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[bookmark: _Hlk166684481]Text S1. PAH analysis
[bookmark: _Hlk195620367]Before chemical analysis, sediment samples were freeze-dried to a constant weight using a vacuum freeze-dryer. The dried sediment samples were then lightly crushed, sieved through a 100-mesh screen, and stored in sealed polyethylene bags. The extraction of the sediment samples followed methods described in the literature ( Martinez et al. 2004; Bahia et al. 2021; Pérez and Albero 2023). Briefly, 100 ng of surrogate standard, hexamethylbenzene, was added to approximately 10 g of sediment. The sample was then sonicated three times for 30 minutes each with 20 mL of n-hexane-dichloromethane (1:1, v:v). The extracts were combined and concentrated under a gentle flow of pure nitrogen to about 1 mL. The extract was then purified using a silica gel column. The PAH-containing fraction was eluted with 50 mL of n-hexane-dichloromethane (3:2) and concentrated to 1 mL. Finally, 10 μL of internal standard was added to the sample before GC-MS analysis.
[bookmark: _Hlk195620474]16 PAHs were analyzed using a Shimadzu TQ8040 gas chromatography-triple quadrupole mass spectrometry (GC/MS/MS) system. The chromatographic column was a DB-5MS capillary column (30 m × 0.25 mm, 0.25 μm film thickness), with high-purity helium as the carrier gas at a constant flow rate of 1 mL·min-1. The injector temperature was set to 280 °C. The column temperature program was as follows: start at 60°C (hold for 1.5 min), ramp to 160 °C at 15 °C·min-1 (hold for 1 min), then ramp to 200 °C at 3°C·min-1, and finally ramp to 300 °C at 8°C·min-1 (hold for 7 min). Multiple reaction monitoring (MRM) mode was used for identification and quantification. PAHs concentrations were quantified using the internal standard method, with calibration curve regression coefficients greater than 0.998. 
The analysis process followed strict quality control procedures. In addition to the sample analysis, field, laboratory, and reagent blanks were also analyzed. The average recovery of hexamethylbenzene in sediment samples was 83.3 ± 12.4 %. The detection limit was calculated as the average blank sample value plus three times of the standard deviation, ranging from 0.02 to 0.3 ng·g-1. The relative standard deviation (RSD) of replicate samples at each site was less than 5%. 
Text S2. Diagnostic ratios of PAHs
[bookmark: OLE_LINK3][bookmark: OLE_LINK9][bookmark: OLE_LINK10]The ratios of Ant /(Ant + Phe) and BaA /(BaA + Chr) are commonly used to distinguish between petrogenic and combustion sources. When Ant /(Ant + Phe) < 0.1, it indicates a petrogenic source, while Ant /(Ant + Phe) > 0.1 suggests a combustion-dominated source. For BaA /(BaA + Chr), values < 0.2 indicate a petrogenic source, 0.2 to 0.35 suggest petroleum combustion, and > 0.35 indicate biomass combustion. The IcdP/(IcdP + BghiP) ratio is used to differentiate petrogenic (unburned petroleum), petroleum combustion (vehicle engine related), and biomass/coal combustion sources, corresponding to the IcdP/(IcdP + BghiP) ratio < 0.2, 0.2 – 0.5, and > 0.5, respectively (Zhao et al. 2017; Bateni et al. 2022; Kong et al. 2023).
Text S3. Absolute principal component score-multiple linear regression (APCS-MLR)
The APCS-MLR model was applied to calculate the contribution of each source to each component (%) after determining the number of potential sources. The multiple linear regression process is shown in the following formula ( Zhang et al. 2020; Wang et al. 2024):

                         (1)
where, Cj is the j-th polycyclic aromatic hydrocarbon (ng·g⁻¹ for sediment), bi0 and bpi are the regression coefficients for each factor’s constant term obtained from multiple linear regression, APCSp is the adjusted score for factor p, and bpiAPCSp represents the contribution of source P to pollutant i. The average value of bpiAPCSp represents the average absolute contribution of the pollution source corresponding to factor p.
Text S4. PMF analysis
The PMF model can be described by the following equation (Hopke 2003):

                          (2)
where i represents the number of measured samples; j is the type of pollutant being measured; p is the number of appropriate factors identified by the PMF model; f refers to the factor matrix for each source; g is the contribution matrix of sources to the samples; and eij is the residual for each pollutant type in each sample. The goal of the PMF model iteration is to minimize the objective function Q (the accumulated residuals). The calculation of the Q value is as follows:

                           (3)
where n is the number of samples, m is the number of species, and uij is the uncertainty of the concentration of species j in the i-th sample. During the calculation process, the PMF model imposes non-negative constraints on the factor loadings and weights them by the uncertainty. The uncertainty of uij in this study was estimated using the following equation:

                   (4)
where DLj represents the detection limit of the j-th PAH compound.
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Supporting Figures:
[image: ]
Fig. S1 Geochronology estimated by 210Pbex CRS model for sediments from Orkhon River (a) and Ishgent Lake (b).
[image: ]
[bookmark: OLE_LINK69]Fig. S2 Factor loadings of latent variables based on PLS-SEM analysis.

Supporting Tables
Table S1. Detailed parameters of CRS model calculations.
	Sample depth (cm)
	226Ra
 (Bq·kg–1)
	210Pb 
(Bq·kg–1) 
	²¹⁰Pbex 
(Bq·kg–1)
	 Deposition age
(a)
	Sedimentation rate 
(cm·a–1) 

	RW 0–1
	34.83 
	42.33 
	7.50 
	1.42 
	0.69 

	RW 1–2
	39.50 
	46.50 
	7.00 
	2.90 
	0.71 

	RW 2–3 
	50.67 
	55.00 
	4.33 
	4.35 
	1.09 

	RW 3–4
	55.33 
	59.17 
	3.83 
	5.28 
	1.20 

	RW 4–5 
	42.00 
	45.67 
	3.67 
	6.12 
	1.22 

	RW 5–6 
	29.67 
	30.67 
	1.00 
	6.95 
	4.36 

	RW 6–7
	26.83 
	34.00 
	7.17 
	7.18 
	0.60 

	RW 7–8
	24.67 
	36.17 
	11.50 
	8.88 
	0.36 

	RW 8–9
	25.17 
	39.33 
	14.17 
	11.81 
	0.26 

	RW 9–10
	25.67 
	36.33 
	10.67 
	15.83 
	0.31 

	RW 10–11
	23.83 
	32.67 
	8.83 
	19.23 
	0.34 

	RW 11–12
	23.50 
	32.33 
	8.83 
	22.35 
	0.31 

	RW 12–13
	25.00 
	41.67 
	16.67 
	25.80 
	0.15 

	RW 13–14
	25.33 
	49.83 
	24.50 
	33.54 
	0.08 

	RW 14–15
	25.00 
	45.33 
	20.33 
	49.98 
	0.06 

	RW 15–16
	23.67 
	40.00 
	16.33 
	75.94 
	0.03 

	LW 0–1
	11.50 
	107.45 
	95.95 
	4.56 
	0.20 

	LW 1–2
	5.57 
	103.77 
	98.20 
	9.88 
	0.17 

	LW 2–3
	8.33 
	90.42 
	82.09 
	16.42 
	0.16 

	LW 3–4
	8.36 
	93.40 
	85.04 
	23.15 
	0.13 

	LW 4–5
	13.58 
	76.74 
	63.16 
	32.02 
	0.13 

	LW 5–6
	10.07 
	64.79 
	54.72 
	40.67 
	0.12 

	LW 6–7
	8.61 
	33.63 
	25.02 
	50.69 
	0.19 

	LW 7–8
	11.54 
	33.58 
	22.04 
	56.57 
	0.18 

	LW 8–9
	13.00 
	44.85 
	31.85 
	62.83 
	0.10 

	LW 9–10
	13.31 
	22.03 
	8.72 
	74.79 
	0.25 

	LW 10–11
	10.14 
	16.18 
	6.04 
	79.03 
	0.32 

	LW 11–12
	10.95 
	19.50 
	8.55 
	82.33 
	0.20 

	LW 12–13
	8.48 
	14.96 
	6.48 
	87.67 
	0.23 

	LW 13–14
	9.60 
	15.56 
	5.96 
	92.40 
	0.21 

	LW 14–15
	11.02 
	15.76 
	4.74 
	97.48 
	0.23 

	LW 15–16
	12.99 
	13.38 
	0.39 
	102.18 
	2.40 

	LW 16–17
	12.32 
	20.48 
	8.16 
	102.59 
	0.11 

	LW 17–18
	14.48 
	25.14 
	10.66 
	112.91 
	0.06 

	LW 18–19
	12.35 
	23.22 
	10.87 
	134.86 
	0.03 



[bookmark: _Hlk216876735]Table S2. Comparison of sedimentation rates between this study and references.
	Study site
	Sedimentation rate range
(cm·a–1)
	Data source

	OR, Mongolia
	0.03–4.36
	This study

	IL, Mongolia
	0.03–2.40
	This study

	Olgoy lake, Mongolia
	0.10–26.70
	Udaanjargal et al. 2022 

	Boontsagaan lake, Mongolia
	0.20–16.00
	Udaanjargal et al. 2022

	Orog lake, Mongolia
	0.30–43.40
	Udaanjargal et al. 2022  

	Nur sphagnum bog, Mongolia
	0.33–0.46
	Fukumoto et al. 2012



Table S3. Description and acquisition sources of anthropogenic and environmental factors.
	Variable
	Unit
	Abbreviation
	Scale

	Average air temperature
	℃
	AT
	Dakhan province

	pH
	/
	pH
	Study area

	Clay
	%, < 2μm
	Clay
	Study area

	Silt
	%, 2 – 63 μm
	Silt
	Study area

	Sand
	%, > 63 μm
	Sand
	Study area

	Total carbon
	g·kg–1
	TC
	Study area

	Methane
	Gg
	CH4
	Mongolia nationwide

	Carbon dioxide
	Gg
	CO2
	Mongolia nationwide

	Nitrous oxide
	Gg
	N2O
	Mongolia nationwide

	Black carbon
	Gg
	BC
	Mongolia nationwide

	Carbon monoxide
	Gg
	CO
	Mongolia nationwide

	Ammonia
	Gg
	NH3
	Mongolia nationwide

	Non-methane volatile organic compounds
	Gg
	NMVOC
	Mongolia nationwide

	[bookmark: OLE_LINK21]Nitrogen oxides
	Gg
	NOX
	Mongolia nationwide

	Sulfur dioxide
	Gg
	SO2
	Mongolia nationwide

	PM10
	Gg
	[bookmark: OLE_LINK70]PM10
	Mongolia nationwide

	PM2.5
	Gg
	PM2.5
	Mongolia nationwide

	Resident population
	individuals
	RP
	Selenge province

	Local GDP
	million tugrik
	LGDP
	Selenge province

	Per-capita GDP
	thousand tugrik
	PGDP
	Selenge province

	[bookmark: OLE_LINK2]Electricity consumption
	Gwh
	EC
	Mongolia nationwide

	Coal consumption
	kt
	CC
	Mongolia nationwide

	[bookmark: _Hlk200116043][bookmark: OLE_LINK20]Passenger automobile
	Units
	PA
	Selenge province

	Special purpose vehicle
	Units
	SPV
	Selenge province

	Bus
	Units
	Bus
	Selenge province

	Truck
	Units
	Truck
	Selenge province


[bookmark: OLE_LINK1]Note: The data collected from the National Statistical Office of Mongolia, World Bank, and Global Carbon Emissions Database were classified. The carbon emissions data for Mongolia (e.g., CH4, CO2, N2O) and pollutants (e.g., BC, CO, NH3, NMVOC, NOX, SO2, PM10, and PM2.5) came from the Global CarbonEmissions Database (EDGAR, https://edgar.jrc.ec.europa.eu/dataset_ghg80#p1m) (Friedlingstein et al., 2023). Economic data such as electricity consumption, coal consumption, and GDP were from the National Statistical Office of Mongolia (https://en.nso.mn/home/). Population data were based on Selenge Province, and other socioeconomic indicators came from the World Bank (https://data.worldbank.org.cn/). Traffic data (e.g., buses, trucks, passenger cars, and special vehicles) were from the annual vehicle census by the National Statistical Office of Mongolia, where buses refer to passenger vehicles with 9 or more seats (including buses and trolleybuses), trucks are vehicles used for freight transport (including combinations of trailers and trucks), passenger cars are vehicles that carry up to 8 passengers (including taxis), and special vehicles are those equipped with specialized equipment for specific purposes. Sediment property data (e.g., clay particles, silt, sand, pH, and total carbon) were obtained through sampling and analysis in the study area.

Table S4. Statistical analysis of PAH concentrations (ng·g–1) in sediments.
	[bookmark: _Hlk181093789]PAHs
	Ring
number

	Orkhon River
	Ishgent Lake

	
	
	Min
	Max
	Mean
	CVa
	Min
	Max
	Mean
	CVa

	Nap
	2
	9.28 
	20.53 
	15.10 
	0.23 
	12.36 
	23.16 
	17.42 
	0.20 

	[bookmark: OLE_LINK28]Acy
	3
	1.06 
	1.30 
	1.17 
	0.06 
	1.04 
	1.29 
	1.15 
	0.06 

	Ace
	3
	0.82 
	1.27 
	1.06 
	0.13 
	0.85 
	1.29 
	1.07 
	0.10 

	Flu
	3
	2.11 
	3.47 
	2.64 
	0.15 
	2.48 
	4.42 
	3.14 
	0.20 

	Phe
	3
	5.33 
	11.28 
	7.51 
	0.22 
	7.57 
	22.24 
	12.08 
	0.37 

	Ant
	3
	1.62 
	2.29 
	1.88 
	0.11 
	1.54 
	3.27 
	2.18 
	0.23 

	Fla
	4
	0.17 
	1.28 
	0.54 
	0.48 
	0.20 
	2.48 
	1.00 
	0.61 

	Pyr
	4
	0.98 
	3.54 
	2.55 
	0.24 
	1.70 
	6.50 
	3.32 
	0.36 

	BaA
	4
	1.05 
	1.57 
	1.19 
	0.09 
	1.08 
	1.69 
	1.32 
	0.15 

	Chr
	4
	0.02 
	0.45 
	0.16 
	0.90 
	0.06 
	2.37 
	1.05 
	0.63 

	BbF
	5
	1.56 
	2.06 
	1.74 
	0.08 
	1.59 
	3.32 
	2.17 
	0.28 

	BkF
	5
	0.16 
	0.33 
	0.20 
	0.22 
	0.16 
	0.47 
	0.29 
	0.31 

	BaP
	5
	0.99 
	1.39 
	1.13 
	0.10 
	0.97 
	1.95 
	1.35 
	0.25 

	InP
	6
	1.89 
	2.05 
	1.95 
	0.03 
	1.88 
	2.57 
	2.13 
	0.11 

	DahA
	5
	3.27 
	3.34 
	3.29 
	0.01 
	3.26 
	3.38 
	3.31 
	0.01 

	BghiP
	6
	0.03 
	0.19 
	0.06 
	0.78 
	0.02 
	0.65 
	0.23 
	0.94 

	∑PAHs
	2–6
	33.26 
	50.99 
	42.18 
	0.14 
	38.76 
	73.74 
	53.21 
	0.21 


a CV: coefficient of variation.

Table S5. PAH concentrations and peak years in reference lakes and rivers.
	[bookmark: OLE_LINK88]Region
	Concentration (ng·g–1)
	Year range
	Peak year
	Reference

	Lake
	
	
	

	Ishgent lake, Northern Mongolia
	Σ16PAHs 38.76 ~ 73.74
	1888 ~ 2018
	2018
	This study

	Lianhuan lake, Northeastern China
	Σ16PAHs 198 ~ 1056
	1845 ~ 2005
	1845
	Sun and Zang 2012

	Daihai lake, Northern China
	Σ16PAHs 254.5 ~ 353.2
	1985 ~ 2010
	~ 2000 AD
	Sun et al. 2021

	SLNG04 lake, Southeastern Russia
	Σ19PAHs 1.78 ~ 188.3
	1800 ~ 2014
	~ 2010 AD
	Adams et al. 2018
Adams et al. 2018

	Black lake, Southeastern Russia
	Σ16PAHs 50 ~ 138
	1900 ~ 2014
	~ 1970 AD
	

	Lake Baikal tributaries, South-central Russia
	Σ14PAHs 20 ~ 150
	Recent records
	Semenov et al. 2023

	Lake Baikal, South-central Russia
	Σ16PAHs 50 ~ 700
	Recent records
	Semenov et al. 2023

	River
	
	
	
	

	Orkhon river, Northern Mongolia
	Σ16PAHs 33.26 ~ 50.99
	1947 ~ 2022
	2014
	This study

	Yellow River Estuary, Northeastern China
	Σ16PAHs 39.8 ~ 285.6
	1934 ~ 2015
	2006
	Wang et al. 2020

	Liaodong Bay, Northeastern China
	Σ16PAHs 12.18 ~ 430.96
	1815 ~ 2014
	~ 2010 AD
	Guo et al. 2022

	Yangtze Estuary, Southeastern China
	Σ16PAHs 181.8 ~ 330
	1955 ~ 2009
	2009
	Li et al. 2016

	White Sea, Northwest Russia
	Σ16PAHs 13 ~ 208
	1904 ~ 1994
	~ 1970 AD
	Savinov et al. 2000




Table S6. Rotating component matrix by APCS-MLR model.
	Component
	Factor 1
	Factor 2

	Nap
	0.406
	0.763

	Acy
	0.103
	0.839

	Ace
	0.099
	0.927

	Flu
	0.733
	0.593

	Phe
	0.853
	0.399

	Ant
	0.808
	0.383

	Fla
	0.881
	0.295

	Pyr
	0.214
	0.536

	BaA
	0.904
	0.165

	Chr
	0.902
	0.141

	BbF
	0.965
	0.192

	BkF
	0.929
	0.189

	BaP
	0.954
	0.174

	InP
	0.947
	0.257

	DahA
	0.780
	0.478

	BghiP
	0.940
	0.296




[bookmark: _Hlk216939993]Table S7. Factor loadings of PAH congeners for pollution sources identified by APCS-MLR and PMF.
	PAHs
	APCS-MLR(%)
	PMF(%)

	
	Coal combustion
	Mixed sources
	Coal
	Traffic
	Biomass
	Petroleum

	Nap
	2.97
	97.03
	12.30
	8.31
	26.88
	52.52

	Acy
	41.32
	58.68
	48.42
	15.97
	12.13
	23.48

	Ace
	27.68
	72.32
	32.59
	9.25
	23.20
	34.96

	Flu
	26.13
	73.87
	26.80
	18.58
	20.40
	34.22

	Phe
	13.86
	86.14
	10.56
	28.92
	25.61
	34.91

	Ant
	36.75
	63.25
	39.07
	25.12
	11.04
	24.78

	Fla
	25.80
	74.20
	16.52
	45.66
	37.82
	0.00

	Pyr
	8.30
	91.70
	9.20
	0.00
	64.89
	25.91

	BaA
	47.60
	52.40
	54.52
	27.81
	4.86
	12.82

	Chr
	30.75
	69.25
	0.00
	69.78
	11.52
	18.70

	BbF
	44.00
	56.00
	51.50
	36.22
	3.43
	8.85

	BkF
	41.78
	58.22
	50.76
	38.67
	5.04
	5.53

	BaP
	45.60
	54.40
	54.05
	34.87
	2.99
	8.09

	InP
	47.06
	52.94
	53.03
	24.58
	6.38
	16.01

	DahA
	49.38
	50.62
	56.32
	19.20
	7.03
	17.46

	BghiP
	33.82
	66.18
	1.27
	79.60
	18.93
	0.19
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