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A B S T R A C T

A high-resolution, three-dimensional hydrodynamic–ecosystem–PCB model was applied to the Sea of Japan to 
investigate the roles of volatility and particle affinity in shaping the seasonal and spatial variations of four PCB 
congeners (CB28, CB101, CB153, and CB180). After a 21-year climatological simulation, their concentrations 
reveal a persistent three-layer vertical structure across all seasons, with dissolved PCBs maxima in the inter
mediate water (100–600 m). Although CB28 attains the highest absolute concentrations and CB180 the lowest, 
CB153 and CB101 exhibit the strongest subsurface enrichment, achieving summer accumulation factors of 2–6 
compared with 1–4 for CB28 and CB180. Full-basin flux budgets reveal that relatively heavier congeners are 
more effectively scavenged onto particles during spring blooms and their subsequent sinking as well as remi
neralization sustain elevated intermediate layer dissolved pool. These findings demonstrate that, in strongly 
stratified, semi-enclosed basins with restricted exchange and long residence times, the oceanic biological pump 
preferentially sequesters high-chlorinated PCBs at intermediate water. This mechanism helps explain in situ 
observations of three-layer PCBs profiles and congener-specific depth trends. The modeling framework is readily 
transferable to other semi-enclosed seas and offers a predictive tool for assessing how intensified stratification 
under climate change may alter vertical pollutant fluxes and intermediate contaminant sinks.

1. Introduction

Persistent organic pollutants (POPs) particularly polychlorinated 
biphenyls (PCBs), are synthetic chemicals characterized by extreme 
toxicity and long-range transport potential (Berghuis and Roze, 2019; Lu 
et al., 2015; Xie et al., 2019). Despite the production ban in the late 
1970s, PCBs remain ubiquitous in the global ocean due to their hydro
phobicity and strong affinity for organic matter, allowing them to 
accumulate and biomagnify within food webs (Breivik et al., 2007; 
Joyce et al., 2016; Ma et al., 2018; Sobek et al., 2023). Even trace levels 
of dissolved PCBs in seawater correspond to significant burdens in 
plankton and higher trophic levels, sustaining ecological and human 
health risks long after emissions ceased (Bargagli and Rota, 2024; Dachs 
et al., 2002; Froescheis et al., 2000; Gustafsson and Andersson, 2012; 
Jamieson et al., 2017; Sobek et al., 2004).

Deep-sea ecosystems, once considered remote and pristine, now 
register measurable PCBs burdens delivered by atmospheric deposition, 
ocean currents, and anthropogenic activities (Sanganyado et al., 2021). 
Vertical structures of PCBs in the open ocean often show “nutrient-like” 
patterns, with low concentrations at the surface and enrichment in in
termediate and deep waters (Sobek and Gustafsson, 2014; Sun et al., 
2016). Field studies have documented dissolved PCBs concentrations 
several-fold higher in deep layers than at the surface in the Arctic, 
Atlantic, and Indian Oceans (Booij et al., 2014; Lohmann et al., 2006; 
Schulz-Bull et al., 1998). Importantly, different congeners exhibit con
trasting degrees of deep accumulation. For instance, Schulz-Bull et al. 
(1998) reported that hexa- and hepta-chlorinated congeners (e.g., 
CB153, CB180) were disproportionately enriched in intermediate and 
deep waters of the North Atlantic compared with lighter congeners such 
as CB28. These observations suggest active vertical transport and long- 
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term sequestration of heavier congeners in open-ocean. However, 
whether similar or even enhanced accumulation patterns occur in semi- 
enclosed basins remains uncertain. Due to restricted lateral exchange 
and strong seasonal stratification, such basins may amplify vertical 
trapping, potentially intensifying the buildup of POPs like PCBs.

Numerical fate models are indispensable for elucidating PCBs verti
cal distributions. At the global scale, models that incorporate congener- 
specific air–sea exchange and ocean circulation successfully reproduce 
broad latitudinal PCBs trends (Lammel and Stemmler, 2012) and, more 
recently, simulate the three-dimensional behavior of multiple congeners 
under climate-driven changes in biogeochemistry (Wagner et al., 2019). 
However, these global approaches lack the spatial resolution and pro
cess detail, particularly bloom-driven particle fluxes and deep-water 
exchanges, which are required to capture the seasonally stratified dy
namics of the semi-enclosed seas. Regionally, coupled hydro
dynamic–ecosystem–PCB model have quantified PCBs fate and 
transportation in the northwestern Pacific and its marginal seas (Yang 
et al., 2024; Yang et al., 2022).

The Sea of Japan (SoJ) is a representative marginal sea of the 
northwestern Pacific with bowl-shaped bathymetry and limited water 
exchange through shallow straits (<150 m), resulting in prolonged 
residence times and pronounced seasonal stratification (Isobe, 2020; 
Oba and Irino, 2012). These features make it particularly susceptible to 
subsurface contaminant trapping. Kannan et al. (1998) observed max
ima of more than 30 congeners in the SoJ between 100 and 500 m, with 
CB101 and CB153 showing much stronger subsurface peaks than lighter 
congeners. A recent coupled hydrodynamic-ecosystem-PCB model 
revealed that CB153 forms a three-layer vertical structure in the SoJ, 
with intermediate-water maxima sustained by particle export and 
remineralization (Yang et al., 2024). However, that study focused solely 

on CB153, leaving open the question of whether other congeners, 
differing in volatility and particle affinity, follow the same accumulation 
patterns.

Here, we extend the modeling framework (Yang et al., 2024) to four 
representative congeners (CB28, 101, 153, and 180), spanning a wide 
range of physicochemical properties. By integrating congener-specific 
air-sea exchange, particle uptake, remineralization, and strait ex
changes into a basin-wide flux budget, we quantify how these processes 
jointly establish steady-state vertical structure. In doing so, we highlight 
the difference in the accumulation potential among congeners in deep 
water. Beyond the SoJ, our findings offer a transferable framework for 
understanding pollutant cycling in other semi-enclosed basins, with 
broader implications for ecosystem exposure.

2. Materials and methods

The SoJ is a semi-enclosed marginal basin of the northwestern Pa
cific, with a characteristic bowl-shaped bathymetry reaching nearly 
3800 m at its deepest point (Fig. 1). Its connections to the open Pacific lie 
through four relatively shallow straits, each no more than 150 m. 
Because these sills restrict water exchange to the upper 200 m, the in
termediate and deep-water masses of the SoJ remain largely isolated, 
allowing unique physical and biogeochemical conditions to develop in 
its interior (Isobe, 2020; Isobe, 2008; Lee et al., 2008; Yanagi, 2002). In 
addition, enhanced spring–summer phytoplankton blooms in the 
northern SoJ may scavenge dissolved PCBs more efficiently (Takahashi 
et al., 2014).

We extended the three-dimensional hydrodynamic-ecosystem-PCB 
coupled framework described in Yang et al. (2024) to examine 
congener-specific accumulation in the SoJ. The ocean circulation fields 

Fig. 1. Bathymetric map of model domain of the Sea of Japan (SoJ). Orange dashed line denotes the 131◦E section. Red filled circle denotes the position of the 
Siribesi Trough. Black arrows represent surface currents in the straits as demonstrated by the previous study (Talley et al., 2004). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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are supplied by JCOPE2M (Japan Coastal Ocean Predictability Experi
ment 2, http://www.jamstec.go.jp/jcope/), which is built on the 
Princeton Ocean Model and configured at 1/12◦ horizontal resolution 
with 47 vertical levels (Miyazawa et al., 2017; Miyazawa et al., 2009). 
JCOPE2M provides daily three-dimensional fields of temperature, 
salinity, horizontal and vertical velocity components, and eddy diffu
sivity coefficients. More details are given in Supporting Information 
(Text S1) The ecosystem module simulates key pelagic components 
(nitrate, phytoplankton, zooplankton, and detritus) and their exchanges 
(growth, mortality, sinking and remineralization). And this module 
provides daily biomass, mortality rate of phytoplankton, and the 
decomposition rate and sinking velocity of detritus. Full ecosystem 
equations and parameter values follow the previous work (Ishizu et al., 
2021) and are summarized in Supporting Information (Text S2). These 
two fields are used offline to drive the PCBs transport modules. The PCB 
module explicitly tracks dissolved and particulate phases of each 
congener subject to oceanic advection and diffusion, air–sea exchange, 
biological uptake onto phytoplankton and detritus, sinking of particu
late PCBs with detritus, remineralization of particle-bound PCBs back to 
the dissolved pool, and photolytic degradation of the dissolved phase. 
All model formulations for mass exchange and degradation follow Yang 
et al. (2022, 2024) and Text S3-S4 in Supporting Information.

In contrast to earlier work that focused exclusively on a single 
congener (CB153), our study simultaneously examines four PCB con
geners of CB28, 101, 153, and 180, each spanning a distinct range of 
molecular weight, volatility, and particle-water partitioning behavior. 
Table S1 lists the numerical values and literature sources for all PCB- 
specific parameters used in this study. Photolytic degradation of dis
solved PCBs is parameterized as depth-dependent approach (Yang et al., 
2024). By incorporating congener-specific H′ and particle-affinity pa
rameters (Del Vento and Dachs, 2002; Li et al., 2003; Sinkkonen and 
Paasivirta, 2000), we ensure that each compound's unique physico
chemical fingerprint is represented in model physics and biogeochem
istry. This multi-congener approach allows us to answer how differences 
in volatility and sorption translate into divergent accumulation patterns 
in the semi-enclosed environment of the SoJ.

We address these questions by conducting a 21-year of simulation 

under repeated climatological forcing and initializing all four congeners 
at zero and allowing the model to evolve until it reaches a quasi-steady 
annual cycle. We treat the first 20 years of simulations as spin-up period 
and perform our analysis for each physical and biogeochemical process 
using model results in the 21st simulation year. We calculate full- 
domain, monthly integrals of all major source and sink processes. 
Drawing from the previous framework (Yang et al., 2024), which 
demonstrated the three-layer accumulation of CB153, these novel ex
tensions reveal congener-specific controls on intermediate water PCBs 
accumulation.

3. Results and discussion

3.1. Spatial and temporal variations of four congeners

Dissolved concentrations of the four PCB congeners in the SoJ exhibit 
both clear seasonal cycles and north–south gradients (Fig. 2). Across all 
seasons, CB28 reaches the highest surface concentrations (~1.0–2.5 pg 
L− 1), followed by CB101 (0.5–1.5 pg L− 1), CB153 (0.2–1.0 pg L− 1), and 
CB180 (0.1–0.5 pg L− 1). These magnitude differences reflect the relative 
atmospheric loadings that the atmospheric concentration of CB28 is 
roughly 4, 8, and 20 times larger than that of CB101, 153, and 180, 
respectively (Fig. S5). The concentrations of all congeners peak in 
summer and reach minima in autumn. In summer, surface concentra
tions are consistently higher in the southern SoJ than in the northern 
SoJ, driven by intensified atmospheric deposition and advection of 
PCBs-rich Tsushima Warm Current waters (Yang et al., 2022). By 
contrast, in autumn through spring, the gradient inverts. Cooler north
ern surface waters enhance downward air–sea exchange, elevating the 
northern dissolved concentrations above those in the south (Lammel and 
Stemmler, 2012).

Particulate PCBs display a broadly consistent spatiotemporal pattern. 
Their concentrations are greatest in the northern basin, peak in spring 
(Fig. 3b), and then decline through summer into winter. This spring 
maximum coincides with the spring bloom of phytoplankton in the 
northern SoJ (Fig. S3), whose abundant biomass scavenges dissolved 
PCBs and transfers them into the particulate pool (Booij et al., 2014; 

Fig. 2. Horizontal distributions of surface dissolved (a1–d1) CB28, (a2–d2) CB101, (a3–d3) CB153, and (a4–d4) CB180 concentrations.
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Lohmann et al., 2006; Yang et al., 2024). However, the relative ordering 
of congeners in the particulate phase departs markedly from both their 
dissolved-phase magnitudes and their nominal hydrophobicity. CB101 
exhibits the highest particle-bound concentrations (Fig. 3 b2), although 
CB28 possesses the largest dissolved concentrations and CB153/CB180 
have stronger bioconcentration factors (BCF) (Table S1). This mismatch 
indicates that simple partitioning alone cannot explain particle associ
ation; rather, congener-specific differences in phytoplankton and 

detritus uptake kinetics, and subsequent remineralization must also be 
responsible for the observed particulate PCBs distributions.

We chose the 131◦E section (orange dashed line in Fig. 1) to illustrate 
PCBs vertical structure because it intersects both the Tsushima Warm 
Current in the south and the Liman Cold Current in the north, captures 
the most pronounced three-layer PCBs structure. Along this transect, all 
four congeners develop the characteristic of three-layer accumulation, 
with a pronounced concentration maximum in the intermediate layer 

Fig. 3. Horizontal distributions of surface particle-bound (a1–d1) CB28, (a2–d2) CB101, (a3–d3) CB153, and (a4–d4) CB180 concentrations.

Fig. 4. Vertical distributions of dissolved (a1–d1) CB28, (a2–d2) CB101, (a3–d3) CB153, and (a4–d4) CB180 (a1–a4) concentrations along section 131◦E.
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(100–600 m) and systematically higher values in the northern basin 
compared to the south (Fig. 4). Notably, however, CB28 deviates from 
the other congeners by lacking a subsurface maximum beneath the 
mixed layer in winter, its dissolved concentration below 100 m remains 
essentially comparable to that within the surface mixed layer (Fig. 4 a1). 
By contrast, CB101, 153, and 180 all sustain elevated concentrations at 
depths greater than 100 m, reflecting their stronger retention in the 
intermediate water.

Although deep-water PCBs observations in the SoJ are scant, the 
Siribesi Trough (red filled circle in Fig. 1) profiles reported dissolved 
maxima for over 30 congeners between 100 and 500 m (Kannan et al., 
1998). These data, despite omitting CB28, rank CB101 highest in the 
intermediate water, followed by CB153 and then CB180, in exact 
agreement with their rankings in our model results. This correspondence 
between in situ measurements and simulation underlines the reliability 
of our three-layer accumulation pattern throughout the SoJ.

Seasonally, the vigorous convective mixing in winter homogenizes 
the upper water column, flushes PCBs downward and produces an 
almost uniform concentration down to the bottom of surface mixed layer 
(Fig. 4 a1-a4). As the stratification develops and the surface mixed layer 
becomes shallow from spring to summer, these winter stored PCBs 
become trapped just below the shallow mixed layer, forming a 
conspicuously high concentration patch around 100 m (Fig. 4c). When 
the next winter overturn occurs, this subsurface maximum is re- 
entrained into the surface mixed layer and diluted by the relatively 
uncontaminated surface waters. In the absence of biochemical sources, 
physical mixing alone would drive intermediate layer concentrations 
asymptotically toward but never above the surface level over the 
repeated seasonal cycles.

Our results reveal that, in summer and autumn, the intermediate 
layer concentrations of these congeners actually surpass those at the 
surface, indicating an additional interior source of dissolved PCBs dur
ing stratified months. Examination of particulate-phase profiles (Fig. 5b) 
shows a springtime peak in particle-bound PCBs within the upper 100 m, 
followed by a decline through summer, indicative of ongoing detritus 
remineralization. As phytoplankton and detritus laden with PCBs 
continue sinking unabated across the thermocline, their decomposition 
in the subsurface releases a pulse of dissolved PCBs that fuels and sus
tains the summer subsurface maximum (Fig. 5c). Differences in the 
magnitude of this enrichment among congeners reflect their physico
chemical traits that congeners with higher BCF experience stronger 
scavenging onto particles and thus more efficient delivery to depth, 
while those with higher volatility undergo greater air–sea exchange 
losses, modulating the net strength of the biological pump.

To quantify the subsurface enrichment among congeners, we intro
duce an accumulation factor (AF), defined as the ratio of dissolved 
concentration between the upper 600 m and that in the surface layer. 
Along the 131◦E section, AF is uniformly larger than 1 below 100 m, 
particularly in the northern basins (Fig. 6). CB28 exhibits a low AF 
(1–2), reflecting its strong surface inputs and limited particle removal. In 
contrast, CB101 and CB153 reach AFs of 2–5 and 3–6, respectively, 
while CB180 falls in between (3–4). Seasonal modulation of AF is dra
matic. In winter, AFs below 100 m depth barely exceeds 2 (Fig. 6 a1-a4), 
reflecting homogenizing convective mixing and elevated surface con
centrations from enhanced air–sea exchange. By summer, the pro
nounced stratification isolates the surface layer and AFs at 100 m rises 
modestly (about 1.5–3.0 depending on congeners). In autumn, despite 
similar intermediate layer dissolved concentrations, surface concentra
tion falls sharply causing AFs to peak (2–6) (Fig. 6 d1-d4). This seasonal 
progression underscores the dual control of AFs by biogeochemical 
supply at depth and by surface concentration declines.

In addition, field observations in the Siribesi Trough report mid- 
water AFs of >10 for CB153, 6–8 for CB101, and < 5 for both light (e. 
g. CB52) and very heavy (CB180) congeners (Kannan et al., 1998), 
which precisely mirroring our modeled hierarchy. This strong agree
ment validates our coupled physical–biogeochemical framework. For 
this reason, we expect that the same three-layer accumulation mecha
nisms also operate in other semi-enclosed basins.

3.2. Budget of PCB fluxes driving congener-specific accumulation

To elucidate the key processes shaping PCBs spatiotemporal distri
butions and the AFs, we completed a full budget analysis of dissolved 
PCB fluxes across the entire SoJ (Fig. 7). In winter and early spring, the 
air-sea exchange delivers the bulk of dissolved CB28 and CB101, 
whereas CB153 and CB180 receive much smaller direct inputs. As the 
spring bloom matures, combined uptake by phytoplankton and detritus 
removes on the magnitudes of 2, 7, 4, and 2 kg d− 1 of CB28, 101, 153, 
and 180, respectively. However, the downward air-sea exchange flux of 
CB28 is so large relative to its particle uptake that only a tiny fraction of 
CB28 ever becomes particle-bound. Furthermore, much of the PCBs that 
does adsorb onto particles are quickly liberated again by remineraliza
tion, so that net particulate stocks remain low for all congeners. During 
summer, PCBs experience a sharp decline in net atmospheric input as 
warmer surface waters enhance volatilization. By autumn, the direction 
of air-sea exchange for CB101, CB153, and CB180 even reverses, leading 
to a net loss to the atmosphere. Notably, the net flux of CB28 is negative 
around the year due to the large self-degradation flux, indicating that its 

Fig. 5. Vertical distributions of particle-bound (a1–d1) CB28, (a2–d2) CB101, (a3–d3) CB153, and (a4–d4) CB180 concentrations along section 131◦E.
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short half-life expressed by degradation in Fig. 7 results in CB28 being 
unable to remain in water for a long time. Reversely, the other three 
congeners show much smaller degradation flux and positive net flux, 
suggesting prominent accumulation. The PCBs transport fluxes through 
the lateral straits were minimal compared with the air-sea input and 
biological fluxes (Fig. 7); therefore, they were not included in the 
comparison for the fluxes.

Differing from dissolved PCBs, the seasonal and spatial patterns of 

particulate PCBs are governed almost entirely by the dynamic balance 
between congener-specific scavenging and remineralization (Fig. 8). 
During winter and spring, all four congeners exhibit their highest net 
transfer fluxes into the particulate phase, affected by cold water tem
perature and elevated phytoplankton biomass. In summer, the net 
conversion of dissolved PCBs to particles falls to its annual minimum; 
concurrently, the spring–summer peak in particulate remineralization 
flux indicates extensive dissolution of particle-bound PCBs back into the 

Fig. 6. Vertical distributions of the AF for (a1–d1) CB28, (a2–d2) CB101, (a3–d3) CB153, and (a4–d4) CB180 along section 131◦E (unitless). White solid lines 
represent the remineralization flux of the dissolved PCBs (ug d− 1) for each grid point.

Fig. 7. Time series of source and fate fluxes of dissolved (a) CB28, (b) CB101, (c) CB153, and (d) CB180 in the seawater. Fluxes are calculated by integrating the 
whole space of the SoJ. The air–sea exchange flux is represented by the red solid line, with a scale shown on left axis. The biological fluxes are represented by the 
dashed lines including phytoplankton adsorption (brown), detritus adsorption (green), and detritus remineralization (purple), with a scale shown on the right axis. 
The net flux of dissolved PCBs is represented by the solid black line, with a scale shown on the left axis. The self-degradation flux of dissolved PCBs is represented by 
the dashed cyan line, with a scale shown on the right axis. Positive fluxes are defined to increase the dissolved PCBs concentration in the seawater. “PHY” denotes 
phytoplankton; “DET” denotes detritus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Yang et al.                                                                                                                                                                                                                                   Marine Pollution Bulletin 222 (2026) 118796 

6 



water column. Among congeners, CB101 shows the strongest springtime 
net particulate uptake (Fig. 8b), whereas CB180 remains the least effi
ciently scavenged into particles (Fig. 8d). The particulate PCBs transport 
fluxes through the lateral straits were minimal compared with the bio
logical fluxes (Fig. 8); therefore, they were not included in the com
parison for the fluxes.

Congener-specific AFs ranges reflect the physicochemical behavior 
of PCB congeners. Despite its large atmospheric deposition, CB28 shows 
the smallest AF, since its low BCF limits subsurface delivery and sus
tained air-sea exchange maintains a high surface reservoir. All conge
ners peak in particles remineralization between 60 and 100 m during 
spring–summer (white solid line in Fig. 6). However, despite its excep
tionally high remineralization flux delivering the largest subsurface 
supply, the autumn deepening of the mixed layer re-entrains much of 
CB101 into the surface layer, leading to substantial volatilization losses 
(Fig. 7b). In contrast, though CB153 supplied more modestly by remi
neralization, it undergoes minimal autumnal loss to the atmosphere 
(Fig. 7c), allowing a greater net retention of mass below the thermocline. 
CB180, with the weakest uptake and remineralization, achieves only 
intermediate enrichment.

To isolate the influence of congener physicochemical properties, we 
then treated all four congeners as if they shared identical atmospheric 
input fluxes. The resulting accumulation factors (AFs) reveal that CB153 
and CB101 concentrate in the intermediate layer at rates several-fold 
higher than CB28, even under equal surface loading. This divergence 
highlights how small differences in volatility and particle affinity are 
dramatically amplified by the biological pump and subsurface remi
neralization, ultimately dictating congener-specific deep-water 
accumulation.

In a sense, our investigation of deep-water accumulation for these 
four congeners serves as a sensitivity test of their physicochemical 
properties. Were all four supplied with identical atmospheric inputs, the 
calculated AFs indicate that CB153 and CB101 would build up in the 
intermediate layer far more strongly than CB28. This divergence un
derscores how small differences in volatility and particle affinity can be 
dramatically amplified by the biological pump and subsurface remi
neralization, ultimately dictating congener-specific deep-water 
accumulation.

4. Conclusion

This study demonstrates that the differential accumulation potential 
of PCB congeners in the intermediate waters of the SoJ arises from the 
interplay of congener-specific air–sea exchange, bio-particles sorption, 
and remineralization fluxes under a strongly stratified, semi-enclosed 
basin. Springtime scavenging by phytoplankton and detritus loads par
ticles with PCBs near the surface, as well as the continuously sinking of 
these particles through the thermocline and undergo remineralization 
below the shallow mixed layer in summer are all responsible for the 
accumulation of PCB in the intermediate waters. The resulting remi
neralization flux injects PCBs into the subsurface dissolved pool, creates 
an intermediate layer concentration maximum that exceeds what winter 
mixing alone would produce. By depicting the seasonal and spatial 
patterns for CB28, 101, 153, and 180, along with quantifying their 
accumulation factors and biogeochemical flux budgets, we demonstrate 
CB153 as the most prone to intermediate layer enrichment and CB28 the 
least, despite its large atmospheric input. These results not only eluci
date mechanistic controls on deep-sea contaminant sinks in a semi- 
enclosed sea but also provide a rigorous framework for interpreting 
congener-dependent pollutant dynamics in any similarly isolated basin.

Our findings have three broad implications. First, the pronounced 
subsurface maxima of dissolved PCBs indicate an elevated exposure 
potential for mid-water and benthopelagic biota. Because our model 
does not simulate bioaccumulation or trophic transfer, we recommend 
targeted subsurface monitoring and future coupling with bio
accumulation models to quantify species-level risk. Second, as climate 
warming intensifies summer stratification, two opposing effects on PCBs 
accumulation can be predicted. On one hand, a shallower mixed layer 
will weaken the winter mixing leaving more PCBs locked below the 
thermocline, boosting intermediate-water enrichment over successive 
years. On the other hand, stronger stratification can suppress nutrient 
upwelling, reduce phytoplankton production and particle export, 
weaken the biological pump, and thereby decrease subsurface delivery 
of PCBs. Finally, by distilling these processes into a semi-enclosed basin 
paradigm, where there is restricted water exchange with outside, sea
sonal bloom-driven particle export, and congener-specific reminerali
zation converge, this work offers a transferable model for knowing 
pollutant cycling in other enclosed seas and fjords. For example, the 
Norway's Sognefjord and the Baltic Sea, which shares strong 

Fig. 8. The same as Fig. 7 but for particulate (a) CB28, (b) CB101, (c) CB153, and (d) CB180 in the seawater.

M. Yang et al.                                                                                                                                                                                                                                   Marine Pollution Bulletin 222 (2026) 118796 

7 



stratification and limited exchange, are ideal candidates for applying 
this semi-enclosed basin framework.
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