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This review focuses on selected attempts to reconstruct the ice-dammed lake
outburst flood in the valley-bottom of the Chuja River, the main tributary of the Katun
River, which is the major source of discharge to the Ob River, while several previous
publications present general reviews based on the state of knowledge available at the
time of publication. Other studies focus on special aspects, for example, Parnachov and
Carling et al. on the geology of giant bars, Carling on the gravel dunes, Reuter et al.,
on the age of the outburst floods, or Borodavko and Carling et al. on the ice-dammed
lake itself. Recent investigations will provide more detailed information regarding the
age of the floods. In the review papers mentioned above, the majority of dated flood-
related features indicate ages between 40 and ~17 ka. Some of the dates are based on
luminescence methods, for which methodological problems make older applications
doubtful (Carling, personal comm.).

The different attempts to estimate flow conditions of the Pleistocene outburst floods
in Altai Mountains result in data for flow velocity and discharge of the flood's peak and
unspecified stages of the waning flood. Based on the conservative estimate of the peak
discharge to be about 10 000 000 m’s~ and assuming that the entire lake basin, with
a volume of 607 km? drained during the outburst a hydrograph can be generated. The
hydrograph indicates a flood that did not last for more than 2-3 days. The duration of
the flood was determined by the integral curve based on the limitations of the drained
volume (= integral) and the peak discharge. Advanced modelling of unsteady two-
dimensional flow confirms this magnitude. From a negligible baseflow, an abrupt rise
of the hydrograph represents the outburst flood wave, which reached peak discharge
values almost immediately. It should be noted that the hypothetical hydrograph does not
consider ponding effects along the flood's pathway. Consequently, a tendency towards
underestimation of the duration of the flood is inherent.

Compared with the earlier estimates of the peak discharge of the outburst flood the
new calculations give a slightly higher discharge magnitude. Considering the fact that
the present study is based on larger number of palaeostage indicators and also includes
the calculation of the discharge downstream of the former ice-dam, the new estimations
appear reliable and contain several elements of conservative assessment.
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Area of investigation and evidence of floods

The headwaters of the river Ob, which form the centre of this study, have
their origin close to the border to Mongolia in the Altai-Mountains, located in
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southwestern Siberia (fig. 1). During the Pleistocene, several mountain glaciers
reached the valley-bottom of the Chuja River, the main tributary of the Katun
River, which is the major source of discharge to the Ob River. Near the village of
Aktash, the extended glaciers blocked the course of the river Chuja and formed an
ice-dammed lake, which attained a volume of 607 km?. The water surface of the
lake reached a maximum altitude of 2 100 m which is indicated by strandlines and
ice-rafted debris in the intra-mountainous basins of the Kuray and Chuja.

Platovo e

e GORNO-ALTAJSK

At the time of ice-dam failure, giant floods passed through the valleys of the
Chuja and Katun Rivers. The collapse was probably caused by overtopping and
rapid incision into the glaciers. The flow transported gravel in suspension [1, 2]
deposited this gravel in the form of giant bars at local valley expansions and tribu-
tary mouths along the flood route [3] (fig. 2).

At the mouths of some tributaries along the flood route the giant bars blocked
valleys and generated secondary lakes, which lasted over different periods of time.
These lakes are indicated by lacustrine deposits, such as at Injushka in a tributary
valley to the Katun Valley at Inja, where lacustrine sediments are interbedded
with suspension gravel indicating repeated outburst floods from the ice-dammed
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lake upstream. Other flood-related features are gravel dunes and deposits of er-
ratic boulders. In combination with exposures of characteristic suspension gravels
at the current bedrock valley-bottom, the surfaces of the giant bars reveal depths
of flow of up to 400 m in Chuja Valley, close to the downstream extent of the ice-
dam. In the wider valley of Katun River, the depth of flow reached about 250 m.
At several locations, drawdown levels along the slopes of the giant bars indicate
phases of temporary stable water surface levels during the waning flow (fig. 3).
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Run-up sediments are deposited in front of local valley obstructions, as a thin
layer of suspension gravel on more or less steep bedrock surfaces and can be used to
estimate local flow velocity. They indicated a rising water surface level when flow ve-
locity abruptly decreased at the valley obstruction caused by energy conservation [4].

This review focuses on selected attempts to reconstruct the ice-dammed lake
outburst flood, while several previous publications present general reviews based
on the state of knowledge available at the time of publication [2, 4-8]. Other stud-
ies focus on special aspects, for example, Parnachov [1] and Carling et al. [3] on
the geology of giant bars, Carling [9-10] on the gravel dunes Reuter et al. [11],
on the age of the outburst floods, or Borodavko [12] and Carling et al. [13] on
the ice-dammed lake itself. Recent investigations will provide more detailed in-
formation regarding the age of the floods. In the review papers mentioned above,
the majority of dated flood-related features indicate ages between 40 and ~17 ka.
Some of the dates are based on luminescence methods, for which methodological
problems make older applications doubtful (Carling, personal comm.).

Different methods of reconstruction

Previous estimations of the discharge of the outburst floods were carried out
by different researchers. Butvilovski [6 and written comm.] applied a number of
different empirical equations to estimate the mean velocity of the flow, based on
geometrical parameters of the valleys and basins. Discharges were calculated for
cross-sectional areas consisting of the entire basins resulting in estimated peak
discharges of up to 50 000 000 m3s™'. Baker et al. [5] applied the water-level
calculation software HEC-2 to estimate the discharge based on the elevation of
flood-related features. In this approach the assumed discharge values are iteratively
optimised until the model calculation of the water-level matches the altitude of
the water-level indicators in the field. They chose a location within the extension
of the former ice-dam and estimated a peak discharge of 18 000 000 m?s™! based
on a hydraulic jump located in the modelled reach of the valley. Carling [9]
investigated the hydraulic implications of the gravel dunes in Kuray Basin, which
was inundated by the ice-dammed lake. He found a discharge of the magnitude of
750 000 m3s! for the volume of flow passing over the dunefield which value does
not represent the outflow from the Kuray Basin, following the ice-dam failure.
This estimated discharge could not be related to peak discharge of the outburst
flood downstream of the ice-dam as the dune field is located upstream of the valley
blockage. Contrary to Butvilovski [6 and written comm.], Carling’s attempted to
estimate the local discharge of an unspecified stage associated with the decreasing
flood in the Kuray Basin appears more plausible. Based on my own investigations
of flood-related features along the Chuja and Katun Valleys, seven independent
attempts to gain information about the discharge of the outburst floods were made.
The main findings of the study are presented in this paper. Additional details are
discussed elsewhere [4].
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Conveyance — slope method

Based on the continuity equation and the empirical formula for the estimation
of the mean flow velocity in channels by Manning, the discharge Q of the outburst
flood can be expressed as Q = A n"! R** S!2 where A is the cross-section area, n is
the roughness coefficient, R is the hydraulic radius and S is the slope of the energy
line [14]. Data for the geometric parameters were obtained by surveys of the giant
bars along the flood’s pathway. The location and the elevations were derived by
using GPS as well as calibrated altimeter measurements, or were obtained from
1:50 000 topographic maps (the cross-section area and the hydraulic radius). It is
assumed that the slope S of the energy line is, more or less, similar to the slope of
the water surface along the direction of the flow (indicated by the slope between
the giant bar surfaces along the valleys). The roughness coefficient n was also
estimated on the basis of earlier studies. Previous studies on floods of comparable
magnitude, such as the drainage of Pleistocene Lake Bonneville [15, 16] and the
outburst flood of Lake Missoula [17, 18], the most representative values for the
roughness coefficient were determined in the range of 0,04< n <0,07. Hence, for
the calculation of the outburst floods in the Altai Mountains, the upper and the
limits were considered as extremes.

Six locations of the highest bar surfaces along the Chuja and Katun Valley
were selected to estimate peak discharge of the outburst flood. The elevation of
the water-level indicated by the giant bars, the slope between the bar surfaces, and
the recent slope of the rivers are shown in fig. 4. Considering the unknown slope
of the flood flow water surface, the surfaces of the giant bars and the current mean
river water-level are taken as the slope parameter S. Based on the investigations
of hydraulic conditions of the flow in steep gradient river flow [19], it is assumed
that the subcritical flow conditions are dominant along the outburst flood flow. For
the Pleistocene Lake Missoula and Lake Bonneville Floods also, subcritical flow
conditions were found to be predominant [16; 17. P. 14]. Therefore, locations and
hydraulic parameters associated with flows with Fr >1 (table 1) were excluded
from further analysis.

Considering these assumptions, a peak discharge was estimated to be in the
range of 10 000 000 m3s~! to 14 000 000 m3s~'.

Run-up sediments indicating velocity head of flow

Run-up sediments form a relatively thin layer of suspension gravel deposited
in front of local valley obstructions and are the uppermost deposits related to the
outburst flood (fig. 3, fig. 5). They could be considered an indicator of locally
elevated water surfaces, due to the physical law of energy conservation. Based on
the energy equation after Bernoulli, the total energy H is constant along the chan-
nel [14, 20]. As pressure energy is not of relevant for free surface flow, the energy
equation can be expressed as
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H=@+2)+(0?/2g),
where, (v + z) is the potential energy, y is the depth of flow, z is the elevation
above datum, (v¥/2 g) is the kinetic energy, v is the velocity of flow, and g is the
acceleration due to gravity.
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While total energy H, elevation above datum z and acceleration of gravity g
remain constant, an abrupt decreased in the flow velocity leads to an increased
depth of flow, hence, the water-level rises on the upstream side of an obstruction.
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This phenomenon can be observed, for instance, at bridge piers where the elevat-
ed water surface on the upstream side of the obstruction occurs and it is used to
measure the flow velocity by velocity-head rods [21, 22]. The deposited suspen-
sion load indicates the risen water surface level in front of the obstruction, hence
provides evidence of the energy head of the peak discharge of the flood. Due to
non-uniform distribution of velocity within the open channel flow, an energy co-
efficient a is introduced to calculate the change in height of the water-level from
the total loss of kinetic energy [14]. Except in the case of uniform flow, the energy
coefficient o is always greater than unity and increases with the steepness of the
channel. The equation for the mean velocity head v, in a channel can be written as
v,=a(/2g).

Depending on the amount of irregularities in channels, the values of a vary
between 1 and 2, rarely exceeding 4,70 [23]. Available literature indicates that
the average value is about 1,3. However, experience shows that the effect of an
increased velocity head v, by o is small compared with other uncertainties. Hence,
the energy coefficient is frequently considered to be equal to unity, as the data are
sparse and are found to be inconsistent [14, 24, 25].

Assuming that the run-up sediments and uppermost giant bar surfaces located
nearby, were generated during the same stage of the flood, flow velocity v can be
determined by taking velocity v, as the difference in elevations of the run-up sedi-
ments and the giant bar surfaces and assuming o = 1,3.

While the elevated water-level upstream of obstructions is indicated by suspen-
sion gravel being deposited in the uppermost position, the depth of the flow above
the giant bar surfaces is unknown. The maximum value for velocity head v, is given
by the assumption that the undisturbed water-level of the flood was identical to that
of the giant bar’s surfaces. Therefore, calculated flow velocity also reaches maxi-
mum values. To check the sensitivity of this parameter, an undisturbed water-level
half way between the giant bar and the related run-up sediments is considered.

For several locations along the Chuja and Katun Valley (fig. 3), velocities of
the flow can be estimated on the basis of the relation between run-up sediments
and related giant bar surfaces nearby. It is important to note, that the run-up sedi-
ments are deposited only during the peak discharge due the elevated water-level
on the upstream side of local obstructions, but also during lower stages of the
decreasing flood. Figure 6 shows values of local velocity heads v, for different lo-
cations at two elevations considered for the undisturbed water-levels. A maximum
value of v, = 137 m is indicated by field data.

Figure 7 shows the calculated mean flow velocities based on the velocity heads
given in Figure 6 and an assumed value of the energy coefficient o = 1,3. Velocity
heads would decrease for higher water-levels, hence the undisturbed flow velocity
would also decrease. Flow velocities estimated from both water-levels are within
the expected range considering the magnitude of the flood as estimated previously
by uniform flow calculations (table 1). Forv,  flow velocities vary between 24 and
45 ms™, for the higher water-level with v 17 ms™' <v<32ms are calculated.

h assumed
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These current conditions of higher kinetic energy (= higher flow velocity) can
be expressed by Froude number (Fr). For lower water-levels, Fr was found to be
in the range of 0.48 and 1.17, whereas for the higher water-level the number was
determined as 0,32 < Fr < 0,69. The broad bedload terrace filling the valley-bot-
tom is assumed to be deposited up to the current thickness later during the reces-
sion limb of the flood and also during the Holocene. Hence, the depth of flow used
to calculate Froude number reaches from the current river channels (bedrock) up
to the water-level of the flood stage, forming the run-up sediments.

To obtain subcritical conditions of flow, the energy coefficient o must be modi-
fied up to a value of 1,8. This gave Froude numbers between 0,40 and 0,99 for the
lower water-level, and between 0,28 and 0,58 for the higher one. For this value of
the energy coefficient, flow velocities vary between 21 and 39 ms! for the lower
and between 15 and 27 ms™! for the higher water surface. None of these values
appear critical as all the data are within the expected magnitude. This sensitivity
analysis reveals that, considering the scale of the flood, the calculated flow veloci-
ties and Froude numbers are less sensitive to modifications of the energy coeffi-
cient a. Hence, the value for a is not a critical in the estimation of large-magnitude
floods. Nevertheless, supercritical conditions of flow might have occurred at loca-
tions of valley obstructions.

The calculation of discharge Q based on the continuity equation Q =v. A, for
estimating the flow velocities v is occasionally a difficult task, because of the
problems related with the calculation of the cross-section area A. As some of the
run-up sediments are located at prominent valley obstructions and extended into
ineffective areas of flow, the incident cross-section area cannot be determined.
Similar problems occur at other locations, where the run-up sediments are de-
posited within the mouth of tributaries, and where flow separation phenomena
must have occurred. Here too, related cross-section areas cannot be accurately
estimated.

The calculated discharges (table 2) are within the expected range for peak dis-
charge of the outburst flood. The relatively small difference between discharges
of higher and of lower water-level elevations is remarkable. The lower water-level
with reduced cross-section area is compensated by higher flow velocities to reach
the height of the run-up sediments from a lower water surface elevation. Only
occasionally, the flow velocity increases by an amount that results in a higher
discharge for the lower water surface elevation. This effect might be enhanced
by steep valley-slopes, which result into lower decrease of cross-section area at
a decreased water-level than for valley sections with gentle slopes. On the other
hand, the differences are in many cases within the range of accuracy. Therefore,
the need for assuming the height of the water surface seems to be less crucial for
the estimation of discharge.

The method to estimate flow velocities for discharges from investigated data
of the velocity head appears to be a valid approach to determine the magnitude of
the flood. This is due to the fact that the results are within the expected range of
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the peak flood associated with the giant bars and run-up sediments, to give a peak
discharge of about 10 000 000 m*s™'. The assumed parameters of energy coeffi-
cient o and the surface of the undisturbed water-level appear to be less critical in
the estimation of the discharge. Occasionally, depending on the local topography
with extended areas of ineffective flow in tributary valleys, the determination of
the related cross-section area is complicated and precludes the accurate calcula-
tion of discharge from the estimated velocity of flow. Due to the nature of the
obstructions — such as the ridges at tributary confluences causing the water-level
to rise — the valley cross-sections show a significant modification in width which
varies the cross-sectional area of flow for a given water surface elevation by sev-
eral hundred percent.

Table 2
Discharges calculated by velocity heads for selected run-up sediment locations
vh (assumed) : vh (max) :
Location altitude of water-level altitude of water-level
valley-km flow velocity v flow velocity v
Y cross-section area A cross-section area A
discharge Q discharge Q

850 m 806 m

Kezek-Dzhala v=26m/s v=36m/s

km 9,35 A =222 000 m? A=133000 m?
Q =5,8x10° m%/s Q=4,7x10° m%/s
843 m 810 m

Anijakh v=22m/s v=31m/s

km 9,65 A=205000 m? A =139 000 m?
Q=4,5x10°m%/s Q=4,3x10°m%/s
908 m 850 m

Little Jaloman Village v=29m/s v=42m/s

km 14,6 A =306 000 m? A=215000 m?
Q =8,9x10° m*/s Q=19,0x10° ms

Giant bar between Inja and 94_9 n; y 88_0;[1 /

Little Jaloman Village v=32ms V=45 mis

km 20.65 A =384 000 m? A =225000 m?

’ Q=12,3x10°m?/s Q=10,1x10°m%/s

1040 m 989 m

Lower Chuja Valley v =28 m/s v =39 m/s

km 35,7 A =362 000 m? A =256 000 m?
Q=10,1x10°m?/s Q=10,0x10° m*/s
1057 m 990 m

Lower Yalbak-Tash v=32m/s v=45m/s

km 39 A =300 000 m? A =186 000 m?
Q=9,6x10° m*/s Q=8,4x10°m%/s
1077 m 1015 m

Upper Yalbak-Tash v=31m/s v=43 m/s

km 41,4 A =342 000 m? A =240 000 m?
Q=10,6x10°m?/s Q=10,3x10° m%/s

The roughness of the surface of the valley-slopes might lead to an underesti-
mation of the kinetic energy of the flow. Parts of the energy necessary to raise the
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water-level at local obstructions might be dissipated to overcome the roughness
of the obstruction’s surface. This effect, in turn, might lead to deposition of the
suspension load at lower elevation, implying that the extent of the rise in the water
surface is determined by the surface roughness, which cannot be easily quantified.
Validation of the method is desirable to estimate it accurately. Wilm and Storey
[21] found 10% errors in the flow velocity estimated on the basis of velocity-head
rod method. However, this value was derived for flows of much lower magnitude
and partly from controlled flume experiments.

Regression drained lake volume-peak discharge

A well-established method to estimate the peak discharge of modern ice-
dammed lake outburst floods is the empirical regression of the drained volume
of water and the peak discharge. Even though there is no physical relationship
between these parameters and significant differences are expected occur along
the floods’ pathway due to valley topography and slope and retention effects, the
relationships work remarkably well. Several attempts have been made to derive
regression equations, in spite of the criticism related to the selection of the events,
differences in outflow mechanism and the triggering mechanism of the outbursts.
The plots given in figure 7 show that the regression lines obtained by various
workers are comparable.

The application of such relationships for large-scale events is limited. Only
Clague and Mathews [26] considered estimations of peak discharge of the
outburst flood from the Pleistocene ice-dammed Lake Missoula. Therefore, a new
regression was derived for large-scale events. An arbitrarily threshold drained
volume of 1 km? (= 10° m?®) was chosen to identify large-scale events and separate
them from the smaller events. Eighteen instances of ice-dammed lake outburst
floods from Pleistocene and modern times were taken from the literature to
derive the relationship. The instances are listed in Table 3. Note that well-known
examples that were either not exclusively related to ice-dams and those that were
related to some kind of uncertainties, were not considered. For a drained volume
V given in km?® a regression equation of Q = 6 645 V** was determined, Q is
given in m3s™" and r* = 0,93.

Assuming that the entire volume of the ice-dammed lake in the Kuray and
Chuja Basin, with a volume of 607 km? (for a lake level at 2100 m), was drained
during the outburst flood, the estimated peak discharge is 3 500 000 m3s™'.

A comparison of this estimate with the earlier estimates indicates that regression
equation underestimates the peak discharge. A closer examination of the examples
given in table 3, reveals that Lake Missoula Flood is the only outburst flood
with an estimated drained volumes of more than 100 km?. Even after taking into
account the fact that it is incorrect to include two different values for the estimated
peak discharge from Lake Missoula (based on different estimation attempts) and
that the complex topography of the flood’s pathway have a profound ponding
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effect, the amount of data to develop a regression equation is insufficient. Hence,
it could be concluded that such an estimate of the peak discharge is not reliable.

Table 3
Large ice-dammed lake outburst floods in historic and pre-historic times

Location Date Lake vol- | Peak dis- Reference
ume, km?® | charge, m%/s
Missoula, . s
Montana USA Pleistocene | 2,184 17 000 000 |O’Connor and Baker (1992)
Missoula, .
Montana USA Pleistocene | 2,184 10 000 000 |Baker and Costa (1987)
Nedre Glamsjo, | pjoiciocene| 99 170 000  |Berthling and Sollid (1999)
Norway
Lake Alsek, after Clarke from Clague and
Canada Holocene 30 470 000 Evans (1994)
Kjolur, Iceland 9500 BP 25 200 000  [Témasson (2002)
Hubbart Glacier, Mayo (1987), Seitz et al. (1986),
Alaska USA 1986 33 104500 Mayo (1989)
Lake Alsek, after Clarke from Clague and
Canada ca. 1850 | 47 30000 1 ans (1994)
Lake Elk, Canada | Pleistocene 4 20 000 Clague (1973)
Lake George, after US Geological Survey from
Alaska USA 1958 2.2 10°160 Fahnestock and Bradley (1973)
Lake George, after US Geological Survey from
Alaska USA 1961 L73 10050 Fahnestock and Bradley (1973)
Graenalon, 1935 1,5 5800 | Thorarinsson (1939)
Iceland
Gracnalon, 1939 1,5 5000  |Thorarinsson (1939)
Iceland
Lake Batal, Pleistocene| 1,496 24000  |Coxon etal. (1996)
Himalaya
Lake George, after US Geological Survey from
Alaska USA 1960 1,48 9280 Fahnestock and Bradley (1973)
Van Cleve Lake, after Brabets from Walder and
Alaska USA 1992 L4 43001 osta (1996)
Chong Kumdan after Gunn or Mason et al.
(Shyo), India 1929 1,35 22630 From Hewitt (1982)
Lake George, 1959 11 6310 after US Geological Survey from
Alaska USA ’ Fahnestock and Bradley (1973)
Lake George, after US Geological Survey from
Alaska USA 1965 L 6680 |Fahnestock and Bradley (1973)
Further attempts

Additional attempts to estimate discharge related to the outburst floods in Altai
Mountains are applied. Due to the limitation of the space, only a short review of
the attempts and related problems is given.

The water-level calculation software HEC-RAS (Hydrologic Engineering
Center of the US Army Corps of Engineers — River Analysis System) [27, 28,
http://www.hec.usace.army.mil/software/hec-ras/ — 27" Sept. 2011] is applied to
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estimate discharge based on the palacostage, represented by giant bars’ surfaces
[29]. The software package allows calculations of discharge and water surface
level for one-dimensional steady and unsteady flow under sub- and supercritical
conditions. Energy losses are evaluated by friction (Manning equation) and
contraction or expansion by coefficients multiplied by the change in velocity
head. The momentum equation is applied in situations where the water surface
profile is rapidly varied, including mixed flow regime calculations with hydraulic
jumps, hydraulics of bridges and profiles at river confluences.

—%— Clague & Mathews (1973)
—O— Beget (1986)

10 —v— Costa (1988)
:m —A— Desloges et al. (1989)
£ | —O— Walder & Costa (1996): tunnel drainage
g 10 —0O— Walder & Costa (1996): non-tunnel draina
g 2
5 10°
-
[W]
g
g 10°
10°
10'

10* 10° 10° 10’ 10° 10°  10° 10" 10% 10"
V: drained volume (m?°)

Fig. 8. Selected published relations of drained ice-dammed lake
volume V and peak discharge Q

To accomplish the presumption of gradually varied flow between the
244 cross-sections derived from detailed topographic maps, the modelled reaches
of the valleys must be relatively homogenous. Hence, three units were separated
and modelled independently, because obvious changes in valley characteristics
require this: the broad and less steep Katun Valley up to the confluence with the
Chuja River (km 0-30; 2,2%o), the straight and relatively steeper lower part of the
Chuja Valley (km 30—44; 6,0%0) and the winding upper part of the Chuja Valley
(km 44-85; 6,0%0). The area of the confluence itself is left out for modelling as
the conditions of flow change abruptly in this section. Considering, the available
literature the following loss coefficients of roughness, contraction and expansion
were chosen: n= 0,04, c=0,2 and e =0,4. Regarding run-up sediments as indicator
of maximum water-level and giant bar surfaces as minimum elevations, peak
discharge for sub-critical flow conditions can be estimated as between 8x10° m*s™
and 12x10° m3s™! for all sub-reaches. Depth of flow varies between 280 and 400 m,
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with mean flow velocity of 9-37 ms™'. Froude numbers of 0,20-0,85 confirm sub-
critical flow conditions along the entire valley.

In the meantime, improvements of the HEC-RAS software allow unsteady
flow simulations which were not possible due to numerical instabilities with
previous versions. Rudoy and Zemtsov [30] modelled the unsteady outburst flood
principally, but the modelled flood levels do not reach the palaeostage indicators
like the giant bar surfaces and peak discharge is less than found by other
approaches. Carling et al. [31] used alternative software to model the outburst
flood as unsteady, one- and two-dimensional flow and found peak discharges
confirming previous magnitudes.

Between the villages of Inja and Little Jaloman in the Katun Valley (fig. 2),
boulders, which were obviously transported by the flood are deposited. The
mean diameter of the five largest boulders is 11,3 m, while the largest one has
a diameter of 13,5 m. To interpret the competence of the flow indicated by the
dimension of the boulders, is an apparent attempt but limited by the dimension
of the transported boulders. As described previously, for example, by Baker
[32], transport of boulders with diameters of more than about 2—3 m is related
to macroturbulence effects, which create an uplift force due to modification of
the current system around the boulder. Due to the magnitude of the related flow
conditions, hydraulic interpretation of this effect of non-linearity is not well
understood [33] and theory-based attempts are not available.

In spite of these problems, a rough estimation of the flow conditions required
to transport these large boulders, based on relationship derived for smaller
dimension boulder deposits available in the literature, result in flow velocities of
about 20 ms™!' with related discharges of 3 000 000 m3s~!. As these values could
be overestimations, due to the macroturbulence effects mentioned above, the
transport of the boulders may not be necessarily related to the peak discharge of
the outburst flood. Even the magnitude of the required discharge is significantly
smaller than peak discharge estimated by other attempts. Hence, the transport of
the boulder occurred at an unspecified stage associated with falling flood stage.

Fluvial gravel dunes are formed as bedform features at the previous lake bottom
and along the flood’s pathway down to the opening of the Katun Valley towards
the western Siberian Plain, where traces of the event fade out. As mentioned
above, the sedimentology of several gravel dune fields is subject of detailed
investigations by Carling [9, 10], who also carried out hydraulic interpretations,
which result in estimated flow velocities of 1,5-8 ms™ and related discharges of
20 000750 000 m?s™!' over the span of the dune fields. The largest gravel dunes
were found at the eastern margin of the Chuja Basin with heights up to 23 m and
wavelengths up to 320 m.

Based on a) empirical relationships for the geometry of fluvial dunes; b) the
depth of flow in combination with estimations of the flow competence indicated by
the gravel sizes of the investigated dunes, the estimation of flow conditions forming
the residual dune structures can be made. Depending up on the different sizes of the
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dunes, mean flow velocities of 4,8-10 ms™' and discharges in the range of 10 000—
1 340 000 m*s™" were determined. As gravel-dunes grow during the rising stage of a
flood and decrease at the end, the residual dimensions cannot be related to the peak
discharge but again to an unspecified stage at the termination of the outflow.

Similar problems are encountered in case of the obstacle marks, found in
different sizes at the boulder field between Inja and Little Jaloman, and around a
bedrock hill near the village of Chagan-Uzun at the eastern margin of the Chuja
Basin. As scour holes refill during the decreasing flood [34], they are dynamic
features like gravel-dunes.

The boulder between Inja and Little Jaloman is about 10,8 m wide with a
length of 13,8 m and a maximum height of 3,1 m above the surrounding surface.
The scour hole is filled by loess deposits blown in after the outburst floods, but
can easily be separated from the gravel-paved surface around by changes in the
vegetation cover. The width of the depression is 24,3 m with a maximum observed
depth of 2,3 m. The scour hole around the bedrock hill near Chagan-Uzun has a
measured depth of 8,1 m. Length along the direction of flow is 91,5 m and the
width is nearly 400 m, while the hill itself is 50 m high. The maximum elevation
of the deposits on leeward side of the hill is about 4 m above the area, while its
counterpart at the boulder reaches the height is 0,5 m.

Calculations of scour hole dimensions and dynamics are a classical engineering
task as bridges and oil platforms, for example, are in potential danger to fail by
scour around the piers. Unfortunately experiences gained by related investigations
cannot be transferred, as the current pattern is different, because piers engineering
structures are not usually submerged by the flow. Similarly, the results from flume
experiments are not applicable directly, because earlier investigations derived
mainly qualitative results, while current studies are mainly carried out on a fluid
mechanical base in flumes under well-defined environmental conditions.

Finally, the estimations of flow conditions based on the characteristics of
the obstacle marks are based on minimum values of the depth of flow derived
from the scour hole dimensions and flow velocity assessments related to the flow
competence indicated by grain sizes of sediments at the outer scour hole walls.
The scour hole around the boulder near Inja seems to be finally formed by a current
with a velocity of 1,4 ms™ at a discharge of about 800 m3s~!. The larger depression
around the bedrock hill contains evidence of a flow of about 11 500 m3s™ with
flow velocity of approximately 1,7 ms'. Obviously, these discharges represent the
very final stage of the flood, and had previously reduced the scour holes dimension
by refilling with transported sediments.

Results
The different attempts to estimate flow conditions of the Pleistocene outburst

floods in Altai Mountains result in data for flow velocity and discharge of the
flood’s peak and unspecified stages of the waning flood. Based on the conservative
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estimate of the peak discharge to be about 10 000 000 m3s™ and assuming that
the entire lake basin, with a volume of 607 km?, drained during the outburst a
hydrograph can be generated. The hydrograph indicates a flood that did not last
for more than 2-3 days (fig. 9). The duration of the flood was determined by the
integral curve based on the limitations of the drained volume (= integral) and the
peak discharge. Advanced modelling of unsteady two-dimensional flow confirms
this magnitude. From a negligible baseflow, an abrupt rise of the hydrograph
represents the outburst flood wave, which reached peak discharge values almost
immediately. It should be noted that the hypothetical hydrograph does not consider
ponding effects along the flood’s pathway. Consequently, a tendency towards
underestimation of the duration of the flood is inherent.

104

10,000,000 m’s™

Discharge (10° m’/s)
N
1

Days

Fig. 9. Theoretical hydrograph of the ice-dammed lake outburst flood based
on peak discharge and drained volume

Compared with the earlier estimates of the peak discharge of the outburst flood
[5] the new calculations give a slightly higher discharge magnitude. Considering
the fact that the present study is based on larger number of palacostage indicators
and also includes the calculation of the discharge downstream of the former
ice-dam, the new estimations appear reliable and contain several elements of
conservative assessment.
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IOpren Xeprer

Daxynemem eeocpaguu Ynusepcumema bonna, boun, I'epmanusa

ITPOPBIBHBIE ITABOJIKHU U3 JIEAOBO-ITOANPYAHBIX
O3EP I'OPHOI'O AJITASI (CUBUPD)

B nepuoo naeiicmoyena meckonvko 2OpHuIX J1EOHUKOS 6bIOBUSANUCL 8 OONUHY
p. Yya, npumoka Kamynu. B mecme, 20e menepv pacnonodxcer noc. Akmaut, 1eOHuxu
O10KUposany cmok Yyu u popmuposanu noonpyxcentoe 1b0om 03epo, 06vem Komopo-
20 docmuzan 607 km®. Boonas nogepxnocmo 6 osepe, pacnoiazasuieMcsi 6 Yyiuckoi u
Kypaiickoii mexceopHvix komaogunax, docmueana maxcumanvhoi ommemxu ¢ 2 100 m.
Ipu 6vicmpom paspywenuu 1e0060t niomuHvl no oonunam Yyu u Kamynu npoxoounu
2ueanmeKue nasooku. Bepoammno, oamba paspywanace é pesyivmame nepenusa 600bl
uepes Hee U OLICIPO2O BPE3AHUA NOMOKA 8 1e008oe meno niomunsl. Ilomox nepero-
CUTL B0 638EUEHHOM COCMOSHUL PABULL U OMAARAT €20, YOPMUPYA SueaHmcKue 6apvl
6 Mecmax pacutupenus OOIUH U YCIMbAX NPUMOKO8. B ycmusx npumoxos no nymu 08u-
JHCeHUA NABOOKO8 2ueanmckue 6apvl OIOKUPOBANU UX OONUMbL, 00pA3ya 8MOpUUHbIE
03epa, Komopbvie OOHAPYHCUBAIOMCA NO O3EPHLIM OMILONCCHUAM, NEPECIAUSAIOUUMCS
€ epasuem, Ymo 2060puUNt 0 MOM, 4Mo NABOOKU 0OPA306bI8ANUCH HEOOHOKpamHo. Om-
MemKU NOBEPXHOCU SUSAHMCKUX 6APO8 COOMBEMCMBYIOM 2YOUHe NOMOKA 8 OOTUHE
Yyu cpasy Hudtce nedosoil nromunsl, docmuzasuietl 400 m. Mmeromes u opyaue muoeo-
YucIeHHble C8UOeMEeNbCmed HEOOHOKPANMHO20 NPOXOHCOEHUSL SUSAHMCKUX NABOOKO8
no ooaunam Yyu u Kamynu.

TIpeowecmeyowue ucciedosamenu coOCpeOOMOYUBAIUC MONILKO HA OMOETbHbIX
acnexmax npobnemvl, nanpumep C.B. Ilapnaues u I1. Kapnune u Op. — na eeonoauu eu-
eanmcekux 6apos, 11. Kapnune — na epasutinvix orouax, A. Paiimep u Op. — Ha 6ospacme
npopwisHsix nasooxkos, 11.C. bopooasxo u I1. Kapaune u Op. — Ha camom 1e0080-noo-
npyonom osepe. Hoevie nybiukayuu oadym 6onee 0emaibiyio ungopmayuio, Kacaio-
WYHCs 8peMeHU npoxoxicoeHus nasookos. CoenacHo ommeyeHHbIM eblute NyOnuKayu-
AM, OONBUUHCINBO OAMUPOBAHHBIX C1E008 NABOOKOE CEUOEMENbCIEBY e O BPeMenU UxX
npoxoocoeruss medxcoy 40 u 17 moic. 1em Hasao.

B npedcmasnennom 0630pe denaemcs nonvimka peKoHCmpyuposams pasmepbl na-
600Ka, (hopmupyioue2ocst npu nPopwiee 1e0080-N0ONPYOHO20 03€pd.

M nonyuenus uHgopmayuu 0 pacxooax 600bl npu NPOXOHCOEHUU NPOPLIEHBIX Nd-
600K08 UCNOJIb3068AHbI CeMb HE3ABUCUMbBIX MemO0008: 1) memoo «nponycknas cnocob-
HOCMb OONUHbL — YKIIOHY, K020d YKIOH NOMOKA ONPeOeNsics NO 8blCOMe NOBEPXHOCU
Haubonee 8bICOKUX 6apos; 2) No BbLICOMHBIM OMMEMKAM MAMEPUANd, OMILOHNCEHHOZO
Ha 60pmax 00UHbL 8 pe3yIbmame 3anieckos NONOKA, KOmopwle NO360JA0M OYeHUnsb
€20 CKOPOCMHOU HANOP, A C1e008AMENLHO, U CKOPOCTb, 3) NO PecpecCUOHHBIM 3A8UCH-
MOCIAM MAKCUMATLHBIX PACX0008 800bL OM 00BEMA 800bL 8 ONOPONHCHAIOUEMCSL 03epe;,
4) mooenuposanue nomoka 6 npozpamme HEC-RAS I'udoponozuueckozo unicenepHozo
yenmpa Kopnyca epasxcoanckux unocenepog Apmuu CILLA, nosgonarowezo oyenumy
PACXo0bl NOMOKA, COOMEEMCMBYIolyle ONPedeleHHOll e20 Kpueoll c60000HOU nosepx-
HOCIMU NPU YCIMAHOBUBUEMCA U HEYCIAHOBUBULEMCS OBUNCEHULU 800bL, MOOETUPOBAHUE
0CYWeCmBIANOCy MAKHCE C NOMOWBIO OBYMEPHOU MOOenU medeHus; 5) no pasmepam
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6AYHOB, SIBHO NPUHECEHHBIX U OMIONCEHHBIX NOMOKOM (NAMb 8ATYHO8, OMIONCEHHBIX
mexncoy cenamu Mus u Manwvui Anoman 6 oonune Kamynu, umeiom cpednuii ouamemp
11,3 m npu maxcumanvrom 13,5 m); 6) no pazmepam GuosuarbHbIX epaAGUIHbIX OIOH,
obpazyrowux nons 6 Kypaiickoii komnosune u 6 donune Kamynu nudgice no mevenuio u,
6epPOSIMHO, CHOPMUPOBABIUXCS HA 3a6epuuaroujell Cmaouu ONOPodICHeHUs 03epd; 7) no
pasmepam KOmaoguH GbIMbI8AHUsL 00PA308ABUUXCS Y MECHIHBIX NPENSMCMEULl no nymu
d8uUdICeHUsl NABOOKA, MAK dice, NO-8UOUMOMY, 00PA306ABUUXCSL HA 3a8epuiaiouyell Cma-
ouu nasooka.

B pezynomame Ovinu nonyuenst oannvie 0 pacxooax u cKOpoCmsx meyenusi 600bl,
coomeemcmeyoujue 8peMeHU NPOXONCOEHUsL NUKA NABOOKA U PAZHBIM IMANAM €20 HUC-
xoosuyetl (hazvl. Makcumanbuviii pacxoo 600bl oyenusaemcst npumepho 6 10 man m’c™,
a 0b6was npooondcumenbHoCcmy nagooka — He 6onee 2—3 cym. Hacmoswyee uccnedo-
6anue onupaemcsi Ha OoIbULEE KOTUYECMBO UHOUKAMOPOS YPOGHell NaieonomoKos u
6KII0YAEN pacyem pacxo008 00bl HUNCE NO MEYeHUIO0 OM PA3PYuaAsUielcs 1e00801
NIOMUHBL, HOBbLE OYECHKU bI2AAOSIN OOCMAMOUHO HAOE)HCHIMU.

Jannas paboma nposedena na ochoge cosmecmuwix ucciedosanuii ¢ Ilonom Kap-
nuneom (Lllxona eeocpaghuu Ynusepcumema Caymeemnmona, Caymeemnmon, Benuxo-
opumanus) u Ilagnom bopooasko (eeonoco-eeoepagpuueckuii gpaxyromem Tomckoeo
eocyoapcmeennozo ynugepcumema, Tomck, Poccust).

KiroueBblie ¢10Ba: 1€0080-n00npyoHoe 03epo, npopvleHOl NAGOOOK.
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