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FLUVIAL PROCESSES ON THE WET MISZKOWICE FAN.

PART I: EROSION AND EROSIONAL LANDFORMS
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Abstract

The Miszkowice Fan is a small wet alluvial fan located
at the mouth of the River Zlotna valley, Western Sudetes. The
Zlotna is a small mountain stream (Qmcan 0.45 m3s_1) charac-
terized by a gravelly bed, steep slope, and large fluctuations in
discharge (0.05—40 m3s-1 in the last eight years). The lowest
stretch of the Zlotna running through the Miszkowice Fan
was investigated since 1971. Field observations and measure-
ments of the mode and rate of fluvial erosion were made sys-
tematically in two years (1977—1978). At that time three floods
have been noted, namely in May (Q ca. 12—15 m3 s-1), and
August 1977 (Q ca. 35—40 m3 s-1) and in February/March
1978 (Q ca. 9-11 m3 s~v).

Field investigations have demonstrated that the location
within the channel of zones of strong lateral and downward
erosion depends on the position of the streamtube of maximum
velocity, which changes with the discharge and Froude number.

The higher the Froude number the better the conformability
between theoretical and observed positions of the streamtube
of maximum velocity. With high Froude numbers the stream-
tube of maximum velocity lies characteristically at the inner
bank in the entrance to the bends and approaches the outer
cutbank at the bend axis or some point downchannel from it.
The structure of turbulence during a flood discharge is very
complex and variable. Nevertheless it has been found that the
greatest rate of erosion is commonly attributable to stationary,
horizontal, spiral vortexes. Their structure may be recorded
both in bank morphology and bed configuration.

The distribution within the channel of zones of erosion and
deposition depends on the water and sediment discharge and
the condition of bed material. With mean discharge and stable
gravelly bed erosion takes place along riffle slopes as well as
in upper parts of pools that follow them (backward erosion on
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riffles). At the same time deposition frequently occurs within
middle and lower portions of the pools (backward deposition
in pools). During a flood discharge and live-bed conditions depo-
sition takes place on the riffles (vertical and downchannel accre-
tion), while erosion is operating within middle and lower
portions of the pools (downward and lateral erosion). The best
explanation of the observed differentiation in location of
erosion and deposition zones is the phenomenon of velocity
reversal (Keller 1971, 1977). During mean stage the flow under-
goes contraction over the riffle slopes (high velocity) and expands
in the pools (low velocity), while in flood it expands over the
riffles (low velocity) and becomes contracted in bends or straight
pools (high velocity). During a flood discharge riffles and
pools may also develop within unstable straight reaches. These
may be genetically connected with either symmetrical or asym-
metrical erosion. Successive pools are generally 5—8 channel
widths apart.

Field measurements have also demonstrated that both a low
discharge of megascopically clear water and a strongly overload-
ed one may result in erosion of alluvial channels. With a low
discharge erosion takes place along the actual wetted perimeter
provided that flow velocity exceeds that necessary to transport
fine sand. An overloaded discharge, on the other hand, results
in vertical accretion and a rise in elevation of the channel
bed. It has been also noted that strong lateral erosion of allu-
vial channel banks may be brought about by such flows and
that the erosion is apparently simultaneous with the deposition.
Under conditions of stable gravelly bed the depth of scour
is related to the grain size of the bed material, while with a live-
-bed it is controlled mostly by the intensity of turbulence
and the transporting ability of the stream. Low floods, carrying
low amounts of bed load, may produce deep scours and rela-
tively small modifications of bank configuration rendered by
both lateral erosion and deposition of coarse bed material. High
floods, on the other hand, lead to substantial changes in bank
morphology attributable to either lateral erosion and/or lateral
accretion. During high floods strong downward erosion occurs
rather locally and there is a general tendency for coarse bed-load
material to accumulate in some reaches of lower gradient and,
particularly, in channels crossing alluvial fans. Thus deposition
within alluvial channels is commonly connected with high flow
velocities and erosion with low flow velocities. During the August

1977 flood gravelly channel plugs have developed on a number
of Sudetic alluvial fans. These are typical especially of central-fan
segments, downfan from the points of intersection. Thus the
gravelly plugs occur characteristically on those segments of the
fans which are characterized by the steepest longitudinal and
transverse slopes.

There is increasing evidence that the following cycle of
channel patterns is characteristic of the wet Sudetic fans under
the present-day climatic conditions and the activity of man:
plugging of an incised channel during a high flood s* unstable
braided pattern -> straight or low-sinuosity incised channel
originated from gully erosion -> incised meandering stream ->
incised meander belt. The occurrence of meandering channels on
the Sudetic fans is perhaps conditioned by climate from the one
hand and the presence of thick alluvial loams covering fan gra-
vels from the other. The whole cycle may last from a dozen or
so till several tens of years.

Alluvial fans, being places of deposition of the coarsest bed
load available, control to a large degree the character and amount
of load carried by mountain streams. Passing through the Misz-
kowice Fan the Zlotna leaves behind up to 85 % its bed-load and
changes in character from a bed-load to a mixed-load stream.
This is well manifested by the thickness and composition of
alluvial loams, which are much thicker in the fanbase area as well
as below the confluence of the Zlotna and the Bébr. The most
regular meandering patterns not uncommonly coincide with
those places.

Meandering channels of pebbly mountain streams may exist
under relatively a wide range of slope and water and sediment
discharge. However, if a flood discharge is deficient in bed-load
a meandering reach tends to degenerate for meander bends beco-
me too wide (erosion at the outer bank exceeds deposition at
the inner bank). By the time channel sinuosity diminishes and
there may occur a tendency to downward erosion. If a flood
discharge is strongly overloaded the meandering channel becomes
unstable and a complex meandering-braided or braided pattern
may originate. Straight channels may be stable in the mountains
provided that they attain in flood a normal slope and depth
(uniform water and sediment discharge under conditions of
quasi-steady flow) and that channel capacity is large enough
to keep an undisturbed movement of all the bed material sup-
plied to the reach.

INTRODUCTION

In the exceptionally wet hydrologic year of 1976/77
two floods have occurred in the drainage basin of
the upper River Bébr, namely on May 21—22 and
in the first decade of August. The May flood resulted
from a heavy spring rain on May 20 (40.2 mm rainfall
in the rain-gauging station at Lubawka, 6 km east
of the study area). The catastrophic August flood was
preceded by an exceptionally heavy summer rain.
During three days (31 VI1-2 VIII 1977) 126.3 mm
rain fell in Lubawka and a total precipitation of
about 375 mm was noted on Sniezka Mt., the highest
summit in the Sudetes (tab. 1). Owing to these floods
large erosional and depositional landforms have
originated including channel cuttings, deep pools,
gravel bars, natural levees, crevasse-splay deposits

and large channel plugs composed of gravel. Plugging
of the original meandering channels by gravel gave
locally rise to the formation of unstable braided
patterns. The landforms in question have been in-
vestigated primarily on the Miszkowice Fan —a small
wet alluvial fan located at the base of the Lasocki
Grzbiet Range (Western Sudetes). The fan is fed
by the Zlotna, a small steep-gradient mountain stream.
Immediately east of Miszkowice the Zlotna leaves
its V-shaped valley and joins its master stream — the
upper Bébr — occupying relatively a wide, mature,
flat-floored valley. The Miszkowice Fan grows on
the western side of the valley driving the Bébr on its
right rocky wall (fig. 2).

The article deals with erosion and erosional land-



forms originated mostly during the two floods. The
rate of erosion was measured systematically over
a period of two years (1977—1978). However, fluvial
processes have been investigated here since 1971.

During the August flood fluvial processes have been
observed on an area of some 400 km2 in the upper
River Bobr and Strzegomka drainage basins (Western
and Central Sudetes).

PHYSIOGRAPHIC SETTING, CLIMATE, DISCHARGE

The Zlotna drains an area of some 28 km2 on
the eastern slopes of the Lasocki Grzbiet Range,
which joins the main range of the Karkonosze Mts.
at the Okraj pass (1,046 m above sea level). The Zlotna
is a first larger left-bank tributary of the upper Bobr —
one of the main left-bank tributaries of the River
Odra. The drainage basin of the Zlotna is a mountain
area characterized by large local heights and steep
slopes. Lysocina Mt. — the highest summit within
the drainage basin — attains an elevation of 1,187.5 m
and three other mountains range in altitude from
910.1 m (Kopina Mt.) to 1,055.1 m (Borowa Mt.).
The headwaters of the main stream lie at altitudes
between 1,000 and 1,100 m immediately south-east
of the Okraj pass. The Zlotna joins the Bébr east
of Miszkowice at an altitude of about 517 m. The
Zlotna valley is some 10 km long and its mean slope
is of the order of 0.05. However, real slopes range
from 0.43 in the headwater portion of the basin,
through 0.1244—0.0649 in the upper part of the
valley, to 0.0519—0.02 in the central part and 0.0188—
—0.0087 in the lowest 1.3 km long stretch of the valley.

The drainage basin of the Zlotna is underlain by
three main rock assemblages, namely the metamorphic
rocks of the Karkonosze granite mantle (early Paleo-
zoic), the Lower Carboniferous continental sedi-
mentary rocks and the unconsolidated sedimentary
rocks including slope waste and alluvia (Quaternary,
in part Neogene?). Over two-thirds of the Zlotna
drainage basin is underlain by the metamorphic
rocks. The Lasocki Grzbiet Range is a belt of rela-
tively resistant rocks including the Kowary gneisses
and mica-schists with minor intercalations of amphi-
bolites, metalimestones, chlorite-schists and para-
gneisses. The rocks are penetrated by veins of quartz
and pegmatite. Most likely these may be thought
to be parent rocks for gold, which has given the Zlotna
its name (Zlotna means in Polish the Gold River).
Further to the east there occur amphibolites, albite
gneisses, phyllites, greenschists and the Paczyn gneis-
ses. The metamorphic rocks are rather resistant to
weathering and are the source of the majority of
gravels flooring the Zlotna valley, even in the lowest
reach of the river.

Somewhat lower hills in the eastern part of the
Zlotna basin are underlain by sedimentary rocks of

Lower Carboniferous age. These are mostly breccias
and conglomerates with subordinate intercalations
and some thicker horizons of sandstone and silt
shale. The rocks, being not resistant to weathering,
supply much less detrital material to the Zlotna gra-
vels. The Lower Carboniferous conglomerates con-
tain pebbles of the same metamorphic rocks known
at present from the Lasocki Grzbiet Range. Conse-
quently, the Zlotna gravels receive also pebbles of
metamorphic rocks weathered out and washed down
from the conglomerates. However, the pebbles are
as a rule more or less weathered and may reveal red
surfaces due to a thin coating of hematite.

The uncemented Cainozoic deposits are represented
by slope waste and alluvia accumulated within the
valleys. Above the upper limit of cultivated land
(i.e. in the forested part of the drainage basin) the
alluvial deposits are composed mostly of gravels
and sand. Below the forest margin gravels are almost
everywhere capped by a layer of alluvial loam con-
taining thin intercalations of sand, fine gravel, silt
or silty clay. From place to place the loams contain
pottery fragments and various objects made of iron
or wood. Common are also layers rich in charcoal,
either in the form of fine dust (giving to the loam dirty
grey colour) or in fragments up to several centimetres
across. Large fragments of charcoal are commonly
embedded in crevasse-splay sands and fine gravels.
The oldest layer containing charcoal occurs now
I. 1—15 m below the fan surface. The presence of
charcoal within the alluvial loams is attributable
to the work within the drainage basin of charcoal
burners (carbonari), which were very active till the
XI1X century. It seems therefore to be evident that
the alluvial loams represent in fact the youngest
Holocene deposits (Anthropogene) connected gene-
tically with the activity of man: partial deforestation
of the mountains and intense agrarian use of part
of the area (c/. Daniels and Jordan 1966; Wolman
1967). For a more complete information as to the
geology of the area the reader is referred to the follow-
ing papers and geological maps: Berg 1912, 1913;
H. Teisseyre, K. Smulikowski and J. Oberc 1957; Zak
1958; J. Teisseyre 1968; J. and M. Szalamacha 1968;
J. H. Teisseyre 1971 and A. K. Teisseyre 1975a.

The Zlotna drainage basin lies in a zone of moun-



tain climate with a slight oceanic influence (Schmuck
1969; Atlas Klimatu Polski 1973; Wiszniewski and
Chefchowski 1975). The mean annual temperature
ranges here from +3-y+4°C. The mean temperature
of January is —4~.-—6°C, while that of July is
+ 12+ +14°C. A period free from frost lasts no
longer than 120—130 days in the lower part of the
drainage basin and is shorter in its headwater portion.
The mean annual precipitation amounts to 800—
—1,100 mm. Precipitation (mostly rain) is concentrat-
ed in late spring and summer (500—600 mm from
May till October). Heavy rains occur generally in
the same period. Large quantities of water may be

also stored up in the snow cover with a maximum
in February/March (Sadowski 1971).

The mean annual discharge of the upper Zlotna
(abandoned gauging station at Klatka) is 0.115 m3s-i.
The discharge of the lower Zlotna is unknown;
according to the present writer measurements it may
he estimated to be 0.45—0.5 m3s_1 (fig. 1). A similar
mean annual discharge can be calculated using the
results of hydrologic investigations performed in the
Sudetes by Szpindor (1965, 1974). It can be demostrat-
ed from the diagrams published by the author cited
that with a mean altitude of the Zlotna drainage basin
about 750 m and an afforestation coefficient ca.

Fig. 1
Discharge of the lower Zlotna in 1977 and 1978 as measured by the author

Przeptywy w dolnym odcinku Zotnej w latach 1977 i 1978 wedtug pomiaréw autora
1 — powddZ majowa; 2 - powodz sierpniowa; 3 — przyblizony stan petnokorytowy; 4 —S$redni roczny przeptyw



Table 1

Rainfall in the Lubawka rain-gauging station, 540 m above
sea level

Opady w stacji pluwiometrycznej w Lubawce, 540 m npm

Months 1977 1978
Miesigce mm 96 mm %
Jan. 36.4 3.64 50.4 7.34
Feb. 52.8 5.29 13.8 2.01
Mar. 32.2 3.22 43.9 6.39
Apr. 53.1 5.32 71.7 10.44
May 93.6] 9.37 721 10.50
Jun. 99.2 9.93 23.9 3.48
Jul. 147.6i g 14.781s 744 o 10.831 8
Aug. 230.4 8 23.07 S 86.1 % 12.5411°
Sept. 55.4 5.55 11A 11.27
Oct. 24.5 2.45 55.0 8.01
Nov. 112.9 11.30 20.1 4.24
Dec. 60.7 6.08 88.9 12.95
| 998.8 100.00 686.7 | 100.00

70 % the mean annual discharge per square kilometre
should be 0.0165 m3 (s km2)-1. This gives a mean an-
nual discharge of 0.462 m3s-1. The lowest discharge
noted by the author was about 0.05 m3s-1 (August
1975) and the highest flood discharge was estimated
to be 35—40 m3s-1 (August 1977). This was the
highest discharge? since 1945 (the recurrence interval
of such an event is some 75 years). An approximate
bankfull discharge ofthe lower Zlotna is 12—15m3s_1.
The Zlotna is characterized by large and rapid fluc-
tuations in discharge. The highest stages and dischar-
ges occur usually in spring and summer. On the con-
trary, thaw floods are generally lower than summer
ones. In winter as well as during dry summer weeks
the discharge may be much lower than mean. Avail-
able data concerning precipitation in the Lubawka rain-
-gauging station and the discharge of the lower Zlotna
are shown in table 1 and figure 1

THE MISZKOWICE FAN (pi. I)

The Cainozoic deposits of the area in question
have been rather poorly understood and both detailed
geomorphological and stratigraphical studies are
generally lacking. Thus the subsection is from necessity
based on preliminary field investigations made by
the present writer.

The Neogene and early Quaternary channel net-
work was markedly different from that existing at
present. The Neogene (?) Bobr ran northwards by-pass-
ing the Zadzierna Mt. at a level of about 560—580 m
(fig. 2). Occasional remnants of terraces from that
time can be hardly seen some 40—50 m above the
present valley bottom. The Neogene (?) Zlotna joined
the Bobr south of Miszkowice at the mouth of a wide
valley occupied now by a small intermittent stream
(fig. 2). At the upper limit of the Miszkowice village
the valley is elevated some 25 m above the bottom
of the present valley. Although it seems that the change
in course of the lower Zlotna was accompanied as
far back as the Pleistocene its origin (capture?) re-
mains unknown. Owing to this modification a new
V-shaped valley was soon eroded within relatively
weak rocks strongly jointed and weathered along the
Miszkowice Fault, which runs below the alluvial
valley bottom (A. K. Teisseyre 1975a, tab. 1). In
Pleistocene (?) a large alluvial fan grew at the mouth
of the old Zlotna valley (not shown in fig. 2).

The main modifications in network pattern were
connected genetically with the Pleistocene glaciations
(Szczepankiewicz 1954; Jahn 1956, 1960; Walczak
1968, 1972). The mountains were penetrated from the
north by a number of glacial lobes which blocked

almost all the main valleys. One of them encroached
upon the valleys of the Bobr and Zadrna Rivers
forcing the streams to flow eastwards and southwards.
Within the study area the Pleistocene Bobr ran
eastwards crossing a range underlain by the Lower
Carboniferous conglomerates along a small pass
located south of the hill 590.2 m (fig. 2). The pass
(543.8 m) lies some 20 m above the present valley
bottom. At the same time the Pleistocene Zlotna and
Debica dissected the range along a fault zone of the
Paczyn Fault running between the Zadzierna Mt.
(723.7 m) and a hill called Zameczek (590.2 m, fig. 2).
The gorge thus formed was then deepened and widen-
ed in the Holocene. It is now some 100 m deep and
wide enough to find room for a well-developed mean-
der belt of the Boébr (fig. 2). In Pleistocene another
large alluvial fan grew at the mouth of the new V-shap-
ed valley of the lower Zlotna. This is called here the
Old Miszkowice Fan (fig. 2). However, the fan is now
inactive and in part dissected. Its surface lies some
5—10 m above the present bottom of the lower Zlotna
and 10—20 m above the Bobr valley. In Pleistocene
the fan drove the Bébr on its right rocky wall towards
the pass 543.8 m mentioned above. The fan is com-
posed of coarse gravel capped by a layer of alluvial
loam formerly used by a brick plant.

A general tendency to erosion during the Holocene
(cf Jahn 1960; Walczak 1968, 1972) resulted in dissec-
tion of the fans and a new secondary fan has originated
at the mouth of the lower Zlotna — the Miszkowice
Fan (fig. 2). The fan is much smaller than the Pleistoce-
ne one and its fan head lies 1,200 m eastwards from



Fig. 2
Geologie sketch-map of the Miszkowice Fan. Inset shows longitudinal profile of the Zlotna (distance on abscissa, slope on ordinate)
1 — alluvia (Holocene); 2 — slope deposits; colluvia and older alluvia (Pleistocene—Holocene); 3 — bedrock (Lower Carboniferous); 4 —meandering channel
of the River B6br prior to regulation; 5 — alluvial fans; 6 — ancient river courses
Szkic geologiczny stozka Miszkowic. Diagram w prawym dolnym rogu ilustruje podtuzny profil Ztotnej (odlegto$¢ na odcietej,
spadek na rzednej)

1 —aluwia (holocen); 2 — osady stokowe, koluwialne i starsze aluwia (plejstocen—holocen); 3 — skaty podtoza (dolny karbon); 4 — meandrujace koryto Bobru
sprzed regulacji; 5 —stozki naptywowe; 6 — kierunki dawnej sieci rzecznej; | — wspdtczesny stozek Miszkowic; 11 — dawny (plejstocenski) stozek
Miszkowic

Cross-section through the central portion of the Miszkowice Fan. Levelling is by the author (August 1978)

Przekr6j poprzeczny przez Srodkowa cze$¢ stozka Miszkowic. Niwelacja autora (sierpien 1978)

1 —grzbiet stozka; 2 — koryto Ztotnej przed regulacja; 3 —naturalny wat brzegowy; 4 — koryto Ztotnej; 5 — koryta rozprowadzajace; 6 —skata; 7 — osady
pozakorytowe; 8 — osady korytowe



the fan head of the Pleistocene Old Miszkowice
Fan. The last (Holocene) stage in the development of
the Zlotna valley can be also read from a longitu-
dinal profile of the river (fig. 2, inset). The lowest
segment (D) corresponds to the youngest stretch of
the valley incised into the Pleistocene Fan. The break
in slope between segments D and C can be best account-
ed for by a ledge within the valley bottom of hard,
resistant rocks (the Lower Carboniferous limestone-
-bearing conglomerate). The conglomerates underlie
hills 602.5 m and 611.4 m (fig. 2). The upper segment C
is underlain by amphibolites and the Paczyn gneisses,
while its lower part by the Lower Carboniferous con-
glomerates and breccias. Mica-schists and the Ko-
wary gneisses underlie segments B and A.

Both the fans are markedly different from recent
alluvial fans of the semi-arid western United States
(c/. Beaty 1963; Bluck 1964; Bull 1964a, b; Denny
1965; Hooke 1967, 1968). The Pleistocene Old Misz-
kowice Fan attained an area of about 2.2 km2 and
was fed by a drainage basin of some 25 km2. The
Miszkowice Fan covers an area of ca. 0.25 km2
and is fed by a drainage basin of 28 km2 (pi. I, 1).
At present the active portion of the fan is even smaller
owing to the decrease, during the last 70 years, of the
amount of detrital material supplied to the streams
(requlation of the Zlotna and a good protection of
slopes against erosion). Since 1945 the deposition on
the fan is characteristically intermittent and restricted
to high floods which happen here every 6—11 years.
During between-flood periods the fan is dissected and
an incised channel originated. Before 1977 the depth
of incision ranged from 0.8 to 1.3 m. In many places
the incised channel was meandering and an incised
meander belt was developing. During rising stages,
which happen here every year or even two or three
times a year, deposition occurs within the incised
channel. The deposits accumulated within the incised
meander belt during the last 70 years attain a thickness
0f0.5—0.7 m. Fine-grained alluvia trapped in abandon-
ed channels may be even 1.7 m thick. These form
typical shoestring bodies. The rate of deposition on
the fan surface is much lower and diminishes markedly
in any direction away the active channel. As a result
the fan is convex-up in a transverse section (fig. 3).
The longitudinal profile of the fan is also convex up
for deposition on it was restricted mostly to its
central segment just below the point of intersection.
The longitudinal slopes of the fan surface are as
follows: 0.0087—0.01 for the fan-head segment,
0.01—0.03 for the central segment, and 0.014—0.018
for the fan-base segment.

Except for the active channel the Miszkowice
Fan is covered by a layer of alluvial loam up to 1.5m

10 — Geologia Sudetica, XV/1

thick. A synthetic profile of the alluvial loam is de-
scribed in table 2. Assuming that the whole layer
represents a period of last 650 years one may suppose

Table 2

Lithological profile through the Holocene deposits of the Misz-
kowice Fan, site 22

Profil litologiczny utworéw holocenskich stozka Miszkowic,

punkt 22
Thickness Lithology Notes
Miazszos¢ Litologia Uwagi
0.5— 6 cm Sand to silty sand, li- August 1977 flood
thic
20—25 cm Soil, dark-brown, lo- Overbank deposits,
amy homogenization
due to soil-forming
processes
50 c¢cm Brown loam passing Overbank deposits,
downwards into grey- incipient podsoliza-
-brown loam with scat-  tion in lower 22-cm-
tered fragmentsofcha- -thick layer
rcoal. Rusty impreg-
nations along traces
of roots
10—22 cm Rusty sand and gravel.  Crevasse-splay de-
Inverse gradation: silty  posit, illuvial ho-
sand at the base passes rizon. Pavement po-
upwards into granule ssibly originated
gravel, surface paved due to rain erosion
15— 2 cm Dark silty clay with la-  Crevasse-splay de-
minae of fine-grained posit, initial sub-
sand. Abundant plant layer, first bank o-
fragments, small frag- verflow
ments of charcoal
20—25 cm Loamy sand and gra- Original alluvium
vel, dark-grey, rich in of wooded over-
large plant fragments bank, initiation in-
and tree trunks buried to settlement (XIII
in situ. Scattered char- cent.)
coal. Clay content in-
creases upwards
over 45 cm Cobble-pebble gravel Channel-phase de-

with boulders, light
grey, feldspars fresh.
Thin streaks of coarse
and very coarse-grai-
ned sand. Strong im-
brication. No artifacts

posit accumulated
under conditions of
primeval mountain
forest, channel pat-
tern unknown, po-
ssibly braided. Be-
fore settlement

that the mean rate of accumulation of the loam is

1.5—2.3 mm/yr. The calculation is based on archeo-
logical data and a well-documented fact that prior
to the late XIII century the area was covered by a pri-



meval forest (the church in Miszkowice is known from
a document of 1364). The profile described in table
2 is characteristic not only for the Miszkowice Fan
but also for many other valleys of the upper Bobr

drainage basin. The change in character of the valley-
-floor sediments is thus interpreted as a man-influenced
phenomenon (cf. Daniels and Jordan 1966; Wolman
1967).

THE ZLOTNA CHANNEL

The Zlotna has been regulated along its entire
length at the beginning of the XX century. On the
Miszkowice Fan a trapezoidal alluvial channel has
been made. Only locally the banks have been protected
against erosion with large blocks of rock (dry masonry,
see fig. 5) and planted with trees (willow, alder).

It is only the fan-head segment where the channel
has survived the last 70-year period with practically
no change (fig. 4, site 2). Hydraulic parameters of
the original regulation channel (site 2) are the follow-
ing: mean low-stage width 4 m, mean low-stage
depth 0.25 m, mean bankfull depth 1.45 m, flow
velocity 0.6—1.2 m s 1 (low stage), slope 0.0087,
bankfull capacity 9—14 m2, bed material — boulders
and cobbles, banks composed of coarse gravel,
straight course, and practically a uniform subcritical
flood discharge.

Below site 3 the channel proved unstable. The
main factors responsible for the instability were:

1) incorrect channel design — too sharp bends
traced out using circular arcs; many single bends;
straight between-bend reaches too long; channel
slope too steep;

2) channel capacity too small;

3) throttling of a flood discharge by trees growing
along the channel banks.

The instability led to a considerable devastation
of the original channel occasioned mostly by flood
discharges. In some places new meander bends have
developed and a typical riffle-pool pattern originated
along the whole channel below site 3. Another effect
attributable to the non-uniform character of a flood
discharge as well as the diminution in channel capacity
(and thus water discharge) was the tendency to depo-
sition within the channel itself of the coarsest bed-load
material (cf. Lane 1935). It is worth mentioning that
the decrease in channel capacity (and volume of the
flow) could not be compensated by the increase in
slope (up to ca. 0.03). As a consequence strong over-
loading of the flow occurred during the August 1977

flood. Coarse gravels accumulated within the channel
gave rise to the formation of the gravel plug (between
sites 9 and 13, fig. 5).

It has been found in the field that the original
Zlotna channel from times before regulation was
a meandering one. There are numerous relics of old
meandering courses scattered throughout the fan
and it seems that meandering patterns did prevail
over the whole historic period (since the end of the
X1 century). It is not quite clear, however, what
channel patterns occurred here before settlement of
the area. It is almost certain that the valleys were
densely wooded and it seems reasonable to suppose
that braided patterns predominated. At present braid-
ed patterns occur not uncommonly in headwater
portions of many Sudetic streams above the upper limit
of a cultivated land. Colonization of the area at the
end ofthe X111 century resulted in partial deforestation
of the mountains. The character of stream load has
changed markedly and a layer of alluvial loam (eroded
soil) accumulated within the valleys and on many allu-
vial fans. The change in character of the stream load
and the cohesiveness of the newly-accumulated bank
materials resulted most likely in a substantial change
in channel pattern itself. However, the development
of meandering channels on the Miszkowice fan was
many times interrupted owing to high floods. Plugging
of the meandering channels by gravel led to the estab-
lishment on the fan of unstable temporary braided
channels (the evolution of alluvial channels on the fan
will be discussed later on). Moreover, the develop-
ment of the meandering channels was periodically
disturbed owing to chute cut-off degeneration of
meander bends (cf. A. K. Teisseyre 1977a). This was
particularly a common phenomenon on the steepest
central segment of the fan. Chute cut-off degeneration
appears to be attributable to the instability of a mean-
dering channel under conditions of high water and
sediment discharge and a tendency to supercritical
flow.

THE TWO FLOODS OF 1977 (pi. I)

In 1977 two high floods occurred in the drainage
basin of the upper Bébr: on May 21 after a strong

spring rain and in the first decade of August (120—

—375 mm rainfall during three days). The peak di-
scharge of the May flood was of the order of
12—15 m3s_1 or 0.4—0.5 m3(s km2)-1. Below the



Cross-sections through the artifical channel of the lower Ztotna, Miszkowice Fan. See figure 5 for location. No vertical exaggeration.
All the cross-sections in the paper are looking upchannel. C — channel capacity, d — mean depth
Recent deposits: 1 — sand, silty-clayey sand; 2 — gravel; 3 — channel pavement. Older deposits: 4 — alluvial loam; 5 — crevasse-splay deposits: sands and
gravels; 6 — gravel. Other signs: 7 —slip faces in gravel and sand; 8 — blocks of sod; 9 — cutbanks, cuttings; 10 —inactive banks; 11 —riffles; 12 — plant
cover: grass, fleadock. Explanations refer to all the figures
Przekroje poprzeczne uregulowanego koryta dolnej Ztotnej w obrebie stozka Miszkowic. Lokalizacja na figurze 5. Skale pozioma
i pionowa sa réwne. Kierunek ptyniecia rzeki ku obserwatorowi. C — powierzchnia przekroju poprzecznego koryta; d — $rednia
gteboko$¢. Kreska pozioma oznacza poziom wody w czasie powodzi w sierpniu 1977, klamra — lokalizacje koryta uregulowanego,
strzatka wskazuje migracje bocznag koryta

Osady wspofczesne: 1 — piasek, piasek z mutem; 2 — zwir, 3 — bruk korytowy. Osady starsze: 4 — glina aluwialna; 5 — osady gliféw krewasowych: piaski
izwiry; 6 — zwiry. Inne znaki: 7 —S$ciany zsypu w zwirach i piaskach; 8 —bloki gliny aluwialnej; 9 — brzegi podcinane, podciecia; 10 — brzegi nieaktywne;
11 — bystrzyki; 12 — pokrywa roélinna: trawa, lepieznik. Objasnienia dotycza fig. 4—18



point of intersection of the Miszkowice Fan the dis-
charge was slightly overbank and the left (northern)
part of the fan was inundated. Sedimentation was
limited mostly to the zone of the incised channel
(gravel, sand) and to some portions of the fan surface
adjoining the channel (sand, fine gravel, silt, accumu-
lation of floated load). The fine-grained overbank
deposits became soon destroyed owing to summer
rains and were only hardly perceptible at the end of
July.

On the Miszkowice Fan the catastrophic flood
of August 1977 occurred on August 1—3. Precipi-
tation records from the rain gauging-station at Lu-
bawka were as follows: 44.5 mm rain fell on July
31, 60.5 mm on August 1, and 21.3 mm on August 2.
When the heavy rains occurred the soil was already
water-saturated after a rain that fell on July 26
(19.2 mm). On the Miszkowice Fan the peak discharge
was of the order of 35—40 m3 s 1 or 1.25—
—1.43 m3(s km2)-1 A mean flow velocity in straight
reaches of the lower Zlotna ranged from 2.8 to
5.2 m s_1. The peak discharge occurred the night from

August 1 to August 2. Except for the fan-head area
(between sites 1 and 3, fig. 5) the flow was everywhere
overbank and a large part of the fan was beneath
water (pi. I, 2—4). The fan-base segment was covered
by standing water swelled on the Bukéwka Dam. The
discharge fell rather rapidly and on August 2 a large
part of the fan has emerged. Since August 2 the dis-
charge was less than banicfull below site 13. How-
ever, till the end of October the discharge was greater
than mean (fig. 1) and a substantial rise was noted
on August 23, after a heavy summer rain on August 22
(51.1 mm rainfall at Lubawka).

During the August flood large amounts of gravel
and sand have been deposited on the fan and within
the Zlotna channel. The biggest boulders transported
during the flood were 0.7 m across and the volume
of coarse-grained deposits accumulated on the fan
has been estimated to be of the order of 4,000—
—b5,000 m3. The Zlotna channel was plugged over
a distance of some 130 m and the gravel plug attained
a volume of over 1,000 m3.

This paper deals essentially with erosion, erosional

Fig. 5
Sketch of the lower Zlotna on the Miszkowice Fan showing location of sites described in the text

Heavy black segment is part of the channel plugged by gravel during the August flood. Dense stippling indicates crevasse-splay deposits and natural levees, light
stippling — thinner accumulations of suspended load on the fan surface. Short dashed pattern indicates banks protected by rock filling (dry masonry). Arrows
indicate flow pattern on the fan. The point of intersection lies near site 10

Szkic koryta Ziotnej w obrebie stozka Miszkowic z zaznaczeniem punktéw omawianych w tekscie

Czarny odcinek rzeki oznacza partie koryta zasypana zwirem w sierpniu 1977. Geste kropki oznaczaja osady gliféw krewasowych i naturalnych watéw brzegowych,

rzadkie kropki —cienkie osady obciazenia zawiesinowego na stozku. Ukos$ne geste kreski oznaczaja brzegi koryta umocnione narzutem kamiennym. Szczyt stozka

znajduje sie w lewym narozu rysunku, linia przyrywana oznacza granice stozka. Strzatki ukazuja uktad pradéw na stozku. Miejsce wynurzenia koryta wcietego
lezy w poblizu punktu 10



processes and erosional landforms, while deposition
and depositional landforms will be treated in a forthco-
ming article. In particular included in this paper are
the following subjects:

1) lateral erosion and the morphology of cutbanks,

2) downward erosion within the channel,

3) erosion related to large obstacles, and

4) scour outside the active channel as well as an
incipient gully erosion.

EROSIONAL PROCESSES AND LANDFORMS RELATED TO THEM

LATERAL EROSION AND THE MORPHOLOGY OF
CUTBANKS

The two floods of 1977 resulted in a substantial
widening of the Zlotna channel and increasing of
its capacity as measured by channel cross-section
(cf. Gregory 1976, 1977a, b; Gregory and Park 1976).
On the Miszkowice Fan lateral erosion occurred in
42 places (appendix I, fig. 5). In 12 places lateral ero-
sion was noted along outer cutbanks of meander
bends. Erosion occurred also at inner banks of bends
called in this paper pseudomeanders (11 places) and
around large obstacles (11 places). In 6 straight
reaches lateral erosion was attributable to the in-plan
meandering of the thalweg. Finally, in 2 places lateral
erosion resulted from the tendency of the flood flow
to by-pass Vv/ide riffles or transverse bars growing with-
in the channel at the same time. Everywhere the
lateral erosion was asymmetrical.

The rate of lateral erosion observed in meander
bends depended generally on the following factors:

1) the geometry of bends, i.e. bend radius and
the character of bend curvature;

2) the character of flow — depth, velocity, vor-
ticity, Froude number, shear strees;

3) the boundary conditions — height of the bank,
bank morphology, roughness, lithology of bank
materials.

It is evident from hydrodynamic considerations
that entering a meander bend the streamtube of ma-
ximum velocity tends to cut it off approaching its
inner bank (cf. Matthes 1941, 1947, 1951; Friedkin
1945; Leliavsky 1955; Sundborg 1956; Leopold
and Wolman 1960; Leopold et al. 1964; Henderson
1966; Langbein and Leopold 1966; Hooke 1974,
1975; Jackson Il 1975; McGowen and Garner 1975;
Levey 1976; Baker 1977). Field observations of the
Zlotna and other alluvial channels during the floods
have indicated that the position within a channel of
the streamtube of maximum velocity may be in line
with the theoretical one if Froude number is large
enough (cf. Hickin 1974; Hickin, Nanson 1975).
The agreement is almost perfect with supercritical
flow (pi. 1V, 1). The greatest flow velocities and the
largest Froude numbers were noted particularly along

gentle bends, in some chute channels and in pseudo-
meanders (pi. 11). In such places the flood flow was
generally supercritical and the streamtube of maximum
velocity accompanied inner banks of the bends (at
the entrance to the bends).With low discharge, on
the other hand, the streamtube of maximum velocity
shifts towards the outer cutbank (fig. 6). This may be
in part explained by the fact that during a low discharge
the zone of macroturbulence at the outer cutbank is
much narrower than in flood.

It is also evident from the field observations that
during a flood discharge the streamtube of maximum
velocity tends to cut off some meander bends. This
leads to lateral erosion and may result in partial
destruction of point-bar heads. Supercritical flow
may occur in meander bends provided that the bends
are gentle enough and the perturbations of flow are
generally low (low energy losses; Henderson 1966).
However, even with subcritical flow in sharp or irreg-
ular bends there commonly occur zones of super-
critical flow close to the outer cutbank. In flood and
during rising stages such zones occur as a rule along
lower segments of the outer cutbanks, downchannel
from the bend axis (pi. IV, 3; cf. Leopold and Wol-
man 1960; Hooke 1974, 1975; Engelund 1974, 1975;
Bridge 1976a, b; 1977).

In the zone of bend axis the streamtube of maxi-
mum velocity leaves the inner bank and crossing the
channel (pi. 1V, 1) meets its outer cutbank in a zone
located downchannel from the bend axis. It means
that in flood the outer cutbank is eroded mostly
along its lower segment downchannel from the bend
axis. The rate of lateral erosion is here generally
greater than along the inner bank for the intensity
of turbulence is commonly much greater below the
bank axis (cf. Shepherd and Schumm 1974). The
result is that during a flood discharge both the meander
wavelength and the radius of curvature tend to in-
crease, while the channel sinuosity decreases at the same
time —the apparent adjustment of the channel ge-
ometry to the increased water and sediment discharge
(cf. Daniel 1971; Ferguson 1973a; Parker 1975).

During a mean or rising but less-than-bankfull
discharge, in the other hand, the streamtube of ma-
ximum velocity accompanies the outer cutbank. Mo-



Fig. 6
Lateral erosion in alluvial channels (diagrammatic drawings)
Arrows indicate streamtubes of maximum velocity at low discharge (light arrows) and in flood (solid arrows). P —pool, R —riffle. See text for explanation

Erozja boczna w aluwialnych korytach rzecznych (rysunki schematyczne)
Strzatki wskazuja potozenie strug najwiekszej predkosci w czasie niskiego przeptywu (cienkie strzatki) i w czasie powodzi (grube strzatki). P — przegtebienie kory-
towe, R —bystrzyk, 1 —tacha meandrowa; 2 —rozmycie; 3 — czesciowe odcinanie fachy meandrowej; 4 — przeciecie szyi meandrowej; 5 — przekréj A—B;
6 — niski stan wody; 7 — drzewa i krzewy. Dalsze objasnienia w tekscie

reover, the flow becomes contracted on riffle slopes
and expands in meander pools some distance down-
channel from the riffles. In a consequence, lateral
erosion during such discharges is mostly limited to
upper segments of the outer cutbanks just below the
riffles and close to the riffle/pool junctions. At the
same time deposition may occur in lower portions
of the meander pools. So, if a between-flood period
is long enough a tendency may be noted for channel
sinuosity to increase and both the meander wave-
length and its radius of curvature to decrease. In
such a way the stream keeps its geometry being adapt-
ed to conditions of a lower-than-bankfull discharge.
However, the re-establishment of the low-discharge
geometry moves slowly and the morphological effects
of such discharges may be transient as compared
to those produced by flood discharges. The conclusion
is confirmed by the field observations of some Sude-
tic rivers after the high floods of 1958 and 1965.
A general conclusion is that for several years at least
the morphology of a mountain stream reflects the
erosional and depositional effects of the last large
flood (Leopold and Wolman 1957; Richards 1976b).

The position of the streamtube of maximum velo-
city in channels observed by the author is shown dia-
grammatically in figure 6 (it was too dangerous to
make levelled profiles during the floods). Changes in
position of the streamtube of maximum velocity in
meander bends are illustrated in figure 6A. During
a flood discharge the streamtube of maximum velo-
city tends to bifurcate or trifurcate over the point
bar with either the neck-or chute cut-off as a result
{cf. Hickin 1969; Bridge 1975; Baker 1977; A. K. Tei-
sseyre 1977a). Figures 6B-1 and 6B-2 demonstrate
a flow pattern in pseudomeanders {cf. Wolman and
Brush 1961). During a flood discharge supercritical
flow occurs at the inner bank which is intensely
scoured. At the same time a very strong backflow
circulation occurs at the outer cutbank giving rise
to the formation of a large bank niche (fig. 6B-2).
The backflow velocity is not uncommonly up to 70 %
the co-flow velocity. Thus the following features can
be thought to be characteristic of pseudomeanders
(pi. 11):

1) the lack of a point bar at the inner bank (flood
erosion due to the streamtube of maximum velocity);



2) the presence of two steep cutbanks at the inner
and outer banks of the bend;

3) a large pool occupying the whole bend, some-
times with a fine-grained central bar deposited at
falling or low stages (fig. 6B-2, profile);

4) the bed of the pool commonly dipping towards
the inner bank — the apparent evidence of supercri-
tical flow (Henderson 1966).

Finally, figure 6C shows lateral erosion resulted
from flow perturbations induced by trees and bushes
growing along a river bank.

The variable position within a meandering channel
of the streamtube of maximum velocity can well
account for the observed differentiation in location
of zones of maximum lateral erosion. However, it
cannot explain the observed differentiation in the
rate of the erosion— a phenomenon related simply
to the intensity and structure of turbulence, the trans-
porting ability of a stream and bank lithology. It
has been observed in the field that sharp or very rough
bends produce considerable flow perturbations. In
such places large vortexes may occupy the entire
channel width and energy losses during flood dis-
charges are very large. Upstream from such places
the velocity head drops but the total energy rises
substantially and the backwater effect occurs. The
rise in water level may be so large as to attain a local
overbank stage (fig. 7) in spite of a less-than-bankfull
discharge above and below the sharp bend. The rate

of lateral and downward erosion in such places may
be considerable. The erosion is attributable mostly
to large, horizontal, spiral vortexes, which in such
places may be stationary over relatively a long period
of time.

In order to investigate qualitatively the structure
of turbulence visual observations have been made
during the floods and a number of photographs and
movie pictures have been analysed in laboratory
(pi. HI). It is evident from the observations that the
structure of turbulence is more complex with subcri-
tical flow. With supercritical flow changes in turbu-
lance within boundary layers are commonly so fast
that may be only hardly perceptible. Moreover, all
the observations discussed below refer essentially to
the two-dimensional variability at the surface of the
flow and little can be said about processes operating
within the flow itself.

It was particularly easy to investigate the struc-
ture of turbulence in gentle-sloped channels carrying
in flood a subcritical flow (pi. 111). In straight reaches
two turbulent boundary layers may be observed at
the channel banks. Entering a bend the inner-bank
boundary layer becomes separated from the boundary
and the point of separation commonly occurs in
a zone of the bend axis. Downstream from it a large
separation bubble commonly exists at the inner bank
(pi. X, 4). However, with large Reynolds numbers
typical of flood discharges the boundary layer breaks

Flood discharge overtopping the outer cutbank of a meander bend as a consequence of flow perturbation in the bend, lower Zlotna,
site 32. Levelling is by the author

Wody powodziowe przelewajg sie przez zewnetrzny, podcinany brzeg meandra na skutek zaktécen przeptywu spowodowanych przez
zakret. Ztotna, punkt 32

1 —o$ zakretu; 2 — przeptyw w przyblizeniu petnokorytowy; 3 — woda przelewa sie przez brzeg — glif krewasowy; 4 — brzeg; 5 —poziom wody
z dnia 25111 1978; 6 — dno; 7 —przegtebienie korytowe; 8 —stok bystrzyka; 9 — bystrzyk; 10 — skata pozioma. Fr — liczba Froude’a, Niwelacja autora



into large vortexes a short distance downchannel
from the point of separation. As a result, a zone of
macroturbulence develops in meander bends and
some distance downchannel from the bend axis
large vortexes may occupy the entire channel width
(A. K. Teisseyre 1978).

However, the most valuable for a fluvial geomor-
phologist is the information about the structure of
turbulence within the boundary layer itself. Field
experience teaches us that the structure may change
periodically. This is true especially of those turbulent
boundary layers, which comprise wandering vortexes
and develop under conditions of relatively a small
degree of flow perturbation. A “whirl cycle” is here
defined as a single succession of eddies, which may
recur many times in the same place and whose recur-
rence interval may be measured in seconds. Such
a cycle starts, say, with roughly a flat and only slightly
disturbed water surface. At first a series of small
whirlpools develops whose axes are vertical or nearly
so (they correspond to fast bank eddies of Matthes
1947). Wandering downchannel the vortexes grow
systematically and their angular velocity increases
markedly (pi. Ill, i). The sense of the rotation is
always clockwise (right-handed) at the right bank and
vice versa. However, left-handed whirlpools may be
developed at the right bank owing to a backflow cir-
culation and this is frequently the case in bank niches
and pseudomeanders. The vortexes may disappear
suddenly being sucked into the flow. It is not quite
clear, however, what is happening to them under
the surface of a turbid flow. It is evident from field
observations that after a while a wandering, spiral,
horizontal vortex emerges just downchannel from the
point of suction (pi. I1l). The vortexes or rollers are
right-handed at the right bank (defined here as normal)
and move fast downchannel. The angular velocity
of the rollers is large enough to produce large disturb-
ation of the flow surface. Not unfrequently they
produce deep depressions close to the channel bank
(for a while they may be even several decimetres deep).
Reverse vortexes or rollers (left-handed at the right
bank) are also common features. Their origin is per-
haps complex. It has been found in the field that they
may result from the hydrodynamic thrust and do
develop almost always if the angle of attack of the
thalweg is high enough (fig. 8). There is also some but
still inconclusive evidence that the reverse rollers may
be brought about at the “normal” bank of a river
and, then, crossing the channel at the bottom, they
may emerge at the opposite bank as the reverse rol-
lers.

It has been frequently observed in the field that
the rollers may disappear (burst) suddenly and that

the process is preceded by an abrupt increase in angu-
lar velocity of the vortexes (pi. 11l, 3, 4\ cf. Jackson
Il 1978b). This is perhaps a manifestation of unbalanc-
ed energy at a river bank (applicable energy of Crick-
may 1974). According to the author cited in meander
bends applicable energy may be even larger than the
total energy of the stream. After bursting the surface
of flow calms down for a while and a new “whirl
cycle” may begin. Such a cycle may last no longer than
several tens of seconds.

Genetically connected with the activity of the
rollers are secondary helical flows. With normal
rollers the secondary flows are also normal, i.e.
directed downchannel and downslope along the
bank and obliquely downchannel along the bottom
(descending secondary flows at the bank). With re-
verse rollers the flows are also reverse, i.e. directed
obliquely downchannel along the bottom and up
slope along the bank (ascending secondary flows at
the bank). Thus the flows do differ markedly from
helical flows commonly reported from meander
bends in that they:

1) occur at the outer cutbank being restricted to
external and/or central part of a channel;

2) their pitch of thread is much smaller than that
of helical flows reported in the literature;

3) their angular velocity is considerable and much
larger than that of “normal” helical flows;

4) they are unstable features generally connected
with discharges higher than mean, and

5) they are susceptible to abrupt changes in di-
rection of flow and velocity.

The secondary flows lead to a considerable lateral
erosion of river cutbanks (pi. 1V, 3). The ascending
secondary flows are especially effective in tearing away
of overhanging blocks of sod. The descending sec-
ondary flows produce strong scour of the channel
banks and may lead to the formation of bank niches
below water surface. Flowing along the channel bed
they may be also agents of deposition (fig. 9A).

Another vortexes noted in gentle-sloped channels
include “short-lived, local, upward, displacements
of water entraining bottom materials and terminating
at the surface in nonrotating boils” of Matthes (1947,
see pi. VI, 3), and slow bank eddies (Matthes 1947).
The latter are characteristic, for instance, of back-
flow circulation in sand-bottom bank niches in which
backflow velocities are of the order of 15—25%
the co-flow velocity. So, the slow bank eddies are
responsible mostly for transportation and deposition
of sand and are less effective as erosional agents
(they may erode slowly alluvial loams).

To summarize we can conclude that lateral ero-
sion of alluvial river cutbanks is largely related to



the activity of the rollers. The rate of lateral erosion
depends among other things on the degree of flow
perturbation and is larger in sharp bends and around
large obstacles where the rollers may be stationary
over relatively long periods. Eroded cutbanks be-
come more and more steep or even overhanging which,
in turn, leads to further modifications through shear
(earth falls or another mass-movement phenomena).
It is also evident from direct field measurements that
the processes are to a large degree climate-controlled
and that the rate of erosion and the intensity of mass
movements may be much larger during thaw rises than
during even high summer floods (Inglis 1949; Wol-
man 1959; A. K. Teisseyre 1979).

From time to time the structure of turbulence is
destroyed owing to large earth falls taking place along
the eroded cutbanks. Large blocks of alluvial loam
lying on the bed as well as a modified morphology
of the bank itself may produce considerable pertur-
bations of the flow. As a consequence the structure
of turbulence changes for some length of time.

There is increasing field evidence that the struc-
ture of turbulence may be recorded in bank morphol-
ogy and, therefore, may be read from it even long
after a flood (unless shearing or another process
modifies the bank). This is particularly true of sta-
tionary rollers. As it has been mentioned above the
generation along a meander cutbank of the fast
rollers seems to be the effect of the hydrodynamic
thrust (usually at an angle less than 90°). Examina-
tion of a number of cutbanks scoured during a flood
discharge by the rollers have demonstrated that
a couple of rollers did commonly develop. A normal
roller (with the clockwise sense of rotation at the
right bank) develops at the base of the bank. This
is accompanied by a reverse roller at the upper portion
of the bank (fig. 8). Thus we can distinguish fast top
rollers, which are reverse, and fast bottom rollers,
which are normal (cf. Matthes 1947). Illustrated in
figure 8 are some simple cases characterized by rela-
tively a low perturbation of a flood discharge. It
does not mean, of course, that the pattern of rollers
is unchanging with time. On the contrary, mutual
relationships between the rollers change through time
and with changing bank morphology modified ab-
ruptly owing to earth falls. It has been found that
a reverse or top roller may disappear for a while or
may be even absent if the vertical velocity profile
is disturbed by bed morphology (fig. 11). lllustrated
in figure 8 are only four morphological varieties of
outer cutbanks which are especially common on the
Sudetic rivers. There are, however, another types o
bank configuration the origin of which is not quite
clear (the problem of a general classification of river

11 — Geologia Sudetica, XV/1

Showing idealized structure of large, horizontal, spiral vortexes

(rollers) working along cutbanks of different morphology. Sim-

plified from various study reaches on the Sudetic rivers. View
is upchannel

1 — reverse roller; 2 — normal roller and the resultant secondary bottom
current

Schematyczny rysunek ilustrujacy strukture duzych wiréw S$ru-
bowych o osi poziomej dziatajgcych w poblizu podcie¢ brze-
gowych o réznej morfologii (na podstawie obserwacji na réznych
odcinkach badawczych rzek sudeckich). Widok w goére koryta

1 — wir odwrotny; 2 — wir normalny oraz wywotany przez ten wir wtérny

prad denny; 3 — uktad pradéw przy stanie petnokorytowym; 4 — profil

predkosci; 5 — uksztattowanie brzegu przy niskim stanie; 6 — rozmywanie;
7 —depozycja; 8 — $cinanie

cutbanks remains still open — cf. Rachocki 1974;
Klimaszewski 1978).

The activity of the secondary circulation induced
by the rollers may be also recorded in sedimentary
structures like pebble fabric, for instance (fig. 9A; pi.
IV, 4). lllustrated in the figure is a segment of the
meander no. M—13. During the August 1977 flood
the outer cutbank of the meander was intensely
eroded by a normal roller. A secondary bottom
current induced by the roller was able not only
to scour the bank and stream bed but also to
give a preferred orientation to coarse gravel depo-
sited at the same time on a submerged mid-channel
bar (pi. IV, 4). The orientation of imbricated
flat cobbles from the bar is shown in figure 9B.
It is evident from the diagram that the flat gravels
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Fig. 9A
Structure of flood flow during the August 1977 flood near cutbank of the meander M-13, Zlotna, site 4. Note normal roller. Mapping
is by the author

Struktura przeptywu powodziowego (wir $srubowy normalny) w czasie powodzi sierpniowej w podcieciu meandra M—13, Zotna,
punkt 4. Pomiar autora

1 — przegtebienie korytowe; 2 —$ciana zsypu tachy zwirowej; 3 — prad denny; 4 — rampa glifu krewasowego; 5 —przeptyw pozakorytowy; 6 — zewnetrzny
podcinany brzeg. Dalsze objasnienia w tekscie

Fig. 9B
Point diagram of AB-planes of flat clasts (cobbles) from the
mid-channel bar shown in figure 9A. Upper hemisphere

a — measurements from the left half of the bar, b —readings from the right
half of the bar. See text for details

Diagram punktowy utozenia ptaszczyzn AB otoczakéw pilas-
kich (64—256 mm). Goérna poétkula
1 — prad denny; 2 — 0§ koryta i tachy; 3 — prad powierzchniowy; a — po-
miary wykonane w lewej czesci fachy, b — pomiary wykonane w prawej czesci
tachy

dip directly against the bottom current irrespective
of their position within the bar. Only few gravels
were oriented by a current paralleling the bar axis.
These occur mostly on the left side of the bar, how-
ever. Similar structures may be preserved in conti-
nental sedimentary deposits in the form of “frozen”
channels (c/. A. K. Teisseyre 1975b).

Now it seems to be appropriate to add few words
about the erosional processes themselves. River banks
built up of cohesive soils (alluvial loams, clay, loamy
sands) were eroded mostly through scouring, evorsion
(pothole erosion), and corrasion including attrition
and stripping (pi. V; cf. Rachocki 1974). The rate
of lateral erosion was particularly large in a zone be-
tween mean stage and the lower limit of grass roots.
The reason for this is perhaps complex. First, it is
this zone in which the cohesive soil is especially weak
owing to repetitive processes of drying and wetting
as well as the activity of frost (Grabowska-Olszewska
and Siergiejew 1977, Glazer 1977, A. K. Teisseyre
1979). Second, the rate of erosion of an alluvial bank
is particularly large in the zone of water level or
between a low stage and the stage corresponding to
a mean annual flood. In this zone erosion is attribut-
able to the activity of rollers and waves (fig. 8, 11).



Erosion implies a strong corrasion of the bed and
bank by pebbles and sand rotating fast in places where
large stationary backflow systems occur as in bank
niches and pseudomeanders for instance (pi. Il, VI).
It seems that similar processes are also taking place at
the base of some river cutbanks where pebbles and
sand are dragged directly on the surface of a cohesive
bank material. During a flood discharge pebbles
may be dragged along the toe of the bank owing to
the activity of secondary flows, which are very strong.
In such places an irregular, grooved surface of allu-
vial loam may be veneered by a thin layer of imbricat-
ed pebbles, which may be only one clast diameter
thick. It is considered that this offers conclusive
evidence as to the mode of erosion through evorsion.
Morphology of banks composed of cohesive deposits
are shown in plate V.

Clays and similar strongly cohesive soils, on the
other hand, were eroded in a somewhat different
manner. The soils soak hardly and their rate of sur-
face scour is rather low. However, the soils are com-
monly cracked owing to desiccation. A cracked sur-
face subjected to shear stress during a flood discharge
falls to pieces several centimeters across. The frag-
ments are then transported either as a bed-load or
as a suspended load giving rise to the formation of
clay balls or clay fragments not uncommonly embed-
ded in flood deposits (cf. Karcz 1969).

Non-cohesive soils were eroded through scouring
and eluviation. Inglis (1949) described another pro-
cess of erosion occasioned by a return seepage of
water from a non-cohesive soil after subsidence of
a high flood stage (cf. Leopold and Wolman 1960;
Klimek 1972, 1974). Such a process was observed
by the author in several sites along the lower Zlotna.
On the Miszkowice Fan non-cohesive soils occur
commonly as layers of sand or gravel up to several
decimetres thick (crevasse-splay deposits and natural
levee deposits). Banks built up of such deposits sand-
wiched with alluvial loam become soon undermined
owing to a rapid erosion of the coarse-grained depo-
sits. This leads to large earth falls of layers composed
of alluvial loam. Large blocks of alluvial loam (up
to several cubic metres in volume) may rest on the
channel bed immediately below the place of detach-
ment. Smaller blocks are easily transported by a flood
discharge as mud balls. On the Miszkowice Fan these
were especially abundant in gravels plugging the
channel just downstream from the pseudomeander
M —11 (site 11). Here they originated owing to later-
al erosion of the inner bank of the bend.

Large blocks of alluvial loam have been observed
within the Zlotna channel below the gravel plug
(sites 18 to 25). It means that earth falls occurred here
before plugging of the channel, i.e. during either the

rising stage or peak discharge (no earth falls occurred
here after the flood). The blocks are commonly trian-
gular in cross-section for the surface of detachment
is a plane of shear dipping towards the channel at
angles of 30—80°. Such large blocks may be rela-
tively stable features provided that are protected a-
gainst erosion by a turf sheet (turf sheet directed against
the flow). If the block is composed of a layered soil
the layers commonly dip towards the channel. After
burial they may resemble clastic wedges. It seems,
therefore, that at least some clastic wedges reported
from continental deposits represent, in fact, fossil
blocks of soil fallen during a flood from channel
banks (cf. A. K. Teisseyre 1967, 1975a).

During discharges higher-than-bankfull the water
escapes from the channel along its entire length or
in some localized places called after Ritter (1975)
crevasse ramps. During the August flood the Zlotna
banks were overtopped between sites 7 and 13. The
outflow through crevasse ramps was very characteris-
tic of part of the channel below site 13. These are
rough, irregular, slightly concave channels sloping
steeply towards the main channel. They may be free
from any deposits or may be floored by a thin layer
of a well washed gravel. Among features characteristic
of many crevasse ramps are upturned turf sheets.
These originate during a flood discharge as a result
of differential erosion the rate of which is especially
large in a zone immediately below the lower limit of
grass roots (this is the zone of particularly porous
and weak soil owing to the formation within it of
veins of ground ice in winter). The turf sheet under-
mined by the flood flow but still linked together with
the grass cover become turned upside down in the
direction of flow (fig. 10; pi. VIII, 1, 2). The upturned
turf sheets were also noted along margins of some bank
niches (site 30), at the outer cutbanks of some mean-
der bends (sites 12 and 32) and at the inner banks of
some pseudomeanders (site 11). Generally, the up-
turned turf sheets may be considered a good evi-
dence of overbank flow. Although they may be used
as a directional feature it seems that their earthy
materials as well as the occurrence along river cut-
banks severy limit their chances of preservation in
the fossil record.

Lateral erosion may be or may be not accompa-
nied by downward erosion. Downward erosion takes
place simultaneously with lateral erosion if a flood
discharge is not overloaded (moderate or low bed-load
discharge). On the Miszkowice Fan such conditions
were characteristic of May flood. After the August
flood a considerable lateral erosion has been found in
many places where a substantial aggradation occurred
and the channel bed rose. It is particularly worth
mentioning that between sites 9 and 13 a considerable



lateral erosion took place simultaneously with the
formation of the gravel plug. Lateral erosion simul-
taneous with deposition is also characteristic of riffles
(both  straight and between-meander ones; cf.
H. T. U. Smith 1940; Lane and Borland 1953; Leo-
pold and Wolman 1957; Maddock Jr. 1969).
The rate of lateral erosion during both the floods
of 1977 differed markedly from place to place. The
higher August flood resulted generally in larger
erosional retreats of the river banks (appendix 1),
though there were at least three exceptions to this
rule (of 26 common points of measurements). The
retreat of the banks occasioned by the May flood
ranged from 0 to 1.5 m or 0 to 0.375 w (w —channel
width). A mean retreat amounted to 0.61 m or
0.153 w. During the August flood the bank retreat
ranged from 0 to 2.3 m or 0 to 0.575 w, and a mean
retreat of 0.89 m or 0.223 w was noted. It is interes-
ting to compare the data with a mean annual bank
retreat from a between-flood period. According to
the present author’s measurements (1972—1976) and
studies based on dendrochronological data (1945—
—1976) this ranges for the lower Zlotna from 0.02—

—0.15 w depending on the channel geometry and the
degree of flow perturbation. It is clear from the data
that two days of nearly bankfull discharge, like in
May 1977, may result in a bank retreat equal to the
maximum annual retreat during the between-flood
period. In the wet year of 1977 the bank retreat of
the lower Zlotna was 4 times the maximum between-
-flood retreat. We can conclude therefore that major
modifications of the stream pattern and channel
position are, in fact, catastrophic phenomena attrib-
utable to high and unfrequent floods (cf. Zierhoffer
1935; Wolman and Eiler 1958; Hack and Goodlett
1960; Stewart and LaMarche Jr. 1967; Zietara 1968;
Scott and Gravlee 1968; Baker 1977; Baker and Pen-
teado-Orellana 1977, Cooley et al. 1977).

The data listed in the appendix | came almost
exclusively from direct field measurements of levelled
cross-sections made by the author before and after
the floods. However, there are also some indirect
methods, which may help us to estimate the retreat
of river banks in reaches not investigated prior to
a flood (cf. Cooley et al. 1977). Four lines of indirect
evidence are presented in figure 10. The first are the

Fig. 10
Indirect evidence of lateral erosion along channel cutbanks, Zlotna, Miszkowice Fan

A —Upturned turf sheets; B —hanging down fence post; C —root recently washed out from soil; D — large block of alluvial loam preserved in channel. No
vertical exaggeration. See figure 4 for explanation of signs

Posrednie metody ustalania erozji bocznej, Zlotna, stozek Miszkowic

A —Odwrdcone piaty darniowe; B — podmyty ptot; C — korzenie $wiezo wymyte z gleby; D — zachowane w korycie bloki gliny aluwialnej. Skale pozioma
i pionowa sg réwne. Objasnienia znakdw jak na figurze 4



Fig. 11
Large stationary vortex (normal roller) near the outer cutbank, meander M-5, Zlotna, site 19, as read from channel and bank morpho-
logy a year after the flood
Measured on July 11, 1978. Note chute bar in the channel. Levelling by the author

Duzy wir stacjonarny (wir srubowy normalny) wzdtuz zewnetrznego, podcinanego brzegu meandra M-5, Zlotna, punkt 19, odtworzo-
ny na podstawie morfologii koryta i brzegu rok po powodzi

1 —duzy wir; 2 —poziom woéd powodziowych; 3 —akumulacja po powodzi; 4 —przegtebienie wymyte wmaju 1977; wypetnione zwirem w sierpniu 1977 (odsyp
przelewowy). P — przegtebienie korytowe, R — bystrzyk. Pomiar w dniu 11 VII 1978. Niwelacja autora

upturned turf sheets (fig. 10A), the second are hanging
down fences and undermined designs (fig. 10B),
the third are roots recently washed out from the soil
(fig. 10C) and the fourth are large blocks of alluvial
loam preserved in the channel just below the place
of detachment (fig. 10D). The methods have been
checked in the field with good results except for the
“root method”, which may give values overstated
even by 50% or more. Another method depends on
the observation and mapping within investigated
meander bends of strips of newly emerged bar-plat-
form gravels. The method gives fairly good results
provided that the single bank retreat is neither too
small nor too large (less than 0.3—0.4 w). Many le-
velled cross-sections made by the author after the
floods have indicated that the maximum width of
such gravel strips measured at mean stage is roughly
equal to the erosional retreat of the outer cutbank
during a preceding flood (pi. V, 1).

DOWNWARD EROSION AND THE MORPHOLOGY
OF POOLS

During both the floods local downward erosion
was very intense though, in general, deposition
on the fan markedly exceeded erosion. Downward ero-
sion was noted in 33 places along the lower Zlotna
channel. Nine places, in which downward erosion
occurred during the May flood, were unattainable
after the August flood because of the formation of
the gravel plug. In 28 places downward erosion was
attributable to flow perturbations induced by bends
and bank niches (20 places) or large obstacles (8 pla-
ces). In 5 straight reaches downward erosion was gene-

tically connected with the meandering of the thalweg
(both in plan and in the vertical). In such places a com-
bined action of downward erosion and selective
deposition led to the formation of riffle-pool patterns.
Neither erosion nor accumulation occurred in the
straight channel just below the fan head between
sites 1 and 3 (fig. 4 and 5).

Downward (and lateral) erosion in alluvial chan-
nels is genetically connected with the hydrodynamic
characteristics of flow (Crickmay 1974). The location
within a channel of places of intense downward
erosion is determined by energy transfomations
within the flow itself. In order to analyse the problem
a number of hydrologic sections were made along the
lower Zlotna and the Bobr above the Bukéwka Dam
(the Bukowka study reach).

It has been found that except for the stable Zlotna
channel between sites 1 and 3 the flow was every-
where non-uniform even during those periods in
which it might have been regarded as quasi-steady.
Moreover, the bankfull discharge differed substan-
tially in its hydrodynamic behaviour from any other
discharge lower than it {cf. Leopold and Langbein
1966, Langbein and Leopold 1966). During a bank-
full discharge a mean water surface was roughly
even, in a statistic sense, of course. The slope of the
surface was similar to that of the valley floor. The
intensity of turbulence, flow velocity and depth were
controlled by both the channel capacity and its ge-
ometry. The most fundamental characteristics of
the observed bankfull discharge was its three-dimen-
sional character {cf. Jackson Il 1978b). It means that
the non-uniform character of the flow was manifest-
ed by flow expansion and contraction with the water



surface relatively even. Vertical and horizontal velo-
city profiles became differentiated and large separa-
tion zones occurred locally, but there were generally
no backwater effects (cf. Crickmay 1974; in fact,
backwater effects occurred on a large scale at river
confluences, cf. Lane 1955).

During mean or rising discharges, on the other
hand, the non-uniform character of flow resulted
almost always in measurable backwater effects. The
character of flow in the channels studied resembled
that in the Parshall flume. During such a discharge
riffles acted as broad-creasted weirs. The flow, being
again three-dimensional in character, was subject-
ed to complex hydrodynamic processes including
expansion and contraction, swelling, separation and
efflux effects. In other words, the longitudinal dif-
ferentiation of the river bed into steep, critical, mild,
horizontal and adverse slopes was reflected in the
water profile, which as a rule was very complex.
Moreover, the relationships between the water sur-
face and the bed profile were complex and generally
provided no information about the character of flow.
For instance, it has been found that non-uniform
flow occurred in sections where the water surface
was parallel to the bed, accelerating flow was connect-
ed with a substantial increase in depth and so on.

The character of flow was investigated in the
field under conditions of different discharge and in
places of different channel geometry. The most inte-
resting results came from meander bends (fig. 12).
During a mean discharge the flow became contracted
over segments of the channel called here riffle slopes
(A. K. Teisseyre 1977b). In such places the velocity
head attained the highest position, the flow velocity,
the Froude number and the bed shear stress were at
a maximum. These were the places in which poten-
tial energy of the stream changed to kinetic energy.
Large kinetic energy induces turbulence at the bounda-
ry and thus results in downward erosion (Sundborg
1956; Klimek 1972) being realized mostly through
eluviation of the gravelly bed. At the riffle slope-pool
junction the hydraulic jump commonly occurred with
the resultant energy dissipation and strong downward
erosion. The result is the so-called backward erosion
on riffles — a tendency for the riffle slopes to retreat
upchannel (pi. IX, 4). At the same time the meander
pools acted as stilling basins. These were areas of
flow expansion and a decelerating non-uniform flow.
Within the pool shown in figure 12 the effects of
efflux and flow separation were noted in the upper
part of the pool, while the backwater effects and a de-
celerating flow were typical of its lower portion. The

Fig. 12
Bed morphology, water surface, and velocity head in a meander bend, Bukéwka study reach, meander B -1, River Bébr
Measured in September 1978. Levelling by is the author. See text for details

Morfologia dna, powierzchnia swobodna wody i wysoko$¢ predkosci w meandrze, odcinek badawczy w Bukéwce, Bébr, meander

B -1

1 — liczba Froude’a; 2 —brzeg prawy: 3 — maksyamlIny stan roztopowy; 4 — bystrzyk; 5 — skton bystrzka; 6 — dno; 7 — wyjscie z przegtebienia meandro-
wego; 8 — przegtebienie meandrowe; 9 — skala pozioma; 10 — warunki stabilnego dna; 11 —erozja; 12 — depozycja; 13 — warunki ruchomego dna. Pomiar
we wrzesniu 1978. Niwelacja autora. Objasnienia w tekscie



decelerating flow was particularly characteristic of
adverse slopes called here pool outlets (fig. 12). As
a consequence, the velocity head, the Froude number
and the bed shear stress were here at a minimum and
fine-grained materials were slowly accumulating inclu-
ding sand, granules and silt (cf. Keller 1971, 1977,
Keller and Melhom 1978; Gustavson 1974). The
deposition is here spoken of as a backward deposi-
tion in pools. Again there is a tendency for the pool
outlets to migrate slowly upchannel.

To summarize, we can conclude that the meander
pools are places in which kinetic energy of the flow
changes to potential energy being at a maximum at
the riffle crests occurring just downstream from the
pools. In such a way the stream gains additional
energy necessary to overcome additional friction
resulted from the change in direction of the stream
flowing in a rough channel. 1t may be also concluded
that the places of maximum downward erosion de-
scribed above coincide with those of maximum later-
al erosion (see the preceding subsection).

On the other hand, the character of a nearly bank-
full discharge was quite distinct (fig. 12). With such
a discharge the capacity of riffle segments of the chan-
nel was much larger than that of meander pools
(tab. 3; cf. Richards 1976a, c). As a consequence,

Table 3

Flow characteristics in a natural meander bend, River Bébr,
Bukéwka study reach, meander B-I

Charakterystyka przeptywu w naturalnym meandrze, Bdbr,
odcinek badawczy w Bukdéwce, meander B-I
Q 1 C Ve V2g-1 Fr Notes — uwagi

[m3s-1]j [m2Z] |[m s_1] [m]

Riffle -- bystrzyk
1.0601 1.505 0.84 0.0360 0.51 Eluviation, weak back-
ward erosion
Deposition (cobbles, pe-

bbles), bank erosion

17.5002 10.2 172 0.1508 0.32

Meander pool — przeglebienie meandrowe
Bend axis — o$ zakretu

1.060 1.034 123 0.0770 0.29 Deposition (sand, gra-
nules)

17500 7.3 239 0.2911 0.57 Erosion of gravelly bed
strong lateral erosion
of loamy cutbank

Riffle -- bystrzyk

1.060 1.088 0.97 0.0480 0.64 Eluviation, backward
erosion

17.500 10.9 161 0.1321 0.24 Deposition ofcobbles

and pebbles, bank ero-
sion (symmetrical)
1 Discharge great than mean, September 1978, t = 13°C

2 Nearly bankful] discharge of meltwaters, February 1978, t = 2.5°C
C — channel capacity

the flow velocity decreased over the riffles and the
coarsest fractions of bed-load were dropped. The
riffles grew both in the vertical and laterally. The
deposition took place along the whole riffle surfaces,
though it was more intense on their adverse (upstream
dipping) slopes. The streamtube of maximum velo-
city tended to bifurcate by-passing the riffle crest.
This resulted in lateral erosion (pi. IX, 3), which
commonly occurred symmetrically along both channel
banks (cf. Richards 1976¢). In the channel segment
illustrated in figure 12 the erosional effects were even
larger than the effect of accumulation and the riffle
capacity still increased during the high discharge.
Leaving the riffle segment of the channel the flow
underwent contraction in the meander pool (tab. 3;
fig. 12). The flow velocity, the Froude number, and
the bed shear stress increased markedly attaining their
maximum values downstream from the bend axis,
i.e. in the lower part of the pool. It is worth mention-
ing that the flow velocity was much higher in the
pool than on the riffle; the phenomenon is known
under the name of velocity reversal (Keller 1971,
1977; see also Gustavson 1974; Hooke 1974, 1975;
Richards 1976a, c; Keller and Melhorn 1978). The
result was a strong downward and lateral erosion
of the channel bed and its outer cutbank, especially
downstream from the bend axis. We can see again
that during a bankfull discharge the zone of maxi-
mum downward erosion coincides with that of ma-
ximum lateral erosion (see the preceding subsection).
A flood discharge results therefore in building up
of the riffles and scouring the meander pools (Hooke
1974, 1975). The riffles grow both in the upchannel
and downchannel direction, while the pools become
deeper and their deepest segments migrate downchan-
nel. Thus the meander pool outlets become steeper
and shorter. Such a channel morphology, being the
result of a flood discharge (Keller, Melhorn 1973),
is relatively a permanent feature and does influence
substantially the character of the between-flood flows.
Some uncertainties arise, however, as to the problem
how to explain the downchannel migration of the
riffle slope during a flood discharge. It seems reason-
able to suppose that it is controlled mostly by for-
ces of inertia, which prevent part of fast moving gra-
vels to stop on an upchannel-dipping riffle slope. For
a more complete discussion as to the origin and
behaviour of riffle-pool patterns the reader is referred
to papers by: Friedkin 1945; Sundborg 1956; Leo-
pold and Wolman 1957; Miller 1958; Dury 1967, 1971;
Langbein and Leopold 1966; Leopold and Langbein
1966; Ackers and Charlton 1970; Keller 1971, 1972,
1977, 1978; Gustavson 1974; Church and Gilbert
1975; Richards 1976c; Keller and Melhorn 1978).



It seems to be clear from the observations that
the erosional and depositional modifications ofa mean-
dering channel are controlled by the discharge and
stage. There is also increasing evidence that in flood
the fluvial processes go on in an opposite direction
as compared with mean discharges. The riffle-pool
pattern may, therefore, be stationary for years and
along the lower Zlotna it was, in fact, almost station-
ary over the last 8-10 years. The pattern migrates
slowly across the flood plain as the channel moves
downwalley and laterally. The sedimentologic re-
sult of the process is generation within the channel-
-phase (substratum) deposits of elongated sediment
bodies composed of variously textured sediments
(Bluck 1971).

It is clear from the data presented in the appendix
Il that there are some substantial differences in ca-
pacity and flow character between straight and mean-
dering segments of the same channel (cf. Langbein
and Leopold 1966; Richards 1976a). During mean
or rising discharges the straight-reach pools distin-
guish themselves in having capacities larger than
those of the riffles. In meandering segments the re-
versal is true: the riffle capacity is as a rule larger
than that of the pools. Consequently, the flow velo-
city, the Froude number and the bed shear stress in
the straight pools are generally smaller than those
observed in the meander pools. During mean stages
downward erosion in the straight pools is restricted
therefore to their upper portions.

Genetically, downward erosion is brought about
by processes of turbulence similar to those described
above (see fig. 7, 8, 11). Field observations and meas-
urements have revealed that downward erosion is
as a rule accompanied by lateral erosion though the
reversal is not always true. Generally, the largest
lateral retreats of the outer cutbanks have been noted
close to the deepest pools but many exceptions to this
rule have been found (in pseudomeanders, bank ni-
ches and some riffle segments, for instance).

In meander bends the rate of downward erosion
depends on the intensity of flow perturbation which,
in turn, is related to the geometry and roughness of
the channel. It has been also found that the hydro-
dynamic thrust foster rapid erosion and that the
rate of erosion is proportional to the angle of attack
of the streamtube of maximum velocity fFriedkin
1945). The rollers generated at the river bank owing
to the hydrodynamic thrust are very effective in
scouring the channel bed and may be recorded both
in bank and bed morphology (fig. 11).

In straight channels downward erosion may be
either symmetrical or asymmetrical. Asymmetrical
erosion may be controlled by boundary conditions,

for instance trees growing on one bank alone (fig. 6C,
4). However, even under such conditions asymmetrical
erosion may lead to the formation of alternating pools
and riffles. These are located at the opposite banks
of the channel being spaced at intervals of 5—7 chan-
nel widths (cf. Leopold and Wolman 1957; Keller
1972, 1978; Keller and Melhorn 1978; Leopold and
Langbein 1966). Asymmetrical erosion in straight
channels is attributable to the meandering in plan of
the streamtube of maximum velocity. The tendency
to meandering appears to be directly proportional
to the Froude number.

Symmetrical erosion in straight channels is ma-
nifested by the occurrence of large pools and wide
riffles occupying the whole width of the channel.
The features are 5—8 channel widths apart. It is
suggested that such a pattern is genetically connected
with the third-dimension meandering of the stream-
tube of maximum velocity (meandering in the ver-
tical, cf. Yalin 1964, 1971, 1972; Yang 1971, Karcz
1971, Keller and Melhorn 1978). The pools are scoured
by fast eddies acting at the toe of the riffle slopes.
During a mean discharge the pools are places of free
jet flow. This, expanding in relatively a large and
deep pool, results in a complex three-dimensional
system of secondary flows including the backflow
circulation, the bankward directed flow, and the co-
-flow (A. K. Teisseyre 1978). Thus, during a mean
or rised discharge, the pools are characteristically
places of accumulation of microdelta-type sediment
bodies.

During both the floods of 1977 the alluvial Zlotna
channel was eroded through the processes of elu-
viation, scouring, evorsion and corrasion. It seems
reasonable to suppose that cavitation might also
contribute to bank and bed erosion though | have
found no conclusive evidence on this point (cf. Crick-
may 1974). During the August flood mean velocity
of the flood flow exceeded in some reaches 5 m s 1
and it is very likely that local momentary velocities
were much higher approaching those necessary for
cavitation (Hjulstrom 1935; Matthes 1947; Barnes
1956).

Another problem to be discussed briefly here is
the geomorphologic and sedimentologic effect of
a low discharge when the river carries almost clear
water and the bed shear stress is at a minimum. Field
investigations by the present author have indicated
that such a discharge does result in erosion of allu-
vial bed and bank materials provided that the flow
velocity exceeds that necessary for fine sand and mud
to be transported and carried away. To investigate
the problem a number of field tests were made of which
two were performed on the lower Zlotna. The test 1



was carried out at site 37 where the straight channel
was built up of alluvial loam. Towards the end of
May 1978, when rised spring stages subsided and the
accelerated spring erosion ceased, the bed and banks
were smoothed with shovel and two rows of steel
rods were pressed in the loam perpendicularly to
the channel axis. Also two levelled cross-sections
were made along the rows. Three months later the
profiles were surveyed again and a mean erosional
loss of 15 mm (range: 0 to 28 mm) was noted. The
erosional effect was almost uniformly distributed along
the whole wetted perimeter. During the three month
the discharge was less-than-mean (Q = 0.242—
—0.360 m3s“]), the water was megascopically clear,
the mean velocity ranged from 0.8 to 11 m s_1
and the depth varied from 0.15 to 0.25 m. The result
seems to suggest that a mean annual bank retreat
attributable to a low discharge is here of the order
of 0.06 m or 0.027 w (w — channel width) — a value
corresponding to the minimum annual bank retreat,
which for the lower Zlotna amounts to ca. 0.02 w.
However, the effect is small as compared with the
effects of thermal erosion and winter destruction of
the bank. For example, between 25 XII 1977 and
161V 1978 the mean bank retreat at site 37 was 10.5cm
(A. K. Teisseyre 1979; see also Inglis 1949; Wolman
1959; McDonald and Lewis 1973).

The test 2 was performed in a new artificial channel
made by a bulldozer at the beginning of June 1978,
between sites 9 and 15. The channel parameters
were as follows: width ca. 3 m, depth about 0.15—
0.25 m, cross-section rectangular, bottom even
but rough, slope almost constant and a sinuous chan-
nel course. The banks and bed of the channel were
composed of sand-filled pebble-cobble gravel of
the top layers of the gravel plug. As a consequence
of three months of low discharge (July—September
1978) the channel changed substantially. In straight
segments the bed was lowered by some 0.1 m and the
channel became concave in its cross-section. It means
that the flow was able to erode and carry away of
ca. 0.3 m3 of gravel and sand per each running metre
of the channel. The sedimentologic effect of the dis-
charge was the formation of a channel pavement
composed of strongly imbricated cobbles. However,
paving of the channel did not protected the bed ma-
terial against eluviation and a further downward
erosion was noted after 6 months. In gentle bends
the flow was nearly critical or even supercritical.
It has been found that the streamtube of maximum
velocity shifted in such bends towards the inner bank
resulting in lateral erosion (mean bank retreat was
of the order of 0.3—0.4 m). Still greater modifications
have been observed in somewhat sharper bends re-
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sembling natural meanders. As a consequence of the
low discharge the outer cutbanks of the bends retreat-
ed by about 1 m, or 0.33 w, and an incipient point
bars emerged at the inner banks. At the same time
the curved channels become narrower by some 17%
and up to 60—70% deeper than the original ones.
It has been also found that downward erosion in the
bends started in their lower portion (at the exit of
the bends) and then the initial meander pools migrated
upchannel (backward erosion along what resembles
a riffle slope). As a result the channel slope increased
markedly within the meander bends and the mean
flow velocities increased up to 1.5 m s-1 (flow velocity
in straight segments of the channel were of the order
of 0.9 to 1.1 m s-1). It is also evident from the field
measurements that erosion occasioned by critical
or slightly supercritical flow in gentle bends was much
less intense than in the meander bends where the
flow was subcritical but strongly disturbed. The
volume of coarse detrital material (gravel, sand)
removed from the meander bends amounted to
0.93 m3 per each running metre of the channel (of
which lateral erosion produced 0.5 m3and downward
erosion 0.43 m3. Thus it can be demonstrated that
the rate of erosion in the meander bends was up to
three times the rate of erosion in the straight segments
of the channel (cf. Shepherd and Schumm 1974)
and almost twice the rate of erosion in the gentle
bends (initial pseudomeanders).

The observations may be summarized as follows:

1. A steep-gradient mountain river carries detrital
material under a wide range of discharges and flow
velocities. A true non-scouring velocity approaches
the minimum local non-silting velocity;

2. During low discharges the source of detrital
material is the channel itself including fine bank- and
bed materials and sand-filled accumulations of
gravel inherited from periods of a higher discharge;

3. The concept of an equilibrium channel, which
only transports detrital material without scour and
deposition, may be applied only to short reaches of
a stream and seems to be limited to a certain discharge.
In the area studied by the author such reaches are
no longer than two or three hundred metres;

4. A real non-scouring velocity is a local feature
depending on the grain size and cohesion of bank
and bed materials. With banks composed of sand
and alluvial loam scouring does not occur if the mean
velocity is less than that necessary for transporta-
tion of fine sand (cf. Daniel 1971).

Another problem of great theoretical and practic-
al importance is the behaviour of an overloaded flow.
In the area studied overloaded flows occurred during
the August flood in those reaches where gravel-plug



deposits have developed (on the Miszkowice Fan
between sites 9 and 14). Direct field measurements
by the author have indicated that a considerable la-
teral erosion of alluvial banks was brought about
by such flows. That the erosion was simultaneous
with the formation of the gravel plugs is documented
by the presence of blocks of alluvial loam scattered
throughout the deposits. Numerous blocks of sod
or alluvial loam (armored mud balls) have been also
observed at the surface of the deposits. On the Misz-
kowice Fan the blocks were particularly abundant
in channel-plug gravels below the pseudomeander
M—11 (site 11). The plug originated within hours
after peak discharge had passed through the reach.
It is also evident that the subsiding discharge which
accumulated the gravel was indeed strongly overload-
ed (at least with respect to bed load). To summarize,
we may conclude that lateral erosion occasioned
by an overloaded discharge is connected genetically
with accumulation within the channel of a coarse
bed-load material. It means that the depth of flow
decreases and the flow velocity inreases. However,
higher velocities under conditions of lower depth
imply an increase in shear stress along the bed and
banks and, consequently, lateral erosion of bank
materials, which as a rule are much finer than the
channel lag deposits (c/. H. T. U. Smith 1940; Lane
and Borland 1953; Leopold and Wolman 1957;
Maddock Jr. 1969). Similar phenomena have been
also observed in braided channels (Hjulstrom et al.
1954, Krigstrom 1962; Fahnestock 1963; Scott and
Gravlee 1968; Klimek 1972, 1974, McDonald and
Lewis 1973; Bluck 1974, 1976; Womack and Schumm
1977). That lateral erosion, may be simultaneous with
deposition in a flume river, has been also demonstra-
ted experimentally by Shepherd and Schumm (1974).

Morphologically, the pools are generally less
varied than the outer cutbanks. With the exception
of symmetrical pools these are troughs elongated
parallel to the channel banks. A low-discharge thal-
weg path has as a rule larger sinuosity as compared
with the sinuosity of the geometric axis of a channel.
Pseudomeanders are in fact large pools occupying
the whole channell width. After a flood these are
removed of fine-grained deposits accumulated here
in a between-flood period.

The rate of downward erosion can be best establish-
ed using levelled cross-sections made before and
after a flood. However, there are also some indirect
methods as hanging or undermined designs, evorsion
troughs (potholes), thick post-flood deposits accumulat-
ed in the form of a microdelta and relics of a bed from
before a flood (fig. 13). Figure 13A and B illustrates
also the geomorphologic effects of the two floods of

Fig. 13
Direct and indirect evidence of downward erosion occasioned
by flood discharge

A, B —directevidence ofscour —levelled cross-sections before (A, June 1977)

and after the August Hood (B, September 1977). Cross-section A shows channel

morphology after the May flood — note bank niche in the deepened channel.

C —channel capacity. C, D — indirect evidence of scour: relics of original

bed from before flood (C, September 1977) and thick recent accumulation of

a microdelta-type (D). Thickness of the microdelta is almost equal to the depth
ofscour. Levelling is by the author

Bezposrednie i posrednie dowody erozji dennej spowodowanej
przez fale powodziowg

A, B — bezposredni dowéd — przekroje poprzeczne koryta wykonane przed
powodzia sierpniowa (A, czerwiec 1977) i po powodzi (B, wrzesien 1977).
Przekr6j A pokazuje koryto pogtebione przez powédz majows, widoczna jest
nisza brzegowa. C — powierzchnia przekroju koryta. C, D — po$rednie do-
wody erozji dennej spowodowanej przez powddz: relikty dawnego dna sprzed
powodzi (C, linia przerywana, wrzesien 1977) oraz miazsze, aktywne tachy
o charakterze mikrodelty (D). Migzszo$¢ mikrodelty jest prawie réwna gtebo-
kosci rozmycia. Niwelacja autora. Duze liczby oznaczaja lokalizacje punktow

1977. The lower May flood (relatively a low bed-load
discharge) resulted in deepening of the channel and
gave rise to the formation of a coarse channel pave-
ment. The rate of lateral erosion was relatively small.
On the other hand, as a consequence of the higher
August flood (exceptionally high sediment discharge)
the deep pools inherited from the May flood became
infilled with coarse gravel (channel-lag deposit).
The channel became shallower but its capacity
increased by about 100% owing to a strong lateral
erosion Such relationships may be thought to be
characteristic not only of the Miszkowice Fan but
also of another alluvial fans investigated by the author
and described from other countries (cf Maddock Jr.
1969, Burkham 1972, 1976; Emmett 1975).

On the Miszkowice Fan a general tendency to
aggradation within the channel was observed both
above and below the gravelly channel plug. Levelled
profiles have demonstrated that after the August
flood the bed level below the plug rose by some 0.1 —
—0.3 m as compared with profiles made after the
May flood. It can be also concluded from the field
measurements that large scour holes found around
large obstacles were as a rule deeper (by about 40 %)
than the accompanying pools. The observations agree



well with a principle known since a long time that
low floods tend to deepen the channel with moderate
bank erosion and that the reversal is true of high or
catastrophic floods (Zierhoffer 1935; Emmett 1975;
Burkham 1972; Klimaszewski 1978).

EROSION RELATED TO LARGE OBSTACLES (pi. VIII)

Large natural scours are distinct from small scour
crescents and the difference between the two is not
only the matter of scale of the features (cf. Karcz
1968; Richardson 1968; McDonald and Banerjee
1971; Rachocki 1974; A. K. Teisseyre 1977b). Also
they differ somewhat from large scour holes which
develop around bridge pires and other designs (Hen-
derson 1966). Large scours are common features of
fluvial deposits and, in so being, are much more im-
portant for paleohydraulic and environmental inter-
pretations than their small-scale counterparts.

The large scours are commonly asymmetrical
features for they are connected genetically with large
obstacles occurring particularly at a channel bank
like old trees, for instance. A large scour originated
during the August flood in the straight segment of
the Zlotna (site 2) is shown in figure 14. The following
elements can be distinguished here (fig. 14A): The
obstacle — a tree trunk (7) — together with a small
plant jam superposed on it, the frontal scour (2), the
lateral scour or trough (3) with its right-bank counter-
part in the form of shallow wash-outs (4), the back
scour (5), which originally was much longer extending
downchannel over a distance corresponding in length
to the large sediment shadow (6), which is here a post-
-flood feature. An additional feature, which commonly
develops in front of such large scours, is the elongated
frontal bar (7). This may occur either at the channel
bank (a channel-edge bar) or along its axis (a mid-chan-

Scour around a large obstacle, site 2. See text for details. Mapping and levelling is by the author. Scour in figure B is contoured
at 0.1 m intervals

Rozmywanie dna i brzegéw dookota duzej przeszkody, punkt 2. Plan i niwelacja wedtug autora. Warstwice w rozmyciu na figurze
B co0lm

1 —przeszkoda — pieni drzewa i zator roslinny; 2 —rozmycie czotowe; 3 — rozmycie boczne w korycie; 4 — rozmycie boczne w brzegu; 5 — rozmycie tylne;

9 — drobnoziarnista zaspa tylna; 7 —zaspa (tacha) czotowa; 8 — goérny bystrzyk; 9 —$ciana zsypu; 10 — dolny bystrzyk; 11 — punkt odniesienia niwelacji;
12 — rozmycie



nel bar). Some of the morphological elements are
also shown in a cross-section (fig. 15).

Considerable flow perturbation is brought about by
large obstacles situated within a high-stage channel.
At site 2 this resulted in non-uniform character of
the flood flow, which elsewhere was practically uni-
form subcritical. A decelerating non-uniform flow
occurred above the obstacle with the resultant de-
position of part of a coarse bed-load in the form of
the upper riffle and the elongated frontal bar (fig. 14,
15). The frontal scour was produced by a large sta-
tionary roller, while the lateral scours were eroded by
fast wandering vortexes generated at the downstream
edges of the plant jam. The back scour, which was
deeper than the frontal one, indicates the zone of ma-
ximum turbulence just behind the plant jam. The upper
part of the deep lateral scour corresponds to the zone of
accelerated flow, while the lower riffle was again the
area of deposition under conditions of decelerating flow
(fig. 14). A large separation bubble occurred behind the
plant jam. This was the area of a considerable turbu-
lence and strong secondary currents. Fastvortexes oper-
ating within this zone were able to erode the channel
bed composed of a cobble-boulder gravel. The exist-
ence in flood of the stationary frontal roller can also
account for the development of a steep gravelly slip
face (fig. 14) at the riffle/pool junction. In fact, the
slip face was a surface of dynamic equilibrium: the
rate of supply of bed-load from the above was here
balanced by the rate of its removal by the roller.

Another large scour caused by a tree felled dur-
ing the August flood crosswise the channel is illus-
trated in figure 16. Originally the tree bridged over
the river acting as a sluice gate. Above the tree the
flow was non-uniform, decelerating, subcritical, with

the resultant deposition of a coarse bed-load material
in the form of a long riffle (fig. 16). Part of the flood
discharge was deflected towards the left bank due
to the flood discharge from the mill-race and the
choke effect exerted by the felled tree. The deflected
flow resulted in a large bank scour seen on the left
bank of the river. The bank niche was floored by co-
arse, strongly imbricated, tightly packed gravel.
On the right bank of the channel shallow bank niches
originated. Behind the tree trunk a gravelly sediment
shadow was accumulated. Below the tree the flow
was supercritical, particularly over the steep riffle
slope. The accelerated flow caused scouring of the
channel bed and long crevasses originated in the
undermined left bank of the channel. Partial damming
of the flood discharge by the tree resulted in over-
topping of the right bank and much water escaped
here from the channel.

The flow pattern around a large obstacle situat-
ed within the channel may be more or less symmetric-
al (pi. VIII, 3, 4). In front of such an obstacle a nat-
ural abutment commonly develops on a gravelly
bed. This is a triangular in plan bedform composed
of coarse, strongly imbricated gravel. It corresponds
to the zone of zero velocity and maximum pressure
in front of the obstacle. The natural abutment may
be simply remnant of the bed from before a flood
but may be in part enlarged through addition of
a coarse gravel. Similar structures may be also observ-
ed on a sandy bed. However, sandy abutments are
very transitory features and disappear within seconds
from the beginning of the experiment. A considerable
difference in pressure between the front and the back
side of an obstacle may be responsible for a very close
packing and strong imbrication of gravelly abutments

Fig. 15
Cross-section through the large scour shown in figure 14. Levelling by the author

Przekréj przez duzy $lad optywania pokazany na figurze 14. Niwelacja autora
1 — wierzba 4 m w goére koryta; 2 — zator roélinny; 3 — poziom powodzi z sierpnia 1977; 4 — dno przed rozmyciem
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as well as the extremely compact structure of plant
jams superposed on them.

Field measurements made on the lower Zlotna
and other Sudetic rivers have indicated that with
live-bed conditions (i.e. in flood or at a high rise in
stage) the depth of the scours depends on the degree of
flow perturbation and the transporting ability of
the stream (cf. Laursen 1952). With mean discharge
and stable gravelly bed, on the other hand, the depth
of the scours is inversely proportional to the grain
size of the bed material. Both the principles have
been long known from the engineering practice
(cf. Henderson 1966). The degree of flow perturba-
tion is related among other things to the surface of
the obstacle, the obstacle-nose geometry and the
angle of attack of the flow.

SCOUR OUTSIDE THE ACTIVE CHANNEL

The water flowing during the floods round the
fan surface caused deposition rather than scouring.
In particular, deposition exceeded strongly erosion
during the August flood. The rate of deposition attain-
ed its maximum just after a peak discharge and
diminished gradually to a practically unimportant
value within two days (August 2—3, 1977). Local
scours developed at that time only within the incised
meander belt (sites 21 and 22, fig. 5). Two or three
wash-outs originated there in gravels and sands of
an inactive point bar (site 21). The features were up
to 2 m long, some 0.7—0.9 m wide and up to 0.5 m
deep. In a longitudinal section they were characteris-
tically asymmetrical with the deepest part situated
just downstream from a steep head cutting.

On the other hand, intense erosion affected newly
emerged flood deposits, particularly on the central
segment of the fan (cf. Bluck 1964). Plugging of the
pre-flood channel over a distance of some 130 m
constrained the water to flow on the fan surface untill
a new channel was made by a bulldozer at the beginn-
ing of June 1978. As a consequence, natural levee and
crevasse-splay deposits underwent partial erosion
and a pattern of shallow braids originated within
hours after the surface had emerged. The braided
pattern was restricted to the central segment of the
Miszkowice Fan covered by the flood deposits (fig. 5).
Below the lower extent of the continuous sediment
cover the water flowed along stormwater ditches and
in part also in shallow depressions after abandoned
meandering channels.

Another interesting problem to be discussed briefly
here is the post-flood evolution of the channel pat-
tern modified essentially by the catastrophic August
flood. It is evident from field observations gathered
during ten months (August 1977—June 1978) that
the braided pattern originated on the central part
of the fan was unstable. Downward erosion occasion-
ed by the sediment-poor post-flood discharge ini-
tiated several incipient gullies on the fan surface.
The longest of them was observed just below site
10 where a new incised channel was cut into alluvial
loam at a rate of ca. 0.05 m/month. At the same time
beds of the braided channels underlain by pebble
gravels and sands (mostly natural levee deposits)
were also subjected to scouring with the total result-
ant lowering of some 0.05—0.1 m (or 0.005—0.01 m/
/month on the average). Consequently, many braided
channels disappeared being drained by the larger

-Mg. 1/
Incipient gully erosion, site 22. See text for details

Zaczatkowy wawo6z, punkt 22

1 — wierzba ok. 60 lat; 2 — poziom wdd powodziowych; 3 —erozja wawozowa; 4 — koryto uregulowane, obecnie wypetnione duza zaspa tylna; 5 — migracja
koryta w okresie 1945-1977



and deeper ones. Downfan from the lower extent
of the flood deposits the channel beds were grassy.
During the ten months only a thin layer of soil was
removed from between grass blades, while the un-
derlying soil was effectively protected against erosion
by grass roots. Inspection of another alluvial fans
has indicated that the protective role of grass roots
continues long after submergence (even three or four
years, cf. D. G. Smith 1976).

It is worth mentioning that gully erosion started
on a larger scale at site 22 (fig. 5) where the largest
part of the water came back to the Zlotna channel
(pi. IX, 1). Here a large bank niche originated during
the August flood changed soon into an incipient
gully (fig. 17). The headcut of the gully retreated
during the ten months by about 3.6 m. It suggests
a mean annual rate of backward erosion of the order
of 5 m/yr. The volume of detrital material thus re-
moved amounted to some 22.5 m3, mostly of allu-
vial loam and sand (18 m3. The backward erosion
of the gully headcut would produce a new, incised,
low sinuosity channel. In fact, similar gullies by-pas-
sing gravelly plugs have been observed by the author
on another Sudetic fans (many examples of such

SUMMARY

EROSION AND DEPOSITION ON THE FAN.
EROSION AS A SOURCE OF LOAD

From the geomorphologic and sedimentologic
point of view it is interesting to compare the erosional
and depositional effects of the August flood. Unfor-
tunately, the problem cannot by fully solved for
the amount of suspended load supplied to the Miszko-
wice Fan as well as that passed through the Bukdwka
Dam is poorly known. The volume of detrital mate-
rial (gravel > sand > mud) deposited on the Miszko-
wice Fan amounted to ca. 4,000—5,000 m3. The
Zlotna supplied also detrital material to the Bdbr
and a large part of the Bdbr gravels deposited in
the Bukowka study reach came from the Zlotna drai-
nage basin. The volume of the material was estimat-
ed to be of the order of 300—500 m3. Thus we
may assume that the total amount of bed-load sup-
plied to the Miszkowice Fan during the flood was
of the order of 5,000—6,000 m3. It may be also sug-
gested that some 85 % of the material was dropped
by the flood on the fan, mostly on its central segment.

At the same time lateral and downward erosion
along the Zlotna channel yielded significant amounts
of detrital material. During the August flood lateral
erosion supplied at least 185 m3 of alluvial loam and

gullies are known from the literature, e.g. Happ et
al. 1940; Schumm 1961; Schumm and Parker 1973;
Wasson 1974, 1977; Patton and Schumm 1975;
Womack and Schumm 1977). Field observations seem
also to indicate that the process of gully erosion goes
on rather fast. The gullies are, however, unstable
features and tend to change into incised meandering
streams of a progressively increasing sinuosity. For
example, a small alluvial fan on the Polska Woda
brook (near Bogaczowice, Central Sudetes) plugged
during the high flood of 1965 was dissected owing
to gully erosion within several years after the flood.
The formation of a new incised channel on the Misz-
kowice Fan would last no longer than several tens
of years. The rate of gully erosion depends on the
discharge, slope and bed material. The tendency to
meandering of the incised stream is governed by both
the slope and the bed material. With cohesive or rocky
bank materials the tendency to meandering increases
with increasing slope untill a certain critical slope
is reached. On the Sudetic streams a well developed
meander belt may originate at the expense of a ma-
ture gully within several tens of years (cf. A. K.
Teisseyre 1977c).

ON EROSION

sand and up to 86 m3 of gravel. The volume of gra-
vel yielded by downward erosion was estimated rough-
ly to be of the order of 90 m3. Thus within the
Miszkowice Fan some 360—400 m3 of detrital ma-
terial was added to the flood load. The distance oftravel
of the coarse gravel eroded within the channel was ra-
ther short and it was re-deposited for the most part
in the channel itself or in a close proximity to it.
Alluvial loam and sand, on the other hand, were trans-
ported farther on as a suspended load a significant
portion of which passed through the Bukowka Dam.
To summarize we can conclude that passing through
the Miszkowice Fan the Zlotna changed in charac-
ter from a bed-load to a mixed-load stream. The same
seems to be true of the upper Boébr. The change in
character of load is manifested both in the compo-
sition of the valley-floor alluvial deposits, the valley
slope and the channel pattern itself {cf. Eiju Yatsu
1955; Leopold and Miller 1956). The layer of allu-
vial loam increases in thickness from 0.2—0.5 m at
the fan head to 1.5—2.5 m at the fan base. In the valley
of the upper Bébr the loam is also much thicker be-
low the Miszkowice Fan {cf. D. G. Smith 1974).
The increase in thickness of the alluvial loam as well
as in silt-clay content is also reflected in the channel
pattern of both the rivers. Below the river confluence



a regular meandering pattern existed prior to regu-
lation (fig. 2). An original channel sinuosity of the
meandering stretch was up to 2.5—3 and a well-
-developed meander belt occupied the whole flat
valley floor between the Zadzierna Mt. and the Zame-
czek Mt. (fig. 2). Moreover, the break in slope in the
fanbase area may be also ascribed to the change in
streams’ load (Eiju Yatsu 1955).

Field observations performed by the author bet-
ween 1971 and 1978 have demonstrated that deposi-
tion of the majority of coarse bed-load material on
the Miszkowice Fan has a strong influence on the
stability of the Bébr channel below the fan. The re-
lative rate of bank migration (computed in relation
to a local channel width) of the Bobr is less than that
of the lower Zlotna (in spite of larger discharge in the
Bobr). We should remember, however, that this is
true of summer floods but not of thaw floods and ther-
mal erosion. Furthermore, it can be also demonstrat-
ed that flood losses connected with the accumula-
tion on a flood plain of crevasse-splay and natural
levee deposits are much less below the fan. Thus in
mountain areas alluvial fans may play a positive
role as natural traps of coarse bed-load material.
The accumulation on an alluvial fan of the coarse
material is much more favourable than the deposi-
tion above antidebris steps. First, the “capacity” of
an alluvial fan is considerable as compared with ordi-
nary antidebris steps. Second, the accumulation on
an alluvial fan causes only a slow aggradation and,
consequently, produces a small backwater effect.
Third, gravels and sands accumulated on alluvial
fans may be mined with ease to be utilized as aggre-
gate for concrete, mortar or other purposes. It is
also postulated that deposition on alluvial fans may
be a man-controlled phenomenon though further
laboratory and field investigations are needed to
elaborate the problem from economic, engineering
and geomorphologic points of view.

EROSION AND THE STABILITY
OF STRAIGHT CHANNELS (pi. X, 1, 2)

As it has been mentioned above the artificial
Zlotna channel between sites 1 and 3 was stable dur-
ing both the floods. The hydraulic parameters of
the channel were as follows: mean width (at mean
stage) about 3—4 m, mean depth 0.2—0.3 m, mean
bankfull depth 1.4—15 m, bankfull capacity 10—
—15 m2, slope 0.0087, straight course, cross-section
trapezoidal (pi. X, 7), bed material composed of im-
bricated cobbles and boulders. During a low discharge
the reach looked like a long riffle. During the August
flood the flow within this channel was subcritical

(6max ca- 35-40 mV-1l, Fmear2.5-3.5 m s-1,
(—1.45 m, Fr—0.46—0.89, F22g-1-0.3186-0.6244).
With quasi-steady discharge (in short time spans)
the flow was practically uniform. In other words,
during the August flood the channel attained a nor-
mal slope and depth (c/. Bakhmeteff 1932). It is also
suggested that similar conditions prevailed during
other floods since the regulation of the channel at
the beginning of the XX century. Moreover, the chan-
nel capacity was large enough to contain the whole
flood discharge, which during the August flood was
slightly less-than-bankfull. The flow was able to
transport through the channel a considerable amount
of detrital material without net erosion or deposition
(with the exception of the large scour illustrated in
figure 14).

However, the stable character of the channel
does not mean that the channel bed was stationary
during the floods. On the contrary, there are several
lines of evidence suggesting that the bed was indeed
living. During the August flood the bed material
was replaced (petrographic investigations have indi-
cated that the bed gravels changed in composition
after the August flood). The observations support
a long known principle, namely, that a stable bed is,
in fact, that of a true dynamic equilibrium:the amount
of material scoured from the bed must be equal to
the volume of material dropped by the flow (Hender-
son 1966).

The character of the flood flow changed substan-
tially at the first bend of the channel (site 3). The
flow was no longer uniform. A decelerating flow above
the bend axis caused deposition of part of the coarsest
bed-load in the form of a riffle and an incipient point
bar (site 3). Downchannel from the bend axis the
flow became higher-than-bankfull and part of the
discharge escaped from the channel. Below the bend
axis intense lateral and downward erosion was brought
about by an accelerating non-uniform flow. Similar
flow perturbations occurred in the straight reach
below site 4 as well as in other straight reaches of the
lower Zlotna. These unstable channels were characte-
rized by slopes greater than that of the stable channel
from one hand, and by depths and capacities smaller
than those of the stable channel, from the other hand
(tab. 4). The non-uniform flow caused erosion and
deposition which, in turn, led to the formation within
the straight reaches of riffle-pool patterns (pi. X, 2\
tab. 4). Thus the appearance within a straight artificial
channel of a riffle-pool pattern may be thought to
be the first symptom of channel instability. A straight
channel with riffles and pools is a self-perturbating
system and will tend to develop meander bends. The
re-establishment of a new meandering channel at



Table 4

Characteristics of straight reaches of the lower Zlotna, Miszkowice Fan

Charakterystyka prostych odcinkéw dolnej Zlotnej, stozek Miszkowic

Channel width Channel depth
[m] [m]
Szeroko$¢ koryta Giebokos¢ koryta
Site S|
ope

Lokali- p mean ba:kfull mean bankfull
zacja ~ SPadek  stage stage stage stage
stan stan stan stan

sredni  PEINOKO- ¢ oqpn;  pelnoko-

rytowy rytowy
2a 0.0087 4.0 9. 25 0.2 1.45
5 0.0189 4.2 5.7 0.25 1.45
6 0.0155 3.5 9.5 0.25 0.64
9 0.0188 4.5 115 0.30 1.40
10 0.0122 4.8 9.8 0.25 0.90
23 0.0211 35 9.25 0.22 0.67
34 0.0121 3.25 6.0 0.30 0.77

the expense of a straight artificial one is governed
primarily by the slope and the water and sediment
discharge. In fact, a stable channel of a mountain
stream is that stable during a flood discharge or,
strictly speaking, under live-bed conditions. This is
the case because such channels are modified signifi-
cantly during a flood discharge. Coarse-grained bed-
forms originated during a flood cannot be removed
totally under conditions of a low discharge. Low-
-discharge bedforms, on the other hand, may be
easily eroded by a flood discharge. The observations
do not confirm Miller’s conclusion (1958) that the
lack in a mountain stream of riffles and pools reflects
the deficiency in transportation of a bed-load material.
Rather, it seems to be indicative of a stable channel
under conditions of uniform sediment and water
discharge like in the straight reach of the lower
Zlotna.

In the second straight reach between sites 4 and 9
deposition during the floods exceeded slightly erosion
with the resultant shallowing of the channel. Con-
sequently, the channel capacity (and water discharge)
decreased progressively leading to the increase in
concentration of bed-load in the downfan direction.
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Channel
capacity
bankfull
stage Pool/riffle
[m2] Erosion Deposition pattern
Pojem- Erozja Depozycja Uktady bystrzyk
no$¢ ko- przegtebienie
ryta stan
peinoko-
rytowy
12.95 No No No, stable chan-
nel
8.27 Weak, lateral Weak, asymmet- Yes, incipient
rical
6.08  Weak, lateral Incipient trans- Yes, symmetri-
and downward  verse bars, la- cal, passing dow-
teral bars nchannel into
asymmetrical
16.10 Strong down- Transverse bars Yes, symmetri-
ward erosion cal
8.82 Strong lateral, Mid-channel bar Yes, well-deve-
weak downward lateral bar loped asymme-
trical
6.20 Weak asym- Lateral bars Yes, well-deve-
metrical loped asymme-
trical
4.62 Weak, asymme- Lateral bars, Yes, incipient

transverse bars  asymmetrical

trical

Below site 9 the concentration was so great that the
channel was subjected to plugging with a coarse
gravel.

The investigations seem to suggest that the main
requirements for a stable straight channel are the fol-
lowing:

1 Slope and depth normal during a bankfull
discharge (i.e. uniform character of sediment and
water discharge, cf. Lane 1935);

2. Capacity large enough to contain the whole
discharge or such part of it as to ensure a continuous
and undisturbed transportation of bed-load (Lane
1935);

3. Channel roughness as small as possible (no
sharp bends, no channel constrictions, no old trees
within a high-stage channel);

4. A straight, wide channel seems to be the most
favourable geometry for high sediment and water
discharges (Burkham 1976).

For a more complete treatment of the subject
the reader is referred to papers by: Lane 1935, 1957;
Leopold and Maddock 1953; Leopold and Wolman
1960; Henderson 1961, 1963; Leopold and Langbein
1966; Langbein and Leopold 1966; Callander 1969;



Maddock Jr. 1969; Ackers and Charlton 1970;
Schumm 1972; Schumm and Khan 1972; Richards
1972,1976¢; Church and Gilbert 1975; Burkham 1976;
Schumm and Heathard 1976; Keller 1978.

EROSION AND CHANNEL MEANDERING.
THE STABILITY OF MEANDERING CHANNELS
(pi. X, 3, 4)

One of the most characteristic features of a mean-
dering stream is that migrating across a flood plain
it keeps its channel width roughly fixed (Leopold
and Wolman 1957). It means that the erosional re-
treat at the outer cutbank is balanced (in plan at
least) by the accretion of detrital material at the inner
bank. In other words, the point bar migrates at roughly
the same rate as the outer cutbank. Field observa-
tions indicate that such a state of quasi-equilibrium
may be really attained by many mountain meandering
streams. The equilibrium depends on the resultant
effect of erosion and accumulation and, therefore,
is controlled by the character of load and the sediment
discharge. With mountain meandering streams the
character of load is, however, of particular importance
(Keller 1973). This is so because point bars of a moun-
tain stream are composed mostly (if not exclusively)
of gravels transported as a bed-load. This is true of
almost all the bar platforms and the majority of
supraplatform bars. Thus a mountain stream carrying
very small amounts of bed-load cannot develop re-
gular meanders although it may develop incised me-
anders or rocky meanders. A mountain stream carrying
too small amounts of bed-load will tend to deepen
its channel until a substratum layer composed of
gravel is reached. This may well account for a well-
known fact that after regulation and protection of
hillslopes against erosion the Sudetic rivers started
to cut up their own alluvia. As a consequence, the
layer of alluvial loam was dissected within few tens
of years (cf. A. K. Teisseyre 1977c). Similar processes
affect also river channels below dams {cf. Gregory
1976, 1977a). The observations clearly indicate that
bed-load is in part at least supplied to a meandering
stream as a result of lateral and downward erosion of
its own alluvia. The process may be spoken of as
auto-feeding as opposed to the supply of a load from
the above. In order to analyse the role played by auto-
feeding in the process of channel meandering we
may discuss three simple cases.

Case | — corresponds to a meandering stream,
which carries a strongly overloaded flood discharge
(example: the lower Zlotna between sites 9 and 13).
The rate of supply of a bed-load material exceeds
the transporting ability of the stream. The result

is rapid accumulation within the channel of a coarse
bed-load in the form of transverse bars, large Pedi-
ment shadows and gravelly point bars. In a certain
place (usually within a sharp bend) the channel be-
comes plugged with gravel; then the gravelly plug
grows fast upchannel. A meandering channel under-
goes infilling with gravel up to the level of a flood
plain. In this case deposition strongly exceeds er«ion
(D > E). Under such conditions a meandering chan-
nel is extremely unstable being replaced within hours
or days by a braided pattern {cf. Hjulstrom 1952;
Hjulstrom et al. 1954; Lane and Borland 1953;
Leopold and Wolman 1960; Schumm and Lichty
1963; Ackers and Charlton 1970; D. G. Smith 1974).

Case Il — a meandering channel carries a flood
discharge whose load only locally and slightly exceeds
the transporting ability of the flow (example: mean-
dering stretch of the Bobr below the Zlotna mouth).
Under such conditions a mountain stream may de-
velop regular meanders. The erosional retreat of
outer cutbanks may be roughly balanced (in plan
at least) by the growth of gravelly bar platforms.
The rate of channel migration may be large — up
to 0.4 w during a flood (tv — channel width). At the
same time a considerable vertical accretion may take
place on older bar platforms as well as on supraplat-
form bars. During a flood these may grow in height
up to the level of a flood plain. Vertical accretion of
the supraplatform bars results, however, in partial
choking of a flood discharge which, in turn, increases
the rate of erosion along the outer cutbanks. Gene-
rally, erosion is roughly balanced by deposition
(E sa D). However, under such conditions a meande-
ring channel is locally unstable and may degenerate
owing to chute or neck cut-off (cf. A. K. Teisseyre
1977a).

Case Il — a meandering channel carries a flood
discharge deficient in bed-load (examples: meandering
channels below antidebris steps). This is the case in
which erosion exceeds deposition (E > D), at least
during first stages of a flood. The channel may soon
become too wide to maintain its meandering charac-
ter and complex braided-meandering or briaded
patterns develop {cf. Leopold and Wolman 1957,
Hickin 1969; Engelund and Skovgaard 1973). The
behaviour of such a channel is complex as there is
a general tendency to downward erosion and in some
places at least to lateral erosion along inner banks.
This may result in partial destruction of point bars.
In steep-sloped valleys incised meanders may deve-
lop. Field observations gathered during and after
the August flood seem to suggest that a meandering
channel degenerates if channel migration during a flood
exceeds 0.5 w {w — channel width) being unbalanced



bv a simultaneous growth of the point bar (c/. Fisk

, 1947, 1951; Leopold and Wolman 1957; En-
geiund and Skovgaard 1973; Burkham 1976). The
rate of lateral migration of such wide channels is
low (cf. Lobeck 1939) or even the meanders may be
completly eroded (Schumm and Lichty 1963).

Now it seems to be appropriate to discuss briefly
the ’'mole of auto-feeding in connection with the three
cases described above. With the case | — the Zlotna
between sites 9 and 13 — the role of auto-feeding was
rather neutral for lateral erosion supplied there mostly
fine-grained materials transported as a suspension
load. However, with gravelly banks the process will
tend to maintain the overloaded character of the flow.
The instability of the observed meandering streams
under conditions of heavily loaded discharge suggests
that meandering channels cannot be fed by a punctual
source of bed-load (cf. Lane and Borland 1953,
Leopold and Wolman 1960). Thus it is clear that
with the quasiequilibrium meandering channels (ca-
se 1) auto-feeding plays a decisive role (cf. Leopold
and Maddock 1953). It is also evident from some
field observations (e. g. meandering channels below
antidebris steps) that the process may be the only
source of a bed-load transported and re-deposited
by a meandering stream. Finally, with the case Il
auto-feeding produces too small amounts of bed-load
to support the development of regular meanders.

The effectiveness of auto-feeding as a source of
bed-load depends on the position within the outer
cutbank of the top surface of substratum gravels.
If the surface lies far above the mean water level
auto-feeding may be the only source of bed-load.
Consequently, if the surface lies below the mean water
level it may be only an additional source of bed-load.
The optimum height of the surface is at 4/3 h or slightly
higher (h — indicates a mean thickness of gravelly
bar platform or the distance between the deepest
point in a meander pool and the lower grass limit
along the inner bank). The conclusion is based on
field data and may be motivated as follows. Not all
the detrital material eroded at the outer cutbank con-
tributes to bed-load of a mountain stream: sand,
silt, as well as fine gravel (in part at least) are carried
away as a suspended load. These materials consti-
tute 20—40% of the substratum gravels acting as
a filling or matrix of the gravel. In other words, a gra-
vel layer deposited at the inner bank is as a rule thinner
than the layer of gravel eroded at the outer cutbank.
The difference is usually of the order of 1/4—1/2 of
the original thickness of the eroded layer.

My preliminary investigations concerning the
meandering Sudetic rivers can be summerized as fol-
lows:

1 Meandering streams may exist under relatively
a wide range of hydraulic conditions including the
slope and water and sediment discharge (cf Gustav-
son 1978). The slope of many meandering streams
ranges from 0.01—0.09 in valleys underlain by coarse
gravels and from ca. 0.002 in valleys floored by fine
gravels (cf. Schumm and Khan 1972; Richards 1976c;
Schumm and Beathard 1976; Keller 1977). With still
gentler slopes straight or low-sinuosity channels are
stable (Schumm and Beathard 1976). With steeper
slopes, on the other hand, the stream pattern may be
either sinuous (irregularly meandering, sinuous or
pseudomeandering) or multichannel (braided). In
still steeper, V-shaped, headwater valleys, straight
channels occur. Cohesionless alluvia favour the de-
velopment of straight, braided or pseudomeandering
patterns. An additional requirement for regular
meandering patterns is the presence of cohesive top-
stratum deposits.

2. A meandering channel is unstable under con-
ditions of a large bed-load discharge. If the overlo-
ading of a flood discharge is relatively small and lo-
cal the channel may degenerate owing to chute cut-
-off (A. K. Teisseyre 1977a). Strongly overloaded
discharges result in rapid accumulation and plugging
of an original meandering channel. In such a way
a meandering channel may be replaced within hours
by a braided one.

3. The bed-load discharge is amongst the most
important factors controlling the process of meande-
ring of a mountain river. This is the case because point
bars of such a stream are built up almost exclusively
of bed-load material. The meanders disappear if
the rate of supply of bed-load is either too small or
too large.

4. Unlike a braided stream the meandering one
cannot be fed by a punctual source of a bed-load ma-
terial (cf. Lane and Borland 1953; Leopold and Wol-
man 1960). The mechanism of feeding of a meande-
ring stream is rather complex involving both punctual
sources (the headwaters, tributaries) and a linear
source (auto-feeding attributable to the so-called
“linear erosion”).

5. A steep-sloped meandering stream requires
cohesive bank materials (at least in the upper part
of the bank) and coarse-grained non-cohesive bed
materials (cf. Schumm 1960a, 1960b, 1961, 1971).
Channels floored by fine-grained cohesive materials
are unstable being subjected to dissection (by upstream
headcut migration, Schumm 1961) untill a gravelly
substratum is reached.

6. A meandering channel can never be really
stable for the flow in meander bends is always non-
-uniform (Jackson Il 1976, 1978b). This implies a si-



multaneous erosion and deposition and both the pro-
cesses change in character, location and intensity with
changing stage and discharge. However, for practical
purposes it is possible to trace a quasi-stable meande-
ring channel whose rate of migration will be at a mi-
nimum. The five main requirements for such a chan-
nel are the following: (a) gentle slope, (b) low flow
velocities, (c) smooth boundaries, (d) sine-generated
path and (e) radius of curvature adjusted to the expec-
ted discharge of bed-material.

7. Bankfull discharge and bankfull stage are
rather ill-defined parameters. These are, however,
of particular interest for a fluvial geomorphologist
for bankfull discharge differs substantially in hydro-
dynamic characteristics from any other discharge
lower than it (cf. Leopold and Wolman 1957; Le-
opold and Langbein 1966; Jackson Il 1975).

8. Riffle-pool pattern is amongst the most fun-
damental properties of a meandering channel con-
trolling the hydraulic behaviour of the channel at
any discharge. During a flood discharge meander
bends act similarly to channel constrictions. Thus if
a natural meandering stream is straightened arti-
ficially it seems desirable to construct a channel of
variable width with channel constrictions and expan-
sions spaced in a similar manner as the riffles and pools
in the original stream (cf. Keller 1977, 1978; Keller
and Melhorn 1978).

9. As it has been stressed above the channel ge-
ometry most favourable for a high sediment and wa-
ter discharge is a straight channel of normal slope
and depth. Thus the stability of steep-sloped arti-
ficial channels is controlled to a large extent by the
stability of bends joining successive straight reaches.

10. Pseudomeanders resemble rocky meanders or
supraglacial-stream meanders in that they do not
migrate downvalley. Field observations seem to suggest
that these may act as quasi-stable “regime” bends in

GEOLOGIC

In many sedimentological papers erosion is appa-
rently underestimated as a geologic agent. The only
evidence of erosion cannot come from large and spec-
tacular features as scours, wash-outs, rough surfaces
truncating bedding, fossil channels and so on. It
should be also stressed that the lack of apparent
erosional structures does not imply the absence of
erosion within the depositional milieu. First, erosion
may produce smooth surfaces subparallel to bedding.
In coarse-grained clastic deposits such erosional sur-
faces are rather hardly perceptible, if ever. Second,
there are numerous indirect lines of evidence clearly

artificial mountain channels. However, the problem
needs further laboratory and field investigations both
from geomorphologic and engineering point of view.

In general, channel stability is governed prelimi-
nary by the slope and the character of water and se-
diment discharge. With a given slope (i.e. in a given
section or reach of a river) channel pattern will be
controlled by the character of water and sediment
discharge. Straight channels will act as stable channels
under conditions of a uniform water and sediment
discharge. Meandering channels will reflect condi-
tions of a non-uniform discharge and local but slight
overloading. Finally, a strongly overloaded non-uni-
form discharge will favour braided channels. The
change in pattern reflects increasing instability of
the channels. With a given discharge (e.g. a bankfull
discharge) the slope will be adjusted via channel
pattern. In flat-floored valleys straight channels will
require mild slopes, meandering channels will de-
velop moderate slopes and braided ones — steep
slopes. It may be also stressed that a stable channel
is one stable during a flood or under living-bed con-
ditions.

The evolution of the artificial channel traced out
through the Miszkowice Fan may be quoted to illu-
strate the relationships in question. The straight re-
gulation channel remainded stable in the fan-head
segment where the slope was mild (0.0087—0.01)
and flood discharges practically uniform. A meande-
ring channel developed at the expense of the regula-
tion one in steeper segments of the fan. However,
it proved to be quasi-stable only in the lower segment
of the fan characterized by a moderate slope (0.014—
—0.018) and slightly overloaded flood discharges.
Finally, a braided pattern developed during the Au-
gust 1977 flood on the steepest central segment (slo-
pe: 0.02—0.03) under conditions of a strongly over-
loaded discharge (cf. Schumm and Khan 1972).

IMPLICATIONS OF THE WORK

indicating erosion simultaneous with deposition.
Third, erosion predominates by far over deposition
only in headwater parts of a drainage basin and within
young V-shaped valleys. In mature valleys as well
as within basins of fluvial deposition erosion takes
place almost everywhere being characteristically si-
multaneous with deposition. In other words, a com-
plex feedback occurs between the two opposing
processes.

Erosion simultaneous with deposition is indicated,
for instance, by the presence within channel-phase
deposits of mud flakes, mud balls or large blocks of



shale. Generally, these are very unstable components
transported over short distances (metres, tens of
metres, sometimes hundreds of metres). They are
always indicative of a strong lateral erosion simul-
taneous with deposition. It is important to stress
that such an erosion may be occasioned by strongly
overloaded flows. Large blocks of shale suggest the
presence within the depositional environment of
thick cohesive topstratum deposits favouring meande-
ring pattern of the original channels. Small clay flakes
scattered in sandstones, on the other hand, seem to
be characteristic of straight, low sinuosity or braided
streams.

Additional informations concerning the paleo-
hydrologic character of the environment of deposition
may come from observations of wash-outs or large
scours. Large erosional features scoured in gravels
and filled by coarse gravels are indicative of a strong
downward erosion under live-bed conditions. The
depth of such features is related to the flow velocity,
the “vorticity” and the transporting ability of a stream.
On the basis of sediment filling the structures can be
subdivided into three categories. To the first category
belong large scours infilled with poorly sorted coarse
gravels. These are typical of a heavily loaded flood
discharge and suggest a rapid accumulation during
a high flood. The second category corresponds to
wash-outs floored by coarse gravels (channel pave-
ment) followed by fine-grained deposits. The latter
reveal characteristically a form-concordant bedding.
They are characteristic of partly cut-off channels,
especially from the above (cf. Doeglas 1962), and
oxbow lakes. Finally, to the third category belong
scours infilled by microdelta-type embankments.
These are indicative of secondary channels, channels
cut-off from the below or channels abandoned during
a flood. However, similar bedforms may also originate
in a main channel shortly after a flood. The thickness
of a microdelta indicates roughly the depth of scour
during a flood, while its top surface is close to the
mean water level at times of deposition. Similarly,
large sediment shadows are always connected with
a strong downward erosion around an obstacle, which
may be not preserved in the sedimentary record.
Small erosional structures, on the other hand, are
attributable simply to low discharges of a sediment-
-poor water.

It is well known from many mountain drainage
basins that a bankfull discharge may originate shortly
after a heavy rain (or rapid thawing) and that the
maximum sediment discharge occurs slightly later
on. Therefore, during early stages of a flood a period
occurs in which the water discharge, slope and channel
width are roughly fixed, but the discharge of sedi-

ment load increases substantially. Under such con-
ditions deposition of part of the coarsest bed-load
occurs, the channel becomes shallower and the flow
velocity must also increase. If, under the same con-
ditions of the water discharge, slope and width,
the sediment discharge diminishes the flow velocity
must decrease and the stream bed will be subjected
to scour. The relationships, known long from the
engineering practice, teach us that the accumulation
within a natural alluvial channel of coarse-grained
deposits occurs commonly with high velocities and
scour with low velocities (Maddock Jr. 1969; Emmett
1975). There are, however, two main exceptions to
this rule: (1) the zones of large scours around large
obstacles and (2) the zones of the backwater effects.

Amongst the most characteristic features of point
bar deposits is a low-angle cross-bedding or inclined
bedding (cf. Gustavson 1978). This is typical of bar
platform deposits below the mean water level (fig. 18).
A composite set of inclined beds may contain alter-
nating sets (or co-sets) of sand and layers of gravel.
It can be demonstrated (at least in modern deposits)
that the horizontal distance between successive fine-
grained sets may be a good measure of erosional re-
treats along the outer cutbank occasioned by successive
floods. Similarly, the ridge-and-swale topography of
many supraplatform bars may be used to identify
successive high floods (the ridges; cf. Ferguson 1973b,
1976; Hickin 1974; Hickin and Nanson 1975). Fossil
channels provide also a good opportunity to recon-
struct many paleohydraulic parameters and thus
should be of particular interest for a sedimentologist
(fig. 18; cf. Schumm 1972; McGowen and Garner
1975; A. K. Teisseyre 1975b; Jackson 11 1978a).
A bankfull level may be also indicated by crevasse-
-ramps, upturned turf sheets, and some chute bars,
which may grow in height up to the surface of a flood
discharge. It is also evident that relatively long periods
of channel stability may be recorded by channel-lag
deposits (pavements). The formation of a pavement
requires the discharge of a sediment-poor water
(Maddock Jr. 1969).

The deposition of the coarsest bed-load on allu-
vial fans influences substantially the character of
load of streams feeding them. The concentration of
suspended load commonly increases in a downfall
direction. Consequently, the layer of cohesive top-
stratum deposits increases in thickness downfan.
In tectonically active basins of deposition this may
result in the accumulation of thick cyclic sequences.
Such cyclic formations are known from many conti-
nental deposits of the Sudetes and their foreland
(the Lower Carboniferous, the Lower Permian or
the Neogene, for instance).



Fig. 18
Paleohydraulic interpretation of a frozen meandering channel. Synthetic drawing based on observed paleochannels in the Quaternary
deposits, Central Sudetes

dji —maximum bankfull depth; 9m —maximum mean stage depth; wb —bankfuli width; wm —mean stage width. The mean stage level is indicated by change

in structure and texture of the point bar deposits. Note inclined bedding in the bar platform deposits and bankwards dipping cross-lamination produced by clim-

bing ripples and dunes. The supraplatform bar deposits reveal microdelta cross-lamination dipping bankwards or downchannel. Reversed chevron pattern indicates
cross-laminated sediment shadows

Paleohydrauliczna interpretacja ,,zamrozonego” koryta meandrowego. Syntetyczny rysunek oparty na obserwowanych wypetnie-
niach koryt aluwialnych w osadach czwartorzedowych Sudetéw Srodkowych

f/lg —maksymalna gteboko$¢ petnokorytowa; djvi —maksymalna gtebokos$¢ przy sredniej wodzie; wfi —szerokos$¢ petnokorytowa; wjyf —szerokos$¢ przy $redniej

wodzie. 1 — brzeg wewnetrzny; 2 —tacha ponadptatformowa: 3 —naturalne wypetnienie powodziowe; 4 — stan petnokorytowy; 5 —podcinany brzeg zewnetrz-

ny; 6 —stan $redni; 7 —S$rednia roczna pow6dz; 8 —platforma tachy meandrowej. Stan $redni jest wyznaczony na podstawie zmiany struktury i tekstury osadéw

tachy meandrowej, W osadach platformy tachy meandrowej widoczne jest warstwowanie nachylone oraz laminacja sko$na zapadajaca w kierunku brzegu, a zwia-

zana z wstepujacymi ripplemarkami i podwodnymi diunami. Osady tachy ponadplatformowej wykazuja laminacje sko$ng mikrodeltowa z laminami zapadajacymi
w kierunku brzegu tub w dét koryta. Odwrécony szewron ukazuje sko$nie warstwowane osady zasp tylnych

be only the catalyst that induces the change at a par-
ticular time. That is, it is the existence of geomor-
phic thresholds, and the complex feedback response
of geomorphic systems, that permit high magnitude
events to play a major role in landscape evolution”

There is increasing evidence that many major
morphological modifications of a fluvial landscape
are rather the results of unfrequent catastrophic events
(zierhoffer 1935; Wolman and Eiler 1958; Hack and
Goodlett 1960; Stewart and LaMarche Jr. 1967,

Zietara 1968; Scott and Gravlee 1968; Baker 1977,
Baker and Penteado-Orellana 1977; Cooley et al.
1977). Depositional- and erosional landforms pro-
duced by catastropihc events have usually a fairly
good chance to be preserved in the geologic record.
However, not all portions of a depositional envi-
ronment have to be modified even by a catastrophic
event: certainly some parts of it may well survive
the cataclysm with practically no change. According
to Schumm (1973, 1976) catastrophic events “mhy

(Schumm 1973, p. 309). The existence of channels
that were stable during the August flood as well as
the local character of the major geomorphologic
changes observed by the author during last twenty
years seem to confirm Schumm’s idea that *high
magnitude events will not everywhere produce dra-
matic erosional events; rather the result depends on
the character of the geomorphic system” (Schumm
1973, p. 309).

SUMMARY

The paper summarizes some results of my field
investigations on fluvial processes carried out on the
Miszkowice Fan and some other Sudetic fans between

1971 and 1978. Systematic measurements of the rate
of fluvial erosion were made in 1972—1976 (a bet-

ween-flood period) and in 1977—1978 (two high



floods). The processes of thermal erosion and bank
destruction occasioned by frost will be treated in
another publication. The Miszkowice Fan is fed by
the River Zlotna — a small mountain stream
(Qmean ca 0.45 in3s_1) characterized by a steep slope
(0.0087—0.03 in the lowest stretch), the predominance
of bed-load, and large discharge fluctuations (0.05—
—40 m3 s_1 between 1972 and 1978). The main re-
sults can be listed as follows.

1 The position within a channel of the stream-
tube of maximum velocity is related to the discharge
and the Froude number. Passing through the meande-
ring channel a flood wave causes not only the incre-
ase in channel capacity but also tends to increase
the meander radius and the meander wavelength.
It means that during a flood lateral erosion is con-
centrated at the inner bank in the entrance to a mean-
der bend and at the outer cutbank below the bend
axis. With mean or rised discharges lateral erosion
is concentrated along an upper segment of the outer
cutbank, while deposition occurs in the meander pool.
However, the geomorphologic effects of a mean or
rised discharge are much less persistent than those
of a bankfull discharge. Thus a mountain meandering
stream commonly reveals geometry attained during,
or at least modified by, the last high flood.

2. Strong lateral and downward erosion is gene-
tically connected with the activity of fast, large, hori-
zontal vortexes or rollers. Within some meander
bends as well as around obstacles these may be sta-
tionary during relatively a long period of time.
The structure of turbulence of a bankfull discharge
is very complex and may change periodically. Some
informations about the structure of the stationary
vortexes as well as secondary bottom currents‘induced
by them may come from detailed observations of
the morphology of outer cutbanks and the structure
of bedforms (including pebble fabric).

3. The mean bank retreats occasioned by the two
floods of 1977 were as follows: 0.61 m (or 0.153 w;
w — channel width) during the May flood
(<2max ca. 12—15 m3 s-1) and 0.89 m (or 0.223 w)
during the August flood (E?mex ca. 35—40 m3 s_1).
The mean bank retreat caused by the May flood (2 days
of intense erosion) was equal to the maximum annual
retreat (including thermal erosion) noted in the bet-
ween-flood period of 1972—1976.

4. Intense downward erosion occurs in places
characterized by large flow velocities and strong tur-
bulence. The position of such places within an allu-
vial channel changes with changing stage and dischar-
ge. During mean or slightly higher discharges down-
ward erosion takes place on riffle slopes and within
upper portions of pools (backward erosion on riffles).

At the same time deposition may occur within cen-
tral and lower parts of the pools (backward accumu-
lation in pools). During a bankfull discharge depo-
sition of part of the coarsest bed-load takes place
on the riffles, while the pools are loci of a strong la-
teral and downward erosion. Such a differentiation
is the result of velocity reversal (cf Keller 1971, 1977).

5. Within unstable straight channels (mostly arti-
ficial) downward erosion may be either symmetrical
or asymmetrical. Generally, the erosion is simulta-
neous with deposition thus leading to the formation
of riffle-pool patterns. Asymmetrical erosion is con-
nected genetically with meandering in plan of the
streamtube of maximum velocity. The resultant pools
are crescentic in plan, while the riffles run obliquely
to the channel axis. With symmetrical erosion the
pools are deep and wide occupying alomst the whole
channel width. These are separated by broad riffles
resembling transverse bars. It is suggested that symme-
trical erosion is connected genetically with mean-
dering of the streamtube of maximum velocity in
the third dimension (in the vertical). The successive
pools are 5—38 channel widths apart. It is also sugges-
ted that the natural succession of the patterns is
the following: unstable straight reach -> thrid-dimen-
sion meandering in a straight channel —meandering
in plan in a straight reach -> low sinuosity channel ->
meandering channel.

6. Field measurements have indicated that low
discharges of megascopically clear water may also
scour an alluvial streambed provided that flow velo-
city exceeds that necessary to transport fine sand and
mud. A partial silting of a mountain channel during
periods of low discharge has practically no effect
on the channel forming processes. On the other hand,
silting of emerged bars plays a major role in the pro-
cess of stabilization of the features.

7. A flood discharge overloaded by bed-load
may cause a strong lateral erosion simultaneous with
a rapid deposition of gravel within the channel.
On the Miszkowice Fan strong lateral erosion accom-
panied the formation of the gravel plug.

8. It has been foud that the lower May flood
(relatively a low bed-load discharge) resulted in a con-
siderable downward erosion, while depositional mo-
difications were comparatively small. The catastro-
phic August flood (very large bed-load discharge)
caused a strong lateral erosion and measurable ver-
tical accretion in the channel (with the exception of
some pools and large scours around obstacles). In
other words, the increase in channel capacity was re-
alized by downward erosion during the May flood
and through lateral erosion during the August flood.

9. Large scours, which develop around large



obstacles, are morphologically much more complex
than their small-scale counterparts. Their preser-
vation potential is fairly good. Field measurements
have also confirmed a long known rule that under
live-bed conditions the depth of scours is related to
local flow velocities, the “vorticity” and the transpor-
ting ability of the stream. With stable-bed conditions
the depth of scours is inversely proportional to the
grain size.

10. Natural levees and crevasse-splay deposits
originated during the August flood underwent soon
dissection owing to the post-flood discharge of sedi-
ment-poor water. This resulted in the formation wit-
hin the central segment of the fan of shallow braided
channels. However, the channels were apparently
unstable and a tendency to the formation of a new
incised channel by-passing the gravelly plug was
observed. The channel was initiated by gully erosion,
which strated at two sites: just below the point of
intersection and in a place where the flow came back
to the Zlotna channel below the gravelly plug. Field
observations gathered during last twenty years have
indicated that such a new channel originates in two
stages: first, a straight or low-sinuosity incised channel
develops owing to gully erosion (the stage of down-
ward and backward erosion) and, then, the gully
becomes transformed into a new incised meandering
channel (the stage of lateral erosion). It has been also
found that by this means a new incised meander belt
may originate in few tens of years (30—50 years).
The process of plugging of the fan channels seems to
be a cyclic phenomenon (cf. Wasson 1974) related
to the occurrence of high floods.

11. The volume of detrital material supplied
during the August flood to the Miszkowice Fan was
of the order of 4,000—5,000 m3 of gravel and sand.
The volume of suspended load supplied to the fan
and carried away is poorly known. At the same time
erosion on the fan yielded some 400 m3 of detrital
material composed of almost equal proportions of
alluvial loam and gravel. The coarse-grained material
was deposited for the most part (up to 80—90%)
on the fan, mainly on its central segment. Consequ-

ently, passing through the Miszkowice Fan the Zlotna
changed in character from a bed-load to a mixed-load
stream. This is manifested by an increase in thickness
of the layer of alluvial loam, which below the fan is
from two to ten times as thick as above it. The incre-
ase in clay and silt content in a downfan direction
is also manifested by the channel pattern itself (more
regular meanders below the fan).

12. A mountain stream may be stable over long
periods of time provided that a normal depth and
slope (i.e. those resulting in practically uniform flow)
may be attained during a flood discharge. A stable
channel requires undisturbed sediment discharge and
hence a sufficiently large channel capacity and the
absence of larger flow perturbations. It has been also
found that even a large increase in slope cannot coun-
terbalance the loss in transporting ability of a stream
caused by too small channel capacity and a lateral
escape of a flood discharge. This may well account
for the observed fact that on the wet Sudetic fans the
most intense flood deposition takes place on their
central parts characterized by the steepest transversal
and longitudinal slopes.

13. The process of meandering of a mountain
stream is controlled by the slope, cohesion of bank
materials and the amount of bed-load available du-
ring a flood. The erosional retreat of the outer cut-
bank must be balanced by the deposition at the inner
bank of gravelly bar platforms, which are composed
mostly of a bed-load material. Thus a meandering
channel degenerates if the supply of bed-load is
either too large or too small. With the former case
the meandering channel is subjected to plugging with
gravel and a braided pattern develops. The latter
case leads to an excessive widening of the channel
and complex braided-meandering or braided channels
may originate. Such a degeneration occurs if a single
retreat of the outer cutbank exceeds 0.5—0.6 w
(w — channel width). The conclusions do not refer
to pseudomeanders and incised meanders.

14. A more comprehensive interpretation of flu-
vial sedimentary rocks needs further work on fluvial
processes and modern fluvial environments.



Site

Lokali-
zacja

10

u

12

13

14

15

16

18

Channel
characteristics

Charakterystyka
koryta

straight, artif. right
bank, behind tree

outer cutbank,
meander M—14

between meander
riffle

outer cutbank,
meander M—13

straight, artif.
left bank

gentle bend, inner
bank

straight, artif.
left bank

straight, artif.
left bank

outer cutbank,
meander M—12

inner bank,
pseudomeander
M—11

outer cutbank

outer cutbank,
meander M—10

outer cutbank
meander M—9

outer cutbank
pseudomeander
inner bank

outer cutbank
pseudomeander
M—8

outer cutbank
pseudomeander
M—7

inner bank

outer cutbank

pseudomeander
M—6

inner cutbank

14 — Geologia Sudetica, XV/1

APPENDIX 1

Summary on erosion along the lower Ziotna, Miszkowice Fan

Erozja wzdluz dolnej Ziotnej w strefie stozka Miszkowic

May 77
flood

maj 1977

0.6

0.5

0.7

0.85

0.6

0.25
0.35

0.5

0.4

0.5

0.2

0.4

0.6

0.3

0.7

m

m

3

Lateral erosion

Erozja boczna

Amount of material Resultant bank morphology

August 77
flood

sierpien
1977

21 m

10 m

0.6 m

0.9-1.1 m

23 m

0.75 m

04 m

unknown

eroded, Aug. flood
Objetos¢ zerodowa-

nego materiatu
sierp. 1977

8 m3 (G)

27 m3 (AL, FG)

8.5 m3 (AL, 80%)

30 m3 (AL, 85%)

25 m3 (G, 80%)

2.6 m3 (AL)

4 m3 (AL)

15 m3 (AL)

channel filled by
gravel (gravel plug)

Morfologia brzegu

Bank niche above mean low
stage

Irregular cutbank, 2 niches

Smooth cutbank, overhan-
ging turf

Uneven cutbank, 2 bank
niches

Large bankniche, above
mean water level

Steep inner cutbank, super-
critical flow

Uneven cutbank

Uneven cutbank

Uneven cutbank, bank
niche at meander exit

Steep inner cutbank —su-
percritical flow

Vertical outer cutbank

Uneven cutbank, upturned
turf sheet

Uneven cutbank, 2 bank
niches, turf overhanging

Steep outer cutbank, bank
niche

Steep overhanging inner
bank, supercritical flow

Overhanging tree-protec-
ted bank

Overhanging tree-protec-
ted bank

Steep inner bank, super-
critical flow

Overhanging bank

Uneven inner bank, bank
niche

Downward erosion

Erozja denna

0.5—0.6m SO
(Aug.)

0.4—0.7 m P (Aug.)
0.7—0.8m SO (Aug.)

0.8 m SO (Aug.)

0.5 m P (Aug.)

0.8 m SO (Aug.)
No

0.5 m P (Aug.)

0.4 m P (Aug.)

0.6 m P (Aug.)

0.55 m P (May)

0.8 m SO (May)
1.25 m P (May)

0.7 m P (May)

0.7 m P (May)

0.8 m
0.9

P (May)
SO (May)

3

0.7 m P (May)
1.0 m SO (May)

0.5
0.8

3

P (May)
SO (May)

3

0.95 m P (May)

0.5 m P (May)



(Appendix | continued)

Lateral erosion

Channel Erozja boczna
Site characteristics August 77 Amount of material Resultant bank morphology Downward erosion
LOK?"' Charakterystyka May 77 flood eroded, Aug. flood Morfologia brzegu Erozja denna
zacja koryta flood sierpien Objetos¢ zerodowa-
maj 1977 1977 nego materiatu
sierp. 1977
19 outer cutbank 05 m 0.75 m 8.4 m3 (AL) Uneven cutbank, 2 niches 1.0 m P (May)
meander M—5 0.8 m P (Aug.)
inner bank 01 m 0.2 m 0.5 m3 (G, S) Steep inner bank, super-
critical flow in chute channel
20 outer cutbank 0.8 m 11 m 11.4 m3 (AL 80%, Uneven cutbank, 2 niches 1.1 m P (May)
meander M—4 S) 0.4 m P (Aug.)
inner cutbank ? 0.55 m 1.3 m3 (G, S) Steep inner bank, super-
critical flow in chute chan-
nel
21 straight, artif. 15 m 14 m 22 m3 (G 75%, Long, even cutbank, turf 0.45 m P (May)
left bank AL) overhanging
25 outer cutbank 1.4 m 0.95 m 51 m3 (AL 80%, Steep, irregular cutbank 0.9 m P (May)
meander M—3 G) 1.85 m P (Aug.)
26 straight, artif. 04 m 0.75 m 2.4 m3 (G 50%, Uneven cutbank 0.7 m P (May)
right bank AL) 0.45 m P (Aug.)
27 straight, artif. - 1.2 m 3.1 m3 (G 50%, Steep even cutbank 0.85 m P (Aug.)
left bank AL)
28 right bank, old 15 m 1.4 m 3 m3 (G, S) Reactivated bank niche, 0.7 m P (Aug.)
bank niche crevasse ramp
29 straight, artif. — 0.7 m 1.9 m3 (AL 75%) Even steep cutbank 0.4 m P (Aug.)
right bank
straight right 0.6 m 1.7 m3 (AL) Steep uneven cutbank
bank along riffle
30 outer cutbank 05 m 09 m 2 m3 (AL) Irregular cutbank, overflow 1.1, m SO (May)
bank niche channel, upturned turf 05 m SO (Aug.)
sheets
31 outer cutbank 0.25 m 05 m 1.6 m3 (AL) Irregular cutbanks 2 niches 0.7 m P (May)
bank niche 0.5 m P (Aug.)
0.8 m SO (Aug.)
32 outer cutbank 05 m 11 m 22 m3 (AL 65%, Long, evencutbank, turf 0.75 m P (May)
meander M—2 G) overhanging 0.6 m P (Aug.)
33 outer cutbank 15 m 09 m 18 m3 (AL 75%) Irregularcutbank, 2niches, 1.6m P (May)
meander M —1 bank terraces 0.8 m P (Aug.)
34 straight, artif. 02 m 0.85 m 4.9 m3 (AL) Even, steep cutbank 0.35 m P (Aug.)
right bank
35 straight, artif. — — 0.5 m P (Aug.)
left bank
36 straight, artif. — 03 m 1.5 m3 (AL) Small bank niche 0.3 m P (Aug.)
right bank
37 gentke bend 0.15 m 0.35 m 14.7 m3 (AL 80%) Even cutbank 1.1 m SO (May)
left bank 0.7 m SO (Aug.)
inner bank, - 17 m 12 m3 (G, S) Uneven scarp, supercri- 0.4 m P (May)
right tical flow at inner bank

Abbreviations: G — gravel (pebbles, cobbles, boulders), FG — fine gravel (pebbles, granules), S — sand, AL — alluvial loam, P — pool, SO — scour
along or around large obstacle

Skréty: G —zwir (64—256 mm i bloki), FG —drobny zwir (2—64 mm), S —piasek, AL —glina aluwialna, P — przegtebienie korytowe, SO — rozmycie
wzdtuz lub dookota duzej przeszkody
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11

12
13

14

15

16
17

18

19

20
21

22
23

24
25

APPENDIX H

Flow characteristic of the lower Zlotna and the River Bébr, Bukéwka study reach

Charakterystyka przeptywu w dolnej Ztotnej i w Bobrze na odcinku badawczym w Bukdwce

Channel characteristics

Charakterystyka koryta

Riffle, straight

Riffle slope, steep

Pool, straight

Pool, adverse slope

Chute channel, mean-
der M—5

Riffle, between mean-
der

Chute channel, mean-
der M—4

Pool, straight

Riffle, straight, adverse
slope

Riffle, steep slope

Riffle, straight, steep
slope

Riffle, straight

Riffle, straight, adverse
slope

Meander pool, upper
part

Meander pool, central
part

Meander pool, tail

Riffle, between mean-
der, steep

Riffle, straight

Pool, straight

Pool, straight
Riffle, straight

Pool, straight
Riffle, straight

Riffle, steep slope
Pool, straight

Cc

(m2

0.525

0.361

0.611
1.139

0.245

0.546

0.372

0.740

0.601

0.305

0.435

0.738
0.273

0.302

0.330

0.612
0.375

0.245

0.682

0.525
0.361

0.253
0.401

0.279
0.569

\fn ean
[ms-1]

Zlotna, sites 19—20, Q = 0.560 m3s-1, t = 11°C

1.06

1.55

0.92
0.49

2.29

1.03

151

0.76

0.93

1.84

229-1

0.0573

0.1225

0.0431
0.0122

0.2673

0.0541

0.1162

0.0294

0.0441

0.1726

Fr

0.76

1.29

0.26
0.07

3.82

0.83

0.97

0.20

0.55

1.64

Erosion

Erozja

Eluviation, pavement-forming pro-

cesses

Strong eluviation, scattered pebble

movement
Wery weak
No

Very strong erosion, scattered mo-

vement of cobbles

Eluviation, pavement-forming pro-

cesses

Strong eluviation, scattered move-

ment of pebbles
Weak

Eluviation, slight

Very strong eluviation

Zlotna, sites 32—33, Q = 0.415 m3s-1, t = 13°C

0.95

0.56
1.52

1.38

1.30

0.68
1.16

171

0.61

Zlotna, sites 34—37, Q = 0.415 m3s_1, t = 13°C

0.77
1.12

1.60
1.0

1.45
0.68

0.0460

0.0160
0.1178

0.0971

0.0861

0.0236
0.0686

0.1490

0.0190

0.0302
0.0639

0.1305
0.0510

0.1072
0.0236

0.61

0.13
181

0.81

0.52

0.13
0.60

2.48

0.17

0.30
1.47

1.90
0.92

1.50
0.18

Eluviation

Slight eluviation

Very strong eluviation, scattered

movement of cobbles

Strong eluviation

Eluviation

Very slow eluviation

Strong eluviation

Very strong eluviation, scattered

movement of cobbles

Very slight eluviation

Slight eluviation

Strong eluviation, washing of al-

luvial loam

Strong eluviation

Eluviation, pavement-forming pro-

cesses
Strong eluviation

No

Deposition

Depozycja

Local sediment shadows
(granules, pebbles)

No

Coarse sand, pebbles

Granules, sand, silt at
banks

No

Local sediment shadows,
coarse sand, pebbles

No

Pebbles, granules, sand at
banks

Granules, coarse sand,

pebbles
No

Local sediment shadows,
fine gravel

Sand, mud at banks

No

No

Pebbles

Sand, granules, pebbles

No

No

Sand, granules, pebbles
mud at banks

Sand, granules

No

No
Local sediment shadows
(gravel)

No

Sand, granules



(Appendix 11 continued)

Channel characteristics C
[m2]

iean
[ms-1]

V22g~' Fr

Charakterystyka koryta

Erosion Deposition

Erozja Depozycja

River Bébr, Bukdwka study reach, Q = 1.060 m3s-1, t = 11°C

26 Pool, straight 1.010 1.05 0.0562 0.24  Slighteluviation and bank erosion ~ Granules, sand

27  Riffle, straight 0.859 1.23 0.0771 0.91  Strong eluviation Sediment shadows (gravel)

28 Riffle, steep slope 0.648 1.55 0.1223 1.02  Strong eluviation No

29  Pool, straight 1.120 0.95 0.0459 0.26  Slight eluviation Granules, pebbles, sand

30 Riffle, straight 1.120 0.95 0.0459  0.42  Eluviation Granules, sand, small peb-
bles

31 Pool, straight 0.837 1.27 0.0821 0.53  Eluviation Granules, pebbles

32 Riffle, adverse slope 1.230 0.86 0.0377  0.36  Slight eluviation Sand, granules, mud at
banks

33 Riffle, steep slope 0.882 1.20 0.0734 0.70  Strong eluviation No

River Bobr, Bukéwka study reach, Q = 1.060 m3s_1, t = 11°C, meandering reach

34  Pool, upper part 0.805 1.58 0.1274  0.73  Strong eluviation, bank erosion Sand and granules at inner
bank

35  Pool, lower part 1.237 1.0 0.0510 0.27  Weak eluviation Sand shadows, sand and
mud at inner bank

36 Riffle, adverse slope 1505 0.84 0.0360 0.51  Eluviation, Granules, sand

37 Riffle, steep slope 0.966 131 0.0877 0.76  Strong eluviation Sediment shadows (gravel)

38 Pool, upper part 0.827 154 0.1208 0.83  Strongeluviation, bank erosion Granules, coarse sand, silt
at inner bank

39 Pool, bend axis 1.034 123 0.0770 0.29 Weakeluviation, bankerosion Sand and mud at inner
bank

40 Riffle, adverse slope 1.088 0.97 0.0480 0.64  Eluviation, bank erosion Granules, coarse sand
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PROCESY FLUWIALNE NA ,MOKRYM?” STOZKU MISZKOWIC.
CZESC |I: EROZJA | FORMY EROZYJNE

Streszczenie

Wyjatkowo mokry rok hydrologiczny 1976/77 przyniost
w dorzeczu gérnego Bobru dwie powodzie: w dniach 20—22 ma-
ja oraz w pierwszej dekadzie sierpnia 1977. Pow6dZ majowa byta
nastepstwem deszczu nawalnego w dniu 20 maja, kiedy to noto-
wano w oddalonej o 6 km od terenu badan Lubawce 40,2 mm
opadu. Katastrofalna pow6dz sierpniowa wystgpita na stozku
Miszkowic w dniach 1—3 sierpnia po deszczu nawalno-roz-
lewnym w dniach 31 VII—2 V1111977. W Lubawce zanotowano
wtedy 126,3 mm opadu, co stanowito 12,7 % opadu w roku 1977

(tabela 1). Lokalnie powodzie te spowodowaty znaczne zmiany
morfologiczne w strefie aktywnych koryt rzecznych, a zwfaszcza
na stozkach naptywowych. Praca niniejsza zawiera podsumo-
wanie wynikéw badan terenowych prowadzonych w dolnym
odcinku rzeki Ztotnej (fig. 2), w dolinie Bobru powyzej zapory
w Bukowce oraz w niektérych innych dolinach rzek sudeckich.
Na dolnej Ztotnej systematyczne obserwacje prowadzono od
roku 1971, a ciggte pomiary natezenia erozji wykonano w la-
tach 1977-1978.

OGOLNA CHARAKTERYSTYKA TERENU BADAN,
KLIMATU | PRZEPLYWU

Ztotna odwadnia obszar o powierzchni okoto 28 km2
potozony na wschodnich stokach Lasockiego Grzbietu tgcza-
cego sie z grzbietem Karkonoszy na przeteczy Okraj (ok. 1046 m
npm). Jest to w wiekszosci obszar gérski o duzych wysokosciach
wzglednych i znacznych spadkach zboczy. Najwyzsze wznie-
sienia w zlewni Zotnej to tysocina (1187,5 m npm), Borowa
(1055,1 m npm), wzgérze 941,9 m npm oraz Kopina (910,1 m
npm). Lejkowate zagtebienie Zrédtowe Ztotnej lezy na potudnio-
wy wschdd od przeteczy Okraj na wysokos$ci 1000—1100 m
npm. Ztotna uchodzi do Bobru na wschéd od Miszkowic na
wysokosci 517 m npm. Diugo$¢ doliny Ztotnej wynosi okoto
10 km, $redni za$ spadek 0,05. Rzeczywiste spadki dna doliny
wynoszg w strefie Zrédtowej 0,43, na odcinku gérnym —0,1244—
—0,0649, na odcinku $rodkowym — 0,0519—0,02 oraz na od-
cinku ujsciowym 0,0188—0,0087.

Dorzecze Zlotnej jest podscielone trzema zasadniczymi
zespotami skat:

1) skatami metamorficznymi okrywy granitu Karkonoszy
(starszy paleozoik);

2) ladowymi skatami
kulmu (dolny karbon);

3) nieskonsolidowanymi skatami osadowymi obejmuja-
cymi utwory stokowe i aluwia (czwartorzed, cze$ciowo neogen;
Jahn 1956).

Utwory kenozoiczne sa reprezentowane przez gliny i gruzy
zboczowe oraz aluwia rozwiniete w dolinach rzek. Aluwia to
gtéwnie zwiry z podrzednymi wktadkami piaskéw, a ponizej
granicy lasu takze gliny aluwialne z wktadkami mutéw, drobno-
ziarnistych zwiréw, piaskéw i lokalnie itéw.

osadowymi rozwinietymi w facji

Zlewnia Ztotnej lezy w strefie klimatu gérskiego o pewnych
wplywach oceanicznych. Srednia roczna temperatura waha sie
tu w granicach +3 + + 4°C. Srednie temperatury stycznia wy-
noszg —6-1-----4°C, alipca + 12+ +14°C. Okres wolny od
mrozéw i przymrozkdéw trwa nie dtuzej niz 120—130 dni w dol-
nych cze$ciach zlewni i jest znacznie krétszy w obszarze Zréd-
fowym. Sredni roczny opad zmienia sie w granicach 800—
—1100 mm. Opady koncentrujg sie gtéwnie w okresie maj—
—pazdziernik (500—600 mm). W okresie tym wystepujg na oma-
wianym obszarze deszcze nawalne, za$ pézng jesienig deszcze
rozlewne. Najwieksze zapasy wody w pokrywie $nieznej przy-
padaja na miesigce luty—marzec (Sadowski 1971).

Wedhug szacunkowych obliczen autora $redni roczny prze-
ptyw w strefie ujscia Ztotnej wynosi 0,45—0,50 m3s_1. Z badan
Szpindora (1965,1974) wynika, ze przy Srednim zalesieniu zlewni
Ztotnej wynoszacym okoto 70% i $rednim wzniesieniu okoto
750 m npm $redni sptyw jednostkowy powinien wynosié
0,0165 m3(s km2)-1, co daje $redni roczny przeptyw u ujscia
0,462 m3 s_1. Najnizszy notowany przez autora przeptyw (sier-
pien 1975) wynosit 0,05 m3'1, najwyzszy przeptyw powodziowy
(sierpien 1977) wynosit natomiast 35—40 m3s_1. Orientacyjny
przeptyw petnokorytowy na obszarze stozka Miszkowic wynosi
12—15 m3s_1. Zlotna odznacza sie duzymi wahaniami stanéw
i przeptywéw. Powodzie wystepuja najczesciej wiosng i latem,
duze wezbrania towarzysza natomiast z reguly okresom roz-
top6w, zwiaszcza po $nieznych zimach. Przeptywy w ujsciowym
odcinku Ztotnej ilustruje figura 1, za$ opady na stacji pluwio-
metrycznej w Lubawce podane sa w tabeli 1.

* Instytut Nauk Geologicznych Uniwersytetu Wroctawskiego, ul. Cybulskiego 30, 50—205 Wroctaw.
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STOZEK MISZKOWIC (pi. 1)

Uktad sieci rzecznej na omawianym w tej pracy obszarze
ulegat zmianom prawdopodobnie od neogenu (Jahn 1960; Wal-
czak 1972). Prabobr ptynat ku pétnocy omijajac gére Zadzierng
na poziomie 560—580 m npm (fig. 2). W plejstocenie uktad ten
ulegt zmianie w zwigzku z zatamowaniem przez ladoléd dolin
Bobru i Zadmej w rejonie na potudnie od Kamiennej Gory.
Bébr, Ztotna i Debica skierowaty sie ku wschodowi rozcinajac
grzbiet wzgérz kulmowych wzdtuz obecnej ptaskodennej doliny
Bobru oraz obnizen potozonych na potudnie od wzgérza Za-
meczek (fig. 2). Neogenska (?) Ziotna wpadata do Bobru na
potudnie od Miszkowic, a u jej ujécia powstat duzy stozek na-
ptywowy. Drugi stozek naptywowy zwany w tej pracy starym
stozkiem Miszkowic (11 na fig. 2) utworzyt sie prawdopodobnie
w plejstocenie u wylotu nowego, przetomowego koryta Ziotnej.
Nie wiadomo doktadnie, jaka przyczyna spowodowata prze-
rzucenie dolnej Ztotnej do obecnej doliny Miszkowic. W holo-
cenie stozek ten zostat rozciety i utworzyt sie nowy, wciety,
wtdrny stozek Miszkowic (I na fig. 2; pi. 1,1). Powierzchnia tego
stozka wynosi okoto 0,25 km2, natomiast powierzchnia zlewni
Ztotnej 28 km2. W czasie ostatnich 70 lat natezenie sedymentacji

KORYTO ZLOTN

Na poczatku XX w. dolna i gérna Ztotna zostata uregulo-
wana i na stozku Miszkowic wytyczono nowe koryto aluwialne
o przekroju trapezowym (fig. 4, 16; pi. 1X, 1). W goérnej czesci
stozka koryto to okazato sie stabilne i pozostato prawie bez
zmian do roku 1979. Parametry tego koryta byly nastepujace:
$rednia szeroko$¢ przy s$redniej wodzie — 4 m, $rednia gtebo-
ko$¢ 0,25 m, $rednia gteboko$¢ petnokorytowa 1,45 m, $rednia
predkos$¢ przeptywu przy S$redniej wodzie 0,6—1,2 ms-1,
spadek 0,0087, powierzchnia przekroju koryta 10—14 m2,
dno wybrukowane grubym zwirem, brzegi zbudowane z grubego
zwiru, trasa prosta. Ponizej pierwszego zakretu (punkt 3, fig. 5)
koryto to okazato sie niestabilne i ulegto przeobrazeniu w pét-
naturalne koryto krete (pi. 11). Pojemno$¢ koryta malata suk-
cesywnie az do punktu 9, ktéry w czasie powodzi sierpniowej
stat sie¢ punktem wynurzenia (pi. I, 2). Zmiana charakteru prze-
ptywu w tym punkcie, potaczona z wylewaniem sie duzej czesci

na stozku wyraznie zmalato dzieki dobrej zabudowie potokéw
i wzorowo przeprowadzonej melioracji przeciwerozyjnej sto-
kéw (takze w lasach). Sedymentacja zwigzana z wezbraniami
wystepuje gtéwnie w strefie wcietego koryta, natomiast sedymen-
tacja powodziowa koncentruje sie gtdwnie w $rodkowej czesci
stozka (pi. I, 2, 3). W ciggu ostatnich 70 lat przyrost osadéw
w strefie wcietego koryta meandrowego wynosit $rednio 0,5—
—0,8 m, a w opuszczonych korytach nawet do 1,7 m. Srednia
szybko$¢ przyrostu gliny aluwialnej wyscielajacej stozek wynosi
1,5—2 mm rocznie. Prawdopodobnie cata warstwa tej gliny
powstata w okresie historycznym, to jest od konca XIII w.
Syntetyczny profil osadéw stozka Miszkowic w strefie powyzej
zwierciadta wody gruntowej przedstawia tabela 2, natomiast
profil poprzeczny przez stozek ilustruje figura 3. Powstanie
powierzchniowej warstwy osad6éw stozka Miszkowic, a w szcze-
gélnosci poziomu glin aluwialnych, autor taczy przede wszyst-
kim ze zmiang warunkéw $rodowiskowych w zlewni wywotang
kolonizacjg terenu, czeSciowym wylesieniem zlewni i uprawg
p6l w dolnej jej czesci (por. Wolman 1967).

(L 1, H, IX i X)

wody na powierzchnie stozka, spowodowata przecigzenie prze-
ptywu obcigzeniem dennym i jego zaczopowanie miedzy punk-
tami 9 i 13 (pl. X, 1).

W wyniku badan terenowych ustalono, ze meandrujacy cha-
rakter koryta Ziotnej utrzymywat sie na stozku Miszkowic
prawdopodobnie od poczatku okresu historycznego (od kon-
ca XIIl w.). Przed kolonizacjg koryto miato by¢ moze uklad
roztokowy. Kolonizacja terenu, cze$ciowe wylesienie zlewni,
ktore osiggneto maksimum, jak sie wydaje, w pierwszej potowie
XI1X w., spowodowato wzmozong erozje gleby i doprowadzito
do powstania na stozku Miszkowic pokrywy gliny aluwialnej.
Swiadczy o tym zawarto$¢ we wszystkich poziomach glin wy-
robéw ceramicznych, fragmentéw zelaznych przedmiotéw,
a przede wszystkim warstw wegla drzewnego zwigzanego z dzia-
talnoscig weglarzy w gérnej czesci zlewni (do X1X w.).

DWIE POWODZIE W ROKU 1977
(L 1, 1V, VI i VII)

W roku hydrologicznym 1976/77 wystapity na stozku
Miszkowic dwie powodzie: w dniach 21—22 maja oraz 1—3 sier-
pnia 1977. Mniejsza pow6dZ majowa byta wynikiem deszczu
nawalnego, ktéry w Lubawce dat ponad 40 mm opadu. Maksy-
malny przeptyw powodziowy wynosit 12—15 m3s-1 (tub 0,4—
—0,5 m3 (s km2)-1). Ponizej punktu 9 przeptyw miat charakter
przeptywu ponadpetnokorytowego. W czasie tej powodzi
sedymentacja ograniczyta sie gtéwnie do strefy wcietego koryta,
a niewielkie ilosci drobnego materiatu zostaty ztozone na nie-
ktérych przykorytowych czesciach stozka. W ciggu dwdch mie-
siecy osady pozakorytowe zostaly prawie catkowicie rozmyte
przez deszcze i juz w lipcu byly ledwie dostrzegalne.

Druga, katastrofalna powddz wystapita w dniach 1—3
sierpnia po wielkim opadzie w dniach 31 VII—2 VIII 1977
(120—375 mm opadu w zaleznosci od wysokosci). Maksymalny
przeptyw powodziowy wynosit 35—40 m3s-1 lub 1,25 —
—1,43 m3 (s km2)-1. Szczyt fali powodziowej przechodzit
przez stozek Miszkowic w nocy z 1 na 2 sierpnia. Ponizej punktu
3 przeptyw byt wyzszy niz petnokorytowy i znaczna cze$¢ stozka
znalazta sie pod wodg (pl. I, VII). W okresie dwéch-trzech
déb na stozku zostato zdeponowane okoto 4000—5000 m3
zwiru i piasku, z czego ponad 1000 m3 utworzyto potezny korek
zwirowy miedzy punktami 9 i 13 (pl. X, 1).

PROCESY | FORMY EROZYJNE

EROZJA BOCZNA | MORFOLOGIA PODCIEC BRZEGOWYCH
(pi. 11-V1I)
W wyniku wspomnianych powodzi na stozku Miszkowic
erozja boczna wystgpita w 42 miejscach (dodatek 1). W 12 miej-
scach erozja boczna byla zwigzana z przeptywem woéd powo-

dziowych przez meandry i zakrety (pl. 11), w 11 miejscach erozja
boczna wystgpita przy wewnetrznym brzegu pseudomeandréw
(pl. 11, 1), w takiej samej liczbie miejsc przy optywie duzych prze-
szkéd, w 6 odcinkach koryt prostych, w ktérych nurt mean-
drowal, oraz w 2 miejscach w zwigzku z optywem szerokich



tach poprzecznych (bystrzykéw, pi. VIII, 2). Erozja boczna byta
wszedzie asymetryczna.

Na tukach i w meandrach przebieg i natezenie erozji bocz-
nej zalezalty gtéwnie od geometrii zakretéw (promienia luku
charakteru krzywizny, szerokosci koryta), charakteru prze-
ptywu i stopnia jego zaktécenia (gtebokosci koryta, predkosci
przeptywu, tzw. wirowosci oraz wartosci naprezen stycznych
i liczb Froude’a) oraz od warunkéw brzegowych (wysoko$é¢
i budowy brzegu, wiasnosci litologicznych gruntéw aluwial-
nych i szorstkosci brzegu). Z rozwazan hydrodynamicznych
wynika, ze u wejscia do meandra struga najwiekszej predkosci
powinna $cina¢ zakret i zbliza¢ sie do brzegu wewnetrznego
(Matthes 1941, 1947; Friedkin 1945; Leliavsky 1955; Leopold
i Wolman 1960; Leopold et al. 1964; Henderson 1966; Hooke
1975; McGowen i Garner 1975; Levey 1976; Baker 1977 i inni).
Obserwacje terenowe autora wykazaty, ze przeptyw w natural-
nych korytach aluwialnych stosuje si¢ tym lepiej do tej zasady,
im wieksza jest liczba Froude’a (por. Hooke 1974, 1975; Par-
ker 1975). Najlepsza zgodno$¢ obserwowano przy przeplywie
nadkrytycznym (pi. 1V, 1, 2). Zblizanie sie strugi najwiekszej
predkosci do brzegu wewnetrznego powoduje erozyjne $cinanie
w czasie powodzi gérnych czesci tach meandrowych, a w pseudo-
meandrach w ogéle zapobiega ich tworzeniu (pi. I, 1, 2). Przez
pseudomeandry autor rozumie za Wolmanem i Brushem (1961)
tagodne zakrety o duzym spadku i przewadze przeptywu nad-
krytycznego. W meandrach struga najwiekszej predkosci prze-
suwa sie nastepnie pod brzeg zewnetrzny i jednoczes$nie zanurza
sie pod powierzchnie wody (Wolman 1959; Leopold i Wolman
1960; Hooke 1974, 1975). W meandrach przeptyw powodziowy
atakuje brzeg zewnetrzny najsilniej w jego czesci dolnej, ponizej
osi zakretu (Leopold i Wolman 1960; Engelund 1974, 1975;
Hooke 1974, 1975). U wejsécia do meandra, przy brzegu wewnet-
rznym, natezenie erozji bocznej jest zwykle mniejsze (pi. 1V,
2—4). W wyniku przejscia przez meander duzej powodzi
obserwuje sie czesto zwiekszenie dtugosci fali i promienia me-
andra, wzrost diugosci koryta kretego oraz pewne zmniejszenie
jego kretosci (por. Daniel 1971; Keller, Melhorn 1973; Fergu-
son 1973a; Parker 1975).

W czasie przeptywow $rednich i wezbran obserwuje sie inng
lokalizacje stref wzmozonej erozji bocznej. Struga najwiekszej
predkosci towarzyszy teraz brzegowi zewnetrznemu. Przeptyw
ulega kontrakcji na zejséciach z bystrzykéw miedzymeandrowych
i w gornej czesci przegtebien meandrowych. W zwigzku z tym
erozja boczna wystepuje gtéwnie wzdluz gérnych odcinkéw
brzegu zewnetrznego. Przeptywy miedzypowodziowe dazg
wiec do przywrdcenia geometrii meandra sprzed powodzi
przez zmniejszanie promienia jego krzywizny.

Zmiany potozenia strugi najwiekszej predkosci w korycie
ilustruje schematycznie figura 6. W meandrach istnieje tendencja
do rozwidlania sie przeptywu w strefach tach meandrowych,
co w czasie powodzi moze spowodowac cze$ciowe ich odcinanie
lub przeciecie szyi meandrowej (fig. 6A, pi. 1V; por. Hickin
1969; Bridge 1975; Baker 1977; A. K. Teisseyre 1977a). Figury
6B —li 6 B —2 pokazujg powstanie pseudomeandra w warun-
kach przeptywu powodziowego nadkrytycznego. Pseudome-
andry (pi. 1) wykazujg nastepujace cechy charakterystyczne:

1) struga najwiekszej predkosci przebiega w poblizu brzegu
wewnetrznego, przy ktérym brak tachy meandrowej;

2) wystepuja dwa strome, podcinane brzegi: brzeg wewne-
trzny erodowany przez zawirowania zwigzane ze strugg naj-
wiekszej predkosci (duze gradienty predkosci i duze napreze-
nia styczne) i brzeg zewnetrzny erodowany gtéwnie przez wiry
zaindukowane przez cyrkulacje wsteczng;

3) przegiebienie korytowe obejmuje caty zakret, niekiedy
z wyspg posrodku zbudowang z drobnego materiatu detrycz-

nego osadzonego w czasie trwania przeptywow s$rednich (wyspa
narasta w $rodku duzej komérki wirowej);

4) dno przegiebienia jest czesto nachylone w strone brzegu

wewnetrznego — widomy znak wystepowania przy tym brzegu
przeptywu nadkrytycznego (Henderson 1966).

Natezenie erozji bocznej w meandrach zalezy od intensyw-
nosci turbulencji, ktéra z kolei uzalezniona jest gtéwnie od stop-
nia zaktdcenia przeptywu, a wiec od morfologii brzegu i dna
oraz promienia meandra (Leopold i Wolman 1960; Langbein
i Leopold 1966; Jackson Il 1975; Levey 1976). Ostre zakrety,
zakrety o bardzo szorstkich $cianach i szorstkim dnie koryta
powodujg znaczne straty energetyczne i spietrzenie wody u wej-
Scia do takich zakretow. Spietrzenie to moze by¢ tak znaczne,
ze stan wody moze lokalnie przewyzszyé¢ stan petnokorytowy,
mimo ze powyzej i ponizej ostrego zakretu stan jest niepetno-
korytowy (fig. 7).

Struktura turbulencji przeptywu powodziowego byla ba-
dana w trakcie rekonesanséw terenowych, a wyniki obserwacji
konfrontowano ze zdjeciami fotograficznymi i filmowymi (pl. 111,
VI, VII). Strukture turbulencji mozna byto bada¢ szczegélnie na
odcinkach koryt prostych o stosunkowo matym spadku
i przeptywie powodziowym podkrytycznym (pl. I111). Przy brze-
gach takich koryt obserwowano periodyczne zmiany charak-
teru wiréw. ,,Cykl” wirowy rozpoczynat sie pojawieniem na
wzglednie wyréwnanej powierzchni wody wiréw zstepujacych
0 osi pionowej (pl. 111, 1). Wzrost predkosci katowej takich
wiréw prowadzi w koncu do ich wessania w glebsze partie prze-
ptywu (wir znika z powierzchni wody). Chwile pdzniej nieco
ponizej miejsca wessania wynurza sie przy brzegu wir $rubowy
0 osi poziomej. Wzrost predkosci katowej takiego wiru prowadzi
do jego pekania (pl. 111 2—4\ por. Jackson Il 1978b), po czym
powierzchnia wody na chwile uspokaja si¢. Opisane wiry cechuje
normalny kierunek obrotu, czyli sg one prawoskretne przy brze-
gu prawym i odwrotnie. Nalezy tu doda¢, ze prady wsteczne
powoduja powstanie przy brzegu wiréw o odwrotnym kierunku
obrotu (Matthes 1947). W meandrach struktura turbulencji
jest jednak zwykle bardziej skomplikowana. Obserwowano
w nich takze wiry poziome $rubowe o przeciwnym kierunku
obrotu — wiry odwrotne (lewoskretne przy brzegu prawym).
Wiry te zwigzane sa albo ze zjawiskiem naporu hydrodynamicz-
nego (zwykle pod katem mniejszym od 90°), albo tez tworzag
sie przy lewym (,,normalnym”) brzegu rzeki, po czym przemiesz-
czajg sie przy dnie koryta by wynurzy¢ sie przy przeciwnym
brzegu jako wir odwrotny. Oprécz wspomnianych wiréw w ko-
rytach badanych rzek obserwowano tez wstepujace wiry o osi
pionowej przypominajace grzyb (pl. VI, 3). Silna erozja brzegéw
taczy sie zwlaszcza z dziatalnoscig wiréw Srubowych, ktére
w ostrych zakretach i przy oplywie duzych przeszkéd moga
by¢ stacjonarne przez diuzszy czas. Wiry takie powodujg pow-
stanie przy brzegu znacznej nadwyzki naprezenia stycznego,
co powoduje intensywne rozmywanie gruntéw aluwialnych
oraz migracje brzegéw meandréw i nisz brzegowych (por. Hooke
1974, 1975). Z dziatalnoscig odwrotnych wiréw $rubowych o osi
poziomej tgczy sie tez powstanie wtdrnego przeptywu heliko-
idalnego o innym charakterze niz to bylo zazwyczaj podawane
w literaturze. W poréwnaniu z przeptywem helikoidalnym, zna-
nym z wigkszych rzek o matym spadku, opisywany przeptyw
wtérny odznacza sie matym skokiem i duzg predkoscia, ktora
moze podlega¢ szybkim zmianom. Ponadto przeplywy te
dziatajg tylko w czasie duzych wezbran i powodzi.

Dziatalno$¢ stacjonarnych wiréw o osi poziomej moze by¢
zarejestrowana w morfologii podcie¢ brzegowych, przede wszyst-
kim meandrowych (pl. IV, 2—4). Przy podcinanym brzegu
zewnetrznym meandréw moga jednocze$nie wystgpi¢ pary ta-
kich wiréw o przeciwnym kierunku obrotu (fig. 8). Lokalne



zakidcenia przeptywu zwigzane z uksztattowaniem dna lub
brzegéw moga powodowac¢ powstanie w poblizu brzegéw tylko
jednego typu wirdw (fig. 11).

Uktad przeptywéw wtérnych zaindukowanych przy dnie
przez wiry o osi poziomej moze by¢ tez utrwalony pod postacig
struktur sedymentacyjnych, na przyktad przez utozenie zwiréw
ptaskich. Przypadek taki ilustruje figura 9, na ktérej pokazano
schematycznie uktad pradéw wtérnych wywotanych przez duzy,
prawoskretny (normalny) wir $rubowy o osi poziomej. Prad
denny zaindukowany przez ten wir spowodowat bardzo wyrazne
utozenie otoczakéw plaskich lezacych na tasze $rdédkorytowej
(fig. 9B; pi. 1V, 4). Podobne struktury w formie ,,zamrozonej”
sg znane takze z osadéw kopalnych (A. K. Teisseyre 1975b).

W czasie powodzi brzegi aluwialne byty niszczone przez
rozmywanie, eworsje i abrazje (grunty spoiste; pi. V, VI) oraz
przez rozmywanie i eluwiacje, czyli wymywanie (grunty sypkie).
Inny proces utatwiajacy rozmywanie gruntéw sypkich tgczy sie
z powrotnym przesaczaniem sie wody (ang. return seepage)
z gruntu brzegéw po opadnieciu fali powodziowej (Inglis 1949;
Leopold i Wolman 1960; Klimek 1972, 1974; Rachocki 1974).
Grunty silnie spoiste (ity) byly niszczone pradem wydzieraja-
cym z brzegu grudki ograniczone szczelinami z wysychania
(por. Karcz 1969). Wiekszo$¢ erodowanych brzegéw aluwial-
nych na badanym odcinku Ziotnej nalezato do typéw C i D
(fig. 8). Ttumaczy sie to z jednej strony dziatalnoscig duzych
wiréw Srubowych o osi poziomej, a z drugiej strony faktem, ze
w strefie miedzy $rednig wodg a dolnym zasiegiem korzeni traw
grunty aluwialne sg najbardziej podatne na rozmywanie. Pod-
cinanie brzegéw przez erozje prowadzi czesto do obrywéw
ziemnych, ktére dostarczajg do rzeki duze bloki glin aluwialnych
(Klimek 1974; Rachocki 1974). Obserwacje przeprowadzone na
dolnej Ztotnej wskazuja, ze bloki takie mogg zachowac sie w sta-
nie kopalnym, szczegélnie w osadach typu korkéw zwirowych.
Prawdopodobnie takze przynajmniej niektére kliny klastyczne
opisane uprzednio przez autora moga by¢ takiego wilasnie po-
chodzenia (por. A. K. Teisseyre 1967, 1975a).

Bardzo pospolitg strukturg powodziowg sg odwrdcone platy
darniowe (fig. 10A; pi. VII 1, 2). Tworzg sie one szczegblnie
w miejscach duzych wyptywoéw wod z koryta, a wiec na krawedzi
nisz brzegowych (punkt 30), przy niektérych brzegach zewnetrz-
nych meandréw (punkty 12, 32), jak i przy brzegu wewnetrznym
pseudomeandréw (punkt 11). Odwrécone ptaty darniowe tworza
sie w takich miejscach u wylotu stromo nachylonych koryt
wylotowych, zwanych w tej pracy rampami gliféw krewasowych
(por. Ritter 1975). Struktury te mogg by¢ wskaznikami transpor-
tu, cho¢ szanse ich zachowania w stanie kopalnym sg prawdo-
podobnie nikie.

Erozja boczna wigze si¢ czesto z erozjg denng, zwiaszcza
w warunkach przeptywéw niedociazonych materiatem dennym.
Na stozku Miszkowic warunki takie wystapity w czasie powodzi
majowej. W warunkach przeptywéw przecigzonych, jakie miaty
na przykfad miejsce w czasie powodzi sierpniowej, silna erozja
boczna towarzyszyta akumulacyjnemu podnoszeniu dna i sply-
caniu przegtebien wymytych w czasie powodzi majowej. Erozje
takg notowano zwtaszcza w strefie bystrzykéw koryt prostych
(pi. VI, 2) lub bystrzykéw miedzymeandrowych. Zjawisko
erozji bocznej zwigzanej z przeptywami przecigzonymi mozna
uzasadni¢ nastepujgco. Depozycja warstwy grubego materiatu
w korycie powoduje zmniejszenie jego gebokosci i wspotczyn-
nika szorstkosci, na skutek czego wzrasta predkos$¢ przeptywu.
Oznacza to wzrost naprezen stycznych przy brzegach koryta
i erozje brzegéw, ktére sg zwykle zbudowane z materiatu bar-
dziej drobnoziarnistego niz odtozony bruk korytowy. Jezeli
przeptyw obcigzenia dennego bedzie trwat nadal, wzrost szero-
kosci koryta wywotany przez erozje bedzie sprzyjat dalszej sedy-

mentacji bruku korytowego, az do ustalenia stanu réwnowagi
(Smith 1940; Leopold i Wolman 1957; Maddock Jr., 1969).
Podobne zjawiska zachodzg na wigkszg skale w rzekach rozto-
kowych i rzekach o matej kretosci (Hjulstrém 1952; Hjulstrom
et al. 1954; Krigstrom 1962; Klimek 1972, 1974; Bluck 1974,
1976).

Natezenie erozji bocznej byto w czasie obu powodzi ro-
ku 1977 bardzo zréznicowane. W czasie powodzi majowej
brzegi cofnety sie od 0 do 1,5 m, czyli 0 do 0,375 w (w — szero-
koé¢ koryta). Srednie cofniecie brzegéw wynosito 0,61 m, czyli
0,153 w. W czasie powodzi sierpniowej brzegi cofnety sie od 0
do 2,3 m, czyli od 0 do 0,575 w, a $rednie cofniecie wynosito
0,89 m, czyli 0,223 w. Cofniecie brzegbw w ciggu dwoéch doéb
przeptywu zblizonego do petnokorytowego w maju 1977 byto
réwne maksymalnemu rocznemu ubytkowi brzegéw w okresie
miedzypowodziowym 1972—1976. Wedtug pomiaréw autora
Srednie cofniecie brzegéw dolnej Ztotnej zmieniato sie we wspo-
mnianym okresie od 0,02 do 0,15 w/rok. Wyniki tych pomiaréw
potwierdzajg od dawna znang zasade, méwigca ze w matych
zlewniach zasadnicze zmiany morfologiczne przebiegajg w spo-
s6b katastrofalny (Zierhoffer 1935; Wolman i Eiler 1958;
Hack i Goodlett 1960; Stewart i LaMarche Jr. 1967; Baker
1977; Baker i Penteado-Orellana 1977).

Dane dotyczace erozji zawarte w dodatku | pochodzg pra-
wie wytgcznie z bezposrednich pomiaréw terenowych na odcin-
kach koryt, na ktérych umieszczono repery. W przypadku
braku takich pomiaréw o rozmiarach erozyjnego cofniecia
brzegébw moga informowa¢ obserwacje posrednie, na przyktad
odwrécone platy darniowe (fig. 10A), wiszace ptoty i podmyte
konstrukcje (fig. 10B), korzenie $wiezo wymyte z gleby (fig. 10C),
a takze duze bloki gliny aluwialnej zachowane w korycie w bez-
posrednim sasiedztwie miejsca oderwania (fig. 10D). Obserwacje
wielu meandréw przed i po powodzi wykazaly, ze innym kryte-
rium ustalania miejsc oraz rozmiaréw cofniecia brzegébw moze
by¢ obserwacja $wiezo wynurzonych tach zwirowych, stanowia-
cych najmiodsze przedtuzenie platformy fachy meandrowej.
Szeroko$¢ tych paséw zwiru, mierzona przy S$redniej wodzie,
jest w przyblizeniu réwna erozyjnemu ubytkowi brzegu ze-
wnetrznego (pi. 11, 3; 1V, 2, 3; V, /; por. Hickin 1974; Hickin
i Nanson 1975). Pomiary szerokosci tach nie daja wiarygodnych
rezultatéw, jezeli migracja boczna koryta jest bardzo powolna
lub jezeli jednorazowe boczne przesuniecie brzegu przekracza
wartos¢ 0,4 w.

EROZJA DENNA | MORFOLOGIA PRZEGLEBIEN KORYTOWYCH

W czasie obu powodzi na stozku Miszkowic depozycja
przewazata nad erozja. Niemniej w strefie koryta Ziotnej erozje
denng zanotowano w 33 miejscach, z czego 28 przypadato na
zakrety, nisze brzegowe (pi. VI) i miejsca optywania duzych
przeszkéd. Na 5 odcinkach prostych erozja denna byta zwigzana
z meandrowaniem nurtu w korycie. Erozji ani depozycji nie
zanotowano jedynie na prostym, stabilnym odcinku Ziotnej
w gornej czesci stozka Miszkowic, miedzy punktami 1 i 3
(fig. 4, 5; pi. IX, 1).

Erozja denna faczy sie genetycznie bezpos$rednio z warun-
kami przeptywu i intensywnosciag turbulencji w korycie aluwial-
nym. W celu zbadania tych zjawisk wykonano wiele podtuznych
i poprzecznych przekrojéw hydrologicznych w korycie dolnej
Ztotnej i na odcinku Bobru powyzej zapory w Bukowce (od-
cinek badawczy w Bukowce). We wszystkich korytach, z wyjat-
kiem wspomnianego stabilnego odcinka Ziotnej, panowat
przeptyw nieréwnomierny nawet w tych odstepach czasu, w kté-
rych przeptyw mégt by¢é uwazany za ustalony. Przeprowadzone
obserwacje wykazaly tez, ze charakter hydrodynamiczny prze-



ptywu petnokorytowego jest inny niz jakiegokolwiek innego
przeptywu nizszego (por. Leopold i Wolman 1957; Jackson Il
1975; 1978b). Przeptyw petnokorytowy odznacza sie do$¢ wy-
réwnalng (w sensie statystycznym) powierzchnig wody, ktorej
spadek jest zblizony do lokalnego spadku dna doliny (Leopold
i Langbein 1966; Langbein i Leopold 1966; Richards 1976c).
Nieréwnomierno$¢ quasi-ustalonego przeptywu powodziowego
przejawia sie gtdwnie w ekspansji i kontrakcji oraz separacji
pradu bez spietrzenia na matg skale (w rzeczywistosci spietrze-
nie na duza skale zachodzi w miejscach potaczenia rzek). W cza-
sie trwania przeptywéw nizszych niz petnokorytowe nieréwno-
mierno$¢ przyptywu przejawia sie zawsze spietrzeniem wody,
gtéwnie na bystrzykach, ktére odgrywajg wéwczas role prze-
lewéw o szerokiej koronie. Przeptyw podlega wéwczas skompli-
kowanym zjawiskom ekspansji, kontrakcji, spietrzenia, sepa-
racji i wyplywu i ma charakter tréjwymiarowy. Zréznicowanie
podituznego profilu dna rzeki na odcinki o spadku stromym,
tagodnym, poziomym i przeciwnym zaznacza sie woéwczas
wyraznie w potozeniu powierzchni wody. Ogo6lnie biorac
zréznicowanie spadkéw dna koryta jest woéwczas wieksze niz
gtebokosci i predkosci przeptywu (Langbein i Leopold 1966).

W celu zbadania tych zjawisk w korytach o réznej geometrii
i przy réznym przeptywie wykonano szereg przekrojéw i ob-
serwacji hydrologicznych, z ktdrych jeden przedstawia figura 12.
llustruje ona przebieg zjawisk hydrodynamicznych w mean-
drze B-1 na Bobrze na odcinku badawczym w Bukowce. W czasie
przeptywu zblizonego do $redniego stwierdzono kontrakcje
przeptywu na zejsciach z bystrzykéw. W tych miejscach panowat
przeptyw nieréwnomierny przyspieszony, linia wysokosci pred-
kosci osiggata najwyzsze potozenie, a predkosci przeptywu,
liczby Froude’a i naprezenia styczne byly najwieksze. Sg to
miejsca zamiany energii potencjalnej na energie Kinetyczng stru-
mienia, a takze miejsca duzych strat energetycznych potego-
wanych jeszcze przez zjawisko progu wodnego ponizej zejécia
z brzystrzyka (na bystrzykach przeptyw jest najczesciej nad-
krytyczny). Powoduje to silng erozje dna wzdtuz zejécia z bys-
trzyka i w gornej czesci przegtebienia korytowego (erozja wstecz-
na na bystrzykach; pi. VIII, 2—4; por. Klimek 1972). Jedno-
cze$nie w tym samym czasie prad ulega rozpraszaniu w nizszej
czesci przegtebienia. Nastepuje tu zamiana energii kinetycznej
na energie potencjalng, ktéra osiaga maksimum w poblizu
grzbietu nizej potozonego bystrzyka. Zmniejszenie predkosci
przeptywu, liczb Froude’a i naprezen stycznych powoduje
depozycje w $rodkowych i dolnych czesciach przegiebien (de-
pozycja wsteczna w przegiebieniach). Natezenie tej akumulacji
i jej charakter zalezg od natezenia przeptywu osadu i charakteru
obcigzenia w czasie przeptywoéw S$rednich.

Z drugiej strony, w czasie przeptywu zblizonego do petno-
korytowego prad ulega ekspansji na bystrzykach, ktérych po-
jemno$¢ jest prawie zawsze wieksza niz pojemno$¢ koryta w me-
andrach (tabela 3; fig. 12; por. tez Richards 1976c). Powoduje
to powstanie w strefie bystrzykéw przeptywu nieréwnomiernego
zwolnionego i depozycje cze$ci najgrubszego obcigzenia den-
nego (por. Keller 1971, 1977, 1978; Keller i Melhorn 1978;
Gustavson 1974). Bystrzyki splycajg sie, rosng na wysokos¢,
a takze na boki (pi. VIII, 2). W wyniku tych zjawisk pojemnos¢
koryta w strefie bystrzyka jeszcze sie zwieksza, a struga naj-
wiekszej predkosci wykazuje tendencje do rozwidlania sie,
omija rosnacg tache zwirowag z dwdch stron i powoduje dalsza
erozje boczng (pi. VIII, 2—4; Richards 1976c). W przeglebie-
niach meandrowych prad ulega natomiast kontrakcji, predkosci
przeptywu, liczby Froude’a i naprezenia styczne wzrastaja.
W czasie odpowiednio wysokiego stanu zachodzi nawet zja-
wisko odwrdcenia predkosci: predkosci przeptywu w przegte-
bieniach stajg sie wieksze niz na bystrzykach miedzymeandro-

wych (Keller 1971, 1977; Gustavson 1974; Richards 19764, c;
Keller i Melhorn 1978). Przegtebienia stajg sie wiec miejscem
intensywnej erozji dennej i bocznej. Osady nagromadzone tam
w czasie $redniej wody sg wymiatane, nastepuje pogiebienie
i przesuniecie w doét koryta i w kierunku bocznym (Leopold
i Wolman 1960; Bridge 1976a, b, 1977; Hooke 1974, 1975).
Przebieg erozji i akumulacji w korycie kretym jest wiec uzalez-
niony od stanu wdéd i przeptywu. Zjawiska zachodzace w czasie
powodzi znoszg efekty akumulacji i erozji z okresu miedzypo-
wodziowego. W konsekwencji morfologia gérskiej rzeki me-
andrujacej nosi gtdwnie pietno proceséw powodziowych.
Bystrzyki i przegtebienia rzeki goérskiej sg formami wzglednie
ustabilizowanymi. Migrujg one wolno w dét i w bok doliny
wraz z przesuwaniem sie koryta. Erozja wsteczna na bystrzykach
nie musi oznacza¢ przesuwania sie samych form koryto-
wych w kierunku pod prad. Natomiast opisana wyzej wolna
migracja koryta i form korytowych zostaje zarejestrowana w osa-
dach korytowych przez wydtuzone litosomy o skomplikowanej
geometrii (Bluck 1971).

Obserwacje terenowe wykazaty tez, ze uklady bystrzyk—
przegiebienie w korytach prostych réznig sie pod wzgledem
morfologicznym i hydrodynamicznym od podobnych ukfadéw
w korytach kretych. W korytach prostych pojemno$¢ prze-
glebien w czasie Sredniej wody i wezbran jest wieksza niz po-
jemnos$¢ bystrzykéw, a wiec odwrotnie niz w meandrach (por.
Langbein i Leopold 1966; Richards 1976a).

Erozja denna faczy sie genetycznie z tymi samymi zjawis-
kami hydrodynamicznymi, ktére oméwiono w poprzednim
podrozdziale. Erozji dennej z reguty towarzyszy erozja boczna,
a natezenie obu proceséw moze byé poréwnywalne, cho¢ od
zasady tej istnieja liczne wyjatki.

Intensywno$¢ erozji dennej w meandrach zalezy od stop-
nia zaktécenia przeptywu i jest szczegblnie duza w poblizu
brzegéw, przy ktérych zachodzi zjawisko naporu hydrodyna-
micznego. Natezenie erozji dennej i bocznej jest w takich miej-
scach proporcjonalne do kata natarcia nurtu na brzeg (Friedkin
1945), a efekty erozyjne moga by¢ zapisane w morfologii brzegu
i dna (fig. 11; pi. 1V, 4).

W korytach prostych erozja denna moze by¢ zaréwno asy-
metryczna, jak i symetryczna. W pierwszym przypadku powstajg
uktady naprzemianlegtych przegtebien bocznych i bystrzykéw
oddalonych od siebie 0 5—7 szerokosci koryta (Leopold i Wol-
man 1957; Leopold i Langbein 1966; Keller 1972, 1978; Keller
i Melhorn 1978). W wyniku erozji symetrycznej powstajg szero-
kie przegiebienia i bystrzyki zajmujace cala szeroko$¢ koryta
i oddalone od siebie 0 5—8jego szerokosci. Erozja asymetryczna
taczy sie z meandrowaniem nurtu w planie, erozja symetryczna —
z meandrowaniem w ,,trzecim wymiarze”, czyli w pionie (patrz
Yalin 1964, 1971, 1972, Yang 1971; Karcz 1971; Keller i Mel-
horn 1978). Na badanym odcinku Ziotnej erozja denna taczyta
sie ze zjawiskami wymywania, rozmywania, eworsji i abrazji.
Udziat kawitacji jako procesu erozyjnego nie jest réwniez wy-
kluczony, choé¢ trudny do udowodnienia (por. Crickmay 1974).

W celu zbadania geomorfologicznych i sedymentologicz-
nych efektéw niskiego przeptywu przeprowadzono na Ziotnej
dwa doswiadczenia. Pierwszy eksperyment wykonano w okre-
sie 25 V—30 IX 1978 w punkcie 37, gdzie dno i brzegi koryta
byly zbudowane z gliny aluwialnej. Na poczatku doswiadczenia
umieszczono w korycie dwa rzedy stalowych pretéw i wykonano
profile niwelacyjne. Po trzech miesigcach niskiego przeptywu
pozornie czystej wody (Q = 0,242—0,360 m3s-1) stwierdzono
$redni ubytek brzegu i dna wynoszacy 15 mm (wahania od 0 do
28 mm). Srednia predko$é przeptywu wahala sie w tym miejscu
od 0,8 do 1,1 ms'l przy gtebokosci 0,15—0,25 m. Uzyskane
wyniki wskazujg, ze minimalne roczne cofniecie brzegu glinias-



tego w wyniku erozji zwigzanej z niskg woda wynosi w omawia-
nym miejscu 0,06 m, czyli 0,027 w (w — szeroko$¢ koryta).
Warto$¢ ta jest zblizona do minimalnej rocznej migracji bocz-
nej, ktéra dla dolnej Zlotnej wynosi wedtug pomiaréw autora
0,02 w. Drugie do$wiadczenie przeprowadzono w nowym, sztucz-
nym korycie wykonanym przez spychacz z poczatkiem czerwca
1978 miedzy punktami 9 i 14 (pi. Il, 2). Dno i brzegi tego koryta
stanowity wypetniony piaskiem zwir (32—256 mm) stropowej
czesci korka zwirowego. W czasie wspomnianych 3 miesiecy
niskiego przeptywu koryto to ulegto znacznemu pogiebieniu
(0o 0,1 m na odcinkach prostych i do 0,4 m na zakretach). Na
tagodnych tukach, na ktérych wystepowat przeptyw nadkrytycz-
ny stwierdzono erozje brzegu wewnetrznego (pi. 11, 2), w mean-
drach za$ znaczne zwezenie (0 17%) i pogiebienie koryta
(Srednio 0 60—70%). Jednocze$nie predkosci przeptywu wzrosty
od okoto 0,9—1,1 ms-1 na odcinkach prostych do 1,5 ms_1
w meandrach. W sumie na odcinkach prostych rzeka zerodo-
wata i odprowadzita do 0,3 m3 zwiru i piasku na kazdy metr
biezgcy koryta, a w meandrach do 0,93 m3 na metr biezgcy
koryta.

Powyzsze obserwacje wskazujg, ze w czasie niskich prze-
ptywéw pozornie zupetnie czystej wody zachodzi takze powolna
erozja dna i brzegéw koryta aluwialnego (por. Daniel 1971), az
do predkosci granicznych niezbednych do transportu drobnego
piasku i mutu. Natezenie erozji na opisanych zakretach byto
trzy razy wieksze niz na odcinkach prostych i dwa razy wigksze
niz na tagodnych tukach. Rzeczywiste predkosci nie rozmywa-
jace sg niskie i zblizone do predkosci zamulajacych. W czasie
Sredniej i niskiej wody Zrédlem materiatu detrytycznego jest
dno i brzegi koryta w zasiegu obwodu zwilzonego. Pojecie ko-
ryta w stanie réwnowagi, w ktérym odbywa sie jedynie transport
dostarczanego z géry materiatu detrytycznego bez erozji i de-
pozycji, moze mie¢ zastosowanie tylko do stosunkowo krotkich
odcinkéw rzeki gorskiej. W czasie badan terenowych stwier-
dzono tez, ze silna erozja boczna towarzyszy przeptywom znacz-
nie przecigzonym materiatem detrytycznym. Przejawy takiej
erozji wystepowaty na wszystkich odcinkach koryt, ktére w czasie
powodzi sierpniowej zostaly zaczopowane przez korki zwirowe
(na Ztotnej miedzy punktami 9 i 14; pi. X, T).

Dane pomiarowe dotyczace erozji dennej zestawiono
w dodatku I. Dane te uzyskano gtéwnie metoda bezposrednich
pomiaréw terenowych, a zwilaszcza niwelacyjnych przekrojéw
poprzecznych (fig. 13 A i B). Istniejg tez posrednie metody usta-
lania erozji dennej. Mozna do tego celu wykorzysta¢ zawieszone
lub podmyte konstrukcje, zaglebienia erozyjne, grube osady
popowodziowe o charakterze mikrodelt lub resztki dna sprzed
powodzi (fig. 13). W roku 1977 mozna byto bezposrednio po-
rowna¢ geomorfologiczne skutki dwoéch powodzi: mniejszej
powodzi majowej, odznaczajacej sie mniejszym przeptywem
obcigzenia dennego, oraz katastrofalnej powodzi sierpniowej,
charakteryzujacej sie duzym przeptywem obcigzenia dennego.
W wyniku powodzi majowej koryto Ziotnej ulegto w obrebie
stozka Miszkowic pogtebieniu i wybrukowaniu grubym zwirem
przy nieznacznej stosunkowo erozji bocznej. Powédz sierpniowa
spowodowata sptycenie koryta wywolane przez odtozenie na
dnie grubej warstwy nowego bruku oraz znaczne zwigkszenie
jego pojemnosci w wyniku erozji bocznej. Podobne zjawiska
stwierdzono tez na innych stozkach naptywowych Sudetéw oraz
na wielu innych rzekach (por. Schumm i Lichty 1963).

EROZJA ZWIAZANA Z OPLYWEM DUZYCH PRZESZKOD

Duze $lady optywania réznig sie pod wieloma wzgledami
od form matych. Slady duze sa czesto asymetryczne, poniewaz
tacza sie zwykle z duzymi przeszkodami usytuowanymi przy

brzegu koryta (fig. 14, 15). Autor wyrdéznia tu nastepujace
elementy (fig. 14): przeszkode (7) — tutaj pien drzewa wraz
z natozonym matym zatorem ros$linnym, rozmycie czotowe (2),
rozmycie boczne (3) oraz jego odpowiednik na brzegu prawym
w formie plytkich rozmy¢ (4), rozmycie tylne (5), pierwotnie
znacznie dluzsze, oraz duzg zaspe tylng (6) usypana juz po
powodzi. Powyzej rozmycia utworzyta sie wydiluzona tacha
(zaspa) boczna (7). Przeszkody tego typu powodujg duze za-
ktdcenia przeptywu (pi. VII, 3, 4). Powyzej omawianej prze-
szkody wystepowat przeptyw nieréwnomierny opézniony, po-
nizej za§ — przeptyw nieréwnomierny przyspieszony (na odcinku
koryta ponizej i powyzej przeszkody przeptyw byt réwnomierny
podkrytyczny). W wyniku zaktécen przeptywu powyzej przesz-
kody nastgpito osadzenie cze$ci najgrubszego materiatu den-
nego (bystrzyk gérny, fig. 14, 8) oraz erozja dna w strefie przesz-
kody i nizej. Rozmycie czotowe zostato utworzone przez duzy
wir stacjonarny o osi poziomej (poréwnaj pi. VII, 3, 4). Dziatal-
no$¢ tego wiru spowodowata tez ustabilizowanie sie stromej
powierzchni zsypu konczacej bystrzyk gorny (fig. 14). Rozmycia
boczne byly erodowane przez szybkie wiry wedrowne, ktérych
wigzki urywaly sie stale na krawedzi zatoru roslinnego. W strefie
separacji za przeszkoda dziataly bardzo silne wiry i zmienne
prady wtérne, ktére spowodowaty rozmycie $wiezego dna i utwo-
rzyty wymycie tylne. Inny przykiad duzego rozmycia spowodo-
wanego przez drzewo powalone w poprzek koryta przedstawia
figura 16. W czasie powodzi drzewo to powodowato zaklécenia
przeptywu podobne do zaktécen powodowanych przez zastawke.
Mozna tu wyré6zni¢ podobne formy erozyjne jak w przypadku
wyzej opisanym z wyjatkiem rozmycia w dnie koryta. Strefa
depozycji zwigzana ze spietrzeniem przeptywu na drzewie byfa
tu diuzsza. Selektywna depozycja, a nastepnie erozja, wystgpita
ponizej przeszkody, gdzie przeptyw powodziowy nabierat
znéw charakteru ruchu rwacego.

Uktad pradéw i wiréw woko6t przeszkéd usytuowanych
w $rodku koryta moze by¢ symetryczny. Na dnie zwirowym
u czota takich przeszkéd powstajg naturalne naczétki zbudowane
z grubego, ciasno upakowanego i silnie zimbrykowanego zwiru.
Sa to zwykle erozyjne pozostatosci dna sprzed powodzi, choé
formy te moga by¢ tez powiekszone w wyniku akumulacji
grubego zwiru.Na dnie zwirowym naturalne naczétki zwirowe
sg trwalg formg akumulacyjna.

Pomiary gtebokosci rozmy¢ wykonane po powodzi sierp-
niowej na Ziotnej i innych rzekach sudeckich wykazatly, ze
w warunkach ruchomego dna zwirowego gteboko$¢ ta jest
zalezna od intensywnosci turbulencji, a wiec od stopnia zak#o-
cenia przeptywu powodziowego oraz od jego zdolnosci transpor-
towej (Laursen 1952). Przy stabilnym dnie zwirowym gtebokosé¢
rozmy¢ jest odwrotnie proporcjonalna do grubosci ziarna ma-
teriatu dennego.

EROZJA POZA STREFA AKTYWNEGO KORYTA

W czasie powodzi sierpniowej na stozku Miszkowic depozy-
cja znacznie przewazata nad erozjg. Lokalne rozmycia powstaty
tylko we wcietej strefie meandrowej, na nieaktywnej obecnie
tasze meandrowej, stabo jeszcze bronionej przez roslinnosé
(punkt 21). Erozja rozwineta sie natomiast silnie na $wiezo
wynurzonych osadach powodziowych, zwlaszcza w $rodkowej
czesci stozka. W wyniku tej erozji juz w kilka godzin po wynu-
rzeniu powstat tam ukifad ptytkich koryt roztokowych. W wa-
runkach niedocigzonych przeptywéw popowodziowych ko-
ryta te okazaly sie jednak nietrwate. W ciggu 10 miesiecy po
powodzi w $rodkowej czesci stozka powstato kilka inicjalnych
wawozoéw (najdtuzszy w poblizu punktu 10), a dna wiekszych
koryt roztokowych pogtebity sie w wyniku erozji dennej o 0,05—



—0,1 m. W konsekwencji cze$¢ koryt roztokowych zostata
zdrenowana przez wieksze i szybciej wcinajace sie koryta sa-
siednie, na skutek czego ukfad roztokowy ulegt uproszczeniu.

Intensywna erozja wawozowa zostata zapoczatkowana
w punkcie 22, w ktdrym wiekszo$¢ wéd sptywajacych po po-
wierzchni stozka wracata do koryta Ztotnej (pi. VII1, 7). W ciggu
10 miesiecy powstat tu zaczatkowy wawé6z o diugosci 3,6 m
(fig. 17). Podobne wawozy obserwowano tez na innych stozkach

naptywowych Sudetéw. W wyniku erozji wawozowej pokrywy
akumulacyjne stozkéw naptywowych tworzone w czasie powodzi
ulegajg szybkiemu rozcinaniu (por. Schumm 1961; Wasson
1974, 1977). Wawozy sa jednak forma nietrwalg i wykazuja
tendencje do przeobrazenia sie we wciete koryta meandrowe.
Tworzenie wcietych stref meandrowych kosztem dojrzatych
wawoz6éw przebiega w Sudetach bardzo szybko (A. K. Teisseyre
1977c).

PODSUMOWANIE

EROZJA | DEPOZYCJA NA STOZKU.
EROZJA JAKO ZRODLO OBCIAZENIA

Po powodzi sierpniowej podjeto prébe ustalenia rozmiaréw
erozji i depozycji w obrebie stozka Miszkowic. Petne rozwigzanie
tego problemu nie jest niestety mozliwe, poniewaz objetosé
obcigzenia zawiesinowego dostarczonego do stozka i odprowa-
dzonego nizej zostata stabo poznana. Niemniej mozna byto
ustali¢, ze catkowita objeto$¢ materiatu grubodetrytycznego do-
starczonego w czasie powodzi sierpniowej do stozka Miszkowic
wynosita okoto 4000—5000 m3 zwiru i piasku. Okoto 85%
tego materiatu zostato zdeponowane na stozku, gtéwnie w jego
czesci $rodkowej (por. Bluck 1964).

Erozja w obrebie stozka dostarczyta duzych ilosci materiatu
detrytycznego. Erozja boczna data okoto 185 m3glin aluwialnych
i piasku oraz okoto 86 m3 zwiru. Jednocze$nie erozja denna
dostarczyta okoto 90 m3 zwiru. Potowa tego materiatu stanowita
obcigzenie denne rzeki zdeponowane w wiekszosci po krotkim
transporcie w obrebie stozka Miszkowic, a cze$ciowo takze
w korycie Bobru powyzej zapory w Bukowce. Obcigzenie za-
wiesinowe byto natomiast transportowane dalej i niewatpliwie
znaczna jego cze$¢ przeszta przez zapore w Bukowce. W ten
sposob stozek Miszkowic odegrat w czasie powodzi role regula-
tora obcigzenia rzek. Ztotna przechodzac przez stozek zmienita
charakter z rzeki o obcigzeniu dennym na rzeke o obcigzeniu
mieszanym (por. Leopold i Miller 1956). Znalazto to swoj
wyraz w budowie terasy zalewowej (wzrost grubosci glin aluwial-
nych w dolnej czesci stozka i ponizej; por. D. G. Smith 1974)
oraz w ukfadzie koryta (przed regulacja dojrzate, regularne
meandry ponizej potgczenia rzek, fig. 2; por. tez Ferguson 1973b,
1976). Réwniez zatamanie spadku w dolnej czesci stozka mozna
wytlumaczy¢ zmiang uziamienia deponowanych tu osadéw
(Eiju Yatsu 1955).

Obserwacje prowadzone przez autora w okresie 1971 —1978
wykazaly, ze rola stozkéw naptywowych w obszarach gérskich
moze by¢ tez oceniana pozytywnie. Ztozenie grubego materiatu
dennego na stozku przyczynia si¢ do zmniejszenia strat powo-
dziowych zwigzanych z akumulacja materiatu detrytycznego
na terasach zalewowych ponizej stozka, a takze wptywa dodatnio
na stabilno$¢ nizej potozonych koryt rzecznych zmniejszajac
natezenie ich migracji bocznej. Sedymentacja powodziowa prze-
biega na stozkach aluwialnych o wiele korzystniej niz w tak
zwanych zaporach przeciwrumowiskowych. Po pierwsze, ,,po-
emno$¢” stozkéw jest bez poréwnania wieksza niz budowanych
zwykle zapdr przeciwrumowiskowych. Po drugie, przyrastanie
powierzchni stozka jest powolne, totez niekorzystny wplyw
krzywej spietrzeniajest znacznie mniejszy niz w przypadku zap6r
przeciwrumowiskowych. Po trzecie, zwiry i piaski deponowane
na stozkach moga by¢ tatwo eksploatowane na potrzeby lokalne.
Wydaje sie tez, ze sedymentacjg na stozkach naptywowych mozna
sterowa¢ cho¢ wypracowanie takich metod wymagatoby dodat-
kowych badan terenowych i doswiadczalnych.

EROZJA | STABILNOSC KORYT PROSTYCH (pi. IX, 1,2)

Proste koryto regulacyjne Ztotnej w gérnej czesci stozka
Miszkowic miato w czasie obu powodzi charakter koryta stabil-
nego. Parametry tego koryta zostaty juz podane wyzej. W czasie
powodzi sierpniowej przewazat w tym korycie przeptyw pod-
krytyczny (Fr = 0,46—0,89), ktéry w dtuzszych okresach miat
charakter przeptywu réwnomiernego, quasi-ustalonego. Warunki
przeptywu ulegly zmianie juz na pierwszym zakrecie (punkt 3)
i stad az do ujécia Ztotnej panowat przeptyw nieréwnomierny.
Nieréwnomierny przeptyw byt tez charakterystyczny dla innych
prostych odcinkéw koryta Ztotnej ponizej punktu 3. Taki cha-
rakter przeptywu powodziowego spowodowat powstanie na
tych odcinkach prostych uktadéw bystrzyk—przegtebienie oraz
tach bocznych potozonych na przemian przy przeciwnych brze-
gach koryta (tabela 4; pi. IX, 2; por. tez. Ackers i Charlton 1970;
Keller 1972). Pojawienie sie w uregulowanym korycie prostym
takiego ukfadu jest pierwsza oznaka nieréwnomiernosci prze-
ptywu powodziowego i niestabilnosci koryta. Koryto proste
rzeki gorskiej moze by¢ stabilne, jezeli zostang spetnione trzy
podstawowe warunki:

1. Spadek i gtebokos$¢ koryta przy przeptywie petnokory-
towym powinny by¢ normalne, to jest takie by przy quasi-usta-
lonym przeptywie zapewnié¢ ruch réwnomierny podkrytyczny.
Tylko bowiem w takich warunkach naprezenia styczne sa wzgled-
nie réwnomiernie rozmieszczone wzdtuz dna i przeptyw osadu
moze odbywac¢ sie bez zaktdcen (por. Bakhmeteff 1932; Leopold
i Maddock 1953; Langbein i Leopold 1966; Maddock 1969).

2. Pojemno$¢ koryta powinna by¢ dostatecznie duza, aby
pomiesci¢ co najmniej taka cze$¢ przeptywu powodziowego,
ktéra jest niezbedna do zapewnienia niezaktéconego i réwno-
miernego transportu materiatu dennego.

3. Szorstko$¢ koryta powinna by¢ mozliwie mata i stad
w korycie wéd powodziowych nie mogg wystepowac ostre za-
krety, przewezenia, mosty o zbyt matym Swietle ani zwarte grupy
drzew. W sprawie warunkéw morfometrycznych i hydrody-
namicznych, jakie musi spetnia¢ koryto stabilne patrz: Bakh-
meteff 1932; Lane 1935; Blench 1951, 1952; Leopold i Maddock
1953; Henderson 1961, 1963; Langbein i Leopold 1966; Mad-
dock 1969; Ackers i Charlton 1970; Richards 1972, 1976c;
Hooke 1974; Burkham 1976.

EROZJA | MEANDROWANIE KORYTA.
STABILNOSC KORYTA MEANDRUJACEGO
(pi. 1X, 3, 4; X, 2-4)

Jedng z cech charakterystycznych rzeki meandrujacej jest
zdolno$¢ do utrzymania w przyblizeniu statej szerokosci koryta
w miare jego migracji po réwninie aluwialnej (Leopold i Wol-
man 1957). Oznacza to, ze erozyjne ubytki brzegu zewnetrznego
muszg by¢ réwnowazone przez akumulacyjny przyrost brzegu
wewnetrznego, czyli przyrost tachy meandrowej. Poniewaz
jednak tachy meandrowe, a zwiaszcza ich dolne czesci (czyli



platformy), zbudowane sg prawie wytacznie ze zwiru transporto-
wanego w rzece w formie obcigzenia dennego, przeto o zacho-
waniu w rzece gorskiej wspomnianej wyzej réwnowagi decyduje
charakter i natezenie przeptywu obcigzenia dennego. W zalez-
nosci od przeptywu obcigzenia dennego mozemy obserwowaé
trzy przypadki:

Przypadek I — koryto meandrujace lub krete prowadzi
przeptyw powodziowy silnie przecigzony materiatem dennym
(przykfad: koryto Ziotnej miedzy punktami 9 i 13). W takich
warunkach koryto meandrujgce jest szczeg6lnie niestabilne
i szybko ulega zaczopowaniu zwirem. W krétkim czasie — nie-
kiedy w ciggu kilku godzin — ukfad koryta moze sie zmieni¢
na roztokowy (por. Hjulstrém 1952; D. G. Smith 1974).

Przypadek Il — koryto meandrujgce prowadzi przeptyw,
ktory tylko lokalnie wykazuje nieznaczne przeciazenie (por.
Ackers i Charlton 1970). W takich warunkach rzeka gérska
moze rozwina¢ regularne meandry, ktérych szybko$¢ migracji
moze byé¢ znaczna, a jednorazowe boczne przesuniecie brzegéw
lub migracja w dét doliny moga dochodzi¢ do 0,4 w (w — szero-
ko$¢ koryta). Szybko$¢ przyrostu tach meandrowych jest przy-
najmniej w planie réwna szybkosci cofania sie brzegu zewnetrz-
nego. Lokalnie jednak koryto moze by¢ niestabilne i ulega¢
degeneracji przez czeéciowe odcinanie tach meandrowych
(Hickin 1969; Bridge 1975; Baker 1977; A. K. Teisseyre
1977a).

Przypadek Il — koryto meandrujace prowadzi przeptyw
powodziowy niedocigzony materiatem dennym (przykiad:
koryta ponizej zap6r). W takich warunkach koryto meandrujace
jest niestabilne, erozja moze przewaza¢ nad depozycja, zwlaszcza
w okresie przyboru wody. Prowadzi to do nadmiernego roz-
szerzenia koryta i jego przeobrazenia w ukfad meandrowo-roz-
tokowy (Leopold i Wolman 1957; Schumm i Lichty 1963;
Ackers i Charlton 1970; Engelund i Skovgaard 1973). W czasie
powodzi sierpniowej stwierdzono, ze degeneracja taka zachodzi,
gdy jednorazowa migracja boczna przekracza warto$¢ 0,5—
—0,6 w i nie jest zréwnowazona przez akumulacje materiatu
dennego przy brzegu wewnetrznym (por. Fisk 1944, 1947, 1951;
Leopold i Wolman 1957; Engelund i Skovgaard 1973).

Przypadek | wskazuje, ze rzeka meandrujgca nie moze roz-
wija¢ sie w warunkach punktowego zasilania materiatem den-
nym. Poréwnanie meandrowego odcinka Ztotnej z jej stabilnym
odcinkiem prostym wskazuje takze, ze rzeka meandrujgca nie
moze prowadzi¢ tak duzego obcigzenia dennego, jak rzeka
prosta (por. Leopold i Wolman 1960). Stad tez koryto meandru-
jace w przypadku Il musi by¢ stale zasilane materiatem stanowia-
cym obcigzenie denne, a uzyskiwanym w wyniku erozji bocznej
i dennej (por. Leopold i Maddock 1953; Lane i Borland 1953).
Taki rodzaj zasilania rzeki mozna by nazwaé¢ samozasilaniem
lub zasilaniem wewnetrznym. Samozasilanie moze byé nawet
jedynym zrédlem obcigzenia dennego rzeki goérskiej, jezeli
gorna granica warstwy zwiréw korytowych (dolny czton cyklu
prostego) lezy ponad zwierciadtem $redniej wody na wysokosci
okoto 4/3 h (gdzie h oznacza $rednig migzszo$¢ zwiréw tachy
meandrowej). Mozna to uzasadni¢ nastepujaco. Dolna czes$¢
tachy meandrowej, czyli jej platforma, musi by¢ w czasie powodzi
nadbudowana w kierunku bocznym o odcinek w przyblizeniu
réowny ubytkowi brzegu zewnetrznego i na wysokos$¢ co najmniej
Sredniego poziomu wody. Nie ulega natomiast watpliwosci, ze
cze$¢ materiatu detrytycznego zerodowanego przy brzegu
zewnetrznym jest wynoszona dalej, w formie obcigzenia zawie-
sinowego, saltacyjnego i dennego i nie przyczynia si¢ do nad-
budowy platformy fachy meandrowej. Dotyczy to przede
wszystkim glin aluwialnych, piaskéw oraz materiatéw stanowia-
cych wypetnienie zerodowanych zwiréw.

Dotychczasowe badania nad rozwojem koryt meandruja-
cych przeprowadzone przez autora w Sudetach mozna podsu-
mowac nastepujaco:

1. Regularne meandry rozwijaja sie w dolinach ptaskoden-
nych w pewnym przedziale spadkéw, ktérych zakres prawdopo-
dobnie zalezy od grubosci ziarna zwiru wyscielajacego doline.
W dolinach wyscielonych grubym zwirem regularne meandry
powstajg przy spadku mieszczgcym sie w przedziale 0,01—0,09.
W dolinach wyscielonych drobnym zwirem regularne meandry
pojawiajg sie juz przy spadku 0,002. Przy mniejszych spadkach
stabilne mogg by¢ koryta proste, pod warunkiem zachowania
wymogéw omawianych wyzej. Przy wiekszych spadkach tworza
sie koryta o malej kretosci, koryta roztokowe lub pseudomeandry
(por. Schumm i Khan 1972; Church i Gilbert 1975; Richards
1976¢c; Keller 1977).

2. Koryto meandrujace lub krete jest szczegélnie niestabilne
w warunkach bardzo duzego przeptywu obcigzenia dennego.
Na stozkach naptywowych koryta takie ulegaja zaczopowaniu
zwirem i zmieniajg sie w uktady roztokowe.

3. Jednym z gtéwnych czynnikéw wptywajacych na proces
meandrowania rzeki gérskiej jest dostepnos¢, jakos¢ i przeptyw
materiatu dennego (por. Miller 1958; Ackers i Charlton 1970;
Keller 1972, 1978). Nadmiar lub niedomiar obcigzenia dennego
prowadzi do zaktécen rozwoju meandréw lub ich degeneracji.
Zjawiska takie zaznaczajg sie szczegblnie wyraznie na krétkich
odcinkach rzeki meandrujacej lub nawet w pojedynczych me-
andrach.

4. W przeciwienstwie do rzeki roztokowej rzeka meandruja-
ca nie moze by¢ zasilana przez punktowe Zrédio obcigzenia
dennego. Zasilanie rzeki meandrujgcej obcigzeniem dennym
ma charakter ztozony: wystepujag tu Zrédta punktowe (obszar
zrédtowy, doptywy) oraz Zrédto linijne (samozasilanie w wyniku
erozji liniowej).

5. Rzeka meandrujaca o duzym spadku wymaga obecnosci
gruntéw kohezyjnych jedynie w brzegach (por. Schumm 1960a, b;
1961,1971). Dna takich rzek sg natomiast skalne lub zbudowane
z gruboziarnistego, niekohezyjnego materiatu detrytycznego.
Dna zbudowane z gruntéw drobnoziarnistych, kohezyjnych
sg nietrwate i ulegajg rozcinaniu przez cofanie sie progéw az
odstoni sie zwir lub skata (por. Schumm 1961).

6. Aluwialne koryto meandrujace nie moze by¢ stabilne
w $cistym tego stowa znaczeniu, poniewaz przeptyw w takim
korycie jest zawsze nieréwnomierny (Jackson Il 1975, 1978b).
Taki charakter przeptywu powoduje réwnoczesnag erozje i se-
dymentacje, a tym samym migracje koryta. Charakter, lokali-
zacja i natezenie tych proceséw zalezg od wielkosci przeptywu
i stanu wod oraz od geometrii meandréw. W praktyce mozliwe
jest wytyczenie quasi-stabilnego koryta kretego pod warunkiem,
ze zostang speilnione nastgepujace wymagania: maty spadek
zapewniajacy podkrytyczny przeptyw powodziowy, koryto
mozliwie hydrodynamicznie gtadkie, krzywizny nasladujace
naturalne luki sinusopochodne (sine-generated), promien krzy-
wizny uzalezniony od przeplywu materiatlu detrytycznego
(por. Leopold i Wolman 1960; Leopold i Langbein 1966;
Langbein i Leopold 1966; Maddock 1969; Ackers i Charlton
1970; Hooke 1974, 1975).

7. Przeptyw i stan petnokorytowy sg parametrami okres-
lonymi jedynie w przyblizeniu i ulegajg zmianie od miejsca do
miejsca, wahajac sie w pewnych granicach. Niemniej z geomor-
fologicznego punktu widzenia przeptyw petnokorytowy jest
szczeg6lnie istotny i zastuguje na wyrdéznienie, gdyz jego para-
metry sg odmienne od jakiegokolwiek przeptywu nizszego,
a natezenie zjawisk korytotwdérczych zwigzanych z takim prze-
ptywem jest bardzo duze.



GEOLOGICZNE ZNACZENIE UZYSKANYCH WYNIKOW

W niektérych opracowaniach sedymentologicznych zbyt
mato uwagi poswieca sie zagadnieniom zwigzanym z erozja.
Dowodami dziatania czynnikéw erozyjnych nie moga by¢
w zadnym przypadku jedynie struktury erozyjne. Brak w badanej
formacji wyraznych form erozyjnych nie oznacza bynajmniej,
ze erozja byla nieobecna w $rodowisku sedymentacji tej for-
macji. Przeciwnie, tatwo mozna wykazaé, ze w wiekszosci
Srodowisk sedymentacji rzecznej erozja wystepuje prawie
wszedzie i co wazniejsze — bardzo czesto jest réwnoczesna
z sedymentacja.

Posrednim dowodem erozji réwnoczesnej z sedymentacjag
moze byé obecno$¢ w skatach klastycznych intraklastéw. Prawie
zawsze oznaczajg one silng erozje — gtéwnie boczng — w bez-
posrednim sasiedztwie miejsca depozycji. Jest tez godne pod-
kreslenia, ze silna erozja boczna moze by¢ spowodowana przez
przeplywy przecigzone materiatem detrytycznym (zwiaszcza
dennym). Duze bloki tupkéw zachowane w osadach facji ko-
rytowej sg nie tylko wskaznikiem erozji réwnoczesnej z sedymen-
tacja, lecz takze wskazujg na meandrujacy charakter koryt
i obecno$¢ na réwninach aluwialnych grubej warstwy osadéw
kohezyjnych (facji pozakorytowych). Wymycia erozyjne wypet-
nione stabo wysortowanym, gruboziarnistym osadem wskazuja,
ze depozycja byta poprzedzona silng erozjg denng w warunkach
ruchomego dna. Gieboko$¢ takich form zalezy od predkosci
przeptywu, intensywnosci turbulencji i zdolno$ci transportowej
pradu. Gieboko$¢ rozmy¢ zwigzanych z powodziami moze by¢
zarejestrowana przez osady popowodziowe wykazujgce war-
stwowanie sko$ne typu mikrodelty. Migzszo$¢ mikrodelty jest
wowczas réwna giebokosci rozmycia, a jej powierzchnia stropo-
wa wyznacza w przyblizeniu poziom wéd z okresu sedymentaciji,
zwykle zblizony do stanu $redniego. Dowodami silnej lokalnej
erozji sg tez duze zaspy tylne. Bruki korytowe rejestrujg na-
tomiast okresy przeptywu pozbawionego osadu lub przeptywu

16 — Geologia Sudetica, XV/1

ubogiego w materiat detrytyczny. Jest tez godne podkreslenia
ze erozja zwigzana z takimi przeptywami odbywa sie przy pred-
kosciach mniejszych niz szybka akumulacja zwigzana z przepty-
wami przecigzonymi. Mozna bowiem wykazaé¢ teoretycznie
i poprze¢ licznymi przyktadami z rzek wspoétczesnych, ze przy
statym przeptywie i spadku wzrost obcigzenia rzeki powoduje
akumulacje i sptycenie koryta, czemu towarzyszy wzrost pred-
kosci przeptywu. Jezeli w tych samych warunkach przeptyw
osadu maleje, nastepuje zmniejszenie predkosci przeptywu i ero-
zja dna. Dlatego tez z wyjatkiem zjawisk optywu duzych prze-
szkéd i stref spietrzenia wypetnianie grubym materiatem osado-
wym naturalnych koryt aluwialnych faczy sie z duzymi, a roz-
mywanie z matymi predkosciami przeptywu (Maddock 1969).

Szczegblnie cenne informacje paleohydrologiczne mozna
uzyska¢ badajac kopalne (zamrozone) koryta (fig. 18). Mozna
tu jeszcze dodaé, ze badania osadéw platformy tachy meandro-
wej, czyli jej czesci podwodnej, moga umozliwi¢ odtworzenie
kolejnych epizodéw erozji wzdtuz brzegu zewnetrznego, zwia-
zanych z kolejnymi powodziami. Kolejne powodzie mogg by¢
zapisane w zmianach uziarnienia osadéw platformy oraz w mor-
fologii tach ponadplatformowych (por. Bluck 1971; Hickin
1974; Hickin i Nanson 1975; Gustavson 1978; Jackson Il
1978a).

W konhcu wypada wspomnie¢, ze sedymentacja grubego
materiatu detrytycznego na stozkach naptywowych powoduje
znaczne zmiany obcigzenia rzek. Nastepuje wzrost obcigzenia
zawiesinowego w dolnej czeSci stozkéw i w dolinie ponizej
stozkéw. Powoduje to wzrost migzszosci kohezyjnych osadéw
drobnoziarnistych w tym samym kierunku, a w sprzyjajacych
warunkach tektonicznych moze doprowadzi¢ do akumulacji
duzych ilosci cyklicznie sedymentowanego materiatu detry-
tycznego. Zagadnienie to wymaga jednak osobnego omoéwie-
nia.



PLANSZA 1

The Miszkowice Fan
Stozek Miszkowic

. General view of the Miszkowice Fan. The Lasocki Grzbiet Range in the background. Camera looking south-west
Og6lny widok stozka Miszkowic. Lasocki Grzbiet na dalszym planie. Zdjecie w kierunku potudniowo-zachodnim

. The intersection point during the August flood (August 2, 1977). Camera looking south
Punkt wynurzenia w czasie powodzi sierpniowej (stan z 2 VIII 1977). Zdjecie w Kierunku potudniowym

. Central segment of the fan just after a peak discharge. Note braided channels. Camera looking south-east. Dark spots are raindrops

on the camera lens
Srodkowa czeéé stozka tuz po przejsciu szczytu fali powodziowej. Widoczne sg koryta roztokowe. Zdjecie w kierunku potudnio-

wo-wschodnim. Ciemne plamy to krople deszczu na obiektywie
. Lower segment of the fan during the August flood. Stage is higher-than-bankfull. Camera looking north-east
Dolna cze$¢ stozka w czasie powodzi sierpniowej. Przeptyw i stan sg wyzsze niz petnokorytowe. Zdjecie w kierunku pétnocno-

wschodnim
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PLANSZA 11

Pseudomeanders and meanders
Pseudomeandry i meandry

1. A pseudomeander, site 11. Note eroded inner bank (on the right) and a bank niche in the outer cutbank. The niche was eroded
by backflow. Point bar is lacking. After the May flood

Typowy pseudomeander, punkt 11. Widoczny jest erozyjny brzeg wewnetrzny (po prawej) i duza nisza w brzegu zewnetrznym
erodowana przez prad wsteczny. Brak fachy meandrowej. Po powodzi majowej

2. A new channel made by bulldozer at the beginning of June 1978 (between sites 10 and 11). The supercritical flow was concentrated
at the inner banks of the bends. Note lateral and downward erosion at the inner bank near the levelling rod (10-cm scale on the
rod)

Nowe koryto wykonane przez spychacz z poczatkiem maja 1978 (miedzy punktami 10 i 11). Nadkrytyczny przeptyw koncentrowat
sie przy wewnetrznych brzegach zakretéw. Widoczna jest erozja boczna i denna przy brzegu wewnetrznym w poblizu tyczki
(na tyczce skala co 10 cm)

3. A typical meander bend, site 32. Note flat, unvegetated, gravelly bar platform emerged after the May flood. The width of the plat-
form was almost equal to the erosional retreat at the outer cutbank

Typowy meander, punkt 32. Widoczna jest ptaska, niezaros$nieta, zwirowa platforma fachy meandrowej wynurzona po powodzi
majowej. Szeroko$¢ tej platformy byta prawie réwna erozyjnemu ubytkowi brzegu zewnetrznego
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Structure of turbulence in meander bends
Struktura turbulencji w meandrach

. Large vertical vortex and reverse rollers at the outer cutbank of a meander bend. River Zadrna, Jawiszéw study reach. Photo-
graphs 1—3 taken during rising stage on August 1, 1977

Duzy wir pionowy i wiry Srubowe odwrotne przy brzegu zewnetrznym meandra. Rzeka Zadrna, odcinek badawczy w Jawiszowie.
Zdjecia 1—3 wykonano w czasie stanu wzrastajgcego w dniu 1 VIII 1977

. Reverse roller, growing stage. Location as above. Note small, vertical, secondary, vortexes
Odwrotny wir $rubowy, stadium wzrastajgce. Lokalizacja jak wyzej. Widoczne sg mate, wtérne, pionowe wiry

. Reverse roller, advanced stage. Location as above
Odwrotny wir $rubowy, stadium zaawansowane. Lokalizacja jak wyzej

. Reverse roller just before “bursting”. River Bébr, Bukéwka study reach, meander B-3. August 23, 1977
Odwrotny wir Srubowy, stadium poprzedzajace “pekniecie” wiru. Bébr, odcinek badawczy w Bukowce, meander B-3, 23 V1111977






PLANSZA IV

Flow phenomena in meander bends and their morphology
Przeptyw w meandrach i ich morfologia

. The streamtube of maximum velocity cuts-oflf a meander bend. River Lesk, falling stage, August 1977. Note tendency to chute
cut-off

Struga najwiekszej predkosci $cina meander. Rzeka Lesk, stan opadajacy, sierpien 1977. Widoczna jest tendencja do cze$ciowego
odcinania tachy meandrowej

. Showing approximate position of the streamtube of maximum velocity in the meander B—1, River Bébr, Bukéwka study reach.
Note large bank niche in the lower segment of the outer cutbank — a good evidence of flood erosion. October 1977, low stage

Przyblizone potozenie strugi najwiekszej predkosci w meandrze B—1 na Bobrze, odcinek badawczy w Bukowce. Widoczna jest
duza nisza brzegowa w dolnej czeéci brzegu podcinanego — dobry wskaznik erozji powodziowej. Pazdziernik 1977, niska woda

. Large block of alluvial loam partly slumped into the channel after a winter flood in February 1978. Note supercritical flow at
the outer cutbank and subcritical flow at a newly emerged bar platform. River Bébr, Bukdwka study reach, meander B—5
Duzy blok gliny aluwialnej czesciowo osuniety do koryta po powodzi zimowej w lutym 1978. Przeptyw w poblizu brzegu zewnetrz-

nego jest nadkrytyczny, natomiast przy brzegu wewnetrznym— podkrytyczny. Przy brzegu wewnetrznym widaé $wiezo wynu-
rzong platforme lachy meandrowej. Bébr, odcinek badawczy w Bukowce, meander B—5

. River Zlotna, meander M-13, site 4. Note the mid-channel bar (same as in fig. 9A) and the meander pool (indicated by arrow)
scoured by normal roller. May 1978

Rzeka Ztotna, meander M-13, punkt 4. Widoczna jest facha $rédkorytowa (ta sama co na figurze 9A) oraz przeglebienie meandro-
we (strzatka) wymyte przez normalny wir $rubowy o osi poziomej. Maj 1978
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PLANSZA V

Morphology of cutbanks
Morfologia brzegéw podcinanych

1. Deep niches in the outer cutbank, Zlotna, site 13, after the May flood. Maximum lateral erosion occurred above the bend axis
where the bank was composed partly of pebble gravels (natural levee deposits). The hanging fence posts are good measure of
lateral erosion during the flood. The width of the new bar platform (light, unvegetated grave!) is proportional to the erosional
retreat of the outer cutbank
Glebokie nisze w podcinanym brzegu zewnetrznym, Ztotna, punkt 13, po powodzi majowej. Najsilniejsza erozja boczna wysta-
pita powyzej osi zakretu w miejscu, gdzie brzeg byt czeéciowo zbudowany ze zwiréw (osady naturalnego watu brzegowego). Wi-
szacy plot jest dobra miarg erozyjnego podciecia brzegu. Szeroko$¢ nowej, niezarosnietej platformy tachy zbudowanej ze zwiru
jest proporcjonalna do erozyjnego cofniecia brzegu zewnetrznego

2. A fragment of outer cutbank, Ztotna, site 4. The retreat of the bank during the May flood is indicated by the nail
Cze$¢ podcinanego brzegu zewnetrznego, Ztotna, punkt 4. Cofniecie brzegu w czasie powodzi majowej wskazuje gwo6zdz

3. Morphology of active cutbank after the May flood, Zlotna, site 37. Note horizontal and vertical grooves produced by cobbles
and boulders dragged along the bank during the flood. 2-cm scale on the rule
Morfologia aktywnego, podcinanego brzegu po powodzi majowej, Ztotna, punkt 37. Widoczne sg poziome i pionowe bruzdy
wywotane przez grube zwiry wleczone w czasie powodzi wzdtuz brzegu. Na caléwce skala co 2 cm

4. Cow-made erosion of a loamy bank, Zlotna, site 33. June 1977
Erozja brzegu wywotana przez krowy, Ziotna, punkt 33. Czerwiec 1977






PLANSZA VI

Flow patiem in bank niches and their morphology
Przeptyw w niszach brzegowych i ich morfologia

. Flow pattern in the meander M-5, Zlotna, site 19, falling stage of the August flood (August 2, 1977). Note vertical vortexes in
the bank niche and a small reverse roller in the place of hydrodynamic thrust. Camera looking north-east

Uktad pradéw w meandrze M-5, Ztotna, punkt 19, stan opadajacy (2 VIII 1977). W niszy widoczne sg wiry pionowe oraz maty,
odwrotny wir $rubowy w miejscu naporu hydrodynamicznego. Zdjecie w kierunku pétnocno-wschodnim

. The same place after the May flood. Note bank niches and a mid-channel bar. Arrow indicates chute channel. Camera looking
north-west

To samo miejsce po powodzi majowej. Widoczne sg nisze brzegowe i tacha $rédkorytowa. Strzatka wskazuje koryto przelewowe.
Zdjecie w kierunku pétnocno-zachodnim

. A mushroom-like eddy (a local displacement of water terminating at the surface in a nonrotating boil of Matthes). Location
as above. August 23, 1977
Wir wstepujacy o charakterze grzyba. Lokalizacja jak wyzej. 23 VIII 1977

. Bank niche originated in the place shown in photo 3. Note angular blocks of alluvial loam and loamy balls. Location as above

Nisza brzegowa powstata w miejscu pokazanym na fotografii 3. Widoczne sg kanciaste bryty gliny aluwialnej i pojedyncze toczen
ce. Lokalizacja jak wyzej
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PLANSZA VII

Flow perturbations around large obstacles

Zakt6cenia przeptywu dookota duzych przeszkéd
1, 2, Flow pattern in a meander bend, stage higher-than-bankfull, Ztotna, site 12, August 2, 1977. Note supercritical flow over
an upturned turf sheet (near the levelling rod). Dashed line indicates channel axis

Przeptyw powodziowy w meandrze przy stanie wyzszym niz petnokorytowy, Ztotna, punkt 12, 2 VIII 1977. Widoczny jest
przeptyw nadkrytyczny ponad odwrdconymi ptatami darni (przy tyczce). Linia przerywana wyznacza o$ koryta

3, 4. Flow pattern around a small tree, Ztotna, site 28. Stage higher-than-bankfull

Uktad wiréw przy optywie matego drzewa, Ztotna, punkt 28. Stan wyzszy niz petnokorytowy






PLANSZA VIII

Gully erosion and erosion on riffles
Erozja wawozowa i erozja na bystrzykach

. Incipient gully, Ztotna, site 22, August 25, 1977

Zaczatkowy wawo0z, Ztotna, punkt 22; 25 VIII 1977

. A typical riffle, Ztotna, site 21. Note the eroded left bank and the accretionary right bank. The unvegetated riffle gravel was de-
posited during the August flood simultaneously with the erosion of the left bank. September 1977

Typowy bystrzyk, Ztotna, punkt 21. Widoczny jest erozyjny brzeg lewy i akumulacyjny brzeg prawy. Niezaro$niete zwiry bystrzyka
zostaty osadzone w czasie powodzi sierpniowej réwnocze$nie z erozyjnym podcieciem brzegu lewego. Wrzesien 1977

. Lateral erosion along a riffle, Ztotna, site 9, after the May flood
Erozja boczna wzdtuz bystrzyka, Ziotna, punkt 9, po powodzi majowej

. A post-flood dissection of the riffle crest. River Bébr, Bukéwka study reach, below meander B-5. October 1977
Popowodziowe rozciecie brzegu bystrzyka. Bébr, odcinek badawczy w Bukowce, ponizej meandra B-5. PaZzdziernik 1977






PLANSZA IX

Erosion and channel stability
Erozja i stabilno$¢ koryta

1. Stable straight channel of the lower Zlotna between sites 1 and 3. During flood discharges the channel attains a normal depth
and slope with the resultant uniform flow. This is head portion of the Miszkowice Fan. During the August flood a considerable
amount of detrital material was transported through the channel without perceptible modifications of it. May 1978. Camera
looking west
Stabilny odcinek prosty dolnej Ztotnej miedzy punktami 1i 3. W czasie powodzi koryto to zachowuje spadek i gteboko$¢ normal-
ng zapewniajaca réwnomierny przeptyw wody i osadu. Szczytowa czes$¢ stozka Miszkowic. W czasie powodzi sierpniowej koryto
to przetransportowato ogromne ilosci materiatu detrytycznego bez zadnych widocznych zmian morfologicznych. Maj 1978. Zdjecie
w kierunku zachodnim

2. Unstable straight reach between sites 8 and 10. Channel instability is indicated by riffles and pools. The channel-edge bar
originated during the May flood. June 1977

Niestabilne koryto proste miedzy punktami 8 i 10. Niestabilno$¢ koryta wyrazona jest zréznicowaniem na przeglebienia i bystrzyki.
tacha boczna powstata w czasie powodzi majowej. Czerwiec 1977

3. Quasi-stable meandering channel, River Zadrna, Jawiszéw study reach. Rising stage of the August flood
Quasi-stabilny odcinek meandrujacy Zadrnej w Jawiszowie. Wzbierajgce stadium powodzi sierpniowej

4. Unstable meandering channel reactivated during the August flood, central part of the Miszkowice Fan. Subcritical flow in straight
reaches becomes supercritical in meander bends. Note contraction of the flow downstream from the point of separation (indica-
ted by levelling rod) and a large separation bubble with secondary bankward and backward circulation. The outer part of the
channel is area of erosion, while a point bar is growing within the separation zone. August 1977

Niestabilne koryto meandrujace czynne w $rodkowej czeéci stozka Miszkowic po powodzi sierpniowej. Podkrytyczny przeptyw
w odcinkach prostych przechodzi w przeptyw nadkrytyczny w meandrach. Widoczna jest kontrakcja przeptywu ponizej punktu
oderwania turbulentnej warstwy przysciennej (zaznaczonego przez tyczke) oraz duza strefa oderwania pradu z wtérng cyrkulacjg
dobrzegowg i wsteczng. Zewnetrzna cze$¢ koryta jest miejscem erozji, podczas gdy w strefie oderwania pradu rosnie tacha mean-
drowa. Sierpien 1977
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PLANSZA X

Bed-load discharge and channel stability
Przeptyw materiatu dennego i stabilno$¢ koryt

. Extremely large (overloaded) bed-load discharge resulted in plugging with gravel of the original meandering channel and a braid-
ed channel developed. Under conditions of sediment-poor post-flood discharge the braided channels were unstable. Central
part of the Miszkowice Fan, site 13. Camera looking west. April 1978

Skrajnie duzy (przecigzony) przeptyw obcigzenia dennego spowodowat zaczopowanie zwirem pierwotnego koryta meandrujgcego
i powstanie koryta roztokowego. W warunkach ubogiego w osad przeptywu popowodziowego koryta roztokowe byty niestabilne.
Srodkowa cze$é stozka Miszkowic, punkt 13. Zdjecie w kierunku zachodnim. Kwiecien 1978

. Moderate rate of bed-load discharge favours the development of more or less regular meanders, lower Zlotna, site 33. The erosio-
nal retreat of the outer cutbank is roughly balanced by the growth of the point bar. Unvegetated gravel is a supraplatform bar
accumulated owing to the August flood. August 23, 1977

Umiarkowane natezenie przeptywu materiatu dennego sprzyja powstawaniu mniej lub bardziej regularnych meandréw, dolna
Ztotna, punkt 33. Erozyjne cofniecie brzegu zewnetrznego jest w przyblizeniu zréwnowazone przez przyrastanie tachy meandrowe;j.
Niezros$niety zwir to tacha ponadplatformowa osadzona w wyniku powodzi sierpniowej. 23 VIII 1977

. Meander M-3 (site 25) during the August flood, falling stage (August 2, 1977). Part of the supraplatform bar had just emerged.
Levelling rod indicates the position of chute channel which was still active

Meander M-3 (punkt 25) podczas powodzi sierpniowej, stan opadajacy (2 VIII 1977). Cze$¢ tachy ponadplatformowej wiasnie
sie wynurzyta. Tyczka wskazuje potozenie koryta przelewowego, ktére jest wcigz aktywne

. The same place a year after the flood. Note erosional remnants of the point bar and the chute channel. August 1978

To samo miejsce rok po powodzi. Widoczne sg erozyjne pozostatosci tachy meandrowej oraz koryto przelewowe. Sierpienn 1978

AU photos taken by the author
Wszystkie zdjecia autora
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