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For more than half a century, chemical contamination has progressively spread to all the world's 15 large river basins. Large river outlets integrate multiple anthropogenic pressures in watersheds, 16 making them the largest source of sediment-bound contaminants to continental shelf areas. 17 However, comparing particulate micropollutant contaminations between the large river basins 18 is a challenging task, especially due to the scarcity of long-term river monitoring programs.

19

Here we address this issue, with a focus on legacy particulate micropollutants 20 (polychlorobiphenyls [PCBi], polycyclic aromatic hydrocarbons [PAHs], and trace metal 21 elements [TME]) yields. For this purpose, we employed a bottom-up multiscale approach to 22 chemical contamination in river basins that takes micropollutant yields measured in the Rhône 23 River sub-basins (France) as a benchmark of other large river basins. Data on the Rhône River 24 basin came from a unique 10-year-long monitoring program within the Rhône Sediment 25 Observatory (OSR), and were compared to data gathered on 18 major worldwide river outlets.

INTRODUCTION 33

For more than five decades, freshwaters worldwide have experienced large-scale chemical 34 deterioration, especially by legacy pollutants, to the extent that water quality concerns have 35 become a major challenge for humanity in the twenty-first century (Meybeck and Helmer, 1989; 36 [START_REF] Schwarzenbach | Global Water 936 Pollution and Human Health[END_REF]UNEP-DHI and UNEP, 2016;Damania et al., 2019). As a result, The dataset used to assess inter-decadal trends includes several types of sediment matrices 205 (Tab. 2) that are likely to affect micropollutant concentrations (effect of grain-size distribution 206 and/or organic matter concentrations). For this reason, in figure S1, we compared 207 micropollutant concentrations between suspended (SPM) and deposited sediments (including 208 bed and flood deposits, and sediment cores) for the 2010-2019 period. Overall, organic 209 micropollutant concentrations were 25% lower in SPM than in deposited sediments, whereas 210 TME were 30% to 100% higher in SPM. Even though these differences are not negligible, 211 concentrations remain similar in magnitude and were used for the assessment of the inter-212 decadal trends. However, the dataset used for the assessment of intra-decadal trends was 213 exclusively from SPM sediments (Tab. 2), since at this fine temporal scale, mixing various 214 sediment matrices would undermine the results.

(Arles/Beaucaire station, i.e. 120 kilometers from the Rhône River outlet) for TME (Cd,Cr,217 Cu, Hg, Ni, Pb and Zn), 7 indicator PCBi (congeners 28, 52, 101, 118, 138, 153, and To assess micropollutant yields, we estimated the annual sediment fluxes discharged at 303 the outlet of the selected rivers. Accurate estimation of sediment fluxes remains a challenging 304 issue (Mouyen et al., 2018;Poulier et al., 2019;Hackney et al. 2020), especially at global scale, 305 because less than 10% of the river mouths worldwide have monitoring of sediment delivery 306 (Syvitski et al., 2005;Bravard, 2018). In addition, in-situ sediment discharge measurements are 307 highly uncertain (spatially sparse and temporally discontinuous data, different-measurement 308 time frequencies, heterogeneous measuring techniques) (Mouyen et al., 2018). We therefore 309 used the modeled annual fluvial sediment fluxes (Nienhuis et al., 2020) for all of the large rivers 310 included in this study (Tab. 1). These data were produced using WBMSed (Cohen et al., 2013, 311 2014) and BQART (Kettner and Syvitski, 2008) methods. This approach using modelled 312 estimates of sediment flux at the large river outlets appears particularly suitable for our study, 313 since it catches the multiyear average sediment fluxes as well as inter-annual and intra-annual 314 trends (Cohen et al., 2013).

315

Then, annual micropollutant fluxes were calculated by multiplying the sediment fluxes 316 by the median concentration of each micropollutant (Fig. S2) for each river on the basis of 317 sediment samples collected at the outlet of the rivers. Based on our homemade micropollutant 318 concentrations database, Table S2 shows specific concentrations (median and range) of 319 micropollutants (mg or μg kg -1 dry weight), inter-annual particulate micropollutant fluxes (kg 320 or t yr -1 ), yields (g or kg km -² yr -1 ) and per capita data (mg or g inhab magnitude. Thus, the spatial distribution of the Ʃ 12-16 PAH yields, for instance, was divided in 343 three order-of-magnitude classes, i.e. (1) 1-10, (2) 10-100 and (3) >100 g km -² yr -1 .

344

RESULTS

345

We present in this section results on the temporal and spatial trends of contamination in the

346

Rhône River basin and on the assessment of the relationship between the micropollutants 347 yields and SPM yields of large river basins. 

368

The relative weights of C micropol and F SPM in F micropol variations from one decade to the Zn, Cd and Cu (Fig. 5). In addition, the first TME group is significantly correlated with SPM agriculture [START_REF] Schwarzenbach | Global Water 936 Pollution and Human Health[END_REF]Landrigan et al., 2018). This growing demand for 522 energy and natural resources is driven by uncontrolled growth of cities and large-scale 523 urbanization in these countries [START_REF] Wilkinson | Energy, energy efficiency, 1008 and the built environment[END_REF]UNESCO, 2009;Shen et al., 2013).

524

The environmental quality improvement of the Rhône River basin during the 2010s is 525 apparent as a leftward shift in Figure 8 oil combustion, etc.), the calculated Hg emission yield of 11 g km -² yr -1 is close to our appraisal 586 of 12 g km -² yr -1 (Table S2) and to other estimates, such as 9.3 g km -² yr 
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Legacy contaminated sediments along the river continuum pertain to the issue of (i) 

CONCLUSIONS 617

We compared contamination levels in the large river basins using particulate micropollutant 618 yields, which were explored through a bottom-up multiscale river basins approach. In this "Forests" for forest areas, "Bare" for bare areas, "Vegetal" for shrub and/or grassy vegetation,

1054

"ICA" for industrial and commercial areas, and "Urban" for urban areas. On the whole, the Agri" for agricultural lands, "Forests" for forest areas, "Bare" for bare areas, "Vegetal" for shrub and/or grassy vegetation, "ICA" for industrial and commercial areas, and "Urban" for urban areas. On the whole, the dominant factor F1 results from the contribution of all micropollutant (except for ∑5PCBi) and SPM yields. Factor F2 opposes the anthropogenic-related land use categories (urban, agricultural, industrial and commercial areas) against the forests land-use category. -66 -75 -76 -83 -36 -53 -37 -53 -26 -45 -21 -41 -42 -57 -26 1990s-2000s -43 -59 -31 -50 -54 -67 +63 +18 -35 -53 -21 -43 -6 -32 -7 -33 

37-

  over the last ten years, this chemical contamination issue has become part of a broader concept The intra-decadal trends refer to the 2008-2019 period based on the dataset gathered 125 monthly or every two weeks by the OSR monitoring program. Trends are therefore 2008-2010, TME, PAHs and PCBi data came from research labs and monitoring 200 agencies studying deposited sediments, i.e. bed and flood deposits, and sediment cores; 201 -after 2008-2010, TME, PAHs and PCBi data came primarily from SPM measured under 202 the OSR monitoring program. A small amount of data acquired on deposited sediments 203 was also used to build a composite record for the 2010-2019 period.

  204

Figure 2

 2 Figure2shows the pluri-decadal trends in particulate micropollutant concentrations and

  to 2010s, ΔC ∑7PCB -39%, and ΔC ∑12PAH -38% on average) and fluxes 360 (1990s to 2010s, ΔF ∑7PCB -37%, and ΔF ∑12PAH -35% on average) (Fig.2A-D and Tab. 3).361The time-course of PCB and PAH fluxes over the period reproduces the same pattern as the 362 concentrations. In contrast to the POPs, TME fluxes showed a similar pattern of change to the 363 SPM flux trend. TME and SPM fluxes decreased significantly with similar rank order of 364 magnitude between the 1990s-2000s (ΔF TME -34% and ΔF SPM -28%), whereas ΔC TME 365 decreased slightly ( -8%) over the same period. Thereafter, TME and SPM fluxes increased 366 sharply between 2000 and 2010s (ΔF TME +21% and ΔF SPM +44%) while ΔC TME 367 experienced a slight decline ( -8%) (Fig. 2E-F and Tab. 3).

  431 fluxes (R values 0.93-0.98; p-value < 0.05), which is not the case for the second group (R 432 values 0.48-0.68; p-value > 0.05). The location of the river stations into the PCA differentiates 433 the northern and southern areas of the Rhône River basin: the Upper Rhône and Saône rivers in 434 the north showing the lowest micropollutant yields, and the Isère and Durance rivers in the 435 south characterized by natural land use and SPM flux-bound TME yields. The Gier River 436appears to be the most contaminated basin, especially for organic micropollutants yields (Fig.4374), and also the most impacted by anthropogenic land use (Figs.1 and 5).

  findings from the Rhône River basin on the main patterns of micropollutant 441 yields, we next extrapolated that knowledge of SPM fluxes to assess micropollutant yield signal 442 of the large river basins. The maps of micropollutant yields show that some TME yields follow 443 spatial trends of SPM yields (Fig.S3), whereas PAH and PCB yields seem unconstrained by 444 SPM yields (Fig.6). River basins in high-income countries (i.e. Europe and North America) SPM yields (< 66 t km² yr -1 ) (except for the Rhine River basin), while river 446 basins in low-income countries (i.e. Asia and South America) show the highest SPM yields (> 447 100 t km² yr -1 ) (except for the Niger River basin)(Figs. 6 and S3, and Tab. 1).448The potential control of SPM fluxes on micropollutant yields was assessed through the 449 correlation circle of the PCA (Fig.7A, see details on the PCA method in the Supplementary 450 Text) and the correlation matrices between micropollutant and SPM yields (Tab. S3), and 451 between micropollutant yields and median concentrations (Tab. S4). We identified three groups 452 of micropollutant yields: 453 1) Anthropogenic activity-driven PCB, PAH, Cd and Hg yields: uncorrelated with SPM 454 yields (R 0.15-0.40, p-value > 0.05), and positively correlated to their median 455 concentrations (R 0.6-0.8, p-value < 0.05); 456 2) SPM flux-driven Co, Cr, Ni and Cu yields: positively correlated to SPM yields (R 457 0.8-1, p-value < 0.05), and uncorrelated with their median concentrations (R 0.2activity/SPM flux-driven As, Zn and Pb yields: positively correlated to 460 SPM yields (R 0.5-0.8, p-value < 0.05) and to their median concentrations (R 0the Rhône River's intra-basin contamination has shown a striking spatial 466 heterogeneity between the northern and southern areas of the Rhône River basin. For instance, 467 except for Zn, the first group of TME concentrations (As, Co, Cr, Ni and Zn) of the Rhône 468 River basin matches the specific chemical fingerprint of the Isère River's SPM (Delile et al., 469 2020). We can therefore assume a process of enhanced soil erosion in specific Isère River sub-, Co and Cr element-rich geological basements, leading to increasing 471 concentrations of these TME over the past decade (2010s). However, only additional TME 472 geochemical tracing methods, such as Pb, Cu and Zn isotopic fingerprinting techniques (Bird, 473 2011) or geochemical fingerprinting (Bégorre et al., 2021; Dabrin et al., 2021), could capture 474 specific sources of TME in sediments. This heterogeneous pattern of the micropollutant yields 475 of the Rhône River basin suggests that calculated micropollutants yields of the large river basins 476 need to be considered with caution, in terms of the sources of the chemical fluxes. Such fluxes 477 should not be considered as uniformly deposited over the entire surface of the river basins. Our 478 reconstructions of the temporal trends of particulate micropollutant concentrations and fluxes 479 at the Rhône River outlet since the 1980s show that micropollutant concentrations have to vary 480 by more than 30% to affect micropollutant fluxes. As a result, this threshold defines the switch 481 from SPM flux-driven to anthropogenic pressure-driven micropollutant yields. Applied to the 482 other 18 large river basins worldwide, this balance between micropollutant concentrations and 483 SPM fluxes suggests a progressive anthropogenic origin of the micropollutant yields as follows: 484 (i) SPM flux-driven Co, Cr, Ni and Cu yields, (ii) anthropogenic activity and SPM flux-driven 485 As, Zn and Pb yields, and (iii) anthropogenic activity-driven PCB, PAH, Cd and Hg yields.

  of economic development on the global distribution of micropollutants yields 506 Considering all micropollutant yields, the distribution of the large river basins within the PCA 507 defines three statistically-based mixing lines showing a gradient of overall contamination level 508 from the least contaminated river basins in the bottom-left corner of the graph up to the most 509 contaminated river basins in the upper-right part of the graph (Fig. 7B). The slope mixing lines 510 depend of the relative weight between the anthropogenic origin of the micropollutant yields 511 (Group 1-based mixing line) and the contribution of SPM fluxes to micropollutant yields 512 (Groups 1 + 2 +3-based mixing line). The mixing lines split river basins into two groups: the 513 most contaminated rivers located in developing countries (Asia and South America), and the 514 least contaminated rivers located in developed countries (Europe and North America).515Based on the long-term trends of the Rhône River basin contamination, it appears that the 516 overall chemical contamination level during the 1980s was similar to that currently observed in 517 countries undergoing economic transition. According to previous works, the highest 518 contamination levels, tied to the developing low-to-middle-income countries, result from both energy required for petroleum-powered vehicles and electricity 520 generation and natural resources (e.g., mining) or else from deforestation due to intensive 521

612

  contaminant residence times along river corridors(Pizzuto, 2014; Sutfin and Wohl, 2019; 613[START_REF] Wohl | Legacy effects on sediments in river corridors[END_REF][START_REF] Wohl | Forgotten Legacies: Understanding and Mitigating Historical Human 1012 Alterations of River Corridors[END_REF]), (ii) total time for contaminant transfer to river outlets, and (iii) the 614 theoretical decontamination time of a river basin(Singer et al., 2013; Gateuille et al., 2014, 

  616

  compared micropollutant yields based on a unique dataset from a 10-year-long-620 monitoring program on the Rhône River sub-basins, then extrapolated up this approach to other 621 major river basins in order to assess the spatial representativeness of this chemical 622 contamination proxy. 623 Our reconstructions of the temporal trends of particulate micropollutant concentrations 624 and fluxes at the Rhône River outlet since the 1980s show that micropollutant concentrations 625 have to vary by more than 30% over 10 years to affect micropollutant fluxes. As a result, this 626 threshold defines the tipping point marking the switch from SPM flux-driven to anthropogenic 627 pressure-driven micropollutant yields. Applied to the other 18 large river basins worldwide, this 628 balance between micropollutant concentrations and SPM fluxes suggests a progressive 629 anthropogenic origin of the micropollutant yields as follows: (i) SPM flux-driven Co, Cr, Ni 630 and Cu yields, (ii) anthropogenic activity and SPM flux-driven As, Zn and Pb yields, and (iii) 631 anthropogenic activity-driven PCB, PAH, Cd and Hg yields. The distribution of the magnitude 632 of chemical contamination in the large river basins is related to the economic development stage 633 of the local country. Our results show an overall contamination gradient splitting the most 634 contaminated river basins in developing and industrializing low-income and middle-income 635 countries (Asia and South America) from the least contaminated rivers in developed high-636 income countries (Europe and North America). This kind of spatial pattern in surface waters-637 related chemical contamination fits well with the Environmental Kuznets Curve theory. Indeed, 638 our results show how a prevailing model of economic development implies rampant 639 urbanization supported by both increasingly high energy and natural resource consumption. In 640 turn, these conditions constitute major sources of chemical contamination in the world's large 641 river basins. In this respect, the long-term trend of contamination in the Rhône River basin 642 shows an overall chemical contamination level in the 1980s that was similar to levels observed 643 today in countries undergoing economic transition (Asia and South America).
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 110302345 Figure 1. (A) Map of the Rhône River basin with its main tributaries and monitoring stations
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 6710848 Figure 6. Maps of the ∑ 12-16 PAH, ∑ 7 PCBi, Hg, Cd and SPM yields, and GDP per capita in the

  Long-term decadal variations (in %) in inter-annual particulate micropollutant 1094 concentrations (ΔC) and fluxes (ΔF) and SPM fluxes at the Rhône River outlet. Orange cells 1095 show the micropollutant flux variations that are mainly dependent on micropollutant 1096 concentration variations, while grey cells highlight micropollutant flux variations that are 1097 mainly dependent on SPM flux variations. The bottom part of the table shows the correlation 1098 coefficients for decadal micropollutant fluxes and concentrations (first line) and for 1099 micropollutant fluxes and SPM fluxes (second line).
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 2345 Figure 1. (A) Map of the Rhône River basin with its main tributaries and monitoring stations for water discharge, suspended particulate matter, and associated micropollutants. (B) Land-use distribution (in %) in the basin of the Rhône River (Arles/Beaucaire station) and its main tributaries. 299x288mm (400 x 400 DPI)
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 678 Figure 6. Maps of the ∑12-16PAH, ∑7PCBi, Hg, Cd and SPM yields, and GDP per capita in the major world river basins (1-Rhône, 2-Garonne, 3-Loire, 4-Seine, 5-Volga, 6-Danube, 7-Elbe, 8-Rhine, 9-Pearl (Zhujiang), 10-Liao, 11-Yangtze (Changjiang), 12-Yellow (Huang He), 13-Mekong, 14-Ganges-Brahmaputra, 15-Mississippi, 16-Colorado, 17-St. Lawrence, 18-Amazon, 19-Niger). 424x425mm (350 x 350 DPI)
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Assessment of the inter-annual micropollutants yields of the world's large river 301 basins 302

  weighted by the corresponding watershed size to get the micropollutant yields (g or kg km -² yr -1 299 for POPs or TME, respectively) at the Rhône River basin and sub-basin scales.

	298			
			F o F o F o r r r	
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					180; noted
	218	Ʃ 7 PCB, and 12 priority PAHs (anthracene, benz[a]anthracene, benzo[a]pyrene,
		benzo[b]fluoranthene,	benzo[ghi]perylene,	benzo[k]fluoranthene,	chrysene,
		dibenz[a,h]anthracene, fluoranthene, indeno[1,2,3-cd]pyrene, phenanthrene, pyrene; denoted
	221	with the abbreviation Ʃ 12 PAH). All of these data were produced by monitoring authorities (the

222

Rhône-Mediterranean-Corsica water agency) and the OSR monitoring program. Our database 300 4.3.

Table 3 presents

 3 352 specific variations (in percent) of micropollutant concentrations and fluxes and SPM fluxes 353 from one decade to the next, noted ΔC micropol , ΔF micropol and ΔF SPM , respectively. The general

	354	time-course of micropollutant concentrations and fluxes follows a similar decreasing trend
	355	between 1980s-1990s: -58% for ΔC ∑7PCB and -69% for ΔF ∑7PCB , and -42% for mean ΔC TME and

356

-57% for mean ΔF TME .

357

After the 1990s, the organic and inorganic micropollutant concentrations and fluxes 358 follow distinct patterns. POPs continued to decline in similar and stable proportions, both in

1.2. Short-term trends in micropollutant contamination over the past decade

  

	372	weight of ΔC micropol and ΔF SPM in ΔF micropol : (1) concentration-driven micropollutant fluxes for
	373	∑ 7 PCB, ∑ 12 PAH, Cd, Cr and Hg (orange cells, and statistically significant correlation of the time-series (2008-2016) decreased at a mean annual rate of 1.4 μg kg -1 (i.e. -9% per year;
	374 398	coefficients of F micropol vs. C micropol in Tab. 3), (2) SPM flux-driven micropollutant fluxes for Cu Fig. 3). This trend is in line with the general pattern of decreasing PCB contamination of the
	375 399	and Ni (grey cells, and statistically significant correlation coefficients of F micropol vs. F SPM in Rhône River waters that began in the 1990s (Desmet et al., 2012; Mourier et al., 2014; Babut
	376 400	Tab. 3), and (3) alternately concentration-driven and SPM flux-driven micropollutant fluxes for et al., 2016; Liber et al., 2019; Dendievel et al., 2020a) (Fig. 2A). Nonetheless, the trend showed
	377 401	Pb and Zn (orange and grey cells, and statistically significant correlation coefficients of F micropol a change-point in October 2013, with a slight increase in PCB concentrations of about +1.6 μg
	378 402	vs. C micropol and of F micropol vs. F SPM in Tab. 3). According to Table 3, SPM flux-driven kg -1 per year (i.e. +9%) (Fig. 3).
	379 403	micropollutant fluxes switch to concentration-driven micropollutant fluxes when ΔC micropol is 5.2
	380 381	F o r higher than ± 30%. In other words, variations of micropollutant concentrations have to vary F o by more than 30% in order to affect micropollutant fluxes. Below this threshold, SPM fluxes r
	382	P primarily control micropollutants fluxes. P
	384	e e r Figure 3 shows the temporal evolution of particulate micropollutant concentrations at the Arles e e r
	385 386	R e v i R station (Rhône River outlet, Fig. 1) over the past decade (2010s). Mean monthly water discharges and associated temporal trends over the total length of the time-series are also shown e v i
	387	e in order to capture the relationship between the water discharge trends and the micropollutant e
	388	w concentrations trends. Overall, the results highlight three micropollutant trend groups: (1) w
	389	increasing concentrations for As, Co, Cr, Ni and Zn, (2) decreasing concentrations for Ʃ 7 PCB,
	390	and (3) no trend for Ʃ 12 PAH, Cd, Cu, Hg and Pb (Fig. 3). Given that the mean monthly water
	391	discharge does not show statistically significant temporal trends, it cannot lead to an increase
	392	or decrease in micropollutant concentration trends.
	369 393	next were assessed (see Tab. 3) by comparing (i) the decadal variations (in %) of inter-annual The comparison between the increase in annual rates of TME concentrations (red values
	370 394	particulate micropollutant concentrations (ΔC) and fluxes (ΔF), and SPM flux and (ii) their in Fig. 3) of the first group (As, Co, Cr, Ni and Zn) and their respective median value (Tab. S2)
	371 395	respective correlation coefficients. We defined three micropollutant groups by assessing the indicates an average annual rate of increase of 7% per year.

383

5.

. Spatial trend in Rhône River basin contamination

  

	420	the contribution of mean TME yields to the F1 component (7.5%) is twice as large as the
	404	Figure 4 is a map of the particulate micropollutants yields of the whole Rhône River basin F o
	405	and its main sub-basins. It shows a sharp contrast between a less contaminated area in the North r
	406 407 408 430	River, Gier River and Durance River basins). This contrast appears more clearly for TME yields, which have a spatial distribution pattern that matches the features of intra-basin SPM r e e (Saône River and Upper Rhône River basins) and a more contaminated area in the South (Isère P
	409 410	R yields (Fig. 4). As a result, TME yields in the different tributaries seem to be sensitive to variation in SPM yields. The SPM yields in the Rhône River basin come mainly from the Isère e v i
	411	and Durance river basins, since they are known to be the largest suppliers of the inter-annual e
	412	SPM flux discharged into the Mediterranean Sea from the Rhône River outlet. Each of these w
	413	two tributaries accounts for 31% of the total inter-annual SPM flux of the Rhône River, while
	414	the Upper Rhône River, Saône River and Gier River account for 11%, 6%, and 0.1%,
	415	respectively (Delile et al., 2020).
	416	Figure 5 is a Principal Component Analysis (see details on the PCA method in the
	417	Supplementary Text) combining the micropollutants yields, population density and land use of
	418	each station (Fig. 1B). The first principal component (F1 ~ 56%) results from the contribution
	419	of all micropollutants yields, meaning that F1 tracks the overall contamination level. However,

421 contribution of organic micropollutants (2.7%). Organic micropollutants are more involved in 422 the F2 positive values, since PAH and PCB yields contribute on average about 8% to the F2 423 component (only 2.5% for mean TME contribution). The F2 axis shows a striking contrast 424 between anthropogenic land use (positive values) as agricultural lands, urban areas and 425 industrial and commercial areas (ICA) on one side and natural land use (forests, bare, and 426 shrub/vegetation) (negative values) on the other (Fig. 5). Population density is highly correlated 427 to urban areas and ICA (R > 0.93 and 0.89, respectively; p-value < 0.05). Based on the F2 428 component, TME yields divide into two groups: first, a natural land use-related TME group 429 with Cr, Co, Ni and Hg, and a second anthropogenic land use-related TME group with As, Pb,

  We argue that the diversity of the geological basements of the Rhône River sub-Nevertheless, the clustering of TME demonstrates that the proportion of natural and 500 anthropogenic inputs is not the same for all TME. Indeed, at the worldwide river basins scale, 501 the anthropogenic source is the dominant contributor to Hg and Cd whereas the natural source 502 is the dominant contributor to Ni, Co, Cr and Cu. The Rhône River monitoring network data

	495	contamination. Indeed, as it stands, TME yields reflect a mixture comprising both the TME
	496	fraction coming from the local geological environment and TME fraction from the
	497	anthropogenic activity. Therefore, TME yields would be more suitable to track anthropogenic
	498	contamination of river basins if local geological effects on TME yields could be removed.
		F o
		r
		P
		e e r
		R
		e v i
		e
		w
	491	basins captured in Rhône Sediment Observatory data is the decisive factor for explaining this
	492	distinction between Hg and Cu yields.

486

It is striking to note that these large river basins-bound micropollutant yield groups are 487 close to those identified in the Rhône River sub-basins since PCB, PAH, As, Pb, Zn, Cd and 488 Cu yields are related to their contamination level, while Cr, Co, Ni and Hg yields are more 489 related to their SPM yields. Only Hg and Cu yields do not belong to the same group. This is a 490 key point. 493 As a result, regarding TME, the lack of geochemical background data for each river basin 494 is a significant barrier to considering TME yields as a consistent proxy for assessing river basin 499 503

shows the tipping-point switch from a predominantly natural to anthropogenic TME yields 504 requires TME concentrations that are 30% higher than the local geochemical backgrounds.

Comparison of the contamination levels in the world's large river basins

  towards the cluster of less-contaminated rivers. This 526 substantial decline since the 1980s is part of a global decline in POPs(Breivik et al., 2002a,b or GDP rises. However, this theory has been criticized due to, for example, the 545 unsuitable statistical analyses of time-series(Stern et al., 1996; Stern, 2004) or the 546 environmental and economic activity indicators on which it is based(Dinda, 2004). The heavy industrial legacy of the Rhine and Elbe river basins(Heise et al., 570 2004; Förstner et al., 2004) could explain the high PAH contamination of these areas.The spatial distribution pattern of TME yields is broadly similar to that of PAH, with the 572 highest levels found in Asia, followed by river basins in Europe and North America. However,

	544 income and/547 The observed relationship between country income level and SPM yield derives from 6.3. 548 569 of Asian countries. 573 the Amazon River basin shows an equal if not higher level of TME contamination than river
	574	basins in Europe and North America (Figs. 6 and 8). Once again, this pattern is consistent with
	549	well-known anthropogenic stresses such as agriculture-induced deforestation and river
	575	worldwide TME emissions estimates, since Asia accounts for between 40% and 60% of the
	550	damming (Syvitski and Kettner, 2011; Bravard, 2018; Nienhuis et al., 2020).
	576	total depending on the TME, followed by Europe, North America and South America which
	577	F o o F contribute between 10% and 20% depending on the TME (Pacyna and Pacyna, 2001; Streets et
		r r
		P P
		e e r e e r
		R R
		e v i e v i
		e e
		w w
	562	Europe and North America show lower PAH yields (Figs. 6 and 8) thanks to the implementation
	563	of emissions reduction technologies (Shen et al., 2011, 2013) and a series of legislative policies
	539 564	successive economic stages of development. Such a trend fits rather well with the theoretical in force since the 1970s, first with the 1979 Convention on Long-Range Transboundary Air
	540 565	framework of the Environmental Kuznets Curve (EKC) (Grossman and Krueger, 1991, 1995; Pollution (CLRTAP) (UNECE, 1979) and then the Aarhus Protocol on POPs (United Nations,
	541 566	Shafik and Bandyopadhyay, 1992). According to EKC theory, this relationship, which is 1998). The implementation of this regulatory framework has brought about a sharp decrease in

527

and 2007 for PCB;

Shen et al., 2011Shen et al., , 2013 

for PAH) and TME releases

(McConnell et al., 2019; 

528

Legrand et al., 2020)

. This decline may result from national (see French regulation timeline for 529 PCBi in Fig.

2

) and international implementations of environmental regulations (e.g. PCBi 530 listed in the Stockholm Convention [UNEP, 2001] and PAHs in the Aarhus Protocol on 531 Persistent Organic Pollutants [United Nations, 1998]) in many developed countries (Miller and 532 Orbock Miller, 2007). Indeed, other studies have shown that the lower contamination level of 533 the river basins located in developed countries results from (i) efforts to mitigate industrial, 534 municipal and household wastewaters, (ii) the commissioning of sanitation and water supply 535 infrastructures, and (iii) national and international environmental regulations on emissions 536 control and the use of chemical products (UNESCO, 2009; Schwarzenbach et al., 2010; UNEP-537 DHI and UNEP

[START_REF] Schwientek | Integrated monitoring 942 of particle associated transport of PAHs in contrasting catchments[END_REF] Landrigan et al., 2018; Damania et al., 2019)

.

538

This general model seems to show an environmental quality improvement depending on 542 assumed to take the form of an inverted U-shape curve, comes from a period of environmentally 543 damaging economic growth followed by improvement in environmental quality as per capita 551 Polycyclic aromatic hydrocarbons and TME yields mapping well depict the relevance of 552 consumption of natural resources and energy for the economic development of our modern 553 societies (Figs. 6 and S3). In both cases, the highest micropollutant yields of Asian countries 554 (Figs. 6 and 8) are consistent with their atmospheric micropollutant emissions, since they 555 contribute around 50% of the global ∑ 16 PAH (Shen et al., 2013) and TME emissions (Pacyna 556 and Pacyna, 2001). It has been estimated that almost two thirds of the global ∑ 16 PAH emissions 557 come from residential/commercial burning of biomass, and this source accounts for about 80% 558 of emissions from South-East Asia (Shen et al., 2013). As underlined above, recent surging 559 urbanization is considered as the main driver of this high PAH contamination in developing 560

countries, because it results from extensive use of biomass for cooking and heating but also 561 from petroleum consumption by road vehicles

(Shen et al., 2011(Shen et al., , 2013))

. River basins in Western 567 ∑ 12 PAH yields in the Rhône River basin, from 100.5 g km -² yr -1 in the 1990s to 34.6 g km -² yr -1 568 in the 2010s. However, the Rhine and Elbe river basins show similar PAH yield levels to those 571 578 al., 2017; Kubier et al., 2019). The two main sources of Hg, Cd, As, Zn, Cu, and Ni 579 contamination are non-ferrous metal production and non-vehicle fossil fuel combustion 580 (Pacyna and Pacyna, 2001; Streets et al., 2017). For example, during the 1990s, gold mining in 581 the Brazilian Amazon released around 130 t of Hg into the environment every year, of which 582 about half of that amount reached surface waters (Pfeiffer et al., 1993; Lacerda and Salomons, 583 1998). By adding the other minor anthropogenic Hg sources (e.g. chemicals manufacturing, 584 electrical and measuring equipment, Cu, Zn and Pb smelting, silver (Ag) production, coal and 585
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Table 1 .

 1 Main physical and human characteristics of the large river basins investigated in this

	1088	
	1089	study. Data sources are shown in footnotes.
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Table 2 .

 2 River sediment matrices and data sources used to assess the temporal trends in

	1091	particulate micropollutant concentrations and fluxes at the Rhône River outlet listed by
	1092	micropollutant family and the decades considered.

Micropollutant concentrations data were gathered from the lower part of the Rhône River
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