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Table S1 Summary of typical pollutants in coastal-marine interfaces (CMIs) of China: ecological risks and human exposure pathways.
	Pollutant category
	Typical pollutants
	Key ecological risks
	Human exposure pathways

	Heavy Metals
	Cd, Cr, As, Pb
	• Benthic organism bioaccumulation and biomagnification along food chains
• Inhibition of microbial metabolic activity (e.g., denitrification, sulfate reduction)
• Oxidative stress and DNA damage in aquatic organisms
	• Consumption of contaminated shellfish, finfish, and sea salt
• Drinking of polluted coastal groundwater
• Dermal contact during coastal recreation (minor pathway)

	
	Cu, Zn, Ni
	• Algal growth inhibition and community structure alteration
• Toxicity to early life stages of fish and invertebrates
• Bioaccumulation in aquaculture species (e.g., shrimp, scallops)
• Disruption of photosynthetic processes in macroalgae
	• Consumption of aquaculture products (shrimp, scallops, fish)
• Drinking of contaminated coastal groundwater
• Ingestion of sea salt with elevated metal levels

	Nutrients (N, P)
	NO₃⁻-N, NH₄⁺-N, PO₄³⁻-P, TN, TP
	• Harmful algal blooms (HABs, e.g., dinoflagellates, diatoms) and eutrophication
• Hypoxia/anoxia in bottom waters, leading to benthic habitat degradation
• Shifts in phytoplankton community toward harmful species
• Reduction of biodiversity in coastal ecosystems
	• Consumption of HAB-contaminated seafood (e.g., paralytic shellfish poisoning)
• Drinking of high-nitrate coastal groundwater (methemoglobinemia risk)
• Indirect exposure via reduced water quality affecting recreational and economic uses

	Persistent Organic Pollutants (POPs)
	PAHs, PCBs, DDTs, HCHs
	• Endocrine disruption in aquatic organisms
• Carcinogenic and mutagenic effects on benthic invertebrates and fish
• Bioaccumulation and biomagnification along marine food chains
• Inhibition of microbial degradation of other pollutants
	• Consumption of contaminated fish, shellfish, and sea salt
• Inhalation of volatilized POPs from coastal waters (minor pathway)
• Dermal contact with contaminated sediment during coastal activities

	Emerging Contaminants
	Microplastics (MPs)
	• Physical ingestion and blockage of digestive tracts in aquatic organisms
• Leaching of toxic additives (e.g., phthalates, bisphenol A) into surrounding environments
• Adsorption and transport of other pollutants as carriers
• Alteration of microbial community structure in sediments and water columns
	• Consumption of MP-contaminated seafood (ingestion of MPs and associated toxins)
• Drinking of MP-containing coastal groundwater
• Ingestion of sea salt with MP residues

	
	Antibiotics
	• Induction and proliferation of antibiotic resistance genes (ARGs) in microbial communities
• Disruption of microbial nitrogen and carbon cycling processes
• Toxicity to aquatic organisms (e.g., growth inhibition, reproductive impairment)
• Alteration of benthic and planktonic community structures
	• Consumption of antibiotic-contaminated aquaculture products (fish, shrimp, shellfish)
• Drinking of antibiotic-containing coastal groundwater
• Indirect exposure via ARG dissemination in environmental microbes

	
	PFAS
	• Endocrine disruption and reproductive toxicity in aquatic organisms
• Carcinogenic effects on benthic invertebrates and fish
• Bioaccumulation and biomagnification along marine food chains
• Inhibition of immune system function in marine organisms
	• Consumption of PFAS-contaminated fish, shellfish, and sea salt
• Drinking of PFAS-polluted coastal groundwater
• Inhalation of PFAS-containing aerosols from coastal waters (minor pathway)




Table S2 National standard thresholds of pollutants in coastal groundwater of China.
	Pollutant category
	Specific pollutant
	Concentration standard threshold
	Applicable national standard (GB)
	Standard description/notes

	Heavy Metals
	Cadmium (Cd)
	≤ 0.005 mg/L (0.005 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; applicable to coastal groundwater used for drinking purposes

	
	Chromium (Cr)
	≤ 0.05 mg/L (0.05 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; refers to total chromium

	
	Arsenic (As)
	≤ 0.01 mg/L (0.01 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; applicable to all types of drinking groundwater sources

	
	Lead (Pb)
	≤ 0.01 mg/L (0.01 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; strict limit due to high toxicity and bioaccumulation

	
	Copper (Cu)
	≤ 1.0 mg/L (1.0 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; limit based on sensory and toxicological effects

	
	Zinc (Zn)
	≤ 1.0 mg/L (1.0 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; excessive levels may cause turbidity and taste issues

	
	Nickel (Ni)
	≤ 0.02 mg/L (0.02 μg/mL)
	GB 5749-2022
	Standards for Drinking Water Quality; based on long-term health risk assessment

	Nutrients
	Nitrate-N (NO₃⁻-N)
	≤ 50 mg/L
	GB 5749-2022
	Standards for Drinking Water Quality; limit to prevent methemoglobinemia

	
	Ammonia-N (NH₄⁺-N)
	≤ 0.5 mg/L (as N)
	GB 5749-2022
	Standards for Drinking Water Quality; excessive levels cause odor and taste problems

	
	Total Phosphorus (TP)
	≤ 0.2 mg/L (for Class Ⅲ groundwater)
	GB/T 14848-2017
	Standards for Groundwater Quality; Class Ⅲ is applicable to centralized drinking water sources

	Emerging Contaminants
	Antibiotics (sulfonamides, tetracyclines, quinolones)
	≤ 100 ng/L (for individual antibiotics)
	GB 5749-2022
	Standards for Drinking Water Quality; applies to common antibiotics in environmental media

	
	Microplastics (MPs)
	No unified national standard threshold
	-
	Proposed preliminary risk thresholds (10 items/L) are for reference only

	Persistent Organic Pollutants (POPs)
	PAHs (total)
	≤ 0.002 mg/L
	GB 5749-2022
	Standards for Drinking Water Quality; sum of 16 priority PAHs specified by the standard





Table S3 The species, distribution, major sources, and influencing factors of predominant pollutants in some typical coastal interfaces globally.
	Classification
	Species
	Sites
	Samples
	Major sources for pollutant
	Content
	Influencing processes
	Reference

	Persistent organic pollutant
	PBDEs
	Lim Chu Kang, Singapore
	Sediment
	Industrial waste release/ Organohalide additives
	23.58 ± 2.99 ng g-1
	Plastic type/ Plastisphere Microbiota
	[1]

	
	
	Nhat Le Estuaries, central Vietnam
	Sediment core 
	Historical usage/disposal/ Substantial uses/ongoing releases of deca-BDE
	22 ± 4.4 ng g-1
	Runoff water and riverine discharges
	[2]

	
	PCBs
	Southeastern Maritime Bays, South Korea
	Sediment
	Industrial/ship-related activities/ Metallurgical combustion processes
	3,427 pg g-1
	Organic matter/ Particle size
	[3]

	
	
	Shandong Peninsula, China
	Sediment
	Industrial thermal processes in nearby shipyards
	6.5 ~ 13.6 ng g-1
	Adsorption by organic matter/ Anaerobic microorganisms/ pH/ Salinity 
	[4]

	
	
	Jiaozhou Bay, China
	Sediment
	Shipping/ Atmospheric transport/ Sedimentation
	15.41 ng g-1
	Water flow speed/ Small particle deposition/ Organic matter accumulation
	[5]

	
	PAHs
	Bohai Sea, China
	Seawater
	Petrogenic/petroleum combustion sources
	10.14 ~ 67.03 ng L-1 (June)
3.75 ~ 32.23 ng L-1 (August)
	Temperature/ Light intensity/ Rainfall/ Surface runoff
	[6]

	
	
	Qinhuangdao coastal area, China
	Atmospheric
	Air−sea exchange/ Vehicle/ship emissions in fishing and tourism
	24.3 ~ 276 ng m3
	Temperature/ Wind/ Evaporation from particle phase/ Humidity
	[7]

	
	
	Coastal Deception, Antarctica
	Seawater
	Snow melting input/ Long-range atmospheric transport / Wet deposition
	2.9 ~ 27.0 ng L-1
	Microbial degradation/ Sorption and sinking to biological pump/ Photodegradation/ Nutrient availability
	[8]

	
	
	Benya Lagoon, Ghana
	Sediment
	Shipping activities/ Vehicular emissions/ Waste burning 
	36 ~ 824 μg kg-1
	Sediment erosion/ Dilution by sea/ Uptake or synthesising by marshes
	[9]

	Nutrients
	Phosphorus
	Wakasa Bay, Japan 
	Surface water
	Groundwater discharge 
	0.4 ~ 1.7 μmol L-1
	Stratification and vertical mixing/ Topographic gradient 
	[10]

	
	
	
	Groundwater 
	Upstream input
	0.5 ~ 8.0 μmol L-1
	Regeneration within sediments
	

	
	Nitrogen
	
	Surface water
	Input of N-enriched groundwater
	17.0 ~ 35.6 μmol L-1
	Stratification and vertical mixing
	

	
	
	
	Groundwater 
	Upstream input
	14.9 ~ 54.5 μmol L-1
	Regeneration within sediments
	

	
	
	Laizhou Bay, China
	Surface water
	Manure/septic waste  
	2.3 mg L-1
	Salinity/ Microbial activities
	[11]

	
	
	
	Groundwater 
	Ammonium fertilizer/ Soil N
	6.12 mg L-1
	Diverse nitrogen sources/ Slow groundwater renewal/ Surface water recharging
	

	Non-metallic matter
	Fluoride
	Southern coastal region of West Bengal, India
	Groundwater 
	Alluvial deposits/ Shallow aquifers/ Anthropogenic activities
	1.29 mg L-1
	Fluorite/gypsum/biotite-bearing minerals
	[12]

	Heavy metals
	As
	
	Groundwater 
	
	0.083 μg L-1
	Leaching/infiltration of arsenic-bearing minerals
	

	
	As
	Tidal channel in Wilmington, Delaware, USA
	Sediment
	Cumulative of transient hydrologic/geochemical
	5244 ~ 13296 mg kg-1
	Fe and As immobilization
	[13]

	
	
	
	Groundwater
	Chemical production facility/ Storm water drainage
	2.45 μg L-1 (1.75 m)
	Redox responses/ Water table fluctuations
	

	
	
	
	Groundwater 
	
	25118.4 μg L-1  (3.07 m)
	Oxygen deficit/ Release from reductive Fe
	

	
	
	
	Surface water
	
	44.3 μg L-1
	Water flow/ Aquifer recharge
	

	
	THg (Total Hg)
	China’s coastal wetlands
	Soils
	Non-ferrous metal smelting /Atmospheric deposition
	96.3 ± 59.3 ng g-1
	Strong affinity of TOC for Hg
	[14]

	
	MeHg (methylmercury)
	
	Soils
	Non-ferrous metal smelting
	0.12 ± 0.12 ng g-1
	Sulfur cycle/ Sulfate-reducing bacteria/ pH/ Salinity
	

	Emerging organic matter
	Micro-
plastics
	Punnakayal estuary, India 
	Surface water
	Industrial/tourist sources
	7.8 particles L-1
	Particle density/ Temperature/ Turbulence from tide or waves
	[15]

	
	
	
	Groundwater
	Dumped debris from the surface /Leakage from drainage
	4.2 particles L-1
	Aquifer fracture/ Filtration in aquifer lithologies
	

	
	
	Wen-Rui Tang River watershed, China
	Sediment
	Discharge of large volumes of untreated domestic/industrial wastewater
	32947 ± 15342 items kg−1
	MPs themselves /River flow/ Buoyancy/ Degradation
	[16]

	
	
	Punnakayal estuary, India 
	Surface water
	Industrial/tourist sources
	7.8 particles L-1
	Particle density/ Temperature/ Turbulence from tide or waves
	[15]

	
	Carbamazepine
	Homebush Bay, Australia
	Groundwater
	Wastewater discharge
	160 ng L-1
	Immobilization
	[17]

	
	
	Hen and Chicken 
Bay, Australia
	Surface water
	Wastewater source/ Submarine groundwater discharge
	81 ng L-1
	Water pH/ Biodegradation/ Dilution
	

	
	Ibuprofen
	Rozelle Bay, Australia
	Surface water
	Urban/ Industrial 
sources
	150 ng L-1
	Submarine groundwater discharge
	

	
	
	
	Groundwater
	Dissolution/ Desorption
	80 ng L-1
	Biodegradation/ Salinity
	

	
	PFHxA
	Ganges River basin, India
	Surface water
	Atmospheric inputs
	0.4 ~ 4.7 ng L-1
	Huge catchment /High dilution
	[18]

	
	
	
	Groundwater
	Leaching/ Runoff from unpaved surfaces
	0.8 ~ 4.9 ng L-1
	Local sources /River-contaminated levels
	

	
	PFASs
	Gironde estuary, France
	Intertidal mudflats
	Upstream sources
	2.3 ± 0.7 ng g-1
	Organic carbon fraction/ Sediment grain size/ Iron oxides
	[19]

	
	
	
	Subsurface water  
	Dissolved from sediment
	0.26 ~ 9.3 ng L-1
	Sediment adsorption/ Suspended particulate matter aggregation/ Salting-out effect
	

	
	
	
	Bottom water
	
	0.11 ~ 14 ng L-1
	Shifts in PFAS production toward shorter-chain congeners
	


References
[1] Liu J, Xu G, Zhao S, He J. 2024. Plastisphere microbiomes respiring persistent organohalide pollutants. ‌Environmental Science & Technology 58: 14740-14752. https://doi.org/10.1021/acs.est.4c02251
[2] Tham TT, Anh HQ, Phuong BT, Trinh LT, Thuy NTT, et al. 2020. Contamination status and temporal trends of persistent toxic substances in sediment cores from coastal areas of central Vietnam. Marine Pollution Bulletin 156: 111222. https://doi.org/10.1016/j.marpolbul.2020.111222
[3] Son J, Khuman SN, Park MK, Lee HY, Kim CS, et al. 2024. Distributions of PCDD/Fs, PCBs, and PCNs in coastal sediments collected from major industrial bays in South Korea. Marine Pollution Bulletin 200: 116160. https://doi.org/10.1016/j.marpolbul.2024.116160
[4] Pan R, Zhang N, Li J, Xiao X, Wu H, et al. 2025. Vertical migration characteristics of polychlorinated biphenyls (PCBs) in estuarine and coastal zones under complex environmental conditions. Marine Pollution Bulletin 212: 117520. https://doi.org/10.1016/j.marpolbul.2024.117520
[5] Wu H, Li Q, Wang Y, Hu S. 2023. Distribution, sources, and ecological risk assessment of polychlorinated biphenyls (PCBs) in the estuary of Dagu River, China. Marine Pollution Bulletin 194: 115340. https://doi.org/10.1016/j.marpolbul.2023.115340
[6] Chen C, Lin T, Sun X, Wu Z, Tang J. 2023. Spatiotemporal distribution and particle–water partitioning of polycyclic aromatic hydrocarbons in Bohai Sea, China. Water Research 244: 120440. https://doi.org/10.1016/j.watres.2023.120440
[7] Jiang L, Ma X, Wang Y, Gao W, Liao C, et al. 2022. Land–ocean exchange mechanism of chlorinated paraffins and polycyclic aromatic hydrocarbons with diverse sources in a coastal zone boundary area, North China: The role of regional atmospheric transmission. ‌Environmental Science & Technology 56: 12852-12862. https://doi.org/10.1021/acs.est.2c00742
[8] Iriarte J, Dachs J, Casas G, Martínez-Varela A, Berrojalbiz N, et al. 2023. Snow-dependent biogeochemical cycling of polycyclic aromatic hydrocarbons at coastal Antarctica. ‌Environmental Science & Technology 57: 1625-1636. https://doi.org/10.1021/acs.est.2c05583
[9] Duker RQ, Asare NK, Obodai EA, Adjei JK, Acheampong E, et al. 2024. Ecotoxicological and health risks associated with sediment-bound polycyclic aromatic hydrocarbons in peri-urban closed and open coastal lagoons. Marine Pollution Bulletin 202: 116351. https://doi.org/10.1016/j.marpolbul.2024.116351
[10] Nakajima T, Sugimoto R. 2022. Groundwater-surface water exchange affects nitrogen and phosphorus exports from tideless rivers to a ria coast in the sea of Japan. Journal of Hydrology 612: 128045. https://doi.org/10.1016/j.jhydrol.2022.128045
[11] Xiong G, Zhu X, Liu M, Yang Y, Chen G, et al. 2023. Nitrogen cycle pattern variations during seawater-groundwater-river interactions enhance the nitrogen availability in the coastal earth critical zone. Journal of Hydrology 624: 129932. https://doi.org/10.1016/j.jhydrol.2023.129932
[12] Biswas T, Chandra Pal S, Saha A, Ruidas D. 2023. Arsenic and fluoride exposure in drinking water caused human health risk in coastal groundwater aquifers. Environmental Research 238: 117257. https://doi.org/10.1016/j.envres.2023.117257
[13] Yu X, LeMonte JJ, Li J, Stuckey JW, Sparks DL, et al. 2023. Hydrologic control on arsenic cycling at the groundwater–surface water interface of a tidal channel. ‌Environmental Science & Technology 57: 222-230. https://doi.org/10.1021/acs.est.2c05930
[14] Li Z, Zhou C, Wang Y, He D, Liu M, et al. 2024. Total mercury, methylmercury, and their possible controlling factors in soils of typical coastal wetlands in China. Journal of Hazardous Materials 473: 134711. https://doi.org/10.1016/j.jhazmat.2024.134711
[15] Selvam S, Jesuraja K, Venkatramanan S, Roy PD, Jeyanthi Kumari V. 2021. Hazardous microplastic characteristics and its role as a vector of heavy metal in groundwater and surface water of coastal south India. Journal of Hazardous Materials 402: 123786. https://doi.org/10.1016/j.jhazmat.2020.123786
[16] Wang Z, Su B, Xu X, Di D, Huang H, et al. 2018. Preferential accumulation of small (<300 μm) microplastics in the sediments of a coastal plain river network in eastern China. Water Research 144: 393-401. https://doi.org/10.1016/j.watres.2018.07.050
[17] McKenzie T, Holloway C, Dulai H, Tucker JP, Sugimoto R, et al. 2020. Submarine groundwater discharge: A previously undocumented source of contaminants of emerging concern to the coastal ocean (Sydney, Australia). Marine Pollution Bulletin 160: 111519. https://doi.org/10.1016/j.marpolbul.2020.111519
[18] Sharma BM, Bharat GK, Tayal S, Larssen T, Bečanová J, et al. 2016. Perfluoroalkyl substances (PFAS) in river and ground/drinking water of the Ganges River basin: Emissions and implications for human exposure. Environmental Pollution 208: 704-713. https://doi.org/10.1016/j.envpol.2015.10.050
[19] Munoz G, Budzinski H, Labadie P. 2017. Influence of environmental factors on the fate of legacy and emerging per- and polyfluoroalkyl substances along the salinity/turbidity gradient of a macrotidal estuary. ‌Environmental Science & Technology 51: 12347-12357. https://doi.org/10.1021/acs.est.7b03626

8

