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The LISST-25X ability for measuring the Sauter mean diameter of the fine fraction of sed-
iment samples, SMDf, is evaluated. A simple algorithm to determine the SMDf is proposed.
The algorithm is based on the standard output variables from the LISST-25X diffractome-
ter: Sauter mean diameter of the complete sample, SMDt; Sauter mean diameter of the
coarse fraction, SMDg; total suspended sediment concentration, SSCt, and coarse suspended
sediment concentration, SSCg. Validation is performed in the laboratory by contrasting
algorithm results from complete sediment samples against LISST SMDt measurements
made on the fine fraction of the samples. A second validation is performed by comparison
between algorithm results and Malvern measurements on the same samples. The samples
are from the Salado River (Argentina) and the Paraná River (Argentina). Their SMDt range
from 10 lm to 70 lm.

Results indicate that the algorithm determines the Sauter mean diameter of the fine frac-
tion in a reliable way, with average differences of 1.4 lm (algorithm-LISST comparison)
and 3.4 lm (algorithm-Malvern comparison). The observed differences are attributed to
operational conditions rather than to algorithm limitations. A correlation between calcu-
lated SMDf and d50 of the fine fraction is also established, with a determination coefficient
of R2 = 0.46.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Sauter mean diameter (SMD), also known as Surface
Area Moment Mean, D(3,2) [1], or d32, estimates the mean
size of a given particle distribution. It is defined as the
diameter of a sphere that has the same volume/surface
area ratio as the particle of interest. Mathematically, SMD
is defined according to Eq. (1) [2]:

SMD ¼ d32 ¼
R dmax

dmin
d3pðdÞddR dmax

dmin
d2pðdÞdd

ð1Þ

where d indicates the particle diameter, dmax and dmin indi-
cates the maximum and minimum diameters of the particle
. All rights reserved.

pa).
distribution, p(d) indicates the probability density function
of d size.

The LISST-25X is a diffractometer from the LISST series of
instruments developed by Sequoia Scientific, Inc. It features
a submersible laser sensor designed for in situ as well as lab-
oratory measurements of SMD of the complete (i.e. original)
sample (SMDt), SMD of the coarse fraction (SMDg), total sus-
pended sediment concentration (SSCt), coarse suspended
sediment concentration (SSCg), optical transmission level
(TO), and operating depth. The LISST-25X operates within
a concentration range of 0.10–1000 mg/L; it detects mean
diameters at the 2.50–500 lm interval, and from 63 to
500 lm for coarse sediments, with a TO range between
30% and 98%. Its optical sensor includes a 670 nm wave-
length laser, with optical path length of 2.50 cm [3]. Its oper-
ating principle is based on the small-angle forward laser
light scattering theory proposed by Lorenz–Mie [4]. More
detailed information about the optical sensor operating
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principle and the equations that connect this theory to the
concentration and diameter determinations can be found
in [5].

The Malvern Mastersizer 2000 is a diffractometer
broadly used in laboratory work. The size range measured
by Malvern runs from 0.02 to 2000 lm. Besides measuring
SMD, it determines the granulometric composition of the
samples. Some applications for sediment size determina-
tions using this diffractometer can be found elsewhere [6,7].

Determination of suspended sediment sizes is a basic
concern in any study of sediment transport. LISST-25X,
by means of SMDt and SMDg, provides information about
mean size of the total and the coarse fraction of suspended
sediments, respectively. Nevertheless, no direct determi-
nation is made on the fine fraction of sediments. Several
studies have shown the fine sediments to be responsible
for the transport of pollutants in water bodies [8–10]. Thus,
to have an estimation of the size of fine fraction might be
critical in such cases.

In a previous work [11] a laboratory evaluation of LISST-
25X has been made. A comparison between LISST-25X
SMDt and Malvern SMD determinations was presented.
Those results indicated good agreement between SMD
determinations from both diffractometers (being the
determination coefficient R2 = 0.98). It has also been estab-
lished a correlation between LISST SMDt and d50 (median
diameter) of the samples, which is the most commonly
used diameter in hydraulic and maritime engineering.
However, LISST-25X determinations of the fine fraction
had not yet been evaluated.

The aim of this work is to evaluate the ability of the LIS-
ST-25X diffractometer for measuring the Sauter mean
diameter of the fine fraction of sediments. As stated above,
SMDf is not an output variable from LISST-25X, therefore a
simple algorithm for its calculation is validated here. The
algorithm is based on the output variables from the LIS-
ST-25X: SMDt, SMDg, SSCt and SSCg. The second objective
of this work is to establish a correlation between SMDf

and d50 of the fine fraction.
Different samples of natural sediments from the Salado

River and the Paraná River (both Rivers from Argentina)
are tested. Validation is made by comparison between
algorithm results from the complete samples and LISST
and Malvern measurements made on the fine fraction of
the samples.

The results of this work aim to broaden LISST-25X capa-
bilities, enabling the instrument to provide, also, explicit
information on the fine fraction of suspended sediments.

2. Materials and methods

2.1. Algorithm for the SMDf estimation

The LISST-25X instrument estimates the SMDt based on
Eq. (2) [5]:

SMDt ¼ 1:5
SSCV

t

SSCsup
t

ð2Þ

where SSCV
t is the total particle volume concentration, and

SSCsup
t represents the total particle surface area concentra-

tion. Considering that for coarse and fine fractions, the ratio
of Eq. (2) can be applied, the following relations may be ob-
tained: SSCsup

g ¼ 1:5SSCV
g =SMDg and SSCsup

f ¼ 1:5SSCV
f =SMDf :

where SSCsup
g and SSCsup

f indicate the coarse and fine particle
surface area concentrations; SSCV

g and SSCV
f indicate the

coarse and fine particle volume concentrations; SMDg and
SMDf indicate Sauter mean diameters for coarse and fine
fractions, respectively. Assuming that SSCsup

t ¼ SSCsup
g þ

SSCsup
f ; the following equation for the SMDf may be obtained:

SMDf ¼
SSCV

f

SSCV
t

SMDt
� SSCV

g

SMDg

¼
SSCV

t � SSCV
g

SSCV
t

SMDt
� SSCV

g

SMDg

ð3Þ

Note that SSCV
t , SMDt, SSCV

g ; SMDg are all output variables
from the LISST-25X instrument. Eq. (3) may be expressed
as:

SMDf ¼ 1:5SSCV
f = SSCsup

t � SSCsup
g

� �
¼ 1:5ðSSCV

t � SSCV
g Þ= SSCsup

t � SSCsup
g

� �
It should be noted that in case of absence of coarse sed-

iments in the suspension, both SSCV
g and SSCsup

g are equal
zero, then SMDf = SMDt.

2.2. Propagation of error in algorithm results

The error propagation in Eq. (3) will be approached fol-
lowing Eq. (4) for the uncertainty in a function of several
variables [12]:

DSMDf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@SMDf

@SSCV
t

DSSCV
t

 !2

þ @SMDf

@SSCV
g

DSSCV
g

 !2

þ @SMDf

@SMDt
DSMDt

� �2

þ @SMDf

@SMDg
DSMDg

� �2

vuut
ð4Þ

where DSMDf is the error propagation in the SMDf equa-

tion; DSSCV
t , DSSCV

g , DSMDt and DSMDg are the errors for

SSCV
t , SSCV

g ; SMDt and SMDg, respectively (all of them
approximated by the corresponding standard deviations);

and the partial derivatives of SMDf:
@SMDf

@SSCV
t
, @SMDf

@SSCV
g
, @SMDf

@SMDt
and

@SMDf

@SMDg
, being obtained from Eq. (3). For the sake of simplicity

the development of derivatives is not presented here.

2.3. Granulometric composition of the samples and laboratory
tests

Field samples were collected from the Salado and
Paraná Rivers; once in the laboratory, the samples were
air dried and then homogenized in a mortar. Finally, they
were sieved using a 2 mm plastic sieve in order to re-
move major detritus. The fine fraction was then obtained
by dry sieving of the complete samples using an ASTM
230 sieve.

The tested samples, their source and granulometric
composition are presented in Table 1. The granulometric
composition was obtained with a Malvern Mastersizer
2000 diffractometer. The samples are divided into two
groups (see Table 1): complete samples (samples #1–8),
mainly composed of coarser material with a significant
proportion of medium and coarse silt particles; and fine
fraction (samples #9–15) corresponding to the fine frac-
tion of the complete samples. Further information about



Table 1
List of tested samples, source and granulometric composition obtained with Malvern Mastersizer. E1 (sample #16), not belonging to the defined groups, is
shown as a reference.

# Sample Source Clay Very
fine silt

Fine silt Mean silt Coarse silt Very fine
sand

Fine to very
coarse sand

Bi-
modal

d < 2 2 < d < 8 8 < d < 16 16 < d < 32 32 < d < 63 63 < d < 125 125 < d < 250
(%) (%) (%) (%) (%) (%) (%)

1 S25b Suspended sediments, Salado River 3.8 9.7 9.6 23.2 15.5 22.1 16.1 Yes
2 S29 Suspended sediments, Salado River 0.6 3.1 4.5 24.7 21.1 24.6 21.4 Yes
3 S36 Suspended sediments, Salado River 0.8 5.8 7.5 22.7 15.6 26.4 21.2 Yes
4 S28a Suspended sediments, Salado River 0.6 3.2 4.4 20.9 21.2 35.0 14.7 Yes
5 S28b Suspended sediments, Salado River 0.6 3.3 4.6 20.9 19.3 31.7 19.6 Yes
6 S37OR Suspended sediments, Salado River 1.4 6.7 6.1 17.2 15.0 38.1 15.5 No
7 SP1 Bed sediments, Parana River (75%

PR); suspended sediments, Salado
River (25% S37F)

0.6 3.3 3.2 9.9 8.7 10.3 64.0 Yes -
S

8 SP2 Bed sediments, Parana River (90%
PR); suspended sediments, Salado
River (10% S37F)

0.3 2.1 1.9 5.6 5.0 7.4 77.7 Yes -
S

9 S25bF Suspended sediments, Salado River 6.0 13.1 12.8 32.3 21.5 14.3 0.0 No
10 S36F Suspended sediments, Salado River 1.6 13.1 14.7 33.2 21.9 15.4 0.1 No
11 S37F Suspended sediments, Salado River 2.2 9.5 9.6 29.7 25.6 23.4 0.0 No
12 S28bF Suspended sediments, Salado River 4.9 8.6 9.5 33.2 26.2 17.6 0.0 No
13 S28aF Suspended sediments, Salado River 1.2 7.2 7.6 31.5 29.7 22.8 0.0 No
14 S29F Suspended sediments, Salado River 1.0 4.7 5.1 32.4 32.8 23.9 0.1 No
15 E2 Glass (25–32 lm) 0.0 0.0 0.0 98.0 2.0 0.0 0.0 No
16 E1 Glass (72–90 lm) 0.0 0.0 0.0 0.0 0.0 100.0 0.0 No

Note: The d letter represents the size in microns. The samples labeled with the F letter were previously sieved using an ASTM 230 sieve. Yes-S: means
strongly bi-modal.
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the tested samples can be found in [11]. The granulomet-
ric distribution of E12 sample (being composed of 50%
from E1 +50% from E2) was not determined. Instead the
composition of E1 (sample #16) and E2 are shown in Ta-
ble 1.

All the tests with LISST-25X were performed using the
following measurement protocol:

– Preparation of 100 mg/L and 200 mg/L concentra-
tions for each sample in the tests chamber of the
LISST instrument, with 1336.50 mL of distilled
water and 13.50 mL of 4% sodium hexametaphos-
phate as a dispersant agent [13].

– Forty measurements of SMDt, SMDg, SSCt, SSCg, TO
per every concentration at 5-s intervals.

– Continuous stirring of the water using a manual
stirrer.

– All tests were performed at constant environment
light and temperature (25 �C) conditions.

3. Results

Table 2 summarizes the major results of the tested sam-
ples. It shows the corresponding LISST-25X determina-
tions: mean sizes (SMDt, SMDg), mean concentration
values (SSCt, SSCg, SSCg/SSCt) and variation coefficients
(VC); the algorithm results: calculated SMDf (for complete
samples) and error propagation of SMDf; and the results
using Malvern Mastersizer: SMD, coarse particle content.
The coarse particle content is obtained from Table 1 by
adding the sand percentages and converting them to rela-
tive units (i.e. from 0 to 1).

A comparison between calculated SMDf and LISST SMDt

measurements made on the fine fraction is presented in
Fig. 1. Most samples show good agreement between the
calculated values and those measured in the fine fraction.
The average difference was 1.4 lm. In general, a slight ten-
dency to underestimations in the algorithm results can be
observed.

Fig. 2 contrasts the calculated SMDf with the measured
SMD using the Malvern diffractometer in the fine fraction
of the samples. The average observed difference was
3.4 lm. There is also some trend to underestimations in
algorithm results when compared to Malvern results.

It must be noted that LISST instrument values are in-
formed using an integer number considering its corre-
sponding resolution (1 lm), whereas Malvern results are
informed with two decimals according to its resolution
(0.01 lm).

Regarding error propagation, Table 2 shows that it is of
the same order than the errors for the rest of the variables
and approximately homogeneous for the majority of the
samples, except for the SP1 and SP2 samples, where it is
an order of magnitude higher. In general the relative error
for each measured variable, (being represented by the var-
iation coefficient VC) is the biggest for SSCg being followed
by the errors associated to SMDf, SMDg, SSCt and SMDt,
respectively.

A correlation between algorithm SMDf and Malvern d50

of the fine fraction is presented in Fig. 3. The determination
coefficient was R2 = 0.46, being d50 = 2.47 SMDf.

As regards the three samples presenting strong bimodal-
ity: SP1, SP2 and E12, it is expected that the d50 will not be
representative of the characteristic size, because for bi-
modal populations the two modes will be better parame-
ters than the median diameter. Therefore those samples
were excluded from the correlation. Besides when includ-
ing them the correlation was considerably weak.
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Table 2
List of results using LISST-25X: mean sizes (SMDt, SMDg), mean concentration values (SSCt, SSCg, SSCg/SSCt), variation coefficients (VC), calculated SMDf (for complete samples) and error propagation of SMDf; and results
using Malvern Mastersizer: SMD, coarse particle content.

Sample LISST-25X Malvern Mastersizer

SMDt (lm) VCSMDt SSCt (mg/L) VCSSCt SMDg (lm) VCSMDg SSCg VCSSCg SSCg/SSCt SMDf (lm) DSMDf Eq. (4) (lm) DSMDf /SMDf SMD (lm) Coarse particle content

S25b 16 0.07 118.1 0.07 93 0.16 28.6 0.31 0.24 13 1.4 0.11 10.64 0.38
S29 27 0.07 211.6 0.08 111 0.11 69.0 0.21 0.32 20 2.2 0.11 31.28 0.46
S36 16 0.11 191.5 0.11 110 0.18 54.5 0.38 0.28 12 2.2 0.18 24.20 0.48
S28a 20 0.09 172.0 0.11 97 0.14 51.0 0.31 0.29 15 2.3 0.15 31.34 0.50
S28b 21 0.11 121.4 0.14 113 0.19 42.7 0.41 0.34 15 3.5 0.23 31.48 0.51
S37OR 16 0.12 156.4 0.16 86 0.28 46.6 0.30 0.29 12 2.1 0.18 12.24 0.54
SP1 37 0.16 983.4 0.26 234 0.08 754.5 0.25 0.77 9 11.2 1.21 42.37 0.74
SP2 57 0.25 154.4 0.34 235 0.11 138.6 0.37 0.89 7 32.1 4.71 66.96 0.85
E12 46 0.07 58.8 0.10 137 0.08 32.8 0.19 0.55 25 5.9 0.24 N/D N/D
S25bF 13 0.05 139.9 0.06 53 0.42 11.0 0.61 0.08 – – – 7.45 0.14
S36F 13 0.09 107.6 0.11 59 0.57 7.6 0.63 0.07 – – – 13.78 0.15
S37F 9 0.04 270.7 0.05 25 0.36 10.2 0.44 0.04 – – – 8.43 0.23
S28bF 15 0.03 263.6 0.03 62 0.16 27.8 0.21 0.11 – – – 9.10 0.17
S28aF 17 0.03 256.4 0.05 71 0.13 35.3 0.21 0.14 – – – 19.09 0.22
S29F 19 0.06 210.2 0.08 75 0.13 32.4 0.27 0.15 – – – 22.91 0.24
E2 26 0.08 94.6 0.14 315 2.92 7.0 1.46 0.07 – – – 29.00 0.00

Note: N/D means no data.
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– All of the fine samples had a considerable amount (see
Tables 1 and 2) of coarse material: from 14% to 24%
for Malvern data and from 4% to 15% for LISST data.
Therefore LISST and Malvern measurements were made
on fine samples that were not actually ‘‘fine samples’’.
Hence both diffractometers were measuring coarse par-
ticles (in the fine samples) that generated some devia-
tions in the measured SMD.

– Malvern instrument stirs the water at much higher
velocities than the ones that could be achieved in the
tests chamber of the LISST. Hence the possibility of
measuring coarse particles is higher for the Malvern
instrument (note that the average coarse particle con-
tent recorded by Malvern for the fine samples were
twice the ones reported by LISST). This could explain
why deviations in algorithm results are more pro-
nounced in the comparison with Malvern results.

– In the other hand, algorithm results (see Eq. (3)) are
sensitive to all the measured variables: SMDt, SMDg, SSCt

and SSCg; which are strongly influenced by agitation
conditions and the amount of sample being detected
by the sensor. This may yield some additional disper-
sion in the measured data.

The error propagation shows that the errors in the algo-
rithm are approximately homogeneous and of the same or-
der than the errors for the rest of the variables, being all
the VC less than unity. The exception occurs for SP1 and
SP2 samples where the error becomes considerably higher.
These samples have comparatively higher VC for SMDt and
SSCt which then propagate to the SMDf results. Those high-
er VC could be attributed to the high content of coarse
material in SP1 and SP2 samples (see Table 1), whose influ-
ence on VC had been assessed in [11].

In spite of the differences between algorithm results
and the measured data, it is noteworthy the algorithm
capability to correctly estimate the SMDf.

As regards the correlation between SMDf and d50, it
should be pointed out that it is only applicable to sediment
samples presenting similar size distributions to those of
the tested samples.
5. Conclusions

The results indicate that it has been possible to develop
a simple algorithm to determine, in a reliable way, the
Sauter mean diameter for the fine fraction of suspended
sediments using the information obtained from a LISST-
25X sensor. A correlation between algorithm SMDf and
d50 of the fine fraction was established, allowing the algo-
rithm results to be implemented in a first estimation of a
d50 of the fine fraction. This correlation is only applicable
to sediment samples presenting similar size distributions
to those of the tested samples.

The average difference observed between the calculated
SMDf for the complete samples and the SMDt measured
with LISST for the fine samples was 1.4 lm. In addition,
the average difference observed between the calculated
SMDf and the SMD measured with Malvern was 3.4 lm.
Those differences were attributed to the presence of coarse
particles in the fine samples and the agitation and sam-
pling conditions, which are considered as operational fac-
tors rather than algorithm limitations.

New laboratory tests will be addressed in order to
broaden the SMDt and concentration intervals under which
the algorithm is validated.
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