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Abstract

In sciences involving soil and sediment, particle size distribution (PSD) has been one of the parameters given most atten-
tion over the past few decades. Formerly measured by sieving and sedimentation techniques, it is nowadays routinely 
characterized by the laser diffraction method (LDM). Many manufacturers develop particle size analyzers using LDM, but 
each device is characterized by specific parameters that can lead to different PSDs. At the Rhône Sediment Observatory, 
suspended particulate matter collected along the Rhône River is analyzed for PSD by four different LDM devices. Analy-
ses were conducted on certified materials and sediment samples for each device. The tests highlighted the difficulty of 
accurately characterizing PSD, even in the case of certified materials. First, differences observed for a specific device were 
linked to the heterogeneity observed in the subsamples due to the presence of organic materials such as tree leaves. 
Second, the difference regarding the certified materials was linked to the laser diffraction method which leads in some 
cases to underestimating clay content and sand. Third, the main difference observed between the devices was linked 
to sonication. The results demonstrate that its power is rarely investigated and that it has a considerable impact when 
used. However, despite significant differences, the trend was similar for each device, with accurate characterizations of 
the main modal class in most cases. Thus, in the absence of exact knowledge of parameters such as sonication power 
and pump speed, it is recommended to compare only the trends of the results obtained from the different devices.
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1 Introduction

Much research has been conducted over recent decades 
to understand the dynamics and behavior of sediment and 
suspended particles in rivers. Understanding the processes 
that affect the transport of these particles is crucial for eco-
logical, economic and societal purposes, as the world’s riv-
ers are becoming more anthropized [1, 2]. The investiga-
tion of their nature and origins has now become essential 
[3]. Among the different parameters used to characterize 
particles when studying their behavior (e.g., mineralogy, 
shape, color), particle size remains one of those most 

investigated [4, 5] and it is often an issue in geoscience 
studies.

The characterization of particle size distribution (PSD) 
can be performed using several techniques such as siev-
ing, by pipette based on Stokes diameters, and laser dif-
fraction [6–8]. The choice of the optimum grain size analy-
sis technique depends on the aim of the study and the 
type of sediment [8]. For loamy sediments, laser diffrac-
tion instruments produced the best results for the various 
criteria [8]. The main differences observed between the 
laser diffraction method (LDM) and the other methods 
are related to particle morphology and clay mineralogy 
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[5, 9]. Clay content can be underestimated in suspended 
sediments [10].

The LDM is widely used on sediment and suspended 
particles as it covers a wide range of grain sizes and 
requires short analysis time [5, 8, 11]. For example, par-
ticle size analyses are processed on cores recovered from 
marine, estuarian and coastal zones for paleoceanographic 
and sea-level reconstructions [12–15] and paleo-environ-
mental questions associated with human history [16–18]. 
PSD is now commonly used to improve soil and sediment 
fingerprinting [19] and to investigate the concentration 
of trace metals in sediments. Apart from the geosciences, 
many domains such as forensic studies [20], pharmaceuti-
cals and industry use this technology and require greater 
detail on the data acquired from different lasers.

Nowadays, many devices from different manufacturers 
are used to measure PSD by LDM, with different designs 
and software applications, leading to slightly different 
distributions [8, 21]. Bieganowski et al. [5] suggested that 
about 24 factors can influence the PSD results and lead to 
uncertainty or error. Differences arise as all these parame-
ters vary between devices and laboratories, since resolving 
the issue of the homogeneous resuspension of sediment 
is a complex [22]. For example, it has been demonstrated 
that the use of ultrasonic power can destroy aluminum 
and silica particles due to the dissolution mechanism [23] 
and that the addition of oxidizing solutions to remove 
organic matter can also alter clay particles such as ver-
miculite [24]. However, intercomparisons of PSD measure-
ments were performed more between the different PSD 
techniques described above than between different LDM 
devices. Nevertheless, differences were observed for the 
PSD and the proportion of clay measured by the devices 
of different manufacturers [8, 10]. Unfortunately, in the 
study conducted by Goossens (2008) on loamy sediments 
(sieved at 90 µm), the impact of sand particles and the use 
of ultrasound sonication (US) have not been addressed.

To investigate PSD, most of these studies used statisti-
cal parameters such as mean, median and standard devia-
tion to summarize PSD or Kurtosis and the Skewness index 
to describe the variability of PSD [25, 26]. However, such 
parameters might not be sufficient to describe PSD in a 
non-log-normal or multimodal distribution [27, 28]. Sus-
pended sediment PSDs are mainly multimodal, and the 
location of modes can be related to the transportation 
processes and the origins of the particles [28]. Also, modes 
can be used to investigate the dynamics of sediment dep-
osition [29]. Several mathematical solutions were devel-
oped to summarize and describe raw PSD such as two or 
five parameters log-normal equations [30, 31], demodu-
lation [32] and surface plots [28]. Unfortunately, these 
approaches can be complex for people unfamiliar with 
advanced mathematics. This may explain why scientific 

publications and technical reports are still published 
with common parameters [33–35]. Also, depending on 
the study context, it is not necessary to rely on advanced 
solutions as common parameters may be sufficient for 
investigating PSD.

Since 2009, within the context of the Rhône Sediment 
Observatory (OSR) program, scientists have studied the 
transport of particles and their associated contaminants 
along the entire course of the Rhône River (from Lake 
Geneva to the Mediterranean Sea), the main source of 
sediments in the northern Mediterranean [36]. All these 
investigations are well-documented due to the presence 
of several monitoring stations located along the Rhône 
River and in its main tributaries [37]. Particle samples for 
chemical analysis are routinely collected. Analyses of PSD 
are systematically conducted not only to study the trans-
port of particles but also to improve the interpretation of 
contaminant concentrations, and they can also be used for 
transport modeling. For example, the use of different sam-
pling techniques for suspended particle sampling (particle 
trap and continuous flow centrifugation) leads to a bias in 
particle size [38]. In the case of large environmental moni-
toring networks such as the OSR program, PSD analyses 
are processed by an array of laboratory lasers.

It is therefore crucial to evaluate the potential biases 
induced by the use of different devices in the PSD results. 
The intercomparison was conducted by studying the dif-
ferences observed on common parameters, such as the 
proportion of clay/silt/sand resulting from the analysis—
with and without US—of reference standards and sam-
ples collected in the field. The objective was not to define 
which device is the most accurate but quantify the relative 
difference that might be observed and how the results can 
be interpreted and compared. Answering this question is 
crucial for the organizations responsible for river surveys, 
as we provide tools for comparisons between all the PSDs 
analyzed within the OSR.

2  Materials and method

2.1  Particle size analyzers

In the OSR program, grain size is assessed using the fol-
lowing devices: a Beckman Coulter LS 13,320 (Beckman 
Coulter, Fullerton, CA, USA), a Cilas 1190L (Cilas Com-
pany Ltd., Orléans, France), a Malvern Mastersizer 2000 
(Malvern Instruments Ltd., Malvern, UK) and a Sequoia 
LISST-Portable|XR (Sequoia Scientific, Bellevue, WA, USA). 
These devices will be referred to as Coulter, Cilas, Malvern 
and Portable, respectively, for the rest of the article. As 
expected, the main characteristics of these devices differ 
(Table 1).
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2.2  Protocol of intercomparison

The intercomparison of the devices was conducted using 
certified reference materials (CRMs) and natural samples 
from the Rhône River and its tributaries:

• Measurements were performed on CRMs to investi-
gate the accuracy of the different devices and high-
light the differences between them. Three CRMs were 
selected in order to accurately represent the ranges of 
suspended particle size, mostly silt-size [38], observed 
in the Rhône River: BCR-066 (0.35–3.5 µm) and BCR-067 
(2.4–32 µm) [39, 40]; SRM1003c (25–50 µm) [41].

• Artificial multimodal distributions were created to 
assess the capacity of the device to efficiently charac-
terize the different modes. To do this, three mixtures of 
the 3 CRMs were prepared by weighing masses in order 
to reach the following proportions (BCR-066/BCR-067/
SRM1003c in %): Mix_A: 25/50/25, Mix_B: 50/25/25 and 
Mix_C: 25/25/50.

• As CRMs are mostly composed with glass–quartz par-
ticles, they are not qualitatively representative of the 
suspended particulate matter (SPM) encountered in 
the Rhône River [42], especially regarding their aggre-
gation properties. Therefore, an intercomparison was 
also conducted on the SPM samples collected in the 

observatory. Four samples were collected using differ-
ent methods at different stations to characterize the 
diversity observed in this observatory:

• Arc River (45°33′44.6″N 6°12′22.8″E): lag deposits 
that settled during a flood event were collected 
manually with a plastic spatula. This sediment 
was sieved in order to keep only a sandy fraction 
between 100 µm and 2 mm.

• Azergues River (45°56′11.5″N 4°43′24.6″E): bottom 
sediment collected by a sediment dredge (Eck-
man),

• Jons monitoring station in the middle Rhône River 
(45°48′42.3″N 5°05′09.2″E): SPM collected by par-
ticle trap [38] during baseflow in March 2017,

• Barcarin station in the downstream Rhône River 
(43°25′12.5″N 4°44′50.7″E): SPM collected using a 
Niskin bottle 1 m above the surface during a flood 
event in November 2017. This was the only liquid 
sample comprising SPM in Rhône River water.

• The last step was conducted on a mixture of the sam-
ples collected in the Azergues and Arc Rivers to control 
the proportion of modes and the impact of coarse par-
ticles. The mixtures were prepared by weighing dry par-
ticles in the following proportions (Azergues/Arc in %): 

Table 1  Main parameters of the grain size analyzers used within the OSR

n.a. not available
a Fraunhöfer used when particles are coarse (LS-13320 Manual)

Brand Cilas Beckman Coulter Malvern Sequoia

Main characteristics of the devices

Model 1190L LS 13,320 Mastersizer 2000 LISST-Portable|XR

Range of measured size (µm) 0.04–2500 0.04–2000 0.02–2000 0.34–500

Number of channels 100 132 100 33

Max. volume of the vessel (mL) 450 1000 1000 117

Main parameters set for analysis

Ultrasonic use 30 s before 
and during 
analysis

During analysis During analysis 30 s before analysis

Type of liquid and dispersant Deionized 
water 
without 
dispersant

Tap water without dispersant Tap water without 
dispersant

Deionized water 
without disper-
sant

Duration of a single measurement (s) 60 60 10 60

Optical model Mie Mie + Fraunhöfera Mie Mie

Refractive index 1.55 1.5 1.57 1.54

Absorption coefficient 0.1 0.0 0.1 0.1

Ultrasound sonication power 50% 6 on scale of 8 levels 100% 30%

Stirrer speed 150 RPM n.a. 1000 RPM n.a.

Pump speed 120 RPM 80–90% 2500 RPM 20–25%

Obscuration (Obs) or optical transmission (OT) Obs: 5–25% Obs: 8–16% Obs: 5–25% OT: 0.75–0.95
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Mix_1: 95/5, Mix_2: 90/10, Mix_3: 85/15, Mix_4: 80/20 
and Mix_5: 70/30.

Each sample was homogenized and then split into 4 
subsamples before being sent to the different labora-
tories for PSD analysis. For each sample, measurements 
were repeated on 2 or 3 distinct aliquots depending on the 
quantity available. Prior to measurement, the subsamples 
were dispersed in water according to Arvaniti et al. [11].

The Mie model was used when possible as the optimal 
model, as it is more useful in samples characterized by 
fine silt and clay content [43]. The Coulter device was the 
only device in this intercomparison that uses both mod-
els. Depending on the device, the refraction indexes were 
chosen to be similar and close to silica as the variation 
of this index can result in different PSDs [11]. The other 
parameters of the analysis method (Table 1), such as stirrer 
time and speed, pump speed adapted to the volume of 
the bowl, ultrasonic duration and measurement duration, 
were determined by the users to obtain the best possible 
results. (These parameters were optimized for each device 
with particulate samples collected in the OSR program.)

After a series of tests on the certified standards (data 
not presented), measurements were performed by con-
forming to the best obscuration range given by the manu-
facturer (Table 1). The results of the tests show differences 
occurring outside those ranges.

Each subsample was analyzed at least three times with-
out US and then three times with US to investigate the 
repeatability of the measurements and the effect of soni-
cation on the natural samples.

2.3  Comparison parameters

One of the main difficulties in conducting an intercom-
parison on PSD is the need to use synthetic parameters, 
as the raw distributions cannot be directly compared due 
to channel inhomogeneity. In the following study, inter-
comparison will be conducted on several of the param-
eters used most frequently in environmental studies and 
especially in the OSR program:

• The median (d50) that synthesizes the distribution by 
one factor. However, this parameter is not the most 
relevant in the case of multimodal distribution, as is 
mostly encountered in rivers [28, 31].

• The proportions of clay (< 1.95 µm), silt (1.95–2.5 µm) 
and sand (62.5–2000 µm) are commonly used for nor-
malization, as contaminants are mostly fixed on clay 
and silt. Again, this does not give information on dis-
tribution shape, especially in the case of multimodality 
[28] and the range of the classes can vary depending 
on the scale used [26, 44]. This separation into 3 classes 

will be referred to as “simple classes” for the rest of the 
text.

• The proportions of detailed classes follow the Doeg-
las scale [45]: clay (< 1.95 µm), very fine silt (V_F_Silt: 
1.95–3.91 µm), fine silt (F_Silt: 3.91–7.81 µm), medium 
silt (M_Silt: 7.81–15.63 µm), coarse silt (C_Silt: 15.63–
31.25 µm), very coarse silt (V_C_Silt: 31.25–62.5 µm), 
very fine sand (V_F_Sand: 62.5–125  µm), fine sand 
(F_Sand: 125–250 µm), medium sand (M_Sand: 250–
500 µm), coarse sand (C_Sand: 500–1000 µm), very 
coarse sand (V_C_Sand: 1000–2000 µm). It allows a 
good and comparable description of the distribution, 
but the higher classes are less-well adapted for statisti-
cal analyses than previous parameters. This separation 
will be referred to as “detailed classes” for the rest of the 
text.

2.4  Specific case of the LISST‑Portable|XR device

Due to its lower range of PSD than the other devices 
(Table 1), and as it cannot characterize the particles with 
a diameter lower than 0.34 µm, this LDM device is sensi-
tive to rising tails [46–48]. Rising tails can be linked to the 
refractive index for small particles [49] or shape effects 
[12], and most studies recommend removing the lower 
classes and keeping the larger size classes that are consist-
ent [46]. Thus, as rising tails were observable for almost all 
the samples, the first 5 classes (< 0.72 µm) of all the sam-
ples measured by the Portable were removed.

However, for this study, both raw and corrected PSDs 
were used to investigate the impact of rising tails on the 
PSD. Corrected PSD will be referred to as “Portable_C” for 
the rest of the text. Only the results of Portable_C will 
be presented in the graph for the sake of clarity, and the 
results without correction are available in the Electronic 
Supplementary Material. Also, the presence of bubbles 
during the analysis led to the presence of modes in the 
higher classes. This was especially relevant for the CRMs 
that should not be characterized by such coarse particles. 
Corrections were performed on references (BCR-066 & 
BCR-067) and a mixture of references (Mix_C), by deleting 
the coarser classes.

3  Results

3.1  Accuracy of the devices

The first part entailed measuring the CRMs. For this step, 
the use of US had a negligible impact as CRMs are charac-
terized by non-cohesive materials (quartz). Only the results 
with US will be presented in this chapter.
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First, the results obtained by each device from the dif-
ferent aliquots of the CRMs (Fig. 1) were characterized by 
low standard deviations (SD) except for mixture C (Mix_C) 
measured by the Coulter (high SD on clay and coarse silt). 
For this device with this mixture, the mean d50 ranged 
from 2.4 ± 0.1 to 6.2 ± 1.4 µm for the three aliquots meas-
ured and the mean proportion of clay ranged from 27 ± 2 
to 42 ± 1% (Electronic Supplementary Material).

Second, the values measured by the devices were 
compared to the certified values (Table 2, Fig. 1). For the 
finest CRM (BCR-066), all the devices overestimated the 
d50 (Table 2) and underestimated the proportion of clay 
(Fig. 1). The absolute difference ranged from 13 to 34% 
for the clay proportion, which represented 15 to 40% of 
the relative difference. For BCR-067 and SRM1003c, the 

measured d50s were similar to the certified parameters 
with a relative difference lower than 20% (Table 2). For 
the simple classes, the relative difference was also lower 
than 20% but each device measured particles in classes 
in which the CRMs should not be observed. Indeed, all 
the PSDs measured by the devices were more spread 
out with a low amount (< 10%) of particles observed in 
the finer and coarser classes than the expected classes 
of the CRMs. This difference was clearly observed on 
the detailed classes (Fig. 1), and the relative difference 
exceeded 20% for all the devices on the classes certified 
by the BCR-067 (from 25 to 175%). For the SRM1003c, the 
difference exceeded 10% only once with the proportion 
of very coarse silt measured by the Portable_C device 
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Fig. 1  Proportion of the detailed classes measured with US by the 
different devices (Cilas, Coulter, Malvern and Portable corrected) 
on the CRMs (BCR-066, BCR-067 and SRM1003c) and the different 

mixtures (a, b and c). Certified proportions are also presented (Ref-
erence). Values over the bar represents the percentage of the pro-
portion

Table 2  Mean D50 (µm) and 
standard deviation determined 
by the devices without US

n.a. not available

BCR66 BCR67 SRM1003c Mix_A Mix_B Mix_C

Certified range (µm) 0.35–3.5 2.4–32 25–50 n.a. n.a. n.a.

Certified D50 (µm) 1.13 10.41 32.1 ± 1.0 n.a. n.a. n.a.

Cilas 1.2 ± 0.1 12.4 ± 0.1 32.6 ± 0.8 11.5 ± 0.1 4.2 ± 0.4 11.4 ± 0.5

Coulter 1.5 ± 0.1 11.3 ± 0.1 31.6 ± 0.1 8.9 ± 0.5 1.8 ± 0.1 4.6 ± 2.3

Malvern 1.9 ± 0.1 12.3 ± 0.1 31.9 ± 0.1 10.1 ± 0.1 3.0 ± 0.1 8.9 ± 0.1

Portable_C 1.9 ± 0.1 11.8 ± 0.4 32.6 ± 0.6 9.3 ± 0.1 2.8 ± 0.1 5.9 ± 0.7
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(38%) (Fig. 1). Thus, all the devices underestimated the 
proportion of particle in the modal class (Fig. 1).

The intercomparison of the devices was conducted 
on those results. The d50s measured on the CRMs by 
the four devices were similar, whereas significant differ-
ences were observed between the devices for the mix-
tures (Table 2). For instance, the d50 measured by the 
Cilas for mixture C (11.4 ± 0.5 µm) was more than twice as 
high as the d50 measured by the Coulter (4.6 ± 2.3 µm). 
Modal classes of the CRMs (unimodal) and the mix-
tures (bimodal) were accurately characterized by all 
the devices with the exception of mixture B measured 
by the Coulter. For this mixture, the PSD measured by 
the Coulter was unimodal and no particles coarser than 
medium silt was measured, whereas it represented more 
than 20% for the other device (Fig. 1). Thus, the propor-
tion of clay measured by the Coulter was significantly 
higher than the other devices for this mixture (54 vs 30 
to 33%,—Fig. 1). For the other samples, the proportions 
measured by the devices were similar (< 10% absolute 
difference) except for the finest CRM (BCR-066). The pro-
portions of clay measured by the Cilas and the Coulter 
on this CRM (74% and 70%, respectively) were signifi-
cantly higher than the two other devices (53% and 58%, 
Fig. 1).

3.2  Natural samples

The first natural sample, collected directly in the water flow 
with a Niskin bottle at Barcarin, was mostly silt sized with a 
non-negligible proportion of clay (Fig. 2, Table 3). The PSD 
measured by the different devices were similar, so as for 
the d50 (Table 4). A difference was observed only for the 
Coulter which measured a significant and higher propor-
tion of clay (+ 11–13%), as observed previously for Mix-
tures B and C (Fig. 1). The d50 measured by the Coulter was 
strictly lower than the other devices (Table 4). Sonication 
was used only on the Cilas and had a negligible impact on 
this sample (Electronic Supplementary Material).

The sample collected by particle trap at Jons was 
coarser than the SPM from Barcarin (Fig. 2), with a signifi-
cant proportion of sand (up to 27%, Table 3). The differ-
ences between the devices observed on the measures 
performed without US remained lower than 10% (Fig. 2) 
and the d50 s were similar (Table 4). As observed previ-
ously, the d50 and the clay content measured by the Coul-
ter were, respectively, lower and higher than the results 
obtained by the two other devices. The use of US led to 
significant change in the PSD for the Portable_C (from 
20 to 3% of very fine sand), while PSD remained similar 
for the Coulter and Cilas. Thus, the proportion of silt was 
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significantly higher (+ 20%) for the Portable_C with sonica-
tion than for the other devices (Table 3).

The bottom sediment collected in the Azergues River 
was characterized by a mix of silt and sand particles 
(Table 3), with the main mode observed between the 
coarse silt and the very fine sand (Fig. 2). In absence of 
US, the trend was similar for each device and only the 
Portable_C was characterized by a higher proportion in 
the silted classes and a lower proportion of sand. The pro-
portion of silt measured by Portable_C (72.6 ± 9.9%) was 
significantly higher than the other devices (from 44.2 to 
51.3%) but characterized by a high standard deviation. 
The use of US on this sample led to a significant variation 
for all the devices and to an increase in proportion of silt 
particles (+ 6 to 37%) for all the devices (Table 3). However, 
this variation was greater for the Cilas (Fig. 2) (+ 37% of silt) 
than for the three other devices (+ 6–16%). The propor-
tions of the classes after US were different and separated 
into two groups: Cilas and Portable_C with almost 90% silt, 
with coarse silt as the modal class, and Coulter and Mal-
vern characterized by a large proportion of sand (35–43%) 
and very coarse silt as the modal class. Once again, the 
differences observed for the d50 were significant whether 
US was used or not (Table 4). For instance, d50s meas-
ured by the Malvern with and without US (respectively, 
40.0 ± 5.4 µm and 71.6 ± 5.8 µm) were two times higher 
than on Portable_C (20.9 ± 1.8 µm and 37.9 ± 9.1 µm).

The last sample, the lag deposit collected in the Arc 
River, was characterized by fine sands (Fig. 2). For the four 
devices, the proportion of sand was higher than 80% and 
reached 100% for the Malvern (Table 3). The Coulter and 
Portable_C distributions were characterized by higher 
uncertainty intervals. These devices also measured a 
higher mean proportion of silt particles compared to the 
other two devices, resulting in a significantly lower d50 
(Table 4). However, despite this difference, the trend was 
similar between the devices with the maximum propor-
tion observed in the fine sand class (Fig.  2). The PSDs Ta
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.3 Table 4  Mean D50 (µm) and standard deviation measured by the 
four devices on the natural samples with and without US

n.a. not analyzed

Devices US Barcarin Jons Azergues Arc

Cilas Without 9.9 ± 0.5 34.6 ± 1.0 57.0 ± 1.3 194.1 ± 3.6

Cilas With 9.2 ± 0.7 25.0 ± 1.3 23.1 ± 1.1 179.3 ± 5.3

Coulter Without 6.2 ± 0.4 28.2 ± 0.7 61.1 ± 2.8 146.6 ± 20.0

Coulter With n.a. 21.9 ± 3.7 49.7 ± 1.3 145.9 ± 20.5

Malvern Without n.a. n.a. 71.6 ± 5.8 171.9 ± 1.6

Malvern With n.a. n.a. 40.0 ± 5.4 171.5 ± 2.1

Portable_C Without 7.9 ± 1.0 35.4 ± 0.2 37.9 ± 9.1 143.9 ± 20.1

Portable_C With n.a. 15.5 ± 3.4 20.9 ± 1.8 132.9 ± 25.3
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measured by the Malvern were less spread than for the 
other device, while the proportion of sand classes meas-
ured by the Cilas was more spread with a lower proportion 
in the modal class (F_Sand) and a higher proportion in the 
coarser sand class (M_Sand). Finally, as this sample was 
mostly sandy, US had a negligible impact on the distribu-
tion, as observed for the d50 (Table 4).

3.3  Mixtures of natural samples

Measures were then performed on the mixtures of the 
Arc and Azergues samples. As expected, the increase of 
the proportion of the coarser sample (from mixture 1 to 
5) led to a higher d50 (Fig. 3) and higher proportions in 
the coarser classes (Electronic Supplementary Material) 

whether sonication was used or not. However, breaks were 
observed for the Coulter (Mix_1), the Malvern (Mix_4 and 
Mix_5) and the Portable_C (Mix_3 and Mix__5).

The differences observed between the devices were 
similar to the difference observed for the Azergues sam-
ple as it represented more than 70% of the mixture. Thus, 
the parameters were different both with and without US 
(Fig. 4). Significant differences were observable for d50 
and with the proportion of silt and sand, whereas the pro-
portion of clay remained lower than 5% for each device 
(Fig. 4). The position of the main mode was also different, 
both without (simple and detailed classes) and with US 
(detailed classes). Using US led to the strong variation for 
simple classes measured by the Cilas and the Portable_C 
(+ 35% silt), whereas it had no effect for the Coulter (Figs. 3, 

● ● ● ●
●

●
●

● ●

●

● ●
●

●

●
●

●

●

●

●

Cilas Coulter Malvern Portable_C

M
ix
_1

M
ix
_2

M
ix
_3

M
ix
_4

M
ix
_5

M
ix
_1

M
ix
_2

M
ix
_3

M
ix
_4

M
ix
_5

M
ix
_1

M
ix
_2

M
ix
_3

M
ix
_4

M
ix
_5

M
ix
_1

M
ix
_2

M
ix
_3

M
ix
_4

M
ix
_5

30

60

90

D
5
0
 (

µ
m

)

US without with

Fig. 3  d50 measured by the different devices on the mixtures of Arc and Azergues samples

11
32 22

4
2

5
3

7

4

9
6

13

9

14
11

20

16

19
16

25

21
2422

14

23 24
21

8

16

2

13

5
7

0

5
3

0

4
233

7

344

11

5

88

19

9

13

19

26

17

20

29

222224
25

10

19

13

10

3

12

8

1
0

8

5

0 0

4
2

0

W
ith

o
u

t U
S

W
ith

 U
S

Clay V_F_Silt F_Silt M_Silt C_Silt V_C_Silt V_F_Sand F_Sand M_Sand C_Sand

0.0%

12.5%

25.0%

0.0%

12.5%

25.0%

P
ro

p
o

rt
io

n
 o

f 
e
a
c
h

 d
e
ta

il
le

d
 c

la
s
s

Devices: Cilas Coulter Malvern Portable_C

Fig. 4  Detailed classes measured by the different devices on mixture 2 with and without US. Values over the bar represent the percentage of 
the proportion



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1100 | https://doi.org/10.1007/s42452-019-1133-9 Research Article

4). US also affected the Malvern device (+ 20% silt). The 
trends and the differences between the devices were simi-
lar irrespective of the proportion of sand in the samples.

4  Discussion

The measures performed by the four devices on the dif-
ferent samples (CRMs, sediments and associated mixtures) 
allowed determining their respective capacities in terms 
of measurement quality. The results demonstrated that 
several differences were observed despite the good and 
reproducible characterization of the main/modal classes 
and their distribution by the devices. These differences 
can be separated into three groups: intra-variation, vari-
ation with the certified materials and variation between 
the devices.

4.1  Intra‑variation

The intra-variation is the difference observed for the 
aliquots of the same subsample measured by the same 
device. For the CRMs, this difference was observed only 
in mixture C measured by the Coulter (Fig. 1) and is linked 
to the operator subsampling operation. Subsampling 
appears to be highly operator-dependent and can infer 
variations on the results of the same sample that are even 
higher than the analytical differences observed [5]. The 
intra-variation of the natural samples was observed mostly 
for coarse classes (very coarse silt to fine sand) measured 
by the Coulter and the Portable_C devices (Fig. 2). This 
was observed both without and with US and was mainly 
related to the heterogeneity of the sample particles. 
Indeed, during the subsampling some samples contained 
coarse organic particles such as tree leaves that modified 
the proportions between modes. For the Portable_C, it 
was also related to the presence of bubbles as explained 
in the chapter 2.4. To improve the characterization of sand 
particles, the pump speed of this device was increased for 
coarse samples and triggered the formation of bubbles. 
It is therefore relevant to perform measures on multiple 
sub-samplings of a sample (at least three) to characterize 
a more precise mean PSD and to be careful with the pres-
ence of coarse organic materials and bubbles. Also, the 
sieving of coarse particles could be a solution for decreas-
ing the pump speed.

4.2  Variation with the CRMs

The measures performed on the CRMs for all the devices 
presented differences with the certified values. First, they 
underestimated the proportion of clay in the finest ref-
erence (BCR-066) and the different associated mixtures 

(Fig. 1). This underestimation was linked to the particle 
morphology and the clay mineralogy [9] affecting the 
PSD measured by LDM. Similar observations had already 
been performed by [10, 21]. Second, the PSDs measured 
by all the devices were more spread out than the associ-
ated references or mixtures. Also, particles were observed 
in classes where they should not have been present. For 
example, all the devices measured clay particles with the 
BCR-067 and SRM1003c (Fig. 1). However, the propor-
tions in these classes were lower than 10%. This difference 
might be related to the presence of particles not washed 
during cleaning. Despite the measure of the background 
PSD with tap or dionized water, some particles might have 
been trapped in the system and resuspended during other 
measurements. This difference might also be linked to the 
different methods used to characterize the particle size 
for their certification. BCR-066 and BCR-067 were char-
acterized by the Pipette method [39] which might have 
triggered differences with the LDM, as observed with the 
proportion of clay.

To summarize, all four devices exhibit the same trends 
in accuracy from small to coarser particles. However, devia-
tions on the d50 remain roughly lower than 10% for the 
standard ranging from 4 to 35 µm. As explained previously, 
the devices do not accurately characterize clay, irrespec-
tive of the proportion observed, with the exception of 
the total absence of clay. Higher relative differences are 
observed when the proportion of clay is low (approx. 10%). 
For the silt, a small difference is observed in the CRMs 
characterized by almost only silt particles. Below 30% silt, 
the difference can be significant (from 20 up to 300%), 
especially for CRMs mainly characterized by clay and silt 
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(BCR-066). Finally, the absence of particles in any simple 
class is accurately characterized by the devices.

4.3  Intercomparison of the devices

The variation between the devices was observed on 
almost all the samples including the CRMs and their mix-
tures and was directly related to the specificities of the 
devices. As explained previously, each device is manufac-
tured differently (water volume, laser cells, etc.). One of the 
main sources of differences is linked to the use of US and 
its power. Strong (Cilas, Portable_C) and weak (Coulter) 
variations were therefore observed after using US for cer-
tain samples. The absence of variation for the Coulter dem-
onstrated that the US power might have been insufficient 
to separate the aggregates. However, it is difficult to inves-
tigate US power on CRMs as they are mostly composed of 
non-cohesive materials and, unfortunately, this parameter 
was not expressed in Joules by mL [50], so the power used 
by the different devices was different (Table 1). This obser-
vation demonstrates the need to describe the power and 

time of US used in future studies to ensure reproducibility, 
as expressed by Bieganowski et al. [5]. Sonication is used to 
estimate the aggregation index of soil and sediment sam-
ples [51], and the results obtained may not be comparable 
in the absence of such description.

Another strong difference was observed when the 
main mode was located close to an interval between 
two classes, a phenomenon also observed for the CRM 
SRM1003c. The proportion of these two classes could be 
significantly different between the devices which distrib-
ute the mode between them (Fig. 1). Moreover, this dis-
tribution can be problematic when the interval is located 
between clay and silt or silt and sand such as the Azergues 
sample (Fig. 2, Table 3). Vigilance is crucial when compar-
ing such results.

Results on raw PSD and corrected PSD of the Portable 
were compared to investigate the impact of the rising tails 
observed for the finest classes (Electronic Supplementary 
Material). The results demonstrated that rising tails had a 
negligible impact on the proportion of the classes. Highest 
difference was observed on the clay content of the Bar-
carin sample with 18% on the raw PSD and 11% on the 

Fig. 6  Relative differences 
between the mean proportion 
of each simple class measured 
by all the devices and the 
mean proportion measured by 
each device with and without 
US. Grey areas represent 10% 
and 20% difference. Abscise 
represent the mean proportion 
of the associated simple class 
for all devices
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corrected PSD. Moreover, the potential characterization 
of a lower proportion of clay by deleting the finest classes 
remained nonsignificant and the values were mainly in 
the range of the values of the other devices. For this spe-
cific study, it was not relevant to remove the finest classes. 
However, correction remained necessary for the coarse 
modes induced by the presence of bubbles caused by the 
pump speed as explained above.

To evaluate the differences and allow users to deter-
mine those they can obtain with their devices, Figs. 5, 6 
and 7 summarize the observations by grouping all the 
measures performed on all the natural samples and mix-
tures for all the parameters studied. Relative differences 
were then estimated for each device.

For d50 (Fig. 5), the larger differences (up to 80% of rela-
tive difference with the mean d50) were observed when 
the sample was a mix of silt and sand particles with a d50 
ranging from 25 to 50 µm or from 50 to 80 µm, with and 
without US, respectively. For samples with a high d50 
(higher than 150 µm), the difference remained lower than 
20%, while it could exceed 20% for samples with a low d50.

For the simple classes (Fig. 6), the relative difference was 
significant (> 20%) when the proportion was lower than 
70% and 80% with and without US, respectively, and this 
difference increased when the proportion decreased and 
was lower than 25%.

Similar observations were performed for the detailed 
class (Fig. 7), the relative difference decreased as the pro-
portion increased, but remained mostly higher than 20% 
whatever the proportion and the US. Therefore, since 
multimodality was characterized in most cases, detailed 
classes should be used to describe the trend of the PSD 
rather than comparing results from different devices on a 
qualitative basis.

Finally, the specific surface area (SSA) was estimated 
[52] based on the PSDs of the different references and 
samples. However, as the proportion of clay was different 
between the devices, and even nonsignificant, the SSAs 
estimated by them were all substantially different from 
each other. It appeared that this parameter is difficult to 
reproduce on different devices and cannot be compared 
directly.
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5  Conclusion

The tests performed during this study demonstrated that 
the comparison of particle size measured using differ-
ent devices can be complicated since differences were 
observed on certified materials and natural samples. 
Despite using similar protocols and samples, the results 
obtained for the selected parameters (d50, simple and 
detailed classes) were characterized by differences that 
could be significant. Those differences were directly 
related to the specificities of the devices, as each device is 
manufactured differently (water volume, number of laser 
cells, etc.). In the absence of information on measurement 
parameters such as US power in J ml−1 and pump speed, 
the comparison of PSDs from different studies can be erro-
neous, even for a similar device. It is therefore better to 
only compare the trend (such as the modal classes or the 
presence of these types of particle) rather than the meas-
ured proportion. Quantitative comparisons should only be 
performed if the parameters of the different analyses are 
known.

Differences in d50 were observed even with CRMs. 
Deviation from the expected d50 observed on all the 
lasers presented similar trends, with increases in particle 
size. Although there were differences in the amplitude of 
uncertainty, they all estimated the d50 for particle-sizes 
above 10 µm within 10% uncertainty. However, for sam-
ples mostly characterized by clay and fine silt particles, the 
d50 was overestimated. This is important, especially for 
natural samples where these fractions are often present. 
Indeed, this information is required in numerous studies. 
Moreover, on natural sediments mixed with clay silts and 
sands, the problem of sand is not trivial. Sand is often not 
seen in these cases when clay size particles are present 
in quantity. Sieving sediments to remove the sand might 
be a solution to eliminate the impact of coarse particles.

For the different classes, the main problem observed 
concerned the position of the modes. Displaying the distri-
bution of the classes greatly depends on the classification 
chosen relative to the sediment grain size distribution. It 
is therefore crucial to define the localization of the modes 
before conducting a comparison with results from different 
devices. Significant differences can be observed in samples 
characterized by a PSD with modes between two classes 
(clay/silt, silt/sand or detailed classes).

Acknowledgements We gratefully acknowledge the following col-
leagues: Maxime Darbot, Marina Launay, Marie Courtel, Stéphanie 
Gairoard and Brice Mourier for sample preparation and PSD analysis.

Funding This study was supported by the Rhône Sediment Obser-
vatory (OSR), a multi-partner research program partly funded by 
the Plan Rhône, and by the European Regional Development Fund 
(ERDF) allocated by the European Union.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

 1. Walling DE, Fang D (2003) Recent trends in the suspended 
sediment loads of the world’s rivers. Glob Planet Change 
39:111–126. https ://doi.org/10.1016/S0921 -8181(03)00020 -1

 2. Frings RM, Ten Brinke WBM (2018) Ten reasons to set up sedi-
ment budgets for river management. Int J River Basin Manag 
16:35–40. https ://doi.org/10.1080/15715 124.2017.13459 16

 3. SedNet (2014) Moving sediment management forward. The 
Four SedNet Messages. https ://sedne t.org/downl oad/Movin 
g-Sedim ent-Manag ement -Forwa rd.pdf. Accessed Jan 22 2019

 4. Wills BA, Napier-Munn T (2005) Wills’ mineral processing 
technology. Elsevier, Amsterdam, pp 267–352. https ://doi.
org/10.1016/b978-07506 4450-1/50014 -x

 5. Bieganowski A, Ryżak M, Sochan A, Barna G, Hernádi H, Bec-
zek M et al (2018) Laser diffractometry in the measurements 
of soil and sediment particle size distribution. Adv Agron 
151:215–279. https ://doi.org/10.1016/bs.agron .2018.04.003

 6. Syvitski JPM (1991) Principles, methods and application of 
particle size analysis. Cambridge University Press, Cambridge

 7. Merkus HG (2009) Particle size measurements—fundamen-
tals, practice, quality. Springer, Netherlands. https ://doi.
org/10.1007/978-1-4020-9015-8

 8. Goossens D (2007) Techniques to measure grain-size distribu-
tions of loamy sediments: a comparative study of ten instru-
ments for wet analysis. Sedimentology 55:070921101149001. 
https ://doi.org/10.1111/j.1365-3091.2007.00893 .x

 9. Di Stefano C, Ferro V, Mirabile S (2010) Comparison between 
grain-size analyses using laser diffraction and sedimentation 
methods. Biosyst Eng 106:205–215. https ://doi.org/10.1016/j.
biosy stems eng.2010.03.013

 10. Loizeau J-L, Arbouille D, Santiago S, Vernet J-P (1994) Evalu-
ation of a wide range laser diffraction grain size analyser for 
use with sediments. Sedimentology 41:353–361. https ://doi.
org/10.1111/j.1365-3091.1994.tb014 10.x

 11. Arvaniti EC, Juenger MCG, Bernal SA, Duchesne J, Courard 
L, Leroy S et al (2014) Determination of particle size, surface 
area, and shape of supplementary cementitious materials by 
different techniques. Mater Struct 48:3687–3701. https ://doi.
org/10.1617/s1152 7-014-0431-3

 12. Agrawal YC, Whitmire A, Mikkelsen OA, Pottsmith HC (2008) 
Light scattering by random shaped particles and consequences 
on measuring suspended sediments by laser diffraction. J Geo-
phys Res Ocean 113:1–11. https ://doi.org/10.1029/2007J C0044 
03

 13. Allen JRL, Haslett SK (2006) Granulometric characterization 
and evaluation of annually banded mid-Holocene estuarine 
silts, Welsh Severn Estuary (UK): coastal change, sea level and 
climate. Quat Sci Rev 25:1418–1446. https ://doi.org/10.1016/j.
quasc irev.2005.12.009

 14. Bassetti MA, Berné S, Jouet G, Taviani M, Dennielou B, Flores JA 
et al (2008) The 100-ka and rapid sea level changes recorded 
by prograding shelf sand bodies in the Gulf of Lions (western 
Mediterranean Sea). Geochem Geophys Geosyst. https ://doi.
org/10.1029/2007g c0018 54

 15. McCave IN, Thornalley DJR, Hall IR (2017) Relation of sortable silt 
grain-size to deep-sea current speeds: calibration of the “Mud 

https://doi.org/10.1016/S0921-8181(03)00020-1
https://doi.org/10.1080/15715124.2017.1345916
https://sednet.org/download/Moving-Sediment-Management-Forward.pdf
https://sednet.org/download/Moving-Sediment-Management-Forward.pdf
https://doi.org/10.1016/b978-075064450-1/50014-x
https://doi.org/10.1016/b978-075064450-1/50014-x
https://doi.org/10.1016/bs.agron.2018.04.003
https://doi.org/10.1007/978-1-4020-9015-8
https://doi.org/10.1007/978-1-4020-9015-8
https://doi.org/10.1111/j.1365-3091.2007.00893.x
https://doi.org/10.1016/j.biosystemseng.2010.03.013
https://doi.org/10.1016/j.biosystemseng.2010.03.013
https://doi.org/10.1111/j.1365-3091.1994.tb01410.x
https://doi.org/10.1111/j.1365-3091.1994.tb01410.x
https://doi.org/10.1617/s11527-014-0431-3
https://doi.org/10.1617/s11527-014-0431-3
https://doi.org/10.1029/2007JC004403
https://doi.org/10.1029/2007JC004403
https://doi.org/10.1016/j.quascirev.2005.12.009
https://doi.org/10.1016/j.quascirev.2005.12.009
https://doi.org/10.1029/2007gc001854
https://doi.org/10.1029/2007gc001854


Vol.:(0123456789)

SN Applied Sciences (2019) 1:1100 | https://doi.org/10.1007/s42452-019-1133-9 Research Article

Current Meter”. Deep Res Part I Oceanogr Res Pap 127:1–12. 
https ://doi.org/10.1016/j.dsr.2017.07.003

 16. Ghilardi M, Psomiadis D, Andrieu-Ponel V, Colleu M, Sotiropoulos 
P, Longo F et al (2018) First evidence of a lake at Ancient Phais-
tos (Messara Plain, South-Central Crete, Greece): reconstructing 
paleoenvironments and differentiating the roles of human land-
use and paleoclimate from Minoan to Roman times. Holocene 
28:1225–1244. https ://doi.org/10.1177/09596 83618 77147 3

 17. Giaime M, Avnaim-Katav S, Morhange C, Marriner N, Rostek F, 
Porotov AV et al (2016) Evolution of Taman Peninsula’s ancient 
Bosphorus channels, south-west Russia: deltaic progradation 
and Greek colonisation. J Archaeol Sci Reports 5:327–335. https 
://doi.org/10.1016/j.jasre p.2015.11.026

 18. Ghilardi M, Psomiadis D, Cordier S, Delanghe-Sabatier D, 
Demory F, Hamidi F et al (2012) The impact of rapid early- to 
mid-Holocene palaeoenvironmental changes on Neolithic set-
tlement at Nea Nikomideia, Thessaloniki Plain. Greece. Quat Int 
266:47–61. https ://doi.org/10.1016/j.quain t.2010.12.016

 19. Laceby JP, Evrard O, Smith HG, Blake WH, Olley JM, Minella JPG 
et al (2017) The challenges and opportunities of addressing 
particle size effects in sediment source fingerprinting: a review. 
Earth-Science Rev 169:85–103. https ://doi.org/10.1016/j.earsc 
irev.2017.04.009

 20. Pye K, Blott SJ (2004) Particle size analysis of sediments, soils 
and related particulate materials for forensic purposes using 
laser granulometry. Forensic Sci Int 144:19–27. https ://doi.
org/10.1016/j.forsc iint.2004.02.028

 21. Konert M, Vandenberghe J (1997) Comparison of laser grain size 
analysis with pipette and sieve analysis: a solution for the under-
estimation of the clay fraction. Sedimentology 44:523–535

 22. Jonasz M, Fournier GR (2007) Light scattering by particles in 
water: theoretical and experimental foundations. Elsevier/Aca-
demic Press, Amsterdam. https ://doi.org/10.1016/b978-0-12-
38875 1-1.x5000 -5

 23. Lu Y, Riyanto N, Weavers LK (2002) Sonolysis of synthetic sedi-
ment particles: particle characteristics affecting particle dissolu-
tion and size reduction. Ultrason Sonochem 9:181–188. https ://
doi.org/10.1016/S1350 -4177(02)00076 -7

 24. Mikutta R, Kleber M, Kaiser K, Jahn R (2005) Review: organic 
matter removal from soils using hydrogen peroxide, sodium 
hypochlorite, and disodium peroxodisulfate. Soil Sci Soc Am J 
69:120. https ://doi.org/10.2136/sssaj 2005.0120

 25. Folk RL (1966) A review of grain-size parameters. Sedimentology 
6:73–93. https ://doi.org/10.1111/j.1365-3091.1966.tb015 72.x

 26. Blott SJ, Pye K (2012) Particle size scales and classification of 
sediment types based on particle size distributions: review and 
recommended procedures. Sedimentology 59:2071–2096. https 
://doi.org/10.1111/j.1365-3091.2012.01335 .x

 27. Roberson S, Weltje GJ (2014) Inter-instrument comparison of 
particle-size analysers. Sedimentology 61:1157–1174. https ://
doi.org/10.1111/sed.12093 

 28. Beierle BD, Lamoureux SF, Cockburn JMH, Spooner I (2002) A 
new method for visualizing sediment particle size distributions. 
J Paleolimnol 27:279–283. https ://doi.org/10.1023/A:10142 
09120 642

 29. Visher GS (1969) Grain size distributions and depositional 
processes. J Sediment Petrol 39:1074–1106. https ://doi.
org/10.1306/74D71 D9D-2B21-11D7-86480 00102 C1865 D

 30. Gardner WR (1956) Representation of soil aggregate-size dis-
tribution by a logarithmic-normal distribution. Soil Sci. https ://
doi.org/10.1002/hep.23592 

 31. Fredlund MD, Fredlund DG, Wilson GW (2000) An equation to 
represent grain-size distribution. Can Geotech J 37:817–827. 
https ://doi.org/10.1139/t02-080

 32. Lee BJ, Fettweis M, Toorman E, Molz FJ (2012) Multimodality of 
a particle size distribution of cohesive suspended particulate 

matters in a coastal zone. J Geophys Res Ocean. https ://doi.
org/10.1029/2011j c0075 52

 33. Sadeghi SH, Singh VP, Kiani-Harchegani M, Asadi H (2018) 
Analysis of sediment rating loops and particle size distri-
butions to characterize sediment source at mid-sized plot 
scale. CATENA 167:221–227. https ://doi.org/10.1016/j.caten 
a.2018.05.002

 34. Ding W, Huang C (2017) Effects of soil surface roughness on 
interrill erosion processes and sediment particle size distribu-
tion. Geomorphology 295:801–810. https ://doi.org/10.1016/j.
geomo rph.2017.08.033

 35. Zhang Y, Sangster JL, Gauza L, Bartelt-Hunt SL (2016) Impact 
of sediment particle size on biotransformation of 17β-estradiol 
and 17β-trenbolone. Sci Total Environ 572:207–215. https ://doi.
org/10.1016/j.scito tenv.2016.08.004

 36. Sadaoui M, Ludwig W, Bourrin F, Raimbault P (2016) Controls, 
budgets and variability of riverine sediment fluxes to the Gulf 
of Lions (NW Mediterranean Sea). J Hydrol 540:1002–1015. https 
://doi.org/10.1016/j.jhydr ol.2016.07.012

 37. Poulier G, Launay M, Le Bescond C, Thollet F, Coquery M (2019) 
Combining flux monitoring and estimation to establish annual 
budgets of suspended particulate matter and associated pollut-
ants in the Rhône River from Lake Geneva to the Mediterranean 
Sea. Sci Total Environ 658:457–473. https ://doi.org/10.1016/J.
SCITO TENV.2018.12.075

 38. Masson M, Angot H, Le Bescond C, Launay M, Dabrin A, Miège 
C et al (2018) Sampling of suspended particulate matter using 
particle traps in the Rhône River: relevance and representative-
ness for the monitoring of contaminants. Sci Total Environ 637–
638:538–549. https ://doi.org/10.1016/j.scito tenv.2018.04.343

 39. Institute for Reference Materials and Measurements (2007) Certi-
fied reference materials BCR-066

 40. Institute for Reference Materials and Measurements (2007) Certi-
fied Reference Material BCR-067

 41. National Institute of Standards and Technology (2011) Standard 
Reference  Material® 1003c

 42. Slomberg DL, Ollivier P, Radakovitch O, Baran N, Sani-Kast N, 
Miche H et al (2016) Characterisation of suspended particulate 
matter in the Rhone River: insights into analogue selection. 
Environ Chem 13:804–815. https ://doi.org/10.1071/EN150 65

 43. Santiago S, Thomas RL, McCarthy L, Loizeau JL, Larbaigt G, Corvi 
C et al (1992) Particle size characteristics of suspended and bed 
sediments in the Rhone River. Hydrol Process 6:227–240. https 
://doi.org/10.1002/hyp.33600 60210 

 44. USDA (2017) Soil survey manual. Handbook18. Government 
Printing Office, Washington, D.C. https ://doi.org/10.1097/00010 
694-19511 2000-00022 

 45. Doeglas DJ (1968) Grain-size indices, classification and 
environment. Sedimentology 10:83–100. https ://doi.
org/10.1111/j.1365-3091.1968.tb011 01.x

 46. Xi H, Larouche P, Tang S, Michel C (2014) Characterization 
and variability of particle size distributions in Hudson Bay, 
Canada. J Geophys Res Ocean 119:3392–3406. https ://doi.
org/10.1002/2013J C0095 42

 47. Mikkelsen OA, Pejrup M (2001) The use of a LISST-100 laser par-
ticle sizer for in situ estimates of floc size, density and settling 
velocity. Geo-Marine Lett 20:187–195. https ://doi.org/10.1007/
s0036 70100 064

 48. Many G, Bourrin F, Durrieu de Madron X, Pairaud I, Gangloff 
A, Doxaran D et al (2016) Particle assemblage characteriza-
tion in the Rhone River ROFI. J Mar Syst 157:39–51. https ://doi.
org/10.1016/j.jmars ys.2015.12.010

 49. Andrews S, Nover D, Schladow SG (2010) Using laser diffrac-
tion data to obtain accurate particle size distributions: the role 

https://doi.org/10.1016/j.dsr.2017.07.003
https://doi.org/10.1177/0959683618771473
https://doi.org/10.1016/j.jasrep.2015.11.026
https://doi.org/10.1016/j.jasrep.2015.11.026
https://doi.org/10.1016/j.quaint.2010.12.016
https://doi.org/10.1016/j.earscirev.2017.04.009
https://doi.org/10.1016/j.earscirev.2017.04.009
https://doi.org/10.1016/j.forsciint.2004.02.028
https://doi.org/10.1016/j.forsciint.2004.02.028
https://doi.org/10.1016/b978-0-12-388751-1.x5000-5
https://doi.org/10.1016/b978-0-12-388751-1.x5000-5
https://doi.org/10.1016/S1350-4177(02)00076-7
https://doi.org/10.1016/S1350-4177(02)00076-7
https://doi.org/10.2136/sssaj2005.0120
https://doi.org/10.1111/j.1365-3091.1966.tb01572.x
https://doi.org/10.1111/j.1365-3091.2012.01335.x
https://doi.org/10.1111/j.1365-3091.2012.01335.x
https://doi.org/10.1111/sed.12093
https://doi.org/10.1111/sed.12093
https://doi.org/10.1023/A:1014209120642
https://doi.org/10.1023/A:1014209120642
https://doi.org/10.1306/74D71D9D-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D71D9D-2B21-11D7-8648000102C1865D
https://doi.org/10.1002/hep.23592
https://doi.org/10.1002/hep.23592
https://doi.org/10.1139/t02-080
https://doi.org/10.1029/2011jc007552
https://doi.org/10.1029/2011jc007552
https://doi.org/10.1016/j.catena.2018.05.002
https://doi.org/10.1016/j.catena.2018.05.002
https://doi.org/10.1016/j.geomorph.2017.08.033
https://doi.org/10.1016/j.geomorph.2017.08.033
https://doi.org/10.1016/j.scitotenv.2016.08.004
https://doi.org/10.1016/j.scitotenv.2016.08.004
https://doi.org/10.1016/j.jhydrol.2016.07.012
https://doi.org/10.1016/j.jhydrol.2016.07.012
https://doi.org/10.1016/J.SCITOTENV.2018.12.075
https://doi.org/10.1016/J.SCITOTENV.2018.12.075
https://doi.org/10.1016/j.scitotenv.2018.04.343
https://doi.org/10.1071/EN15065
https://doi.org/10.1002/hyp.3360060210
https://doi.org/10.1002/hyp.3360060210
https://doi.org/10.1097/00010694-195112000-00022
https://doi.org/10.1097/00010694-195112000-00022
https://doi.org/10.1111/j.1365-3091.1968.tb01101.x
https://doi.org/10.1111/j.1365-3091.1968.tb01101.x
https://doi.org/10.1002/2013JC009542
https://doi.org/10.1002/2013JC009542
https://doi.org/10.1007/s003670100064
https://doi.org/10.1007/s003670100064
https://doi.org/10.1016/j.jmarsys.2015.12.010
https://doi.org/10.1016/j.jmarsys.2015.12.010


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1100 | https://doi.org/10.1007/s42452-019-1133-9

of particle composition. Limnol Oceanogr Methods 8:507–526. 
https ://doi.org/10.4319/lom.2010.8.507

 50. Yang XM, Drury CF, Reynolds WD, MacTavish DC (2009) Use 
of sonication to determine the size distributions of soil parti-
cles and organic matter. Can J Soil Sci 89:413–419. https ://doi.
org/10.4141/cjss0 8063

 51. Jouon A, Ouillon S, Douillet P, Lefebvre JP, Fernandez JM, Mari 
X et al (2008) Spatio-temporal variability in suspended particu-
late matter concentration and the role of aggregation on size 
distribution in a coral reef lagoon. Mar Geol 256:36–48. https ://
doi.org/10.1016/j.marge o.2008.09.008

 52. Santamarina JC, Klein KA, Wang YH, Prencke E (2002) Specific 
surface: determination and relevance. Can Geotech J 39:233–
241. https ://doi.org/10.1139/t01-077

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.4319/lom.2010.8.507
https://doi.org/10.4141/cjss08063
https://doi.org/10.4141/cjss08063
https://doi.org/10.1016/j.margeo.2008.09.008
https://doi.org/10.1016/j.margeo.2008.09.008
https://doi.org/10.1139/t01-077

	Grain size analyzers: results of an intercomparison study
	Abstract
	1 Introduction
	2 Materials and method
	2.1 Particle size analyzers
	2.2 Protocol of intercomparison
	2.3 Comparison parameters
	2.4 Specific case of the LISST-Portable|XR device

	3 Results
	3.1 Accuracy of the devices
	3.2 Natural samples
	3.3 Mixtures of natural samples

	4 Discussion
	4.1 Intra-variation
	4.2 Variation with the CRMs
	4.3 Intercomparison of the devices

	5 Conclusion
	Acknowledgements 
	References


