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Light-scatteringdataof suspendedclustersof particlesin seawaterhave beenanalysedto
find someevidencefor fractalstructureof thescatterers.Thebehaviour of thescattering
intensity

� � � �
asa functionof

�
suggeststhatthescatteringmediumconsistsof two kinds

of particles,largeones,with fractaldimension� � �	��
 � � , resultingfrom a regularDLCA
growing process,andsmallerones,with aconsiderablylargerfractaldimension� � �
��
 � � ,
resultingfrom a morecomplex cluster-clusteraggregationprocessin which low sticking
probabilities,restructuringandsettlingcouldbepresent.This conclusionis stronglysup-
portedby the

��� � �
curvewhich, in a log-logplot, exhibits two well definedlinearregions.

In interpretingdata,it is assumedthatthepolydispersityof thescatterersis describedby a
smoothtwo-componentparticle-sizedistribution. Thefractalstructureof thescatterersis
describedby thebehaviour of thescatteringintensityfrom clustersof differentsize.

PACSnumbers:47.53.+n,64.60.Cn,68.70.+w, 92.10.Bf UDC 531.741,532.582.7

Keywords:clustersof particlesin seawater, two-componentpolydispersesuspension,cluster-cluster
aggregation,fractalstructure

Apparentandinherentoptical propertiesof all but the clearestnaturalwatersareto
a largeextentdeterminedby suspendedparticles.Theopticalpropertiesof theseparticu-
lates,especiallythoserelatedto light scattering,arestronglyinfluencedby theparticle-size
distribution(PSD)andcomposition.�
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Particulatematter in the seaconsistsof two basictypes: biogenicand terrigenous,
characterizedby differentscatteringproperties.Abundancesandrelativeconcentrationsof
bothvary considerably, andtheir dimensionscanrangefrom lessthanonemicrometerto
many micrometers[1]. Most terrigenousparticlesaresmall [2], whereasbiogenicparti-
clesareusuallylarge.Recentinvestigationsalsorevealthepresenceof a largenumberof
biogenicparticlesin sub-micronrange[3,4], whichcouldbethesourceof aggregation.

To studythefractalstructureof theseawaterscatterers,wehaveanalyseddatafrom 34
staticlight scattering(SLS)experimentsperformedin varioustypesof seawater[5,6,7].

Fig.1. Intensityof light scatteringfromsuspendedseaparticlesshowingdifferent� regions
with thepower-law behaviour. Thedataarefrom Ref.7.

The log-log plot of typical data is shown in Fig. 1. It shows a dependenceof the
total scatteringintensity ��� � � on themagnitudeof thescatteringvector � . We observetwo
different � regionsin which � � � � is likely to exhibit a power-law behaviour of the type��� � ����� ��� :

For ����� � �	 m�"! , wefind # � $���%&�'# � ( .
For � � �	 m�"!*)��+)�� ,	 m�"! , wefind � � $���%&��- � , .

For � in theregionbetween# .0/1� -
 m�"! , � � � � goesthroughits minimumvalue.This
region is dominatedby thebehaviour of thescatteringintensity � 2 � � � of a singleparticle
in thecluster.

Although the identificationof two linear regimesin Fig. 1 maynot be so obvious,a
closelook atFig. 2, giving the 3 4 5�� dependenceof

%6� � ��78/ 9 3 4 5�� � � �9 3 4 5��;:
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clearlyshows that thereexist two differentregionsin which <�= > ? behavesasa constant.
We considerthe power-law behaviour for @�= > ? over the above indicatedrangeof > asa
possiblesignatureof a fractalstructureof suspendedscatterersin seawater.

Fig. 2. Behaviour of thepower-law exponent<6= > ? asa functionof A B C�> .
Thereis now substantialevidencethataggregatesformedfrom coagulationprocesses

possessfractalstructures.Computersimulationsof aggregategrowth [8,9,10]andexper-
imentalstudies[11,12,13]indicatethat themagnitudeof the fractaldimensionis closely
relatedto themechanismof aggregategrowth.Aggregatesformedthroughparticle-cluster
aggregationhave fractal dimensionsin the range <EDGF H I�JLK H M [13], whereascluster-
clusteraggregationresultsin lowerdimensions,typically <ND8O H PQJRF H F [14].

Dependingon theparticlestickiness,two differentregimesof aggregation,resultingin
differentfractaldimensions,canbedistinguished:diffusion-limitedcollodial aggregation
(DLCA) [13] with a typical fractaldimensionof around1.8andreaction-limitedcollodial
aggregation(RLCA) with a fractal dimensionof around2.1 [15]. This suggeststhat the
fractal dimensioncould be usedto identify the aggregateformationmechanismaswell
asthestickiness(collision efficiency) of aggregatingparticles.However, the situationin
seawater is far morecomplicatedowing to the greatpolydispersityin sizes,shapesand
propertiesof aggregatingparticles.

In thisLetter, weshow thattheobserved > dependenceof thescatteringintensity, @�= > ? ,
for suspendedparticlesin seawatercanbeexplainedif thescatteringmediumconsistsof a
mixtureof two kindsof particles.

Let ST= UQ? dU denotethenumberof clustersperunit scatteringvolumewith radii be-
tween U and U+V dU . Then, in the dilute regime excluding multiple scattering,the total
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scatteringintensityis givenby W�X Y Z�['\]W�X Y ^ _QZ `TX _QZ a _�^
(1)

where
W X Y ^ _QZ

denotestheintensityof scatteringfrom aclusterof size
_

. Thetotalnumber
of clustersperunit volumeis `Qb c b
[ \ `TX _QZ a _�d

(2)

Integrationover thesizevariable
_

is usuallyperformedbetween
_Qe�f g

and
_*e	h i

, where_Qe�f g
(
_Qe�h i

) denotestheminimal (maximal)sizeof theclustersthatcontribute to light
scattering.For suspendedparticlesin seawater, therelevantrangeof

_
is j d j k�l m m _onk j j	l m [16].

Most authorsmodelthe sea-particlesizedistributions
`TX _QZ

by a one-parameterhy-
perbolicdistribution [17,18]of thetype`TX _QZ
[LpQ_+q�r ^

(3)

where
p

is a constantdependingon theconcentration,and sutLv for big (biogenic)parti-
clesand s1tLw d xQyTx d j for smallerparticles.

However, themethodof dimensionalanalysis[19] predictsthepolydispersityexponents for a singlecoagulationmechanismto be 2.5 for Brownian coagulation,4.0 for shear
coagulation,4.75for differential-sedimentationcoagulationand4.75for gravitationalset-
tling.

The real particle-sizedistribution over a range
_G[zX j d j k y k j j Z l m, which is rel-

evant to light scattering,is certainlynot possibleto modelusingonly a single-exponent
hyperbolic-typedistribution, becausemorethenonecoagulationmechanismmaybe im-
portantatthesametime.For adequatedescription,it is usuallynecessaryto employ several
hyperbolic-typedistributions`TX _QZ
['{ f p�f _+q�r |0['{ f `�f X _QZ
with variousexponentss f andconstants

p	f
[19,20].

Recently, oneof thepresentauthorshasproposeda smoothtwo-componentmodelof
thePSDover thesizerange

_8[8X j d j k y k j j Z l m, [16]:`TX _QZ
[L`+}�X _QZ0~T`��	X _QZ�[Lp�}0_Q��� � �"X y*x w _*� ��Z"~�p���_Q��� � �"X y k � _*� �"Z ^ (4)

where � } and � � aretheparametersof thedistribution relatedto theaveragesizeof the
cluster, and

p�}
and
p	�

areconstantsrelatedto theconcentrationof therespective com-
ponents.Themodelis in goodagreementwith all measuredPSDdata[16].

Althoughbothcomponentscontributein thewholeconsideredsizerange,the � com-
ponentis dominantfor smallsizesandthe � componentfor largesizes,asshown in Fig.
3.
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Fig. 3. Two-componentmodelof sea-particlesizedistribution(schematic).

Thetotalscatteringintensity ��� � � receivescontributionsfrom bothcomponents� and�
, sothat ��� � ���L� ��� � �"��� �*� � � � (5)

where � �"� �*� � �
�'�N� � � � �Q� �+�"� �	� �Q� � ��� (6)

A typical contributionof eachcomponentto thetotal light-scatteringintensity � � � � is
shown in Fig. 4. Here � � � � is calculatedusinga measuredparticlesizedistribution data
andaveragerelative indicesof refractionfor � - and

�
-componentmaterial(1.8and1.09,

respectively) [16]. ��� � � �Q� is obtainedfrom theMie theoryfor a sphericalscattererof size� .
The
�

-componentdominatesat small scatteringangles( �L���   ¡ ) or low � -values,
whereasthe � -componentdominatesat mediumandlargeanglesor large � -values.The
crossoveroccursat � ¢"£¤¦¥   � §Q¨�� �  	© m. Thebehaviour of thesecomponentsimpliesthat
wecansplit theintegrationregion in (1) in two parts

��� � �
�«ª�¬�
ª�­"® ¯

��� � � �Q� �T� �Q� � ���;°�
ª�¬
��� � � �Q� �T� �Q� � ��� (7)

where�Q±�² ³1�L  �   �
© m andthebreakpoint �Q´ is obtainedfrom����� �*´ ���L�+�*� �*´ � �
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Theexperimentaldataindicatethat µ*¶�·8¸ ¹QºT» ¼�½ m. Notethat ¾ ¿ µQ¶�·8À .

Fig. 4. Light-scatteringcontribution from the Á and Â componentsin thetwo-component
modelof Ref.16.

In theregions Ã Ä Ã À�½ m Å'µ]Å'µQ¶ and µQ¶QÅ'µ]ÅoÀ Ã Ã*½ m, ÆT¸ µQ¼ canbereplacedbyÆ�Ç�¸ µQ¼ andÆ�È	¸ µQ¼ , respectively. Sinceboth Æ�Ç�¸ µQ¼ andÆ�È	¸ µQ¼ fall off veryrapidlyfrom
thecorrespondingaveragesize–radiiÉRÊµ*Ç and ÊµQÈ , respectively, wecanapproximateË Ç�¸ ¾ ¼�· Ë ¸ ¾ Ì0Êµ*Ç0¼Ë È*¸ ¾ ¼�· Ë ¸ ¾ Ì0Êµ*È�¼ Ä
Differentpower-law behaviour of

Ë Ç	¸ ¾ ¼ and
Ë È*¸ ¾ ¼ implies that in the approximationof

smoothandvery localizedPSD,in the region ¾ µzÍ&À , we shouldexpectthe power-law
behaviour of thetype Ë ¸ ¾ Ì µQ¼�ÎL¾ Ï�Ð�Ñ Ò�Ó Ì (8)

with an µ -dependentpower-law exponentÔ6¸ µQ¼ [21].
In our model,the fractal dimensionÔ�¸ µQ¼ of aggregatesshouldslowly changefrom

the value3 for smallestparticles( µzÅNÃ Ä Ã À*½ m) to about1.2 for very large aggregates
( µ8Õ�¹ Ã Ã	½ m).Ö

Averagesize–radiusis definedas ×Ø6Ù]Ú ÛÜ
Ú�Ý
Ø0ÞQß Ø"à á Ø0â1Ú ÛÜ

Ú�Ý
Þ+ß Ø0à á Ø0ã
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In conclusion,by performinga fractal analysisof light-scatteringdatafrom various
typesof seawater, wehavefoundthatthesmoothPSDimpliesthepower-law behaviour ofä�å æ ç èQé

in theregion
æ è8ê'ë

, with anexponentì å èQé whichis
è

-dependent.It isclearthat
in sucha complicatedsystemlike theseawater, many correctionsto scalingarepossible,
which we have not taken into account.The estimatedaveragepower-law exponentsì
of the measuredscatteringfunctions

ä å æ é
:
ë í î�ï'ð í ë

for small
æ
-valuesand ñ í î+ï8ð í ò

for large
æ
-valuescan be associatedwith cluster-clusteraggregationdue to differential

sedimentationandshearparticle-clusteraggregation,respectively.
Sincethe measured

ä å æ é
alwaysdependson a productof

ä å æ ç èQé
and ó å æ é , oneof

thesetwo functionsis usually arbitrary. Thus having the independentmeasurementofó å èQé in Eq.(1),wecanin principledeterminethe
ä å æ ç èQé

from thedatausingthemethod
of deconvolution. However, owing to largeuncertaintiesin the methodof deconvolution
andwithoutaconcretephysicalmodel,it isdifficult toseehow thedataalonecouldprovide
definitiveevidencefor fractalstructureof scatterersin seawater.

Acknowledgements

This work wassupportedby the Ministry of Scienceof Croatia.The authorswould
alsolike to thanktherefereesfor usefulcomments.

References

1) R. W. Sheldon,A. PrakashandW. H. Sutcliffe Jr., LimnologyandOceanography17 (1972)327;

2) J.E. Harris,Deep-SeaResearch24 (1977)1055;

3) A. R. Longhurstetal.,Deep-SeaResearch39 (1992)1; M. E.SierackiandC. L. Viles,Deep-Sea
Research39 (1992)1919;

4) D. StramskiandD. A. Keifer, AnnualASLOmeeting, June1991,Halifax,NS;A. Morel andY.-H.
Ahn, J.MarineRes.49 (1991)179;

5) G. Kullenberg, Deep-SeaResearch31 (1984) 295; A. Morel, NATO AGARD Lecture Series,
Opticsof theSea, No. 61 (1973)1;
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FRAKTALNA ANALIZA LEBDEĆIH ČESTICAU MORSKOJVODI

Analizirali su seeksperimentalnipodaciza raspřsenjesvjetlostina grozdovima lebdécih
česticau morskoj vodi s ciljem otkrivanjafraktalnestruktureraspřsivača.Ovisnostinten-
zitetaraspřsenjaô õ ö ÷ o ö sugeriradaseraspřsivači sastojeod dvije vrstečestica,velikih
s fraktalnomdimenzijom ø ù úQû'ü ù ø , koje su posljedicaDLCA procesarasta,i manjih s
većom fraktalnomdimenzijomod ý ù ú+û8ü ù þ , koje su posljedicasloženijeg grozd-grozd
procesarasta.Pri objǎsnjenjueksperimentalnihpodatakapretpostavljena je dvokompo-
nentnaraspodjelagrozdovskihveličina.
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