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6 TADEAS CZUDEK AND JAROMIR DEMEK

investigated is heterogenous from the point of view of structure, relief, climate,
soils and vegetation. Several features are typical of these areas, such as: °

(a) considerable and relatively rapid temperature oscillations due to the
clear atmosphere in the region of the Siberian anticyclone. For instance in
the town of Verkhoyansk, the air temperature ranges between —54 and -+4°C
in May and between —45 and +13°C in October. Even in summer, in the
month of August, the temperatures fluctuate between —8 and - 28°C,

(b) mean annual temperatures below 0°C and extremely low winter
temperatures. The absolute minimum temperature is —67.8°C at Verkhoyansk
on the Yana River valley and —77.8°C (1938) at Oymyakon on the Indigirka
River valley,

(c) short transition seasons (spring and autumn) with temperatures ranging
largely about 0°C, and the occurrence of numerous freeze-thaw cycles,

(d) considerable dryness and exceedingly small quantities of snow (0.3 up
to 0.5 m),

(e) temperature inversions in the intermontane basins shown as examples
in Table 1. In connection with the temperature inversion it was established
that the active layer on the slopes of southern exposure reaches its maximum
thickness at the level of the upper timber line and not in the basin bottoms,

TABLE 1. Temperature inversion in intermontane basin

Mean Temperature Suntar Khayata (2063 m) Baze (1350 m) Agayakan (777 m)

January —29.5°C -34.7°C —48.0°C
July 6.6°C 11.7°C 14.6°C
year —14.1°C -14.1°C —16.1°C
absolute maximum 18.6°C (July) - 24.8°C (August) 29.7°C (August)

absolute minimum —43.0°C (December) -50.8°C (December) —58.2°C (February)

(f) presence of permafrost; below large river beds (Kolyma, Indigirka,
Lena, Yana) open taliks occur. In the permafrost distribution vertical zoning
can be observed: with the increase of altitude above sea level the permafrost
thickness increases. The high mountain regions of the Verkhoyanskiy Khrebet
and the Khrebet Cherskogo are thus regions with a very low permafrost
temperature. P.N. Lugovoy (1970, p. 107) states that the permafrost tempera-
ture in altitudes from 1000 up to 1600 m in depths from 15 up to 20 m ranges
between —4.5 to —9°C, and in altitudes from 3000 up to 3200 m a. s. l. between
—15 to —16°C.

PRINCIPAL CRYOGENIC PROCESSES IN THE TERRITORY INVESTIGATED

FROST CRACKING

Due to considerable temperature changes, volume reduction in rocks takes
place and thermal contraction cracks develop. Fresh evidence of frost crack-
ing was observed on granite tors and blocks at altitudes from 1800 up to
2000 m on the Nel’kanskiy Khrebet near the town of Ust’-Nera. Frost
cracking also took place along bent planes (micrcexfoliation).
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Thermal contraction cracks develop every year in soils overlying ice
wedges. We located them over the syngenetic ice wedges in the Irgichan
River flood plain near the town of Deputatskiy. During observations on June
30.1969, the cracks were open and reached as far as the ice wedges.

In the bottoms of basins and in flood plains the thermal contraction cracks
form macropolygonal patterns. The macropolygons can be recognized mainly
from an airplane. They are distinctly developed for instance on the bottom
of the Oymyakon Basin where they reach diameters of about 40 m.

FROST WEDGING

This process takes place due to the expansion of water on cooling to form
ice. In cracks, ice veins and ice wedges develop splitting the rock into
fragments. The size of the fragments depends on the jointing of the rock and
the intensity of frost weathering. In the granites of the Nel’kanskiy Khrebet
blocks of several cubic metres volume develop. In the sandstones of the
Verkhoyanskiy Khrebet fragments of several tens of centimetres in their
longer axis prevail. In the andesites of the Kolymskiy Khrebet on the Pass
Dedushkina lysina in a large part of the frost desert we found fragments 3
to 4 cm large. During weathering in the Kolymskiy Khrebet the effect of
increased humidity is obvious probably due to the proximity of the Pacific
Ocean.

On slopes in massive rocks with an inclination of more than 15° a special
type of slope development due to frost-wedging was observed. Usually up to 3
or 4 cracks parallel with the direction of slope can be distinguished. They
occur in distances from 1 to 10 m. In vertical fissures ice wedges develop

Fig. 2. Profile through the slope of the dolomite hill at the village of Yatsik near

the town of Aldan in the Aldanskoye Nagorye
1 — Cambrian dolomites, 2 — dolomitic debris, 3 —ice wedge, 4 — vegetation (grass and Larix
dahurica)
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CRYOGENIC PROCESSES IN EASTERN SIBERIA 11

SHEET-WASH

We observed the effects of sheet-wash during the spring snow melt. Sheet-
wash manifested itself on the bare surface mainly in non-sorted circles. In
water saturated soils the effects of rapid solifluction could only hardly be
distinguished from those of sheet-wash and mud flows. Both processes substi-
tuted each other in place and time.

FROST SORTING

Frost heaving, freezing out of fragments and needle ice together lead to
frost sorting. First, in debris fields islets of fine soil develop due to frost
heaving. We observed numerous fine soils islets in the frost desert in the sur-
roundings of the town of Deputatskiy. In the area investigated the most
common are the non-sorted circles. They come into being in fine-grained
material on watershed ridges and cryoplanation terraces. They are active
mainly on calcareous soils. They were paid special attention on the flat top
(1300 m a.s.l.) built of Cambrian dolomites in the Evota Group in the Aldan-
skoye Nagorye. The circles are 0.3-2.0 m in diameter and mostly with circular
groundplans. They consist of brown thixotropic loam with small dolomite frag-
ments. Their surface is further fissured with small non-sorted polygons.
Mainly frost heaving, and later on the bare surface even needle ice are supposed
to share in their development.

The largest non-sorted circles were observed in the Gerba Pass south of
the village of Orotukan at an altitude of about 900 m a.s.l. (Fig. 5). The circles
were as large as 4 m in diameter and were built of greyish-brown sandy loam

W E

50 m
Fig. 5. Profile through non-sorted circles on the gentle slope in the Gerba Pass,
south of the village of Orotukan
1 —sandy loam with fragments of shales, 2 — xerophile vegetation

with fragments of shales mostly of a diameter of 1-5 cm. The total thickness
of the regolith in the pass was 1.1-1.5 m. Lower on the slope at an inclination
of 10° the circles changed into non-sorted steps bordered with xerophile
vegetation, their front reaching a height of 0.44 m. Over this vegetation rim,
water saturated soil flowed and fragments fell.

In the further process sorted polygonal grounds develop from non-sorted
circles. But sorted polygons are rather rare in the territory investigated. Well
developed polygons of this, kind were found in the surroundings of the town
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CRYOGENIC PROCESSES IN EASTERN SIBERIA 13

NIVATION

In mcuntain regions strong winds blow in winter reaching a velocity as
great as 40 m/s. The wind blows the snow, and it accumulates on lee slopes and
breaks of slope. Simultaneously, the strong wind consolidates the snow. In
valleys snow melts in mid May but one month later in the mountains. During
melting the exposure of the slopes distinctly comes into play. Snow patches
(Fig. 7) last till summer. They are very important water resources because of

.-‘J«’. SRl 4 e [ ) TG
Fig. 7. Snow patch at the foot of the frost-riven scarp on the slope of the hill 1300 m

a.s.l. south of the Evota Pass in the Aldanskoye Nagorye. Photo T. Czudek,
May 28, 1969

the dry climate. Whereas the intensity of the cryogenic phenomena consider-
ably decreases due to lack of water within a month after the snow has melted,
below the snow patches cryogenic processes are very intensive until the
complete melting of the snow patches. Nivation is one of the causes of the
parallel slope retreat mainly in the case of frost-riven cliffs and frost-riven
scarps of the cryoplanation terraces (Fig. 8).

THERMOKARST

The development of thermokarst processes is due to the disruption of the
thermal equilibrium of the permafrost and the increase of the thickness of the
active layer owing to local or general (climatic) causes. In the mountains of
the area investigated these processes are limited especially to thermoerosion
and the melting of ground ice mainly in taluses and glacial deposits. Due to
the thawing of the polygonal system of ice wedges, conical baydjarakhs
developed in the moraines of the K'ub’'ume River valley in the Verkhoyanskiy
Khrebet.
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In the territory investigated we observed both linear and the lateral ther-
moerosion. On the left Deputatka River valley side large polygons of ice
wedges have developed. Thawing of ice wedges takes place on slope with an
inclination of 3°. Due to linear thermoerosion a furrow, 0.6 m in depth,
developed after the ice wedges. The furrow is continuously buried by sliding
turf and soils. Running water removes the saturated soils. In places, the furrow
is completely buried by turf. Water disappears below the turf appearing again
at a distance of several metres. The length of the longest buried section was
6 m. Owing to the downslope displacement of the soil towards the thermcerosion
furrow a flat prolonged depression — the dell — develops successively. The dell
is about 6 m wide and 1 to 1.5 m deep.

wooC ) E
3
r‘ o l v wl = | = [ = [ ] w [ |°

4 3 4

Fig. 8. Profile through the frost-riven scarp of the cryoplanation terrace on the slope
of a hill 1300 m a.s.l. south of the Evota Pass in the Aldanskoye Nagorye with

processes of frost creep and nivation
1 — Cambrian dolomites, 2 — dolomitic debris, 3 —ice, 4 —snow, 5 — grass

Linear thermoerosion on ice wedges was also observed on the K’ub’ume
River flood plain near the village of Kamenistaya in the Verkhoyanskiy
Khrebet (Fig. 9 and 10). During investigations on June 10, 1969, water was
running first on the turf, and then it disappeared in a thermal contraction crack.
After some metres the frost crack began to widen into a rill due to thermo-
erosion. The rill successively developed in a gully about 1m deep. Its sides
kept sliding and turf and blocks of frozen fine grey sand filled the gully.

Lateral thermoerosion could be observed on the banks of the Irgichan
River near the town of Deputatskiy. The cuter bank was 3 m high and built
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Fig. 9. Linear thermoerosion on the K’ub’'ume River flood plain near the village of
Kamenistaya in the Verkhoyanskiy Khrebet
1 —black-brown humus sandy loam, 2 —fine grey horizontally bedded sand, 3 —ice wedges,
4 — segregation ice, 5 — permafrost limit, 6 — water level, 7 — grass

Fig. 10. Linear thermoerosion near the village of Kamenistaya in the Verkhoyanskiy
Khrebet. Photo J. Demek, June 10, 1969

of 2m of greyish-brown sandy loams and of underlying gravels rising about
1 m above the water level. In loams syngenetic ice wedges have developed
their ends reaching as far as in the gravels. The thickness of the active layer
was only 0.4 m on the day of observation (June, 30, 1969). A thermoerosicnal
niche developed in the bank due to lateral thermoerosion. The niche was
2 to 5m deep and 1.5m high. Turf bent from above and partly overlapped
the niche.
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Intensive lateral thermoerosion took place on the right bank of the Depu-
tatka River near the town of Deputatskiy (Fig. 11)). At the foot of the right
valley side a talus has developed consisting of black humus loams with numer-
ous organic relics. Due to lateral thermoerosion of the Deputatka River the
talus was undermined and a vertical wall developed on which ice wedges (as
much as 5m wide and 8 m high) crop out. Due to sapping blocks of ice and

w 3

.
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3
¥
\J
»
) o |
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Fig. 11. Lateral thermoerosion on the right bank of Deputatka River near the town
of Deputatskiy in the Selennyakhskiy Khrebet

1 —black humus loam with numerous organic relics, 2 — fluvial gravels, 3 — water saturated
deposits, 4 — ice wedges, 5 — permafrost limit, 6 — water, 7 — vegetation (Larix dahurica, grass)

frozen soil of considerable dimensions separate and collapse into the river bed
where they melt and their material is removed. The collapse of blocks and the
damming of the river are typical features of the development of water courses
due to thermoerosion.

SEASONAL INJECTION ICE

By injection of water into frozen soils during the freezing of the active
layer, ice lenses of a thickness of 2 to 3 m and diameters of several metres up
to several tens of metres develop near the ground surface. The ice contains
numerous air bubbles and displays a prismatic texture. On the surface the ice
forms flat dome-like elevations called ice-cored mounds. The ice melts in
summer. We studied these processes in the Khrebet Cherskogo. The largest
seasonal ice-cored mound was developed in the Nera River valley, near the
town of Ust’-Nera. It had a diameter of 45 m and its centre was already sunken
on the day of observation (June 12, 1969). The mound was covered with peat,



CRYOGENIC PROCESSES IN EASTERN SIBERIA 17

of the thickness of 0.3 to 0.8 m. The ice had a distinct stalk-like texture. There
were smaller ice-cored mounds in its surroundings (Figs. 12 and 13).

Seasonal ice-cored mounds develop during the freezing of the active layer.
The thickness of the active layer must be suficiently great so that there is
a sufficient quantity of water for injection. These processes can therefore take
place mainly at the scuthern permafrost limit and in extremely continental
climate as for example in the area studied.

NW SE

o

5 X | 0* 3. Jof 0 | 9°

0 - 10 -] 20 BEm

Fig. 12. Seasonal ice-cored mound in the Nera River valley near the town of Ust’-

Nera
1-— peat, 2 —ice, 3 — waler. level, 4 — vegetation (grass and rnoss)

Codom

2 :. b,t.'l"'“,"'
o .

Fig. 13. Seasonal ice-cored mound in the Nera River valley near the town of Ust’-
Nera. Photo J. Demek, June 12, 1969
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Fig. 15. Example of the effects of an icing on the gorge sides of the Segorym River
(the right tributary of the Vostochnaya Khandyga River) in the Verkhoyanskiy

Khrebet
1 — humus loam, 2 — sandstones, 3 — icing, 4 — water level, 5 — vegetation (grass, Larix dahurica)

one hand by water streams pushed to the valley side by the icing and on the
other hand by the direct pressure of the icing. Considerable pressures develop

within the icing often throwing out ice blocks to a distance cf several tens of
metres.

CONCLUSIONS

The territory investigated represents a special type of mountain continental
subnival region with an extensive occurrence of permafrost. The extremely
low winter temperatures, the relatively high summer temperatures and the
considerable dryness are mainly typical. Due to the shortage of water — the
main agent of cryogenic processes — the intensity of the cryogenic processes
is relatively small in comparison with the maritime subnival region. After
the short spring period of intensive activity of cryogenic processes the desicca-

tion of soil and a rapid drop in the intensity of the cryogenic processes take
place.

Czechoslovak Academy of Sciences, Institute of Geography, Brno
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TABLE 1. Downslope movement of iron pins on mass movement lines (from Emmett)

Coyote Arroyo, nr. Santa
Fe, N.M.

Slopewash Tributary, Santa
Fe, N.M.

Ski Basin Site, or. Santa Fe
N.M.

Big View Site, Dickerson
Park, Wyo.

Twin Cabins Site, nr. Pine-
dale, Wyo.

Forsaken Gully Site, nr.
Moneta, Wyo.

Last Day Gully Site, nr.
Hudson, Wyo.

Aching Shoulder Site, Mid-
den Rock, nr. Four Cor-
ners, Ariz.

' Corrected to ground surface, and data are best graphical fit.

Average
local
gradient

21

18

35

16

3l

No. of Average'
Rock Soil v Ele- Annual years down- Surface
5 . - vation p':':" of slope erosion
type depth tation () “(, B obser- movement (in/y.)
in) vation (infy.)
Alluvium ifn Pinon 7,000 14 7 0.12 0.46
woodland
”» " ” ”» " 9 -m 'w
Granite 1-3ft  Spruce 9,000 25 4 .30 0
Limestone 3-6ft Alpine 9,500 20 3 14 .02
grass
Bouldery - Sage, 8,000 154 2 A2 0
till aspen
Shale 3-5ft Sage 4,000 14 6 34 .30
Shale 3-6ft Sage 4,000 12 5 0 .05
Igneous - Semidesert 4,000 8 5 0 10
rubble grass

http://rcin.org.pl

8T

JLANNT M RVITIIA ANV 704037 "9 VNOTT



RATES OF GEOMORPHOLOGICAL PROCESSES
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Fig. 1. Cumulative downhill creep and surface erosion measured by mass movement

pins

upper — Coyote Arroyo; lower — Slopewash Tributary, both near Santa Fe, New Mexico, U.S.A.

(from Emmett, 1971)

of each plate in the vertical column is determined by theodolite sighting
between iron rods driven deeply in the ground to serve as bench marks. After

installation and recording, the pit is filled.

Preferably two years later, the pit is re-excavated and the location of the

plates resurveyed.



30 LUNA B. LEOPOLD AND WILLIAM W. EMMETT

e T T x l |
Downslope mass movement =0 30 inch per year /
L )

05

x

O r— s —————— — — — — _— -

DOWNSLOPE MASS MOVEMENT AND
SURFACE EROSION, IN INCHES

-

| { |
0 10 20 % 0 50 80

MONTHS FROM TIME OF INSTALLATION

Surface erosion=002 inch per year

DOWNSLOPE MASS MOVEMENT AND
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Fig. 2. Cumulative downhill creep and surface erosion measured by mass movement

pins
upper — Ski Basin Slope near Santa Fe, New Mexico; lower — Big View Slope, Dickerson Park,
Wyoming U.S.A. (from Emmett, 1971)

The data presented are for 6 such pits installed in 1964 or earlier and for
which the latest resurvey was in 1971. The movement, therefore, represents
that taking place over 7 years. The location is on wooded hillslopes in the
headwaters of Cabin John Creek, a tributary to the Potomac River near
Washington, D. C. The annual precipitation is 45 inches, most of which occurs
in non-summer periods but there are heavy thunderstorms in summer which
wet the soil for short periods. The soil is frozen for at least two winter months
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Fig. 3. Erosion and mass-movement rates as a function of local slope angle for mass
movement pins, Coyote Arroyo near Santa Fe, New Mexico, U.S.A. (from Emmett,
1971)

and may remain moist for as long as four months during winter. It is pre-
sumed that downhill creep is concentrated in late winter and spring.

The soil material is deep, representing the Piedmont, which experienced
long periods of weathering in pre-Pleistocene as well as Pleistocene time.
Solid bedrock crops out in places within the study area but generally
a weathered regolith at least 10 feet deep covers most of the hillslopes. The
bedrock is gneiss containing veins of quartz which provide hard cobbles to
the local streambeds. The forest is second growth, tulip-oak-hickory associa-
tion.

In all except the earliest installations we drove an iron rod deep in the
soil with the upper end at the level of the bottom of the excavated pit. This
was to be a check on whether the bench marks (iron rods) exposed at the
ground surface had been moved downhill as a result of soil creep. This
procedure turned out to be most fortunate. When the 1971 surveys were
compared with data at the time of installation, the buried bench marks
appeared to have moved uphill in every pit where a buried rod was used.
All pits for which buried bench marks were not used have been eliminated
from the tabulation. These amounts of apparent uphill movement are shown
at the bottom of Table 2 under the heading ‘‘Measured relative movement”
and opposite ‘“Buried Bench Mark”.

A careful study was made of sources of error-instrumental, reading, and
computing errors. We conclude that ncne of these sources could account for
the apparent uphill movement of the buried rods. The best explanation is



TABLE 2. Measured and adjusted measuremeats of downhill creep in modified Young Pits Sisters area near Bethesda, Maryland, US.A., 1964-71 (7 years)

Measured relative movement (cm) Movemeat corrected by refarence Probable actual movement (cm)
L o at depth (cm)

Depth Pitl  Pit2  Pitd PitS  Pit7 P& | Piel Pit2  Pitd  PitS  Pit7  Pit Pitl  Pit2  Pitd  PitS  Pit7  Pis
(cm)  plates pins plates  plates  plates  plates plates pins plates o 3
0 Hooer 3.X.. +0.28  +(226) +3.52 (4+1.33) 4048 ... <4036 (+1.96) +0.652 +(1.51) 02 ..... $.64.2 ($204.2) 40742 (+1.54.2)
B REIN 5. F 58 S s 4301 RO T KA Lol s et o A ekl 4343 023 0xa  +3%3
6  +12 4015 =86 =80 =—-J6 . -0 -7 H0s . =2 =30 +1¢ * M +9+.2 042 ' 0+2 0+2
eIl T F B! B < S SN R w08 —05 409 " =36 | o ,
13 =0 =30 =30 =M. -0 =23 028 4+ =@ =u  +2 ] -8 +422 | !
15 | F0 <47 -3 R B =65 YRS —12: +47 =48 042 | 0+.2
S =k L0 =l SR A=t S8 R ® BRSO s kT8 ~i06 .
2170 =P Tt =BT 38 A=) R A NS4 RN WAt 40 =Wy | |
Y o R B Y. =l =R S R 7L =31 =8 14 04 ‘ |
7N L 4 ~a — 2 =0T T el 43T 0 -8 +07 +.08 |
O B e B ~30 =3B! =W =01 +0T .. h =02 =/ I +10 \ : 09‘2
0 A =800 =Y e A 35 SR T SO WA o
37 B S TS R R P S AR AT i R AR 02 ' 5
'8 Lol AN Linas Bt AR T e
43 +.12 il i Wieka IOUE e AL SRR VARE SR Ceveksl  eakds i
L R SR =S50 BB pori B R S SO R OO Nk s 042
S U BRSSPI R St T S g R S P AR e \
S B =ab . b M A R N e SR T N s elY R e
4% 2 ik g 5l WiRie Sy W B T R e T R e P
% 5 B0, L A d BT e T e Lo BT 00 L TR M
G Tl G 0L T T S Bl o A
Bathd: =10 =73 =38 =X =W =I8 | .0
bench
mark

+ is downhill motion; — is uphill,
( ) indicates possible disturbance and thus doubtful record.
“*Plates” refer 1o pits where flat aluminium plates were the markers moving downslope,
“Pins" refer to pits where markers are horizontal rods rather than flat plates.
Ground surface gradient at each pit: Pit 1, 349; Pit 2, 35%: Pit 4, 549;; Pit 5, 40%:; Pit 6, 25%: Pit 8, 30%.
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HATES OF GEOMORPHOLOGICAIL PROCESSES 33

that the iron rods extending from the surface downward and marking the line
of sight from which the movement of installed plates is measured have also
moved downhill. Therefore, the observed movement of plates at various
depths below the surface have been corrected by adding to observed relative
movement that of the buried bench mark. These corrected values appear in
the center section of Table 2.

In the right hand section of the table the final results are presented as
probable amounts of downhill motion, with a confidence limit for each. The

TABLE 3. Erosion and deposition in channel of Watts Branch near Rockville,
Maryland, U.S.A., determined by annual remeasurement of monumented cross-sections
(Drainage area, 3.7 sq. mi.)

Percent
Channel Ratio: change
area 1970 channel Bed
Cross- Number area area  elevation
section original 1970* of original per year change
name (sq.ft) (sq.ft) years area v (ft)
1-2 73.1 56.5 17 0.77 —1.3 +0.4
1-4 106.8 53.5 17 .50 —29 +.8
1-5 74.8 52.7 17 .70 —1.7 —.1
44A-45 49.6 28.0 9 .56 —4.8 —4
48-10 29.5 38.6 8 1.31 +3.9 —.5
40-41 31.7 31.8 8 1.00 0 -2
15-17 133.0 74.3 17 .56 —2.6 +1.3
42-43 100.0 64.5 8 .64 —4.5 +.6
15-18A 85.0 59.0 17 .69 —1.8 +.3
35-34A 37.8 38.8 12 1.02 0 +.3
32-33 52.1 58.9 14 1.13 +.9 +.6
46-47 50.1 30.9 11 .62 —34 0
22A-47 60.2 41.7 17 .69 —1.8 —.5
25A-23A 72.8 59.0 17 .81 —1.1 +.7
22-24 58.2 41.6 17 71 —24 +.4
Average all
data 67.2 48.6 .78
Average for
17-year data
only 83.0 54.9 17 .66 1.7 + .4

1 Includes some deposition on flood plain which is not within the channel as usually defined.

confidence, usually 2 mm, represented the average of the uphill or downhill
corrected movement values at a depth where it may be assumed no movement
is occurring.

The results indicate that despite the thick layer of regolith, downhill creep
was measurable by our methods only in the upper 3 to 6 cm. The amount of
this mction — even in the upper layers — was less than the measurement error
in two out of six pits. The amount of movement varied from 0 to 9 mm in
7 years.
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MAPPING WATER BUDGET OF SLOPING AREAS 39

After that, by means of the Goczan-Szasz’ runoff functions (1970a), all the
runoff wvalues corresponding to precipitation rates of 0 to 40 mm/h are
determined for each of the six slope categories.

(a) If no runoff takes place on the monolith exposed to artificial rain at
a rate of 20 mm/h in any of the slope categories, i.e., if the first part of our
function curve is linear, than the formula (21) is used for the determination
of the runoff corresponding to each particular precipitation value.

We then have the formula:

—2 y
Ya2— 22 ‘x_*_y_z..x_
X, Xy

Yy =

The symbols used here have the same significance as in the case of
permeability, the only difference being that the value of y refers to the
runoff instead of to the infiltration rate.

(b) If any surface runoff is observed for 20 mm of frecipitation per hour
in any slope category, then the formula (29) Goczan-Szasz (1970b) is used for
the determination of the runoff corresponding to each particular precipitation
rate. ; ‘3 ‘

We have the formula: 1

8Y1— 1 P Y2—4 .z

% 4x3 4x3

In Table 1 the author has quoted as an example the precipitation and
runoff rates corresponding to each particular precipitation value within the 0
to 40 mm/h range for a brown forest soil sloping at 0, 8, 15, 21, 30 and 409,
respectively.

DETERMINATION OF PERMEABILITY AND RUNOFF AS A FUNCTION OF THE SLOPE

To be able to map soils of equal permeability or those which show the
same rate of surface runoff, and to find out the quantities of water infiltrat-
ing into the soil and running off its surface respectively, one has to determine
the permeability and runoff values corresponding to any precipitation rate.
In collaboration with F. Szasz, the author approached the problem of
establishing this function by developing the formulae given below (Goczan-
Szasz, 1970b).

The permeability and runoff values, corresponding to arbitrary precipita-
tion rates within the 0 to 40 mm/h range for slope categories of 0 to 15%,
are expressed by the formula:

L (r—xy) (x—xy) (zx — o) (x —5) (% — ) (x—2x1)

VI e a2 B =T G, =)

For slopes between 15 and 30%o, the formula is given by:

(x —x3) (x —x4) (x—x2) (x—4) (x—x5) (x—3)

@ T Xa—20) | 2 (@y— T) (Ta— ) | (@4 — 2) (Ta—Ts)

Y = g(x) = Ya*

For slopes between 30 and 40, it is given by:

x—x5 x—x,
R
Xy — X5 L5 — Xy

Y = h(x) = ya-
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TABLE. 1. Permeability and runoff values of brown forest soils (Braunerde)
as a continuous function of the rate of precipitation; (a) permeability values mm/h;
(b) runoff values mm/h

(@)
Rate of Slope %
precipitation _ X
mm/h 0 8 15 21 30 40

1 1 1 1 1 0.9 0.9

2 2 2 2 2 1.9 1.9

3 3 3 3 3 2.9 29

4 4 4 4 4 3.9 3.8

5 5 5 5 5 4.9 4.7

6 6 6 6 6 5.8 5.6

7 7 7 7 7 6.7 6.4

8 8 8 8 8 7.6 7.3

9 9 9 9 9 8.5 8.1
10 10 10 10 9.9 9.4 8.9
11 11 11 11 10.9 10.3 9.7
12 12 12 12 11.8 11.1 10.4
13 13 13 13 12.7 11.9 10.4
14 14 14 14 13.6 12.7 11.8
15 15 15 15 14.5 13.5 12.5
16 16 16 16 15.4 14.3 13.2
17 17 17 17 16.2 15.1 13.8
18 18 18 18 17.0 16.4 14.4
19 19 19 19 17.8 17.1 15.0
20 20 20 20 18.44 17.7 15.6
21 20.8 20.5 20.5 19.2 18.3 16.1
22 21.6 21.0 21.0 19.8 18.9 16.6
23 22.4 21.5 21.4 20.5 19.4 17.2
24 23.2 22.0 21.8 21.0 19.9 17.6
25 24.0 22.5 222 21.6 20.4 18.1
26 24.8 22.9 22.5 22.1 20.8 18.5
27 25.6 23.3 22.8 22.5 21.2 18.9
28 26.4 23.7 23.1 22.9 21.6 19.3
29 27.1 24.0 23.4 23.2 21.9 19.7
30 27.9 24.4 23.6 23.5 DOM)] 20.0
31 28.6 24.7 23.8 23.7 22.5 20.3
32 29.3 25.0 24.0 23.9 22.7 20.6
33 30.1 25.2 24.1 24.0 22.9 20.9
34 30.8 25.5 24.3 24.1 23.0 21.2
35 31.5 25.7 244 24.1 23.0 21.4
36 32.6 26.0 24.4 24.0 23.1 21.6
37 329 26.1 24.5 23.8 23.1 21.8
38 33.6 26.3 245 23.6 23.1 21.9
39 34.2 26.4 24.5 23.4 23.1 22.1
40 34.9 26.5 24.5 23.0 23.0 22.2
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(b) cont’d
Rate of Slope %,
precipitation -
mm/h 0 8 15 21 30 40
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 0.1
4 0 0 0 0 0.1 0.1
5 0 0 0 . 0 0.1 0.2
6 0 0 0 0 0.2 0.3
7 0 0 0 0 0.2 0.4
8 0 0 0 0 0.3 0.6
9 0 0 0 0 0.4 0.8
10 0 0 0 0 0.5 0.9
11 0 0 0 0 0.6 1.1
12 0 0 0 0.1 0.8 1.4
13 0 0 0 0.1 0.9 1.6
14 0 0 0 0.2 1.1 1.9
15 0 0 0 0.3 1.4 2.2
16 0 0 0 0.4 1.6 25
17 0 0 0 0.6 1.8 2.8
18 0 0 0 0.8 2.1 3.2
19 0 0 0 1.0 2.5 3.6
20 0 0 0 1.3 2.8 4.0
21 0 0 0 1.6 3.2 4.4
22 0.1 0.1 0.2 1.9 3.5 4.9
23 0.1 0.3 0.4 2.3 4.0 5.4
24 0.2 0.5 0.6 2.7 4.4 5.9
25 0.3 0.8 1.0 3.1 4.9 6.4
26 0.5 1.2 1.4 3.6 5.4 6.9
27 0.6 1.6 1.9 4.2 6.0 7.6
28 0.8 2.1 2.5 4.8 6.6 8.2
29 1.0 2.7 3.2 5.4 7.2 8.8
30 1.3 3.6 3.9 6.1 7.9 9.5
31 1.5 4.1 4.8 6.8 8.6 10.2
32 1.8 4.8 5.7 7.7 9.4 10.9
33 2.1 5.6 6.7 8.6 10.1 11.6
34 2.6 6.6 7.8 9.5 11.0 12.4
35 2.8 7.5 8.9 10.5 11.9 13.2
36 3.2 8.6 10.1 11.6 12.8 14.1
37 3.6 9.7 11.5 12.7 13.8 14.9
38 4.1 10.9 12.8 13.9 14.8 15.8
39 4.5 12.1 14.3 15.2 15.8 16.7
40 5.0 13.4 15.9 16.6 17.0 17.7
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TABLE 2. Permeability and runoff values of the rustbrown forest soil variation
as a continuous function of the angle of slope

Precipitation intensity (mm)

Slope 20 40
5 o
18 Permeability Runoff Permeability Runoff
mm/h mm/h mm/h mm/h
o* 20 0 349 5.0
1 20 0 33.6 6.5
2 20 0 323 7.7
3 20 0 31.0 8.9
4 20 *o 29.9 10.0
5 20 0 28.9 11.0
6 20 0 28.1 11.9
7 20 0 27.4 12.8
8* 20 9 26.5 13.4
9 20 0 25.8 13.9
10 20 0 25.4 14.6
11 20 0 249 15.0
12 20 0 24.8 15.4
13 20 0 24.6 15.7
14 20 0 24.5 15.8
15* 20 0 24.5 15.9
16 19.7 0.2 242 16.0
17 19.3 0.5 23.9 16.2
18 19.1 0.7 23.6 16.3
19 18.8 0.9 23.4 16.4
20 18.6 1.1 232 16.5
21+* 18.4 1.3 23.0 16.6
22 18.2 1.5 229 16.7
23 18.1 1.7 22.8 16.7
24 17.9 1.9 22,7 16.8
25 17.8 2.0 22.6 16.9
26 17.7 2.2 22.7 16.9
27 17.7 2.4 22.7 16.9
28 17.7 2.5 22.8 17.0
29 17.7 2.7 22.9 17.0
30* 17.7 2.8 23.0 17.0
31 17.5 2.9 229 17.1
32 17.3 3.0 2.8 17.1
33 17.1 3.2 22.8 17.2
34 16.9 33 22.7 17.3
35 16.6 3.4 22.6 17.3
36 16.4 3.5 22.5 17.4
37 16.2 3.6 22.4 17.5
38 16.0 3.8 22.4 17.6
39 15.8 3.9 223 17.6
40* 15.6 4.0 2.2 17.7

* Measured values
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List of symbols

x = the selected slope category

x, = a slope of 09/p

T, = , of 8%

T, = » of 159/,

T, = » of 219/,

x, = » of 30%

x5 = , of 400/

Yy = the rate of runoff or permeability being looked for and correspond-

ing to the selected slope category
Y, = the rate of permeability or runoff observed for a slope of 0%

Yy, = runoff observed for a slope of 8%
Y = ”» ”» » ”» 15%
Y3 = ”» ”» ”» ” 219/
Yy = ” ”» ”» » 30%/o
Ys = ” ” ”» ” 400/0

In Table 2 the author has quoted as an example the water quantities which
filtered through the soil on the one hand, and those which ran off this surface
in the order as observed for different slope angles up to a maximum of 40%/o.

THE MAPPING OF RUNOFF AND PERMEABILITY

(1) On the basis of field observations and of laboratory analyses carried
out for a specially selected area unit (drainage basin, large farm, etc.), a genetic
soil map of the territory is drawn up. On this map are recorded the various
soil types down to soil varieties and their characteristics which influence
the hydrological regime.

(2) An isoclinal map (illustrating the warious slope categories present)
is prepared for the same territory.

niensity of precptation mm/h
O 3B 302520 6510 5

runoff mmft

oud

permeabity

=== Dermeabeit
= runoff

Fig. 1 Fig. 2

(3) The genetic map is superimposed onto the isoclinal one, the former
being represented by colours, the latter by ruling (hachure).

(4) By extrapolating the runoff values, measured for monolithic samples
of different soil varieties or calculated with the aid of the above functions,
for areas delimited according to slope categories and soil types, one can
determine — by means of planimetry or calculations — the amount of water
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48 MARIAN PULINA

In his own detailed investigations the author failed to cover all karst
regions of Poland. However, the results he obtained enabled him to use these
to calculate the potential karst denudation for all of Poland. In order to do
this, he correlated the magnitude of denudation (D) with structural features
(density of joints and chemical composition of the limestones), with morpholo-

TABLE 1. Chemical denudation of some karst areas in Poland
(vertical infiltration) determined by the hydrometric method
[3] Dy 0.0126-AT-q [5] Dy = 12.6-ATq

CaC0s SieleO gt T AT 101 et 4
No.* Area examined D:l:;/ Azy 1/s
3 3 2 2
11000 y m3/y mg/l mg/l mg/l m3/s km? km
1. Sudetes—Klesnica Valley 33.0 7.4 174 5 169 0.0035 0.224 16.0
33.9 7.6 187 15 172
2. Sudetes—Krowiarki 26.4 37.0 305 5 300 0.0098 1.4 7.0
(Wapniarka-Slupiec) 27.0 379 316 15 301
3. Sudetes—Kaczawa Mts. 20.5 57.4 311 5 306 0.0149 2.81 5.5
(Wapniki mountain)
4. Silesian Plateau 26.2 270 10 260 8.0
(Strzelce Opolskie 33.3 350 20 330
Region)
5. Silesian Plateau 26.3 230 10 220 9.5
Czarna Przemsza Valley
6. Cracow-Cze¢stochowa
Plateau. Julianka.
Wiercica and Sygatka
Valleys 17.2 3160 185 10 175 1.44 183.7 7.8
7. Cracow—Czg¢stochowa
Plateau. Wiercica, Janéw 24.4 610 195 10 185 0.263 25.2 10.4
8. Tatras-Lodowe 46.6 378 110 10 100 0.3 37.0
Spring system 48.9 397 120 15 105
9. Tatras—Koscieliska, Kiry 48.9 1429 115 10 105 1.08 29.2 37.0

53.6 1565 130 15 115

* Order of numbering as in Fig. 1
** Y = sum of mineralization = dry residue of parts soluble in water.

gical features (mean absolute and relative altitudes), with hydrogeological
properties (thickness of the wvadose zone) and with climatic conditions. The
most favourable coefficients of correlation (r) were obtained with regard to
annual sums of atmospheric precipitation (Op) and to mean annual air tempe-
ratures (t°C).

rpop = 0.948

rprec = 0.884

The true value of the coefficient of correlation on the 0.19/p level is r = 0.75.
These high coefficients of correlation indicate that karst denudation depends,
first of all, on climatic conditions and that a full understanding of climatic
features may be useful for defining denudation. From the magnitude of the
coefficient of determination (100 r®) one might assert that karst denudation
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Precipitation (Op) Denudation (D)
in mm/y in mm/1000 y

500 20.1
600 22,6
700 25.1
800 27.6
900 30.1
1000 2.6
1200 37.6
1500 45.1
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Fig. 3. Potential karst denudation in Poland calculated by the use of formula [8]
D = 0.025 O, +17.6

1504
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log y *0,0621x + 1,9366

60 logaT=0,06211°C +1,9366
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Fig. 4. Dependence of chemical composition of karst waters
(AT = Ca**+ Mg**) on mean annual air temperature (t°C) for twenty karst areas in Poland;
AT = £(t°C)
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different methods. The first method is based on direct measurements made by
the application of the hydrometric method, the second on distinguishing classes
of intensity of these processes.

Chemical denudation has been determined by the hydrometric method for
22 drainage basins and for other areas situated in Southern Poland (Fig. 1), and
the result of this work is presented in Table 3, indicating a range from 4.3 mm
to 36.3 mm/1000y., with a mean value of 18 mm/1000y.! It appears that

TABLE 3. Chemical denudation of some non-karst areas in Poland,

determined by use of the hydrometric method (3)

D,, =0.0126-AT-q.

Dtt

AT

No.* Area examined Q P q
mm/1000 y mg/l m3/[s km? 1/s/km?
10. Snieznik Massif-Klesnica 4.3 22 0.040 2.6 154
11. Snieznik Massif-Kle$nica I 11.9 65 0.080 5.5 14.5
12. Snieznik Massif-Klesnica II 9.6 75 0.150 14.8 10.1
13. Krowiarki-Romanowo 10.0 186 0.041 9.6 4.3
14. Bialta Ladecka—Zelazno 14.3 77 4.43 301 14.8
15. Nysa Klodzka-Byczen 21.2 203 17.65 2124 8.3
16. Stolowe Mts. 17.2 71-140 13.0
17. Kaczawa Mts.-Jastrowiec 10.8%** 214 0.0133 3.33 4.0
18. Nysa Szalona Mata-Bolkowice 11.3 155 0.593 102.7 5.8
19. Bébr-Wojanow 18.9 135 5.82 526 11.1
20. Bébr—Pilchowice 23.7 135 16.75 1200 13.9
21. Bobr-Zagan 17.4 135 43.65 4242 10.2
22. Osobloga-Komorniki 165
23. Czarna Przemsza-Przeczyce 11.6 220 1.3 306 42
24. Czarna Przemsza-Przeczyce 10.8 220 1.2 306 39
25. Czarna Przemsza-Przeczyce 18.0 220 2.0 306 6.5
26. Cracow-Czestochowa Plateau,
northern part 22.7 190-210 6.9 763 9.0
27. Warta: Kreciwilk—Poraj 19.9 190 1.68 203 8.3
28. Wiercica—Przyréw 249 210 1.95 207 9.4
29. Sota-Poragbka 25.8 100 17.7 1082 16.4
30. Beskid Wyspowy-Snieznica 18.6 80-125 0.132 8.5 15.6
31. Dunajec—Kroscienko 222 125 22.5 1598 14.1
32. Dunajec—Roznéw 17.9 125 55.7 4883 11.4
33. San-Dwernik 33.7 125 8.85 414 21.4
34. Western Tatras—-Koscieliska.
Kiry 36.3 90 46.3 320
35. Western Tatras—KofScieliska.
Kiry 22.2 50 17.1 320
36. High Tatras-Biatka 13.7 34 2.1 65 320

** Chemical denudation calculated for all salts dissolved in water (Zpf).

s

* Order of numbering like in Fig. 1.

* Denudation calculated for CaCOj.

1 Chemical denudation has been calculated for the total sum of salts (the dry

residue), not as in karst denudation for the carbonates and sulphates only.
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crystalline rocks are the least denuded (4 to 15 mm) and the strongest areas
built of heterogeneous rocks among which carbonates occur (10 to 36 mm).
Intermediate values were obtained for flysch rocks and non-karst sedimentary
rocks.

The statistically ordered series of values of denudation shows a normal
pattern (n = 1.28 d with a mean = 18.0 and dispersion = 7.31) indicating that
the sample had been well chosen. This encouraged the author to carry out
further calculations of denudation, correlating them with the following corres-
ponding climatic agencies: the sums of annual precipitation and the mean
annual air temperatures. From these calculations he obtained very low coef-
ficients of correlation on the 0.1%/p level which were below the treshold cof
actuality, r = 0.6

For rpop = 0.191—0.306

This result was to be expected in view of the fact that the author had
omitted from consideration the differences in the properties of particular
rock types, and that denudation depends to a high degree on the type of rocks
involved.

Under these circumstances the author had to decide upon a different way
of determining chemical denudation in Poland. For this purpose he selected

TABLE 4. Indices of chemical denudation in Poland for areas
composed of eight types of rocks
D =0.0126-AT-q-¢

€ D =0.0126-AT g in mm/1000 y

% g=2 q—5 q=10 g=15 ¢=20 ¢=25 ¢=30

Type of rock substratum ATz

Crystalline rocks 12-80  0.26-1.74 29 58 87 11.6 145 174
74
Carpathian flysch 60-170 0.52-1.48 7.2 14.5 21.7 29.0 36.2
48
Loose Quaternary rocks (ex- 100-160 0.77-1.23 3.3 8.2 164 24.6
cluding loesses) in Central 23
and Northern Poland
Paleo- and mesozoic sediment- 100-160 0.77-1.23 82 164 24.6 32.8 41.0 49.0
ary rocks (excluding carbo- 23
nates)
Carbonate rocks: total 100-330 0.47-1.53 13.5 27.0 403 540 67.5 381.0
old-palaeozoic 170-310 0,71-1.29 151 30.2 45.3 60.4
29
mesozoic (Uplands) 200-330 0.76-1.25 16.7 33.4 50.0
25
mesozoic (Tatras) 100-280 0.53-1.47 12.0 240 360 48.0 60.0 72.0
47
Loesses and marls 290-340 0.92-1.08 19.8 39.6
8
Loesses with high CaCO; 370400 0.96-1.04 9.7 24.2 48.5
content 4
Sulphate rocks 250-700 0.53-1.47 10.6 26.5 53.0
47

Classes of chemical denudation: I < 10/mm/1000 y, II = 10-20, III = 20-30, IV = 30-40, ¥ > 40 mm/1000y
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the eight groups of rocks which occur most frequently in Poland, and deter-
mined for them the chemical composition of the waters arriving from these
areas. In this work he made use of the abundant analytical material available
at the Institute of Water Economy, at the laboratories of the Sanitary Service,
among numerous publications (M. Bombéwna 1960, 1962, 1968, M. Bombéwna
and S. Wrébel 1966, K. Oleksynowa and T. Komornicki 1965, K. Pasternak
1964, 1967, 1968, M. Stangenberg 1958, S. Wrébel 1964), and among some ma-
terial of his own. For his calculations he chose intervals of the most frequently
occurring values of mineralization (the dry residue) from which he deduced
the value of mineralization of the atmospheric waters (AT = T—T,). This
mineralization of the precipitated water he defined by using formulae (3) and
(4), and the values for q he assumed in seven intervals ranging from 2 to
30 1/s/km?, so as to include all areas of Poland. In Table 4 the author presents,
in mean figures, the results of these calculaticns. The interval of variance of
denudation for each rock groups is signified by the coefficient X. The sequence
of the particular rock groups in Table 4 has been arranged in accordance with
the degree of susceptibility of the rocks to processes of chemical denudation.

)

Xy 7 \
A ~ o) T Y/ L
\ . L4

yWarszawa

NL

Fig. 6. Chemical denudation in Poland, in mm/1000 y.

Most resistant are crystalline rocks and the Carpathian flysch; least resistant
are sulphate rocks, loesses and carbonates.

From his analyses, the author obtained a distribution of chemical denuda-
tion in Poland (Fig. 6), based on a map of unit flow (in 1/s/km?® compiled by
Z. Mikulski (1963) and on drift maps and geomorphological maps. Due to the
absence of a more detailed map of unit flow for Poland, the pictures presented
by the author must be considered as mere approximations.
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(3) Loesses with high CaCO, content:

q > 1—101/s/km?
(4) Sulphate rocks:

q>5—10 l/s/km?

COMPARISON OF CHEMICAL AND MECHANICAL DENUDATION

Attempts at a qualitative definiticn of mechanical denudation in Poland,
by regions, have been undertaken by hydrologists (J. Branski 1968, K. Debski
1959, W. Jarecki 1957, Z. Mikulski 1965, B. Wisniewski 1969), pedologists
(K. Figuta 1966, A. Reniger 1950) and geomorphologists (T. Gerlach 1966, A. Jahn
1968, 1968a, L. Starkel 1960, and others).

For about twenty years the State Hydro-Meteorological Institute has been
making measurements of the amount cf mineral material transported by
surface streams (1947-1966 Annals). A detailed classification of the intensity
of soil erosicn in Poland compiled by A. Reniger (1950), and the above mention-
ed material collected by the State Hydro-Meteorological Institute have served
as the basis for the preparation of tables and maps indicating mechanical denu-
dation in Poland. This work was done by K. Debski (1959), Z. Mikulski (1963)
and B. Wisniewski (1969) who chose the value t/km?®/y. as the unit of denuda-
tion. For purposes of comparison the present author transformed these valuss
into mm/1000 y., considering 1.56 g/cm® the average specific gravity. This weight
comes near to that of the loose material occurring in Central and Northern
Poland, while it is too low for the compact rock formations of Southern Poland.
This is why the indices of mechanical denudation for Southern Poland are some
30 to 40%p too high. A map illustrating this is given in Fig. 7.
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Fig. 7. Mechanical denudation in Poland, in mm/1000y. (after Debski-Mikulski,
partly modified)
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GEOMORPHOLOGICAL PROCESSES IN LOESS AREAS

Fig. 1. Stawin Station, as it was in 1948

65

1— Station boundary, 2 —boundary of crop-rotation fields, 3 — dirt road gap, 4 — dirt road,

5 — highway

http://rcin.org.pl
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Fig. 2. Cross-section C-D, typical of loess slopes on the Lublin Plateau; its situation

is shown in Fig. 5
1 —top soll layer, 2— transition layer, 3-—substratum rich in calcium carbonate, 4—depth
of particular layers, in

http://rcin.org.pl

8 8% £ 8 8 8 8 %

VMAOTYHAL-VASMATALAN VNINVE ANV INOINWHIZ NVJAALS



GEOMORPHOLOGICAL PROCESSES IN LOESS AREAS 67

Fig. 3. Slawin Station, after the introduction of a field arrangement adjusted to land
relief (after Ziemnicki)
1 — Station boundary, 2 — field boundaries, 3 — highway, 4— field sown with lucerne, 5 — turf-
covered belts, 6 — siﬁzﬁipox_:/f cross-selection A — B is shown in Fig. 4
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Fig. 4. Cross-section A — B of slope with its terraces which automatically developed over a 20-year period
1—top soil layer, 2— transition layer, 3—substratum rich in calcium carbonate, 4— turf, 5§ — thickness of top soll layer, in cm
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GEOMORPHOLOGICAL PROCESSES IN LOESS AREAS 69

beight intervals, and the steepness of the slopes was reduced from 30 to 20%
The thickness of the humus layer had grown, increasing upward from each
bench but remaining unaltered downward from the benches (Fig. 4).

Ploughing with the revolving share was done for only three years after
the authors started their measures; afterwards a normal plough was again
used. The way in which the height of the benches was increasing was also
evidence of an actual downward soil displacement. In fact, during the 20-year
period a mean soil volume of 3 m*® was moved an average distance of 10 m;
for a slope 50 m long this means a displacement of 150 m® for a slope of 1 m
width. Converted to one year’s effect this soil movement involves 0.75 mS3.
It should also be mentioned that it was not only slopewash material which
was retained in this way, but also much scil was shifted by the plough share
and by other agricultural machinery.

Near the locality discussed, a different research method was applied on
a slope exposed to the south and having a 20 to 309 inclination. This slope
area was divided into three sections each having a different field pattern:
in two sections the border lines between fields ran perpendicular to the slope,
while in the third section they ran parallel with the slope “straight down”.
The third section was to serve as some sort of control for appraising the
adjoining better cultivated sections. From 1949 to 1963, the authors observed

TABLE 1. Runoff of water and soil (in mm) from a drainage
basin of 4.75 km? (at Slawin)*

Summer and autumn

el _\yater and spring runoff runoff Tot@.ﬁl ARy Lk
water soil water soil water soil
1950 27.0 0.12 0.9 + 27.8 0.12
1951 33 0.02 0.1 + 3.4 0.02
1952 . 5.2 0.02 = — 5.2 0.02
1953 2.0 0.01 e e 2.0 0.01
1954 12.0 0.02 — — 12.0 0.02
1955 0.15 ar - - 0.15 -+
1956 55.0 0.17 9.2 0.07 64.2 0.24
1957 5.5 + 5.0 + 10.5
1958 aF + = = aF aF
1959 - - — — - —
1960 3 = - - 4 +
1961 1.8 + = = 1.8 4
1962 2.0 4 0.7 o 2.7 L
1963 7.0 0.01 £ = 7.0 0.01

* Gater runoff of lesss than 0.1 mm, ard scil Icsses cf less than 0.01 mm are marked by +

the rate of bench growth, the change occurring in the soils, and the effect of
these changes upcn crop results. They found that the section lacking the
protective mode of contour ploughing was being continuously incised by
gullies and that the soils suffered degradation by water flow. They calculated
that in Section 1 and 2 soil displacement averaged 66.3 m® per year per hectare,
and that only 3.2 m® of soil was flushed away beyond the slope; this would
correspcnd to a soil layer 0.3 mm thick. During the same time the soil
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Fig. 5. Elizowka Station, as it was in 1957
1 — Station boundary, 2 — boundaries of crop-rotation fields, 3 — dirt road gap, 4 — dirt road,
5 — cross-section is shown in Fig. 2
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Fig. 6. Elizé6wka Station after the introduction of a field arrangement adjusted to
land relief (after Ziemnicki)
I — Station boundary, 2—dirt roads leading to band-shaped fields, improved by pavement
where they cross benches, 3 — forest growth in the gap of a former incised dirt road, 4 — peren«
nial grassland (turf), 5— control fields lacking anti-erosive improvements, 6 — boundaries
of crop-rotation fields
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TABLE 1. Runoff of water and soil (in mm) from a drainage basin
of 6.22 km? (at Elizowka)

Winter and spring Summer runoff Total &
= water soil water soil water soil
1956 60.2 0.11 3.5 + 63.7 0.11
1957 5.6 + 0.4 + 6.0 +
1958 4.4 + = - 4.4 +
1959 = = ’ | A5 = o
1960 1.2 + 0.3 + 1.5 +
1961 e i b I o +
1962 29 + + aF 2.9 o
1963 9.4 + - - 9.4 ik
1964 73.8 0.04 - — 73.8 0.04
1965 2.4 + = £ 2.4 AL
1966 1.3 b = = 1.3 4k

Water runoff of less than 0.1 mm, and soil losses of less than 0.01 mm are marked by +

slopes were correlated. From time to time altitude measurements by levelling
instruments were made for fixed sections across slopes, and the thickness of
characteristic soil layers were determined.

Furthermore, at Elizowka measurements were also made of the quantities
of water and soil which were carried off from a drainage basin of 6.22 km?® —
this area is 100%p cultivated. The runoff values are recorded in Table 2, in
which the same symbols are used as in Table 1.

Fig. 7. Fragment of band-shaped fields at Elizowka. Visible are small dykes put up
in the lateral valley to obstruct water runoff and retain washed-down soil. Photo
by S. Ziemnicki

http://rcin.org.pl
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Fig 1. Zones of susceptibility of soils to water erosion in NE Poland (Compiled under the supervision of H. Uggla)
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TABLE 1. Torrential rainfall at the Experimental Station Pozorty in 1955-1968 *

Year Date Number Q_U‘intity Dl'.ll'atif)n Rainfall in
per year in mm in min mm/min
1955 30.1V. 1 20.2 30 0.67
1.VIL. 2 22.0 50 0.44
1956 23.VL. 1 40.2 50 0.80
1957 10.VI. 1 72.0 90 0.80
1958 no torrential rainfall
1959 \ no torrential rainfall
1960 25.VIL. 1 17.0 25 0.44
1961 no torrential rainfall
1962 no torrential rainfall
1963 7.VIL 1 15.5 5 3.30
1964 S.VL 1 16.0 15 1.06
1965 22.VIL. 1 20.6 20 1.03
1966 no torrential rainfall
23.V. 1 60.0 20 3.00
24.V. 2 22.5 5 4.50
1967 24. V1. 3 21.7 40 0.54
26.VI. 4 10.3 45 0.23
27.VL.: 5 23.2 60 0.38
1968 no terrential rainfall

* According to the Meteorological Station at the College of Agriculture, Olsztyn
TABLE 2. The impact of various modes of cultivation of the intensity of aqueous soil erosion

Soil erosion in t/ha

Year of Rainfall R T A mode of cultivation
research In mm transverse parallel permanent
to slope with slope turf
86.3 after snowmelt 0.017 0.034 0.007
1956* 40.2 after torrential rains 1.260 5.250 —
538.6 after moderate rains 0.091 0,152 0.019
Total 665.1 1.368 5.436 0.026
82.5 after snowmelt 0.047 0.045 0.035
1962 — no torrential rains — — ==
464.5 after moderate rains 0.006 0.004 0.005
Total 547.0 0.053 0.049 0.040
54.3 after snowmelt 0.019 0.028 0.011
1965 — no torrential rains — — —
4927 no sheetwash observed — — =
Total 547.0 0.019 0.028 0.011
89.1 after snowmelt 0.003 0.004 0.003
1967 137.7 after torrential rains 30.756 54.935 0.028
463.0 after moderate rains 0.051 0.068 0,007
Total 689.8 30.810 55.007 0.038

* After W. Niewiadomski and M. Skrodzki
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traditional way. In crops of beetroots and winter wheat, many furrows devel-
oped of 50 or so meters long, 10 to 30 cm deep and 20 to 30 cm wide. The
slopewash deposits accumulated at the base of slopes reached thicknesses of
10 to 15 cm. At the same time on turf-covered fields practically no traces of
erosion were observed (Table 2).

To rather frequent features of erosion, which are not particularly dangerous
in their effect, must be assigned slope caused by meltwater flow. In these
cases erosion does little harm because frozen soil suffers little from slope
processes; however, the loss of water is very considerable. Investigations made
by Niewiadomski and Skrodzki (1964) revealed that surface runoff by melt-
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Fig. 3. Longitudinal section or slope C— D (Experimental Station Pozorty). After
M. Skrodzki
1 — humus horizon or deluvial layer, 2 — brown horizon; a — ground datum, b — slope gradient
in per cent. ¢ — distance, in m

water may take place several times during one winter. This mostly happens
when the weather abruptly turns warmer since this is usually accompanied by
rains which intensify snowmelt.

Generally speaking it is rare that moderate rains cause erosion. This is
only the case when precipitation lasts for a long time and when it is copious,
especially when the rain falls on soil devoid of vegetation. It is also worth
mentioning that surface flow over the soil surface, even if it does not actually
displace much of the soil, is usually very harmful because it washes out valuable
chemical components dissolved in the soil which are then unavoidably lost in
streams and lakes. This fact has been confirmed by field studies made by Koter
and co-authors (1963), by Niewiadomski and Skrodzki (1964) and by Solarski
and Skrodzki (1966).

The effect which the long-term action of slope processes has upon changes
in the surface layer of the soil is illustrated by the way a humus cover is
developing on three different elements of a slope: on the summit, the middle
slope and the base (see Figs. 3 and 4, and Tables 3, 4 and 5). Table 3 pictures
the content of organic substance and the pH value determined for soil samples
collected from 28 morainic hills situated in the central zone of the Lake
District. From the figures of this table it appears that usually both the
thickness of the humus layer and the percentage of the organic substance in

the top 25 cm sheet of the soil are greater at the base than on the slope or the
summit.
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The effect of the downward displacement of the humus layer is that the
content of other chemical components in the soil is also reduced (Mirowski,
Lewicka 1962, Mirowski 1964, Skrodzki 1963, 1963a). Some authors hold that
this difference in favour of the soil quality in the pediment zone may be 8 to
10 times that of the quality higher up. However, it seems difficult to imagine
how to substitute for the losses of humus caused by aqueous erosion in undulat-
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Fig. 4. Isolines of thickness of humus layer on the slope (Experimental Station
Pozorty). After M. Skrodzki

ing regions. To enrich the soil requires, apart from an extensive period of time,
the application of considerable quantities of organic fertilizer. It is also import-
ant to remember, that excessive amounts of humus accumulation at the slope’s
base and in ground depressions may not always bring favourable results, but it
may also cause damage by flattening some of the produce already growing in
these parts.
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TABLE 3. Content of organic substance and pH value of soil, determined for 28 slopes in the
Mazurian Lake District

Thickness of humus

Organic substance in

ph value of soil in

layer in cm per cent (0-25 cm) 1In HCI (0-25 cm)
Locality Site
summit slope base of summit slope base of summit slope base of
surface slope [surface slope surface slope
Pozorty 1 20 28 90 0.67 1.10 1.25 7.50 7.20 5.60
Pozorty 11 25 38 90 1.09 1.02 1.14  7.20 7.50 5.80
Pozorty II1 29 20 130 0.90 0.69 1.47 5.40 5.00 4.80
Samiawki I 20 23 26 1.35 1.78 1.96 7.30 5.80 5.40
Besia 26 35 110 144 1.28 2.13 590 5.70 5.70
Lezany I 25 10 100 1.56 1.71 2.03 5.00 5.70 6.50
tezany I1 24 27 150 1.81 1.83 2.13 5.00 6.00 6.00
Samtawki II 26 24 33 1.18 1.45 1.56 4,60 4.60 4.50
Bartazek 25 25 220 1.83 1.88 1.85 5.70 6.50 6.20
Bartag 30 23 230 1.57 1.71 2.05 6.10 7.10 7.40
Glotowo 8 8 40 149 234 2.01 440 590 4.80
Wréble 30 26 130 1.38 1.59 202 480 4.80 4.90
Tomaryny 42 44 49 1.88 1.89 1.83 7.30 740 5.50
Grabin I 22 90 150 146 091 1.58 7.00 6.50 6.00
Grabin II 22 22 60 110 098 1.10 6.00 6.60 6.70
Gierzwald 55 32 150 1.48 1.56 2.23 7.30 5.80 6.30
Bratian 15 80 125 1.36 1.97 1.36 720 7.70 7.70
Kurzetnik 18 55 68 095 1.26 1.43 7.70 6.50 5.60
Nielbark 1 52 32 90 1.72 1.84 2.12 6.80 6.50 6.60
Nielbark II 26 23 140 1.22 1.53 1.88 740 7.80 7.70
Sprecowo 24 24 110 1.68 1.54 1.68 4.60 5.00 5.60
Radostowo 1 22 20 140 1.27 1.56 1.44 7.30 7.50 5.30
Radostowo II 20 30 47 1.45 1.44 3.55 6.10 6.70 5.60
Kalis 29 28 90 1.31 1.26 1.36 6.70  6.00 5.70
Besia I 23 30 110 1.52 1.05 1.86 6.30 6.70 7.20
Besia 11 26 35 110 036 0.63  4.09 7.60  7.60 5.50
Wola I 30 45 90 1.53 1.53 1,62 580 6.10 5.60
Wola II 22 25 100 1.00 1.06 1.63 6.20 7.20 6.20

TABLE 4. Dynamics of organic substance in per cent on slopes of the Experimental Station

Pozorty in 1961-1965 (in 0-25 cm layer)

Cultivation Perennial turf
Site ~ by ploughing cover
1961 1964 1965 1961 1964 1965
Summit surface 1.22 1.15 1.13 1.15 1.17 1.15
Slope 1.04 1.04 1.03 1.02 1.06 1.1
Base of slope 1.08 1.19 1.22 1.18 1.30 1.38
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The mechanics of geomorphological changes taking place in modern times
is well illustrated in Fig. 4. This figure pictures the pattern of thicknesses of
the humus layer observed in one of the permanent experimental plots situated
on a southward scarp of the Pozorty Experimental Station (Skrodzki 1963a).
From these figures it can be seen that high up, near watershed line, the hu-
mus layer is 25-27 cm thick. With the slope gradient increasing to 25% in

TABLE 5. Quantity of organic substance in t/ha, in different parts
of slope (After M. Skrodzki)

Thickness of

] Cultivation Perennial turf
Site huli'{us layer, by ploughing cover
in cm
Summit surface 24-26 449 44.5
Slope 19-25 42.7 40.6
Base of slope 121-140 94.9 99.2

a downward direction, the humus thickness decreases to 19 cm. Afterwards,
with a lessening gradient the layer deposited by sheetwash increases until it
is as much as 140 cm thick at the base of the slope (Figs. 3 and 4). This illustra-
tion clearly indicates that the accumulation of considerable quantities of soil
material at slope bases is the effect of aqueous erosion on slope surfaces.

METHODS OF PREVENTING EROSION

One of the fundamental elements in protecting soils against aqueous erosion
on undulating areas is to apply the most suitable ways of cultivaticn, embrac-
ing a correct direction of ploughing, proper fertilizing, sowing, plant care and
crop rotation (Bac 1947, 1955, Lencewicz, Kondracki 1963, Niewiadomski 1957,
1958, 1959, 1962, 1968, Niewiadomski, Krzymuski 1962, Niewiadomski, Grabar-
czyk 1962, Niewiadomski et al. 1964, Niklewski 1964, Skrodzki 1962, 1963, 1963a).

For seventeen years observations were kept up at the Pozorty Experimental
Station concerning the most suitable way of caring for field areas which had
suffered erosion. In order to do so, one of the three known methods of cultiva-
tion were alternately applied: (1)-the traditional technique, (2) the anti-erosion
system of field work and (3) a system providing a perennial turf cover. These
experiments produced evidence that anti-erosion -cultivation is definitely
superior to the traditional technique. The figures shown in Table 2 indicate
that erosion-prevention methods prctect the soil layer against destructive
displacement much better than did the traditional method of tillage. During
torrential rains in May 1967 it was found that sowing in a direction perpendi-
cular to the slope is highly important in counteracting erosion; nearly 509
less sheetwash occurred compared with furrows running parallel with the
slope. Among cultivated plants perennial mixtures proved to be the best protec-
tion against erosion, and for this type of vegetation (Table 2) slope wash was
rather negligible. Further, perennial mixtures have a marked property of
accumulating considerable quantities of organic substances in the scil; they
enrich the physico-chemical properties of the soil and act favourably upon
the water balance. This is why this sort of planting warrants the most effective
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94 ALFRED JAHN

The part of the Sudetes where these observations were made is built of
granites (Jelenia Goéra) or sedimentary rocks (shales and sandstones), meta-
morphic rocks (schists and diabases) and mesozoic age. The soils are skeletal
in character and intensively coloured depending on the type of their parent
rock; the altitude of the mountains in this region is 400 to 500 m a.s.l.

.

Zh /,OJ‘% ~

Lwowek Slaski

"0,
{ (Sudetes

I . Carpathian
’ My

Fig. 1. Map showing distribution of observation stations in investigated part of the
Sudetes

NIVEO-EOLIAN PROCESSES

The action of wind upon snow and, combined with snow, upon the earth
surface consists of three separate processes: transport, destruction, and
deposition.

Snowflakes and snow particles are swept away by the wind: (1) before
they reach the earth, and (2) by being plucked off from the surface of a snow
cover.

Let us now record a few important data regarding the theory of snow
transport, as far as they are needed for understanding niveo-eolian processes
as a whole.

While descending by gravity, snowflakes are easily swept away by the
wind, and the degree of their angular deviation from a vertical drop depends
on the ratio of the weight of the snow particles (P) to the force of the wind (K),
hence on P/K. The wind-borne snow particles assume tracks approaching
the horizontal, and this process of snowfall conditioned by the wind is called
a snow flurry. The stronger the wind, the closer the track of snow particles
follows the course of the wind. The angle between the horizontal and the
track taken by the snow is called the angle of the snow flurry. This angle
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NIVEO-EOLIAN PROCESSES 99

where Ws represents the weight of the snow. Substituting for v the value
obtained in (1) we have

Wz 3

s= We 3)

As a consequence of metamcrphosis processes, the snow density (d) may
increase during a single winter, and the dirt concentration (¢) grows in the
same proportion even if the mass of snow remains the same.

A further voncentration of dirt may be caused by processes of ablation.
Let us assume that 1 m® of snow is contaminated by dirt — for stmplicity’s
sake let the dirt be distributed uniformly in the snow — then the degree of
concentration will be s. When the snow thaws and is reduced from the volume
of 1 m® to a layer of 1 cm thickness, that is, to the volume of 0.01 m?, the dirt
concentration will be 100s (Fig. 4), provided the quantity of dirt remains

i. Concentration of dirt admixture in the snow due to ablation

unchanged. This means that the degree of snow concentration equals the
figure expressing the reduction of the thickness of the snow layer. Snow
ablation which in spring reduces the snow thickness many times, in a very
short period of time creates regular crusts of dirt on the surfaces of thawing
snow-drifts. If the thickness of the crust and the original dirt concentration
in the snow are known, it is easy to calculate the thickness of the snow cover
from which the dirt has been thawed out.

This completes the description of niveo-eolian processes in their three
successive stages: destructive action, transportation, and redeposition. Snow
is always the active element, and therefore one must always anticipate
certain results from these processes where snowy winters are the rule. This
indicates that it is not only the polar climatic zone — in which the material
for our observations has been collected — but also in the climatic conditions
of Europe can sort of effect of snow action be expected to appear. The in-
vestigations which were made for several years in the Sudetes may serve
as a convincing example; and it is the results of these studies which shall be
discussed in the next chapter, supplementing the author’s theory regarding
nivec-eolian processes.

THE DEPENDENCE OF DEFLATION ON GEOLOGICAL STRUCTURE, SOIL
TYPE, VEGETATION COVER, AND LAND MORPHOLOGY

How much eolian processes are conditioned by geological structure and
type of soil can be seen from the following observations:

(1) the most easily deflated are soils overlying shales, greenstones and
tuffstones,
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(2) the next group, less easily deflated, are soils on sandstones
(Rotliegendes) and on porphyries,
(3) least subject to niveo-eolian processes are soils overlying granites.
Niveo-eolian processes are more closely linked with the vegetation cover
than with geological structure and soil type. Referring to what was observed
during a period of powerful deflation in December 1963, the following data
were recorded:

material deposited on the organic parts in

snow, in g/m? deposit, in 9/
on ploughed fields 825 5.1
on meadows 49 11.4
in forests 22 11.8

Hence, deflation was 17 times more effective on ploughed fields bare of
snow than on meadows.

The influence of the local morphology upon niveo-eolian processes was
also distinctly noticeable. Deflation was least severe in the Jelenia Géra Basin
and highest on mountain slopes exposed to the wind (Fig. 5).

Fig. 5. Morphological conditions of the action of niveo-eolian processes in the

Sudetes
I —in valleys, II — on ridge surfaces extending parallel to the wind direction, III — on ridge
surfaces not paralled to the wind direction

THE MECHANICAL COMPOSITION OF NIVEO-EOLIAN SEDIMENTS

Analyzing the mechanical composition of the material deposited, together
with the snow, by the wind and comparing this material with the composition
of the soil surface of the field area from which it was swept off by deflation,
one faces a difficult problem in the determination of the nature of the
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mechanics of wintertime deflation. And the question arises: is the soil being
carried off in its total composition, or does some process of mechanical
selection take place?

In the mountains a considerable part of the soils suffering deflation are
skeletal: on an average 30 to 40%/¢ of the mechanical composition are particles
larger than 1 mm diameter. But it appears, that a niveo-eolian deposit is prac-
tically devoid of skeletal components or it contains very little of it, and this is
the only evidence showing that deflation is connected with some selective
action of the wind. On the other hand, among the “dirt” contaminating the
snow (Fig. 6) all soil fractions below skeletal size are represented in percentages
identical with those of the soil. The parallel run of these two curves is remark-
able, and this observation involves dirt deposited both on the surface and
inside snow-drifts. This tends to indicate that, after all, the selective faculty
of the wind is very slight; even clay particles occur in wind-borne deposits in

‘ \¥A —_— © 3 0 ewee

Fig. 6. Chart showing grain size of soil and niveo-eolian material at Stations 2 and 3
for different years. Concurrence of mechanical composition of dirt admixture in the

snow with that of the soil
Explanation: continous line-soil, broken line-niveo-eolian material taken from snow surface,
dotted line-niveo-eolian material from inside of snow-drift
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NIVEO-EOLIAN PROCESSES 103

erosion. During a period of heavy rainfall in May 1965 cultivated land was
eroded by water running down the slopes.

The quantity of material flushed away by the water was from 4.5 to 5.6 g/l;
in part it was redeposited nearby, at the base of the slopes, but part of it was
transported farther into retention basin at the outlet of the valley. These
deposits of water transport and sedimentation were examined as to their
mechanical composition and cocmpared with the soil from which they had been
eroded. It appeared that water can segregate the material it carries off much
better than wind is capable of doing and that water separates out two groups
of deposits: a coarser fraction of more than 0.05 mm diameter which is depo-
sited on slopes, and a finer, clayey fracticn with particles of less than 0.006 mm
size which is removed and finally forms a deposit in a basin of stagnant water.
Hence one notes, that the culmination of the granulometric curves for water
deposits differs from that of curves for niveo-eolian deposits (Fig. 7), and this
explains the two different curves and the two culminations mentioned.

The wind fails to segregate soil material swept away in clouds of snow,
and this is why niveo-eolian deposits are some intermediate form between the
two types of water deposits mentioned. The culmination of the curve for
wind-borne ‘“‘dirt” deposits lies between that ¢f water slope deposits and water
material deposited in storage basins.

CONCENTRATION OF NIVEO-EOLIAN DEPOSITS

The amount of dirt contamination held in the snow depends not only
on the process of deflation but also on changes in snowfall and in the
snow cover and, first of all, on the duration of the snow cover. Obvious-
ly, the concentration of dirt particles in the snow proceeds differently when
the snow cover lasts throughout the winter without any marked breaks, and
differently when this cover is formed and melts several times during a winter.
An example of the first of the two types of snow contamination in the Sudetes
happened in the winter of 1963/64, while an example of the second type occur-
red in the 1965/66 winter.

4l

Fig. 8. Profile of snow-drift at Mystow, as determined in spring of 1966

Let us start with discussing the latter event. As early as in November and
December 1965 a snow cover had been piled up and, again afterwards in Janu-
ary and February 1966. Interposed between periods of snowfall and low tem-
peratures were long spells of thawing. On the Bolkow Upland the compact snow
cover vanished completely several times; in the Kaczawa Mts. remnants nf
snow were left several times only at places where high snow-drifts had been
built. The result was that in March it was easy to observe in cross-sections
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Fig. 1. Karst areas in Bulgaria
1 —boundary of geomorphological areas: I —Danube Plain and Dobruja Platform, II — Stara
Planina, III — transtory zone, IV — Rila and Rhodope Mts, Exposed karst zones occur in the
following carbonate rocks: 2 — proterozoic marbles, 3 — Triassic limestones, 4 — Jurassic
limestones, 5 — Cretaceous limestones, 6 — Aptian limestones, 7 — Tertiary limestones, 8 — Sa-
ramatian limestones, 9 — corved (buried) karst, 10 — caverns.
Karst springs discharging: 11 — up to 100 1/s, 12— 100 to 1000 1/s, 13 — more than 1000 Us
Situation of karst areas examined: A — Pirin Mts.,, B — Vratsa Plaina, C — drainage basin
of Panega River, D — Dobruja
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KARST DENUDATION IN BULGARIA 113

runs between the Pirin base and the depression of Bansko villaga. The contact
zcne between the marbles and the Pliocene sediments which fill the depression
is shrouded by Pleistocene cones built from a marble breccia. Marble rocks
also form the highest Pirin peaks: Vikhren (2915 m) and Kutelo (2908 m), and
others. This marble reaches thicknesses up to 250 m; the marble bed subsides
in ESE to NE direction at an angle from 45 to 80°. In its structure this marble
is unequigranular, with a high degree of purity (93.3%/p CaCO;); it is greyish-
white in colour and distinctly stratified.

The area under discussion is part of the Vikhren-Suchodol geological unit,
covering the eastern and north-eastern slopes of the highest Pirin ridge with
its altitudes ranging from 920 to 2915 m. From the south this area borders upon
the Bistra River and from the north upon the Byala River (Fig. 2). The area
covered by marble outcrcps measures about 73 km?.

The present-day Pirin relief is the result of protracted processes which were
degrading the Younger Tertiary and which suffered breaks due to intensive

Fig. 2. Morphological map of Vikhren-Suchodol part of Pirin Mts.
1 — proterozoic marble, 2 — glacier cirque with lake, 3 — glacier cirque with perennial snow
cover, 4 —cones in Pirin forefield built of old-Pleistocene breccia, 5— deluvial deposits, 6 —
karst springs and localities where water samples were taken, 7— caverns, 8 — water samples,
numbered as in Table 1
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TABLE 1. Chemical denudation of Bulgaria’s karst areas

Mineralization

Karst area 4 IR PR IDERE faros mg/1 ]‘):«m:i?: 1{)n A®
Springs md/s 1/s/km km*  dcm/y. tation ration ppm
mmfy, mm/y.
AT Ta T D X mé/y. %
Piryn 2309 31.6 73 10.33 1523 4902 1252 7 118 47.0% 51.7% 3,433 100
mean annual 140 10 130 51.8 3,782 100
Spring No. 1? 1.428 120 7 113 2,033 59
Yazo 141 10 131 2,357 62
Spring No. 2 and 3 0.474 123 7 116 693 20
Kyoshkata 130 10 120 717 19
Other springs 0.407 707 21
Nos. 4-15 708 19
Piryn 39.5 73 125 7 118 58.8 4,292 100
Aug. 1969 2.887 140 .10 130 64.8 4,729 100
Spring No. 1 1.780 120 7 113 2,534 59
Yazo 141 10 131 2,938 62
Spring No. 2 and 3 0.990 123 7 116 1,447 34
Kyoshkata 130 10 120 1,497 32
Other springs 0.117 311 7
Nos. 4-15 294 6
Vratsa Planina 0.550 10.5 52.5 2.02 792 590 300 10 290 38.4 24.4 2,010 100
mean annual 360 20 340 45.0 2,356 100
Spring No. 27 0.339 300 10 290 1,239 62
Bistrets 390 20 370 1,580 67
Other springs 0.211 771 38
Nos. 20-26 776 33
Vratsa Planina 0.103 1.96 52.5 300 10 290 7.2 376 100
Aug. 1969 360 20 340 8.4 441 100
Spring No. 27 0.042 300 10 290 153 41
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Fig. 5. Mean monthly outflow from Pirin karst springs, in 1965-1967

A — Yazo spring, B — Kyoshkata spring, 1 — mean flow, 2 — maximum flow, 3 — minimum flow
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Fig. 6. Mean monthly atmospheric precipitation, in 1965-1967
1 — Virkhren tourist shelter (2060 m), 2 — Bansko (936 m), 3 — Bratsa (309 m)
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The Pirin range has a mountain and high-mountain climate; it belongs to
the Mediterranean continental climatic zone (Sybyev, Stanev 1959). Characte-
ristic data on some meteorological elements are given in Figs. 6, 7 and 8, in
which the authors present records frem two meteorological stations: Bansko

’ ! v v v vi V& X 1 X

Fig. 7. Mean monthly air temperature in 1958-1968
Vikhren tourist shelter (2060 m), 2 — Bansko (936 m), 3-— Vratsa (309 m), 4 — Tuzlata (20 m)
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Fig. 8. Mean monthly atmospheric precipitation in 1958-1968
Explanations-as-for Figl 7



120 MARIA MARKOWICZ, VLADIMIR POPOV AND MARIAN PULINA

Sueshersl

Fig. 9. Karst forms in a part of Vratsa Planina
1 — Titonian and Aptian limestones, 2—rock walls, 3 —remmants of heaped-up Kkarst, 4—
valoses and uvalas with sinks and potholes, 5— caverns, 6 — cones, 7 — deluvial deposits,

8 — karst springs, IQ]-'t-tpa(Jd’@#m)]@rgup‘ered as in Table 1
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(936 m a.s.l.) and Vikhren (2060 m as.l.). The mean annual sum of precipitation
is highest in winter — 35%/¢9 (November alone has 260 m) and in spring; it is
lowest in summer, with only 28-61 mm in August. In glacier cirques the snow
coveYr lasts 180 days (Popov 1962).

VRATSA PLANINA

In their investigations the authors covered the north-western part of this
area (Fig. 9) which northward borders on the Vratsa basin, southward on the
Botuna valley and the valley of Cherna, its right bank tributary, and eastward
on the deep Leva valley with its picturesque Vratcata gap.

The limestone outcrops are connected with the Starigrad Arch whose core
consists of impermeable rocks of Carboniferous and Permian age. These older
rocks are capped by mesozoic sediments among which are mainly represented
limestones of the Upper Jurassic (Titonian) and the Cretaceous (Urgonian). In
the Strescha part of this planina, covering the northern flank of the Arch the
limestones dip in a northward direction. Near Ledenika Cave, situated in the

Fig. 10. Map of Ledenika Cave
1 — calcite incrustations, 2 — stalagmite, 3 — calcite incrustations forming a column, 4— lime-
stone block, 5— lakelet, 6 —ice incrustation, 7 — path through the cave, 8 — numbering of
water,;samples as in Table 1
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124 MARIA MARKOWICZ, VLADIMIR POPOV AND MARIAN PULINA

(5) the water is relatively strongly mineralized and deposits calcite in the
form of travertine tuffas.

Vratsa Planina is governed by a temperature continental climate (Figs. 6,
7 and 8). The long-term mean sum of precipitation is at Vratsa 792 mm; in the
mountains it exceeds 1000 mm. Of precipitation 63%q falls in spring (98 mm
in June) and in summer. It is lowest in winter (42 mm in February).

GLAVA PANEGA

The Panega karst area is situated in the western part of Stara Planina,
in the upper part of the large consequent rivers Iskur and Vit (Fig. 13). This
area is built of mesozoic rocks constituting part of the flat Batul anticline.
The deposits containing karst features are Titonian limestones which are
famed for their purity (up to 98.5%/¢ CaCO;). They are 450 m thick and dip
northwestward.

Se——— N 1§
— - — : /
,,} = l' /
— y. ~._ Golama Brestnitsa
Zlatna Panega _,_h_\__\-'x’"——'—‘ o /‘
\ o

7 45 .

R D
: Brestnitsa

-
X .

Fig. 13. Map of karst area in drainage basin of River Panega
1 — Titonian limestones, 2 — slightly karst limestones, 3 —non-karst rocks, 4 —alluvia of Vit
River, 5— poljes and karst uvalas filled with terra rossa and deluvial deposits, 6 — tectonic
faults, visible in morphology, 7 — Seva cavern, 8 — Glava Panega karst springs, 9 — water
samples, numbered as in Table 1
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The surface of these limestones is capped by a variety of karst forms such
as poljes, uvalas, sinks, etc. —evidence of an extensive period of relief forma-
tion. Several stages in the evolution of this karst landsape can be distinguished
(Pentshev 1965, Popov 1969). Towards the end of the Pleistocene an old-Plio-
cene denuding peneplanation developed which later, towards the end of the
Pliocene, suffered heavy disturbances by tectonic faulting. Next, during the
clder Quaternary, diverse vertical movements caused part of the northern
area to subside; during this period the Brestnitsa polje was formed and many
caverns were filled in. Finally, in the younger Quaternary, this area underwent
gradual emergence, and this resulted in the exhumation of many caverns
and the revival of water flow in ancient subterranean channels.

As in other karst areas, channels of surface water are lacking in Glava
Panega. The underground waters flow in a northward direction following
the dip of the strata, and they end in karst springs. The largest of these
springs is the Glava Panega artesian well which has a mean annual discharge
of 2.5 m¥%s (Fig. 14). The slight oscillations observed in flow volume are

Fig. 14. Mean long-term delivery, temperature, and hardness of Glava Panega
karst spring (after Pentshev)

remarkable (from 1.6 to 4.1 m?%s), in water temperature (from 10° to 15.2° C)
and in carbonate contents (from 160 to 260 mg/l CaCO, — Pentshev 1965).
The water flow is greatest in spring, and lowest in mid-winter — in conformity
to the chart of atmospheric precipitation.

In contrast to the Bistrets springs in Vratsa Planina, Glova Panega shows
rather slight amplitudes of annual discharge oscillations, and here the changes
in flow volume proceed gently. These facts, besides slight water mineraliza-
tion, seem to indicate that this well is partly fed by water from non-karst
areas, arriving from neighbouring catchment basins. In 1955 it was found
that part of the water carried by the Vit river passes by filtration into the
karst region of the Panega well (Pentshev 1965).

THE DOBRUJA PLATFORM

The authors covered by their investigations part of the Black Sea coast
of Dobruja, situated between the Batova valley and a place called Shabla.
They concentrated their detailed studies upon the region of Kavarna (Fig. 15).

The area under investigation belongs to the Dobruja karst platform; its
geological formation are sediments of the Upper Miocene (Beregov 1951,
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Stcyanov 1960). Three horizons of the Sarmatian can be distinguished here:
a lower (sandy-loamy deposits), a middle horizon some 100 m thick (arenaceous
limestones), and an upper horizon 25-30 m thick (limestones). In effect these
series extend horizontally, with a dip from 3 to 7° in E and NE directions.
Karst phenomena hove develcped in the Upper Sarmation limestones which
contain up to 90.6%/9 CaCO,.

Fig. 15. Morphological map of Dobruja in Kaverna region
1 — Sarmatian-Pontian erosive plain, 2 — bare karst, 3 — loess, 4 — steep sea shore, 5 — lands-
lides, 6 — karst springs, 7 — marine terrace 4-5 m high, 8 — water samples, numbered as in
Table 1

The level surface of this platform is the result of Sarmatian-Pontian
peneplanation. Along the Black Sea coast this platform is dissected by deep
ravines the upper sections of which spead finger-like. These ravines are
characteristic due to their flat floors which carry small streams in their lower
reaches and are bordered by steep, often rocky scarps. Next to some of these
narrow valleys, on top of the platform, outcrops of Upper Sarmatian
limestcnes can be seen on which areas of karst microforms called kayrak are
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TABLE 2. Physico-chemical properties of Bulgaria's karts waters

iNut- o otal
l ber WonElauni Free Total A Degree Specific I‘linz- Ion contents HCO. Mg/
‘ofthe Date Hour R | CO, hardness CaCO;* of satu- FESIStANCE o lisa- ppm Cat* Mgt+ €0 p ICa
samp- ?g ng 3 ppm ppm meq/l ppm ration £ d §°C tion meq/l ppm meq/l ppm  meq/ index
le M opm
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 12.8.69. 14 31.0 9.6 7.6 4 120 240 +5 0.96 5120 141 36 1.8 72 0.60 152 2.5 0.33
2 12.8.69. 1450 74 7.4 8 122 245 +8 0.94 5500 131 37 1.8 70 0.60 152 25 0.33
3 12.8.69. 15% 7.4 5630 128
4 12.8.69. 15% 0.8 74 22 230 4.60 —12 1.05 2760 261 61 3.0 19.0 1.6 305 5.0 0.53
5 12.8.69. 16% 184 7.6 3 200 4.00 —12 1.07 3250 222 56 2.8 140 1.2 260 4.25 0.43
6 12.8.69. 17%° 19.1 7.6 2 122 245 +5 0.96 4840 149 39 2.0 6.0 0.5 168  2.75 0.25
7 12.8.69. 181 11.8 74 18 198 395 0 1.00 3270 220 57 2.8 13.0 1.1 244 4.0 0.39
8 12.8.69. 19% 83 74 113 225 +12 0.90 6100 118 28 1.4 100 0.9 192« 25 0.64
9 13.8.69. 9% 7.0 3 125 2.50 +8 0.60 42,100 17 4 0.2 trace 18 0.3 0.00
10 13.8.69. 142 0.1 6.6 4 3 005 +20 0.05 106,000 7 1 0.05 none detected 2 0.03 0.00
11 13.8.69. 15% 34 69 1 5 010 420 0.10 110,000 6.5 2 0.1 nonedetected 15 0.25 0.00
12 14.8.69. 15 25.6 83 74 19 213 4.25 —8 1.06 3020 238 68 3.4 10.0 0.9 305 5.0 0.26
13 14.8.68. 16% 7.4 2 43 085 H12 0.78 16,750 43 10 0.5 40 03 76 1.25 0.60
14 14.8.69. 163 50 1.00 13,650 53 14 0.7 40 03 92 1.50 0.43
15 14.8.69. 174 256 150 7.6 19 325 6.50 —38 1.13 2090 345 106 5.3 140 1.2 457 1.5 0.23
16 16.8.69. 16% 10.2 8.6 7.4 23 245 490 —17 1.08 2060 350 93 47 3.0 025 350 5.75 0.05
17 16.8.69. 16% 8.3 69 7.4 12 210 420 -—10 1.05 2910 248 81 4.0 2.0 0.2 244 4.0 0.05
18 16.8.69. 16%° 10.0 90 7.0 41 258 115 +12 0.96 2520 286 102 5.1 trace 336 5.5 0.00
19 16.8.69. 17%° 7.8 10 293 580 —43 1.17 2290 315 9% 4.8 120 1.0 351 5.75 0.21
20 17.8.69. g0 230 126 7.0 53 275 550 +10 0.96 2360 305 109 5.5 trace 320 5.25 0.00
" 21 17.8.69. 840 230 155 7.0 51 260 520 +15 0.94 2450 294 104 52 nonedetected 320 5.25 0.00
22 17.8.69. 858 120 7.3 23 238 475 -—13 1.05 2640 273 94 4.7 trace 305 5.0 0.00
23 17.8.69. 10%° 125 70 57 320 6.40 0 1.00 2060 350 121 6.0 4.0 0.3 412 6.75 0.05
24 17.8.69. 113 13.5 6.8 141 382  7.65 0 1.00 1510 477 142 7.1 7.0 0.6 534 8.75 0.08
25 17.8.69. 145 234 98 7.0 42 285 5.70 +5 0.98 2280 316 114 5.7 nonedetected 381  6.25 0.00
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Fig. 16. Distribution of cations in Dobruja karst waters in %

method the time element is left out of consideration, and it is known that the
rate of dissolving calcium carbonate depends on the physical form of CaCO,
and on the degree of water saturation.
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Fig. 17. Chemical aggressiveness of Pirin karst waters, shown in Tillmans-Trombe

graph modified by Schmitt
1 — meltwaters, 2 — cavern waters in near-surface zone, 3 — karst springs, 4 — non-karst waters

In Bulgaria the authors determined the aggressiveness of the karst waters
by an indirect, graphical method. They projected the established pH value
and the total hardness upon a Trombe-Schmitt (Roques 1969) chart of carbonate
equilibrium, and next they calculated the degree of relative saturation and
the increase or decrease in CaCO; in order to obtain an equilibrium in the
solution, in other words, to effect its saturation (Table 1, Columns 9 and 10).
This procedure corresponds to the laboratory method of determining aggres-
siveness using what is called the “marble method”.
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Fig. 18. Chemical aggressiveness of Stara Planina karst waters
Water taken from: 1 — karst springs, 2 — caverns
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Fig. 19. Chemical aggressiveness of Dobruja karst waters
Water taken from: 1 — karst springs, 2 — caverns

Compared with the waters of Stara Planina and Dobruja, the karst waters
of the Pirin Massif — high-mountain waters — are least mineralized; they
show a concentration of up to 300 mg/l and belong to the calcium-magne-
sium-carbonate water type (Fig. 20). The Mg/Ca ratio in the Pirin waters
oscillates between 0.20 and 0.65. The contents of free carbon dioxide is never
more than 22 mg/l and the pH value is 7.4 to 7.6. Regarding the quantity of
dissolved carbonates two separate types of karst waters can be distinguished:
samples Nos. 1, 2, 6 and 8 with 100-150 mg/]l, and samples Nos. 4, 5, 7, 12 with
220-260 mg/1 mineralization. The relative saturation of the water of the first
group is 0.90 to 0.92 so that they are only slightly aggressive. The water of
the second group has a saturation cf 1.0 to 1.07; hence this water is not
aggressive, being saturated or slightly oversaturated (Figs. 17 and 23).
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Fig. 20. Interdependence between basic hardness and total hardness in Pirin karst
waters
Explanations as for Fig. 17

VRATSA PLANINA

The karst waters of Vratsa Planina — a medium-altitude mountain area —
represent a group of waters which are moderately mineralized (250-350 mg/l)
and belong to the calcium-carbonate type of waters (Fig. 21). In these waters
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20014 e/0
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10042 ,l' Co™"* Mg -
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& 7
e
L5 R ik pn B B P Qe ) trneg/l lniv/1) Colidka’:
100 200 300 400 500 ppm (mgri) CaCOy

Fig. 21. Interdependence between basic hardness and total hardness in Stara Planina
karst waters
Explanations as for Fig. 17
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The relative saturation of the Dobruja karst waters fluctuates between
1.04 and 1.43; these waters are supersaturated, non-aggressive, and liable to
deposit CaCO; (Figs. 19 and 23) to a higher degree than the karst waters
from Pirin and Vratsa Planina. 7

100 200 N
Y0 40 TAC

Fig. 23. Chemical aggressiveness of Bulgaria’s karst waters on Roques’ chart

It is worth stressing that in all investigated karst areas the water samples
taken from caverns, and therefore from the zone of aeration or vertical
circulation, show a degree of mineralization and relative saturation approach-
ing that of water taken from the karst springs which issue from the zone
of saturation and horizontal circulation (Figs. 17 and 23). These observations
confirm the conclusion, that in Stara Planina and Dobruja the highest increase
in dissolved calcium carbonate occurs in the zone of aeration, that is in an
open system with constant access of CO, from the air (Markowicz 1968), and
that in the zone of saturation the water mineralization does not suffer any
marked changes.

CHEMICAL DENUDATION

Discussing chemical denudation the authors have in mind the volume or
mass of mineral particles removed in unit of time from a definite hydrogeolo-
gical drainage area. Most often used as unit of measurement is the no-
tion m®*km?/y. — corresponding to the hypothetical lowering of the land
surface by 1 mm in 1000 years.

Mechanical denudation must be distinguished from chemical denudation.
The former involves processes by which debris is dragged, or carried suspended
in flowing water; the latter refers to components dissdlved in the water.

Karst areas lack surface streams and the water circulates in subsurface
channels. The specific subterranean conditions cause the transport of dragged
or suspended debris to be limited to larger channels. Observations revealed,
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KINSHASA 20- 21 march 1965
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68 mm/h, compared to the Kinshasa rate of 115 mm/h. The pluviophases with
medium or high intensities (5-100 mm/h) last for longer or shorter periods in
Kinshasa than in Antwerp.

100, intensity ({mm/h) - PlUVIO hases
~ « KINSHASA
' » ANTWERP

N g . ) Erosion zone boundaries

\\ z L o Slope segment 0°-5° I:torl,
\ N o -~ n = )
‘\ L \ ; = ~ n!— SCRLS.
. S e . 4
| y .\\' 2 . ) Slope segment 9°-12° _°\ |

10 : oA\ x 5
X N e \ \?\‘
o
. . > \

KINSHASA 4 .,
\
\.
4
! ~
| =
» ..‘ 4 v £ - ¢
ANTWERP TR 2R ol P 3 x R
0! " e _,'_,__,, TSIt ) R -d;v‘!:on(mr.:
L. 0 100 %000
Fig. 3.

The pluviometric diagrams of both stations reveal a significant difference
between the rain characteristics of the corresponding climatic belts. What
then is the impact of this pluviometric discrepancy on rainfall erosion capacity?

COMPARISON OF EROSION DIAGRAMS KINSHASA-ANTWERP

A valid comparison between both stations implies that pluvial erosion is
acting on identical slopes controlled by the same environmental conditions as
related to lithology, vegetation and slope profile. This means that the Kinshasa
experimental slope has to be considered as the reference slope for both stations.
In order to evaluate the erosive effect of cyclonic rainfall on this slope, the
pluviometric diagram of Antwerp is converted into a synthetic erosion diagram
by interpolating the erosion zone boundaries for 0°-6°, 9-12° and 18° plots, as
resulting from the field experiments in Kinshasa. In this way the amount of
rainfall corresponding to each erosion zone and relative to each slope segment
is calculated, taking into account a total annual rainfall of 685.3 mm, recorded
in Antwerp in 1968. Data of Kinshasa are recdlculated on the basis of mean
annual rainfall (1350 mm). It is also possible to compare the erosion diagrams
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of both localities where rainfall has had the three above-mentioned erosive
effects (Fig. 3). Diagram A (Fig. 4) shows the contrasting effects on an absolute
basis, whereas diagram B compares them on a percentage basis. Antwerp data
have been corrected, as part of winter precipitation occurs in the form of
snow which is assumed to have no erosive effect. According to Dr. Poppe
(Climatology, Leuven) snow represents the following mean percentages of
total monthly precipitation: December 15%/o, January 30°/o, February 309,
March 159%/o.

Diagram A.
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Analysis of both diagrams leads to the following conclusions:

(1) On the experimental slope middle-latitude rainfall causing soil erosion
in Antwerp should act essentially in the form of splash erosion except on
medium slopes (18°), where total erosion rains become slightly dominant. Tro-
pical storms, on the contrary, have a predominant total erosion effect on all
segments; this means that intermittent runoff is active even on gentle crest
slopes.

(2) As one could expect, there is an increase in erosion where there is an
increase in slope — in both climatic belts. But as the diagrams show, the ero-
sional discrepancy between tropical and middle-latitude rainfall diminishes
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downslope on the convexity. This formulation is confirmed by the ratio of
total erosion rains in both localities:

769.5 mm (Kinshasa)
97.9 mm (Antwerp) -
1012 mm (Kinshasa) _
244.5 mm (Antwerp)
1178.5 mm (Kinshasa)

slope segment 18%; =3 3
3 & 360.3 mm (Antwerp) (3)

slope segment 0°-6°;

(1)

slope segment 9°-12° (2)

A more representative comparison of both climates can be drawn by calculat-
ing the ratio of the percentages of total precipitation causing total erosion:
57% (Kinshasa)
(14.3%/0 Antwerp)

75%0 (Kinshasa)
slope segment 9°-12°; ———————————
35.7% (Antwerp)

87.3% (Kinshasa)
slope segment 18°; — 115 (6)
52.6%0 (Antwerp)

slope segment 0°-6°:
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Fig. 2. Monthly rainfall, heaviest rainfall in 24 hours (a) and extremes of maximum
(b) and minimum (c) temperatures based on data up to 1959 (after Indian Meteorolo-

gical Department)
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THE MODELLING OF MONSOON AREAS 155

reflected in the shrivelling up of the already poor vegetation, and subsequently
in the destruction of soils by wind or by a sudden -catastrophic rainfall
sometimes of local range. On the other hand, in spite of the dry season, in
areas with a high annual total of precipitation their regime is the most stable
in the multiannual course, which does not stand in opposition to the occurrence
of heavy rainfalls of an intensity and duration not encountered in areas of
more scanty precipitation and bringing about heavy floods.

A B G D EESG

&0 —

e
el ,_.__.'_“1
e 25

B 222 (3

Fig. 3. Rainfall abnormalities of week by week rainfall during years 1908-1950 in

percentage of duration (after Ramdas 1968)
1 — percentage of flood weeks, 2 — percentage of normal weeks, 3 — percentage of drought
weeks, A — Assan, B — Bengal, C — Bihar, D — Uttar-Pradesh W, E — Punjab NE, F, G, —
Rajasthan W

Catastrophic rainfalls are of varying intensity. According to this and to
the degree of saturation of the substratum with water, as well as to the
conditions of the whole environment, the surface runoff and infiltration
determining the geomorphological effects of floods have a varying course.
The discharges of Indian rivers themselves give the best information about
the scale of annual changes in the circulation of water (Vij, Shenoy 1968).
The largest among them, such as the Ganga and Brahmaputra, carrying water
from the Himalayas distinctly show seasonal oscillations (Table 1). The
Brahmaputra, rich in water, in 1962 reached discharge of 72,460 m?%s at an
observed minimum of 2680 m?®s (Desai 1968). The maximum specific runoff
amounted to only 0.17 m?¥/s, this being related to the taking over by
catastrophic rainfalls of only part of the river basin. The specific flood
runoff in catchement basins of the marginal part of the Himalayas of an
area of the order of several to some twenty thousand km? already reaches
0.5-4 m?®/s/km?, and from the areas of some twenty to several houndred km?
it even exceeds 10 m®%s/km? (Parde, 1961 noted a maximum value of
21.8 m®/s/km®). In the Assam Plateau with the highest amcunt of precipitation
the smaller streams dry up completely in the winter months, while the larger
ones carry water only in 1/10 or 1/20 of the width of the channel cut out in
the rock. Also rivers of the Deccan uplands show greater variations than
the Himalayan ones. For example the River Mahanadi during a flood carries
up to 46,000 m®/s (0.35 m®/s/km?) with a minimum observed discharge of 6 m®/3
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(runoff coefficient of the order of 33%s). In the River Narmada during the
maximum discharge the specific runoff amounts to 0.7 m?s/km? while the
River Subarmati in the Gujarat, draining the semi-aird areas, becomes
seasonally dry, though during floods it carries more than 10,000 m?/s. The
runoff coefficient, high in the case of the River Narmada (409/¢) amounts
to only 3%/p for the River Subarmati.

TABLE 1. Discharge and specific runoff of some Indian rivers

Catch-  Discharge in m3/s  Specific

River (station, year) ment area minimum maximum max. run- References
in km? off

Ganga (Farukka) 1568 59,500 (Vij, Shenoy 1968)
Brahmaputra (Pandu) 1962 424,309 2680 72,460 0.17 e 3
Kosi (max. in 1968) 59,540 25,840 0.434  (after official information)
Tista (in 1950) 18,680 (Krishnan 1960)
Tista (Brigde 1968) 7,200 27,500 3.8 (calculated by Starkel 1971)
Tista (Jalpuiguri 1968) 18,800 (after official information)
Little Rangit (1968) 75 5,625 75.0 (calculated by Starkel 1971)
Lish River (1952) 49 255 5.176 (Dutt 1966)
Sutlej 78 12,000 (Vij, Shenoy 1968)
Joba Khas 161 1,601 9.93 (Soil erosion 1948)
Damodar 22,000 18,410 0.84 (Vij, Shenoy 1968)
Mahanadi 132,090 6 46,000 0.35 -
Narmada 93,180 65,100 0.7 i
Subarmati 54,610 0 10,874 0.2

The smaller rivers of the Deccan Plateau dry up almost completely in
spring, whereas those in the semi-arid Rajasthan at a mean annual precipita-
tion total of 400-600 mm carry water only several days in a year during the
period of heavy rainfall, or even once in some twenty years.

The course of morphogenetic processes is dealt with within regions of
varying relief, plant cover, amount, and intensity of precipitation for

(1) Middle-high mountains with steep slopes, and monsoon rains extreme
on a world scale, amounting to 5000-11,000 mm

(a) the Assam Plateau;
(b) the scarp of the Western Ghats.

(2) Middle-high mountains with steep slopes, and aboundant monsoon
rains of the order of 1500-4000 mm (the marginal part of the Himalayas).

(3) Uplands and low mountains with a relatively large amount of rainfall
of the order of 500-2000 mm

(a) the Ranchi Plateau;

(b) the Poona Plateau;

(c) the Aravalli Mts.;

(d) the western part of the Siwaliks.

(4) Uplands and depressions of the semi-arid zone (Western Rajasthan)
with rainfall below 500 mm.

(5) Lowlands and submontane depressions collecting flood waters from
the surrounding mountains and uplands (the Ganga and Brahmaputra Basin).
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160 LESZEK STARKEL

concentrated in July and August (500/o of precipitation). The rainfall in 24
hours rarely amounts to 200 mm. The rivers, which in winter are almost dried
up, in the summer season carry large quantities of water, e.g. the Damodar
up to 18,000 m?s (Table 1) when in 1943 it formed a new channel, flowing
locally at a speed of up to 26 km/h. This is an agricultural land, the monsoon
forests losing their leaves for the winter season being strongly. destroyed.

The present-day processes lead to the degradation of plains by wash off
and to the exposure on the surface of ferruginous horizons which are also
often washed out. In the parts in which the material was removed denudation
already reached the massive rock, especially in the surroundings of inselbergs,
whose floors inclined at 1-5°, often with single corestones, are grooved by
shallow channels. In the proximity of valleys an undercutting of the foot of
slopes covered with mantles takes place. The scarps formed thus are dissected
by a network of gullies, whose borders retreat, becoming lower and tending
at the same time to a more rectilinear free-face profile. The new undercuttings
give an impulse to the formation of the new generation of gullies. The author
often observed 3 systems of simultaneously retreating scarps. In this way
soil covers are carried away from areas lying near valleys (cf. Tejwani 1963).
The magnitude of this removal is evidenced by measurements of the suspended
load. For example, the River Barakar, a tributary of the Damodar, every
year from 1 km?® carries away 501 m® of material, which is equal to the annual
degradation of this undulating land by 1.5 mm (Table 2). The measurements

TABLE 2. Annual degradation in some river catchments on basis of silt load

Silt load Mean annual
River, station Period per km? degradation References
in m3 in mm

Brahmaputra

(Pandu) long period 770 0.77 Desai 1968
Kosi

(Barahakshetra) 1948—1953 1742 1.5-2.5 Ahya 1955
Manas long period 667 0.67 Desai 1968
Sutlej (Bhakra) - 604 0.60 after Central Water
Barakar (Maithan) - 1501 1.50 Power Commission

of India

Darjeeling Hills heavy rain based on measurements

(flows on slopes)  (Oct. 1968) 200,000 300 of slope degradation

(Starkel 1971)

of the suspended load from the neighbouring catchment basins of Kangasabati
and others showed that the culmination of its transportation occurs at the
beginning of the monsoon, considerably outpacing the period of the greatest
floods (Fig. 4, Sen 1968). It is a value approximate to the transportation of
the Himalayan rivers.

Rivers with considerable variations of discharge overflow widely, flowing
in numerous arms within flood plains of a meandering course and only in
waterfall sections do they run into narrow canyons. The edges of waterfalls
retreat slowly, since the river at the most carrying coarse sand has nothing
with which to erode.
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Fig. 4. Typical hydrograph (1) and silt charge diagramme for Chotanagpur area —
Kangasabati River at Ambikanagar (after S. Sen 1968)
1 — monthly discharge in 1000 m3/s, 2 — silt percentage of discharge volume

The Ranchi Plateau presents an example of a slowly rejuvenating planta-
tion surface denuded by monsoon downpours under conditions of plant cover
destruction by man.

THE POONA PLATEAU

The hinterland of the Western Ghats is built by horizontally lying covers
of basaltic trap. Rivers of the Krishna system have formed broad valleys
here which are widened by pediplanation processes into vast basins. They are
surrounded by guyots of a relative height of 200-400 m protruding from their
floors, with flat structural interfluves, steep scarps of slopes, inclined often
at more than 50°. These slopes dissect gullies, while at their foot pediments
are lying with an inclination decreasing from 10° to 2°, covered lower down
with sandy-silt mantles. In the valley floors rivers often cut down to the hard
bedrock carrying away large quantities of waste. The area lies in the rain
shadow of the Western Ghats; it receives 500-700 mm of rain yearly (Fig. 2).
In the summer months the rainfall never exceeds 200 mm. However, downpours
occur which carry away large quantities of suspended load, similar to the
Ranchi Plateau. Near Sholapur the Dry Farming Research Station carries out
investigations on soil erosion. It was noted there that on average 20% of rain
flows down, while soil denudation amounts to 4.2 mm/year. Detailed investiga-
tions carried out in the years 1934-39 on plots (cf. Table 3) showed that soil
covered with natural vegetation is degraded by about 0.05 mm/y., that with
freshly cut vegetation by 6 mm/y. and -cultivated soil by 13 mm/y. (Soil
erosion 1948). The downwash takes place during downpours when often 50%/p
of the water runs off (Table 3); the amount of material carried away in the
case of a particular downpour amounting to 1/3 of the annual denudation.
The results of investigations carried out at the Hagari station in the State
of Madras (where the raifall amounts to 1000 mm) showed that colloid clay
is chiefly washed out, while the sand remains (the soils contain on average
44.9%/9 of clay, which in the material removed is present in 56.8%/p — Soil
erosion 1948).

The present-day processes on the Poona Plateau therefore lead to the
removal of waste material similar to the Ranchi Plateau. Here, however, in
the semi-arid climate where the plant cover is poor, there simultaneously
occur a retreat of slopes and development of pediments. This is inhibited by



TABLE 3. Runoff and soil degradation on some experimental slopes in India

il Rainfall. Runoff  Siltloss  Siltloss  Degradation
Station Land A Period References
AT o - e L  iamm % t/km? mikm*  in mm
natural vegetation 50 m? 1934-39 659 344 48 0.048  (Soil erosion
Sholapur . (mean annu- 1948)
Dry Farming L al)
Research natural vegetation
Station after cutting - 15.50 6070 6.07
under cultivation — 1661 12,920 12.92
o 28/9.1X.1938 91 s 812.6 406 0.406
Kota, natural cover 40 m* 1957-60 502-778 5.56 39.2 19.6 0.020 (Singh, Dayal,
Soil Conservation cultivated fallow . - 19.33 3724 186.2 0.186 Bhola, 1967)
Centre natural cover 1957 778 4.82 133.2 66.6 0.067
(slope 1%) cultivated fallow 1959 622 30.24 9554 477.7 0478
Jodhpur Prosopis spicigera 68 m* 1963 179.6 04 (Krishnan,
Central Arid community 10.V.- 179.6 230 Blagoveschensky,
Zone 6.X.1964 Rakhecha 1963)
Research 18.VIIL64 138.2 438
Institute
Punjab
Forest Dep. scrubs, gras (90%) 1092 9.16 558.5 279.2 0.279  (Soil erosion
Research grass (80%) - 14.55 545.3 272.7 0.272 1948)
Station soil without vege- - 47.51 1026.1 513.0 0.513
(slope 25%) tation
Dehra Dun forest, 1-1.5 VII-VIIL1967 1038.4 0.6-1.5 (Singh et al.
ha 1968)
Soil Conserva- up and
tion Centre ; down VI-IX.1966 1735 60.0 770 385 0.385 (Gupta et al.
maize terra- tiv. 1968)
ced slope  |contour - - 19.8 207 103 0.103 o
cultiv.
slope 8%,  |maize+
pe 8%  |wheat 1967/8 1928 20 130 65 0065 (Tejwani et al.
1968)
grass — — 35 10 S 0.005 ——
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1 —dally rainfall at Nawa, 2 — monthly rainfall at Nawa, 3 —monthly rainfall at Darjeeling in 1968 (for comparison)
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168 LESZEK STARKEL

the Kecsi or Tista at a discharge of over 20,000 m® — Table 1) grooves a vast
zone of a fan, accumulating here the coarse material dragged along its
bottom — it resembles a proglacial outwash tract, composed of a number of
arms. During the annual smaller floods of the order of several thousand m?'s
the river adapts its bed to smaller discharges and velocities. Within a wide
zone it forms a channel with a meandering course, developing by the accretion
of bars and raising of levees stabilizing the channels. The next catastrophic
flood either transforms the channel again into a wide zone of braided rivers,
or else the water breaks the levee immediately at the outlet from mountains,
forming a new system of braided channels in another part of the alluvial fan.
Sometimes 2 or 3 new channels develop and then the rivers in the following
years form meanders of a correspondingly smaller curvature. However, many
Himalayan rivers continuously carrying coarse material permanently maintain
a rectilinear course. Through the migration of channels within the fans the
latter grew, retaining their convex profile. Sometimes the migration has
a unidirectional trend, as for example the River Kosi which shifted in the
course of 200 years westwards by 112 km (Fig. 6, Ahya 1955, Sen 1968a, and
others).
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Fig. 6. Changes in the course of Ganga River (U. Singh 1968)
A — changes between Varanasi and Buxar (1-5 river course of different age), B-C — changes
near the confluence with Kosi River, B — Ganga channels in 1801 (after Colebrooke), C — Ganga
channels in 1964
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Rivers carrying away waters from the lowland of the mountain foreland —
the Ganga and Brahmaputra have smaller gradients (often below 0.1%¢) —
carry large quantities of suspended load in summer (Fig. 7). They are rich
in water i.e. show no such variations of discharge as their tributaries (cf.
Table 1). Floods never occur in their whole basins. The flood channels of
these rivers are adapted to contain considerable discharge, but they still rise
every year. In the Brahmaputra valley in Assam an everage of 8100 km® were
flooded annually and 25,100 km? during a maximum flood (Desai 1968). This

oad

Fig. 7. Monthly silt load and percentage of silt by volume of discharge in Brahma-
putra at Pandu (after records presented by Desai 1968)

is the reason why these rivers support the rarely rising tributaries with
levees which for a number of years flow parallel to the main river (Fig. 6).
Numerous studies concerning changes of the Ganga and of the other rivers,
based on historical sources and old maps (U.Singh 1968), showed that these
rivers rapidly adapt the system of their channels to the changes of the regime.
In sections not reached by the larger inflows from mountains for example
near Varanasi, they form gentle arches of meanders, whereas in inflows
supplying large quantities of sand they form systems of braided channels —
this being corroborated by the relation ncted by Leopold et al. (1964) of the
type of channel with a ratio of the suspended load to the bed load. For
example each new flood on the river Kosi brings about considerable changes
in the lower lying section cf the Ganga.

In the development of mountain foreland fans and river channels a change
of the regime in the last century is marked, being the result of advancing
deforestation. For example, the arm of the Ganga-Brahmaputra until the
sixteenth century formed regular meanders (Sen 1968b), while later the
increase in the bed load led to the breaking of meanders and to the rivers
becoming erratic. The areas of waste land recorded in the Punjab and
related to the erosive-accumulative action of Sivaliks zone rivers, the
so-called “cho”, covered 194 km? in 1852, while owing to deforestation in 1897
they increased to up to 388 km® This was the reason why in 1900 the so-called
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