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The Varde A estuary is supplied with material from two sources:
the drainage area and the turbidity maximum in the N-part of Ho
Bugt. The first supplies bed load and suspended material, whereas
the latter supplies fine-grained, flocculated material only.

The sediments and the dynamics related 1o sediment transport in
the area will be discussed on the basis of investigations carried out
in the period from June 1976 to July 1977.
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tute, University of Copenhagen, Haraldspade 68, DK-2100 Copen-
hagen ©.

1. MATERIAL SUPPLIED FROM THE

DRAINAGE AREA

Fig. 1 shows a typical grain size distribution of bed load
material supplied to the estuary from the drainage area.
Using the Folk and Ward (1957) parameters, the material
can be generally characterized as follows:

m, = 1 ®{(0.5mm),s, = 0.8 Esk = 0.2 and kg = 1.3.

The log-probability distribution shows two distinct inflection
points, one near 0.75 & (0.59 mm) and another near 2.4 &
{0.12 mm). This is in agreement with the distributions found
by Visher (1969) and by Sagoe & Visher (1977) who inter-
pret these two inflection points as separating traction- sal-
tation- and suspension populations. Midleton (1976) argued
that the »fine« inflection point depends on the wash load
content and, consequently, cannot be dependent on the hy-
draulics, but on the supply of fine-grained material only. He
also advocates that the »coarsex inflection point should be
interpreted as separating material moving almost exclusively
as bed load, and material moving in suspension from time to
time when the river reaches the »dominant« discharge. The
sample shown in fig. 1 was collected in the middle of a
straight river course 12 km upstream from the mouth of
Varde A by means of a box sampler which traps the movable
bed load material. After sieving, the different subsamples
were analysed in a settling tube where the settling velocities
in pure water at 20°C were determined. Table 1 shows the
relation between sieving diameter and settling velocity.

64

L

2

2

S

cu=ulative percent
probability scele
B o ®

3

3

1
| o 1 2 3 4 Soewm
H f W aIs D61 G0imm

Fig. 1. Log/probability diagram showing the grain size distribution of a ty-
pical sample of the bed load supply 1o Varde A estuary.

Fig. 1. Logfsandsynligheds diagram der viser kornstorrelsesfordelingen i en
typisk prove af bed load materialer, der tilfores estuariet fra oplander.

Simultaneously with collecting the bed load sample, the
following parameters were measured:

Depth D = 1.29 m, mean velocity over depth V = 0,565
m/s, water surface gradient Iy. = 1.79 10 and water
temperature T = 14°C.

Equation (1) was constructed using the data presented in
Report No. 12. Subcommittee on Sedimentation (1957),
table 4.

WT = Wao(1+ (20-T) (8.3 1073 + 6.8 1073 In(W20))) (1)

The equation predicts the fall velocity W at a given tem-
perature T (10°<T-<<20°C), from the fall velocity at 20°C,
W10 (2:10° < Wag <2.5 -10°"! m/s). The last column in
table 1 shows the fall velocity at 14°C fitting the actual,
measured water temperature. These values were calculated
using equation (1) and the measured fall velocities at 20°C.

According to Engelund and Hansen (1972) the effective
friction velocity Uf, left after form drag correction, can be
calculated by means ol equation 2 and 3:

“\7;%3 6+ 251n (2?—'{1) (2)

r=VE D 3)
Where 4 denotes the mean fall diameter. This was in the
actual case determined to 0.556 mm by means of the sieve-
ing analysis, table 1, and the Subcommittee data on fall
velocity of spheres.



When solving equation 2 and 3 by iteration, Uf was found
to be 0.028 m/s.

On the basis of data from Guy et al. (1966), Engelund
(1973) found that grains with smaller fall velocity than W
= 0.8 - Ug are transported in suspension. In the actual case
this gave a critical fall velocity of 0.22 m/s, which by means
of table 1 can be transformed to a critical sieve diameter of
2.5 ¢ (0.18 mm), very close the »fine« inflection point in fig.
1.

The results described here therefore suggest that the in-
terpretation of the »fine« inflection point, in accordance with
Visher's analysis, should be the separation of bed load- and
suspended load. The problem with different wash load sup-
plies, such as mentioned by Midleton (1976), could probably
alfect the amount of fine-grained material present in the bed
load, and therefore move the »fine« inflection point up and
down in the log/probability diagram; the grain size at which
the inflection point appears, however, is not likely to reflect
this supply.

1.2 Wash load versus suspended bed load material
The suspended materal is divided into two parts, suspended
bed load and wash load material. In order to investigate the
share of each type, there were, simultaneously with the ear-
lier mentioned measurements, collected two water samples,
one Cg from 0.10 m below the water surface and one Cp
frem 0.10 m above the river bed. Cg contained 16.2 mg/1
and Cp, 18.5 mg/1 (filtered through Watman GFF filters).

As wash load per definition is independent of the imme-
diate hydraulic conditions, the material is supposed to be
uniformly dispersed in the water column.

According to Einstein (1950) the suspended bed load ma-
terial is distributed in the water column following equation

(4):

Sy (DY aNZ ., W
a r

' D-a k Up

In the actual case, C}r is measured as a summation of both
suspended bed load and wash load material. Therefore, (4)
should be rewritten as (5) by means of the approximation
that Z can be calculated by substituting W with the mean
fall velocity of the suspended bed load material:

(5)
Cy-E:a _ (_i Da)z (5)

Cy, C, denote the total concentration of suspended material
at level y,a above the bottom, and Cy,, denotes the wash
load concentration.

The mean fall velocity of the suspended bed load material
was calculated to 0.006 m/s by truncation of the grain size
distribution, at the critical grain size, according to the earlier
mentioned suspension criterion.

Sieve diam. Fall velocity, m/sec
= mm 20%c i4c
-1.75 3.364 0.2335 0.2313
-1.25 2.378 0.1939 0.1906
-0.75 1.682 0.1610 0.1570
-0.25 1.189 o.1336 0.1293
0.25 0.841 0.1109 0.1065
0.75 0.595 0.0872 0.0829
1.25 0.420 0.0633 0.0593
1.75 0.297 0.0459 0.0424
2.25 0.210 0.0328 0.0299
2.75 0.149 0.0185 0.0164
3.25 0.105 0.0104 0.0030
3.75% 0.079 0.0050 0.0042
4.25 0.053 0.0025 0.0020
Table 1. The relation between sieve dia-

meter and fall wvelocity of the bed load
material supplied to Varde & estuary from
the drainage area. The fall velocity at
20%c is measured in the laboratory, and
the corresponding fall velocity at 14%
is calculated from equation (1).

Tabel 1. Sammenhzngen mellem sigtediame-
ter og faldhastighed i bed locad materia-
let, der tilfgres Varde As estuarium fra
oplandet. Faldhastigheden ved 200¢c er
m&lt i laboratoriet, og den tilsvarende
faldhastighed ved 14% er beregnet ved
hijzlp af ligning (1).

The solution of equation (5) gave a wash load content as
high as 16.0 mg/1, which means that 0.1 m above the river
bed only (18.5 - 16.0) 2.5 mg/]1 was suspended bed load
material,

The transport rate of this material was found using
cquation (6) (Einstein 1950, and Engelund 1973):

(6):
£L)+n]®

where 11 and I3 were determined to 0.8 and -1.0 respectively
from the work charts in Einstein (1950). The transport rate
of the wash load material was found as:

(7):

qwa = D-V - Cyq (N

gs = 11,6-UrCya [Illn

These calculations gave gs = 0,6 1073 kg/s m?and quqg =
11,6 103 kg/s m?, which means that gs is below 5% of total,
suspended transport rate.

The measurements described here were carried out in a
period when the river flow was near mean annual discharge.
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Distance upstream
from the estuary 7.5 5.2 3.0 1.1
mouth in km

Manning number M 36 35 43 55

Table 2. The Manning number M as a func-
tion of distance to the estuary mouth. M
is ca%?glated from the Manning eguation V=
M Io +p2/3, v and D were measured in
the middle of the cross profiles and Io
aover a distance of 2-4 km. The measure-
ments were carried out in the late ebb pe-
riod with almost stationary flow condi-
tions.

Tabel 2., Manning tal M som en funktion af
afstand til mundingen af Varde As estuari-
um, beregnet pa basis af Manning formlen.
Vv og D maltes midt i tvarprofilerne og I
over en afstand pd 2-4 km. Malingerne
blev udfgrt i slutningen af ebbeperiocden
med tiln®zrmelsesvis stationzr strgmning.

Therefore much coarser material is likely to be brought into
suspension in flom situations. According to Midleton (1976)
the »coarse« inflection point (in this case at 0.75 ¢ (0.59
mm)) is inherited from these situations. The present results
show, however, that in normal situations most of the su-
spended material supplied to the estuary from the drainage
area, is wash load and only a small proportion is suspended
bed load material.

2. BED LOAD TRANSPORT IN THE ESTUARY
The bed load material supplied to the estuary from the
drainage area is transported farther through the estuary over

Distance upstream
. t.he estuary Io(max) D(max)
mouth in km .
7.5 1.58 107 1.80
5.2 0.92 1074 1.84
left: _y 0.92
LKe right: WOLE Rl 1.32
3.0 0.49 107" 1.56

Table 3. Water surface gradient I_ and
maximum depth D in different cross sec-
tions of Varde A estuary in a spring-tide
situation at maximum bed shear stress. Wa-
ter temperature = 14%.

Tabel 3. Vandspejlsgradient I _ og max.
dybde i forskellige tvaerprofirfer af varde
As estuarium i en springtids situation med
max . bundforskydningsspending. Vandtempe-
ratur = 14%c,
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Fig. 2. Mean grain size my, standard deviation o and skewness sk, as a fune-
tion of distance in the Varde A estuary. Below is shown the corresponding
length profile of the estuary. Reference datum is DNN (Danish Normal
Datum).

Fig. 2. Middelkornstarrelse m,, standardafvigelse o og skavhed sk, som
funktion af afsiand i Varde As estaurium. Nederst det tilsvarende lengde-
profil § forhold 1if DNN.

a more or less fixed bed of peat and clay. The thickness of
this bed load layer varies from a few mm to over 0.5 m,
which was the length of the applied auger.

In the channel reach between 4-7 km upstream from the
mouth, the bed load material builds up channel bars, giving
the estuary cross profile an irregular appearance. The trans-
formation from alluvial to non-alluvial conditions is illustra-
ted in table 2 showing the change in the Manning number M
down the estuary.

The values in table 3 represent I and Dpay in four cross
sections of the estuary during a spring-tide situation at maxi-
mum bed shear stress. For all four cross sections this maxi-
mum occurred during the ebb period.

These values give rise to a calculation of the variations in
competence in the estuary, based on an iterative reading of
Shield’s curve (guess diameter, calculate Reynold’s number,
read Oc, calculate from this the new diameter etc). The re-
sults are shown in table 4.

The calculations imply that the whole friction velocity is
at disposal for sediment transport, which - in contrast to
capacity calculations - is a reasonable implication here. The
results demonstrate that there is a drastic decrease in com-
petence in the channel reach from 7.5-3.0 km upstream from
the estuary mouth; and that this decrease in a normal
spring-tide situation affects particle sizes which are present
in the bed load supply from the drainage area.

Fig. 2 shows how mean grain size (mz), standard deviation
(o) and skewness (sk) vary in the estuary. It is here illustra-
ted how the mean grain size rises from the 0.5 mm valid for
bed load supplied from the drainage area to 0.7 mm near the
island 4.3 km upstream from the mouth see fig. 3. From here
the mean grain size decreases to approx. 0.2 mm at the
submerged bar outside the estuary.

This variation reflects the above-mentioned decrease in
competence, which bring about a concentration of coarse
particles not able to pass the estuary. The change in skew-



fig. 3. Aerial photograph of the northern part of Ho Bay and the Varde A
estuary. The arrow just inside the estuary marks the position of station refer-

red 10 in the text,
Fig. 3. Flybillede af den nordlige del af Ho Bugt og Varde d's estuarium.

Pilen ved mundingen markerer positionen af mdlestationen der refereres tif

i reksren,

ness further emphasizes this interpretation, with a minimum
of -0.3 mm (too much coarse material) near the island.

The rapid increase in values of skewness up to + 0.5 mm
{too much fine material) and the fall in mean grain size
downstream of the island however is not only a result of
sorting out of coarse particles upstream from here.

This is primarily a result of mixing with fine-grained, floc-
culated material from the turbidity maximum which in this
region increases its influence in the downstream direction.
That it is mixing and not sorting which causes this overall
change in character of sediments downstream of the island
is illustrated in the values of standard deviation. This chan-
ges from 0.8-0.7 @ (moderately sorted) to 2.4 ® (very poorly
sorted) over the same reach.

According to the results described here, the bed load
transport through the estuary is affected by decreasing com-
petence; which results in a mean grain size maximum about
4 km upstream from the estuary mouth, and the develop-
ment of channel bars tending to narrow the cross section of
the estuary. The bed load material which escapes this region
is mingled with fine-grained, floceulated material and trans-
ported downstream to scttle at a submerged bar just outside
the estuary mouth.

3. MATERIAL SUPPLIED FROM THE TURBIDITY
MAXIMUM

In his paper, Pejrup (1980), discusses the existence of a
turbidity maximum in the northern part of Ho Bugt. The
material-rich water from here is carried up the estuary with
the flood current where the major part of the suspended
material deposits at high-tide slack water. In the following
cbb current, this material is subjected to resuspension and
brought back to Ho Bugt. This resuspension goes on during

Distance upstream uf =
from thc estuary Jg D Ic Rd U'C dmax
mouth in km max
7.5 0.053 155 0.0s50 3.4
5.2 0.041 a0 0.045 2.3
4.3 left: 0.026 26 0.035% 1.2
) right: 0.031 4 0.040 1.5
3.0 0.027 249 0.038 1.2
Table 4. Friction velocity UL, max. mowvabkle grain size
Reynold's number R . critical Shield's parameter &
and maximal mowv- max able grain size in four 4if-

ferent cross sections of Varde & estuary.

Tabel 4. Friktionshastighed, Reynolds tal for stgrst
bevegelige korn R, , Kritisk Shield parameter @ sant
max. bevagelig max kornstgrrelse 1 4 forskelllige
tvsrprofiler.
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Fig. 4. The dynamic conditions 1.1 km inside the mouth of Varde A estuary,
April 16-17, 1977 V_ = water level, ¥ = measured mean velocity over depth,
¢ = coneentration of suspended material (depih-integrated), Band T =
salinity at bottom and Lop respectively. The position of the measuring station
is marked with an arrow in fig. 3.

Fig. 4. De dynamiske jorhald 1,1 km inden for Varde A's mumding 16-17
april, 1977. V3 = vandstand, V = mdlt middelhastighed over dybden, ¢ =
koncentration af suspenderet materiale (dybde-integreret), B og T = salt-
holdighed resp. bund ag overflade. Mdlestationens beliggenhed er vist med
en pil pd fig. 3.

the first part of the ebb period; at late ebb, the estuary is
filled with freshwater from the drainage area with a rela-
tively low content of suspended material.

Outside the estuary mouth, the tide is clockwise rotating
and thus forces the freshwater to leave the mouth area in a
more southern direction than from where the estuary is filled
during flood tide. This means that the salt water appears
very quickly in the estuary after low-tide slack water.

The dynamic conditions just inside the mouth during two
tidal cycles are shown in fig. 4. It is here clearly demonstra-
ted how sensitive the concentration of suspended material is,
to weather conditions. The first tidal period was characte-
rized by calm weather, and the second by a gale from the
SW. During the latter cycle the concentrations of suspended
material increased by a factor three, whereas the pattern of
variation remained unchanged. Roughly this pattern can be
described by dividing the variations into the following 4
phases:

Phase [ first half of the flood period when the material-rich
water from the turbidity maximum in the bay flows into the
estuary making a peak on the concentration curve at maxi-
mum flood current velocity.

Phase 2: second half of the lMood period when the materia!
deposits and give rise to a local minimum on the concen-
tration curve at high-tide slack water.

Phase 3: beginning of the ebb-period when the resuspension

of the deposited material shows as a new, but smaller peak
on the concentration curve, and finally,
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Phase 4: the rest of the ebb period when the concentration
decreases to the lowest values of the whole tidal period due
to the supplies of relatively pure water from the drainage
area.

The concentrations of suspended material were found by
filtration of depth-integrated water samples (0.75 1) through
Whatmann GFF filters, as prescribed in Whatmann's Pub-
lication No. 604.

The above-mentioned dynamic conditions, with relatively
high concentrations of suspended material at high-tide slack
water, result in mud-flat deposits along the estuarine banks,
consisting of fine-grained, flocculated material from the tur-
bidity maximum in Ho Bugt. As stated by Pejrup (1980),
this material is of both marine and of fluvial origin. The
latter has an organic content of 30-50% (combusted at
500°C) against roughly 10% in the material from the turbi-
dity maximum.

Biological processes in estuarine waters and in the upper-
most sediment layers tend to mobilize organic matter (Biggs
1970) and remove it from estuaries; apart from this, there
alse exists a sedimentological contribution to the removal of
organic matter, such as illustrated by the laboratory experi-
ments presented in fig. 5. The experiments showed that, in
salt water, organic matter will react much weaker to floccu-
lation than minerogene matter does; this may lead to a selec-
tive sedimentation of minerogene material in estuaries,
whereas the organic part easier escapes to the ocean.

The experiments also showed that the flocculated fresh-
water wash load material had almost the same grain size
distribution as the flocculated suspended material from the
brackisch part of the turbidity maximum.

4. THE DEVELOPMENT SINCE 1804

On the map fig. 6 it is shown how new marsh areas have
grown up since 1804 in the area W of the bridge across the
estuary just inside the mouth. During the same pericd, the
channel reach between 7.5-3 km inside the mouth has nar-
rowed considerably. On the map from 1804 - only a section
W of the bridge is shown in fig. 6 - there is no sign of the
island about 4 km upstream from the mouth. By 1870, the
island was a small, 25 m wide bar, which in the period until
1955 grew to an approximate width of 100 m. It is remark-
able that this growth did not cause any erosion in the ad-
jacent banks; rather on the contrary, both up- and down-
stream from the island center the banks have been moving
forward, as in the rest of the inner estuary.

In the region upstream of the island the narrowing has
typically taken place by deposition of bars (bank-near chan-
nel bars or point bars) built up of cearse material, stabilized
by vegetation and fine-grained material, and thereafter
grown together with the original banks by deposition of mud
flats in the shelter between bar and bank. Downstream of the
island, the narrowing has taken place as mud flat deposition
only.
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Fig. 5. Results of laboratory experiments with floceulation of suspended par-
ticles from Varde A estuary. 7.0 denoles material representative for the wash
load supply to the estuary. 1.1 denotes material representative for the sus-
pended material in the brackish part of the Lurbidily maximum (salinity 1.2
0/00).

A. Grain size distribution of the minerogene part of sample 7.0 and 1.1 before
the conveyance of salt water.

B. Grain size distribution of the minerogene part finer than 45 g of sample 7.0
and 1.1 before and after flocculation in 10 0/00 salinity.

C. Grain size distribution of the organic part finer than 45 g of sample 7.0
before and after floceulation in 10 0/00 salinity.

The Grain size distribution is determined as fall diameter measured via pipe-
tte analyses directly in the flocculation chamber. The subsamples were fil-
tered through Whatman GFF filters. The organic content is determined after
combusting at 300°C. The flocculation has taken place over 48 hours with
frequent shaking of the chamber.

Fig. 3. Resultater af laboratorieforseg med flokkulation af suspenderet
maleriale fra estuariet. 7.0 angiver materiale represemtarivt for wash load
titforsien tit estuariet og I.1 angiver materiale reproesentalivi for den brakke
del af turbiditetsmaksimaet (saltholdighed 1,2 0/00).

A. Kornstorrelsesfordelingen af den minerogene del af prove 7.0 og 1.1 for
tilforsel af saltvand,

B. Kornsturrelsesfordelingen af den minerogene del < 45 u af prove 7.0 og
1.1 fer og efter flakkulation | 10 0/00 saltholdigt vand.

C Kornstorrelsesfordeling af den organiske del af materialet < 45 p af prove
7.0 for og efter flokkulation i 1066 saftholdigt vand.
Kornstorrelsesfordelingen er bestent som falddiameteren mdlt med pipette
direkte § flokkwulationskammeret. Underproverne blev filtreret gennem
Whatman GFF filtre, og organisk indhold bestemt efter forbreending ved
500°C. Flokkulationen fandt sted i lobet af 48 timer og med kyppige rystel-
ser af kanmerel,

&

Fig. 6. Map showing the Varde A estuary in 1804, 1870 and 1955. The
coastling from 1804 is only indicated W of the bridge across the estuary.
Fig. 6. Forlobet af Varde A estuariuny i 1804, 1870 og 1955, Kysilinjen fra
1804 er kun vist V for broen.

Myrick and Leopold (1963) found that the well-known
regime formula from upland rivers,

W =aQ® ®)
also is valid in small tidal estuaries. On the basis of theo-
retical considerations they determined the exponent & to
0.77 and on the basis of measurements in a tidal area to 0.71.
This hydraulic geometry is related to a tidal creek which
drains no upland. By using Inglis and Allens (1957) data
from the Thames estuary, this exponent can be determined
to 0.86, i.e. close to the value found by Myrick and Leopold.

By measurements in the Varde A estuary this exponent
was determined to 1.6, a value which reflects the absence of
equilibrium with a rapidly narrowing upper estuary. It is
believed that the reason is an interaction between the rising
sea level and the final stage in the development of the pen-
insula Skallingen.

The rising sea level (approx. 0.1 cm/year) has lowered the
maximum water surface gradient in the estuary. During the
last 100-200 years this has apparently reached a critical
stage where coarse material supplied to the estuary can no
longer be carried through it, and consequently is left build-
ing up channel bars. During the same period the peninsula
Skallingen has reached its present form, offering an effec-
tive protection for the Ho Bugt area against the North Sea.
Earlier, when Skallingen was no more than a sand bar, there
has probably not been sufficient shelter to build up a turbi-
dity maximum with the now found high concentrations in the
northern part of Ho Bugt; consequently, the sedimentation
of fine-grained material in the estuary at that time has been
limited compared to the actual conditions.

CONCLUSION

1. The log/probability plot of the bed load material supplied
to Varde A estuary from the drainage area shows two dis-
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tinct inflection points. One near 0.75 & (0.59 mm) and
another near 2.4 ® (0,19 mm). Measurements show that the
fine inflection point is in agreement with the actual dynamic
conditions separating bed load and suspended load.

2. Based on data from Report No. 12, Subcommittee an
Sedimentation (1957), the following equation has been con-
structed:

WT = Wap (1l + (20-T) (8.3 107 + 6.8 1073 1n(W20))) (1)

The equation predicts the fall velocity W at a giveﬁ tem-
perature T (10°C<< T << 20°C), from the fall velocity at
20°C Waq (2 1073 m/s < Wag < 2.5 1071 m/s).

3. In »normal« situations, less than 5% of the total, su-
spended material supplied to Varde A estuary from the
drainage area consists of suspended bed load material, the
rest is wash load.

4. In the channel reach from 7.5-3.0 km upstream from the
estuary mouth, there is a drastic decrease in competence. In
a normal spring-tide situation this decrease is affecting par-
ticle sizes present in the bed load supplied from the drainage
area,

5. The bed load transport through the estuary is affected by
the decreasing competence; resulting in a mean grain size
maximum about 4 km upstream from the estuary mouth,
and, in the same region, development of channel bars which
tend to narrow the cross section of the estuary. The bed load
material escaping this region is mingled with fine-grained,
flocculated material, and with this transported farther for
deposition at a submerged bar just outside the estuary
mouth.

6. At flood-tide, the inflowing water is part of a turbidity
maximum in the northern part of Ho Bugt. At high-tide
slack water, the suspended material deposits inside the es-
tuary. During ebb-tide, it is resuspended and the estuary
bottom is »washed clean«. At the end of the ebb period, the
estuary is filled with relatively pure fresh water from the
drainage area.

7. Organic matter reacts much weaker upon flocculation in
salt water than minerogene material does. In estuaries, this
difference may lead to selective sedimentation of minero-
gene material, whereas the organic material easier escapes
to the ocean.

&. The upper part of the estuary is narrowing very quickly
giving it a pronounced funnel shape. The exponent b in the
regime formula W = aQP was determined to 1.6, which is
high compared with the expected value between 0.7 and 0.9.
This non-equilibrium state is believed to be a result of the
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rising sea level and the relatively new sheltering effect of the
peninsula Skallingen.

LIST OF SYMBOLS

a reference level above the bottom; empirically deter-
mined multiplicator

b empirically determined exponent

Cywa concentration of wash load

Cy  concentration of suspended material at level y above
the bottom

d mean fall diameter

D  depth

g accelleration of gravity

[  water surface gradient (energy gradient)

kg  kurtosis

M Manning number

my Mean grain size

gs  transport rate of suspended bed load material

gwa transport rate of wash load material

Rg Reynold’s number for grains with the diameter d

sk skewness

T temperature

Up  friction velocity

7 friction velocity left after form drag correction

v mean velocity over depth

W fall velocity; channel width

W critical fall velocity before suspension

WT fall velocity in pure water at temperature T

Z w/x-Uf exponent

K V. Kdrmin's constant

o standard deviation

0 Shield’s parameter

Bc  critical Shield's parameter before transport

T bed shear stress

ACKNOWLEDGEMENTS

The funds for this investigation were provided by the Danish Mini-
stry of environment. I am pleased to express my gratitude to Senior
Lecturer B. Hasholt and M. Pejrup, M.Se. for helpful criticism and
cooperation during the work. Thanks are also due to Engineer K.
Pedersen, and to the staff at the Danish Isotope Center. Moreover,
I wish to thank Kirsten Winther for improving my English version.

RESUME

Varde A’s estuarium tilfores materiale bide fra oplandet i form af
bed-load og suspenderet materiale og fra Ho Bugt i form af flokku-
leret, finkornet suspensionsmateriale.

Ved milinger 12 km opstrams for Varde As munding fandtes
overensstemmelse mellem suspensionskriteriet W, = 0.8'Us (Enge-
lund 1973), og det fine knzk pd kornsterrelsesfordelingskurven
(log/sandsynligheds plot). Endvidere fandtes, at der i en »normal«
situation tilleres mindre and 5% af den samlede suspenderede trans-
port i form af egentlig suspenderet bed-load materiale, resten ud-
gores af wash load.

Milinger foretaget i en springtids-situation viste, at estuariets
competance falder drastisk i omridet fra 7.5-3.0 km opstrams for



mundingen, og at dette berorer kornsterrelser, der dagligt tilferes
estuariet. Competancefaldet bevirker en opkoncentrering af grov-
kornede partikler og aflejring af channel bars i det nvnte omride.
Bed-load materialet, der transporteres gennem omrddet, blandes
med finkornet materiale fra Ho Bugt og transporteres videre gen-
nem estuariet til aflejring pd en barre kystvarts for mundingen.

[ flodperioden tilferes estuariet vand fra et turbiditetsmaksimum,
der befinder sig i den nordlige del al Ho Bugt. Ved hejvandsstrom-
stille aflejres det tilfarte materiale midlertidigt for, i den efterfal-
gende ebbeperiode, atter at resuspenderes og fares tilbage til bug-
ten. I slutningen al ebbeperioden fyldes estuariet med relativt rent
ferskvand fra oplandsafstromningen.

Ved et laboratorieforseg med suspensionsmateriale fra estuariet
er det vist, at den organiske del reagerer svagere pd flokkulering i
saltvand end den minerogene del, hvilket kan fore til en selektiv
aflejring al minerogent materiale medens organisk materiale lettere
undslipper til havet.

De indre dele af estuariet har gennem de sidste 200 ir gennem-
glet en drastisk indsnzvring, som har bragt estuariet ud af formli-
gevegl. Exponenten b i regimeformlen W = aQ)” er saledes blevet
bestemt til 1.6, hvilket er cirka en faktor 2 starre end den forventede
vardi pi ca. 0.8 (Myrick og Leopold 1963). Denne uligevagt lor-
ventes at viere betinget af det stipende havspejl (nedsat competance)
og den relativt nye beskyttelse af omridet som felge af Skallingens
opvkst og inddigning.
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tinct inflection points. One near 0.75 & (0.59 mm) and
another near 2.4 ® (0,19 mm). Measurements show that the
fine inflection point is in agreement with the actual dynamic
conditions separating bed load and suspended load.

2. Based on data from Report No. 12, Subcommittee an
Sedimentation (1957), the following equation has been con-
structed:

WT = Wap (1l + (20-T) (8.3 107 + 6.8 1073 1n(W20))) (1)

The equation predicts the fall velocity W at a giveﬁ tem-
perature T (10°C<< T << 20°C), from the fall velocity at
20°C Waq (2 1073 m/s < Wag < 2.5 1071 m/s).

3. In »normal« situations, less than 5% of the total, su-
spended material supplied to Varde A estuary from the
drainage area consists of suspended bed load material, the
rest is wash load.

4. In the channel reach from 7.5-3.0 km upstream from the
estuary mouth, there is a drastic decrease in competence. In
a normal spring-tide situation this decrease is affecting par-
ticle sizes present in the bed load supplied from the drainage
area,

5. The bed load transport through the estuary is affected by
the decreasing competence; resulting in a mean grain size
maximum about 4 km upstream from the estuary mouth,
and, in the same region, development of channel bars which
tend to narrow the cross section of the estuary. The bed load
material escaping this region is mingled with fine-grained,
flocculated material, and with this transported farther for
deposition at a submerged bar just outside the estuary
mouth.

6. At flood-tide, the inflowing water is part of a turbidity
maximum in the northern part of Ho Bugt. At high-tide
slack water, the suspended material deposits inside the es-
tuary. During ebb-tide, it is resuspended and the estuary
bottom is »washed clean«. At the end of the ebb period, the
estuary is filled with relatively pure fresh water from the
drainage area.

7. Organic matter reacts much weaker upon flocculation in
salt water than minerogene material does. In estuaries, this
difference may lead to selective sedimentation of minero-
gene material, whereas the organic material easier escapes
to the ocean.

&. The upper part of the estuary is narrowing very quickly
giving it a pronounced funnel shape. The exponent b in the
regime formula W = aQP was determined to 1.6, which is
high compared with the expected value between 0.7 and 0.9.
This non-equilibrium state is believed to be a result of the
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rising sea level and the relatively new sheltering effect of the
peninsula Skallingen.

LIST OF SYMBOLS

a reference level above the bottom; empirically deter-
mined multiplicator

b empirically determined exponent

Cywa concentration of wash load

Cy  concentration of suspended material at level y above
the bottom

d mean fall diameter

D  depth

g accelleration of gravity

[  water surface gradient (energy gradient)

kg  kurtosis

M Manning number

my Mean grain size

gs  transport rate of suspended bed load material

gwa transport rate of wash load material

Rg Reynold’s number for grains with the diameter d

sk skewness

T temperature

Up  friction velocity

7 friction velocity left after form drag correction

v mean velocity over depth

W fall velocity; channel width

W critical fall velocity before suspension

WT fall velocity in pure water at temperature T

Z w/x-Uf exponent

K V. Kdrmin's constant

o standard deviation

0 Shield’s parameter

Bc  critical Shield's parameter before transport

T bed shear stress
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