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Abstract 
A comprehensive literature search _of major .— 

' ‘computer-maintained data bases was made for all 
references "dealing - with -_ tracing fine-grained 

__ 

sedi- 
ment]movem,en:t‘_. A'tota1otv1'Q3 reteflrenfies ‘on the toe 
.pi_c "were compiled‘. and reviewed. The. report

_ 

» .su‘mrnari2es the state or the art in tracingtine sedi- 
mehts and evaluates the various techniques for use 
in studies of contaminated sediment dyn_a_m_ics in the ‘V 

,— 

_ 

Great Lakes-.St.. Lawrence. aquatic system. 

Résumé 
On ’a effectué, _dans..Ies principales bases de 

données sgérées par“ "or_dinateur, une‘ recherche _ 
e 

documentaire’ détailiée de tous Iejs ouvrages 'tr‘aitan‘t' 
de I’étude: a grain fin. Au total, 103 ouvrages traitant ‘ 

de. la q‘uestio_n ont été_ compités _et examines. Le, 
rapport résume Ies connaissances‘ actuelles en 

. 
matiére' dfétude des .séd_i_r.nents fins 5 Ifaidé de '

' 

" 
- traceurs et _i| évalue Ie.s différehtes techniques appli- 

.cap_Ies 3 |.’.étu.d.e' de la dy‘na'r'nique.de's sediments 
contaminés dans Ie systeme aquatique des Grands ’ _'

h 

Lacs et du fleuve Saint—Laurent. .

'



Tracing the Movement or Fine-Grained, Sedimlenite 
in Aqu~atic'Sfystems: A Literature Review a 

at 

’ 
J.P.‘Coa.kley“a]ncl B_.F.N. Long 

a i
i 

_. 
’Since_the early'19‘S0s, the technique of estimat- 

_ 

‘

' 

ing thesediment transport rate in "rivers and other i 

- bodies of water through the use of sediment ‘tracers 
has become more: and more common. in essence, 
the technique relies on the ability to recognize. ajdis-g 

- 

_, 
.ting’uishing' ‘property ofthe existing sedimentor to 
deliberately mark a-volume of sediment in such a 
way that its subsequent history inthe natural _e’nvi-.._ 

- ronment can be monitered. In brief, a goodsediment 
tracer" sho_ul_d have the following properties: 

1. 

I 

its hydratuilicibehaviour should be ‘similar to that 
‘ of“the u‘nrn‘arked local sediment.

’ 

presence should be easily quantifiable.
' 

. 

‘-3. The point- source of the tracer material or 
property should, be precisely known .‘ 

_ , 
The transportirate of the actual sedimentfcan 

be estimated from the measured transport rate of the 
tracer.-A thorough description of the concept and 

. techjntiques ‘involved is‘ presented in 2 .Cou_rtcis 
’ 

(Appendix, reference_no.. [25]),' Nelson and Coakley . 

"[64], .an_d1T'ola [91]. The simplicity and directness of 
. the a_ppr'oa‘ch_' is obvious and accounts‘. -in large 

m_eias.u'.re,‘-_’tcr‘ its appeal in sediment transport 
stufd~ies. Furthermore, in cases ~‘wh"e__re sediment 
transport is nonuniform, ‘episodic,7 or otherwise 
«ceri1t_jlex‘(s'uch as in estuaries, for example), tracer 

. 

’ itechniques may provide the only feasible means of 
q"u'a"ntiiying such ‘transport process. 

’
‘ 

Problems in ‘I_'racing_Fine Sediment 

Until _recjen’tly, the development of sediment 
.. tracer‘ technology in aquatic “ systems _has been 

driven largely by coastal engineering concerns, such 
__ as quantifying longshore drift and beach sand" move-H 

ment. For. that reason, most ofthe techniques are 
related to sand" and coarser sediments. Thefilarge 
grain"-si_ze of- these materialsallows‘ them to be more 
readily labelled and detected. However, in ecological 

_ _'inv_estigations, where the material studied ‘consists 
primarily of fine sediments. (silts and clays),7impor-.- 
tant complications arise, some of which are listed 
below. ; 

. 
—

- 

if. 
‘ -Fine sediments may be carried in suspension 

» and rapidly d_ispe_rsed over large areas, thus in- 
creasing both the amount (or activity) "of tracer" 
and the ‘number of,s'urvey samples required for 
tracernplu_n"ie. definition. This-wide dispersal

_ 

V potential‘ can also create problems i_nso'lar as 
the-safe containment of. radioactive tracers is 
concerned, especially in urbanized freshwater’ 

' 

ecosystems. - 

2. - Fine sediments in. suspension are affected by .

' 

inter-grain electro-chemic'al-‘attractions, which 
can cause, PaI.1iaI- or. ‘complete ‘ 

flocculation.
' 

Marking natural ‘fines or simulating them would 
' 

lead to unprediictable changes‘ in flocculation 
' processes and could - thus influence the 
;.,hydraulic'i behaviour of such sediments. 

3. Affixing a stable surface tag ‘onto fine particles’ 
of irregular ‘surface properties is ‘difficult and 
may result in changes in the effective parti_cle' 
diameter, shape, and d_ensity,i thus al__so‘a_tfec- 
ting hydraulic behaviour. ln"addit_i0;n. because 
of their largeisurface/mass ratio, interpretation 
of surface‘-labelled, tracer data for transport

' 

rates can be problematic. 
_ 

' 

__
. 

4. “Physical simulation or fine sedimer_I_t,. particles 
(e.g., bytincorporating the tracer inglassv-and 

V grinding it to size) is difficult because of prob-. 
Iems associated with matching the grain-siie ‘ 

and density of the simulated ‘grains with those 
.of the natural material. -

.

*



5 The above difficulties explain the relative 
scarcity of'long'-term tra'eefr.rstud,ies on‘ fine sed_irnents 
in the literature. Most _ot the ;e'xperirnerits rejcordedv 
are aimed-a_t'short-terrn problems relatedto dredged 
5Poil dispersion paitems .ar1d‘harb0.Ur’-$i|tati0nflolé’ 
[92]). Techniques for tracing fi_n_esedim_ent have also 
been developed in the Girondle Estua_‘ry‘r(Sauzay___et A 

-_ ‘at. [_7_8j) andthe Rhine River (de Groot et al.‘ -[28]). 
V The need for more research into tracing fine sedi-A 
ments isflbec_‘omiing_ more and more pressing given 
the tmpafiant role such sediments play in the disper- 
sal of adsorbed oontarniniants and toxicgchemicals in 
the Great Lakes ,'s’y’ste'r_‘n. This reportis viewed as‘ an 
initi'al-'step in" assessing"th'e utility of tracer_‘ tech- 

‘ 

niqujes-‘fore studying fine? sediment dynarhics in‘-the » 

‘Great Lakes andthe St} Lawrence River. jl
‘ 

- 

' 

or-'1 Tl;éHNloul;s« Eon TR-ACIVNGH FlNE- 
;S.ED.llV_liE'NTSl 

‘

a 

_1 report features ‘a comprehensive listing of 
the éxistingxliterature relevant to tracing fine sedi- 

_ 
.aPDendix'.- » 

ments (Appendix) compiled.frorn _co_miputerized dajta. 
bases (WATDOC, FLUIDEX, DELFT, VGEOREF), as 
well as frfom. the: personal . reference. files. of the 
authors; The 103 references ,rr1jak,i_n9 up‘th;e liibliog-' 
raphy. were? organized into two ‘maior cross- 
referenced groupings: tracer -type. aiidtagging pro.c"e‘—; 
dure'(Table T1): in; addition; refererices published 

"prior to 1'970‘-were identified separately, as._.these 
‘ 

often have laeenvsuperseded by- improved ‘technolo- 
gies and ‘§hou_ld therefore be downgraded to some 
degree.- F’u‘rthefir'rno’re’;' these preferences are also 1 

more difficult to ._c;b_tain aw eyaI.uate. The list of 
references cited at the end of the text itself is 
associated aspects of tracing coarsesgrained 
-sedimentsiand so ‘is presented separately frorin ‘the 

x.. 

_Tracer. Types 

a 

Two main tracer typ‘e_s;'are identified; in the
1 

Iiteraturetartificiali and natural. . 

- Table 1. C'la'ssificsi_tion;of"References Related to Fine‘-"Gri1inedgSedirn"ent"I‘ra_tcei:s 

Tagging procedure‘
’ 

Tracer types_ 
I 

_ 
1; Artificial particle 

‘ 
' 

2. Surface label 
I 

-3. Adsorption Total 

. A_rti_fi_ci_al- 

1’ 

i 
. 

of 
V 

.. 

if 1 

g _ 

' A: Radiofactivei V ' 

-21,_25',26,45,66,71, 1,2,3,4,7,15,2'1_,2,s, 6“,11,-12;A'15,-16,1], - 95 1 

- 7v2,7‘3,75,76,77,78, 26,_30,35,36,37',=3"8! 18,1V9,~2=\:1,;2_v2g,-2:5‘,-_ 
'

A 

7_9,s4o',s1-,s3,s4,9o, 39,4o,4s,4§,47,49, V26,27,s3‘3,37V,3fl8,_. ,= 

91,96 <20)‘ 50,51,S2,53',58;60, 44,61,63‘_,9o,91
' 

66,68,t_59,»71,72,73, ‘ 95 (22)
1 

‘ 74,75,77,78,79,80,~ — 

s1,s3,s4,ss,s_a,_s7,- 
88,89,90.91,92,93’, * 

\ 
. 

V 

— V

g 

_ 

_ 94,9_6,97(-53_) V 

. _ 
A 

. 3 

B: Nonrsdioiactive 
V M 

‘ 

~-_‘;‘ 1 
. ,- * = 

I‘ 

1. Neutron-activable - 5.9.23;-’!1=:l{41-. 
. 

7
. 

V 
1 

- 
- 47‘a,1oo(7)

A 

I 

2..lncide_ntally introduced 
' 3.10.Z2,?,3,Z9.34; _ 

-. 14 
~ 

‘ 42.43.5.9.6.2_.65,‘ 

- 
_ 

7o,7s,s2(14)_ « 

- 3. Fluorescent.‘ " 
t 578(1)

‘ 

4.Cl_1_c:rri'ica1gt_rai<:er 
‘ “ ss,61<2> 

_ 

~ss,s6..61<ys> 5' 

‘Natural . 
_ 

i ~ 

c: Naturally occurring substance « 20,54,63 (3) _ 
32,41 (2)

I 

D: Natitrally occurring redioisotopc . . 

‘ _ 

A 134.14.61.53 (4) - 

' 

~ 
' 4 

E: llnclassificd general 24.3031.48.57.50.54y67.33.98,99 (11) 11 

References "pr&A1"9:7‘0 

‘Totals for individual tracer types are shown in brackets. 

1'8,19"f2o,33,é5,36,42,45,46,47.4s,49,so,s1,s2,53,61, 32 
63,68,69,70,>71,72,73,74,75,76,84,85,86,87,9‘8 (I32) , 

" 
_

'

1

I



Each -is rurthor subdivided "into various 
- categories, ,e.g., radioactive, nonradioactive, natur- 

ally occurring, incidentally introduced. The various 
subdivisions have been coded in a straightforward 

_ way (‘T able 1), and these codes have been assigned 
to the individual references in the appendix for 

' 

cross-ref_er_e_nce purposes. 

V 

Artificla'I Traicers 

Artificial tracers are those tracer materials that 
- 

. are tagged or ‘simulated by the experimenter. They 
are preferred in some cases because theygive the 

l 

, researcher "c‘omp_|_ete control over the conditionsof 
the experiment_,. especially insofar as "timing and 

' backfgroundnlevels are concerned. They include the 
following 5 — 

. . 

i 

- radioactive tracers 

- neutron-activable tracers 

- incide_ntalIy\introduced'chemical elements 
at 

fluorescent tracers. 

. 
. In choosing an artificial tracer,_ attention must. 
be paid to the ‘environment into which "it will be in- 
jecte‘d__.; The“ selection must take into account the 
local hydrodynamic conditions as well as'_ the geo- 
"chemistry and physical properties of the local 'sedi- 7‘ 

ment. Some_ of the more impo_rtant criteria governing 
the choice of an artificial tracer may be listed as ' 

follows (Nelson and Coakley [64]): ' 

. 

— " 
It must be conservative,:i.e., sufficientlydurable 
and stable to survive unchanged over the dura- 
tion of the experiment-, othenwise its reductiton, 
,d‘e_cay‘,’ or consumption rate mu_st be predict-' 
able and fully known. ' ' 

'. 
[1 |T|USt_ be detectable: at low concentrations in 
order» to reduce as much as possible the 

. [amount of material to. be used. 
T ' 

lt shbuld be temporary inorder ‘to avoid long-
a 

. ter‘m,contam‘ination_ of the site. 

- I15 inj‘.efc,tion'or.samplingnshould not change or 
disturb the natural transport processes. . 

- their use. 

‘ 

- Vlt must be inexpensive. 

- It must be nontoxic to humans andto the aqua- 
tic environment in the concentrations used. 

' 

For fine sediment studies, the‘ main ‘artificial tracers- 
-used are radioactive (created by surface coating_, 
incorporation in glass, or 'adsorption) and nonradio- 
active (inc,lud_i._ng neutron-activable elements incorpo- 
rated in glass or natural, ores, fluorescent tracers, 
and incidentally introduced chemical tracers). 

V 

Radioactive ‘Tracers 

The use of} radioactive tracers" is by far the 
_most commonly used technique in past studies of 
fine sediment transport (Table 1). The bibliography 
lists 95 references on. radioactive tra"cers out of a 
total of 142. The-technique involves affixing‘ a\small 
quantity of a radioisotope to the sediment or simu- ‘ 

lated sediment and injecting the resulting tracer into 
the natural‘sedimen_t system. Because of the rela- 
tively high activity of such tracer isotopes, detection 
and counting can be carried out in real time in. the 

- field; This isvoneof the prime advantages of radio- 
active t_racers, and it,‘ allows the experimenter to 
follow the tracer plume as it moves. Another advan- 
tage is that such tracers naturalIy'dec;ay to back- 
ground levels, "so they leave no permanent 
contamination at the site. The overriding disadvan- 
tage, however,- is the inherent healthand environ- " 

, 
-mental hazards in their- use. Because of. these 
hazards, trained personnel are required to handle 
the tracers, and special permits must be obtained for 

_ Choosing the best radionuclide-to-use in a 
tracer experiment depends more on the duration and 
detectability. of the isotope 

. 

and safety-related 
aspects of the experiment conditions than on the‘ 
grain-size of the sediment material. ,For,irl,st"ancie, 
Sauzay et al.- [78] used Scandium-45 (half?-‘lifeof _84 
days) in their study. of fluid mud pools in the Gironde 
Estuary. The Sc-45 was readily adsorbed onto the 
clay and its 7-activity allowed measurements_ over‘ a 
relatively long period (6 mo)- Au-198, however, "with- 
its" half-life of 65 h_,' is best. used for sehort-term . 

studies. Table _2 lists some of the more common tags '- 

used in the references cited in‘-the appendix, their
' 

hralt-lives, and other-relevant properties-.
. .



‘Table 2. Radidnutrlidés Used in Sediment Tracer Studies‘ 

...“‘;‘.“.i*?!*":*:‘.££*.= 1; 0 
Dscaymoaer 

‘ 

esseiesséyi ** 

‘.’V‘.ScV 
' 

’ 

0 . 

5- _V V100%- A .0Zs9s2.0i1
V 

'- 
A 

' 

. 
100% 9,39. ._ 

4 _ 
~ "Cr. 

. 

_ 

, 

' Ele'ct1_'oncVap‘ture - 990' . 

' ‘Q32 

7, 
' "Fe ' 6- 45% b‘ 

, 1,29 .. 

- 
- 

. 

/ 

53% g " 
1,110 

“C0 ' 

_ 
. . 

’_—B_— - 100% 1.i7-"1.’3”3 

__ _ 

‘ * 
‘ 

-_ 
A 

100% 
0 

- 1.17- 

"Zn ' 5+ 
‘ 49% 1.121 

’i‘(Zr.+Nb> fi-V 
’ 

_' 49% 0.76
_ 

V 
V 

’ 49% 0.72 f 
100% 

' 

0.75 
‘ 

_ 

_
. 

'°.’M° - 6- ‘I796 .0.:74.o,.-78. f 
i_ V 5711- 

1 

- 02% V 

%'0.14_ ' 

_ f 

'*“’-As 
.1 . 

6-- V . 100% I 

' 9.65’ 
V , 

4 

0 

253 d 

. 
_ 

. 

33% 
_ 

_ 
0.94 _ 

_ 

1245b" . 

I 

, 
V B_ t 

_ 

. , 100%. H‘ 
.060‘. 

V 

I/__ 
. 60d

' 

_ 

_ 

~ 
, _ 

’ 51% . 

« 1.69 
‘:‘°La 

' 

5 

p.— 
. 38% V _ 0,433 .1 '4o_2h 

‘ ‘ “ 
~ 43% 

H 

. 0.49 " ‘ 

44% 
V 

0.82 
_ 

b 

96% ‘ 

‘ 

1.59’ 

‘_°"rb ‘ 
1 fl— 

_ 
_ 

30% ' 
- 0,30 

_ 

A 

‘ 

' 

‘72L1d. 
0 - 31% V 0.88" -1 

1

V 

others ~ 

-:‘;“.“f’ V 

— 
7 

i 

- - 

V 

—_ V 
« .‘ 42.4d. 

"j5‘Hf’ ' ‘ ’ 

' — 
__ 

‘ — V.0.1—'o.5 
_ 

' 

I 

‘70df' 

‘“Ir ' 0-— 
‘ ’ 

. 
'100% ” ' 

_0‘.'32i-0.6 
V 

_ 
74.02.43 V ~ IV 

A 60%. 0.49 ' 
'

— 

‘ 

others‘
, 

‘”.AuV 
. 

~ ’ 

A 

6- I 99% , 

" 0.41‘ 6b_5’h-_ 

-‘3Modif'ied_aft_er Neisqn and Coakley‘(19’74)‘and Tola (1982). 
’ 

-‘ ,\ 
I 

1'(3—El_ectro'n_ emission. 
_ 

_

' 

analysis (‘NAA)‘in outside laboraitories; i.e., between 
$15 and '$5O7pe’r sample deperiding on the-I‘abora- 

. tory used_ and the ana]ysis- specifications, could be 
“considerable. The ,mairi- disadyantgge is the lack of 

.N_eVutr0n-ActivabIe";Tracers 

V 

't_0”T:aAb|e'A1, 'neutr0n-activatble traders 
have ‘used, a ,num_bje_r of times forfine sediment‘ 

“''L?<-"'-—= 

-. 

stutfies. An.ex¢éiient.descriptio_nbrthe technique is 
— found. in [de Grout". _ef 3'? I28].*T'h_é- major advantage - 

_ they had‘ ¢y2¢r—sthe rédicagtiiie ‘tracers is their‘ re1étiv’e —.

' 

' 

safety of use and. lower "cost. The tracer’. elements 
ch‘os_en- are net radioactive‘ when iiryjected, but; radio- 
acti»iity- is” .iridu'oed when the »sedimem‘fsarn'pie is“

- 

broughfto the? Ia’_b'0rat'0ryV and .exp0sed to a“ netitrori 
' seurée (reactor) prior to anaiysis. Although-initial- 

equipment costs are <.Iower"i.than‘ for radioactive 
tr'a0er‘s,_ the c0'sts of repeated ne'ut'r0n-activation 

g0o'd res0Iu‘tion‘0ft'ransp0I‘t directidns due 
_ 

to the‘ I'imnations-tAc§us’9d ;by point"-sampiing‘ in the. 
field ‘and NAA“s‘,0rhe jtime afienhgrd. -This also m9ari$ 
that respqnseto the‘ resultsis. relatively slow, a__nd'it,

’ 

is not 'p0ssib'l_‘e 5t0f fdllpw’ the tracer movemeiit iii the
' 

field. In some stu"<_:iie‘_é .0'f -IQng_-‘ferrn transport. the“ 
‘slowness of trieutron-actiyalbie tracer 

A_ 

tejchjniqueis. 

does not pose __a._serious probl_erh, and still 

be considered as-viable alternatives: The éhéice of 
such a tracer ultiriiaiely depends 0n‘ the distribution‘ _

’



. Table 3. Elements Potentially Useful as Neutron-Activable Tracers‘ 

'y« Ray spectrometry (Ge-Li) 
Coincidence method method detection-limit in Natural content . 

v l"rl‘ce‘/'k'g 
b 

O‘.
l 

- Element detection limit (ppm) sediment (ppm) <ppm__>i V<$US) " ’ 

Tantalum (Ta) — 1 1 
_ 

_125 

_Antimony.(Sb) 
_ 

0.2 ~ 0.2 ' 

l 

_ 

2 
- 

1
5 

" 

Cobalt (Co) , 1 1 l 20 ' 30 
Indium (In) V — 4 

‘. 

’ 

» <4 
_' _-,4 0°?» 

1,idi.,m(1,) 
' _ 0.05 

V 

_ 

cos 
I 

_ 

4009' 
Tel’-bium mu ' 

3 3 <2) 15 o<_>o_, 
.Europium (Eu) -7 (3.2 ’ 

_ 

30 0.00 
I 

Cesium (Cs) 0-5 2'1 

Lanthanurn (La) 0.2 ’ 

3.513
' 

Barium (Ba) 

*Mo’dif_ied after de Groot et al. (1970). 
' 'l'-Naturalfcontent in Rhine River sediments. 

10 . '7_ooi,-I 

:l:Natural content in I-I‘l.1m_ber Bay sediment, Lake Ontario.' 

"and A‘pred,icta_bji:l_ity or -'b'ackg”round levels of potential 
tracer? elements. Elements that have potential for use 

‘ 

as "neutron4activable',tracers are listed» in Table 3. 
, Most likely candidates are found among. the ele- 
: 'm‘ents:on_.lhe sixth row of the periodic table, such as 

: cesiu'rn,= barium, tantalum, -and the lanthanum -series, 
all of which have high neutron-capture "cross- 
vsections". and, thus, favourably low detection limits in I 

V NAA (Attas [9], kK_re,zoski [47a]). Rare earth elements 
a_lso have an a_ffir1lity'for fine sediments‘ and thus are 

. relatively easy to use as sediment tags (see-Surtace 
. 
Adsorption); -

' 

Incidentally Introduced Chemical Elements - 

In areas where a readily identified chemical n 
source exists, such as at a sewage treatment plant A 

_or nu‘cle_ar generating station outfall, or at the outlet 
of a polluted river‘, the sediments in contact with that 
source _n"light- become contaminated or labelled by a 
characteristic contaminant to,t_he extent that they 
may be used as incidental tracers. Fine sediments. 

. especiauy clays," are usuallyl good ion-exchange and 
I ;s‘or‘p,tion media; insoluble trace metals andlradio- 

nucli_des' are readily adsorbed . onto the 
_ 

large 
surflaces, they off‘er{(Eichholz et al. [33]; Mundschenk ‘ 

_ 

[B2]; Auflret et al. [10]). 

" -One jadvantage of such incidental tracers is 
j ‘that,: unlike. V the‘ two previously ‘mentioned tech- 
niques, they. do not require the.pUi‘chase of expen- 

sive tracers. or the injection‘ of any foreign or
f 

hazardous material into the natural system, since‘ V‘ 

they are already ‘there. Like neutr9'n'-activable 
‘tracers, however, they suffer from th‘e_‘ir'l_abiVl'ity to" 

. allow following the tracer movements in real time. 
Once aga_in, this is not a probllern if long-terrn, inte- 
grated transport patterns are being studied. Sedi- 
ment sanipleskalso must be taken back to the 
laboratory for analysis and "counting — a procedure 
thatlcould take _day_s or weeks. Also, analysis for 
some chemical elements or species could be expen— 
sive ‘(up to several hundred dollars per sample). 
Another disadvantage. of such techniques‘ is that. 
they provideonly a qualitativeuestimate of the trans-. 
port since the "tracer" addition ‘times and ratesjare, 
u'ncontrolled by the experimenter land are often ‘ 

highly variable._" Further'mo're,A partitioning of the 
_ 
chemicals between solid and liquid phases is often 
not well known, and thus creates" a problem for 
quantitative interpretation. « 

Good examples of the fapplicatioii ofsuch ‘a 
techni'qu‘e arféhfound, in Clifton and Hamilton ‘[23]-and 
Olsen et ‘al.’ [65], Both references describe the: use of 

A anthropogenic radionuclides introduced into the-_ 
aqueous environment ‘either by global fallout or in‘ 

the effluent of _a ‘nuclear facility‘(the Windscale fuel
, 

reprocessing plant in England and the Oyster Creek
' 

Nuclear Generating Station in New Jersey, respec- 
tively) -to' trace sediment. dynamics. Of ,the'two 
studies, the latter deals more specifically 'sedi- 

.

k ment "transport, while the.'fom1er is aimed more spe- ._ 

citically at determining ‘sediment accumulation rates.



Other studies that deal with tracing sediments using 
incidentally introduced chemicals (radionuclides) are. 
by Perkins et al."[70], Gross and Nelson [42],‘and 
Biscayne etal. [14]. , . 

' 

. 
._

’ 

In the case of a heavily polluted river (such as 
the Humber Fiiver), it is also conceivable that surfi- 
cial adsorption of characteristic pol_lutan_t_s onto its 

fine sediment discharge might render the sediment 
' recognizable after it has entered the general sedi- 
ment population of the receiving body of water. Initial 
examination “of trace’ metal contents of sediment 
samples rrorn l-"lumber Bay (Table 3) in‘dica_t_es that 
qualitative dispersal’ patterns of sediments from the 
-Humber River may be‘ thus defined. Examples of 
potential, (incidental tracers» for. Humber. River sedi- 
ments are c.opper,ezinc, chromium, and lead. How- 

‘ ever, some -loss [of resolution ‘occurs because 
precise shoreline locations of these inputs cannot be 

.' pinpointed, and atmospheric inputs are often 
significant. . 

Attempts have been "made to identify sources 
of sedimentsin a depositional basin using statistical . 

refinements such. as clusteroanalysis. Poulton (1989) 
used this technique to examine ratios of contaminant 
concentrations from various Great Lakes sites_and 
was able to identify zones"where characteristic 
ratios, relatable to various putative sources, “pre- 
dominated. By observing the spatial relationship of 
these zones to their sources, it is possible to inter- 
ipret integrated, ‘long-term ‘sediment transport 
patterns. This technique can thus be added to the 
list of_ potential tracer"-techniques. 

Si_mi_lar1y, ‘investigations have been made into 
using conservative organic components associated 
with sewage treatment -plant effluents as incidental 
tracers of. sediments 'origi__nat_ing at these sources. 
Three such organic, compounds studied‘ were 
Coprostanol (Hatcher and _ljvVI,coC-‘riilivary [43]), linear 
alkylbenzenesulphonates or-_LAS (McEvoy and Giger 
I591), andvvitamin E acetate:(Eganhou_se and Kaplan 
[34])',- All of these. substancescan be quantitatively. V 

evaluated’ in‘.5ed,im‘ents_ using gas chromatography 
or mass spectrometry, and. are believed to‘ be 
conservative enough to be-used as tracers. 

Fluorescent Tracers, 

Fluorescent tracers for fine sediment are very 
rare in -the literature; only one was found (Louisse et‘ 
al. [57a]). Part of the reason for this is that they are 
difficult to affix to natural particleswithoutchanging 

their hydraulic beha_viour.,AIso they are difficult to 
quantify. accurately. Nevertheless‘, be'cau_s‘e. these

‘ 

tracers offer ‘the 
_ 

advantage A. of being relatively - 

inexpensive and also detectable in real tirrrjé in the. 
i 

field, some work on suchtracers is still being carried 
out (Louisse et al. [57a]). Tests; both in" the Iabora- ' 

tory and in’ the field, were conducted. using ‘a com-_.' 
mercial synthetic particle. in powder form (finer -than 
10 pm)‘ thatcontained a ‘fluorescent pigment, such 
-as Day-glo. ‘_ '* 

o.
- 

Natural Tracers ’

A 

_Natural_ tracers include. all naturalndlsediment 
particles or-distinctive sediment properties that can 
be related directly to-a certain source and are «suffi.-. 
ciently conservative and easily quantified to be used

a 

‘as sediment tracers. Examplesot such tracers are 
heavy mineral suites (Byrne and Kulm [20]), trends 
in grain-size. parameters (Pettijo'hn.and Ridge, 1932; 
McLaren‘a_nd Bowles, 1985; McLaren, 1986), distinc- 
tive clay mineral asjs_emb|_age's (Lafond and lylartin 

.[54]; Neiheisel and Weaver g[6'3]i), and anthropoge_nic 
. particles (Dell and Booth [29]). . 

Such techniques are useful only for qu_alit_ative 
descriptions ot sediment transport patterns inte- - 

grated‘ over relatively long periods. They do not pro- . 

vide any quantitative,-idea of transport‘ rates, and 
often the resolution of a transport pattern is impos- 
sible due to analytical limitations. (However, because 
they.can utilize data usually collected for other pur- 
poses (such asograin-size data-, for in'sta_nce), which 
are relatively inexpensive to obtain, they can b_e,u_se- 
ful as a crude, "initial indicator of transport patterns. 

A 

Tagging and Tracer Preparation -- 

The tagging technique for particles destined to 
be released as tracersiinto the aquatic environment 
must be selected carefully" in tenns of the detection 
method-planned. The tracer must be easily distin- . 

guished from the natu_ral sediment- However, 
tagging procedures should_not alter the mechanical; 
geochemical,oandllhydrodynamic properties of the 

' 

sediment. 

Artificial tracers may be prepared by several 
different techniques.‘ Three approaches are‘ 

presently used: 

- surface coating‘-of sediment collected from the 
test site;

'

-



manufacture or processing of an artificial'sedi- 
’ 

merit or natural ore that incorporates" the tracer 
"in the matrix; 

- surface adsorption of a chemicalisubstance; 

Surface Coating ' 

V 

. ‘Surface coating consists‘of coating sediment 
particles collected at the release site with a thin, 
durable ‘film of tracer material. This procedure pre- 
servesthe morphology of the natural grai_n,~but_it .

. 

’ 

alters} very slightly the mean diameter’ by the thick- 
ness of thfe. Coating. Though feasible for coarse par- 

. ticles such as sand, this" technique is generally not 
suitable. for fine material because it changes" the 

eflgrain-size and surface physical properties too much. 
Also, because’ of the larger surface-t_o-volume, ratio 
of the finer particles, this procedu_re attributesvmuch 
rno'r.e.-weig_htv to them. than to the larger particles -in 

" the size d‘istri”b'ution', and, since fine particles tend to 
migrate faster, the method usually leads to an 
overestimation of the total sediment transport. 

_Artificial Sediment Particles 

‘Glass 

.‘T he ("predominant medium for use as a 
synthetic fine sedi_ment is glass. Glass has the ad-' 
vantage of being of roughly si_mi_lar density to silicate 

’ minerals (quarti and feldspar),-which-constitute. the 
bulk of det_rital_fine sediments, especially in glaciated 
terrains such as the Great Lakes area. It is also able 
to i_nco'rporate‘ a number of distinctive tracer ele- 

‘ 

ments within its internal structure, thus providing 
almost ideal "mass labelli_ng,'_' i,e., tracer concentra- 
tion proportional to mass, ratherthan surfacearea. 

. Both of these considerations result in ‘realistic and 
‘ accurate transport estimates. Themain drawback in 
the use of glass as a tracer rnediuim is that "clay- 

' 

sized particles cannot _be easily‘ simulated. That 
probably’ expl_a__irl‘s’ the relatively small number of 

_ 
references dealing with glass simulationot very’ fine 
sediments (Table 1). ‘Synthetic sediments made from" 

i 

-glass can.b.e': used for both radioactive and neutron- 
.a<:.t.ivabIe' tracer studies.

‘ 

Neutron-activable tracer -glasses, which are 
used in large quantities, can best “be prepared by 
cbrnmercial glass .m'ajnufacturers.n In -contrast, 
because ‘of the small q‘u'an'tities needed and their 
speciarlzed, .natu;re,' radioactive glasses can be 

.'obtained, only fforn govemment atomic energy 

research agencies (such as’ Atomic‘ Energy 
Canada * [AECL], Whiteshell Nuclear- Research 

; "Establishment in‘ Pinawa, Man_itobfa,, or the Cotfnmis-4 
_sariat d’Energie Atomique [CEA]‘i_n S'a_f_clay, F‘ranc_e).o 

‘ The glass is manufactured _commercially (e.g.,, by’ 
Saint-Gobalns in France) andis’ then activated by . 

the government agency. Before activation, theglass
_ 

is groundsmechanically to fit the size distri_butien of 
_ 

the local sediment’ at the injection site’. For practical 
reasons, the fit is ‘usually made to the modal size 

-. fraction, although for" more precise work-, the entire 
size. distribution (curve may be reconstructed 
(Coakley et al'., 1974). V- 

A variety of tracer elements have been 
incorporated into glass (Table 3),Phowever,.one of 
the main rest'rictions.isj the amount of element that 

- can be ‘accommodated within the‘ glass structure. 
The proportion, by weight of the tracer element is 
usually 5% or-less (Coakley et al., -1973). '

‘ 

Natural Ores and Commercial Powders 
4‘ 

Instead of using‘ an artificial glass containing 
the distinctive tracer element, a comornercioal, natu- 
rally occurring ore of the tracer element might some- 
times be’ less expensive and more conveniently 
obtained. Such m_aterials iwould have all the advan- 
tages of glass, i_n additiontc allowing the content of " 

the tracer element to be even higher than that 
allowed in the glass. The use of f_ir_teIy_ ground pol- 
lucite (an alurnino-silicate ore contjaining approxi- '

' 

- mately 24% of the dist_in_ctive element," cesium [Cs]) . 

has been suggested as a tracer in areas where the 
background conditions are suitable‘ (Michael 'Attas, 
1986, AECL, pers. comm.).‘ = ' ’ 

Fluorescent tracer‘ particles in the form of _a 
.- comrnereiale powder have been used to trace fine 

‘ "sediments (Louisse et at; [57a]). Also, it is conceiv- 
able that naturally fluorescent ores, such as schee-- 
lite (CaWO4)‘ or calcite (CaCO_;§),t could be used if 

they were finely ground‘ and if their densities were . 

suitable. However, no report "of such usage was 
found in the literature search. 

'

' 

Surface Adsorption 

Table 1 shows that surface adsorption has been used the‘ most in tagging fine sediments for 
transport tracing, especially for radioactive elfeihentsf 
its most obvious advantage is that the tr”acet‘_'ele- 
ment is’ deposited. physico-chiemically onto; "the sur- 

, 

face ofthe‘ natural sediment itself. Thus the major



hydraulic properties =,l':emain- virtually unchanged, 
evenforsilts and clays. Anotherhim"p,Ol1ant advan- 

’ tags is that the -_technique can be carried out in the 
field, so it is ideal for such applicaticns as studying 
the movement of dumped .dredged_,$P0i| (T ol_a et al. 
[93]). .Lik_e all surfa¢e_tag“s, ‘however, the technique 
leadsto a slight overestimation of-the transport’ rate, 
as finer particles carry .propcrtiona‘ll‘y‘_.-m0iI'.e tracer 
than fcoarser ones.- 

_ 

. ..Successful -labelling techniques 
' 

have been : 

carriedout using {radioactive Hf-18_1,_t175 (Etcheber 
T et at.‘ [38]). 80-46 (sa_uzay_ et at. [78]). Au-198; and 
Cr-51(Bougau‘lt[16], Bcu'ga'u'lt_et al.-— [19], and Tola et 
al,.[93]_)_. lnthe case _ot.Au-198, the gold tracer is first 
gprepjajredg in the 

_ 
form of _a - chlorauric 

_ 

(gold/l'iydr'ochlo_ric acid) solution. when this solution 
isjbrought into contact withtthe ‘silt suspension; the 
;Au—1'93, is reducedto metallic gold and is fixed, onto 
the particle surface. Gr-51 is precipitated Onto the 
'siu'rfac'e7 of the particle from a chromium hydroxide 
solution. » 

‘ ‘ 

, , DeGrootet al. [28] ‘described, the use of stable- 
isctopes of cobalt and tantalumfas ‘neutron-activable 

‘ tracerstor» fine‘ sediments, mainly clay.. Relevant 
detailsgof these elements and other. elements are . 

- given in ‘Table 3. Cobalt may be attached to the .sedi-- 
’ 

ment- particles as interca_|_ated_Co-‘ions betweenclay 
lattice layers, vexchangeable ions i_n the ~_electric 
doublelayers "of clay minerals, precipitated Co(_OH)3, 
or Chélatedlco fixed to the organic matter in the 
sed.i1fiertts;_ 

4_ -.(5.f“.these.-mcdes,[only the latter two provide the - 

reIative.'_tit'g’htnes's of bonding, necessary for the use of_ 
cobalt as atraoer; on the other hand, tantalum, like 
most rare earth eleftnentsf, _ad_heres.readily'to sedi- 
ment.’gTaCI5 is first “dissolved, in_ dilute. HF, and the 

. sediment is boiled in the.s.0l,ution. 1 

V‘ 

Z 
Eckfler-let al.,[31 a] experimented numerous 

elements (e.g., gold,<rhe_nium)_ as neutron-activable 
tracers for fi.h949rained.' dredged ; 

spoil before‘ 
choosing.‘ the element iridium (Table 3). Ten kilo-. 

grams of. iridium metal in powdered form were first 
convert[ed.to the soluble iridium salt. »jThe- salt was 
then _'s‘u'fac,e-adsorbed, onto approxim_atelv’ 10'’ kg of 
dredged sediment. '— 

t 
V 

» 

' ’ 

Injection of Fine-ZGrai.ned_',,Tracer Materials 

lnjectionvof tracer materials is "carried out in 
T, such a way thatdisturbance of‘-the local _transport 

environment ‘by tracer ‘is’ ‘minimiz'e_d.’.Large 
amounts, of .tr'a‘ce'r dumped. on ‘the bot‘tjo'rn, for in- 
stance, wou ld form a pile"anda|ter the‘1naltural’equilib-' 
rium that therfeto existed on the lake bed. in ls't‘l:.e.h‘ a 
case, the tracer movement Vmeasuredinitially would‘ 
be due primarily to the erosionof this unnatural ob-.._. 
stacle. _A,lte'rna’tively,5 releasing th‘e.tracer' too high i_n 

’

i 

the water 'co,Iujmnwou_ld cause an initial ’direct_1advec-j - 
.. 

tion with the local. cutrentsl» thus. d_istoIrti,ng th9.re$u|- 
ting estirnates bf _actujal ’ bofiorn sediment" t[ranspo,rt 
rates. 

i ' 
V 

. 
V 1 

‘ ’

= 

- The key to accurate tracer measurement; of" 
sediment ‘moveme_f1t.'Vis_ the rapidbjmixing and jncor- V. 

poration of the tracer into. the local sediment system, 
For tracing fine sedimentmoving in suspension,‘ it is 
definitely b_e'$t that the tracer be injected directly into . 

the suspension, rat_he_rthan placed on thesbottom.» jln ’ 

such a case, good m_i),<in'g occursV__i_mmedia_ftjely ‘during, 
the releaseoperation. Such an ir_tjecti_‘o;n p'ro'c‘edure is 
feasiblefor tracing instantaneous discharges efronta. 

‘
t 

- plant or a_ polluted river. However,‘ inicaseswhfere. 
movement ‘takes place some time after injection,,_by * ‘ 

resuspension from -the bottom during storms, for; 
example,_ careful dire‘ct‘ placement on-the bottom is 4 

T" 

the most feasible approach.
" 

Injection Systent'For Radioactive Glass Tracers
' 

Radioactive glass.t‘ra‘_ce'r's are usuallyinjected 
in relatively small amounts (5 kg orless) so they can 
be easily isolated "in a small container "prior tc.;.and ‘ 

during 
' 

injection,‘-'-' The techniques most ' commonly 
used are 

’ 

T

» 

4 

1. time-delayed release fromsoluble plastic bags .~ 

placedcn the'botto‘m (Schulz_ and Pillot, 1965; ‘A 

Duane; 1970); 

2. direct release _from containers emptied by a 
diver (Vernon, 1964-),' withdue attention given 
to personal safety; - » 

3. release from specially designed injection 

systems ope'ned"9n orabove the seabed.‘
' 

The advantage of; the last technique is that it creates - 

a dispersionfclould di_re_1ctly'dunngi the immersion. The 
larger diameter of the tracer origin point. thus pro- 
duced :on the b.ottom_;-7gre‘aftly enhances tracking of 
the subsequent di_spersion.@ 

' 
“ 

' * - 2:



Injection’ of Adsorbed Tracers 

When used for tracing d_redged spoil move- 
ment,- suriaceéadsorbed ‘tracers are injected from the 
.baI7§.é as Part of the dumping procedure (Tola et al.' 
{es}; Eck‘er=etfal. [31a], Louisse et al. [57a]). In the.

' 

case of large-scale marking and‘ re-injection of 
naturaliine sediments from‘ the site, injection can be 
carried out from a boat other than that used in the _ 

V detection phase in order "to" avoid con_tamination of 
the detectors. A‘ secondary circuit inclu_ding a high 
‘flow ‘pump (50 L/min) e'ns,u'res the _dilutio‘nof the 
l.ab,ell'ed sedirfient to a concentration'of 18"g/_L in 

. 

‘order’ to avoid ‘the ‘formation of a density current and 
delivers; theususpension at a.depth of about 1 m

j 

beIow‘the'suriace. 
A " 

Injection ‘lasts less than -a minute and marker 
floats are placed at the beginning and end to indi- 
cate approximately the extremities ofithe sediment

’ 

_suspensi_on, thjus‘ aiding‘ the -subsequent dynamic 
detection process. ' 

' '-
\ 

Injection of Neutron-.ActivabIe“ Tracers 

lone-of .important differences between 
' 

-_n,eutro[n-activable tracers and radioactive tracers is
‘ 

, 
the large"/quantities of tracer needed to achieve a 

' 

,s_ijmi_lar‘Ievel*.ot detection. For instance, assuming a 
u‘niiorm disperzsal, otja fine-grained tracer over an 
area of 5 km a detection limit of .1 ‘ppm for the 
traced element",-an'd~a 10 cm active sediment trans- 

( 

’ port layer, the amountéof tracer element needed is 
. approximately 250 kg. -

‘ 

Injecting such, largequantities of tracer poses 
some d_ifiic,uity, -One of the approaches ?c'onsi'dered 
fojr;u__se‘ in_‘th'e Great Lakes area involves a boat 
equipped with apparatus forjrnixing local water with 

‘ the tr’a_éeri material to form a thin slurry and: for 
pumpingfthe slui:ry_ over the side. This technique is 

local suspe'nded sediment flow. 

V 

'it1'1[ei"ided to disperse the tracer rapidly into. the 

Detection and Survey of Tracer Distribution 

. Sampling of‘the subsequent, traoe_r distribution 
. (or'plume)_ con_stitute’s_~the most delicate part of an 
.eXPeri'ment.« as. it (determines the quality of the ‘data 
collected. Excellent position—fixing is 'mandato_ry for 
.reliable results, and“ samples are usually coI'lec'te_d 
along a predetermined ‘grid or survey pattern, in a 
'.3CUS'ff|n9. environment, a number at hydrodynamic 
factors-ttcurrents, waves, ‘intermittent resuspension) 

affect the transport. Thus, the probable. direction of 
' traoer'_transport is_ difficult to determine beforehand. 
For this-reason, the sampling grid can be_c'ompIex- 
and the operation might require“ a large jn‘um_ber of 
samples. in addition, cores must be taken in the) field 
and vertically scanned in thelaboratory‘1fo'r'trace'r_ 
concentration to _determine the depth of the‘sedi'- 
ment» layer actively being transported. This step is 
required in order to__keep tracl_<__ of tracer losses in the 
system. 

The amount of tracer injected and_ the sampling 1 

grid size are interrelated. They depend onvthe ex- 
. pec,ted.spatial dispersion of the tracer, the thickness 
of’the. mobile sediment layer, and the. sampling 

. 
mode.‘ In a theoretical‘ _calculation of the numberof 
samples ,required in a fluorescent--( tracer". study, — 

De‘ Vries (1. 966) showed" that the relative error of the 
' concentration ‘measurements -is inversely propor- . 

~tional—_to the squajre‘ root of the number of marked, 
grains in the sample. A minimum of 100 tagged par- ’ 

ticles are required per sample collected in‘ order to 
have an error of 10%. . 

VSampling modes commonly used include: 
- point-by-point sampling" (point sampling) 

- static detection 
‘ 

. dynamic detection on the bottom 
- dynamic detection in suspension‘ 

Courtois and Sauzay (1970) demon‘stra_ted that V 

the quant_i_ty oftracer injected dep_endejd_i'on the type 
of ‘detection. The relative quantity of the tracer) used 
thujs varies from 1 (dynamic detection) to 10 (static 
detection) and 100 (point sampling). .

' 

Point Sampling 

Point sampling mode is often" used in connec.-.. 
tion with neutron—a_ctivable or chemicaI‘t_ra__ce'rs. It 

consists of collecting sediment samplesin, the field 
‘- by’ centiifuging the (water column (suspended 

sediment) 

- on submerged ‘grease-coated (surficial 
bottom sediment) .

A 

- by grab samples (bottom sediment)’
. 

- my coring (bottom sediment). V



The sampling pattern is designediaccording to 
the assumed sediment transport direction and dis- 
persion. The pattern can be a radial or rectangular 
grid of suitable size. 

, 
Static Detection.

, 

Static detection is. used primarily in association 
“with rad'ioa,cjtive tracers. The method involves the 

V 
fixed positioning of a detector array soas to intersect 
and measure the sediment flow past that position 
(Courtois and Sauzay, 1970). Due to the ‘small area 
of coverage. analyzed per sensor at each point 
(1 m2), this method requires the use of aVmuch 
largeramount of tracer than that required fordynam- , 

ic detection (ratio 1 to “l 0). -T his type of detection is 
best used when transport directions are somewhat 
limited, asin ariver or. estuary. ltis also promising 
for measurement of the temporal evolution of the 
tracer at ,a single p_oint_for specia,li,zed studies such 

, as those on j the role ’ played by v sedimentary 
bedtorms in bedload transport. 

Dynamic "Detection on the Bottom“ 

For dynamic detection of the tracer distribution 
on the bottom, the detector may be mounted on a 

_ 
sled or on a remotely operated vehicle (ROV), taking 
measurements at points along predetermined 
traverse lines.VThe detector normally covers_a strip 
of the bottom approximately’ 1 m wide, so it has the 
opportunity ofdetecting a large number of tagged 
grains. The _-a_vaila_biIity of compact data acq‘uisition 
systems has‘ ‘made this procedure" the most com- 
-monly used for detecting ‘radioactive tracers on the 
bottom. Case Met al.'(1_971) estimate that 2% of all 

tracers deposited on the bottom can be detected 
within one hour-overan area of 300 m x 6004 m, 

- which would correspond -to the equivalent of 50 000 
samples collected with a Shipek grab sampler 
(Nelson and Coakley, 197_4). 

' 

_

’ 

' The accuracy of this method is directly propor- _ 

tional to. the number of_ cross sections through the 
tracer plume. The; sample rate is generally 1' Hz" and 
the data are “recerded continuously on magnetic tape 
or analog (strip-chart) recorder. Results are available 

‘ 

in real time; so the detection plan‘ may be’ actively 
modifiedin the _field‘toI follow the movement of the 
tracer plume. -

' 

Dynamic Detection in Suspension 

Dynamic detection in suspension is specifically 
used to determine the dispersion of the radioactive 

10 

tracer plume in suspension. ltis well _db'cum_e'nted by
» 

Tola [92] and Tola et al. [93]. 

_ 

Detection begins irnjmedi,ately after injection. 
-mo boats are used simultaneously. One boatlis 
used forinjecting thetracer, and, ‘aften/vard, both 
boats carry out the transverse and longitudinal 
surveying of the suspended tracer plume. Two 
detectors per boat are needed in‘ order to obtain 
sufficient and ‘reliableresults. 

' 
' ‘ 

Survey of the tracer dispersion takes place_.a.l
a 

constant velocity passing as close as possiblerto the _. 

centre of gravity (or. maximum concentration), of the 
plume as it is advected by the flow. The velocity of 

V 

‘ the detection boats must be such that the concentra- 
tion variation:.due to the movement of the plume 
during a traverse across‘-it is negligible. The survey 
is considered instantaneous. 

' 

_

~ 

Analysis and lnterpretationot Tracer Experiment 
Resufls .‘ '

V 

Qualitativeyresults may be re_adi|y_ obtained by 
plotting the tracer concentration isolines and deter-_ 

. mining visually the stransportpathway by the rateof 
change of the resulting pattern with respectto the 
injection point. if the quantityof tracer detected is 
low, or it natural or incidentally. introduced. tracers .

' 

are being used, the analysis obtained can give, at 
best, only semvi-quantitative"results. For quantitative 
results, however,: analysis of tracer resultsis more 
complicated. The principal techniques found in the 
Iiterat,ure,are briefly discussed below. It sho_uld_fbe_ 
borne in mind that _these techniques were developed 

suitable forfine sediments. 
mainly for coatser materials; and so might _not_ be" 

Count-Rate Balance Method 

The count-rate balance method is described in 
Courtois [25, 26]. This method is designed _to obtain 
the transport rate, or flux (q) passing through a cross 
section orthogonal to the ‘resultant direction. This 
quantity is defined as follows: _ 

q=p«L,v,,,E,,,s 
g 

, 

<1)‘ 

where q = transport rate (m‘°_’/day) 
p = density of se'd'imen't

‘ 

Lt = the width of transport (in) 
V

_ 

Vm- = the mean transport velocity (m/day) 
Em = the transport thickness (m)



_where'M
' 

_' u N (-x,y,t) ‘average mass 

The veloc_ityg of transport of the plume (Vm) is 
detennined by the .clisplacement, per unit time, of its 
centre at gravity; The position of the centre of gravity 
is obtained from successive surveys. The transport 
thickness (Em) is best estimated by coring and inter- 
preting profiles of activity versus depth in the cores. 

Lavelle Method
' 

Other authors f have developed ’_different 
methods’, for determining rates of sediment transport . 

d 

from tracer data. Lavelle et al. (1978) ‘used an 
, advectio_n-d_itfujsion model that described the move- ' 

merit of the sedime'nt.cloud.in two dimensions. 
as ac’ T aic aic 

Vx‘a;."' Dx 37 _‘ Dy 3?: °_ (2) 

where C(x,yv,t) _' represents‘ concentration of the 
_ traoerat points x,y, at timet 
Vx is the se‘d_i_ment advection velocity 
Djxand D: are the sedimentary diffusion

_ 

, coefficients in the x and y 
directions, respectively. - 

V’ 

'I_nm'an Method 

l_njman' er» at ([1980, p. 1225) used two different * 

approaches to measure the transport in the littoral . 

zone: temporal and spatial. 
' 

Temporal Approach 

- The sampling is made by coring. -at ‘fixed 
intervals along a fixed line across the tracer path at 

7 
. varyingtimes. Thetracer is injected on one-Aline (Li) 
at time '(to)>and_is sampled along line (Le) at time, ti

V 

(ti varies from 0 to ea). 
A 

If y‘ is the distance between Li and L 9, then 
I 

XE _oo 
E 

__ 
V 

I

' M=f f—:lZoNdxdt (3) 
0 

. 
To ' 

is the total mass of tracer injected 
Z_o(x) is the th_ickness of the mobile layer 

j_ 
concentration 

(mass/volume); (i) 
' 

refers to a 
particular sampling event 

_ 

i_ The "characteristic longshore velocity or ' 

,advectio\n' rate of the tracer-marked" sand can then 
' 

beiexpressedf as .

'

1 
V2“‘i 

ti 
rwil‘ stem). 

and the volume of the sediment flux (09) ‘is
‘ 

xb -

‘ 

0:2 = I VQ Zotxl dx x «fist 
o » 

The flux can be presentedtalso as the immersed
A 

weightper unit time (IQ) : 

IQ = 09 (P5 — pl 9No 
' 

t. (6) 

where 99.; volumeflux of sed_iment _

_ 

' N O = mass concentration (mass/volume) of . 

_ 

the local beach ,san_d ‘

‘ 

~ g = acceleration due togravity 
.p = density of water 

’ 

p5 = density of solids 

Spatial Approach
‘ 

Grab samples are "collected s_ynopti_c'ally over a A 

fixed grid at a fixed time after the injection. The injec- 
tion line is defined -inside this grid as y and the- 
sampling lines (yi) extend outward on both sides of . 

y,- * 

The equation of conservation of the tracer in 
this case is slightly» different from (3): 

Xb +oo‘ _ _ I. M .= I f Z9,N dx dy , (7) 
o -60 '

A 

' but thevolume and the immersed sediment flux are 
the same as in‘ the temporal approach (5, 6). 

Tola Method for Suspended Load
A 

In a more complex treatment, but one more . 

directly related to" fine. sediment, _Tola [91] used an 
analytica_l model for the dispersion of fine sediment 
in a semi-infinitetmedium of finite and constant depth. 
"to determine the horizontal dispersion parameters of 
a tracer injection. Assuming that the -‘horizontal 
dispersion follows a Gaussian law, he defined a 
longitudinal dispersion equation; 

_ 
_

- 

+oo _ oo _ V 

0,-(2 = f X2 Cm dx/ f (8) 

where ox is the- variance or dispersion of "the" 
longitudinal Gaussian distribution relative

_ 

to the GXY axis’ 
x is the abscissa relative to", GXY axis,

‘ 

tracer distribution 
. Cm is the maxi_murn average'concentration’- 

moving with the centreof gravity» of- the

11



The denominator in equation (9) represents the total 
C

S 

mass along the longitudinal-axis (x). -A similar ex- 
pression can be defined for. the transversal disper- 
sion with respect to -the horizontal axis (y). Further 
manipulation of these diffusion relationships"enables 
the researcher to track the evolution of the tracer 
plumewith time. - 

SUMMARY AND CONCLUSIONS 
The variety of tracer techniques described in 

the literature for tracing fine sediments suggests 
strongly that the choice of. technique for tracing fine 
sediments depends primarily on -the nature of the 

_ 

application. The best tech'nique;for one site or appli- 
ca't_ion'is _not nece_s_sarily‘theF best for another. "Most of 
the invesitigations wereassociated with short-term 
studies of dispersal plumestrom dumped dredged 
spoil. it is clear that, for such studies, where the 
ability to follow the fine sediment plume in real time 
is important, the radioactive tracer techniques are 
preferable. excellent example, is the technique. ’ 

_ 
developed).by Tolaand his colleagues, involving the 
surficial attachment to short-lived‘ ‘radioisotope 
Au-198 to natural clayey sediments by means of a 

- special "chemical process. The "sediment hydrody- 
namic properties, remain virtually unchanged, and 
the transport of the tracer—marked sediment'plume 
can be ‘followed ‘using dynamic detection proce- 
dures. Furthermore, this te_ch_nique permits the 
-natural sediment to be tagged concurrently with its 

injection into the system. 

Longer-term fine sediment studies must deal 
with intermittent resuspension and transport events 
over’ periods] of weeks or months,» so longer-lived 
radioisotopes would «be necessary and detection. 
would~‘be confined. to the bottom deposits. Use has 
been 5‘rtia‘de ofj isotopes such as Iridium-192 (75 
days)<and. Scandium-46 (84 days), with bottom sur- 

' 

veys being carried out using a sled-mounted detec- 
tor or a remotely operated"vehicle. However,. the use 
ofjlong-li_ved'radionuclides requires much attention to 
the safety-related gfactors,-especially if the study is 

‘located in multiple-use areas, such as the Toronto 
waterfront, where,’in addition to bathing beaches, 
there, are three drtinking water intakes within 
potential reach ofthe tracer plume. 

Given‘ these safety considerations and the 
stated goal oi focusing on longer-term transport 
trends, non_rad_ioisotopic tracers might offer definite 
advantages’. Although the literature here is .much 
sparser' than .for radioactive. tracers, the most 

12 

attractive. among this type are.‘ the neutron-activable
V 

tracers. These tracers have relatively"low‘.environ- 
mental impact. butfat the same ti_m‘_e.. _they give T 

adequate resolution -'f_o,_r, most 'timje_-i'nte'grated, 

transport a_pplic‘ations.' Their, rnajor’ problem is their 
inability to provide information on real-time transport 
pattems. . 

i 

'

. 

Forstudies of. long-term ‘fine sediment transport 
integrated over periods of years, use might also be 
made of'_in,ci,dentally introduced chfe_micals» adsorbed « 

onto t'he.existi_ng fine" sedimentsi being transported, 
These include both organic chem_icals- and.trac'e 
metals...Hofwever, because the rate of their i'ntlfodUc-zv

_ 

tion into, and removal from, the system is not known, _, 

and their respe,ctive sourcesqcan often ‘only be ' 

.

c 

speculated upon,'the level of resolution is‘, less than 
tho.se,d‘e_scribed ab_ove.cAs a result,-'.‘th__ey ‘probably 
may best be regarded as preliminary" indicators at 
transport, providing only qualitative or directional" 
information on contaminated sediment transport. 

‘Finally, natural» tracers, including grain-size
I 

properties, heavy minerals, and clay mineral_suites, 
also offer l_imited use_.in tracing long-term transport 

. patterns. The major disadvantage of, these is that” 
because the shoreline and watershed»sedim_ents in‘ 

the Great Lakes area, for instance, are a complex ‘of 
glacial and glaciolacustriiie s‘ed‘i'rhe“nts, the source 
inputs of the properties can only be inferred." In’ any 
event, grain-size data are important for other 
aspects of conta_minan't investigations-, so this;infor- 
mation is suipplied, "free" to ‘imply overall transport 
patterns, especially inthe case of the fine sands and 
silts, where flocculation does not- alter the "original 
sediment texture.‘ T 

.. I 
.

‘ 
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