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ABSTRACT. The River Zlotna, a mountainous tributary
to the upper River B6br in the Western Sudetes, SW Poland,
may be considered a typical Sudetic gravel-bed river. This is a
small stream characterized by the pluvial-snowy regime of
runoff (Q ca. 0.46 m> s~ !) draining a catchment basin of some
28 km?. Environmental studies carried out during a seven-
-year period (1977-1984) have enabled the author to determine
the load of the river as well as conditions and mode of its
transport. The investigations were concentrated primarily on
the lower stretch of the river including the whole Miszkowice
Fan.

Being in flood the lower Zlotna carries several kinds of
materials transported as the floating, dissolved, suspended,
saltation and the bed-load. It has been found that the suspen-
ded load comes mostly from the lower part of the catchment
basin underlain by relatively weak deposits of Lower Carbo-
niferous age. This part of the basin is for a large part
deforested and subjected to intense farming at least through-
out the last 700 years.

Field investigations have also demonstrated that the
distance of travel of gravel-size solid materials may be large
aven during a single flood. It is likely that during one
eatastrophic flood in August 1977, metalimestone cobbles

were transported from the riverhead portion of the catchment
basin to the river mouth (ca. 9-10 km). In the process of flood
transport, gravel is subjected to hydraulic sorting mostly
according to grain shape (sphericity) and size (immersed
weight). Flat gravels, carried chiefly in saltation, tend to be
concentrated on lateral and/or point bars. This is the result of
lateral diffusion of the saltation load of the river. At the same
time, highly spherical gravels (relatively heavy) or the largest
flat clasts are usually concentrated in the streambed as a
natural pavement or channel-lag deposit. It has been found
that during flood large spherical gravels may be rolled along
the thalweg to a relatively large distance in a sinuous or even
meandering channel without being deposited. During the
August 1977 flood, the heaviest boulder transported as the
bed-load to a distance of at least several hundred metres
showed immersed weight of ca. 100 kG, while the heaviest
object moved by water amounted to ca. 2T (immersed
weight).

Field measurements and observations have indicated that
the formulae for critical velocity and critical bed shear stress
published by Neill (1967, 1968a,b) and Krey-Schoklitsch
(Schoklitsch 1950) may be applied to rivers floored by coarse
gravel provided that constants they contain are carefully
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adjusted to local conditions of flow and sediment type. The
modified formulae adjusted to the conditions prevailing with-
in the lower River Zlotna are given in the text.

Measurements of gravel size performed on the Miszkowi-
ce Fan after the August 1977 flood have demonstrated that
dimensions of gravel diminished downfan. The diminution in
gravel size is correlated with the cross-sectional area of flow,
the bankfull discharge and/or the total stream power. It may
not be correlated, however, with the mean flow velocity, the
hydraulic slope, and the bed shear stress. Also, it may be
demonstrated that at least in the statistic sense the suspended
sediment discharge is a function of the water discharge and/or
the total stream power. The 24-hour suspended sediment
discharge for the lower River Zlotna is given by the equation
Gy, = 7535 (Q/Qy)* ***.

It seems to be evident from field observations that the
fluvial processes in general and the development of a channel
of a gravel-bed river in particular may be analysed qualitati-
vely and quantitatively in categories of some threshold dis-
charges or corresponding total stream powers. Among the
most important threshold discharges is a discharge correspond-
ing to the initiation of movement of the gravelly streambed.
For the lower River Zlotna the discharge corresponds rough-
ly to the 3/4 full discharge in the warm half of the year.
However, in the cold half of the year, the discharge is
evidently lower than in the warm season.

During the water year, the River Ztotna not only chan-
ges its discharge, but also the character of its load. Each year
from 5 to 7 months the river carries mostly the dissolved
load. The gravelly streambed of the river is living from 2 to 9
days per year (data from a decade 1971-1980). In an average
water year, the River Zlotna is for about 6 months a suspen-
ded load stream including from 2 to 4 days during which the
river load is mixed. In an exceptionally wet water year

LIST OF SYMBOLS

A, —cross-sectional area of flow at bankfull
stage
pole przekroju przeplywowego przy stanie
petnokorytowym

Ciss — dissolved solids concentration

koncentracja obcigZenia rozpuszczonego
— suspended sediment concentration
koncentracja zawiesiny
d — depth of flow
glebokos¢ przeplywu

CSS

d,.. — maximum depth of flow
maksymalna glgbokosé przeplywu
D — grain size
$rednica ziarna
E — specific energy

energia rozporzadzalna strumienia
I'r  —Froude number = V/\/;]d
liczba podobienstwa Froude’a
g — acceleration due to gravity
przypieszenie sily cigzkosci
— suspended sediment discharge (24-hour)
przeplyw obciazenia zawiesinowego (do-
bowy)

GSS

1976/1977, the River Zlotna was a suspended load stream for
7 months, during 6 days the river load was mixed, and on 3
days it was a bed load stream (i.e., during the August 1977
flood). It is suggested that the River Zlotna has been a
suspended load stream throughout the historic period includ-
ing the last 700 years.

During the catastrophic August 1977 flood, the 84-hour
runoff from the catchment basin was equal to 26.2 per cent
mean annual runoff. The runoff of the suspended load attai-
ned a value of ca. 23000 T (or some 71.3 per cent total
sediment load). Mean discharge of the suspended load
amounted to 0.03886 m® s~ ! (Q/Q,, = 323), while mean dis-
charge of the saltation and the bed load was estimated to be
0.01 488 m® s~ ' (Q/Q,, = 845). The ratio of the saltation load
to the bed load ranged from 2.03 to 3.55 (approximate
indirect estimation).

A yearly rate of denudation of the River Zlotna catch-
ment basin computed for an average water year 1977/1978
was 0.536 mm/yr for the whole basin and 1.786 mm/yr for its
arable portion. During the 84-hour period of the August 1977
flood, the denudation rate was 0.58 mm and 1.93 mm for the
whole catchment basin and its arable portion, respectively. It
has been found that the lower part of the basin underlain by
the Lower Carboniferous rocks is subjected to perceptibly
stronger denudation than its upper part underlain by meta-
morphic rocks. It is suggested that such a tendency has been
sustained throughout the Cainozoic leading to the exposure
of metamorphic mountain ranges from under their sedimenta-
ry mantle.

Key words: Gravel-bed rivers, Fluvial geomorphology,
Fluvial sedimentology, Floods, River’s load, Sediment trans-
port, Alluvial fans, Denudation, Western Sudetes — SW
Poland.

— WYKAZ SYMBOLI

H  —total head
wysoko$¢ hydrauliczna

M —per cent of mud and clay
procentowa zawarto$¢ mulu i itu

M, - median grain diameter
mediana $rednic ziarna

n — Manning roughness coefficient
wspolczynnik oporu Manninga

R — hydraulic radius
promien hydrauliczny

Re —Reynolds number =4 VR/v
liczba podobienstwa Reynoldsa

Re* — particle Reynolds number = V* D/v
ziarnowa liczba Reynoldsa

0 — discharge

przeplyw
Q, — bankfull discharge
przeplyw pelnokorytowy

Qs — bed load discharge
przeplyw obciazenia dennego
Q. —suspended sediment discharge

przeplyw obciazenia zawiesinowego
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Q,, —threshold discharge (defined in the text)
przeplyw progowy (zdefiniowany w teks-
cie)

S — hydraulic slope m/m
spadek hydrauliczny

Vv — mean (cross-sectional) flow velocity
srednia (przekrojowa) predkos¢ przeply-
wu

V.,  —critical velocity for initiation of sediment
movement
krytyczna predkos¢ przeplywu inicjujaca
ruch osadu

V* —shear velocity

predkos¢ Scinania
w — channel width
szeroko$¢ koryta
x, y, z — hydraulic coordinates
osie hydraulicznego uktadu wspotrzednych

x —in the direction of flow
w kierunku przepltywu

y — perpendicular to x, normal to bed
prostopadia do x i do dna

z — perpendicular to x and y
prostopadia do x i y

o — velocity (energy) coefficient

wspoélczynnik de Saint-Venanta

y — specific weight of water
cigzar wlasciwy wody
¥»  — bulk density
cigzar objgtosciowy
— specific weight of solid material
cigzar wlasciwy osadu

v — kinematic viscosity
lepkos¢ kinematyczna

e — water density
gestos¢ wody

g,  —density of solid material

gestosé osadu
o,  —dispersion coefficient (Folk and Ward
1957)
wspolczynnik dyspersji
To — mean bed shear stress
srednie naprezenie $cinajace na dnie
(o) — mean critical bed shear stress for initia-
tion of sediment movement
srednie krytyczne naprgzenie $cinajace na
dnie inicjujace ruch osadu

¥  — sphericity
sferycznos¢
Q — total stream power

calkowita moc strumienia
The MKS technic system of units (metre, kilo-
gramme-force, second) is preferred in this text.

INTRODUCTION

The lower River Zlotna — a first larger left-
-bank tributary to the upper River Bobr — was
chosen as a good object in environmental studies
for the sake of its natural discharge, clear water,
and relatively minor disturbances occasioned by
the activity of man. Field investigations carried
out by the author in a period of 1977-1984 were
concentrated on the lower stretch of the river,
particularly on the Miszkowice Fan (Teisseyre
1980). The second part of a monograph devoted
to the fluvial processes on the Miszkowice Fan is
dealing with sediment transport. The processes of
fluvial sediment transport were investigated in
the field, particularly during the August 1977
flood (July 31 till August 2, 1977). This was the
highest flood noted in the River Zlotna catch-
ment basin since July 1897 (Die Hochwasserka-
tastrophe... 1897; Spoz 1978; Barbacki 1979;
Dubicki 1979: Glowicki 1979; Liebersbach 1979;
Orlowska 1979; Teisseyre 1979a, 1980). For
description of the flood as well as some notes
on the location, the geographic and geologic set-
ting the reader is referred to the first part of the

monograph (Teisseyre 1980). Some general infor-
mations concerning the character of flow during
the August 1977 flood are listed in Table 1 (see also
PL I, 1ID).

The investigations carried out during particu-
lar field programs (1 to 26 days) involved,
amongst others, measurements of flow velocity,
width, depth, discharge, water temperature, sus-
pended sediment concentration, and observations

Table 1. Hydraulic parameters of the peak discharge on
August 1, 1977, Miszkowice Fan

Warunki przeplywu w czasie szczytu fali powodziowej
1 sierpnia 1977 r., stozek Miszkowic

Zone of. | 4 d Fr
Strefa [ms™!'] [m]
Active channel 0352 0221 021-1.22
Thalweg 21-52 09-21 0.71-1.22
Stable channel, sites 1-3 25-28 1.0-145 0.74-090

Fan surface (except for
natural levees and crevasses)

0.05-1.9 0.05-1.5 0.07-0.50
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of the type of turbulence as well as the character
and movement of the gravelly streambed. The
discharge of the bed load was estimated in the
field using natural sediment traps and the results
of systematic measurement of the streambed ele-
vation. The geomorphic effects of the flood were
investigated in detail between 1977 and 1980. The

elaboration of field data together with some sup-
plementary studies and field observations have
been finished in spring 1984. If not indicated in the
text, the field measurement and observation tech-
niques applied by the author did not deviate from
those commonly adopted in similar field studies.

SOURCE OF SEDIMENT AND ITS COMPOSITION

In the River Zlotna catchment basin, floods
happen mostly in the warm season, after disap-
pearance of snow cover (Teisseyre 1980). During
periods of flood, the lower River Ziotna is fed
with detrital material owing to a linear stream
erosion and an areal slope erosion. The linear

Table 2. Summary on erosion and discharge in the River
Zlotna catchment basin during the two floods of 1977

Erozja i przeplywy w zlewni Zlotnej w czasie dwoch powodzi

roku 1977
May 21, 1977 August 1-2,
Source of sediment flood 1977 fiood
Zrédio osadu Powodz Powédz
majowa sierpniowa
Linear source: Stream channels, very strong | strong to
stormwater ditches, cata-
ca. 28 km strophic
Areal source: Forested slopes, very weak | weak to
ca. 19.6 km? to weak moderate
Crop fields and pastures, moderate to| moderate to
ca. 6.2km? strong strong
Flat valley fioors, ca. 2.2 km? - weak, local
Rainfall, discharge Opad,
przeplywy
Rainfall [mm] 40-150 125-375*
Duration [days] 1 3
Peak unit runoff [m>km~2?s"!]| 04-05 1.25-1.43
Mean flood discharge [m3 s™!] ? 12.57
Peak discharge [m3s~!] 12-15 35-40**
Duration of strongly turbid
discharge [days] 2 4
Duration of intense gravel
transport [days] 1 35
Mean suspended load
discharge [m?s™!] ? 0.03886
? 323
Mean bed load discharge '
[m3s™1] ? 0.01488
0/Qs ? 845

* Total gain of water including fog deposits (Dubicki 1979: Glowicki 1979
Liebersbach 1979).
** Mean annual discharge Qca. 0.46 m* <~ !

stream erosion takes place along the channel of
the River Zlotna and its tributaries including part
of cart roads and stormwater ditches. During
rainy periods, the linear stream erosion is the
main agent feeding the river with coarse detrital
material (gravel). This is transported by the Zlot-
na mostly as the saltation load and the bed load.
The areal slope erosion is acting chiefly on arable
fields and pastures (Table 2: ¢f. A. Jahn 1963,
1967, 1968 ; M. Jahn 1972). The process is effective
in the warm half of the year including periods of
snow melt and late autumn. For the reasons
discussed further on, it contributes to the river
mostly fine-grained sediments and some organic
matter, too. Within the channel, the materials are
transported primarily as the suspended load and
partly as the floating load (A. Jahn 1963, 1967,
1968; M. Jahn 1972; Fatyga 1979; cf. also Ger-
lach 1966; Prochal 1972, 1973; Froehlich 1975,
1982; Froehlich and Stupik 1980; Mansikkaniemi
1982). However, it should be added here, that
under some conditions, e.g., low flow period or
during short-lived winter thaws, the suspended
load of the river may come exclusively from the
channel itself or even from its actual wetted
perimeter (¢f. Grimshaw and Lewin 1980). In the
River Zlotna catchment basin the inclination of
slopes is up to 35° and relative heights may be as
large as 440 m. According to Kowalinski and
Oswiecimski (1977) the River Ziotna catchment
lies in the zone of strong and very strong soil
erosion.

During the two floods of 1977 (in May and
August, Table 2), the slopes were eroded under
conditions of sheet flow. On many crop fields,
however, the erosion was realized in fact along
numerous rills oriented perpendicular to con-
tours. Moreover, on some longer slopes it was
observed how the typical areal (sheet) erosion
had passed imperceptibly in the downslope direc-
tion to the linear erosion leading to the forma-
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tion of large rills and small gullies. During the
August 1977 flood and rain, the intensity of the
areal erosion was greater than during the May
1977 flood. After the former flood, a number of
within-soil tunnels have been observed on several
forested slopes, some of them being still open in
summer 1978. The observation clearly indicates
that denudation of forested slopes may be a
hardly perceptible phenomenon (¢f. Maruszczak
1984a) occasioned at least in part by the process-
es similar to piping.

Field observations carried out during the Au-
gust 1977 flood and rain as well as during heavy
rains in September 1981 and July 1982 have
indicated that feeding of the river by the areal
slope erosion is much more complex in character
than that occasioned by the linear channel ero-
sion. Among the products of the areal slope
erosion are fine products of weathering (sand, silt,
clay) and organic material washed away mostly
from the upper portion of the soil profile as well
as coarser fractions (gravel-size material) eroded
from the lower part of the weathering mantle. In
contrast to the linear erosion, not all the mate-
rials eroded on slopes are transported conti-
nuously to the river channel. In flat floored val-
leys, the coarser fractions of the weathering pro-
ducts tend to be concentrated on the slope itself
(in local depressions, on local flat areas, at natu-
ral or artificial scarps and so on). Thus the
majority of the coarser fractions do not reach the
river channel (the so-called selective soil erosion,
A. Jahn 1963, 1967, 1968; M. Jahn 1972; ¢f. also
Gil and Stupik 1972; Froehlich and Stupik 1980;
Trimble and Lund 1982: Richards 1982: Walling
and Webb 1983). It has been found that during
the August 1977 flood sheet flows feeding the
channels crossing flat floored valleys carried
mostly fine-grained materials, transported prima-
rily as the suspended load (Appendix I). How-
ever, selective soil erosion does not take place or
is ineffective in V-shaped valleys. Here, both the
areal slope erosion and mass movements may
supply weathering products directly to the
stream. During the August 1977 flood, at the toe
of slopes inclined at an angle greater than 3°, the
concentration of solid materials ranged from 3 to
90 kG m™3, whereas that in mudflows was up to
400 kG m~3. On the other hand, sediment con-
centration in waters flowing into the channel
from flat valley floors was of the order of 0.2 to
2.7 kG m~3. The above conclusions are in accord

with the results of measurements of concentration
of solid materials made in a longer period of time
(Appendix I).

The petrographic composition of gravels of the
lower River Zlotna is given in Table 3. It is evident
that gravels deposited during the August 1977
flood contain more anthropogenic constituents
than those accumulated during the May 1977
flood. Moreover, the August 1977 flood deposited
gravels rich in some relatively unstable rocks not
normally found in the River Zlotna gravels, as
metalimestone, pegmatite, limy phyllite, silt shale,
friable sandstone and conglomerate. It has been
found that the rocks disappear fast from the River
Zlotna gravels owing to solution (limestone, limy
phyllite) or mechanical weathering occasioned
mostly by frost (granular disintegration). Thus
older gravels do not contain fragments of the
above mentioned rocks or they are scarce. Additio-
nal analyses of petrographic composition of the
gravels have demonstrated that the majority of the
unstable rocks (silt shale, friable sandstone, some
mica schists and phyllites) disappeared from the
periodically emerged surface layer of the August
1977 bars within a period of 2 years, while
metalimestones — within a period of 5 years. It
has been also observed that frost disintegration of
such weak rocks produces fine material which may
be preserved in the voids as a secondary filling
(matrix).

Sands deposited by the lower River Zlotna
are mineralogically and texturally immature de-
posits. These are lithic sands rich in mica, hydro-
mica, chlorite, amphibole, and feldspar and poor
in quartz. In the zone of the active channel the
sands are usually clean and their mud content
ranges from M = 0 to 4 weight per cent. In large
zones of flow separation, occurring mostly at the
channel banks as well as in partly cut-off chan-
nels, the content of mud increases up to M = 11
per cent. The extra-channel sands contain mud in
the range of 1 to 50 per cent. In most cases it is a
primary or depositional matrix. However, addi-
tional analyses have shown that the content of
mud increases slowly but constantly with the age
of the deposit. The analyses of sands from natu-
ral levees made in 1982 and 1983 have indicated
the increase in mud content from ca. 1 per cent
to 3-5 per cent by weight (the deposits were not
inundated between 1977 and 1983). This is inter-
preted as the result of in situ weathering of the
sands including soilforming processes.
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Table 3. Petrographic composition of the lower River Zlotna gravels (fraction 128-256 mm)

Skiad petrograficzny zwir6w dolnej Zlotnej (frakcja 128-256 mm)

After May 1977 flood After August 1977 flood
Distance from Po powodzi majowej Po powodzi sierp-
source [m] niowej
Odlegtos¢ od Site 5 Site 11 Site 5 Site 11
zrédla [m] Punkt 5 Punkt 11 Punkt 5 Punkt 11
%l %/o %o %o
Mica-schist 22 17 11 14
Kowary gneiss 4 2 5 3
Metalimestone 6500 to 3 2
Limy phyllite 10000 1
Pegmatite 1 2 4
Quartz-graphite schist 1
Amphibolite 22 19 22 13
Paczyn gneiss 15 15 15 14
Quartz-schist 9 17 4 6
Greenschist 6 6 8 13
Sericite schist 2 2 1
Chlorite schist 3000 to 2 1
Cataclasite 6500 2 4 2
Keratophyre 1 1 1 3
Jasper 1
Vein quartz 6 9 5 6
Conglomerate 1 2 3 2
Breccia 1700 to 1
Sandstone (subgreywacke) 3000 4 5
Silt shale 1
Anthropogenic components:
Brick 7 4 6 8
Concrete 1 4 1
Slag 1
Carbonaceous shale 0 to 1
Karkonosze granite 5200 1
Strzegom granite 1
Cretaceous sandstone 1
Mean roundness 042 0.56 042 0.3%

LOAD OF THE RIVER AND

The transporting work of a river is the combi-
ned effect of sediment yield and transporting
ability of the stream. The sediment yield is gover-
ned by 5 external controls including climate,
vegetation, relief, geology and the activity of man
(Schumm 1977; Richards 1982). It is generally
assumed and accepted that the transporting abili-
ty of a stream depends on its actual discharge (¢f.
Leopold and Maddock 1953 and many others). It
is a characteristic feature of gravel-bed rivers that
they attain their full ability to transport sediment
only during high freshets and floods. With dis-
charge less than some threshold one a gravel-bed

MODE OF ITS TRANSPORT

stream may not be able to transport the sediment
at all. In contrast, such a situation is rather rare
or exceptional on sand-bed or silt-bed rivers.
There are 3 essential modes of initiation of
transport of a coarse sediment in a river channel:
translation, lifting and rotation. Translation is the
movement of a bed particle or grain due to the
drag force or — under certain conditions — due
to hydrodynamic thrust. Lifting results from the
lift force occasioned by pressure differences due
to the gradient of the velocity (Einstein et al.
1949; Vanoni 1966; W. H. Graf 1971). Rotation
may be related to both the lift force and the drag
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force, however, with the latter being not enough
to lift the grains out of the streambed. Transla-
tion and rotation are responsible for the two
essential modes of the bed load transport: sliding
and rolling (Gilbert 1914). Lifting, on the other
hand, may result in both the saltation transport
or the suspended transport depending on the
combined effect of shear velocity and fall velocity
{Middleton 1976) or the resultant effect of vertical
upward directed lift force and the vertical down-
ward directed force due to gravity (submerged
weight). Generally, lift force and drag force com-
bine to initiate movement of heavy bed material
particles, which are then transported by rolling
or sliding. The general physics of initiation of
movement of gravels lying on a gravelly stream-
bed has been discussed comprehensively by Hel-
ley (1969), Yalin (1972) and Johansson (1976).

With fluvial transport fully developed, several
“layers” may be distinguished within the flow
itself. These include: 1) the bed layer (which after
Einstein (1950) is assumed to be about 2 grain
diameters thick), 2) the saltation layer the upper
limit of which may or may not be clearly cut,
and 3) the suspension layer. The terms refer to
the predominant mode of the sediment transport
and have no absolute meaning, at least for two
reasons: 1) the “boundaries” between the layers
are as a rule more or less transitional, and 2) the
suspended sediment is, in fact, present within all
the three layers with increasing concentration
towards the streambed.

According to Einstein (Einstein et al., 1940;
Einstein 1950, 1964, 1968) and other investigators
the sediment transport in an open channel may
be, generally speaking, of two kinds termed a
full-capacity transport and a less-than-capacity
transport. Under common circumstances and
above some threshold conditions, a river may
carry only the bed load as a full-capacity trans-
port, while less-than-capacity transport is a rule
(but not the only case) for the suspended load.
Thus, the bed load may be also spoken of as the
capacity load. This is transported at a rate which
depends on local conditions of flow and local
sediment characteristics.

Being in flood the River Zlotna carries both
sediment and organic material, mostly plant mat-
ter. The total flood load of the river may be
divided into 5 categories.

1. The floating load — which corresponds to
the load supported by the moving fluid being
transported at the flow surface due to buoyancy;

2. The dissolved load — which is the load

transported in true solutions and as colloidal
solutions;

3. The suspended load — is represented by
the load supported by the moving fluid and
transported at variable depths due to turbulent
diffusion or the process of suspension (Simons
and Senturk 1977);

4. The saltation load — which may be
thought to be transitional between the suspended
load and the bed load. It is transported in salta-
tion jumps near the streambed. Generally, the
saltation layer is several decimetres thick (at
flood), but locally it may occupy the whole chan-
nel depth;

5. The bed load — corresponding to the load
supported by the sediment bed and transported
rather close to the streambed. The bed load is
moved chiefly due to the shear force (or drag
force, Simons and Senturk 1977). It is carried by
rolling, sliding or in small saltation jumps in
what may be called the bed layer or the heavy
fluid zone (Einstein et al, 1940; Einstein 1950,
1964, 1968; Shen 1978; Ackers, White 1980; Ac-
kers 1982). According to Einstein the thickness of
the bed layer is equal to about 2 grain diameters.
The three types of load mentioned under items 3,
4 and 5 constitute the sediment load of the river.

The bed load is sometimes designated as ca-
pacity load or contact load to emphasize the
important fact that this load is transported in an
alluvial river almost always to its capacity and in
a contact with the streambed.

The sediment load transported by the lower
River Zlotna during periods of flood ranges in
size from clay to boulders ca. 0.7 m across. Di-
mensions of particles constituting the floating
load vary considerably from small fragments to
the whole trees or beams up to 10-12 m long (PL
I, 1, IV, VI, I). It should be mentioned that with
discharges lower than ca. 0.65 m® s~! the River
Zlotna is usually a dissolved load stream (except
thaw periods in March and April and freshets in
September and October; c¢f. Mansikkaniemi
1982). Several examples of characteristic grain-
-size distributions of typical present deposits of
the lower River Zlotna are given in Figure 1.

The flood deposits accumulated within the
zone of the active channel range in size from
boulders to very coarse sand (Pl V, 2, VI-VIII).
Sorting may be poor on some lateral bars or
point bars, but within the channel itself it is
usually fairly good. Newly deposited gravels are
as a rule paved at their surface with somewhat
finer sub-pavement gravel. The thickness of chan-
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nel gravels deposited in a consequence of a single
flood varies from layers one grain diameter thick
up to 0.6-0.8 m (PL VII). After a flood, the gravel
is as a rule openwork or underloose (see below)
and the process of filling of voids with fine
sediment (fine gravel, sand, mud) lasts at least
several months (Pl. VI-VIII). For example, gra-
vels deposited by the May 1977 flood were still
apparently openwork during the August 1977
flood, at least in their surface layer. It has been
found that particularly effective in the process of
void filling are freshets occasioned by snow melt
(March and April) and/or by heavy autumn rains
(September and October). As it has been mentio-
ned earlier, the process ofifrost disintegration and
weathering of some unstable rock fragments as
well as blocks of sod and alluvial loam may be
very effective agents producing abundant secon-
dary filling, which may be easily introduced ito
the voids of gravel.

Floating load. The floating load of the lower
River Zlotna may comprise fine plant detritus,
leaves, branches, cones, bushes, trunks, and the
whole trees. Transported as the floating load are
also wood fragments, beams, fence posts, and any
light refuse. The materials are carried at the
surface of the flow, usually in the form of isolated
fragments. The discharge of the floating load

attains its maximum during rising stages (PL I, 1,
IV, VI, I). The presence in the river of floating
load composed of plant matter is characteristic
primarily of floods and freshets of the warm half
of the year including also later thaw periods.
During occasional winter thaw freshets, the float-
ing load is restricted mostly to the river ice and
snow (Pl III; Teisseyre 1979b).

It should be emphasized that partly decompo-
sed trunks washed away from older gravels have
as a rule bulk density in excess of unity. Thus,
such trunks are transported at or near the
streambed and during floods may be rounded.
Rounded fragments of wood have been common-
ly found on and within newly deposited gravels
after any observed flood (Pl VI, 2).

In a cultural (deforested) landscape, the floa-
ting load bears little influence upon the fluvial
processes, but in a natural, forested environment
it may be the main agent controlling coarse
sediment availability, sediment transport, distance
of travel, channel geometry and even channel
pattern (Rachocki 1978; Mosley 1981; Murga-
troyd and Ternan 1983; Pearce and Watson
1983).

Dissolved load. The dissolved load was not
investigated by the author. It may be supposed
that during floods the concentration of the dissol-

Fig. 1. Size distributions for common Holocene deposits, the lower River Zlotna, Miszkowice Fan A — channel-lag deposit, site

2: B — channel-lag deposit, site 34; C — point bar (lower portion or bar platform): D-F — point bar (upper portion or supra-

-platform bar); G — upper part of subfossil overbank deposit (crevasse-splay deposit of the July 1897 flood); H — crevasse-splay

deposit of the August 1977 flood: I — overbank deposit accumulated in the period 1902-1976; J — middle part of subfossil
overbank deposit (15-16'" century); K — lower part of subfossil overbank deposit (? 13" century)

Sklad mechaniczny pospolitych osadéw holocenskich dolnej Zlotnej, stozek Miszkowic. A — bruk korytowy, punkt 2; B —

bruk korytowy, punkt 34; C — lacha meandrowa (platforma, czyli dolna cze$¢ lachy); D-F — lacha meandrowa (gérna cze$é

fachy, czyli tacha ponadplatformowa); G — goérna czeg$¢ subfosylnych osadéow pozakorytowych (osad glifu krewasowego

powodzi z lipca 1897 r.); H — osad glifu krewasowego powodzi z sierpnia 1977 r.; I — osad pozakorytowy nagromadzony w

okresie 1902-1976; J — $rodkowa cze§é subfosylnych osadow pozakorytowych (XV-XVI wiek); K — dolna cze¢$é subfosylnych
osadow pozakorytowych (? XIII wiek). /| — procent kumulatywny: 2 — skala .phi”



ved load attains a minimum and that solutions
play rather a subordinate role in the process of
load transport (¢f. Hem 1970; Froehlich 1972;
Kotarba and Starkel 1972; Froehlich 1975, 1982;
Lajczak 1980). The assumption seems to be con-
firmed by Emmett (1975), who pointed out that
in the Salmon River drainage basin (Idaho) the
concentration of the dissolved load C, is related
to the dimensionless discharge parameter by the
formula which reads

Cdiss o (Q/Qb) - 0.20~

Suspended load. The suspended load is
carried by the River Zlotna during freshets and
floods. The presence within the flow of the sus-
pended sediment becomes perceptible with mean
suspended sediment concentration C,, of the or-

der of 0.010 to 0.030 kG m™3. Usually this hap-
pens over a range of discharge from 0.5 to 0.8 m?
s~! (with the exception of snow melt season).
After longer periods of low flow, particularly in
the warm half of the year, water becomes turbid
at much lower discharges of ca. 0.2 t0 0.3 m® s~
This is the result of removal from the channel of
mud layers deposited there during periods of low
flow. However, with increasing discharge, the
concentration of the suspended load may dimi-
nish or even the discharge of the suspended
sediment may cease. During winter freshets. on
the other hand, the incipient transport of the
suspended load requires generally much higher
discharges, say 1 to 1.1 m3 s™! (Fig. 2; ¢f. Wal-
ling 1974; Scott 1982; Maruszczak 1984a,b).

Over a range of discharge from 1 to 3 m* 57!

Fig. 2. Suspended sediment concentration versus discharge, the lower River Zlotna, Miszkowice Fan. Based on 162 suspended
sediment concentration measurements (not all data are indicated). The full-capacity suspended sediment discharge was
established under artificial conditions, some 100 m below dredger working in the channel. Fine sediment suspended in the flow

was in dynamic equilibrium with the mud-covered streambed (Q = 0.351 m3s~

C,, = 0558 kG m~3). Field data were

gathered in a period Jan. 1, 1977 till Sept. 15, 1984

Koncentracja zawiesiny w zalezno$ci od przeplywu, dolna Zlotna, stozek Miszkowic. Na podstawie 162 oznaczen koncentracji

zawiesiny (nie wszystkie wyniki zaznaczono na figurze). DuZe koétko oznacza przeptyw zawiesiny odpowiadajacy pelnej

aktualnej no$nosci (ang. capacity) rzeki. Pomiar wykonano w warunkach sztucznych, 100 m ponizej pracujacej w korycie

koparki. Zawiesina byla w réownowadze dynamicznej z mulem wyscielajacym dno koryta (Q = 0351 mds™!, C,
= 0,558 kG m™?). Oznaczenia koncentracji zawiesiny wykonano w okresie 1.1.1977-15.9.1984 r.



the gravelly streambed becomes invisible and the
suspended sediment concentration increases up to
0.5 kG m~3 on the average (Fig. 2). At bankfull
discharges mean suspended sediment concentra-
tion attains a value of 4 to 6 kG m™3, while the
greatest concentration noted was 24.6 kG m™3
(peak discharge of the August 1977 flood, Q ca.
3540 m® s~ !, Fig. 2).

Few words should be added here as to the
technique of collection of samples for determining
the suspended load concentration. Field investi-
gations of the lower River Zlotna as well as other
Sudetic rivers have indicated that the variability
in concentration of the suspended load in the
mean direction of flow (x) may be greater than in
the vertical (with the exception of saltation layer
in which sampling or measurement of the suspen-
ded load concentration is usually impossible dur-
ing floods). At flood discharges, the concentra-
tion of suspended sediment in pools may be even
20 times or more greater than on riffles (Teisseyre

1984). This is thought to reflect changes in the
structure and intensity of turbulence between riff-
les and pools (Pl. I-1V). The observation agrees
also with the well known fact that during some
phases of flood at least pools are loci of erosion
(e.g, PL L, 1, II, IV, 2), whereas riffles are zones of
deposition (e.g., PL. I, 2, IV, I; cf. Teisseyre 1980,
1984). Consequently, in this study samples for the
suspended sediment concentration were collected
over a certain length of the channel comprising
several successive pairs of riffles and pools.
Generally, the suspended load of the lower
River Zlotna ranges in size from clay to granules.
The majority of samples were dominated by either
fine graded suspension (0.04 <D < 0.10 mm) or
coarse graded suspension (0.10 < D < 0.50 mm,
cf. Teisseyre, 1985). However, during the August
1977 flood, much coarser materials were locally
set in the suspended load including pebbles
and in places also cobbles (PL II, XI, 1I).
This was observed in some pools, near

Fig. 3. Dominant processes on the Miszkowice Fan as related to discharge (investigation period 1971-1980). MAD = mean
annual discharge

Procesy geologiczne na stozku Miszkowic w zaleznosci od natgzenia przeplywu (okres obserwacji 1971-1980 r). I — powodzie
w roku 1977; 2 — depozycja na powierzchni stozka; 3 — depozycja we wcietym korycie; 4 — erozja; 5 — przyblizony
przeplyw pelnokorytowy; 6 — sredni roczny przeplyw; 7 — brak depozycji na powierzchni stozka
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Fig. 4. Suspended load and bed load in flood periods, the lower River Zlotna, Miszkowice Fan, as related to main
mesoenvironments. Based on field observations during floods in 1971, 1974 and 1977

Obciazenie zawiesinowe i denne dolnej Zlotnej w czasie powodzi (stozek Miszkowic) w zaleznosci od gtéwnych mezosrodowisk.

Na podstawie obserwacji terenowych w czasie powodzi w latach 1971, 1974 i 1977. I — srodowisko; 2 — wielkos$¢ ziarna; 3 —

strefa aktywnego koryta; 4 — powierzchnia stozka (strefa pozakorytowa); 5 — czes¢ wewnetrzna (przykorytowa); 6 — czgsé

zewnetrzna; 7 — zwezenia; 8 — rozszerzenia; 9 — koryta przelewowe; 10 — lachy meandrowe; 11 — rampy krewas; 12 —

naturalne waly brzegowe; 13 — glify krewasowe; 14 — okresowe koryta; 15 — obszary plaskie; 16 — mul i it; 17 — piasek: 18
— zwir; 19 — obciazenie zawiesinowe; 20 — obciazenie denne; 21 — brak transportu osadu

large obstacles, and in some outflow crevasses
ie, the crevasses through which water was escap-
ing from the channel onto the alluvial plain.
Thus in the River Zlotna, similarly as in other
gravel-bed rivers, the upper limit of size of the
suspended load cannot be specified (¢f. Scott and
Gravlee 1968; Baker 1978). It depends on local
conditions of flow or strictly speaking on the
local structure and intensity of turbulence (Fig. 3
and 4; PL I, II).

The amount of the suspended sediment obtai-
ned in course of laboratory investigations of
samples was too small for granulometric analyses
to be made. However, it is suggested that grain
size distributions labelled F to I in Figure 1 may
be good approximations of size distributions ty-
pical of “average” suspended loads of the lower
River Zlotna.

When discussing the load of a gravel-bed river
one must remember that the suspended load in the
geomorphic sense is not identical with the wash
load of hydraulic engineers. This is the most
general conclusion that can be drawn from review
of the literature quoted in this article and the
author’s own field and laboratory experience. The

suspended load of a gravel-bed river may be
supplied by the watershed or the zone of the active
channel or by both depending on local and instan-
taneous conditions of river and slope erosion and
flow (PLII, 2, V, 1, 2, X, 2).

It should be stressed that, under certain con-
ditions, the suspended load may be yielded exclu-
sively by the channel itself (e.g, during winter
thaws, PL V, 1, or after longer dry periods ac-
companied by low flow). Except the winter pe-
riod, the suspended load comes generally from
both the two sources: it may be supplied by bank
and bed erosion within the zone of the active
channel and it may be yielded by soil erosion in
the watershed. Even during summer floods, the
suspended load is supplied mostly but not exclu-
sively from the watershed (PL. V, 2, X, 2). Moreo-
ver, even during a summer flood, the first peak in
the suspended load concentration may be due to
the river erosion of fine materials previously ac-
cumulated within the channel itself, as it was
observed by the author on the lower River Lesk
(unpublished report). Consequently, in a gravel-
-bed river, the suspended load cannot be easily
split into the two categories including the wash
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load and the suspended bed material load. Both
the kinds of load may be identical as to their
grain size and petrographic composition, for they
are common products of weathering of the same
parent rock materials under the same climatic
conditions. However, from the geomorphological
point of view the situation is not an alarming one
since not the origin of the load, but the mode of
its transport is the most fundamental criterion.

Another important conclusion is also that, at
least under temperate and cold climate, the trans-
port of the suspended load is a season controlled
phenomenon; this, under favourable circumstan-
ces, may have a character of a full capacity load
(transition from streamflow to mudflow and vice
versa).

Saltation load. The saltation load of the lower
River Zlotna is composed chiefly of gravel-size
material. The mode of transport of gravels de-
pends primarily on their shape and immersed
weight, which is determined by the particle size,
sphericity and specific weight of the rock mate-
rial. At a given discharge, the saltation load
comprises mostly flat gravels characterized by
low sphericity and low immersed weight — these
are relatively light particles. At the same time,
and under the same conditions of flow, more
spherical rock fragments of the same diameter (or
relatively heavy particles) may be stationary or
are rolled along the streambed as the bed load.

The rate of transport of the saltation load as
well as the size of gravels carried in saltation
depend on stage and discharge, and particularly
on the character and intensity of turbulence (type
and dimension of eddies, Pl. I-1V). Low-to-mode-
rately high freshets carry usually sand and fine
gravel (up to 32 mm across) as their saltation
load. During large freshets and at bankfull dis-
charges, the saltation load is dominated by pebble
fraction, while during floods even cobbles may
be locally set in saltation (Pl I-1V, XI, 1, Fig. 4
and 5).

To summarize, it should be stressed that the
saltation load of a gravel-bed river is strongly
connected with its bed load. Both the kinds of
load are composed primarily of gravel-size grains
and with living bed conditions one type of load
does pass imperceptibly into the other. It is also
important that the initiation of saltation trans-
port of sand and fine gravel may be achieved
with stationary gravel-bed conditions. This may
be explained by the fact that shear stress necessa-
ry to initiate movement of relatively fine particles
hidden in voids between larger ones is much

greater (even order of magnitude — author’s own
measurements on other rivers) than on a bed
composed of uniformly sized material. The salta-
tion jump length of this incipient saltation trans-
port is much shorter than 100 particle diameters.
However, in gravel-bed rivers, a fully developed
saltation transport needs certainly living bed con-
ditions. From the point of view of sediment
transport mechanics the distinction between the
two types of transport may be not fundamental.
On the contrary, from the geomorphological and
sedimentological viewpoint the clear-cut distinc-
tion between the saltation load and the bed load
seems to be very important, for they may (and
certainly do) contribute to different (bed)forms
and - structures.

Another problem open for further study is the
concentration of suspended sediment in the salta-
tion layer. Few measurements made by the auth-
or in the upper portion of the saltation layer
(August 1977 flood) have indicated values of C,,
of the order of 70 to 90 kG m~3. It is very likely
that the suspended sediment concentration within
the saltation layer may exceed 100 kG m~3 — a
value typical of a dense turbidity current.

Bed load (Pl. VI-VIII, X, 2). Gravels, which at
a given stage and discharge cannot be carried as
the saltation load may be stationary or transpor-
ted as the bed load. At mean discharges and
during low freshets, the gravelly streambed of the
River Zlotna is stationary although in fact it is
subjected to slow, progressive washing and pav-
ing. Under such conditions, the bed load of the
river is restricted to small amounts of sand and
fine gravel (up to 32 mm in diameter). The mate-
rial is washed out mostly from riffle sections of
the channel and its transport is characteristically
discontinuous (i.e., from a riffle to a pool just
downstream of it, Teisseyre 1980. 1984).

The initiation of movement of gravelly
streambed commences with the half-bankfull dis-
charge or some higher discharge (the problem
will be discussed below). It has been also obser-
ved that in the cold half of the year the initiation
of movement of the gravelly streambed requires
discharges perceptibly lower than in the warm
half of the year. The phenomenon is well known
from rivers of cold climatic zones (Corbel 1959,
1964; Nordin 1963; Colby 1964; Colby and Scott
1965; Klimek 1972; Church and Gilbert 1975).
According to Colby and Scott (1965) the decrease
in water temperature from 27 to 4°C doubles the
discharge of sand in a sand-bed river. Similar
effects are known from rivers of the temperate
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climatic zone (e.g., disappearance of dunes and
replacement of them by flat moving bed in the
winter with other parameters except water tempe-
rature being equal). For example, in the study
reach of the upper River Bobr the initiation of
gravelly streambed occurs in the winter at the
half-bankfull discharge, while about 3/4 full dis-
charge is needed to give the same effect in the
summer (Teisseyre 1984, in press).

The biggest clasts transported as the bed load in
the channel of the lower River Zlotna during the
August 1977 flood are listed in Table 4 (Pl. X1, XII,
2).

Table 4. Mean sphericity of the lower River Zlotna gravels
(fraction 64-256 mm). Miszkowice Fan

Srednia sferyczno$é zwiréw dolnej Ztotnej (frakcja 64-256 mm).
Stozek Miszkowic

Lateral or point Sorting
Site Channel bar
Punkt Ko,y't'f, Lacha boczna | Wysorto-
lub meandrowa wanie
2 fan head ¥ =058 ¥ =053 é
10 mid fan ¥ =064 ¥ = 0.60 =8
35 fan tail ¥ = 0.69 ¥ =0.62 cN
%
&
: .
Sz
Sorting
Wysortowanie —

Lateral sorting
Wysortowanie boczne

Hydraulic sorting. The movement of the gra-
velly streambed, once commenced by a large
freshet or flood, leads to a more or less effective
hydraulic sorting of gravel according to shape
(sphericity) and size (immersed weight). Relatively
heavy clasts including coarse clasts of high sphe-
ricity and very coarse but flat rock fragments
tend to be transported as the bed load owing to
rolling, sliding, and short saltation jumps. In
general, the movement is directed downchannel
and its rate attains a maximum along the thalweg
(PL X1, 2, XII, 2).

The mechanism of transport of relatively light
clasts (small or intermediate fractions, fragments
of low sphericity) is much more complex. Such
clasts tend to be transported as saltation load.
The movement of individual clasts within the
saltation layer is highly variable in both velocity
and direction. It is governed by local turbulence
and depends strongly on its structure or the kind,
intensity, and dimension of eddies (Pl. I-1V).

Although the saltation layer moves generally
downchannel, lateral components (in Jz| direction)
of the movement are of particular importance for
a geologist. The components lead to the transver-
se transport of jumping clasts which may be
thrown from the thalweg to lateral parts of the
channel where coarser saltation fractions tend to
be deposited due to decrease in the intensity of
turbulence (Pl. VI, 1, X, 2, XI). There are, howe-
ver, two important exceptions to this general
rule, namely: 1) the outer banks of regular bends
and meanders, and 2) the banks of expansions in
a straight reach where the tendency to aggrada-
tion is manifested by the formation of a mid-
-channel bar. In these places, erosion (particularly
lateral) usually exceeds deposition (¢f. Lewin
1976; Teisseyre 1980).

The lateral movement of the saltation load
has been observed by the author many times on
the lower River Zlotna and on other gravel-bed
rivers. Investigations of shape of gravels perfor-
med in the channel of the lower River Zlotna
after the August 1977 flood have demonstrated
that gravels of lateral bars and point bars were
indeed enriched in flat clasts (mostly the saltation
load material), while along the thalweg gravels
were more spherical (iarger proportion of bed
load material, Fig. 5).

The lateral diffusion of the saltation load is
particularly effective during periods of flood dis-

Fig. 5. Zingg diagrams for the lower River Zlotna gravels, site

10. 100 points in each diagram. Channel (riffle) gravel: class 1

(disc-shaped) = 40 per cent, 11 (equant) =21 per cent, 111

(bladed) = 27 per cent, 1V (rod-shaped) = 12 per cent. Mean

sphericity ¥ = 0.64. Point bar (bar-platform gravel): class 1

= 48 per cent, 11 = 10 per cent, 111 = 34 per cent, IV =8 per
cent. Mean sphericity ¥ = 0.60

Diagramy Zingga dla zwiréw dolnej Zlotnej, punkt 10. Po sto
pomiarOw na kazdym diagramie. ! — 2wiry korytowe (by-
strzyk): klasa 1 (zwiry dyskowate) = 40%,, klasa 1l (zwiry
kuliste) = 21%/,, klasa 111 (zwiry ptasko-elipsoidalne) = 27%,,
klasa 1V (7wiry wrzecionowate) = 12%,. Srednia sferveznosé
¥ =064, 2 — zwiry lachy meandrowej (platforma lachy):
klasa 1 = 48%,, klasa 1l = 10%,, klasa 111 = 34%,, klasa 1V
= 8%,. Srednia sferyczno§¢ ¥ = 0,60
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charge when well-developed saltation layers move
downchannel under conditions of increasing diffe-
rences in mean flow velocity between the stream-
tube of maximum velocity and lateral parts of the
channel (¢f. Jackson and Beschta 1982). For
example, during periods of mean discharge the
ratio of mean flow velocity in the thalweg to the
mean flow velocity at banks ranged for the River
Zlotna generally from 10 to 18, whereas during
flood discharges it varied in the range of 19 to
48. It is clear, therefore, that during flood discha-
rges gravels and coarse sands scoured by the flow
from the central part of the hannel tend to be
deposited at the depositional banks of the river if
they are only transported across the channel due
to accidental fluctuations in flow velocity and
direction occasioned by large eddies acting in the
axial part of the channel. However, as a general
exception to this rule one may quote the outer
erosional banks of rivers bends (if they are not
accompanied by large external zones of flow se-
paration).

In general, the mechanism of transport and
hydraulic sorting of gravel according to its shape
and submerged weight leads to the concentration
within the channel of relatively heavy clasts (Pl.

ORIGINAL GRAVEL SUPPLIED

VI-VIII). On the streambed, these clasts are
tightly packed and as a rule strongly imbricated
forming a typical channel pavement (cf. Bray and
Church 1980; Gomez 1983, 1984; Pl. VI-VIII, X,
2). Once formed, the pavement is rather stable
and gravels it contains are not easily moved by
subsequent flows (Yalin 1972). The thickness of
the pavement layer ranges from one to several
grain diameters (Pl. VII). Incorporated in the
layer are mostly large flat clasts as well as large
and intermediate gravels of high sphericity (PL
VI, XI, 2, XII, 2, 3, Table 4). Observations comp-
leted on the lower River Zlotna during several
floods seem to indicate that the pavement layer
starts to form with falling stage of a flood, but as
a rule is continued during post-flood discharges,
under conditions of stationary gravel streambed
(post-flood pavement-forming processes). The de-
velopment of pavements, so characteristic of pre-
sent channels of the Sudetic rivers, may be in
part the result of an apparent tendency to degra-
dation sustained in the region at least throughout
the last two centuries (Teisseyre 1984). On the
other hand, a very effective paving of poorly
sorted gravelly deposits may be also accompli-
shed very quickly, in several hours during a falling

FROM  UPSTREAM (1)

HYDRAULIC ~ SORTING (2)

LATERAL  SORTING (3)
¥ N

D* ¥* D~ ¥

RELATIVELY RELATIVELY

HEAVY LIGHT

GRAVELS GRAVELS

CHANNEL LAT!RAL

PAVEMENT &

RIFFLES POINT BARS (6)
8

POOLS (5)

LONGITUDINAL SORTING (&)

D~ v*
RELATIVELY LIGHT
GRAVELS

TENDENCY TO REMOVAL
FROM THE FAN (7)

Fig. 6. Hydraulic sorting on the Miszkowice Fan and its sedimentological effect. D — grain size; ¥ ~— sphericity

Sortowanie hydrauliczne na stozku Miszkowic i jego efekt sedymentologiczny. D — S$rednica ziarna; ¥ — sferycznosé. 1 —

2wir dostarczany z gory; 2 — sortowanie hydrauliczne; 3 — sortowanie boczne; 4 — sortowanie podluzne; 5 — wzglednie

cigzkie zwiry, bruk korytowy, bystrzyki i przeglebienia; 6 — wzglednie lekkie zwiry, tachy boczne i meandrowe; 7 — wzglednie
lekkie zwiry. tendencja do usuwania ze stozka
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stage. This is particularly true of gravelly sheets,
crevasse splay deposits, and chute bars deposited
in the zone of natural levees and on higher levels
of point bars. The deposits are not subjected to
low flow pavement-forming processes; subsequent
floods rather tend to bury them with finer grai-
ned deposits.

Another effect of hydraulic sorting is the ten-
dency to removal from the thalweg of highly
spherical clasts and small flat clasts. The effect
was observed during a field experiment with
painted pebbles carried out in 1978. A thaw
freshet on February 24-28, 1978 occasioned re-
moval from the streambed of highly spherical
pebbles and some small flat clasts, while other
flat clasts were not moved or transported only a
short distance downchannel. According to Lane
and Carlson (1954) spherical gravels are about
2.5 times more susceptible to entrainment and
transportation than flat pebbles of similar subme-
rged weight. Thus hydraulic sorting is the chief
agent responsible for the diminution in gravel
size in the downfan and/or downvalley direction.
It must also contribute to the increase in the
same direction of values of such parameters as

roundness and sphericity (Sneed and Folk 1958;
Scott and Gravlee 1968; Meland and Norrman
1969; Bradley et al., 1972; Church 1972; Church
and Gilbert 1975; Bluck 1982).

A similar though not so obvious effect of
hydraulic sorting is expected in the direction
perpendicular to the channel axis. This lateral
hydraulic sorting results in the bankward diminu-
tion both in size and sphericity of clasts (Pl. X,
2). This dual aspect of hydraulic sorting may be
termed of as longitudinal and lateral hydraulic
sorting (Fig. 6).

The effectiveness of hydraulic sorting depends
also on the rate of the bed load transport. At
high transport rates and under conditions of fully
developed bed layer, shear stress is penetrative
diminishing the importance of size and shape as
variables affecting sediment transport and hyd-
raulic sorting (Sedimentary Petrology Seminar
1965).

Finally, hydraulic sorting must also depend to
some degree on pebble fabric and packing (Jo-
hansson 1963, 1965, 1976; Church 1972, 1978;
Church and Gilbert 1975).

COMPETENCE OF FLOW AND I ISTANCE OF TRAVEL DURING
THE AUGUST 1977 FLOOD

The ability of flow to transport the load may
be considered in terms of competence and capaci-
ty. Competence (or competency) of flow refers to
the maximum grain size of definite specific gravi-
ty, which a stream is able to transport at a given
velocity. Capacity is simply sediment discharge or
the amount of sediment that a stream can carry
through a given cross-section in a unit of the
time. In gravel-bed rivers, both competence and
capacity may be either potential or real depend-
ing on sediment availability and sediment supp-
ly. During periods of low or mean flow, compe-
tence and capacity of a gravel-bed river is largely
potential, for availability of sediment is insuffi-
cient or none (this is the case of a dissolved load
gravel-bed stream flowing on coarse paved
streambed). If limited sediment is available for
transport, a gravel-bed river may posses great
competence, but its actual capacity is generally
low. During flood discharges, on the other hand,
both competence and capacity of a gravel-bed
stream are real and may be large.

A good example of great competence combi-
ned with rather a small capacity is incipient

transport of large light grains, for instance blocks
of sod (PL IX, X, I). An alternative example of
great competence combined with great capacity is
mass transport of coarse gravels during a flood
discharge (for the geomorphic effects of the pro-
cess see Pl VI-VIIL, X, 2, XI, XII, 2, 3). The
largest boulder transported by the August 1977
flood attains a diameter of 0.7 m and immersed
weight of ca. 100 kG (Pl. XII, 2, Table S5). The
distance of travel of this amphibolite boulder is
uncertain but amounted to at least several hund-
red metres.

Locally, the peak discharge of the flood was
able to transport much heavier objects, however.
Immediately below the midfan point, a group of
willows was uprooted from the right bank of a
bend (site 16, Pl. VI, I). The trees, together with
soil still preserved between their roots, were
transported by the flow to a distance of some 14
metres and then deposited at site 17. The immer-
sed weight of the object was estimated to be ca. 2
T (Table 5). The total stream power of the bank-
full discharge attained in this reach is given in
Table 6.
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Table 8. The heaviest clasts transported as bed load during the August 1977 flood along the River Zlotna channel,
Miszkowice Fan

Najcigzsze klasty transportowane jako obciazenie denne w czasie powodzi

sierpniowej w korycie Zlotnej, stozek

Miszkowic
Weight [kG]
Site c‘)'t‘,’.'“m,e. Lithology Ciezar [kG] Distance of travel [m]
Punkt ’°§°s° Litologia In air Immersed Droga transportu
[m?] w . Wz .
powietrzu zanurzeniu
| 0.0083 Granite 22 13.6 350
2a 0.0285 76 475 400
3 0.0058 “ 155 9.6 600
3 00175 " 46.7 29.1 600 Cubic cut stones eroded
5 0.0073 - 19.5 12.1 650 from the destroyed weir
5 0.0096 Sandstone 25.0 15.3 650 in Miszkowice village
8 0.0079 Granite 21.1 13.1 780
25 0.0091 " 243 15.2 1450
2 0.0445 Amphibolite 145 100.3 Unknown: Outcrop 4400 m
upchannel
17 1.800 Loam, gravel 3900 2000 14; Soil transported in roots
of Salix bush, eroded in site 16

Table 6. Maximum grain size of gravels deposited in the lower River Zlotna during the August 1977 flood as related to
hydraulic characteristics of flow

Maksymalne $rednice zwiréw osadzonych w korycie dolnej Zlotnej w czasie powodzi sierpniowej w zaleznosci od hydraulicz-
nych warunkéw przeptywu

Distance from P
Site fan head [m] S(::;ln‘: c:lz;wi[::’)?v Slope A, O H Stream powe :’ Notes**
iy [m/m] 2 3 -1 Q [kG m s7'] .
Punkt Odlegtos¢ od Spadek [m?] | [m® s™1] [m] Moc strumienia Uwagi
szczytu stozka | Maximum| MGS*
| 0 0.57 043 0.0088 13 35 1.844 67767 RG
5 340 0.55 040 0.011 8 22 - - LB
8 390 0.52 0.35 0.015 8 22 1.585 36614 LB
10 480 0.46 0.30 0.0122 8 22 - - CPD
13 560 040 0.24 0.0327 715 26.3 1.824 50370 LB
17 650 0.37 0.26 0.026 8 25 - - CPD
20 740 0.36 027 0.015 - - - - MCB
21 770 0.33 0.25 0.017 6.5 16.3 1419 24 286 LB
25 840 0.35 0.26 0.015 - - - - PB
29 980 0.34 0.25 0018 - - - RG
30 1010 0.33 0.23 0.015 +.5 108 1.294 14674 RG
34 1130 0.28 0.21 0014 44 10.5 1.032 11378 LB

* MGS = maximum grain size = mean value of 10 largest clasts. Maksymalna érednica Zwiréw = §rednia z 10 najwickszych kiastéw.
** RG - riffle gravel. LB — lateral bar, CPD — channel-plug deposit, MCB — mid-channel bar, PB — point bar.
RG — 2wiry bystrzykéw, LB — 2wiry lach bocznych. CPD — osady korka Zwirowego, MCB — 2wiry lach $rédkorytowych, PB ~ 2wiry lach meandrowych.

The petrographic investigations of gravels of
the lower River Zlotna have indicated that their
composition changed substantially as a result of
the August 1977 flood (Table 3). Perhaps the
most striking feature of the flood gravels was a
relatively large content of unstable rock frag-
ments including metalimestone, limy phyllite, and
pegmatite. The rocks crop out in the riverhead

portion of the Zlotna catchment basin. The supp-
ly of these lithologies from older gravels is rather
unlikely, for such gravels are practically free from
these rocks. This is particularly true of metalime-
stone fragments, which disappear from channel
gravels after several years due to solution. In
contrast, it seems to be very likely that the
limestone fragments were brought on the Misz-
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kowice Fan directly from their source area. If it
was really the case the distance of flood transport
of the limestone and pegmatite fragments realized
during one flood (or at most during the two
floods of 1977) was ca. 9-10 kilometres. Also, it
should be added that the metalimestone cobbles
had usually dimensions greater than median — a
condition favourable for a greater -distance of
transport (Klingeman and Emmett 1982).

Field investigations carried out after the August
1977 flood have enabled the author to establish the
distance of transport of the bed load and the
saltation load in a more precise manner, however.
A good opportunity to do this was offered by
partial destruction by the flood of the weir located
on the River Zlotna in Miszkowice, several hund-
red metres above the fan head (Pl. XI, 7). The weir
was constructed of regular cut stones of the
Strzegom granite. After the August 1977 flood the
stones were found within the River Zlotna channel
in the head and mid-fan portions of the Miszkowice
Fan (Pl XI, 2, XII, 3). It is also evident that during
the flood the stones were transported as the bed
load and travelled by rolling along the channel
thalweg. It is obvious, therefore, that large spherical
fragments involved in the bed load may travel
during a single flood on unexpectedly large distan-
ces (Table 5) passing through tens of bends or riffle
and pool sequences without being deposited.

The facts discussed above seem to indicate
that the commonly accepted assumption as to the
local transport of gravel during floods and the
short distance of its travel cannot be regarded to
be universally true. Another examples of the fair-
ly large distance of travel of the gravelly bed load
occasioned by high floods are known to the
author from other Sudetic rivers, e.g., the River
B6br (Teisseyre 1984). Perhaps the most import-
ant factor responsible for the discontinuous gra-
vel transport (in the engineering time-scale) is
deposition on lateral bars and point bars accom-
panied by channel migration. This is particularly
characteristic of flat fragments of mean and less-
-than-mean size (Pl X, 2).

Very little is known about velocity of move-
ment of the bed load. This is indeed an import-

ant parameter for it may allow us to compute
the distance of travel of the bed load type of
material carried by rivers during floods (distance
= time of living bed conditions times mean
velocity of bed load movement). Although such
computations should be restricted to transporting
and erosive segments of alluvial channels, they
may be interesting from both the geomorphologic
and engineering point of view. During the August
1977 flood, the mean velocity of the coarse (cobb-
ly) bed load is estimated to be of the order of
0.052 to 0.057 m s~ *. This estimation is based on
the assumption that the limestone cobbles were
transported in two days to a distance of 9-10
kilometres.

On the other hand, a large distance of trans-
port of the suspended load is usually accepted as
an unquestionable rule. However, some prelimi-
nary investigations by the present author seem to
indicate that the problem is much more complex
and that the distance of travel of the suspended
load may be limited not only in the extra-channel
environment (e.g., the alluvial plain), but also
within the active channel itself. When the river is
in flood, there is constant exchange of momen-
tum and sediment between the zone of the active
channel and the extra-channel zone (Teisseyre, in
press). The sediment-laden water escaping the
channel drops much of its suspended sediment on
the alluvial plain. At the same time, waters rejoin-
ing its channel from the alluvial plain (a com-
monly underestimated phenomenon) are poor in
the suspended sediment. Therefore, if the suspen-
ded sediment concentration is roughly constant
over a certain length of the channel, it means
that part of the river’s suspended load deposited
on the alluvial plain is compensated by supply
from the river banks or tributaries (¢f. Grimshaw
and Lewin 1980; Bray 1983). In each case, the
distance of travel of the suspended load may be
relatively low. The phenomenon is manifested,
among others, by textural changes of the over-
bank alluvia in the downvalley direction — the
problem, which certainly will need more attention
in our future research.

QUALITATIVE AND QUANTITATIVE HYDRAULIC ANALYSIS OF
SEDIMENT TRANSPORT ON THE MISZKOWICE FAN

The concentration of the suspended sediment
was measured directly in the field at the whole
range of discharges including the August 1977
flood (Fig. 2. Appendix I). During floods, direct

— Geologia Sude ica, vol. XXI, ar 2

measurements of the bed load transport could
not have been performed. However, the runoff of
the bed load was estimated indirectly using natu-
ral gravel traps. The sediment pool of the Bu-
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koéwka Dam situated immediately below the fan
was a good gravel trap of high efficiency for all
the observed floods. Thus, the bed load runoff
and mean value of the bed load discharge during
the August 1977 flood were computed indirectly,
on the basis of estimated volume of the bed load
material deposited within the channel and on the
fan (Teisseyre 1980). The results of both direct
and indirect estimations serve as a basis for
further elaboration.

The initiation of movement of the sediment
load in a river may be analysed in terms of
velocity or bed shear stress (Gilbert 1914;
Hjulstrom 1935; Shields 1936; Rubey 1938; Ne-
vin 1946; Kalinske 1947; Mavis and Laushey
1949; Sundborg 1956; Jarocki 1957; Fahnestock
1963; Johansson 1963, 1965; Shepard 1963; Leo-
pold et al, 1964; Parde 1964; Henderson 1966;
Leliavsky 1966: Vanoni 1966: Engelund and
Hansen 1967; Neill 1967, 1968a, b; Raudkivi 1967;

Helley 1969; W. H. Graf 1971; Yalin 1972;
Bogardi 1974; Scheidegger 1974; Vanoni 1975;
Bagnold 1977; Miller et al, 1977; Simons and
Senturk 1977; Jackson 1978; Leeder 1979; Ackers
and White 1980; Ackers 1982; Richards 1982;
Hey et al, 1982; Klingeman and Emmett 1982;
White and Day 1982; Carling 1983; Reid and
Frostick 1984; Reid et al, 1985).

The analysis of sediment transport in catego-
ries of velocity is important particularly for the
determination of stream’s competence. This is
proportional to the six power (on the average) of
the flow velocity (Shen 1978). The transporting
work of the river may be considered in terms of
mean bed shear stress, too. This approach holds
an important key to the explanation of bed scour
and deposition of sediment. Some critical values
of the flow velocity and bed shear stress established
according to a number of well-known methods
for two sections of the lower Ziotna are

Table 7. Critical conditions for initiation of bed-material movement, the River Ziotna, Miszkowice Fan. Average specific weight
of gravel y, = 2950 kG m~3

Warunki krytyczne inicjacji ruchu materialu dennego w korycie Zlotnej, stozek Miszkowic. Sredni cigzar wlasciwy zwiru y,

=2950kG m™?
Fan head, Fan tail,
site 2 site 36
Punkt 2 Punkt 36
M,;, mm 171 84
w/d 5.67 488
Critical mean or bed velocity, V,, V, [ms™!]:
Critical erosional velocity (Hjulstrom 1935) 3.85 30
Critical depositional velocity (Hjulstrém 1935) 240 2.1
Critical bed velocity (Rubey 1938) 1.89 1.2
Critical bed velocity (Mavis and Laushey 1949) - 1.39
Critical mean velocity (Neill 1967) 331 227
Critical mean velocity (Neill 1968) 2.96 203
Critical mean velocity as measured in the field by the author 2.78 191
Critical bed shear stress (rg),, [kG m™2]:
Krey-Schoklitsch’s (1950) formula 23.393 11.491
Lane’s diagram (1953) 17.1 84
Shields’ criteria (1936)
Absolute stability limit 9.241 4.539
Shields criterion 18.482 9.079
4 x Shields criterion 73.928 36.316
Results of field measurements by the author:
Mean bed shear stress computed from field data 9.923 4.875
Maximum calculated bed shear stress (overbank flow) 31.444 15373
2.5 x(to)max — Suggested maximum instantaneous bed shear stress 78.610 38.433
Shields’ entrainment function 0.030 0.030
Particle Reynolds number Re* 3.7 x10* 2.3 x10*
Shields’ entrainment function for the largest block (D =0.7 m) 0.025 -
Particle Reynolds number Re* 1.8 x 10° -
Flow intensity (“transport stage”) at bankfull discharge, V*/(V*), 1.17 1.61
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listed in Table 7. Included in this table are also
the results of the author’s own computations
based on direct field measurements performed at
actual and personally controlled critical condi-
tions (velocity measurements were made when
first cobbles started to move on the rising stage
of the August 1977 flood).

The values of mean critical bed shear stress
calculated by the author are close to the so-called
0.5 Shields criterion or the absolute stability limit
(¢f- Church and Gilbert 1975, fig. 17B, p. 38). This
is in a good accord with the results obtained by
Gessler (1965), “who computed that the probabi-
lity of a grain to be eroded, if the critical shear is
taken from Shields diagram, is 0.5” (W. H. Graf
1971, p. 99). In 1970 Grass found that incipient
motion is possible even under mean bed shear
stress as little as 0.4 the mean critical bed shear
stress.

The value of the Shields’ entrainment function
(To)er:(¥s—7) D (Shields 1936) computed for the
two investigated hydrologic sections of the lower
River Zlotna is 0.03 (Table 7). This is the value
now commonly accepted for incipient movement
of individual grains (Kalinske 1947; Neill 1968b;
Vanoni 1975). For both the sections, the value of
maximum dimensionless shear stress at the peak
flow was 0.095. Under such conditions, the gra-
vels of the lower Zlotna could have been moved
as the saltation load (¢f. Shields’ diagram with
subsequent improvements). The value of the
Shields’ entrainment function for the biggest
boulder (D = 0.7 m) transported at the bankfull
discharge along the straight artificial channel (P1.
XII, 1) was 0.025 (Table 7). This is in general
agreement with field data published by Fahne-
stock (1963) and Carling (1983, ¢f. particularly
Carl Beck data).

In discussing the values of the Shields’ en-
trainment function obtained in this study (0.03,
Table 7) there is doubt, however, if the applica-
tion of the B-axis (intermediate axis) median for
particle diameter is correct (this procedure is
commonly applied in similar field studies). Mean
sphericity of the lower River Zlotna gravels is
0.62. In any case if the B-axis median is replaced
by an appropriate fall diameter the Shields’ en-
trainment function rises to 0.049 or even to 0.057.
These values are close to the theoretical Shields’
value of 0.056.

Using the author’s own field data, it may be
demonstrated that the formulae published by
Neill (1967, 1968a,b) and Krey-Schoklitsch (1950)
give results consistent with the field measure-

ments provided that they are modified to the
form:

Vo = /1.77(D/d)~** (¢ 0= 1/(gD).
and (tg), = 0.0301(y,—7)D.

[ms™']

[kG m~2]

The modified coefficient suggested here for the
Neill’s formula (1.77 instead of 2.5) is close to the
value proposed by Neill in 1968 (1968b), i.e., 2.0.
The modified coefficient suggested here for the
Krey-Schoklitsch’s formula (0.0301 instead of
0.076) is identical with the real computed value of
the Shields’ criterion established by the author
for the lower River Zlotna. There is no good
reason to believe that this is a surprising fact.
When discussing the similarity of the Scho-
klitsch’s (1950) diagram ((t.): D(y,—7y) versus D)
with the Shields’ diagram (1936) W. H. Graf
(1971. p. 93) states that: “One wonders whether
the research started by Shields (1936) was inten-
tionally or unintentionally ignored”.

The modified formulae were tested in the field
for the range of slope (0.125 < § < 0.007) and
median grain diameter of the bed material (0.3
< D < 0.06 m) in several hydrologic sections of
the River Ziotna including the artificial channel
made in 1979 (Appendix II).

Entrainment of a sediment grain depends, as
is known for a long time, not only upon the
balance of forces acting on it, but also on fabric
of the enclosing sediment (Church’s “entire geo-
metrical environment of a particle”, 1978, p. 759).
As concerns the last factor three states of granu-
lar beds have been distinguished (cf. Helley 1969;
Yalin 1972; Church 1972, 1978; Church and Gil-
bert 1975; Baker and Ritter 1975; Bagnold 1977;
Rakoéczi 1975, 1981; Carling 1983): 1) normally
loose boundary, which is characterized by a ran-
dom but non-dilated arrangement of grains.
These are not imbricated and about 50 per cent
grains constituting the surface layer of a bed are
readily entrained by the flow; 2) overloose boun-
dary, in which grains are loosely packed and are
in a dilated state (“quick sediments”); and 3)
underloose boundary, which is characterized by
close packing and grain imbrication.

This concept, although important for studies
of sediment entrainment and transportation in
river channels, certainly needs completion. In the
lower River Zlotna, which may be thought a
typical cobbly river, overloose boundary has been
never observed within the channel-phase gravels
(the overloose deposits occur sporadically in fine
gravels and sands of supra-platform bar deposits



20 ANDRZEJ KAROL TE SSEYR

or extra-channel deposits including subfossil sedi-
ments of modern alluvial plains). Normally loose
boundary conditions have been found exclusively
on lateral and/or point bars the surface of which
was periodically emerged and subjected to the
action of river ice or disturbed by animals or
man. The normally loose boundaries are thus
secondary rather than primary and it is river ice
which is a particularly effective agent generating
them (ice floes are up to 0.4 to 0.6 m thick and
destroy the original gravel fabric in two ways: by
their static pressure and due to shear released by
displacements in the period of ice run, Teisseyre,
in press).

On the other hand, underloose boundary,
which is the rule within the submerged part of
the river channel, comprises in fact several differ-
ent states of the gravelly streambed. The author
suggests that within this group at least three
subdivisions should be distinguished: (3a) Un-
filled underloose boundary, in which gravels are
closely packed and imbricated but intergranular
voids are free from any matter except fluid (Pl
VII, VIII). The voids constitute a highly per-
meable medium and in the streambed are in fact
filled with flowing water. It may be also added
that under such conditions shear stress is pene-
trative. After a flood such deposits may be 2 to 4
grain diameters thick: in the lower River Zlotna
layers of unfilled underloose gravels deposited by
the May 1977 flood were up to 0.3 to 0.5 m thick
(P1. VII, VIII). The investigations concerning sedi-
ment entrainment carried out by the author on
the lower River Zlotna refer to such a type of
underloose boundary.

The variety (3b) of underloose boundary cor-
responds to a filled underloose boundary. In this
case, the voids of a gravelly deposit are filled
with finer non-cohesive or weakly cohesive sedi-
ment (fine gravel, sand). Such a deposit is still
permeable, however, shear stress is no longer
penetrative, unless the filling is removed from the
voids. The latter process is indeed the case in
course of gradual erosion and entrainment of
such gravelly streambeds. The predominance of
filled underloose gravels is a common situation,
particularly after high floods carrying large
amounts of sediment load (e.g., the August 1977
flood, Pl. VI, 2). After flashy floods, on the other
hand, the completion of filling of a newly deposi-
ted gravel may require some time (at least several
months on the lower River Zlotna).

The variety (3c) is termed here consolidated
underloose boundary. This is characterized by

voids filled with cohesive filling (loamy or muddy
sand or gravel) and the whole deposit is in an
advanced state of consolidation. This is particu-
larly typical of older (Holocene) alluvia. These
deposits are neither permeable nor shear-penetra-
tive and their resistance to scour and entrainment
is relatively large and may be compared with that
for a friable conglomerate or compact till. Conso-
lidated underloose gravels are easily scoured only
in the case of thermoerosion (i.e., in the zone
lying above a mean ground-water table; Teissey-
re, in press). And, when situated in the stream-
bed, they form relatively persistent elevations
scoured only during high floods.

In addition to the three types of underloose
boundary discussed above it should be mentio-
ned that at least two first types (i.., unfilled and
filled underloose boundary) may reveal several
types of surface texture. These are as follows:

Type I — plane or concave-up featureless
surface lined with imbricated pebbles and cobbles
of similar size. Pebble clusters rare:

Type II — surface as above but uneven: some
gravels are grouped into clusters protruding above
the mean bed (Teisseyre 1977, Pl I, 1I);

Type III — surface even or uneven with
scattered large exposed grains just lying on the
streambed. Being neither sheltered nor supported
by other grains protruding from the bed, these
large particles are as a whole exposed to the flow.

With increasing density of packing and con-
solidation of filling the critical shear stress for
initiation of movement rises substantially accord-
ing to the following scheme: large solitary
grains (full protrusion, no support) — grains
deposited as a normally loose boundary — un-
filled underloose boundary — filled underloose
boundary — compact underloose boundary.

The results concerning ¥, and (1), obtained
in this study refer to the conditions of partly
filled underloose and unfilled underloose bounda-
ry (Pl. VII, VIII). This may be easily explained by
the fact that the August 1977 flood happened 6
weeks after the May 1977 flood, which occasio-
ned movement of the gravelly streambed, too
(Teisseyre 1980). At the end of July 1977, the
channel pavement did not attain its full stability.
Even within the channel the voids were still open
or only in part filled with coarse sand and fine
gravel. No appreciable deposition of mud occur-
red in the voids.

Although the available data from the River
Zlotna are limited (Table 7), they suggest that the
threshold conditions for initiation of movement
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of unfilled underloose boundary may not differ
substantially from those established elsewhere for
normally loose boundaries (cf. Carling 1983; Reid
and Frostick 1984: Reid er al.. 1985). It may be
added here that measurements made by the author
in other study reaches of the upper River
Bobr and its tributaries since March 1984 have
confirmed the conclusion.

Another problem to be shortly discussed is
incipient motion of large grains lying on the
streambed and characterized by large exposition to
the flow. The propelling force exerted on such
grains by the flow results mostly from pressure
differences between the frontal and the lee sides of
the grain (Pl IX, X, I). The high dynamic pressure
existing at the front of such grains results from
hydrodynamic thrust and, in so being, is proportio-
nal to V2. Thus, the greater the velocity the larger
the transporting ability of the flow. It has been
found in the field that transitional flows (0.6 < Fr
< 1.0) and/or supercritical flows are able to trans-
port large blocks of relatively light material (e.g.,
blocks of sod, y, = 1700-1860 kG m ™~ 3/under con-
ditions of flow depths 0.5 D < d < 1.0 D (Pl IX).
Blocks of solid rocks may require greater depths
(eg, 075 D <d < 1.5 D; PL X, I), which suggests
that the lift force may be also an important factor
(Miller et al., 1977).

In a laboratory experiment, Fahnestock and
Haushild (1962) have found that on sandy bed
pebbles and cobbles may be transported by shal-
low supercritical flows (d ~ D) moving at a mean
velocity equal roughly to a half the mean flow
velocity. In the channel of the lower River Zlot-
na, blocks of sod and crystalline rocks may be
transported by comparable shallow flows at velo-
cities ranging from 0.2 to 04 the mean flow
velocity. Both the lower block velocities and the
smaller Froude numbers may be simply accoun-
ted for by much greater roughness of the cobbly
streambed. Under conditions of shallow depths
and low values of y/D, skin resistance must in-
crease substantially affecting — via mean flow
velocity — the Froude number, which may fall
below unity (on otherwise steep slope).

Another problem of great importance is the
value of shear stress or dimensionless Shields’
entrainment parameter for cessation of movement
of the bed load material (c/. Reid and Frostick
1984; Reid et al., 1985). As concerns this ques-
tion, no direct field data are available for the
lower River Zlotna. However, there is some in-
direct evidence coming from investigations of
channel plug deposits (site 10). The investiga-

tions suggest that relatively coarse gravels (M,
= 142 mm) stopped at an unexpectedly low
depth of ca. 0.35 m. The mean local slope of the
depositional surface was S = 0.006 884 suggesting
mean bed shear stress 7, ca. 2.42 kG m™2. If the
indirect evidence is real one may assume that
cessation of movement of the gravels occurred
here under conditions of Shields’ entrainment
parameter of ca. 0.0095, which is about 1/3 the
critical value for entrainment of the gravel. The
indirect results seem to be in accord with the
results obtained by the authors cited above.

In agreement with the classical concepts of
hydraulic geometry, the qualitative and quantita-
tive characteristics of river’s capacity may be
expressed by empiric functional relationships be-
tween the water and the sediment discharge (at
least on at-a-section level, ¢f. Leopold and Mad-
dock 1953; Wolman 1955; Nixon 1959; Wilcock
1971; Hey 1982; Jackson and Beschta 1982; Go-
mez 1983). If the water discharge is the principal
factor controlling the sediment discharge, it is
evident that the latter must also be correlated
with the total stream power, which reads

Q2 = yQE, [kg m s™']
where E = H =d+aV?%/2g. [m]

In this work, the sediment discharge, Q,, is
analysed in terms of the water discharge, y, or
the total stream power, Q, rather than in terms of
the unit discharge, g, or the unit stream power,
. This is justified by the fact that in a small,
relatively narrow channel the flow is practically
always three-dimensional, with the consequence
that unit values of both discharge and stream
power do vary from place to place in each cross-
-section as well as between adjacent cross-sections.
Thus, unit values do not describe the character of
the flow as a whole (PL I-1V).

From the geomorphological point of view,
fluvial processes in a gravel-bed stream may be
also characterized in terms of some threshold
discharges (¢f. W. L. Graf 1983, although his
equations are not satisfied using field data gathe-
red by the author). A discharge is here considered
threshold if it is associated with the initiation of
movement of a given kind of river’s load. The
concept is illustrated in Figure 7 and Table 8,
with the stable reach of the lower Zlotna as an
example (Pl. XII, I). These threshold discharges
are important parameters controlling the beha-
viour of river channels (for this problem see
Schumm 1973, 1977, 1979).
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Fig. 7. Characteristic and threshold stages and discharges, the lower River Zlotna, Miszkowice Fan, site 2. View is upchannel.
Vertical scale 2.5 times the horizontal scale. @, =004 m*s™'; 0 =046 m3>s™*; Q, ca. 297 m3s™!; Q.. =40m3 s~ Q,,

=0.65m?s~! — initiation of suspended load transport; Q,, =152 m?s~' — initiation of motion of bed load, Q,,;
=269 m?s~! — initiation of uninterrupted suspended transport of gravel D = 0.008 m (mean diameter of natural-levee
gravels)

Charakterystyczne i progowe stany oraz przeplywy, dolna Zlotna, stozek Miszkowic, punkt 2. Widok w gére koryta. Skala

pionowa przewyiszona 2,5-krotnie. Qn,, =004m’s !; Q=046m3s"'; Q, ok. 297 m’s™!; Q ., =40m’s”!. Qy

=0,65m?s~! — inicjacja transportu obcigzenia zawiesinowego; Q> = 15,2 m* s™! — inicjacja ruchu obciaZenia dennego,

Qs =269 m® s™! — inicjacja trwalego transportu zawiesinowego Zwiru D = 0,008 m (mediana $rednic zwiru deponowanego
na naturalnych walach brzegowych)

The threshold discharge labelled Q,,, corres-
ponds to the discharge resulting in initiation of the
perceptible suspended sediment transport (C,, ca.
10 G m~3 on the average). The threshold discharge
designated Q,,, is the discharge responsible for

Table 8. Characteristic and threshold discharges and corres-
ponding total stream power for the River Ziotna channel,
Miszkowice Fan, site 2

Przeplywy charakterystyczne i progowe oraz odpowiadajace
im catkowite moce strumienia dla koryta Ztotnej na stozku
Miszkowic, punkt 2

Q
[m*s™'] |[kGms™1]
Characteristic discharges (1971 -1980)
Przeplywy charakterystyczne
Minimum recorded discharge 0.04 487
Mean annual discharge 046 148.93
Bankfull discharge 29.7 66408.1
Maximum recorded discharge 40 97829.7
Threshold discharges Przeptywy
progowe

Q. — for initiation of suspended

sediment transport 0.65 238.2
Qs> — for initiation of bed

material movement 152 236306
Q.ns — for initiation of free

suspension of gravel

(M; =8 mm)* 269 56154.4

* Refers to gravel deposited from suspension on natural levees.
Odnosi si¢ do zwiru deponowanego z zawicsiny na walach brzegowych.

initiation of movement of the bed material (here
M, = 171 mm). It corresponds well with the mean
flow velocity computed from the modified Neill's
formula. The threshold discharge labelled Q,,;
corresponds to the discharge leading to persistent
suspended transport (within the limits of the fan) of
gravels found in crevasse-splay deposits (here M,
— 8 mm). The value of mean velocity correspond-
ing to this discharge was measured in the field and
verified using methods published by Lane and
Kalinske (1939) and other authors. The maximum
dimensionless shear stress computed for the gravels
(My; =8 mm) for the peak flow conditions was
2,037 — a value falling well within the field of the
suspended sediment transport on the improved
Shields’ diagram. The suspended transport of the
gravels mentioned was observed in the field during
the August 1977 flood.

An important conclusion from the above con-
siderations is that all the three threshold discha-
rges are lower than bankfull discharge (Fig. 7). It
means that at the bankfull discharge all the me-
chanisms of sediment transport may be fully de-
veloped depending on the supply of detrital ma-
terial and local conditions of flow. It is also
evident that at least for the Sudetic rivers, the
range of discharges particularly important for
explanation of the river’s work and fluvial mor-
phology varies from ca. 3/4 full to that attained
during high floods. Therefore, it is rather doubt-
ful whether the main morphological effects of the
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river work may be attributable to the most fre-
quent events of moderate magnitude (cf. Baker
and Penteado-Orellana 1977; Baker 1977, 1978;
Teisseyre 1980, 1984). To summarize, it may be
pointed up that the bankfull discharge and the
Q.2 discharge are amongst the most important
characteristic discharges, at least from the geo-
morphic and sedimentologic point of view (cf.
Webb and Walling 1982).

The data given in Figure 7 and Table 8 have
no universal meaning — they may be applied
only to the artificial channel of the lower Zlotna
between sites 1 and 3 and essentially only for
conditions similar to those prevailing during the
August 1977 flood. Although a similar analysis
may be done for any section of any channel, it
seems to be important to stress that a single Q,,,
threshold discharge has no absolute value even
for one and the same reach of the river. This is
the case, because even under conditions of con-
stant Dg, the Q,,, may and does vary as a result
of one or several of the following factors: 1) Type
of fabric actually prevailing on the streambed; 2)
Degree of completion of filling and its compact-
ness which in turn depends on numerous circum-
stances such as geology of the catchment basin,
river’s load, length of time since the last flood
etc.; 3) The amount of sediment available actual-
ly for transportation: 4) Presence or absence on
the bed of transitory depositional bedforms includ-
ing bars or large obstacles disturbing the flow
(e.g., large blocks of sod, earth falls); 5) The
season of the year. It is apparent that in winter
the Q,,, values are generally lower than in sum-
mer (Teisseyre 1984, in press).

However, the above restrictions do not invali-
date the idea of threshold discharges, since for
each reach of the river a range of discharges may
be found which will result in initiation of bed
material transport under a range of conditions
appropriate for a given reach. Thus the phenome-
non of sediment entrainment should rather be
characterized by two values of Q,,, reflecting the
effects of natural (or artificial) factors influencing
it. For example, for the lower River Zlotna (site
35. M, =82 mm) the following values of Q.
have been obtained: Q,,, ... during a winter freshet
(Feb. 24-28, 1978) was Q =1.193m?*s™! and
Q:n2 ma, during first freshet after a long period of low
flow (Dec. 20-30, 1978) was Q = 2.245 m® s~ . The
difference in stage between the two events was only
0.09 m.

The relation between the sediment discharge
and the water discharge (or the total stream

Fig. 8. Rate of suspended sediment transport, Q, versus
discharge. The lower River Ziotna, artificial channel, site 2
(see also Fig. 7)

Natezenie przeplywu obciazenia zawiesinowego, Q,, w zale-

znosci od objgtoscicwego natezenia przeplywu. Dolna Zlotna,

koryto regulacyjne, punkt 2 (por. tez fig. 7). I — natgzenie

przeplywu obciazenia zawiesinowego; 2 — inicjacja transpor-
tu zawiesiny

RATE OF SUSP. SEDIM. TRANSPORT

Fig. 9. Rate of suspended sediment transport, Q,,, versus total
stream power, Q. The lower River Zlotna, artificial channel,
site 2

Natezenie przeplywu obciazenia zawiesinowego, Q,,, w zale-
znosci od catkoWitej mocy strumienia, Q. Dolna Zlotna, kory-
to regulacyjne, punkt 2. Objasnienia napisoéw jak na figurze 8

power) for the lower River Zlotna can be deter-
mined directly only for the suspended load (Fig.
8 and 9). A hypothetical corresponding relation-
ship for the bed load is based on the following
facts: 1) The value of Q,,, established in the field;
2) The computed mean discharge of the bed load,
0., (the volume of the bed load deposited on the
fan divided by the known time of the effective
bed load transport and deposition), and on the

assumption that 3) Q./Q max = Qss/Qes max- ThUS,



the value of Qg .. was computed from the
known values of @, Q,,, and Q,, ... The result,
which is thought to be only a rough approxima-
tion of real processes, is shown in Figures 10 and
11. The relationships suggested by the figures
refer to the period of flood when the Zlotna was

Fig. 10. Rate of bed load transport, Q,, versus discharge. The

lower River Zlotna, artificial channel, site 2 (see also Fig. 7).

Regression line drawn on the basis of indirect field data and
some deductive considerations

Natezenie przeptywu obciazenia dennego, Qg, w zaleznosci

od przeplywu. Dolna Zlotna, koryto regulacyjne, punkt 2

(por. tez fig. 7). Linia regresji wykreslona na podstawie pos-

rednich danych terenowych i pewnych rozwazan dedukcyj-

nych. | — natgzenie przeplywu obciaZzenia dennego; 2 —
inicjacja ruchu obcigzenia dennego

Fig. 11. Rate of bed-load transport, Q,,, versus total stream

power, 2. The lower River Zlotna, artificial channel, site 2.

Regression line drawn on the basis of indirect field data and
some deductive considerations

Natgzenie przeplywu obciazenia dennego, Q,,, W zaleznosci

od catkowitej mocy strumienia, 2. Dolna Zlotna, koryto

regulacyjne, punkt 2. Linia regresji wykre§lona na podstawie

posrednich danych terenowych i pewnych rozwazan dedukcyj-
nych. Objasnienia napisow jak na figurze 10

competent to transport the entire range of its bed
material.

The data, combined with discharge-frequency
curves, may enable us to determine the sediment
runoff in a water year or any shorter period, e.g.,
a flood. Also, the runoff of the suspended load
may be computed using a formula modified from
Emmett (1975) to the form (on the basis of data
shown in Figure 2):

G, = 7537(Q/Q,)*%*2 [T per 24-hour]

The formula is regarded here as a first approxi-
mation and certainly will need verification on the
basis of a more comprehensive set of data. Yet it

Table 9. Summary on conditions of flow, streambed sediment,
and channel form at bankfull stage for three segments of the
Miszkowice Fan

Warunki przeplywu, charakterystyka osadu dna koryta i form
korytowych przy stanie pelnokorytowym dla trzech czgsci
stozka Miszkowic

Fan head, Mid-fan, Fan tail,
site 1 site 13 site 35
Punkt 1 Punkt 13 Punkt 35
Slope 0.0088 0.033 0.013
Mean velocity
[ms™ '] 335 4.10 3.68
Mean bed shear
stress [kG m~ 2] 12.94 39.85 18.38

Fr 0.90 1.22 1.05

Re x 107 14 14 1.3

Re* x 10* 44 83 24

Grain size range

[m] clay — 0.7 clay —04 clay — 0.3

Medium grain size

[(m] 0.175 0.188 0.083
Per cent sediment

coarser than

0.256 m 145 10.5 0.2

Sorting, o, 136 1.28 0.57

Channel width [m] 95 11.6 6.1

Channel depth [m] 14 1.15 1.25

w/d oy 6.79 10.08 488

Channel planform straight, meandering meandering
artificial  to braided*

Bedform flat bed, pool-and-  pool-and-
uniform -riffle -riffie
depth pattern pattern,

flat bed flat bed

Flood plain width

[m] 70 700 1300

* Occasionai meander degeneration due to chute cut-off at flood discharges.
Epizodyczna degeneracja meandréw przez czgsciowe odcinanie fach meand-

rowych w czasie powodzi.
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may be used as a first method to evaluate a real
yearly rate of denudation of the River Zlotna
catchment basin. The problem will be treated
further on.

In general, the hydraulic conditions of flood
flows influence both the channel parameters and
the textural properties of channel sediments (Table
9). The problem will be discussed below. What
should be briefly summarized here is the problem
of diminution of grain size in the downfan direc-
tion.

The phenomenon was studied particularly af-
ter the August 1977 flood, which caused move-
ment of gravel along the whole channel. Field
measurements have indicated that both maxi-

mum grain size (MGS) and median dimension of
gravel diminish more or less regularly downfan.
The results seem to indicate that the diminution
in grain size is correlated with the cross-sectional
area of flow, the bankfull discharge and the total
stream power rather than with the mean flow
velocity or the hydraulic slope (Tables 6 and 9).
The result is certainly an expected one, because
there is no definite relationship between slope
and sediment size (Bhowmik et al., 1980). The
geologically important conclusion is that, under
conditions of unsteady flow and backwater-draw-
down effects, great care should be exercised in
using gravel size as an indicator of both the
paleoflow velocity and the paleoslope

SEDIMENT DISCHARGE AT HIGH AND LOW FLOW

Field measurements and observations carried
out during and after the August 1977 flood have
enabled the author to calculate the sediment
discharge occasioned by the flood (July 31, 1200
till August 3, 2400). The total runoff from the
Zilotna catchment basin amounted to ca.
3800000 m> or about 26.2 per cent mean annual
runoff. If at the same time the mean annual
discharge had taken place the runoff realized
would have been 139 194 m3. Therefore, the flood
runoff exceeded 27.32 times the normal runoff.
Mean discharge for the flood period was estima-
ted to be ca. 12.57 m3® s~ 1, a value roughly equal
to the bankfull discharge (Teisseyre 1980). In fact,
the flood discharge (i.e., the discharge higher-
-than-bankfull) lasted no more than 2.5 days.

The concentration of the suspended sediment
was analysed in 10 samples collected at 6-12
hour intervals of the time. It increased from ca.
0.01 kG m~3 on July 30 to ca. 25 kG m~3 in the
morning on August 1, 1977, and then diminished
with at least one secondary peak to 0.7 kG m~3
in the evening on August 3. The total runoff of
the suspended sediment was estimated to be
22323 T in the whole 84-hour period of the
flood. Mean concentration of the suspended load
was of the order of 5.84 kG m™3. It may be also
demonstrated that mean discharge of the suspen-
ded load totalled ca. 0.03886 m3s~! or ca.
0.07382 T s~ !. Maximum discharge of the sus-
pended sediment load was of the order of
0.1858 m3 s™! or ca. 0.353 T s~ '. The ratio of
Q/Q,., was 323 on the average (Table 2) and, at
the peak flow, a maximum quantity of 215 was
reached.

— Geologia Sude ica, vol. XXI, nr 2

The runoff of the bed load and saltation load
in the lower Zlotna (site 4) has been computed
indirectly on the basis of estimated volume of
sediments deposited on the Miszkowice Fan. The
estimation has been put on an objective basis of
72 levelled cross-sections through the zone of the
active channel and 13 sections across the fan.
Some of these sections have been already publi-
shed (Teisseyre 1980).

The volume of gravels corresponding to the
bed load and the saltation load deposited during
the August 1977 flood amounted to 4500 m>. The
quantity is thought to represent the total supply
of gravel from the watershed, because the lower
part of the fan was inundated during the flood
lying within the backwater limit of the Bukéwka
Dam (Teisseyre 1980, PL I, 4). Thus, mean dis-
charge of the bed load and saltation load for the
August 1977 flood may be estimated to be of the
order of 0.01488 m3s~! or ca. 002976 T s~!.
The ratio of Q/Q,, was 845 (Table 2). It may be
also shown that an average rate of linear erosion
occasioned by this flood totalled as much as
459 m? gravel per 1 kilometre of eroded channel
in a 24-hour period. This estimation is based on
the known length of erosive reaches of the river
and its tributaries and an empirically established
fact that gravel was supplied to the channel
mostly from its banks (with the exception of V-
shaped valleys; Pl. X, 2, Teisseyre 1980).

The total sediment runoff realized during the
flood amounted to ca. 31323 T. The runoff of the
suspended load contributed to 22323 T or ca.
71.3 per cent the total runoff. Therefore, during
the August 1977 flood, the lower River Zlotna
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was a bed load stream (¢f. Schumm 1968a,b;
Johnson and Smith 1977). Observations of another
floods which occurred in a decade 1971-1980
have indicated that low floods and large freshets
were characterized by much lower rates of the
bed load discharge. During these floods, the up-
per limit of the bed load typical of a mixed load
stream (11 per cent) was never reached. On the
other hand, at low and intermediate freshets, the
lower Zlotna was a suspended load stream. A
similar characteristics has been recently obtained
for the upper River Bobr (Teisseyre 1984).

In the exceptionally wet water year
1976/1977, the character of load of the lower
River Zlotna showed unusual variation. In this
year, the gravelly streambed was living for 9 days
(247 per cent of the time). During 3 days (0.08
per cent of the time) the River Zlotna was a bed
load stream, and on 6 days it was a mixed load
stream (1.64 per cent of the time). Generally,
during 6 months the river was a suspended load
stream and within the last 6 months it was a
dissolved load stream. In a relatively dry water
year 1974/1975, on the other hand, the Zlotna
was a mixed load stream on 3 days. In a period
of some 5 months it was a suspended load
stream, while dissolved load was dominant within
7 months.

In a decade 1971-1980 (with the exception of
wet years 1971 and 1977), a mean annual runoff
of the saltation load and bed load was less than
100 T/yr, which is less than 1 per cent mean
annual sediment runoff. In a mean water year the
River Ziotna is, therefore, a suspended load
stream. This is a very characteristic feature of
many Sudetic gravel-bed rivers (Teisseyre 1984).
It is suggested also that a similar hydrological
characteristics has been sustained here for a rather
long period of time (at least throughout the
historic period or the last 700 years). The domi-
nance of the suspended load in the Sudetic rivers
is perhaps the best explanation of their meande-
ring pattern and the development within deforested
valleys of thick overbank deposits (Teisseyre 1984,
1985).

In the context of river’s load it seems to be
suitable to discuss here the subsurface structure
of the Holocene deposits of the Miszkowice Fan.
The top surface of gravels underlying the cohesi-
ve overbank alluvia is characteristically convex-
-up. The topography is actually buried under a
cover of the overbank deposits the thickness of
which increases rapidly towards the valley ma-
rgins (Teisseyre 1980, Fig. 3). According to

Schumm (1968a,b, 1977) such a type of valley fill
deposits is characteristic of mixed load streams.
The top layer of the buried Holocene gravels
contain no artifacts or other man-made objects
present within the cohesive overbank deposits
and in modern gravels. It is very likely, therefore,
that the gravels were deposited prior to settle-
ment of the area in question or before the mid
13-th century. Consequently, one may hypotheti-
cally assume that under conditions of a natural
forested landscape the Sudetic rivers were rather
mixed load streams.

Another problem of great importance to flu-
vial geomorphology is the ratio of the saltation
load to the bed load. An approximate solution to
the problem was obtained in the course of field
investigations carried out during and after the
August 1977 flood. The size of the bed load
material was established by direct observations of
the channel streambed along the thalweg. The
results of the field investigations appear to sug-
gest that the saltation load corresponds to gra-
vels less than 12 cm or 8 cm in diameter for the
upper and the lower portion of the fan, respecti-
vely. There is also some limited field evidence
supporting the conclusion, because on several
submerged point bars pebbles were observed mo-
ving mostly in saltation in a range of stages from
a nearly bankfull to the highest noted stage. On
the basis of the above assumptions, the ratio of
the saltation load to the bed load was established
in the course of investigations of depositional
effects of the flood. For the whole fan it ranges
from 67:33 to 78:22 or from 2.03 to 3.55 (this is
the volume per cent ratio of gravels finer than
indicated above to coarser gravels). The ratio
may be thought to be some measure of “bar-
-forming potential” of the river, for the saltation
load is concentrated mostly on lateral and/or
point bars (Pl X, 2, XI, 2).

In order to compare the morphogenetic effec-
tiveness of extreme discharges field investigations
were performed during an exceptionally long low
flow period in November 1978. In a period of 3
weeks of unusually warm weather without rain-
fall, the discharge diminished from 0.571 to
0.11 m* s~ . In spite of a very low concentration
of the suspended load throughout the period, at
the end of November 1978 the channel streambed
was covered with a layer of brown muddy silt up
to several millimetres thick (with the exception of
riffle descents). Within the limits of the Miszkowi-
ce Fan, the volume of the deposits was establi-
shed to be 30-40 m3. The deposit was supplied
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exclusively from an actual wetted perimeter of
river channels owing to the low flow linear ero-
sion of the gravel-dominated streambed. Thus, it
may be demonstrated that a mean daily rate of
linear erosion occasioned by the low flow was of
the order of 0.0535 to 0.0715 m* per 1 kilometre
of channel. The rate of linear erosion for the
August 1977 flood was therefore from 642 to 858
times greater than that for the period of low flow.
The results of the two extreme events were diffe-

rent not only from hydrologic (rate, intensity) but
also from geomorphological point of view. The
low flow linear erosion supplied fine material,
which may be only in part preserved in voids of
gravel. In fact, the layer of silt was destroyed
during the first freshet at the end of November
1978, and the fine material was denuded. On the
other hand, the coarse gravel brought over the
fan during the flood was deposited there as a
whole contributing noticeably to its growth.

RATE OF DENUDATION OF THE ZLOTNA CATCHMENT BASIN

Taking into account the estimated sediment
runoff from the River Zlotna catchment basin
occasioned by an 84-hour period of the August
1977 rainfall and flood, it may be demonstrated
that the denudation rate was 0.58 mm per the 84-
hour period or 0.1657 mm per day. This is the
mean value of denudation for the whole basin
occasioned by one -catastrophic rainfall/flood
event, the recurrence interval of which is ca. 75
years. However, if only the arable land is taken
into consideration (ca. 8.4 km?), the denudation
rate will be much greater i.e, 1.93 mm per the
84-hour period or 0.5514 mm per day. The denu-
dation rates do not exceed the range of soil losses
occasioned in the Sudetes by heavy rainfalls.
According to Fatyga (1979), for the upper River
Bobr catchment basin these range from 0.1 to
2 mm. Chemical denudation is not included in
the above denudation rates.

In order to compare the instantaneous denu-
dation rate with that for a mean water year
measurements of water discharge and the suspen-
ded sediment concentration were carried out in
an average water year 1977/1978. A yearly period
of observation is obviously too short to give a
representative value of the denudation rate, yet in
the absence of official hydrological data it may
throw some light on the problem.

In the water year 1977/1978, the suspended
load was transported during ca. 6 months. The
suspended sediment runoff totalled ca. 28000 T
or ca. 15000 m? of soil (y, = 1.86 T m~3, Appen-
dix III). Consequently, taking into account the
whole catchment basin, the resultant denudation
rate was 0.536 mm/yr. A similar rate of denuda-
tion may be deduced from a previous work by
Bieroniski and Tomaszewski (1979) for the fore-
sted slopes of the Bialy Stumien Creek (a tributa-
ry to the River Zlotna). Mean yearly rate of slope
retreat ranges according to the authors from 0.2

to 0.4 mm/yr. However, taking into account only
the arable portion of the catchment basin the
denudation rate in 1977/1978 was 1.786 mm/yr.
The rates do not include chemical denudation,
which even in a basin underlain by crystalline
rocks may be significant (c¢f. Krzemien 1982;
Saunders. and Young 1983).

Mean supply of the suspended load in the
water year 1977/1978 was estimated to be ca.
1000 Tkm 2 yr~! or ca. 3300 Tkm™2 yr~! for
the whole basin and its arable portion, respecti-
vely. The bed load runoff contributed to 042 per
cent the total runoff. The results seem to indicate
that the instantaneous denudation occasioned by
an exceptionally heavy rainfall may be greater
than a yearly denudation in an average water
year. The above results are only preliminary and
the problem is still open for further research.

Unfortunately, little evidence exists as to
whether or not the above mentioned rates of
denudation are indicative of accelerated degrada-
tion of soils within the Zlotna catchment. A
satisfactory solution to the problem requires
knowledge of the rate of soil formation. If the
mean rate of soil formation established for the
USA (i.e. 0.25 mm yr~! under normal agricultu-
ral practice, ¢f. Schumm and Harvey 1982) may
be also applied to the Sudetes, the soil losses
within the Zlotna catchment will be serious lead-
ing to the irreversible soil degradation, particu-
larly on the arable part of the catchment. That
this is indeed the case is manifested by the comp-
lete removal of soil from many crest elevations
situated within plough-land where bare bedrock
is being exposed. At the same time, flat valley
floors are being covered with soil-derived, fine-
-grained overbank alluvia at a mean rate of
1.7 mmyr~! (Teisseyre, unpublished report).
Construction of the Bukéwka Dam in 1907 (dry
reservoir located just below the junction of the
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River Ztotna and the River Bobr) has increased
this rate to 29 mm yr~! (within the limits of the
reservoir pool, Teisseyre, unpublished report).
The rates of denudation obtained in this preli-
minary study may appear to be large even if they
are in accord with the results of the previous
works made in the Sudetes (Fatyga 1979; Bieron-
ski and Tomaszewski 1979) and do not exceed
denudation rates reported from other mountai-
nous regions (Hewitt 1972). However, mean an-
nual denudation rate of the order of
1000 Tkm™2 yr™! may be explained by the
small area of the catchment basin, in which the
sediment delivery ratio is rather high (¢f. Collins
1981; Walling and Webb 1983). Moreover, it
should be stressed that denudation may be
thought to be an areal process only in a statistic
sense and in longer periods of the time. Even in
the category of graded or modern time scale
(Schumm and Lichty 1965) denudation is realized
mostly by linear erosion including rill, gully, cart
road and stream erosion (c¢f. Froehlich 1975,
1982; Frochlich and Stupik 1980). The runoff of
the suspended sediment from a catchment basin
is therefore primarily the result of dissection of a
landscape rather than regular layer by layer re-
duction of the land level (Schumm 1977).
Another problem worth discussion is distance
of transport of the suspended load (c¢f. Maru-
szczak 1984b). The distance is certainly much
shorter than it is usually assumed. The investiga-
tions of silting of the Pilchowice Dam (the River
Bobr below Jelenia Gora) clearly indicates that
rather a small portion of the suspended load
supplied to the River Bobr by its tributaries may
really reach the dam (Orth 1934; Chomiak er al,
1969; Teisseyre 1984). This is in accord with the
general concept of the sediment delivery ratio,
which decreases rapidly as the basin area increa-
ses. In large Polish catchment basins up to 75 per

SUMMARY AND

1. During periods of intense rainfall or thaw,
the River Zlotna is fed with detrital material
from valley slopes (areal and linear erosion), as
well as from stream channels and cart roads
(linear erosion). The erosion of slopes yields ma-
terials of variable size, but in flat-floored valleys
only fine-grained products of erosion are usually
supplied to the stream contributing to its suspen-
ded load. In V-shaped valleys each kind of ero-

cent the suspended load may be deposited within
the basins (Maruszczak 1984b). In the upper Ri-
ver Bobr drainage basin, the suspended load is
deposited not only on alluvial plains, but also
within the zone of active channel including lateral
bars, point bars, and voids of channel lag gravels
(Teisseyre 1984).

Furthermore, preliminary field investigations
of the suspended sediment concentration in
samples collected in short intervals of the time in
the Ziotna catchment basin clearly indicate that
in each case the concentration increases downval-
ley, sometimes many times (Appendix II). This
suggests that the rate of denudation for the lower
part of the basin underlain by relatively weak
Lower Carboniferous rocks is greater than that
for the upper part underlain by crystalline rocks.
If so, one may conclude that the metamorphic
ranges bordering the basin from the west have
been exposed progressively from under their sedi-
mentary mantle. Consequently, relative heights
within the basin should increase over time. It
may be suggested that such a tendency has been
sustained throughout the Cainozoic. If this hy-
pothesis is true one may reasonable suppose that
local stream slopes as well as grain size of their
deposits should increase with passage of time, at
least in the zone of gentle relief bordering the
metamorphic ranges. The idea is worth further
exploration.

Both the processes — the progressive, selecti-
ve denudation and the dissection of the landscape
may be thought to be responsible for the evolu-
tion of the Sudetic relief, at least in the Caino-
zoic. The relief, characterized by the presence of
isolated mountain chains separated by intramon-
tane basins and broad flat-floored valleys, has
been evolving at least since the beginning of
Paleogene (Jahn 1956, 1960, 1980; Jahn and
Szczepankiewicz 1967; Klimaszewski 1980).

CONCLUSIONS

sion and/or mass movements may supply all
detrital materials directly to the stream. Linear
erosion, taking place along streams’ channels and
cart roads, is the main source of coarse detrital
material (2-1024 mm) contributing to the bed
load of the river. In winter, during short thaws,
and in rainless seasons, the suspended load is
supplied to the river from the actual wetted
perimeter (banks composed of fine-grained over-
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bank alluvia, fine-grained deposits accumulated
previously within the channel, washing of the
gravelly streambed).

2. Within-soil tunnels have been found on
steep forested slopes after the heavy rainfall on
July 31 till August 2, 1977. This seems to indicate
that under conditions of extreme rainfall denuda-
tion of forested slopes may be accomplished pri-
marily by processes similar to piping.

3. Gravels deposited during the catastrophic
August 1977 flood were rich in anthropogenic
constituents and unstable rock fragments includ-
ing friable sandstone, shale, phyllite, some mica-
-schists, pegmatite and metalimestone. The rocks
disappeared from the emerged bar surfaces within
a period of 2 to 5 years due to frost disintegra-
tion and solution.

4. Sands deposited by the lower River Zlotna
are immature lithic arenites poor in quartz. In
the mesoenvironments of natural levees and allu-
vial plain the content of mud increased within a
period of S years (1977-1982) from ca. 1 per cent
by weight to 4.5 per cent on the average. The
deposits were not inundated since 1977 and the
increase in mud content is most likely the result
of chemical in place weathering of the immature
sand.

5. During floods and large freshets, the lower
Zlotna is carrying S kinds of load including the
floating, dissolved, suspended, saltation and the
bed load. The bed load is moving in a close
contact with the streambed, in a layer the thick-
ness of which is assumed to be of the order of 2
grain diameters (the Einstein’s heavy-fluid zone).
The saltation load is transported in a near-bed
saltation layer. It is up to several decimetres
thick, but locally may occupy the entire channel
depth. The detrital material carried during floods
range in size from clay to boulders ca. 0.7 m
across. With discharges lower than 0.65 m®s™!,
practically only dissolved load is carried by the
lower Zlotna.

6. Floating load (mostly plant matter) is car-
ried in greater amounts only in the warm half of
the year and on rising stages of floods. In the
cold half of the year, the floating load is restric-
ted mostly to river ice and snow. Frazil may
locally be accumulated to form ice jams resulting
in local winter floods.

7. Initiation of transport of the suspended
load depends on the season of the year and the
flow conditions. In the warm half of the year,
after longer periods of low flow, the suspended
load begins to move with discharge Q ca. 0.15 to

03 m?® s~ !, After longer periods of mean flow,
the threshold value of discharge responsible for
initiation of the suspended load transport increa-
ses to @ ca. 0.6-0.8 m3 s~ 1. An analogical quanti-
ty of discharge for the cold half of the year may
be as large as 1 to 1.1 m3 s™!. Maximum concen-
tration of the suspended sediment noted during
the August 1977 flood was C, = 24.6 kG m™3.
The upper limit of size of the suspended material
cannot be determined; it depends on local struc-
ture and intensity of turbulence. During the Au-
gust 1977 flood, the suspended load comprised
locally flat cobbles (64-256 mm).

8. The lower Zlotna is carrying gravel mostly
as its bed load and saltation load. There is
mutual transition between the two kinds of load.
The mode of transport of gravel depends on
grain size (sphericity) and immersed weight (de-
termined by specific weight, dimension and sphe-
ricity). The upper limit of gravels transported
during the August 1977 flood in the form of the
permanent saltation load is 34 kG (immersed
weight). The process of saltation of gravels may
be initiated under conditions of essentially stable
gravelly streambed. However, a full development
of the saltation layer needs living bed conditions.

9. It has been observed that in the cold half of
the year the initiation of movement of the bed
load takes place under conditions of perceptibly
lower stage than in the warm half of the year.

10. Any discharge equal to or greater than
that causing the initiation of movement of the
gravelly streambed may result in hydraulic sort-
ing of gravel. The biggest and heaviest clasts
(large flat fragments, medium or large spherical
clasts) are transported along the thalweg as the
bed load and the saltation load. The fragments
tend to be concentrated in channel pavement. At
the same time, relatively light gravels (particularly
small and medium flat clasts), carried mostly in
saltation, tend to be concentrated in lateral parts
of the channel due to lateral diffusion of the load
occasioned by turbulence. The fragments are de-
posited on lateral bars and/or point bars. Small
and medium-sized gravels of large sphericity are
easily transported downchannel. This leads to the
diminution in grain size in the downvalley direc-
tion and may cause certain increase in sphericity
in the same direction. Hydraulic sorting occasio-
ned by flood flows may also result in lateral
diminution in both size and sphericity of gravels
(between the thalweg and the lateral bars). One
may speak, therefore, of lateral hydraulic sorting
and longitudinal hydraulic sorting, and the two
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processes may lead to somewhat different results.

11. The August 1977 flood was competent to
transport boulders up to 0.7 m across (immersed
weight ca. 100 kG). The distance of transport of
gravel-sized material was rather large and it is
likely that at least some lithologies come directly
from their source areas lying in the headwater
portion of the catchment basin (distance of travel
9 to 10 km). Regular (cubic) granitic cut stones
eroded from the destroyed weir in Miszkowice
were carried during the flood to a distance of
some 1.5 km. They were transported as the bed
load and travelled along the thalweg passing
through many bends without being deposited.

12. It has been found that the Neill’s formula
(1967, 1968a,b) for critical velocity can be applied
for the cobbly bed of the River Zlotna provided
that the constant it contains is 1.77. Similarly,
critical bed shear stress may be computed from
Krey-Schoklitsch’s formula (Schoklitsch 1950)
provided that the constant it contains is changed
to 0.03. The modified formulae presented in this
study describe critical conditions for an “immatu-
re” channel pavement with numerous clasts pro-
truding above the mean streambed (unfilled or
partly filled underloose boundary — definition in
the text).

13. Overloose boundary conditions have ne-
ver been found in the River Zlotna streambed
gravels. Normally loose boundaries are characte-
ristic of lateral and/or point bars where they are
usually of secondary origin being produced due
to deformation by river ice (static pressure, shear
due to displacements during ice run) or by ani-
mals and man. It is suggested that underloose
boundaries corresponding to closely packed and
imbricated gravels should be subdivided into 3
categories: subtype a — unfilled underloose
boundary, which is highly permeable and shear
penetrative, subtype b — filled underloose boun-
dary, which is permeable but no longer shear-
-penetrative, and subtype ¢ — consolidated under-
loose boundary, which is characterized by the
presence of compact, cohesive filling (loamy or
muddy sand or gravel). Shear stress necessary to
initiate scour and entrainment of such deposits
(mostly older alluvial sediments) are comparable
to that required for a compact clay or loam.

14. Sediment transport in a gravel-bed stream
may be analysed in terms of some threshold
discharges and/or corresponding threshold stages.
In this study 3 threshold discharges have been
distinguished: Q,,; — the discharge initiating per-
ceptible suspended sediment transport, Q,,, —

the discharge responsible for initiation of move-
ment of the gravelly streambed, and Q,,; — the
discharge necessary to keep fine gravel in suspen-
sion: the gravel may be (and commonly is) depo-
sited in the extra-channel sub-environment includ-
ing natural levees or flood plains. In the channel
of the lower River Zlotna, all the discharges
correspond to stages lower than bankfull. Howe-
ver, the Q,, is always close to the bankfull
discharge. The bankfull discharge is thus one of
the most important characteristic discharges, for
it renders all the mechanisms of sediment trans-
port possible and is necessary for their full devel-
opment.

15. The discharge of the suspended sediment,
Q... shows good correlation with both the water
discharge, Q, and the total stream power, Q, at
least on at-a-section level. The regression line
obtained for the lower River Zlotna may enable
one to compute an annual runoff of the suspen-
ded sediment. Also, the 24-hour suspended sedi-
ment discharge is related to dimensionless discha-
rge parameter by the formula which reads: G
= 7535 (Q/Q,)**%? [T/day].

16. Dimensions of gravels deposited on the
Miszkowice Fan by the catastrophic August 1977
flood diminish characteristically downfan. The di-
minution in grain size may be correlated with the
cross-sectional area of flow, the local bankfull
discharge and the total stream power. On the
other hand, the variability in grain size may be
not correlated with the mean flow velocity, the
hydraulic slope and the mean shear stress.

17. During the August 1977 flood, the runoff
from the River Zlotna catchment amounted to
26.2 per cent mean annual runoff. Over a 60-hour
period, the discharge was higher than bankfull.
Within a period of 84-hour, during the flood, the
suspended sediment runoff totalled up to
22323 T. Mean discharge of the suspended sedi-
ment was of the order of Q, = 0.03886 m> s~ 1.
Mean concentration of the suspended sediment
attained a value of C;, = 584 kG m~* and the
ratio of Q/Q,, was 323. At the same time, the bed
load runoff contributed to 4500 m® of gravel
deposited on the Miszkowice Fan including the
zone of the active channel and the extra-channel
zone. Mean discharge of the bed load and salta-
tion load was estimated to be 0.01488 m3 s~!
and the ratio of Q/Q,, was 845. Mean rate of the
linear river erosion that took place in the eroded
reaches of the River Zlotna and its tributaries,
yielded ca. 46 m® of gravel per 1 kilometre of
channel per 24-hour. During the August 1977
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flood, the lower Zlotna was a bed load stream
and, as much as 71.3 per cent its sediment load
was transported in the form of the suspended
load.

18. Similarly as another Sudetic gravel-bed
rivers, the River Zlotna modifies its load through-
out the water year and from one water year to
another. In the wet water year 1976/1977, the
River Zlotna was a bed load stream on 3 days
and a mixed-load stream on 6 days. The gravelly
streambed was living on 9 days. During ca. 50
per cent of the time, the river was a suspended
load stream, while in the remaining 50 per cent
of the time it carried practically only the dissol-
ved load. In the dry water year 1974/1975, the
gravelly streambed was living on 3 days (mixed
load stream). The runoff of the suspended sedi-
ment lasted no more than 5 months and during 7
months the dissolved load was predominant. Ge-
nerally, in the decade 1971-1980, the River Zlot-
na was a suspended load stream. With the excep-
tion of two wet water years (1971, 1977), the
runoff of the bed load and saltation load contri-
buted to less than 1 per cent the total annual
sediment runoff. Field evidence gathered during
and after the August 1977 flood seem to indicate
that the ratio of the saltation load to bed load
ranged from 2.03 to 3.55 (the ratio refers to the
84-hour period of the flood).

19. During the 84-hour period of the August

1977 flood, the rate of denudation of the River
Zlotna catchment was 0.1657 mm per 24-hour
and 0.5514 mm per 24-hour for the whole basin
and its arable portion, respectively. In an average
water year 1977/1978, the rate of denudation was
0.536 mm per year and 1.786 mm per year for the
whole basin and its arable part, respectively.
Mean annual yield of the suspended load was
estimated to be ca. 1000 Tkm~2yr~! and
3300 T km~2 yr~! for the whole basin and its
arable part, respectively. It is suggested that the
sediment delivery ratio for this small catchment is
rather high.

20. It has been found that the lower part of
the River Zlotna catchment underlain by relative-
ly weak Lower Carboniferous rocks is subjected
to a more intense denudation than its upper part
underlain by metamorphic rocks. The denudation
is to a large extent the result of linear erosion,
which leads to a progressive dissection of the
landscape and an exposure of the metamorphic
ranges from under their sedimentary mantle. It is
suggested that such a tendency has been sustai-
ned throughout the Cainozoic giving rise to the
formation of the Sudetic landscape characterized
by isolated mountain ranges separated by broad
flat-floored valleys and intramontane basins

Wroclaw, March 1985
Translated by A.K. Teisseyre
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Appendix 1

Suspended sediment concentration in the Zlotna catchment basin (selected data from a
period 1977-1984). Suspended sediment concentrations are given as kG m~3, with dry
weights being used in all calculations

Koncentracja obciazenia zawiesinowego w zlewni Ziotnej (wybrane dane z lat 1977-1984)

Discharge at
Date rwers m? :’l th Location
Data PE:: p:yw]u Lokalizacja [kG m~¥]
ujscia rzeki

1| 1977.08.01 ca. 40 Zlotna, Miszkowice Fan 24.591
2 ” - Upper Zlotna, above Klatka 11.820
3 " - Cart road 39.856
4 " - Cart road 86.520
5 " - Sheetflow on meadow 0.961
6 ” - Mudflow 395.1

71 1978.12.14 3.394 Zlotna, Miszkowice Fan 0.921
8 ” - Upper Zlotna, above Klatka 0.243
91 1979.01.29 0495 Ziotna, Miszkowice Fan 0.257
10 " - Zlotna, above Klatka 0.009
11{ 1979.11.08 1.584 Ziotna, Miszkowice Fan 0.317
12 ' - Zlotna, above Klatka 0.026
13| 1979.12.11 1.220 Zlotna, Miszkowice Fan 0.248
14 " - Ziotna, above Klatka 0.089
15| 1980.10.19 1.173 Ziotna, Miszkowice Fan 0.112
16 " - Zlotna, above forest limit 0.006
171 1981.09.13 6.090 Ziotna, Miszkowice Fan 1.403
18 - Upper Zlotna, above forest limit 0316
19 ” - Cart road 17414
20 - Cart road 23.765
21 ” - Meadow 0.327
22| 1982.07.21 4.375 Zlotna, Miszkowice Fan 0.946
23 " 11.5 Zlotna, Miszkowice Fan 3.486
24 ' - Zlotna, above Klatka 0816
25 " - Cart road 37.826
26 ” - Cart road 112.6
27} 1983.05.02 15.5 Zlotna, Miszkowice Fan 6.280
28 ” - Zlotna, above Klatka 1.341
291 1984.03.27 ca. 2.6 Zlotna, Miszkowice Fan 0426
30 " - Zlotna, above Klatka 0.195
31 " - Cart road 7.595
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Appendix 11
Predicted and measured values of ¥, and (1,),, for the River
Ziotna channel (1977-1984)

Prognozowane i zmierzone wartosci V,, i (o), dla koryta
Ziotnej (1977-1984)

Vcr [m s” l] (ro)cr [kG m—Z]

Grain [According to{Measured|{ According { Compu-

size, modified in the |to modified [ted from

D [m] Neills’ field Krey-  lfield data

Srednica | formula | Zamie- |-Schoklitsch | Obliczo-
ziarn Wedlug (rzone w| formula ne na
zmodyfiko- | terenie Wedlug podsta-

wanej zmodyfi- | wie po-

formuly kowanej | miarbéw

Neilla formuly tereno-
Kreya- wych

-Schoklitscha

1] 0.083 207 2.15 4822 4.909
2] 0127 3.12 3.29 7.378 7419
3| 0.106 2.38 247 6.190 6.238
4] 0.268 345 330 15.448 15404
51 0.071 194 2.05 4.148 4.296
6f 0.183 294 279 10.587 10.593
71 0.138 2.60 254 7.963 8.015
8] 0.063 1.76 1.85 3.635 3.688
9] 0.302 3.61 3.50 17.420 17.589
10 0211 3.14 3.25 12.131 12.145
11} 0.091 212 204 5.275 5.203

Note: !, 2 — Feb. 24-28, 1978, Q = 6-11 m* s™'; 3 — Dec. 14, 1978. Q
=98 mPs !4 .~ Aug. 3, 1981.Q = 16m® s™': 6 — July 21, 1982, Q = 12.m*
ST 7.8 — May 31983 Q = 14-1Sm® s™"; 9-11 — Sept. 12, 1984, Q = 15—
-16m*s~!

Appendix 111
Total sediment runofl from the Zlotna catchment in the water
year 1977/1978 as measured by the author (Miszkowice Fan)

Calkowity roczny odplyw osadu ze zlewni Ziotnej w roku
hydrologicznym 1977/1978 wedlug pomiaréw autora (stozek

Miszkowic)
Rfange ofi Duration, Susr‘)endcd
discharge days sediment
[m3s™!] -3 . runoff [T]
Zakres [Tm™7] Czasdtoli)“;ama, Odplyw
przeplywow zawiesiny
0.6-0.8 0.00005 20.29 61.4
08-1.0 0.00006 40.59 1894
1.0-2.0 0.000155 60.96 1224.6
2.0-40 0.00043 40.59 4524.0
4.0-90 0.00135 15.15 11486.1
9.0-100 0.00263 483 10426.5

Total suspended sediment runoff 279120 T/yr
Total bed-load runoff* 118.0 T/yr

Total yearly sediment runoff 28030.0 T/yr

* Volume of gravel deposited within the lower River Zlotna channel in the
water year 1977/1978 amounted to ca. 40.0 m* or ca. 118 T (0.42 per cent total
yearly sediment runoff).

Objgtosé dwiréw zdeponowanych w korycie dolnej Zlotne) w roku hydrolo-
gicznym 1977/1978 wynosila ok. 40,0 m®, czyli ok. 118 T (0,42, calkowitego
rocznego odplywu osadu).



PROCESY FLUWIALNE NA ,,MOKRYM” STOZKU MISZKOWIC.
CZESC 11. TRANSPORT OSADU ZE SZCZEGOLNYM UWZGLEDNIENIEM
POWODZI W SIERPNIU 1977 ROKU

Andrzej Karol Teisseyre

Instytut Nauk Geologicznych Uniwersytetu Wroclawskiego
ul. Cybulskiego 30, 50-205 Wroclaw

Streszczenie

Rzeka Zlotna, gorski doplyw gornego Bobru w Sudetach Zachodnich. moze
byé uwazana za typowy mala Zwirodenng rzeke Sudetow. Jest to rzeka o deszczo-
wo-§nieznym ustroju zasilania (Q ok. 046 m® s™'), odwadniajgca zlewni¢ o
powierzchni ok. 28 km?. Badania geologiczno-srodowiskowe prowadzone przez
autora w ciagu 7 lat (1977-1984) umozliwily okreslenie obcigzenia Zlotnej oraz
warunkéw jego transportu w ujsciowym odcinku rzeki, na stozku Miszkowic.

Dolna Zlotna transportuje w czasie powodzi obciaZenie flotacyjne, rozpu-
szczone, zawiesinowe, saltacyjne i denne. Stwierdzono, ze obciaZenie zawiesinowe
rzeki pochodzi gléwnie z dolnej czesci dorzecza podscielonej przez érednio odpor-
ne skaly dolnego karbonu. Ta czgé¢ dorzecza jest w wigkszosci wylesiona i
uzytkowana rolniczo od ok. 700 lat.

Wykazano, Ze zasigg powodziowego transportu zwiru moze by¢ bardzo duzy.
Jest bardzo prawdopodobne, ze w czasie jednej katastrofalnej powodzi gruby zwir
moze byé przetransportowany z obszaru zrodlowego Ziotnej na jej stozek naply-
wowy przy ujsciu rzeki do Bobru (ok. 9-10 km). W czasie transportu powodziowe-
go Zwiry ulegaja sortowaniu hydraulicznemu. glownie wedlug ksztaltu (sferycznos¢)
i wielkoéci (cigzar w zanurzeniu). Zwiry plaskie, transportowane gléwnie przez
saltacjg, maja tendencj¢ do koncentrowania si¢ na tachach bocznych i meandro-
wych. Jest to wynik bocznej dyfuzji obciaZenia saltacyjnego rzeki. Zwiry o duzej
sferycznosci (cigzkie) lub zwiry plaskie o duzej srednicy koncentrujg si¢ na dnie
koryta tworzgc bruk korytowy. Stwierdzono, ze duze zwiry o duzej sferycznosci sa
w czasie powodzi toczone wzdlui talwegu na dhugich odcinkach koryta krgtego, a
nawet meandrujacego, nie ulegajac po drodze depozvcji. wlczasie powodzi sierp-
niowej 1977 r. najcigiszy blok skalny toczony po dnie wazyl pod woda ok.
100 kG. a najwigkszy obiekt poruszony przez wod¢ wazyl w zanurzeniu ok. 2 T.

Stwierdzono. ze formuly Neilla (1967, 1968a.b) oraz Krey-Schoklitscha
(Schoklitsch 1950) dajq prawdziwe wartosci predkosci krytycznej i krytycznego
naprezenia $cinajacego inicjujacego ruch zwiru pod warunkiem, ze wystgpujace w
nich state zostana w sposOb ostroizny dostosowane do lokalnych warunkow
przeplywu. W pracy zaproponowano zmodyfikowane formuly, sprawdzone w
terenie w korycie dolnej Ziotnej.

Pomiary wielkosci zwir6w wykonane na stozku Miszkowic po powodzi w
sierpniu 1977 r. wykazaly, ze wiclko§¢ zwird6w maleje w kierunku w dét stozka.
Spadek wietkosci 2wiréw wykazuje dobra korelacj¢ z polem przekroju przeptywo-
wego koryta, przeplywem petnokorytowym lub z calkowita moca strumienia.
Zmniejszanie si¢ $rednic zwiru moze natomiast nie wykazywac korelacji ze srednia
predkoscia przeptywu, spadkiem hydraulicznym i naprgzeniem scinajacym na dnie.
Pomiary koncentracji zawiesiny wykazaly, ze przeplyw obcijzenia zawiesinowego
moze byé rozpatrywany jako funkcja przeplywu wody tub catkowitej mocy stru-
mienia. Dotychczasowe obserwacje wskazuju. 7¢ dobowy przeplyw zawicsiny w

dolnej Zlotnej moze by¢ przyblizony réwnaniem empirycznym G,
= 7535(Q/Q,)***?. Wykazano, ze przebieg procesow korytowych i rozwdj koryta
rzeki 7wirodennej mozna analizowaé jakosciowo i ilosciowo w kategoriach przep-
lywéw progowych i odpowiadajacych im calkowitych mocy strumienia. Sposrod
najwazniejszych przeplywdw progowych nalezy wymieni¢ przeplyw inicjujacy ruch
zwirowego dna rzeki. Stwierdzono, ze w cieplej polowic roku hydrologicznego
przeplyw ten odpowiada w dolnej Ztotnej stanowi 3/4 pelnokorytowemu lub
zblizonemu, a w zimnej potowie roku analogiczny przeplyw jest wyraZznie mniejszy.

W ciagu roku hydrologicznego Zlotna nie tylko zmienia przeplyw, ale takze
charakter obciazenia. Obscrwacje prowadzone w latach 1971-1980 wykazaly, ze w
ciggu 5-7 miesigcy w roku Zlotna niesie prawic wylacznic obcigzenie rozpuszczo-
ne. Ruch zwirowego dna rzeki odbywa si¢ w ciagu roku w okresie 2-9 dni. W
przecigtnym roku hydrologicznym Zlotna jjest przez 6 miesi¢cy rzeky v obciazeniu
zawiesinowym, w tym w ciagu 2-4 dni obciaZenie rzeki ma charakter mieszany. W
wyjatkowo mokrym roku hydrologicznym 1976/1977 Zlotna byla przez 7 miesigcy
rzeka o obcigzeniu zawiesinowym, a przez 6 dni miala obcigZenie mieszane
(obcigzenie denne stanowilo wiedy 3-11%, obcigenia catkowitego), a przez 3 dni
byta rzeky o obciaZzeniu dennym (powddz w sierpniu 1977 roku). Sugeruje sig, ze
zawiesinowy charakter obcigzenia Zlotnej utrzymywal si¢ prawdopodobnie w
ciggu calego okresu historycznego (ostatnie 700 lat).

W czasie katastrofalne) powodzi w sierpniu 1977 roku w ciagu 3,5 doby
odplyw ze zlewni Zlotnej wynosit 26,2%, sredniego rocznego odplywu, zas odplyw
zawiesiny osiagnal wartosé ok. 23 tys. T (czyli ok. 71,3%, calkowitego obciazenia

dem). Srednie natgzenie przeplywu zawiesiny wynosito 0,03886 m* -~ ! przy Q/Q,,
= 323, natomiast $érednie natgzenie przeplywu obcigzenia dennego i saltacyj-
nego osiagnglo wartoéé 001488 m* s~ przy /0., — 845. Stosunek obciazenia
saltacyjnego do dennego wynosit 2.03-3.55 (przyblizone duane posrednie).

Roczne tempe denudacji zlewni Zlotnej. wyliczone dla przecigtnego roku
hydrologicznego 1977/1978. wynosilo ok. 0,536 mmy/rok dla calego dorzecza i
1.786 mm/rok przy uwzglednieniu tylko czg¢sci dorzecza uzytkowanej rolniczo. W
czasic 3,5 doby powodzi sierpniowej denudacja osiagneta wartos¢ 0,58 mm dia
calego dorzecza i 1,93 mm dla czgsci dorzecza uzytkowanej rolniczo. Stwierdzono.
ze dolna cz¢é¢ dorzecza, podécielona przez utwory dolnego karbonu. ulega denu-
dacji szybciej niz czgsé gorna podscielona przez skaly metamorficzne. Przypu-
szczalnie tendencja taka utrzymywala si¢ w ciagu calego kenozoiku powodujac
wypreparowanie grzbietéw gorskich zbudowanych ze skal metamorficznych spod
ich osadowej pokrywy.

Slowa kinczowe: Rzeki zwirodenne, geomorfologia fluwialna. sedymentologia
fluwialna. powodzie, obciazenie rzek, transport osadu, stozki naplywowe, denuda-
cju. Sudety Zachodnic

WSTEP

W okresie badan dolna Zlotna (gorski doptyw goérnego
Bobru) stanowita dogodny obiekt badan geologiczno-srodowi-
skowych ze wzgledu na naturalny przeptyw i wzglegdnie mate
zaklocenia $rodowiska wywolane gospodarcza dzialalnoscia
czlowieka (Teisseyre 1980). Druga czes¢ cytowanej monografii
poswigcona jest transportowi osadu w korycie dolnej Ziotnej,
badanego gléwnie na stozku Miszkowic. Zjawiska transportu
rzecznego mozna bylo poznaé stosunkowo najdoktadniej w
czasic powodzi w sierpniu 1977 r. Byla to najwigksza powédz

od czasu katastrofalne) powodzi w lipcu 1897 r. (Die Hoch-
wasser Katastrophe... 1897; Orlowska 1979; Teisseyre 1979a,
1980). Podstawowe parametry hydrauliczne przeplywu powo-
dziowego, charakterystyczne dla powodzi sierpniowej, zesta-
wiono w tabeli 1.

W czasie badan terenowych prowadzono, miedzy innymi,
pomiary glebokosci, predkosci i nat¢zenia przeplywu. mierzo-
no temperatur¢ powietrza i wody, pobierano proby wody i
lodu w celu ustalenia koncentracji zawiesiny oraz obserwowa-
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no zjawiska transportu fluwialnego w korycie rzeki, a w
czasie powodzi takze na zalanych obszarach pozakorytowych.
Badania terenowe form i osadéw pozostalych po powodzi

sierpniowej prowadzono w latach 1977-1980, natomiast opra-
cowanie kameralne zebranych danych i badania dodatkowe
trwaty az do wiosny 1984 r.

ZRODLO OSADU 1 JEGO SKLAD PETROGRAFICZNY

W czasie powodzi Zlotna jest zasilana materialem detry-
tycznym dostarczanym do koryta w wyniku erozji linijnej
(koryta rzek, drogi gruntowe, rowy odwadniajace) oraz erozji
powierzchniowej (stoki, glownie uprawne: tab. 2). Na niekto-
rych stokach zajetych przez las stwierdzono po powodzi
sierpniowej wystgpowanie zapadajacych si¢ tuneli. Obserwacje
te wskazuja, ze denudacja stokow lesnych moze odbywac si¢
w sposob malo widoczny, w wyniku procesow zblizonych do
pajpingu (ang. piping).

W czasie powodzi i silnych opadéw w sierpniu 1977 r.
erozja powierzchniowa dostarczala materialu bardzo zrézni-
cowanego pod wzgledem uziarnienia. Na obszarze wystgpo-
wania wciosow caly material dostarczany przez erozj¢ wodna
i ruchy masowe moze dostawaé si¢ wprost do koryta rzek. W
obrgbic dolin plaskodennych wigkszo$¢ grubego materialu
zwietrzelinowego jest natomiast gubiona po drodze, a do
koryta rzeki dostaje si¢ glownie material drobny (mul, il,
piasek) transportowany w zawiesinie. Jest to wynik tzw. selek-
tywnej erozji gleby (por. A. Jahn 1963, 1967, 1968: M. Jahn
1972; Fatyga 1979).

W czasie powodzi sierpniowej Koncentracja zawiesiny w
splywach stokowych schodzgcych z pdl uprawnych drogami
gruntowymi dochodzila do 90 kG m™ 3, a koncentracja osadu
w potokach blotnych do 400 kG m~3. Natomiast w wodach
pochodzacych ze stokow, ale wlewajacych si¢ do koryt rzek z
plaskich den dolin koncentracja zawiesiny wahala si¢ w grani-
cach 0,20-2,7 kG m™ 2. Wyniki pomiaréw koncentracji zawie-
siny zestawiono w dodatku I

Skiad petrograficzny zwir6w dolnej Zlotnej zdeponowa-

nych na stozku Miszkowic przez dwie powodzie roku 1977
zestawiono w tabeli 3. Kontrolne badania skladu petrografi-
cznego zwiré6w powodziowych wykonane 21 5 lat po powodzi
wykazaly zmiany wynikajace glownie z wietrzenia fizycznego
takich nieodpornych skal, ;jak lupki i piaskowce dolnego
karbonu oraz fyllity i lupki lyszczykowe. Skaly te ulegaja
latwo dezintegragji, gléwnie pod wplywem wietrzenia mrozo-
wego (geliwagji), rozpadajac si¢ na drobny gruz i pyl stano-
wigcy wtorne wypelnienie zwiréow deponowanych przez Zlot-
ng. Otoczaki marmuréw i fyllitw wapiennych znikajg nato-
miast ze zwirow w wyniku rozpuszczania, gdyz wody Zlotnej
zachowuja si¢ agresywnie wzgledem weglanu wapnia. Rozpu-
szczanie fragmentow wymienionych skal moze zachodzié tak-
ze pod powierzchnia lach, w calej masie $wiezo zlozonego
zwiru, ktory jest bardzo przepuszczalny i ustawicznie penetro-
wany przez przeplyw podziemny.

Piaski osadzane przez Zlotna naleza do piaskow lity-
cznych bogatych w miki, hydromiki, chloryty, amfibole, skale-
nie i inne skladniki niestabilne, a wzglednie ubogich w kwarc.
Zawarto$¢ wypelnienia (matrix) w piaskach korytowych nie
przekracza zwykle 4°/, wagowych, cho¢ w osadach zdepono-
wanych w strefach separacji pradu i w czeSciowo odcigtych
korytach zawartoé¢ mulu moze dochodzi¢ do 11%, wago-
wych. Piaski strefy pozakorytowej zawieraja 1-50°/, wago-
wych mulu. W wyniku proceséw glebowych i wietrzenia
chemicznego zawartosé¢ mutu w niektorych piaskach zdepono-
wanych na stozku Miszkowic w sierpniu 1977 roku wzrosla w
ciagu 5 lat od ok. 1%, do 3-5%, wagowych. Od sierpnia 1977
roku piaski te nie byly zalewane przez wody powodziowe.

OBCIAZENIE RZEKI I CHARAKTER JEGO TRANSPORTU

Praca transportowa rzeki jest wypadkowym efcktem jej
zasilania osadem oraz jej zdolnosci transportowej. Kazda
substancja niesiona przez rzeke stanowi jej obciazenie (z
wyjatkiem wody). Zasilanie rzeki osadem jest uzaleznione od
5 czynnikéw zewnetrznych kontrolujacych proces fluwialny,
wsrod ktorych Richards (1982) wymienia: klimat, szatg roslin-
ng, rzezbe terenu, budowe geologiczng zlewni oraz dzialalnosc
czlowieka. Zdolnos¢ transportowa rzeki zalezy od jej aktual-
nego przeplywu (Leopold i Maddock 1953 i wielu innych).
Charakterystyczng cecha rzek zwirodennych jest to, ze osiaga-
ja one pelna zdolno$¢ transportowa tylko w czasie duzych
wezbran i powodzi.

Jak wiadomo, istnieja trzy podstawowe rodzaje inicjacji
ruchu ziarn: translacja, unoszenie i rotacja. Sa one wynikiem
sit hydrodynamicznych zjawiajacych si¢ w przeplywajacej wo-
dzie, a w szczegdlnosci sil unoszenia i wleczenia. Poprzez
translacje, unoszenie i rotacj¢ sily te powoduja ruch osadu w
formie wleczenia, toczenia i saltacji. Relacje miedzy sitami
dzialajacymi w przeplywie, sposobami uruchamiania ziarn i
rodzajami transportu moga by¢ zlozone.

W warunkach w pelni rozwinigtego transportu fluwialnego
w korycie rzeki mozna wyr6zni¢ 3 ,warstwy”: 1) warstwe
denng, 2) warstwe saltacyjng i 3) warstwe zawiesinowa. Grani-
ce migdzy tymi warstwami sa przejsciowe, ponadto zawiesina
jest obecna we wszystkich wymienionych warstwach. Za Ein-

steinem (1950) przyjmuje si¢, ze grubos¢ warstwy dennej
wynosi ok. 2 srednic ziarna osadu budujacego dno. Transport
osadu moze odbywa¢ si¢ w rzece zwirodennej z natgzeniem
rownym pojemnosci rzeki (ang. full capacity transport) lub z
mnigjszym natgZeniem (ang. less-than-capacity transport).
Pierwszy sposob dotyczy glownie obciazenia dennego., drugi
— zasadniczo obcigzenia zawiesinowego.

W czasie powodzi Zlotna niesie obciazenie pochodzenia
roslinnego i mineralnego. Obciazenie to mozna podzieli¢ na 5
kategorii: 1) obciazenie flotacyjne (gléwnie material roslinny),
2) obciazenie rozpuszczone (roztwory), 3) obciazenie zawiesi-
nowe, 4) obciazenie saltacyjne oraz 5) obcigZenie denne. Od-
miany obcigzenia rzeki wymienione w punktach 3-5 stanowig
je) obciazenie mineralne, czyli obcigzenie osadem. Obciazenie
flotacyjne jest niesione na powierzchni wody, obcigZenie roz-
puszczone i pewne frakcje obcigzenia zawiesinowego oraz
lokalnie takze saltacyjnego plyna calym przekrojem przeply-
wowym koryta. Obciazenie denne jest transportowane po
dnie i w bezposrednim sysiedztwie, w warstwie dennej (ang.
bed layer, heavy-fluid zone). Grubosé tej warstwy wynosi ok.
2 $rednic ziarna materialu budujacego dno rzeki (Einstein et
al, 1940; Einstein 1950, 1964, 1968; Shen 1978). Wielkosé¢
ziarna obciazenia mineralnego Zlotnej, niesionego w czasie
powodzi, waha si¢ od drobin koloidalnych do blokow skal-
nych o $rednicy do 0,7 m. Przyklady skladu granulometry-
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cznego typowych osadéw dolnego biegu Zlotnej przedstawio-
no na figurze 1.

Obciazenie flotacyjne Zlotnej stanowi gléwnie materiat
ro§linny i rézne lekkie przedmioty niesione na powierzchni
wody (pl. I-IV, VI, I). Transport obcigZenia flotacyjnego jest
szczegllnie intensywny przy rosnacych stanach wezbran i
powodzi cieplej polowy roku, wiacznie z wezbraniami rozto-
powymi. W czasie wezbrant odwilzowych zimnej polowy roku
jako obciazenie flotacyjne transportowany jest gldwnie 16d
rzeczny (pl. III, Teisseyre 1979). Czesciowo zbutwiale i zmine-
ralizowane pnie drzew wymywane ze starszych zwiréw w
podcigciach brzegéw rzeki moga mieé¢ ciezar objetosciowy
wigkszy niz woda. Pnie takie sg transportowane przy dnie lub
po dnie i w czasie tego transportu ulegaja charakterystyczne-
mu uszkodzeniu.

Obciazenie rozpuszczone Zlotnej nie bylo przez autora
badane. Obciazenie zawiesinowe Zlotnej jest transportowane
w wyczuwalnych ilosciach tylko w czasie wezbran i powodzi.
W cieplej polowie roku rzeka osigga prog zmacenia w zakre-
sie przeplywow Q = 0,5-0,8 m® s~ " i przy koncentracji zawie-
siny ok. 0,01 kG m™3, Po dluzszych okresach nizdwek zmace-
nie moze wystapi¢ juz w zakresie przeptywéw @ =0,2-0,3 m?
s”!, a w zimnej polowie roku zwykle dopiero przy przeply-
wach 1-1,1 m3 s~! (por. Walling 1974). Zaleznoéé koncentra-
cji zawiesiny w powierzchniowej warstwie wody od natezenia
przeplywu ukazuje figura 2.

Wielko$¢ ziarna materialu transportowanego w suspensji
waha si¢ od ilu az po zwiry frakcji 4-64 mm, a lokalnie nawet
64-256 mm (fig. 3 i 4). W czasie powodzi Zwiry sa unoszone w
suspensji przede wszystkim w niektorych przeglebieniach ko-
rytowych, w miejscach silnych zaklécen przeplywu wokot
przeszkod i w niektdrych krewasach wylotowych (pl. I, II, III,
2, IV). Podczas powodzi sierpniowej w krewasach wylotowych
usytuowanych w punktach 4 i 5 w zawiesinie unoszone byly
zwiry frakcji 64-128 mm, a nawet w frakcji 128-256 mm.
Sredni cigzar w zanurzeniu tych ostatnich zwiréw wynosit 3—
-4 kG. W Zlotnej, podobnie jak w innych zwirodennych rze-
kach sudeckich, gérna granica frakcji zawiesinowej nie moze
by¢ jednoznacznie okreslona. Zalezy ona od lokalnych warun-
kéw przeplywu, a w szczegblnoéci od lokalnej intensywnosci
turbulencji (fig. 3 i 4).

Sposéb transportu zwiréw zalezy w duzym stopniu od ich
ksztaltu, a zwlaszcza od sferycznosci. Przy danych przeply-
wach wody transportowane w salacji sa giéwnie klasty plaskie
o malej sferycznosci, a wiec skladniki wzglednie lekkie w
poréwnaniu z kulistymi zwirami o tej samej srednicy (osi B).
Fragmenty o tej samej Srednicy, ale o duzej sferycznosci
(ciezkie), sa w tych samych warunkach przeplywu toczone po
dnie jako obciazenie denne.

Nate¢zenie transportu saltacyjnego oraz wielko$¢ ziarna
obciazenia saltacyjnego zaleza od natezenia przeplywu i stanu
wody, a $ciflej od intensywnoéci turbulencji, jej struktury i
§rednicy wiréw. W czasie powodzi sierpniowej w transporcie
saltacyjnym niesione byly takze zwiry klasy 128-256 mm
$rednicy.

Obciazenie saltacyjne rzeki zwirodennej jest silnie zwiaza-
ne z jej obciazeniem dennym. Oba wymienione rodzaje obcia-
Zenia stanowia gldwnie zwiry, migdzy obciazeniem saltacyj-
nym a dennym rzeki zwirodennej istnieja tez ciagle przejscia
przejawiajace si¢ wymiang osadu miedzy warstwami saltacyj-
na i denna. Inicjacja ruchu obciazenia saltacyjnego moze
nastapi¢ przy zasadniczo nieruchomym zwirowym dnie rzeki,
lecz pelny rozwdj przeplywu tego obciazenia zachodzi dopiero
przy ruchomym dnie rzeki. Z punktu widzenia mechaniki

transportu osadu oba wymienione rodzaje obciazenia mozna
traktowac lacznie, co w praktyce ma z reguly miejsce. Jednak-
ze z punktu widzenia sedymentologii i geomorfologii fiuwial-
nej nie byloby to uzasadnione. Z tymi dwoma rodzajami
obcigzenia moga by¢ bowiem zwiazane (i faktycznie sa) rézne
genetycznie formy i osady.

Obciazenie denne Zlotnej stanowia te skladniki, ktore
przy aktualnym przeplywie wypadaja z zawiesiny i nie moga
by¢ transportowane w trwalej saltacji. Inicjacja ruchu zwiro-
wego dna rzeki zachodzi przy przeplywach péipetnokoryto-
wych lub wyzszych. Obserwowano, ze w zimnej polowie roku
inicjacja ruchu zwirowego dna rzeki ma miejsce przy przeply-
wach wyraznie nizszych niz w cieplej polowie roku (Teisseyre
1984).

Obcigzenie denne Zlotnej (zwiry duze lub o duzej sfery-
cznosci, a wigc cigzkie) jest transportowane w trakcji dennej
przez toczenie, wleczenie i krétkie przeskoki saltacyjne przy
samym dnie. Ogoélnie biorac ruch ten odbywa sie w dot
koryta rzeki. Inaczej zachowuja si¢ jednak zwiry male lub o
malej sferycznoéci (a wiec wzglednie lekkie). Zwiry te maja
tendencj¢ do przechodzenia do transportu w saltacji i moga
byé przenoszone przez zawirowania w boczne czesci koryta,
gdzie naprezenia scinajace moga okazaé si¢ zbyt male, aby
zapewnic ich dalszy transport. Badania ksztattu zwiréw wyko-
nane po powodzi w sierpniu 1977 r. wykazaly istotnie, Ze
zwiry lach bocznych i meandrowych dolnej Ziotnej byly
wyraznie wzbogacone w klasty plaskie, natomiast w korycie
rzeki bylo wigcej zwiréw o duzej sferycznoéci (fig. 5, tab. 4).
Boczna dyfuzja obciazenia saltacyjnego jest szczegdlnie efek-
tywna w czasie przeplywdw powodziowych, gdy dobrze roz-
winigte warstwy saltacyjne przemieszczajg si¢ w dot koryta w
warunkach wzrastajacych réznic predkoéci miedzy strugq naj-
wigkszej predkosdci a bocznymi czeéciami koryta (por. Jackson
i Beschta 1982).

Mechanizm powodziowego transportu i sortowania hyd-
raulicznego zwiréw wedlug ciezaru i ksztaltu prowadzi do
koncentracji w dnie koryta rzeki gérskiej zwiréw wzglednie
cigzkich tworzacych bruki korytowe (ang. channel pavement,
channel-lag deposit). Sa to przede wszystkim duze zwiry
plaskie oraz duze i srednie zwiry o duzej sferycznoséci (tabela
4). Réwnoczesnie odprowadzane w dot koryta sa zwiry wzgled-
nie lekkie (male 2wiry o duzej sferycznosci oraz cze$é
srednich i malych zwiréw plaskich). Znaczna czeéé¢ érednich i
malych zwiréw plaskich zostaje zdeponowana po drodze na
fachach bocznych i meandrowych.

Sortowanie hydrauliczne jest wiec gldwnym czynnikiem
powodujacym zmniejszanie si¢ $rednic zwirdw w dot stozka
naplywowego lub doliny rzecznej i wzrost w tym samym
kierunku ich obtoczenia i sferycznosci (Lane i Carlson 1954;
Sneed i Folk 1958; Scott i Gravlee 1968: Meland i Norrman
1969; Bradley et al., 1972; Church 1972; Church i Gilbert
1975; Bluck 1982).

Podobny moze by¢ efekt sortowania hydraulicznego zwiru
w kierunku w poprzek koryta. Sortowanie boczne powoduje
spadek $rednic zwiréw oraz ich sferycznosci w kierunku od
dna koryta ku szczytom lach bocznych i meandrowych. W
rzekach zwirodennych mozna wigc méwi¢ o podiuinym i
bocznym sortowaniu hydraulicznym zwiru (fig. 6). Sortowanie
hydrauliczne powoduje tez zréznicowanie zasiggu transportu
powodziowego zwiru w zaleznosci od ksztaltu (gidwnie sfery-
cznodci), natezenia transportu osadu (Sedimentary Petrology
Seminar 1965) oraz upakowania i ulozenia zwiréw (Johansson
1963, 1965, 1976: Church 1972, 1978; Church i Gilbert
1975).
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WYDOLNOSC PRZEPLYWU I ZASIEG TRANSPORTU OSADU W CZASIE POWODZI SIERPNIOWEJ

Zdolnos¢ transportowa przeplywu powodziowego moze
byé rozpatrywana w kategoriach wydolnosci (ang. compe-
tence) i pojemnosci (ang. capacity). Wydolnos¢ rzeki okresla
maksymalna $rednica ziarna o okreSlonym ciezarze wlasci-
wym, ktore rzeka moze transportowaé przy danej predkosci
przeplywu. Pojemnos¢ rzeki odnosi sie w zasadzie do przeply-
wu osadu, a wigc jego objetosci, ktora rzeka moze przetrans-
portowaé przez dany przekrdy przeplywowy w jednostce cza-
su. W rzekach zwirodennych zaréwno wydolno$é, jak i poje-
mnos¢ moga by¢ potencjalne lub faktyczne, w zaleznosci od
obfitosci osadu w korycie rzeki i jego dostawy do koryta. W
czasie nizowek wydolnos¢ i pojemno$é jest przede wszystkim
potencjalna, poniewaz w korycie rzeki gorskiej zazwyczaj
brak osadu, ktory mogiby byé aktualnie transportowany,
badz tez jego ilos¢ jest zbyt mala, aby zapewnié ciagly trans-
port. Jest to dobrze znany przykitad rzeki zwirodennej o
obciazeniu rozpuszczonym. Jezeli iloé¢ osadu, ktéry moze by¢
transportowany, jest w korycie rzeki niewielka, rzeka moze
mie¢ duza wydolno$¢, lecz jej pojemnosé¢ bedzie mala. Jedynie
w czasie powodzi i duzych wezbran zar6wno wydolnosé, jak i
pojemnos¢ rzeki Zwirodennej jest rzeczywista i moze byé
bardzo duza. Dobrym przykladem duzej wydolnosci polaczo-
nej z mala raczej pojemnoscia jest inicjalny transport duzych
lekkich klastow (pl. IX). Przykiadem duzej wydolnoséci pola-
czonej z duza pojemnoscia moze by¢ masowy transport zwi-
row w czasie powodzi (skutki geomorfologiczne takiego wy-
darzenia ukazuja plansze VI-VIII, X, 2, XI, XIL 2. 3).

Najwigkszy klast niesiony w korycie dolnej Zlotnej przez
powddz sierpniowa miat 0,7 m $rednicy (tabela 5) i wazyt pod
woda ok. 100 kG. Najciezszym przedmiotem poruszonym
przez wody powodziowe byla kepa wierzb wyrwanych wraz z
korzeniami z prawego brzegu jednego z zakre¢tow (punkt 16).
Miedzy korzeniami wierzb zachowala si¢ bryta gliny aluwial-
nej podiciclona przez Zwiry. Bryla ta, wazaca pod woda ok.
2 T, zostala przewleczona przez prad na odcinku ok. 14 m i
porzucona w korycie rzeki w punkcie 17 (tabela 5). W swietle
duzych mocy przeplywu powodziowego (tabela 6) transport
przez Ziotna tak ciezkich obiektoéw nie jest niczym nadzwy-
czajnym.

Pojemnos¢ dolnej Zlotnej w czasie powodzi sierpniowej
udalo sie okresli¢ tylko w przyblizeniu. Zagadnienie to bedzie
poruszone nizej.

Badania terenowe przeprowadzone po powodzi sierpnio-
wej umozliwity okreslenie odleglosci, na jaka transportowany
byl material obciazenia dennego i saltacyjnego. Badania skla-
du petrograficznego zwirow dolnej Ztotnej wykazaly, ze po
powodzi sierpniowej w zwirach stozka naplywowego pojawity

si¢ liczne skaly mato odporne, a zwlaszcza otoczaki wapieni
krystalicznych (tabela 3). Jest bardzo mato prawdopodobne,
aby otoczaki tych skal mogly pochodzi¢ z rozmywania star-
szych zwiréw Zlotnej, ktore nie zawierajg tych skal, a zwla-
szcza otoczakow wapieni krystalicznych (wody Zlotnej sa
agresywne i otoczaki wapieni ulegaja w Zwirach szybkiemu
rozpuszczeniu). Wydaje si¢ natomiast prawdopodobne, ze w r.
1977 otoczaki takich skal, jak wapienie krystaliczne, pegmaty-
ty i niektore fyllity, zostaly przyniesione na stozek Miszkowic
wprost z obszaru ich wystgpowania w zrodlowej czesci zlewni.
Jesli tak bylo istotnie, wowczas zwiry te przebyly w jednym, a
co najwyzej w dwodch epizodach transportu (powodzie w maju
i w sierpniu 1977 r), odcinek ok. 9-10 km.

Duzy zasieg transportu cigzkich skladnikow obciazenia
dennego w czasie powodzi sierpniowej udato si¢ w petni
udokumentowa¢ dzigki czeSciowemu zniszczeniu przez te po-
wod? jazu pigtrzacego w Miszkowicach (pl. XI, I). Jaz ten byl
wykonany z regularnych cioséw z granitu strzegomskiego. Po
powodzi pojedyncze ciosy pochodzace niewatpliwie z tego
jazu znaleziono w korycie Ziotnej w wielu miejscach gornej i
srodkowej czesci stozka Miszkowic (tabela 5, pl. XI, 2, XII, 3).
Nie ulega tez najmniejszej watpliwosci, Ze w czasie powodzi
ciosy te byly transportowane w formie obciazenia dennego i
ze przemieszczaly si¢ wzdluz talwegu koryta. Wynika stad
wazny wniosek, a mianowicie, ze duze, cigzkie skladniki ob-
ciazenia dennego moga wedrowaé w czasie powodzi na dosé
dlugich odcinkach koryta kretego przechodzac po drodze
przez dziesiatki bystrzykow i przeglebien korytowych i przez
wiele zakretow. W g$wietle wynikow tych i innych badan
terenowych autora (Teisseyre 1984) nalezy uzna¢ za niestuszny
poglad dos¢ powszechnie wyrazany w literaturze przedmiotu
o lokalnym tylko transporcie zwiru w czasie powodzi i o
krotkim zasiegu tego transportu.

Z kolei transport powodziowy zawiesiny moze by¢ zna-
cznie krotszy niz sie to na pierwszy rzut oka wydaje. W czasie
powodzi w sierpniu 1977 r., a takze w czasie innych powodzi,
autorowi udalo si¢ stwierdzié, ze migdzy wodami plynacymi
dnem doliny a wodami strefy aktywnego koryta zachodzi
stala wymiana wod, zawiesiny i momentu (Teisseyre, w dru-
ku). Ogolnie biorac, strefy pozakorytowe rzek sa w czasie
powodzi obszarami depozycji zawiesiny, a ubytek tym spowo-
dowany jest uzupelniany przez erozje brzegow w strefie ak-
tywnego koryta, dostawe ze stokow i z dopltywow. Wskazuje
to, ze tadunek zawiesinowy rzeki ulega w czasie powodzi
ustawicznemu odnawianiu, a zasieg transportu poszczegél-
nych frakcji obcigZenia zawiesinowego, zalezacy od wieikosci
ziarna i warunkéw przeplywu, moze by¢ bardzo ograniczony.

JAKOSCIOWA I ILOSCIOWA ANALIZA HYDRAULICZNA TRANSPORTU OSADU
NA STOZKU MISZKOWIC

Inicjacja transportu obciaZzenia mineralnego w rzece mo-
Ze by¢ analizowana w kategoriach predkosci przeplywu lub
napreZent $cinajacych (Gilbert 1914; Hjulstrdm 1935; Shields
1936; Kalinske 1947; Sundborg 1956; Jarocki 1957; Leopold
et al, 1964; Henderson 1966; Leliavsky 1966; Neill 1967,
1968a,b; Raudkivi 1967; W.H. Graf 1971 Yalin 1972;
Bogardi 1974; Vanoni 1975; Bagnold 1977; Simons i Sentiirk
1977; Leeder 1979; Ackers i White 1980; Ackers 1982; Ri-
chards 1982; Hey et al., 1982; Klingeman i Epmett 1982;
White i Day 1982; Carling 1983). Analiza inicjacji transportu

6 — Geologia Sudetica, vol. XXI, ar 2

osadu w kategoriach predkosci przeplywu jest wazna zwla-
szcza dla okreslenia kompetencji rzeki, ktora jest proporcjo-
nalna (Srednio) do szdstej potegi predkosci przeptywu (Shen
1978). Rozpatrywanie transportu i sedymentacji osadu w kate-
goriach napreZen $cinajacych jest istotne zwlaszcza przy bada-
niu lokalnych zjawisk erozji i depozycji w korycie rzeki.
Krytyczne wartosci predkosci przeplywu, naprezen s$cinaja-
cych obliczonych réznymi metodami oraz pewne inne para-
metry istotne dla analizy warunkow transportu osadu dla
dwach przekrojow koryta Zlotnej podano w tabeli 7. Nalezy
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tu wyjasni¢, Zze niskie wartosci bezwymiarowego parametru
naprezenia $cinajacego (Shields’ entrainment parameter) moga
by¢ mylace. Moga one wynikaé z przyjecia mediany osi B
otoczakOw za srednia Srednice ziarna. Zastgpienie mediany
srednica nominalng powoduje wzrost bezwymiarowego para-
metru naprezenia $cinajacego do wartosci 0,049-0,057, a wigc
bliskiej teoretycznej wartosci podanej przez Shieldsa (0,056).

Nie wdajac si¢ w dalsza dyskusj¢ tego zagadnienia, ktore
w obecnym stanie wiedzy nie da si¢ chyba definitywnie roz-
strzygnaé, mozna wykaza¢ na podstawie pomiaréw tereno-
wych autora, ze formuly empiryczne Neilla (1967, 1968a,b)
oraz Krey-Schoklitscha (Schoklitsch 1950) daja wyniki zgodne
z obserwacjami w korycie Zlotnej, jezeli zostana zmodyfiko-
wane do postaci:

[ms™1]
kG m~?]

V., = /1.77(D/d)">*°(¢,) 0 — 1/(gD)
oraz (ty)., = 0,0301(y,—y) D.

Wartos¢ liczbowa zmodyfikowanego przez autora wspot-
czynnika proporcjonalnosci w rownaniu Neilla (1,77 zamiast
2,50; Neill 1967) jest bliska wartosci podanej przez tego
badacza w r. 1968 (2,0; Neill 1968b). Co sig tyczy wartosci
liczbowej zmodyfikowanego przez autora wspoéiczynnika pro-
porcjonalnosci w formule Krey-Schoklitscha (0,0301 zamiast
0,067) nalezy stwierdzié, ze jest to warto$¢ identyczna z wiel-
koscia parametru Shieldsa dla inicjalnych warunkéw ruchu
zwiru (tab. 7). Jest to oczywiste. poniewa7 formuta Krey-
-Schoklitscha przedstawia zjawisko inicjacji ruchu ziarn w
warunkach turbulentnej warstwy przysciennej. W takich wa-
runkach wartos¢ parametru Shieldsa jest stala i, jak si¢ obec-
nie najczesciej przyjmuje, wynosi ok. 0,03 (Kalinske 1947;
Neill 1968a,b; Vanoni 1975; Carling 1983). Istnieje wigc petna
zgodno$¢ migdzy faktami stwierdzonymi przez autora na pod-
stawie obserwacji i bezposrednich pomiaréw terenowych a
wspélczesnymi pogladami na inicjacj¢- ruchu zwirowego dna
(por. Carling 1983). Wyniki terenowej weryfikacji zmodyfiko-
wanych formut Neilla oraz Krey-Schoklitscha podano w do-
datku II

Stosunkowo niskie wartosci parametru Shieldsa, uzykane
przez autora dla warunkow inicjalnego ruchu zwirowego dna
dolnej Ziotnej w czasie powodzi sierpniowej, moga czgsciowo
wynikaé z faktu, ze bruki korytowe utworzone przez powodz
w maju 1977 r. nie byly jeszcze dojrzale (brak wypelnienia,
duza liczba klastow sterczacych ponad dno i eksponowanych
na dzialanie pradu). W takich warunkach nalezy spodziewaé
si¢ nizszych wartosci V, i (to)., niz w przypadku ustabilizowa-
nych dojrzalych brukéw (por. Church 1972; Baker i Ritter
1975; Rakoczi 1975, 1981; Bagnold 1977; Fenton i Abbot
1977: Simons i Sentiirk 1977; Carling 1983).

Nawiazujac do stanu dna koryta Zlotnej w czasie powo-
dzi sierpniowej w sposob bardziej Scisly wypada zwrocié
uwage na fakt znany od dawna, a mianowicie, ze inicjacja
ruchu ziarn zalezy nie tylko od réwnowagi sit dziatajacych na
ziarno, lecz takze od tekstury osadu w szerszym tego slowa
znaczeniu. Biorac pod uwage ulozenie i upakowanie ziarn
wyrdzniono 3 typy teksturalne ziarnistych, niekohezyjnych
osadow budujacych dno rzeki (por. Helley 1969: Yalin 1972;
Church 1972, 1978; Church i Gilbert 1975): 1) osady normal-
nie upakowane (ang. normally loose boundary), w ktérych
ziarna ulozone sa przypadkowo, lecz nie tworza tekstury o
wiasnosciach dylatacyjnych. Uwaza sig,” ze okoto 50%, ziarn
powierzchniowej warstwy takiego osadu wykazuje duza po-
datnos¢ na zainicjowanie ruchu przez odpowiednio szybki
przeplyw: 2) osady o luznym upakowaniu (ang. overloose

boundary), w ktérych ziarna tworza tekstur¢ dylatacyjng (osa-
dy ,kurzawkowe”); oraz 3) osady o ciasnym upakowaniu
(ang. underloose boundary) odznaczajace si¢ ciasnym upako-
waniem zimbrykowanych ziarn.

Zdaniem autora podzial powyzszy jest niepelny i wymaga
uzupeinienia. W Zlotnej, ktora jest typowa rzeka zwirodenng
o grubym zwirowym dnie (klasa Zzwiru 64-256 mm) zwiry
typu 1 1 2 nie wystgpuja w stale zanurzonej cz¢sci koryta
rzeki. Zwiry typu 1 pojawiaja si¢ natomiast na lachach bo-
cznych i meandrowych, na ktérych tworza si¢ wtérnie w
wyniku zaburzenia pierwotnej tekstury przez zwierzgta, ludzi,
a zwlaszcza przez 16d rzeczny.

W typie 3 osadow o ciasnym upakowaniu autor propo-
nuje wyréznienie 3 podtypéow. Podtyp 3a — niewypelnione
osady ciasno upakowane (ang. unfilled underloose boundary)
— odznacza si¢ tym, Zze przestrzenie por s3 wolne od osadu i
zawieraja tylko plyny. NapreZzenie scinajace jest w takim
przypadku przenikajace. Na dnie rzeki pory takiego osadu sa
wypelnione plynaca woda. Po powodzi w maju 1977 r. gru-
bo$¢ osadow tego typu w korycie dolnej Ztotnej dochodzita
do 0,3-0,5 m (pl. VII, VIII). Badania warunk6w uruchamiania
zwiru przedstawione w tej pracy dotycza takich wiasnie osa-
déw. Wykonane pomiary sugeruja, ze warunki inicjacji ruchu
zwiru nalezgcego do podtypu 3a moga nie odbiegaé¢ od
warunkow inicjacji ruchu osadéw o normalnym upakowa-
niu (por. Carling 1983; Reid i Frostick 1984; Reid et al.,
1985).

Podtyp 3b to wypelnione osady ciasno upakowane (ang.
filled underloose boundary). Pory w zwirach wypelnia w tym
przypadku niekohezyjny lub stabokohezyjny zwirek i piasek.
Osady te s3 przepuszczalne, ale naprezenie $cinajace nie jest
przenikajace. Zwiry tego typu moga powsta¢ w jednym epizo-
dzie depozycyjnym, zwlaszcza w czasie duzych powodzi niosa-
cych znaczny ladunek osadu (np. w czasie powodzi sierpnio-
wej, pl. VI, 2). Po powodziach odznaczajacych si¢ stroma falg
powodziowa tworzenie si¢ wypelnienia moze trwaé przez pe-
wien czas (np. po powodzi majowej, pl. VII i VIII).

Podtyp 3¢ odpowiada zwartym wypelnionym osadom
ciasno upakowanym (ang. consolidated underloose boundary).
Wypelnienie tworza tu kohezyjne mieszaniny itu, mutu, piasku
i zwirku, nierzadko o charakterze gliny. Nie wdajac si¢ w
genez¢ omawianych osadéow nalezy zaznaczyé, ze sa one
nieprzepuszczalne, a naprezenie scinajgce nie jest przenikajace.
Erozja takich utworéw moze wymagaé¢ duzych naprezen sci-
najacych, poréwnywalnych z napreZzeniami wiasciwymi dla
kruchych zlepiencow. W korytach rzek sudeckich utwory
takie tworza progi o dos¢ duzej trwalosci. Opisane osady
ulegaja latwo erozji tylko w strefie dzialania termoerozji, a
wigc w strefie erozji bocznej dzialajacej w zasadzie powyzej
sredniego zwierciadla wod gruntowych (Teisseyre, w druku).

W czasie badan terenowych obserwowano takze zjawisko
inicjalnego ruchu duzych blokow lezacych na dnie i nie
zagrzebanych w osadzie. Ogdélnie wiadomo, Ze inicjacja ruchu
takich blokow przebiega w warunkach duzo mniejszych na-
prezen scinajacych niz te, ktore sa niezbgdne do uruchomienia
zwirowego dna rzeki. Stwierdzono, ze bloki skat lekkich (np.
gliny aluwialnej) sg tatwo transportowane przez przeplywy
przejsciowe (0,6 < Fr < 1,0) lub rwace w warunkach glebo-
kosci 0,5D < d < 1,0D (pl. IX). Bloki skat krystalicznych mo-
ga wymagaé wigkszych glebokosci przeplywu, powiedzmy
075D <d < 15D (pl. X, I)) W tym ostatnim przypadku
wazna rol¢ moga odgrywa¢ sily unoszenia (ang. lift force, por.
Fahnestock i Haushild 1962; Miller et al., 1977).

Bardzo waznym zagadnieniem jest ustalenie wartosci kry-
tycznych naprezen Scinajacych wiasciwych dla zamierania ru-



PROCESY FLUWIALNE NA ,MOKRYM” STOZKU MISZKOWIC 43

chu osadu. Powszechnie wiadomo, ze wartosci te sg duzo
nizsze niz odpowiednie wartosci inicjujace ruch osadu (por.
Reid i Frostick 1984; Reid et al, 1985). Dla dolnej Zlotnej
autor nie dysponuje ani jednym odpowiednim pomiarem tere-
nowym, chod¢ istnieja pewne dowody posrednie (zwiry czopa
korytowego badane we wkopie w punkcie 10), ze stosunkowo
grube zwiry (M, = 142 mm) byly tam jeszcze deponowane
przy gicbokosci d =ok. 035 m i spadku niwelacyjnym S
= 0,006 884. Sugeruje to srednie napre¢zenie Scinajace na dnie
1o ok. 242kG m~2. Jezeli tak bylo istotnie, a w podane
wyzej liczby nie ma powodu watpi¢, mozna z pewnym uza-
sadnieniem przypuszczaé, ze zwiry te wypadaly z trakcji w
warunkach bezwymiarowego parametru napre¢zenia Scinajace-
go ok. 0,0095, co stanowi ok. 1/3 krytycznego napr¢zenia
scinajacego inicjujacego ruch tego osadu. Wyniki te mieszcza
si¢ w przedziale odpowiednich wartosci uzyskanych przez
wyzej cytowanych autoréw.

Jakosciowe i ilosciowe okre$lenie pojemnosci rzeki, czyli
w zasadzie przeplywu osadu, wymaga, zgodnie z koncepcjami
geometrii hydraulicznej, powiazania przeplywu osadu z przep-
lywem wody, a tym samym z calkowita moca strumienia
wyrazona rownaniem:

Q = yQE, [kGms™ 1]
gdzie: E = H =d+al?/2g. [m]
Zaleznosci, o ktorych mowa, daja si¢ zwykle wyraznie uchwy-
ci¢ dla konkretnych przekrojéw hydrometrycznych, moga by¢
natomiast trudne do sprecyzowania dla dluzszych odcinkéw
rzek.

Podstawg ilosciowego opisu przeplywu osadu jest ustale-
nie progowych parametréw przeplywu inicjujgcych transport
poszczegélnych rodzajéow obcigzenia rzeki (por. Schumm
1973, 1977, 1979; W. L. Graf 1983). Progowe parametry
przeplywu dla odcinka koryta Zlotnej polozonego w gornej
czesci stozka Miszkowic ukazano na figurze 7 i w tabeli 8.
Dane liczbowe podane w tabeli 8 nie maja oczywiscie znacze-
nia uniwersalnego i, zgodnie ‘z tym co powiedziano wyzej,
dotycza one jedynie sztucznego, prostego odcinka Zlotnej w
gornej czesci stozka Miszkowic, migdzy punktami 1 i 3 (pl.
XII, I). Podobna analiz¢ mozna jednak przeprowadzi¢ dla
dowolnego przekroju przeplywowego koryta. Mimo tego, po-
jedyncze wartosci Q,,, rzadko kiedy beda uniwersalne nawet
dla jednego i tego samego odcinka koryta. Powodem stwier-
dzanych rozbieznosci i réznic beda zmienne warunki przeply-
wu (zmiany ulozenia zwirdw, stopnia ich wypelnienia, obfitos-
ci osadu dostgpnego dla erozji i transportu, obecnos¢ lub
brak pojedynczych form dennych lub duzych przeszkéd, a w
koncu takze pory roku). Autor stwierdzil, ze w lecie wartos¢
Q.,» moze byé nawet dwukrotnie wigksza w poréwnaniu z
warunkami zimowymi. Stad inicjacja ruchu zwirowego dna
powinna by¢ raczej charakteryzowana dwoma skrajnymi war-
tosciami Q,,, odzwierciedlajacymi mozliwie pelna zmiennos¢é
warunkéw przeplywu w rozpatrywanym odcinku rzeki.

Zwiazek nat¢zenia przeplywu osadu z przeplywem wody
i z calkowita moca strumienia udalo si¢ okresli¢ jedynie dla

obciazenia zawiesinowego (fig. 8 i 9). Znajac czas trwania
przeplywéw w srednim roku hydrologicznym Iub w dowol-
nym czasie, powiedzmy powodzi, mozna obliczyé calkowity
przeplyw zawiesiny, a takze oceni¢ tempo denudacji zlewni.

Obliczenie rocznego przeplywu zawiesiny w zlewni Zlot-
nej moze ulatwi¢ réwnanie wyprowadzone przez autora meto-
da zastosowana przez Emmetta (1975) dla gdérnej czgsci zlewni
Salmon River (Idaho). Wedlug cytowanego autora dobowy
przeplyw obciazenia zawiesinowego G,, jest proporcjonalny
do bezwymiarowego parametru przeplywu:

Gt (Q/Qs) .

Na podstawie danych zebranych przez autora tej pracy (fig. 2)
mozna wykazaé, ze w zlewni Zlotnej

G, = 7535(Q/Q,)***2.

[T doba~']

[T doba~1]

Brak bezposrednich pomiaréw przeplywu obciazenia
dennego w czasie powodzi uniemozliwil okreslenie zwiazku
migdzy przeplywem tego obciazenia a przeplywem wody i
moca strumienia. Hipotetyczna zalezno$é tego rodzaju uzy-
skano dla obciazenia dennego przy nast¢pujacych zaloze-
niach: 1) stwierdzonym przeplywie progowym inicjujacym
ruch zwirowego dna rzeki oraz 2) wyliczonym maksymalnym
przeplywie obciazenia dennego w czasie szczytu fali powo-
dziowej w sierpniu 1977 r. Obliczenie maksymalnego przeply-
wu obciazenia dennego opiera si¢ na zaloZeniu, ze iloraz
0u/Omax Jest w przyblizeniu réwny ilorazowi Qy/Qgmax-
Poniewaz wartosci Qg, U, 0raz Qg ma. Sa znane, mozna bylo
obliczyé hipotetyczna warto$¢ Q... Przyblizony i hipotety-
czny wynik uzyskany ta metoda ukazuja figury 10 i 11.

Z powyzszego wynika, ze pelny rozwdj wszystkich form
transportu rzecznego zaczyna si¢ w korycie Zlotnej przy
przeplywie bliskim pelnokorytowemu. Przeplyw pelnokoryto-
wy jest wigc — obok przeplywu progowego inicjujacego
ruch zwirowego dna rzeki Q,,, — jednym z najwazniejszych
przeplywoéw charakterystycznych.

Ogolnie biorac, warunki hydrauliczne przeplywéw powo-
dziowych okreslaja cechy teksturalne osaddéw korytowych
oraz parametry geometryczne i hydrauliczne koryta rzeki
(tabela 9). Zagadnienie to bedzie jeszcze poruszone nizej.
Tutaj nalezy wspomnie¢ jednak o zmniejszaniu si¢ $rednic
zwir6w w kierunku w dél stozka Miszkowic. Okazuje si¢, Ze
zmniejszanie si¢ w tym kierunku srednic zwirdw daje si¢
skorelowaé nie tyle ze srednia predkoscia przeplywu lub ze
spadkiem hydraulicznym, ile z powierzchnia przekroju przep-
lywowego, lokalnym przeplywem pelnokorytowym lub z cal-
kowita moca strumienia (tabele 6 i 7). Z punktu widzenia
mechaniki transportu osadu nie wymaga to komentarzy. Dla
praktyki geologicznej wazne jest jednak wykazanie, ze chociaz
w jakims odcinku rzeki o wzglednie malym spadku zostanie
zdeponowany gruby material denny, to w nizej polozonym
odcinku koryta o wigkszym spadku wielko$¢ ziarna osadu
dennego wcale nie musi wzrosna¢ proporcjonalnie do spadku
lub naprezen s$cinajacych, chyba ze gruboziarnisty material
moze byé erodowany w scianach koryta (tabela 9, punkty 1 i
13).

PRZEPI YW OSADU W CZASIE WYSOKIEJ I NISKIEJ WODY

Obserwacje i pomiary terenowe prowadzone w czasie i
po powodzi w sierpniu 1977 r. na stozku Miszkowic umozli-
wily ustalenie przeplywu osadu w czasie 3,5 doby trwania
powodzi (od poludnia 31 lipca do pdlnocy 3 sierpnia). W
czasie wspomnianej powodzi odplyw z dorzecza Ziotnej wy-

nosil 3800000 m?, co stanowi ok. 26%, $redniego rocznego
odplywu. Odplyw powodziowy byl wigc 27.32 razy wickszy
od odplywu przecigtnego. Sredni przeplyw w czasie calej
powodzi wynosil ok. 12,57 m* s™!, co odpowiada w przybli-
Zeniu przeplywowi pelnokorytowemu (Teisseyre 1980).
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Koncentracja zawiesiny w wodach Zlotnej wzrastala od
ok. 0,01 kG m™? rano 31 lipca do ok. 25 kG m™~3? wczesnym
rankiem 1 sierpnia, po czym opadla do ok. 0.7 kG m™3 w
nocy z dnia 3 na 4 sierpnia 1977 r. Laczny odplyw zawiesiny
z dorzecza Zlotnej wynosit w czasie powodzi sierpniowej ok.
22323 T. Srednia koncentracja zawicsiny w czasie calej powo-
dzi wynosita 584 kG m~3. Srednie natgzenie przeplywu
zawicsiny osiagnelo w czasie powodzi warto$¢ ok.
003886 m*s ' lub ok. 0,07382 T s~!. Maksymalny przep-
lyw zawiesiny wynosil ok. 0,1858 m®s~! lub ok. 0,353 Ts™'.
Stosunek Q/Q,, wynosil przecigtnie 323 (tabela 2), a w czasie
szczytu fali powodziowej Q. /Q.emax Osiagal wartos¢ 215.

Przeplyw w korycie rzeki obciazenia dennego i saltacyj-
nego dla gorngj czesci koryta Zlotnej w obrebie stozka Misz-
kowic (powyzej punktu 4) obliczono posrednio, na podstawie
pomiaru po powodzi objetosci zwiréw zdeponowanych w
korycie rzeki i zZlozonych na powierzchni stozka. W tym celu
w okresie od sierpnia 1977 do lipca 1979 r. wykonano 72
niwelacyjne przekroje poprzeczne przez strefe aktywnego ko-
ryta i 13 przekrojow przez stozek naplywowy. Przekroje
niwelowano wzgledem reperéw zalozonych jeszcze przed po-
wodzia.

W ten spos6b ustalono, ze objgtos¢ zwiru zdeponowane-
go na stozku Miszkowic i w korycie Ztotnej w czasie powodzi
sierpniowej wynosita ok. 4500 m® (Teisseyre 1980). Srednie
natgzenie przeplywu obciazenia dennego wynosilo zatem ok.
001488 m* s~ ! lub ok. 0,02976 T s~ Stosunek Q/Q,, wyno-
sil 845 (tabela 2). Poniewaz powodziowe obciazenie saltacyjne
i denne Zlotnej pochodzito gléwnie z erozji linijnej w korycie
rzeki i jej doplywow, mozna bylo obliczyé, ze wydatek erozji
linijnej wynosil ok. 45,9 m® Zzwiru na 1 km koryta w ciagu
doby.

Catkowity przeplyw osadu w czasie powodzi sierpniowej
osiagnal warto$¢ ok. 31323 T. W tym na obciazenie zawiesi-
nowe przypadalo ok. 22323 T, czyli ok. 71,3%, catkowitego
obciazenia osadem. A zatem w czasie katastrofalnej powodzi
sierpniowej (najwigkszej od lipca 1897 r.) Zlotna byla rzekg o
obciazeniu dennym wedlug klasyfikacji Schumma (1968a,b).
Obserwacje i pomiary przeprowadzone w dziesigcioleciu
1971-1980 r. wskazuja natomiast na mieszany charakter ob-
ciazenia rzeki w czasie Srednich i matych powodzi. Obciazenie
denne rzeki stanowi wowczas 3-11%, jej calkowitego obciaze-
nia osadem. Natomiast w czasie wezbran Zlotna jest rzeka
o obcigzeniu zawiesinowym, o czym bedzie jeszcze mowa
nizej.

Interesujaco przedstawia si¢ zestawienie obciazenia Zlot-
nej w mokrym roku hydrologicznym 1976/1977. W roku tym
zwirowe dno rzeki bylo w ruchu przez 9 dni (2,47, roku).
Przez 3 dni (0,82%, czasu) Zlotna byla rzeka o obcigzeniu
dennym, a przez 6 dni - rzekg o obciaZeniu mieszanym
(1,64°%, roku). Przeplyw zawiesiny odbywat si¢ tylko przez
pot roku, za$ przez pozostale poét roku Ztotna byta prakty-
cznie rzeka o obcigzeniu rozpuszczonym. Dla poréwnania
mozna podac, ze w suchym roku hydrologicznym 1974/1975
transport zwiru odbywal si¢ tylko przez 3 dni (rzeka o
obciazeniu mieszanym), przez 5 miesi¢cy rzeka miala obciaze-

nie zawiesinowe, a w ciggu 7 miesigcy niosta gléwnie obciaze-
nie rozpuszczone.

W latach 1971-1980 (z wyjatkiem mokrych lat 1971 i
1977) sredni roczny przeplyw obciazenia saltacyjnego i denne-
go w korycie dolnej Ztotnej nie przekraczat kilkudziesigciu m?
na rok (< 100 T rok™!). Jest to mniej niz 1%/, calkowitego
obciazenia osadem w przecigtnym roku hydrologicznym
(problem poruszony takZe niZej). A zatem, w przecigtnym
roku hydrologicznym jest dolna Zlotna rzeka o obciazeniu
zawiesinowym, co jest bardzo charakterystyczne dla sudeckich
rzek zwirodennych (Teisseyre 1984). Na podstawie badan
osadéw czwartorzedowych stozka Miszkowic mozna przypu-
szczaé, ze zwiry z pniami drzew podscielajace pokryw¢ mad
sa osadem rzeki o obcigzeniu mieszanym lub dennym. Ponie-
waz zmiana charakteru sedymentacji w interesujacym nas
obszarze z facji zwirowej na madowa dokonala si¢ najpraw-
dopodobniej po zasiedleniu tych terenéw i zainicjowaniu na
wigksza skalg uprawy stok 6w (nie przed druga polowa XIII w.)
mozna przypuszczac, ze zmiana obcigzenia Zlotnej z mieszane-
go na zawiesinowe dokonala si¢ w tym wlasnie okresie.

Dla sedymentologa i geomorfologa fluwialnego bardzo
istotne jest ustalenie proporcji obciazenia saltacyjnego do
obciazenia dennego, poniewaZ znajomos¢ tej proporcji moze
rzuci¢ zupelnie nowe $wiatlo na genez¢ form i osadéw rzek
zwirodennych. Na podstawie obserwacji terenowych zebra-
nych w czasie powodzi i podczas profilowania stozka Miszko-
wic po powodzi (profile niwelacyjne z wkopami) mozna w
przyblizeniu ocenié stosunek obciazenia saltacyjnego do den-
nego jak 2,03-3,55. Obliczenie to, jakkolwiek przyblizone, nie
jest zaskakujace i znajduje uzasadnienie w mechanice trans-
portu osadu. Nawet bowiem w czasie katastrofalnej powodzi
w sierpniu 1977 r. Zlotna prowadzila znacznie wigcej zawiesi-
ny niz zwiru (podobnie jak inne obserwowane przez autora
rzeki sudeckie). Mozna wigc z uzasadnieniem przypuszczad, ze
obciazenie saltacyjne, stanowigce w pewnym sensie forme
przejsciowa migdzy obciaZzeniem dennym a zawiesinowym,
powinno by¢ wigksze niz obcigZzenie denne rzeki.

W celu poréwnania skutecznosci morfogenetycznej prze-
plywéw o skrajnym nat¢zeniu (przeplywy ekstremalne)
wykonano badania przeplywu osadu w czasie wyjatkowo
dlugotrwalej nizéwki jesiennej w cieplym i pogodnym listopa-
dzie 1978 r. W okresie od 1 do 20 listopada suma opadéw
wynosita par¢ mm. Pod koniec tego okresu stwierdzono
wystgpowanie w korycie rzeki brunatnego mulu nizéwkowe-
g0, ktorego objetos¢ wynosita na stozku Miszkowic ok. 30-
-40 m3. Poniewaz przy przeplywie nizéwkowym i braku opa-
déw osad ten pochodzit wylacznie z obwodu zwilzonego
koryta rzeki, przeto Srednie natg¢zenie nizdOwkowej erozji linij-
nej wynosito 0,0535-0,0715 m® mulu na 1 km koryta w ciagu
doby. Natgzenie erozji linijnej w korycie rzeki bylo w czasie
powodzi sierpniowej 642-858 razy wi¢ksze niz w czasie ni-
zo6wki. Ponadto erozja powodziowa dostarczala gléwnie zwi-
ru, ktéry praktycznie w calosci zostal zdeponowany na stozku
Miszkowic, podczas gdy mut zostal zerodowany juz podczas
pierwszego wezbrania pod koniec III dekady listopada i
usunigty ze zlewni.

NATEZENIE DENUDACJI ZLEWNI ZLOTNEJ

Ustalenie objetosci osadu, ktéry odplynat z dorzecza
Ziotnej w czasic powodzi sierpniowej umozliwia obliczenie
wskaznika denudacji w czasie jednego epizodu powo-
dziowego (okres powtarzalnosci ok. 75 lat). Jezeli uwzgle-
dnimy cala powierzchni¢ dorzecza, to denudacja wynosila

0,58 mm/3,5 doby. Gdy natomiast uwzglednimy w oblicze-
niach jedynie 8,4 km? uzytkéw rolnych, to denudacja wyniesie
1,93 mm/3,5 doby.

W celu poréwnania wyliczonych wskaznikéw denudagji z
denudacja w przecigtnym roku hydrologicznym dokonano
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pomiaréw przeplywu osadu w przecigtnym roku hydrologi-
cznym 1977/1978. Poniewaz przeplyw Zzwiru byl w tym roku
pomijalnie maly, obliczenia ograniczono do transportu zawie-
siny. W omawianym roku przeplyw zawiesiny odbywal si¢
przez 6 miesigcy, za$ calkowity odplyw zawiesiny ze zlewni
wynidst ok. 28000 T, czyli ok 15000 m3 gleby o cigzarze
objetosciowym 7y, ok. 1,86 T m~3 (dodatek III). Jezeli wiel-
kos$¢ te odniesiemy do powierzchni calej zlewni, okaze si¢, ze
wskaznik denudacji w roku hydrologicznym 1977/1978 wyno-
sit 0,536 mm rok~!. Jezeli wezmiemy pod uwage jedynie
powierzchni¢ uzytkdéw rolnych, to wskaznik ten wyniesie
1,786 mm rok ~!. Srednia roczna dostawa zawiesiny w roku
hydrologicznym 1977/1978 wynosita ok. 1000 T km~2 rok -
przy uwzglednieniu catej zlewni lub ok. 3300 T km~2 rok ™!
przy uwzglednieniu tylko uzytkéw rolnych. Okres jednego
roku hydrologicznego jest oczywiscie za krotki, aby wyliczy¢
zblizone do rzeczywistych wskazniki denudacji zlewni. Nie-
mniej wobec braku w Sudetach systematycznych pomiaréw
przeplywu osadu w rzekach nawet wyrywkowe obserwacje
moga rzuci¢ pewne $wiatlo na to zagadnienie oraz na tempo
degradacji gleb w zlewniach gorskich.

Osobnym zagadnieniem jest odleglo$¢, na jaka transpor-
towane jest obciazenie zawiesinowe Zlotnej i gornego Bobru.

Dane na ten temat sa jeszcze bardziej fragmentaryczne. Nie-
mniej niewatpliwe jest, Ze wigkszo§¢ zawiesiny dostarczanej do
Bobru przez jego gorskie doplywy typu Zlotnej nie dociera
nawet do Kotliny Jeleniogorskiej, a znikome tylko ilosci
przeplywaja przez system zbiornikow retencyjnych migdzy
Jeleniy Goéra a Pilchowicami (Orth 1934: Chomiak er al.,
1969: Teisseyre 1984).

Koncentracja zawiesiny w dolnej Zlotnej wzrasta w cza-
sic wezbran i powodzi znacznie szybciej niz w $rodkowej i
gornej czgsci zlewni podscielonej przez skaly metamorficzne
(dodatek I). Jest wigc oczywiste, ze tempo denudacji dolnej
czgdei zlewni, podscielonej przez Srednio odporne na wietrze-
ni¢ i erozj¢ utwory dolnego karbonu, jest znacznie wigksze niz
gornej czesci zlewni. W dluzszych okresach musi to prowadzié
do wypreparowania laficuchow gér faldowych zbudowanych
ze skal metamorficznych spod pokrywy osadowej. Autor przy-
puszcza, ze w zlewni Zlotnej tendencja taka utrzymywala sig
w czasie calego kenozoiku powodujac systematyczny wzrost
w zlewni wysokosci wzglgdnych migdzy pasmami gér zbudo-
wanych z metamorfiku a znacznie nizszymi wzgérzami pod-
cielonymi przez utwory dolnego karbonu.

Wroclaw, marzec 1985 r.
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PLATE 1 - PLANSZA 1

1. Flood flow in the meandering reach of the lower River Zlotna, Miszkowice Fan (sites 10-11, for
location see Teisseyre 1980, Fig. 5). View is downchannel. The incoming flow was supercritical (Fr
ca. 1.15). Note strongly disturbed flow in the bend (channel route is parallel to the fence). Falling
stage, August 2, 1977

Przeplyw powodziowy w meandrujacym odcinku dolnej Zlotnej, stozek Miszkowic (punkty 10-11,
lokalizacja na figurze S, Teisseyre 1980). Widok w dot koryta. Prad wchodzacy do odcinka byt
rwacy (Fr ok. 1,15). W zakrecie przeptyw byl silnie zaklécony (przebieg koryta wyznacza plot). Stan
opadajacy, 2 sierpnia 1977 r.

2. Flood flow in the straight reach of the lower River Zlotna between sites 10 and 11. View is
downchannel. The flow was nearly critical (Fr ca. 0.93). Note accumulation of plant fragments on
the right bank. August 2, 1977

Przeplyw powodziowy w prostym odcinku koryta dolnej Zlotnej migdzy punktami 10 i 11. Widok
w dol koryta. Przeptyw byt prawie rwacy (Fr ok. 0,93). Na prawym brzegu widoczne nagromadzenie
fragmentow roslinnych. 2 sierpnia 1977 r.



GEOLOGIA SUDETICA VOL. XXI, NR 2 PL. I

2

Andrzej Karol TEISSEYRE ~ Fluvial processes on the wet Miszkowice Fan. Part II: Sediment transport, with special
reference to the August 1977 flood
Procesy fluwialne na ,mokrym” stozku Miszkowic. Czgs¢ II: Transport osadu ze szczegdliiym
uwzglednieniem powodzi w sierpniu 1977 roku

- Geologia Sudeti ol. XXL wr



PLATE 11 — PLANSZA 11

1. Strongly disturbed flow (Fr ca. 0.9) at sites 30-31. View is upchannel. Here small pebbles were
transported in suspension. August 22/23 freshet, falling stage

Silnie zaktocony przeptyw (Fr ok. 09), koryto Ziotnej w punktach 30-31. Widok w gore koryta. W
tym miejscu zwiry frakcji 4-32 mm byly transportowane w zawiesinic. Wezbranie w dniach 22/23
sierpnia, 1977 r., stan opadajacy

2. Strongly disturbed flow in a bend (site 33). View is upchannel. Stage nearly 3/4 full, gravel
streambed was living. Mean bed shear stress in the pool was 7o = 15.6 kG m~2. During and after
the freshet it was found that large cobbles were eroded in the pool streambed (128-256 mm). At the
same time, on the riffle situated immediately downstream from the pool, mean bed shear stress was
1o = 7.8 kG m~2 and the majority of large cobbles eroded in the pool were deposited on the riffle.
Falling stage of the August 22/23 freshet

Silnie zaklocony przeptyw w zakrecie rzeki (punkt 33). Widok w. gore koryta, stan prawie 3/4
pelnokorytowy, zwirowe dno strumienia byto ruchome. W przegi¢bieniu srednie naprezenie $cinaja-
ce na dnie wynosito 1, = 15,6 kG m™2 W czasie i po wezbraniu stwierdzono, ze w dnie przegl¢bie-
nia byly erodowane zwiry frakcji 128-256 mm. W tym samym czasie, na bystrzyku polozonym
bezposrednio nizej, $rednie naprezenie $cinajace na dnie wynosito 7,8 kG m™ 2. Wigkszo$é wspo-
mnianych 7wirdw zostata tu zdeponowana. Stan opadajacy wezbraniu w dniu 22/23 sierpnia 1977 r.
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PLATE Il — PLANSZA I

1. In winter, the floating load of the lower River Zlotna is composed almost exclusively of river
snow and ice (particularly frazil). Refreezing of the river after a short-lived thaw. February 1977

W zimie obcigzenie flotacyjne dolnej Zlotnej stanowi prawie wylacznie $nieg i 16d rzeczny
(szczeg6lnie 16d pradowy). Ponowne zamarzanie rzeki po krotkiej odwilzy. Luty 1977 r.

2. Frazil together with other kinds of moving river ice and snow accumulates in the channel to
form ice jam. The jam seen just above the bend axis is 0.2-0.5 m high and affects strongly the flow
upstream and downstream from it. The discharge almost doubled the mean discharge, but the
concentration of the suspended sediment was very low. Here and there initiation of movement of
the gravelly streambed was noted. February 1977

Loéd pradowy oraz inne formy ruchomego lodu i-$niegu rzecznego powoduja powstawanie w
korycie zatoréow lodowych. Zator $ryzowy widoczny nieco powyzej osi zakretu ma 0,2-0,5 m
wysokosci i powoduje duze zaklocenia przeplywu ponizej i powyzej przeszkody. Przeplyw byl
prawie dwa razy wigkszy od $redniego, lecz koncentracja zawiesiny byla znikoma. Tu i 6wdzie
notowano inicjacj¢ ruchu zwirowego dna rzeki. Luty 1977 r.
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PLATE I - PLANSZA

1,2. Deposition of floating load during the August 1977 flood. The floating load was accumulating
chiefly on natural levees affecting both the conditions of flow and the mode of deposition of the
suspended load. 10-cm scale on the levelling rod. I — site 10, view upchannel; 2 — site 19, view
downstream. August 2, 1977, falling stage

Depozycja obciazenia flotacyjnego podczas powodzi sierpniowej. Obciazenie flotacyjne gromadzito
si¢ giownie na naturalnych walach brzegowych wplywajac na warunki przeplywu i przebieg
depozycji obciazenia zawiesinowego w tej strefie. I — punkt 10, widok w gore rzeki; 2 — punkt 19,
widok w doét koryta. 2 sierpnia 1977 r., stan opadajacy
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PLATE - PLANSZA V

1. The suspended load is commonly supplied to the river from eroded riverbanks composed of
cohesive alluvia. The failure of the bank happened abruptly during the March 1978 freshet yielding
to the channel up to 1.5 m® cohesive material per 1 metre of the riverbank on the average. White
patch is snow. Right bank of a bend. site 32, March 1978

Obcigzenie zawiesinowe jest czgsto dostarczane do rzeki z erodowanych brzegéw zbudowanych z
osadow kohezyjnych. Nagly obryw brzegu pokazanego na fotografii nastapit w czasie wezbrania
roztopowego w marcu 1978 r.. dostarczajac do rzeki ok. 1,5 m? drobnego materialu na metr biezacy
brzegu. Biala plama to $nieg. Prawy brzeg zakretu, punkt 32, marzec 1978 r.

2. Armoured mud balls — evidence of strong lateral erosion of cohesive overbank deposits during
the August 1977 flood. 10-cm scale on the ruler. Site 12. September 1977
Toczence uzbrojone -~ oczywisty dowdd silnej erozji bocznej kohezyjnych osadéow pozakorytowych
w czasic powodzi sicrpniowcei. Shala co 10 ecm. Punkt 12, Wrzesien 1977 r
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PLATE VI — PLANSZA VI

1. Typical bed load deposits (unfilled underloose gravels) in the lower River Zlotna channel. View is
upchannel. The niche seen in the foreground is a hole after a group of willows uprooted from the
bank during the August 1977 flood (immersed weight ca. 2 T). Site 17, April 1978

Typowe osady obciazenia dennego w korycie dolnej Ziotnej po powodzi sierpniowej (niewypetnione
osady ciasno upakowane). Widok w gor¢ koryta. Nisza widoczna na pierwszym planie jest dziura w
brzegu po wyrwanej z korzeniami grupie wierzb (ci¢zar w zanurzeniu ok. 2 T). Punkt 17. Stan z
kwietnia 1978 r.

2. Typical bed load deposits laid down during the August 1977 flood (filled underloose boundary).
Note large variability in grain size, tight packing of the gravel and rounded fragments of wood.
Lateral bar, site 5. September 1977

Typowy osad obciazenia dennego zdeponowany w korycie Zlotnej przez pow6dz sierpniowa. Widaé
duze réznice uziarnienia osadu, ciasne upakowanie Zzwiru oraz fragmenty cz¢Sciowo obtoczonego
drewna. Jest to przyklad wypelnionego osadu ciasno upakowanego. Lacha boczna, punkt S.
Wrzesien 1977 r.
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PLATE VII — PLANSZA VII

1. Cobble gravel deposited by the May 1977 flood on lateral bar. Note lack of filling and imbricate
arrangement of flat clasts (unfilled underloose boundary). Site 9. June 1977

Zwir (64-256 mm) zdeponowany na lasze bocznej przez powddz w maju 1977 r. Widoczna jest
struktura dachéwkowa i brak wypelnienia (niewypelnione osady ciasno upakowane). Punkt 9.
Czerwiec 1977 r.

2. Cobble gravel deposited in the overflow channel by the May 1977 flood. Note imbricate
arrangement of flat clasts (current was towards the observer) and the lack of filling — a typical
unfilled underloose gravel. Site 13. June 1977

Zwir (64-256 mm) osadzony w korycie przelewowym przez powédz majowa. Widoczne jest dachow-
kowe ulozenie klastow plaskich (prad byl ku obserwatorowi) i brak wypelnienia — typowy nie
wypelniony ciasno upakowany zwir. Punkt 13. Czerwiec 1977 r.
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PLATE VIII — PLANSZA VIII

1. Cobble gravel deposited by the May 1977 flood. Emerged portion of the streambed (photograph
taken during low flow in July 1977). Flat clasts are strongly imbricated (current from upper left to
lower right). The sub-pavement layer is partly filled with fine gravel — the content of filling is here
larger than in the bar gravels shown in Plate VII. Site 5

Zwir (64-256 mm) osadzony przez powodz majowa. Wynurzona cze$¢ dna koryta (zdjecie wykona-
no w czasie nizowki w lipcu 1977 r.). Plaskie klasty sg silnie zimbrykowane (prad z prawego
gornego do lewego dolnego rogu). Warstwa zwiru ponizej bruku jest czesciowo wypelniona
drobnym zwirem — udzial wypelnienia jest tu wigkszy niz w zwirach lach pokazanych na planszy
VII. Punkt 5

2. Pebble-cobble gravel deposited by the May 1977 flood on point bar. Current from upper right to
lower left. Site 33. June 1977

Zwir 4-256 mm zdeponowany przez powédZ majowa na lasze meandrowej. Prad z prawego
gornego do lewego dolnego rogu. Punkt 33. Czerwiec 1977 r.
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PLATE1 - PLANSZA I

1,2. Fast flow is easily transporting a block of sod (alluvial loam). Water depth was slightly less
than the block size (photo 1) and less-than-half the block size (photo 2). In photo 1, the block is
rolling in a supercritical flow, while in photo 2 it rests on a gravelly streambed (riffle). Bulk density
of alluvial loam was 1750 kG m~3. The “St. John’s freshet”, June 1977

Szybki przeplyw transportuje fatwo blok gliny aluwialnej. Glebokoé¢ przeplywu byla nieco mniejsza
niz srednica bloku (zdjgcie 1) i mnigjsza niz polowa érednicy bloku (zdjecie 2). Na zdjeciu I blok jest
transportowany przez toczenie przez prad rwacy, natomiast na zdjgciu 2 — spoczywa nieruchomo
na zwirowym dnie (bystrzyk). Ciezar obijetosciowy gliny aluwialnej wynosit 1750 kG m™3. Swigto-
janka, czerwiec 1977 r.
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PLATE - PLANSZA

1. Supercritical flow may initiate movement of gravels the size of which is comparable to the depth
of flow provided that their degree of protrusion is large enough. Site 9. June 1977

Prad rwacy moze zainicjowaé ruch zwiréw o $rednicy poréwnywalnej z glgbokoscia wody pod
warunkiem, ze ich wyeksponowanie na prad bedzie dostatecznie duze. Punkt 9. Czerwiec 1977 r.

2. Bridge in Miszkowice village used to measure the flood discharge. The depth of scour around the
bridge pier was 0.5-0.7 m. Note erosional left bank and lateral bar composed of boulders and
cobbles at the right bank (unfilled underloose boundary). View is downstream. August 25, 1977

Most w Miszkowicach, z ktdérego mierzono przeplyw powodziowy. Gleboko$¢ rozmycia wokot
filaru mostowego wynosita 0,5-0,7 m. Widoczny jest erozyjny brzeg lewy oraz lacha boczna przy
brzegu prawym zbudowana z grubego zwiru (niewypelniony ciasno upakowany zwir). Widok w doét
rzeki. 25 sierpnia 1977 r.
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PLATE 1 - PLANSZA 1

1. Partly destroyed weir in Miszkowice. The natural channel seen to the left of the artificial one was
originated during the August 1977 flood. Note heap of gravel at the foot of the revetment. Below
the weir, this gravel was transported in saltation and suspension and then was accumulated in a
lateral zone of flow separation. August 25, 1977

Czeéciowo zniszczony jaz w Miszkowicach. Naturalne koryto po lewej stronie jazu powstalo w
czasie powodzi w sierpniu 1977 r. Usypisko Zwiru u stopy muru oporowego nagromadzilo si¢ w
bocznej strefie separacji pradu ze zwiru niesionego lokalnie w saltacji i w zawiesinie. Koniec sierpnia
1977 r.

2. Meander at site 25, Miszkowice Fan, after the August 1977 flood. Note regular cut stone
composed of granite (inset). The stone was eroded from the weir shown in photo I and transported
along the thalweg of the sinuous Zlotna channel to a distance of ca. 1450 m (see Table 5). The stone
was finally deposited on a riffle at the backwater limit of the pool of the Bukéwka Dam. July 1978

Meander dolnej Zlotnej w punkcie 25, stozek Miszkowic, stan po powodzi w sierpniu 1977 r.
Widoczny jest regularny cios granitowy (mniejsze zdjgcie). Cios ten zostal zerodowany z czgsciowo
zniszczonego jazu w Miszkowicach, pokazanego na fotografii 1. W czasie powodzi blok ten byt
transportowany wzdluz talwegu kretego koryta Zlotnej na odcinku ok. 1450 m (por. tabela 5). W
konicu zostal on zdeponowany na bystrzyku w zasiggu cofki zbiornika Bukéwka. Lipiec 1978 r.
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PLATE II — PLANSZA 1I

1. Stable channel of the lower River Zlotna between sites 1 and 3. View is upchannel. See also
Figure 7. July 1978

Stabilne koryto dolnej Zlotnej migdzy punktami 1 i 3. Widok w gére koryta. Poréwnaj figure 7.
Lipiec 1978 r.

2. The biggest boulder transported by the August 1977 flood (immersed weight ca. 100 kG). View is
downchannel. Site 2. July 1978

Najwickszy blok skalny transportowany przez powodz sierpniowa (ci¢zar w zanurzeniu ok. 100 kG).
Widok w dél koryta. Punkt 2. Lipiec 1978 r.

3. Granitic cut stone eroded from the Miszkowice weir and deposited by the flood on lateral bar at
site 5 (distance of travel ca. 650 m, see table 5). Mean roundness is ca. 0.3-0.4 and does not change
perceptibly over the next 1 km of travel. June 1978

Granitowy cios zmyty z jazu w Miszkowicach i osadzony przez powédz sierpniowa na lasze bocznej
w punkcie 5 (diugoéé transportu ok. 650 m, por. tabela 5). Srednie obtoczenie wynosi ok. 0,3-0,4
i praktycznie nie zmienia si¢ w sposdb widoczny na odcinku nastgpnego kilometra transportu.
Czerwiec 1978 r.

All photographs taken by the author

Wszystkie zdjecia autora
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