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STUDY OF FSTUARINE DYNAMICS

ABSTRACT

^- ..-• "- fes. - • ." " • -
Application of^artificial tracers tiave-proved to be a valuable tool
ift the stady of Sstuarine dynamics .^/f

A case study £a=enfa shallow, well mixed fjord illustrates the use

of ap radioacitive and an activable tracer. An instantaneous injection

of the rare earth lanthanum was used as an activable tracer to deterr

mine residence-time and internal recirculation in the fjord system.

An instantaneous injection of bromine-82 was .used to ..investigate', by-

pass of water from a harbour area through a power plants^ cooling

water system to a partly enclosed basin of the fjord. Instantaneous

releases of bromine-82 were further used for short time studies of

the primary spread and transport of river water discharged to the

inner section of the fjord system. £. "' •'~A' *'*" 3
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1. INTRODUCTION

An Estuary can be defined as a partially enclosed body of water

which receives an inflow from land drainage and which has a free

connection to the sea. The water within an Estuary consist of a

mixture of fresh water and salt water in proportions which may

vary both vertically and horizontally.

Many Estuaries has been well suited for harbours and consequently

urban and industrial developments. These are sources of pollution.

The main objectives of studies of Estuaries are the control and< -£-

prediction of pollution. The main physical problems to be investi-

gated are water movements and mixing processes. The scale of stu-

dies with respect to time and distance depends on how selective

the objectives are formulated. Prediction of concentration distri-

bution from a small point source of a soluble fast decaying non-

toxic substance may be solved as pure 'desk work while a substantial

amount of an almost non-decaying contaminant may require longtime

field 'studies covering the entire Estuary.

This presentation focus on some tracer techniques using radioac-

tive and activable tracers to investigate physical mechanisms and

is within this subject limited to personal experiences by the aut-

hor.
i • •

2. SIMPLIFYING ASSUMPTIONS IN MODELS

Prediction of pollution always presupposes some kind of an idea mo-

delled on the physical properties in the waterbody under conside-

ration. Currents and the forcing factors of the currents, strati-

fications and the various scales of mixing processes has to' be
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either estimated or.investigated.

The modelled approach will depent very much on the type of Estu-

ary. Classification of Estuaries has been, developed by HANSEN and

RATTRAY /1/ and others. Mathematical models which could be used

in prediction of pollution destribution are described by LAUFF /2/

and DYER /3/.

Because of-simplicity the mathematical models are always based on

some kind of average figures for the physical processes taken in-

to consideration. Consequently their statements also express some

kind of average effects. A number of models are assuming "Steady

State Situations" which in the time scale may require several ti-

dal periods. All mathematical models for pollution prediction con-

tain dispersion parameters which have to be estimated or measured.

These parameters are closely related to the mathematical formula-

tion of the model. To reduce computational difficulties it is com-

mon practice to average concentration distribution over depth or

over cross-sectional areas. When these models are calibrated and

verified both the data collection and the data treatment has to

be adapted to their related simplifications.

The development of numerical hydrodynamic transport-dispersion

models - see ABBOTT /4/ - has been an important step forward in

prediction of pollution distribution. They are 'adapted, to compu-

ter treatment and can simulate (or reproduce) the concentration

variation with time down to small intervals in a two-dimensional

environment. The concentration in the third'dimention - most of-

ten the depht - is then an average figure. These computer runs re-

quire an increasing computer capacity if decreasing time-steps

<are desirod. The calibration of these models requires long time
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series of recordings in a number of stations and this again means

that advanced selfrecording instruments are strictly necessary.

Salt or freshwater are most often used as (natural and conservati-

ve) tracers in the calibration of mathematical models, but there

is still a need for artificial tracers and their related techni-

ques .

The need for artificial tracers arise from a professional view-

point.

1. For calibration of mathematical models, when natural

tracers are useless.

2. In the study of specific processes, when available

model predictions average over , either time scales or

spatial scales in such a way, that the nature of the

processes of interest are blurred. It is thus frequent-

ly the more dynamic processes.

From an economical viewpoint the application of artifical tracers

may in some cases be a less costly and a more direct approach to

a specific problem than the construction of a sufficient reliable

model.

With background in a recently finished case, is, in the section be-

low referred how artificial tracers has been used in the study of

dynamic physical processes.
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i

-.3. TRACER APPLICATION IN THE ODENSE FJORD, DENMARK

3.1 PRESENTATION QP THE FJORDSYSTEM

3,1,1 TOPOGRAPHY AND SOURCES OF POLLUTION

The Odense Fjord System consists of an outer and an inner basin

separated by an island. Figure No. 1 show the irregular topograp-

hy and figure 2 the data on area, volume and tidal range. The

Odense Harbour and channel appear as an appendix to the inner ba-

• sin. Because the cooling water intake is located in the Odense

Channel and the outlet in a wing to the Odense River (see. fig. 3)

the power plant located at the bottom of the inner basin establish

the possibility of recirculation to this basin.

The Odense River and the Stavis River are in relation to this study

the most important freshwater sources to the Fjord system since

they from up-stream sources also carry waste water from two treat-

ment plants (secondary treatment) in the city of Odense. The waste water
3 - 1

discharge to the Stavis River is 10.000 m • day and to the Oden-

se River 55.000 m • day" . The monthly variation in average fresh-

water run-off rate is illustrated in figure No. 4.

To-day the county authorities has in consideration the combined

environmental effects in the Fjord system of a possible increase

in power plant capacity (increase in cooling water requirement)

and the establishment of a new treatment plant with discharge point

at the mouth of the Odense River.

Important questions of the physical reaction of the Fjord system
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were:

1 - is significant amounts of freshwater from the Stavis

River pumped to the inner.basin through the power plant.

2 - residense time within the system of wastewater dischar-

ge to the Odense River

3 - location of potentially most contaminated zones within

the inner basin

4 - does the Power Plants cooling water system create a

measurable degree of recirculation.

The above questions were investigated by a series of tracer studies

involving the radioactive tracer "Br-82", the activable tracer,"La"

and the fluorescent tracer ."rhodamine-B".

3,1.2 HYDROGRAPHY

Generally the Fjord system is vertically well mixed. However, stra-

tifications normally occur in the whole lenght of the navigation

channel. Figure 5 list the range of salinities measured in the stu-

dy period (30 days in the period Nov. 1978 to May 1979) . Currents

are forced by tide, wind, density differences and freshwater run-

off. In the Odense channel the bottom current is always directed

against the power plants cooling water intake. The surface cur-

rents vary in direction with the tide. The cooling water by-passed

from the channel to the Odense River is generally the more dense

proportion of the channel water because the sub-surface cooling wa-
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ter intake has the top of opening about 2 metres below surface and

bottom of opening 6'metres below surface (~ 1 metre above the

channel bottom).

3.2 STUDY OF BYPASS FROM HARBOUR TO INNER BASIN

The purpose of this study was to investigate the amount of fresh

water from the.Stavis River which could pass through the power

plant directly to the inner basin of the fjord system. Because the

fresh water flows out in saline and stratified water in the channel

it will primarily be transported as a surface layer. Due to vertical

and longitudinal mixing processes in the channel a certain amount

could be expected to be dispersed to deeper layers in the channel.

This process would thus facilitate a transport through the submer-

ged intake to the cooling water system.

It was decided to perform the study by an instantaneous tracer re-

lease in a period with typical tidal variations. The choice of tra-

cer was the radioactive Bromium Isotope, Br-82. A radioactive tra-

cer was in preference to a fluorescent tracer (like rhodamine-B)

because significant variations in the background fluorescense was

detected in the waters of the harbour and channel.

The Br-82 was used in the form of ammonium bromide (NHi»Br) . The

16 grams were irradiated in an atomic reactor and transported by van

to the injection position. The amount of radioactivity at the time

of injection was 0.61 Ci (Curie). Before injection the 16 grams .

of NHi.Br packed in a water soluble polyvinylalcohol bag was diluted

in one liter of hot water (~50 °C). Sodiumthiosulphate was added

to prevent oxidation of bromide to free bromine and in addition a
»

small amount of dye to make the radioactive solution visible in the
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initial phase after injection.

The radioactive tracer was injected in the fresh 'surface layer at

the mouth of the Stavis River.

The horizontal convection and vertical mixing of the tracer in the

channel was followed from a boat with ganunascintillation detector

and the portable ratemeter PORAMO (developed by the Danish Isotope

Centre). Vertical profiles of tracer and salinity distribution was

taken from time to time in front of the cooling water intake.

. Three continous self recording stations was establised (see figure

31. No.l in the cooling water outlet channel with detector 1 metre

below 'surface. Nos. 2 and no. 3 was established in the navigation

channel with detectors 0.7 metres below 'surface. The set of compo-

nents in all stations were gammascintillationdetector, PORAMO ra te-

meter, Rustrak recorder and a 12 volt storage battery.

The vertical profiles demonstrated that the, tracer was almost even-

ly distributed in the surface layer (down to ~3.5 metres below sur-

face) . Only insignificant amounts was dispersed across the salini-

ty interface to the bottom layer (see example on figure 6).

Results from the three fixed recording stations are shown on figu-

re 7. together with the water level recordings.

Based on the known pumping rate and the recordings from station

no. 1, it was possible to calculate the amount of tracer bypassed

through the cooling water system. It was found that a total amount

at about 17 per cent was bypassed 33 hours after injection. An in-

tegration of a longitudinal profile of tracer (figure 8) in the

channel and harbour (measured 28 hrs. to 32 hrs. after injection)
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'demonstrated that about 70 per cent was still present in this part

of the system. These figures are in fairly good agreement and in a

way demonstrates a succesfull experiment. However, in relation to

the purpose of the study this result was only indicative, since

the tidal variations came to be very in-typical (the water level

dropped with no interruption during 17 hours).

In relation to normal tidal and normal weather conditions the con-

clusion was that more than 17 per cent of the fresh water from the

Stavis River will be bypassed directly to the inner basin assuming

the same flow rate of cooling water.

3.3 STUDY OF RECIRCULATION AND RESIDENCE TIME

Former estimates based on a preliminary analysis of the salinity

destribution indicated an average residence time of water intro-

duced in the mouth of the Odense River to be about two weeks in

the inner basin and about 4 weeks in the entire fjord system. The

purpose of this new study was experimentally to verify the former

estimates and to measure if any significance of recirculation occ-

urred through the power plants cooling water system.

It was decided to perform the study by instantaneous injection of "

the rare earth lanthanum in the river mouth and subsequent analysis

of samples from five stations. Figure 1 show the sampling locati-

ons. The use of flourescent tracer was disregarded partly because

the background fluorescenso in the uncontaminated sea water could

vary significantly,and partly.because the docay rate was unpredict-

able in this very shallow area with dense bottom vegetation.

•
The background concentration of -lanthanum in the oceans is by sevc-
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ral investigators (3,4 and 5) repor.ted to be about 10 ngLa/litre.

Preliminary analysis on samples from the Odense Fjord indicated a

background concentration óf the same level.

3.3.1 INJECTION

The activable tracer was injected in the surface layer of the river

mouth in the form of 440 litre of a Lanthanum-EDTA-complex compound

produced in the laboratory of the Danish Isotope Centre ,'(DIC) from

lanthanum oxide and sodium EDTA. This tracer solution contained

5.500 gram pure lanthanum and was adjusted to PH = 6.5 before in-

jection. The tracer solution was transported to the injection site

on plastic cans (volume 30 litre) and injected almost continuously

to the surface layer within two hours duration. It was estimated

that this lanthanum-EDTA-complex would act as a soluble conserva-

tive .water tracer for at least one or two months.

3.3.2 . SAMPLING

Water samples was taken regularly by the client. The sampling rate

follows from figure 9. The samples (2 litre) was at each station

taken 0.2 metre below surface and 0.5 metre "above the bottom. Ver-

tical profiles of salinity and temperature were measured by salino-

meter at each station. At stations 2 to 5 the aim. was to sample one

hour before low water to avoid that the sample should represent

"new sea water" entering the system. The samples taken were sent by

ordinary public transport to DIC for analysis.

3.3.3 ANALYSTS
[
I Some of the samples wore selected by DIC for immidioto analysis to

i
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demonstrate the concentration versus time distribution at the

sampling stations.

The lanthanum concentration in the samples was determined by Neu-

tronactivationanalysis. The analytical procedure on these marine

samples was developed by Dr. Linda Lumba from the Philippine Ato-

mic Energy Commission during her residence with the DIC.

In the laboratory samples were filtered and La liberated from the

EDTA-complex by sulpriuric acid. By the admixing of ferric ions La

is entrained in the precipitation of ferric hydroxide. This preci-

.pitate was filtered and sent f or- irradiation (2 hrs.,

4,5 • 1013 n • cm2 • sec**1). The La-content was then determined by

gammaspectrometric measurement at the DIC after a time of decay of

app. one.week.

The concentration of lanthanum in the analysed water samples are

plotted in figure 10 as .concentration, versus time diagrams for

each sampling station.

3.3.4 EVALUATION

The study period demonstrated that the fjord system actually had

a higher background of lanthanum than the preliminary analysis in-

dicated. Due to the analytical sources of error the background le-

vel could not be deterudned'so very precisely. However, it could be

concluded that the background at stations no. 1 and no. 2 was not .

higher than 80 ngLa/litre and at stations no. 3, no. 4 and no. 5

no higher than 50 ngLa/litre. Hie prime source of lanthanum to

the fjord system was incircled to be decomposition products from

soils supplied to the fjord by river water and streams.
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It is well known.that the background, concentration of lanthanum in

waters which, receive drainage from rocky surroundings can be much

higher than found in the Odense Fjord as reportet from San Franci-

sco Bay by KRUGER /5/.

It follows from figure 10, that the exchange of tracer from the

inner to the outer basin primarily was through the cross section

around station"no. 2. This exchange was quick since the analysed

samples had maximum concentration at station no. 2 two days after

injection and at station no. 3 three days after injection.

In this study - with no flow recordings in the cross sections (it

is almost impossible) - the duration of time from injection to

registration of maximum concentration is taken as the best estima-

te on residence time of the injected tracer in water "upstream"

from the sampling points.

As a consequense of this assumption, the residence time in the in-

ner basin must be estimated to about 50 hours and in the fjord sy-

stem as a whole to about 5 days. It deserves notice that the stra-

tifications, the weather conditions and the tidal water level varia-

tions were quite normal during the first 10 days of the study.

It has to be stated that the results of this residence time study

are valid only for water elements introduced with the Odense Ri-

ver.

Because of the short residence time found within the inner basin

a supplementary study was performed by the radioactive tracer Br-82

(see section 4.4 below).
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3.3.5 • RECIRCULATION . .

The lanthanum content in the samples taken in front of the power

plants cooling water intake (station no. 1) demonstrate that re-

circulation by the cooling water system will occur.

Significant amounts of tracer was present 24 hours after injection.

Maximum concentration was observed (bottom water) three days after

injection.

On the basis of the concentration versus time plot from station

no. 1 it is possible : to "estimate" the degree of recirculation (r) .

Q•• /c • dt
r = o

M

Q = 'cooling water flow per unit of time. ' •

c = Concentration of tracer (above background) in

cooling water. ••'

M = 'Total amount of tracer injected.

It follows that the value of "r" depend on the background concen-

tration. Taking in consideration the vertical, flow distribution in

the cooling water intake and uncertainties in determination of back-

ground, the degree of recirculation of lanthanum after 10 days (La-

cone. ~ background) was estimated to be r =0.2. This figure is, of

course/ an approach to the real value, because this integration of

the obtained concentration/time plot include small amounts of tra-

cer which has been recircled more than one time. Actually, however,

it has an almost insignificant effect on the value.

From the measurements at station no. 1 it is posible to calculate
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the concentration which could have been developed corresponding

to a continuous release of tracer (or river . water)' in the river

mouth. However/ conditions (hydrographic, river run off, cooling

water flow rate) simular to the study period has to be assumed.

A continuous, release could be considered as a series of repetetive

injections of the amount M with short time intervals (At). Know-

ing the concentration destribution produced at station no. 1 from

one instantantaneous injection the concentration, (of La) at this point can

be calculated from the equation

Ca r- >k f c ••dt:
The average concentration Co of tracer in the river established

from a continuous injection may be written:

M
Co =

qo • At

where gQ is the river flow rate.

If the dilution "S" of river water in cooling water is defined as:
Co

s — •

Ca .
It follows that:

M .
S =

d t

The amount "qok" of river water, which is recirculated through the

power plant is:

• < * - ; • Q

where "Q" is the cooling water flow rate.
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Dilution of river water (and all soluble substances in the river

water) can then be re-written as:

Q . 1

s = — -
qo

 r

During the study period the river flow was qo = 2.3 m
3 • sec"1

. . ' and the cooling water flow Q = 0.7 m3• sec"1. Using the degree of

recirculation found from the injection of lanthanum the dilution

óf river water is found to:

6.7 1
S = • — -15

"2.3 02.

v

3.4 SHORT TIME STUDIES WITH BRDMTNF-8? ftNn RHODAMINE-B

Because of the short residence time measured for the inner basin

it was recognized that more detailed studies by Br-82 were feasible.

The objectives of these supplementary investigations were:

1. More precise information ön the transport time from

' the river mouth to station no. 2 (outer basin).

2. To study the possible difference in the seaward

transport of the freshwater from the Odense River

and the salt water (cooling water) pumped by the

power plant to the lower tract of the river, where

• . it form a salt bottom layer.

Bromine-82 in form of ammonium bromide (NH^Br) was instantaneously

injected in the homogenous salt cooling water in the outlet channel
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from the power plant {see figure 3). The amount of radioactivity

was 0.9 Ci. The time of injection was selected so that the radio-

active tracer would pass the river mouth at the time of high water.

At the time when the bromine passed the river mouth four litre of•

the fluorescent tracer Rhodamine-B was injected almost instanta-

neously (during 5 minutes) to the fresh surface layer in the river

mouth. The vertical salinity and temperature destribution was

checked by salinometer. The pass of bromine in the salt bottom

current was checked by a detector (connected to ratemeter and

Rustrak recorder) hanging down from an anchored buoy.

At station no. 2 (an anchored dinghy) the presence of radioactive

tracer was .recorded continuously 1 metre below surface (instru-

mentation: Detector, Poramo ratemeter and Rustrak recorder).

The presence of fluorescent tracer was determined in othe laborato-

ry on water samples taken from the surface every one hour by an

automatic water sampler. These samples were also' used for determi-

nation of salinity. Figure 11 show the measurements from the first

day and night. Measurements were running for three days at this sta-

tion to facilitate comparisons with the results from the study by

lanthanum.

The sea ward and the in ward movements, of tracer within the inner

basin was followed from a boat during the first day. The measurements

from the boat comprised vertical profiles of salinity/temperature,

radioactive tracer and visually observation of the presence of rho-

daminc-B (a field-fluorometer was not available during this study).

These measurements demonstrated a rather good vertical mixing between

river water and cooling water already during the first sea ward
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transport. The dynamic, behaviour of the dispersion in the inner

basin of water flowing from the river was demonstrated very clear-

ly. The observations demonstrated both a.slow transport to the

south eastern part of the basin and a fast sea ward (north) trans-

port like a tongue along the western boundary. During the follow-

ing in ward motion (rising tide) the vertical mixing became almost

complete.

From figure no. 11 it follows that a significant amount of tracer

(fluorescent) was present in the surface layer before a tracer

(radioactive) was detected 1 metre below surface. This demonstrate

the quick transport of surface water in the v/estern part of the ba-

sin.

It has to be noticed that the difference in registration of arrival-

time for the two tracers does not demonstrate a corresponding dif-

ference in the transport of the two originally (tracer) marked wa-

terbodies. The vertical profiles of salinity, temperature and ra-

dioavtivity indicated that the radioactive tracer was present in

the surface layer together with the fluorescent tracer. Because of

the raised background-count rate in , the very surface layer (corres-

ponding to a tracer concentration on about 0.4yCi/m3) the aim was

not to measure the presence of Br-82' in the surface.

The concentration versus time plot obtained at station no. 2 from

this study by Br-82,plus one more performed as a check,has been

compared with data obtained during the study with La. Prom this

it has been concluded that the maximum concentration at station 2

throughout the La-study probably occurred at a time between 18 hours

and 24 hours after injection. The first small amounts of La could

have reached station 2 five to six hours after injection. The con-
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tinuous recordings of Br-82 also indicate that the La-concentration

at station 2 has been as high as 5000 ngLa/litre within.the first

12 to 24 hours after injection.

4. CONCLUSION .

Tracers and tracer techniques are very valuable tools in' the detail-

led study of dynamic processes in an Estuary. The time scale may

be from minutes up to several days. They are excellent in giving a

demonstration of the initial movement of a waterbody,horizontal

dispersion and the effect on mixing processes of horizontal and

non-horizontal density boundaries, between water bodies.

Tracer studies,are factinating because they can give a direct in-

sight in processes which may be difficult or imposible to obtain

by other means. However in solving practical pollution problems it

may be frustrating for the investigator to see his results' smoothed
• •>

out in .an engineering approach.
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