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6.36.1 Introduction

Aluviones, jokulhlaups, chhugyiimha, débdcles, bishyari, GLOFs (glacial lake outburst floods), pond-letting and lake and bog bursts all refer to
the universal phenomena of outburst floods. Breaches of naturally impounded waterbodies have caused most of the largest and
most lethal floods known (Table 1; Costa and Schuster, 1988; Cenderelli, 2000; Clague and Evans, 2000; O’Connor et al.,
2002; O'Connor and Costa, 2004; Carey, 2005; Carrivick and Tweed, 2016; Liu et al., 2019), giving rise to special vocabulary in
cultures worldwide. Similarly, floods from breached constructed dams have caused significant human disasters (Outland, 1963;
McCullough, 1968; Coleman, 2019), as well as geomorphic consequences (Scott and Gravlee, 1968; Rydlund, 2006; Major
etal., 2012).

Outburst floods on Earth have had discharges up to 10® m> s~ !, exceeding those of the largest known meteorological floods
by a factor of 100 (Table 1; Fig. 1; O’Connor et al., 2002). Even larger outburst floods on Mars likely had peak discharges
exceeding 10° m3 s~ ! (Komatsu and Baker, 1997; Dohm et al., 2000; Coleman and Baker, 2009; Baker et al., 2015). Because
outburst floods—even ones as small as 10" m> s~ '—typically inundate landscapes unadjusted to such flows, they almost always
have profound and long-lasting geomorphic effects. Additionally, rapid releases of immense volumes of freshwater to oceans
during large outburst floods in the past have affected ocean circulation and climate at broad scales (Teller et al., 2002; Murton
et al., 2010; Praetorius et al., 2020). Consideration of outburst floods thereby provides perspective on a fundamental aspect of
global systems and one of important physical and human consequences.
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Table 1 Selected examples of well documented outburst floods; “n.d.” no data; “n.a.” not applicable.
Approximate Outlet or Flood Location Peak
(WGS 84) Dam Height Breach Discharge,
(Maximum Volume Depth (Lake  Volume in Cubic
Lake Depth), in Impounded, in Level Fall), Released, in Meters per
Flood Location Latitude Longitude Date Meters Cubic Meters in meters Cubic Meters Second References Comments
Valley Blockages Ice Dams
Glacial Lake USA, Idaho 47.8160 —119.9712 Pleistocene 650 2.5-10" 650 2.5-10" 1.7-10% 0’Connor and Baker Multiple releases;
Missoula; (1992); 0’Connor failure mechanism
Columbia River et al. (2020) unknown, but
some probably
involved subglacial
tunneling
Altai Mountains; Russia 50.2500 87.6708 Pleistocene 650 5.6-10" 685 5.6-10" 1.1-10% Bohorquez et al. Failure mechanism
River Ob (2019b) unknown
Glacial Lake Vitim; Russia 57.3930 116.4795 Pleistocene 490 3.0-10% 490 3.0-10" 5.0-10% Margold et al. (2018)  Failure mechanism
Vitim and Lena unknown; peak
Rivers discharge estimate
4-6.5m3s!
Giétro Glacier, Switzerland 45.9998 7.3507 June 15,1818 80 2.7-10% 60 1.6-10% 1.5-10%  Ancey et al. (2019) Rapid failure from
Drance River retrograde incision;
peak discharge
estimated from
parameterized
breach conditions
fit to observed lake-
level fall
Hubbard Glacier, USA, Alaska 59.9948 —139.4853 Oct. 8, 1986 255 5.4-10% 255 5.4-10% 1.1-10% Mayo (1989); Trabant  Probably failed by
Russell Fiord et al. (2003) overtopping
Chong Khumdan Pakistan 35.1740 77.7060 Aug. 15,1920 120 1.5-10% 120 1.5-10% 2.0-10% Hewitt (1968, 1982) Subglacial tunneling,
Glacier, Upper then collapse
Shyok River
Lake George USA, Alaska 61.3985 —148.5950 July 18,1958 488 2.2-10% 48.8 2.2-10% 1.0-10%  Hulsing (1981); Overtopping failure;
Lipscomb (1989) peak lake stage
attained July 13
Strandline Lake USA, Alaska 61.4811 —151.8830 Sept. 14-16 149 7.9-10% 140 7.1-10% 5.0-10% Sturm et al. (1987) Subglacial tunneling;
1984 discharge value
approximate;
geometry
estimated from fig.
3 of Sturm et al.,
1987
Lena River Russia 64.3761 126.4314 June 6, 2001 n.d. n.d. n.d. n.d. 1.4-10% http://rims.unh.edu/ Lena River at Kusur;

data.shtml
[accessed 30 may
2011]

flood peak from
snowmelt and
breached ice jam;
discharge value
obtained in 2011
no longer available
from original
source


http://rims.unh.edu/data.shtml
http://rims.unh.edu/data.shtml
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Landslide Dams
Naranjo River
(Colima)

Columbia River

Indus River

Birehi Ganga River

Gros Ventre River
Rio Mantaro

Yigong River

Volcanogenic Dams
Colorado River

Williamson River

Tadami River
(Numazawako)
Tarawera River

Marella River
(Mapanuepe Lake)

Constructed Dams

Mexico

USA, Washington

Pakistan

India

USA, Wyoming
Peru

Tibet

USA, Arizona

USA, Oregon

Japan

New Zealand

Philipines

19.4647

45.6551

35.4931

30.3773

43.6308
—12.6183

30.1738

36.1405

42.6940

37.4575

—38.1831

14.9875

—103.4554

—121.9080

74.5997

79.5009

—110.5504
—74.6568

94.9398

—113.2025

—121.8210

139.6134

176.5009

120.2709

Pleistocene

circa 1450 AD

June, 1841

Aug. 25, 1894

May 18, 1927
June 6, 1974

June 10, 2000

Pleistocene

7.7ka

5ka

1305 AD

Sept. 21, 1991

150

90

150

237

70
170

54

302

21

100

118

24

1.0-10%°

1.7-10"°

6.5-10%

4.4-10%

8.0-10%
6.7-10%

2.3-10%

1.1-10"

6.5-10%°

1.7-10%

4.0-10%

7.5-10

150

75

150

120

15
107

58

302

70

40

6.5

1.0-10%°

1.6-10"°

6.5-10%

2.9-10%

5.4-10%
5.0-10%

2.3-10%

1.1-10"

5.7-10%

1.6-10%

1.7-10%

4.7-10%

3.5-10%

n.d.

5.7-10%

5.7-10%

1.7-10%
1.0-10%

1.2-10%

5.3-10%

1.3-10%

2.7-10%

5.0-10%

6.5-10%

Capra and Macias
(2002)

0’Connor et al. (1996);
0’Connor and Burns
(2009)

Hewitt (1968); Delaney
and Evans (2011)

Lubbock (1894),
Strachey (1894),
Malde (1968), Costa
(1988), Costa and
Schuster (1991)

Malde (1968)

Lee and Duncan
(1975)

Shang et al. (2003),
Peng and Zhang
(2012), and Delaney
and Evans (2015)

Fenton et al. (2006)

Conaway (1999)

Kataoka et al. (2008)

Hodgson and Nairn
(2005)

Umbal and Rodolfo
(1996)

Volcanic debris
avalanche filled
canyon for 25 km;
resulting breach
resulted in debris
flow; impoundment
geometry
estimated

Lake probably
released in multiple
events of unknown
discharge

Ovetopping;
snowmelt induced;
values from Liu
etal. (2019)

Lava flow into Grand
Canyon

Lake dammed by
pyroclastic flows
from Mt. Mazama
eruption

Pyroclastic flow into
river valley

Existing lake
dammed 30 m
higher by
pyroclastic flow

Dammed by lahars
generated from Mt.
Pinatubo
pyroclastic flows

(Continued)
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Table 1 Selected examples of well documented outburst floods; “n.d.” no data; “n.a.” not applicable.—cont'd
Approximate Outlet or Flood Location Peak
(WGS 84) Dam Height Breach Discharge,
(Maximum Volume Depth (Lake  Volume in Cubic
Lake Depth), in Impounded, in Level Fall), Released, in Meters per
Flood Location Latitude Longitude Date Meters Cubic Meters in meters Cubic Meters Second References Comments
South Fork USA, Pennsylvania ~ 40.3475 —78.7744 May 31,1889  24.6 1.9-10% 24.6 1.9-10 8.5-10%  McCullough (1968) Embankment dam;
(Johnstown) failed by
overtopping
St. Francis USA, California 34.5468 —118.5125 Mar. 12,1928 60 4.7-10% 60 4.7-10% 3.7-10% Rogers (1992) Gravity masonry
dam; overtopping
initiated by
landslide
Malpasset France 435122 6.7567 Dec. 2, 1959 66.5 5.5-10% 66.5 5.5-10% 45-10%  Valiani et al. (2002) Concrete arch,
foundation failure
Oros Brazil —6.2383 —38.9253 Mar. 26,1960  35.8 6.6-10% 35.8 6.6-10% 9.6-10% Costa (1988), Froelich ~ Embankment dam;
(1995), and Wahl overtopped
(1998)
Hell Hole USA, California 39.0581 —120.4097 Dec. 23, 1964 125 nd. 35.1 3.1-10% 7.4-10% Scott and Gravlee Rockfill dam failed by
(1968) and Wahl piping during
(1998) construction
Teton Dam USA, Idaho 43.9119 —111.5393 June 5, 1976 n.d. 3.1-10% 774 3.1-10% 6.5-10% Ray and Kijelstrém Embankment dam;
(1978), Costa failure began from
(1988), and piping, leading to
Froehlich (1995) formation of
overflow breach
Bangiao China 32.9824 113.6233 Aug. 7, 1975 6.1-10% 24.8 6.1-10% 7.8-10%  Data summarized in Rockfill dam; failed
Liu et al. (2019) by overtopping
after excessive rain
from super
typhoon Lianna;
Froehlich (2016)
provides alternate
peak discharge
estimate of
56,300 m®s~"
Other Valley Blockages
Sycan River (eolian USA, Oregon 42.7170 —121.1709 7.7ka n.d. n.d. n.d. n.d. 5.8-10% Lind (2009) Probable blockage of
dune) river canyon by
eolian dune
Bot Estuary (littoral South Africa —34.3669 19.0969 n.d. 2.7 3.0-10% 2.7 3.0-10% 2.5- Van Niekerk et al. Estuary blocked by
sand ridge) 4.1-10% (2005) coastal dunes;

typical outburst
flood
characteristics
(natural and human
triggered)
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Basins

Rocky Creek (beaver
dam)

Ice-Marginal Basins

Glacial Lake Halle-
Leipzig

Glacial Lakes
Miinsterland and
Weser; Ruhr River
valley

Glacial Lake Regina

Glacial Lake Komi

Glacial Lake Agassiz
into Mackenzie
River

Glacial Lake Agassiz
into Clearwater
River

Glacial Lake Agassiz
and Objibway into
Hudson

Moraine-Rimmed basins
Lake Zurich

Canada, Alberta

Northwestern
Germany,
Netherlands

Northwestern
Germany,
Netherlands

Canada, Saskat
chewan; USA,
North Dakota

Russia

Canada,

Saskatchewan

Canada,

Saskatchewan

Canada

Switzerland

50.8278

51.2062

51.7370

49.6322

62.0940

66.2440

56.9620

58.5559

47.3687

—115.1207

11.7720

7.2020

—103.8223

38.4330

—128.6960

—108.5300

—95.9236

8.5427

June 8, 1994

Middle
Pleistocene

Middle
Pleistocene

Late
Pleistocene

Late
Pleistocene

13 ka

11.5ka

8.2ka

Pleistocene

3.2

n.d.

150

n.d.

150

n.d.

46

230

147

7.5-10%

2.24-10"

6.00-10'°

n.d.

2.1-10"

n.d.

n.d.

15-10™

n.d.

3.2

105

35

n.d.

150

n.d.

n.d.

85

7.5-10%

2.24-10"

9.00-10°

7.4-10"°

2.1-10"

95-10"

16-10"

7.1-10"

2.5-10%

1.5-10%

4.6-
6.7-10%

1.7-
3.7-10%

5.8-
8.2-10%
8.5-10%

n.d.

2.4-10%

9.0-10%

2.1-10%

Hillman (1998)

Lang et al. (2019)

Winsemann
etal. (2016) and
Winsemann
and Lang (2020)

Lord and Kehew
(1987) and Kehew
et al. (2009)

Mangerud et al. (2004)

Murton et al. (2010)

Smith and Fisher
(1993)

Clarke et al. (2004)

Strasser et al. (2008)

Peak
discharge
estimated by
breach
modeling

Possibly tanden lake
breach; peak
discharge
estimated by
breach modeling,
ranges owe to
uncertain ice
margins and lake
geometry; multiple
outlets

Multiple outlets

Modeled subglacial
release; 'best
estimate;” depth
estimated from
source Fig. 2

Possibly triggered
Younger Dryas
global cooling
event

Modeled subglacial
release; maximum
case [C(230)];
release linked to
8.2 ka cold event

Discharge calculated
by assuming
critical flow
through outlet;
perhaps triggered
by earthquake

(Continued)
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Table 1 Selected examples of well documented outburst floods; “n.d.” no data; “n.a.” not applicable.—cont'd
Approximate Outlet or Flood Location Peak
(WGS 84) Dam Height Breach Discharge,
(Maximum Volume Depth (Lake  Volume in Cubic
Lake Depth), in Impounded, in Level Fall), Released, in Meters per
Flood Location Latitude Longitude Date Meters Cubic Meters in meters Cubic Meters Second References Comments
Collier GI.; White USA, Oregon 44.1857 —121.7920 July, 1942 10 6.7-10% 5.4 4.6-10% 5.0-10%  O'Connor et al. (2001)  Evolved into debris
Branch flow
Tam Pokhari Glacier Nepal 27.7386 86.8425 Sept. 3, 1998 60 1.9-10 52 1.8-10% 1.0-10% Dwivedi et al. (2000) Triggered by
Lake and Dwivedi (writ. overtopping wave
commun. with J.E. from ice fall.
0’Connor, 2006) Minimum estimate
of peak discharge
Laguna Jancaruish; ~ Peru —8.8508 —77.6753 Oct. 20,1950 21 8.0-10% 21 8.0-10% 7.5-10% Lliboutry et al. (1977)  Breached while outlet
Quebrada Los works under
Cedros construction
Boqu River Tibet 28.0713 86.0562 July 11, 1981 50 n.d. 32 1.9-10% 9.2-10% Xu (1988) and Xu and  Failure triggered by
Feng (1994) piping; evolved into
debris flow;
discharge
estimated Manning
equation 6 km
below breac
Lake Nostetuko Canada, British 51.2110 —124.4151 July 19,1983 n.d. n.d. 38.4 6.5-10% 5.7-10% Blown and Church Peak discharge
Columbia (1985) and Clague gaged 67 km
and Evans (1994) downstream
Tectonic Basins
Mediterranean Sea Gibraltar 35.9378 —5.5643 Miocene 1500-2600  n.a. 240 3.7-10" 1.0-10%  Garcia-Castellanos Marine incursion into
(Zanclean flood) (5.3 Ma) et al. (2009, 2020) Mediterranean
and Abril-Hernéndez basin
and Peridfiez (2016)
Lake Bonneville; USA, Idaho 42.3564 —112.0469 Pleistocene 328 1.0-10% 108 5.1-10" 1.0-10%  O'Connor (1993) and  Discharge calculated
Snake River 0’Connor et al. by step-backwater
(2020) modeling
Crooked Creek; USA, Oregon 42.4870 —118.3860 Pleistocene 68 4.0-10" 12 1.1-10" 1.0-10% Carter et al. (2006) Maximum discharge
Owyhee River calculated by
assuming critical
flow at outlet
Volcanic Basins
Lake Taupo; Waikato ~ New Zealand 38.6868 176.0638 Pleistocene 330 1.1-10" 80 6.0-10"° 1.0-10%  Manville et al. (2007)
River
Towada Caldera; Japan 40.4788 140.9421 Pleistocene ~400 1.2-10" 76 6.0-10%° 3.2-10%  Kataoka (2011) Caldera breakout

QOirase River

flood; discharge
estimated from
boulder transport
criteria
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Other

Aniakchak Caldera;
Aniakchak River

Newberry Caldera,
Paulina Lake;
Paulina Creek

Okmok Caldera;
Umnak Island;
Crater Creek

Pinatubo Caldera

Crater Lake, Mount
Ruapehu;
Whangaehu River

Impact Craters
Galilaei Crater

USA, Alaska

USA, Oregon

USA, Alaska

Philippines

New Zealand

Mars

Subglacial and Englacial Empoundments

Jokulsd & Fiollum

Katla; Myrdalsjékull

South Tacoma
Glacier, Tahoma
Creek

Grimsvotn; Jokulsa &
Fj6llum

Vadret da L’Albigna

Ground Water

Cerebus Fossae;
Athabasca Valles

Other

Boston Molasses
Flood

Iceland

Iceland

USA, Washington

State

Iceland

Switzerland

Mars

USA,
Massachusetts

56.9029

43.7170

53.4681

15.1488

—39.2821

64.7292

63.5543

46.8050

64.3881

46.3169

—158.0648

—121.2793

—168.0913

120.3438

175.5682

—16.6963

—18.8259

—121.8482

—17.3300

9.6476

3.4 ka

4.7-1.7 ka

1.5-1.0 ka

July 10, 2002

Mar. 28, 2007

Hesperian

Holocene

Oct. 12, 1918

July 26, 1988

Nov. 5, 1996

1927

Amazonian

Jan. 15, 1919

183

78

150

175

134

960

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

15.2

3.7-10%

3.2-10%

5.8-10%

1.6-10%

1.3-10%

1.1-10"

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

8.9-10%

183

150

23

6.3

960

n.a.

n.a.

n.a.

175

n.a.

n.a.

n.a.

3.7-10%

1.2-10

5.8-10%°

6.5-10%

1.4-10%

1.1-10™

n.d.

5.0-10%°

3.0-10%

3.3-10%°

2.7-10%

45-10"

n.d.

1.0-10%

2.0-10%

1.9-10%

3.0-10%

5.3-10%

1.5-
8.4-107

9.0-10%
2.8-10%
5.5-10%
5.3-10%
1.3-10%
1.2-10%

n.d.

Waythomas et al.
(1996)

Chitwood and Jensen
(2000)

Wolfe and Begét
(2002)

Lagmay et al. (2007)
and Antonia et al.
(2003)

Manville et al. (2007)
and Manville and
Cronin (2007)

Coleman (2015)

Alho et al. (2005)

Témasson (1996)

Walder and Driedger
(1994)

Tweed and Russell
(1999) and

Bjérnsson (2009)
Haeberli (1983)

Burr et al. (2002a,b)
and Manga (2004)

Hartley (1981)

Spillover of an
caldera; discharge
estimate from step-
backwater
calculation

Critical flow
measurement
(110280 m®s~7)
at downstream falls

“Maximum possible
discharge”
possibly estimated
from critical flow
calculation at
breach

Geometry estimated
from diagrams in
Lagmay et al.
(2007) and Stimac
et al. (2004)

Crater lake breach,
tephra barrier
eroded to lava-rock
sill

Maximum discharge
estimated rapid
breach formation
by Walder and
0’Connor (1997)
method

Probably triggered by
subglacial eruption
under Vatnajékull

Volume estimated
from hydrograph of
Oct. 12 peak

Debris flow; peak
water flow about
200 més!

Triggered by Gjalp
eruption

Triggered by
precipitation

Molasses from
breached storage
tank; 21 fatalities
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Fig. 1 Selected Cenozoic outburst floods on Earth arrayed by geologic setting. Stipple pattern indicates Holocene floods. Also shown are largest
meteorological floods and selected outburst floods on Mars. Data from Table 1 and O’Connor et al. (2002).

The study of outburst floods has deep roots in geology and geomorphology, touching on core concepts and controversies
framing our science (Baker, 2009, 2020; Baker et al., 2015). Ranging from Lyell’s (1830) discussion on the role of “obstructions”
and “lake bursts” in forming river valleys, to the great Channeled Scabland debate of the 1920s and 1930s (e.g., Bretz, 1923a,b), and
then later 20th-century examinations of the role of water in sculpting the surface of Mars (e.g., Baker and Milton, 1974), the field of
fluvial geomorphology has been in part shaped by growing understanding of the role of outburst floods. This understanding is
founded on the many related fields of engineering, geography, geology, glaciology and planetary science that have come to view
outburst floods as an integral and sometimes cataclysmic component of the natural and constructed universe. Growing interest
in outburst floods has produced an unfathomable literature of recent years—a cursory Google Scholar search on “outburst floods”
returned about 6300 publications for the decade between 2011—the time of the initial writing of this review—and 2020, when this
update was written, far exceeding the 3870 results of all time up to 2011.

This review is in part derived from several review articles, including Costa (1988), Costa and Schuster (1988), Clague and
Evans (1994, 2000), Walder and Costa (1996), Walder and O’Connor (1997), Tweed and Russell (1999), Roberts (2005), Korup
and Tweed (2007), O’Connor and Beebee (2009), Bjornsson (2009), Manville (2010a, 2015), Carrivick and Tweed (2013,
2016), Fanetal. (2019), Liuetal. (2019), and Clague and O'Connor (2020). Unless otherwise noted, data depicted in the accom-
panying figures and plots are from the compilation of dam-failure measurements summarized in Table 1 of O’Connor and
Beebee (2009). This contribution expands on many of these prior reviews—many of which focus on specific types of outburst
floods—by synthesizing both specific and general conditions associated with the failure of natural and constructed dams and
their geomorphic consequences. After general discussion of the environments leading to large water accumulations, we describe
processes and factors controlling breaching and downstream flood characteristics, and how these attributes may relate to down-
stream flood features.
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6.36.2 Flood sources

Several geological processes lead to impoundment of water bodies that can then rapidly drain to cause large floods (Fig. 1; summa-
rized by Swanson et al., 1986; Costa, 1988; Costa and Schuster, 1988; Clague and Evans, 1994; O’Connor et al., 2002; Carrivick and
Rushmer, 2006; Korup and Tweed, 2007; O’Connor and Beebee, 2009; Manville, 2015; Goudge et al., 2018; Clague and O’Connor,
2020; among others). Three broad classes of impoundments produce outburst floods on Earth: (1) valley blockages; (2) natural
closed basins filled with water; and (3) sub-surface water accumulations. These categories are not completely distinct: Some
processes such as volcanism can impound water bodies of all three types, and some features, such as moraines, could be considered
both a valley-blocking feature and a geologically formed basin. And constructed dams commonly take advantage of narrow outlets
to geological basins to impound water. Nevertheless, this classification provides a framework for the following discussion of sources
of outburst floods.

6.36.2.1 Floods from breached valley blockages

Valley blockage can result from purposeful damming by humans for societal aims of water storage, hydropower generation, flood
control and recreation, and from uncontrolled geological processes, such as landslides, debris flows, lahars, lava flows, and lahars,
and glaciation. Such blockages can form large and deep lakes with the potential for immense downstream floods. Blockage of
valleys is the most common mechanism for producing large non-meteorological floods. Some of the largest floods of the Quater-
nary have resulted from failure of valley-blocking ice dams. Examples are the Pleistocene Missoula floods in the Pacific Northwest of
North America and the Altai floods of Central Asia (Table 1 and Fig. 1). Ice dams and jams also have contributed to some of the
largest known floods of more recent times, but most Holocene and historical large floods resulting from breached valley blockages
are due to failure of either landslide dams or constructed dams. Rarer are breaches of lava-flow dams or other volcanically emplaced
materials.

6.36.2.1.1 Ice dams

Outburst floods associated with glacier ice dams have produced the largest freshwater floods on Earth (Fig. 1; O’Connor and Costa,
2004), leaving profoundly affected landscapes in their wake (Bretz, 1923a,b; Herget, 2005; Baker, 2009; Herget et al., 2020). Histor-
ically, more than 1300 glacial outburst floods have caused ~ 12,500 fatalities (Carrivick and Tweed, 2016), documented by reports
filling journals at an exponential rate (Emmer, 2018). Valley blockages associated with ice can result either from glacier advance,
typically by ice advancing down a valley and blocking either a tributary or mainstem valley (Fig. 2) or from glacier retreat where
confluent glaciers retreat and separate, forming open valley space between glaciers (Post and Mayo, 1971; Costa and Schuster,

e e

McArthur River
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Fig. 2 View east of ice-dammed Blockade Lake in the process of refilling behind Blockade Glacier, Chigmit Mountains, Alaska; photograph by
Austin Post ca. 1970. According to Post and Mayo (1971), this lake failed every several years causing floods on the McArthur River. More recent
observations by U.S. Geological Survey geologists F. Wilson and P. Haeussler indicate that in July 2006 the lake nearly emptied by draining
underneath Blockade Glacier.
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1988; Tweed and Russell, 1999). They have been described and reviewed globally (Walder and Costa, 1996; Tweed and Russell,
1999; Korup and Tweed, 2007; Carrivick and Tweed, 2013, 2016) and regionally, including Alaska (Post and Mayo, 1971; Wilcox
etal., 2014b), the Canadian Cordillera (Clague and Mathews, 1973; Clague and Evans, 1994, 2000), Scandinavia (Liestol, 1956; Xu
etal.,, 2014), Iceland (Roberts, 2005; Bjornsson, 2009; Carrivick and Tweed, 2019); Greenland (Carrivick et al., 2017; Grinsted et al.,
2017; Carrivick and Tweed, 2019); Europe (Haeberli, 1983; Eisbacher and Clague, 1984; Haeberli et al., 2001; Kiab et al., 2004,
Emmer et al., 2015), Asia (Hewitt, 1968 1982, 2002; Ives, 1986; Ding and Liu, 1992; Richardson and Reynolds 2000; Xin et al.,
2008; Hewitt and Liu, 2010; Bolch et al., 2011; Mergili and Schneider, 2011; Rounce et al., 2016; Margold et al., 2018; Zhang
etal,, 2019) and South America (Lliboutry et al., 1977; Dussaillant et al., 2010; Anacona et al., 2015a; Emmer et al., 2016a; Benito
and Thornycraft, 2020).

Valley-blocking ice dams are now restricted to glacierized mountainous areas and polar regions but were more broadly distrib-
uted and larger during Pleistocene glaciations. The largest known outburst floods from breached ice dams were during the Pleisto-
cene, when large alpine glaciers or tongues of ice from continental ice sheets blocked large drainage systems (Baker, 1983, 2009;
Baker, 2020; Baker et al., 1993; Herget, 2005; Kehew et al., 2009; Kochel et al., 2009; Wiedmer et al., 2010; Margold and Jansson,
2011; Batbaatar and Gillespie, 2015; Komatsu et al., 2015; Hu et al., 2018; Bohorquez et al., 2019a; Yanchilina et al., 2019; Herget
et al., 2020; O’Connor et al., 2020). But the relatively small ice dams of the Holocene have also produced outburst floods,
commonly known by the Icelandic word ‘jokulhlaup’. More than 100 outburst floods from ice-dammed lakes, excluding subglacial
water bodies, with peak discharges ranging up to 10°> m> s~ ', have occurred since 1800 CE (Walder and Costa, 1996). Hewitt
(1982) alone documented evidence of at least 35 jokulhlaups since AD 1835 in the Karakoram Himalaya, but with apparently
decreasing frequency as glaciers have retreated since the culmination of the Little Ice Age in the early 20th century.

As reviewed in more detail by Walder and Costa (1996), Tweed and Russell (1999), Roberts (2005), and Clague and O’Connor
(2020), the interactions among the flowing valley-blocking ice, surrounding landscape, and impounded water are complex, leading
to a variety of stable and unstable scenarios as well as diverse ice-dam failure mechanisms. Most ice dams impounding substantial
water volumes ultimately fail (Carrivick and Tweed, 2016). In some situations, a “jokulhlaup cycle” (Evans and Clague, 1994) can
develop, with repeated blockage, outburst flood, and then re-blockage owing to interactions among the deforming ice and
impounded water. Such cycles are exemplified by nearly regular outburst floods from some glaciers for several years or decades.
Such releases may be approximately annual or at shorter or longer periods depending on interactions between the blocking glacier
and filling of the impounded valley (Hulsing, 1981; Mathews and Clague, 1993; Depetris and Pasquini, 2000; Walder et al., 2006;
Kropdcek et al., 2015). These cycles change with overall glacier condition; receding and thinning glaciers typically result in more
frequent but smaller outburst floods, while the converse results from glacier thickening (Evans and Clague, 1994; Clague and Evans,
1997). Because of overall glacier retreat and thinning, the frequency of floods from ice-dammed lakes has apparently diminished
over the past 50 years (Carrivick and Tweed, 2016).

A tremendous example of the jokulhlaup cycle is the dozens of late Pleistocene Missoula floods (Waitt, 1980, 1985) that at inter-
vals of years to decades (Atwater, 1986) helped carve the Channeled Scabland of the northwestern United States with discharges up
to 20 x 10°m? s~ ! (Fig. 3; O'Connor and Baker, 1992; O'Connor et al., 2020). This episode of flooding resulted from repeated
blockage of the Clark Fork River valley, western Montana, by the Purcell Trench lobe of the Cordilleran Ice Sheet, impounding
glacial Lake Missoula, which at its maximum held 2.5 x 10'? m> of water.

Water impounded by valley-blocking ice dams can escape by overtopping or by passing through subglacial or englacial
tunnels and cavities. Commonly, ice-dammed lakes drain via subglacial tunnels, typically described as being initiated by local
flotation of the ice, although the physics are more complex (Fowler, 1999; Ng and Bjornsson, 2003; Flowers et al., 2004; Ng
and Liu, 2009). Outlets enlarge by both thermal and mechanical erosion but can narrow or close during and after the flood
by cryostatic pressure and ice deformation, especially for subglacial releases under thick glaciers (Liestol, 1956; Nye, 1976;
Clarke, 1982; Roberts, 2005; Bjornsson, 2010). Large peak discharges from subaerial lakes that emptied by subglacial or englacial
tunnels include the floods from Vatnsdalslén, Iceland, 1898; Granznalén, Iceland, 1939; and Strandline Lake, Alaska, 1984; all
of which had peak discharges of 3-5 x 10°> m® s~ ! (Thérarinsson, 1939; Sturm et al., 1987).

The largest and historically most lethal glacier outburst floods are the “sudden break” outbursts (Haeberli, 1983), denoted by
Walder and Costa (1996) as “non-tunnel lake-drainage.” These typically involve more rapid mechanical failure of the ice dam,
including collapse of tunnels. Failure commonly occurs by overtopping and breach erosion along the junction between ice and
a valley wall. In some instances outburst floods start as tunneling events, but roof collapse leads to open breaches (Walder and
Costa, 1996). Historical examples of these types of floods include the 1986 Hubbard Glacier rupture, with a peak flow of
1.05 x 10° m?>s™ ' (Mayo, 1989). Walder and Costa’s (1996) compilation notes several other non-tunnel outbursts from ice
dams with peak discharges exceeding 10* m?s™ .

Lakes impounded by tributary valley glaciers blocking large valleys appear especially susceptible to overtopping or ice-marginal
breaches, as are lakes impounded by cold-based glaciers. In contrast, lakes impounded within tributary valleys by mainstem glaciers
are more likely to escape, with lesser peak discharge for a given volume, by tunnels within or at the base of the glacier (Walder and
Costa, 1996).

Ice avalanches also impound lakes. A notable example is the 1818 outburst from the foot of Giétro Glacier in the Dranz Valley,
Switzerland (Ancey et al., 2019). Ice avalanches descending from the glacier front dammed the valley bottom to a depth of 80 m.
During emergency drainage, implemented by tunneling through the ice dam, retrograde erosion initiated catastrophic failure,
producing an outburst flood with a peak discharge of about 1.45 x 10* m? s~ ! and resulting in about 40 fatalities. This is the largest
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Fig. 3 Nearly 40 beds of Missoula flood slackwater deposits exposed in 30-m-deep Burlingame Canyon within the Channeled Scablands of western
United States. This section inspired the hypothesis by Waitt (1980) that glacial Lake Missoula released dozens of humongous jokulhlaups during the
late Pleistocene. Photograph by Bruce Bjornstad.

glacial lake outburst flood of the last two centuries in Switzerland. Liu et al. (2019) also report three valley-blocking avalanches in
Tibet in 1983, 1984, and 1985; the largest forming an impoundment 29 m high and producing an outburst flood of 8195 m>s™ .

Another form of ice damming is ice jams in which seasonally formed river ice accumulates at constrictions or river bends, causing
ponding upstream. Tremendous floods can result when these jams fail, commonly during spring break-up. Such was the case in
April 1952 on the Missouri River, North Dakota, where the break-up of the seasonal ice accumulation resulted in an increase in
discharge from 2.1 x 10° m® s~ ' to 1.4 x 10* m* s~ ' within 24 h (O’Connor and Costa, 2004). The U.S. Army Corps of Engineers
Cold Regions Research & Engineering Laboratory maintains a database (White and Zufelt, 1994; White et al., 2006) that, as of 2020,
listed more than 18,000 ice jams in 45 of the 50 U.S. states, dating back to 1780 for some states (https://icejam.sec.usace.army.mil/;
accessed 04 April 2020).

Extreme ice-jam floods are most common in high-latitude, north-flowing continental river systems of northern Eurasia and
North America, particularly the Lena, Yenisei, Ob, Yukon, and Mackenzie rivers. Large poleward flowing rivers are especially suscep-
tible to large ice-jam floods because headwater reaches at lower latitudes may melt before downstream reaches, increasing the
potential for large blockages. Some of the largest documented historical floods have resulted from ice jams on the Lena River in
Russia, where ice accumulations several kilometers long can impound water to depths as great as 10 m, extensively inundating
wide floodplains (Costard and Gautier, 2007). Several floods on the Lena River resulting from the combination of breached ice
dams and heightened snowmelt runoff have exceeded 1 x 10° m®s™! (Rodier and Roche, 1984; Costard and Gautier, 2007;
http://rims.unh.edu/data.shtml [accessed 03 April 2020]).

6.36.2.1.2 Landslide dams

Breached landslide dams are the major source of historical outburst floods, known in the Himalaya by the Nepali word bishyari
(Dixit, 2003). Many have been horrendously lethal. And some have possibly transformed cultures, such as Chinese Emperor
Yu's great flood of ~4000 years ago marking the beginning of the Xia dynasty and onset of the Chinese Bronze Age, attributed
to a breached landslide dam (Wu et al., 2016). Landslide dams (Fig. 4) are produced by a wide range of mass movements of
rock, regolith, and sediment that block rivers or streams, typically by entering a valley from side slopes or tributary drainages.
They are also the most studied type of natural dam, especially since Costa and Schuster’s (1988) benchmark synthesis of natural
dams and their inventory of landslide dams (Costa and Schuster, 1991). Recent summaries that expand or elaborate on classifica-
tion systems, genesis, distribution, and geomorphic effects of landslide dams have been provided by Cenderelli (2000), Korup
(2002), Shang et al. (2003), Hewitt (2006, 2009), Korup and Tweed (2007), Hewitt et al. (2008), Hermanns et al. (2011b); Evans
etal. (2011), Pengand Zhang (2012), and Fan et al. (2020). The landslide-dam catalogs summarized by Fan et al. (2020) total more
than 1800 entries, including 410 post-AD-1900 landslide dams with blockage volumes exceeding 10° m?.
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Fig. 4 Bonneville landslide dam, which blocked the Columbia River at the border between Oregon and Washington to a depth of more than 80 m
about 1450 AD before breaching cataclysmically. Breaching occurred sometime before the Lewis and Clark exploration of the area in 1805 AD
(0’Connor, 2004). (A) View upstream (east) toward the toe of the landslide, which completely filled the valley bottom. The impoundment breached at
the southern distal end of the landslide, creating a new course of the Columbia River around the toe of the landslide. The breach was abrupt;
floodwaters deposited bouldery flood bars in the valley bottom downstream. (B) View downstream (west) of the toe of landslide and the breach area.
Cascade Rapids, where the Columbia River descends ~15 m over the bouldery debris, resulted from incomplete incision of the landslide dam. (C).
View north-northwest across Cascade Rapids and the breach area toward main body of the landslide. Modified from 0’Connor JE, Beebee RA (2009)
Floods from natural rock-material dams. In: Burr, D.M., Carling, P.A., Baker, V.R. (eds.), Megaflooding on Earth and Mars. pp. 128-171. United
Kingdom: Cambridge University Press. http:/refhub.elsevier.com/S0012-8252(20)30223-3/rf9017. (A) Photograph taken on 11 April 1928; courtesy
of U.S. Army Corps of Engineers. (B) Photograph taken on 9 September 1929; courtesy of U.S. Army Corp of Engineers. (C) Photograph is undated
but was taken prior to 1932 when this reach was inundated by Bonneville Dam; courtesy of U.S. Army Corp of Engineers.
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Landslide dams can have volumes exceeding 10'° m? and form lakes more than 1000 m deep (Hewitt, 1998, 2006; Korup,
2002). The largest recorded historical water flow on Earth was the 10 June 2000 breach of a 55-m-high landslide dam on the Yigong
River, Tibet, which resulted in a peak flow of 1.2 x 10° m® s~ '. The largest existing dam of any kind in the world is the Usoi land-
slide dam in Tajikistan. This blockage formed in 1911 by a 2.2 x 10° m? rockslide into the Bartang River valley, damming it to
a depth of >550 m and impounding a lake reported by Ischuk (2011) to be 55 km long and up to 500 m deep and containing
1.6 x 10'®m> of water. For comparison, the Usoi landslide dam is nearly twice the height of the world’s tallest constructed
dam, the 300-m-high Nurek rockfill dam, also in Tajikistan. Nevertheless, the Usoi landslide dam is only about half the height
and one-tenth the volume of Rondu-Mendi rock avalanche, which apparently blocked the Indus River in the Karakoram Himalaya
of northern Pakistan sometime in the Pleistocene (Hewitt, 1998).

Fast-moving debris flows and landslides may form dams in seconds or minutes, whereas more sluggish landslides and earth-
flows may take several years to completely block a river, if at all. Landslide dams can remain stable and unbreached, can breach
after long periods—130 years in the case of the Tegermach River blockage in Kirgizstan (Costa and Schuster, 1991)—or breach
minutes after formation, as in the case of the Pollalie Creek debris flow, which blocked the East Fork Hood River, Oregon, for
only about 12 min before failing (Gallino and Pierson, 1985). Some landslide dams, such as the Flims rockslide on the Rhine River
in Switzerland, can create multiple or complex impoundments over time and undergo multiple episodes of partial breaching and
sediment infilling (Wassmer et al., 2004; von Poschinger, 2011).

Although not considered in detail here, landslides can also cause floods by mechanisms other than blocking channels (Costa,
1991). Landslides have triggered breaches of natural and artificial dams (Hermanns et al., 2004), and in many mountainous envi-
ronments, mass movements evolve into debris flows or sediment-laden floods (Eisbacher and Clague, 1984). In several instances,
landsliding directly into lakes has triggered large waves or expelled water, causing downstream floods. Examples are the 1983 flood
of Ophir Creek, Nevada (Glancy and Bell, 2000) and, more lethally, the 1963 Mount Toc landslide into the Vajont (Vaiont) Reser-
voir, Italy, displacing a 245-m wave over the 262-m-high concrete arched dam and killing more than 2000 down-valley inhabitants
(Kilburn and Petley, 2003; Ghirotti, 2012).

Landslide dams are found in all mountainous areas in the world (Costa and Schuster, 1991; Ermini and Casagli, 2003; Korup
and Tweed, 2007; Hewitt et al., 2008; Fan et al., 2020). Hundreds have been mapped in the Himalaya (Hewitt, 1998, 2006, 2011;
Shroder, 1998; Delaney and Evans, 2011; Ruiz-Villanueva et al., 2017); Tibet and China (Li et al., 1986; Hejun et al., 1998; Chai
et al., 2000; Shang et al., 2003; Fan et al., 2017; Liu et al., 2019); Europe (Eisbacher and Clague, 1984; Nicoletti and Parise, 2002;
Tacconi Stefanelli et al., 2016); Japan (Swanson et al., 1986); New Zealand (Adams, 1981; Perrin and Hancox, 1992; Korup, 2002);
the South America Cordillera (Plaza-Nieto and Zevallos, 1994; Schuster et al., 2002; Hermanns et al., 2011a; Tacconi Stefanelli et al.,
2018); and the western North America Cordillera (Costa and Schuster, 1991; Clague and Evans, 1994; Safran et al., 2015). These
dams are most common in mountainous regions because high relief promotes mass movements and confined valleys are readily
blocked by landslide debris (Costa and Schuster, 1988). Korup et al. (2006, 2007) determined that the largest terrestrial landslides,
those with volumes greater than 10° m® and forming dams hundreds of meters tall, are concentrated in tectonically active mountain
belts and volcanic arcs. More than half of these mass movements were in the steepest parts of the surrounding landscape. Addition-
ally, certain geological environments favor landslides and landslide dams by virtue of structural orientations or weaknesses (Alden,
1928), stratigraphy (Palmer, 1977; Safran et al., 2011), active volcanism (Meyer et al., 1986; Scott, 1989; Capra and Macias, 2002),
seismicity (Davis and Karzulovic, 1963; Nicoletti and Parise, 2002), and glacier retreat (Evans and Clague, 1994; Bovis and Jakob,
2000).

Volcanoes are also sources of large landslides or debris avalanches, which by blocking tributary valleys set the stage for landslide
dam failures (Capra, 2011; Manville, 2015; Walsh et al., 2016; Fan et al., 2020). An example is the 1980 debris avalanche at Mount
St. Helens, which carried 2.3 x 10° m> of the edifice into the North Fork Toutle River valley, impounding several tributary drainages
and raising the height of the natural dam bounding Spirit Lake (Voight et al., 1981; Youd et al., 1981; Meyer et al., 1986). Scott
(1989) documented previous debris-avalanche damming at Mount St. Helens ~2500 years ago, followed by a lake outbreak
and downstream lahar with a peak discharge exceeding 2.5 x 10° m®s™'. Some of the landslides associated with volcanoes,
such as the case with Mount St. Helens, are triggered by eruptive activity. But many volcanic landslides and debris flows that
lead to floods are not directly triggered by magmatic activity, an example being the debris flow from Mount Hood, Oregon, that
temporarily dammed the East Fork Hood River in 1980 (Gallino and Pierson, 1985).

The engineering community has recognized the compound hazard posed by landslide dams and their impounded water bodies;
consequently such dams and resulting outburst floods are typically studied as hazards rather than as geomorphic agents (White-
house and Griffiths, 1983; Schuster and Costa, 1986; Costa and Schuster, 1988; Webby and Jennings, 1994; Jakob and Jordan,
2001; Schuster and Highland, 2001; Risley et al., 2006; Hermanns et al., 2013). Recent work by geomorphologists, however,
also demonstrates the important role of landslide dams and debris flows on the evolution of fluvial systems in many mountainous
environments (Hewitt, 2006, 2009; Korup, 2006; Lancaster and Grant, 2006; Hewitt et al., 2008, 2011; Safran etal., 2011, 2015; Fan
etal., 2020). These studies harken back to an idea advanced in 1830 by Charles Lyell in his Principles of Geology (vol. 1, pp. 192-193):

The power which running water may exert, in the lapse of ages, in widening and deepening a valley, does not so much depend on the volume and
velocity of the stream usually flowing in it, as on the number and magnitude of the obstructions which have, at different periods, opposed its free
passage.
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Landslide dams are vulnerable to breaching because they commonly consist of unconsolidated porous material and have no
controlled outlet. Landslide dams that do breach typically do so within weeks or months of formation by overtopping and rapid
erosion of an outlet channel (Costa and Schuster, 1988; Ermini and Casagli, 2003; Tacconi Stefanelli et al., 2018; Fan et al., 2020),
sometimes in conjunction with upstream flooding caused by rainfall or snowmelt (Hancox et al., 2005). The review of Fan et al.
(2020) suggests that certain types of landslide dams, particularly those formed of unconsolidated sediment are more prone to rapid
failure than those emplaced by rock/debris avalanches and rockslides involving coherent blocks of bedrock.

Most landslide dams are triggered by precipitation, rapid snowmelt, volcanic activity, and earthquakes (Costa and Schuster,
1988; Peng and Zhang, 2012; Liu et al., 2019; Fan et al., 2020). Recent work has emphasized the role of earthquakes in generating
landslide dams, many of which are susceptible to catastrophic breaching (e.g., Xu et al., 2009; Fan et al., 2012, 2019). For example,
the breach of a quake-triggered landslide dam on the Dadu River, China, in 1786 killed more than 100,000 people (Dai et al.,
2005). Rarer are failures by ground-water piping or mass movement of the blockage itself (Costa and Schuster, 1988). Some
breaches are triggered by large water waves overtopping the blockage, such as for the 1963 breach of the Issyk landslide dam in
Kazakhstan (Gerasimov, 1965). Similarly, long-lasting landslide dams in the Argentine Andes apparently breached catastrophically
by large waves triggered by rock avalanches into the impounded lakes (Hermanns et al., 2004).

Geological evidence of outburst floods and debris flows from breached landslide dams is becoming increasingly recognized in
many mountainous environments. In most cases, bouldery fluvial or debris-flow deposits are traced to incised landslide masses
filling valley bottoms (Selting and Keller, 2001; Beebee, 2003; O’Connor et al., 2003; Safran et al.,, 2015). The remnant landslide
barriers and flood deposits can form persistent features in valley bottoms (Schuster, 2000; O’Connor et al., 2003; Korup and Tweed,
2007; Hewitt et al., 2008; Harrison et al., 2015; Fan et al., 2020).

Many landslide dams do not fail catastrophically; rather their lakes fill partly or wholly with sediment before the blockage is
significantly eroded (Clague and Evans, 1994; Hewitt, 2006). Of the 340 landslide dams whose fate is documented in the Costa
and Schuster (1991) global compilation, about 75% breached and produced downstream floods. Similarly, 67% of the 282 land-
slides dams in the similar but updated compilation by Ermini and Casagli (2003) breached cataclysmically. In both compilations,
the failure percentages may be overestimates, because landslide dams that breach cataclysmically are more likely reported in the
literature than those that do not. From a more systematic survey of 232 landslide dams in New Zealand, Korup (2004) reports
that about 37% apparently have failed, although the analysis may not fully account for very short-lived blockages that left little
lasting evidence.

Predicting the stability of landslide dams is challenging because of the many internal and external factors controlling dam
stability and breach-triggering mechanisms (Costa and Schuster, 1988; Ermini and Casagli, 2003; Korup, 2004; Korup and Tweed,
2007; Dunning et al., 2005; Fan et al., 2017, 2020). Quantitative indices based on morphometric and watershed characteristics,
including dam height and volume, impounded water volume, watershed area, and relief, have been successful locally in discrim-
inating stable from unstable dams (Ermini and Casagli, 2003; Korup, 2004; Tacconi Stefanelli et al., 2016), but their predictive
power is low and critical values separating stability domains seem to depend on regional conditions (Korup, 2004).

6.36.2.1.3 Volcanogenic dams

Volcanism can directly trigger large floods and debris flows by rapid melting of snow and ice; the floods include the large Icelandic
jokulhlaups (Roberts, 2005; Bjornsson, 2009), and volcanogenic debris flows are often referred to by the Indonesian term lahar. Large
snow-and-ice augmented lahars have been documented for many of the tall stratovolcanoes of the Pacific Rim. The November 1985
lahar triggered by the eruption of Nevado del Ruiz, Colombia, killed more than 23,000 in the city of Armero (Pierson et al., 1990).
In addition to lahars and floods produced directly by volcanism, many of which which may not strictly be outburst floods, eruptions
can also indirectly cause floods by blocking drainages with primary volcanic materials such as lava, pyroclastic debris, lahars, and
debris avalanches, which can lead to outburst floods (Umbal and Rodolfo, 1996; Capra, 2007, 2011; Manville, 2015; Fan et al.,
2020).

These volcanogenic blockages share many similarities with landslide dams, although the materials are different. Macias et al.
(2004) summarized volcanic dams and described the hot 1.1 x 10* m® s~ ! flood that resulted from breaching a dam of pyroclastic
flow material deposited in the April 3, 1982, eruption of El Chichén, Mexico. Also in Mexico, a late Pleistocene debris avalanche
from Nevado de Colima volcano blocked the Naranjo River, forming a 1 X 10° m> lake, which then breached to produce
a3.5 x 10°m? s~ ! debris flow downstream (Capra and Macfas, 2002). Another large lake (~1 x 10> m?) was impounded behind
awelded block-and-ash breccia that blocked the Lillooet River in British Columbia, Canada, about 2350 year BP. This lake breached
cataclysmically, transporting still-hot blocks as large as 15-m in diameter up to 3.5 km downstream (Hickson et al., 1999; Andrews
etal., 2014). Several outburst floods from breached lahar dams and volcanogenic debris-avalanche deposits probably have coursed
down the Chakachatna River, which drains the Mt. Spurr volcanic complex in south-central Alaska (Waythomas, 2001), and similar
events have caused large floods in Japan (Kataoka et al., 2008). Two floods resulted from breaching of volcanogenic deposits block-
ing the outlet of Lake Tarawera, North Island, New Zealand, including a ca. AD 1315 flood with a peak discharge of 5-
10 x 10* m* s~ ' (Hodgson and Nairn, 2005). Multiple lake break-out floods followed repeated damming of tributaries by aggrada-
tional lahar deposits and secondary pyroclastic flows in the aftermath of the 1991 eruption of Mt. Pinatubo in the Philippines
(Umbal and Rodolfo, 1996). Similar floods resulted from pyroclastic flows shed during the 7.7 ka climactic eruption of Mount
Mazama, Oregon, which blocked the Williamson River (Conaway, 1999; Cummings and Conaway, 2009). The Rhine River, Ger-
many, was apparently blocked repeatedly by Plinian pumice fallout during the 12.9 ka Laacher See eruptions (Park and Schmincke,
2020a,b). These blockages, formed of grounded and floating rafts of pumice, formed transient blockages similar to ice jams, yet
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impounded up to 8 x 10® m> of water and pumice. Breakouts, apparently during pauses in eruptive activity, produced floods over-
topping downstream floodplains by as much as 10 m. Such dams of pyroclastic material are particularly susceptible to breaching
because they erode quickly once overtopped or possibly floated by rising upstream water levels.

Dams composed of lava flows are less easily breached. Many valley-filling lava flows have blocked drainages, but very few are
known to have breached cataclysmically. Examples include the breach of the Lagunas del Blanquillo, dammed by lava flows from
the 1846-47 eruptions of Volcan Quizapu in Chile but breached and drained in 1932 by incursion of a lahar (Manville, 2015).
Quaternary lava flows cascading into western Grand Canyon, Arizona, repeatedly blocked the Colorado River, possibly leading
to as many as five outburst floods (Hamblin, 1994; Fenton et al., 2002, 2004, 2006). The best documented is the flood from
the 165 ka “hyaloclastite” dam, which was more than 140 m high and breached to produce a flood with a peak discharge of
2.3-5.3 x 10° m> s~ '. Crow et al. (2008), however, offer alternative interpretations not requiring outburst floods from the Grand
Canyon lava dams. Another example of catastrophic failure of a lava flow blockage occurred at Laguna del Maule caldera in Chile.
Emplacement of the Espejos rhyolite at 19.0 4 0.7 ka dammed the northern outlet to the nearly 400 km? basin and raised the level
of the lake by 200-m to form a prominent shoreline before breaching at ca. 9.4 ka and releasing ca. 1.5 x 10'® m> of water (Singer
etal., 2018).

Lava-flow dams apparently breach cataclysmically only under special conditions, as exemplified by the Grand Canyon case. In
the Grand Canyon, basalt poured into a steep-walled canyon occupied by a large river. The resulting lava dams were buttressed by
unconsolidated talus and were composed partly of material that brecciated when the lava entered the river (Fenton et al., 2006). By
contrast, most lava flows entering valleys or canyons in the western US formed long-lived blockages that did not breach cataclys-
mically; instead rivers were diverted into the more erodible materials forming the paleo-valley walls (Stearns, 1931; Malde, 1982;
Howard et al., 1982; O’Connor et al., 2003; Duffield et al., 2006; Ely et al., 2012). Many of these lava flows travelled several kilo-
meters down river valleys and formed massive and lengthy dams of solid lava resistant to breaching.

In some instances, volcanic cones themselves block drainages, leading to outburst floods. An example is the growth of Antuco
volcano in Chile during the Pleistocene. The growing cone blocked Rio Laja, creating a lake >250 m deep. Collapse of the
volcanic cone during a Bandai-type eruption and debris avalanche at about 7200 years ago completely emptied the lake, releasing
1.5-1.8 x 10" m? of water and generating an outburst flood that deposited a 3000 km? alluvial plain in the Central Andean
Depression. Growth of the Antuco-2 cone in the collapse amphitheater has since re-dammed the basin and progressively refilled
Lago Laja to a depth of over 134 m (Thiele et al., 1998; Melnick et al., 2006).

6.36.2.1.4 Constructed dams

Floods from constructed dams (Fig. 5) are a process of human origin but they nonetheless pose significant hazards and can accom-
plish substantial geomorphic work (Costa, 1988). From a global database, Jansen (1980) reports over 2000 failures of constructed
dams since AD 1100, resulting in more than 11,000 fatalities. Additionally, Liu et al. (2019) reports 3520 constructed-dam failures
in China between 1954 and 2012. At least four constructed-dam failures since 1889 in China have each claimed more than 2000
lives, topped by the 1975 failure of Banqiao dam on the Ru River, China, which directly killed 26,000 by flooding and a subsequent
145,000 by resulting famine and disease (Costa, 1988; Si, 1998).

Most constructed dams are embankment dams composed of compacted fill and rock; other types include concrete or masonry
structures relying on gravity, buttresses, and arch-shaped planforms to counter the reservoir mass (Costa, 1988). Tailings dams,
which are embankments for storing mill byproducts and waste rock from mining activities, constitute another class of dams
with significant outburst flood potential (Rico et al., 2008).

The largest reported peak discharge from a constructed dam failure was 7.8 x 10* m> s~ released by Bangiao dam failure in
China on 7 August 1975 (Table 1). This rock-fill dam was overtopped in the aftermath of super typhoon Lianna (Liu et al.,
2019). Of similar magnitude was the 5 June 1976 piping failure of the 100-m-high earth-fill Teton Dam in Idaho; the flood had
a peak discharge of 6.5 x 10* m® s~ ' about 0.4 km downstream from the dam (Ray and Kjelstrom, 1978). Other large discharges
are 3.7 x 10* m3 s~ ! from the 12-13 March 1928 failure of the masonry St. Francis Dam in California (Outland, 1963; Rogers,
1992), 2.8 x 10*m>®s™! from the 2 December 1959 breach of the concrete arch Malpasset Dam in France (Costa, 1988),
2.5 x 10°m>s~ ! from the 8 June 1964 failure of Swift Reservoir, Montana (Boner and Stermitz, 1967), and 8.2 x 10> m>s™ !
from the 14 December 2005 failure of the Taum Sauk reservoir, Missouri (Rydlund, 2006). A recent large dam failure was the breach
an earthen saddle dam impounding a reservoir in the Mekong River basin, southern Laos, on 23 July 2018, which released
3.5 x 10® m> of water at a peak discharge of 8.5 x 10> m® s~ ' (Latrubesse et al., 2020).

Some floods from constructed dams are intentional, part of the recent spate of dam decommissioning (e.g., Foley etal., 2017). A
well-documented example is the 2011 breaching of Condit Dam on the White Salmon River, Washington State, which produced
a peak discharge of about 420 m> s~ ' and an ensuing hyperconcentrated flow, as about 10% of the sediment impounded in the
reservoir liquefied and moved down the channel (Wilcox et al., 2014a). So far, such intentional outburst floods from breaching
constructed dams have been small, but they do provide excellent opportunities to study the short- and long-term consequences
of dam breaching (e.g., Major et al., 2012).

6.36.2.1.5 Other types of valley blockages

Other types of valley blockages affect fluvial systems, but rarely produce outburst floods of great hazard or geomorphic significance.
Beaver dams and resulting ponds were pervasive across North America prior to 16th-19th century trapping. Substantial valley aggra-
dation has been attributed to beaver dams (Ruedemann and Schoonmaker, 1938; Gurnell, 1998) but documentation of outburst
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(A)

Fig. 5 Before and after views of the 12—13 March 1928 failure of St. Francis Dam, San Francisquito Canyon, California, United States. The masonry
dam was 60 m high and impounded 4.71 x 107 m® of water at the time of failure. Peak discharge was 3.7 x 10*m3s~". The flood killed about 450
people (Outland, 1963; Rogers, 1992). (A) View of St. Francis Dam prior to failure. Photograph by Los Angeles Bureau of Power and Light and is
part of H.T. Stearns USGS photograph collection. http://libraryphoto.cr.usgs.gov/; accessed 21 May 2011. (B) Photograph from the same location
taken on 17 March 1928 by H.T. Stearns (USGS). http://libraryphoto.cr.usgs.gov/; accessed 21 May 2011.

floods from beaver dam failures is rare. An exception is Butler and Malanson’s (2005) compilation of several outburst floods,
including four resulting in fatalities. In most cases, because of the small sizes of beaver dams and their impoundments, damage
and geomorphic consequences are localized, although an exception is the 15 m® s~ ' flood from a breached beaver dam in Alberta,
Canada, which greatly exceeded meteorological floods in the watershed and significantly affected the riparian corridor (Table 1;
Hillman, 1998).

Breaching of beach-barrier spits, especially where they impound small drainages or estuaries, can cause small outburst floods
(Kraus et al., 2002). Such blockages are typically formed of littoral or eolian sand and occur on steep beaches where high wave
run-up can form sand barriers two or more meters above typical high tide levels. These littoral processes most effectively impound
water bodies either where the tidal prism is small or river flow is low (Stretch and Parkinson, 2006; Parkinson and Stretch, 2007). In
a global survey, McSweeney et al. (2017) identified nearly 1500 estuaries intermittently blocked by sand berms, mostly on wave
dominated coastlines with small tidal ranges. Such blockages and breaches have been reported in Australia (Gordon, 1990), South
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Africa (Parkinson and Stretch, 2007), India and Sri Lanka (Ranasinghe and Pattiaratchi, 2003) and the west coast of the United
States (Kraus et al., 2002; Behrens et al., 2013). Many breaches, known locally as “pond lettings” (Kraus et al., 2002), are intentional
to control coastal or estuary flooding. But some breaches are uncontrolled and result from either seaward or landward causes.
Seaward breaches typically happen when storm surges or large ocean waves overtop and incise the barrier, whereas landward
breaches typically result from high flows that fill the blocked estuary or inlet and overtop the barrier. Seepage and piping can
contribute to failure of these sandy barriers (Kraus et al., 2002). Because the maximum blockage height is typically less than
3 m, floods from breached beach barriers are small—the largest documented had a peak discharge of 4.1 x 10 m>® s~ . Yet they
can cause substantial geomorphic, ecologic, and economic consequences by altering estuary and tidal inlet geometry (Van Niekerk
et al., 2005; Parkinson and Stretch, 2007).

A large Holocene flood on the Sycan River, Oregon, may have resulted from blockage of the river by an eolian dune in a canyon
reach near the outlet of a large tectonic basin (Table 1; Lind et al., 2007; Lind, 2009). In this case, a flood of about 5.8 x 10°m3s7 !,
about 25 times larger than the largest historical flood, swept down the Sycan River shortly after the 7.7 ka eruption of Mount
Mazama blanketed the surrounding landscape with up to 50 cm of coarse pumice. Extensive, now-vegetated dunes composed of
this pumice cover the region. A dune, perhaps only a few meters high, at the seasonally dry and confined outlet of the extensive
Sycan Marsh probably impounded a shallow lake that was the flood source.

6.36.2.2 Floods from breached basins

Overflow from tectonic basins, moraine-rimmed lakes, lakes in volcanic calderas and craters, and basins formed along isostatically
depressed margins of large ice sheets can involve tremendous water volumes and cause major changes to drainage networks. For
example, the Bonneville Flood from the tectonic basin of Great Salt Lake of the western US, with a total volume of
4.75 x 10" m?, is one of the largest known freshwater floods in Earth history (Table 1; O’Connor et al., 2002). Similarly, the
late Miocene filling of the Mediterranean Sea basin from the Atlantic (Hsii, 1983; Garcia-Castellanos et al., 2009, 2020) is the largest
known cataclysmic marine incursion (Fig. 1). Several processes can form basins that later fill and overflow. The material and geom-
etry of the basin divide determine whether and how rapidly a breach may form, as well as the ultimate depth of outlet incision.

6.36.2.2.1 Basins marginal to ice sheets

Extensive lakes formed at the periphery of Pleistocene ice sheets, occupying basins partly resulting from crustal depression by the
mass of ice but also commonly rimmed by morainal ridges. The best-known examples are the extensive ice-marginal lakes and
resulting outburst floods along the southern margin of the Laurentide Ice Sheet in North America during and after the last glacial
maximum (Teller et al., 2002; Teller, 2003; Kehew et al., 2009). In other locations, Pleistocene lakes formed as ice sheets encroached
upon and blocked the lower parts of large drainages, such as the north-flowing Yenisei, Ob, Pechora, and Mezen rivers in Siberia
(Grosswald, 1980; Mangerud et al., 2004; Yanchilina et al., 2019).

Pleistocene ice-marginal lakes are some of the largest known freshwater lakes in Earth history. Many of these lakes generated
huge outburst floods. Lake Agassiz, which existed at the southwest margin of the Laurentide Ice Sheet between 13,000 and
8000 years ago, covered 1.5 x 10'? m? at its maximum and contained up to 1.5 x 10'* m® of water (Clarke et al., 2004; Teller
et al., 2002; Teller and Leverington, 2004). Kehew et al. (2009) tabulated at least 35 large floods from the margin of the Laurentide
Ice Sheet near the end of the last glacial period, several with peak discharges exceeding 1 x 10° m? s~ . Similarly, ice-dammed lakes
inundated 6 x 10"* m? (Mangerud et al., 2004) and possibly as much as 1.2 x 10'? m? of the Siberian plain with 7.5 x 10'* m? of
water (Grosswald, 1980; Arkhipov et al., 1995; Yanchilina et al., 2019). Middle Pleistocene ice-marginal lakes flanking the Scandi-
navian ice sheet in north-central Europe contained up to 5 x 10'' m® of water. Some produced outbursts that flooded the lower
Rhine River embayment and flowed into the North Sea, and possibly involved lake volumes as great as ~2 x 10'' m® and peak
discharges of ~500,000 m> s~ ' (Winsemann et al., 2016; Lang et al., 2019; Winsemann and Lang, 2020). Smaller lakes formed
where continental ice sheets impinged on mountain ranges and blocked valleys, as in the central Appalachians where a Middle Pleis-
tocene ice sheet impounded several lakes containing as much as 1 x 10° m? of water (Kochel et al., 2009).

Ice-marginal lakes are unstable and can fail by (1) overtopping and breaching of moraine or rock basin divides at the outer
margins of the lakes, (2) subglacial drainage under or along the ice-sheet margin, or (3) uncovering of new lower outlets as the
glacier retreats. All such processes probably operated along the Laurentide Ice Sheet margin. Many large floods breached outer
moraines rimming high proglacial lakes in the Great Lakes basins; many others issued from Lake Agassiz when progressively lower
outlets were uncovered as the ice sheet margin retreated northward (Teller et al., 2002; Kehew et al., 2009); and some resulted from
subglacial drainage (Clarke et al., 2004). Similarly, glacial Lake Purcell, holding about 1.4 x 10'! m? in the Columbia River basin,
Canada, apparently emptied cataclysmically as the Purcell Trench ice lobe melted back at the end of the last glacial period and
uncovered an outlet via the Kootenay River valley (Peters and Brennand, 2020). Large Siberian lakes, such as ~90 ka Lake Komi
in the Pechora River basin of western Russia, found progressively lower outlets through low passes into other basins as ice margins
retreated. Lake Komi discharged to the west into the Baltic Sea, whereas the large ice-marginal lake in the blocked Ob and Yenisei
drainages apparently had its outlet to the south, into the Aral and Caspian seas (Mangerud et al., 2004).

Some floods from ice-marginal lakes may have initiated new continental-scale drainage paths, such as in north-central Europe
(Langetal., 2019). Moreover, compelling evidence shows that these floods substantially affected climate during the waning stage of
the last glacial period. For example, the ~ 1300-year-long Younger Dryas cold event, which began about 13,000 years ago, has been
attributed to a 9.5 x 10'? m? outburst from glacial Lake Agassiz into the Arctic Ocean that altered oceanic thermohaline circulation
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and induced global cooling (Teller et al., 2002; Murton et al., 2010; Teller, 2012; Condron and Winsor, 2012). Similarly, abrupt
cooling that affected the northern hemisphere between 8400 and 8000 years ago has been attributed to a final outburst of glacial
lakes Agassiz and Ojibway into Hudson Bay and the Labrador Sea, perhaps involving a volume exceeding 1.6 x 10'* m> (Barber
et al,, 1999; Clarke et al., 2004; Alley and Agtistsdéttir, 2005; Teller et al., 2002).

6.36.2.2.2 Moraine-rimmed basins

Basins formed by moraines include (1) river valleys blocked by lateral and end moraines and (2) closed depressions formed by ice
retreat from moraines formed during times of advanced ice (Fig. 6). The former are probably more appropriately classified as valley
blockages, similar in morphology and behavior to landslide dams; the latter result in far more outburst floods. Moraine-dammed
lakes and resulting floods are commonly categorized under the more general heading of “glacial lakes” and “glacial outburst floods”
(e.g., Carrivick and Tweed, 2013, 2016; Emmer, 2018; Veh et al., 2020). Floods from moraine-dammed lakes (Table 1) have been
extensively studied for several decades because they are an alpine hazard and important geomorphological agent. Releases from
moraine-dammed lakes are sudden and rapid and thus produce impressive erosional and depositional features far from the lakes
(e.g., Cook et al., 2018). The phenomenon was first documented comprehensively in the Cordillera Blanca of Peru, where resulting
debris flows and floods are known as aluviones (Lliboutry et al., 1977) and caused nearly 6000 fatalities between 1941 and 1960
(Carey, 2005; Emmer, 2017). They are now commonly termed GLOFs, short for glacial lake outburst floods. Summaries of
moraine-dammed lakes and their outbursts are provided by Cenderelli (2000), Clague and Evans (2000), Richardson and Reynolds
(2000), Kattelmann (2003), Carrivick and Tweed (2013, 2016), Allen et al. (2016a), Wang and Jiao (2015), Emmer (2017), Har-
rison et al. (2018), Erokhin et al. (2018), Neupane et al. (2019), Liu et al. (2019), Emmer et al. (2020), and Clague and O’Connor
(2020). The assessment of Harrison et al. (2018) provides a comprehensive global inventory of historical outburst floods from
moraine-dammed lakes.

Large moraine-dammed lakes formed in the late Pleistocene where large valley glaciers built terminal moraines at the mouths of
confined valleys. Documented floods from these moraine impoundments include the late Pleistocene breaching of the moraine
rimming Lake Zurich, Switzerland (Strasser et al., 2008) and the historical emptying of Keppel Cove Tarn in the United Kingdom,
which was probably human-caused (Carling and Glaister, 1987). Blair (2001) and Benn et al. (2006) report outburst-flood deposits

flood. The lake level dropped 28.4 m, releasing 6.5 x 10% m® of water (Blown and Church, 1985; Clague and Evans, 1994). August 1984 photograph
by J. J. Clague.
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that may have resulted from a breached late Pleistocene moraine in the Sierra Nevada of California. In contrast to the few docu-
mented incidents of breached Pleistocene moraines, scores of large floods and debris flows resulted from rapid breaching of late
Holocene moraines. Harrison et al. (2018) document 165 moraine-dam outburst floods worldwide since the beginning of the
19th century. These floods cause substantial death and destruction (Carrivick and Tweed, 2016), including more than 5000 fatalities
from the 1941 Huaraz outburst flood in Peru (Carey, 2005) and, more recently, more than 6000 deaths from the 2013 outburst that
devastated the Indian Himalayan village of Kedernath (Allen et al., 2016b).

Moraine dams form in the wake of retreating glaciers. They have become a subject of particular and increasing interest because of
20th century warming (Lliboutry et al., 1977; Liu and Sharma, 1988; O’Connor and Costa, 1993; Clague and Evans, 1994; O'Con-
nor et al., 2001; Kattelmann, 2003; Wang et al., 2014; Veh et al., 2020; Emmer et al., 2020). The rapidly expanding literature and its
geographic distribution are documented by the bibliometric analysis of Emmer (2018). Most moraine dams that have breached in
recent decades formed in the 17th, 18th, and 19th centuries, the time of most extensive glaciation of the late Holocene Neoglacial
period (Porter and Denton, 1967). During this period, valley and cirque glaciers built moraines up to 100 m high. By the late-1800s
and through most of the 20th century, glaciers substantially retreated from their advanced Little Ice Age positions, allowing lakes
with volumes up to 1-10° m® and depths of nearly 100 m to form in the vacated basin between moraines and the retreating ice
(Fig. 6). Tens to thousands of Little Ice Age moraine-dammed lakes have been mapped in glaciated regions such as the Himalaya
(Liu and Sharma, 1988; Yamada and Sharma, 1993; Richardson and Reynolds, 2000; Fujita et al., 2013; Worni et al., 2013; Wang
and Jiao, 2015; Wang et al., 2015; Gurung et al., 2017; Nie et al., 2017; Veh et al., 2019, 2020), central Asia (Jansky et al., 2010),
South America (Lliboutry et al., 1977; Reynolds, 1992; Carey, 2005; Anacona et al., 2015a,b; Emmer et al., 2016a,b, 2020), the
European Alps (Haeberli, 1983; Emmer et al., 2015), southern British Columbia, Canada (Clague and Evans, 1994; McKillop
and Clague, 2007a,b), and the Cascade Range of Oregon and Washington, USA (O’Connor et al,, 2001). More proglacial lakes
are likely to form as glaciers continue to retreat, as predicted by most climate models (e.g., Emmer et al., 2020; Magnin et al., 2020).

Many Little Ice Age moraines enclosing lakes are susceptible to breaching because of their geotechnical characteristics and the
trigger mechanisms provided by adjacent steep terrain. Young moraines commonly are perched on steep mountain slopes, are
sparsely vegetated, and consist of loose and poorly sorted glacial sediment deposited at slopes as steep as 40 degree—all character-
istics facilitating rapid erosion once overtopped. Breaching can be triggered by periods of rapid snowmelt or intense rainfall that
either lead to overflow of the moraine rim or initiate outlet erosion (e.g., Allen et al., 2016a). The most common failure mechanism,
however, is ice- or rock-fall into the lake from the glacier or surrounding rock slopes, which generates waves that overtop the
moraine and initiate breaching (Costa and Schuster, 1988; Clague and Evans, 2000, Kershaw et al., 2005; Westoby et al., 2014;
Nie et al., 2017; Harrison et al., 2018). Breaching in some cases may be facilitated by a slow lowering of the moraine crest due
to melting ice cores (Reynolds, 1992) or interstitial ice. Maximum historical breakout volumes have approached 7 x 10" m?
with breach depths of up to 50 m (O’'Connor and Beebee, 2009; Veh et al., 2020).

Some moraine rims breach soon after the lake first forms (O'Connor et al., 2001), but most fail years or decades later depending
on the time required to fill the lake basin or the incidence of breach-triggering processes such as rock-fall or ice avalanches. In
general, the likelihood of breaching increases as lakes get larger and then decreases gradually as moraine dams age and presumably
consolidate (Clague and Evans, 2000). For example, in the Oregon Cascade Range, 13 moraine-dammed lakes formed between
1924 and 1956, by which time they had reached their maximum size. Eight of these lakes produced floods and debris flows
from four complete and seven partial dam breaches between 1934 and 1987, with one small partial breach subsequently in
2012 (O’Connor et al., 2001; Sherrod and Wills, 2014). Globally, the frequency of outburst floods is similar—a substantial increase
in outburst flood frequency between 1930 and 1970 followed by a decline (Carrivick and Tweed, 2016; Harrison et al., 2018). An
exception may be the Himalayan region where incidence of moraine breaches in the Himalaya has not slowed (Harrison et al.,
2018), in part signaled by large and lethal outbursts in 2013 and 2016 (Allen et al., 2016b; Cook et al., 2018; Veh et al., 2019),
and where lakes continue to grow in the wake of retreating glaciers (Liu and Sharma, 1988; Mool, 1995; Richardson and Reynolds,
2000; Kattelmann, 2003; Fujita et al., 2013; Wang and Jiao, 2015; Nie et al., 2017).

Not all moraine dams breach cataclysmically. The large number of existing lakes impounded by Pleistocene moraines attests to
long-term stability of some moraine dams. Likewise, many Neoglacial moraine dams have persisted without breaching. In an inven-
tory of moraine-dammed lakes in southern British Columbia, Canada, McKillop and Clague (2007a) found only 10 of 175
moraine-rimmed lakes had drained partly or completely. For some lakes, stability is promoted by outlet channels formed in
rock or armored by coarse material. Others are stable because low-gradient outlet channels drain the lakes (Clague and Evans,
2000). Logistic analysis of the stable and breached moraine dams in British Columbia showed that four factors were correlated
with increased likelihood for breaching: large moraine height-to-width ratio, presence of ice-free moraines, large lake area, and
moraines composed of sedimentary rock types (McKillop and Clague, 2007a). Moraine dams formed on stratovolcanoes may
be particularly susceptible to breaching because they are generally tall and are located on steep slopes—on the central Oregon
Cascade Range volcanoes, 8 out of 13 Neoglacial-age moraine dams have partly or completely breached (O’Connor et al.,
2001), a failure rate far surpassing the 6% that have failed in the mostly crystalline and sedimentary rocks of the British Columbia
Coast Mountains (McKillop and Clague, 2007a).

6.36.2.2.3 Tectonic basins

Large tectonic basins that fill with water and cataclysmically drain have been the source of many great floods, primarily because of
the immense volumes of water involved (Table 1; O’Connor and Costa, 2004). For example, Pleistocene Lake Bonneville at its
maximum contained 1 x 10" m? of water and was 330 m deep. Floods from basin spills generally overwhelm pre-existing
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drainages, leaving pronounced flood features. Such floods commonly lower local base levels and alter hydrological pathways, initi-
ating landscape and ecological adjustments. Consequences may include drainage integration, regional incision (House et al., 2009;
Hilgendorf et al., 2020) and changed migration pathways for aquatic organisms (Reheis et al., 2002). Tectonic basins may also have
been the source of large outburst floods on Mars (Irwin and Grant, 2009; Burr, 2010).

A common flood-causing scenario for tectonic basins is the filling and overtopping of hydrologically closed basins, either
because of climate change or because geological events increase the contributing drainage area or cause a sudden influx of water.
Upon overtopping the basin divide, flow rapidly erodes an outlet channel, partly or completely emptying the lake. Such was the
case for the Bonneville Flood in western North America (Fig. 7; Gilbert, 1890; Malde, 1968; O’Connor, 1993, 2016). Pleistocene
Lake Bonneville filled the closed basin of Great Salt Lake, overtopped and eroded the alluvium and poorly consolidated rock form-
ing the drainage divide at Red Rock Pass, Idaho, and then spilled northward into the Snake River basin. Gilbert (1890, p. 175)
described evidence pointing to a “veritable debacle” as about 5 x 10'? m® of water flowed out of the basin with a peak discharge
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Fig. 7 Figures adapted from Gilbert (1890) showing conditions at the outlet of pluvial Lake Bonneville near Red Rock Pass, Utah. (A) Map showing
maximum elevation (1552 m asl) of pluvial Lake Bonneville and subsequent Provo shoreline (1444 m asl) after breaching and release of

4.75 x 10" m® of water about 17,000 years ago. The alluvial fan of Marsh Creek formed the divide between the closed basin of Great Salt Lake and
the Snake River watershed. Overtopping resulted in rapid incision of 108 m to underlying bedrock at Red Rock Pass, where downcutting ceased. The
resulting outburst flood had a peak discharge of 1.0 x 10° m®s~" (0’Connor, 1993). (B) Sketch of view south (upstream) toward Red Rock Pass
from the surface of March Creek fan, showing breach channel formed during incision of the fan.
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U. S. GEOLOGICAL SURVEY LAKE BONNEVILLE PL. XXIX

RED ROCK PASS, THE OUTLET OF LAKE BONNEVILLE, AS SEEN FROM THE NORTH.

Fig. 7 (continued).

of 1 x 10° m?® s~ ! while incising the basin divide ~ 108 m. Late Pleistocene outburst floods from Issyk Kul, Krygyzstan, may have
involved a similar overflow scenario (Rosenwinkel et al., 2017).

Similar floods elsewhere in western North America are indicated by incision of surface overflow channels at basin rims (Currey,
1990; Reheis et al., 2002) or by downstream deposits of fluvially transported boulders (Anderson, 1998; Reheis et al., 2002). Two
such floods from overflowing basins have been documented in Oregon: (1) overflow of Pleistocene Lake Alvord into Crooked Creek
of the Snake River drainage (Hemphill-Haley et al., 1999; Carter et al., 2006); and (2) overflow of a Pleistocene lake in the Millican
basin into the Crooked River, central Oregon (Vanaman et al., 2006).

The Lake Bonneville flood, other U.S. Great Basin spillovers, and the Oregon floods are examples of closed basins filling during
wetter periods. Accounts also show that rapid emptying of some closed basins resulted from sudden water inputs caused by
upstream drainage basin changes. For example, floodwater from breaches of ice-dammed and proglacial lakes may have entered
the Pleistocene predecessor of the Caspian Sea, filling the basin and incising its outlet in the Manych Strait, releasing
>25,000 km® into the Black Sea basin (Yanchilina et al., 2019). Similarly, House et al. (2009) concluded that the lower Colorado
River became connected with the upper Colorado drainage at about 5 Ma owing to chain-reaction breaching of upstream basin
divides. Boulder deposits downstream of breached divides indicate that some of these Colorado basin breaches caused large floods.
Similar sequences about 2 Ma may have led to integration of the Snake River watershed into the Columbia River basin and incision
of Hells Canyon and the western Snake River Plain of Idaho (Othberg, 1994; Wood and Clemens, 2002), as well as the integration
of the upper Yellow River in Tibet (Craddock et al., 2010). Such spillovers, whether by flood or gradual outlet incision, are an impor-
tant mechanism of drainage integration and modulate overall fluvial response to regional uplift (Meek, 2019; Hilgendorf et al.,
2020).

Even larger marine floods into closed tectonic basins have likely resulted from eustatic sea-level rise or tectonic activity at basin
margins. Hsii (1983) suggested that a desiccated Mediterranean basin was filled rapidly about 5.3 Ma by breaching at the present-
day Strait of Gibraltar, a flood estimated by Garcia-Castellanos et al. (2009, 2020) and Abril-Herndndez and Peridnez (2016) as
having a peak discharge of 10® m*® s~ ' and a volume of 3.7 x 10'> m?, nearly 1000 times larger than the Lake Bonneville flood.
Garcia-Castellanos et al. (2020)relate the flood to long-held legends of southern Iberia, including that of Hercules cutting the breach
with his sword, enabling the ocean to flow into the Mediterranean basin. This event, termed the Zanclean flood, lowered global sea
level by about 10 m and is correlated with a mass extinction event that marks the Miocene-Pliocene boundary. Similarly, Quater-
nary breaching of a resistant chalk ridge formerly spanning the Dover Strait led to outburst flooding from a proglacial lake that occu-
pied the southern part of the present-day North Sea (Gupta et al., 2007, 2017). Erosion of this channel separated Britain from the
continent. Ryan et al. (1997, 2003) proposed that the rising Mediterranean Sea overtopped and eroded a divide at the Bosporus
Strait, Turkey, about 9300 years ago, rapidly filling the Black Sea—from the direction opposite that of the last glacial flooding
from the Caspian Sea (Ryan et al., 2003; Ryan, 2007; Yanchilina et al., 2017). This flooding perhaps engendered the story of the
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Biblical Flood (Ryan and Pitman, 1999), although the exact scenario remains controversial (Baker, 2009; Briickner and Engel,
2020).

Large floods involving tectonic basins typically occur in semi-arid environments during times of changing hydrological condi-
tions. Very large terrestrial freshwater floods result from sustained wet periods that allow closed basins to fill. During the Quater-
nary, filling episodes were mostly during pluvial periods during times of glaciation (Baker, 1983; Reheis et al., 2002). Likewise,
marine waters are most likely to flood continental basins during times of rising sea level driven by climate warming, sudden inputs
from large terrestrial lakes, and melting of ice sheets and glaciers. Large closed basins are common in tectonically active regions and
especially within the arid and semi-arid subtropical belts, such as Africa, Australia, and the Basin-and-Range Province of western
North America. In these areas, millenia-long dry periods allow closed basins to form without continuous overflow and drainage
integration, creating the possibility for large water volumes to flow over steep basin margins during singular episodes of basin filling.
About 20% of the global continental land surface is internally drained under present climate (Lee, 2018), indicating the broad
potential for such processes. Marine floods into closed basins are also more likely in environments of negative water balance, where
deep and isolated they will remain dry or contain endorheic lakes substantially below sea level, thus providing the hydraulic head
for cataclysmic marine inflow (O’Connor et al., 2002).

6.36.2.2.4 Volcanic basins

Large floods from basins formed by volcanic activity, in particular caldera and crater lakes, are increasingly recognized as a hazard in
volcanic landscapes (Lockwood et al., 1988; Waythomas et al., 1996; Manville et al., 1999, 2007; Wolfe and Begét, 2002; Manville,
2010a, 2015; Singer et al., 2018; Yi et al., 2019). Calderas and volcanic craters are formed by a combination of explosive volcanism
and volcano-tectonic collapse (Williams, 1941). More than 200 Late Pleistocene or younger calderas sit high in volcanic landscapes
world-wide (Manville, 2010a).

Some calderas and crater lakes contain large volumes of water—for example, Lake Taupo, New Zealand, holds ~6 x 10'® m?
(Manville et al., 1999); Lake Atitldn, Guatemala, holds ~4 x 10 m? (Newhall et al., 1987); and Crater Lake, Oregon, is nearly
600 m deep and contains 1.7 x 10'° m? (Johnson et al., 1985). The largest caldera lake in the world is Lake Toba in Indonesia,
which contains 2.4 x 10" m® of water (Chesner and Rose, 1991). Although two orders of magnitude smaller than the largest
tectonic basins, large caldera and crater lakes may be more likely to produce large outburst floods than basins of other origins
because (1) they form rapidly and without water outlets, (2) they are commonly at high elevations with substantial local relief
and therefore high potential energy, (3) they are commonly rimmed by heterogeneous and structurally weak lava flows and uncon-
solidated pyroclastic material, (4) they are susceptible to draining during renewed volcanic activity, and (5) they are located in
volcanic arcs that, because of their elevated positions commonly near ocean moisture sources, may fill rapidly from precipitation.
Breaching may be triggered by volcanism producing displacements or waves that overtop and breach outlets (Richer et al., 2004;
Stelling et al., 2005), or by overtopping by rapid melting of snow and ice (Donnelly-Nolan and Nolan, 1986). Breaching might
not be directly related to volcanism but instead triggered by overtopping of weak rims (e.g., Waythomas et al., 1996), piping
(e.g., Massey et al., 2010), and headward erosion (Kardtson et al., 1999). More than 20 such floods are listed in the compilation
by Manville (2015).

The largest well-documented outburst flood from a caldera lake is the post-3.4 ka flood from Aniakchak Volcano, Alaska (Fig. 8;
McGimsey et al., 1994; Waythomas et al., 1996). The caldera at Aniakchak formed from a large eruption about 3.4 ka and subse-
quently filled with about 3.7 x 10° m?® of water to an average depth of ~98 m. Shorelines near the elevation of the inferred low
point in the rim indicate that the lake may have overflowed the basin rim for some time before rapidly breaching. Once breached,
almost the entire lake emptied into the Aniakchak River valley at a peak discharge of about 1 x 10° m® s~ !, producing one of the
largest known Holocene floods on Earth (Waythomas et al., 1996).

Several large floods from caldera and crater lakes have been documented in New Zealand, including the 13 March 2007 partial
breach of the 1.3 x 107 m? crater lake at Mount Ruapehu (Table 1; Manville and Cronin, 2007; Graettinger et al., 2010; Procter
et al., 2010; Manville, 2010b, 2015). A post-1.8 ka partial breach of Lake Taupo emptied 2.0 x 10'® m® of water with a peak
discharge of 1.7-3.5 x 10> m®>s™ ! (Manville et al., 1999). The worst volcanic disaster in New Zealand resulted from a breach at
Mount Ruapehu on 24 December 1953, when 1.8 x 10° m> of water emptied rapidly from the summit crater lake into the head-
waters of the Whangaehu River. The flood incorporated volcaniclastic debris from the steep upper slopes of the volcano and trans-
formed into a lahar with a peak discharge of ~2 x 10> m® s~ ! that destroyed a railroad bridge 39 km downstream, minutes before
arrival of a passenger train, resulting in 151 deaths (Manville, 2004).

Other documented caldera-breach floods include the 15-12 ka breach of Towada Caldera in Japan, which released 6 x 10° m?
into the Oirase River (Kataoka, 2011); the 1.5 ka cataclysmic emptying of a ~ 100 m-deep lake in Fisher Caldera, Alaska, apparently
triggered by an eruption-generated wave (Stelling et al., 2005); two breaches from Okmok Caldera, Umnak Island, Alaska since
1.6 ka, including one that emptied 5.8 x 10° m* of water from a 150 m-deep lake filling a caldera formed about 2 ka (Wolfe
and Begét, 2002; Begét et al., 2005); the 9.4 ka breach of Laguna del Maule caldera in Chile, which released ~ 1.5 x 10'® m?® of water
when a lava flow emplaced across the outlet at 19.0 £ 0.7 ka failed catastrophically (Singer et al., 2018); breaching of the 5 km
diameter caldera lake at the summit of Changbaishan (Tianchi/Baitoushan) on the North Korea/China border, which emplaced
0.8-1.8 x 10" m> of water into the Erdaobaihe River following its formation during the 946 =+ 20 CE Millennium eruption (Yi
etal, 2019); and a July 2002 flood of 6.5 x 10" m* of water from the summit caldera formed by the 1991 eruption at Pinatubo,
Philippines (Lagmay et al., 2007). In the Cascade Range of western North America, documented outburst floods from crater and
calderas include a post-4.7 ka partial breach of Paulina Lake at Newberry Volcano, Oregon (Chitwood and Jensen, 2000), and
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Fig. 8 Aniakchak caldera, Alaska, which breached sometime after 3400 years ago, producing one of the largest terrestrial floods of the Holocene
(Waythomas et al., 1996). (A) Aerial view east of Aniakchak caldera. The caldera is about 10 km across and an average of 500 m deep. After
formation, the caldera filled to @ maximum depth of 183 m before breaching through a low point on the western caldera rim, incising “The Gates”
and releasing 3.7 x 10° m® of water with a peak discharge of 1 x 106 m®s~". (B) View east of “The Gates,” the ~200-m-deep breach formed in the
rim of Aniakchak Caldera. (A) Photograph by M. Williams, National Park Service, 1977. (B) Photograph 3 July 1992 by C.A. Neal, U.S. Geological
Survey.

a ~3.3x10°m’s™! late Pleistocene flood from a possibly ice-covered caldera lake on Medicine Lake volcano, California
(Donnelly-Nolan and Nolan, 1986).

An additional dimension to hazards of outburst floods from volcanic basins is provided by Schaefer et al. (2008). They describe
a May 2005 breach of a sulfurous crater lake at the summit of Chiginagak volcano, Alaska, resulting in a highly acidic lahar and
flood that killed all aquatic life along its 27-km-long path. In addition to the lahar and flood, the breach was accompanied by
a flow of acidic aerosols, causing substantial plant death and damage over a 29 km? area flanking the flood path at heights up
to 150 m above the channel.

Like outbursts from other types of breached basins, crater and caldera lake floods are restricted geographically—obviously in this
case to volcanic provinces, mainly volcanic arcs flanking subduction zones and less commonly in rift valleys (Manville, 20103,
2015). Larson (1989) identified 88 lakes in 75 calderas with diameters >2 km in 31 volcanic regions globally. The largest caldera
and crater lakes, and those more likely to overflow, are associated with explosive silicic volcanism (Manville, 2010a). These lakes are
bounded by relatively impermeable pyroclastic material. In contrast, lakes on more mafic basaltic and andesitic volcanoes formed
primarily of lava flows (such as Crater Lake, Oregon) are more likely to drain by subterranean outflow through permeable lava
flows. The filling and breaching of caldera and crater lakes also may be restricted to humid environments or times of local positive
moisture balance because most such lakes have small drainage areas relative to their size.

6.36.2.2.5 Meteorite craters

Outburst floods from breached impact craters channeled the surface of Mars during wetter periods (Irwin and Grant, 2009; Burr,
2010; Coleman, 2013, 2015; Goudge et al., 2016, 2018; Goudge and Fassett, 2018), and perhaps also on early Earth. Some of these
Martian floods involved outburst volumes exceeding 10'* m* (about five times the combined volume of the Great Lakes) and
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Fig. 9 Morella Crater and the head of the Elaver Vallis channel system in the circum-Chryse region of Mars, showing an outflow channel emanating
from breached Morella Crater. Coleman (2013) inferred that groundwater discharged from Ganges Cavus, filling the crater until it overtopped. From
breach geometry and crater topography, they estimated 2 x 10'> m® of water escaped at a peak discharge as great as 2 x 107 m® s~ while the lake
level dropped 530 m. Daytime infrared mosaic from THEMIS Public Data Releases, Planetary Data System node, Arizona State University (http://
themis.mars.asu.edu/feature/16).

breach depths of nearly a kilometer (Coleman, 2015; Goudge et al., 2018). Examples include Morella Crater (Coleman, 2013),
shown in Fig. 9, and Galilaei Crater, a 960-m-deep, 137-km-diameter impact crater that filled with 1.1 x 10'* m® of water (similar
to Lake Superior) before breaching with a peak discharge possibly as large as 8.4 x 10’ m® s~ ' (Coleman, 2015), a flood volume
and discharge about five times the largest Missoula flood (Table 1).

6.36.2.3 Floods from release of subglacial and subterranean storage

Water release from beneath and within glaciers has caused floods, including relatively small releases from alpine glaciers that none-
theless create hazards in developed mountainous areas (Haeberli, 1983; Walder and Driedger, 1994), and much larger Holocene
flows—up to 7 x 10> m> s~ '—from volcanic eruptions under ice sheets in Iceland (Waitt, 2002; Alho et al., 2005; Carrivick,
2006, 2007, 2009; Bjornsson, 2009; Carrivick and Tweed, 2019). The 1918 Katla jokulhlaup in Iceland had a peak discharge of
about 3 x 10° m*>s™' (Témasson, 1996). Some of these Icelandic floods involved water evacuated from subglacial calderas.
Tremendous Pleistocene floods may have resulted from rapid emptying of water stored within or under continental ice sheets
(Shaw, 1983; Munro-Stasiuk et al., 2009). On Mars, even larger floods were possibly generated by catastrophic releases of pressur-
ized groundwater (Carr, 1979; Manga, 2004; Burr et al., 2009; Coleman and Baker, 2009; Burr, 2010).

6.36.2.3.1 Subglacial and englacial impoundments

Outburst floods from subglacial and englacial water bodies have long been noted as a source of damaging floods and debris flows in
areas of alpine glaciers (Richardson, 1968; Haeberli, 1983; Driedger and Fountain, 1989; Walder and Driedger, 1994; Roberts, 2005;
Bjornsson, 2009). Haeberli (1983) documented more than 26 outburst floods from glacial “water pockets” in the Swiss Alps,
involving water volumes as great as 2.7 x 10° m>. Similarly, water stored in subglacial or englacial cavities in glaciers on Mount
Rainier, Washington, have been the source of dozens of 20th century outburst floods, including some with peak discharges as great
as 1 x 10* m® s~ ! and volumes of up to 3 x 10°> m® (Driedger and Fountain, 1989; Walder and Driedger, 1994). A recent example
was the June 2016 outburst from Lhotse Glacier in the Everest region of Nepal, where a peak discharge of about 210 m? s~ ! emerged
from breached englacial conduits (Rounce et al., 2017).

Some of the floods in the Alps and on Mount Rainier were associated with rainstorms, but many happened during dry warm
periods (Haeberli, 1983; Walder and Driedger, 1994). Driedger and Fountain (1989) reviewed the physical conditions associated
with the outburst floods on Mount Rainier and concluded that rapid outbursts likely result from sudden emptying of a single or
a few large pressurized water-filled cavities into low-pressure, subglacial drainage pathways. These breaches possibly resulted
from cavity enlargement, glacier movement, or by addition of water from the surface during periods of rain or melting. Once
sub- or englacial cavities connect, pressure differences drive flow that thermally and mechanically enlarges pathways in a manner
similar to tunneling flow under and through ice dams (Nye, 1976; Clarke, 1982). Formation of pressurized subglacial and englacial
water-filled cavities is an outcome of glacier flow over steep and stepped beds (Driedger and Fountain, 1989), consistent with the
observation of Haeberli (1983) that many of the Swiss outburst floods came from relatively steep glaciers.

Some of the most spectacular floods from glacial water sources have been the Icelandic jokulhlaups (literally “glacier-burst”).
Immense floods—on the order of two floods per century with discharges exceeding 10°> m> s~ '—have resulted from subglacial
water melted by geothermal heat and volcanism (Témasson, 2002; Bjornsson, 1974, 2009, 2010; Carrivick et al., 2004; Roberts,
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2005; Russell et al., 2010; Bjornsson, 2010; Baynes et al., 2015a,b). These floods have emanated from the subglacial cauldrons,
crater lakes and calderas of the ice-capped Icelandic rift valleys. The largest historical outburst flood resulted from the eruption
of Katla volcano underneath Myrdalsjokull (jokull is Icelandic for “glacier”) and had a peak discharge of 3 x 10° m® s~ ' (Témasson,
1996). The largest Icelandic jokulhlaups of the Holocene have been along Jokulsa d Fjollum in northeastern Iceland. The exact erup-
tive and outburst sequence of many of these floods is uncertain (Carrivick et al., 2004; Carrivick and Tweed, 2019) but they all likely
involved subglacial volcanism associated with one or more volcanic centers under Vatnajokull. One such flood had a discharge of
9 x 10°m> s~ ! (Alho et al., 2005). Similarly, volcano and ice interactions may have been a mechanism for producing large floods
on Mars (Chapman et al.,, 2003).

A large flood in 1996, triggered by eruptions from the Grimsvotn caldera lake beneath Vatnajokull, travelled down Jokulsa a
Fjollum with a peak discharge 5 x 10* m®s™ ' (Bjornsson, 2009). This flood is one of several 20th century floods emanating
from six subglacial lakes beneath Vatnajokull. Many of these floods, however, were not triggered by eruptions, but rather by
geothermal melting of ice at the glacier bed, pressurizing subglacial water accumulations until lifting of the capping ice enabled
rapid water escape (Bjornsson, 2009).

Large water bodies, some perhaps associated with floods, underlie ice sheets in Antarctica (Wingham et al., 2006; Fricker et al.,
2007). A sequence of immense subglacially derived floods eroded scabland terrain, channels, potholes, and left giant current dunes
in the Dry Valleys, Antarctica, during the Miocene (Marchant et al., 2011).

More controversial (Baker, 2009; Baker, 2020; Munro-Stasiuk et al., 2009) is the hypothesis of great outburst floods from under
the large ice sheets of the late Pleistocene. Shaw (1983, 2002) proposed that many subglacial landforms, such as drumlins, are the
product of immense subglacial sheet floods from under the Laurentide Ice Sheet, some with discharges exceeding 10° m> s~ '. Gross-
wald (1999, cited in Baker, 2009) extended this idea to relate the topography of much of central Russia to immense water flows
under an ice cap covering the Arctic Ocean. Similar floods, with sources beneath the Cordilleran Ice Sheet in the Okanagan Valley
of British Columbia, have been proposed by Lesemann and Brennand (2009). This idea is broadly consistent with the Shaw et al.
(1999) proposal that at least some of the water that eroded the Channeled Scabland of eastern Washington—generally attributed to
outburst flooding from ice-dammed Glacial Lake Missoula—actually came from a hypothesized 10'* m® accumulation of water
under the Cordilleran Ice Sheet in British Columbia. This scenario has been discounted specifically for the Channeled Scabland
by Atwater et al. (2000) and on more general physical principles by Walder (1994) and Clarke et al. (2005).

6.36.2.3.2 Groundwater

Although groundwater commonly contributes to flooding, it is not typically considered a source for terrestrial outburst floods. Aside
from the Biblical “fountains of the great deep” (Genesis 7:11, King James Version, Cambridge Edition) as a source of Noah’s Flood,
few riverine floods have been documented from rapidly expelled groundwater on Earth. The most notable examples involve releases
of groundwater from volcanic edifices during gravitational collapse to form debris avalanches, or from faulting during tectonic or
volcanic activity. Delcamp et al. (2016) demonstrated that volcanic edifices can efficiently store large volumes of groundwater in
perched aquifers formed by layers of different porosity and permeability and intrusion networks. Rapid release of this stored water,
which can reach up to 30% volume of the rock mass, can occur either through dewatering of the debris avalanche as was observed at
Mount St. Helens (Janda et al., 1981), or by seepage from the avalanche scar (Delcamp et al., 2016), evident at Mount Meager
following the 2010 collapse (Guthrie et al., 2012) and inferred at Mt. Meru, Tanzania. At Nevado del Huila, Colombia, two small
phreatic eruptions in February 2007 were accompanied by large lahars in the Pdez and Simbola Rivers (Johnson et al., 2018). Large
fissures in the summit region, up to 2-km long and 50-80-m wide, appear to be the source of much of the water in the lahars seem-
ingly too voluminous to have been derived from melting of snow and ice, and were likely sourced from hydrothermal reservoirs
within the volcano (Pulgarin et al.,, 2007). Model calculations indicate groundwater expulsion of possibly ~ 10> m*-per meter
of crack within tens of minutes, possibly but not necessarily aided by volcanic pressurization. Peak discharge 24 km from source
was estimated at 1.35 x 10 m> s~ ! for the larger flow with a total volume of 5 x 10’ m® (Worni et al., 2012b). Another possible
groundwater-sourced flood is hypothesized by Amidon and Clark (2015), invoking floods emerging from the Snake River Plain
aquifer in Idaho, United States, to have eroded amphitheater-headed canyons carved into the basalt plain.

In contrast to the rarity of groundwater outburst floods on Earth, releases of water from pressurized aquifers is a strongly
supported mechanism for generating the tremendous water flows on Mars (Fig. 10; Baker and Milton, 1974; Carr, 1979; Burr
et al., 2002a,b, 2009; Wilson et al., 2009; Salese et al., 2019), although several alternative mechanisms—some involving surface
water—have also been advanced (Roda et al., 2014; Cassanelli and Head, 2018). The largest Martian flood channels were
formed during the Hesperian epoch (3.7-3.0 Ga) by floods with volumes of 10'®> m? (e.g., Roda et al., 2014) and discharges
exceeding 10° m? s~ '—two orders of magnitude larger than the largest freshwater floods on Earth (Burr, 2010). These flows
probably resulted from release of vast accumulations of groundwater confined by the overlying cryosphere, leaving so-called
chaotic terrain at the head of outflow channels that run for thousands of kilometers and are locally more than one kilometer
deep (Baker, 2001). Rupture and release of this groundwater was likely triggered by magmatic intrusions, but tectonic frac-
turing and landslides may also have triggered these and later Martian floods (Burr et al., 2009; Coleman and Baker, 2009;
Montgomery et al., 2009).

6.36.2.4 Floods from unusual sources

Costa (1988) summarized some unusual outburst floods, including bog bursts in the United Kingdom and Republic of Ireland result-
ing from rapid escape of water accumulations trapped between impermeable glacial till and thick overlying thick peat layers
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Fig. 10 lani Chaos and Ares Vallis in the circum-Chryse region of Mars. The Ares Valles may have carried 1-6 x 108 m3 s~ of water derived from
a variety of sources, including the lani Chaos terrain at the bottom of the image, which is inferred to have resulted from ground-water discharge and
consequent disruption of the surface (Coleman and Baker, 2009). Modified from image produced by European Space Agency (ESA/DLR/FU Berlin [G.
Neukum]; http://www.esa.int/esaCP/index.html, accessed 24 May 2011).

(Colhoun et al., 1965). This phenomenon also has been described in the Falklands (Dyer, 1886). Notable outburst floods of even
more bizarre flavors include “Boston’s Great Molasses Flood” of 15 January 1919, in which 900 m® of molasses escaped a storage
tank, inundated nearby streets and killed 21 people (Hartley, 1981); a 15-m-high torrent of beer from a catastrophically ruptured
fermentation tank flood in London in 1814, causing 8 fatalities (https://www.thehistorypress.co.uk/articles/the-london-beer-flood,
accessed 15 April 2020); and more recently, a 28,000 m* outburst of Pepsi fruit drink in 2017 from collapsed storage containers
warehoused in Lebedyan, Russia (https://www.britannica.com/list/7-strange-disasters, accessed 15 April 2020).
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6.36.3 Outburst flood magnitude and behavior

Outburst floods profoundly affect landscapes and socioeconomic systems, motivating focused research into their triggers and down-
stream behavior. Early outburst-flood studies emphasized mapping and qualitative descriptions (e.g., Hewitt, 1968, 1982; Lliboutry
et al., 1977). Later and more quantitative hazard assessments adopted empirical analysis and modeling techniques for assessing
magnitude and inundation, such as Clague and Mathews (1973), Costa (1988), Costa and Schuster (1988), and Fread (1988,
1991, 1993). In recent years, this work has involved sophisticated multi-dimensional and multi-component modeling and statis-
tical approaches (e.g., Denlinger and O’Connell, 2010; Westoby et al., 2014; Worni et al., 2014; Garcia-Castellanos et al., 2020;
Sattar et al., 2020; Veh et al., 2020). For constructed dams, extensive research has evaluated dam-failure processes and downstream
flooding because of the common risks to downstream population centers (recently, for example: Capart, 2013; Brunner, 2014;
Froehlich, 2016; Eghbali et al., 2017; Morris et al., 2018; Wang et al., 2018; Zhong et al., 2020). Additionally, geologists have
long recognized the persistent landscape effects of outburst floods (e.g., Lyell, 1830, p. 192; Bretz, 1923a,b), currently reflected
in a rapidly expanding literature addressing the “geomorphic work” and erosional and depositional processes of outburst floods
on Earth as well as other planets (e.g., O’Connor, 1993; Benito, 1997; Montgomery et al., 2004; Lamb and Fonstad, 2010; Baynes
et al.,, 2015a,b; Lapotre et al., 2016; Emmer, 2017; Cook et al., 2018; Goudge et al., 2018; Keisling et al., 2020).

The important factors controlling outburst flood likelihood and magnitude for all types of barriers are (1) the stability the
blockage or divide in relation to plausible triggering processes, (2) the speed and depth of breach or outlet growth, and therefore
the volume, rate, and duration of escaping water and entrained sediment, and (3) downstream water and sediment interactions that
may change the volume, peak discharge, and type of flow. Each component of this “process cascade” has many complicated aspects
and uncertainties, challenging geoscientists and engineers faced with predicting the likelihood, magnitude, and downstream evolu-
tion of dam-break floods (Westoby et al., 2014: Worni et al., 2014 ). These same factors complicate interpretation of past events from
geological evidence, even for historic floods (e.g., Manville, 2004). Analysis is also hindered by the few detailed observations of dam
failures. Consequently, approaches to assessing hazards and landscape effects are quite variable, ranging from maps and descrip-
tions (e.g., Malde, 1968), to empirical assessments of historical data (e.g., Wang et al., 2018; Veh et al., 2020), to forward compu-
tational process modeling (e.g., Westoby et al., 2014; Worni et al., 2014; Kropdacek et al., 2015; Somos-Valenzuela et al., 2016; Lala
etal., 2018; Begam et al., 2018; Abril-Herndndez et al., 2018). Summaries and examples of approaches to assessing the likelihood
and magnitude of outburst floods from constructed and natural dam failures are provided by Clague and Evans (1994, 2000),
Froehlich (1995, 2008, 2016), Walder and Costa (1996), Walder and O’Connor (1997), Cenderelli (2000), Korup (2002), Huggel
et al. (2002, 2003a,b, 2004), Ermini and Casagli (2003), Manga (2004), Wahl (2004), Roberts (2005), Korup and Tweed (2007),
Manville et al. (2007), McKillop and Clague (2007a,b), Tweed and Russell (1999), Manville (2010a, 2015), Wang et al. (2012),
Westoby et al. (2014), Worni et al. (2014), Herget (2015), Walder et al. (2015), Rounce et al. (2016), Somos-Valenzuela et al.
(2016), Wang et al. (2018), Shen et al. (2020), Veh et al. (2020), and Zhong et al. (2020).

6.36.3.1 Triggers and breach processes

Rates and processes of breaching control outburst flood magnitude and behavior. Natural and constructed dams may fail by
intrinsic instability, exogenous triggers, or by some combination of factors. As a basin or valley impoundment fills, several processes
that facilitate breaching begin to operate. Impounded water may (1) overtop and erode an outlet, (2) impart lateral forces that
exceed the strength of the dam strength or buoyantly lift it, or (3) produce piezometric gradients through the barrier sufficient
to promote piping, retrograde erosion of sapping channels, or mass failure. At high lake levels, rapid water rise or waves triggered
by large inflows, wind, and mass movements may overtop dams and blockages, thereby initiating overflow and incision. In the case
of ice dams, water levels approaching the top of the dam induce lateral stresses and possibly buoyancy, leading to tunneling, frac-
turing, or catastrophic collapse. For constructed dams, the main causes of uncontrolled releases are (1) overtopping, typically result-
ing from flows exceeding spillway capacity, (2) foundation failure, and (3) piping and seepage through the structure (Costa, 1988).
Failure at first filling—by subglacial drainage, piping, outlet erosion, or some combination of these processes—is particularly
common for landslide and ice dams (Costa and Schuster, 1988; Tweed and Russell, 1999; Carrivick and Tweed, 2016; Shen
et al., 2020). Of landslide dams that have produced outburst floods, about 80% did so within a year of formation (Fan et al.,
2020). Even some constructed dams fail at first filling; both the St. Francis and Teton dams failed during or soon after completion
(Table 1).

Exogenic mechanisms also trigger breaches, especially in the case of moraine impoundments for which most breaches have been
triggered by overtopping waves from ice or rock avalanches into the impounded lake (O’Connor and Beebee, 2009; Westoby et al.,
2014; Herget, 2015; Emmer, 2017; Liu et al., 2019). Volcanism is a common trigger of Icelandic jokulhlaups (Roberts, 2005; Bjorns-
son, 2009; Dunning et al., 2013; Carrivick and Tweed, 2019). Floods entering impounded waterbodies also have triggered natural
dam failures, mainly by initiating rapid expansion of existing outlet channels. In many cases, the first seasonal flood triggers dam
overflow and failure (e.g., Webby and Jennings, 1994), but in some cases exceptional floods were required to trigger erosion of
outlets that had been stable for years or decades (e.g., Nash et al., 2010). An example of the latter is the Gros Ventre landslide
dam failure, described by Alden (1928). In a few instances, upstream dam-break floods have triggered downstream breaches of
dams. Examples include the upstream moraine-dam failure that led to breaching of landslide-dammed Lake Issyk, Kazakhstan (Ger-
asimov, 1965), and the breaching of lava-dammed Pleistocene American Falls Lake, Idaho, during the Bonneville Flood (O’Connor
and Beebee, 2009). Earthquakes have triggered numerous landslide- and moraine-dam failures (Lliboutry et al., 1977; Costa and
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Schuster, 1991; Dai etal., 2005; Strasser et al., 2008; Emmer, 2017), and some caldera lake breaches may have been caused by intra-
caldera volcanic activity (Waythomas et al., 1996; Manville, 2015). Human intervention also inadvertently caused the failure of
some moraine and landslide dams in Peru (Lliboutry et al., 1977; Costa and Schuster, 1991; Reynolds, 1992), commonly during
construction of outlet works at the blockages but also in the course of nearby construction and water diversion activities. Purposeful
“pond letting” of some dammed estuaries (Kraus et al., 2002) and breaching of constructed dams (Major et al., 2012; Herget and
Gregori, 2020) have also caused floods. Longer-term exogenous processes indirectly trigger natural dam failure or basin breaching.
For example, climate change leading to higher effective moisture regimes can fill and overtop closed basins.

The likelihood of breaching of natural dams or basin rims depends on the physical characteristics of the blockage and the prob-
ability of likely triggering processes (reviewed by Westoby et al., 2014). Important blockage characteristics are volume, height,
shape, particle-size distribution, and layering. Engineering-style stability assessments, including subsurface material investigations,
are generally feasible or justified only for large landslide dams for which several months or years may pass before the barrier is over-
topped and where downstream flooding poses a significant hazard (Meyer et al., 1985; Hanisch and Soder, 2000; Risley et al.,
2006), or for long-lived moraine dams (e.g., Lala et al., 2018; Falatkova et al., 2019). For many newly formed natural dams, stability
assessments are necessarily qualitative and based on local topographic and glaciologic conditions (Lliboutry et al., 1977; Clague and
Evans, 2000; O’Connor et al.,, 2001; Rounce et al., 2016; Fan et al., 2020), partly because it is difficult to obtain the pertinent data in
the short time available for hazard assessment. This is particularly the case for small landslide dams, which commonly fail soon after
they form but still can pose major downstream flood hazards (Hancox et al., 2005). Recent empirical studies of the likelihood of
natural-dam failure offer potential for broad-scale quantification of the main breaching factors, including stability indices for land-
slide dams (e.g., Ermini and Casagli, 2003; Korup, 2004; Tacconi Stefanelli et al., 2016, 2018; Fan et al., 2020) and regional statis-
tical likelihood assessments for moraine dams (e.g., McKillop and Clague, 2007a,b; Veh et al., 2020). Rule-based procedures have
also provided estimates of the hazard for moraine-dam failures and ensuing debris flows (Huggel et al., 2004); McKillop and
Clague, 2007a,b; Emmer and Vilimek, 2014; and Rounce et al. (2016). Similarly, Wang et al. (2012) proposed an objective
“event-tree” breach probability assessment for moraine-dammed lakes in the Chinese Himalayas.

Many impoundments do not breach cataclysmically to produce floods. Instead, the blockages slowly incise, or the impounded
water body completely fills in with sediment. A recent example of a gradually incised landslide dam was the barrier on the Stilla-
quamish River in Washington State created by the Oso landslide on March 22, 2014. After overtopping within 25 h of blockage, the
river steadily incised a new channel to its near-original grade through the center of the landslide mass during the ensuing 2 months
(Anderson et al., 2017). In addition to hazard implications, this observation has implications for the long-term geomorphic effects
of natural dams on valley morphology and incision (Fan et al., 2020). For example, landslide blockages composed of rock debris,
while perhaps not producing outburst floods as frequently or as large as glacier blockages (which nearly always fail catastrophically),
may nevertheless leave a long landscape legacy of upstream valley fill deposits in addition to coarse lag deposits at the blockage site
(Hewitt et al., 2008; Hewitt, 2009). Similarly, impoundments behind lava dams commonly fill with sediment (e.g., Ely et al., 2012).
Even for beaver dams, long-term dam stability and resulting sediment filling is a key and widespread process affecting floodplain
and valley morphology (Butler and Malanson, 2005).

For many outburst floods, initial incision of an overtopped blockage proceeds as a series of knickpoints or headcuts migrating up
the downstream face of the barrier, with coincident channel enlargement as small landslides widen the banks of the deepening
outlet channel (Lee and Duncan, 1975; Gordon, 1990; O’Connor, 1993; Plaza-Nieto and Zevallos, 1994; Dwivedi et al., 2000;
Worni et al., 2012a,b; Ancey et al., 2019). Rapid outflow only begins once such retrogressively eroding headcuts intercept the breach
crest, which then acts as a hydraulic weir. This sequence, which introduces uncertainty into predicting the timing of peak outflow, is
well demonstrated by experimental and controlled breaches of earthen dams (Temple et al., 2010; Major et al., 2012; Walder et al.,
2015). These processes may also transform what is commonly a clear-water flow at the breach crest to a turbid, sediment-laden flood
or debris flow at the downstream end of the impoundment.

Once sufficient discharge through an outlet begins, tractive sediment entrainment, mass movements, or thermal ice erosion
enlarges the overflow channel or conduit, increasing flow in a self-enhancing process (e.g., Clarke, 1982; Walder et al., 2015;
Abril-Hernandez et al., 2018). In most cases, the outlet rapidly enlarges until (1) the water supply diminishes or drops below
the outlet elevation, (2) the outlet channel is armored sufficiently by coarse materials within the blockage to halt erosion, or, in
the case of ice dams, (3) ice deformation or collapse closes the conduit. For valley blockages, the ultimate outlet elevation may
be higher, the same, or lower than the pre-impoundment blockage elevation (O'Connor and Beebee, 2009).

Breach depth is a key factor controlling both peak discharge and ultimate flood volume for constructed and natural dams
(Webby, 1996; Peng and Zhang, 2012; Begam et al., 2018). In the case of constructed earth-fill dams, breaching nearly always results
in erosion to an elevation near the previous river level and, consequently, outflow of all the impounded water. For natural dams and
basins, however, breaching may erode only part way through the blockage, to the base of the blockage, or in much rarer cases,
deeper than the blockage. Most, however, erode only a fraction of the maximum impoundment depth (O’'Connor and Beebee,
2009). Geological conditions typically will control breach depth of tectonic or volcanic basins (e.g., Garcia-Castellanos and O’Con-
nor, 2018; Garcia-Castellanos et al., 2020). Resistant or hard materials halt erosion, generally at levels substantially above the
bottom of the impoundment. But for landslide, volcaniclastic, and moraine dams formed of unconsolidated debris, the character
of the blockage materials is important and the interplay between outflow rates and breach deepening, widening, and armoring will
dictate the rate of breach growth, ultimate breach geometry, and possibly downstream flow rheology (Clague and Evans, 1992).

Breaching rates, geometry, and hydraulic conditions at the outlet nearly always control the outflow hydrograph (e.g., Walder
et al., 2015). Analyses focused on outlet conditions, however, may overestimate peak discharges if (1) downstream “tailwater”
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(backwater from downstream ponding) slows outflow, or (2) the geometry of the waterbody inhibits movement of water to the
outlet, either because of impoundment length or by internal lake constrictions limiting flow to the outlet (e.g., Abril-Hernandez
et al.,, 2018).

6.36.3.2 Peak discharge

Peak discharge is perhaps the most important attribute of outburst floods in terms of hazards and geomorphic consequences.
Consequently, documenting, estimating, and predicting peak discharges and hydrographs of dam-failure floods, especially for con-
structed dams, has been a major focus of research in the engineering community (Ponce and Tsivoglou, 1981; Macdonald and
Langridge-Monopolis, 1984; Froehlich, 1987, 1995, 2008, 2016; Fread, 1988, 1991; Singh et al., 1988; Macchione and Sirangelo,
1990; Wahl, 1998, 2004; Hanson et al., 2005; Macchione, 2008; Xu and Zhang, 2009; Temple et al., 2010; Thornton et al., 2011;
Eghbali et al., 2017; Wang et al., 2018; Zhong et al., 2020). Hydrologists, glaciologists, and geologists interested in natural dam
failures have extended this work substantially (Clague and Mathews, 1973; Nye, 1976; Clarke, 1982; Evans, 1986; Costa, 1988;
Costa and Schuster, 1988; Bjornsson, 1992, 2010; Walder and Costa, 1996; Walder and O’Connor, 1997; Tweed and Russell,
1999; Manville, 2001; Roberts, 2005; Risley et al., 2006; Davies et al., 2007; Manville et al., 2007; O’Connor and Beebee, 2009;
Carrivick, 2010; Peng and Zhang, 2012; Herget et al., 2015; Walder et al,, 2015, Liu et al., 2019, Sattar et al., 2020).

Three main approaches are commonly applied to predict (and retrodict) peak discharge from breached dams and basins: (1)
regression analyses; (2) parametric or analytical assessments relying on basic physical principles in combination with prescribed
geometric and temporal evolution of outlet conditions; and more recently (3) application of physically based morphodynamic
models coupling flow, sediment transport, and mass movements that predict flow and breach evolution from initial conditions.
Westoby et al. (2014), Worni et al. (2014), and Walder et al. (2015) describe key differences among these approaches.

Peak flood discharge scales with the size and geometry of the impoundment (Fig. 11). This observation has prompted numerous
regression equations based on predictor variables such as impoundment volume and impoundment depth to provide a simple and
frequently used approach to estimating peak discharge from natural dam failures (Clague and Mathews, 1973; Evans, 1986; Costa
and Schuster, 1988; Walder and Costa, 1996; Walder and O’Connor, 1997; Cenderelli, 2000; Ng and Bjornsson, 2003; Peng and
Zhang, 2012; Westoby et al., 2014; Herget et al., 2015; Liu et al., 2019). Regression-based approaches that rely on dimensional anal-
ysis as a basis for identifying predictor variables (Froehlich, 1987, 1995, 2008; Webby and Jennings, 1994; and Webby, 1996; Xu
and Zhang, 2009; Peng and Zhang, 2012; Zhong et al., 2020) are the most successful for predicting peak outflow from breached
earth-fill dams (Wahl, 2004). However, as summarized by Walder and O’Connor (1997) and Wahl (2004) and is apparent
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Fig. 11 Terrestrial freshwater outburst floods of known flood volume and peak discharge (discharge either measured or indirectly estimated from
downstream flood evidence). Largest floods of each type are labeled. Data from Walder and Costa (1996), 0'Connor and Beebee (2009), and Table 1.
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from the spread of observations shown in Fig. 11, regression equations as well as bounding envelope curves derived from these
analyses only give order-of-magnitude estimates of peak discharge. Recent examples of such regressions are given for several types
of dam failures in China by Liu et al. (2019), for landslide dams by Peng and Zhang (2012), for ice dams by Walder and Costa
(1996), for moraine and ice dams by Herget et al. (2015); and for constructed earthen dams by Froehlich (2016), Wang et al.
(2018), and Zhong et al. (2020).

Although expeditious, such regressions rarely give precise predictions (Walder and O’Connor, 1997; Wahl, 2004; Westoby et al.,
2014). Contributing to the large uncertainty of these regression relations is the common large uncertainty in the discharge obser-
vations. They are typically estimated by a variety of methods—commonly with highly uncertain hydraulic parameters—at different
distances downstream from the breach. And as the flood moves downstream beyond the breach, peak discharge may diminish due
to flow-storage attenuation or increase due to sediment entrainment (O’Connor and Beebee, 2009; Herget et al., 2015; Erokhin
et al,, 2018), hence the measured discharge may be very different than the peak discharge at the outlet. The primary limitation
of the regression approach, however, is that other factors besides impoundment volume and depth, such as hydraulic controls
and breach erosion rates, strongly influence outflow (Walder and O’Connor, 1997; Peng and Zhang, 2012; De Lorenzo and Mac-
chione, 2014; Sattar et al., 2020).

Parametric and morphodynamic approaches to estimating outflow hydrograph characteristics are, by necessity, specific to the
processes by which impounded water evacuates. Outburst floods most commonly result from overtopping and breaching of
barriers. For these types of breaches, peak discharge is nearly always controlled by the interplay between erosion and enlargement
of the outflow channel (the “breach”) and drawdown of the impounded water body (Fig. 12). This coupling between breach devel-
opment, especially depth, and drawdown of the impounded waterbody forms the basis for several parameterized and physically
based approaches to assessing peak discharges and outflow hydrographs from both natural-dam and constructed-dam failures
(Ponce and Tsivoglou, 1981; Froehlich, 1987, 1995, 2008, 2016; Singh et al., 1988; Fread, 1991; Webby and Jennings, 1994;
Webby, 1996; Walder and O’Connor, 1997; Manville, 2001; Marche et al., 2006, Peng and Zhang, 2012; Capart, 2013; Froehlich,
2016). Physically based parametric approaches consider outflow to be hydraulically critical, commonly specified as flow over
a broad-crested weir. Breach growth is either parameterized by shape and time functions (Fread, 1988; Walder and O’Connor,
1997) or by physically based sediment transport and mass movement rules (Fread, 1991; Singh et al., 1988; Marche et al,,
2006; Macchione, 2008; Capart, 2013; Wu, 2013). Failure by piping has been similarly evaluated (e.g., Wu, 2013; De Lorenzo
and Macchione, 2014). Commonly, model parameters are iteratively fitted in order to match measured and calculated hydrographs.

More complex morphodynamic models attempt to fully couple breach flow hydraulics, sediment transport, and breach erosion
processes, including lateral erosion processes. Such modeling is challenged by the exceptionally complicated and varied character-
istics of natural dams, triggering mechanisms, and breaching dynamics (Westoby et al., 2014; Worni et al., 2014). This complexity is
especially evident in field-scale experimental studies (e.g., Coleman et al., 2002; Hanson et al., 2005; Morris et al., 2007; Zhang et al.,
2009; Pickert et al., 2011; Walder et al., 2015). Important factors include (1) uncertainty and diversity in materials forming natural
blockages (Casagli et al., 2003); (2) the highly transient, non-equilibrium, and complex coupling of mass movement and fluvial
erosion processes initiating and enlarging breach channels (e.g., Walder et al., 2015); and (3) the sensitivity of predictions to formu-
lations, such as the bed-load transport equation, chosen to account for these processes (Cencetti et al., 2006). Nevertheless, such
analyses are likely to become more common for outburst floods, spurred by advances in computational capacity. Recent examples
incorporating elements of this approach include Worni et al. (2012a), Kropacek et al. (2015), Abril-Herndndez et al. (2018), Begam
et al. (2018), and Lala et al. (2018).

A consideration, especially for natural dam breaches, is Walder and O’Connor (1997) distinction between “large” and “small”
impoundments (see also O'Connor and Beebee, 2009, as well as the similar formulation by Macchione and Rino, 2008). “Large”
impoundments are those in which the breach develops fully before significant lake drawdown, either because the lake volume is
very large relative to the breach depth or because the breach develops rapidly. In these cases, peak outflow is closely approximated
by critical flow through the final breach geometry with h = D (unless hindered by tailwater or reservoir routing effects). For cross-
section shapes where width is approximately equal to depth,

Q=ghi (1)
where Q is the peak outflow discharge, g is gravitational acceleration, and h is the difference between the surface elevation of the
impounded water body and the bottom of the breach at the outflow point, generally equivalent to the drop in water surface
during the course of the outflow event. For wider breaches, peak discharge will be larger by a factor approximating b/h, where b is
the breach width. The strong dependence on breach depth clarifies why deep lakes can produce such large peak discharges.
Tectonic basins and caldera lakes can nearly always be considered “large” basins, and consequently, their peak discharges, where
independently estimated, mostly range between 1 and 20 g'/?h*? (O'Connor and Beebee, 2009). Even for many moraine
impoundments, lake volume and breach depth are the most important parameters influencing peak discharge (Begam et al.,
2018). This basic dependence on flow depth within the outlet explains why uncertainty in the final breach depth—a common
situation for many natural dams—complicates predictions of flood magnitude (e.g., Sattar et al., 2020).

“Small” impoundments, as classified by Walder and O’Connor (1997), are those for which there is significant water-surface
drawdown during breach development. In these cases, the peak discharge is generally achieved before full development of the
breach and is strongly dependent on the vertical erosion rate. Because observed vertical erosion rates for natural dam failures
span nearly three orders of magnitude—4 x 10~ *to 1 x 10" ' ms~' (O’Connor and Beebee, 2009)—predicting peak discharges
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Fig. 12 Breach geometry and associated hydraulic conditions. (A) Definition diagram for impoundment and breach geometry. Vis the total
impoundment volume; I, is the volume released during the breach event; D is the maximum impoundment depth; h is the change in impoundment
level during the breach event and is approximately equal to the maximum possible specific energy of flow through the breach; b is the breach width
at the maximum impoundment elevation, w; is the breach width at flow stage d; associated with critical flow [v= (gd)”z] through the breach section
with specific energy h. (B) View of outburst flood from failing Teton Dam on the Teton River, Idaho, on 5 June 1976. Teton Dam was a 100-m-high
earth-fill dam that failed during first filling. Failure began by piping, which ultimately led to collapse and breaching of the dam crest. The smooth
tongue of flow leading to intense waves and turbulence is evidence of critical flow through the breach. Peak outflow was 65,120 m® s~ (Ray and
Kjelstrom, 1978) and 3.1 x 108 m® of water was released. U.S. Bureau of Reclamation Photograph P549-100-992. http://www.usbr.gov, accessed 21
May 2011.

from “small” impoundments is challenging (e.g., Sattar et al., 2020). Such is commonly the case for landslide dams (e.g., Peng and
Zhang, 2012) and moraine impoundments, which typically block high-relief valleys and produce deep lakes with relatively small
volumes (Davies et al., 2007). Veh et al. (2020) adopt a Bayesian approach in combination with the Walder and O’Connor (1997)
formulation for estimating potential peak discharges from moraine-dammed lakes in the Himalaya, many of which straddle the
imprecise boundary between “small” and “large.”

For ice-dammed lakes and englacial waterbodies, physically based approaches for estimating peak discharges of outburst floods
must consider processes distinct from overtopping because of the special properties of ice, especially in dynamic glacial
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environments (e.g., Carrivick et al., 2017). As noted by Ancey et al. (2019), much less literature has been devoted to breach and
outflow mechanics associated with ice-dammed lakes. Much of the present understanding derives from analysis of Icelandic jokulh-
laups, in part beginning with Thoérarinsson’s (1939) recognition that because of the lower density of ice relative to water, dams
formed of ice are subject to local buoyancy due to hydrostatic stress before impounded water overtops the ice dam (Roberts,
2005; Bjornsson, 2010). This explains why few ice dams fail by overtopping (Walder and Costa, 1996), but does not fully explain
the triggers, peak discharges, and hydrographs of observed jokulhlaups (Ng and Bjérnsson, 2003). Glen (1954) and Liestal (1956)
proposed that subglacial tunneling may be an important process, followed by Mathews’ (1973) inference that tunnels enlarge by
thermal erosion with the energy supplied by the potential energy of the impounded lake, thereby explaining the relatively slow but
exponential rise in discharge measured for many jokulhlaups. Drainage of supraglacial lakes has been modeled by overtopping and
thermal erosion of the outlet channel (Kingslake et al., 2015).

The overall physics of ice-tunneling were explained by Nye (1976). While this model has been elaborated and refined (Spring
and Hutter, 1981, 1982; Clarke, 1982, 2003; Bjornsson, 2010; Carrivick et al., 2017), the basic tenets endure: within an existing
conduit or tunnel, sensible heat from water entering from the impounded waterbody is transferred to the ice walls by conduction,
leading to conduit widening, thereby increasing flow, which in turns leads to more sensible heat transfer and to heat convection and
associated thermal erosion due to viscous heat derived from friction associated with turbulent flow through the tunnel. This ther-
modynamic positive feedback process results in exponentially rising discharge through an enlarging conduit (Clarke, 1982; Bjorns-
son, 1992, 2010; Carrivick et al., 2017). This process generally enlarges outlet channels more slowly than breaching of rock-material
natural and constructed dams, thus peak discharges from ice-tunneling failures are typically smaller than those for rock-material
dams involving similar impoundment volumes (Fig. 11).

Although the tunnel enlargement process has solid theoretical underpinnings, initiation and cessation conditions are less under-
stood. Opening of a conduit may stem in part to ice flotation when water depth approaches 0.9 times the ice depth in the vicinity of
the “seal” (Thorarinsson, 1939; Carrivick et al., 2017), but many examples show that conduit flow leading to outburst floods can
begin at much lower lake levels than required for hydrostatic flotation, indicating that other factors related to glacier and drainage
conditions are important, as summarized by Roberts (2005).

Similarly, jokulhlaup cessation is not entirely predictable. In some instances, termination of a jokulhlaup coincides with
emptying of the waterbody (Clarke, 1982), but in many others, especially those emerging from conduits under thick glaciers
(>80 m ice thickness), ice deformation may seal outlets before complete lake emptying (Nye, 1976; Roberts, 2005). And in the
case of thinner glaciers, mechanical blockage may close conduits (Mathews, 1973; Sturm and Benson, 1985) in a manner similar
to armoring of a breach eroded into rock-material dams. For the recent Russell Glacier, Greenland, outburst floods studied by Car-
rivick et al. (2017), floods terminated abruptly, apparently from lake levels falling below the conduit elevation rather than by
viscous closure.

Some englacial or subglacial waterbodies produce outburst floods that seemingly peak too rapidly to be the result of simple
conduit widening (Bjornsson, 1977, 1992, 2009, 2010; Haeberli, 1983, Walder and Driedger, 1995; Walder and Fountain,
1997; Roberts, 2005). The generation and hydrodynamics of such floods are not well understood and may involve sudden rupture
of pressurized water-filled englacial cavities (Walder and Fountain, 1997), pervasive hydro-fracturing at the base of an ice dam as
a consequence of increasing hydrostatic pressure (Glen, 1954; Fowler, 1999), and in some instances, rapid generation of meltwater
by hydrothermal or volcanic processes (Roberts, 2005). Peak flows in such situations may involve complex interactions between
glacier drainage systems and transient hydraulic conditions (Roberts, 2005; Bjornsson, 2009). Volcanogenic jokulhlaups may
involve a sheet of water covering a large fraction of the glacier bed rather than channelized drainage channels (Bjornsson et al.,
2001; Johannesson, 2002; Flowers et al., 2004).

Some ice dams associated with subaerial water impoundments do fail by overtopping or ice-marginal drainage, similar to
outburst floods associated with non-ice dams (Walder and Costa, 1996). These outbursts typically have much larger peak discharges
than floods resulting from thermal erosion of subglacial conduits, and closer to those associated with failure of constructed dams
(Fig. 11). Such was the case for the ice-avalanche dam in the Drance Valley, Switzerland, that failed in 1818 (Table 1). This similarity
to rapidly failed constructed dams is reasonable because peak discharge from an overtopped ice dam will also approximate critical
flow through a breach channel enlarging by thermal erosion in addition to mechanical erosion. Overtopping failures of ice dams are
typically associated with glaciers flowing down tributary valleys to dam lakes in mainstem valleys (Walder and Costa, 1996). Hae-
berli (1983) and Carling (2013) describe how outburst flood hydrographs might vary with different types of ice-dam failures.

Few other processes besides overtopping and subglacial tunneling produce large terrestrial outburst floods. In some cases,
outburst floods may begin by piping, groundwater sapping, or retrogressive landsliding (Costa, 1988; Massey et al., 2010), but
in most instances, these processes lead to formation of an overflow channel that ultimately produces the peak discharge (Costa
and Schuster, 1988, 1991; Temple et al., 2010).

On Mars, however, rapid release of pressurized groundwater is a likely source of outburst floods (Carr, 1979; Burr, 2010). Factors
controlling the peak discharges of these floods relate to factors controlling groundwater flow through fissures (Head et al., 2003;
Manga, 2004; Hanna and Phillips, 2005, 2006; Andrews-Hanna and Phillips, 2007). As described by Manga (2004 ), the geometric
factors controlling peak discharge and flood volume are the hydraulic head, permeability, specific storage of the aquifer, and the
fissure width, length, and associated friction factors. Peak discharges are greatest for wide fissures intercepting highly pressurized
aquifers with high permeabilities. Flood volumes depend on the volume stored in the aquifer and the length of time the fissure
remains open. Some Martian groundwater outbursts may have been triggered by volcanic melting and pressurization of frozen
groundwater (Montgomery et al., 2009). Within some stress regimes, the tectonic environment may control both aquifer
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pressurization and fissure development (Hanna and Phillips, 2006), but in others, pressurization and release processes may be
independent.

6.36.3.3 Downstream flood behavior

Large Pleistocene outburst floods travelled thousands of kilometers across landscapes down river valleys, some even leaving marks
far out to sea (e.g., Zuffa et al., 2000; O’Connor et al., 2020). Historical natural dam failures have also produced far-travelled floods
(Delaney and Evans, 2011; Fan et al., 2020), such as the 1967 breaching of the Tanggudong landslide dam on the Yangtze River,
raising river level 16.5 m as far as 560 km downstream (Liu et al., 2019). The records of these floods, preserved by oral stories,
written records, and geologic evidence, hint at flood dynamics and potential hazards. But fuller, quantitative, understanding is
hindered by the difficulty of making measurements, both because of the great energy of most outburst floods and to some degree
their unpredictability. The few cases of well measured outburst floods, such as the 2007 Crater Lake breach from Mount Ruapehu,
New Zealand (Procter et al., 2010), require tremendous effort and risk. Hence, the most common approach to assessing down-
stream outburst flood behavior—past or future—is by applying flow models of different types and comparing such model predic-
tions to human and geologic accounts of their effects.

As described above, the flow hydrograph, including flow peak and duration, at the outlet depends chiefly on the geometry of the
blockage and impounded water body, and the rates and processes of outlet enlargement processes. For overtopping failures, critical
factors are the ultimate breach depth, and in many cases, the vertical breach erosion rate. Likewise, downstream flood behavior
depends on several factors, including those common to all types of floods such as the outflow hydrograph shape and channel
and valley geometries. In addition, many outburst floods erode and deposit substantial volumes of sediment, which can signifi-
cantly affect flow behavior and have important geomorphological consequences. These factors pose serious challenges to character-
izing and predicting the downstream behavior of outburst floods (Dunning et al., 2013; Westoby et al., 2014; Herget et al., 2015;
Mergili et al., 2018). Nevertheless, new modeling techniques, increased availability of high-resolution topographic data, and more
interdisciplinary attention have led to increased modeling capability as well as better understanding of downstream flood dynamics
and resulting erosional and depositional processes.

Many breached landslide and moraine dams produce downstream debris flows, mainly by entrainment of material from the
breached landslide mass or moraine by floodwaters, but also by incorporation of downstream bank and bed materials (Lliboutry
etal., 1977; Eisbacher and Clague, 1984; Clague et al., 1985; King et al., 1989; Clague and Evans, 1994; Gallino and Pierson, 1985;
Schuster, 2000; Huggel et al., 2003a, 2004; McKillop and Clague, 2007b; Breien et al., 2008; Carrivick et al., 2010; Procter et al.,
2010; Emmer, 2017; Erokhin, et al., 2018; Liu et al., 2019). Such transformations have also been associated with glacial outburst
floods, particularly in volcanic alpine environments (Walder and Driedger, 1994, 1995), but also in other steep environments (Jack-
son, 1979; Haeberli, 1983). Sediment-laden floods have also been reported from constructed- and ice-dam breaches, sometimes
resulting from incorporation of fine-grained sediment liquefied or eroded from the rapidly drained and incised impoundment
(Carling et al., 2009b; Wilcox et al., 2014a; Zhang et al., 2019). Transformation to debris flow has been most commonly docu-
mented for outbursts from moraine basins, where flow bulking can increase peak discharge of the water and entrained debris by
an order of magnitude or more (Fig. 13), as well as increasing total flow volume. An extreme example is the August 1985 Dig
Tsho outburst in Nepal, where 5.1 x 10° m> of water entrained ~0.9 x 10° m* of sediment from the bounding moraine and ulti-
mately incorporated and redeposited ~3.3 x 10° m? of sediment over a 40-km distance downstream (Vuichard and Zimmermann,
1987). Similarly, peak discharge from a breach of a moraine-rimmed lake at the foot of Collier Glacier, Oregon, increased by a factor
of 3 from less than 1.4 x 10> m® s~ ' at the outlet to more than 5 x 10° m®s~' 1 km downstream (O'Connor et al., 2001).

Outbursts from crater lakes and volcanic impoundments, especially on steep stratovolcanoes or in tephra-mantled or eruption-
devastated landscapes, can also incorporate materials from channel beds and banks and develop into debris flows (Scott, 1988;
Capra and Macias, 2002; Manville, 2004, 2010b, 2015; Schaefer et al., 2008; Procter et al., 2010; Capra, 2011; Yi et al., 2019).
The 2007 crater-lake outburst flood on Mount Ruapehu, New Zealand, grew from a starting water volume of 1.3 x 10° m? to a lahar
of 4.4 x 10° m® (Procter et al., 2010). These bulked-up volcanic lake breakouts are responsible for some of the largest and most
lethal historic floods from natural dam breaches (e.g., Manville, 2004). Systematic analysis is difficult because of the few descrip-
tions of flow rheology, but it is clear that steep channel slopes are required to sustain debris flows, generally slopes greater than
0.10-0.15 (Clague and Evans, 1994; O’Connor et al., 2001; McKillop and Clague, 2007b; Procter et al., 2010; Erokhin, et al.,
2018), although less for large outbursts in volcanically devastated terrains (Scott, 1988). Plots of downstream peak-discharge
changes (Fig. 13) show that most flow bulking is within the first 10 km of the breach, consistent with entrainment requiring steep
channel slopes found in basin headwaters where many landslide and moraine dams form.

Flood behavior downstream of the breach depends on the flow rheology, outflow hydrograph, and downstream channel and
valley geometry. Outburst floods that evolve into debris flows near the breach, resulting in increased peak discharges and flow
volumes in steep and confined channel sections, will deposit in unconfined reaches and lower gradient reaches. Sediment deposi-
tion may sequester part or all of the initial water release, resulting in smaller downstream flood volumes compared to a clear-water
flood and perhaps in more rapid rates of flow attenuation (O’Connor et al., 2001). In most instances, however, floods that become
debris flows in their upper reaches continue downstream on lower gradients as sediment-laden water floods with total flood
volumes about the same as the release volume (Manville, 2004). Even for outbursts that do not become debris flows, extensive
erosion and deposition is common, in places contributing more to economic damage than inundation (e.g., Ruiz-Villanueva
et al.,, 2017; Cook, et al,, 2018).
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Fig. 13 Outburst flood attenuation shown as plots of peak discharge versus distance from the breach. Estimates of breach outflow are plotted at
0.1 km for portrayal on log axes. (A) Non-moraine natural dam failures. (B) Floods from moraine-rimmed lakes, showing rapid downstream increases
and decreases in peak discharge, chiefly owing to entrainment and deposition. (C) Floods from breached embankment dams. Modified from
0’Connor JE, Beebee RA (2009). Floods from natural rock-material dams. In: Burr DM, Carling PA, Baker VR (eds.), Megaflooding on Earth and
Mars. pp. 128-171. United Kingdom: Cambridge University Press, http:/refhub.elsevier.com/S0012-8252(20)30223-3/rf9017. (A) Data from sources
in 0’Connor JE, Beebee RA (2009). Floods from natural rock-material dams. In: Burr DM, Carling PA, Baker VR (eds.), Megaflooding on Earth and
Mars. pp. 128-171. United Kingdom: Cambridge University Press, http:/refhub.elsevier.com/S0012-8252(20)30223-3/rf9017; (B) data primarily from
0’Connor JE, Hardison Il JH, Costa JE (2001) Debris Flows From Failures of Neoglacial Moraine Dams in the Three Sisters and Mt. Jefferson
Wilderness Areas, Oregon. U.S. Geological Survey Professional Paper 1608, 93 pp.; (C) data chiefly from sources in O’Connor JE, Beebee RA (2009).
Floods from natural rock-material dams. In: Burr DM, Carling PA, Baker VR (eds.), Megaflooding on Earth and Mars. pp. 128-171. United Kingdom:
Cambridge University Press, http://refhub.elsevier.com/S0012-8252(20)30223-3/rf9017 and Costa JE (1988) Floods from dam failures. In: Baker VR,
Kochel RC, Patton PC (eds.), Flood Geomorphology. pp. 439-469. New York: John Wiley and Sons.
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Downstream propagation of outburst floods affects hazards as well as the distribution and magnitude of the resulting flood
features. Consequently, understanding downstream flood behavior, chiefly by flood modeling, has been a significant recent research
emphasis. Modeling is done both predictively, mainly to assess hazard, and after-the-fact, chiefly to understand processes. In partic-
ular, hydraulic models are commonly used to estimate outburst flood discharges of prehistorical floods and for floods for which
other means of flow measurements are unavailable (e.g., O’Connor and Baker, 1992; Herget and Gregori, 2020). Most downstream
flood models are separate from those assessing the outflow hydrograph, which is typically specified as an input condition (e.g.,
Westoby et al., 2014; Lang et al., 2019; Turzewski et al., 2019; Latrubesse et al., 2020; Sattar et al., 2020). Yet some models do couple
both components (e.g., Worni et al., 2012a; Vetsch et al., https://basement.ethz.ch/). Flood models include those employing consti-
tutive equations applicable to water and debris flows (e.g., Mergili et al., 2018), and some are capable of coupling flow and sedi-
ment transport (e.g., Carrivick et al., 2010). Not yet applied, to our knowledge, are fully morphodynamic models integrating flow,
sediment transport, and concurrent channel change for field-scale outburst floods. Many recent applications are fully two-
dimensional, able to take advantage of increasingly available high-resolution digital topography. Recent summaries of flow models
applied to outburst floods, including key issues and uncertainties, are given by Carling et al. (2003), Worni et al. (2014), Herget
etal. (2015), Mergili et al. (2018), Bohorquez et al. (2019a), Neupane et al. (2019), and Turzewski et al. (2019). A recent compre-
hensive review of flood inundation modeling in general is given by Teng et al. (2017).

Some recent examples of diverse applications of flow models to evaluate downstream effects of outburst floods include:

® The coupled flow and sediment erosion and deposition model applied to Carrivick et al. (2010) to the 2007 lahar resulting from
the Crater Lake breakout at Mt. Ruapehu, New Zealand.

® The prospective hazard assessment by Sattar et al. (2020) for moraine-dammed Safed Lake in the Indian Himalaya using HED-
RAS 2D, a widely used two-dimensional flow model (Brunner, 2016). Similar prospective hazard assessments for moraine-
dammed lakes employing flood modeling have been conducted by Kougkoulos et al. (2018), Lala et al. (2018), and Wang
et al. (2018). An early such analysis was performed by Laenan et al. (1987).

® Prediction of downstream flooding from the hypothetical breaching of the 550-m-tall Usoi landslide dam, Tajikistan (Risley
et al., 2006).

® The Zanclean flood filling the Mediterranean basin, for which Abril-Hernandez and Peridnez (2016) used a two-dimensional
hydrodynamic model incorporating lateral and vertical erosion to estimate water passing through and enlarging the Strait of
Gilbraltar as the previously isolated Mediterranean basin was rapidly filled by rapid influx from the Atlantic Ocean. Abril-
Herndndez et al. (2018) used a similar model to estimate outflow of pluvial Lake Bonneville during the Bonneville flood in
western North America.

® Use of the open-source GeoClaw model (Berger et al., 2011) to assess hydraulics and geomorphic effects from the 2000 Yigong
River landslide dam outburst flood in the Himalaya of Tibet (Turzewski et al., 2019). A version of this model was also applied to
the Malpasset constructed dam failure in southern France (George, 2011).

® Single cross-section calculations and historical documentation to evaluate the downstream flood wave resulting from Allied
bombing of the M6hne Reservoir in the Ruhr Valley, Germany (IHerget and Gregori, 2020).

® Jarge Holocene subglacial releases at Kverkfjoll, Iceland, modeled by Carrivick (2006). Similarly, Alho et al. (2005) modeled the
largest Holocene jokulhlaup at Jokulsa & Fjollum, Iceland.

® The channels of Mars, including two-dimensional modeling of flows within Athabasca Valle, an outflow channel possibly
formed by groundwater outflow from the Cerberus Fossae (Keszthelyi et al., 2007).

® Many modeling efforts focused on the Missoula floods in western North America, some motivated to estimate peak discharge
(e.g., O’Connor and Baker, 1992), but more recent two-dimensional modeling to evaluate the interaction among the plexus of
flow routes downstream of the failed ice dam (e.g., Alho et al., 2010; Denlinger and O’Connell, 2010; Denlinger et al., 2020).

® Other glacial megafloods: for example, Bohorquez et al. (2019b) applied a two-dimensional hydrodynamic model to retrodict
downstream flood inundation from large Pleistocene ice-dammed lakes in the Altai Mountains, central Asia; and Winsemann
et al. (2016), Lang et al. (2019) and Winsemann and Lang (2020) evaluated magnitudes and effects of Middle Pleistocene
glacial lake outburst floods from the margin of the Fenno-Scandinavian ice sheet in north-central Europe.

® Two-dimensional modeling in conjunction with a bedrock erosion model to evaluate the potential for episodic incision within
a Missoula flood pathway in Washington State, United States (Larsen and Lamb, 2016).

® Evaluation of the hydraulics and bedrock erosion processes causing rapid canyon incision during 2002 overtopping of the
Canyon Lake reservoir, Texas, USA (Lamb and Fonstad, 2010).

® Submarine density current modeling for turbidity currents produced by sediment-laden Missoula floods entering the eastern
Pacific Ocean (Beeson et al., 2017).

6.36.4 Signs left behind—Erosional and depositional features

Like the floods themselves, marks of outburst floods imprint cultures and language. Scabland, a term applied to the scabbly land-
scape carved by the Missoula floods, is widely used to denote flood-eroded landscapes, even in Antarctica (e.g., Cotton, 1965;
Marchant et al., 2011). Other regional place names evoke flood features: Devils Corral, a cataract complex cut by the Bonneville
flood; Dry Falls, Devils Coulee, and Potholes Coulee, all within the Channeled Scabland. Indeed, early maps showing the unusual
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topography (and perhaps the name) of Potholes Coulee motivated J Harlen Bretz's investigation of the Channeled Scabland, thus
launching outburst floods into the scientific discourse of landscape evolution (Fig. 14; Baker, 2008). Even depositional features, like
flood bars and boulder deposits inspire local names, such as Big Bar and Melon Valley along the Bonneville flood route. Such names
reflect the unique flood-formed landscapes—typically terrain bedeviling settlement and cultivation—in turn signaling the capacity
of outburst floods to make and erode landforms.

The signs stand out because outburst flood magnitudes typically exceed those of meteorologically generated floods, sometimes
by orders of magnitude. Hence outburst floods produce bigger landforms, they entrain, carry, and deposit more and larger materials,
and may carve and bury broad swaths of valleys and channels (Fig. 14). From a large variety of terrestrial, subaqueous, and planetary

Fig. 14 Erosional features in northwestern United States left by the late Pleistocene Missoula floods and the Bonneville flood. (A) Aerial view
northeast of Potholes Coulee and Columbia River showing pair of cataract-headed canyons cut by floods spilling 220 m down into the Columbia
Valley; photograph by Bruce Bjornstad; inset shows part of 1910 USGS Quincy topographic map that inspired Bretz’s investigations of the Channeled
Scabland (squares are surveyed sections, each square is 1.6 km on the side). (B) Aerial view west and downstream from near Twin Falls, showing
scabland and cataracts of the Devils Corral area carved by upland flow of the Bonneville flood reentering the Snake River; photograph by Bruce
Bjornstad. (C) Ground view of abraded and fluted basalt near the outlet of pluvial Lake Bonneville; shovel handle 0.5 m. Photograph by Jim E.
0’Connor.
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environments, descriptions of flood and debris flow features resulting from outburst floods include Bretz (1923a,b, 1924, 1928,
1932), Malde (1968), Scott and Gravlee (1968), Baker (1973), Costa (1984), Blair (1987, 2001), Scott (1988), O'Connor
(1993), Carling (1996, 2013), Cenderelli and Wohl (1998), Benito and O’Connor (2003), Manville (2004), Herget (2005), Ker-
shaw et al. (2005), Carling et al. (2009a,b), Lamb and Fonstad (2010), Munro-Stasiuk et al. (2009), Burr (2010), Marchant
et al. (2011), Carling (2013), Coleman (2013), Baynes et al. (2015b), Lapotre et al. (2016), Emmer (2017), Gupta et al.
(2017), Carrivick and Tweed (2019), Goudge et al. (2018), Lang et al. (2019), and Carling and Fan (2020).

In general, flood effects and resulting landforms scale with flood force and the related quantity of flood energy. Following Carl-
ing and Fan (2020), the kinetic energy of flowing water per unit volume is given by:

E = %pv? (2)

where E is the kinetic energy of the fluid in joules per cubic meter (J m~?), p is the fluid density in kilograms per cubic meter
(kg m~?), and v is flow velocity in meters per second (m s~ ). Flow power owing to kinetic energy, Q, equating to the time rate of
energy expenditures in Watts per cubic meter (W m™?), is given by:

Q = %pAv? (3)

where A is the flow cross-sectional area in square meters. Apparent from these relations is the highly non-linear relation between
flow velocity and power. Large and deep outburst floods may produce velocities of 40 m s ' (e.g., Carrivick and Rushmer, 2006).
For comparison, maximum measured velocities in rapids of Colorado River in Grand Canyon were 6.5 m s~ ' (Magirl et al., 2009),
and perhaps as high as 10 m's™ ' in gorges of the Indus River (Whipple et al., 2000). Hence, outburst floods may generate shear
stresses and stream powers 1-2 orders of magnitude greater than meteorological flows, thus the spectacular flood features.

Most assessments of outburst flood features and their relation to flow strength are based on related measures of shear stress and
stream power per unit area of channel boundary. Shear stress, 7, expressed in Newtons per square meter (N m™?), is the tangential
force applied to the bed per unit area and for hydrostatic conditions can be calculated as:

7 = pgdsS (4)

where dfis flow depth and S is the local flow energy gradient, which for steady and uniform flow corresponds to channel slope. Unit
stream power, w (Bagnold, 1966, p. 5-6), expressed in watts per square meter (W m~2), is the power developed per unit area of bed
and can be expressed as

w = pgdsvS = (5)

These properties are best viewed as crude indices of the potential to produce geomorphic work. For most natural flows, only
a portion of available mechanical energy is expended in accomplishing geomorphological work; the remainder is dissipated in other
forms of energy loss. In addition, the formulations of Egs. (4) and (5) are for hydrostatic conditions, thereby ignoring transient
vertical and horizontal accelerations that can produce stresses of the same order as the hydrostatic forces (Iverson, 2006; Yager
et al.,, 2018). Nevertheless, many studies have shown that the volume and caliber of entrained sediment, as well as the distribution
of erosional features, broadly relate to the distribution of shear stress and stream power magnitudes (Baker, 1973; O’Connor, 1993;
Benito, 1997; Cenderelli and Wohl, 2003; Carrivick, 2007, 2009; Denlinger and O’Connell, 2010; Lamb and Fonstad, 2010; Larsen
and Lamb, 2016; Winsemann and Lang, 2020).

Chiefly because of high velocities and great depths, outburst floods generate exceptional shear stresses and stream powers (Baker
and Costa, 1987; Carrivick and Rushmer, 2006; Carling, 2013). For example, the largest unit stream power values reconstructed
from U.S. Geological Survey discharge measurements of meteorological floods, which result from flash floods in steep basins,
are about 2 x 10* Wm™?, a value similar to that attained during the Teton Dam failure in Idaho (Costa and O’Connor, 1995).
In comparison, maximum unit stream power values locally exceeded 10°-10°W m~?2 for the Bonneville flood (O'Connor,
1993) and the largest Missoula floods (O'Connor and Waitt, 1995; Benito, 1997; Denlinger and O’Connell, 2010), and
8 x 10°W m™? for jokulhlaups from Kverkfjoll volcano, Iceland (Carrivick, 2007, 2009). Local unit stream-power values as
high as 5 x 10° W m™? may have been attained during Holocene floods from breached ice dams in the Tsangpo River gorge, Tibet
(Montgomery et al., 2004).

6.36.4.1 Erosional features and processes

High shear stress and stream-power values create impressive erosional features (Fig. 14)—a hallmark of outburst floods (Carling
et al.,, 2009b). Outburst floods typically erode at or near the outlet and in downstream energetic reaches, especially in near-
glacial and volcanic environments of steep slopes and abundant unconsolidated debris. Erosion can also extend back into
impoundments, as exemplified by the Condit Dam removal in Washington State where lacustrine sediments liquefied and passed
through the breach (Wilcox et al., 2014a). Common erosional features include anastomosing channel networks, in places separated
by streamlined “islands” of uplands (Baker, 1973); trenched valleys (commonly with hanging tributary valleys); cataracts, “dry
falls,” and amphitheater headed canyons; rock surfaces eroded into fantastic forms, such as basin-and-butte scabland and giant
potholes (O'Connor, 1993); and fluted and streamlined rock surfaces.
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Plucking, toppling, and abrasion are primary processes eroding rock during outburst floods (Bretz, 1924; Baker, 1973; Richard-
son and Carling, 2005; Carling et al., 2009b; Lamb and Fonstad, 2010; Lapotre et al., 2016; Larsen and Lamb, 2016). Vortices or
kolks may facilitate plucking for some rock types (Baker, 1973). Recent mechanistic analyses of these processes (e.g., Whipple et al.,
2000; Carling et al., 2002; Lamb and Fonstad, 2010; Lapotre et al., 2016) offer potential for better understanding of the spatial and
temporal rates of flood erosion. Cavitation is an intensely energetic and potentially highly erosive process affecting engineering
structures but unlikely to be effective for most river flows (Carling et al.,, 2017). Yet conditions conducive to cavitation may
have been attained by some outburst floods on Earth (Baker, 1984; O’Connor, 1993) and Mars (Wilson et al., 2009).

Example studies of diverse approaches investigating erosional processes associated with outburst floods include:

® Empirical and semi-theoretical broad-scale assessments of the relations among shear stress, stream power, and the distribution
and intensity of erosional features, including O’Connor (1993), Benito (1997), Carrivick (2007), Carrivick et al. (2013), and
Turzewski et al. (2019).

® Examination of hydraulic conditions associated with streamlined flood forms (Komar, 1983, 1984).

® Assessments of block entrainment thresholds, including by plucking and toppling, such as by Carling et al. (2002), Lamb and
Fonstad (2010), Lamb et al. (2015), and Carling and Fan (2020).

® Investigations of flood carved cataracts and amphitheater-headed canyons (e.g., Lamb et al., 2008, 2014; Baynes et al., 2015a;
Lapotre et al., 2016).

® Numerous breach erosion studies, including experimental (e.g., Hanson et al., 2005; Walder et al., 2015; Zhou et al., 2019) and
morphometric, such as the Goudge et al. (2018) analysis of breached Martian craters.

® Volumetric flood erosion estimates, such as Scott and Gravlee (1968), Baynes et al. (2015a), and Cook et al. (2018).

® FExamination of rock resistance to erosion (Garcia-Castellanos and O’Connor, 2018).

6.36.4.2 Depositional features and processes

Erosion leads to sediment transport and ultimately deposition. Depositional landforms (Fig. 15) reflect transport processes,
including those involving mass transport such as by mass movement and debris flow, suspended sediment and bedload in domi-
nantly water flows, and hyperpycnal currents within large waterbodies. Some common features associated with outburst floods
include: expansive debris fans downstream of breaches (e.g., Kershaw et al., 2005); immense boulder and gravel bars of a variety
of forms and position relative to flood flow (e.g., Bretz, 1928; Scott and Gravlee, 1968; Malde, 1968; O'Connor, 1993; Herget, 2005;
Baynes et al., 2015a), some of which are mantled with giant current dunes (e.g., Baker, 1973; Carling, 1996); extensive slackwater
sediment accumulations in back-flooded areas (e.g., Waitt, 1980; Lang et al., 2013); coarse deltas where floods enter lake or marine
basins (e.g., Winsemann et al., 2016), and widespread turbidity deposits where floods generate hyperpycnal currents (e.g., Zuffa
et al., 2000). Reviews of debris flow and lahar processes and deposits relevant to outburst floods are given by Iverson (1997)
and Vallance and Iverson (2015). Reviews of megaflood sediment transport processes and deposits—widely applicable to outburst
floods—are given by Carling et al. (2009a), Carling (2013), and Carling and Fan (2020).

Outburst floods deposits commonly are distinguished by large constituent clasts (Fig. 15). Some terrestrial flood deposits from
natural and constructed dam failures contain clasts with intermediate diameters exceeding 10 m (Baker, 1973; Rogers, 1992; Herget,
2005). Theoretical considerations and empirical studies (Baker and Ritter, 1975; Komar, 1987; Costa, 1983; Williams, 1983; O'Con-
nor, 1993; Carling et al., 2009a; Lamb and Fonstad, 2010) demonstrate that tractive boulder entrainment scales with local flow
strength. The empirical analyses by Williams (1983) and Costa (1983) indicate that entraining a 1 m intermediate-diameter boulder
requires local stream power values of about 5 x 10> W m?. Based on a reconstruction of local hydraulic conditions for the Bonne-
ville Flood, O'Connor (1993) estimated that a 5 m boulder requires about 5 x 10> W m? for transport, a value rarely attained by
meteorological floods (Baker and Costa, 1987). More recently, Lamb and Fonstad (2010) developed a threshold shear stress
approach based on the Shields criterion. While subject to many uncertainties (Jacobson et al., 2016), these types of flow competence
relations have been used for many paleohydraulic analyses of outburst floods (e.g., Lord and Kehew, 1987; Waythomas et al., 1996;
Manville et al., 1999; Hodgson and Nairn, 2005; Carrivick, 2009; Lang et al., 2013; Baynes et al., 2015a).

Example studies of diverse investigations of depositional processes and landforms associated with outburst floods include:

® Empirical and semi-theoretical broad-scale assessments of the relations among velocity, shear stress, stream power, and the size
of tractively transported clasts, including entrainment and depositional thresholds (e.g., Baker, 1973; O’Connor, 1993; Lamb
and Fonstad, 2010; reviewed by Carling and Fan, 2020).

Examination of the potential caliber of suspended load transported by floods (e.g., Komar 1980, 1988).

The evaluation of flood deposit sedimentology in relation to high-energy process by Carling (2013).

Evaluation of particle comminution in relation to flood energy (Carling and Fan, 2020).

Assessment of the distribution and processes leading to formation and preservation of giant current dunes (e.g., Thiel, 1932;
Baker, 1973; Carling, 1996; Herget and Carling, 2004; Bohorquez et al., 2019a).
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Columbia
River

Fig. 15 Depositional landforms of late Pleistocene outburst floods in the northwestern United States. (A) Upstream aerial view of rippled West Bar
along the Columbia River, Washington. This surface is inferred to have been formed by an outburst of glacial Lake Columbia. The bar surface stands
60 m above Columbia River pool level. Inset into West Bar is another flood bar, possibly left by an outburst from glacial Lake Kootenay (Waitt,
2016). (B) View upstream of large and rounded boulders deposited by the Bonneville Flood where the flow was wholly contained within the Snake
River canyon in southwestern Idaho. Person for scale; many of the boulders have long diameters exceeding 10 m; a 100-m-tall point bar is visible
against the canyon wall upstream. (C) Sand and fine gravel deposited from suspended load of the Bonneville flood in an eddy bar in southern Idaho.
Pick is 0.7 m long. (D) Exposed flood bar within the Channeled Scabland of eastern Washington, capped by 2 m of brown loess; variously oriented
gravel foresets indicate swirling flow directions. (A) Photograph by Bruce Bjornstad, modified from 0’Connor JE, Baker VR, Waitt RB, Smith, LN,
Cannon CM, George DL, Denlinger RP (2020) The Missoula and Bonneville floods—A review of ice-age Megafloods in the Columbia River Basin.
Earth-Science Reviews. https://doi.org/10.1016/j.earscirev.2020.103181; (B) Photograph by Jim 0’Connor; (C) photograph by Jim 0’Connor;

(D) photograph by Bruce Bjornstad.

Treatise on Geomorphology, Second Edition, 2022, 765-819


https://doi.org/10.1016/j.earscirev.2020.103181

804 Outburst Floods

6.36.4.3 Outburst floods and landscape evolution

Signs left by outburst floods are commonly dramatic, but do they matter in terms of long-term landscape evolution? This question
has stalked studies of outburst floods for more than 50 years (e.g., Scott and Gravlee, 1968). And even earlier, Charles Lyell (1830, p.
192), the uniformitarian, hypothesized that “lake bursts” and their resulting floods may be a primary fluvial force excavating valleys.
Clear is that the large Pleistocene outburst floods from ice-dammed lakes and pluvial lake spillovers have had long-lasting landscape
effects, essentially setting the stages for Holocene processes and landforms in many areas (Figs. 14 and 15). It is not yet so clear for
other environments, where meteorological floods compete with natural dams and outburst floods in pacing landscape evolution
(Montgomery et al., 2004; Korup and Tweed, 2007; Baynes et al., 2015a; Safran et al., 2015; Cook et al., 2018; Fan et al., 2020).
The question is increasingly relevant as landscape evolution models attempt to parameterize critical processes shaping continents.
But because most such models relate landscape erosion to river flows and stream power indexed to contributing basin area (e.g.,
Whipple and Tucker, 1999), the effects of valley blockages and related outburst floods may not be fully accounted for (e.g., Korup
et al,, 2010; Fan et al.,, 2020).

Such accounting is probably important in many environments. Because of their immense power, outburst floods can be of long-
lasting influence along flood tracts (Korup and Tweed, 2007). Their energy levels commonly exceed rock erosion thresholds out of
reach to meteorological floods, thereby producing substantial valley erosion (e.g., Montgomery et al., 2004; Lang et al., 2013; Cook
etal., 2018). And their depositional products, especially coarse flood bars and fans, may be too large to be mobilized by subsequent
meteorological floods, thus forming persistent landscape elements (e.g., O’Connor et al., 2003; Fan et al., 2020). For many moun-
tainous regions, outbursts from landslide-, ice-, and moraine-dammed lakes may be key drivers of long-term erosion and sediment
transport (Fig. 16; Cenderelli and Wohl, 2003; Montgomery et al., 2004; Korup and Tweed, 2007; Cook et al., 2018; Turzewski et al.,
2019; Fan et al., 2020). Similarly, for the glacial rivers of Iceland and Greenland, floods from ice-dammed and subglacial water
accumulations may be the primary erosional process (e.g., Baynes et al., 2015a,b; Carrivick and Tweed, 2019). But the accounting

Fig. 16 Areas of erosion and deposition from Oct. 7, 1966, moraine-dammed-lake outburst at terminus of East Bend Glacier at Broken Top volcano,
central Oregon Cascade Range, United States. (A) Downstream view of fan of 1-2 m boulders deposited about 2.1 km downstream of breach. (B)
Evident erosion, probably by plucking and toppling, of jointed basaltic andesite flows along the valley bottom, about 1.6 km downstream from the
breach; flow left to right. Modified from 0’Connor JE, Hardison IIl JH, Costa JE (2001) Debris Flows From Failures of Neoglacial Moraine Dams in
the Three Sisters and Mt. Jefferson Wilderness Areas, Oregon. U.S. Geological Survey Professional Paper 1608, 93pp.
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is complicated by few measurements quantifying erosion by outburst floods (e.g., Lamb and Fonstad, 2010), their uncertain
frequency (e.g., Montgomery et al., 2004), how frequency over geologic (or shorter) time scales might change (e.g., Emmer
et al., 2020; Veh et al.,, 2020), and the role of contingency in controlling the effects of both outburst and meteorological floods.
These questions are active research fronts spurring much of the ongoing research on outburst floods.

6.36.5 Summary

Outburst floods can be large, hazardous, and geomorphically effective at local and planetary scales. The very largest floods on Earth
in terms of peak discharge have been outbursts from ice-dammed and ice-marginal lakes during glacial epochs, but immense floods
have also come from valleys temporally blocked by landslides and primary volcanic deposits and from basins formed by tectonism,
volcanism, and glacial moraines. The largest known freshwater floods by volume have been from Pleistocene ice-marginal lakes and
may have involved as much 10'°-10'* m? of water with significant effects on oceanic circulation and global climate. The largest
known non-ice-related outburst flood by volume was probably the late Pleistocene Bonneville flood from an overtopped tectonic
basin. Immense Holocene floods have also issued from breached volcanic calderas. Large marine floods have inundated tectonic
basins during periods of rising sea level. On Mars, even larger outburst floods resulted from cataclysmic release of pressurized
ground water and from meteor craters that filled with water and then spilled. Failure of constructed dams is a more recent geological
phenomenon, but is a significant hazard instigating much of the recent research on dam failure and breaching processes.

Outburst floods from natural dams result from specific geological, topographic, and climatic environments. Landslide dams and
resulting floods are worldwide phenomena but are concentrated in mountainous regions where (1) relief promotes landslides and
(2) confined valleys provide effective dam sites. Large floods and debris flows resulting directly or indirectly from volcanic processes,
such as breaching of volcanically emplaced valley blockages and caldera and crater lakes, are restricted to volcanic environments and
are well documented around the Pacific Rim in Alaska, New Zealand, Mexico, Japan, Chile, and the U.S. Pacific Northwest. Floods
from tectonic basins are mostly in mid-latitude semiarid environments where periods of greater effective moisture fill closed basins.
Most breached moraine-rimmed lakes have formed and emptied in the past 150 years because of rapid alpine glacier retreat from
maximum Little Ice Age positions.

The peak discharge, duration, and volume of outburst floods are interrelated and depend chiefly on breach geometry and devel-
opment rate and on the size and geometry of the impounded water body. In general, the largest floods result from breaching of tall
blockages by large water bodies, such as the Pleistocene outbursts of Glacial Lake Missoula. Floods with large volumes relative to
ultimate breach depth or where breaches erode rapidly generally will have peak discharges approximating critical flow through the
final breach geometry. These discharges depend strongly on breach depth. Many floods from tectonic and volcanic basins and
volcanic and ice blockages are of this type, including most of the largest documented terrestrial floods. Floods from blockages where
the impounded volume is small relative to breach depth, or where erosion rates are low, have peak discharges strongly dependent
on breach erosion rate. This is the case for the majority of breached landslide, moraine, and earth-fill dams.

Downstream flood behavior, including discharge, flow type, and depositional and erosional features, depends on the breach
development processes, the rate and duration of flow out of the lake, and interactions with the channel and valley. Breaches
that result in incorporation of great sediment volumes by the flow, either from the blockage itself or from downstream channel
boundaries, may evolve into far-travelled debris flows. These debris flows may have peak discharges several times the peak outflow
at the breach and substantially increase the flow volume. Debris flows attenuate rapidly downstream by deposition, particularly
where slopes diminish below 0.15. This behavior is common for outbursts from moraine-rimmed and landslide-dammed
impoundments, especially in volcanic environments.

Erosional and depositional features left by large floods, including gigantic bars and eroded channel tracts, reflect the depth and
breadth of inundation as well as the large forces applied by deep high-velocity flow. Floods from natural dam failures can attain
local stream power values of ~10°° watts m~2—one to two orders of magnitude greater than those generated by the most intense
meteorological floods—and are capable of eroding bedrock channels and transporting clasts with diameters exceeding 10 m. These
features and deposits, whether preserved as landforms or in stratigraphic records, are the persistent legacy of great floods, the largest
of which on Earth result from failure of natural dams.
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