terminologies, the former
is the primary factor determining the primary distribution pattern
and fractionation, and the latter is the second factor determining
the secondary distribution pattern and fractionation, as discussed
in the previous sections.

In our opinion, global fractionation can be either primary or
secondary, and the primary does not necessarily occur along lati-
tude or temperature gradient. The monitoring data for PCBs in
background soil from the southern UK to northern Norway span-
ning latitudes from 50.6� to 75.0� N [27], which has been
Fig. 7. Strong and significant correlation between temperature and latitude from the
southern UK to northern Norway. Data are taken from Meijer et al. [27].
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considered good evidence for latitudinal/global fractionation in
soils. It revealed a primary pattern during the sampling year; thus,
the air temperature did not play a major role in forming the frac-
tionation, despite the observed correlation between the soil con-
centration and air temperature. In addition, global fractionation is
not limited to the latitudinal direction alone, fractionation along
the longitudinal transect can also be classified as a form of global
fractionation. A similar longitudinal fractionation found for PCBs in
Chinese background/rural soil spanning several thousand kilome-
ters from 122� to 80� E is also a primary fractionation [28], where
no temperature gradient was present. These two fractionations are
identical, as discussed in Sections 4.1.3 and 4.1.4. The major dif-
ference lies in the potential for latitudinal fractionation to develop
into secondary fractionation, whereas longitudinal fractionation
cannot, as shown in the animation (Animation_PCB28&180.gif)
introduced in Section 6.

Our study proposes that the remoteness leads to fractionation,
and the temperature gradient leads to cold trapping. The
decreasing temperature trend along the latitude is not the major
reason for the POPs fractionating into the Polar ecosystems. The
primary fractionation can bring the POPs into the polar regions,
whereas the secondary fractionation can keep the POPs in the polar
regions higher and longer than the non-polar regions due to the
polar cold trapping mechanisms.

7.3. Polar and mountain cold trappings

A POP is polar cold trapped only when it displays a secondary
latitudinal distribution pattern in a surface medium, such as soil,
water, or snow. Specifically, this pattern is observed as the POPs
transition from outside the Pole to inside the Pole, where the
temperatures are colder, or when their concentrations in the sur-
face medium of the Pole are higher than in the same medium in
lower latitudes outside the Pole, where the temperatures are
warmer [34]. An excellent example of polar cold trapping is the
secondary distribution of a-HCH in seawater from the South Pacific
Ocean to the Arctic Ocean during the late 1980s and early 1990s
[34,106]. Similarly, the concept of mountain cold trapping, as
defined by Westgate and Wania [95], refers to the higher concen-
trations of a POP in a surface medium at the top of the mountain
than in lower sections. Thus, polar andmountain cold trappings are
appreciably associated with the secondary distribution.

Mountains with different local conditions are able to cold-trap
different pollutants [95]. Taking PCBs in soil as examples, both
LMW- andHMW-PCBs can bemountain cold-trapped under certain
conditions (See Section 5). However, the case for polar cold trap-
ping is different. Based on the analysis of the monitoring data and
the outcomes of the models described in the previous sections, we
speculate that only a small number of LMWPOPs, such as a-HCH, b-
HCH, CB-28, and BDE-28, can form the secondary distribution
pattern in soil. Many other POPs with higher KOA are prone to stay
in the source region or the regions close to the sources and cannot
produce higher concentrations within the Poles. For example, in
1998, more than two decades after the phase-out of PCBs, a survey
of PCBs in global background surface soils revealed that most
(>80%) of the PCB burden in the global background surface soil still
remained in the GSR [107] (Fig. S15). Another convincing evidence
is the modeled distribution of CB-180 in soil by Wania and Su [12],
indicating that even after 70 years since the first emission of this
compound, the concentration pattern of CB-180 was still within the
GSR, similar to the initial primary emission pattern. The results
produced by our 1D-POP-AS Model, as shown in the animation
introduced in Section 6, also suggests that CB-180 cannot form the
secondary distribution pattern in 80 years after their primary
emission stopped, even along the latitudinal transect following a
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temperature gradient. Conversely, CB-28 demonstrates the capa-
bility to form such a secondary distribution pattern. The reason is
probably that HMW PCBs have a more efficient deposition rate, less
soil degradation, and stronger retention by soil organic matter.
Consequently, these factors contribute to a reduced re-
volatilization from soil [27,42,101e103,107]. Therefore, as the sec-
ondary factor, the temperature gradient cannot reverse the primary
distribution to the secondary distribution for these chemicals.

7.4. Study for primary and secondary distributions and
fractionations

It is not difficult to observe the point and urban pule and frac-
tionations. Taking PCBs in soil as an example, for the concentration
data originating from a strong point source or an urban center,
without any strong point or urban source nearby, the correlation
between PCB concentrations versus the distances away from the
point source or urban center may be carried out. This correlation
analysis can be followed by comparing the compositions of the PCB
congeners or homologs. An excellent illustration of urban frac-
tionation of PCBs in the soil is presented in Section 4.1.2, which
focuses on Shanghai, China.

The monitoring program targeting the latitudinal and longitu-
dinal fractionations presents unique challenges due to its large
scale and various factors affecting the distribution and fractionation
of the targeted chemicals. A few conditions for a satisfactory
monitoring program for observing a longitude or latitude frac-
tionation should be considered. First, the sampling site should be
under common environmental and climatic conditions. Taking the
longitudinal fractionation of PCBs in Chinese soil discussed in
Section 4.1.3 as an example, the PCB levels at the sampling sites
were more affected by the “local” emissions of PCBs within China,
and the input PCBs through LRAT outside China were minor.
Regarding the latitude fractionation in the soil from the southern
UK to northern Norway discussed in Section 4.1.4, the sampling
sites in the UK and Norway did not share the common environ-
mental and climatic conditions since these two countries are
separated by the North Sea. Therefore, the latitudinal fractionation
pattern displayed in Norway is much better than in both countries,
as revealed in Section 4.1.4. Actually, PCB soil concentrations in the
UK were neither strongly nor significantly linked with latitude
(R2 ¼ 0.0017 and p¼ 0.83) and longitude (R2 ¼ 0.0915 and p¼ 0.18)
(Fig. S16). The same results have been observed by Heywood et al.
[108], whomeasured the PCBs and PAHs in rural soils across the UK.
Second, the monitoring sites should be on lowlands to avoid the
effect of mountain cold trapping. Third, during the monitoring
study, the monitoring transects should be chosen from a strong
emission source or sources to remote areas (thus called remote-
ness). For example, Miejer et al. [27] conducted a latitude frac-
tionation study from southern Norway with strong PCB emission
sources to the remote Arctic, while Ren et al. [28] undertook a
longitudinal fractionation study from eastern China with strong
PCB sources to western China with much fewer PCB emissions. The
strong and significant correlation between PCB concentrations and
latitude or longitude ensures that the common environmental
conditions or all sites can share the influence by the same source or
sources of pollutants to some extent.

Several monitoring programs failed to meet the above condi-
tions. For instance, Wang et al. [73] conducted a study on soil
samples collected from the highlands (the Qingzang Plateau),
spanning latitudes from 28.2� to 37.1� N and altitudes from 1920 to
5226 m above sea level [73]. Therefore, the latitudinal conditions of
this study might not be deemed satisfactory, and the impact of
altitudinal differences cannot be ignored. Additionally, a note-
worthy observation stems from a monitoring campaign carried out
11
in 2012 and 2013, investigating PCB levels in forest soils across 30
mountains across China, with a latitude range of 21�e53� N and an
altitude of 200e3800 m [90]. A progressive decline of relative
abundance was observed with increasing latitude for tri- and tetra-
PCBs, while the opposite trend was for penta- and hexa-congeners.
This PCB fractionation pattern contradicts the previous findings
from global-scale surveys conducted by Meijer et al. [27], which
was considered to conflict with that expected from the global
fractionation theory [34,41]. Actually, for the same reason discussed
above, these two studies do not have comparability [73], since the
findings of the latter study [90] could be caused by the combined
latitudinal (from 21� to 53� N) and altitudinal (from 200 to 3800 m)
factors.

Aichner and co-workers [109] analyzed PCB and PAH soil con-
centrations in different cities and towns in eight countries (Kath-
mandu in Nepal, Bangkok in Thailand, Uberlândia in Brazil, Beijing
in China, some cities in Romania, several towns in France, Bayreuth
and Hamburg in Germany, and Stockholm in Sweden) reported in
different years (from 1998 to 2007) by different groups. They
indicated a visible, increasing trend of these two groups of chem-
icals with latitudes. Based on this founding, the authors concluded
that these concentrations in the different cities and towns fitted
well into a global distribution pattern due to global distillation.
However, we find this conclusion unconvincing due to several
overlooked factors. Firstly, the sampling sites were located in
different cities and towns far apart. Secondly, the samples were
taken for different years, which did not share a common source or
sources. In this case, the local sources in each city or town could
play a major role. Thus, the soil pollution levels in these cities/
towns with high concentrations in higher latitude regions and
lower ones in the lower latitude regions were most likely due to
factors other than global distillation, particularly the local sources.

7.5. Fractionations under equilibrium and steady-state P/G
partitioning theory

As discussed in the previous sections, the partitioning between
gaseous and particulate POPs determines the relative portions of
the POPs in the gas and particle phases. Thus, it controls all the
processes involved in the transfer of POPs from air to soil. There-
fore, a correct description of the P/G partitioning of SVOCs in the
atmosphere is critical for understanding the fractionation and long-
range transport of SVOCs [42e44]. As introduced in Section 2.2,
there are two different P/G partitioning equations: one is a group of
equilibrium equations, represented by the Harner-Bidleman
Equation, given by equation (2); and the other is the steady-state
based Li-Ma-Yang Equation, given by equation (1). Here, we use
BDE-28 and BDE-209 to discuss the fractionation and distribution
patterns predicted by different P/G partitioning theories to make
this comparison more instructive.

The different ranges of logKOA for BDE-28 and BDE-209 at
temperatures from �30 to 30 �C are presented in Fig. S4. For BDE-
28, the logKOA values range from 9.3 to 12.8, for BDE-209, they
range from 14.7 to 20.7. These result indicate that within this
temperature range, BDE-28 primarily exists in the EQ and NE Do-
mains, whereas BDE-209 is entirely in the MP Domain, with a
constant logKPSM value of �1.53 [61]. As shown in Fig. S17(a1), for
BDE-28, logKP values predicted by the equilibrium and steady-state
equations are similar in the EQ Domain, start to separate in the NE
Domain, and differentiate by more than one order of magnitude in
the MP Domain. For BDE-209, as shown in Fig. S17(b1), the differ-
ence is clearly discernible, from more than three orders of magni-
tude at 30 �C to more than nine at �30 �C. Fig. S17(a2) and (b2)
depict the particle fractions for BDE-28 and BDE-209, respectively,
assuming TSP ¼ 50 mg m�3. In the MP domain, the particle fractions
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are estimated from 57.5% to 58.6% by the steady-state equation,
while from 94.4% to 97.5% by the equilibrium equation for BDE-28;
and for BDE-209, 59.5% by the steady-state equation, while 100% by
the equilibrium equation. Thus, the different P/G partitioning pre-
dicted by the two equations will lead to distinct distribution and
fractionation patterns. The steady-state P/G partition theory sug-
gests similar distribution and fractionation processes for BDE-209
to BDE-28, although with less gaseous fractions. According to the
equilibrium P/G partitioning theory, however, the only processes
between air and soil for BDE-209 are particle wet and dry de-
positions with no airesoil exchange and no environmental cycling.
Therefore, the BDE-209 grasshopper cannot jump, and the source
region is its destination, which is inconsistent with monitoring
data.
7.6. Fractionations in other media

Although this study focuses on POPs in soil in the study, it is
beneficial to briefly discuss POPs in other media to broaden our
perspectives in understanding fractionation. As observed in soil,
the fractionation phenomenon can also occur in other media, such
as air, water, and biota. Several groups have reported the fraction-
ation phenomenon in the air [15,30,110,111]. For example, second-
ary fractionation over altitudinal scales has been observed in the
atmosphere [15,30,110,111]. In the mountains of western Canada,
some airborne OCP concentrations were reported to increase with
altitude in the air at four sites along an altitudinal transect in the
Canadian Rocky Mountains [110,111]. Secondary distribution pat-
terns in the air occurred for a-HCH, b-HCH, a-endosulfan, hexa-
chlorobenzene, and pentachlorobenzene [111].

The ocean provides the circumstances for secondary fraction-
ation. It has been found that a-HCH in surface water of the Pacific
and the Western Arctic Ocean provided an excellent example of the
cold trapping and the secondary distribution pattern, where sur-
face water concentrations increase with latitude (Fig. 8). The spatial
distribution of b-HCH in the same surface ocean water differed
from that of a-HCH. Whereas a-HCH steadily increased with lati-
tude along a transect from the South Pacific Ocean to the North
Pole, b-HCH also increased with latitude in the Pacific Ocean and
peaked in the BeringeChukchi region, displaying a secondary dis-
tribution pattern. However, in the Western Arctic Ocean, north of
the Bering Strait, concentrations of b-HCH showed a primary dis-
tribution pattern decreasing with latitude, caused by the major
transport pathway to the Arctic being ocean currents, rather than
atmospheric transport [106]. Therefore, a-HCH and b-HCH
Fig. 8. The relative concentrations of a-HCH and b-HCH in the surface water of the
Pacific Ocean (a) and the Western Arctic Ocean (b) measured between 1988 and 1999.
Although these data span ten years and are collected from a wide range of latitudes,
they illustrate well the general increase in a-HCH in cool, northern waters with
exceptionally high values under the pack ice of the Canada Basin in contrast to b-HCH,
which shows the highest concentrations centered on the Bering Strait (~65� N). Data
are taken from Li et al. [106].
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displayed a secondary fractionation pattern in both the Pacific
Ocean with two secondary distribution patterns for a-HCH and b-
HCH and the Arctic Ocean with the secondary distribution pattern
for a-HCH and the primary distribution pattern for b-HCH, as
depicted in Fig. 8.

It is interesting to note that PCBs in biota can also reflect sec-
ondary distribution and fractionation patterns. The composition of
PCB homologs in the liver of a burbot (Lota Iota) (normalized with
respect to the mean value) showed a function of northern latitude
along a transect through Canada [112]. While the HMW PCBs
(penta-to nona-CBs) showed declining concentrations towards the
north, with the rate of decrease appearing to be strongly related to
the degree of chlorination (primary distribution pattern), the level
of trichlorobiphenyls seems to increase with northern latitude,
shown in a secondary distribution pattern. These findings
demonstrate a secondary fractionation pattern in the distribution
of PCBs.
8. Conclusions and prospect

The distribution pattern and fractionation of POPs have been
studied by scientists in field measurements and modeling research
for decades. The important knowledge derived from these re-
searches and the present study that we know include:

(1) During initial emissions of POPs to the atmosphere, a pulse
distribution, or the primary distribution pattern, can be
formed in the soil near the source. Accumulation in the soil
creates secondary sources.

(2) Over time, continuous emissions of POPs result in their
dispersal in the soil, creating a distinct primary distribution
pattern that extends in all directions from the pollution
source. This primary distribution pattern gradually un-
dergoes fractionation, exhibiting various forms such as point,
urban, longitudinal, and latitudinal fractionations. The pri-
mary fractionation pattern is mainly caused by the primary
factors, including the differential capacities of different
compounds to bring the POPs from air to soil and the ability
to retain POPs in the soil as a function of travel distance (or
remoteness). It can be formed in all directions, including
latitudinal and longitudinal transects.

(3) The formation of the secondary distribution and fraction-
ation patterns for POPs may need a long time after their
primary emission stops. At this point, the secondary factors
(air temperature, in particular) play a major role in affecting
the distribution of POPs.

(4) Global fractionations include latitudinal and longitudinal
fractionations.

(5) Latitudinal transect and airborne temperature gradient are
two different mechanisms. The latitudinal transect is the
primary factor determining the primary distribution pattern
and fractionation, and the airborne temperature gradient is
the second factor determining the secondary distribution
pattern and fractionation.

(6) The primary fractionation is the major reason for POPs to be
fractionated into the polar surface media, whereas the
decreasing temperature gradient along the latitude prompts
the longer-term accumulation of POPs in cold polar regions
(polar cold trapping).

(7) Secondary distribution and fractionation patterns observed
along increasing mountain altitudes are characterized not
only by an enrichment of light POPs and depletion of heavy
POPs but by an enrichment of heavy POPs and depletion of
light POPs as well.
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(8) Both the polar and mountain cold trappings are appreciably
associated with the secondary distribution.

By exploring the differential behavior of POPs based on their
physicochemical properties, this study aims to improve our un-
derstanding of distribution and fractionation processes associated
with specific compounds in the environment. However, additional
research is needed to validate and expand upon these postulations
and further unravel the complex dynamics of POPs in various
environmental compartments.

In the current study, it is hypothesized that not all POPs can
exhibit a secondary distribution pattern in surface soil or be
effectively polar cold trapped. Instead, the proposal suggests that
only a limited number of relatively lighter POPs such as a-HCH, b-
HCH, CB-28, and BDE-28 are capable of producing a secondary
distribution pattern in the surface soil. On the other hand, POPs
with higher KOA may not exhibit this secondary distribution
pattern. If our hypothesis is true, it would be necessary to develop a
method for selecting the POPs capable of undergoing polar cold
trapped (PCT) from all POPs and create a database for these PCT-
POPs. Such an endeavor holds significant importance in safe-
guarding the pristine condition of our Arctic and Antarctic regions,
shielding them from potential contamination by these PCT-POPs.
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