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Abstract

Suspended particulate matter (SPM) governs the transport of sediments, nutrients, trace
elements, radionuclides, and organic contaminants in water bodies, largely through its min-
eral fraction, which controls contaminant mobility and bioavailability. Characterizing this
fraction remains challenging because of small particle size, complex organo-mineral associ-
ations, poor crystallinity, and the dynamic nature of aquatic particles. This review critically
compares the principal sampling strategies and analytical techniques available for investi-
gating the mineral fraction of riverine SPM, from bulk approaches (specific surface area,
elemental and mineralogical analyses) to particle- and atomic-scale methods (manual and
automated electron microscopy, X-ray absorption spectroscopy, isotopic analyses). For each
technique, we synthesize the information it provides, its sample-preparation constraints
and artefacts, and its complementarity with other methods, summarized in a comparative
table. We show that no single technique is sufficient to characterize natural SPM. Only the
integration of complementary methods across spatial scales provides a robust framework
for understanding particle composition, reactivity, and contaminant dynamics. We further
highlight emerging opportunities offered by in-situ and autonomous sampling technolo-
gies, cryogenic and in-situ electron microscopy, and machine-learning-based multimodal
data fusion. Future progress will depend on harmonized sampling and analytical protocols,
international SPM databases, and combined laboratory-field approaches.

Keywords: SPM; sampling techniques; bulk mineral characterization; atomic-scale
characterization; particulate mineral characterization

1. Introduction
River suspended particulate matter (SPM) is composed of colloids (1 nm–1 µm) and

particles (>1 µm), forming complex and heterogeneous aggregates of mineral, organic, and
microbiological components [1]. In addition, SPM is defined as any material in aquatic
systems that does not settle and is retained by filtration over a 0.45 or 0.22 µm pore-size
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membrane [2]. In natural aquatic systems, these components are frequently formed into
floc-like structures whose composition, density, size, and reactivity continuously evolve
according to hydrological, physicochemical, and biological conditions [3–5]. Consequently,
the study of SPM is inherently interdisciplinary and requires combined physical, chemical,
and mineralogical approaches to decipher their whole complexity.

Compared with soils and sediments, studies focusing on freshwater SPM [6] remain
relatively limited due to their high mobility, reactivity, and difficulty to sample. Their tran-
sient nature, rapid aggregation/disaggregation processes, and strong spatial and temporal
variability considerably complicate both field investigations and laboratory analyses [7,8].
However, increasing efforts have recently been devoted to the development and adaptation
of techniques suitable for sampling and characterizing natural SPM in aquatic systems.

Rivers and streams constitute the principal vectors of matter fluxes within watersheds
and may therefore be considered as the ecological arteries of catchments. SPM enters river
systems through multiple mechanisms including soil erosion, runoff, bank erosion, atmo-
spheric deposition, wastewater discharge, mining activities, and sediment resuspension
(Figure 1). The transport of SPM plays a major role in regional and global biogeochemical
cycles by facilitating the transfer of carbon, nutrients, trace elements, and contaminants
between terrestrial and aquatic environments [9,10]. This is mainly because SPM, due to
its fine texture, can hold and transport nutrients and contaminants for long distances in
water systems [11]. Investigating SPM transport in river catchments is a key component
of the environmental monitoring of large and small rivers, as they may cause important
environmental impacts [12,13]. Suspended particulate matter transport can have impacts
on: (i) water turbidity, (ii) fish habitats [14], (iii) siltation of reservoirs [15], (iv) transport
of contaminants such as polychlorinated biphenyls (PCBs), trace metal elements (TME),
radionuclides, or nutrients [16–18].

Transport of SPM from land to ocean is estimated between 12.6 and 24 Gt year−1 [12],
with a frequently observed value of 15 Gt year−1 in the literature [19]. However, this
value is associated with uncertainties and does not take into account recent anthropogenic
activities (deforestation, agriculture, mining, urbanization) and/or climate change [20].
The nature and amount of particles in rivers are controlled by the weathering regime. Fast
mechanical weathering will engender immature particles and quartz, K-feldspar, illite,
calcite, and kaolinite [21]. By contrast, fast chemical weathering will permit the formation
of mature particles: poorly ordered kaolinite, goethite, and particulate organic matter [22].
The weathering regime is governed by the climate through different processes such as relief,
surface area of the catchment, geology, vegetation, as well as human activities [19,23].

Because of their high specific surface area (SSA) and strong adsorption capacity, SPM
also acts as an important carrier for contaminants in aquatic environments [24,25]. Toxic
metals, radionuclides, organic contaminants, and pathogenic microorganisms originating
from both natural and anthropogenic sources may adsorb onto particle surfaces, undergo
physicochemical transformations, and subsequently be transported, remobilized, or re-
leased within aquatic systems [26]. The interactions between mineral particles, natural
organic matter, and biological components strongly influence aggregation mechanisms,
contaminant binding, and particle stability.

The mineral fraction of SPM is of particular importance because mineral surfaces
largely govern adsorption mechanisms, redox reactions, aggregation behavior, and con-
taminant mobility. Clay minerals are omnipresent in SPM (22–72%wt). Feldspars and
carbonates are also reported (61%wt) but can be absent due to dissolution in the water-
course [27]. Quartz and feldspars, respectively, can represent 8–35%wt and 4–41%wt
in SPM. This proportion can highly vary based on water discharge [28,29]. Oxides and
(oxy)hydroxides (mainly FeOx) are also reported in the literature but in lower amounts.
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FeOx are present as “patchy coatings” on other minerals [30,31]. Co-occurrence of Fe
with Al, Si, Ca, and discrete FeOx particles is also reported [32–34]. Amorphous phases,
ferrihydrite, goethite, and hematite are frequently reported in the literature [33,35–38]. Clay
minerals, iron and manganese oxides, carbonates, silicates, and authigenic mineral phases
may coexist within highly heterogeneous particle assemblages and strongly influence the
environmental reactivity of suspended particles [6]. However, the characterization of these
mineral phases remains challenging because of their small size, low abundance, poor
crystallinity, and intimate association with organic and biological materials.

Figure 1. Sources and fate of SPM in the watershed. Circles represent SPM derived from different
sources and pathways, comprising heterogeneous mixtures of mineral, organic, and biological
components (bio-organo-mineral complexes), as illustrated in the magnified view. These complexes
can retain and transport metals, radionuclides, and other contaminants, thereby influencing their fate
and mobility within the watershed.

Riverine suspended particulate matter (SPM) plays a crucial role in biogeochemical cy-
cling and contaminant dynamics within aquatic systems, particularly in inland waters and
estuaries where particle concentrations are significantly higher than in the open ocean [39].
Recent advances in high-resolution analytical techniques, including synchrotron-based
approaches, electron microscopy, and coupled spectroscopic-imaging methods, have dra-
matically improved our ability to characterize mineral speciation, particle heterogeneity,
and organo-mineral associations at multiple scales. These tools have revealed substantial
disparities between natural SPM and simplified laboratory analogues regarding metal

https://doi.org/10.3390/min16090948

https://doi.org/10.3390/min16090948


Minerals 2026, 16, 948 4 of 33

reactivity [37], underscoring the urgent need to investigate natural particulate systems
under environmentally relevant conditions.

While several reviews have addressed specific aspects of SPM research, such as floc-
culation dynamics [6,7], contaminant transport [17,18,40], or individual analytical tech-
niques [41–43], very few comprehensive syntheses systematically evaluate the full method-
ological workflow from sampling to high-resolution mineral characterization [44]. Existing
reviews tend to focus on either bulk geochemical approaches [27,45] or specialized tech-
niques [46,47], offering little practical guidance on method integration or interpretation for
researchers new to the field or seeking to expand their toolkit.

This review fills that gap by providing a critical, comparative assessment of the
complete analytical pipeline for investigating the mineral fraction of riverine SPM. Specifi-
cally, we (i) evaluate sampling strategies and their associated artifacts, (ii) systematically
compare bulk versus particle-scale analytical techniques, (iii) identify common pitfalls in
sample preparation and data interpretation, and (iv) offer actionable recommendations
for method selection and integration. We pay special attention to how methodological
choices influence the interpretation of mineralogical composition, particle reactivity, and
contaminant binding.

This review aims to improve the quality, consistency, and global comparability of SPM
mineralogy studies and is designed for researchers at all career stages, from novices seeking
a methodological roadmap to experienced investigators looking to expand their toolkit
or grasp the limits of unfamiliar techniques. The paper is structured as follows: the first
section covers principal SPM sampling methods; the second provides a detailed (though
non-exhaustive) overview of current analytical techniques, ranging from bulk approaches
to high-resolution analyses; and we conclude with a Critical Synthesis and Comparison
of Analytical Approaches and discuss future perspectives and outstanding challenges in
SPM research.

2. Sampling Techniques to Collect SPM
It is crucial to obtain a representative SPM sample to describe the chemical and physical

state of a catchment. SPM sampling is an essential step to ensure the success of its char-
acterization. In particular, contamination can occur due to careless handling or improper
protocol preparation. In the literature, different techniques are described for SPM sampling,
such as direct water sampling followed by filtration [48], in-line filtration [49], continu-
ous flow centrifugation [50], particle traps [51], and in-situ and autonomous sampling
technologies [52,53]. They differ in terms of duration, yield, and sample composition [54].

2.1. Filtration Technique

The filtration technique is a widely used technique that separates the SPM from the
water (except the colloids) [55]. Usually, 0.45 µm pore size filters are used (Figure 2).
However, this technique is not truly representative because the sample volume is generally
small (few liters) and the sampling time is very short. In addition, the SPM composition on
the filter is altered; the SPM is aggregated and clogged on the filter compared to the SPM in
the water column [56]. Finally, huge volumes of water need to be filtered to collect enough
material (>2 g dry weight, d.w.) for exhaustive analyses of SPM [57]. For that purpose, this
technique is only used when the other techniques described below are not feasible [54].
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Figure 2. The various techniques that are used for SPM collection.

2.2. The Continuous Flow Centrifugation (CFC)

Continuous flow centrifugation is a well-established and reliable technique to collect
SPM [58,59]. This technique separates the SPM from the water phase at a defined constant
throughput. CFC separates particles according to size and density, such as natural sed-
imentation process [55]. The water is pumped from the river, and the SPM is deposited
on the inner wall of the rotating cylinder. In order to facilitate the SPM recovery, Teflon
plates are installed in the bowl to attach the SPM [37]. The separation efficiency can reach
90%–98% [60]. One of the advantages of this technique is that the sample yield is consider-
ably higher than filtration (several grams) and therefore permits a better comprehension of
chemical, physical, and mineralogical characterization of the suspended material collected.
The CFC can be installed at a monitoring station, on a trailer, or on a boat and can be
mobile; however, this technique is voluminous and requires large and stable riverbanks.
This technique is grain size dependent, and the density between water and SPM also
influences the sampling [61]. In addition, different grain size classes may be lost [62] (the
average cut-off is 1 µm). This information can, in certain cases, be crucial, for example, in
the analyses of Polycyclic Aromatic Hydrocarbons (PAH) on SPM [63]. However, ref. [64]
showed that CFC can retain nanoparticles (~160 nm) with high efficiency (>90%). This
technique is also time-consuming and expensive. Thus, it is difficult to investigate the
spatial and temporal variability of SPM [65]. Finally, there is a possibility of contamination
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from CFC components (e.g., bearings, lubrication oil) [66,67] and physical effects during
centrifugation, such as changes in cut-off due to the bowl filling up or fragmentation and
aggregation of particles (shear stress).

2.3. Hydrocyclone (HC)

The hydrocyclone is a device widely used in petroleum, mineral, and environmental
engineering. Surprisingly, this technique is not widely reported in the literature [68]. SPM
is separated from water in the HC using centrifugal force. A high flow rate of water is
introduced into the upper cylinder. This water is then forced into a downward vortex.
Due to the centrifugal forces, the particles are pressed against the wall where they are
collected [61]. Several studies showed that HC systems can retain ~75% of SPM in the size
range 20–30 µm at a very high throughput [61,69]. Ref. [64] compared CFC and HC and
concluded that both of these techniques worked well under real work conditions.

2.4. The Sedimentation Trap (ST)

The sedimentation trap is a technique that uses the natural velocity of the river to
collect particles via sedimentation in the interior of the trap. This technique is also called
“fresh sediment derived from suspended solids” [70]. It is a low-cost technique that can be
easily set up and does not require attendance. This method also integrates a longer period
of time (1 to 4 weeks typically) that is well-suited for in situ monitoring over a year [65,71].
Whereas the sampling of SPM by CFC has been investigated and validated since the 1990s
(see above), the representativeness of the SPM collected with STs is still questionable.
Several studies showed that SPM sampled by STs differs from river SPM in grain size
distribution and organic carbon content [51]. The fine particulate matter can be lost with
the overflow [54,70], and the SPM concentration in the water column is not available. This
difference could lead to biased concentrations for contaminants [72]. In their study, ref. [57]
showed a difference in grain-size distribution between SPM collected by sediment traps
(0.1–400 µm) and CFC (0.1–112 µm). They also observed seasonal differences in particulate
organic carbon concentrations due to degradation or phytoplankton blooms. However,
they concluded that ST sampling is a valuable technique to assess spatial and temporal
trends of particulate contaminants (PCBs and Hg).

2.5. Colloid Separation and Other Techniques

The use of filtration or centrifugation in the field cannot entirely certify the separation
of colloids and particles. Field-flow fractionation (FFF) is a relatively new technique that is
capable of high-resolution separation of colloids and inorganic particles [73]. The two main
principles are sedimentation (SedFFF) and asymmetric flow field-flow fractionation. The
separation is achieved by the interaction of sample components with an externally gener-
ated field that is applied perpendicularly to the direction of the mobile phase flow. It can
also be coupled with a second cross-flow stream, resulting in flow field-flow fractionation
with better separation [74,75]. This rapid technique (10–30 min) permits the separation of
a continuous large class of particles (from ~1 nm to 100 µm) and is based on important
properties such as their surface charge, density, size, shape, and diffusion coefficient [73,76].
This method has been employed, coupled with different detectors (fluorescence, UV ab-
sorbance) for river colloids [77]. A good introduction to the FFF theory can be found in the
literature [78].

Different studies in the literature try to compare different devices based on the dif-
ference between passive sampling and active sampling. Passive sampling methods are
based on lowering the flow speed of the water inside the sample. On the other hand, active
sampling is based on applying external force to separate SPM from water [79]. For example,
ref. [61] compared the efficiency of time-integrated sampling devices (Binnensammler
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device and Phillips sampler, PS) and discrete sampling devices (CFC and Hydrocyclone,
HC). They showed similar physical and chemical parameters for the two time-integrating
sampling devices, as well as organic pollutants. However, they remarked differences in
TOC concentrations between CFC and PS due to degradation processes occurring in the PS
device. Figure 2 shows the advantages and limitations of the different sampling techniques.
Recently, systematic validation of these approaches has highlighted critical technical biases.
Another study [79] demonstrated that passive devices (such as sedimentation boxes or
tanks) significantly underestimate fine particles (<75 µm) and low-density microplastics
(<80 µm, with a capture efficiency below 20%), shifting the collected grain-size distri-
bution toward coarser fractions compared to active CFC or filtration methods. Despite
these physical limitations, sedimentation boxes remain highly valuable for integrating
fluxes over several weeks. Each technique has its benefits and limitations (size range
collected; retention capacity of particles). It is then of pivotal importance to carefully
consider SPM sampling efficiencies of the device used, especially when dealing with a
quantitative approach.

2.6. Complementary In-Situ Monitoring and Autonomous Sampling Technologies for SPM

Beyond discrete sampling campaigns, a growing set of in-situ and autonomous tech-
nologies now allows continuous or high-frequency monitoring (but not collection) of SPM,
addressing the strong short-term variability that discrete sampling cannot resolve [52,53].
Optical and acoustic turbidity probes, laser in-situ scattering and transmissometry (LISST)
instruments, and low-cost open-source turbidity sensors can be deployed at fixed stations
or on mobile platforms to record SPM concentration and, for LISST-type instruments,
particle-size distribution at sub-hourly resolution over months [80,81]. Networks of low-
cost sensors are increasingly used to characterize the spatial heterogeneity of sediment
sources and transport within river networks, complementing the limited number of sites
that can be instrumented with expensive reference-grade probes. For instance, ref. [81]
developed and validated an open-source turbidity sensor that achieves precise, repro-
ducible measurements across a wide concentration range, demonstrating its viability for
distributed monitoring applications. However, optical proxies require careful site-specific
calibration: [82], for example, demonstrated that the turbidity-suspended sediment con-
centration correlation depends on sediment composition and particle size distribution.
Autonomous samplers that combine flow, turbidity, and depth measurements to trigger
sample collection at target concentrations or discharge thresholds can further improve the
representativeness of the samples subsequently used for mineralogical analysis [80]. A
more comprehensive example is the RIPLE platform developed by [83], which integrates
turbidimeters, automatic samplers, and bedload sensors into a single solar-powered device
for high-frequency monitoring of water and sediment fluxes in mesoscale rivers. This
demonstrates the growing capability of autonomous systems to capture the full spectrum
of sediment transport dynamics. However, these technologies generally provide only bulk
concentration or optically-derived proxies of SPM rather than a physical sample suitable
for direct mineralogical characterization, and their outputs require calibration against
gravimetric and mineralogical reference measurements. Therefore, they are regarded as
complementary to the SPM sampling techniques described above.

3. Characterization of SPM (Mineral Fraction) at Bulk, Particulate, and
Atomic Scales

Global characterization of the physical and chemical fraction of SPM is not possible
via one technique. Different techniques are complementary and permit a better understand-
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ing of the whole complexity of natural SPM and their reactivity towards contaminants
(Figure 3).

Figure 3. Main analytical techniques and tools that are used for SPM characterization. Within the
“Data” column, colors represent different samples or sources (e.g., isotopes), and schematic lines and
shapes illustrate the corresponding analytical signals.

3.1. Specific Surface Area

The Specific surface area (SSA) is a pivotal parameter to better understand the pro-
cesses that occur at the mineral interface [84]. A routine method for SSA determination
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of fine grains, such as SPM, is the gas adsorption method. The analysis of the adsorption
isotherm of a non-polar gas such as N2, Ar, Kr, or CO2 permits the calculation of the surface
area of SPM (i.e., the surface ideally covered by a monolayer of adsorbed gas). The measure-
ment of SSA is determined by the BET (Brunauer-Emmett-Teller) method [85]. Microporous
surface (pore size ranging from 0.8–2 nm) is obtained by the t-plot method [86], and meso-
porous distribution size (pore size ranging from 2 to 80 nm) is determined by the BJH
method [87]. The meso- and micropores are evaluated by the hysteresis of the adsorption
and desorption isotherm. Prior to measurement, this method requires the total removal
of adsorbed surface water and interlayer cations [88,89]. However, in the case of natural
particles, the temperature of outgassing is crucial, as it could alter iron (hydro)oxide [90].
For bulk samples, such as SPM, the adsorption of liquid ethylene glycol monomethyl ether
(EGME) can be an alternative. Indeed, EGME covers the external surface of particles and
penetrates the interlayer space of swelling clay minerals [91].

The mineral fraction of SPM is mainly composed of clay minerals, which develop
two kinds of surfaces: the basal (001) surface that carries negative charges and the edge
or lateral surfaces that are pH-dependent [92]. Concerning clay minerals, the mesopores
(2–50 nm) are mainly interparticle pores and have a minor effect on the gas adsorption
surface area [93]. On the other hand, micropores (2 nm) result from the intraparticle space
and are N2-accessible [94]. For example, micropores in bentonites contribute significantly to
the total SSA of gas adsorption measurements [93]. Ref. [95] characterized SPM from a New
Zealand watershed and showed that SSA increased with increasing SPM concentration
in relation to the increase in flow rate. The result commonly observed for environmen-
tal particles is a surface area increase with fine particles, such as clays that have a high
surface area-to-volume ratio [96]. This larger surface area facilitates the sequestration
of contaminants such as trace metals [95,97]. More recently, ref. [6] highlighted that the
SSA of natural SPM is highly dynamic and closely linked to flocculation processes. They
demonstrated that the adsorption of natural organic matter (NOM) can either clog mineral
pores, reducing the measurable BET surface area, or create new complex organo-mineral
micro-architectures that modify the overall particle porosity and reactivity. The interaction
between FeOx and phyllosilicates is more studied in the case of natural SPM. This inter-
action favors flocculation and enhances the surface area of SPM, as suggested by several
authors [30,33,98]. Ref. [30] showed a close relationship between iron oxide content and
surface area when interacting with clay minerals. They argue that this relationship could
be the result of the abundance of edge sites for electrostatic attraction between iron and
clay [97]. Ref. [31] also studied the SSA of natural particles from the Moselle River (France).
They showed that the SSA of natural particles ranged between 6 and 37 m2 g−1, and organic
matter content increased the mean particle size and decreased the SSA. In addition, no
significant microporous surface area was measured (≤1 m2 g−1).

3.2. Bulk Chemical Analyses
3.2.1. Elemental Analysis by ICP-MS and ICP-OES

Bulk chemical or elemental analyses are often conducted to quantify the full spectrum
of non-metallic, metalloid, and metallic elements in natural SPM [99]. In environmental
laboratories, ICP-MS and ICP-OES are the two most advanced elemental analysis tech-
niques routinely used [100]; the selection of the method depends on the elemental content
range (i.e., ICP-MS for ppt range and ICP-OES for ppb as well as ppm [45]. Before any
preparation, it is necessary to use trace metal grade acids and solvents, as well as vessels
that have been soaked and rinsed with deionized water. This is because deionized water
is free of impurities, including metal ions [101]. SPM, as solid samples, must encompass
different steps, including drying, grinding, sieving, acid digestion, filtration, and occa-
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sionally pre-concentration techniques for homogenization before introduction into the
ICP-OES [102,103]. Recent applications of ICP-OES and MS can be highly beneficial for the
scientific community.

A critical, and often underreported, step for ICP-based analyses of SPM is the strategy
used to bring the solid sample into solution, because this choice strongly conditions which
elemental pools are actually measured. Two broad approaches are used: acid digestion,
in which the sample is attacked with mixtures of strong acids (e.g., HF-HNO3-HClO4

or aqua regia), most often in closed microwave vessels for silicate-rich SPM. The second
is alkaline fusion, in which the sample is fused with a flux (e.g., LiBO2, Na2O2) at high
temperature before dissolution [104]. However, these approaches are destructive, and
therefore the samples cannot be recovered afterwards. Fusion generally achieves complete
dissolution of resistant silicate and refractory oxide phases and is therefore required to
obtain total elemental concentrations, but the high dilution factor and salt matrix it in-
troduces can compromise trace-element detection limits and cause spectral and matrix
interferences in ICP-MS. Acid digestion protocols that omit HF, or that rely on open-vessel,
low-temperature digestion, typically achieve only partial (pseudo-total) extraction [105].
If the digestion is incomplete, the solution can form co-precipitates [106]. Acid digestion
methods preferentially attack carbonates, (oxy)hydroxides, and organic matter while leav-
ing detrital quartz, feldspars, and part of the phyllosilicate lattice undissolved, which can
bias apparent elemental ratios and underestimate lithogenic elements such as Al and Si as
well as structurally-bound trace metals. Because SPM commonly contains a substantial and
variable organic matter content, an oxidative pre-treatment (e.g., H2O2) is often required
before or during digestion to prevent interference with the subsequent acid attack and with
plasma stability. Likewise, carbonate phases, when present, may need to be removed or
quantified separately (e.g., by sequential or selective extraction) if the objective is to isolate
the silicate-bound elemental fraction. Contamination control is equally critical given the
small sample masses and low elemental concentrations typical of SPM: procedural blanks,
certified reference materials processed alongside the samples, and duplicate digestions are
the minimum QA/QC requirements needed to validate digestion recovery and analytical
accuracy. Because digestion versus fusion and partial versus total extraction are not inter-
changeable, results should always be reported together with the digestion protocol used,
since this choice can otherwise render elemental concentrations from different studies not
directly comparable. The next paragraph presents non-exhaustive results concerning the
applications for riverine SPM studies.

Many studies dealing with elemental analysis of natural SPM can be encountered
in the literature worldwide. For example, ref. [37] investigated the spatial and temporal
variability of SPM in the Moselle River (France). They showed an urbanization gradient
in the downstream direction of the Moselle River and a seasonal variation with more
silty particles during high-flow regimes. Ref. [107] studied the suspended load of the
Ganga and Brahmaputra Rivers using a combination of techniques in order to achieve
maximum precision in the identification of the different size fractions. The geochemistry
using ICP-MS showed that the surface load was enriched in metals. They also showed that
the chemical variability of suspended load is influenced by hydraulic, weathering, and
possibly anthropic effects. Refs. [19,108] presented a database of the chemical composition
of SPM in World Rivers and gave a snapshot of elemental fluxes for different continents.
Ref. [19] found that the anthropogenic fluxes and riverine fluxes are similar, revealing that
human activities have effects on the cycles of trace elements. Ref. [109] analyzed SPM from
the Yarlung Tsanpo River (Tibetan Plateau); they selected 10 metal(loid)s (V, Cr, Co, Ni,
Cu, Zn, As, Cd, Sb, Cs) and analyzed them by ICP-OES and ICP-MS. They measured the
highest enrichment values for Cu, As, and Cd. They showed seasonal enrichment due to
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hydrodynamic conditions. They also showed that SPM is mainly anthropogenic and from
geothermal activities. Ref. [110] measured the impacts of the human-induced flood event
on heavy metal transport, spatiotemporal variations in contents and fluxes of metals (Cr,
Ni, Cu, Zn, As, Cd) using ICP-MS. They concluded that metal transport was controlled by
hydrological processes and dominated by SPM, with strong association with particle size
and SPM concentration.

3.2.2. Isotopic Fingerprinting

Isotopes are atoms of an element that differ in their number of neutrons and thus have
different masses. They can be classified into radioisotopes and stable isotopes [47,111].
Stable isotopes are divided into traditional stable isotopes (C, H, O, N, S) and non-traditional
stable isotopes (Pb, Cu, Zn, Cd, Hg, Cr, Mg) [112,113]. They are high atomic weight, have
a small mass difference between isotopes, and are in the form of ionic bonds [47]. The
international nomenclature is expressed as delta values, δ. It is a relative value compared
to reference materials in order to compare the results between laboratories, where the
common material is the zero baseline [47]. Positive and negative values of δ indicate the
relative enrichment of heavy and light isotopes. In the periodic table, only 21 elements
are composed of only one stable isotope (e.g., Na, Al, P, Mn), permitting the use of a large
panel of elements.

Mass spectrometry is the technique of choice for high-accuracy isotope composition
detection. The ionization mechanism permits classification of different MS techniques:
(i) isotope ratio mass spectrometry (IRMS), (ii) thermoelectric ionization mass spectrometry
(TIMS), and (iii) inductively coupled plasma mass spectrometry (MC-ICP-MS) [114–117].
IRMS is used for light gaseous elements, while TIMS is used for heavy elements [47].
The analysis of many elements cannot be performed by IRMS and TIMS due to their
low ionization efficiency. The use of MC-ICP-MS can analyze most elements with higher
accuracy. The laser ablation multi-collector inductively coupled plasma mass spectrometer
(LA-MC-ICP-MS) is gradually being adopted [118]. Laser ablation permits sputtering
atoms from the surface and then transporting them to the plasma for ionization. However,
the instrument mass bias from laser-induced isotope fractionation is difficult to manage for
accurate isotope determination.

This difference in mass causes slight differences in reactivity, giving this technique a
strong advantage for better understanding the SPM behavior in the water column. The
different signatures of the element isotopes can give information on source tracing. This
application is based on the mixing of reservoirs with different isotope signatures. If the
isotopic compositions of the involved endmembers are known and the contributions of
different source materials are distinct, mixing calculations can help unravel the different
sources of SPM. Metal isotopes can be measured using an MC-ICP-MS instrument [111].

The sampling operation is crucial as it is necessary to minimize the interference from
metal impurities. Therefore, laboratory procedures are strict. The preparation is performed
in a cleanroom equipped with a Class 100 laminar flow exhaust hood and a positive-
pressure room to prevent the entry of unpurified air from the exterior [119]. Chemicals
used should be double distilled, and the instruments used should undergo acid washing
and rinsing with ultrapure water [120]. The preparation procedure is not the same for
liquids and solids. Concerning SPM, samples are ground and sifted before digestion. HF
is mainly used to dissolve silicates in samples, and HClO4 and H2O2 are used to remove
organic matter from the sample [120,121]. Before analysis, the targeted element must be
separated and purified from the matrix. The common separations are (i) precipitation,
(ii) liquid extraction, (iii) chelating resin, and (iv) ion exchange chromatography [111,122].
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Ion exchange chromatography is based on the ion exchange reactions between the sample
and the resin.

Isotopic fractionation is the process that changes the relative abundance of stable
isotopes of an element. This change is mostly very small, and the isotopic mass balance
of the overall system remains unchanged. In addition, it is necessary to know that an
enrichment in a certain reservoir must always be balanced by a corresponding depletion in
another reservoir. Isotopic fractionation occurs during chemical, physical, and biological
processes; two main mechanisms can cause isotopic fractionation, which are (i) the kinetic
isotope effect and (ii) the thermodynamic isotope effect [111].

As this paper is dedicated to characterization techniques of SPM, we will present
only two stable isotopes that are studied for source contamination investigation. Zinc
(Zn) has five stable isotopes (64Zn, 66Zn, 67Zn, 68Zn, and 70Zn) [123]. It is one of the major
elements in aquatic systems. The low-temperature biogeochemical processes (absorption,
desorption, dissolution, and precipitation) can induce Zn isotopic fractionation [124,125].
Relatively limited research focuses on δ66Zn for SPM in rivers. The range of δ66Zn varies
from +0.2–0.35 ‰ [126]. These values are mainly reported from continental weathering.
One of the earliest studies concerning Zn isotopes was in the Scheldt River estuary, with
δ66Zn values ranging from 0.21–1.13 ‰ [127]. Other examples show that δ66Zn values
range from 0.08–0.27 ‰ in the Seine River [125]. Additionally, the Zhujiang River Basin
exhibited δ66Zn values ranging from −0.11‰ to 0.41‰ [128]. It can be seen that 66Zn
enrichment is positively correlated with increasing downstream distance, resulting from
Zn migration from the soil into the river system.

Copper (Cu) has two stable isotopes (63Cu and 65Cu), and Cu isotopic variation is
described as δ65/63Cu [47]. Cu is a ubiquitous element, is naturally present in various envi-
ronments, and plays a pivotal role in different environmental processes [129]. The factors
inducing Cu isotopic fractionation at low temperature are (i) adsorption, (ii) conversion of
Cu(I) and Cu(II), and (iii) mineral dissolution. Copper isotope fractionation was already
reported for mine drainage [130] and to trace dissolved metal contaminants in streams
affected by mining by-products [131]. Concerning the Yangtze River, we can observe an
enrichment of heavier isotopes in the downstream direction of the river. The isotopic evalu-
ation of Cu is rarely reported for SPM. Ref. [129] reported the Cu contents and Cu isotopic
compositions of SPM in the Zhujiang River Basin. They measured a δ65Cu value fluctuating
between 0.04–0.50‰, with heavier isotopes downstream. Based on isotope ratios, they
concluded that rock weathering contributed 76.4% of particulate Cu, and the contributions
of urban sludge and smelting were 15.4% and 8.2%, respectively. A recent study [129]
showed that δ65Cu of SPM is mainly controlled by inorganic isotopic partitioning during
weathering and transport. They also observed that the monsoon introduces lighter material,
redefining the controls on Cu in large river systems.

3.3. Bulk Mineralogy and Vibrational Spectroscopy
3.3.1. X-Ray Diffraction (XRD)

After the characterization of bulk physical properties (SSA) and quantification of the
elemental composition, the next conventional step in SPM characterization is mineral detec-
tion. Different techniques are available for mineral investigation in bulk natural SPM. XRD
is a non-contact and non-destructive technique for a large panel of materials, including
minerals [132]. XRD can identify and quantify crystalline mineral phases in SPM, such
as primary and detrital minerals (quartz, phyllosilicates, and carbonates). It is easy to
perform, quick, and can be used for other analyses, but requires at least tens to hundreds
of milligrams. XRD complex diffractograms are modeled as a sum of individual mineral
phases, and their relative abundances are refined by least-squares fitting of the entire
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pattern, yielding the mass percentage of each component. Furthermore, the percentage of
amorphous materials can also be quantified by using an internal standard [133]. Ref. [132]
Additionally, XRD can measure the degree of orientation of clay particles and can thus,
when coupled with electron microscopy, be used to investigate composite particles (individ-
ual particles of different mineralogy). XRD is also used to identify and distinguish between
various clay minerals using oriented mounts. The main procedures rely on treating the
material with ethylene glycol and heating the samples; this will lead to various swelling
and collapse of the minerals [134,135]. X-ray diffraction has been used, for example, to
follow the mineralogical evolution of river particles during a storm event with particles
mainly composed of smectites [136]. Another study showed that during the beginning of
the limb of the hydrograph, quartz is present as discrete particles, while at the end of the
hydrograph, the SPM contains different particles of various sizes [137]. They concluded
that XRD can be chosen as a tool to help guide the sampling procedure. Another study in-
vestigated the seasonal variations of SPM mineralogy of the lower Changjiang River using
different techniques such as XRD [38]. They found a seasonal variation of clay mineralogy
with distinct behaviors during the rainy season (more illite and less kaolinite proportion),
suggesting more intense erosion in the basin during the rainy season. Ref. [138] studied
the effect of flow rate and lithology on SPM mineralogy in Puerto Rican rivers using XRD.
They showed that the mineralogy of suspended sediments in the three watersheds returned
to baseline composition after storm events, showing the resilience of the watershed under
strong hydrological conditions.

3.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Different spectroscopic methods are illustrated in the literature and can be used for
particle characterization in bulk mode. This technique is also reported in order to fingerprint
(i.e., source) sediments and SPM and is used as an alternative to traditional techniques such
as geochemistry and the use of radionuclide tracers. Indeed, traditional tracers used for
fingerprinting are time-consuming. Visible reflectance [139], visible near infrared (VNIR),
shortwave infrared (SWIR) [140,141], diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy [17,142], and near infrared (NIR) [143] are different techniques documented.
FTIR technique can be performed in various modes, such as transmission mode, diffuse
reflectance mode (DRIFT), and attenuated total reflectance (ATR).

Infrared spectroscopy (IR) is especially suitable to track mineral as well as organic
compounds in SPM. A well-defined set of IR peaks can be used to identify organic mat-
ter and minerals, including clay minerals [144,145]. Additionally, IR can also be used to
identify and distinguish between various carbonates, such as calcite and dolomite [146].
IR is considered a cost-effective and relatively accurate quantification method for carbon-
ates, amorphous silica, and organic matter [147]. Recent studies are also looking at the
quantification of clay minerals [148]. Complex IR spectra from heterogeneous samples,
such as SPM and sediments, can be further analyzed by multivariate curve resolution alter-
nating least squares (MCR-ALS) [149,150]. This decomposes the IR spectra into multiple
components and computes their respective percentage [151,152]. As such, the change or
evolution of SPM components can be followed along a river course or as a function of
variable river flow. Furthermore, the same approach can be used to detect even minute
IR changes that would not be possible without any treatment [153]. Ref. [143] used NIR
spectroscopy on twenty-nine SPM samples in a 1.19 km2 watershed in Brazil. They were
able to differentiate the sources of the SPM using this technique. In their study, ref. [154]
used FTIR to investigate the variations in the SPM mineral and organic composition. They
found that SPM samples were mainly composed of quartz (peaks at 696, 780, 800, 1018 and
1868 cm−1) and carbonates (peaks at 713, 729, 874, 1457, 1794, 2517 and 2873 cm−1) with
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no large variations along the river course. Ref. [142] used DRIFT spectroscopy to evaluate
the efficiency of this technique in tracing sediment sources. They analyzed 50 samples
from a small catchment (90 ha) in France and showed that this technique can separate at
least four different sources from soil and river channel sediments. Ref. [143] compared
classical geochemical and radionuclide tracers and a method using MIR spectroscopy to
fingerprint sediments from rural catchments in Mexico. They found similar results except
for one catchment due to the presence of high organic matter content. The use of VNIR
spectroscopy was also successful for sediment fingerprinting in Ethiopia [155]. In particular
cases, the use of spectroscopy methods cannot be used. For example, ref. [139] showed
that Quaternary deposits in France could not be discriminated because the gypsum was
not conservative.

In SPM studies, FTIR is commonly used in its bulk application, namely, the analysis of
homogenized powders or bulk filter loads to obtain an average mineralogical and organic
fingerprint (e.g., via DRIFT or ATR) [36,113]. Micro-FTIR (µFTIR) mapping of individual
particles does exist; however, its application in riverine SPM studies seems to be absent. By
contrast, micro-Raman spectroscopy (see Section 3.5.4) is almost exclusively deployed as a
point-specific, single-particle technique to identify polymorphs (e.g., calcite vs. aragonite,
iron oxides) and trace phases that are otherwise unresolvable by bulk FTIR or XRD [156].
The present division thus reflects the dominant operational use of each technique in the
current SPM literature, rather than an inherent instrumental limitation.

3.4. Spatially Resolved Elemental and Mineral Mapping
3.4.1. Micro-X-Ray Fluorescence (µXRF)

Micro-X-ray fluorescence (µXRF) bridges bulk and particle-scale mineral character-
ization. It uses a focused (typically 10–50 µm) polychromatic or monochromatic X-ray
beam [157]. Although rare in river SPM studies, it can be applied to SPM concentrated
on filters, embedded in resin, or prepared as powder samples in XRF sample cups (in the
presence of a few hundred mg of sample). µXRF provides semi-quantitative to quantitative
elemental distribution maps that can reveal chemical heterogeneity, grain-scale elemental
associations (e.g., Fe-(oxy)hydroxide coatings on clay minerals), and particle size-elemental
composition relationships that bulk digestion-based ICP methods cannot resolve, at a much
lower cost and analysis time than SEM-EDS mapping [158–160]. Its main limitations are a
coarser spatial resolution than SEM-EDS or TEM, a detection sensitivity for light elements
(Z < 11) that is generally poor compared with SEM-EDS, and a strong dependence of
quantification accuracy on sample surface flatness and matrix effects, which are difficult to
control for loosely packed filtered SPM. Open-access (e.g., Fiji/ImageJ) and commercial
platforms (e.g., M4 TORNADO) are able to identify possible minerals and semi-quantify
them based on elemental correlations [161]. Detailed information on automated mineralogy
is discussed later (Section 3.5.1).

3.4.2. Laser Ablation ICP-MS (LA-ICP-MS)

Laser ablation ICP-MS (LA-ICP-MS) couples a pulsed laser, used to ablate a small vol-
ume (typically a few to tens of µm in diameter) directly from a solid sample, to an ICP-MS
for multi-elemental and isotopic analysis. Applied to riverine SPM, LA-ICP-MS allows di-
rect, spatially resolved analysis of individual particles or of SPM concentrated as a pellet or
on a filter, without the acid digestion step required by solution-based ICP-MS. This removes
a major source of the sample-preparation artefacts discussed above for bulk ICP analyses
and additionally allows spatial or grain-scale elemental information to be retained [162,163].
This makes LA-ICP-MS particularly attractive for sediment and SPM fingerprinting studies,
where preserving the elemental signature of individual detrital grains or filter sub-areas is
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more informative than a homogenized bulk digestion [164,165]. Filter-based LA-ICP-MS
protocols developed as a low-reagent, low-waste alternative to acid digestion illustrate this
approach for suspended sediment fingerprinting. The “filter pellet” method developed
by [162] demonstrated that quantitative multi-element data of sufficient quality for sedi-
ment fingerprinting can be obtained directly from filter-bound sediments without digestion,
using a simple pellet preparation. Analogous filter-based, minimal-preparation elemental
approaches have also been demonstrated using laser-induced breakdown spectroscopy
(LIBS) directly on SPM-loaded filters, offering rapid multi-element screening at the expense
of the quantification accuracy achievable by ICP-MS [166]. The main limitations of LA-ICP-
MS for SPM are the need for matrix-matched calibration standards (rarely available for
natural, heterogeneous SPM), potential elemental fractionation during ablation, and a spot
size that, for the smallest SPM size fractions, may sample several particles simultaneously,
limiting true single-particle resolution.

3.5. Particle- to Atomic-Scale Microscopy and Spectroscopy
3.5.1. Scanning Electron Microscopy: Manual Analysis and Automated
Mineralogy (SEM-EDS)

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS) is, together with manual optical microscopy, one of the most widely accessi-
ble tools for the particle-scale characterization of SPM, and arguably a workhorse tech-
nique of mineralogical SPM studies even though it is often only briefly mentioned in
reviews of this kind. In its conventional, manual mode, individual particles deposited
on a filter, stub, or polished mount are imaged under secondary-electron (topography) or
backscattered-electron (mean atomic number contrast) detectors, and point or small-area
EDS spectra are acquired manually on selected particles of interest [167,168]. This approach
requires comparatively little sample preparation: particles can often be analyzed directly
on the collection filter after conductive coating, and it makes minimal a priori assumptions
about particle mineralogy. It delivers textural information (morphology, aggregation state,
particle-particle associations) together with semi-quantitative elemental composition at
the single-particle scale that cannot be retrieved from bulk methods (SSA, ICP, XRD, FTIR)
alone [167,169]. Ref. [170] used SEM-EDS to investigate the structure and motion behavior
of SPM in a slow-moving river in northern China, revealing how particle morphology and
aggregation influence transport dynamics. Similarly, ref. [171] combined SEM-EDS with
other techniques to demonstrate that SPM dynamics control mercury partitioning and trans-
port in the Yellow River, highlighting the importance of particle-scale characterization for
understanding contaminant behavior. Its main limitation is throughput; because particles
are selected and analyzed one at a time by the operator, manual SEM-EDS is comparatively
slow, poorly suited to statistically robust particle-population statistics, and susceptible to
operator-selection bias, e.g., preferentially imaging visually distinctive particles. Nonethe-
less, it remains indispensable for targeted investigations, such as documenting specific
contaminant-bearing phases, textures, or organo-mineral associations, and for validating
the phase assignments made by automated systems.

Automated mineralogy (AM) systems address the throughput limitation of manual
SEM-EDS by coupling automated stage control, backscattered-electron image segmenta-
tion, and EDS spectral acquisition and classification against a reference mineral database,
allowing thousands of particles to be classified, sized, and their elemental associations
quantified within a single, largely unattended session [172]. Commercial platforms (e.g.,
QEMSCAN, TIMA, Mineral Liberation Analyzer) were originally developed for ore charac-
terization but are increasingly applied to environmental particles. Ref. [173], for instance,
used SEM-based automated mineralogy (QEMSCAN) to distinguish natural sediments
from iron ore tailings deposited in the Paraopeba River after the Brumadinho dam failure,
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revealing six main mineral associations governed by different contents of quartz, kaolinite,
and hematite. Similarly, automated mineralogy has been applied to distinguish geogenic
from anthropogenic heavy metal sources in river and coastal sediments of the Jakarta Bay
region [174]. These platforms are used in sediment samples more than SPM, at this stage, to
provide modal mineralogy, particle-size and particle-shape distributions, and quantitative
mineral-association statistics, for example, the proportion of Fe-oxide surface area in contact
with phyllosilicates, that would be impractical to obtain manually [175–177]. Automated
mineralogy nonetheless requires substantial sample preparation: particles are typically
embedded in an epoxy resin mount, ground and polished to a flat, particle-representative
cross-section, and carbon-coated [178,179]. This preparation is destructive and can intro-
duce artefacts, including particle re-orientation, loss of the finest colloidal fraction, and
cross-sectioning that alters the apparent size and shape of the original three-dimensional
particle relative to a projected view [176,180]. It also requires from a few to several tens of
milligrams of material, which can be limiting for low-concentration SPM samples. Phase
assignment further relies on matching each measured EDS spectrum to a reference library.
Poorly crystalline, mixed, or very fine-grained phases common in SPM (amorphous Fe/Al
(oxy)hydroxides, clay-organic aggregates) are prone to misclassification or require bespoke
reference libraries, and complementary XRD is generally recommended to validate the
mineral phases assigned by AM [172].

3.5.2. Transmission Electron Microscopy

Several techniques allow characterization of the mineral composition at micro to nano
scale. Transmission electron microscopy coupled with energy-dispersive spectroscopy
(TEM-EDS), has been shown to be an extremely powerful tool for examining geochemical
questions at the individual particle scale. TEM can assess the size, morphology, crystallinity,
and elemental composition of single particles as well as determine their physical and spatial
associations [181]. This technique can provide high-resolution imaging of thin samples
with quantitative chemical analysis.

The classical preparation requires chemical stabilization, followed by sample dehy-
dration and resin embedding, prior to ultramicrotomy. The multiple steps can lead to
morphological artifacts such as aggregation of particles [182]. To avoid these morphological
problems, resin impregnation is recommended [183]. A very easy preparation step used for
SPM consists of re-suspending dried SPM in ethanol and laying down a drop on a cover
grid [37]. TEM analysis is mainly used in SPM studies to investigate the morphology and
nature of particles and the speciation of contaminants. Chemical analysis within the micro-
scope can be obtained by energy-dispersive spectrometry (EDS) [184] or by electron energy
loss spectrometry (EELS) [185]. EELS is more suitable for thin specimens (30–200 nm) [186].
Several mineral substances can be encountered in the literature [187,188]. Studies concern-
ing aquatic particles using TEM as an analytical tool started in the late 1980’s. Concerning
oxic fresh waters, the inorganic fraction is mainly composed of aluminosilicates, silica, and
iron oxyhydroxides [37,189]. Iron in SPM has been extensively investigated because of its
important role in supplying nutrients to aquatic biota and its role as a sorbent. Natural
anoxic waters have also been investigated. Especially the colloids composed of elemental
sulfur and iron sulfide [190].

Beyond conventional TEM imaging, several complementary imaging and analytical
modes provide different types of information and are not always clearly distinguished in
previous SPM reviews. Scanning transmission electron microscopy (STEM) raster-scans
a focused electron probe across the thin sample rather than illuminating it with a broad,
parallel beam. When combined with EDS (STEM-EDS), it enables high-spatial-resolution
elemental mapping, down to a few nanometers, of individual grains and organo-mineral in-
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terfaces that is difficult to achieve in conventional TEM [191]. High-angle annular dark-field
STEM (STEM-HAADF) collects electrons scattered to high angles, producing image contrast
that scales approximately with the square of the atomic number (Z-contrast imaging) [192].
This makes STEM-HAADF particularly effective for visualizing heavy-element-bearing
nanophases, e.g., Fe- or Pb-bearing nanoparticles, against a lighter aluminosilicate, clay
mineral, or organic matrices.

Sample preparation for TEM/STEM is a major, and frequently under-discussed, source
of artefacts in SPM studies. Even a single mineral grain or floc frequently requires the
preparation of an ultrathin (<100 nm) section or lamella before analysis, obtained either
by ultramicrotomy of a resin-embedded sample or, increasingly, by focused ion beam
(FIB) milling. Ultramicrotomy can compress, tear, or redistribute soft organic and poorly
consolidated mineral phases along the cutting direction [193]. It also necessarily exposes
only a small, essentially random two-dimensional slice through a three-dimensional, often
heterogeneous SPM aggregate, so the observed particle context, e.g., which mineral grains
are in direct contact within a floc, may not be representative of the original aggregate
architecture. FIB milling, in which a gallium (or increasingly plasma) ion beam cuts and
thins a precisely targeted region of interest down to electron transparency, allows site-
specific lamella extraction, for example targeting a contaminant hotspot identified by
prior SEM-EDS or µXRF mapping, and better preserves the spatial relationships between
phases. However, it can introduce Ga+ implantation, amorphization of the near-surface
region, and local heating artefacts that must be considered when interpreting nanoscale
structural or chemical data, particularly for beam-sensitive phases such as poorly crystalline
Fe (oxy)hydroxides [194]. Both approaches remove the sample from its native aqueous
environment and require some dehydration or resin embedding, which is itself a source of
the aggregation and morphological artefacts noted above.

Cryogenic electron microscopy (cryo-EM), in which the hydrated sample is vitrified
by rapid plunge-freezing rather than chemically fixed and dehydrated, largely avoids these
dehydration- and embedding-related artefacts by preserving particles, aggregates, and
their associated water and organic coatings in a near-native, frozen-hydrated state [195].
Although cryo-EM has been most extensively developed for structural biology and synthetic
colloidal nanoparticles, its extension to environmental and geological materials is a rapidly
growing area of clear relevance to SPM, particularly for imaging fragile organo-mineral
flocs, biofilm-mineral associations, and poorly crystalline nanophases that are otherwise
altered or destroyed by conventional preparation [195]. A complementary, still largely
exploratory avenue is in-situ (liquid-cell) TEM, in which particles are imaged directly
within a thin layer of liquid enclosed between electron-transparent membranes, allowing
dynamic processes such as aggregation, dissolution, or nanoparticle nucleation to be
observed in real time [196]. Its application to natural, compositionally complex SPM
remains limited by electron-beam-induced radiolysis of the liquid and by the difficulty of
preserving representative aggregate structures within the confined liquid cell. It nonetheless
represents a promising direction for directly capturing the dynamic behavior of SPM that
static, ex-situ TEM cannot access.

3.5.3. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM), in contrast to conventional SEM and TEM, can distin-
guish between grains and aggregates [197]. Quite new techniques known as scanning probe
microscopy permit direct imaging of particles with very high resolution (up to atomic).
Different techniques are available, including atomic force microscopy (AFM), magnetic
force microscopy (MFM), electrostatic force microscopy (EFM), lateral force microscopy
(LFM), electrochemical atomic force microscopy (ECAFM) [198]. These techniques are
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very promising for exploring SPM surfaces, visualizing the sorption of organic substances,
determining the morphology, and measuring size and thickness [199]. Several studies
characterized the morphology of pure minerals forming SPM, such as illite, smectite, iron
oxides, and calcite [200–202].

AFM is by far the most common SPM technique to probe natural SPM. AFM has a
high spatial resolution and can image samples in different environments [203].

The studies are generally performed under ambient air conditions. Such preparation
may result in artefacts. AFM is a high-resolution surface imaging tool, extremely powerful
for the determination of colloidal topography/height on the basis of the repulsive or
attractive forces between the sample and the tip [204]. The AFM can be operated in air or
in fluid [205]. More than 10 different imaging modes can be used in AFM analysis [206],
yet three are commonly encountered in AFM imaging: contact, tapping, and non-contact
modes. In contact mode, the tip is in contact with the sample all the time. This mode is
associated with high shear forces and can damage samples. In non-contact mode, the tip
oscillates at a frequency slightly higher than its resonance frequency, several nanometers
above the sample. In tapping mode, the cantilever oscillates near its resonance frequency at
an amplitude ranging from 100 to 200 nm and touches the sample [207]. Different sample
preparations can be used, such as particle sorption to a freshly cleaved flat surface, drop
deposition, and particle ultracentrifugation [208].

Ref. [203] investigated the effects of the analysis mode (contact vs. non-contact modes)
as well as the analysis environment (liquid vs. ambient air) and sample preparation. They
found that the non-contact mode was the most appropriate for the characterization of
natural colloids. In addition, the lack of washing after adsorption or sample preparation by
drop deposition can result in the formation of aggregation and salt crystallization. Finally,
they found that liquid-mode imaging is not necessary for size measurement if minimally
perturbing sample preparation is employed. Ref. [209] used AFM in tapping mode to
study the size distribution, surface coverage, and morphology of aquatic colloids. They
found three types of natural aquatic colloids based on their shape and size. Ref. [210]
successfully used AFM to study the surface area and reactivity of several phyllosilicates
(kaolinite, hectorite, and nontronite). Other studies on phyllosilicates were also extended to
illite and montmorillonite [211], smectite [200], mica and muscovite [212,213], oxides [201],
calcite [202], goethite [214], and hematite [215].

3.5.4. Raman Spectroscopy

While Section 3.3.2 described FTIR as a bulk vibrational method, the complementary
vibrational technique, micro-Raman spectroscopy, is discussed here because its conven-
tional application to SPM involves point-specific analysis of individual particles rather than
bulk homogenized powders.

Raman spectroscopy is a vibrational spectroscopic technique, complementary to in-
frared spectroscopy, based on the inelastic (Raman) scattering of monochromatic laser
light by molecular and lattice vibrations, which produces a spectrum of characteristic
bands that can act as a mineral- and, in favorable cases polymorph-, polymorph-specific
fingerprint [216]. Coupled with an optical or confocal microscope (micro-Raman), it allows
essentially preparation-free, non-destructive analysis of individual SPM particles at approx-
imately 1 µm spatial resolution, without the coating, embedding, or vacuum required by
SEM-EDS or TEM, which is a substantial practical advantage for rapid particle screening.
Micro-Raman is particularly well suited to distinguishing mineral polymorphs that share
an identical elemental composition and are therefore indistinguishable by EDS alone, for
example anatase, rutile, and brookite among TiO2 polymorphs, calcite versus aragonite,
or the different iron oxide/oxyhydroxide phases such as goethite, hematite, and ferrihy-
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drite [217], and it can identify organic and microplastic components intermixed with the
mineral fraction of SPM within the same analytical session. In practice, Raman spectroscopy
is often combined with other techniques to obtain a comprehensive picture of nanoparticle
geochemistry, as demonstrated by [218], who used field emission SEM, HR-TEM, and
selected area electron diffraction alongside EDS to characterize nanoparticles (<100 nm) in
suspended sediments from the Magdalena River, identifying Al, Ti, and Fe oxides as well
as other elements. The main Raman spectroscopy limitations for SPM characterization are
threefold. First, some clay minerals and organic-coated particles produce a fluorescence
background that can mask the Raman signal, giving comparatively low sensitivity for
several environmentally important, weakly Raman-active or strongly fluorescent phases.
Second, spectra are acquired point-by-point, so true bulk quantification is not possible:
mineral proportions must be inferred from many individual particle analyses rather than
measured directly as in XRD. Third, laser power must be carefully controlled to avoid
heating or phase transformation of fragile or strongly light-absorbing particles.

3.5.5. X-Ray Absorption Fine Structure Spectroscopy

Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy started in the 1920s
but gained widespread recognition in the mid-1970s following the advent of synchrotron ra-
diation sources [46]. EXAFS was first applied to mineralogical studies in the 1980s [46,219],
and the subsequent development of second- and third-generation synchrotron facilities
greatly expanded its applicability to highly diluted environmental matrices such as SPM.

EXAFS is an element-specific spectroscopic technique that can be performed in
two modes: (i) the Transmission mode, determined by measuring the intensity of the
X-ray beam passing through the sample (suited for concentrated samples) and (ii) the
Fluorescence mode, determined by measuring the secondary X-ray fluorescence emitted by
the target element (for diluted samples).

Beyond the absorption edge, interference between the outgoing photoelectron wave
emitted by the absorbing atom and the waves backscattered by surrounding neighboring
atoms generates oscillations in the absorption coefficient. EXAFS provides precise insights
into the local chemical and structural environment around the absorber up to a distance of
approximately 5–6 Å. This allows for the determination of the coordination number, the
chemical identity of neighboring atoms, interatomic distances, and the degree of structural
order or disorder within the coordination shells [43,220].

To extract structural information from EXAFS oscillations, two primary analytical
approaches are employed: (i) linear combination fitting and (ii) numerical simulation and
shell fitting.

Linear combination fitting provides an estimation of the local atomic environment
without the immediate need for complex numerical simulations. Using a least-squares
minimization protocol, the experimental spectrum is modeled as a linear combination of
reference spectra obtained from well-characterized standard compounds. The contribution
of each reference component is directly proportional to its fractional abundance within
the sample. To maintain physical relevance and avoid overfitting, the decomposition of
the experimental spectrum is typically restricted to a maximum of three or four reference
compounds. While the sum of all components ideally equals 100%, lower sums (e.g., ~70%)
can yield acceptable fits in specific diluted or complex systems. This approach serves as an
efficient tool for phase identification, despite carrying a structural uncertainty of approxi-
mately 10% to 15%. This approach is routinely used for SPM studies. Ref. [221] investigated
the speciation of Zn in SPM from the Seine River (France). The results showed, using LCF,
significant spatial variations in Zn speciation along the river continuum. Upstream of Paris,
Zn was mainly associated with calcite, either adsorbed onto its surface or incorporated
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into its crystal structure. In contrast, downstream of Paris, amorphous zinc sulfide (ZnS)
became the dominant Zn-bearing phase, reflecting the influence of anthropogenic inputs
from the Paris metropolitan area. A similar study was conducted for Zn speciation in
one affluent of the Seine River (Orge River). Coupled with TEM and SEM analyses, this
study showed that Zn speciation depended not only on urbanization but also on River flow
rate [189]. Another study [222] used an EXAFS approach coupled with isotopy (see below
paragraph) to investigate the influence of land use on trace metal dynamics in three con-
trasting sub-basins of the Seine River watershed. Results showed significant anthropogenic
impacts on both dissolved and particulate fractions, with distinct sources depending on
land use. Zinc speciation, isotopic signatures, and export rates further highlighted the role
of forested, agricultural, and urban areas in controlling trace metal transport and cycling.

Numerical simulation and shell fitting, by contrast, provide a highly precise deter-
mination of structural parameters through a complementary route. The resulting partial
spectrum is subsequently fitted in both frequency and amplitude using a theoretical ap-
proach based on the standard EXAFS equation under the single-scattering approximation.
The adjustable parameters are categorized into two groups: (i) the structural parameters
(the coordination number of neighboring atoms (Ni), the Debye-Waller factor (σi, reflecting
structural and thermal disorder), the photoelectron mean free path (λi = k/Γi), the inter-
atomic distance (Ri), and the energy threshold shift (∆E0) between the experimental edge
and the theoretical value) (ii) the electronic parameters (the element-specific amplitude
(A(k)) and phase shift (Φ(k)) functions for each atomic pair, alongside the amplitude re-
duction factor (S02, often fixed to 1). These electronic functions are theoretically calculated
using ab initio codes such as FEFF and validated against reference compounds with known
crystal structures. This numerical optimization yields highly precise structural data, with
typical uncertainties of approximately ±0.02 Å for interatomic distances (Ri) and ±20%
for coordination numbers (Ni). This approach was first used for single minerals. Docu-
mented examples include Zn adsorption on clay minerals [223], montmorillonite [224,225],
smectite [226], calcite [227], and ferrihydrite [35]. Some studies also used this approach for
SPM. Ref. [31] monitored changes in mineralogy and composition of authigenic material
from its source to streams of increasing order. EXAFS analyses revealed that freshly pre-
cipitated Fe-rich particles formed from groundwater oxidation consisted mainly of poorly
crystalline hydrous ferric oxides with a structure similar to ferrihydrite. The Fe speciation
remained largely unchanged during downstream transport, although an increase in Fe–Fe
interactions indicated progressive ageing and hydrolysis of the ferrihydrite-like phases.
Ref. [228] also tried this approach to better understand the Zn speciation in SPM from the
Moselle River (North East of France). They conducted Zn adsorption tests on natural SPM
and observed that at low Zn loadings, the binding mode of Zn with SPM was controlled by
its own mineral composition.

3.6. Critical Synthesis and Comparison of Analytical Approaches

The previous sections described, technique by technique, the mineral information
that can be obtained from riverine SPM. Existing reviews and textbook descriptions of
SPM characterization, including many of the foundational works cited throughout this
article, have generally been structured in this same technique-by-technique manner, treating
individual methods (e.g., ICP-MS, XRD, and TEM) as largely self-contained topics. These
treatments provide limited explicit discussion of how the sample preparation choices,
detection limits, and spatial or particle size resolution of a given method constrain the
environmental interpretations that can be drawn from it, and they offer correspondingly
little guidance on how methods should be combined for a given research question. This
descriptive, method-centered structure is a genuine limitation of the existing literature. For
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riverine SPM, arguably more than for many other geological materials, no single technique
can characterize the full range of particle sizes (colloidal to >100 µm), mineralogical states
(from well-crystalline detrital grains to amorphous authigenic coatings), and spatial scales
(bulk sample to individual nanoparticle) relevant to its environmental reactivity. Table 1
therefore synthesizes, across all methods discussed in this review, the sample requirement,
the spatial or particle-size resolution achieved, the type of information provided, the
principal sample-preparation artefacts, and the methods most usefully combined with each
technique, to support method selection and result interpretation rather than provide a
simple inventory of available instrumentation.

Table 1. Comparative synthesis of the sampling and analytical methods discussed in this review for
the mineralogical characterization of riverine SPM.

Method Sample
Requirement

Spatial/Particle-Size
Resolution Information Provided Main Preparation

Artefacts
Best Complementary

Method(s)

SSA (BET,
EGME)

mg-g,
dried/degassed

Bulk (no spatial
resolution)

Surface area,
micro-/mesoporosity

Outgassing can alter
Fe-oxides; removes

bound water
ICP-MS/OES, XRD

ICP-MS/OES ~1 g (fusion) or mg
(digestion) Bulk Elemental concentrations

(ppt-ppm)

Partial vs. total
digestion;

contamination
XRD, isotope MS

XRD tens-hundreds mg Bulk (mm-scale
beam)

Crystalline minerals and
quantification

Preferred orientation;
amorphous phases

need internal
standard

FTIR, automated
mineralogy

FTIR A few mg Bulk Mineral + organic
functional groups

Overlapping bands
in mixtures XRD, MCR-ALS

µXRF Filter/mount; no
digestion 10–50 µm 2D elemental maps Surface flatness and

matrix effects SEM-EDS, XRD

LA-ICP-MS Few mg or individual
grains ~10–50 µm spot

Spatially resolved
multi-element/isotope

data

Matrix-matched
standards; ablation

fractionation

SEM-EDS, automated
mineralogy

SEM-EDS
(manual) Individual particles ~1 µm (nm with

FEG)

Morphology +
semi-quantitative

elemental composition

Coating; operator
selection bias XRD, TEM

Automated
mineralogy
(SEM-AM)

mg, polished mount ~1 µm; 1000 s of
particles

Modal mineralogy,
particle size/shape,

associations

Polishing/embedding;
EDS-library

misclassification

XRD, manual
SEM-EDS

TEM/STEM-
EDS/STEM-

HAADF

ng-µg, ultrathin
section nm–Å

Morphology, crystallinity,
elemental or Z-contrast at

particle scale

Ultramicrotomy/FIB
artefacts;

dehydration
EXAFS, SEM-EDS

Cryo-EM/in-situ
(liquid-cell) TEM

ng-µg, vitrified or in
liquid cell nm Native-state morphology;

dynamic processes

Vitrification quality;
beam-induced

radiolysis
Conventional TEM

AFM Individual particles,
deposited/dried

nm (height); atomic
(lattice)

Topography, height,
aggregation state

Ambient drying;
tip-sample
interaction

TEM, SEM-EDS

Micro-Raman Individual particles;
no prep ~1 µm Mineral/polymorph

fingerprint

Fluorescence
background;

laser-induced
damage

SEM-EDS, XRD

EXAFS/XAS mg (diluted) to
individual grains

Local atomic
environment

(element-specific)

Speciation, coordination,
oxidation state

Beam damage; LCF
reference-set bias TEM, isotope MS

Isotope ratio MS
(MC-ICP-MS)

mg, chemically
purified

Bulk (per separated
fraction)

Source tracing, process
fractionation

Cleanroom diges-
tion/purification;

contamination
ICP-MS, EXAFS

BET: Brunauer-Emmett-Teller; EGME: ethylene glycol monomethyl ether; MCR-ALS: multivariate
curve resolution-alternating least squares; FEG: field-emission gun; FIB: focused ion beam; LCF:
linear combination fitting.
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Several general patterns emerge from this synthesis. First, resolution and representa-
tiveness are generally traded off against one another. Bulk techniques (SSA, ICP-MS/OES,
XRD, FTIR) analyze statistically representative sample masses but average over highly
heterogeneous particle populations, whereas particle-scale techniques (SEM-EDS, auto-
mated mineralogy, TEM/STEM, AFM, micro-Raman) resolve individual particles or small
assemblages but analyze only a minute, potentially non-representative fraction of the total
sample unless very large numbers of particles are measured, as in automated mineralogy.
Second, virtually every technique requires some form of sample preparation, such as dry-
ing, grinding, digestion, embedding, polishing, coating, or dehydration, that can itself alter
the property being measured. The resulting artefacts differ systematically between methods
(e.g., digestion artefacts for ICP-MS versus embedding artefacts for TEM/automated miner-
alogy versus filtration artefacts common to nearly all techniques). No technique in Table 1 is
artefact-free, and results should always be interpreted with the relevant preparation step in
mind. Third, methods that provide chemical/elemental information (ICP-MS/OES, µXRF,
LA-ICP-MS, EDS) are rarely, by themselves, diagnostic of mineral phase, whereas methods
that are phase-diagnostic (XRD, Raman, EXAFS) generally provide lower spatial resolution
or lower sensitivity for trace and poorly crystalline phases. Combining a phase-diagnostic
and an elemental/chemical technique is therefore almost always necessary to unambigu-
ously identify and quantify a mineral phase of interest in SPM. These considerations, rather
than a simple listing of instrumentation, are what should guide method selection in future
SPM studies, and they underline why no single analytical technique, however powerful,
can replace a multi-scale, multi-technique approach for characterizing the mineral fraction
of natural SPM.

3.7. Emerging Perspectives: Artificial Intelligence, Machine Learning, and Multimodal
Data Fusion

A further limitation of the existing SPM characterization literature is the near-absence
of any discussion of artificial intelligence (AI), machine learning (ML), and multimodal
data fusion, even though these approaches are being rapidly adopted across mineralogical
and geochemical disciplines more broadly [229]. In automated mineralogy and SEM/TEM
imaging, machine-learning-based image segmentation and classification algorithms are
increasingly used to replace or supplement traditional EDS spectral-matching against
reference libraries, improving the identification of poorly crystalline or compositionally
intermediate phases that are common in SPM and problematic for simple look-up-table
classification [230,231]. In vibrational spectroscopy, supervised classification and spectral
unmixing algorithms (building on approaches such as MCR-ALS already used for FTIR, see
Section 3.3.2) are being extended to automatically decompose complex Raman and infrared
spectra of heterogeneous natural samples into their constituent mineral and organic end-
members with less operator intervention than classical peak-fitting approaches [232,233].

Perhaps the greatest potential for SPM research lies in multimodal data fusion, the
combination of data from several of the techniques discussed above (e.g., SEM-EDS particle
maps, µXRF elemental maps, XRD bulk mineralogy, and hydrological/physicochemical
parameters) into a single predictive or classification framework, rather than the sequential,
largely qualitative cross-referencing of separate datasets that is current practice in most
SPM studies. Fusion can occur at the raw-data level, at an intermediate feature level, or
at the level of the final classification/decision from each modality, each with different
trade-offs between information preservation and robustness to missing or noisy modalities,
an important practical consideration for field-collected SPM datasets, which are frequently
incomplete for at least one variable or sampling date [229]. Such approaches remain largely
unexplored for riverine SPM specifically. They have, however, already demonstrated value
in adjacent fields, including automated mineral identification, mineral prospectivity predic-
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tion from heterogeneous geoscience data, and the fusion of complementary spectroscopic
techniques (e.g., LIBS and Raman) for mineral identification, and represent a promising,
currently underexploited, direction for integrating the multi-technique, multi-scale datasets
that this review shows are necessary to fully characterize the mineral fraction of natural
SPM. The benefits of such multimodal approaches have already been demonstrated in
adjacent mineralogical and geochemical applications. For example, the combination of
Raman spectroscopy and laser-induced breakdown spectroscopy (LIBS) has been shown
to improve mineral identification compared with either technique used independently,
with mid-level data fusion providing a direct example of the advantages of integrating
complementary spectroscopic information [234]. Similarly, the fusion of LIBS and Raman
data with machine-learning classifiers has achieved high mineral-identification accuracy,
demonstrating that the complementary chemical and molecular information provided by
the two techniques can be exploited within a unified analytical framework [235].

4. Conclusions
Suspended particulate matter (SPM) is a fundamental component of riverine ecosys-

tems, from headwaters to estuaries, and plays a central role in the transport of sediments,
nutrients, contaminants, and trace metals. Understanding its spatial and temporal dynam-
ics is therefore essential for improving our knowledge of biogeochemical processes and for
assessing the environmental impacts of natural and anthropogenic pressures.

This review critically compared the principal sampling strategies and analytical tech-
niques available for characterizing the mineral fraction of riverine SPM, from bulk ap-
proaches (specific surface area, elemental and mineralogical analyses) to particle- and
atomic-scale methods (manual and automated electron microscopy, atomic force mi-
croscopy, X-ray absorption spectroscopy, isotopic analyses). It synthesizes their sample
requirements, spatial resolution, preparation artefacts, and complementarity in a single
comparative table (Table 1). No single analytical method is sufficient to fully charac-
terize the mineral fraction of natural SPM. Each technique trades off representativeness
against spatial resolution and carries its own preparation artefacts. As a result, a multi-
scale, multi-technique approach, guided by the specific research question rather than by
instrument availability, is required to obtain a robust understanding of particle composi-
tion, structure, reactivity, and contaminant associations. Future progress will depend on
three complementary developments. First, the standardization of sampling procedures
and sample-preparation protocols, together with international databases dedicated to SPM
mineralogical, chemical, and physical characteristics, similar to critical zone observatories,
would considerably improve comparability between studies conducted in different river
systems worldwide. Second, in-situ and autonomous sampling and sensing technologies,
together with cryogenic and in-situ electron microscopy, offer growing opportunities to
capture the short-term variability and native-state structure of SPM that discrete, ex-situ
sampling and conventional preparation cannot resolve. Third, machine-learning-based
classification and multimodal data fusion, combining several of the techniques reviewed
here into unified predictive frameworks, represent a largely untapped opportunity to
move beyond the sequential, qualitative cross-referencing of separate datasets that still
characterizes most current SPM studies. Combined with advanced laboratory experiments
and field observations, these developments should improve our understanding of SPM
processes under changing environmental conditions.
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