ISSN1330-0016
CODEN FIZBE7

LETTERTO THEEDITOR

FRACTAL ANALYSISOF SUSPENDEDPARTICLES IN SEANVATER
MLADEN MARTINIS' andDUBRAVKO RISOVIC

Departmenbf PhysicsRudjerBaskovic Institute P.O.B.1016,
HR-10001Zagreb, CROATIA

Receved 27 October1997;revisedmanuscripteceied 30 March1998
Acceptedl3July 1998

Light-scatteringdataof suspendedlustersof particlesin seavaterhave beenanalysedo

find someevidencefor fractal structureof the scatterersThe behaiour of the scattering
intensity(g) asafunctionof ¢ suggestshatthe scatteringnediumconsistsof two kinds
of particleslarge ones,with fractaldimensionl.7 &+ 0.1, resultingfrom aregular DLCA

growing processandsmalleroneswith a considerablyargerfractaldimensior2.7 + 0.4,

resultingfrom a morecomple clusterclusteraggreyationprocessn which low sticking
probabilities restructuringandsettlingcould be present This conclusionis stronglysup-
portedby the I(q) curve which, in alog-log plot, exhibits two well definedlinearregions.
In interpretingdata,it is assumedhatthe polydispersityof the scattererss describedy a
smoothtwo-componenparticle-sizedistribution. The fractal structureof the scattererss

describedy the behaiour of the scatteringntensityfrom clustersof differentsize.
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Apparentandinherentoptical propertiesof all but the clearestnaturalwatersareto
alarge extentdeterminedyy suspendegarticles.The optical propertiesof theseparticu-
lates,especiallythoserelatedto light scatteringarestronglyinfluencedby the particle-size
distribution (PSD)andcomposition.
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Particulatematterin the seaconsistsof two basictypes: biogenicandterrigenous,
characterizedy differentscatteringoropertiesAbundancesndrelative concentrationsf
bothvary considerablyandtheir dimensioncanrangefrom lessthanonemicrometerto
mary micrometerg1]. Most terrigenousarticlesare small[2], whereashiogenicparti-
clesareusuallylarge. Recentinvestigationsalsoreveal the presencef a large numberof
biogenicparticlesin sub-microrrange[3,4], which couldbethe sourceof aggreyation.

To studythefractalstructureof the seavaterscatterersye have analysediatafrom 34
staticlight scattering(SLS) experimentgperformedn varioustypesof seavater[5,6,7].
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Fig. 1. Intensityof light scatteringrom suspendedegparticlesshaving differentg regions
with the power-law behaiour. The dataarefrom Ref. 7.

The log-log plot of typical datais shavn in Fig. 1. It shawvs a dependencef the
total scatteringntensityI (¢) onthe magnitudeof the scatteringrectorq. We obsenre two
differentq regionsin which I(q) is likely to exhibit a powerlaw behaiour of the type
I(q) ~q~":

Forg < 2.5 um~! ,wefind1.6 < D < 1.8.
For2.5 um=! < ¢ <20 pm~! ,wefind2.6 < D <3.0.

For ¢ in theregionbetweeril9 — 23 um~1! , I(q) goesthroughits minimumvalue.This
region is dominatecby the behaiour of the scatteringntensity I (¢) of a singleparticle
in thecluster

Although the identificationof two linear regimesin Fig. 1 may not be so ohbvious, a
closelook atFig. 2, giving thelog ¢ dependencef

_ dlogI(q)
D(g) = dloggq

?
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clearly shaws that thereexist two differentregionsin which D(q) behaesasa constant.
We considerthe power-law behaiour for I(g) over the above indicatedrangeof ¢ asa
possiblesignatureof a fractalstructureof suspendedcattererin seavater
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Fig. 2. Behaviour of the power-law exponentD(q) asa functionoflogg.

Thereis now substantiabvidencethat aggreyatesformedfrom coagulatiorprocesses
possesdractal structuresComputersimulationsof aggreyategrowth [8,9,10]and exper
imentalstudies[11,12,13]indicatethatthe magnitudeof the fractal dimensionis closely
relatedto themechanisnof aggreategrowth. Aggregatedormedthroughparticle-cluster
aggreyationhave fractal dimensiondn therangeD = 2.5 — 3.0 [13], whereascluster
clusteraggreyationresultsin lower dimensionstypically D = 1.6 — 2.2 [14].

Dependingnthe particlestickinesstwo differentregimesof aggreation,resultingin
differentfractal dimensionsganbe distinguisheddiffusion-limitedcollodial aggreyation
(DLCA) [13] with atypical fractaldimensionof aroundl.8 andreaction-limitedcollodial
aggreation(RLCA) with a fractal dimensionof around2.1 [15]. This suggestdhatthe
fractal dimensioncould be usedto identify the aggreyateformation mechanismas well
asthe stickinesg(collision efficiency) of aggreyatingparticles.However, the situationin
seavateris far more complicatedowing to the greatpolydispersityin sizes,shapesand
propertieof aggreyatingparticles.

In this Letter, we show thattheobsenedq dependencef thescatteringntensity I(q),
for suspendegarticlesin seavatercanbe explainedif the scatteringnediumconsistsof a
mixture of two kindsof particles.

Let N(R)dR denotethe numberof clustersper unit scatteringzolumewith radii be-
tweenR and R+dR. Then,in the dilute regime excluding multiple scattering the total
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scatteringntensityis givenby

I(q) = / I(q, R)N(R)dR, 1)

wherel(q, R) denotesheintensityof scatteringrom aclusterof sizeR. Thetotalnumber
of clustersperunit volumeis

New = [ N(R)AR. @)

IntegrationoverthesizevariableR is usuallyperformedetweenR,,,;,, andR,,,,., where
Ryin (Rimaz) denoteghe minimal (maximal) size of the clustersthat contribute to light
scatteringFor suspendegarticlesin seavater therelevantrangeof R is 0.01 um< R <
100 um [16].

Most authorsmodelthe sea-particlesize distributions N (R) by a one-parametehny-
perbolicdistribution [17,18] of thetype

N(R)=CR7*, (3)

whereC' is a constantdependingn the concentrationandk = 3 for big (biogenic)parti-
clesandk = 2.5 — 5.0 for smallerparticles.

However, themethodof dimensionahnalysid19] predictsthepolydispersityexponent
k for a single coagulationmechanisnto be 2.5 for Brownian coagulation4.0 for shear
coagulation4.75for differential-sedimentatiocoagulatiorand4.75for gravitationalset-
tling.

The real particle-sizedistribution over arangeR = (0.01 — 100) um, which is rel-
evantto light scattering,is certainly not possibleto modelusingonly a single-eponent
hyperbolic-typedistribution, becausenorethenone coagulatiormechanisnmay be im-
portantatthesameime. For adequatelescriptionjt is usuallynecessaryo employ several
hyperbolic-typedistributions

N(R)=> CiR™" =) Ny(R)

with variousexponentsk; andconstant€”; [19,20].

Recently oneof the presentauthorshasproposed smoothtwo-componenmodelof
thePSDoverthesizerangeR = (0.01 — 100) um, [16]:

N(R) = Ns(R) + Np(R) = C4R? exp(—52R") + CgR*exp(—17R"?), (4)

wherevy, andvp arethe parameter®f the distribution relatedto the averagesize of the
cluster andC, andCp areconstantselatedto the concentratiorof the respectre com-
ponentsThemodelis in goodagreementvith all measuredSDdata[16].

Althoughbothcomponentgontributein thewhole consideredizerange the A com-
ponentis dominantfor smallsizesandthe B componenfor large sizes,asshowvn in Fig.
3.

68 FIZIKA B 7(1998)2, 65-72



MARTINIS AND RISOVIC: FRACTAL ANALY SIS OF SUSPENDED PARTICLES. ..

8,0

7,0
6,0

5,04

4,0 4

3.0 4 B-component

L — ——

Log N (cm-3)
N
Q

-2,04

-3,0 4

-4.0 1 T 1
0,01 0,1 1 10 100
RADIUS (um)

Fig. 3. Two-componentnodelof sea-particlesizedistribution (schematic).
Thetotal scatteringntensityI(q) recevescontritutionsfrom bothcomponentsi and
B, sothat
I(q) = Ia(q) + In(a), )

where
Ia5@) = [ 16 B)Nan(R)AR. (6)

A typical contribution of eachcomponento thetotal light-scatteringntensity I(q) is
showvn in Fig. 4. HereI(q) is calculatedusinga measuregarticlesizedistribution data
andaveragerelative indicesof refractionfor A- and B-componenmaterial(1.8and1.09,
respectiely) [16]. I (g, R) is obtainedrom the Mie theoryfor a sphericakcattereof size
R.

The B-componentdominatesat small scatteringangles(d < 10°) or low g-values,
whereaghe A-componentdominatesat mediumandlarge anglesor large g-values.The
crosseeroccursatg; ! =~ 0.3 — 1.0 um. Thebehaiour of thesecomponentémpliesthat
we cansplit theintegrationregionin (1) in two parts

Ry 0
I(g) = / I(q, R)N(R)R + / I(q, R)N(R)dR, @)
Romin Ry

whereR,,;, = 0.01 um andthebreakpoint R; is obtainedfrom

Na(Rp) = Np(Rp).
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Theexperimentabataindicatethat R, ~ (2 — 5) um. Notethatq. Ry ~ 1.
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Fig. 4. Light-scatteringcontribution from the A andB componentsn thetwo-component
modelof Ref. 16.

In theregions0.01 pum< R < R, andRy < R < 100 um, N (R) canbereplacedoy
N4 (R)andNg(R), respectiely. Sinceboth N 4 (R) andNg(R) fall off veryrapidlyfrom
thecorrespondingveragesize—radi? R4 andR g, respectiely, we canapproximate

Ia(q) = I(q, Ra)

I(q) ~ I(q, R).

Differentpowerlaw behaiour of I4(q) andIg(g) impliesthatin the approximationof
smoothandvery localizedPSD, in theregion¢gR > 1, we shouldexpectthe powerlaw
behaiour of thetype

I(q,R) ~ ¢ PB), ®)

with an R-dependenpowerlaw exponentD(R) [21].

In our model, the fractal dimensionD(R) of aggre@atesshouldslonly changefrom
the value 3 for smallestparticles(R < 0.01 um) to aboutl.2 for very large aggreyates
(R > 200 gm).

2 Averagesize—radiuss definedas

Ro Ro
R:/RN(R)dR//N(R)dR.
Rq Rq
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In conclusion,by performinga fractal analysisof light-scatteringdatafrom various
typesof seavater, we have foundthatthe smoothPSDimpliesthe power-law behaiour of
I(g, R) intheregiongR > 1, with anexponentD(R) whichis R-dependentlt is clearthat
in sucha complicatedsystemlik e the seavater mary correctiongo scalingarepossible,
which we have not taken into account. The estimatedaveragepower-law exponentsD
of the measuredscatteringfunctions(g): 1.7 & 0.1 for small g-valuesand 2.7 + 0.4
for large g-valuescan be associatedvith clusterclusteraggreyationdue to differential
sedimentatiomndshearparticle-clusteaggrayation,respectiely.

Sincethe measured (¢) alwaysdependwon a productof I(g, R) and N(g), one of
thesetwo functionsis usually arbitrary Thus having the independenmeasurementf
N(R) in Eq. (1), we canin principledeterminehe (g, R) from thedatausingthemethod
of decomolution. However, owing to large uncertaintiesn the methodof decowolution
andwithoutaconcretephysicalmodel,it is difficult to seehow thedataalonecouldprovide
definitive evidencefor fractal structureof scattererén seavater
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FRAKTALNA ANALIZA LEBDECIH CESTICAU MORSKOJVODI

Analizirali su se eksperimentalnpodacizaraspgenjesvijetlostinagrozdwima lebdetih

Cesticau morsloj vodi s ciljem otkrivanjafraktalnestruktureraspgivata. Ovisnostinten-
zitetaraspBenjal(g) o0 ¢ sugerirada seraspsivaci sastojeod dvije vrsteestica,velikih

s fraktalnomdimenzijom1.7 £+ 0.1, koje su posljedicaDLCA procesaasta,i manjih s

vecom fraktalnomdimenzijomod 2.7 + 0.4, koje su posljedicaslozenijeg grozd-grozd
procesarasta. Pri objaSnjenjueksperimentalnitpodatakapretpostaljena je dvokompo-
nentnaraspodijelayrozdosskih veliina.

72 FIZIKA B 7(1998)2, 65-72



