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ARTICLE INFO ABSTRACT

Keywords: Due to the analytical challenges of detecting and quantifying nanoparticles in seawater, the data on distributions
Nanoparticles of NPs in the marine environment is limited to qualitative studies or by ensemble measurements subject to
Colloids various analytical artifacts. Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) allows
Fjord o T . . . . .

SP-ICP-MS determination of individual inorganic NPs at environmentally relevant concentrations, yet only few studies have
Metals been conducted on selected elements in surface sea water. Here, a sequential multi-element screening method
Sampling was developed and implemented to provide a first survey of the horizontal and vertical distributions of inorganic
Seawater nanoparticles and trace elements in a pristine Norwegian fjord prospect for submarine tailings deposition. Sta-

Coast tistical control of false-positive detections while minimizing the size detection limit was ensured using a novel
raw signal processing. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) gave
confirmative and qualitative information regarding particle morphology and composition. Following SP-ICP-MS
screening for particles of 16 elements, particulate Al, Fe, Mn, Pb, Si and Ti were found and determined to mass
concentrations in ng/L of 1-399, 1-412, below limit of detection (<LOD) - 269, <LOD - 1, <LOD - 1981 and
<LOD - 127 ng/L with particle number concentrations up to 10° particles per liter. Total metals concentrations
were at least an order of magnitude higher, at concentrations in pg/L of 1-12 for Al, 2-13 for Fe, 0.3-11 Mn,
0.02-0.5 for Pb, 46 to 318 Si and 0.04-0.4 for Ti. A strong depth dependence was observed for both trace el-
ements and particles with concentrations increasing with depth. Our results provide a baseline for the fjord and
new data on environmental levels of both total metals and metal containing nanoparticles including the vertical
and horizontal distribution of natural nanoparticles.

1. Introduction be compared due to variations in filter compositions, pore sizes and filter

artifacts, and additionally give inadequate information regarding

Nanoparticles (NPs) may be engineered, natural or incidental by-
products of human activity. Whereas engineered NPs have received
most attention, they are less abundant than incidental NPs, which in
turn are outnumbered by natural NPs, whose role in biogeochemical
processes remain poorly understood (Hochella et al., 2019). The ocean is
the principal sink for NPs (Klaine et al., 2008). However, estimates of
nanoparticle concentrations in the marine environment are either based
on models backed by limited empiric evidence (Baker et al., 2014) or
ensemble methods such as serial filtration or laser diffractometry. These
methods are subject to various analytical artifacts and incapable of
separating heteroaggregates with organic material from inorganic or
metal particles. Quantitative studies using serial filtration cannot readily

speciation or size distributions (Stumm and Morgan, 1996). This is
evidenced by literature showing discrepancies that markedly exceed
expected natural variations (Wilkinson and Lead, 2007), as well as re-
covery tests and comparison with size distributions obtained by electron
microscopy (Stumm and Morgan, 1996).

Mechanistic models such as the Derja-
guin-Landau-Verwey-Overbeek theory fail to predict NPs’ extrinsic or
media-dependent nature in complex environments and thus their sta-
bility in marine and natural waters (Rand and Ranville, 2019). As such,
emphasis has been put on heuristic approaches to determining stability
as both a function of dispersion characteristics (Klaine et al., 2008),
including natural organic matter in controlled (Li et al., 2020) or natural
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environments (Gondikas et al., 2020), and particle characteristics
(Abdolahpur Monikh et al., 2018). Yet, empiric data regarding both
dispersion and particle characteristics and composition in the environ-
ment are lacking due to the difficulty of analyzing environmentally
relevant concentrations in complex matrices.

NPs have different bioavailability compared to bulk material or
dissolved species causing concerns regarding the potential for bio-
accumulation in the marine food chain (Mason, 2013). The lack of
empirical data regarding NPs in the marine environment is further
actualized by the continued increase in use of engineered nanoparticles
as well as incidental sources including various industrial activities. Such
activities include mineral mining performing submarine tailings depo-
sition that may contain a large particle fraction in the sub-micrometer
range, yet for which measurements are not straight-forward and there-
fore lacking (Farkas et al., 2021; Kvellestad, 2021). Lastly, nanoparticles
are important biogeochemical components in the marine environment,
whose concentration and speciation reflects e.g. chemical weathering
environments and redox conditions (Hawkings et al., 2020).

Whereas detecting and quantifying NPs in environmentally relevant
matrices remains a challenge, single particle inductively coupled plasma
mass spectrometry (SP-ICP-MS) is an advancing technique allowing the
detection of NPs at concentrations in the nanograms per liter range and
below. Its potential as a screening technique for inorganic NPs in com-
plex food matrices has previously been demonstrated (Vidmar et al.,
2021). However, few validated methods for screening and quantifica-
tion of NPs exist (Waegeneers et al., 2019). An additional source of
uncertainty is the use of proprietary commercial algorithms for data
processing based on non-discrete Gaussian statistics (Hendriks et al.,
2019a; Laborda et al., 2020; Lockwood et al., 2021), often requiring the
subjective manual adjustment of detection thresholds (see e.g. (Azim-
zada et al., 2021; Kinnunen et al., 2021; Rand et al., 2021; Vidmar et al.,
2021)), or the potential acceptance of a large number of false positives.
Analysis of seawater by SP-ICP-MS is challenging due to significant
matrix effects and very low concentrations of NPs (Timerbaev et al.,
2021). For this reason, off-line dilution to reduce matrix effects is un-
feasible. Elevated background further complicates the discrimination of
particle signals. A number of SP-ICP-MS studies perform spiking of
engineered NPs in seawater (Timerbaev et al., 2021), but only three
studies have used SP-ICP-MS for the determination of NPs containing Ti,
Ce (Sanchis et al., 2020), Ti, Ce and Ag (Azimzada et al., 2021) and Ti
and Pb (Gonzalez de Vega et al., 2022), using up to 50-fold dilution in
deionized water or online aerosol dilution. These studies differed in
terms of methodologies and metrics presented, but reported concen-
trations of Ti at 9 ng/L and 29 ng/L and from below the detection limit to
14 o 10° particles/L. Ce were detected in the 10% and 10”s particles/L
and Pb up to 107 particles/L.

The analytical requirements for trace metal sampling have been
extensively studied and were largely established by the 1980s (LaFleur,
1976; Sturgeon et al., 1987). Most procedures practice chemical pres-
ervation by acidification using high-purity nitric or hydrochloric acid to
prevent microbial activity, precipitation, surface adsorption and floc-
culation of metals (Sturgeon et al., 1987). However, this preservation
has profound effects on speciation (Buffle and Leppard, 1995), which is
of particular concern for NP detection and characterization due to their
media-dependent properties, including dissolution. Strategies for sam-
pling, sample preparation and sample introduction for NP determination
are largely unstudied (Montano et al., 2019).

While the body of knowledge on trace elements is vast in comparison
to that on NPs, there is also missing knowledge on both concentration
levels in various environmental compartments and their biogeochemical
cycling. There is little data on trace elements in pristine coastal and fjord
areas (Furness and Rainbow, 1990) as surveys are few and are generally
only undertaken due to immediate concerns due to environmental dis-
charges (Mason, 2013). However, expected concentrations and their
variabilities are higher than in the open ocean (Mason, 2013) (Furness
and Rainbow, 1990) (Elderfield, 2006). Reported concentrations are in
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the range of 0.1-6 pg/L for Mn and one to tens of pg/L for Fe (Mason,
2013). Other studies have reported temporal variations in the concen-
tration of Al in fjord surface water, ranging from tens to hundreds of
micrograms per liter (Simonsen et al., 2019), and vertical distributions
of Fe and Al in the pg/L range increasing with depth in the Gullmarn
fjord (Stolpe and Hassellov, 2010).

The aim of this study was to develop and implement a multi-element
screening method using SP-ICP-MS for the determination of nano-
particles in coastal seawater for the future surveillance of anthropogenic
inorganic particles. We hypothesized that this method could detect
differences in environmentally relevant concentrations between
seawater sampled from six different depths at two locations corre-
sponding to the outer and middle part of a relatively pristine fjord, Fgrde
Fjord. Acidified and neutral samples were taken in parallel. Further-
more, the resulting survey data may serve for future comparison with
locations subject to either more anthropogenic or natural input, such as
nearby wastewater treatment plants, cities, submarine tailings deposi-
tion or glacial inputs. Specifically, the studied fjord is prospect for future
submarine tailings deposition and the establishment of prior baseline
data was thus of high relevance. As such, a traditional total metal
determination was performed in parallel to NP determination. Scanning
electron microscopy was performed as a confirmative method and to
provide complementary qualitative information on particle composi-
tions and morphology.

2. Materials and methods
2.1. Location

Forde Fjord (Fig. 1) is an approximately 40 km long fjord on the
Norwegian west coast. The city of Fgrde with approximately 10 000
inhabitants is situated innermost of the fjord. It is a relatively pristine
area, with a baseline study from 2017 indicating low concentrations of
heavy metals and pollutants in indicator species (Kogel, 2019). Another
baseline study from 2007 also indicates low concentrations of heavy
metals yet elevated concentrations of titanium throughout the fjord
(Brage Rygg, 2008). The fjord has a particularly rich fauna, also in
comparison to other fjords in western Norway (Brage Rygg, 2008).
Several rivers pour into the fjord, most notably Nausta and Jglstra. The
Jglstra runs from Jglstravatnet and combines with the river Anga before
reaching the fjord. Without Anga’s input, Jglstra alone has a mean
yearly discharge of approximately 50 m®/s (Supplementary Table 1),
receiving input from Europe’s largest inland glacier, Jostedalsbreen.
Nausta has a mean yearly discharge of approximately 20 m>/s. The two
sampling locations “inner” and “outer”, shown in (Fig. 1), correspond to
a location in the middle of the fjord and at the intersect of the fjord and
the open ocean, respectively. The inner station is in proximity to plan-
ned submarine tailings deposition at up to 4 million metric tons per year.
Modeling and in-situ measurements of currents indicates potential par-
ticulate transport both east and north in the (Staalstrgm and Molveer,
2009). The depth-dependent salinities were measured to 29-35%o
(Supplementary Fig. 1).

2.2. Sampling

Samples were acquired from RV Hans Brattstrgm on the 21 of
October 2020, a day with minor precipitation and in a period of the year
with relatively low discharge from the two major rivers. A 2.5 L Niskin
plastic water sampler (Hydro-Bios, Altenholz, Germany) was used to
collect all samples. The seawater samples were transferred to individual
120 mL and 250 mL polytetrafluoroethylene bottles (Nalgene FEP) using
a standard oceanographic rosette (Hydro-Bios). Prior to sampling, the
bottles and silicon tubings were acid washed in an acid steamer (Mile-
stone traceCLEAN) using nitric acid (65% EMSURE for analysis, Merck)
and rinsed five times using ultrapure water (UPW) (Merck Millipore).
Corks were cleaned by an overnight acid bath of 10% vol:vol
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Fig. 1. Blue diamonds showing the location of the two stations at each of which samples at six depths were taken. The black triangle indicates the location for
planned submarine tailings deposition. Map created by ggmaps using tiles from Stamen Design, under CC BY 3.0 and data by OpenStreetMap (Kahle and Wick-

ham, 2013).

concentrated nitric acid inUPW. Niskin samplers were cleaned in two
subsequent overnight acid baths of 10% vol:vol concentrated nitric acid
and hydrochloric acid, respectively. Bottles and corks were dried over-
night in a ventilated cupboard and wrapped in double plastic bags until
and following sampling. Location inner was sampled at depths 325 (near
bottom), 200, 100, 50, 20 and 10 m, whereas for location outer, samples
were taken at depths 530 (near bottom), 200, 100, 50, 20 and 10 m.
Sampling was performed in triplicate, one acidified for total metals, one
acidified for NPs and one neutral for NPs. In the acidified sampling
protocol for total metals and NPs, HCl (TraceMetal Grade, Fisher
Chemical, Hampton, NH) was added to the sample using a pipette,
corresponding to a final concentration of 0.5% vol:vol in the acidified
sample. For the neutral sampling protocol, the sampled seawater was
kept pristine. The samples were stored in the dark at approximately 4 °C.

2.3. Sample preparation

For SP-ICP-MS analysis, sub-sampling was done pipetting into 15 mL
polypropylene tubes with a conical bottom (Cellstar, Greiner Bio-One,
Kremsmiinster, Austria) followed by shaking and vortex mixing for
10-15s. The acidified sample set was sonicated using an ultrasonic bath
for 20 min (Branson 8800 Series Ultrasonic Cleaner). No further sample
preparation was performed prior to sample introduction. Six procedural
blanks were made in the laboratory from UPW and added to an identical
bottle as the seawater. UPW was produced using Elix Progard TNP and
Milli-Q Advantage A10 (Merck Millipore, MA, USA) to a resistivity of
18.2 MQ*cm. They were analyzed at different time intervals and used
for determination of detection limits.

Preparation for total metals was performed pipetting into Teflon
tubes pretreated by soaking in 0.7 M nitric acid for 24 h and rinsed in
UPW. 1 mL of sample volume was added along with 1 mL HNO3 and 8
ml of distilled, deionized water. Method blanks were prepared in par-
allel together with quality control samples of NASS-5, CASS-4 Seawater
CRM for Trace Metals (National Research Council, Canada).

For the electron microscopy analysis, approximately 10 mL was
pipetted out from the neutral sample. The sample was diluted with 50
mL UPW (Merck Millipore) and filtered through either 0.8 or 0.2 pm
pore size polycarbonate (Isopore, Merck Millipore) filters placed on a
sintered glass disc in a Biichner filtration apparatus. UPW was added
again before a second filtration to ensure dispersion of particles on the
filter. After drying, the filters were fixed on 25 mm aluminum SEM stubs
covered with double-sided carbon adhesive disks (Agar Scientific, Essex,
UK). Spots of carbon cement (Leit C, Agar Scientific) were added on the
sides of the filters to improve conductivity between filter and aluminum
stub. The filters were coated with a 10 nm platinum layer in a Cres-
sington 208HR sputter coater (Cressington Scientific Instruments Ltd.,

Watford, United Kingdom) before SEM analysis.

2.4. Sample measurement

For SP-ICP-MS analysis, an Agilent 8900 Triple Quadrupole ICP-MS
instrument (Agilent Technologies, Santa Clara, CA) with reaction and
collision gas capability was used. It was equipped with a concentric
MicroMist nebulizer in borosilicate glass and a Scott-type double pass
spray chamber in quartz (temperature 2 °C). Online aerosol dilution,
also known as high matrix introduction (HMI), was performed by an
additional argon gas stream of 0.3 L/min between the spray chamber
and torch, using a nebulizer gas flow of 0.7 L/min. Additional param-
eters for each measured isotope are given in Supplementary Table 2. Hy
reaction gas was used to mitigate spectral interference on Fe at m/z 56
and Si at m/z 28, whereas H, and O, and mass shift were used to reduce
interferences on Ti at m/z 48 and TiO" at m/z 64. A calibration curve of
minimum three points was established for each studied element using
concentrations in the range of 0-200 pg/L, except for Ti, where a two-
point calibration was used. Gold NP reference material (nano-
Composix 60 nm NanoXact Gold Nanospheres Bare Citrate) was freshly
prepared in UPW to a concentration of 500 ng/L and used to relate signal
intensities to elemental mass and calculate transport efficiency and
sample mass flow rate delivered to the detector as described elsewhere
(Pace et al., 2011). Both NP and ionic gold were additionally spiked to
seawater and acidified seawater matrices to assess matrix effects. Signal
intensities for each element were recorded using a dwell time of 100 ps
with acquisition time of 30 and 60 s for the pre-screening experiment
and the final analysis, respectively. For the final analysis, each sample
was measured three times (later referred to as measurements 1, 2 and 3)
at 5 h intervals to assess repeatability. To avoid clogging and minimize
memory effects, a rinsing procedure was performed after each sample: 5
s rinsing in UPW at 0.1 revolutions per second (RPS), followed by 15 s
rinse in 1% v/v of each concentrated nitric acid (TraceSelect, Fluka
Analytical, Switzerland), hydrochloric acid (TraceSelect, Fluka Analyt-
ical, Switzerland) and laboratory grade Triton™ X-100 (Sigma Aldrich)
in UPW at 0.5 RPS, 30 s 5% HNOs3 at 0.5 RPS, and 60 s in UPW at 0.5
RPS.

For total metal analysis, a double focusing sector field inductively
coupled plasma mass spectrometer, ELEMENT XR (Thermo Scientific,
Bremen, Germany) was used with methane addition to the plasma in
order to reduce polyatomic interferences and increase sensitivity
(Rodushkin et al., 2005). It was equipped with a quartz torch with 1.5
inner diameter sapphire injector, nickel sampler cone, “X-type” skimmer
cone, a two gas inlet port PFA spray chamber (Cetac Technologies,
Omaha, NE, USA) micro-concentric MicroMist nebulizer, Fast SD2
auto-sampler ( Elemental Scientificc Omaha, NB, USA ). Internal
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standard (indium of 2.5 pg/L) was employed for matrix effect correction.
Additional parameters are supplied in Supplementary Table 3.

For SEM analysis, the filtered particles using the neutral protocol
sampled at the outer station at a depth of 530 m were characterized by a
SU6600 field emission scanning electron microscope (Hitachi, Tokyo,
Japan) equipped with a Quantax 200 energy-dispersive X-ray (EDS)
detector (Bruker Nano GmbH, Berlin, Germany). An accelerating voltage
of 15 keV and a working distance (WD) of 10 mm were used during the
analysis. Automated analysis of morphology and elemental composition
of particles was performed using the feature module of the Esprit soft-
ware (Bruker nano GmbH, Berlin, Germany). In the automatic particle
analysis, high contrast backscatter (BSE) images were acquired for 100
fields in SEM at a magnification of 1300x for the 0.8 pm pore size filter
and 2000x for the 0.2 pm pore size filter. The whole particle was scanned
during X-ray acquisition. The elemental composition (atomic %) was
quantified by the Esprit software using standardless peak-to-background
ZAF correction. In addition, selected single particles were imaged and
analyzed in SEM-EDS by spot analyses in secondary electron (SE) mode
at 15 keV and 10 mm WD.

2.5. Data treatment and statistics

Data processing and statistical analysis were carried out in R version
4.1.0. All data and code are made available on Zenodo (Bruvold, 2023),
GitHub or in the supplementary (Bruvold, 2022). The critical level for
particle mass and number concentrations were set corresponding to a
probability of <0.003 () of falsely rejecting the null hypothesis of no
difference between a sample and six UPW blanks spaced evenly within
the analytical batch and is in the following referred to as the limit of
detection (LOD). For total metals, three times the standard deviation in
blanks were used to calculate the LOD, considering the dilution factor.
LODs were calculated using a Poisson confidence interval around the
mean for number concentrations (Liddell, 1984), and from a mean plus
three times the standard deviation for mass concentrations. Spectro-
grams were inspected individually, and a single spectrum was discarded
as an outlier due to a highly fluctuating baseline that may be attributed
to partial clogging: measurement two for iron at a depth of 10 m at the
inner station. A new algorithm for automated raw signal processing
based on particle discrimination by maximum peak intensity was
developed and implemented to control the probability of false detections
and reduce the number of undetected particle events. An unbiased
background noise approximation was performed using a kernel density
estimate and an intensity threshold derived under the assumption of
Poisson distributed noise. This detection threshold was for each time
scan set to a probability of 95% of observing at most one false positive
per minute. For statistical analyses, for each element the response var-
iable number of particles was modeled as a function of depth, station,
sampling method and measurement time using a generalized linear
model with a negative binomial error structure and log transformation,
removing depths above 200 m. Significance of regression coefficients
were determined using a Wald test without correcting for multiple
comparisons. For the SEM-EDS analysis, contamination elements O, C,
Pt, were removed and the atomic proportion rescaled to remaining el-
ements. Mo, Ni, P, Pb, S, Zr were present at very low levels and were
removed to avoid cluttering of compositional plots. For each particle,
elements not quantifiable were also excluded from visualizations.
Filtering on a particle basis was also done, removing particles in which
>50% of the atomic proportion consisted of Na and Cl as these largely
represented precipitates. Particles with circle equivalent diameter above
1.5 pm were removed to reduce the influence of aggregates. A single Ni
and two Cr particles were also removed from the neutral samples, and
two F-containing particles were removed from the acidified sample.

Marine Environmental Research 188 (2023) 105975

3. Results and discussion
3.1. Survey of inorganic nanoparticles and trace elements

A pre-screening was first performed on one sample set to determine
which elements could be detected in particulate form. The lowest depth
at the outer location had the highest metal concentration and was
chosen for this purpose. The elements Al, Au, Ba, Cd, Ce, Co, Cr, Cu, Fe,
Mn, Ni, Pb, Si, Ti, Zn and Zr were investigated due to being of relevance
for environmental colloids, engineered NPs or mining waste. A decision
criterion of 10 detected particle events per minute was selected, corre-
sponding to approximately 4 x 10° particles per liter. The elements Al,
Si, Ti, Mn, Fe and Pb met this threshold value and were chosen for
further analyses. However, this does not exclude the possibility of other
elements being present in samples that were not screened. While the
standard sampling protocol with the introduction of acid into the
seawater samples is a perturbation of their natural state, acidification is
used for preservation for total metal analysis (Sturgeon et al., 1987).
However, the change of dispersion characteristics is problematic for
natural nanoparticles, for which e.g. dissolution or aggregation may
occur as the present findings illustrate. Using acidified and neutral
sampling in parallel, complementary information on the particle speci-
ation can be obtained.

Results from the total metal analysis of elements of Al, Fe, Mn, Pb, Si
and Ti are shown in Fig. 2. Nutrient-type vertical distributions with
increasing concentrations with increasing depth are largely observed
(Libes, 2009). Magnitudes are similar for both stations, the inner station
exhibiting more variability consistent with a fjord environment. The
strong depth dependence on the vertical profiles of Fe, Mn, Al and Si
implies resuspension and redox-mediated release from sediments to the
overlying water to be the dominating source for these elements (Stumm
and Morgan, 1996). The surface enrichment observed for e.g. Al sug-
gests additional atmospheric or riverine input, which would be expected
to be affected by the period of low precipitation. Lead is an exception to
mentioned trends, exhibiting a mid-to-high-depth maxima consistent
with an atmospheric anthropogenic input characteristic for lead (Stumm
and Morgan, 1996). Similar depth dependence and large seasonal var-
iations were also observed in the Gullmarn fjord for Fe and Al, with
concentrations from micrograms to tens of micrograms per liter (Stolpe
and Hassellov, 2010), otherwise corroborating with levels determined in
coastal and fjord waters for the respective elements (Mason, 2013;
Simonsen et al., 2019; Botté et al., 2022).

Total metals have predictive value for the particulate mass concen-
trations yet exhibits more variability with depth. The particulate
elemental fractions in the detectable range were in all cases below 5%
and with concentrations increasing with depth (Fig. 3). Concentrations
for particulate Al were in the range 1 ng/L to 399, Fe 1-412 ng/L, Mn
LOD - 269 ng/L, Pb LOD - 1 ng/L, Si LOD - 1981 ng/L and Ti LOD -127
ng/L in the detectable range (Supplementary Table 4). This data is
comparable to the recent report of particulate Ti at approximately 9 ng/
L and 29 ng/L in surface seawater near Vancouver and Casablanca,
respectively (Azimzada et al., 2021). Literature from traditional colloid
measurements using ultrafiltration also report higher concentrations of
particulate Fe and Mn near the bottom, whereas Al and Si may also be
present higher in the water column (Skei and Melsom, 1982). Higher
concentrations of Al and Si in fjord surface water are typically correlated
with river water flux, whereas Si may additionally be of biogenic origin
(Skei and Melsom, 1982). The low concentrations of Al and Si in the
surface water is consistent with the low river flux and biological activity
at the time of sampling. There is ambiguity in terms of the observed
particulate versus dissolved fraction for a number of elements.
Geochemistry predict manganese to be present as particulate manganese
oxide species (Langen et al., 1997), yet measurements using filtration
often report manganese primarily in the dissolved fraction (Wells,
2002), as was also found in the present study. Iron is predominantly
present in the colloidal phase (Barnard and Guo, 2012) (Wells, 2002),
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Fig. 2. Total metal concentrations in dependence of depth below water surface for the two sampling locations as determined by the sector field ICP-MS. Error bars
indicates standard error of the mean of two analytical replicates. Vertical line denotes the LOD.
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Fig. 3. Particulate mass concentrations plotted against depth for the neutral samples as determined by SP-ICP-MS. The detection limit is indicated by the verti-

cal line.

including adsorbed to organic material, and as iron oxides in or near the
nano-range (Wells and Goldberg, 1992). The present work suggests that
the inorganic colloidal or nanoparticulate fraction represents a rela-
tively minor fraction of the total metal, although underestimation is
probable due to settling or transformation during analysis and storage,

size-bias and upper detection limit of the sample introduction system
and the ICP-MS. While seldom practical, ideally analysis should be
carried out in-situ or within hours or days after sampling. The use of
antimicrobial agents or anticoagulants is also possible, however, the
influence of these have not been explored (Buffle and Leppard, 1995). As
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the mass per particle is a cubic function of its diameter, the upper
detection limit of the technique is consequential for mass concentrations
and should be accurately established for SP-ICP-MS. Alternatively,
additional size fractionation could be performed using centrifugation,
sedimentation, filters or field flow fractionation, yet at the cost of
decreased sample throughput and potentially introducing new analyt-
ical artifacts.

Number concentrations of detected particulate species of each
element are available in the supplementary material (Supplementary
Fig. 4). A strong depth dependence was observed with generally higher
concentrations at the outer station (p < 0.001), which may be attributed
to multiple physical and chemical parameters including dynamics of the
water bodies, sediment composition or redox composition (Mason,
2013). Number concentrations were in all cases below 10° particles per
liter. This is lower than two other reports of Ti and Ce concentrations
from below LOD to 108 (Sanchis et al., 2020), and Ti and Ce in the 10%s
and 10° s s to 107, respectively (Azimzada et al., 2021). A recent study
reported Pb at concentrations of approximately 107 particles per liter
and above 10'° for Ti in Port Philip Bay, Melbourne, Australia (Gonzalez
de Vega et al., 2022). However, results are not directly comparable due
to areas being subject to more anthropogenic impact and being sampled
from surface water. The sample treatment differed both with respect to
the use of filters, sonication and dilutions.

Moreover, the limits of detection will be conflicting due to both
different sensitivities and statistical assumptions. In many cases a x
sigma threshold more appropriate for millisecond dwell time data is
utilized. Whereas Chebyshev’s inequality guarantees 0.3% to be within
an interval of + three standard deviations from the mean given a
Gaussian distributed background, it reduces to around 11% in the most
general case (Guthrie, 2020). A simulation study is included to
demonstrate a worst-case scenario for the number of false positives
because of the inappropriate assumption of Gaussian distributed noise
(Supplementary Fig. 5). Detection thresholds should be established on
the basis of the actual background discrete noise distribution, which is
more appropriately modeled by Poisson statistics as discussed elsewhere
(Hendriks et al., 2019a; Laborda et al., 2020; Lockwood et al., 2021).
The upper limit of detection has not been fully established for SP-ICP-MS
with reports ranging from several pm (Meermann and Nischwitz, 2018)
to 8 pm (Taylor, 2001). Signal per mass is non-linear for larger particles
(Olesik and Gray, 2012), transmission efficiency decreasing with
increasing size (Kammer et al., 2012). The upper size detection limit
would be expected to be dependent on instrumental parameters, setup,
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matrix and analyte, and have been reported to be above 1 pm for SiO,
(Kammer et al., 2012). It is not fully explored how aggregation affects
sample introduction and vice versa, yet it is known that smaller aggre-
gates can be measured and used to study aggregation kinetics (Donahue
et al., 2020) (Rand, 2019). Though, it is not clear to what extent larger
aggregates may be sheared apart or selectively removed due to their
bulkiness and mass (Rand, 2019). Suppression or enhancement may also
arise due to the presence of other elements in multielement particles.

Particle masses spanned several orders of magnitude and were
generally most frequent around 1 fg, the smallest detected particles for
each element of similar orders of magnitude except for Si due to reduced
sensitivity caused by the presence of dissolved background and inter-
ferents (Fig. 4). Median spherical equivalent diameters were 232, 103,
104, 53, 379 and 155 nm for Al, Fe, Mn, Pb, Si and Ti, respectively.
These were based on assumptions of orthoclase feldspar, goethite, bir-
nessite, which are dominant minerals for Al, Si, Fe and Mn (Barron and
Torrent, 2013), whereas anglesite and titanite were assumed for Pb and
Ti. Compositional information is included in (Supplementary Table 5).
Nevertheless, the diameter is proportional to the cubic root of the
elemental density and will for this reason give meaningful estimates
despite inaccurate assumptions.

3.2. Technical and methodological considerations for single particle
analysis

In the present work, undiluted seawater was introduced to the in-
strument, performing online aerosol dilution by an additional argon gas
flow between spray chamber and torch. Further, collision/reaction cell
technology was used for some of the studied isotopes to overcome
spectral interference. Thus, it was of interest to investigate the influence
of the seawater matrix and the dilution gas on ionic and NP signal. Due
to the lack of well-characterized NPs of other relevant compositions, the
influence of these parameters was studied for Au NPs (60 nm) and ionic
standards. Unless corrected for, these parameters may result in over- or
underestimation of mass concentrations and sizes, and may explain size
differences reported between seawater and river-, lake- and rainwater
(Azimzada et al., 2021). To investigate repeatability, three replicate
measurements of the samples were performed.

Relative to UPW, up to 52% and 63% reduction in mean signal in-
tensity was observed for ionic Au in neutral and acidified seawater,
respectively. For Au NP signals, as represented by the integrated peak
areas, a similar signal suppression of 47% and 49% for neutral and
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Fig. 4. Mass distributions in femtograms for each element across all depths and both stations as determined with SP-ICP-MS using the neutral sampling protocol.
Histogram bins are evenly spaced in the log space with kernel density estimate to the right. Specified are number of detected particles as well as maximum and

minimum diameters.
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acidified seawater was observed (Supplementary Fig. 2). Aerosol dilu-
tion was associated with an additional similar decrease in mean peak
intensity for Au NPs in UPW when compared to not using aerosol dilu-
tion. Lastly, a downward signal trend of around 30% was observed over
the experimental run of approximately 20 h when performing repeated
measurement of ionic standards, which is likely due to instrumental drift
and gradual deposition on to the cones not removed efficiently by
rinsing protocols and blanks (Agatemor, 2011). To correct for the signal
suppression by the seawater matrix, a pragmatic approach was chosen:
Au NPs were prepared in both, UPW and seawater. Ionic standards of all
studied elements were prepared in UPW (i.e. not “matrix-matched”) due
to the risk of metal surface adsorption or precipitation in seawater. A
correction factor of 0.515 corresponding to the mean peak area ratio
between Au NP spiked to seawater and UPW matrices was determined
and then used for correcting the response factors of all other elements.
Ideally, the correction factor should have been determined for NPs of
each studied element. However, suitable NPs of respective composition
were not available.

Matrix effects from seawater have been extensively studied using
traditional ICP-MS, in which up to 67% reduction has been reported
attributed to reduced ionization, space charge effects of ion lenses and
collisional scattering (Agatemor, 2011) (Taylor, 2001). For single par-
ticle ICP-MS, a single work reports the suppression of the NP signal in
(diluted) seawater (Toncelli et al., 2016). More generally, one (not peer
reviewed) study reported lower suppression of particulate Au than ionic
Au species (Montano et al., 2016), whereas Kinnunen reported sup-
pression only for the particulate form in a trisodium acetate matrix for
Au (Kinnunen et al., 2021). A systematic study using microdroplets has
previously shown that NP Au and microdroplet Au exhibited similar yet
slightly different matrix effects in HNO3 and HCl (Hendriks et al.,
2019b), and others have reported different suppression between ionic
and particulate species (Liu et al., 2017; Vidmar et al., 2018). For ions it
is difficult to distinguish changes in the transport efficiency at the
sample introduction stage from what is occurring further within the
plasma, interface, ion optics, MS system and detector. As opposed to
ionic species, a particle is either introduced to the plasma or not. As
such, suppression of NP peak area signals in a matrix can give insights
into the isolated matrix effects occurring after the introduction system.
This justifies the approach of determining transport efficiency in UPW
and correcting for any matrix induced suppression based on analyte
particle signals. While interlaboratory comparisons show agreement in
terms of determined particle sizes in complex matrices between different
laboratories and instruments (Geiss et al., 2021), further studies should
be performed using well-characterized monodisperse reference mate-
rials and open-source signal processing to identify the specific driving
variables for the observed effects and how to appropriately correct for
various potential sources of error due to different particle elemental
compositions, densities, sizes/masses and ionization efficiencies in order
to ascertain the trueness of the technique.

While aerosol dilution was used to retain dispersion characteristics
by avoiding off-line aqueous dilution of the samples, reduce potential
contamination and to increased practicality, it may result in reduced
instrumental sensitivity and thus an increase in size detection limit. A
previous study hypothesizes the sensitivity decrease to be caused by an
off-axis flow path of the particles as a result in changes of the optimal
flow, plasma temperature and residence time (Kalomista et al., 2017).
Nonetheless, this effect would not cause a bias as calibrations and
measurements were performed using identical parameters.

As shown in Supplementary Fig. 14, a time dependency of measured
particle number concentrations was observed. A post hoc analysis sub-
stantiated this for Si, Al, Fe and Ti (p < 0.01), whereas no such de-
pendency could be inferred for Pb (p = 0.67) and Mn (p = 0.91). Surface
adsorption, aggregation and sedimentation at room temperature are
competing mechanisms that may cause the time dependency observed
for the measurements. The positioning of the autosampler probe was
near the bottom of the sample tubes throughout the sequence and thus
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equal for all samples. Controlling the vertical placement could allow
using this information and Stoke’s law to investigate the relative
importance of these effects.

3.3. Scanning electron microscopy with energy dispersive x-ray
spectroscopy

Elemental analysis complemented with cluster analysis of individual
particles showed major crustal elements Si, Al, Fe, Mn and Ca to be
dominant (Fig. 5). Many particles appeared to be of biotic origin
including coccoliths of Emiliania Huxleyi (P. Westbroek et al., 1984) and
what resembles appendages of iron and manganese sequestering bac-
teria (Heldal et al., 1996) (Fig. 5F). Other particles were natural NPs or
colloids consistent with e.g. alkali feldspars (Fig. 5C), silicates (B), iron
oxides (E), manganese-iron oxides (A) and calcium carbonates (D) (EDS
spectra in Supplementary Figs. 6-11). The morphology of most iron,
manganese and manganese-iron oxides resembled the bacterial ap-
pendages and may have the same source. Aluminum silicates generally
had a smooth morphology and were likely of abiotic origin as is
generally the case with Al-based particles (Ohnemus et al., 2019), as did
silicon-based particles. Some morphologically and compositionally
distinctive particles of e.g. iron oxides and dolomite were also found.
Quantitative SEM-EDS corroborated with SP-ICP-MS underlining the
presence of major crustal elements Si, Al, Fe and Mn. Ti was not
detected, but was measured only in the ng/L range (Fig. 3). SEM addi-
tionally detected Ca, Cl, K, Mg and Na, which were not screened for
using SP-ICP-MS. Na and Cl were commonly present both as salt parti-
cles and a constituent due to their abundance in seawater causing
crystallization. Compositional data for the major elements of each par-
ticle revealed a strong correlation between Si and Al: Si for every particle
analyzed making up a greater atomic proportion than Al (Supplemen-
tary Fig. 16). Thus, aluminum particles were in all likelihood aluminum
silicates, and not aluminum oxides such as gibbsite, which is another
dominant particulate aluminum form (Botté et al., 2022). In the acidi-
fied samples, only Si and Si-Al-particles were detected, signifying a
pH-dependent dissolution of Fe, Mn and Pb-based particles and aggre-
gates (Supplementary Fig. 13). This further indicates that no single
particle phases contained both Si/Al in combination with Fe/Mn, as
otherwise particulate Fe and Mn would be detected also in the acidified
samples. Mn primarily cooccurred with Fe, whereas Fe was associated
with all elements. Fe, Mn and Si were all present as the major atomic
constituent of a particle (Supplementary Fig. 12), e.g. in iron oxides,
manganese oxides, quartz and aluminum silicates as displayed in
(Fig. 5). Al was primarily a minor constituent within a relatively narrow
range of atomic proportions and K was often found alongside Al and Si.
However, particles were in general highly heterogenous in composition
making exact mineral classifications based on relative atomic pro-
portions impractical as the in-cluster variation illustrates (Fig. 5). Nat-
ural nanoparticles are complex, often exhibiting coatings, mixed phases,
aggregation, adsorbed ions and precipitates (von der Heyden et al.,
2014; Montano et al., 2022). Direct comparisons of size distributions
between the two methods were generally unsubstantiated due to the
different elements being represented by multiple complex particle
populations with widely varying elemental compositions. Moreover,
SEM determines the optically projected area’s circle equivalent diam-
eter, whereas SP-ICP-MS determines the mass equivalent spherical
diameter. For the seemingly homogenous Al-particle population, a
comparison between size distributions showed a more polydisperse
distribution and larger sizes for SEM (Supplementary Fig. 15). However,
aluminum silicates are typically sheet-like (Wilkinson and Lead, 2007),
and will preferentially deposit projecting the greatest external di-
mensions. For electron microscopy, filtration- and drying artifacts such
as the selective retention of larger particles, precipitation of salts and
aggregation as well as biases due to the image recognition software may
also cause a substantial overestimation of particle sizes. Natural nano-
particles have been hypothesized to exhibit log-normal distribution
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Fig. 5. Hierarchical agglomerative clustering on the cleaned EDS data from the neutral sample using complete linkage (Gu, 2022). SEM micrographs displays (A)
manganese-oxide, (B) silicate, (C) aluminum silicate (K-Al-Si, (D) iron oxide-calcium heteroaggregate), (E) iron oxide, (F) Fe, Mn-Fe and Ca-aggregate).

(Wilkinson and Lead, 2007). Our data showed a polydisperse size dis-
tribution, equivalent diameters ranging from approximately 300 nm to
11 pm as determined by SEM (Supplementary Fig. 12). The employed
sample preparation including filtration will result in an underestimation
of smaller particles. However, if abundant, some retention of smaller
particles would also be expected (Jreije et al., 2022). The results are
comparable to reports with mean sizes around 700 nm for iron colloids
(von der Heyden et al., 2014). Although differing detection limits,
relative abundance on a particle number basis was in reasonable
agreement between the two techniques employed. The present findings
corroborate with natural NPs previously characterized in coastal surface
seawater in terms of particle compositions (Wells and Goldberg, 1992),
but did not detect particles below 100 nm. The two techniques are
highly complementary, SP-ICP-MS as a robust and precise platform
providing quantitative data suitable for statistical inference yet relies on
correct compositional and morphological assumptions for accurate size
determination. SEM-EDS provides accurate qualitative data on particle
composition and morphology, which of special relevance for complex
multi-element natural particles.

4. Conclusion

A platform for precisely determining mass and number concentra-
tions of inorganic NPs in seawater using SP-ICP-MS was developed and
implemented in combination with quantitative SEM-EDS analysis. As
hypothesized, this method detected trends vertically and horizontally
and served to provide new data on the distributions of inorganic nano-
particles in seawater. A screening for NPs of 16 elements in one sample
using SP-ICP-MS found Al-, Fe-, Mn-, Pb-, Si- and Ti-based particles to be
dominant. A subsequent survey of both total metals and NPs of these
elements showed that the inorganic particles represented a relatively
minor fraction at no more than a few percent of the total metals, at
concentrations mostly in the hundreds of ng/L. A strong depth depen-
dence was found for both forms. The two stations showed comparable
levels of total metals, but lower NP concentrations and a weaker cor-
relation between particulate and total concentrations in the inner fjord.
Quantitative SEM-EDS screening displayed credible agreement in terms
of both elements detected and their relative abundance, yet over-
estimated sizes in comparison to SP-ICP-MS. No particles below 250 nm

were found using SEM-EDS, although the filtration for sample prepa-
ration would underestimate this fraction. The most dominant particulate
forms were identified using secondary electron imaging complemented
with cluster analysis of quantitative SEM-EDS data and recognized to be
aluminum silicates, calcium-based particles, iron oxides and manganese
oxides. These were often complex in composition and morphology,
showing non-spherical geometries and rough surface textures, hetero-
aggregation, coatings or adsorbed precipitates. The present work dem-
onstrates a sensitive and precise platform suitable for the determination
of inorganic NPs in the marine environment and provides quantitative
survey data of metals and inorganic particles. With increasing sensitiv-
ities and emerging potential for simultaneous multi-element character-
ization using time-of-flight detectors, new insights into particle
occurrence and dynamics can be gained. This holds relevance both for
the surveillance of anthropogenic activities including submarine tailings
deposition and the advancement of our understanding of natural
geochemical processes in the principal yet underexplored compartment
that is the marine environment.
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