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Perkins, Kaitlin, M.S., Spring 2021     Systems Ecology 

Concentration and composition of nanoparticles and colloidal particles in a mine-waste 

contaminated river  

Benjamin P. Colman  

Metals and metalloids (metal(loid)s) in aquatic ecosystems are often described through measures 

of their concentrations in whole and filtered waters. The filtered fraction is operationally defined 

as “dissolved,” and assumed to be primarily composed of free metal(loid) ions or of ions bound 

by low molecular weight organic matter. This definition ignores that the dissolved fraction also 

likely contains colloidal particles (1 to 1000 nm) that can pass through commonly used filters. 

This colloidal fraction can also be preferentially removed from the water column by algae and 

other aquatic organisms compared to free metal(loid) ions and organic bound metal(loid)s. 

Though they may be important in describing the bioavailability and toxicity of contaminants, the 

abundance and composition of colloidal particles is not well described. To better understand the 

abundance and elemental composition of colloidal particles in aquatic ecosystems, we used 

single particle inductively coupled plasma time-of-flight mass spectrometry (spICP-TOFMS) to 

simultaneously characterize and quantify a range of elements in individual colloidal particles. 

We collected samples from eight mainstem sites and two tributaries to the Clark Fork River, 

Montana, which has a legacy of metal(loid) contamination in its sediments and surface waters 

from past mining and ore processing. Colloidal particles were abundant in all samples, with 144 

different particle types detected. The most common particle types contained Fe and Mn. Single-

element particles were more abundant than multi-element particles, however our estimate of 

multi-element particles is likely conservative due to the small size of the single-element particles 

(median 83 nm) which may limit detection for minor components. Multi-element colloidal 

particles mostly consisted of Fe and Mn in combination with other metal(loid)s, indicating Fe 

and Mn may serve as vectors for more toxic metal(loid)s. Our data suggest biogeochemistry 

drove the presence of the abundant Fe and Mn containing particles, which contrast with the Al 

and Si rich sediment. The small size of the colloidal metal(loid) particles suggests that that 

contaminant exposure to organisms occurs as complex assemblages of colloidal particles. Loads 

of elements in colloidal particles increased for many elements from upstream to downstream, 

though the exact mechanisms behind this increase are unknown. The abundance of colloidal 

particles in this study suggests that they may be important to the fate and transport of metal(loid) 

contaminants, and that they may be important to consider when examining exposure, 

accumulation, and toxicity of metal(loid) contaminants in aquatic ecosystems.  
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1. Introduction 

Studies examining the concentrations and cycling of metals and metalloids in aquatic ecosystems 

often focus on either unfiltered or filtered water samples. The concentration of metals and 

metalloids (hereafter metal(loid)s) in the filtered sample is defined as being “dissolved,” and 

metal(loid)s in the dissolved fraction are assumed to consist largely of either free ions, 

metal(loid)s bound by dissolved organic matter, or other ionic species of metal(loid)s like soluble 

oxides and hydroxides (Aiken, Hsu-Kim, and Ryan 2011). While the bioavailability of species in 

the dissolved fraction differ relative to one other, the dissolved fraction is often the focus in 

studies examining the  exposure, accumulation, and toxicity of metal(loid)s to aquatic organisms 

(de Paiva Magalhães et al. 2015).  

One weakness of this definition of the dissolved fraction is that it ignores the fact that commonly 

used filter sizes (0.2, 0.45, or 0.7 µm) allow colloidal particles (1 to 1000 nm) to pass through, 

and some metal(loid)s occur in surface waters in the colloidal size fraction (Guéguen and 

Dominik 2003; Farag et al. 2007; Stolpe et al. 2013). Colloidal particles containing Fe and Mn 

are abundant in rivers and streams and can act as vectors for other metal(loid)s (Hassellöv and 

von der Kammer 2008). Colloidal Fe particles form from the oxidation of dissolved Fe2+ in both 

surface water and riverbed sediments (Fox 1988; Ratié et al. 2019). Other metal(loid)s also occur 

in the colloidal pool in rivers and streams alongside Fe and Mn, including Al, Cu, Pb, and As 

(Farag et al. 2007; Trostle et al. 2016). 

Though metal(loid)s in the colloidal size fraction might be less available than if they were in 

ionic form, colloidal particles can be more biogeochemically active when compared to truly 

dissolved metal(loid)s. For example, in mesocosms containing floating treatment wetlands, 
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metal(loid)s that were abundant in colloidal particles were removed from the water column to a 

greater extent than “truly dissolved solutes” (filtrate < 1 nm), and this process was facilitated by 

the periphyton (the assemblage of algae, bacteria, and fungi) growing on plant roots in the water 

column (Sullivan 2019). In a review of engineered nanoparticles (1 – 100 nm), the authors 

described the importance of these particles in the sequestration and transformation of inorganic 

nanoparticles (Desmau et al. 2020).. Silver nanoparticles cause stress to aquatic macrophytes 

(Yuan et al. 2018). In experimental streams exposed to Cu and Zn with Fe oxide particles, the 

periphyton had both enhanced metal accumulation and reduced growth rates compared to a 

treatment without Fe particles (Cadmus et al. 2018). Multi-element particles containing hydrous 

Fe oxides with Cu sorbed to the surface were found to be a source of dietary exposure to Cu for 

benthic grazing aquatic macroinvertebrates (Cain, Croteau, and Fuller 2013).  Freshwater snails 

accumulate zinc oxide particles that were internalized by diatoms through a dietary exposure 

pathway (Croteau et al. 2011). While the cycling and bioavailability of colloidal particles has 

been well-documented in laboratory studies, there is still much to be understood in field studies 

of rivers and streams. 

To understand the nature of colloidal particles in ecosystems, methods are available that can 

describe colloidal particle at the level of their bulk characteristics or at an individual particle 

level. Methods in bulk characterization often employ a two-step process including size-

separation of the sample followed by characterizing the concentration or speciation of elements. 

One approach is to separate colloidal particles based on size using sequentially smaller filter 

sizes in the micrometer to nanometer size range, followed by ICP-MS analysis (Sigg et al. 2000; 

Guéguen and Dominik 2003; Farag et al. 2007; Colman et al. 2014; Trostle et al. 2016). This 

“cascade filtration” approach does not distinguish between metal(loid)s in a given size fraction 
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that are bound to colloidal organic matter as opposed to metal(loid)s found as colloidal mineral 

particles; however, subsequent analysis of the retained particles using X-ray diffraction can give 

insights into dominant crystalline phases while X-ray absorbance spectroscopy can provide 

insights into major and minor chemical species (Bone et al. 2012). As an alternative to using 

discrete size-based cutoffs for separating colloidal particles, techniques such as field flow 

fractionation can separate particles based on either hydrodynamic radius or buoyant volume 

before characterization of the separated particles. Colloidal particles can be characterized with a 

variety of inline detectors including light scattering detectors which can measure particle size 

and fractal geometry, as well as destructive analysis through ICP-MS (Kammer et al. 2011). 

These bulk techniques provide rich data about the composition of the entire assemblage of 

particles within a given particle size or size fraction, but they do not provide the chemical 

composition of individual particles. 

For characterizing individual-particles, commonly used methods include electron microscopy 

and single particle inductively coupled plasma mass spectrometry (spICP-MS). Electron 

microscopy can leverage a range of techniques that can both image the surface and interior of 

colloidal particles, and provide detailed information about particle shape, size, and crystal 

structure. When paired with energy dispersive spectroscopy or electron energy loss spectroscopy, 

electron microscopy can also provide information on composition. Electron microscopy can also 

be used with size-separated fractions generated through cascade filtration or field flow 

fractionation (Plathe et al. 2010). The main challenges with electron microscopy are that 

throughput is limited when analyzing individual particles, and composition information is semi-

quantitative (Scimeca et al. 2018). The use of spICP-MS provides complementary insights into 

particle composition. With the use of shorter, µs dwell times in a quadrupole MS, spICP-MS can 
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capture up to two elements in particles simultaneously and with increased sample throughput 

(Montaño et al. 2019). Though spICP-MS excels at characterizing the mass of one element in a 

large number of individual colloidal particles, and while it can be used to examine two elements 

simultaneously in newer instruments, it cannot characterize particles with a larger number of 

elements, such as those that might be expected in surface waters (Montaño et al. 2019). 

Though early work using spICP-MS was focused on detecting manufactured nanomaterials in 

surface waters, new advancements show promise for greatly expanding our ability to 

characterize natural and incidentally formed colloidal particles (Montaño et al. 2019). The 

coupling of spICP-MS with a time-of-flight (TOFMS) mass analyzer has led to techniques in 

single particle inductively coupled plasma time-of-flight mass spectrometry (spICP-TOFMS). 

With spICP-TOFMS, we can rapidly characterize many elements simultaneously in individual 

particles, allowing us to rapidly screen thousands of particles in rivers and streams.  

Despite the known presence of colloidal particles in surface waters, colloidal particle abundance 

and characteristics like their composition and particle size in natural systems are not well 

described. The goal of this study was to characterize metal(loid) particles in the mine-waste 

contaminated Upper Clark Fork River in Montana during base flow, and to do so on a 

quantitative particle-by-particle basis. Increasing our understanding of the composition, 

abundance, size, and load of colloidal particles moving through this contaminated river is the 

first step in understanding the forms of metal(loid)s that organisms are exposed to and may 

provide insights into the patterns and potential mechanisms contributing particles to the water 

column during baseflow.  
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2. Methods 

2.1 Site history  

Hard rock mining took off in the Upper Clark Fork River (UCFR) basin in the late 1800s, after 

which Butte became a source for much of the copper that electrified the country in the early 

twentieth century (Brooks 2015; Helgen and 

Davis 2000). At one point during this period, 

the mines at Butte were some of the most 

productive copper mines in the world, 

however the processes of mining, ore 

processing, and smelting produced millions of 

tons of metal(loid)-contaminated waste that 

were deposited into the waterways and 

floodplains in Butte and Anaconda. In 1908, a 

flood redistributed these contaminants within 

the Upper Clark Fork watershed to floodplains, sediments, and water downstream (Nimick and 

Moore 1991; Brooks 2015). The contamination from these events was detected over 400-km 

downstream from the headwaters, with the highest contamination levels in the first 45-km of the 

river (Hornberger et al. 2009). The widespread contamination in UCFR floodplains and 

sediments led to it being established as the Clark Fork River Operable Unit (US Environmental 

Protection Agency 2004), which is part of the Clark Fork Superfund Complex (Figure 1)..  

Figure 1: Clark Fork Superfund Complex (US EPA, 2004)   
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2.2 Site description 

Our study focused on the first 69 km of the Clark Fork River Operable Unit, which has elevated 

levels of contamination, ongoing remediation and restoration, and ecological impairment. 

Designated by the US Environmental Protection Agency (US EPA) as “Reach A”, it runs from 

the headwaters of the Clark Fork River at the confluence of Warm Springs Creek and Silverbow 

Creek to the Little Blackfoot River (US Environmental Protection Agency 2004). Reach A has 

been the site of extensive and on-going floodplain remediation and restoration efforts to meet 

remediation standards set by the US EPA and expanded by the Montana Department of 

Environmental Quality (MT DEQ). Work has included the removal of contaminated floodplain 

material before widespread bank stabilization and revegetation (Moore and Langner 2012). 

Despite the extensive remediation, aquatic invertebrates show evidence of continued impairment 

and trout populations remain low in the UCFR (Naughton et al. 2020; Cook et al. 2017). 

Reduced trout populations may be partially attributed to low water levels and elevated water 

temperature in the river during summer months, though these issues are likely exacerbated by 

persistent metal contamination (Cook et al. 2017).  

The UCFR has been regularly monitored by the US EPA and MT DEQ for a range of 

contaminants and environmental characteristics. Metal(loid) contaminants of concern are 

monitored in surface waters and sediments and include metalloid arsenic (As) and the four 

metals cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn). In the 2018 monitoring report from 

the MT DEQ, the metal(loid) concentration targets were exceeded for all five metal(loid)s at 

some surface water stations, with As (61% of samples) and Pb (31% of samples) exceeding 

concentration goals more than Cu, Zn, and Cd. Sediment samples also exceeded established 

concentration goals and to a much greater extent; all sediment samples exceeded the probable 
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effect concentration (PEC) for As, Zn, and Cu and 75% exceeded the PEC for Pb and Cd 

(Naughton et al. 2019). The metal(loid) contaminants in the sediment may be acting as a chronic 

source of metal(loid)s to surface waters of the UCFR (Moore and Langner 2012).  

2.3 Sample collection 

We collected samples during baseflow over Reach A of the UCFR on September 28, 2018 (Table 

1) from ten sites streamside along the river in what is the most contaminated reach. These 

sampling sites included eight mainstem UCFR sites and two of its tributaries. Several minor 

tributaries flowed into the river between sites but were not sampled. Spring and summer flows 

were high in the UCFR in 2018 and may have resulted in higher than normal metal(loid) 

concentrations (Naughton et al. 2019), while precipitation in the months prior to sampling was 

low and between 4% and 49% of the normal monthly values (NOAA 2018). We collected 

environmental data (dissolved oxygen, temperature, specific conductivity, and pH) concurrently 

with sample collection using a multi-parameter probe (YSI). Unfiltered water samples were 

collected in new 50-mL VWR polypropylene centrifuge tubes. The tubes were filled with 

ultrapure water days prior to collection, and the water was dumped on site just prior to sampling. 

Samples were immediately shipped to the University of Vienna. Dr. Manuel Montaño analyzed 

the samples using spICP-TOFMS to generate the data that we then used to characterize and 

quantify the mass, size, and composition of individual colloidal particles.  
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Table 1. Site abbreviation, name, and location for eight UCFR sites and two tributaries of the UCFR. 

Site Site Name Latitude Longitude Main/Tributary 

WS Warm Springs Cr 46.18592 -112.7738 tributary 

CF1 Warm Springs 46.18721 -112.7703 UCFR 

CF2 Perkins Rd 46.20860 -112.7676 UCFR 

CF3 Galen Rd 46.23743 -112.7532 UCFR 

CF4 Racetrack 46.26538 -112.7447 UCFR 

CF5 Sager 46.31738 -112.7362 UCFR 

CF6 Deer Lodge 46.38350 -112.7380 UCFR 

CF7 Kohrs Bend 46.49802 -112.7412 UCFR 

LB Little Blackfoot River 46.51942 -112.7934 tributary 

CF8 Downstream of LBR 46.51987 -112.8077 UCFR 

 

2.4 spICP-TOFMS 

To investigate the elemental composition of individual colloidal particles, we analyzed samples 

with spICP-TOFMS (TOFWERK AG, Thun, Switzerland). Like spICP-MS using a quadrupole 

instrument, this method is a powerful tool for trace element analysis of inorganic colloidal 

particles. The use of a time-of-flight mass analyzer is that it allows us to obtain information 

about a wide range of elements in each individual particle as opposed to only one or two on an 

instrument with a quadrupole mass analyzer. As such, spICP-TOFMS has the potential to better 

address the need for elemental analysis in the complex matrix of natural waters (Montaño et al. 

2019).  

The instrument was calibrated with both nanoparticle and dissolved standards, and samples were 

diluted to minimize coincidence of particles and the instrument. The spICP-TOFMS system 

measures particles as peaks and dissolved material and noise as a background signal when 

measuring the ions that pass through the instrument. Using a 3 ms dwell time, particle peaks 

were separated from the background signal by calculating the mean signal intensity and standard 
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deviation, then identifying data as peaks when they were greater than three times the standard 

deviation of the mean of the background signal. The spICP-TOFMS instrument was calibrated 

using gold particle standards in two different formats: 60 nanometer particles at a concentration 

of 50 parts per trillion and 100 nanometer particles at 500 parts per trillion (BBI Solutions, 

Crumlin, UK). To calibrate the particle mass measurements, the results from measuring the 

calibration standards were modeled with other measured variables, including the instrument’s 

transport efficiency, dwell time, and sample flow rate. The transport efficiency of spICP-TOFMS 

quantifies the incomplete transfer of particles from the gold nanoparticle standards to the 

instrument relative to dissolved ions and was calculated for this analysis using the 60 nm and 100 

nm standards. Particle peaks were then converted to mass values for each element within a 

particle using calibration curves (see Appendix A for calibration curve equations and figures). 

We diluted samples one in one thousand to ensure a low concentration of particles. We analyzed 

a full spectrum of metal(loid)s within nano- and colloidal particles, including those monitored by 

the US EPA and MT DEQ.  

2.5 Data processing  

To process the expansive spICP-TOFMS output for this analysis, we coded a workflow in R 

Statistical Software (R 2020). For each element, we created a presence/absence matrix for each 

particle to delineate all the different particle compositions and allow for determination of particle 

counts by particle type. Particle sizes were calculated assuming that Fe, Mn, aluminum (Al), and 

silica (Si) were present as hematite, manganese dioxide, aluminum oxide, and silicon dioxide, 

respectively. Additionally, we assumed particles had a general bulk density of 2.65 g cm-3 when 

calculating size based on the common mass assumption for soils and sediments (NRCS 2012). 

The number of moles per particle was calculated by converting mass values into moles within a 



 10 

particle using the molar mass of each element. The confidence interval around the median of 

moles for each particle was estimating using the binomial distribution. Particles were quantified 

across all ten sites by both the number of particles present and the mass of metal(loid)s within 

particles. The concentration and instantaneous load of both the number of particles and 

metal(loid) mass were calculated by scaling up the volume of sample analyzed to a per liter 

measurement using the sample flow rate through the instrument and accounting for dilution. 

Loads were calculated using discharge values either collected from United States Geological 

Service (USGS) gages or interpolated from those data for sampling sites that are unavailable by 

using weighted means with linear regression modeling.   

We used generalized additive models (GAMs) to explore how sites differed from each other in 

concentration and load along the river. Using GAMs to explore ecological data allowed us to 

capture non-linear patterns and penalizes the curviness of the model to prevent overfitting. All 

work was done within the R statistical environment (v. 4.1.0, R Core Team, 2021), and the 

GAMs for particle and element concentration and load were created using mgcv with the REML 

option for automated estimation of the smoothness parameter (Wood 2021). In this modeling 

approach, we applied a smoothing function to the predictor variable and estimated the 

smoothness parameters and selected a model using restricted maximum likelihood. The models 

were built with a single predictor variable, distance downstream from CF1, with the two tributary 

sites excluded from the model but presented on the figures. 

2.6 Common and rare particles  

In exploring our data, there were some particle types with >10,000 measured particles and others 

with only one detected particle. For many of our in-depth looks at individual particle types, we 

chose to focus on the most abundant particles, which we will refer to as “common” particles. We 
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defined common particles as being the top 20% of all particle types based on a rank abundance 

curve using approaches in microbial community ecology (Wilhelm et al. 2014). With the 20% 

threshold defining our common particles, we included particle types with at least 10 detected 

particles across all samples. The other 80% of particle types were categorized as “rare”. Rare 

particles were included in broader analyses of masses of elements in colloidal particles and 

numbers of single and multi-element particles but were excluded for the particle-specific 

characterizations for clarity.  

3. Results 

3.1 Study reach discharge and water chemistry 

Moving from upstream to downstream in the UCFR, the river showed small increases in 

temperature, dissolved oxygen, and pH, and larger increases in discharge and specific 

conductance. The pH values increased from 8.5 to 8.9 over the sampling sites (Figure 2B).  

Dissolved oxygen was relatively constant between 10.6 to 11.6 mg L-1 (data not shown) showing 

a slight trend towards increasing concentrations downstream. Water temperature increased 

slightly (7.2 to 8.6 °C) as they were sampled over the course of the morning from upstream to 

downstream, with the tributaries WS and LB having similar temperatures to their adjacent 

mainstem sites (Figure 2C). Specific conductance increased by 60%, increasing from 297 to 477 

µs cm-1 at WS and CF7, respectively (Figure 2D). Tributary LB had the lowest specific 

conductance, which was similar to WS. Discharge increased four-fold over the eight CF sites, 

increasing from 2.3 to 8.1 m3 s-1 (Figure 2E). The tributaries WS and LB had similar discharges 

(2.0 and 2.3 m3 s-1), and LB was approximately 1/3 that of discharge at CF7.   
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Figure 2: Site information including (A) site map where CF designates main stem and WS and LB are 

tributaries, (B)  pH, (C) temperature (T, °C), (D) specific conductance (SPC, µS L-1), and (E) discharge 

(Q, m3 s-1). Gray bars represent tributaries, and tributaries are positioned on the figure relative to where 

they enter the UCFR between other sample sites. 

3.2 Particle Characteristics 

3.2.1 Particle composition  

A profile of all detected particles 

For the eighteen elements we included in our analysis, we detected over 23,000 particles across 

our ten sites, with each particle containing between one and five detected elements. These 
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particles consisted of a total of 144 different particle types, where each particle type was named 

based on the elements of which it was composed. Most particles (81%) consisted of only one 

detected element, and generally, as the number of elements detected in particles increased, the 

number of those particles decreased. Of the 23,710 particles detected, 19,096 were single-

element, 4,298 were two-element, 250 were three-element, 42 were four-element, and only 10 

particles had five elements.  

A deeper examination of the full assemblage of particles revealed that the top 20% of particles 

based on rank abundance (hereafter referred to as common particles) represented 98.9% of the 

total number of particles. Of these twenty-nine common particle types, sixteen were single-

element particles while the remainder had either two or three elements (Figure 3). Except for 

cadmium (Cd) and lanthanum (La), all other elements considered for this study were present in 

the common particle pool (Figure 3). The thirteen common multi-element particles had either 

two or three elements per particle and typically consisted of Fe and/or Mn associated with Al, 

Pb, U, Ti, Cu, Ni, and/or Si. Elements found as common single-element particles but not in 

common multi-element particles included Ba, Zn, V, As, W, Au, and Ce.  

Both Fe and Mn were ubiquitous in single and multi-element particles as evidenced by the top 

three particle compositions by rank-abundance being Fe, Mn, and Mn-Fe (11,124 Fe, 3,917 Mn, 

and 3,326 Mn-Fe particles). Single and multi-element particles containing Fe and Mn with and 

without other elements comprised 82% of all particles detected. Though both Fe and Mn were 

ubiquitous, Fe was in 65% and Mn in 31% of common particles. In addition to their importance 

in common particles, Fe and Mn were also abundant in rare particles, where they were present in 

79% of the 263 rare particles detected.   
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Figure 3: Rank abundance of common particle types across all ten sites and all elements by symbol 

considered for this study. The order of the elements in a particle type is indicative of their relative 

abundance in that particle type. 

Number of moles per particle 

For the sixteen elements detected as single-element particles, the median particles were in the 

range of 1 to 1000 amol particle-1 (1 amol = 10-18 mol; Figure 4A), though the 95% confidence 

interval of the median around most particles was small. The five heaviest elements (i.e., U, W, 

Pb, Au, and Ce) had the smallest median values, in the 1 to 10 amol particle-1 range. The lighter 

transition metals (i.e., Fe, Mn, Ni, Zn, Cu, and V) as well as Al, As, and Ba in single-element 

particles had medians between 10 and 100 amol particle-1. There were only two elements with 

medians in the 100 to 1000 amol particle-1 range, namely Ti and Si with 124 and 544 amol 

particle-1, respectively. For the most part, the confidence intervals around the median value for 

most particle types were fairly small, and the difference between the upper and lower confidence 

intervals was less than 6% for many single-element particles (see Appendix C for median and 
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confidence interval tables) However, the range in moles per particle was sometimes large. This 

was most noticeable for Fe in common particles, which had a maximum number of moles per 

particle that was between two and five-hundred-fold larger than the minimum value for that 

some particle types.  

When found in common multi-element particles, the median number of moles of Fe, Mn, or 

both, was often greater than for other elements like Al, Cu, and Pb. For example, moles of Fe 

and Mn were more than thirty-fold higher than Pb in Fe-Pb and Fe-Mn-Pb particles. Similarly, 

there was sixteen-fold more moles of Mn than Pb in Mn-Pb, and the median moles of Fe were 

six-fold greater than Cu in Fe-Cu. Exceptions to this trend include Ti-Fe and Si-Fe, where there 

was a bigger disparity and the medians of Ti and Si were over two-fold and five-fold higher than 

Fe, respectively. Of a total of thirteen common multi-element particles, Fe had a higher median 

in eight out of twelve particle types, and for Mn, it was true in three out of five (Figure 4B, C). 

When comparing Fe and Mn to one another in common multielement particles, their relative 

abundance varied by particle type. While Mn had a slightly higher median number of moles for 

Mn-Fe and Mn-Fe-Pb particles, Fe had a much higher median number of moles in Fe-Mn-Al and 

Fe-Mn-Ni particles.  

Many elements had similar median numbers of moles per particle in both single and multi-

element particles, with the exception of both Fe and Mn. When Pb, Cu, Si, and Ti were in multi-

element particles, the median number of moles of those elements was no more than 20% greater 

than when they were in single-element particles. In the case of Pb, the median was 10% lower 

when found as Mn-Pb particles than in single-element form. For U, Ni, and Al, the median 

number of moles of those elements in multi-element particles was between 48 and 65% larger 

than when in single-element particles. For Fe and Mn, however, differences were much larger. 
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For example, Mn in Mn-Fe-Pb particles was five-fold larger than in Mn particles, while Fe in Fe-

Mn-Ni particles was 76-fold larger than in Fe particles.  

Figure 4: Violin plots of the number of moles per particle for each common particle type grouped by (A) 

single-element (B) two-element and (C) three-element particles. Elements in multi-element particles are 

ordered by decreasing median values within particles. Particles are ordered from most to least abundant 

by number within each panel. The solid vertical lines delineate between different particle types, gray dots 

are individual data points, and short black horizontal indicate median values. 

3.2.2 Size of metal oxide particles 

For the subset of particle types for which we calculated particle size, we found that most single-

element particle types had median sizes in the nanoparticle range (1 to 100 nm), all two-element 
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particle types had median sizes in the 75 to 170 nm range, and all three-element particle types 

had median sizes in the 130 to 380 size range. For single-element particles, the median particle 

size of Fe was 88.0 ± 14.6 nm (median ± median absolute deviation), Mn was 61.3 ± 12.2 nm, 

and Al was 67.2 ± 4.5 nm. While these three were all fairly close to one another, Si particles 

were roughly two-fold larger (133 ± 8.1 nm; Figure 5A). When averaging across all four of these 

single-element particles, the median size was 82.6 ± 51.1 nm (Figure 5B). 

Most two-element particles had median sizes either in the nanoparticle range or just above. The 

median sizes of Mn-Pb (74.9 ± 22.5 nm), Fe-U (87.0 ± 13.6 nm), and Fe-Ti (87.8 ± 14.3 nm) 

were all in the nanoparticle size range and of the same order of magnitude as single-element Fe, 

Mn, and Al. All other two-element particles were just above the nanoparticle range with medians 

that ranged from 109.9 ± 19.2 nm for Mn-Fe to 166 ± 31.9 nm for Fe-Si. Overall, the median 

size for two-element particles was 111.2 ± 21.9 nm.     

Three-element particle types had both the largest median values and the largest ranges of median 

values. The smallest three-element particle type was Al-Fe-U, which was 135 ± 41.4 nm, which 

was larger than the median for all single element particles and all but one two-element particle 

type, namely Fe-Si. Particles of Fe-Mn-Ni were the largest of the three-element particles with a 

median diameter value of 373 ± 124 nm. 
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Figure 5: Violin plots of the particle size of common metal oxide particles by (A) particle type and (B) 

number of elements per particle. The x-axis on panel A is ordered from most to least common particles 

and the gray points represent individual particles. 

3.3 Spatial Patterns 

3.3.1 Longitudinal abundance, concentration, and load of particle types 

Consistent with the patterns observed across all sites, single-element Fe particles were the most 

abundant at every site, followed by Mn and Mn-Fe at most mainstem UCFR sites and other 

single-element particles at the two tributaries (Figure 6). The number of Fe particles was greater 

than Mn at all sites and two-fold greater or more at CF5 and sites downstream. There were over 

twenty-fold more Fe than Mn particles at downstream tributary LB, a difference much greater 

than other sites. Up through CF4, Mn and Mn-Fe were the next most abundant particle types. For 

example, at CF3 42% of all detected particles were Fe-particles, while 21% were Mn, and 20% 

were Mn-Fe. Given that no other particle types were as abundant as these, we examined both the 

sum of the abundances of all remaining single-element particles and the sum of all remaining 

multi-element particles, which at CF3 represented 13% and 3.7% of all particles, respectively. 
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From CF5 downstream, the relative amount of other single-element particles was greater than or 

similar to Mn and Mn-Fe, however all three categories were less than Fe. The clearest example 

of this pattern was at LB, where the Mn-particles were 2.9% Mn-Fe represented 3.0 % relative to 

a high number of Fe (69%), other single (18%), and other multi-element particles (7.2%).  

 

Figure 6: The longitudinal change in the relative number of particles binned as single-element Fe, single-

element Mn, two-element Mn-Fe, all other single-element, and all other multi-element particles along the 

CF and two tributaries. The total number of particles at each site equals 100% on the y-axis.  

There was a correlation between the particle concentrations (number of particles per L) of Mn 

and Mn-Fe, which stands in contrast to the much weaker correlation between Fe and Mn-Fe 

particles (Figure 7). The concentrations of Mn and Mn-Fe (Figure 7) were closely related among 

the study sites, yielding a Pearson’s r of 0.91 (p < 0.0001), while Fe and Mn-Fe particles had a 

much lower Pearson’s r of 0.29 (p = 0.12). There was a tighter relationship between Fe particles 

and both Mn-Fe and Mn particles from sites CF1 through CF4, as the pattern diverged starting at 

CF5 where both Mn and Mn-Fe particles decreased, while the concentration of Fe stayed fairly 

constant.  
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There was a general increase in particle load over the first seven UCFR sites, and the load either 

remained steady or decreased following the tributary inputs at LB. The particle load (number of 

particles per unit time) of Fe and other single and multi-element particles increased from CF1 to 

CF7, while the Mn and Mn-Fe particle load declined at CF5 before Mn-Fe increased again and 

Mn remained steady. The Fe particle load was similar at CF8 as CF7, despite the substantial 

inputs of Fe from LB that were one-third the load upstream of the confluence at CF7. Aligning 

with patterns in Fe, all other single and multi-element particles were similar in particle load at 

CF7 and CF8 save Mn and Mn-Fe, which decreased between CF7 and CF8. However, unlike Fe, 

the Mn inputs from LB were small and only a fraction of the CF7 load (Figure 7).  
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Figure 7: Longitudinal change in particle concentration (left) and load (right) along the CF. The two 

tributaries are described by purple triangles and presented on the figure for visual comparison, however, 

were not included in the generalized additive models of concentration and load. The gray ribbons 

represent the 95% confidence interval of the model, and the points are data used to produce the model. 

The particles are binned the same as Figure 6. Deviance in particle concentrations explained by 

generalized additive models using site as a predictor included: Fe (93%), Mn (52%), Fe-Mn (90%), other 

single-element (28%), and other multi-element (57%). Deviance in particle loads explained by 

generalized additive models using site as a predictor included: Fe (97%), Mn (88%), Fe-Mn (86%), other 
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single-element (55%), and other multi-element (72%). P-values for the smooth terms of each model are 

found in Appendix C, Table 8.   

3.3.2 Longitudinal concentration and load of elements   

For many elements measured as colloidal particles in samples from the mainstem of the Clark 

Fork, there was an overall increase in their mass concentration moving from upstream to 

downstream, though several varied along the reach (Figure 8A). For example, colloidal Fe 

increased from the first site, CF1 (146 ± 19 µg/L; mean ± SE) to CF4 at 19-km downstream (213 

± 14 µg/L). After CF4, the concentration of colloidal Fe then remained steady to CF7 at 64-km 

downstream from CF1. Colloidal Mn similarly increased from CF1 (56 ± 5.8 µg/L) to CF4 (96 ± 

5.5 µg/L), however consistent with the number concentration of Mn and Mn-Fe particles, it 

decreased at CF5 and remained depressed in concentration. Colloidal Cu, Zn, As, and Pb all 

showed a pattern similar to Fe, increasing from upstream to downstream between CF1 and CF4 

before remaining steady until CF7.  

Much like with particle loads, the colloidal-mass load for many elements increased over the first 

seven mainstem sites, with the exception of Mn which peaked at CF4 (Figure 8B). Colloidal Fe 

increased in load by more than three-fold between CF1 and CF7, while colloidal Zn and As 

increased four-fold over the same sites. The increased loads of colloidal Cu and Pb were even 

more pronounced at more than thirteen-fold greater at CF7 than at CF1. In contrast, colloidal Mn 

increased by three-fold from CF1 to CF4 before decreasing by 40% at CF5, after which the load 

remained steady CF7.  

Inputs from the tributary LB contributed to an increase in the colloidal load for some elements 

between CF7 and CF8, though the loads for many colloidal elements decreased between the two 

sites (Figure 8B). The load for colloidal forms of Zn and Cu both increased from CF7 to CF8, 
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despite small colloidal particle inputs from LB. For Zn, the colloidal load increased from 4.7 ± 

0.49 mg s-1 at CF7 to 9.8 ± 0.52 mg s-1 at CF8, despite LB being less than 2 mg s-1. The pattern 

in colloidal Cu was similar, and the load increased from 6.9 ± 0.40 mg s-1 at C7 to 8.0 ± 0.51 mg 

s-1 at CF8. Mn showed the opposite pattern, where the colloidal Mn load decreased from 298 ± 

21.9 mg s-1 at CF7 to 213 ± 22.2 mg s-1 at CF8, despite a small Mn input from LB. Like Mn, the 

loads of colloidal As and Pb decreased between CF7 and CF8. Finally, despite the load of 

colloidal Fe particles from LB being approximately one-third that of CF7 (1349 ± 77.9 mg s-1), 

the load of colloidal Fe at CF8 (1403 ± 104 mg s-1) was similar to CF7 and stayed essentially 

unchanged from upstream to downstream of the confluence.  
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Figure 8: Longitudinal element mass (A) concentration and (B) load for colloidal forms of the elements 

Fe, Mn, Zn, Cu, As, and Pb along the Upper Clark Fork River. Elements are ordered from most to least 

numerically abundant moving from dark colors in the upper panels (Fe) to lighter colors in the bottom 

(Pb). The two tributaries are described by purple triangles and presented on the figure for visual 
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comparison, however, were not included in the generalized additive models of concentration and load. 

The gray areas represent the 95% confidence interval of the model, and the points are data used to 

produce the model. Deviance in element concentrations explained by generalized additive models using 

site as a predictor included: Fe (39%), Mn (81%), Zn (43%), Cu (23%), As (18%), Pb (-1%). Deviance in 

element loads explained by generalized additive models using site as a predictor included: Fe (78%), Mn 

(76%), Zn (89%), Cu (78%), As (38%), Pb (33%). P-values for the smooth terms of each model are found 

in Appendix C, Table 10.    

4. Discussion  

In this study, we used single particle inductively coupled plasma time-of-flight mass 

spectrometry (spICP-TOFMS) to characterize colloidal particles in the surface waters of the 

river, building on extensive previous work on metals in the UCFR that used other approaches. 

Our goal was to characterize the composition, size, and quantity of metal(loid) particles in the 

water column of this mine-waste contaminated river on a quantitative particle-by-particle basis to 

contribute to our understanding of metal exposure to organisms. We found a variety of elements 

in colloidal particles, with Fe and Mn as the most dominant elements. While we found evidence 

of particles consisting of multiple detected elements, single-element particles were dominant by 

both number and by mass. This information is complementary to findings from studies carried 

out using both single particle characterization through electron microscopy and bulk 

characterization methods such as X-ray diffraction, cascade filtration, and particle separation 

methods like field flow fractionation coupled to ICP-MS. 

Though most particles detected by spICP-TOFMS consisted of a single element, we suggest that 

this method likely underestimates the occurrence and complexity of multi-element particles. The 

detection limits for spICP-TOFMS vary be element, but they are generally high enough that 

small particles may be missed, as will low masses of elements within particles (see Appendix C 
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for detection limits). For example, in the violin plots of attomoles of element per particle (Figure 

4), it is evident that many elements have kernel density distributions that are truncated on the low 

end. This truncation is especially evident for contaminant elements Zn, Cu, As, and Pb when 

they are found as single-element particles. It is possible that particles that we detected as single-

element particles of Zn, Cu, As, and Pb may have other elements associated with them that are 

below detection limit. Similarly, the abundant Fe, Mn, and Mn-Fe particles may also have 

appreciable amounts of Zn, Cu, As, or Pb associated with them, but not enough for that 

constituent to be detected. As such, this study provides conservative estimates of the 

concentrations of elements in the colloidal particle fraction. This study also likely overestimates 

the size of particles in the colloidal fraction by not capturing the smallest particles in the sample. 

4.1 Nanoparticles and larger colloidal particles may be contaminant vectors   

Many of the colloidal particles observed in this study were in or near the nanoparticle size range 

(1 to 100 nm), and work on engineered nanoparticles suggests that these particles may be an 

important form of metal/metalloid exposure to consider in the UCFR. For example, Fe, Mn, and 

Al particles were typically below 100 nm, while Si particles were larger yet still close to the 

nanoparticle size range. Many multi-element particles were also under or near 100 nm, including 

Mn-Fe, Fe-Cu, and Fe-Pb. While little is known about the interactions of organisms with natural 

and incidental nanoparticles and colloidal particles, manufactured nanoparticles in aquatic 

ecosystems are accumulated by organisms (Yuan et al. 2018; Desmau et al. 2020) and metals and 

arsenic can be transferred by trophic pathways within aquatic ecosystems and between aquatic 

and terrestrial ecosystems (Langner et al. 2012; Mogren et al. 2013). Manufactured nanoparticles 

can be detrimental to aquatic life (Griffitt et al. 2008), even in low concentration chronic 

exposures (Zhu, Chang, and Chen 2010). It is thus likely that they natural and incidentally 



 27 

formed nanoparticles and colloidal particles enter food webs through both aqueous and dietary 

exposure routes (Cain, Croteau, and Luoma 2011).  

Particles observed in this study consisting primarily of Fe, Mn, Ti, and Si serve as potential 

vectors for the transport of other elements and exposure to organisms given our observations of 

their association with toxic elements and their inherent surface reactivity that is known to bind 

trace quantities of elements. Though our data likely underestimate the amount of toxic 

metal(loid)s associated with colloidal particles, there is strong evidence that Fe, Mn, Ti, and Si 

were associated with a variety of other elements in particles. In particles containing multiple 

elements, there were typically a greater number of moles of Fe, Mn, Ti, and Si present 

suggesting their role as vectors for other elements within particles. While Ti and Si were only 

observed as vectors for Fe, Fe and Mn were found associated with a variety of elements. 

Particles with Fe or Mn at the surface are highly sorptive for other metal(loid)s (Huang and 

Zhang 2020; Hassellöv and von der Kammer 2008). The role of Fe and Mn as vectors for other 

elements in the UCFR is consistent with literature evidence for their role as vectors in the 

sediment of the UCFR (Hochella et al. 2005). Given the abundance and composition of nano- 

and colloidal particles and that they can contribute to both aquatic and dietary exposure, it is 

likely these particles play a role in driving the accumulation of metal contaminants into 

periphyton and other aquatic organisms. 

4.2 Biogeochemistry was a driver of colloidal particle composition  

The dominance of Fe and Mn and comparative rarity of Al, Si, or Al-Si suggest biogeochemistry, 

not the resuspension of bed sediments, was driving the composition and concentration of the 

colloidal particle fraction at the time of sampling. If the resuspension of bed sediments were the 

dominant driver of the colloidal particle load, we would have expected to see more Al in the 
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colloidal fraction. We measured 7 to 18-fold more particles containing Fe than Al and 25 to 60-

fold greater concentrations of Fe than Al in colloidal particles (see Appendix C). Similarly, there 

were 32 to 276-fold more particles with Fe than Si and 12 to 64-fold more Fe by concentration. 

In contrast, though Fe is still dominant in UCFR sediments, Fe is present at quantities that are 

only ~2-fold greater than Si and Al (Plathe et al. 2013).  

The increase in the numeric and mass loads of particles along the UCFR suggests that particles 

are being produced throughout the watershed, though the mechanism is unclear. The redox 

activity of Fe and Mn in sediments and the stream channel may be why they are so ubiquitous as 

colloidal particles in the water column of the UCFR. For example, Fe and Mn are likely to be 

released as dissolved solutes in anoxic groundwater and hyporheic sediments (Ratié et al. 2019; 

McCarthy and Zachara 1989). Upon interacting with oxygen-rich surface waters, both Fe and 

Mn can be oxidized by biotic and abiotic processes forming insoluble oxides and oxyhydroxides 

(Huang and Zhang 2020). It is also possible that particle formation due to redox or pH driven 

phenomena may occur on or in the periphyton, and particles may then be released into the water 

column (Desmau et al. 2020). Additionally, a range of trace elements sorb onto iron and 

manganese-rich sediments (Hassellöv and von der Kammer 2008) and colloidal particles (Plathe 

et al. 2013; Yang et al. 2015). It is also possible that metal(loid)s found as truly dissolved solutes 

or as suspended particulate matter may be subsequently converted to colloidal particles (Fox 

1988). Thus, the biogeochemical cycling of Fe and Mn from groundwater and sediments could 

be an important source of colloidal Fe and Mn in the water column as well as any metals or 

metalloids they sorb.  

Decreases in the load of several elements in the colloidal fraction mid-way down the reach and 

non-additive loads between the UCFR and Little Blackfoot River suggest that there are also 
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important removal pathways for these colloidal particles and that their source terms may vary 

longitudinally. Consistent with work on particulate organic matter and sediment, it is likely that 

natural nanoparticles and larger colloidal particles are removed from the water column by a 

variety of biological and abiotic processes. While these particles are small enough that they are 

unlikely to settle out, filter feeding aquatic invertebrates can remove colloidal organic matter 

(Weltens, Goossens, and Van Puymbroeck 2000; Wotton 1996). Biofilms are efficient at 

removing nanoparticles from the water column (Desmau et al. 2020). It is also likely that 

colloidal particles would be removed as surface water moves through hyporheic flowpaths, either 

through sorption on microbial biofilms or through entrainment in pores (Feris et al. 2009).  

5. Summary 

In this study, we have shown that colloidal metal(loid) particles were abundant under baseflow 

conditions in a mine-waste contaminated river. By using spICP-TOFMS, we were able to 

quantify the number concentration of particles and the concentration of elements within each 

individual colloidal particle, a level of specificity not previously available due to instrument 

limitations. Our data revealed that the majority of detected particles were nanoparticles, which 

has implications for our understanding of the forms of metal(loid)s to which aquatic organisms 

are exposed. Our observation of abundant Fe, Mn, and Mn-Fe particles associated with other 

metal(loid)s confirmed our hypothesis and suggests there is a high probability that these two 

elements may act as vectors in the transport and exposure of organisms to potentially more 

harmful metal(loid)s. The patterns we observed in nano- and colloidal particle loads showed that 

there is biogeochemical cycling for these particles and provide evidence for upstream to 
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downstream accumulation and removal of particles from the water column, observations that 

warrant further investigation.  
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Appendix A. Data processing 
Please contact author for project data and code. 

A.1 Calibration 

Mass flux slope =
Intensity 

Au standard concentration ∗  te ∗  fr ∗  dt ∗  10−3 (conversion)
 (1) 

Where: 

Intensity (int) is the intensity outputted by the standard 

Concentration (conc) is the concentration of the gold standard of nanoparticles 

Transport efficiency (te) accounts for incomplete transport of nanoparticles in suspension (relative to the 

complete transport of dissolved ions in solution) 

Flow rate (fr) is the rate the sample flows through the system 

Dwell time (dt) is the detection time, shorter dwell times can reduce background signal and allow us to 

analyze higher particle number concentrations 

A.2 Element mass 

The mass of elements within particles was calculated by removing the background signal from the peak 

intensity signals that indicate particles. The peak intensities, or counts, were divided by the mass fraction 

and slope of the mass flux curve calculated in Equation (1). The mass fraction is a ratio of the mass of the 

element of interest to the rest of the elements. It is calculated based on assumptions about the form of 

metal assumed to be present in the river.  

In calculating the mass of individual elements within particles, the particle is assumed to be by itself.  

element mass =
(particle intensity −  particle background ) ∗ 10−6 (dilution) 

mass fraction ∗  slope of mass flux curve 
∗ 1 (ionization eff. ) (2) 

A.3 Discharge interpolation 

The discharge was interpolated at sites CF1, CF3, CF4, CF5, and CF8 because USGS gauging stations 

were not available. These sites were interpolated as follows. 

discharge = some amalgam of the cfs at sites before and after scaled by river km distance between (3)  

A.4 Common particles  

For the common particles, sum the number of particles in replicates A, B, and C by particle composition. 
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Particle count = ∑(number of particles in replicate A, B, and C grouped by particle composition) (3) 

Common particles were designated based on the 20% rule (see Methods).  

common particles = 0.2 ∗ 𝑛(types of particles) (4) 

A.5 Number of moles per particle by element 

attomoles per particle = mass of element ∗
moles of element

mass of element 
∗

1018 attomoles

 mole
 (5) 

A.6 Oxide particle size 
The element masses of Fe, Mn, Al, and Si are calculated under the assumption that they are present in an 

oxidized form. Assumptions are also based on prior research in the UCFR. These assumptions are: 

manganese dioxide (Mn𝑂2), hematite (𝐹𝑒2𝑂3), aluminum oxide (𝐴𝑙2𝑂3), and silicon dioxide (Si𝑂2). 

∑(oxide mass values across particle compositions) (6) 

Particle size is calculated using a density value using a density value of 2.65 g cm-3 as it is a commonly 

assumed sediment density (NRCS, 2012). 

size = (
6 ∗  oxide particle mass 

𝜋 ∗ density ∗ 10−21(conversion)
 ) (7) 

A.7 Mass concentration and load 
Mass concentration 

mass concentration =
mass ∗  1000 (dilution factor) ∗  106 (conversion)

transport efficiancy ∗  flow rate ∗  dwell time 
(8) 

Load 

Guide for understanding mass and load 

load (
g

s
) = mass concentration (

𝜇𝑔

𝐿
) ∗  discharge (

𝑓𝑡3

𝑠
) ∗

28.32 L

𝑓𝑡3
∗

1 g

1000 𝜇g
(9) 

A.8 Particle concentration and load  

concentration =
particle number ∗  1000 (dilution factor)

te ∗  fr ∗  st 
(10) 

Appendix B. Generalized Additive Modeling  
To model the change in concentration and load over the river, a simple model was constructed to describe 

the system.  

concentration or load ~ smooth(site) (11) 
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The models were fitted with an appropriate smoothness parameter by using a restricted maximum 

likelihood approach (REML) for model selection.  

 

Appendix C. Tables  
 

Table 2. Site coordinates and corresponding USGS gages 

Site Name Latitude Longitude Station Type USGS Station 

WS Warm Springs Cr 46.1859

18 

-

112.77382

2 

tributary 12323770 

CF1 Warm Springs 46.1872

07 

-112.7703 UCFR  

CF2 Perkins Rd 46.2085

96 

-

112.76760

2 

UCFR 12324200 

CF3 Galen Rd 46.2374

29 

-

112.75320

6 

UCFR  

CF4 Racetrack 46.2653

77 

-

112.74468 

UCFR  

CF5 Sager 46.3173

84 

-

112.73622

4 

UCFR  

CF6 Deer Lodge 46.3834

98 

-

112.73798 

UCFR 12324300 

CF7 Kohrs Bend 46.4980

17 

-

112.74116

4 

UCFR 12324300 

USGS  Above LB 46.5109

1 

-

112.78968

6 

USGS 12324590 

LB Little Blackfoot R 46.5194

2 

-

112.79339

6 

tributary 12324590 

CF8 DwnStrm from LBF 46.5198

67 

-

112.80767

5 

UCFR  
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Table 3. Environmental data in order from most upstream (WS) to most downstream 

(CF8) 

Site Site Name 

Tim

e 

Temp 

(°C) pH 

Dissolved Oxygen 

(mgL-1) 

SPC 

(µSL-1) 

Discharge 

(m3 s-1) 

WS 
Warm Springs 

Cr 

8:5

0 
7.2 8.50 10.88 308.5 1.97 

CF

1 
Warm Springs 

9:0

0 
7.5 8.45 10.83 361.8 2.32 

CF

2 
Perkins Rd 

9:1

0 
7.7 8.62 10.58 369.6 2.69 

CF

3 
Galen Rd 

9:2

5 
7.8 8.68 10.94 433.0 3.19 

CF

4 
Racetrack 

9:3

8 
8.1 8.74 11.42 452.4 3.70 

CF

5 
Sager 

9:5

0 
8.2 8.71 10.94 448.2 4.53 

CF

6 
Deer Lodge 

10:

10 
8.5 8.74 10.71 467.7 5.42 

CF

7 
Kohrs Bend 

10:

35 
8.5 8.88 11.23 477.4 5.79 

LB 
Little 

Blackfoot R 

10:

53 
8.6 8.72 10.92 296.7 2.29 

CF

8 

DwnStrm from 

LBF 

11:

03 
8.5 8.84 11.57 430.0 8.08 

 

 

Table 4. Median number of attomoles per particle 

Particl

e 

Elemen

t 
Median CI Low CI High 

Min 

Value 

Max 

Value 

𝑴𝒂𝒙 

𝑴𝒊𝒏
 

𝐂𝐈 𝐔𝐩𝐩𝐞𝐫

𝐂𝐈 𝐋𝐨𝐰𝐞𝐫
 

Fe Fe 59.04 58.77 59.77 26.79 
13,030.1

9 

486.3

8 
1.02 

Mn Mn 36.75 36.40 37.95 15.84 776.35 49.01 1.04 

U U 7.00 6.92 7.32 3.46 98.44 28.45 1.06 

Ti Ti 124.39 123.25 126.66 75.82 
10,474.1

9 

138.1

5 
1.03 

Ba Ba 31.98 31.70 32.84 21.47 54.33 2.53 1.04 

Ni Ni 27.89 27.21 30.24 14.37 2,365.21 
164.5

9 
1.11 

Al Al 41.31 40.88 42.21 30.54 744.65 24.38 1.03 

Zn Zn 21.40 21.05 21.95 15.43 380.32 24.65 1.04 
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Cu Cu 21.33 21.14 21.98 15.94 98.60 6.19 1.04 

V V 21.11 20.93 21.45 17.01 37.20 2.19 1.02 

As As 15.17 14.95 15.38 12.73 21.55 1.69 1.03 

Si Si 543.78 529.29 584.61 
405.5

0 
3,915.73 9.66 1.10 

W W 5.38 5.34 5.61 4.62 8.28 1.79 1.05 

Au Au 5.37 5.30 5.60 4.40 18.99 4.32 1.06 

Pb Pb 4.89 4.46 5.18 3.72 15.50 4.17 1.16 

Mn-Fe Fe 68.91 68.35 70.78 27.81 
12,231.9

4 

439.8

4 
1.04 

Mn-Fe Mn 72.74 71.97 75.35 15.89 2,472.77 
155.6

2 
1.05 

Al-Fe Fe 136.86 131.30 148.81 29.71 1,943.16 65.40 1.13 

Al-Fe Al 53.44 52.30 55.49 29.92 662.89 22.16 1.06 

Fe-U Fe 57.16 56.07 69.38 34.78 706.49 20.31 1.24 

Fe-U U 9.47 8.97 11.80 3.81 103.33 27.12 1.32 

Fe-Ti Fe 58.69 54.48 74.28 31.36 389.81 12.43 1.36 

Fe-Ti Ti 131.76 128.00 200.20 76.22 2,063.73 27.08 1.56 

Fe-Cu Fe 155.05 105.25 219.99 40.55 1,339.61 33.04 2.09 

Fe-Cu Cu 25.08 24.15 32.14 18.61 92.86 4.99 1.33 

Fe-Ni Fe 155.45 125.35 500.20 38.46 5,419.00 
140.9

0 
3.99 

Fe-Ni Ni 30.77 27.64 42.51 15.29 202.54 13.25 1.54 

Fe-Pb Fe 183.02 89.34 324.52 36.40 2,003.68 55.05 3.63 

Fe-Pb Pb 5.22 4.46 5.75 3.85 20.29 5.27 1.29 

Fe-Si Fe 118.54 44.57 214.54 33.15 273.32 8.24 4.81 

Fe-Si Si 650.44 611.57 1,437.46 
405.0

9 
3,294.67 8.13 2.35 

Mn-Pb Mn 67.14 52.18 139.92 32.16 1,080.37 33.59 2.68 

Mn-Pb Pb 4.39 4.18 4.95 3.86 6.35 1.65 1.18 

Fe-

Mn-Pb 
Fe 164.98 146.52 189.45 33.06 1,705.07 51.58 1.29 

Fe-

Mn-Pb 
Mn 185.07 173.44 207.60 20.43 1,870.35 91.55 1.20 

Fe-

Mn-Pb 
Pb 4.63 4.56 4.83 3.70 12.18 3.29 1.06 

Al-Fe-

Mn 
Fe 258.59 239.62 367.42 39.33 1,584.24 40.28 1.53 
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Al-Fe-

Mn 
Mn 74.09 67.31 98.08 17.14 505.07 29.47 1.46 

Al-Fe-

Mn 
Al 58.31 54.34 83.03 30.24 368.93 12.20 1.53 

Fe-

Mn-Ni 
Fe 

4,465.8

2 

2,242.4

0 

10,928.0

0 

166.1

8 

16,444.8

3 
98.96 4.87 

Fe-

Mn-Ni 
Mn 57.13 34.17 77.26 32.00 152.90 4.78 2.26 

Fe-

Mn-Ni 
Ni 43.56 21.18 89.81 16.65 229.08 13.76 4.24 

Al-Fe-

U 
Fe 175.27 133.14 574.55 36.00 2,002.14 55.62 4.32 

Al-Fe-

U 
Al 68.10 55.55 119.73 35.83 481.80 13.45 2.16 

Al-Fe-

U 
U 10.38 6.52 21.74 4.57 34.79 7.61 3.33 

 

 

   

Table 5. Particle size summary statistics  

Particle 

Type 
Median 

Median 

Absolute 

Deviation 

Upper 

CL 

Lower 

CL 

Min 

Value 

Max 

Value 

Fe 87.95 14.64 88.31 87.82 67.58 531.50 

Mn 61.30 12.24 61.95 61.10 46.30 169.44 

Fe-Mn 109.88 19.24 110.75 109.57 78.97 520.96 

Al-Fe 126.12 30.07 130.24 125.47 86.02 296.39 

Al 67.22 4.54 67.70 66.99 60.78 176.25 

Fe-Mn-

Pb 
144.83 31.79 155.97 141.88 88.30 315.04 

Si 132.98 8.07 136.23 131.79 120.59 256.80 

Fe-U 87.01 13.60 92.81 86.45 73.72 201.17 

Al-Fe-

Mn 
163.20 38.20 176.66 155.23 102.37 266.43 

Fe-Ti 87.77 14.31 94.95 85.62 71.23 164.99 

Fe-Cu 121.34 42.88 136.35 106.64 77.60 248.99 

Fe-Ni 121.45 57.75 179.29 113.04 76.24 396.73 

Fe-Pb 128.23 49.03 155.21 100.97 74.85 284.75 
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Fe-Mn-

Ni 
373.11 122.93 501.84 297.07 142.16 574.73 

Fe-Si 166.19 31.92 210.79 149.05 138.96 255.72 

Al-Fe-

U 
134.64 41.43 195.75 129.27 87.86 298.56 

Mn-Pb 74.88 22.49 95.71 68.89 58.63 189.17 

 

Table 6. Particle size summary statistics by number of elements per particle 

Number 

of 

Elements 

Median 

Median 

Absolute 

Deviation 

Upper CL Lower CL 
Min 

Value 

Max 

Value 

single 82.60018 16.94153 82.88606 82.50492 46.29926 531.4974 

two 111.16809 21.93306 112.03190 110.82059 47.69873 520.9635 

three 153.21611 51.06795 160.13473 150.21092 73.01604 574.7344 

 

Table 7. Relative number of particles 

Site 
Particle 

Category 
Site Percentage 

WS Fe 45.80 

WS Mn 11.82 

WS Mn-Fe 13.18 

WS other_single 25.09 

WS other_multi 4.11 

CF1 Fe 41.79 

CF1 Mn 23.46 

CF1 Mn-Fe 15.31 

CF1 other_single 15.16 

CF1 other_multi 4.27 

CF2 Fe 35.80 

CF2 Mn 27.78 

CF2 Mn-Fe 21.15 

CF2 other_single 12.65 

CF2 other_multi 2.62 

CF3 Fe 42.31 

CF3 Mn 20.75 

CF3 Mn-Fe 19.70 

CF3 other_single 13.50 
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CF3 other_multi 3.74 

CF4 Fe 42.95 

CF4 Mn 24.12 

CF4 Mn-Fe 15.99 

CF4 other_single 12.11 

CF4 other_multi 4.84 

CF5 Fe 52.99 

CF5 Mn 12.60 

CF5 Mn-Fe 13.31 

CF5 other_single 16.69 

CF5 other_multi 4.41 

CF6 Fe 47.16 

CF6 Mn 12.69 

CF6 Mn-Fe 11.41 

CF6 other_single 24.87 

CF6 other_multi 3.87 

CF7 Fe 50.04 

CF7 Mn 13.05 

CF7 Mn-Fe 12.36 

CF7 other_single 19.31 

CF7 other_multi 5.24 

LB Fe 68.67 

LB Mn 2.94 

LB Mn-Fe 3.00 

LB other_single 18.20 

LB other_multi 7.18 

CF8 Fe 54.03 

CF8 Mn 9.87 

CF8 Mn-Fe 12.26 

CF8 other_single 19.43 

CF8 other_multi 4.42 
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Table 8. Generalized additive model fitted values for particle concentration and load. 

Site 

Distance  

Downstream 

(km) 

Particle 

Category 

Fitted Value 

(particles L-1) 

Standard 

Error 
Measurement 

CF1 0.00 Fe 1.34e+10 5.43e+08 particle concentration 

CF2 5.00 Fe 1.35e+10 4.93e+08 particle concentration 

CF3 12.20 Fe 1.82e+10 5.02e+08 particle concentration 

CF4 19.30 Fe 2.18e+10 5.23e+08 particle concentration 

CF5 30.80 Fe 2.14e+10 5.45e+08 particle concentration 

CF6 44.60 Fe 2.21e+10 5.53e+08 particle concentration 

CF7 64.20 Fe 2.18e+10 5.56e+08 particle concentration 

CF8 77.65 Fe 1.64e+10 5.61e+08 particle concentration 

CF1 0.00 Mn 9.90e+09 6.55e+08 particle concentration 

CF2 5.00 Mn 9.50e+09 5.96e+08 particle concentration 

CF3 12.20 Mn 8.92e+09 5.21e+08 particle concentration 

CF4 19.30 Mn 8.35e+09 4.63e+08 particle concentration 

CF5 30.80 Mn 7.43e+09 4.20e+08 particle concentration 

CF6 44.60 Mn 6.32e+09 4.67e+08 particle concentration 

CF7 64.20 Mn 4.75e+09 6.64e+08 particle concentration 

CF8 77.65 Mn 3.67e+09 8.41e+08 particle concentration 

CF1 0.00 Fe-Mn 5.20e+09 3.08e+08 particle concentration 

CF2 5.00 Fe-Mn 7.42e+09 2.71e+08 particle concentration 

CF3 12.20 Fe-Mn 8.63e+09 2.78e+08 particle concentration 

CF4 19.30 Fe-Mn 8.10e+09 2.92e+08 particle concentration 

CF5 30.80 Fe-Mn 5.45e+09 3.08e+08 particle concentration 

CF6 44.60 Fe-Mn 5.32e+09 3.15e+08 particle concentration 

CF7 64.20 Fe-Mn 5.38e+09 3.17e+08 particle concentration 

CF8 77.65 Fe-Mn 3.73e+09 3.21e+08 particle concentration 

CF1 0.00 other_single 4.56e+09 1.20e+09 particle concentration 

CF2 5.00 other_single 5.03e+09 9.11e+08 particle concentration 

CF3 12.20 other_single 5.76e+09 8.33e+08 particle concentration 

CF4 19.30 other_single 6.56e+09 8.95e+08 particle concentration 

CF5 30.80 other_single 8.03e+09 9.96e+08 particle concentration 

CF6 44.60 other_single 9.51e+09 1.10e+09 particle concentration 

CF7 64.20 other_single 8.50e+09 1.10e+09 particle concentration 

CF8 77.65 other_single 6.51e+09 1.43e+09 particle concentration 

CF1 0.00 other_multi 1.46e+09 2.35e+08 particle concentration 
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Site 

Distance  

Downstream 

(km) 

Particle 

Category 

Fitted Value 

(particles L-1) 

Standard 

Error 
Measurement 

CF2 5.00 other_multi 1.38e+09 1.92e+08 particle concentration 

CF3 12.20 other_multi 2.03e+09 2.02e+08 particle concentration 

CF4 19.30 other_multi 2.75e+09 2.14e+08 particle concentration 

CF5 30.80 other_multi 2.22e+09 2.33e+08 particle concentration 

CF6 44.60 other_multi 2.18e+09 2.42e+08 particle concentration 

CF7 64.20 other_multi 2.58e+09 2.46e+08 particle concentration 

CF8 77.65 other_multi 1.73e+09 2.52e+08 particle concentration 

CF1 0.00 Fe 2.87e+13 3.10e+12 particle load 

CF2 5.00 Fe 4.05e+13 2.27e+12 particle load 

CF3 12.20 Fe 5.91e+13 2.35e+12 particle load 

CF4 19.30 Fe 7.68e+13 2.52e+12 particle load 

CF5 30.80 Fe 9.86e+13 2.79e+12 particle load 

CF6 44.60 Fe 1.18e+14 3.05e+12 particle load 

CF7 64.20 Fe 1.28e+14 3.13e+12 particle load 

CF8 77.65 Fe 1.32e+14 3.54e+12 particle load 

CF1 0.00 Mn 1.81e+13 1.65e+12 particle load 

CF2 5.00 Mn 2.64e+13 1.60e+12 particle load 

CF3 12.20 Mn 2.97e+13 1.61e+12 particle load 

CF4 19.30 Mn 4.48e+13 1.63e+12 particle load 

CF5 30.80 Mn 2.33e+13 1.65e+12 particle load 

CF6 44.60 Mn 3.21e+13 1.66e+12 particle load 

CF7 64.20 Mn 3.30e+13 1.66e+12 particle load 

CF8 77.65 Mn 2.42e+13 1.67e+12 particle load 

CF1 0.00 Fe-Mn 1.23e+13 1.33e+12 particle load 

CF2 5.00 Fe-Mn 2.00e+13 1.10e+12 particle load 

CF3 12.20 Fe-Mn 2.74e+13 1.15e+12 particle load 

CF4 19.30 Fe-Mn 2.95e+13 1.22e+12 particle load 

CF5 30.80 Fe-Mn 2.51e+13 1.32e+12 particle load 

CF6 44.60 Fe-Mn 2.86e+13 1.37e+12 particle load 

CF7 64.20 Fe-Mn 3.12e+13 1.39e+12 particle load 

CF8 77.65 Fe-Mn 3.01e+13 1.43e+12 particle load 

CF1 0.00 other_single 9.34e+12 6.32e+12 particle load 

CF2 5.00 other_single 1.34e+13 4.86e+12 particle load 

CF3 12.20 other_single 1.95e+13 4.34e+12 particle load 
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Site 

Distance  

Downstream 

(km) 

Particle 

Category 

Fitted Value 

(particles L-1) 

Standard 

Error 
Measurement 

CF4 19.30 other_single 2.59e+13 4.62e+12 particle load 

CF5 30.80 other_single 3.71e+13 5.17e+12 particle load 

CF6 44.60 other_single 4.89e+13 5.69e+12 particle load 

CF7 64.20 other_single 5.21e+13 5.71e+12 particle load 

CF8 77.65 other_single 4.99e+13 7.59e+12 particle load 

CF1 0.00 other_multi 3.44e+12 1.03e+12 particle load 

CF2 5.00 other_multi 4.74e+12 8.03e+11 particle load 

CF3 12.20 other_multi 6.62e+12 7.09e+11 particle load 

CF4 19.30 other_multi 8.30e+12 7.50e+11 particle load 

CF5 30.80 other_multi 1.04e+13 8.41e+11 particle load 

CF6 44.60 other_multi 1.22e+13 9.22e+11 particle load 

CF7 64.20 other_multi 1.40e+13 9.29e+11 particle load 

CF8 77.65 other_multi 1.46e+13 1.25e+12 particle load 

 

Table 9. Generalized additive model p-values and r-squared values for particle numerical 

concentration and load.  

Particle 

Category 
P-value* 

R-

Squared* 
Measurement 

Fe p<1e-06 0.932 particle concentration 

Mn 4.7e-05  0.517 particle concentration 

Fe-Mn p<1e-06 0.896 particle concentration 

other_single 0.05114  0.275 particle concentration 

other_multi 0.003323 0.566 particle concentration 

Fe p<1e-06 0.973 particle load 

Mn p<1e-06 0.881 particle load 

Fe-Mn p<1e-06 0.861 particle load 

other_single 0.000332 0.550 particle load 

other_multi 2e-06    0.722 particle load 

*These values are based on the significance of the smooth terms of the model. 
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Table 10. Generalized additive model fitted values and standard error for element 

concentration and load. 

Site 

Distance  

Downstream 

(km) 

Element 
Fitted 

Values 

Standard  

Error 
Measurement 

CF1 0.00 Fe 146.17 19.30 element concentration 

CF2 5.00 Fe 165.14 14.56 element concentration 

CF3 12.20 Fe 192.24 13.39 element concentration 

CF4 19.30 Fe 213.20 14.43 element concentration 

CF5 30.80 Fe 230.96 16.03 element concentration 

CF6 44.60 Fe 234.43 17.72 element concentration 

CF7 64.20 Fe 216.37 17.73 element concentration 

CF8 77.65 Fe 182.79 22.96 element concentration 

CF1 0.00 Mn 56.09 5.75 element concentration 

CF2 5.00 Mn 76.48 5.12 element concentration 

CF3 12.20 Mn 83.03 5.24 element concentration 

CF4 19.30 Mn 95.89 5.49 element concentration 

CF5 30.80 Mn 51.36 5.76 element concentration 

CF6 44.60 Mn 54.64 5.87 element concentration 

CF7 64.20 Mn 51.45 5.91 element concentration 

CF8 77.65 Mn 26.41 5.97 element concentration 

CF1 0.00 Zn 0.46 0.11 element concentration 

CF2 5.00 Zn 0.56 0.08 element concentration 

CF3 12.20 Zn 0.69 0.08 element concentration 

CF4 19.30 Zn 0.78 0.09 element concentration 

CF5 30.80 Zn 0.78 0.10 element concentration 

CF6 44.60 Zn 0.68 0.11 element concentration 

CF7 64.20 Zn 0.83 0.11 element concentration 

CF8 77.65 Zn 1.18 0.13 element concentration 

CF1 0.00 Cu 0.68 0.08 element concentration 

CF2 5.00 Cu 0.71 0.08 element concentration 

CF3 12.20 Cu 0.75 0.07 element concentration 

CF4 19.30 Cu 0.79 0.06 element concentration 

CF5 30.80 Cu 0.85 0.05 element concentration 

CF6 44.60 Cu 0.93 0.06 element concentration 

CF7 64.20 Cu 1.05 0.08 element concentration 

CF8 77.65 Cu 1.12 0.11 element concentration 
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Site 

Distance  

Downstream 

(km) 

Element 
Fitted 

Values 

Standard  

Error 
Measurement 

CF1 0.00 As 0.22 0.06 element concentration 

CF2 5.00 As 0.26 0.05 element concentration 

CF3 12.20 As 0.30 0.04 element concentration 

CF4 19.30 As 0.34 0.04 element concentration 

CF5 30.80 As 0.36 0.05 element concentration 

CF6 44.60 As 0.36 0.05 element concentration 

CF7 64.20 As 0.29 0.05 element concentration 

CF8 77.65 As 0.18 0.07 element concentration 

CF1 0.00 Pb 0.42 0.09 element concentration 

CF2 5.00 Pb 0.44 0.08 element concentration 

CF3 12.20 Pb 0.46 0.07 element concentration 

CF4 19.30 Pb 0.47 0.06 element concentration 

CF5 30.80 Pb 0.49 0.07 element concentration 

CF6 44.60 Pb 0.49 0.07 element concentration 

CF7 64.20 Pb 0.45 0.08 element concentration 

CF8 77.65 Pb 0.41 0.11 element concentration 

CF1 0.00 Fe 339.39 86.60 element load 

CF2 5.00 Fe 462.12 66.90 element load 

CF3 12.20 Fe 637.73 59.39 element load 

CF4 19.30 Fe 798.22 62.97 element load 

CF5 30.80 Fe 1,014.45 70.60 element load 

CF6 44.60 Fe 1,199.43 77.50 element load 

CF7 64.20 Fe 1,348.58 77.91 element load 

CF8 77.65 Fe 1,403.49 104.29 element load 

CF1 0.00 Mn 130.46 21.32 element load 

CF2 5.00 Mn 205.24 18.94 element load 

CF3 12.20 Mn 266.62 19.39 element load 

CF4 19.30 Mn 353.05 20.34 element load 

CF5 30.80 Mn 231.23 21.38 element load 

CF6 44.60 Mn 296.78 21.78 element load 

CF7 64.20 Mn 298.28 21.93 element load 

CF8 77.65 Mn 212.74 22.16 element load 

CF1 0.00 Zn 0.95 0.47 element load 

CF2 5.00 Zn 1.49 0.35 element load 
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Site 

Distance  

Downstream 

(km) 

Element 
Fitted 

Values 

Standard  

Error 
Measurement 

CF3 12.20 Zn 2.33 0.38 element load 

CF4 19.30 Zn 3.08 0.40 element load 

CF5 30.80 Zn 3.67 0.44 element load 

CF6 44.60 Zn 3.26 0.47 element load 

CF7 64.20 Zn 4.73 0.49 element load 

CF8 77.65 Zn 9.78 0.52 element load 

CF1 0.00 Cu 1.36 0.40 element load 

CF2 5.00 Cu 1.79 0.36 element load 

CF3 12.20 Cu 2.41 0.31 element load 

CF4 19.30 Cu 3.02 0.28 element load 

CF5 30.80 Cu 4.01 0.25 element load 

CF6 44.60 Cu 5.19 0.28 element load 

CF7 64.20 Cu 6.88 0.40 element load 

CF8 77.65 Cu 8.03 0.51 element load 

CF1 0.00 As 0.48 0.27 element load 

CF2 5.00 As 0.71 0.20 element load 

CF3 12.20 As 1.02 0.19 element load 

CF4 19.30 As 1.29 0.20 element load 

CF5 30.80 As 1.62 0.22 element load 

CF6 44.60 As 1.88 0.25 element load 

CF7 64.20 As 1.77 0.25 element load 

CF8 77.65 As 1.22 0.32 element load 

CF1 0.00 Pb 0.95 0.39 element load 

CF2 5.00 Pb 1.19 0.31 element load 

CF3 12.20 Pb 1.51 0.27 element load 

CF4 19.30 Pb 1.82 0.27 element load 

CF5 30.80 Pb 2.27 0.31 element load 

CF6 44.60 Pb 2.67 0.33 element load 

CF7 64.20 Pb 2.83 0.35 element load 

CF8 77.65 Pb 2.76 0.48 element load 
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Table 11. Generalized additive model p-values and r-squared values for element 

concentration and load.  

Element P-value R-squared Measurement 

Fe 0.027204 0.329 element concentration 

Mn 7e-06    0.811 element concentration 

Zn 0.007731 0.434 element concentration 

Cu 0.009641 0.234 element concentration 

As 0.161889 0.177 element concentration 

Pb 0.707431 -0.010 element concentration 

Fe p<1e-06 0.776 element load 

Mn 4.8e-05  0.757 element load 

Zn p<1e-06 0.892 element load 

Cu p<1e-06 0.776 element load 

As 0.012356 0.383 element load 

Pb 0.011106 0.334 element load 
 

Table 12. Limit of detection values for each element 

Element LOD 

Al 0.4097000 

Si 6.2170000 

Ti 0.2995000 

V 0.0489400 

Mn 0.0214800 

Fe 0.1090000 

Ni 0.0458400 

Cu 0.0426000 

Zn 0.4464000 

As 0.0604200 

Cd 0.0125100 

Ba 0.0180200 

La 0.0005314 

Ce 0.0018820 

W 0.0041840 

Au 0.2260000 

Pb 0.0061770 

U -1,438.0000000 
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Table 12: Comparison of mass concentrations for Fe vs. Al and Si 

Site Mean Fe Mean Al Mean Si Fe:Al Ratio (Fe/Al) 
Fe:Si Ratio 

(Fe/Si) 

CF1 155.86 3.48 8.95 44.84 17.41 

CF2 121.26 2.57 4.35 47.11 27.89 

CF3 219.84 4.59 3.68 47.93 59.66 

CF4 228.22 5.99 3.57 38.09 63.92 

CF5 228.38 5.38 4.88 42.45 46.82 

CF6 222.47 3.67 3.69 60.54 60.36 

CF7 236.37 5.35 6.05 44.21 39.05 

CF8 168.90 4.38 2.64 38.54 63.98 

LB 157.72 5.75 3.18 27.43 49.56 

WS 73.32 2.91 5.79 25.16 12.67 

 

Table 13: Comparison of number of particles with Fe vs. Al and Si 

Site 
Number of 

Particles with Fe 

Number of 

Particles with Al 

Number of Particles with 

Si 

Ratio of particle numbers 

(Fe/Al) 

Ratio of particle 

numbers (Fe/Si) 

CF1 430.67 37.33 6.33 11.54 68.00 

CF2 458.67 28.00 5.33 16.38 86.00 

CF3 609.00 42.00 3.33 14.50 182.70 

CF4 696.67 60.00 4.33 11.61 160.77 

CF5 605.33 41.67 3.67 14.53 165.09 

CF6 625.33 34.33 4.00 18.21 156.33 

CF7 629.67 54.33 4.50 11.59 139.93 

CF8 460.00 37.00 1.67 12.43 276.00 

LB 450.33 62.33 2.33 7.22 193.00 

WS 248.00 21.67 7.67 11.45 32.35 
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Table 14: Load change following mixing of Little Blackfoot and the Clark Fork.  

Element 
Upstream 

Load (CF7) 

Tributary 

Load (LB) 

Downstream 

Load (CF8) 
Percent change in load* 

Fe 1,368.27 360.45 1,363.72 -26.8 

Mn 298.08 16.16 212.47 -47.9 

U 53.78 0.53 39.76 -36.6 

Ti 271.79 12.97 73.43 -287.8 

Ba 30.63 9.08 33.79 -17.5 

Ni 7.20 1.59 12.10 27.4 

Al 30.95 13.14 35.38 -24.6 

Zn 4.40 1.47 9.99 41.2 

Cu 6.58 0.64 8.33 13.3 

V 3.58 0.78 4.77 8.63 

As 2.17 0.42 0.93 -177.4 

Si 35.04 7.27 21.32 -98.5 

W 0.87 0.65 1.45 -4.7 

Au 1.57 0.93 3.43 27.1 

Pb 2.91 0.17 2.45 -25.7 

*The percent change in load (%∆L𝑥) for element 𝑥 was determined as: 

 %∆L𝑥  =  (
𝐿𝑥,𝐶𝐹8

𝐿𝑥,𝐶𝐹7+𝐿𝑥,𝐿𝐵
− 1) × 100 

where 𝐿𝑥,𝐶𝐹8, 𝐿𝑥,𝐶𝐹7, and 𝐿𝑥,𝐿𝐵are the load for element 𝑥 at CF8, CF7, and LB, respectively 
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