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ABSTRACT 29 

Nanoparticle (NP) emissions to the environment are increasing as a result of anthropogenic activities, 30 

prompting concerns for ecosystems and human health. In order to evaluate the risk of NPs, it is 31 

necessary to know their concentrations in various environmental compartments, on regional and global 32 

scales; however, these data have remained largely elusive due to the analytical difficulties of measuring 33 

NPs in complex natural matrices. Here, we measure NP concentrations and sizes for Ti-, Ce- and Ag-34 

containing NPs in numerous global surface waters and precipitation samples, and we provide insight 35 

into their compositions and origins (natural or anthropogenic). The results link NP occurrences and 36 

distributions to particle type, origin and sampling location. Based upon measurements from 46 sites 37 

across 13 countries, total Ti- and Ce-NP concentrations (regardless of origin) were often found to be 38 

within 104 – 107 NP mL-1, whereas Ag NPs exhibited sporadic occurrences with low concentrations 39 

generally up to 105 NP mL-1. This generally corresponded to mass concentrations of <1 ng L-1 for Ag-40 

NPs, <100 ng L-1 for Ce-NPs and <10 µg L-1 for Ti-NPs, given that measured sizes were often below 41 

15 nm for Ce- and Ag-NPs and above 30 nm for Ti-NPs. In view of current toxicological data, observed 42 

NP levels do not yet appear to exceed toxicity thresholds for the environment or human health; 43 

however, NPs of likely anthropogenic origins appear to be already substantial in certain areas, such as 44 

urban centers. This work lays the foundation for broader experimental NP surveys, which will be 45 

critical for reliable NP risk assessments and the regulation of nano-enabled products. 46 

 47 

 48 

 49 
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INTRODUCTION 50 

Nanoparticles (NPs) are small (with three dimensions below 100 nm) particles that are found in many 51 

modern products and technologies and which are hypothesized to be in all environmental 52 

compartments.1, 2 Although natural forms of NPs are ubiquitous,3, 4 their impact on ecosystems and 53 

human health has really only been questioned in recent decades, coinciding with the increased 54 

production and disposal of engineered NPs.1, 5, 6 Engineered NPs have been developed due to their 55 

generally enhanced chemical reactivities with respect to bulk materials of similar composition, which 56 

implies enhanced biological reactivity and potentially increased risk.7 57 

To date, the vast majority of data on NP concentrations in the environment have been 58 

extrapolated from global production volumes8 and (often assumed) product-release rates9, generated 59 

through modelling10 and based on contaminant transport patterns11, 12. Authors of these studies have 60 

systematically noted a very large uncertainty due to the poor quality of input data, the use of a large 61 

number of simplifying assumptions and the limited inclusion of environmental fate processes (e.g. 62 

agglomeration, heteroaggregation, dissolution, phase transformations). Although recently developed 63 

time-sensitive and size-specific probabilistic models13, 14 represent a significant improvement, they 64 

may still overlook (i) the complexity of NP transformation or transport patterns; (ii) the time-65 

dependence of input parameters; (iii) the role of geo-specific factors, e.g. scale, terrain, weathering; 66 

and (iv) the occurrences of episodic or localized events. Reliable risk assessments for the NPs will thus 67 

require experimental measurements15-19 of the exposure concentrations, including spatially and 68 

temporally resolved data on their composition, size, and origin, across regions.20 The near absence of 69 

NP measurements is due, in large part, to the analytical challenges of analyzing NPs in complex natural 70 

matrices, where NPs co-exist with various environmental colloids, particulates and dissolved 71 

molecules and ions, including natural organic matter.21, 22  72 
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Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) is a promising state-73 

of-the-art technique, providing data on NP mass and number concentrations and size distributions.23 74 

Indeed, recent developments with sector-field SP-ICP-MS have enabled the detection and 75 

characterization of NPs with sizes down to a few nm (i.e. 3-4 nm for Ag- and CeO2-NPs; 12 nm for 76 

TiO2-NPs).18, 24, 25 The size detection limits (SDL) are critical since they provide the lower end of the 77 

range of quantified NPs; NPs below the SDL are mistakenly classified as dissolved. Another important 78 

aspect of nanoanalytics is the source discrimination of NPs, with the ultimate goal of quantifying 79 

anthropogenic NP contributions. Given that anthropogenic NPs are often pure, while natural NPs tend 80 

to exhibit chemical heterogeneities,26-28 differences in particle compositions (i.e. purity, elemental 81 

associations) have previously been used for source attribution of NPs. Fortunately, recent advances in 82 

single-particle time-of-flight ICP-MS (SP-ICP-TOF-MS) have allowed whole elemental mass spectra 83 

at sub-millisecond data acquisition rates, on a particle-by-particle basis.29 These advances have paved 84 

the way for experimental determinations of NPs in complex natural settings, providing information on 85 

their mass/number concentrations, sizes, compositions and origins.   86 

Here, we provide the first large-scale measurements of NPs for a wide range of surface waters 87 

and precipitation samples that were collected from around the world. NP measurements were 88 

performed using a high sensitivity sector-field ICP-MS and a prototype, high-speed ICP-TOF-MS. 89 

They were focused on three NPs (Ag, TiO2, CeO2) that have suspected high anthropogenic 90 

contributions30. The objectives were (i) to provide experimentally measured NP concentrations and 91 

sizes; (ii) to explore NP composition and its link to NP size; and (iii) provide insight into the origin 92 

(natural or anthropogenic) of the NPs. The data will be useful for modelling studies and risk 93 

assessments and provide a baseline with respect to future determinations of environmental NPs.  94 

 95 

 96 
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MATERIALS AND METHODS 97 

Global sampling campaign. Surface water and precipitation samples were collected at 46 sampling 98 

sites across 13 countries, including time-resolved measurements in Montreal (Quebec, Canada). The 99 

logistical challenges of conducting a large-scale sampling campaign were overcome with the help of 100 

21 collaborators. In order to harmonize the sampling process, experimental material kits, as well as 101 

detailed sampling protocols were sent to each of the destinations in advance of the sampling date. Each 102 

kit contained, at a minimum, 50 mL polypropylene centrifuge tubes (Fisher Scientific) (10 used to 103 

collect triplicate rainwater samples), 15 mL polypropylene  centrifuge tubes (Fisher Scientific) (>3 per 104 

sample), 20-30 mL syringes with no rubber gaskets (Henke-Sass Wolf, Germany)) (>3 per sample), 105 

0.45-µm 33 mm PVDF (polyvinylidene fluoride) syringe filters (Sigma-Aldrich) (>3 per sample), 106 

ParafilmTM M wrapping films (Fisher Scientific) and a few pairs of non-powdered nitrile gloves 107 

(Kimberley-Clark).  108 

Surface water samples were collected from the top 5-10 cm and immediately filtered on-site 109 

using the PVDF filters, which were pre-rinsed29 with ~6 mL of the sample (corresponds to >50x filter 110 

void volume) in order to minimize sorptive losses. Higher volumes were avoided to minimize the risk 111 

of concentration polarization artefacts on the filter membrane. Sample filtrate was then added to 112 

triplicate 15 mL tubes, to the brim. The filtration step was designed to assist with the preservation of 113 

the samples during transport by removing most microbes and large particles. Based upon measured 114 

sizes and particle numbers, the NP appeared to be stable for at least 12 days (Fig. S1).  115 

Precipitation (rain) samples were collected by leaving out 6-8 of the 50 mL centrifuge tubes 116 

(>0.5 m above the ground) during rainfall events. In order to avoid/minimize sample evaporation and 117 

dry deposition of atmospheric (nano)particles, the duration of rain collection was limited to a single 118 

precipitation event and to <2 hours. The collected rain fractions were then combined into triplicate 15 119 

mL tubes (filled to the brim). All tubes were labeled, and sampling geo coordinates were recorded.  120 
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The tubes were then sealed with parafilm, placed into a padded envelope, and express delivered to the 121 

Montreal laboratory (typically, 1-2 days for Canada; 3-4 days for Europe, USA and Brazil; 7-12 days 122 

for China). Once received, samples were refrigerated at 4 °C until analysis.  123 

Sample preparation for analysis. Precipitation samples, on the day of their arrival in the lab, were 124 

ultrasonicated for 30 minutes (Branson Ultrasonic Cleaner, 5510R-DTH Model, 135 W, 42 kHZ ± 6%) 125 

and then filtered using 0.45 µm poresize PVDF filters that had been pre-rinsed with 6 mL of sample. 126 

On the day of analysis, all filtered samples (surface or precipitation) were treated with 10 min of 127 

ultrasonication, and then, if necessary, were diluted 5-50x for measurements by ICP-MS. 128 

SP-ICP-MS measurements. SP-ICP-MS data were acquired on a double-focusing sector-field ICP-129 

MS (AttoM ES, Nu Instruments, United Kingdom), at low resolution (300) and using single ion 130 

acquisition, in fast scan mode.24 While Ce-NP analysis could be optimally performed using a wet 131 

aerosol18, for Ti- and Ag-NP analysis, the sensitivity was further enhanced by coupling the ICP-MS to 132 

a desolvator (Aridus II, Teledyne Cetac Technologies) that used a PFA (perfluoroalkoxy) micro-flow 133 

nebulizer (self-aspiration rate of 200 µL min-1 for 1 L min-1 of Ar)29. The flow rates of the nebulizer 134 

gas (argon) and membrane sweep gas (argon) typically ranged between 0.7-1.0 L min-1 and 3-7 L min-1, 135 

respectively. As per previously optimized strategies18, 24, 49Ti, 140Ce and 107Ag were measured during 136 

the analysis. Notably, the choice of 49Ti was predicated on the fact that, despite its low abundance, it 137 

has fewer interferences, and its analysis was enabled by the high-sensitivity system. Data acquisition 138 

spanned 50 s with an optimized dwell time of 50 µs, resulting in ca. 106 datapoints per replicate. This 139 

yielded SDLs of ~15 nm for TiO2, and ~4 nm for CeO2 and Ag NPs18, 24, 29. Sensitivity calibrations 140 

were determined based on ionic standards of Ti, Ce and Ag (High Purity Standards). Transport 141 

efficiencies (TE) were determined by the particle frequency method31 using ultra-uniform 30 nm Au 142 

NPs (NanoComposix, AUXU30-1M) with a known particle number concentration. TE measurements 143 

were validated with a second standard reference material (60 nm Au NPs, NIST 8013). TE values 144 



 
7 

typically ranged between 0.11-0.15 µL s-1 or 3.5-4.5 % for Ce analysis (i.e. wet mode) and 0.45-0.55 145 

µL s-1 or 13-15% for Ti and Ag analysis (i.e. dry mode). Wherever necessary, filtered samples were 146 

diluted (1-50x) to minimize the incidences of concurrent peaks (< 10,000 events or 1% of total 147 

datapoints), while ensuring a statistically significant number of NPs. Detection thresholds of ~360 NP 148 

mL-1 Ti-NPs, 1500 NP mL-1 Ce-NPs and 900 NP mL-1 Ag-NPs could be established by requiring that 149 

the peak numbers collected over a 50 s acquisition exceeded those in the blanks by at least a factor of 150 

3.32 151 

SP-ICP-TOF-MS measurements. SP-ICP-TOF-MS data were acquired on a prototype high-speed 152 

time-of-flight ICP-MS (Nu Vitesse, Nu Instruments, United Kingdom) that enabled the 153 

characterization of multi-element particles on a particle-by-particle basis.29 The instrument was 154 

equipped with a segmented reaction cell, into which ca. 4-6 cm3 min-1 of He and ca. 4 cm3 min-1 of H2 155 

gas were introduced to eliminate argon and nitrogen-based interferences (e.g. for elements such as K, 156 

Ca, Cr, Fe and Si). To further increase the sensitivity, the instrument was coupled to an Aridus II 157 

desolvator (Teledyne Cetac Technologies), with similar nebulizer gas (argon) and sweep gas (argon) 158 

conditions as were used for the sector-field instrument. Signal acquisitions were performed every 25.5 159 

µs for a near full range of time of flight mass spectra (23-238 amu), continuously and with no loss of 160 

data. Following the accumulation of 3 consecutive acquisitions, electronic noise was subtracted, and 161 

signals were integrated and individually stored for each isotope (i.e. from Na to U every 76 µs). Total 162 

sampling time ranged between 0.5-10 min and was adjusted according to particle numbers in the 163 

samples (i.e. to achieve statistically significant particle counts). Sensitivity calibrations were built 164 

following the analysis of custom-prepared multi-element standards (CLMS-1, CLMS-2, CLMS-3 and 165 

CLMS-4, SPEX CertiPrep). TEs were determined using the particle size method31 and were based on 166 

ionic Au sensitivities and an ultra-uniform NP standard of 30 nm (NanoComposix, AUXU30-1M). For 167 
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NPs considered to be composed of a single metal, SDLs on the ICP-TOF-MS corresponded to ~30 nm 168 

(TiO2) and ~16 nm (CeO2 and Ag).  169 

Data processing for SP-ICP-MS/SP-ICP-TOF-MS. SP-ICP-MS data was processed using Nu Quant 170 

software version 2.2 (Nu Instruments, United Kingdom), as previously described in Hadioui et al. 171 

(2019)24 and Shaw and Donard (2016)33. Briefly, the data processing algorithm used data smoothing 172 

to reduce background fluctuations for time-resolved raw data. A rolling search window was created at 173 

time zero, where the algorithm searched for a peak maximum and set its pre- and post-inflection points. 174 

Once found, the window was shifted in order to detect more peaks – a process that spanned the whole 175 

data acquisition period. For each detected peak, the local background was calculated based on the 176 

stored inflection point data. It was then subtracted from the integrated raw data for the peak (further 177 

details in the SI). The average of local backgrounds (i.e. global background) was used to calculate 178 

dissolved metal content or interferences. NP masses and sizes were calculated based on ionic 179 

sensitivities and TE measurements, while assuming spherical shapes and particle densities of 4.23, 7.13 180 

and 10.49 g cm-3 for TiO2, CeO2 and Ag NPs, respectively. 181 

 SP-ICP-TOF-MS data was processed using a modified version of NuQuant software (NuQuant 182 

Vitesse prototype, Nu Instruments, United Kingdom).29 The software algorithm used similar 183 

smoothing and peak detection parameters, as for the single-isotope analysis, however, it searched for 184 

multiple target isotopes (e.g. 48Ti, 27Al, 56Fe for Ti-, Al- and Fe-containing NPs) simultaneously, 185 

determining start and end timestamps for each particle event. Based on the timestamps, counts for all 186 

isotopes were then identified. Given the full width half maximum (FWHM) values and the baseline 187 

standard deviations, a noise threshold was applied to filter out background artifacts, often arising from 188 

high-background metals (e.g. Na, Ca, Zn). While FWHM values were used to screen potential peak 189 

artifacts, the rapid monitoring of NPs was also conducted by sorting the detected NP peaks by isotope 190 

type and intensities in order to focus on peaks of potential concern, i.e. very slender or very wide peaks 191 
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with low intensity). NP masses were calculated based on multi-element calibrations and TE 192 

measurements. 193 

RESULTS AND DISCUSSION 194 

NP occurrence and concentrations across the globe. Concentrations of Ti-, Ce-, and Ag-containing 195 

NPs are presented for both surface waters and precipitation (Fig. 1) for a wide geographical range of 196 

samples (further details in Tables S1, S2, S3 and S4). Samples from 46 sites across 13 countries were 197 

analyzed, representing an array of natural and artificial water bodies, including lakes, rivers, ponds, 198 

canals, coastal marine water and natural precipitation, and encompassing a wide range of water types 199 

(i.e. salinities, natural organic matter content, hydrodynamic regimes). La-containing NPs were also 200 

reported (Fig. S2) to provide additional insight into particle origins. Based upon global production 201 

volumes1, 2, 8, we would expect La-containing NPs to be predominantly from natural sources, Ce- and 202 

Ti-NPs to be from both natural and anthropogenic sources and Ag-NPs to be predominantly from 203 

anthropogenic sources.  204 

It is notable that NP concentrations varied substantially with respect to both sampling location 205 

and NP type. For example, while Ti- and Ce-NP concentrations in surface and precipitation waters 206 

typically ranged between 104 – 106 NP mL-1, Ag-NPs were often below detection limits of 900 NP 207 

mL-1 and were only seldomly measured in the higher concentration range of 104 – 105 NP mL-1. Among 208 

the sampling sites examined, Ti-NPs were at the lowest concentrations in the Canadian far north 209 

(Yukon territories), whereas snow samples from the Sólheimajökull glacier (Iceland) contained the 210 

greatest number of particles (Fig. 1). While low NP concentrations were intuitively expected for 211 

samples relatively less impacted by urban/industrial activities (e.g. Yukon), in the absence of particle 212 

influx due to long-range transport,5, 11 the observed high NP concentrations of Iceland demonstrated 213 

the region-specific nature of NP emissions. Indeed, the geographical position of the Sólheimajökull 214 
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glacier between two volcanoes (Eyjafjallajökull and Katla) renders it vulnerable to volcanically 215 

generated particulate pollution, which is known to contain Fe and Ti.34, 35  216 

Ce-NPs generally followed a similar distribution pattern to that of the Ti-NPs, except in the 217 

case of the marine samples. While this may have been caused by significant particle agglomeration and 218 

sedimentation (potentially due to charge screening),36 it is nonetheless puzzling that Ti-NPs were not 219 

subjected to a similar fate. It is possible that this observation is related to particle-specific properties 220 

of the NP. For example, TiO2 NPs have been shown previously to partition into the top (more 221 

hydrophobic) layers of surface waters rather than remain uniformly distributed in the water column37. 222 

When compared to La-NPs (Fig. S2), which often hovered around 106 NP mL-1, Ti- and Ce-NP 223 

concentrations exhibited substantially more variability across sampling locations, likely caused by 224 

larger and more variable anthropogenic contributions of these two NPs. Furthermore, Ag-NPs showed 225 

concentration trends that were vastly different from both Ti- and Ce-NPs. Given that Ag is much less 226 

abundant on Earth as compared to Ti or Ce, one could hypothesize that its concentration is more 227 

influenced by anthropogenic processes – such as incineration/burning, metal smelting or mining 228 

activities.38, 39 The observation that Ag-NP concentrations were often below detection limits (900 NP 229 

mL-1) but with maxima in the range of 104 NP mL-1 is indeed consistent with their input via 230 

anthropogenic sources19 – probably as a result of localized pollution or episodic events – and their low 231 

thermodynamic stabilities40.  232 

NPs are thought to be scavenged by rainwaters, so concentrations in rain will also depend 233 

greatly on the frequency and duration of precipitation events, preceding the sampling. While it is 234 

difficult to speculate on the sources of the Ag NPs in the precipitation, the high concentrations observed 235 

in the Hohhot (CHN) rain sample are nonetheless consistent with China currently being the largest 236 

producer of silver in the Asia Pacific.  237 
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 238 

Figure 1. Nanoparticle concentrations in global surface waters and precipitation. Particle number 239 

concentrations for Ti-, Ce- and Ag-containing NPs (denoted by blue, orange and violet bars, respectively) 240 

collected at 46 sampling sites across 13 countries and measured in surface waters (a) and precipitation (b). 241 

Sampling sites are indicated by city/province names and ISO country codes. Measurements were performed 242 

using a sector-field ICP-MS. ND stands for “not detected” and refers to concentrations below the detection limits 243 

of the technique (ca. 1500 NP mL-1 for Ce and ca. 900 NP mL-1 for Ag). N/A refers to samples that were not 244 

analyzed. Error bars represent the standard deviations of triplicate samples.  245 

 The measurements presented here represent punctual determinations of NP concentrations and 246 

size distributions that are continually subjected to environmental factors, including precipitation, 247 

temperature, freeze-thaw, wind and episodic NP emission or transport events. Indeed, measurements 248 

of Ti- and Ce-containing NPs measured in Montreal surface waters over 5 weeks (Fig. S3) showed that 249 

NP concentrations fluctuated by 2-5x and appeared to be affected by the frequency/duration of 250 
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precipitation events. For example, higher concentrations of Ti- and Ce-NP were observed immediately 251 

after significant rain events and were potentially related to increased urban run-off41.  252 

NP composition and origins. Select international locations were used to explore the source of the Ti- 253 

NPs using SP-ICP-TOF-MS. Particle purity was used as an indicator of particle origin3, 27, under the 254 

assumption that anthropogenic NPs often occur as pure particles, whereas naturally occurring NPs 255 

often contain multiple elements. While the purity assumption is not a rigorous criterion for determining 256 

NP source, it can provide insight into particle origin when coupled with data on individual elemental 257 

associations and region-specific pollution scenarios. Multi-element analyses of the Ti-NPs in 258 

precipitation (Fig. 2a) showed that the NPs exhibited a range of complex associations with other metals. 259 

For example, for 80% of the Ti-NPs detected in Sao Paulo and Montreal rainwaters, only Ti could be 260 

detected (i.e. >99.9 % Ti), whereas this fraction dropped to about 50% for rainwater samples collected 261 

in Munich or Durham and to <30% for samples collected from Vancouver and Sólheimajökull. 262 

Associations with specific elemental tracers, such as Al, Si and Fe (i.e. aluminosilicates)16, 42, 43 were 263 

particularly enlightening. For example, in the precipitation from Sao Paulo and Montreal, Ti-containing 264 

NPs were found more frequently than Al-, Si- and Fe-containing NPs (Fig. 3a,b). Furthermore, Al, Si 265 

or Fe could only be detected in a small fraction (<10%) of the Ti-containing NPs (Fig. 3c,d), reinforcing 266 

the contention that there may have been a substantial anthropogenic input of Ti-NPs.44 In contrast, for 267 

the Vancouver rainwater, Ti-NPs were overwhelmingly less present than the Si- and Fe-containing 268 

NPs (Fig. 3a,b), with a majority of the Ti-containing NPs (>90%), also containing Si, Fe and Al (Fig. 269 

3c,d). For the sample from the Sólheimajökull glacier, Ti-NPs were predominantly enriched with Fe 270 

(70% of cases), occasionally with Al (15%) and very rarely with Si (1%) – an observation that is 271 

consistent with this environment being a major sink/carrier for natural Fe-containing nanominerals.4, 272 

45  273 



 
13 

 274 

Figure 2. Particle compositions and their link to particle masses (or sizes). a, Ti fractions in Ti-containing 275 

particles as determined in TiO2 nanoparticle standard (NIST 1898) and in natural precipitation samples collected 276 

at six locations: Sao Paulo (BRA), Montreal (CAN), Munich (DEU), Durham (USA), Vancouver (CAN) and 277 

Sólheimajökull (ISL). b-g, In selected samples of Sao Paulo, Montreal and Sólheimajökull, each Ti-particle is 278 

identified as containing ‘only Ti’ or ‘Ti with additional metals/metalloids’ and the corresponding number 279 

fraction (%) (b-d) of these particle categories as a function of total metallic particle mass (i.e. distributions, e-f) 280 

are reported. All calculations are based on data that was collected using single-particle ICP-TOF-MS. 281 
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 282 

Figure 3. Metallic associations of nanoparticles on a single particle level. a, Ratios of the number of Ti-283 

containing NPs to the number of Al-, Si- or Fe-containing NPs. b, Ratios of Ti mass to mass of Al, Si or Fe in 284 

the NP. c, Ratios of the number of Ti-containing NPs to the number of those both Ti-Al, Ti-Si or Ti-Fe. d, Ratios 285 

of the total mass of Ti in Ti-containing NPs to that of the Al, Si or Fe. Blue, red, and green bars denote Ti/Al, 286 

Ti/Si and Ti/Fe (mass or number) ratios, respectively. When these ratios are below 0.1 (i.e. low cut-off on y-287 

axis), bars were not visible, meaning that the second metal (Al, Si or Fe) was much more present as compared 288 

to Ti. Calculations are performed for natural precipitation samples from Sao Paulo (BRA), Montreal (CAN), 289 

Munich (DEU), Durham (USA), Vancouver (CAN) and Sólheimajökull (ISL). Measurements were performed 290 

using single particle ICP-TOF-MS. 291 

NP sizes and origins. Equivalent diameters were calculated based upon the assumption that NPs were 292 

spherical and contained only TiO2, CeO2 or Ag. In that case, there was significant overlap in the size 293 

distributions of the respective NPs in the different surface waters, with modes for the diameters often 294 

occurring at 30-60 nm for the Ti-NPs and below 20 nm for the Ce-NPs and Ag-NPs (note the detection 295 

limits of 15 nm for TiO2, 4 nm for CeO2 and Ag; example distributions are provided in Fig. 4a; mean 296 

sizes in Fig. 4b,c). Nonetheless, particle sizes appeared to be affected by the sample nature. For 297 
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example, mean diameters of Ti- and Ce-NPs detected in the rivers and rains were generally larger than 298 

those found in artificial water bodies, such as ponds and canals, or saline waters (Fig. 4b,c). This 299 

tendency may have been dictated by a combination of physiochemical (e.g. ionic strength, natural 300 

organic matter, redox conditions) and hydrodynamic (i.e. turbulence in water) factors and the way 301 

different NP types respond to them. Another notable source of variability is that the location of some 302 

of the water bodies might have favored the influx of certain types of NPs. For example, the observation 303 

of smaller NP sizes in artificial water bodies (e.g. ponds, canals) is consistent with the fact that these 304 

waters are mainly found in urban environments, which render them more susceptible to pollution with 305 

anthropogenic NPs (which generally tend to be smaller).   306 

 307 

Figure 4. Nanoparticle size distributions and mean sizes by water type. a. Particle size distributions as 308 

determined for Ti-, Ce- and Ag-containing NPs in London (The Long Water Lake), Göttingen (Leine River), 309 

Toronto (Lake Ontario) and Yukon (Kluane Lake) surface waters. Measured (mean) sizes for Ti- (b) and Ce-310 

containing (c) NPs detected in 46 samples. Samples were categorized by water type. Limits of the boxes and 311 
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whiskers represent 25%-75% and 5%-95% percentiles, respectively. Red solid circles represent the mean sizes, 312 

observed within each water category. NP measurements were performed using a sector-field ICP-MS. For all 313 

determinations, particle sizes were calculated by assuming that Ti-, Ce- and Ag-containing NPs occurred solely 314 

in the forms of spherical TiO2, CeO2 and Ag, respectively. 315 

While the above estimates are relevant for pure NP populations, sizes for multi-element NPs 316 

are more complicated to calculate (Fig. S4) due to an uncertainty on the particle densities and the 317 

unquantified contribution of several elements in the NPs (e.g. oxygen, halogens). For size estimates 318 

determined by taking into account the multi-elemental nature of particles, it was possible to observe 319 

two distinct peaks in the particle size distribution (e.g. Fig. S4 for the Icelandic sample). When the NPs 320 

were profiled as a function of their purity, only Ti (<1 fg per NP) was detected in the peak of the smaller 321 

NPs, whereas the peak corresponding to larger NPs systematically contained multiple elements (Fig. 322 

2d,g). Similar observations were made for samples from Sao Paulo (Fig. 2b,e) and Montreal (Fig. 2c,f), 323 

where the smallest NPs were generally of much higher purity as compared to the larger NPs. Although 324 

it might be possible to attribute the absence of small multi-element NPs to instrumental detection limits 325 

(Fig. S5), it was nonetheless extremely rare to find pure Ti-NPs (oxides) among the larger particles. 326 

Such results show, as has often been assumed in the literature, that the anthropogenically generated 327 

NPs tend to be smaller and purer particles. 328 

Global environmental implications. These results represent the first large-scale experimental 329 

determinations of NPs in surface waters and precipitation, encompassing three major NPs that are 330 

known to be emitted as a result of human activities. Data clearly show that NPs, whether anthropogenic 331 

or natural, have reached far corners of the world, albeit at concentrations that are dependent on the 332 

nature of the NPs, the geographical sampling location and the sampling time. Ti- and Ce-NP 333 

concentrations, which were impacted by both natural and anthropogenic inputs, showed the greatest 334 

variability across regions, ranging between 104-107 NP mL-1. In contrast, the sporadic nature of the Ag 335 

NPs, and their generally lower concentrations (up to 105 NP mL-1), showed that while anthropogenic 336 

(episodic) inputs of Ag NPs are occurring, they are likely still relatively infrequent or low concentration 337 
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events. For all NPs, particle concentrations and sizes were influenced by the water type, the nature of 338 

the sampling location and short- or long-range particle transport. Regardless of their nature, NP 339 

concentrations were often below 106 NP mL-1 (i.e. <1 ng L-1 for Ag-NPs; <100 ng L-1 for Ce-NPs;  <10 340 

µg L-1 for Ti-NPs), which are levels that presently do not appear to pose a high risk to 341 

ecotoxicological46-48 or human health49.  342 

In spite of the challenges of quantitatively distinguishing NPs with respect to their origins, the 343 

determinations of particle purity and size presented here indicated that smaller and purer NPs of 344 

possibly anthropogenic origin may indeed already dominate certain environments, such as large urban 345 

centers. It is worth noting that anthropogenic NPs are not only limited to the engineered NPs (i.e. 346 

manufactured), as they may also include NPs that are incidentally generated as a result of 347 

anthropogenic processes.5 For example, magneli phase titania (TixO2x-1), while rarely present in 348 

geological settings, was recently shown50 to be emitted from industrial coal burning, since Ti-minerals 349 

are an essential part of coal (i.e. >0.1 wt%). Consequently, while we do not have control over the spread 350 

of natural NPs, the increased industrialization and use of nanomaterials is likely to lead to the increased 351 

release and distribution of the smaller (and likely more biologically available) anthropogenic NPs at 352 

concentrations that exceed those of natural NPs. This will increasingly contribute to added 353 

ecotoxicological stress. 354 

While the analytical measurements were state-of-the-art, it is nonetheless extremely important 355 

to point out that the data were only a snapshot of a single sampling day at a given location. It is thus 356 

highly speculative to compare multiple sites or make inferences on the sources of the NPs, without 357 

complementary data on the spatial or temporal variations at a given site. Indeed, spatiotemporal 358 

distributions of NPs are likely impacted by geo-meteorological factors (e.g. geochemistry, terrain, 359 

precipitation, air currents), as well as numerous transformational processes that are occurring and 360 

which are influenced by the physicochemistry of the media, including pH, ligand concentrations and 361 
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redox potential. This can lead to highly variable distributions of NPs, even on limited spatial scales. 362 

Indeed, the concentration of Ag NPs collected from Kiessee Lake (pond) in Göttingen (DEU), which 363 

was formerly a quarry pit, contained almost two orders of magnitude more Ag NPs, as compared to a 364 

sample from the Leine River (Fig. 1), even though sampling spots were within 2 km of each other. This 365 

observation suggests that in the absence of analytical data, it will be very difficult for large scale models 366 

to account for important short-range or on-site contributions of the NPs.  367 

 This work lays the foundation for more thorough experimental measurements of NPs, which 368 

can be used as both input data and to validate models being developed to assess the risk of NP. Future 369 

technical improvements to the sensitivity of analysis techniques, particularly for the multi-element 370 

analysis of single nanoparticles – aided by isotopic fingerprinting using machine learning51, 52 – will 371 

pave the way for the full quantitative profiling of the NPs by origin. This will in turn enable a more 372 

quantitative evaluation of the impact of burgeoning nanotechnology industries on local, regional and 373 

global scales. 374 
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