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Abstract 

A modification of energy dispersive X-ray fluorescence (ED-XRF) for analysis of trace element 

concentrations in suspended particulate matter (SPM) in seawater and intercomparison with 

high-resolution inductively coupled plasma-mass spectrometry (HR ICP-MS) is presented. 

Approximately 250 SPM samples were collected on polycarbonate track-etched filters in the 

Indian Ocean during the U.S. CLIVAR/CO2 Repeat Hydrography meridional section I09N cruise 

in 2007. Samples were first analyzed by ED-XRF, a non-destructive technique, for Al, P, Ti, Mn, 

Fe, Ni, Cu, and Zn and subsequently digested and quantified by HR ICP-MS, creating two blind, 

basin-scale datasets used for a paired statistical comparison. Our results found (1) ED-XRF 

analysis using thin-film principles can quantify the elemental composition of SPM at nanomolar 

concentrations found in the open ocean; (2) there was excellent agreement between ED-XRF and 

HR ICP-MS analyses for Al, Fe, and Mn and good agreement for P and Ti; (3) analytical 

differences were the largest for Cu, Ni, and Zn; (4) HR ICP-MS methods have lower detection 

limits for most elements when compared to the ED-XRF; (5) ED-XRF analysis has a closer 

agreement to reported values for the NIST SRM 2783 standard and lower relative standard 

deviations (RSD) when compared to the HR ICP-MS. We recommend continued refinement of 

non-destructive ED-XRF methods as this would allow for the easy exchange of filtered samples 

between lab groups for intercalibration and intercomparison of basin-scale hydrographic cruises 

and archival for future analysis. 

Introduction 

The distribution and elemental composition of suspended particulate material (SPM) in the 

oceans reflect patterns of atmospheric, fluvial, and hydrothermal inputs as well as biological 

uptake, particle scavenging, and vertical transport through the water column. Particles have a 
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preeminent influence on the marine biogeochemical cycle of trace elements and their isotopes 

(TEIs). Particulate scavenging and dissolution processes determine chemical and physical 

speciation (Lam et al. 2015), residence times of the dissolved fraction (Jeandel et al. 2015), and 

vertical export rates for many TEIs (Lamborg et al. 2008a, 2008b). Thus, quantifying chemical 

compositions and distributions of marine suspended particulates is crucial to understanding the 

biogeochemical cycling of trace elements in the oceans. However, while SPM is important to the 

geochemistry for a wide array of elements, a comprehensive understanding of particulate 

chemistry in the marine environment has not been realized, due mainly to the absence of robust, 

calibrated, and thoroughly tested methods for TEIs sample collection and analysis (Jeandel et al. 

2015). 

 

Energy-dispersive X-ray fluorescence (ED-XRF) methods for the analysis of marine particulate 

matter in estuarine and continental slope environments were originally developed in the 1970s 

(Baker 1976; Baker and Piper 1976; Feely et al. 1991). It is a non-destructive method that 

requires little sample preparation or treatment and can quantify most elements with an atomic 

mass greater than 11. These methods have been used in prior work to study trace element 

compositions and distributions of SPM associated with hydrothermal venting (Feely et al. 1987, 

1991, 1998, Resing et al. 2009); SPM in the upper water column of the North Atlantic (Barrett et 

al. 2012, 2015) and Indian oceans (Barrett et al. 2018); and aerosols collected in the marine 

atmospheric boundary (Buck et al. 2010a, 2010b, 2013). High-Resolution Inductively Coupled 

Plasma-Mass Spectrometry (HR ICP-MS) is another technique frequently used for trace element 

analysis of marine particulate matter. In this method, SPM loaded onto a filter are leached or 

digested to a soluble phase then analyzed by ICP-MS (Cullen et al. 2001; Krachler 2007; Bowie 
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et al. 2010; Planquette and Sherrell 2012; Lam et al. 2015). ICP-MS analytical procedures 

usually report limits of detection in the pM range for many elements.  However, poor digestion 

efficiencies and filter blanks can introduce larger uncertainties for some elements (Bowie et al. 

2010; Planquette and Sherrell 2012).  

 

The goal of this study is to advance marine biogeochemical studies, and the GEOTRACES 

mission specifically, by presenting an intercomparison of two methods used to determine the 

elemental composition of particulate matter in seawater at nanomolar concentrations. 

GEOTRACES is an international program dedicated to the sampling, analysis, and study of TEIs 

and has focused attention on: inputs and processes that influence TEIs in the ocean; developing 

standard reference materials that have concentrations representative of the open ocean for use in 

methodological ground truthing; the intercalibration of analytical methods and sampling 

techniques used between laboratories; and addressing the scarcity of marine particulate TEIs 

datasets (Anderson and Hayes 2015). For this evaluation, we analyzed 252 SPM filter samples 

for Al, P, Ti, Mn, Fe, Ni, Cu, and Zn in duplicate using ED-XRF followed by a total chemical 

digest and ICP-MS analysis. The choice of analytes represents essential micronutrients (Fe, Mn, 

Cu, Zn) and commonly used tracers for major particle compositions (Al, P, Ti), internal particle 

cycling (Mn, Fe), and external TEI inputs (Al, Mn, Fe, Ti, Ni, Cu, Zn). We then compared and 

contrasted the paired results with nonparametric and orthogonal distance regression statistical 

methods, which allowed us to identify systematic errors and bias between the two techniques. 

Additionally, this study describes the adaptation of ED-XRF methodologies for the analysis of 

marine suspended particulate matter from open-ocean environments with low trace element 
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concentrations. To accomplish this, it was necessary to develop low-level ED-XRF calibration 

standards to improve detection limits for particulate Fe and Mn. 

 

Materials and procedures 

Sample collection 

Marine SPM samples were collected from the upper 1000 m of the Northern Indian Ocean on the 

U.S. CLIVAR/CO2 Repeat Hydrography meridional section I09N cruise in 2007 between 

approximately 2–18°N and 86–92°E (see Fig. S1A and Fig. S1B for station locations and depth 

distributions). Details on sampling protocols, dates, locations, and depths as well as geological 

setting and background can be found in Barrett et al. (2018). Briefly, seawater was collected 

using 12 L GO-FLO bottles mounted on a trace metal-clean rosette from the surface to 1000 m 

and processed in a clean laboratory van equipped with a HEPA filtered air system (Measures et 

al. 2008). Suspended particulate matter was collected by pressure-filtering (<55 kPa, filtered 

compressed air) seawater through acid-washed, 0.4 μm track-etched, polycarbonate filters, 

backed with mixed cellulose ester filters to facilitate even sample loading, in polypropylene filter 

holders. The average filtration volume was 8.8 +/- 2.2 L. Filters were rinsed with ~15 mL of 

ultrapure (UHP; 18.2 MOhm-cm) water adjusted to pH 8 with ammonium hydroxide, with a low 

vacuum applied to remove residual sea salt while avoiding loss or redistribution of particles. 

While this gentle rinsing might result in a minor modification of the marine SPM composition 

(e.g., lysing of biogenic particles by osmosis; Twining et al. 2015), removing the high salinity 

matrix is necessary to avoid ED-XRF artifacts resulting from the major cations and anions 

(chlorine interferes with P, S, K, and Ca making quantification of these elements impossible). 

 

ED-XRF analysis 
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In ED-XRF methods, excitation X-rays from a source tube irradiate an analyte sample of SPM 

deposited on a filter, generating fluorescence X-ray energies characteristic of each element. 

These fluorescent X-rays are collected with a semiconducting detector and are converted into 

electrical voltage pulses that can be measured electronically. Quantitative ED-XRF analysis is a 

comparative technique; thus, the intensity of a fluorescence X-ray of an element from a sample 

must be compared to standards of known concentrations. As only small masses of diluted 

suspended material are produced by filtering of 2-10 L of open ocean seawater, XRF thin-film 

principles are applied, which allow for analysis of a sample using as little as 30 µg of particulate 

material. Fluorescent radiation intensity is strongly dependent on sample composition, particle 

size, excitation conditions, and instrumental parameters; two criteria must be met to apply thin-

film methods to particle analysis (Holmes 1981; Quisefit et al. 1994). First, particle loadings 

must be deposited as a uniform layer on the filter membrane. Second, the thickness of the SPM 

sample must be ‘thin’ relative to both the penetration depth (the length to which a primary X-ray 

can penetrate) and effective layer thickness (the depth from which a fluorescent X-ray can 

emerge) of the characteristic X-rays for the elements of interest. This ensures the intensity of 

measured fluorescence X-rays are a function of the elemental mass of each sample and thus 

avoids matrix effects such as enhancement and absorption. Theory holds that sample thickness 

should be < ~ 1/5 the fluorescent wavelength to eliminate these effects. (For reference, 

penetration depths for K-alpha energies for elements of interest are in the order of 5-50 µm). 

 

Standards prepared from thin-film deposits of certified geochemical reference materials have 

been successfully used for ED-XRF calibration in previous reports (Feely et al. 1991). In this 

approach, a known quantity of standard reference material, of a similar matrix (i.e., U.S. 
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Geological Survey Standard Sediment and Rocks MAG-1, GRX-1, -4 and -6), is suspended in a 

pH-adjusted solution and then loaded onto the same filter type used for sample acquisition. 

However, at small masses, heterogeneity in reference materials decrease the precision of 

replicate analyses (Kurfurst 1991; Kurfurst et al. 1993; Pauwels and Vandecasteele 1993). 

Additionally, many solid reference material certifications report a ‘minimum recommended 

mass’ between 100 and 200 mg be used to ensure a homogenized sample. For example, BCR-

414 (phytoplankton; European Commission 2017) and PACS-2 (marine sediment; National 

Research Council of Canada 1997) have certified minimum sample sizes of 100 mg and 250 mg, 

respectively. To maintain thin-film assumptions, the critical filter loading mass (the limit above 

which the relationship between counts and weight is nonlinear) for a 37 mm filter is ~1600 µg, 

an order of magnitude lower than the certified value for many options for appropriate reference 

materials. There is also concern that selective dissolution of individual elements may occur when 

the sample is suspended for filtration onto the filter, introducing additional uncertainties. To this 

point, Buck et al. (2013) found the median fractional solubility of Pacific Ocean aerosols to be 

6.4% for Fe, 3.7% for Al, and 45.1% for Mn. To avoid these potential complications, calibrations 

for all elements were performed using commercially available thin-film standards (MicroMatter 

Inc.). Furthermore, to accurately measure the low particulate Fe and Mn concentrations typically 

present in open-ocean surface seawater samples (<5 nmol L-1), the minimum determination limit 

of the ED-XRF was improved with the addition of low-concentration calibration standards 

(<1000 ng cm-2) prepared in-house using a modification of a method reported by Holynska and 

Bisiniek (1976) that employs diethyldithiocarbamate (DDTC) to quantitatively precipitate trace 

metals from a solution of known concentration (Fig. 1). A thorough description of low-level 

standard preparation can be found in the supplemental information. Briefly, known 
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concentrations of DDTC-Fe and DDTC-Mn precipitates made with commercially available 

dissolved Fe and Mn standard solutions were loaded onto cleaned polycarbonate track-etched 

(PCTE) filters (47 mm diameter, 0.4 μm pore size). Standard preparation procedures were 

optimized for solution DDTC:Fe and DDTC:Mn ratios as well as incubation (shaking) time with 

respect to XRF count intensity (Fig. S2-3). Accuracy of the method was established by digestion 

and graphite furnace absorption spectrometry analysis (Fig. S4). Furthermore, scanning electron 

images found a layer of evenly distributed particles, verifying that standards satisfy thin-film 

criteria. Particles on prepared DDTC standards were approximately the same size (1-10 µm) as 

SPM found in the upper ocean (lithogenic aerosols, small phytoplankton, detritus; Buck et al. 

2010a; Fig. S5). 

  

The trace element composition of SPM sample filters was first analyzed by ED-XRF at the 

NOAA/Pacific Marine Environmental Laboratory in Seattle, WA. ED-XRF analysis was 

conducted under a vacuum atmosphere using thin film principles on a Thermo Fisher Quant’X 

equipped with a Rhodium Target X-Ray tube and an electronically-cooled, lithium-drifted solid-

state detector. X-rays for primary sample excitation were passed through graphite and metal 

filters for optimum control of peak-to-background ratios (Ellis 2001). Excitation conditions for 

each analyte can be found in Table 1. Four separate QA/QC procedures are conducted on a 

daily, weekly, and monthly basis. First, a daily energy adjustment is performed for an energy 

channel alignment of the Quant’X. Second, ongoing weekly calibration verification is run using 

a series of multi-element samples to monitor machine drift. Reference material NIST 2783 is 

also analyzed on a weekly basis to monitor recovery of individual elements. Lastly, a monthly 
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analysis of 10 acid-washed blank filters is run for accurate background determination and 

monitoring. 

 

 

Figure 1. Energy dispersive X-ray fluorescence (ED-XRF) standard curve for Fe and Mn. Blue 

circles represent commercially available MicroMatter calibration standards. Minimum 

determination limits were improved with the addition of low concentration calibrants fabricated 

with a diethyldithiocarbamate (DDTC) precipitate method (red circles). 

 

Filter digestion and ICP-MS analysis 

While sample processing methods for ICP-MS vary slightly among research groups, several 

recent intercomparison exercises demonstrate that the concentrations of major and trace elements 

in marine SPM can be quantitatively and reproducibly determined using a minimum “best 
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practice” set of procedures (Planquette and Sherrell 2012; Ohnemus et al. 2014; Twining et al. 

2015). Typically, filtered marine SPM is subjected to a strong acid digestion, including nitric 

acid (HNO3; and possibly hydrogen peroxide, H2O2) to dissolve the authigenic and organic 

components of the bulk material, and hydrogen fluoride (HF) to dissolve the lithogenic 

components, e.g., Ti and Zr-containing minerals in samples collected from surface, coastal, and 

nepheloid zones (Eggimann and Betzer 1976; Cullen and Sherrell 1999; Ho et al. 2011; 

Ohnemus et al. 2014) followed by heating at ~120-140°C for three or more hours to digest both 

SPM and the filter substrate (Cullen and Sherrell 1999; Ohnemus and Lam 2015; Morton et al. 

2019). Alternatively, the total digestion of the filter substrate and marine SPM can be achieved 

efficiently using a microwave accelerated digestion system, which subjects the filtered sample to 

both heat and pressure (Ho et al. 2011). All heating methods then cycle the digest solutions one 

or more times through a series of drydowns and digestion steps using HNO3 (and optionally 

H2O2) to fully digest the organic filter material and produce a matrix suitable for direct analysis 

by ICP-MS (e.g., 0.32 M HNO3, a.k.a. “2% HNO3”). Concentrations of major and trace elements 

are then determined by comparison against a calibration curve of multielement external 

standards, with matrix effects and instrumental drift accounted for by spiking each sample 

quantitatively with a constant concentration of an internal standard (e.g., In, Sc, Y). To validate 

the procedural digestion efficiencies, reference materials of marine sediments, plankton, and/or 

aerosol dust are subjected to the same digestion procedures and analyzed. 

 

After the I09N SPM filters were analyzed by ED-XRF, they were shipped to Florida State 

University (FSU) for total digestion and analysis by HR ICP-MS. All work at FSU was 

conducted in a Class-1000 clean lab in the Geochemistry division of the National High Magnetic 
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Field Laboratory, according to methods detailed in Morton et al. (2013). In brief, filter samples 

were folded twice (into quarters) and placed into acid-washed 20-mL microwave digestion jars 

with 3.8 mL concentrated HNO3 (16 M, quartz distilled) and 0.2 mL concentrated H2O2 (30%, 

Fisher Optima). The samples sat loosely capped in an exhausting hood overnight, to allow the 

escape of any gases produced by easily oxidizable organic matter. An additional 1.4 mL of 

concentrated HNO3 (16 M, quartz distilled) and 0.8 mL of concentrated HF (32 M, Teflon 

distilled) were added to the microwave digestion vials, and the samples were then tightly capped 

and microwaved (CEM Mars Xpress) at 180°C and 1200 W for 30 minutes after a ramp time of 

10 minutes. The PCTE filters completely digested and dissolved, and the resulting digest 

solutions were transferred to 15-mL Savillex Teflon beakers. The microwave vials were then 

rinsed twice with 2-mL of UHP water, into the Savillex beakers. The digest solutions were 

heated uncapped at 80°C overnight on an enclosed double HEPA-filtered laminar flow hotplate 

(“flowbox”) to evaporate the acids and produce a small digest residue droplet. Finally, the digest 

residues were redissolved in 5 mL 0.32 M HNO3 (quartz distilled), by tightly capping the jars 

and heating on the flowbox hotplate for 30 minutes at ~135°C. The samples were then spiked 

with 10 ppb In (High Purity Standards, Charleston, SC) as an internal standard to account for 

instrumental effects and stored in acid-washed 15-mL polypropylene centrifuge tubes until ICP-

MS analysis, which usually occurred within 3-5 days of digestion. 

 

Concentrations of major and trace elements were quantified using seven-point external 

calibrations (0-500 ppb) prepared from a multielement standard (High Purity Standards, 

Charleston, SC). The digest solutions were introduced through a 200 µL/min PFA-ST nebulizer 

(Elemental Scientific, Inc.) and Teflon spray chamber (Savillex) into the Thermo ELEMENT2 
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HR ICP-MS. All elemental counts were normalized to account for any matrix effects or 

instrumental drift, in both low and medium resolution modes. To account for blank contributions 

from reagents, filters, and sample processing, vials containing only the reagent mixtures or 

reagents plus unused acid-washed filters were concurrently processed and analyzed, and the 

resulting “reagent blank” or “process blank” concentrations were subtracted from the final SRM 

or marine SPM sample concentrations. 

 

Reference material 

Because a certified reference material (CRM) for marine suspended particulate matter is not 

currently available, NIST standard reference material (SRM) 2783 (air particulate on filter 

media; National Institute of Standards & Technology 2011, hereafter “NIST 2783”) was used to 

determine analytical precision and accuracy for both methods. Additionally, thin-film secondary 

standards were prepared on 47-mm diameter, 0.025-µm pore size cellulose ester filters (VSWP 

MF-Millipore) using 0-3 µm Arizona Test Dust (ATD Powder Technology Inc.; Vlasenko et al. 

2005). ATD is a natural aerosol material with particle size distribution consistent with marine 

aerosols (0-3 µm) and is homogenous at a mass as low as 2 mg; it has an elemental composition 

that includes both lithogenic (e.g., Al and Fe) and anthropogenic (e.g., V and Pb) elements, and 

is currently being assessed by multiple international labs for use as an aerosol consensus 

reference material (Morton et al. 2013; Shelley et al. 2015; Buck et al. 2019). ATD samples were 

prepared by weighing individual ATD subsamples of 2-4 mg into separate acid-washed 15 mL 

polypropylene centrifuge tubes (Falcon). Immediately before filtration, 5 mL of UHP water was 

added to the centrifuge tubes and vortexed for five seconds to form a dilute slurry. The slurry 

was then vacuumed through an acid-washed 0.025 µm MF-Millipore filter (VSWP04700) using 



13 
 

a 100-mL Teflon reservoir and filter support (Savillex) installed into a custom-made acrylic 

vacuum chamber. To transfer any residual ATD material from the centrifuge tube, the tube was 

rinsed twice more with 5-mL UHP water, vortexed for five seconds, and the rinse solution 

vacuum filtered with the original slurry. Each 5-mL filtration took less than 20 seconds, 

minimizing the solubilization of labile elements from the ATD, and the small pore size was 

chosen to assure no small particles were able to pass through the filter and escape quantification 

in the particulate fraction. 

 

Assessment  

ED-XRF accuracy, detection limits, and blanks 

The minimum detection limit (MDL) for individual elements using ED-XRF is defined as 3 

times the square root of the background intensity measured from a standard of known 

concentration: 

 

𝑀𝑀𝑀𝑀𝑀𝑀 = �3∗ �𝐼𝐼𝑏𝑏�
(𝐼𝐼𝑝𝑝/𝑐𝑐)

  Equation 1 

 

where Ib is the background intensity, Ip is the peak intensity, and c is the concentration of the 

standard (Bertin 2012). MDLs for the ED-XRF method calculated using Equation 1 and 

MicroMatter standards are shown in Table 2 along with filter blank values for individual 

elements. For most elements, filter blank values are below the detection limit of the ED-XRF 

method. Filter blanks for Al, Fe, and Cu are somewhat higher than the lowest blanks that have 

previously been reported for polycarbonate filters, although they are generally comparable or 

lower than reported blanks for other filter types used for SPM sample collection and analysis by 

HR ICP-MS (e.g., MF-Millipore cellulose filter; Planquette and Sherrell 2012). 
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NIST 2783 (air particulate on filter media) was used to determine analytical precision and 

accuracy of the ED-XRF method. Recoveries for individual elements for NIST 2783 by ED-XRF 

are shown in Table 3. Average ED-XRF values for NIST 2783 are within +/- 10% of the 

reported certified value with the exception of Zn (85% of certified value).  

 

HR ICP-MS accuracy, detection limits, and blanks 

Detection limits for the HR ICP-MS method calculated from the instrumental blank are shown in 

Table 4 along with filter blank values for individual elements. NIST certified reference material 

1643 (trace elements in natural water) was used to determine analytical accuracy (e.g., 

instrument selectivity and standards preparation) of the HR ICP-MS method. Recoveries for 

individual elements for NIST 1643 from HR ICP-MS analysis are shown in Table 5. Efficacy of 

the digest method was also assessed by digestion and HR ICP-MS analysis of duplicate NIST 

2783; recoveries for individual elements are shown in Table 6. Average values for ICP-MS 

analysis ranged from 102% to 200% (Ni) of the reported certified value. With the exception of 

Zn, the relative standard deviations of duplicate analysis were all >13% and as high as 47% in 

the case of Ni. 

 

Comparison of ED-XRF and HR ICP-MS paired data 

To compare the results of ED-XRF and HR ICP-MS methods, samples across all concentrations, 

stations and depths were compared using descriptive statistics (Table 7), boxplots (Fig. 2), and 

histograms fitted with frequency distributions normalized to 1 (Fig. 3; data can be found in the 

supplemental information). Boxplots and histograms were conducted using the Python v2.7.11 
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SciPy Boxplot and Seaborn packages, respectively. Bin sizes for the histograms were selected 

using Freedman-Diaconis rule:  

 

       𝐵𝐵𝐵𝐵𝐵𝐵 𝑆𝑆𝐵𝐵𝑆𝑆𝑆𝑆 = 2 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼(𝑥𝑥)
𝑛𝑛1/3                                     Equation 2 

  

where IQR(x) is the interquartile range of the data and n is the sample size of x (Freedman and 

Diaconis 1981). The methods for each analyte were then compared using a Wilcoxon Signed-

Ranked Test, a non-parametric test appropriate for comparing oceanic profiles and transects that 

lack normal and/or symmetric distributions (Miller and Miller 2010; Sprent 2007). Under the 

null hypothesis, the magnitude of the differences of each sample should be randomly distributed 

in a symmetric manner around zero (p > 0.01; Fig. 4). Results found no evidence of systematic 

differences between the two methods for Al (p = 0.043), Mn (p = 0.36), and Fe (p = 0.71), but 

the remaining elements (P, Ti, Ni, Cu, Zn) were all found to be significantly different (p < 

0.00001 in all cases). 
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Figure 2. Box and whisker plots of ED-XRF and High-Resolution Inductively Coupled Plasma-

Mass Spectrometry (HR ICP-MS) elemental concentrations. Each box represents 50% of data 

values and is divided at the median. The whiskers represent the upper and lower 99% and the 

black circles are outliers. Boxplots allow for the comparison of the two methods and represent 

the median concentrations, spread and skewness of each analysis. For example, distributions for 

Al, Mn, and Fe are very similar; examining Cu we note differences in median concentrations and 

spread. 
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Figure 3. Histograms fitted with density plots (solid lines) for ED-XRF (blue) and HR ICP-MS 

(red). The height of each bin gives the relative frequency of elemental concentration. Likewise, 

the peaks of the density plots are the concentrations with the highest frequencies. Al, Mn, and Fe 

have near identical distributions. ED-XRF values were consistently lower for P, Ni, and Cu when 

compared to IC-PMS. 
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Figure 4. Distributions of [ED-XRF] – [ICP-MS] values used for Wilcoxon signed rank test. If 

results between the two methods were identical the differences should be symmetrically 

distributed around zero. For example, an appraisal of P indicates ICP-MS analysis was 

consistently higher when compared to ED-XRF for nearly every sample by 0.5 to 6 and most 

frequently by 1.75 nM/L.  

 

 

A more detailed analysis was conducted using a weighted orthogonal distance regression 

(WODR), which is an advanced type-II linear regression. WODR is an iterative method used to 

compare output from two analytical methods that considers error in both the x and y direction. 

The method provides an estimate of both the slope and intercept with standard errors; is capable 

of handling data with variable precision (heteroscedastic); is symmetric in that the x- and y- 
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variables can be interchanged and still produce the same results; considers error for both x- and 

y- data; and does not suffer from the biases generated by inappropriate use of regression 

(Thompson 1982; Ripley and Thompson 1987; Analytical Methods Committee 1988). WODR 

analysis was conducted using the Python v2.7.11 SciPy ODR package (Brown and Fuller 1990; 

Boggs 1992). Random measurement error for the ED-XRF was determined and propagated using 

the standard deviation of the slope and intercept of each calibration curve used for analysis as 

described by Miller and Miller (2010). For the filter digest and ICP-MS method, analytic 

uncertainty was estimated using the relative standard deviation of repeat measurements (n =5) of 

three standard reference materials (BCR-414, ATD, PACS- 2) and ranged from 5 to 9% (Table 

7). 

The statistics generated by the WODR fit are shown in Table 7 and the resultant x-y plots can be 

found in Fig. 5, where error bars are +\- 1 standard deviation. Outliers were identified using 

Cook’s squared distance and removed for WODR estimates (Miller and Miller 2010). To 

characterize the bias, if any, between the two methods we calculated z-scores using WODR slope 

(m) and intercept (b) as well as slope standard error (se[m]) and intercept standard error 

estimates (se[b]; Table 7). If no bias is present and the results from each method are identical, 

the WODR slope and intercept estimates would be equal to one and zero, respectively. A z-score 

represents the number of standard deviations a slope value is from one or an intercept value is 

from zero (Miller and Miller, 2010). For example, we test the hypothesis that the WODR 

estimate passes through zero (Ho: b = 0) by calculating zb = b/se(b). Large standard deviation 

scores (> 3) are an indication of a constant, or translational, bias. Likewise, we test that the slope 

of the line is equal to one (Ho: m = 1) using zm = (m-1)/se(m). Large standard deviations in this 

case are evidence of a variable, or rotational, bias. 
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Figure 5. Weighted orthogonal distance regression (WODR) plots for all data above detection 

limits. Dash line is 1:1; red dots are outliers not used in the calculations; error bars are 1 standard 

deviation. No statistical difference was found between the two methods for Al, Mn, and Fe; Ti is 

parallel to but distinct from the x=y line suggesting a methodical bias between the two methods; 

P has both a constant and variable bias in the intercept and slope, respectively; and Ni, Cu, and 

Zn have poor agreement between the two methods. 
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Examination of the z-score results found no significant difference between the two analytical 

methods for Mn and Fe, and excellent agreement for Al with a slope z-score slightly higher than 

three standard deviations, indicating a small rotational bias resulting from the divergence of 

values with higher concentrations. For Ti, the WODR line was parallel to but distinct from the 

x=y line, suggesting a methodical bias between the two methods. The remaining elements (P, Ni, 

Cu, Zn) had poor agreement on all counts. 

Discussion 

Our intercomparison study found that ED-XRF can quantify many elements in marine SPM at 

nanomolar concentrations as accurately and precisely as ICP-MS. While comparisons of Ni, Cu, 

and Zn between the two methods are poor, this is likely due to the low concentrations found in 

the Indian Ocean, often at or below the analytical detection limits of both techniques. A similar 

intercomparison study (Barrett 2015) conducted using a smaller number of samples (n = 14) with 

higher concentrations of Ni (26–52 nM), Cu (112–495 nM), and Zn (42–326 nM) collected from 

open-ocean surface waters (CLIVAR sections A16N and P2) and a hydrothermal vent field (NE 

Lau basin) found linear relationships between the two methods for Cu, Ni, and Zn, and results 

similar to this study where Ni and Zn concentrations were higher when measured by ICP-MS 

compared to ED-XRF. The consistently higher ICP-MS concentrations found in both studies 

could be the effect of contamination introduced during the digest process (Bowie et al. 2010; 

Planquette and Sherrell 2012). Regardless, the current methodologies are inadequate for 

comparisons of samples near detection limits and further study, using data at higher 

concentrations, is needed to determine the bias between the two methods. Lastly, P 

concentrations also had a constant bias with lower ED-XRF values across the entire 

concentration range (Figs. 2 and 3). This offset is probably not a result of adsorption due to 



22 
 

matrix effects caused by overloaded filters as both Al and P were analyzed using the same 

excitation conditions. Al has a shorter wavelength and would also be similarly affected if the 

samples did not meet thin-film assumptions. It should be noted Al and P are the lightest elements 

analyzed for this study and are commonly used as proxies for lithogenic and biogenic 

endmembers, respectively. Considering a max SPM loading of 1600 µg and sample volumes of 

0.5 to 10 L, and assuming a sample consisting of 100% particulate organic matter with a 

POM:POC ratio of 0.53 (Lam et al. 2011) and a Redfield C:P ratio of 116:1, the upper limit of in 

situ pP concentrations for ED-XRF analysis would be 0.051 – 1.22 µM. Likewise, assuming a 

sample of 100% lithogenic particles and an Al endmember mass of 7.96% (Wedepohl 1995), the 

upper limit of in situ pAl concentrations for ED-XRF analysis would be 0.5 - 9.4 µM. Thus, as 

long as mass loadings remain below 1600 µg (for a 37mm filter), ED-XRF analysis is suitable 

for pAl and pP measurements in most marine systems.  

As previously discussed, CRMs for marine suspended particulate matter loaded onto a filter are 

not commercially available, so NIST 2783 (air particulate on filter media) was used to compare 

the two methods. As discussed above, a pair of NIST 2783 sample filters is run weekly by ED-

XRF for quality assurances purposes; an additional filter set (n=2) was purchased and digested 

for HR ICP-MS analysis. Open ocean values for SPM concentrations range from 10 to 30 µg/L 

with an upper limit of 1000 µg/L (Ohnemus et al. 2014). NIST 2783 filters have a reported 

average mass loading of 485 +/- 10 µg, which is slightly higher than the masses typically 

collected for SPM samples. To obtain a filter sample with an equivalent mass, volumes of 16 to 

48 L would be needed for typical open ocean SPM concentrations and 0.5 L for the upper limit. 

Maximum, minimum, and median filter volumes collected for the CLIVAR I09 N effort were 11, 

5, and 10 L, respectively. Elemental concentrations of NIST 2783 for the elements analyzed for 
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this study are all 2-3 orders of magnitude greater than those found in the open ocean (Table 8). 

However, while NIST 2783 is not a perfect analog for open ocean SPM samples, it can serve as a 

good indicator of the strengths and weaknesses of each method.  

Average ED-XRF values for NIST 2783 are generally within +/- 10% of the reported certified 

value. Recovery of Zn falls slightly outside of this range at 85%. Recoveries for most elements 

certified in NIST 2783 using total digestion and HR ICP-MS were within 102 to 129% of the 

reported certified values, confirming results of past studies that found complete dissolution of 

particulates during the digestion step (Ohnemus et al. 2014). Ni, on the other hand, was the 

exception, with a concentration double that of the reference value (not certified). While the 

digestion and HR ICP-MS method reported good accuracy, precision was poor with relative 

percent difference [|(x2-x1)|/((x2+x1)/2)), %] values ranging from 13 to 24%. There are several 

possible explanations for this result including: (1) the sample size, or number of replicate 

samples (n=2), was too small to adequately reflect the bulk average concentrations; (2) of the 

2200 filters made by NIST, only 30 were analyzed for homogeneity (2 per each batch of ~150); 

and (3) homogeneity of elemental mass loadings among filters was determined using only one 

method: instrumental neutron activation analysis (National Institute of Standards & Technology 

2011). Unfortunately, the NIST 2783 reference material is no longer available, so follow-up 

analyses with additional replicates is impossible.  

 

In addition to NIST 2783, five Arizona Test Dust samples (Ultrafine, 0-3 um particle size) were 

analyzed by ED-XRF and compared to consensus values reported by 11 other laboratories 

(Morton et al. 2013; Shelley et al. 2015; Buck et al. 2019). We recognize the aerosol filter 

substrate and pore size used to produce the ATD standards is different than the filter type used to 
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collect marine SPM samples for this study. This change was necessary to produce reliable ED-

XRF standards of ultrafine ATD. Marine SPM is frequently collected using 0.2-0.45 µm filters; 

particles smaller than this are considered part of the soluble/colloidal/dissolved size fraction. 

While operationally defined size classes are an acceptable practice for marine studies, producing 

an ED-XRF standard requires complete recovery of any filtered material. At the time of this 

work, the smallest pore size PCTE filter available was 0.1 µm (Vlasenko et al. [2005] reported a 

Nuclepore filter with 0.05 µm pore size, which we were unable to find). However, MF-Millipore 

manufactures a mixed cellulose ester filter with a pore size of 0.025 µm (product #VSWP04700), 

suitable for near-complete recovery of the entire particle distribution of ATD. Though MF-

Millipore filters have higher blank concentrations for all elements except Cu when compared 

PCTE filters, MF-Millipore filters are suitable for marine SPM collection and analysis as long as 

the blank correction is <10% the sample concentration (Planquette and Sherrell 2012). 

Additionally, a similar filter (Whatman 41) has been employed successfully for complementary 

marine aerosol studies (Morton et al. 2013; Shelley et al. 2015; Marsay et al. 2018; Buck et al. 

2019). The use of the small pore size MF-Millipore filter proved appropriate, as the ED-XRF 

analysis of the filter-loaded ATD showed no statistical difference for six of the eight elements (t-

test; p = 0.01; Table 8) when compared to ICP-MS results of ATD powder digested and 

analyzed by 11 independent labs. (The exceptions were Ni, which reported 68% less the 

consensus value, and Zn, which reported 50% more.) Furthermore, ED-XRF had satisfactory 

precision with element-specific relative standard deviation (RSD) trends that ranged from 6 to 

19% and agreed with interlaboratory variability of ATD as determined by HR ICP-MS. 

 



25 
 

The analysis of SPM by ED-XRF has many advantages and can serve as an independent 

analytical method for marine SPM or as a complementary technique to expand the suite of 

elements analyzed by other methods or instrumentation. ED-XRF requires little sample 

preparation and processing, which offers high throughput: for example, 100 samples can easily 

be analyzed for multiple bioactive elements in one week. Additionally, ED-XRF techniques are 

cost effective and non-destructive and do not require a digestion step: eliminating both the use of 

hazardous acid digestions and the risk of contamination and uncertainties associated with 

extensive sample handling and processing required by total digestion methods (Planquette and 

Sherrell 2012; Ohnemus et al. 2014). Thus, bulk analysis of SPM by ED-XRF can advance the 

GEOTRACES directive by addressing challenges related to: intercalibration between 

laboratories, cruises, and crossover stations; the development of SPM consensus material for 

quality assurance and quality control such as those developed for dissolved species (like SAFE 

and GEOTRACES); and sample archival of analyzed filters for future use (Henderson and 

Marchal 2015).  

Currently, ED-XRF methods are restricted by detection limits for trace elements found in low 

levels in the particulate phase due to a combination of low overall particulate concentrations in 

the marine environment and small filter volumes used (<5 L). This is particularly true for Cu, Ni, 

and Zn as 100, 52, and 120 samples were below study ED-XRF detection limits, respectively.  

Furthermore, ED-XRF cannot be used to analyze marine SPM collected onto polyethersulfone 

filters, which have been employed in sample collection for their high loading capacity, due to 

artifacts produced by the high sulfur content during ED-XRF analysis. However, these 

limitations can be resolved with further methodological refinement or addressed with shipboard 

sampling strategies that produce higher filtration volumes on appropriate filter types. It should be 
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noted that cellulose ester filters have been proven successful for the collection and analysis of 

marine SPM by HR ICP-MS (Planquette and Sherrell 2012) and now by ED-XRF.  

Recommendations 

First, we recommend improving ED-XRF detection limits for elements with sub-nanomolar SPM 

concentrations found in the open ocean. For this study, minimum determination limits were 

improved for Fe and Mn by creating low concentration calibration standards using the DDTC 

precipitate method. Similar calibrants should be created for elements such as Cu, Ni, Zn, and Pb. 

In a promising new method, Yatkin et al. (2018) created low mass, low concentration (ng cm-2) 

multi-element standards on filters using a desolvating nebulizer. A follow-up intercalibration 

study conducted by Hyslop et al. (2019) involving eight laboratories using ED-XRF and ICP-MS 

found these standards to be sufficient for ED-XRF calibration for Na, Al, Si, S, K, Ti, V, Mn, Fe, 

Co, Ni, Se, As, and Pb. Such standards are required as commercially available calibrants are 

uncommon and those that are available have particulate masses and elemental concentrations 

much higher than is typical of SPM in most of the ocean.  

Second, advances in XRF instrumentation, technology, and techniques over the past decade 

should be exploited. For example, commercially available silicon drift detectors (SDD) have 

better energy resolution and higher count rates, lower signal-to-noise ratios, and thus lower 

detection limits than the Si(Li) detector used for this study. Thermo Fisher Scientific’s most 

recent generation of SDD, the SDD1000, has double the active surface area, an improved 

preamplifier, and a larger detection window, allowing for the capture of more fluorescent 

radiation, thus improving sensitivity by at least a factor of 2 for all elements. Higher count rates 

also result in shorter measurement times improving throughput. 
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Also, total reflection X-ray fluorescence (TXRF) instruments are becoming readily available on 

the commercial market and have promise for quantitative SPM analysis with extremely low 

detection limits (Bohlen and Klockenkämper 2015). TXRF, a high-performance variant of 

traditional ED-XRF methods, is based on a unique geometric setup between X-ray tube, sample, 

and detector. In TXRF, the sample is irradiated at a very shallow (or grazing) angle of 0.1°, and 

the resulting fluorescence signal is collected by a detector located at 90° relative to the sample 

surface (in ED-XRF the X-ray tube and detector are positioned at about 40° relative to the 

sample). Such a configuration reduces spectral background signals (filter matrix), resulting in 

extremely low detection limits. TXRF methodologies have been increasingly used to quantify 

pollution levels in air, water, and soil (see review, Bilo et al. 2018). In a compelling study by 

Bontempi et al. (2010), direct analysis of elemental concentrations of aerosols deposited onto 

filters in the urban Italian area of Brescia were analyzed and methodologies reported low ng/cm2 

detection limits. While methods for the marine environment have yet to be developed, TXRF 

may be an option for low-level analysis of marine SPM and perhaps even dissolved metals and 

aerosols.  

Lastly, we propose creating a series of reference materials on PCTE or MF-Millipore filters with 

elemental ratios analogous to atmospheric, fluvial, hydrothermal, and autochthonous sources. 

While the current effort to create and distribute ATD (Morton et al. 2013) is a good start, a much 

larger effort is needed. Such reference materials are currently unavailable but are paramount for 

methodological quality assurance and analytical accuracy (Shelley et al. 2015) as demonstrated 

by the creation and use of SAFe and GEOTRACES standards for dissolved elements (Johnson et 

al. 2007). Furthermore, by preparing consensus reference materials on PCTE or MF-Millipore 

filters, particle quantification by non-destructive methods (such as ED-XRF) could be conducted 
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before distribution to laboratories that utilize digestions, advancing intercalibration efforts for 

GEOTRACES and other international oceanographic programs.  
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Tables  

Table 1. Energy dispersive X-ray fluorescence (ED-XRF) excitation conditions for trace 

elements of interest. The composition suspended particulate matter was analyzed at the Pacific 

Marine Environmental Laboratory in Seattle, WA. ED-XRF analysis was conducted under a 

vacuum atmosphere using thin-film principles on a Thermo Fisher Quant’X equipped with a 

Rhodium Target X-Ray tube and an electronically-cooled, lithium-drifted solid state detector. X-

rays for primary sample excitation were passed through graphite filters for optimum control of 

peak-to-background ratios. 

condition filter voltage 

(kV) 

current 

(mA) 

analytes 

low Za graphite thin 10 1.98 Al, P 

mid Za Pd thin 30 1.66 Ti, Mn, Fe, Ni, Cu, Zn 
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Table 2. Minimum determination limits (MDL; calculated using Micromatter standards) and 

average  polycarbonate track-etched filter blank values for ED-XRF analysis reported as both 

filter concentration (ng cm-2) and equivalent seawater concentration (pmol L-1) for the average 

sample filtration volume (8 L).  

analyte 

MDL  filter blank (n=11) 

(ng cm-2) (pmol L-

1) 

 (ng cm-2) (pmol L-1) 

Al 9.4 540  11.04 63.0 

P 2.01 100  BDL --- 

Ti 2.52 80  BDL --- 

Mn 1.27 40  BDL --- 

Fe 0.95 30  2.11 60.0 

Ni 0.77 20  BDL --- 

Cu 1.25 30  1.31 30.0 

Zn 1.28 30  BDL --- 

      

BDL = below detection limit 
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Table 3. Results from weekly ED-XRF analysis (n = 320) of reference material NIST SRM 2783 

(air particulate on filter media) compared to certified values for individual elements (in ng cm-2). 

analyte 
certified value 

(ng) 

+/- 1 

SD 

Measured mean 

value (ng) 

+/- 1 

SD 

recovery 

(%) 

+/- (%)  

Al 23210 530 21400 816 92 3.5 

P n/a --- 1553 99.6 --- --- 

Ca 13200 1700 13330 637 101 4.8 

V 48.5 6 BDL --- --- --- 

Ti 1490 240 1703 67.1 114 8.9 

Mn 320 12 333 8.0 104 2.5 

Fe 26500 1600 28500 69.2 108 2.6 

Ni* 68 12 64 4.5 94 6.5 

Cu 404 42 435 20 108 4.9 

Zn 1790 130 1524 41.7 85 2.3 

Pb 317 54 327 33.9 103 10 

n/a = certified or reference value not available 
BDL = below detection limit 
* = reference value  
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Table 4. Minimum determination limits (MDL; filter blank), average instrument blank values, 

and average filter blank values for high-resolution inductively coupled plasma-mass 

spectrometry (HR ICP-MS) analysis reported as both sample concentrations (ppb) and equivalent 

seawater concentration (pmol L-1) for the average sample filtration volume (8 L).  

 

analyte 

MDL (3xSD; 

Filter blanks) 

 Instrument blank 

(n=3) 

 Filter blank (n=5) 

(ng/g) (pmol L-1)  (ng/g) (pmol L-1)  (ng/g) (pmol L-1) 

Al 3.1 71.1  0.15 2.10  3.1 71.8 

P 2.7 53.7  0.50 0.61  3.1 62.7 

Ti 3.8 49.6  0.002 0.019  5.3 68.7 

Mn 0.04 0.40  0.009 0.060  0.05 0.55 

Fe 5.15 57.6  0.25 1.71  3.9 44.2 

Ni 1.3 13.4  0.08 0.53  1.3 13.6 

Cu 0.06 1.0  0.02 0.10  0.06 0.6 

Zn 0.4 4.0  0.17 0.97  0.4 3.8 
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Table 5. Analysis of certified reference material NIST 1643e (Trace Elements in Natural Water) 

by HR ICP-MS compared to certified values for individual elements (in ppb). 

analyte 
certified value 

(ppb) 
+/- 1 SD 

measured 

mean value 

(ppb) 

+/- 1 SD 
recovery 

(%) 

Al 138.3 8.4 138.2 2.0 100 

P n/a --- 7.0 0.3 --- 

Ti n/a --- 0.29 0.03 --- 

Mn 38.0 0.4 41.0 0.4 108 

Fe 95.7 1.4 97.1 2.8 101 

Ni 60.9 0.67 56.2 1.0 92 

Cu 22.2 0.3 24.4 0.4 110 

Zn 76.5 2.1 72.8 1.6 95 

Pb 12.10 0.05 9.77 0.28 81 
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Table 6. Results from HF-assisted microwave digestion and HR ICP-MS analysis (n=2) of NIST 

SRM 2783 (air particulate on filter media) compared to certified values for individual elements. 

analyte 
certified value 

(ng) 

+/- 1 

SD 

measured mean 

value (ng) 

+/- 1 

SD 

 recovery 

(%) 

+/- (%) 

Al 23210 530 26490 6270  114 27 

P n/a --- 1305 198  --- --- 

Ti 1490 240 1580 306  106 24 

Mn 320 12 377 81  118 25 

Fe 26500 1600 29990 5970  113 23 

Ni* 68 12 136 19  200 28 

Cu 404 42 477 102  118 25 

Zn 1790 130 1879 382  105 21 

 n/a = certified or reference value not available 

* = reference value  
 

  



36 
 

Table 7. Orthogonal distance regression statistic; includes outliers removed and relative standard 

deviations (RSD) used to calculate standard deviations for filter digest and ICP-MS methods. 

Elemen
t n 

outliers 
remove

d 

% RSD 
for 

ICPMS Slope 
Slope 
STD 

Slope 
Z-

Score 
Interce

pt 
Interce
pt STD 

Interce
pt Z 
score 

Al 174 4 5 0.91 0.028 -3.25 0.002 0.052 0.036 
P 180 6 6 0.71 0.023 -11.11 -0.69 0.068 -10.2 
Ti 189 13 7 0.9 0.059 -1.71 0.14 0.023 6.05 

Mn 185 4 6 1 0.19 0.44 0.0055 0.004 1.38 
Fe 211 4 5 1.08 0.18 0.48 -0.068 0.11 -0.56 
Ni 159 2 9 0.57 0.06 -7.19 0.008 0.002 3.77 
Cu 111 0 6 0.083 0.031 -29 0.0079 0.0008 9.11 
Zn 91 2 5 0.025 0.0318 -30 0.035 0.002 18 
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Table 8. ATD results for interlaboratory ICP-MS analysis and ED-XRF. 

ATD          
ATD 
XRF n = 5 

 
  T- test 

statistics   

analyte 
 

Consensus 
value (as of 
Apr 2020) 

+/- 1 
SD 

RSD measured 
value µg 

/ g  

+/- 1 
SD 

RSD Consensus / 
EDXRF 

 

  
  

Labs # µg / g % (%)   df p 
Al 11 64600 8953 13.8 60000 3460 5.77 1.08 14 0.3 
P 7 897 136 15.2 1060 99 9.38 0.85 10 0.05 
Ti 9 3330 309 9.28 4040 358 8.87 0.82 12 0.02 
Mn 9 761 47 6.18 866 88 10.2 0.88 12 0.02 
Fe 11 32600 2280 6.99 36000 3330 9.37 0.91 14 0.03 
Ni 6 30.7 1.05 3.41 20.8 3.27 15.7 1.48 9 < 0.0001* 
Cu 7 43.7 0.14 0.32 46.9 8.9 18.9 0.93 10 0.07 
Zn 7 101 16.41 16.1 152 12.3 8.09 0.67 10 0.002* 
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Table 1. Energy dispersive X-ray fluorescence (ED-XRF) excitation conditions for trace 

elements of interest. The composition suspended particulate matter was analyzed at the Pacific 

Marine Environmental Laboratory in Seattle, WA. ED-XRF analysis was conducted under a 

vacuum atmosphere using thin-film principles on a Thermo Fisher Quant’X equipped with a 

Rhodium Target X-Ray tube and an electronically-cooled, lithium-drifted solid state detector. X-

rays for primary sample excitation were passed through graphite filters for optimum control of 

peak-to-background ratios. 

condition filter voltage 

(kV) 

current 

(mA) 

analytes 

low Za graphite thin 10 1.98 Al, P 

mid Za Pd thin 30 1.66 Ti, Mn, Fe, Ni, Cu, Zn 

 

  



2 
 

Table 2. Minimum determination limits (MDL; calculated using Micromatter standards) and 

average  polycarbonate track-etched filter blank values for ED-XRF analysis reported as both 

filter concentration (ng cm-2) and equivalent seawater concentration (pmol L-1) for the average 

sample filtration volume (8 L).  

analyte 

MDL  filter blank (n=11) 

(ng cm-2) (pmol L-

1) 

 (ng cm-2) (pmol L-1) 

Al 9.4 540  11.04 63.0 

P 2.01 100  BDL --- 

Ti 2.52 80  BDL --- 

Mn 1.27 40  BDL --- 

Fe 0.95 30  2.11 60.0 

Ni 0.77 20  BDL --- 

Cu 1.25 30  1.31 30.0 

Zn 1.28 30  BDL --- 

      

BDL = below detection limit 
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Table 3. Results from weekly ED-XRF analysis (n = 320) of reference material NIST SRM 2783 

(air particulate on filter media) compared to certified values for individual elements (in ng cm-2). 

analyte 
certified value 

(ng) 

+/- 1 

SD 

Measured mean 

value (ng) 

+/- 1 

SD 

recovery 

(%) 

+/- (%)  

Al 23210 530 21400 816 92 3.5 

P n/a --- 1553 99.6 --- --- 

Ca 13200 1700 13330 637 101 4.8 

V 48.5 6 BDL --- --- --- 

Ti 1490 240 1703 67.1 114 8.9 

Mn 320 12 333 8.0 104 2.5 

Fe 26500 1600 28500 69.2 108 2.6 

Ni* 68 12 64 4.5 94 6.5 

Cu 404 42 435 20 108 4.9 

Zn 1790 130 1524 41.7 85 2.3 

Pb 317 54 327 33.9 103 10 

n/a = certified or reference value not available 
BDL = below detection limit 
* = reference value  
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Table 4. Minimum determination limits (MDL; filter blank), average instrument blank values, 

and average filter blank values for high-resolution inductively coupled plasma-mass 

spectrometry (HR ICP-MS) analysis reported as both sample concentrations (ppb) and equivalent 

seawater concentration (pmol L-1) for the average sample filtration volume (8 L).  

 

analyte 

MDL (3xSD; 

Filter blanks) 

 Instrument blank 

(n=3) 

 Filter blank (n=5) 

(ng/g) (pmol L-1)  (ng/g) (pmol L-1)  (ng/g) (pmol L-1) 

Al 3.1 71.1  0.15 2.10  3.1 71.8 

P 2.7 53.7  0.50 0.61  3.1 62.7 

Ti 3.8 49.6  0.002 0.019  5.3 68.7 

Mn 0.04 0.40  0.009 0.060  0.05 0.55 

Fe 5.15 57.6  0.25 1.71  3.9 44.2 

Ni 1.3 13.4  0.08 0.53  1.3 13.6 

Cu 0.06 1.0  0.02 0.10  0.06 0.6 

Zn 0.4 4.0  0.17 0.97  0.4 3.8 
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Table 5. Analysis of certified reference material NIST 1643e (Trace Elements in Natural Water) 

by HR ICP-MS compared to certified values for individual elements (in ppb). 

analyte 
certified value 

(ppb) 
+/- 1 SD 

measured 

mean value 

(ppb) 

+/- 1 SD 
recovery 

(%) 

Al 138.3 8.4 138.2 2.0 100 

P n/a --- 7.0 0.3 --- 

Ti n/a --- 0.29 0.03 --- 

Mn 38.0 0.4 41.0 0.4 108 

Fe 95.7 1.4 97.1 2.8 101 

Ni 60.9 0.67 56.2 1.0 92 

Cu 22.2 0.3 24.4 0.4 110 

Zn 76.5 2.1 72.8 1.6 95 

Pb 12.10 0.05 9.77 0.28 81 
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Table 6. Results from HF-assisted microwave digestion and HR ICP-MS analysis (n=2) of NIST 

SRM 2783 (air particulate on filter media) compared to certified values for individual elements. 

analyte 
certified value 

(ng) 

+/- 1 

SD 

measured mean 

value (ng) 

+/- 1 

SD 

 recovery 

(%) 

+/- (%) 

Al 23210 530 26490 6270  114 27 

P n/a --- 1305 198  --- --- 

Ti 1490 240 1580 306  106 24 

Mn 320 12 377 81  118 25 

Fe 26500 1600 29990 5970  113 23 

Ni* 68 12 136 19  200 28 

Cu 404 42 477 102  118 25 

Zn 1790 130 1879 382  105 21 

 n/a = certified or reference value not available 

* = reference value  
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Table 7. Orthogonal distance regression statistic; includes outliers removed and relative standard 

deviations (RSD) used to calculate standard deviations for filter digest and ICP-MS methods. 

Elemen
t n 

outliers 
remove

d 

% RSD 
for 

ICPMS Slope 
Slope 
STD 

Slope 
Z-

Score 
Interce

pt 
Interce
pt STD 

Interce
pt Z 
score 

Al 174 4 5 0.91 0.028 -3.25 0.002 0.052 0.036 
P 180 6 6 0.71 0.023 -11.11 -0.69 0.068 -10.2 
Ti 189 13 7 0.9 0.059 -1.71 0.14 0.023 6.05 

Mn 185 4 6 1 0.19 0.44 0.0055 0.004 1.38 
Fe 211 4 5 1.08 0.18 0.48 -0.068 0.11 -0.56 
Ni 159 2 9 0.57 0.06 -7.19 0.008 0.002 3.77 
Cu 111 0 6 0.083 0.031 -29 0.0079 0.0008 9.11 
Zn 91 2 5 0.025 0.0318 -30 0.035 0.002 18 
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Table 8. ATD results for interlaboratory ICP-MS analysis and ED-XRF. 

ATD          
ATD 
XRF 

n = 
5  

  T- test 
statistics   

analyte 
 

Consensus 
value (as 
of Apr 
2020) 

+/- 1 
SD 

RSD measured 
value µg 

/ g  

+/- 1 
SD 

RSD Consensus 
/ EDXRF 

 
  
  

Labs 
# µg / g % (%)   df p 

Al 11 64600 8953 13.8 60000 3460 5.77 1.08 14 0.3 
P 7 897 136 15.2 1060 99 9.38 0.85 10 0.05 
Ti 9 3330 309 9.28 4040 358 8.87 0.82 12 0.02 
Mn 9 761 47 6.18 866 88 10.2 0.88 12 0.02 
Fe 11 32600 2280 6.99 36000 3330 9.37 0.91 14 0.03 

Ni 6 30.7 1.05 3.41 20.8 3.27 15.7 1.48 9 < 
0.0001* 

Cu 7 43.7 0.14 0.32 46.9 8.9 18.9 0.93 10 0.07 
Zn 7 101 16.41 16.1 152 12.3 8.09 0.67 10 0.002* 
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