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Paleohydrology of Late Pleistocene SuperRooding, discharges as great as lo9 m3 s-l ( I n -  

Altay Mountains, Siberia Martian flooding occurred on such a grand 
scale that it probably would have affected 
global climate, thereby inducing a variety of 

Victor R. Baker,* Gerardo Benito,? Alexey N. Rudoy cliite-related geomorphological responses 
(1 8). Large-scale flood channels have also 

Cataclysmic flooding is a geomorphological process of planetary significance. Landforms recently been found on Venus (1 9), though 
of flood origin resulted from late Pleistocene ice-dammed lake failures in the Altay Moun- these floods probably involved highly fluid 
tains of south-central Siberia. Peak paleoflows, which exceeded 18 x lo6 cubic meters lavas that mimicked aqueous behavior (20). 
per second, are comparable to the largest known terrestrial discharges of freshwater and Here, we describe cataclysmic flood fea- 
show a hydrological scaling relation to floods generated by catastrophic dam failures. tures of the Altay Mountains of south-cen- 
These seem to have been Earth's greatest floods, based on a variety of reconstructed tral Siberia (21). Many of these features 
paleohydraulic parameters. were formerly ascribed to glaciation (22). 

However, they occurred in association with 
outflow routes from late Pleistocene ice- 
dammed lakes (Fig. 1). Landforms indicative 

T h e  long tradition in geomorphology of English Channel landforms (14) and to the of cataclysmic outburst floods from these 
inferring cataclysmic flood origins for cer- extensive drumlin fields of North America lakes include flood-scoured channelways, gi- 
tain valley landforms (I ) has produced in- (1 5). Landform assemblages characteristic of ant bars, and gravel wave trains (Fig. 2). 
cidents of less-than-critical hypothesizing of cataclysmic flooding have also been de- For a reach of the Chuja River valley, 
catastrophism (2), which has led to some scribed on Mars (1 6). The Martian outflow immediately downstream of the Kuray Basin 
scientific disrepute for such explanations channels are much larger than those of the (Fig. I), we estimated the mechanical pro- 
(3). For the Channeled Scabland region of Channeled Scabland and may have had cesses responsible for these landforms. As 
the northwestern United States (4) ,  anti- 
quated and outmoded concepts of uniformi- 
tarianism (5) hindered scientific recogni- 
tion of pervasive field evidence that indi- 
cated that landscape's origin by cataclysmic 
flood processes (6). The mechanical pro- 
cesses associated with the Channeled Scab- 
land flooding are now well established (7): 
the failure of ice-dammed Glacial Lake 
Missoula resulted in late Pleistocene peak 
discharges as great as 17 x 106 m3 s-' (8), 
and a distinctive suite of landforms (9) is 
associated with the immense stream power 
(10) expended by the Missoula flooding. 

Cataclysmic flood processes similar to 
those responsible for the Channeled Scab- 
land have been documented for late Pleis- 
tocene drainage of Lake Bonneville (1 I ) , for 
various spillways marginal to the Laurentide 
Ice Sheet (12), and for Swedish Lapland 
(1 3). More controversial are the cataclysmic 
glacial flood origins ascribed to submarine 

V. R. Baker and G. Benito. Arizona Laboratory for 
Paleohydrological and Hydroclimatological Analysis, Fig. 1. (A) Location of Altay Mountain study site in the headwaters of the Ob River, Siberia. (B) 
Department Of Geosciences, University Of Enlargement of box B in (A), showing the locations of late Pleistocene ice-dammed lakes of the Tucson, AZ 85721. 
A, N, Rudoy, Geography Department, Tomsk State Altay Mountains. K, Kuray Basin; S, Chuja Basin. Giant bars occur near lnya (I), and gravel wave 
Pedagogical Institute, Tomsk. Siberia. Russia. trains occur at Little Jaloman (J) and Platovo (P). The reach chosen for hydraulic analysis (C) is 

'To whom correspondence should be addressed. located near the Kuray Basin ice dam. Late Pleistocene glacial and flood features are after Rudoy 
+Present address: Centre de Ciencias Mediambien- eta/. (27). (C) Enlargement of box C in (B), showing details of the flood reach analyzed in Fig. 
tales, Consejo Superior de lnvestigaciones Cientifi- 3 and locations of selected cross sections (numbered in the text and in Fig. 3). D, high-level 
cas. Serrano 115 dpdo, 28006 Madrid. Spain. divide crossing; R, gravel waves. 

348 SCIENCE VOL. 259 15 JANUARY 1993 



mented with an additional ten intemolated 

Fig. 2. Cataclysmic flood landforms of the Altay Mountains, Siberia. (A) Flood-scoured gorge of 
Chuja River immediately downstream of Madjoi River confluence (Fig. 1 C). (6) Giant bar rising 
200 m above Katun River at Inya, Siberia. (C) Gravel waves (giant current ripples) at Little 
Jaloman, Katun River valley, Siberia. (D) Aerial photograph of gravel waves in the southeastern 
Kuray Basin (Fig. 1B). Scale bar, 500 m. 

shown in Fig. lC, the reach consists of an 
upstream segment (cross sections 15 and 17) 
that is 7 km wide and 500 m deep. The 
Kuray Basin lake was impounded by late 
Pleistocene ice filling the Aktash dry valley 
and by a glacier descending the Madjoi River 
valley to block the Chuja River. The failure 
of this glacial ice dam induced flooding down 
the 2-km-wide, 600-m-deep gorge (Fig. 2A) 
immediately downstream (Fig. lC, cross sec- 
tions 1,2,3, and 7). The floodwater scoured 
high-level divide crossings (Fig. 1C) and 
spilled into a high-level marginal basin, 

forming gravel waves (Fig. 1C). Water levels 
had to exceed 1900 m in elevation in order 
to produce these late Pleistocene landforms. 

We calculated ~aleoflood water-surface 
profiles (Fig. 3) for this geometry using 
open-channel flow standard step methods 
(23). The calculations were complicated by 
a 2-km-long subreach (Fig. lC, cross section 
12) oriented nearly perpendicular to and 
joining the upstream and downstream com- 
Donents of the reach studied. Seven detailed 
cross sections obtained from topographic 
maps (1:50,000 scale) had to be supple- 

cross sections at the sharp bend of the reach. 
The bend coincides with an abrupt change 
in gradient for the Chuja River (Fig. 3), 
which is probably a knickpoint created by 
the glacial diversion of Chuja drainage from 
its ancient route through Aktash. The gla- 
cial Chuia River was diverted to the flood- 
scoured linear gorge downstream of the Mad- 
joi confluence (Figs. 1C and 2A). 

The flow modeling results indicate that 
the flow changed from subcritical flow in the 
relatively wide upstream reach (cross sec- 
tions 15 to 17 in Fig. 3) to supercritical flow 
at the upstream end of the narrow down- 
stream gorge (cross sections 10 to 14). A 
hydraulic jump (Fig. 3) indicates the abrupt 
transition of the paleoflow from supercritical 
back to subcritical. The correspondence of 
this zone of intense energy dissipation to the 
gradient change of the Chuja River probably 
has genetic simificance. Downstream of this 
poi;, the goige was highly scoured by the 
400-m-deepfli. flows. The gorge was prob- 
ably cut rapidly by headward erosion of the 
spilling floodwaters in a manner similar to 
that seen in scabland channel erosion by 
Missoula outburst floods (9). 

Peak flow through this reach (Fig. 3) was 
at least 18 x lo6 m3 s-' (24). This estimate 
slightly exceeds that for Missoula flooding, 
which was previously considered the largest 
known terrestrial cataclysmic flow of fresh 
water (8). The hydrology of the peak flow of 
the Kuray Basin seems consistent with that 
documented for much smaller, historic dam 
failures (25), and it is distinct from the 
scaling of gradually eroded glacial spillways 
and glacial outbursts (jokulhlaups) created 
by the enlargement of ice tunnels (Fig. 4). 
Jokulhlaups were proposed as the release 
processes for numerous cataclysmic Pleis- 
tocene Missoula floods hypothesized to be 

Fig. 3 (left). Calculated wa- 
ter-surface profiles for the 0=18x1@m3s4 .Constructed dams Kuray flood 

lo' 

cross sections and peak  glacial dams 
10'- Largest Misoula flood// 

stage indicators (divide Bonneville flood 
crossings) shown in Fig. 1 C. 7106- 
A hydraulic jump (HJ) oc- 5 1.8 o 

0 

J' 
Lake Agassiz 

curs at the prominent flow 2 ?lo5- flood constriction and bed slope 3 
change. The indicated dis- 2 F flood 
charges are for water enter- { lo4 

a 
ing from the Kuray Basin at 
1900 and 1920 m. 'ihe dis- 
charges may be somewhat 
less than the maximum 

smiom! ? 345 6 7891011121314 15 16 17 102- 
A 

peaks achieved at the high- 
est lake stands (24). Q, flow 0 5 10 15 20 

Distance from downstream cross section (km) 10' 
rate. Fig. 4 (rlght). Rela- I@ 105 lo7 109 1oI1 loi3 10l5 
tion of peak discharge to the Height x volume 
product of dam height 
(4 (m) times lake volume (V) (m3), showing data on failed artificial (construct- involve gradual erosion of lake spillways, which scale with the ice-tunnel 
ed) dams and historic jokulhlaups from ice-dammed lakes (25). Cataclysmic enlargement processes of historic jokulhlaups (26). The Missoula and Kuray 
flood discharges include Kuray, Missoula (8), Bonneville (1 I ) ,  Lake Agassiz (Chuja) peak floods were much more energetic, and they scale with abrupt, 
(28), and the Souris-Pembina spillway system (29). The latter three all cataclysmic dam breaks. Q,, maximum flow rate. 
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responsible for the erosion of the Channeled 
Scabland (26). However, as in the case of 
the largest Missoula floods (a), the peak 
Chuja flooding seems physically more con- 
sistent with a process of cataclysmic dam 
failure. This dam-break scenario for the peak 
discharge does not preclude the occurrence 
of smaller jokulhlaups generated by repeated 
filling and failure of the ice-dammed lakes. 
These probably yielded flow peaks on the 
order of 1 x lo6 m3 s-' (27). These rela- 
tions are remarkably similar to those hy- 
pothesized for the late Pleistocene Missoula 
floods (8). 

Hydraulic parameters for the Chuja peak 
flows (Fig. 3) exceed the largest values 
known (10). The superlatives include flow 
depths of 400 to 500 m, velocities of 20 m 
s- ' (subcritical sections) to 45 m s- (super- 
critical sections), bed shear stresses of 5000 
N m-2 (subcritical) to 20,000 N m-2 (su- 
percritical), and stream power per unit area 
of lo5 W m-2 (subcritical) to lo6 W m-2 
(supercritical). These may well have been 
Earth's greatest floods. 
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Why Does the Earth Spin Forward? 

Luke Dones* and Scott Tremaine 
The spins of the terrestrial planets likely arose as the planets formed by the accretion of 
planetesimals. Depending on the masses of the impactors, the planet's final spin can either 
be imparted by many small bodies (ordered accretion), in which case the spin is determined 
by the mean angular momentum of the impactors, or by a few large bodies (stochastic 
accretion), in which case the spin is a random variable whose distribution is determined 
by the root-mean-square angular momentum of the impactors. In the case of ordered 
accretion, the planet's obliquity is expected to be near 0" or 180", whereas, if accretion is 
stochastic, there should be a wide range of obliquities. Analytic arguments and extensive 
orbital integrations are used to calculate the expected distributions of spin rate and obliquity 
as a function of the planetesimal mass and velocity distributions. The results imply that the 
spins of the terrestrial planets are determined by stochastic accretion. 

T h e  directions of planetary spins are not 
random. Six of the eight major planets-all 
except Vems and Uranus-have prograde 
spin, and those with prograde spin all have 
obliquity <30°. The predominance of pro- 
grade rotation among the planets has often 
been cited as evidence that they formed by 
orderly accretion from a thin disk. Howev- 
er, the processes determining planetary 
spins are different for the terrestrial planets 
(Mercury, Venus, Earth, and Mars), the 

Canadlan Institute for Theoretical Astrophysics, 60 St. 
George Street, University of Toronto, Toronto, Ontarlo 
M5S 1A7, Canada. 

*Present address. NASA Ames Research Center, Mail 
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giant   la nets dupiter, Saturn, Uranus, and 
Neptune), and Pluto and Charon. The 
terrestrial planets consist largely of solids, 
and the late stages of their formation prob- 
ably occurred in a gas-free environment by 
accretion of solid bodies. By contrast, most 
of the mass and angular momentum of 
Jupiter and Saturn resides in an envelope of 
hydrogen and helium, which is believed to 
have collapsed from the rotating solar neb- 
ula onto a core composed of rock and ice. 
Their spins were probably determined by 
gravitational torques on or accretion of this 
envelope (1, 2). Uranus and Neptune are 
intermediate cases with much smaller gas 
envelopes than Jupiter and Saturn. The 
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