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Abstract

A set of grab-sample sediments collected from the basin floor of the Corinth Gulif,
Greece, was analysed using two different techniques; LS 230 laser system and
Coulter Counter TA II. The present study presents the results derived from the
comparison between the two techniques. The correlation between the mean size and
the sorting values obtained from the two methods is moderate. Also moderate are
the correlations estimated for the fractions of clay and silt obtained from the two
methods Furthermore the analysis showed that the Laser Coulter determines
coarser grain sizes than the Coulter. The analysis of variation/residuals within
individual size intervals showed a higher variability of residuals for the coarser
Jfractions (7-6 and 5-4 phi).
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MepiAnyn

Avo evipyaves uéBodor koxxouetpikne ovéivons epapudloviar yia wy avaioon
baldaaiov lemrororkwy inuarwy avdieyusvaoy ard tov mofusva too Kopivbiaxod
KOATOD, VIO THV GUYKPION TWY GROTEAEAUATWV TOVG. O TEYVIKES IOV YPHAUOTOIO0VTAL
sivar 1 uéBodoc e mepiblaons e axtivag Aeilep (Laser diffraction # LS) kot
KokKoueTpiki] avéivon pe w upébodo e nextpoavricracns (Electroresistance
particle counting 1 CC). Av ki kovds opiBude epyoaidv Exovy dnpocienbei wg
avapopa. atiy GOYKPIoH HETALD TV EVORYavRY Kal MV KAGSTIKOV (KOOKIVO-TITETa)
uebédmv roxxouetpucc avdlvong, Alyo groreio sivar dwbiowa oyetikd pe ™
COYKPION TWV OTOTEAETUATIV TV eVOpYavwy uebodwv rar 101aitepos avtdv e
ropodoas cpyoaaias. H obykpion tov crotiotikdv mopoustpay e m uébodo twv
pordyv €dsile ot n LS pétpnoe mikpotepes Tipés péoov ueyéBous (adpoucpéotepa.
detypora) omé 6t n CC. H ovoyétion twv mooogtmv twv kAGoemy THAod kai apyilov
kpivetai kavoromuksy (R=0.69). H andxhion twv ustphacy 1oy adpouepectépoy
KAQOUGT®WY TV OSIYHATOV EIVOI amoTéAsaua Tov yeyovotog ot o1 obo uébodor
petpoby 10 péyeBog Tty KOKkvV ue faon SlapopeTikés 1010THTEG TOVS (TYHua,
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rorvorTnre). H omdxiion tov aroteieoudrav petald v dvo pedédwv avldvetar oe
OetypaTa mav YopoxThpilovtal omd v mapovoia evog Kupidpxov tomov (mode) ue
TOTOOTO CLUKETOXAC TUVRBWE dvw Tov 6 %.

Aée1g KAetdid. evopyaves ueB0001 KOKKOUETPIOS, TDYKPION.

1. Introductioh

Particle size is a fundamental property of sedimentary materials providing important information
about their provenarnce, transport history and depositional conditions. So far a variety of traditional
technologies have been used for the determination of particle size in clay to sand-sized sediments.
These include analysis by settling tube, sieve and pipette (Beuselinck er al. 1998). Each technique
defines the size of a particle in a different way and thus measures different properties of the same
material (Konert and Vandenberghe 1997). The pipette method, suitable only for the finer fractions
(less that 63 #m diameter), defines the “Stokes™ particle diameter as equivalent to that of a sphere
settling in the same liquid with the same speed as the unknown sized particle. The sieve defines a
particle diameter as the length of the side of a square hole through which the particle pass and this
method is mainly suitable for the analysis of sand and gravel —sized materials (greater than 63 gm
diameter). Via sieving methods, the grains are separated and a weight-based size distribution is
constructed.

Modern methods involve instrumental techniques which are more rapid than the contemporary
ones. In these modern methods are included the particle sizing by electrical sensing (Bianchi er al.
1999), X-ray absorption (Singer e/ al. 1988), X-ray attenuation (Stain 1985) and hydrophotometer
(Jordan et al. 1971). There was also an attempt to apply image-based granulometries to estuarine
and marine sediments as a alternative to sieve and coulter counter method (Balagurunathan er al.
2001, Franciskovié-Bilinski er al. 2003). A “Laser diffraction spectrophotometer” which is capable
of analyzing a wide range of particles (from clay to sands), measures a particle diameter as
equivalent to a sphere that exhibits the same diffraction as the particle. The Sedigraph system
senses particle size based on it’s settling characteristics. The resistance pulse Counter defines the
size of a particle according to its volume. Both the latter two methods are best suited to analyze
finer sediments (silt and clay size). The hydrophotometer measures the percentage of transmitting
light which passes through a particle suspension and determines the amount of material that has
settled. Morphological-granulometric sizing is based on shape area (binary image) or volume (gray
scale image).

The application of modern techniques such as Laser diffraction and Electrozone sensing has raised
questions about the similarity of the results derived from the above methods. McCave er al.
(1986), Singer et al. (1988), Syvitski ef al. (1991), Konert and Vandenberghe (1997), Buurnman et
al. (1997), Loizeau ef al. (1994), Muggler et al. (1997), Beuselinck ef al. (1999), McCave ef al.
(2006) bave compared the above mentioned instrumental techniques with the classical leading
occasionally to conflicting results. However it should be mentioned that only a few works have
studied the relation between the laser diffractometry and electozone particle counting (e.g.: Singer
et al. 1988, Loizeau ef al. 1994).

The present study aims at contributing further in the above studies by comparing two data sets of
particle distributions derived from two different analytical techniques; laser granulometry and
electroresistance counting. Data sets consist of grain size distributions that occurred in the fine —
orained size fraction.

2. Materials and Methods

2.1. The Dataset

A dataset of twenty-eight closely related marine sediment samples, in terms of origin and grain
size, were analyzed for particle size determination by two methods: laser diffractometry and
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electronic particle counting. The samples come from surface and subsurface sediments collected
by Day-grab sampler, from the basin of Corinth Gulf, Greece, at a water depth of 850 m (latrou ef
al,2006).-The recent sedimentary cover of the studied area is characterized by the presence of
metalliferous tailing disposals derived from an aluminum processing plant and the intercalating
natural sedimentation deposits. Structures observed in the sediment samples suggested that the
red-mud and the natural mud layers have been deposited by gravity induced flows (Varnavas et al.
1986, Papatheodorou ef al. 2003, latrou et al 2006). The dataset consists of subsurface samples
which were sub-sampled from six short cores, typical of the sedimentary types composing the
modern sedimentological regime (Jatrou ef al. 2006). They represent all the types of sediments in
the area: from natural to red-mud deposits. Previous studies from the study area (Papatbeodorou ef
al. 2003, latrou et al. 2006} showed the fine-grained texture of the sediments and therefore the
samples were examined with interest focused on the silt and clay size range.

2.2. Determination of Particle —Size Distribution
2.2.1. Laser Diffractometry

Low angle laser light scattering (LALLS, commonly called laser diffraction) system (LS) pass a
laser beam of known wavelength through a suspension of the material to be analyzed and measnres
the angular distribution and intensity of the forward —scattered (diffracted) light by the particles in
suspension. A theoretical mode! based on diffraction of particles with particular properties and
grain-size distribution, is then fitted to the actual diffraction results. (Sperazza et al. 2004). The
two main diffraction theories which are typically used in the prediction of laser particle results are
the Fraunhofer theory and Mie theory.

Particle size analysis was performed with a Beckman-Coulter LS-230 laser granulometer,
equipped with a 750-nm laser beam and 126 photodiode detectors. The instrument measures
volume % in 92 fractions ranging from 0.4 to 2000 ym corresponding to an interval 0.13 @.
Fraunhofer mathematical model was used by default to calculate the size of particles based on the
concentric ring pattern of light-scatter from the laser beam. Mc Cave et al. (1986), Singer ef al.
(1988) and Loizeau ef al. (1994) argue that the particulate model tends to underestimate particle
sizes close to the wavelength of the laser source light.

Each sediment sub-sample was suspended in 10ml of deionized water and was ultrasonically
dispersed for less than 5 min. The suspension was afterwards gently poured into the fluid module
filled with filtered and degassed water. The fluid circulates through the sample cell during the
analysis to make sure that all particles are entrained into the flow and ensuring a random
orientation of the particles. The adequate amount of sample was determined by the obscuration
percentage of the laser beam through the sample cell and the recommended range was from 8 to 12
%, which equates with 0.2 and 4 gr. for most sediments. Most of the samples in the present study
reached the recommended obscuration levels using only a small quantity of material due to the fine
texture of the sediments.

2.2.2. Electronic Particle Counting

The Coulter counter (CC) method has been reviewed by various researchers, i.e. Shideler (1976),
Singer ef al. (1988), Bianchi ef al. (1999), and Molinaroli et al. (2000). The Electronic Particle
counter volumetrically sizes and counts the particles suspeuded in a weak electrolyte that pass
through a small aperture with electrodes on both sides. Particles moving through the aperture
displace the electrolyte and temporarily increase the resistance between the electrodes. A constant
current is maintained and the resistance chauges produce voltage pulses which are amplified,
sorted according to pulse height in a multichannel analyser and counted. The magnitude of the
pulses is proportional to particle volume (Milligan and Kranck 1991) and the number of pulses is
equal to particle coucentration.
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The, instrument used for the present analysis is a Coulter Counter model TA II. Tubes with 30-pm
and-200-xm type apertures were used to cover the analytical range from 0.4 to 80.6 gm. Samples
were dispersed ‘with sodium hexametaphosphate solution and ultrasonically treated (bath) for a
time not exceeding 10 min. The analysis proceeded in two steps; firstly for the 30-um and
secondly for the 200-xm tube aperture. The suspension of each sample was subsampled by an
automatic pipette and was wet-sieved through a 30-um sieve (or 200-um in the second stage).
Afterwards the subsample was placed in a glass beaker filled with 4 % sodium hexametaphosphate
(Calgon) and stirred with a moderate speed. This suspension was counted until a specific number
of particles was accumulated in any of the size intervals. The resulting size distributions derived
from each of the two steps were combined by matching and re-computing the area under the
combined curve to 100 %.

2.2.3. Data Preparation and Statistical Treatment

In this study the upper limit of the size range is different for the two devices; 80.6 ym for the CC
and 2000 gm for LS. In order to compare results obtained from the two instrumentations, the
distribution results of LS have been recalculated by interpolation in the 24 size classes of CC from
0.4 to 80.6 um. The particle size results are expressed in volume percent in both analytical
techniques, which facilitates the by-instrument comparison.

The method of moments was performed to estimate the mean and sorting of the two datasets. The
higher order moments could not present any remarkable correlation between the two methods. The
comparison of the results was achieved by: (i) the mean differences of frequency distribution for
each of seven grain-size intervals; >10; 10-9; 9-8; 8-7; 7-6; 6-5; and 5-4 ¢ (>1; 1-2; 2-4; 4-8; §-16;
16-32; and 32-63 um) between the two datasets, (1i) the correlation coefficient between the two
bulk datasets and between the silt and the clay fractions measured by the two instrumentations and
(iif) the analysis of variation/residuals within individual grain size intervals. Similar approaches
have been discussed by Behrens (1978), Konert and Vandenberghe (1997), Loizeau ef al. (1994)
and Molinaroli et al. (2000).

3. Results and Discussion

The differences between the mean and sorting measures of Laser Coulter and Coulter Counter
were compared using the linear phi scale (@) (Table 1, Fig. 1).

In the majority of the samples the mean size values (in phi) calculated by the CC method were
overestimated comparing to those determined by LS. Twenty-three samples differed in the mean
size by up to 1 @ (500 xm) with higher overestimation occurred in the fine-grained samples. This
overestimation of the mean size is also supported in the grain size frequency distributions curve
from the CC analysis which showed a shift towards the fine classes comparing to laser coulter
analysis (Fig. 6b). On the contrary, LS method determined larger grain sizes than CC method did
up to I @ in five coarse-sized samples. The sorting estimates presented smaller differences
between the two methods. However the overestimated sorting values (up to 0.2 @ or ~870 um) by
the CC method concerned the fine-grained samples. Molinaroli ef al. (2000) compared the
statistical parameters measured by a Galai Cis-1 system (laser based optical analysis), a Coulter
Counter and a Sedigraph and showed that the grain size distributions estimated by the laser system
had coarser mean size and better sorting in relation to the other two methods.

The mean values of the bulk sediment samples obtained by the two instruments are compared in
Figure 1(a). The values are highly scattered around the bisectrix (1:1 line) and the correlation
coefficient obtained is 0.7 revealing a moderate interrelation between the laser coulter and coulter
counter analysis. This moderate correlation may be due to the very small quantity of sediment
involved in the Coulter Counter measurement, which is at least one order of magnitude lower than
the quantity used with the laser coulter. Loizeau et al. (1994) suggested a similar explanation for
the dispersion around 1:1 line. The relationship between Coulter Counter and Laser (Malvern)
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grain size interval. In the present study the residual values between Coulter Counter and Laser
Coulter-were derived from the formula applied by Molinaroli et al. (2000):

Residual values = (Coulter Counter % - Laser Coulter %)/Coulter Counter %.

Residual values were plotted against Laser Coulter data for seven grain size fractions (>10; 10-9;
9-8; 8-7; 7-6; 6-5; and 5-4 @). Linear regression was applied to the scattered plots and correlation
coefficient was computed for each size interval. Figure 3 illustrates the correlation between
residual values and Laser Coulter data for selected grain size fractions. The >10, 10-9 and 6-5 @
fractions are not presented here due to the poor correlation observed.
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Figure 3 - Residual values plotted vs Laser Coulter selected fractions

In the plots of Figure 3 residual values were almost linearly related to Laser Coulter data in the 8-7
& (4-8 um) (r = -0.819; slope = -0.061). The correlation coefficient decreased in the 7-6 @ (8-16
pm) (r = -0.726; slope = -0.102) and 5-4 © (32-63 um) (r = -0.767; slope = -0.11) intervals where
there was a corresponding increase in the slope which indicated an enhance in the variability of the
residuals. Significant correlation was not found in the 9-8 & (2-4 ym) interval.

The increase in the variability of the residuals in the coarser grain size intervals (7-6 and 5-4 @)
may indicate a grater heterogeneity of physical properties (shape and density) of particles. This
suggestion is further supported by the findings of Molinaroli ef al. (2000).

Further comparison between silt and clay fractions obtained by the two methods showed that CC
method yield a lower silt fraction than the LS method (Fig. 4). Conversely the clay fraction is
overestimated by the CC method. The relationships found between the Laser Coulter and the
Coulter Counter derived data for the two size fractions present moderate correlation coefficients (~
0.69) and a fairly wide scatter of the points around the fitted line. McCave et al. (1986) which
examined the efficieucy of Malvern Laser system to determine clay fraction reported that the Laser
method measured only a small fraction of clay present.
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Figure 4 - Comparison of (a) silt and (b) clay fractions

The above mentioned discrepancies between the two methods may be due to the artificial
truncation of the size distribution at the higher analytical limit of the tube aperture used by the
Coulter Counter technique. As the size percentage data is based only on the analyzed distribution
rather than on the total size distribution which is covered by the Laser Coulter method the particles
larger than the tube’s higher analytical limit are essentially ignored.

The moderate correlation (~0.69) occurred between silt fractions and clay fractions for both
methods differs from previously published data which correlate satisfactory the Laser Coulter
method with various techniques. Van Donger (1989) obtained a high correlation coefficient of 0.85
(slope = 0.185) for the comparison between the pipette and the Laser Coulter method. In addition
Konert and Vanderberghe (1997) also obtained a high correlation coefficient (r = 0.957; slope=
0.361) for the comparison between the clay fractions obtained by Laser Coulter and pipette
methods. Moreover, these authors obtained likewise high correlation for the data describing the
fine-silt fraction. In a similar work, Beuselinck e a/. (1998) compared the Laser diffractometry
with sieve-pipette technique and showed a satisfactory correlation with r > 0.9 in almost all the
size fractions. Singer ef al. (1988) assessed the accuracy of various instrumentations through two
sets of standards between 4.0 and 8.0 @. After the analysis of polymodal samples, these authors
reported that Malvern Laser Sizer showed an overall broadening of individual modes. On the
contrary, Coulter Counter delimited correctly the size range of individual modes. According to
Singer et al. (1988) the disparity in the results for all instruments involved samples with high clay
contend, in other words with increased particle-particle interface.

In a further approach of the by-instrumentation comparison, beyond the usual statistical treatment,
the total set of particle size data (in volume percent) (24 size classes X 28 samples) from the
Coulter Counter analysis was plotted against the results of the Laser Coulter analysis. In Figure 5
the samples that scatter more around the 1:1 line are those which presented the greater differences
in the mean size. Due to the wide scattering of the data around the bisectrix a unique linear fit
could not be meaningful. A threshold volume percent above which the Coulter Counter relatively
underestimates particle diameters was observed. Therefore the data set was divided in two subsets;
the first subset contains samples which have volume percent < 6 % in the Coulter Counter and the
second consists of samples with volume percents greater than 6 %. It should be mentioned that the
selected 6 % volume percent as a critical value is rather arbitrary than based on certain criteria.

On each data subset a linear regression was applied. For the first subset (<6 %) a moderate
correlation was found (r = 0.75) between the two techniques. The Laser Coulter method slightly
overestimates the volume percent for that subset. On the other hand, the two methods do not
exhibit any correlation for the second subset (> 6 %). As a result, the correlation between the two
techniques is strongly controlled by the volume percentage distribution of the sediment sample.
Figure 6 shows the particle distributions of two sediment samples, representative of the two above
subsets. WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.
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Figure 5 - Particle size distribution volume percents for each sample in each size fraction

The sample 17/5 has a platykurtic distribution without a profound modal size (Fig. 6a). It
represents a typical particle distribution for the first data subset containing low percentages (less
than 6 %) for each particle size class. The two particle distributions derived from the two
techniques present almost the same pattemn.
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Figure 6 - Typical particle distributions of samples (a) 17/5 and (b) 1/5

The sample 1/5 shows a leptokurtic grain size distribution with a modal size (12 %. 10 @ for the
CC analysis) and it js considered to be a typical member of the second subset. The analysis of
sample with both instruments indicated that the Coulter Counter overestimated the high volume
percentage size fractions.

The existence of a threshold percentage was also reported by Beuselinck et al. (1998). These
authors reported that the Coulter Laser method gives greater values than the sieve-pipette method
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for most size fractions, but only up to certain percentage, above which fractions are relatively
underestimated by the Laser method.

It should be noted that an additional reason for the discrepancy between the two methods may also
be the analytical procedure. The Laser Coulter instrument performs measurement in the whole size
range of the sample at the same time. On the contrary, the Coulter Counter analysis involves the
combination and overlapping of the results derived form the two separate steps, which is
sometimes inaccurate. The above suggestion is further considered as a limitation of the electronic
counting (CC) method by McCave and Syvitski (1991).

4. Conclusions

The present study compares the particle size distributions measured by the Coulter Counter and
Laser Coulter methods applied on 28 fine-grained red-mud tailing and natural sediment samples.
The examination of the by-instrument relationship was achieved by (i) comparing the statistical
parameters (mean size and sorting), (ii) calculating the mean differences in frequency distributions
for specific grain-size intervals between the two datasets, (iii) applying correlation coefficient
method between the silt and clay fractions of the two datasets and (iv) performing analysis of
variation/restduals within individual grain size intervals.

The relationships between the two techniques for the moment statistical parameters and the silt and
clay fractions differed from those appearing in the literature. However, it should be mentioned that
previously published works have suggested various levels of relationships between the Laser
Coulter and Coulter Counter results, ranging from poor to high correlation. As it is also the case
for most comparisons performed between particle sizing techniques. The comparison of statistical
parameters was carried out considering only the analytical range common to two instruments, with
an interpolation of laser data according to coulter range.

The comparison of moment statistics demonstrated that Laser Coulter determined coarser grain
sizes than Coulter Counter, especially in the coarser-grained samples. On the contrary, Coulter
Counter instrumentation overrated the clay fraction.

Coarser fraction data present greater variability between the two instruments due to heterogeneity
of particles physical properties. The methods reported in this study measure a different property
more or less related to particle size. Therefore, the differences in the results are attributed to the
sediment property measured by the different instruments.

The full dataset was separated in two subsets due to the fact that it was observed the existence of a
more or less arbitrary threshold percentage (6 % in CC). For the first subset (<6 %) a moderate
correlation was found (r = 0.75) between the two techniques with the Laser Coulter method
slightly overestimating the volume percent. On the other hand, the two methods do not show any
correlation for the second subset (> 6 %). The great disparity observed between the two methods
in the second subset is due to the samples containing silt-clay mixtures, with well-expressed modal
sizes.
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