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PREFACE

Largé quantities of sediment are produéed by glacial erosion. Some

of the material consists of large rocks which are transperted by ice and-

deposited at the edge of the glacier. This material provides the base
for the moraines in front of glaciers. Some of the large rocks are
transported in the bottom layer of the glacier which then acts like a'
gigantic '"sand paper" against the rock bottom. This "sand paper” action
provides a fine material which is later transported by melt water flow-
ing underneath the ice. It is this material which gives glacial rivers
their grey color. Since the glacial rivers may be harnessed for future

power statioms, it will be necessary to study the sediment transport in
these rivers.’ '

Methodical studies of sediment transport in selected rivers have been
done by Brekontoret [the Glacier Studies Section of the Imstitute’s De-
partment of Hydrology; ed.] since 1966. This report contains the results
of sediment studies made in 1969. 1In addition, data from earlier studies
are included for comparison, These studies are the result of cooperation
between the Institute of Water Resources and Stockholm University. (The
Institute of Natural Geography at Stockholm University has funded some
of the work as a part of scientific research into the eroding force of
glaciers and their landscaping effect.) A Swedish research engineer and
a Swedish student have therefore worked part of the summer at the Nigard-
svatn Glacier, where the sedimentation process specifically was studied.
Moreover, one full position at the main office of the Norwegian Water
Resources and Electricity Board is supported by Swedish funds. Most of
the work on the measurements has been done here, except for the observa-

tions, from the Nigardsvatn and Vesledalsvatn Glaciers, which have been
processed in Stockholm.

This cooperation has been useful for both parties. On one hand, the
Norwegian Water Resources and Electricity Board has gained important data
on problems that will be encountered when the glacial rivers are ex-
ploited for energy production. On the other hand, Stockholm University
has made possible an analysis of the ohservations in such a way that re-
sults of pure scientific interest have been obtained. As far as we know,
such detailed studies have never before been made of the sedimentation
processes at so many different types of glaciers.

The intention is teo continue these studies over several years in
order, among other things, to even out the variations in sediment trans-—
port that will occur from one year to the next. We know that these
variations can be quite large, and a clear picture of sediment produc~’
tion at the chosen number of glaciers cannot be obtained unless obser-
vations from several years of study have been collected.

Knowledge of sedimentation process in natural lakes with an inflow
from glacier rivers can provide a base for design of artificial settling
basins. Such basins may be necessary at diversion intakes in rivers
with a high sediment load, and we believe it therefore to be of great

importance to study sedimentation in lakes of various sizes. Parts of



this report concern this problem.

The results of sedimentation studies have previously been published
in Brekontoret's yearly reports on glaciological studies in Norway (see
@#strem and Pytte, 1968; Pytte, 1969). Editorial reasons have made it
practical to extract the sediment studies and publish the results in
the form of a special report. This report is the first in a series of
yearly publications concerning the results from sediment studies.

Most of the primary data for this report were gathered by a group of
students assisting in the field work in the rivers and lakes in the
summer of 1969. The laboratory analysis of sediment tests was done
partly in Stockholm and partly in Oslo, where the Norwegian Polar Inmsti-
tute provided the facilities., Bard Braskerud made the finmal illustra-
tions and Mrs. A. Hertzberg typed the final manuscript and prepared the
text for offset reproduction.

Gunnar @strem
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THE OBJECT OF SEDIMENT STUDIES OF GLACIAL RIVERS

The studies of transport of solid particles in our glacial rivers may
be said to have a double purpose. First of all, such studies are in a
direct way useful for those who wish to exploit the water, either for
drinking purposes or for the production of electric power. Secondly,
the studies have a scientific value, as the glaciers over a longer per-
iod have a great landscaping effect. Geographers and geomorphologists
have always wished to obtain knowledge of the eroding velocity of glac-
iers. In this respect, studies of sediment transport in glacial rivers
may furnish valuable information.

The present studies were begum for both practical and scientific pur-
poses. This came about through a cooperative effort betweén the Insti-
tute of Water Resources and the Institute of Natural Geography at Stock-
holm University. The latter institute has in previous years performed
some studies of glacial erosion in Northern Sweden (e.g., Céwe and Norr-
bin, 1965). When plans for exploitation of Norwegian glacial rivers

were made, the practical purposes of sediment studies of Norwegian rivers

could easily be combined with the need for scientific data from differ-
ent climatic regions. Considerable contributions towards these studies
have therefore been made from Sweden, mainly in the form of manpower,
The field work has mainly been funded by the Institute of Water Resour-
ces. Contributions have alsoc coéme from NTNF (The Royal Norwegian Coun—
cil for Technical and Industrial Research; ed.), which especially con-
tributed to studies at Nigardsbreen Glacier. The collected data have
been analyzed with regard to daily sediment transport at all gauging
stations and sedimentation in water or speciflc parts of the rlvers._
The results have been complled in this report

The map on page 6 shows the location of the gauging stations. The
cbservation stations were chosen in order fo obtain data from different
types of glaciers, from arms of large plateau glaciers, and from glaciers
of varying size. The gauging stations were chosen in different climatic
regions, from glaciers in maritime climatic conditions on the west coast
to glaciers in the coantinental parts of Eastern Jotunheimen. Further-
more, results will naturally be obtained from geologically different re-
gions. The flow from these glaciers may possibly be harnessed for future
energy production, and the choice was therefore guided by this possibil-
ity. Should abrasion occur as the result of the sediment content, the
results of our studies may have direct importance for the evaluation of
damage. Parallel to the studies of the total sediment transport, sedi-
mentation in frent of the glaciers is also studied. The quantity of
sediment material in a lake of a certain size may be a guideline as to

what measures have to be taken to remove most of the sediment from the
river water.

The observation stations have been placed as close as possible to the
glacial front, at a point where the melt water is contained in ome chan-
nel. A staff gauge and/or stage recorder and a small cabin for two ob-
servers have been erected at each gauging site. The stations are manned
3 to 4 months during summer, usually by students. They collect 5 to 6




daily samples to determine the sediment concentration, and they also
collect samples every hour during rapidly increasing or flood discharges.

At most stations, meteorological and glacioclogical cbservations are also
carried out. '

Sediment'transpo?t in glacial rivers may be, for simplifying purposes,
divided into two main groups:

1. Suspended particlés,'and
2. Bed load transport.

Of these two, the former is usually most readily determined, whereas the
bed load tramsport has proven to be almost impossible to determine dir-
ectly. These investigatioms have concentrated on measurement of the
load of suspended material and its sedimentation in still waters where
such waters are found. Because bed load materials may cause difficul-
ties at tunnel intakes, attempts have been made to measure the amount of
such material. A net has therefore been placed across the river from
Nigardsvatn Glacier for volume evaluation of the delta produced. Simi-
lar investigations are pursued at Vesledalsvatn Glacier and have beem.
started at Engabrevatn Glacier,

We have reason to believe that these very detailed investigations
will give a good picture of the total sediment transport from each of
the glaciers that have been studied. Similar studies are performed at
glaciers of a different type and a different climatic and geological
condition., (Comparisons and conclusions regarding glacial erosion may
therefore be conducted on a representative basis. These studies are
strengthened by other related investigations near the studied glaciers
(ablations and accretions, precipitation and meteorological observa-
tions). The reasons for varying sediment transport at each glacier and
between glaciers in different areas may thereby be investigated.
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SEDIMENTATION STUDIES AND EVALUATION METHODS

Sedlmentatlon Studles

_ Sedlmentation studles were conducted in the summer of 1969 at five
selected glaclers ngardsbreen Vesladalsbreen, Engabreen, Erdalsbreen
and Memurubreen.® At the latter ‘two glac1ers,'samples were: gathered at
only one polnt in the river. At the former three glaciers, samples

were also taken at the outlet of the natural sedlmentatlon basmns bullt:

by the lakes in front of the glaciers.i”f~'-'

Fleld Measurements

Sediment samples were usually taken two to five times a day, dependm

ing on manpower. and the local CDndlthHS Water samples were gathered
in plastic bottles approxlmately 1 liter in ‘volume, and they were im-

mediately flltered through a pressure»fllterlng aparatus (Fig. 2). For

‘every sample, the: time and water level were observed. At the lakes, it

is important that the staff gauge be close to the- outlet -usually next

to a stage recorder. It is therefore advisable to note that bécause of  '

wave action the staff gauge readings may be uneven compared with the -

stage recorder registrations; e.g., the conditions at ngardsvatn, where.

the prevailing wind direction is from the east with an approximately

2-km staff gauge measurement is from 2-4 cm, Similar, but far lesser,
errors may be found at the other staff gauges. An evaluation of the
influence of different errors on the final result has been ‘conducted- in:
a separate part of this report (see below).

During rapidly increasing discharges so-called 24-hour series were
conducted, Samples were collected every hour in the glacial river and,
if at all possible, even at the outlet of the lagke. These hourly samp-
lings were discontinued if the flood discharges culminated by midnight.
If not, they were continued until such was the case. This was a burden
on the chservers, but the influence of a single flood on the total sedi-
ment transport is so great that it was necessary to conduct the sampling
in this manner. As an example, during one single 24-hour period in 1969
approximately 10 percent of the total observed sediment transport passed
by Nigardsbreen (the whole measuring season comprised 94 days).

After filtering and drying, the samples are forwarded to Oslo for
laboratory investigations. Sample sediment masses were determined by -
burning the filtering paper and carefully weighing the remaining sedi-
ment material. Details of thé laboratory process have been described
by @strem and Stanley (1969, p. 59-60) and Tornas (1969, p. 101-102).
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Fig. 2. The method of sediment sampling. Water
samples are taken in a plastic bottle and poured
into the pressure filtering apparatus. Pressure
is applied to promote the filtering proeczss. The
lower pilcture shows the complated sample. Note
the darker, silt-covered cirele on the filter
paper. = : : o

Calculation of Error

In those cases where sediment samples were taken both at the glacier
front and at the inlet to a lake in front of the glacier, the discharge
at both points has had to be estimated on the basis of water level read-
ings (staff gauge and stage recorder) at the outlet of the lake. Unfor-
tunately, technical reasons made it impossible to install gauges at both
the inflow and the outflow of the lake, and the results for 1968 may
therefore include errors, especially for the calculation of the dis-
charge into the lake (i.e., in the glacial river). For 1969, correc-
tions have been made as described below.

The discharge in the glacial river and at the lake outlet often dif-
fer, as we know. This depends on whether the water level in the lake
is dincreasing or decreasing and whether there has been any precipication




in the area.

11

Because there usually is a relatively larger sediment.

transport when the discharge is increasing than when it is decreaéing,
the sediment transport in the lake may be calculated too low if the

water storage in the lake is not taken inte account.

Fig. 3 is based on Nigardsvatn's total surface area of 0.46 x 10°
and a catchment area of 9.2 x 105 m

-The. nomograph in - .
me. -

2 petween the sample points. Thus

the lake inflow is based on the following equation:

the catchment area between inlet and outlet points, in m2;

¥

the gradient on the étage recorder curve, in cm/h (+ or -); and

51 x a 5, x P
LS T, 106 3.6 x 206
where:

Qi = the unknown dischafge of'the:gléciél fivérs, in.m3/s;
Qu = the known discharge at the outlet, in m3/s;
S1 = the lake surface aféa, in mzﬁ
5, =
a =
é = precipitation, in mm/h.
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Fig. 3. Nomogram for the
determination of the dis-
charge into Lake Nigards-
vatn, The nomogram shows
the relation between run-

of f into Lake Nigardsvatn,

discharge from the lake,
rising or falling water
level, and precipitation.

Example: IncreaSiﬁg'wdféP
level 2 em/h (a = +2) pre-
cipitation 12 mm per day

“(p = 0.5). The intersec- .

tion between the lines

a=+2 and p = 0. 5 gives

the valueA= 1.49m /s,
which means that watar
into the lake is L.4m%/s
higher than out of the
Lake.
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From the preceding equation and the nomograph, it may be seen that the
precipitation will reduce thé difference between the water discharge

into and out of the lake at increasing water level. Because the combin-

ation of decreasing water level and precipitation rarely occurs and
probably adds no ncticeable-error to calculations of sedimentation, the
lower part of the nomograph is of little interest. The nomograph clear-
ly shows that large errors may occur if precipiation and storage are not
taken into account. As an example, a not unusual value of "a" is 2
em/h, (values of up to +9 em/h have been registered in Nigardsvatn),
and this implies that the water discharge to the lake is 2.6 w3 /s larger
than the outflow from the lake during periods of no precipitation; if

it rains, the figure will be lower. (a = 9 implies that ¢. = Q + 11.52
m3/s). The difference in sediment transport -with or witholt thé afore-
mentioned corrections may therefore be up to 30 percent or more for sep-
arate hourly values. ' '

Another error source of calculating sediment transport is introduced
by the fall flood which oftem takes place after the observations have
been terminated, Very often floods will take place in September or Oct-
ober in the rivers on the west coast of Norway. Since sediment samples
usually are not collected at this late date, one has no record of how
much unaccounted for sediment material has passed. It is therefore ob-
vious that the observation period should be lengthened to include sever-
al more weeks in September, as the fall flood usually takes place within
this period (see Fig. 4). Furthermore, an agreement should be reached
with the local people to record later unexpected floods.

Normally, the fall floods seem to be smaller tham the larger summer
floods, sc the quantity of tramsported material will probably be of a
smaller amount., Exceptions from this may occur, however, (e.g., the year
of 1962). '

Regarding the accuracy of the measurements in 1969, there are of course
also other'sou:ces of errors, some of them difficult to evaluate. The
measuring period1CQmprises_only a part of the year; the discharge equa-
tion may include errors; uncertainty in the readings of the stage re-
corder may have an influence, etc. The dominating source of error is,
however, quite probably, the sampling of sediment material in itself,
and with the many steps in calculation of the amount of sediment mater-
ial per hour, day, or year.

The first part, the sampling, comprises sources of error concerning
the volume of the sample (approximately 1 liter). It is of course of
utmost importance whether one sample may be said to be representative
of the total river cross-section at the gauging station. A limited
Investigation of these conditions in turbulent water was carried out
in 1961 at Tarfalajokk, Kebnekaise (Ahlbert and Sjdberg, 1962, p. 13-14).
In this investigation an approximately 10 percent higher sediment con-
tent was found in samples taken at the bottom, as compared to those
taken at the surface. Samples taken at the edge of the river gave an
approximate 3 percent higher value than those taken in the middle of the
river., Unfortunately, there is no knowledge of the depth at which the
samples were taken nor of whether bed load material may have influenced
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the result. A similar investigation in the same river was carried out
in 1969, this time in a flume, which gave a more uniform current {Elg
and Gustavsson, 1970). The investigation gave a somewhat confusing re-
sult with differences hetween different measuring polints in the cross
section of the flume of up to 80 percent of the maximum value. If this
result is significant for a glacial river, it is obvious that samples
from one point eof the cross section are of no value.

The situation at Nigardsvatn, Vesladalsvatn and the lake in front of
Engrabreen can, however, mot directly be compared to the constructed
flume at Tarfalajokk. The flow at the gauging stations at hoth ends of
the Norwegian lakes is clearly turbulent and may not be compared to the
sltuation for the above mentioned flume which alse has a form and a lo-
cation in relation to the river which gives the flow an unusual charac-
ter with standing waves, etc.

Even 1f the situation at the sbove mentioned lakes is closer to the
investigation in Tarfalajokk in 1961 (before the constructed flume), it
will still be necessary to have a systematical investigation of the
sediment variations in the river cross-sections at the gauging stations.
Further, if it is found that one measuring point is representative,
double samples should be taken in each case. This would provide an
eagier control of errors that might exist in the further investigation
of the sample,

For the final test of the sample, burning and weighing in the labora-
tory, it is rather simple to determine the relative importance of the
sources of error, and the present method has been described as satisfac~-
tory. An estimate of the error in the laboratory procedure is derived
below where M equals the quantity of sediment material per day, given
in kilograms: :

M = %-x A(Hfh)B x 3.6
Q = A(H—h)B is the equation for the discharge rating curve)
where:
m = difference in weight before and after burning, in mg;
V = volume of the sample, in liters;
A, B, H = constant values; and
H = the staff gauge reading, in cm.

Through logarithmic differentiation, an equation is obtained of the form:

S _ am Ay a(i-h)
M - mw- vt mm

and transforming to standard mean error gives:
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(Y 1 (22) () ()

As an example, this formula, for real chosen values, is illustrated by’
data from two different days during the summer of 1969:

Example 1. June 13 (normal day)

Accepted errors

H = 140 ecm + 0.5 cm (reading error)

h = 13 cm + 0.0

m = 8,99 mg + 0.1 mg (weighing error)

VvV = 1.000 liter + 0.010 liter (measuring error)

Inserting these values in the above formula will give

sy ¢ : _ _
BT = 0.0001 + 0.0001 + 0.0001 = 0.0003

5
(“%) = (0,017 or approximately 1.7 percent error in M

Example 2. July 31, 1969 (increasing high water level)

H = 237 cm

h = 13 cm

m = 48.53 mg

V = 1,000 liter

With the same presumed errors for H, m and ¥ we get

2
5 X .
(i{r&) = 0.000004 + 0.0001 + 0.000036 = 0.000140

8 . .
( E ) = 0.012 or approximately 1.2 percent error in M

This proves that the inaccuracy in weighing means relatively little for
the determination of M, which is the total quantity of transported sedi-
ment material per day. It is, therefore, clear that other sources of
error, especially conditions during sampling ought to be investigated
further. Sampling errors will be given particular consideration during
the field work that is planned for the summer of 1970.

Data Evaluation of Sediment Tranmsport and Water Transport

During the fall of 1969, a program was worked out for automatic data
processing of sediment and discharge measurements. Work was performed
by J. Anderson, a state hydrologist, at the Institute of Water Resources,

]
§
1
‘
1
i
i
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Department of Hydrology, in Oslo, and the data were processed on the
Norwegian Water Resources and Electricity Board's computer.

Input Data .

The computer was fed the foliowing raw dataf

The surface area of the lake (for glacial riVers without lakes
the area is equal to zero);

The equation for the stage-discharge curve for the outlet;

Quantity of sediment material estimated from samples taken at
a glven time at the outlet with simultaneous staff gauge
readings;

Hourly stage values from the outlet stage recorder {(located
on the river where the sediment samples are taken);

Quantity of sediment estimated from sampleé taken in the gla-
cial river (above the lake; ed.);

The volume of the sediment samples (i.e., the bottle volume);
and

Daily measurements of precipitation.

These raw data were punched on a card, one card for each whole hour (Fig.
5). Since sediment data are only for a few periods each day at normal
water level, the program includes an interpolating formula, which will
calculate the hourly concentration values.

17 1.95 es.2g 1.00L 52, 64 100 110
] B g i i [

pgooonaoauencuoooncoudEDeoncoononooeaanocBABoooueoaBootocoo000D0N000RNNAND0DO0D
TT VR B e s PN anA KRAARBYHNBBRTRASG I NN AT UMM YN RV UMW DEB U T RTINS
g g e @ e @ L i i et
22211271)ﬂ}lﬂELI}J1212?1211??gﬂl}!l:ll:1;1112?1121121?2?121112111111311211112722
P 1310033313083133331318233323313338323333212833333023338333333333733331333313133117313)
4244004404384 0554430003044 4084440400430l b a4 baadaaatdabidtdy
5555ssﬂsssss555555555555555s5655555555555555555555555555555555555555555555555555
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Fig. &. Ezample of a puncheard containing data for sedmment
transport calculations
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OQutput Data

The computer gives the following results (Fig. 6):
Printout {one day per page)

each hour: water level _
water discharge, outlet
water discharge, glacial river (inflow to lake; ed.)
quantity of sediment material, outlet
quantity of sediment materidl, glacial river
(inflow; ed.)

each day: sediment discharge at outlet, tons/day .
water discharge at outlet, m3/day
sediment transport glacial river, tons/day
water transport glacial river, million m3/day

(For Erdalsbreen and Memurubreen, where the samples were taken at one
point only, the printout will have a simpler form since all data "out
of the lake' are absent.)

Since most of the computer. time is spent on printouts, it. is quite
unnnecessary to print all hourly values for every day. It is, however,
valuable to have these printouts during an investigation in order to be
able to discover print errors or obvious measurement errors. '

We intend to include one more part to the program'to'diréctly'pfint
out a graphic form showing the sediment load versus time.

An example of a punchcard pertaining to one hour is shown in Fig. 5.
It is obvious that all data should be tabulated for the cobservation sta-
tions so as to make them easy to read by the punchcard operator. One
should also attempt to perform sampling at whole hours to facilitate the
inclusion of the input data to the computer program.

Data processing of this kind is a great timesaving device and elimin-
ates many sources of error that would be introduced by manual processing.
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SLAMBEREGHINGER

N1GARDSBREEN

DATO. 17/ 7

KL 1
VST, (M) 1.90
VF. (M3/5) 23,83
TS.(M3/5)  22.55

NEDROR (1M) -
MUW IMG/L)  25.44
MU CTONN/ T ) 2.18
MI. (MG/L) 100,78
MI(TONN/T) B.18

KL 13
VST, (M) 1.92
VF. (M3/S) 24,57
TS. (M3/5) 27.12

NEDHOR (M) -
MU (MG/LY  24.10
MUTTONN/T) 2.13
MI. (MG/L)  222.14
MI{TONN/TE 21,69

VMNR. 1408
AAR. 1959

e 3
1.89 ‘1«88
23.46 23.10
22,19 23. 14
?B.12 30.80
2.38 2456
98.10 95,43
TeHb T29%

14 15
1+93 194
24«94 25.32
26.22 25. Y6
21.20 14,30
1.90 1.67
193.89 16%.64
18.30 15.48

KODE.

‘1,89
23.46
22.1%9

33.48
2.83

92,76
7.4l
16
1.94

25.32
;5.32

137.39
12.5¢

0

1.86

22.39
20,47

36.15
2+91

Fu.0d
babd

17
1.94

25.32
25,96

14.53
1e32

109.14%
10.20

SLAMFORING, [AVLOP} 54,3982 TONN/DOGN

SLAMFORING. (TILSIG)
KOGRRIGERT FUR NEDBOR 218.6066

219.46556

Fig. 6.
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1.856
22.39
22439

38.83
3.13
87.41
7,05
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25,71
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21,38
1.98

80,89
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22439
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1.95

25.71
25.07
1.10

2B.22
2.61

52.64

4.75
2.0763
2.0763
2. 0662

B 9
1.86 1.86
22+39 22.39
22439 23,43
38.61 35.71
3.11 2.88
B2. 006 87,91
661 7.29

20 21
1«94 1a%94
25.32 25.32
24.68 26,32
24,91 21.5%
2427 le97
52,62 52.60
4.68 4280
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MILL .M3/DOGN

Sample output data sheet

10

1,87
22.74
23.38

3z2.81
2.69

93.77
7.89
22
1.94

25.32
24,68

18,27

l1e87

52.59
4467

11

1.87
22.74
24402

29.91
2at5

95%.62
B.62
23
1.93

494
23,03

14,95

1.34

52.57
4436

12

1.89
23.46
26,66

27.08
2.26
250.38
24403
24
1.91

24,20
22.28

14,84
1.29

52.5%
4,21

P
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SEDIMENT TRANSPORT IN CHOSEN GLACIAL RIVERS

WITH NATURAL SEDIMENTATIGN BASINS

The investigations started at Nigardsvatn and Vesledalsvatn in 1968,
were continued in 1969, and a new one was started at Engabreen. The
work comprised mainly measurements of sediment transport in and out of
the lakes, and for the two former, measurements of the natural formation
of the delta. The work was'performed by the Institute of Water Resour-
ces in Oslo and the Institute of Natural Geography at Stockholm Univer—
sity. The project was and is administered by Dr. G. @strem, funded by
the above mentioned institutes, while S. R. Fkman was mainly in charge
of the field work. The investigation program for 1969 consisted in gen-
eral of three main parts:

1. Water discharge and sediment volume measurements in glacial
rivers above the lakes and at the outlet of the lakes. The sedi-
mentation of flne materlal on the bot tom of the lakes may there-
by be calculated :

2. Investigatibn of the natural grdwth of the delta at the inlet
to the lake. This part of the program was mainly performed in
the inner part of Nigardsvatn. Similar but less frequent meas-
urements were performed in Vesledalsvatn; however, the delta in
the lake in front of Engabreen has not been investigated yet.

3. Development of sampling routines with the intention of eval-
uating the results by computed processing of the data.

Nigardsbreen

The Net Project at Nigardsbreen to Measure the Bed Load in the Gié-
cial River

The ability of a glacial river to move great quantities of material
by bed load transport is well known from a qualitative point of view.
Thus, the glacial river at Nigardsvatn is building up a delta in the -
lake which contains great quantities of coarse material up to boulder -
size (Fig. 7). 1t is easy to ascertain that the bed load transport is
large in the river from the glacier to the delta, among other things,
from the amount of noise made by the moving rocks.

The bed load transport is certainly of great importance for decisions
relative to whether the lake close to the glacial river is suitable as a
sedimentation basin for a power station, for instance. :

Even if it is quite simple to perform qualitative analysis of the -
bed load material transported in a river, substantial problems are en—
countered in guantitative calculations,

A large number of sample apparatus for bed load tramsport have been
described in the literature, and these are all more or less of intricate
cons truction (for instance, see Hubbell, 1963). Further, many attempts
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have been made on theoretical calculations (for instance, Leopeld, et
al., 1964).

The theoretical formulas contain some weaknesses, especially because
the number of parameters inm such equations is very large; there are far
too many factors influencing the bed load transport to make it possible
to use general formulas. :

Fig. 7. The net at the inlet to Lake Nigardsvain with accumulated
coarse sediments. In the background a part of the developing
delta can be seen.

The sample apparatus are usually limited by giving only point test
results, and these may hardly be said to be significant for the total
transport, or they will influence the flow in the river and the meas-

ured results will therefore not be representative for the natural con-
ditions.

One may possibly expect that the relation between bed load transport
and suspended sediment transport may have a constant value for glacial
rivers in similar bedrock areas.

With the intention of studying bed load phenomena through a new
method, the so-called "net project' was tried at Nigardsvatn in 1969.

The net (Fig. 8), an especially constructed steel wire net of mesh
gsize 2 x 6 cm, was erected across the river cross-section at a conven-
ient point, approximately half way between the glacier snout and the




lake. The height of the net was 2.5 m, and the length from shore to
shore was approximately 50 m. The net was held up by rail bars strength-
ened by steel bolts in the bed rock. Drilling could unfortunately

not be done over the whole profile due to loose materials in the south-
ern part of the cross-section. These loose materials were of such thick-
ness that one could not easily drill down to the bed rock. Experience
showed, however, that this should have been done. The net was held in
place with heavy steel cables, anchored to bolts in the rock (see Figs.

8 and 9). This work was performed in May 1969 under the management of

0. Fradriksen of the Institute of Water Resources, and the net was fin-
ished May 24. '

Fig. 8. The net with the glacier front of Nigardsbreen in the back-
ground. The difference in water levele in front of and behind the

net demonstrates clearly the amount of accumulated material. A de- .!
tail of the net (insert) shows uniform captured material. :
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The measuring method: The bed load accretion within the fence area
was determined through surveying parallel profiles. This was accomp-
lished by dividing the area upstream from the fence with steel wires
arranged in squares of 2 x 2 m., Thus, two parallel lines were stretched
between the points F-0 and F-46 and also between K-0 and K-46 (Fig. 9).
Further, lines marked with colors were stretched between the fence and
the wire K-K via wire F-F. This way approximately 180 fixed measuring
points were designated within the fence area. These were surveyed six
times during the life time of the fence using the point F-0 as a refer-
ence. A surveyor level (Wild M 10) was used with the usual levelling
rod. The fixed point for all measurements was F~0, which was arbitrar-
ily set to 10.00 m.
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Pig. 9. Map showing the net and net area. Control stakes (A-K)
are mounted in the bedrock. The heavy line is the loeal level of
9,00 meters in a system where F-0 is 10,00 meters.
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It may be noted that this method provides a very good and quick vol-
ume determination even 1f it is not quite without risk for the person
handling the levelling vod., The 180 measuring points cover an area of
720 m2. The total area could not be surveyed in all cases due to heavy
currents, especially in and arcund 0-22, but most of the points were
surveyed regularly.

As mentioned, the net was ready on May 24, During a heavy flood
in the latter part of June, the net was loosened from the bottom in
the southern part and caused material to suddenly break loose. Through
this leakage point, material continued to be transported when the river's
main stream was flowing in this direction through its meandering in the
net area. The net was therefore opened between the stakes 8 and 9 on
' July 16, and on July 19 the whole net was broken down.

_ Brperiences from the net project:. Even with the relatively short
" time the net project was worked on, much experience was accumulated -
as to how such a project should have beem performed. Generally, the
inves tigation gave positive results, and it will be possible through
this method to ascertain the quantity of material in bed load tranmsport
even over a longer period. The largest discharge of the season reached
‘approximately 60 m3/sec, and this ought to beé possible to handle., = The
net would have to be changed somewhat 'in its construction. It must
be fastened to the rock bottom im- all points, and the vertical stakes
_must be strongly supported from the bottom up, and even the supporters
. must be bolted. At some p01nts, the stakes should also be strengthened
' fby strong wires. : > :

The most serious: problem in 1969 was, however the large quantltles
of ice that were transported in the river in the latter part of the sea-=:
‘son. This ice transport was expected, but not in such- great quantltles -
~and it was actually the ice which caused the nét to break on July 19,
The ice acts on the net differently from rocks and blocks. It has
'higher veloc1ty on contact, and since it floats, it has a much greater _
influence on the durability of. the net. The ice, therefore, has to be
stopped before 1t reaches the net, and thls should be possible through
the erectlon of some stakes above the net, for lnstance._ :

Fesults: In the period from May 24 to June 19, an accumulation of
398 metric tons of material was measured within the net area. This
value was cbtained through a measured volume of about 200 m3 and an aver-
age specific weight of 2000 kg/m3, obtained through samples taken in
different parts of the accumulation area. During the same period, a
suspended sediment transport of 1276 metric tons was measured.

The ratio between the bed load transport material and the suspended
transport material is therefore approximately 30 percent. This wvalue
is definitely a minimum since the mesh of the net allows a great part
of the fractions bhetween 1 mm and 20 mm to pass the net area. All of
these fractions are mot lost, however., Through digging in the material
behind the net it was found that large quantities of fine sediment
material had been covered by coarser material.

It may be said with certainty that over the period studied at least
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25 per cent of the sediment transport in the river took place as bed
load transport (and probably a Iot more). The remaining transport, 75
percent of the total, was suspended material and particles in the size
fraction 1-20 mm.

Sedimentation Studies in Nigardsvatn

Over the last 30-40 years, the glacier Nigardsbreen has pfodtcéd a.
lake immediately in front, Nigardsvatn Lake,

Fig. 10. Photograph of Nigardsbreen draining from the Jostedals-
breen ice cap taken in 1854, At that time the outlet glacier ex-
tended vright into Lake Nigardsvatn. The lighter zone in the val-

Ley bottom indicates a former stage of this glacier (approx. 1750 .
A, D.).




A few faets about Nigardsvatn Lake:

Length
Greatest width A _
Surface area at reference level (water

level =150 cm)
Greatest depth
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gbout 1800 m
about 380 m

0.46 x 105m% -

34 m i
Volume at reference level 5.4 x 106m? 3
Height above sea level 285 m ' A
Catchment area between inflow and outflow 9.2 x 106m* B
Total catchment area at the outflow 64 x 10%m? 4
Area covered by Nigardsvatn glaciler 47 x 105m? _ _4
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Fig. 11. Sediment transport and meteorologieal observations at Nigards-
breen in 1968.
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Sediment studies im 1969: The field work period of 1969 coveres May
27 to August 30. At the testing site on the glacial river immediately
below the glacier snout, 13,910 metric tons of suspended material passed
during the observation period (94 days). During the same period, 3,440
metric tong were trangported out of the lake, Thus, 10,470 metric tons
remained in the lake (Fig. 11).

As may be seen from the sbove discussion on bed load tramnsport, one-
may assume that practically all of the bed load material was aeccumulated
in the lake. The total volume of water which passed the lake during
this period was 183.2 x 10°m3,

Tornds (1969, p. 118) gave the following data for the summer of 1968:
4,370 metric tons of suspended material were carried into the lake and
1,375 metric tons of suspended material were carried out of the lake.
The data for 1962 (Wehn, 1965, p. 60) were 2,530 metric tons into and
728 metric tons out of the lake. The 1962 data for the material trans-
ported into the lake have to be considered with some care since the gla-
cier then extended into the lake, and a clearly defined river was not to
be found at the time. The 1968 data for the sediment volume inflow and
outflow for the lake are obviously too low.

Studies of the development of the delta: The accretion measurements

in the inner basin were started in 1968. During the month of February,
depth measurements through the ice were performed, and to these 16 pro-
files with more than 400 depth measuring points were added during the

sumner of 1968. '

LEGEND
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Fig. 12. Map of Lake Nigardsvatn.

»
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The work in 1969 concentrated on 9 profiles with a total of 290

points. All these are situated west of the line 15-14 (Fig. 12), (i.e.,_

in the inner part of the lake). The measuring lines for the other part
of the "inner basin'", (i.e., east of the line 15-14 to the line 10-11},
showed no measurable sediment accretion. Measurements in this area will
therefore have to be followed up over a longer period of time to give a
usable result. The yearly accretion is obviously relatively small in
this area. :

The depth measurements were performed along steel wires which in each

instance were stretched between the fixed points (noted in Fig. 12; ed.).

These steel wires had earlier been measured and marked with colors at 5.
meter intervals. The depth measurements were made by a regular level-
ling rod from a boat, which was moved along the wire. A depth measuring
line and a measuring stick were used for greater depths. All measure-
ments were attempted in calm weather in order to avoid bending the wire.
(For each measurement, the wire carried no weight and the fixation of
the points seems therefore to be quite accurate. The positions should
be possible to repeat from year to year.) Staff gauge readings of the. .
lake level were taken before and after each profile measurement at the
gauge which was located at point 16. The water surface was further de-
termined at point 20. :

The uncertainty in the depth measurements is considered to be +0.5cm.
With a sharply sloping bottom, the uncertainty in the horizontal level
may contain an error of one to a few centimeters in extreme cases. The
accretion per year in the inner area is, however, so large that such
errors are insignificant. In addition, the relative error is small -
enough to motivate acceptable conclusions regarding the volume of sedi-
ment accretions.

The depth of material has been noted on a map of the scale 1:500.

The difference in the measurement values for 1968 and 1969 was noted
with a special mark for each measuring point. Over this map was placed
a transparent sheet with carefully drawn hexagons, each one covering

an area of 787 m?. The arithmetic mean value for all of the area with-
in each hexagon was noted as representative of the area within the
hexagon. The sum total of accumulated volume within the inner area of
. the basin (west of the line 15-14) gave 4,778 m® or 9,576 metric tons.

The total surface area is 28,332 m?, which implies a mean accretion of
16.9 cm.

Even if these figures contain large errors, they give an idea as to
the quantity of the sediment material in the inner basin. The measure-
ments ought to give very dependable values for the total transport of
coarse material from the glacial river, if they are carried out over
some Years. '

Summary

From the above results it is concluded that, during the measurement
period of 1969, 13,910 metric tons of suspended material were transpor-
ted into the lake. At the net, approximately 400 metric teons of
coarse material and in the delta approximately 9,500 metric tons of
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sediment were accumilated. Even if these values have to be considered
with some care, the results indicate that the bed load transport in the
Nigard river is close to 50 per cent of the total transport. During the
same period, 3,440 metric tons passed the lake outlet, and the total ac-
cumulation is therefore:

13,910 ~ 3,440 + 9,500 + 400 = 20,370 metric tons
(disregarding the net)

This equals a volume of about 10,000 ma, which may be compared to the
total volume of the lake of about 5,400,000 m3. (540 years will be nec-
essary to completely fill the lagke.) It should be noted that some of
the suspended material is included in the accumulation in the hasin and
this has been measured through soundings.

Glatier

1968 - 1969
June 19-Sept 2 May 28-Aug 29

Suspended material
carried out of tht_a

glacigr o ' 4370 13910 tons

Deposition of bed .
load . _ _ : 9900 tons

Sedimentation in _
the. la_ke ' 2995 " 10470 tons

Suspended material

carried out of the lake 1375 3440 tons
Water discharge ' 112.6-106 181.11-106m3
1 Outlet Precipitation 120.8 | 194. 8 mm
ta0m . . . .

Pig. 13. BSynopsis of‘ the results for 1968 and 1969 at Nigardsvatn.
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Vesledalsbreen

Similar investigations to those performed at Nigardsbreen were per- ﬂ
formed at the waters leading from Vesledalsbreen during the field work

season of 1969, with the exception of the net project, which was speci-
fic for Nigardsbreen.

i
Below Vesledalsbreen there is a natural sedimentation basin with a f
surface area of about 1800 m?. For this little lake soundings have been '
performed along fixed profiles, in order to calculate the accretion of
coarse materials in the delta area. Simultanecusly samples have been

taken above and below the 1lake in order to determine the sediment trans-—
port by the glacial river.

VESLEDALSVATNET

BOTTOM PROFILES

Glacier stream

]

{Depths in metres) O\Bench mark

\ J 0 10 28 M W Som y
1Y [TV NS -

Fig. 14. Map and sounding profiles for aceunulation measurements at
Vesledalsvatn. On the map the location of bench marks and the sites
of the staff gauge and water level recorder (Limnigraph) are plotted.
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The difference between Nigardsbreen and Vesledalsbreen is mainly
found in the topography and size. Both the glacier and the lake are
much smaller in the case of Vesledalsbreen. There is a distance of ap~-
proximately 1,000 m between the glacier and the lake at Vesledalen, and
gediment samples were therefore taken both at the glacier front and
at the inlet into the lake.

Some facts about Vesledalsvatn Lake:

Length o ' o ' about 240 m

Width ' ' ' about 120 m
Surface area at reference level {162 cm
on staff gauge) ' 18,850 m?

Greatest depth ' 7 m

Volume at reference level 48, 000 m3

Height above sea level L 1,123 m

Catchment area at point A (Flg 15) 7.2 x 10%m?
B 9.2 x 10%m?
C 11.2 x 10°m?

Area covered by glacier 4,0 x 10%m2

Vesledalsvatn is quite shallow. The southern end has a flat bottom
with a depth of about 0.5 m (Fig. 14). The lake is bordered on the
north by a moraine which is 4-5 meters high. On the eastern end, it
is bordered by sand and rocks where the river branches out into the
lake. In the south, there is a delta-like beach probably produced by
the small streams there. The bottom is very flat out to about 75 meters
and consists of fine sediment material, often beautifully formed by
ripples. Towards the west, down towards the valley, moraines, rocks and
blocks, and bedrock are found. The outlet consists of a short river
reach in a fault in the bedrock terminating in a vertical water fall.
With a measuring tape and a theodolite, a work map te the scale 1:1,000
was constructed for the surface area of the lake at reference level 162
cm during the summer of 1968. The cbservation period was from June 12
to August 29.

Sediment Studies in 1969

The discharge was measured at point A (Fig. 15) by readings on a fixed
staff gauge, and at point C stages were recorded by a stage recorder,
The discharge at point B is calculated from the stapge recorder readings
at point C and a knowledge of the size of the lake. This calculation
was performed in the same manner as at Nigardsvatn. It should be noted
that this method is not quite satisfactory for Vesledalsvatn, as the
surface area of the lake is too small, and this implies that the in-
fluence of west and south streams will be too great.

It is probable that for Vesledalsvatn it would have been better to
use the discharge values at the outlet {point C) and let these values
also apply to the inlet (point B), possibly with a few correctioms. A
closer investigation of the smaller streams' influence on the total dis-
charge ought to be performed during 1970.

Sediment samples were taken at points A, B, and C. The test sites at




Vesledalsvatnet

Fig. 15. Sketch and photograph showing Vesledalsbreen and the loeca-

tione of silt sampling stations in the watercourse draining from the
glacier. o

A and B have turbulent water, whereas the river at point C has a less
turbulent flow. The cross-section area at C is small, however, and the
samples are therefore considered representative. The discharge and the
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sediment transport are calculated by data processing in the same way and

with the same program as was used for Nigardsvatn.

During the field season, 579 metric tons of sediment material were _
estimated to have passed the test site at the glacier front (A), approx-
imately 617 metric tons passed the inflow to Vesledalsvatn (B), while

382 metric tons passed the outlet (C). Between A and B, there is a net
erosion.
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ledalsbreen for 1969.
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Sedimentation Studies

The bed load transport has been investigated by a thorough sounding
of the lake in 1968 and 1969. The socundings weré performed in the same
manner as in the inner part of Nigardsvatn, with wires across the lake

at 5 profiles (Fig. 14). The soundings were performed from a boat at a
total of 90 points.

Concerning the uncertainty of sounding values, the general discussion
for Nigardsvatn may alsc be said to apply to Vesledalsvatn. From the
sounding profiles of 1968 in Fig. 14 it may be seen that the bottom is

quite uneven, the steepest part towards the delta (profiles 4-3 and 6-5).

Changes in the accumulated material probably take place through avalan-
ches in the steep delta area at increasing water level. This may ex-
plain the formation shown at profiles 2-1 and 4-3. The high threshhold

at the outlet probably causes the coarse material transported into the
lake to remain there.

Calculation of the accretion on the bottom of the lake has been per-
formed manually through a division of the surface area into a number of
areas., The mean value of the difference between the sounding within -
each surface area has been multiplied with the said area and for the
mass calculation, the specific weight 2000 kg/m® has not been used. To
obtain an idea of the uncertainty in the final result, the size and the
number of the areas have been varied. The results from four of these
different calculations gave the following four volumes: 836, 783, 757
and 803 m3,

Summary

The data for sediment and précipitation are shown in Fig. 16 for the
measuring points A, B, and C. The table in Fig. 17 gives similar values
for eight 10-day periods, and these values show:

a. During 4 periods, the sediment transport was larger at B
than at A. This implies that an erosion of earlier deposited
material along the river had taken place. During the other 4
periods, the sediment transport was larger at A, and this im-
plies that material again was deposited along the river. The
total result for the field season gives, however, a net erosion
of approximately 38 metric tons of material along the river.

b. The water discharge at C was naturally larger than at A be-
cause of precipitationm in the area and because of additional
discharge from small streams into the lake. The difference is
3.33 x 10°m%, The precipitation during the period was 235.0 mm
which caused addition of water from the sides and this was ap-
proximately 11 per cent of the total discharge at C.

The accumulated material in the lake during the perlod August 30, 1968
to July 1, 1969 was 759 m3 or 1,590 metric tons, which implies a cross-
gectional accumulation of 4.25 em in the lake. This value seems much
too high and must be considered suspect. The measurements for next
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year may confirm this.

A synopsis of the above results is found in Tig. 17, where values for
1967 and 1968 are included (Tornfs, 1968 and 1969).

SEDIMENT TRANSPORT -

Accumu- Water Precipi-
lated discharge tation
at along T
the river x 106m3
between - '
A B C A and B
Period Time Ton Ton Ton Tons A c wm
I 12/6 - 21/6  153.11  153.07 . 91.08 + 0.04 2.36- 2.83 2.0
II 22/6 - 1/7 67.84 80.13 53.09 -12.29 2.40 2.94 25.9
II1 2/7 - 11/7 9.68 12,32 6.86 - 2.64 1.18  1.45 89.1
v 12/7 -~ 21/7 26.08 24.89 21.88 + 1.19 1.65 2.11 45.6
Y 22/7 - 31/7 148.98 188.14 104.33 -39.16 2.91 3.70 29.6
VI 1/8 -~ 10/8 85.64 76,30 50.00 + 9. 34 3.04 3.53 0
VII 11/8 - 20/8 42.16 39.81 26.44 + 2.35 2.05 2.30 3.4
VIII 21/8 ~ 29/8 45,19 42,40 28.32 + 2.79 1.62 1.68 39.4
TOTAL 578.68 617.06  382.00 -38.38 17.21 20.54 235.0
Glaci.e'r'm . '
% N 1967 1968 1969
A Suspended material 630 303 579 'tonsé 3
Discharge 17.21° 10" m
Accumulation along : - =191 ~38 tons
the river '
B Suspended material 494 617 tons
Accumulation in lake: _
Suspended material 140 103 235 tons
Bed load 1590 tons
C Suspended material 6 391 382 tons6 3
Discharge 11.0- 10 20.54- 10" m
Precipitation 235 mm

Fig. 17. Synopsis of observations for 1967, 1968, and 1969 from
Vesledalsbreen. '
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Engabrean

The Norwegian Water Resources and Electricity Beard started hydrolo-
gical and glaciological investigations in the Svartisen area in 1969.
As a part of this work, observations were performed on sediment trans-—
port and sedimentation in the waters leading from Engabreen during the
sumner of 1969,

Engabreen is a west tending arm of the Svartisen glacier. The surface
area of the glacier iz approximately 39 kmz, and the length is approxi-
mately 12 km. The highest point, near Snetind, is approximately 1,600
meters above sea level and more than 70 per cent of the glacier is on a
large plateau 1,10)0) meters above sea level. From 1,100 meters, the gla-
cier falls to about 500 meters above sea level over a distance of over 2
km. The present glacier fronmt, 1.5 km further down, is situated at ap-
proximately 80 meters above sea level.

Fig. 18. Fhotograph bf Engabreen with the lake in the'fbreground.
The sides of the valley to the lake exhibit an easily distinguished
vegetation bowndary indicating the extent of a former glacier stage.

Engabreen is a very clean glacier. There is hardly'ahy loose stone
material on the surface.

Studies of the movements of the glacier which were conducted on the
glacier arm during the summers of 1950 and 1951 show that the velocity
of the glacier varied from place to place. The measured velocity was
from 30 cm to 1 m per day (Bergersenm, 1953).
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in the courseé of the present century, the glacier has retreated con-
slderably. TIn 1891, the distance from the end of the Holandsfjord to
the placier front was ahout 1 km {(Rekstad, 1912). From then and until
the Jlast part of the 1920's, the glacier front has moved short distances
back and forth {(Holtedahl, 1960). Since 1930, the retreat has been
rapid, and only during the last three years has there beem a short move
forward to its present pesitiom, 2.5 km from the fjord. Imn the area
which previously was covered by the glacier, there is now a lake with a
surface area of 1.2 km“® at 10 m above sea level. The length of the lake
is 1.8 km and greatest measured depth is 90 m. The volume is presumed
to be approximately 40 million m3. ' '

From the glacial front about 300 m above the lake, there is one lar-
ger river to the west and one smaller river to the east draining along
two bedrock ravines down to Engabrevatnet and farther down to the Hol-
andsf jord.

The rock bottom in the Engabre area jis dominated by granite intru-
sions. Locally, the Caledonian foldings go east-west, with the axis to-~
wards the west. The upper parts of the glacier lie on the base of gran-
ite or rock of granodicoritic character, while the glaclal arm is on
metamorphic. sedlments, which in the" Holadsfjord aread’ con31st of mlca
shale quartz1te, graphlte and calcareous dep051ts._zi-:

Earlier Investlgatlons

Just after’the'turn of the century, Rékstad (1912) calculated the
eroding velocity of Engabreen based: on the resedimentation of a small
lake close to the then glacial” front._ The depth' of the lake along the
front was measured in 1891 to 30 m, ‘and. the greatest depth in the lake
was 40 m. The surface area of the lake was approximately 70, 000 m
Rekstad suggested a water volume somewhere above 1 mllllon m3 and esti~
mated the area’ of the glac1er was 36 km...' :

Until. 1904 the lake was unchanged;; ThEn the ‘glacier moved in the
same year, and the river bed was altered. 1iIn the course of the next 5
years, the lake was completely filled by sediment material and rocks.
Based on the volume of fill and an evaluation of the quantity of mater-
ial transportfed to Holandsfjord, Rekstad calculated that Engabreen
erodes about 400,000 m® of material per year. This, according to Rek-
stad, implies an erosion of 11 mm per year if the erosion is evenly dis-
tributed over the glacier base.

Deposits and sediment production at Engabreen have also been degcri-
bed by Richter (1936) and Lundquist (1937).

The Investigations in 1969

Sediment transport and sedimentation studies under the management of
the Institute of Water Resources were started June 23 and concluded Aug~
ust 18, 1969. A staff gauge was installed in Engabre Lake and sediment
samples were taken at the main river inflow (to the west) into the lake
and at the outlet from the lake (Fig. 19). The current at the test site
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is clearly turbulént; whereas:it:ié'leéé turbulent at the outlet.

Fig. 18. The sediment sampling sites at Engabrevatn. [IThe enirance
to the lake is to the left, the outlet to the right.

The method of sampling is described by Ekman on page 9 (of this re-
port; ed.). As may be seen from the discussion by Ekman, the accuracy
of the methods is somewhat uncertain. The sampling at the inlet is,
however, quite satisfactory for a discription of the sediment transport
by the test site. The samples taken at the main inflow to the west are
adjusted to also include estimated sediment transport in the smaller
flow to the east. Many more samples were taken at the outlet of the
Engabrevatn than at the inlet, and it is therefore a possibility that

the description of the sediment transport at the outlet is not quite
satisfactory.

The conditions for sediment sampling and sedimentation studies at
Nigardsvatn and Engabrevatn are practically the same. The data process-
ing program for Nigardsvatn was, therefore, also used for calculations
of sediment discharge and sedimentation.in Engabrevatn during the ob-

servation period. A descriptien of this program is found on page 16
{of this report; ed.).

The program comprises 2 correction for additional runeff from the
catchment area of the lake which is not covered by the glacier. This
catchment area is approximately 7 km? for Engabrevatn. Unfortunately,
there were no precipitation readings at Engabrevatn until July 14. Cor-

rections for precipitation on this area are therefore not included until
this date.

Results

Data from the observations and calculations of the summer are shown

|
|
B
B
i
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in the diagrams in ¥ig. 20. The horizontal axes of the dlagrams are
identical, and the different data and calculations are therefore easily
compared. Meteorological observations are shown in the other two dia-
grams. The observations of these parameters were only started during
the week between the 1l4th' and the 21st of July. ' Precipitation’ im:the.

~ period prior to. 'these’ obserVatlons s plotted on'the'basis of’ notatlons
sfdurlng tlmes of sampllng.. To: supplement ‘the: temperature observatlons,

the mean temperature of the ‘day - from the’ Norweglan Meteorologlcal Instl— o

tute's climatic station in GlOmeOId is plotted on the diagram with a
- broken line. This curve. varles approx1mately with the cbserved temperanf'
tures at Engabreen, S : B
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Fig. 20. Sediment transport and meteorological observatzons at
Engabreen in 1969.

In the middle diagram, the observed sediment concentrations at the
inlet and the outlet are plotted and two curves are drawn through the
points. 1In the bottom diagram, the calculated discharge of the inlet
into the lake is plotted in the form of a continuocus curve along with
a diagram for the calculated daily sediment tramsport at inlet and out-
let.
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The discharge roughly follows the variations in temperatures and is
explained mainly by temperature through the influence of heat and the _
ablation of the glacier. The largest daily discharge, 2.84 million md on
August 4, occurred in a period of high mean temperatures, while the low-
est daily discharge, 1.19 million m? on July 2, occurred in a period of
relatively low temperatures..

The variations in sediment concentrations at the inlet to Engabrevatn
are large. The highest concentration, 350 mg/l, was measured on July 17
while the lowest concentration, 20 mg/l, was measured omn August 18.

The sediment concentrationg roughly follow the discharge within the same
day. During the observation period, there was a downward trend in the
average sediment concentration. The highest concentrations and trans-—
port quantities are associated with record high discharges at the be-
ginning of the observation period. Similar discharges later in the per-
iod did not cause the same high concentrations and transport quantities.

It may be assumed that sediment material produced by the glacier in
the course of a vear is accumulated in certain areas below the glacier
toc be transported further during a short summer season. The volume of
material available for transport is therefore probably largest in the
beginning of the season, and this explains the unusually high concentra-
tions coinciding with the early high discharges. When accumulated mat-
erial in the most easily accessible areas has been washed away, increas—
ingly higher discharges are necessary to reach new areas. In the course
of the ablation season, it is possible that drainage of the glacier is
also changed through the opening of new drainage channels (or old ones
are reopened) so that new areas are Washed over, adding to the amount of
sediment for transport.

The variations of measured sediment concentrations at the outlet of
Engabrevatn are small compared to the measured variations at the inflow.
The highest concentration, 70 mg/l, was measured on July 29, while the
lowest concentration, 4.22 mg/l, was measured on June 28. The curve
of sediment concentration and the calculated daily transport are based
on two and a maximum of three observations a day, and only at rare oc~-
casions are the samples taken during the highest discharge during the
day. The lack of samples causes the calculated values for the outlet
to be of some uncertainty. The sediment concentrations at the outlet
have probably, on some days, been somewhat higher than indicated by the
curve. The sediment transport out of the lake may possibly therefore
have been higher than noted. The curves and the diagrams demonstrate,
however, that Engabrevatn is an efficient sedimentation basin. Exper—
iences from Nigardsvatn, where the conditions were similar, leave no
further doubt that the large concentration variations at the inlet are
strongly damped through the sedimentation whlch takes place between the
inlet and the outlet.

A choice was made to base the calculations on the ohserved values for
sediment transport at the outlet in order to estimate the sedimentation
in Engabrevatn. It is, therefore, possible that the calculated values
for sedimentation, in the observation period, are higher than the actual
quantities. ' '
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For the observation period, it is calculated that 8,650 metric tons
of sediment material were transported into the lake, while 2,000 metric
tons were transported further out to Holandsfjord. These calculations ;
were based on the sediment samples. This means that 6,650 metric toms - f

or 77 per cent of the sediment material were deposited. Tor the same
period it is calculated that 103 million m3 water was discharged through’
Engabrevatn.
Field period Estimated total
1969 - 1969
Suspended load o o §
carried from _ h _
the glacier 8 650 tons 9500 tons
.............. o ~ Sedimentation
Engabrevain of suspended. _ _
load . 6 650 tons 7100 tons
Sﬁspehdédloéd
carried out of
the lake . 2000 tons 2400 tons

Fig. 21. Synopsis of the results from Engabreen in 1969.

The sediment transport processes were well underway at Engabreen in
1969 before the first observations were carried out. Sediment transport
also continued for some time after the final samplings. Unfortunately, -
there are no records of cbservations which might aid an evaluation of
these early and late sediment transport periods. According to Dyrkorn,
a state hydrologist who visited the glacier several times before and
after the observation period, the glacial river carried sediment mater-
ial in measureable guantities between the 10th and 15th of June, and
the transport continued until the beginning of Octcober. He estimates
the discharge around June 10 to be about 5 m?/sec on the average through o
the day, and at the end of September to be 1 m3/sec. Assuming the aver- ’
age discharge was increasing evenly up to the observation period and de-—
creased evenly after the same, and at the same time an even increase in
the mean sediment concentration from the beginning of June and an even
decrease towards the end of September, it has been calculated that the
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sediment transport into Engabrevatn was approximately 9,000 metric toms.
An estimated 7,100 metric tons or about 75 per cent of this had heen
deposited in the lake in the course of 1969.

No measurements of the bhed load tramsport in the streams from Enga-~
breen have been undertaken. Based on the experiences with the net
project at Nigardsbreen, where the conditions are comparahle to those
at Engabreen, one may assume that the amount of bed load transport is
about 30 percent of the total sediment transport. If one assumed this
to be equal to one year's erosion, the Engabreen's total production of
material through erosion would be approximately 12,500 metric tons in
1969. This means a 0.16 mm abrasion under Engabreen if one assumes the
erosion is evenly distributed over the ground below the glacier. This-
figure does not at all coincide with Rekstad's calculations of 1912 (he
found 11 mm per year!)but corresponds more with similar figures for
other glaciers where the Institute of Water Resources is carrying out
investigations.
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SEDIMENT TRANSPORT STUDIES AT ERDPALSBREEN

AND AUSTRE MEMURUBRE

Erdalsbreen

Observations of the sediment transport in the glacial river from
Erdalsbreen were continued in 1961. The earlier investigations are
described by Tornfs (1967 and 1968).

Erdalsbreen is an arm to the west from Jostedalsbreen and a neigh-
boring glacier to the south of Vesledalsbreen (see Ekman, p. 29).
Similar to the other glaciers that have been described, Erdalsbreen has
been exposed to a strong melting process and retreat in the 20th cen-
tury. Its present surface area is 11.2 km? and the length is 6.5 km.
Its highest point is on Stornosi, about 1,800 m above sea level, and
at the glacier front, it is about 860 m above sea level. Steep moun-
tain walls surround the lower parts of the glacier, and ice is added
through ice falls in many parts. Ice falls in the southern end are
like avalanches. Large areas of the glacier may be considered steep.
No movement studies have been performed at Erdalsbreen.

Fig. 22. The upper part of Erdalsbreen. To the far right the south-
ern icefall can be seen. Through avalanches this icefall supplies
the glacier with large amounts of debris.

from the glacial front, two separated glacial rivers drain over bed-
raock and are combined approximately 40 m below. The river drains to
Erdalen Valley where, in a large braided river area, it joins the river
from Vesledalshreen and then continues intoc Strynsvatn.

Erladsbreen, like the rest of Jostedalshreen, is in an area where the
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bedrock consists of gneiss, possibly metamorphosed earlier cambrosilurice
shales and intrusions. The main streak of the caledoniam folds in the
area go east-west and the axes of the fold turn towards east.

The Investigations in 1969

The 1969 observations of sediment transport and discharge at Erdals-—

breen were made during the period June 13 to August 29. The observation

site is situated just below a point where two streams draining the gla-

cler arm run together, and a staff gauge was erected there. The dis-

charge was determined on the basis of regular, most often 4-5 daily

readings, of the staff gauge. The catchment area above the gauge is 17
The sampling methods were the same as for the previously described
The current at the sampling site was clearly turbulent.

km? .
glaciers.

Fig. 23. The glacier front at Erdalsbreen with the site of the staff-
gauge where water samples arzs collected indicated.

Results

The observations and results for the summer are included in the dia-
grams in Fig. 24, The parallel time axis to the same scale makes the
different diagrams easy to compare. The calculations are made on the
new CDC 3200 computer at the Norwegian Water Resources and Electricity
Board. The program is described by Ekman on page 16. The daily pre-
cipitation, measured in mm at the obgervation hut in front of Erdals-
breen, is shown in the top diagram. The curve below shows the daily
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mean temperature as measured at the lower hut at Vesledalsbreen. Ear-
lier investigations have shown that the daily mean temperature at the
lower hut of Vesledalshreen correlates well with the daily discharge at
Erdalsbreen. (@strem, 1969). One may observe that the discharge curve
roughly follows the plotted daily mean temperatures. The discharge curve
has, however, been somewhat modified for some periods due to the in-
fluence of the precipitation on the volume of discharge. In the period
June 30 to July 4 it is estimated, based on precipitation observations,
that about 1.2 million m° (or about 30 percent) of the total discharge

of 3.83 million m3 was contributed by precipitation on the tributary area.:

The scale of the vertical axis of the sediment concentration diagram
is greatly reduced compared to the similar diagram for Engabreen because
of the very high concentrations measured at Exrdalsbreen.

The highest sediment concentrations were measured at the start of the
very high discharge at the beginning of the observation period. The
highest sediment concentration of the season was measured June 21, when
a water sample contained 3290 mg/l. For the five days from June 19 to
23, it is calculated that 3,500 metric tons of sediment material was
transported past the observation site. This equals about 25 percent of -
the calculated total tranéport of sediment material in the period of ob-
gervation, After the first flood, the sediment concentration decreased

Daily
precipiiction
mm

Precipitation miasured
ot Erdalabraen glacier frem

i

(L] n
Dgity mecn
alf tsmperalure
bt

Teaparatures magaured
ai Vasladalsbresn giocier tront

S
cencanliation

L
1000 o

[

Daity milt

iranapart
137hg

1008 e e

Discharge

750 — 13

509 ~— 10

Discharge

{ord

M [ i b1
JUNE . Juey AUBUST

Fig. 24. Sediment transport and meteorological observations at Erdals-
breen in 1969.
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and stayed low until July 15. The lowest concentration of the season,
15 mg/l, was nmeasured on July 6. An increase in the sediment concentra-
tion and total transport occurred during the second half of July. Un-

fortunately, no observations were made between 0700 on July 28 and 2000

on July 29 when a large transport of sediment materials took place. The
field observer was gone from the site during this period. The diagram
shows that it is estimated that the same quantity of gediment material
passed the site on July 29 as om June 22, when the highest measured
daily transport took place. The sediment concentrations were low in .
August, and the discharge and the daily transport of sediment material
were also relatlvely low untll the end of the observation perlod

It is estlmated that durlng the. observatlon perlod 14 729 metric toms
of sediment material were transported by the observation site. At the
same time, there was a discharge of 44 million m° from the same area.

As in the other observed glacial streams, the sediment concentrations
and the daily total transport from Erdalsbreen depend on the amount of
discharge due to ablation. As described for Engabreen, oonstantly high-
er discharges are necessary through the season to obtain similar high
sediment concentrations later in a périod as earlier in the same period,

The flood at Erdalsbreen at the end of" June shows this on a small scale,

The hlghest sedlment concentrations and - the largest transport occurred
at increasing water dlscharge, but’ before the discharge culminated. ‘As.
the discharge reached new heights, the eaSLly reachable areas’ of accumu—
lated sedlment material Were washed over, and even greater dlscharges
were necessary to wash over: the prev1ously flooded areas. " The large
daily transport in the - second’ ‘half of July was probably caused by fresh

sediment quantltles brought by the glacier to previously. filooded areds, :

and drainage in the glacier through the ablation’ season p0551b1y was.
changed so that sediment material from previously flooded areas was also
transported away.

The sediment discharge in the glacial river before and after the oh-
servation period is unfortunately difficult to discuss. The closest
parallel area where water level observations were made beyond the period
is Vesledalsvatn. Usually the discharge changes here coinecide with the
observed discharges from Erdalsbreemnt. The first high discharge in

Vesledalsvatn coincided with the earliest ohserved flood at Erdalsbreen. .

In all prohability, therefore, there had been no larger water discharges
from Erdalsbreen before this time. During the Septenber - October per-
iod, the stage recorder at Vesledalsvatn shows 4 periods of high water
discharge. These were mainly caused by precipitation. The conditions
at Erdalsbreen were probably similar. The fraction of the discharge
during this period caused by ablation is relatively small, and it is
assumed that no extreme sediment transport had taken place. The total

sediment transport from Erdalsbreen in 1969 is therefore estimated to be

approximately 16,000 metric tons. If the experiences from Nigardsbreen
are used as base for the calculations of the bed load transport, i.e. 30
percent of the volume of sediment transport, the total sediment trans-—
port of eroded material from Erdalsbreen will be about 21,000 metric _
tons. This equals an erosion of 0.95 mm under Erdalsbreen if the ero-.
gion is assumed to be evenly spread below the glacier.
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Austre Memurubre

The investigations of sediment transport by the river im front of
Austre Memurubre were continued- in 1969. Descriptions of earlier in-
vestigations were made by Tornds (1967 and 1968).

Fig. 25. A central view of Austre Memurubre with the glacier f‘roﬁt'.'
In the foreground some of the numerous streams that drain from the

glacier can be seen on their way through the loose deposits in front
of the glacter. '

Austre Memurubre is a continental bottom glacier, in East Jotunheimen,
with a surface area of 9 km? and greatest height of about 2,250 m above
sea level, The lowest part of the glacier is at about 1,690 m above sea
level, The glacier occuples one larger and one smaller valley, and the
steepest parts of the glacier are found against the valley walls. Tall
mountain tops surround Memurubreen. Movement studies were carried out
by triangulation of a stake net, and surveys indicate that the glacier
moves only very slowly. Observations made on June 15, 1968, and Septem-
ber 15, 1969, show that the largest movement of the stakes, 8 m, took
place in the middle of the glacier, while movements of a little less than
one m took place at the glacier front (Nielsen, 1970).

Between 1900 and 1952, it has been observed that the glacier front
has receded by asbout 800 m (Liest¢l, 1962). Since these front measure-
ments were discontinued, the recession has continued. The lowest parts
of the present glacier occupy a flat, broad valley bottom, and the area
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that has been uncovered by the glacier retreat contains some moraine
material. Through this area, some 8-10 larger and lesser streams are
drained from the glacier front, and farther down the canyon, these
streams combine into one main river. A gauging station has been erected
on the river 1.5 km from the glacier front for sampling of sediment
transport below the confluence of the small streams. Farther down the

canyon, the river joins the stream from Vestre Memurubre which continues
to Gjende.

The bedrock at Jotunheimen consists mainly of basic igneous intru-

sions often of a glatty or mylonitic character, and Austre Memurubre is
situated within an area of so-called Jotun-norit.

- X

.Y i
w T A

. A

Fig. 26. The Memuru River at the water stage recorder. In a stream
like this with a large bed load transport it is difficult to find a
suited site for discharge observations.

The Investigations in 1969

Observations were carried out from June 18 to September 1, 1969 of
sediment transport in the streams fed by the glacier. At the gauging
station, a staff gauge was erected, and a stage recorder was placed on
the other side of the river (Fig. 26). The catchment area above the
water stage recorder is 16 km?. The sediment samples were taken in 1

liter plastic bottles in the turbulent stream just below the water stage
recorder.

During the observation period, samples were taken 3-5 times per day

i
i




48

at normal water discharge. During highetr discharges, samples were taken
every hour. Simultaneously, water level recordings were made. A couple
of times during the period, technical errors prohibited the use of the
stage recorder. Near the end of July and the beginning of August, a
change was noted in the river profile at the water level recorder,

Results

The results of the observations during the summer may be seen in the
diagrams shown in Fig. 27. The horizontal axes are time axes with the
game scale so that the different curves may be easily compared. The
calculations were processed on the computer at the Institute of Water
Resources. The top diagram shows the daily precipitation measured in mm
at the lower observation hut at Memurubreen. Often the daily precipita-
tion occured as heavy ghowers over a few hours.

The diagram below shows the mean daily temperature at the lower hut.
At the bottom of the diagram, water discharge has been plotted in the
form of a curve along with the daily total sediment transport. The dis-
charge follows roughly the variations in the curve for the mean daily
temperatures. Sometimes, heavy showers would lead to an increase of the
discharge. As an example, heavy showers over a couple of hours on July
17 led to the highest discharge during the observation period.  The dis-
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charge resulting from these showers is calculated to be about 0.19 million
m? for the total catchment area above the observation station. A large
part of the total measured discharge was, therefore, caused by the show-
ers. The scale for the sediment concentration curve is, as for Erdals-
breen, reduced 1{} times along the vertical axis, compared to the similar -
diagram for Erdalshreen, because of the unusually high sediment concen-
trations that occurred during the summer, especially near the end of

July and beginning of August. The highest sediment concentration of the
observation period, 3,037 mg/l, was measured on July 30, while the low-
est concentration, 11 mg/l, was measured August 25. The first high sedi-
ment concentrations and large daily transports for the observation per-
iod are assgociated with high daily mean temperatures, glacier ablation,
and discharge from the glacier between June 17 and 27, The large trans-
port during this period was mainly caused by erosion of sediment by the
glacier. '

An unusually high sediment concentration and discharge peak on June
17 was a result of the wvery heavy precipitation on that day as described
above, and it is possible that the resulting heavy discharge in the area
around and especially in front of the glacier caused erosion of the mor-
aine material. The high sediment concentration on this date is, there-
fore, probably mainly caused by erosion of loose materials in front of
the glacier.

The highest sediment tramsport of the season occurred on July 29, It
is calculated that approximately 500 metric tons of sediment material
were carried past the gauging station in the course of this day. The
following next four days were also marked by large transports, and with-
in this period a change in the profile at the water stage recorder oc-
curred. 1In the beginning of the period, the daily mean temperature in-
creased measurably during fair weather until about August 20, and this’
caused high daily discharges. The highest calculated total transport
did not coincide with any real record discharge, Usually the highest
concentrations and transport of sediment materials coincide with the
first high water discharges in the ablation season. In order to obtain .
a total transport of sediment materials from the glacier of similar:
quantities later in the season, usually much higher water discharges
than these first must occur. In the period July 29 to August 3, the
discharges were smaller than the earlier high discharges between July-

19 and 26 when large quantities of sediment material accumulated under
the glacier were washed away. The change in the profile at the gauging
station occurred, however, near the end of July and the beginning of '
August due to erosion in the river bed. 1t may, therefore, be assumed
that a large part of the transported sediment quantities between July 29
and August 3 were caused by heavy erosiom of the river bed from Memuru-
breen, rather than by movement of accumulated sediment under the glacier.

It is therefore obvious that the sediment material which is transpor-
ted past the gauging station in front of Austre Memurubre consists of
material washed from under the glacier as well as sediment material
eroded in the catchment area just above the cbhservation site.

It has been calculated that 6,880 metric tons of sediment material
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were transported past the gauging station during the observation period
of 1969. During the same period, the discharge was calculated to be
about 26 million w3, This last figure compares well with the ablation
figure for Austre Memurubre in 1969, about 21 million m3, (Pytte, 1970),
if it is taken into account that the water stage recorder also registers
discharge from a large glacier—free precipitation area.

Fig. 28. Map and photo-

rubre and the area of
loose deposits below the
glacier front.

The map sketech shows
Augtre Memurubre and the
small rivers draining

river gauging station

: = o plotted, The darker area
bt 3 : © Gauging in front of the glacier
station shows the extent of the

eastly erodable loose
deposits above the sam-

the text. These deposits

ial free of vegetation
and of considerable -
thickness. The photo
below was taken in the
area of deposits.

An Evaluation of the Glacial Erosion

Because the streams from the glacial front drain from an area of
loose materials and because of the great distance from the glacial front
to the pgauging station, it is difficult to make a reliable calculation
of the transport from the glacier. In the area between the glacier and
the gauging station, it is estimated that in some periods sedimentation
of glacier erpoded sediment material will take place. At other times,
ercsion of the same river beds will cccur, And finally, there will, at

graph showing Austre Memu-~

from the glacier, with the

pling station described in

conaist of unsorted mater-
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times, be an erosion of other loose materials im front of the glacier,
The sediment transport observed at the gauging station will therefore
only equal the erosion of material from under the glacier during some
periods. An evaluation of the sediment production' at Memurubreen based
on ohservations at the gauging station below the confluency of. all the
streams from the glacier front must ‘therefore be based on more or less
qualified suppositions : :

The calculated total transport of sediment material past the gauging
station during the observation period was 6,880 metric tons. Some of
this was from erosion in-the river beds and the loose materials in front
of the glacier, and even if at other times there was a deposition of
material between the glacier and the gduging statiom, one may with some: .
certainty assume that the erosion was appreciably larger than the depo-
sition. The sediment volume from the glacier alone’ during the observa-
tion period was therefore assumed to be approximately 4,500 metric tons.
The observation period probably: covered the time span when the largest
sediment transport from Memurubreen took place. The ablation seasan of
the glacier lasted only shortly before and shortly after the sediment
studies were started and discontinued. It is therefore assumed that
about 9/10 of the total transport in 1969 occurred within the chserva-—
tion period. The total sediment transport from the glacier in 1969 will
therefore be approximately 5,000 metric tons,. Finally, there was, in
addition, a production and a transport of coarser material than suspen-
ded sediment. Austre Memurubre may hardly be compared to Nigardsbreen
to the same degree as Engabreen. Still, it is appropriate to assume.
that the quality of coarser fractions produced by erosion equals about
30 percent of the sediment volume, Based on the above presumptions, it
is calculated that the volume of material transported from under the
glacier in 1969 equals about 6,500 metric tons. If the specific weight -
of the rock is assumed to be 2.8 and if it is assumed that the said vol-
ume was evenly spread under the whole gla01er this equals an erosion of
0.26 mm. : : :
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CONCLUSIONS

The results from sediment observations in 1969 are compared to pre-
vious years' results in Fig. 29. In addition to the results for Enga-
breen, Endalsbreen, and Austre Memurubre, similar data for Nigardsbreen .
and Vesledalsbreen are included based on the 1969 calculations by Ekman.

The number of weeks of observation in the course of each year toge-
ther with the calculated sediment transport within the observation per-
iod are included for each glacier. Further, on the basis of these cal-
culated values, an evaluation of the total material transport from each
glacier within the same year has been made. .In the evaluation, the dis-
charge from each glacier bhefore and after the observation period has
been taken into consideration, and the sediment transport outside of the
observation period has been assumed on this basis. The bed load trans—
port has been calculated to be 30 percent of the yearly volume of sedi- .
ment transport, and together, these volumes will give the assumed yearly
material transport from each glacier. .

The assumed yearly transport is_divide& by the surface area of the' _
glacier, and the abrasion is calculated assuming it to be uniform over .
the entire area covered by the glacier.

The figures in the table show large differences in amount of material
transported past the gauging:.stations on the rivers from the different
glaciers. In additjon, there are variations in the transport from the
same glacier from year to year.

A guide llne for further studles of materlal transport w111 be to
investigate the validity of the wethods’ for sampling and calculation
and to identify the factors which may help to explain the wvariations
in the volume of material transport from place to place.

Ekman, on page 12, showed the necessity of making systematic tests
and evaluations of the methods in order to determine the possible errors
that may be included in the calculations due to the methods of sediment
sampling. To say that the measuring method is representative is highly
dependent on the conditions at each of the gauging sites, and especially
on the turbulence in the river above the site. Investigations over the
total river cross-section at each gauging site are, therefore, advisable,
This is true also for the different discharge conditions in order to
determine the variatiomal distribution of the fine material in the river
cross—section at all times, Other measuring methods ought to be attemp-
ted simultaneously - for example, a photometer which can register con~
tinually. Only through such investigations may knowledge be obtained of
how and where observations should be performed and if the measurements
are representative of the actual gediment transport.

The main annual material transport takes place within the observation
periods. The volume of discharge from the glaciers is larger at the be-
ginning of June and until some time in October. The volume of sediment
transport in the rivers is especially high during the first high water
discharges in the spring due to the ablation of the glaciers. The sedi-
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INVESTIGATIONS OF SEDIMENT YIELD AT SELECTED GLACIERS IN NORWAY

N
2100
l 700
Glacier narne ' Nigards-—? " Vesledals- Engabreen Erdals- Austre Me-
breen breen . breen murubre
/rea, km® 40 4 39 RS 9
Number of weeks . . | o _
"Observed silt- _ . _ : _ —
transport, tons ' 530 - - : 7840 4700

o Estimated total ' '

9 annual transport 1000 15000 6000
Sediment yield, : oo
tons/km? SRR 250 1360 630
Corresponding o - ' - - _ |
grosion in mm . I 0.12 o _ o 0.70 0,22
Number of weeks_._ : _ _ _
 with observations iz . 11 S 10 _ 11
rObserved silt- : - g -
transport, tons 4370 - 300 R : 6300 - 3300

o Estimated total N : o _

¢ annual transport 6000 500 10000 4500
Sediment vield, S ' : : S
tons/km# .. 150 125 . : 910 500
Correspoﬁding ' ) ' ' o _
erosion in mm 0.07 0,06 0.45 0.18
Number of weeks . : _
with observations 13 11 S B 11 10
Observed silt- : A
transport, tons 13910 579 . . 8650 14720 6880

% Estimated total o o o o :

% annual transport 22000 _ 900 12500 21000 : 6500
Sediment yield, : S ' . _ _ .
tons/km2 550 . 225 320 1910 720
Corresponding :
erosion in mm 0.27 0.11 0.16 0.95 0.26

Fig. 23. Synopsis of results from sedirient transport studies for 1967,
1988, and 1969.
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ment transport during the fall flood, which may not occur until some time
in October and which is usually caused hy precipitation, has not been
investigated to any extent, as it is difficult to procure observers at
thdt time. In order to gain knowledge of the quantity of sediment trans—
port in the fall, one would like to extend the period of observation
somewhat. - ' :

The met project at Nigardsbreem gave important informationm about
the bed load tramsport in the glacier river, and it is obviously neces-—
sary to intensify the studies of bed load transport.

The relatively simple and quick method which was used to measure the
accumulation in the delta at Nigardsvatn will also over a period of sev-
eral years give good information about the volume of bed load transport
at Nigardsbreéen. At Engabreen and in front of several other glaciers,
there are lakes close by the glacial front as at Nigardsbreen. By per-
forming similar delta studies as those in Nigardsvatn, it is possible in
a simple and quick way to extend the studies of bed load tramsport to
also include several other glacial rivers and glaciers in different
areas.

There are gauging stations close to the glacial fronts on the inves-
tigated glacial rivers except at Memurubreen. In additiomn, the glacier
streams have a bedrock bottom and the main drainage from each glacier is
contained in one main stream channel at the gauging stations. The data
therefore directly measure the fine material, and only that, which comes
from the glacier and which is eroded by the glacier. The investigations
of sediment accumulation in the lakes make it, in addition, possible to
measure the quantity of coarse material which is eroded by the glacier
and later transported as bed load transport. These investigations make
it quite possible to measure the volume of ercsion by each glacier.

The differences and variations in the material tramsport reflécted in
the table shown in Fig. 29 are caused by individual differences between
the glaciers and their erosion. 7To gain information about the causes
for these variations and differences, the factors influencing the ero-
sion of bedreck on the glacier bottom and the resulting transport must
be investigated further.

The erosion by the glacier is mostly dependent on its base and the
topography, the size of the glacier and its movement. In order to gain
a better understanding of the eroding processes in each case, it is
necessary to map the geology of the investigated glaciers in order to
obtain an idea of the composition and character of the rock bottom bhe-
low the glaciers. Parallel to making such a map, mineral investigations
of the transported sediment might give interesting results. Further, it
is of great importance to determine the volume of the glaciers, to map
the topography below each glacier, and to extend investigations of gla-
cier movements which are performed during the glaciological measurements
on the glaciers.

The measured material transport does not, of course, directly reflect
the erosion by the glaciers at all times. Some of the material that is
measured has probably been eroded when the glaciers had a different vol-
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ume but which only now is available for transport. This is the reason
why it would also be of the preatest imterest to find out how the eroded
material is made available for further tranmsport, first and foremost
through air investigation of the drainage in glaciers.

The great differences in sediment transport from one year to the mnext
make it necessary to continue the investigations over several years be-
fore it will be posgible to determine the average and maximum quantities

of sediment which may be expected to be transported from the glaciers at.
different times. '

It must be stressed that it is of great importance that other para-
llel and thorough investigations are performed as those taking place at
Norwegian glaciers through volumetric investigations and sediment pro-
duction studies. This concentration of glacidlogical, hydrological,
meteorological and erosion investigations, which are related to each
other, makes it possible to gain knowledge of many of the glacier prob-
lems. A further concentration of glacial studies through additional in-
vestigations might lead to positive results. :
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