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ABSTRACT

The fate of dredge material disposed of at open water sites by hopper
dredgers has significant ecological and engineering importance. The
suitability of a site for continued or proposed new disposal of dredged
material can only be considered if the processes which occur in both the
short—term and long-term with respect to the dispersal of the material are
well understood.

To improve the knowledge of the physics involved in dredged material
disposal, a field study was undertaken in September 1986 in co-operation
with the Tees and Hartlepool Port Authority. The objectives were:

l. To characterise the dredged material within the hopper of the dredger
prior to it being disposed of at the disposal site in respect of the
density profile with depth, silt content and heavy metal
concentrations.

2. To measure the extent of the near surface dispersion cloud released as
the material plunged through the water column in the descent phase.

3. To determine the nature and velocity of the bed wave during the
diffusive phase and to measure the effect on the propagation of this
wave of the bed slope and current velocity.

4, To quantify the magnitude of bed level changes resulting from the
repeated disposal of dredged material at the same location.

5. To examine the silt content and heavy metal concentrations on the bed
material before and after the disposal exercise.

The general approach to the field study was to identify a relatively shallow
and flat test area of sea bed within the disposal site in Tees Bay. At the
centre of this test area all the material dredged by the two trailing
suction hopper dredgers for a three day period was to be discharged.

Samples of material were to be taken from the bed of the test area
immediately before disposal commenced and again as soon as possible after
disposal in the test area had ceased. Detailed soundings of the test area
were to be taken before and after disposal.

The density of the dredged material in the hopper increased with depth,
particularly within the bottom lm. The mean densities of the nine hopper
loads measured varied between'1.07 and 1.24T/m3 , with an average of
1.15T/m3. Grab samples taken in the hopper had an average silt content of
50Z and Cassella bottle samples taken in the upper part of the hopper
contained 95Z silt. The average concentration of metals in the grab samples
were (in ppm) Cu-160, Zp-480, Pb-300, Fe-34000, Mn—420 and Co-11. The
concentration of metals in the Cassells bottle samples were Cu-250, Zn640,
Pb-510, Fe-36000, Mn-310 and Co—-13.

The concentrations of suspended solids fn the upper 15m of the 30m water
column were generally low and very limited in extent. Peak concentrations
of 200ppm were recorded in a near surface plume approximately 80m in width.
An estimate of the amount of materizl in the plume indicated that it
comprised % to 2Z of the dry weight of material in the hopper.



The velocity of the bed wave was measured to be approximately 0.9m/s over
the first 50m from the disposal point reducing to 0.5m/s between 50 and 125m
and to 0.lm/s between 125 and 155m. The bed slope of 1:700 did not have a
significant influence on the propagation of the bed wave. The velocity of
the current was fourd to influence dramatically the bed wave during its
diffusion phase.

No significant change in the profile of the bed could be detected as a
result of the disposal of the 25000m3 (hopper volume) of dredged material.

The silt content of the bed in a 500m x 5S00m test area centred on the
disposal point increased markedly due to the disposal operations. The
samples at 50m from the disposal point had an increase in silt conteant from
8% to 49%Z, at 150m the increase was from 10Z to 15% while at 250m there

was no increase.

The average concentrations of heavy metals on the bed of the test area
increased as a result of the disposal of the dredged material. The increase
was significant at 50m from the disposal point (50 to 100Z) but was less
marked at a distance of 250m (15 to 50Z).
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1.1

INTRODUCTION

Background

The fate of dredged material disposed of at open water
sites by hopper dredgers has significant ecological
and engineering importance. The suitability of a site
for continued or proposed new disposal of dredged
material can only be considered if the processes which
occur in both the short—term and long—term with
respect to the dispérsal of the material are well

understood.

The disposal process may be divided into three
distinct transport phases according to the physical
forces or processes that dominate during each period.
These stages have been described by a number of
investigators Clark et al (1971), Koh and Chang
(1973), Gordon (1974), Brandsma and Divoky (1976),
Johnson and Holliday (1978) and Bokuniewicz et al
(1978). The most common terminology for these stages
is convective descent, dynamic collapse and pressure
diffusion (WES, 1986). A diagramatic representation
of the tramsport processes during opemwater disposal

is shown in Figure 1.

Following release from the hopper, the dredged
material descends though the water column as a well
defined jet. During the descent large volumes of
water are entrained in the jet and so the material
becomes separated from the jet and remains in the
upper portion of the water column. This material may
be described as a near surface plume and would be
advected by the current from the disposal point. The
descending jet collapses as a result of impact on the
bed and the material which is not deposited on impact
will move out radially under its own momentum. When
sufficient energy has been dissipated material will

begin to settle rapidly on the bed. Diffusive



1.2 Objectives

processes will then dominpate and any remaining
material will be mixed with the lower water column.
The concentration of suspended solids wiil be lower
and settling will take place but at a much slower

rate.

To improve the knowledge of the physics involved in
dredged material disposal, a field study was
undertaken in September 1986 in cooperation with the
Tees and Hartlepool Port Authority. This study was
the second major field exercise carried out on the
Tees — the first being conducted in June 1985

(Delo and Burt 1987). The location of the Tees and

the associated disposal site 1s shown in Figure 2.

The field study concentrated on acquiring a more
detailed knowledge of the short—term dispersal of
dredged silty material dumped at the offshore spoil
ground. There were five principal objectives of the

exercise:

1. To characterise the dredged material within the
hopper of the dredger prior to it being disposed
of at the disposal site in respect of the demsity
profile with depth, silt content and heavy metal

concentrations.

2. To measure the extent of the near surface
dispersion cloud. released as the material plunged

through the water column in the descent phase.

3. To determine the nature and velocity of the bed
wave during the diffusive phase and to measure
the effect on the propagation of this wave of the

bed slope and current velocity.



2

2.1

METHODOLOGY

Overall

4, To quantify the magnitude of bed level changes
resulting from the repeated disposal of dredged -

material at the same location.

5. To examine the silt content and heavy metal
concentrations on the bed material before and

after the disposal exercise.

The general approach to the field study was to
identify a relatively shallow and flat test area of
sea bed within the disposal site in Tees Bay. At the
centre of this test area all the material dredged by
the two trailing suction hopper dredgers for a three
day period was to be discharged. Samples of material
were to be taken from the bed of the test area
immediately before disposal commenced and again as
soon as possible after disposal in the test area had
ceased. Detailed soundings of the test area were to

be taken before and after disposal.

Measurements of the suspended solids concentration
were to be made throughout the water column using a
stack of four Partech monitors attached at various
heights above the sea bed to a steel wire fixed to the
survey craft. The position of the Partech monitors
relativ; to the sea bed and the location of the survey
craft relative to the location of the dredger when
disposal were to be varied as necessary for each

successive drop of dredged material.

In addition, samples of wmaterial were to be collected
from within the hopper of one of the two dredgers by
grab and by Cassella bottle samplers. Measurements

were also to be taken of the inmsitu density of the



material with depth in the hopper using a Harwell

radioactive transmission probe.

2.2 Test area location

2.3 Dredgers and
disposal

procedure

An area of sea bed measuring 500m x 500m towards the
western edge of the disposal site was selected as the
test area (Fig 3). The sea bed in the test area was
relatively flat and the water depth was approximately
27m LAT. The test area was divided up by a 100m x
100m grid and each node on the grid was identified by
the numbers 1 to 36 (Fig 4). For the purposes of
taking echo soundings the lines of the grid were
assigned the numbers 1 to 6 in the north-south

direction and A to F in the east—-west direction.

The centre of the test area was marked by a small buoy
which was placed at the start of each day by the
survey craft and recovered again by the survey craft
at the end of each day. The buoy was positioned daily

to an accuracy of about 10m.

During the field study the dredgers Heortnesse and
Cleveland County, both trailing suction hopper
dredgers, were directed to dredge a silty upper part
of the Tees estuary (Fig 5). Each dredger had a
hopper capacity of around 1500m3 and maximum depth
from the overflow weir to the bottom of the hopper of
7m. On arrival at the test area the material in the
hopper was released as close as possible to the marker
buoy with the dredger travelling as slowly as was
practicable. In broad terms all the material from the
discharges made during the three days of testing was

released within 5SOm of the marker.



The round trip for a dredger to fill its hopper, reach
the disposal site, dispose the material and return to
the River Tees agaln ready to start dredging took in

the region of three hours.

2.4 Echo soundings and
position fixing

The survey craft used in the fleld exercise was the
Tees Soundsman of the Tees and Hartlepool Port
Authority. The sounding equipment was a dual
frequency (210kHz/30kHz) Atlas Deso 20 running at
210kHz linked to the on board Hewlett Packard 9845B
microcomputer. Position fixing was by a Motorala Mini
Ranger III which was also linked to the microcomputer.
A graphics terminal (HP 2648A) was mounted near the
helm and was used to position the boat to an accuracy

of * Sm.

The procedure for sounding the test area involved
first programming the microcomptuer with the
coordinates of each line to be sounded (ie, the twelve
500m long lines within the test area). These lines
were then displayed on the graphics terminal and the
survey craft was steered along each line at a constant

speed.

A copy of the display of the microcomputer on the Tees
Soundsman could be printed out at any time as well as
a single line of data giving the easting, northing,

sounding, tide and time at any instant in time-

The readings from the echo sounder and position fixer
were logged onto the microcomputer and then recorded
onto a magnetic tape cartridge. The cartridge was
taken ashore and a chart of the survey data plotted

using another microcomputer system.



2.5 Suspended solids

3 RESULTS

3.1 General

3.2 Current velocity

and direction

A stack of four suspended solids monitors made by
Partech Electronics Ltd was used to measure the solids
concentrations in the water column. The four monitors
were set up either in the upper 20m of the water
column or within the bottom 2m. A number of monitors
were available depending on the likely solids
concentrations to be encountered, eg, 0-1000ppm or
0-50000ppm, and suspensions of silt and formasin were
used to regularly calibrate each monitor.

The output from each of the four recorders was fed
into a Tekman Servokass 600 four channel pen recorder
which provided a hard copy of the variation in reading<

from each of the four Partech heads with time.

A total of seventeen discharges were made by the two
dredgers, during the three days in which dredged-:
material was disposed of within the test area.
Details of the date, time, drop number, dredger, type
of monitoring and weather are given in Table 1. The
tide curve at River Tees Entrance for each of the
three days of disposal in the test area are shown in

Figures 6 to 8 respectively.

A current meter had been installed earlier in April
1986 for a period of one month at a location
approximately 600m to the north—east of the centre of
the test area. The meter recorded data on the
direction and strength of the current at a height of
lm above the bed for a total of 25 days. The
processed data is given in Figures 9 to 13 as a time

series of current velocity and current direction. The



3.3

Characteristics
of the dredged

material

peak current velocity at lm above the bed varied in
the range 0.2 to O.4m/s for neap to spring tides,

respectively.

Progressive vector plot of the current velocities are
shown in Figures 14, 15 and 16 for the periods 3.4.86
to 8.4.86, 11.4.86 to 16.4.86 and 19.4.86 to 2.5.86
(inclusive), respectively. For the first period of
six days (Fig 14) the progressive vector plot orbital
aligned SSE to NNW extending in both directions to .a
maximum distance of 1200m from the position of the
current meter. During the second period of six days
(Fig 15) the current follows mostly either an ESE or
WNW direction. The furthest distance from the current
meter position was 3000m to the ESE. The third period
shown is fourteen days (Fig 16) in which the
progressive vector plot is virtually unidirectional to
the ESE of the current meter positions. After the
fourteen days the distance travelled was 15000m. This

period corresponded to a Neap—Spring—Neap cycle.

The current magnitude and direction were estimated for
the time of each drop from the current meter data
collected five months earlier. This was done by
determining the current velocity as given by the
current meter at exactly the same time in both the
diurnmal tidal cycle and the Spring—Neap cycle. The
results of this analysis are given in Table 2 with the
current'direction as recorded in the dredgers' log and
observed by the lie of nearby anchored ships. The

current vectors at the time of each drop are also

shown in Figure 17.

The density structure, percentage silt content and

concentration of heavy metals were determined for nine



of the seventeen loads of dredged material which were

disposed of in the test area.

3.3.1 Density structure

The variation with depth of the density of the dredged
material within the hopper was recorded by a Harwell
transmission probe. The density profile of the
hoppers with the minimum and maximum densities are
presented in Figure 18 together with the average
profile of all readings. The depth integrated mean
density of each load measured is given in Table 3.
These mean densities varied in the range 1.07 to

1.24T/m3 with an overall average of 1.15T/m 3.

3.3.2 Silt content

The percentage silt content (ie, the amount of
material <63um) of the ninety-six grab and Cassella
bottle samples are given in Table 4. It is likely
that the grab sampling equipment would have taken a i
sample when the density of material into which the

grab was dropped reached about 1.3T/m3.

The silt content of the grab samples varied from 26%
to 91% and had an average of 50%. On the other hand
the Cassella bottle samples contained predominantly

fine material with an average silt content of 95%.
Taking the variation in silt content with depth into
account it is likely that overall the dredged material

comprised about 70% silt.

3.3.3 . Heavy metal concentrations

The concentrations of six selected heavy metals,
copper {(Cu), zinc (Zn), lead (Pb), iron . (Fe),

manganese (Mn) and cobalt (Co), were measured for a



3.4 Surface plume

number of the grab samples and cassella bottle samples
taken inside the hopper of the dredger. The analysis
was performed on the total fraction of material in

the case of the grab samples and on the silt fractiom
(ie, ~95% by weight of total) for the bottle samples.
The results of the analyses are given for the grab
samples in Table 5 and for the bottle samples in

Table 6.

For the first nine of the seventeen drops of dredged
material made by the two dredgers an attempt was made
to quantify the extent of, and concentration of solids
in, the surface plume. This plume is thought to occur
as a result of material being entrained in the upper
part of the water column during the descending phase
of disposal (see Fig 1). Four Partech suspended '
solids concentration monitors were deployed from the
survey craft held at various depths below the water
surface on a steel wire. Although the exact depths
varied a little between one drop and the next the
approximate depths were 1.5, 9, 16 and 22m below the

surface respectively.

The upper two monitors had a nominal range of
0-1000ppm while the lower two had a range 0-5000ppm in
all the drops. Readings from the four monitors were
also made as the survey craft moved slowly ahead at a
couple of knots around the test area. In this mode the
steel wire and monitors dragged behind the survey
craft somewhat with the result that the depth below
the water surface of each monitor was less at around

1, 6, 11 and 16m respectively.

Examples of the log of the navigation of the survey
craft during the monitoring of the drops are shown for
drop numbers 3 and 5 iun Figures 19 and 20

respectively. Each log gives a record of the movement



of the survey craft as a time series of eastings and
northings and as a continuous trace on a chart of the

test area and surrounding waters.

In broad terms, it was found that the suspended solids
concentrations resulting from the disposal of dredged
material were generally low in the upper 15m of the
water column which had a typical total depth of 30m.
Hoﬁever, in some of the drops the lowest monitor,
which was positioned at about 16m below the water
surface, recorded a concentration which very briefly
exceeded 5000ppm. This was well before the surface
plume was considered to have reached the monitoring
position. A summary of the maxima of suspended solidé
concentrations recorded during each drop and the time
and distance relative to the dredger's discharge are
given in Table 7. These maxima tended to occur for
periods of between 10 and 40 seconds thus indicating
the passage of a plume of suspended material past the
monitoring position. There were two exceptiomns -
drop number 4 when concentrations in the range of
3000ppm were recorded for 120 seconds as the survey
craft drifted with the current and in drop number 9
when concentrations in the range of 1000ppm were

measured for_150 seconds as the survey craft drifted.

In drop numbers 5 and 8 the suspended solids
concentrations in the upper 15m of the water column
were negligible indicating that either the survey
craft was not in the most favourable position for
identifying the surface plume or that the surface

plume was indeed very limited.

Evidence of the width of the surface plume was
obtained during the monitoring of drop numbers 2 and 3
in which the survey craft was initially positioned

about 140m down current from the disposal position.k

10



In Both instances the survey craft followed a line
perpendicular to the direction of the current. The
suspended solids monitors registered the existence of
a well-defined plume in terms of its cross—section
concentrations. Only the upper two monitors im each
drop recorded any more than background suspended
solids and the peak concentrations were approximately
200ppm at lm below the surface and 80ppm at 6m below
the surface for both drop numbers 2 and 3. The record
of concentration with time is given for drop numbers 2

and 3 in Figures 21 and 22 respectively.

With respect to the width of the plume it may be seen
from Figures 21 and 22 that the higher concentrations
near the surface of the water extend for a shorter
distance than the lower concentrations further down in
the water column. Nevertheless, as noted above, there
existed a high degree of correlation in both plumes
between the suspended solids concentrations at the two
depths. In drop number 2 the width of the plume was
40m and 85m respectively at lm and 6m below the
surface and 90m and 160m respectively in drop

number 3.

One explanation for the greater width of the surface
plume in drop number 3 was the fact that the dredger
discharged its material while moving at a speed which
was considerably higher than that for drop number 2.
In fact; drop number 3 was unusual in this respect as

all other drops were made at a very slow speed.

Further information regarding the width of the surface
plume was obtained during drop number 7 when the
survey craft again crossed the plume along a line
perpendicular te the direction of the current. The
concentration of suspended solids with time is shown

in Figure 23. A peak concentration of 100ppm at 2m

11



below the water surface was recorded. The width of

plume was approximately 50m.

Unfortunately, no readings were recorded which could
be related to the survey craft moving along che
longtitudinal axis of the plume. Therefore, it is
difficult to assess the probable length of the surface
plume as it formed and was subsequently advected by
the currents. However, for the purpose of calculating
the amount of material in the surface plume an
estimate of its length will be made.

From the suspended solids concentrations given in
Figure 21 for drop number 2 an approximate value of
the dry weight of solids per metre length of plume was.
calculated. This was achieved by simplifying the
cross-gsection profile of the plume to that of a
rectangle of depth 8m, width 80m and concentration
80ppm. The dry weight of solids of such a plume is
about 50kg per m length of plume. If the length of
plume is assumed to be 50m then the total dry weight
of solids would be 2500kg or 2.5T. The mean bulk
‘density of the material in drop number 2 (Table 3) was
1.13T/m 3 which is equivalent to a dry denmsity of
0.21T/m3. The volume of the hopper was 1550m3, and
hence, the total dry weight of solids discharged from
the hopper was 330T. The ratio of material in the
plume to material in the hopper was therefore
approximately 2.5:330, ie, a little under 17%.

Clearly, this is only an estimate, but in general
terms, it is probably reasonable to conclude that the
proportion of material which forms a surface or near

surface plume is in the region of % to 2Z.

12



3.5 Propagation of

bed wave

3.5.1 General

The overwhelming majority of material ( 99%)
discharged by the dredger descends to the bed and is
dispersed in the lower part of the water column.  The
propagation of a lower depth wave with the resulting
surge in concentrations of suspended solids as it
radiates from the impact zone is probably what was
recorded by the lowest monitor during some of the
first nine drops. This monitor was between 10 to 15m
above the bed and typically recorded concentrations

over 5000ppm for periods of between 10 to 40 seconds.

To further study the behaviour of the bed wave, the
suspended solids concentrations were monitored in the
bottom two metres of the water column during drop |
numbers 10 to 16. The survey craft was initially held
stationary at the start of each drop at a distance of
between 50 and 150m from the disposal point until the
head of the bed wave, characterised by a surge in
suspended solids concentration, had passed beneath.
Details of the position of the survey craft relative
to the dredger, the direction and magnitude of the
current, the time after disposal when the bed wave
passed, the slope of the bed and the depth and maximum
value of suspended solids concentration of each
monitor are presented in Table 8. To determine the
influence of current direction and bed slope on the
characteristics of the mud wave the survey craft was
positioned in each drop at a different point relative

to the dredger with respect to these two parameters.

The typical time variation of suspended solids near
the bed during the first 10 minutes after disposal is
shown in Figures 24 and 25 for drop numbers 14 and 16

respectively. In drop number 14 the survey craft was

13



about 110m from the dredger in a direction normal to
the current while in drop number 16 the survey craft
was very close to the dredger at the time of disposal

(approximately 50: upstream).

The concentration of suspended solids increased very
sharply in both drop numbers 14 and 16 when the bed
wave reached the monitoring position (Figs 24 and 25).
The lowest Partech instrument was approximately 0.2m
above the bed and registered a peak concentration of
14000 and 17000ppm respectively for drop numbers 14
and 16. Similar concentrations were also recorded for
the Partech instruments which were 0.7m and 1.2m above
the bed in both drops. At 3.2m above the bed the
maximum suspended solids concentration was
considerably less than for the three lower monitors.
In drop mumber 14 (Fig 24) the maximum solids
concentration at 3.2m above the bed was only 2000ppm
and occurred approximately one minute after the maxima
of the three lower monitors. For drop number 16 the
maximum solids concentration at 3.2m above the bed was
8000ppm which occurred 40 seconds after the maxima of

the monitors at 0.2, 1.2 and 7m above the bed.

A comparison of the times taken for the bed.wave to
reach the survey craft in drop numbers 10, 15 and 11
indicates the changing characteristics of the bed wave
as it radiated away from the impact point} In these
three drops the survey craft was normal to the
respective current direction and was down slope of the
impact point. The distance of the survey craft from
the dredger was 50, 125 and 155m respectively. The
average speed of the bed wave on reaching these
distances was 0.9, 0.5 and 0.3m/s thus indicating a
steady reduction in the speed of the bed wave. In
fact, by combining the values of the three drops it

may be shown that the average velocity of the bed wave
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as it progresses from 50 to 125m is around O.4m/s
while from 125m to 155m it is only O.lm/s.

However, the lowest monitor was still 0.2m above the
bed and it would be reasonable to assume that the bed
wave would continue to spread further than the
distance indicated by the bottom monitor reading. The
dynamic variation in suspended solids concentration
with depth and distance from the drop point is rather
difficult to assess from single position
measurements. Nevertheless, some estimate of the
depth of the bed wave (or more correctly the depth of
the head of the bed wave) may be made by referenée to
the results of drop numbers 10, 15 and 11 (see Table
8). 1In drop number 10 in which the survey craft was
50m from the dredger, the uppermost monitor was 8m
above the bed and did not record an increase in
suspended solids. The other three monitors situated
at 0.2, 2.2 and 4.2m above the bed did record
concentrations in the range 3000 to 5000ppm. For drop
number 15 (125m from the dredger) all four monitors
recorded concentrations of suspended solids although
the uppermost monitor at 3.2m above the bed gave a
concentration of only 1000ppm compared to 3000 to
5000ppm between 0.2 and 1.2m above the bed.
Counsidering finally the results of drop number 11 at
155m from the disposal point it is seen from Table 8
that only the lowest monitor at a height of 0.2m above
the bed'recorded a significant level of suspended
solids. The other three monitors at a height above
the bed of between 2.2 and 8.2m showing no evidence of

any increase in solids concentration.

3.5.2 Influence of bed
siope
The bed profile in the test area was relatively level
compared to the overall bed profile of the disposal

site (see Fig 3). Nevertheless, the bed of the test
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3.5.3 Influence of

current

area sloped downwards by approximately half a metre in
250 metres towards the southern and western boundariles
from the centre while remaining level to the
north—east corner. The bed slope was therefore about
0.0011 downwards from the centre to the south—-east
corner, 0.0014 downwards to the south-west cormer, and

0.0017 downwards to the north-west corner.

Some indication of the influence of the bed slope may
be gained by comparing the results (Table 8) of drop

numbers 14 and 15. The distance of the survey craft

from the disposal point was similar in these drops at
around 120m. The bed was level between the disposal

point and the survey craft in drop number 14, but had
a downwards slope of 0.0014 to the survey craft from

the disposal point in drop number 15. In both drops

the current direction was perpendicular to a line

between the disposal point and the survey craft.

In broad terms, it is reasonable to conclude, from a
comparison of the results of drop numbers 14 and 15,
that the effect of a downwards bed slope of 0.0014
(ie, 1 in 700) on the propagation of the bed wave is
not significant. The average velocity of the wave up
to the survey craft was a little higher at 0.5m/s in
drop number 15 with the down slope compared to O0.4m/s
in drop number 14 with a level bed. The peak
concentrations of each of the four monitors were

similar in both drops.

Some indication of the possible effect of the current
on the nature of propagation of the bed wave may be
ascertained by comparing the results given in Table 8
for drop numbers 13 and 15.  The distance of the
survey craft from the dump point was similar in both

drops at around 125m. In drop number 13 the survey
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craft was upstream of the dredger while in drop number
15 it was perpendicular to current direction.
Unfortunately, the bed slopes for the two drops were
not exactly the same but this has been shown not to

have had a significant effect (see Section 3.5.2).

Clearly, judging from the results of drop numbers 13
and 15, the effect of the current was to restrict the
propagation of the bed wave. None of the monitors
recorded any increase in suspended solids
concentration in drop number 13 when the survey craft
was upstream of the dredger. This would indicate that
the current direction had a significant influence on

the propagation of the bed wave.

The results from drop numbers 16 and 12 may also be
used to assess the effect of the current. However, as
can readily be seen from the relevant results given in
Table 8 the suspended solids concentrations recorded
upstream of the disposal point in drop number 16 were
higher and occurred earlier than those measured at

a similar distance downstream from the disposal point
in drop number 12. It may be concluded that the
influence of the current on the propagation of the bed
wave was more pronounced the further away from the
disposal point the measurements of suspended solids
concentration were made. This concurs with the view
that at a distance of 50m from the disposal point it
was the‘collapse phase (see Fig 1) of the dispersal
process which was monitored. Whereas, further away at
125m from the disposal point, the diffusive phase ﬁas
monitored and this phase was found to be influenced by

the current velocity.

3.6 Bathymetry of test
area
Two detailed hydrographic surveys of the 500m by 500m

test area were conducted during the field exercise.
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Twelve 500m lines identified as A to F and 1 to 6 in
Figure 4, were surveyed before and after the disposal
operations. The first survey was conducted in the
afternoon of the day before disposal in the test area
commenced. The follow up survey wass undertaken on the
morning after disposal in the test area had ceased.
Accordingly, there was a little less than four days
between the two surveys during which time 25000m 3
(hoop .r volume) of dredged narterial with‘a mean
density of 1.15T/m3 was disposed of at the centre of

the test area.

A comparison of the results of the two hydrographic
surveys for the east-west line D is shown in Figure 26
and for the north-south line 4 in Figure 27. The
centre 100m x 100m of the test area was bounded by

the four lines C,D,3 and 4 (Fig 4) and therefore any
changes in the bed level due to disposal should be

more prominent in these lines.

With reference to the bed profiles shown in Figures 26
and 27 it is seen that within the limits of the
technique used there is no significant difference in
the level of bed before and after the disposal
operations. The error in estimating the tidal depth
at the time of survey was probably in the region of
0.1m and the effects of swell at the times of the
surveys could easily give a variation in thé water
level of * 0.2m. Furthermore, it may have been
unlikely that thin layers of stationary mud overlying
the initially fairly sandy bed of the test area would
have been detected by the echo sounder working at the
high frequency of 210kHz. More favourable results may
be obtained using the lower frequency of 30kHz which

would tend to reflect from a low density mud laYer.
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3.7 Bed samples in
test area

Thirty-six bed samples were taken by grab across the
test area on a 100m grid both before and after the
disposal of the seventeen loads of dredged material.
The samples were analysed to determine the silt
content and the concentrations of the six heavy
metals; Cu, Zn, Pb, Fe, Mn and Co. The metal analysis

was made on the total fraction of sediment.

3.7.1 Silt content

The results of the analysis of the bed samples for
silt content are given in Table 9. Generally, the
silt content of the bed was increased by the disposal
of the dredged material in the test area over the

three day period.

A clearer insight of the changes in silt content in
the test area is given by the histogram in Figure 28
which depicts the average silt content for three
groups of the thirty-six samples (Table 12). The
samples were grouped by distance from the disposal
point. The distances of the three groups are 50, 150
and 250m and comprise 4, 12 and 20 samples
respectively.' It may be seen from Figure 28 that the
effect of the dumped material was most pronounced
nearest to the centre of the test area where the silt
content was increased from 8% to 49%. At 150m from
the centre of the test area the increase in silt
content was less marked but still significant with a
change from 10% to 15% due to the disposal. Further
away from the centre of the test area at a distance of
250m there was little change in the silt content of
the bed material which was about 12% both before

and after disposal.
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4

CONCLUSIORS

3.7.2 Heavy metals

The results of the analysis of heavy metals
concentration of the thirty-six bed samples taken in
the test area before disposal are givenvin Table 10
and after disposal in Table 11. The average
concentrations of heavy metals for the samples divided
into the three groups by distancc from the centre of
the test area are presented in Table 12. Also given
in Table 12 are the average concentrations of heavy

metals on the dredged material in the hopper.

The results given in Table 12 are shown graphically
for each metal as histograms in Figures 29 to 34. It .
is clear that the extent of spreading of the disposed
dredged material may be determined approximately by
the increase in the concentration of heavy metals on

the bed of the test area.

1. A field study was undertaken in September 1986 in
collaboration with the Tees and Hartlepool Port
Authority. The objectives were to characterise
the dredged material in the hopper of the
trailing suction hopper dredger; to measure the
suspended solids concentrations of the near
surface plume and the velocity and suspended
solids concentrations of the bed wave formed
during disposal; to determine the change in bed
levels as a result of repeated disposal at the
same point; and, to analyse the bed material
before and after the disposal operation for silt

content and concentration of six heavy metals.
2. The density of the dredged material in the hopper

increased with depth, particularly within the

bottom lm. The mean densities of the nine hopper
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loads measured varied between 1.07 and 1.24T/m3,

with an average of 1.15T/m3.

Grab samples taken in the hopper had an average
silt content of 50%Z and Cassella bottle samples
taken in the upper part of the hopper contained
95% silt. The average concentration of metals on
the grab samples were (in ppm) Cu-160, Zm480,
Pb-300, Fe-34000, Mn420, Co-11, and on the
bottle samples they were Cu-250, Zm640, Pb-510,
Fe-36000, Mn-310 and Co-13.

The concentrations of suspended solids in the
upper 15m of the 30m water column were generaliy
low and very limited in extent. Peak
concentrations of 200ppm were recorded in a near
surface plume approximately 80m in width. An
estimate of the amount of material in the plume
indicated that it comprised % to 2% of the dry
weight of material in the hopper.

Solids concentrations up to approximately
20000ppm were recorded in the bottom 2m of the
water column. The passage of the bed wave was
characterised by a very rapld increase in solids
concentration following by a gradual decrease
over the subsequent one minute period. The
average velocity of the bed in the first 50m from
the disposal point was 0.9m/s. From 50 to 125m
the velocity was 0.4m/s and from 125 to 155m it

was 0.1lm/s.

The effect of the bed slope on the average
velocity of theé bed wave was not significant for
a downwards bed slope of 1 in 700. The velocity
of the current was found to influence the
propagation of the bed wave dramatically at a

distance of 125m from the disposal point but had
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9.

no effect at a distance of 50m. This was
attributed to the fact that at 50m from the
disposal point the collapse phase and momentum
effects were evident while at a distance of 125m
the bed wave would be in the diffusion phase and

susceptible to advection.

No significant change in the profile of the bed
could be detected as a result of the disposal of

the 25000m 3 (hopper volume) of dredged material.

The silt content of the bed in a 500m x 500m test
area centred on the disposal point increased
markedly due to the disposal operations. The
samples at 50m from the disposal point had an
increase ‘in silt content from 8% to 49%, while at

‘150m the increase was from 10%Z to 15% and at 250m

there was no increase with the silt content

remaining constant at 12%.

The average concentrations of heavy metals on the
bed of the test area increased as a result of the
disposal of the dredged material. The increase
was significant at 50m from the disposal point
(50 to 100%) but was less marked at a distance of
250m (15 to 50%).
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TABLES.



time, dredger,

ble 1 Drop number, date,
Drop Date Time Dredger
No.

1 23-Sep 09-55 CC
2 23-Sep 13-35 cCC
3 23-Sep 14-03 H
4 23-Sep 16-30 H
'S5 23-Sep 17-32 CcC
6 24-Sep 08-50 H
7 24-Sep 09-56 CC
8 24-Sep 12-15 H
<Q 24-Sep 13-30 CC
10 24-Sep 16-03 H
11 24-Sep 17-17 CC
12 25-Sep 09-27 H
13 25—-Sep 10-21 CC
14 25-Sep 12-533 H
15 25—-Sep 13-52 CC
16 25-Sep 16-26 H
17 25-Sep 17-35 CC

Note: CC Cleveland County

H Heortnesse

Hopper
Density
& Samples

YES
YES
NG
NO-
YES

YES

NG
YES
NO
YES
NO
YES
NGO
YES
NO
YES
NO

Dispersal
Monitoring

Surface
Surface
Surface
Surface
Sur face
None
Surface
Surface
Surface
Bed

Bed

Bed

Bed

Bed

Bed

Bed
None

We

Overca
Cloudy
Cloudy
Cloudy
Cloudy

type of monitoring and weather

ather

st, sea calm
, Sea calm

s, slight wind

Cloudy

Cloudy
Cloudy
Clear,
Clear,
Cloudy
Fine,
Fine,
Fine,
Fine,
Fine,
Fine,

sea calm
sea calm

sunny
sunny
sunny
sunny
sunny
sunny



Table 2 Current direction and magnitude during each drop

Turrent Directicon Cur+ent Tagnitude
Drop Dredger Current Vigual Current. meter
No. records meter cocbservation 1m above bed
Bearing (degrees) m/s
1 60 -
2 325 319 - 0.25
3 300 318 - 0.22
4 110 126 - 0.08
S 160 177 - 0.05
& 104 -
7 80 35 - 0.08
8 307 310 ~ 0.19
Q 310 325 - 0.24
10 284 300 - 0.15
11 110 315 - 0.08
12 106 120 - 0.09
13 @0 110 120 0.07
14 305 326 270 , 0.14
15 310 286 270 0.13
16 285 277 300 0.08

17 Slack water

Note: The current meter was deployed between 3-4-8& and 2-5-8&
and the values given for current velocities were determined
by reference to eguivalent times in the tidal cycle.



Table 3 Mean specific densities of dredged material in hoppers

Drop Time Mean
No. Specific
Density
1 A Predisposal 1.07
2 A Postdredge 1.14
B Predisposal 1.12
A Predisposal 1.15
S A Postdredge 1.14
B Predisposal 1.09
A Predisposal 1.10
6 B Predisposal 1.10
A Predisposal 1.10
8 A Postdredge 1.17
B Predisposal 1.18
A Predisposal 1.18
10 A Postdredge 1.15
B Predisposal 1.20
A Predisposal 1.17
12 A Postdredge 1.14
14 A Postdredge 1.12
B Predisposal 1.12
A Predisposal 1.15
16 A Postdredge 1.20
B Predisposal 1.24
A Predisposal 1.24

Average 1.15



Table 4 Silt content of dredged material

Drop Location 2511t Content
o 1in hopper
Grab ottle

1 A 44 .3 ?3.1
B 44.3 8868.1

C 30.6 84.2

2 A 1.5 98.8
B 1.9 98.5

C 40.8 8.2

A 02.0 3.5

B 54.2 90.5

Cc 40.2 ?6.5

S A 31.4 ?8.5
B 50.1 ?8.6

C 58.4 97.0

A 52.6 93.8

B 55.8 6.2

C S0.7 ?6.6

b6 A 66.8 72.4
B 76.3 84.2

C 69.6 88.2

c 61.8 Q7.7

8 A 36.8 98.7
B 35.4 99.3

C 62.9 ?9.4

A 26.2 1.7

B 35.4 5.9

Cc 49 .3 Q7.5

10 A 38.7 ?9.3
B 38.1 8.6

C 33.1 98.5

A 52.0 ?8.0

B 52.9 ?8.7

12 A 29.8 98.9
B 47 .3 9.2

C 41.4 98.9

A ?1.3 ?3.8

B 89.6 1.5

C ?1.5 75.0

14 A 41.7 96.4
B 70.8 5.8

C 75.3 95.3

A 62.8 6.3

B 36.4 6.1

C 3.4

16 A 54.4 9.6
B 34.3 7.4

C 41.9 98.2

A 38.9 9.4

B 44 .2 9.2

C 31.5 9.5

Mean S0 2?9



fable 5 Concentrations of six heavy metals in grab samples taken in hopper

Drop Cu in Pb Fe Mn Co 7 silt
No.

1 87 346 333 25300 358 11 44.3

1 @5 361 338 256500 380 10 44 .3

2 117 345 237 28700 323 10 52.0

2 128 370 260 28800 334 ? 54.2

S g0 302 185 29200 403 10 52.6

S 134 4195 256 34400 423 10 55.8

6 242 631 284 48900 616 16 66.8

& 217 634 281 446100 606 15 76.3

8 105 352 199 26800 343 8 26.2

8 105 367 211 26400 340 Q 35.4

10 154 461 300 31200 344 9 52.0
10 266 805 449 42000 452 14 52.9
12 183 544 353 34900 416 12 ?1.3
12 290 880 520 45000 537 16 89.6
14 192 699 450 37600 451 13 62.8
14 151 313 201 29500 405 11 36.4
16 - 137 429 253 32700 4468 ? 38.9
16 162 4569 300 35300 381 9 44,2
Mean 159 484 301 33850 421 11 S4.2

No. of samples 18



ble 6 Concentrations of six heavy metals in bottle samples taken in hopper

Drop Cu 2 Pb Fe Moy Co 7 s1lt
No.

1 358 769 832 41400 24¢ 15 93 .1

1 346 725 776 39200 249 16 88.1

2 347 863 688 44200 319 18 93.5

2 259 655 570 35100 247 14 Q0.5

) 297 653 520 41100 345 18 93.8

S 253 6072 474 42100 311 14 6.2

& 141 i 182 23300 34z & 72 .4

b 95 230 115 14400 L 213 3 84,72

8 258 484 388 33200 240 10 91.7

8 307 649 483 34900 220 13 95.9

10 294 865 610 46200 453 16 98.0

10 325 942 707 48400 478 18 98.7

12 68 175 80 12600 129 3 93.8

12 25 49 30 4160 54 1 91.5

14 298 895 715 45100 493 17 96.3

14 281 871 723 44900 487 16 6.1

16 312 949 689 45500 433 16 99.4

16 288 916 664 44200 405 15 99.2

Mean 253 645 S14 35592 315 13 92.9
No. of samples 18

Mean 302 777 631 418346 352 15 95.0

(excluding 6&12)

No. of samples 14



Table 7 Results sumsary for surface plume monitoring

Survey Craft

Drop Distance Bearing Time  Bearing Magnitude

No. from Relative after
drop to drop drop
{a) {s)

132 43 360
14 35 463
A 200 -
80 150 -

NOT MONITORED
2 8. 173
160 305 124
70 310 -

Rl - = - A T R e e

N.B. Tise after drop refers to the time at which the surface pluse was identified at the aonitoring position.

Current

319
3i8
126
1

35
310
323

(n/s)

0.25
0.22
0.08
0.05

0.08
0.19
0.24

Depths Below Surface ()
Concentration (ppa)
Depth - Conc. Depth Conc. Depth  Conc.

1 200 6.9 80 . 1f. -0
1 180 6.5 50 1. 0
1 0 6.5 L § W8 0
2.5 0 6.4 0 11, 0
2.3 130 6.8 0 0
2 20 3.9 - 0 . 0
2 0 3.9 (U S 59 | 0

N.B. On most drops the monitor at 16a had went offscale ()5000ppa) within 4 minutes of drop

Depth

1622
16.2
16.2
16.1

17
15.7
15.7

Conc.

L= < B = Y )

S O



e 8 Results sumaary for near bed monitoring

Lonc. Height Conc. Height'Conc.fh%ight Conc.

Survey Craft Current Hoaght above bed (a)
bren Distance Bearing Bey Tise Average rearing Magnitude C:ncentration (ppa)
from Relative slope siver speed of Heion:
drop to drop ¢-:p Bed wave
(n) ‘deg) s} {efs)  ideg) (a/s)

10 3l 270 DOWN (1:400) 60 0.9 300 .19 8.2 0 6.2 4000
o 133 190 DOWM £ 29207 524 0.3 315 v I8 Gl 0 6.7 0
12 60 125 LEvEL 60 1 120 099 8.2 4000 6.2 7000
13 120 320 LEVEL - - 110 0.07 8.2 0 6.2 0
14 112 4H LEVEL 260 0.4 326 0.14 3.2 4000 1.2 7500
15 128 245 DOWN (1:700) 278 0.5 288 0.13 3.2 2000 1.2 7000
16 48 90  LEVEL 32 1.5 i 0.08 3.2 8000 1.2 20000

17 NOT MONITORED

Time after drop refers to the time for the bed wave to reach the instruments

{.2 9000
3.2 0
4.2’ 7000
4.2 0
0.7 7500
0.7- 7000

0.7 22000

0.2 10000
0.2 4000
0.2 7000
0.2 0
0.2 10000
0.2 10000

0.2 30000



ble 2 Silt content of samples in the test area

silt
after

-
-

silt

A

Sample

before

No

noeoo

L
S e

oM@
NP MO

- (NM <

o

19.

10.6

—~ N0
T 00

0@

M0 <

5.1
15.5

5.8

11
12
13
14
15
16
17
18
19
20
21

20.5

36.9

67.8

18.5

12

58.0

11.4

16.8

53.9

13.0

29.6

22
23
24

11.3

14.2

89.2

38

25

19.2

26

15.4

'}

27

31.95

28
29
30
31

14.9

10.

18.2

12.2

19.0

20.9

32
33

12.3

11.9
11

34

35

18.1

14

36



able 10 Concentrations of six heavy metals on bed of test area before

disposal '
Sample Cu Zn Pb Fe M Ce
No

1 54 111 74 15400 228 4
2 27 95 50 13600 2473 5
3 19 78 47 12500 205 4
4 30 113 51 13300 186 5
5 57 164 35 17400 245 6
6 35 109 63 17800 254 8
7 30 112 62 16000 236 6
8 37 180 67 17400 267 7
9 38 105 4 17100 266 &
10 24 23 54 14700 255 &
11 23 106 44 18500 276 &
12 26 100 51 17100 278 7
13 21 93 44 16700 277 7
14 22 87 44 15300 271 &
15 26 91 53 17300 278 7
16 25 140 42 14000 249 6
17 52 149 b6 25800 444 8
18 38 114 47 34600 600 13
19 27 85 47 14900 231 7
20 27 82 43 19500 289 Q@
21 24 89 39 17500 266 7
22 18 89 41 15400 257 &
23 53 117 68 19000 254 10
24 28 102 52 18900 278 7
25 144 363 178 38300 520 15
26 22 87 40 14900 224 4
27 17 80 43 14500 263 3
28 22 80 43 15400 249 S5
29 29 100 446 23900 293 5
30 22 76 38 14600 215 5
31 42 117 52 19000 291 5
32 25 80 46 21700 258 5
33 18 78 37 13600 242 4
34 22 85 38 14400 239 5
35 24 29 47 15300 255 5
36 36 107 56 18300 273 6



able 11 Concentrations of six heavy metals on bed of test area after
disposal

Sample Cu Zn Pb Fe Mn Co
No

1 18 3?4 37 16100 268 S
2 24 9?5 45 30200 274 S5
3 23 ?4 168 15500 270 6
4 28 i04 52 15400 260 S5
S 34 168 87 17800 269 S
6 28 82 41 14000 261 4
7 34 102 57 18600 268 7
8 784 415 141 33000 698 30
Q 64 194 120 25400 311 7
10 33 109 53 23800 344 6
11 19 81 35 18100 220 4
12 34 134 63 19100 263 7
13 41 149 S50 40000 367 13
14 : 31 125 60 18700 276 6
15 47 149 74 27800 366 10
16 58 185 78 34000 516 11
17 37 113 62 17000 241 8
18 36 120 48 33600 358 13
19 30 125 60 16300 239 S
20 44 151 87 17400 274 6
21 47 175 66 36000 391 14
22 38 161 76 52900 337 8
23 32 112 58 16300 257 S
24 30 106 44 17000 279 12
25 348 649 234 46000 689 20
26 32 107 49 17700 265 6
27 44 123 59 17900 237 4
28 29 116 45 33700 369 3
29 40 133 60 18300 269 4
30 35 122 52 19300 274 4
31 34 109 60 17000 243 5
32 50 121 57 19900 276 7
33 30 96 42 15600 250 S
34 31 112 58 16500 256 3
35 30 A 45 15600 233 3
36 37 132 66 21400 272 7

N.B. Sample No. s 8 and 25 were considered to be unrepresentative



able 12 Mean concentrations of six heavy metals on bed of test area with
distance from centre of disposal point

BEFORE.
AFpr rox. : :
Di-tance
frcm drop No. of .
Area point samples Cu - ZIn Pb . - Fe Mn Co “silt
(m) ‘ . :
1 50 4 23 102 44 16050 263 7 8.0
2 150 12 31 106 55 18000 279 6 9.7
3 250 20 36 114 59 = 18170 278 6 11.7
AFTER
Approx.
Distance
from drap No. of
Area point samples Cu in Pb Fe Mn Co %silt
' (m)
1 S0 4 48 168 74 37675 403 11 49.1
2 150 11 37 124 63 20391 280 6 14.7

3 2350 19 32 110 60 19942 273 6 11.5
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23:09:26
14:28:24

R« Ranqge
L.Ranqge
Intzangle 78.85

9461.39
14493.17

Ea’t1nq;
Horthings
Sets Left

4600

4G11|¢-9u
532201.2

LOG OF DRTA QUTFUT

DARTE 23:09:86

SURVEY S$.Ground

SURVEYOR M J H

Set Ho Eastings Horthings Sournding Tide . Time
8] 461380.722 532259.871 28.65S0 1,569 14302156
g 4561375.609 532263, 341 28.519 1,588 14:84:37
5] 461364,503 §32267.954 28,320 {.560 14:06:61
3] 461351, 981 532273.534 22.508 1.560 140075473
5] 4613236.474 532253.2935 28.4230 1,509 14:93&: 53
5] 461442.532 532174.324 9,000 1,509 14:10
5] 461495.569 §32132.9a3 28.216 1.5488 {4:12:32
0 461462,711 532194.537 22, 2%a 1.500 14:14: 33
9 461357,3571 532155.191 28,330 1.59a 14116268
) 461324.236 532143.182 28.51@ 1.500 1416242
9 461270,199 532146.892 2,850 1.54808 14:17:54
) 4612465,621 532175.228 228.610 1,509 141193114
0 461381.943 532235.571 22.5298 1.500 14:21812
9 461428,598 §32255.€666 22.549 1.5684a 14:22:51¢
0 461432, 155 5322€6.600 28,600 1.54809 14:24:02
<) 461376.,892 532292.854 28.490 1.599 14:24:57
] 481,963 212.877 22,930 1.5409 f4:27:18
Q 461220,.503 532213.332 28.958 I.JHO 14:27:1%9
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E- Plcht 451
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Fig 19

Survey craft navigation log : drop number 3




LOG oFf DATH QUTFAET
DATE  23:0%:8f |
SURVEY S.Ground .
SURNVEYOR M J N 1
Zeot Ha Eaztings 4 Horthing: Sounding Tide

2] 451545, 0901 S531933.417 Jog 5] 3. 900 22017

9 169 531934.758 39,3349 3. 939 22043

3 ISE S31937.252 46 3,508 3122

] 577 531942.5c4 SO, 490 3.959 4127

=] 285 531925, 192 Sa.EE0 3.908 - 5:28

5] 177 532025, 200 Za.468 S 2,908 17:29:33

5] SEg 531982,.794 23,299 3,968 17:41:383

] 76 531&826,342 20,379 3.948 17:43:83

3 574 531823.8%6 31.020 3.9308 17:44:21

5] &0 S31840, 935 33,790 3.9608 17:45:15

5] 4 595 S318723,.317 30,320 4.08a 17:46:45
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Iate 23:09:26 R.Range 15'>53.1e Eastings 462154.78 E-lefy 456903.7
Time 12:11:42 L.Range Horthings S31388.97 :_EH__E_‘E%‘ Z’;?g;;;
Updats .94 Int/anals ??-26 Sets Left 4009 e s32825. 3

\\
\\
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Fig 20 Survey craft navigation log : drop number 5



doJdp 4O jJeys wody ‘sull

6 8 L 9 S ki £ l L
~ _ |.\L\ // '\\\ﬁ.}/ K .NJ. _ - \Im TN _ — \\ IIM )I.u \J :
e ———— / C / \ / \ “ ’ I/ \\\\ /,\\\ ..fa\
L ’ \ :

w9l ...
WY —eeem
W ————

3ie4dns mo)3aq yjdag

001

{1 00Z

00€

00%

005

(wdd) uotjedjuaduo)

Suspended solids concentrations in upper part of water

column for drop number 2

Fig 21



doJp 4o JJeys wod} ‘suly

8 L 9 S i £ Z L 0
Y St N < / | ~ ~\\\IIIL\\\J/ \/ltf\:\;\c._w Sl (\ﬁ I
A Y AV
, >, \ / ,
} ,
|/
WY mmmmmn
W — e ]
3lejins Molaq yydag
—

00l

002

00€

00%

005

(wdd) uojeuyuaiuoy

Suspended solids cohcenfraﬁons In upper.part of water

column for drop number 3

Fig 22



w/| (wdd) uotjedjuadruo)

(=3 (=4 (=} [ (=
(=] (=4 (=] o (=}
(=) < () < <O o
wun ~3 m N - P
I T T T 1 1k
\
—on
Y A
J .
£ )
a (Joo
e & & —
E, ~ & /,/
et . .
= I 4 e
& i ’
2
)
/ o
|
. o
Yen
{ 5
M -
[ 4
\ —tLN E
v 7
l =]
o
. [ 45
k Y
~ 4
N =
\.
\‘
\
A
gl
=S
L L 1 ! ! o
<
= S 3 = =
[¥g} ~5 m [N -—

wzy pue wyz (wdd) yorieajusiuoy

Fig 23 Suspended solids concentrations in upper part of water
column for drop number 7



e
Y :
o £ (= = [
u N =N o
> O O ~— m
(o
Fa ] I
4] I .
a | I
= |
Ry .
Q { I
— |
l | | ]
o (=] w
N l"’—‘ A d

(EOL x wdd) uorjedjuaruoy

Mins. from start of drop

Fig 24 Suspended solids concentrations near the bed
for drop number 14




doJdp JO }Jeys Wodj ‘SUIW

-~

o6 8 L 9 S y
[P ST RIS & i e U > oy

. .
AR B
: temcvesstt Ce .

WZE ——
W2 emeem
Wwpg ——

pag anoge jybiay

- - R A =

- - —— -—#'/
———

.
- - sl 3 e e s e
- Tty

cveawt’

L LR Rt ( .

-

0l

(E()L x wdd) uoljeJjuaruo)

Sl

0¢

Suspended solids concentrations near the bed

for drop number 16

Fig 25



96—6—9C + 98—€—<CZ O
(L) INIOd JCHQ 20 LSV3 3ONVLSIA

0%z 00z  0St  OCL  0S O 0S— Q0lL— 0SL— 00Z— 06Z-—
X | I " _, i bl i _, A 1 1 _ 1 el L — 1 V) i) _ | Ll _ 3 1 1 i “ Y ~.~ 1 “ 1 F I | _ 4 1 ] 1 O- F.ﬁ)"
- 208~
- & 0 —
-+ 0g —

I T

\M \ \ - 20—

N 0 0¢ —
| A WY)& e
A

'LJ

‘q'0 seneN
Fig 26 Pre and post disposal hydrographic survey of Line D




e

T
t

2
e

150

‘ T 1 T

100

50

C

—50
DISTANCE SOUTH OF DROP PCINT (m)

l T 1 T T [ T 1 T T ' T 1 T T l T 1 T T ‘ T T T
- 100

- 150

l T T T
200

T |

Qo o o D .

a o g % o O O QO =
!

8.6 -
8.8

oY BN ¢ AN B N A G|
| bl oo

Q'O SeAPN

~

J

-

~
—

<

26—9-—-86

+

22—-9-86

0

Fig 27 Pre and post disposal hydrographic survey of Line &



e B/:v ;}/1;‘/“\ >
o NG 4 e
FaVabavavalpn
SIS IIPS ol
N Y
Q/‘Z/f/// gl
&
s
‘._.
e
o
]
g 3
= 0 B0 8K
s T RAXX AKX Qg
O S o o L
© o s — 6
— /f/y///
5 Ll 2
0 L
*o
O
ITEREN
Oul
Zm
<
N
~ N N PSS /'\‘;’\ .
2 RIS
N Wﬁ&%@»« X5 o
ST 77T O
3y r}///’{é//
[ ///: //7:/;
I I T T T
O QO O Q O o O -
© Ye! < Ny ~ -
(%) INIINOO LIS
Fig 28 Silt content of bed samples taken in test area

before and after disposal




NN
o PSS
O %7/////7///// N
7 i 7z
Rl %
°
N
l_
— (Y
an
0
0 prd
.

: AP NNPN LI
g] r ‘/x/\. ,"‘Q‘,x" NX’ ><)‘><'>‘/><’“1 8
0 " K A A S
3 S -
O GAAAPIPIAIIIIIY, p

2u
w &
O
Led i
) Lud
Z o
<
0
O
CRRRIRSSIA
M) /5//%//// ]
Nz ////é
! [ T [ I 1 I I I
Q o Q ) O Q Q D O O )
@) 9 63 I~ (8] Q] <t 58] &Y -
(B3/06u1) NOILYHLMNIONOD
Fig 29 Copper concentrations on bed samples taken in test area

before and affer disposal




O x)\- \(\X % "kv’)( YKS(. Vo v\,(»} \(/' AW, A
SO S S I 4 I
3 ) -, . YD A h
A ANANAN X,'AX’,B;" PANAT AV AN VAN S v
<t f /’// ///;'/// //// sy / 7:/’//’/ ’ ,-’/'/'//; oy o
—_ //_,,/ A A LS LS
/,’ /1/,’/,/’////’ /,f_v’///,// s
A\ //[// 7 ///’/'/ ///,//// ///’ /’/ /’//'/r" S/ I_/__

N\
}

:
s
55
il
|
<C
< \(‘/‘\(\( TSN AR 8
0 LSS ¢ &
z ~ ’X?%?ﬁ /’%/ e
N 8 // // /// / 72 &)
o /// ////,/// /
i //////// Ll >
O
W
te 02
O
L I
(O
Zm
Y
N7
—T.//
QA
© RSN >§ S S A
‘DéK KY >\ Xx \X/CYXXXx%\‘
- VAYAYAYA 2N o
,/,/ Ye!
/ e
o//// //;;///
A 7L /,,////,/ //,,
T T T T T T T T T T T T T T T
0O 000 0000000000000 O0OO0n
0N OV T AT OKNOO T M N —

(63/6wW) NOILVYHINIDONOD

Fig 30  Zinc concentrations on bed samples taken in test area
before and after disposal




N , ®
>( - b NN, ‘
X X

X
r

W

59 60
250

)

£
N
i
]
E,
<
S AVAVANE L VNS p ‘
a $><><\§(><-><‘>>/ ,<<> KOG
< XX ))\ ){ X, )&/“\"y( O
L - f / /7 ////f///// o7 W)
-

//
0g] ’///, /// / / ///// —
., / TSI
0o I;;;%// //4/////’// ///////;é

DISTANCE FROM DISPOSAL POINT
BEFORE

NNRN

AN
: ;>< RIS
™ 5{ Z\/‘ 7 % x 8
)
7 /}/, g,
T I I T T I I
o o o o o o o o o
A K B e I s N -

(6%/6W) NOILYHINIDONOD

Fig 31 Lead concenfrations on bed samples taken in test area
before and affer disposal



' X R KR AR
o PSRRI
Rl ANV A A AN AN a e M
Sl
AN,
( .
£
~ .
}._
o %
-3
L
Yj‘ X S( Y\f' Y\ o . g >\
/ N, / - \ ) s \\( ) b
O N '®) .77/ % //77\/2/< /7,‘});\( n 9
= % 7/// ////////////} -
L A z
Ly
i
Lt e
1
Zm
<
{,_f_]
5
I RITAK AR x -\xggggy%};}:‘x;’;{@
2 \f\,«"é‘v‘{\)?\/'\?\/y AN S /-/\/-]\;,.%%/;;/U Q
G 0000000
A,
i | ] i i T T
o 0 o 0 o 10 o 0 o
< M) s} N o — —
(Sspupsnoyy)

(64/6ud) NOILVIINIONOD

Fig 32 Iron concentfrations on bed samples taken in test area
before and after disposal
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Fig 33 Manganese concentrations on bed samples taken in test area
before and after disposal
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Fig 34 Cobalt concentrations on bed sampklés taken in test area
before and after disposal





