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Samenvatting

Puinwaaiers zijn veel voorkomende landvormen in geaccidenteerd terrein op Aarde en Mars. Ze heb-
ben de vorm van een halve kegel en komen voor op de overgang van steile hooglanden naar vlakkere
dalen. Sediment dat wordt getransporteerd vanuit de steile en hoge gebieden wordt afgezet in de vlakke
dalen, waarna een puinwaaier ontstaat. Puinwaaiers kunnen worden gevormd door verschillende pro-
cessen, waaronder puinstromen. Een puinstroom is een waterige massa van sediment, bestaande uit
klei, zand, grind en rotsblokken, waarvan meer dan 40% van het totale volume bestaat uit sediment.
Een puinstroom valt daardoor enigszins te vergelijken met stromend nat beton. Puinwaaiers zijn vaak
dichtbevolkt in bergebieden op Aarde vanwege hun relatief flauwe helling. Toch worden levens, ge-
bouwen en infrastructuur op puinwaaiers voortdurend bedreigd door destructieve puinstromen. Puin-
waaiers zijn ook belangrijke archieven van de hydrologische en klimatologische omstandigheden in het
verleden, omdat de afzettingen van puinwaaiers het product zijn van de omstandigheden tijdens hun
vorming. Het voorkomen van puinwaaierafzettingen op de planeet Mars vormt waarschijnlijk bewijs
voor het voorkomen van vloeibaar stromend water in het verleden. Hoeveel en hoe vaak vloeibaar wa-
ter voorkwam op Mars kan in dat geval worden bepaald uit de processen die deze puinwaaiers hebben
gevormd, omdat verschillende processen op verschillendemanieren ontstaan en verschillende hoeveel-
heden vloeibaar water nodig hebben. Dit proefschrift heeft als doel om (1) de ruimtelijke evolutie van
puinwaaiers door middel van puinstromen te kwantificeren en met behulp van deze inzichten (2) de
hydrologische en klimatologische condities die heersten in de afgelopen paar miljoen jaren op Mars te
reconstrueren op basis van puinwaaierafzettingen. Hiervoor worden zowel de primaire processen die
zorgen voor de vorming van puinwaaiers, als de secondaire processen die de puinwaaiers aantasten en
weer afbreken, bestudeerd in dit proefschrift.

Een experimentele opstelling is ontwikkeld voor dit proefschrift om puinstromen en puinwaaiers op
kleine schaal te kunnen nabootsen (hoofdstukken 2 en 3). Puinstromen vormen langgerekte afzettin-
gen die bestaan uit zijdelingse oevers en een eindlob met een sterk reliëf. Korrelsortering tijdens stro-
ming zorgt ervoor dat het grove sediment zich concentreert in de oevers en voorkant van de eindlob.
De experimentele puinstromen zijn grotendeels vergelijkbaar met natuurlijke puinstromen, ondanks
hun kleine schaal. De grootschalige stromingspatronen,morfologie van de afzettingen, korrelsortering,
de breedte-diepte verhouding van de geulen en uitstroomlengte en -oppervlak van de experimentele
puinstromen zijn vergelijkbaar met die in natuurlijke puinstromen. De morfologie van de experimen-
tele puinstroomafzettingen (lobdikte en -breedte) wordt grotendeels bepaald door de samenstelling
(hoeveelheid klei, grof materiaal en water) van de puinstromen, terwijl het effect van de topografie (de
helling van de uitstroomvlakte en de helling en breedte van de aanvoergeul) juist verwaarloosbaar is.
Dit is een belangrijke bevinding voor klimatologische reconstructies op basis van puinstroomafzettin-
gen. Uitstroomlengte en oppervlak nemen toe met aanvoergeulhelling en -breedte, de helling van de
uitstroomvlakte, puinstroomvolume en waterfractie. Er is een optimale hoeveelheid grof materiaal en
klei in een puinstroom waarbij uitstroomlengte en -oppervlak maximaal zijn. Een toename van grof
materiaal zorgt voor een toename van uitstroming, maar een overschot aan grof materiaal leidt tot een
grote accumulatie van grof sediment aan de voorkant van de puinstroom en zorgt voor snel verlies van
poriewater, wat leidt tot meer wrijving in de stroming en daardoor tot een afname van uitstroomlengte
en -oppervlak. Een toename van klei zorgt initieel voor een toename van de uitstroming,maar bij een te
grote hoeveelheid klei worden de puinstromen sterk viskeus en nemen uitstroomlengte en -oppervlak
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weer af. Deze resultaten tonen aan dat de uitstroming net zo veel afhangt van de samenstelling van de
puinstroom als van de topografische condities en laten zien welke puinstroomtypen erg mobiel en dus
gevaarlijk zijn.

De evolutie van puinstroomwaaiers (puinwaaiers gevormd door puinstromen) is experimenteel on-
derzocht door middel van het vormen van een puinwaaier uit meerdere puinstromen onder gelijke ex-
terne condities (hoofdstuk 3). Deze puinstroomwaaiers worden gevormd in autogene sequenties van
opvullen, avulsie (geulverlegging) en geulvorming. In de geulvormingsfase worden de puinstromen
steeds langer en smaller doordat het momentum dat de puinstromen vooruit duwt, steeds beter op
de voorkant van de stroming wordt gefocust als de stroming smaller wordt. Dit leidt tot steeds langere
uitstroming en een diepere geul. De geul begint zich weer op te vullen zodra de puinstromen hunmaxi-
male lengte en geuldiepte hebben bereikt, waarna ze steeds korter en breder worden totdat de gehele
geul is opgevuld en de puinstromen zich verleggen naar een ander, topografisch lager deel van de puin-
waaier. De geulopvulling is het resultaat van de volgende terugkoppelingsmechanismen: de eindlob van
de puinstromen migreert in bovenstroomse richting waar het een zone met een relatief kleine helling
vormt, waardoor een volgende puinstroom zijn sediment meer bovenstrooms afzet. Hierdoor is deze
puinstroom korter, wat zorgt voor meer sedimentafzetting in de geul waardoor deze ondieper wordt.
Dit leidt weer tot meer overstroming in een volgende puinstroom, waardoor er minder momentum is
om de stroming aan te drijven. Hierdoor wordt het sediment van de volgende puinstroom weer verder
bovenstrooms afgezet en de geul weer iets ondieper. Op grote schaal zijn de avulsiesequenties die de
puinstroomwaaiers vormen het resultaat van topografische compensatie (de voorkeur voor afzetting in
de laagst gelegen delen van de puinwaaier). Topografische compensatie zorgt ook voor avulsiesequen-
ties op alle andere typen waaiers die voorkomen op Aarde.
Gullies zijn systemen bestaande uit een brongebied en puinwaaier die voorkomen op kraterwan-

den op Mars. Het zijn de jongste landvormen die waarschijnlijk worden gevormd door vloeibaar, stro-
mend water (ze kunnen jonger zijn dan 1 miljoen jaar oud) en zijn daarom erg belangrijk voor de
reconstructie van de recente hydrologische en klimatologische geschiedenis van de planeet Mars. In
dit proefschrift wordt onderzocht of gullies zijn gevormd door vloeibaar water. Vervolgens wordt de
recente hydrologische en klimatologische geschiedenis van Mars gereconstrueerd op basis van analy-
ses van hoge-resolutie satellietbeelden van Martiaanse gullies en veldwerk op Aardse puinwaaiers in de
Mars-achtige Atacama en Mojave woestijnen en op het Arctische, periglaciale Svalbard (Spitsbergen).

De vorming van puinwaaiers door middel van cyclische sequenties van opvullen, avulsie en geulvor-
ming zorgt ervoor dat puinwaaiers bestaan uit actieve en inactieve delen (hoofdstukken 3, 4, 5, 7 en 8).
Inactieve delen van het oppervlak van puinwaaiers worden vaak aangetast door secondaire processen
zoals verwering, winderosie en fluviatiele erosie. Het effect van secondaire aantasting van het opper-
vlak van een puinstroomwaaier in de gortdroge Atacama woestijn in Chili is onderzocht in hoofdstuk
5. De sedimentologie in ontsluitingen in deze puinwaaier toont aan dat de waaier grotendeels gevormd
is door puinstromen, terwijl de morfologie van het oppervlak wordt gedomineerd door puinstroom-
signaturen in het actieve deel en door verwering en fluviatiele erosie in het inactieve deel. In het Arcti-
sche, periglaciale klimaat op Svalbard worden puinwaaieroppervlakten aangetast door sneeuwlawines,
vorstverwering, solifluctie en de vorming van ijswigpolygonen en thufurs, bulten tot ruim een halve
meter hoog bij een diameter van enkele meters die ontstaan door vriesdooi cycli in periglaciale ge-
bieden (hoofdstuk 4). Deze resultaten tonen aan dat langdurig inactieve puinwaaieroppervlakten op
Aarde en Mars worden aangetast door secondaire processen.

De effectiviteit van secundaire aantasting op puinwaaieroppervlakten hangt af van de ratio tussen
de tijdschalen van primaire depositie en secondaire aantasting (hoofdstuk 5). De tijdschalen van puin-
waaierinactiviteit zijn groot op Mars (∼0.1-1 miljoen jaar), maar de recente verwerings- en erosie-
snelheid zijn onbekend. In hoofdstukken 6 en 7 worden de verwerings- en erosiesnelheid in gullies
gekwantificeerd. De snelheid van rotswandverwering in de brongebieden van jonge inslagkraters va-
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rieert tussen 10−4 and 10−1 mm jaar−1, maar de gemiddelde rotswandverweringssnelheid neemt af
met de tijd (hoofdstuk 6). Dit komt doordat de wanden van inslagkraters initieel erg gevoelig zijn voor
verwering door veel scheuren in de kraterwandendie bovendien erg steil zijn. Rotsblokken op een puin-
waaier in een krater in het oostelijke deel van Promethei Terra verwerenmet een snelheid van 3.5x10−3

mm jaar−1. Het oppervlak van deze puinwaaier vlakt af met een snelheid van 0.89x10−3 mm jaar−1

(hoofdstuk 7). De verwerings- en erosiesnelheden zijn hoger op gullies dan in andere landvormen en
gebieden op Mars. Dit komt waarschijnlijk doordat er af en toe vloeibaar water voor komt in gullies,
waardoor de verwerings- en erosiesnelheid sterk toenemen. Deze resultaten tonen aan dat de opper-
vlaktemorfologie en textuur van puinwaaiers in gullies op Mars sterk kunnen worden aangetast binnen
de inactieve perioden van de puinwaaiers (hoofdstukken 6, 7 en 8). Dit betekent dat interpretaties van
de processen die puinwaaiers hebben gevormd op basis van de kenmerken van het puinwaaieropper-
vlak misleidend kunnen zijn en het is daarom beter om verschillende informatiebronnen en analyses
te combineren.

In hoofdstuk 8 toon ik aan dat de meeste gullies voornamelijk zijn gevormd door puinstromen. Dit
concludeer ik op basis van een analyse van de sedimentologie in ontsluitingen in de gullies. De meer-
derheid van deze ontsluitingen bevatten veel willekeurig verspreide rotsblokken (>1 m) die liggen in
een pakket van fijner sediment en in sommige ontsluitingen komen lensvormige en afgeknotte afzet-
tingslagen voor. De morfologie van het oppervlak van de meeste puinwaaiers wordt gedomineerd door
secundaire processen, in tegenstelling tot de ontsluitingen. De meest voorkomende secundaire proces-
sen op Martiaanse gullies zijn winderosie, verwering en depositie van de ijsstofmantel (een pakket van
ijs en stof dat wordt afgezet van de polen tot 30◦ noorder- en zuiderbreedte tijdens hoge obliquiteit).
Deze secondaire processen hebben de originele, primaire morfologie sterk aangetast of uitgewist op de
meeste puinwaaiers. De vorming van gullies door puinstromen betekent dat vloeibaar water slechts af
en toe en in relatief kleine hoeveelheden voorkwam in de gullies. In hoofdstuk 9 bereken ik de grootte
van de puinstromen, hun frequentie van voorkomen en de benodigde hoeveelheden vloeibaar water in
de Istok krater op basis van een gedetailleerd hoogtemodel. Puinstromen kwamen hier voormetAardse
frequenties (∼1-100 jaar) in de afgelopenmiljoen jaar, tijdens relatief korte perioden van hoge obliqui-
teit waarin de gullies fluviatiel actief waren. Om de puinstromen te genererenmoet er veel meer sneeuw
zijn gevallen dan tot op heden is voorspeld door klimaatmodellen. Bovendien moet sneeuwsmelt mi-
nimaal centimeters tot decimeters vloeibaar water hebben geproduceerd in de brongebieden. Verder
moet vloeibaar water veel vaker zijn voorgekomen in de gullies dan tot op heden werd aangenomen.

Dit proefschrift toont aan dat puinstroomwaaiers worden gevormd door autogene sequenties van
opvulling, avulsie en geulvorming. Recente verwerings- en erosiesnelheden zijn voldoende snel om
inactieve oppervlakten van puinwaaiers sterk aan te tasten op Martiaanse gullies. Daarom zijn puin-
stroomafzettingen meestal afwezig op het oppervlak van puinwaaiers op Mars, terwijl ze wel groten-
deels zijn gevormd door puinstromenwat blijkt uit ontsluitingen. Tijdens perioden van hoge obliquiteit
waren gullies actieve fluviatiele systemen, waarin puinstromen voorkwamen met Aardse frequenties.
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Summary

Alluvial fans are ubiquitous landforms in high-relief regions on Earth and Mars. They have a semi-
conical shape and are located at the transition between highlands, which provide debris sources, and
adjacent basins that offer long-term sediment accommodation. Alluvial fans can form by a range of
processes including debris flows, which are water-laden masses of soil and rock with volumetric sed-
iment concentrations exceeding 40%. Alluvial fans are often densely populated in mountainous areas
on Earth, but lives, settlements and infrastructure are at constant risk from flooding by debris flows.
To minimize debris-flow hazards, the dynamics of debris flows and debris-flow fans need to be under-
stood, as well as their interaction. Moreover, alluvial fans are important archives of past environmental
conditions, as their deposits reflect past hydrologic and climatic conditions.The presence of alluvial fan
deposits on planet Mars may suggest liquid water activity in the past. How much and how often liquid
water was present on these alluvial fans, can in that case be assessed from the formative processes and
mechanisms of these fans. In this thesis, I aim to (1) unravel the formative dynamics of debris-flow
fans and, building on these insights, to (2) reconstruct hydrologic and climatic conditions in the last
few millions of years on Mars from alluvial fan deposits (gullies). To do this, both the primary pro-
cesses that form alluvial fans and the secondary processes that modify and break down alluvial fans are
studied in this thesis.

A laboratory setup was developed to generate and study the dynamics of small-scale debris flows and
debris-flow fans (chapters 2 and 3). Debris flows form elongated deposits consisting of lateral levees and
amarked depositional lobe, and grain-size segregation results in accumulation of coarse-grained parti-
cles in the levees and frontal lobe margins. The small-scale experimental debris flows were largely sim-
ilar to natural debris flows in terms of flow behavior, deposit morphology, grain-size sorting, channel
width-depth ratio and runout. The morphology of the experimental debris-flow deposits (lobe thick-
ness and width) is largely determined by the composition of debris flows, while the effects of initial
conditions of topography (i.e., outflow plain slope and channel slope and width) and volume are neg-
ligible (chapter 2), which is an important finding for environmental reconstructions from debris-flow
deposits. Runout increases with channel slope and width, outflow plain slope, debris-flow volume and
water fraction. There is an optimum relation between debris-flow runout and coarse-material fraction
and clay fraction in the flow. Increasing coarse material concentration leads to larger runout, but ex-
cess coarse material results in a large accumulation of coarse debris at the flow front and leads to rapid
escape of pore-fluid, which enhances frontal friction and decreases runout. Increasing clay content ini-
tially enhances runout, but too much clay leads to very viscous flows, reducing runout. These results
imply that debris-flow runout depends at least as much on composition as on topography, and helps
to identify relatively mobile and thus hazardous types of debris flows.

The evolution of debris-flow fans was experimentally studied by stacking multiple individual de-
bris flows under constant extrinsic forcings (chapter 3). Debris-flow fans were observed to form by
autogenic sequences of backfilling, avulsion (i.e., channel shift) and channelization. In the channeliza-
tion phase, debris flows became progressively longer and narrower because the momentum that drives
the flow increasingly focused on the flow front as flow narrowed, resulting in longer runout and deeper
channels. Backfilling commencedwhen debris flows reached theirmaximumpossible length and chan-
nel depth, after which they progressively shortened and widened until the entire channel was filled and
avulsionwas initiated. Backfillingwas caused by the following feedbacks: the frontal lobe depositmoved
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upstream where it sets a zone of lower gradient, causing the terminus of deposition to move upstream.
Consequently, the next debris flow was shorter which led to more in-channel sedimentation, causing
more overbank flow in the subsequent debris flow, which led to reduced momentum to the flow front
and therefore further shortening of runout. The avulsion cycles on debris-flow fans are governed by
large-scale topographic compensation (preferential deposition in topographic lows) that also governs
avulsion cycles on all other known fan types, although detailed processes are unique for debris-flow
fans.

Gullies are catchment-alluvial fan systems foundon craterwalls onMars.They are among the youngest
landforms that may have formed by liquid water on Mars (they can be younger than 1 Ma), and there-
fore of critical importance in resolving the planet’s recent hydrologic and climatic history. This thesis
investigates if gullies formed by aqueous flows, and based on this result the recent hydrologic and cli-
matic conditions onMars are reconstructed fromanalyses of high-resolution satellite images ofMartian
gullies and comparative fieldwork on alluvial fans in the Mars-like Atacama and Mojave deserts and
periglacial environment of Svalbard.

The formation of alluvial fans by cyclic sequences of backfilling, avulsion and channelization im-
plies that fans comprise active and inactive sectors (chapters 3, 4, 5, 7 and 8). Long inactive parts of
alluvial fans are exposed to modification by secondary, post-depositional, processes, including weath-
ering, wind erosion and fluvial erosion. In chapter 5 the effects of secondary modification on the sur-
face of a debris-flow fan in the hyperarid Atacama Desert in Chile are studied. Stratigraphic sections
reveal that this fan was dominantly aggraded by debris flows, whereas surface morphology is domi-
nated by debris-flow signatures in the active sector and by weathering and runoff on the inactive sec-
tor. In the high-arctic, periglacial, environment of Svalbard, alluvial fan surfaces are often modified
by snow avalanches, frost weathering, solifluction and the formation of ice-wedge polygons and hum-
mocks (chapter 4).These results imply that fan surfaces on Earth andMars that have been long-inactive
are likely to be masked by a surface morphology related to secondary processes.

The effectiveness of post-depositional modification depends on the ratio between the characteristic
time scales to build morphology by primary deposition and to modify morphology by secondary pro-
cesses (chapter 5). On Mars the time scales of fan inactivity are large (∼0.1-1 Myr), but recent rates
of weathering and erosion on gullies were unknown. In chapters 6 and 7 recent weathering and ero-
sion rates in gullies are quantified. Backweathering rates in the alcoves of pristine impact craters range
between 10−4 and 10−1 mm yr−1, but average backweathering rates decrease with crater age (chapter
6). This can be attributed to a decrease of backweathering rates over time, as the highly fractured and
oversteepened crater rims are initially highly prone to backweathering. The boulder break-down rate
on a gully-fan in a crater in eastern Promethei Terra is 3.5x10−3 mm yr−1 and the surface denudation
rate is approximated as 0.89x10−3 mm yr−1 (chapter 7). The weathering and erosion rates on gullied
crater slopes exceed the rates on other slopes, which is probably caused by the presence of liquid water
in gullies acting as a catalyst for weathering.These results show that the surfacemorphology and texture
of gully-fans can be strongly modified within the timescales of inactivity of Martian gullies, especially
as modification rates are highest shortly after cessation of primary activity (chapters 6, 7 and 8). In-
terpreting formative processes from surface morphology can thus be misleading, and should therefore
ideally be inferred from multiple sources of information.

In chapter 8 I show that many gullies dominantly formed by debris flows, based on sedimentological
analysis of outcrops in gully-fans. The majority of these outcrops contain many randomly distributed
large boulders (>1 m) suspended in a finer matrix and in some cases lens-shaped and truncated lay-
ering. The fan surface morphology, in contrast to the subsurface, is dominated by secondary, post-
depositional, processes; mainly wind erosion, weathering, and deposition of the latitude dependent
mantle (a smooth, often meter-thick deposit of ice and dust that is deposited in the polar and mid-
latitudes regions of Mars during high-obliquity periods). These processes have removed or severely
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reworked the original, primary, debris-flow morphology over time. The inferred debris-flow origin for
many gullies implies limited and strongly ephemeral liquid water during gully-formation. In chap-
ter 9, I determine debris-flow size, frequency and associated water volumes in the very pristine Istok
crater from a high-resolution digital elevationmodel, and show that debris flows occurred at Earth-like
frequencies (∼1-100 yr) during high-obliquity periods, in which they were active, in the last million
years on Mars. Results further imply that local accumulations of snow/ice within gullies were much
more voluminous than currently predicted by climate models; melting must have yielded centimeters
to decimeters of liquid water in catchments; and recent aqueous activity in some mid-latitude craters
was much more frequent than previously anticipated.

In short, this thesis shows that debris-flow fans formby autogenic cycles of channelization, backfilling
and avulsion. Recent weathering and erosion rates on Mars are sufficient to modify inactive surfaces of
gully-fans in the last few millions of years. Therefore, surficial debris-flow deposits are generally absent
on gully-fan surfaces, whereas their sedimentology in stratigraphic sections shows that most gully-fans
formed by debris flows. During high-obliquity periods gully-fans are active aqueous environments,
wherein debris flows occurred at Earth-like frequencies.
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Chapter 1

Introduction

1.1 Context

Fan-shaped deposits are common landforms in high-relief regions on Earth andMars (Fig. 1.1) (Moore
and Howard, 2005; Blair and McPherson, 2009; Dickson and Head, 2009; Harvey, 2011). They are con-
ical landforms that develop at the transition between highlands, providing debris sources, and adjacent
basins that offer long-term sediment accommodation (Harvey, 2010). Fans can vary greatly in size and
can be roughly divided into (1) colluvial fans or talus cones (10s to 100s m) (e.g., Blikra and Nemec,
1998), (2) alluvial fans (100s m to 10s km) (e.g., Blair and McPherson, 2009) and (3) fluvial fans or
megafans (>10s km) (Hartley et al., 2010; Weissmann et al., 2010). This thesis focuses mainly on allu-
vial fans.

Alluvial fans are often densely populated and intensively used for agriculture and infrastructure in
mountainous areas on Earth (e.g., Cavalli and Marchi, 2008). However, lives, settlements and infras-
tructure on alluvial fans are at constant risk from flooding by catastrophic debris flows and flash floods
(Fig. 1.2) (e.g., Wieczorek et al., 2001; Jakob, 2005). The socio-economic impacts of debris flows may
grow with the current increase of landscape exploitation, and extreme precipitation events and per-
mafrost degradation forced by global warming (e.g., Rebetez et al., 1997; Stoffel et al., 2014).

Alluvial fans can form by a range of fluid-gravity and sediment-gravity processes, of which fluvial
flows (i.e., dilute or hyperconcentrated flows) and debris flows are generally the most prominent (e.g.,
Blikra andNemec, 1998; Blair andMcPherson, 2009; Harvey, 2011). In fluvial flowswater and sediment
are separate phases wherein the volume of water generally greatly exceeds the volume of sediment. In
contrast, debris flows are dense, non-newtonian, mixtures of water and sediment that comprise only
20% to 60% of water by volume (e.g., Costa, 1988; Iverson, 1997), and therefore water and sediment
behave as a single phase during flow. Because of their fundamentally different flow dynamics, fluvial
flows and debris flows both result in distinctive sedimentary deposits (e.g., Schumm et al., 1987; Blair
and McPherson, 1994; Blair and McPherson, 2009). Consequently, alluvial fans that are predominantly
constructed by fluvial flows or debris flows can be discriminated by their morphometry, morphology
and sedimentology (e.g., Hartley et al., 2005; Conway et al., 2011).

Alluvial fans can be important archives of past environmental conditions, because their character-
istics reflect the processes by which they formed and thereby indirectly the environmental conditions
during their formation. As such, these characteristics are often analyzed to infer past hydrologic and
climatic conditions on Earth (e.g., Wells et al., 1987; Densmore et al., 2007; Stoffel et al., 2008) and
Mars (e.g., Malin and Edgett, 2000; Kleinhans, 2005; Dickson et al., 2015). The presence of alluvial fan
deposits on the surface of Mars suggests that liquid water may have been present in the past (e.g., Dick-
son and Head, 2009), and former hydrologic and climatic conditions might thus be inferred from these
deposits, such as amounts and frequency of liquid water occurrences and rates of various geomorphic
processes including weathering, erosion and debris flow.

Thorough understanding of alluvial fan and debris-flow dynamics and their relation can thus im-
prove our understanding of past climates on Earth and Mars, and can improve hazard mitigation in

9



b

a

c

200 m

~300 m

~1500 m

Figure 1.1: Examples of fan-shaped deposits on Earth and Mars. (a) Alluvial fans on the western flank
of Death Valley (Earth). (b) Alluvial and colluvial fans inMalardalen (Svalbard) (Earth). A large debris-
flow fan can be seen on the foreground. Small debris-flow fans and a snow-avalanche dominated fan are
present on the other side of the valley. (c) Alluvial fans on Mars (HiRISE image: PSP_002514_1420).

mountainous areas. This thesis improves current understanding of the dynamics and hazard potential
of debris flows on alluvial fans, the morphology and sedimentology of alluvial fans on Earth and Mars,
and our understanding of the very late Amazonian (i.e., the last few million of years) hydrologic and
climatic conditions onMars. To do so, the primary processes that form alluvial fans, the secondary pro-
cesses that modify them, and the balance between primary and secondary processes on alluvial fans are
studied in this thesis.

1.2 General objectives

This thesis aims to enhance the generic understanding of debris-flow fans on Earth and Mars, and
building on these insights, to apply this understanding to hazard mitigation on Earth and climatic
reconstructions on Mars. More specifically, the two main objectives of this thesis are:
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Figure 1.2: Examples of debris-flow hazards. (a) Carraballeda (Venezuela). (B) Wyoming (USA).

1. To unravel the formative dynamics of debris-flow fans.

2. To reconstruct hydrologic and climatic conditions in the last few millions of years on Mars from
alluvial fan deposits.

Meeting these objectives requires two opposite, but complementary, research approaches. I primarily
employ small-scale laboratory experiments to answer the first objective, as experiments enable detailed
control over boundary conditions and thus facilitate analysis of their effects on debris flow and fan dy-
namics and deposits. In contrast, the hydrologic and climatic conditions on Mars are reconstructed by
analyzing alluvial fan deposits, relating these to formative processes and linking these processes to the
hydrologic and climatic boundary conditions wherein these fans were formed (Fig. 1.3). Increasing the
understanding of one of the boxes shown in Figure 1.3 (deposits, processes or boundary conditions)
will also result in a better understanding of the connection between these boxes and a better overall
understanding.The combined approaches employed in this thesis therefore enhance our overall under-
standing of alluvial fan and debris-flow deposits, debris-flow processes and their link to environmental
and climatic boundary conditions.

The two main thesis objectives are elaborated through a series of sub-questions, which are presented
in section 1.5. The necessary context for these subquestions is provided below.

Deposit Process Boundary conditions

Experiments

Climate reconstructions

Figure 1.3: Two opposite, but complimentary, research approaches employed in this thesis.

1.3 Debris flow and debris-flow fans

1.3.1 Debris-flow dynamics and hazard mitigation
Debris flows are commonphenomena inmountainous regionsworldwide.They are rapid, short-lasting,
infrequent and destructive flows of which peak velocities can exceed 10 m s−1 (e.g., Iverson, 1997).
The assessment of runout distance and area is crucial for delineating areas at risk from debris flows
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(D’Agostino et al., 2010). Several methods have been proposed to predict runout (e.g., Rickenmann,
2005; D’Agostino et al., 2010; Scheidl et al., 2013), which mainly depend on topography and debris-
flow volume and magnitude (e.g., Takahashi, 1991; Bathurst et al., 1997; Rickenmann, 1999; Berti and
Simoni, 2007). However, debris-flow composition has often been neglected for practical reasons, al-
though it strongly affects debris-flow dynamics and runout (e.g., Whipple and Dunne, 1992; Scheidl
and Rickenmann, 2010). Moreover, debris-flow composition strongly controls deposit geometry (i.e.,
the thickness and width of levees and lobes) (e.g., Johnson, 1970; Whipple and Dunne, 1992; Coussot
et al., 1998; Major and Iverson, 1999), but how is poorly understood. Comprehensive understanding
of this relation is important to link debris-flow deposits to past environmental conditions.

Field monitoring of debris flows faces many difficulties due to their infrequent occurrence and de-
structive nature and is only done in a handful of torrents (e.g., Hürlimann et al., 2003; Takahashi, 2009;
Zhou and Ng, 2010; McCoy et al., 2010; Marchi and Tecca, 2013), and for these reasons field mea-
surements on active unconfined debris flows have not been performed. Experimental debris flows can
therefore greatly enhance the understanding of unconfined debris flows. Several authors have previ-
ously used laboratory flumes to simulate and study debris flows (e.g., Van Steijn and Coutard, 1989;
Liu, 1996; Major and Iverson, 1999; D’Agostino et al., 2010; Hürlimann et al., 2015), but these mainly
focused on channelized flows. Unchannelled debris flows, accurately simulating the flow behavior of
debris flow over alluvial fan surfaces, have only been experimentally produced in the large-scale USGS
laboratory flume (e.g., Iverson et al., 2010) but not in smaller-scale flumes. Small-scale debris-flow ex-
periments would, however, be useful as they allow experiments to be done in large numbers and for
a wide range of compositions, thereby providing insights into the effects of boundary conditions on
debris-flow deposits and hazard potential.

1.3.2 Formation and evolution of debris-flow fans
Debris-flow fans form by cyclic radial shifts of their geomorphologically active sector from a fixed fan
apex over time (e.g., Schumm et al., 1987; Harvey, 2011). How these cyclic avulsions evolve and what
drives them is poorly understood. Mastering the dynamics of debris-flow fans is important for haz-
ard mitigation on fans as avulsions shift the locus of hazards over fans, putting lives and infrastructure
at risk. Furthermore, understanding the forcings that drive the formation and resulting sedimentol-
ogy, morphology and morphometry of these fans also allows for more accurate reconstructions of past
environmental conditions.

However, the time scales over which debris-flow fans evolve are generally too long to allow direct
observations of their dynamics. Moreover, equifinality (the formation of similar landforms by differ-
ent sets of processes), the commonly chaotic architecture of alluvial fan successions and the lack of
precise dating methods applicable to terrestrial coarse-clastic deposits have limited the reconstruction
of debris-flow fan dynamics (Ventra and Nichols, 2014). Additionally, it is difficult to isolate the in-
fluence of autogenic (internal) forcings from the influence of allogenic (external) forcings in natural
environments.

The use of experimental physical modelling can overcome most of these difficulties and provides
a valuable technique for studying alluvial fan evolution. As such, many insights into the dynamics
and morphology of fluvial-flow-dominated alluvial fans stem from physical scale-experiments (e.g.,
Schumm et al., 1987; Van Dijk et al., 2009; Clarke et al., 2010). Yet, to date there have been very few
attempts to experimentally re-create and study debris-flows fans (Hooke, 1967; Schumm et al., 1987;
Zimmermann, 1991), and therefore the formative dynamics of these fan types remain poorly under-
stood. The experimental formation of debris-flow fans can thus provide many insights in the formation
and evolution of these fan types and may enable more detailed reconstructions of past environmental
conditions from debris-flow fan deposits.
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1.4 Unraveling Mars’ recent climate from alluvial fan deposits

1.4.1 Current understanding of Mars’ recent climate
Mars is currently very cold and dry and its thin atmosphere makes liquid water at its surface excep-
tionally rare (e.g., Jakosky and Phillips, 2001). Climatic conditions, however, differed during periods
of high orbital obliquity (Forget et al., 2006; Madeleine et al., 2009; Madeleine et al., 2014). Liquid wa-
ter may have been more abundant during these periods, given the presence of numerous mid-latitude
gullies, which are small catchment-fan systems formed by either aqueous or dry flows (Fig. 1.1c) (e.g.,
Malin and Edgett, 2000; Dickson and Head, 2009). Many gullies were active less than a few million
years ago (e.g., Reiss et al., 2004; Schon et al., 2009; Johnsson et al., 2014), and are therefore of criti-
cal importance to resolving the planet’s recent hydrology and climate. During high-obliquity periods
(>30◦), increased polar summer insolation enhances polar ice sublimation on Mars. This in turn in-
creases atmospheric water content and amplifies circulation, which leads to a more intense water cycle
(e.g., Forget et al., 2006). Precipitation of snow and ice is thought to become widespread in the mid-
latitudes (from the poles to 30◦ N and S), and the high mountains in lower-latitude regions, leading
to extensive glaciation (Forget et al., 2006; Madeleine et al., 2009; Madeleine et al., 2014). Some of this
snow/ice may have melted during high-obliquity periods in favorable locations (e.g., Williams et al.,
2009), forming thousands of gullies in the mid-latitudes and polar regions of Mars.

1.4.2 Climatic reconstructions through gully-fans
It is unknown if and how much liquid water was present during the formation of the gullies, and at
which frequencies it occurred. The keys to solving these questions are (1) determining the formative
processes of the gully-fans and (2) relating these processes to amounts and frequency of liquid water.
Water-free sediment flows, often associated to CO2 ice, (e.g., Treiman, 2003; Pelletier et al., 2008; Dun-
das et al., 2014), debris flows (e.g., Costard et al., 2002; Levy et al., 2010; Johnsson et al., 2014) and
fluvial flows (e.g., Heldmann and Mellon, 2004; Dickson et al., 2007; Reiss et al., 2011) have all been
hypothesized to have dominantly formed the gully-fans, but to date there is no definitive answer and
the relative contribution of these processes to gully formation may differ among sites. Quantitative es-
timations of the amounts and frequency of liquid water involved in gully-fan formation have currently
not been performed.

As described above a thorough understanding of the relation between the formative processes of
alluvial fans and the resulting morphology, sedimentology and morphometry is important for climatic
reconstructions. Mars is a cold and extremely dry polar desert (e.g., Jakosky and Phillips, 2001), and
therefore studying terrestial analog fans fromarid and/or periglacial environments can provide valuable
insights into the effects of the arid and periglacial conditions on Mars on fan morphology, sedimen-
tology and morphometry. Examples of such analog areas are the Atacama Desert of Chile, the Mojave
Desert in the United States and the high-arctic polar semi-desert of Svalbard (e.g., Hauber et al., 2011;
Reiss et al., 2011; Morgan et al., 2014).

Alluvial fans on which primary processes of aggradation have been long inactive are exposed to pro-
longed weathering and erosion. These secondary processes modify the original, primary, morphology
of fan surfaces, although they generally have aminimal effect on fan aggradation (Blair andMcPherson,
1994). As such, secondary processes might hinder identification of the formative processes of alluvial
fans from surface morphology (e.g., Hartley et al., 2005; Blair and McPherson, 2009). This poses a big
challenge to the analyses of Martian gully-fans, as these can only be studied through satellite imagery
and are generally inactive during long periods wherein orbital obliquity is too low for primary fan ac-
tivity to occur (e.g., Dickson and Head, 2009).
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1.4.3 Secondary reworking of alluvial fan surfaces
The effectiveness of secondary surface reworking depends on the balance between the characteristic
time scales to build morphology by primary deposition and to modify morphology by secondary pro-
cesses. As described above the surfaces of Martian gully-fans are probably exposed to secondary pro-
cesses for long periods of time.The effectiveness of secondary processes of weathering and erosion have,
however, not been investigated on recent timescales and in relation to gully-fans. Recent wind erosion
rates can be relatively large over the last few millions of years (e.g., Bridges et al., 2012b; Golombek
et al., 2014b), but whether these cause severe gully-fan surface reworking remains to be investigated.
Additionally, there are no estimates of recent weathering rates on Mars so the reworking potential of
weathering is unknown.

1.5 Specific research questions and thesis outline

The two general objectives of this thesis: (1) ‘to unravel the formative dynamics of debris-flow fans’ and
(2) ‘to reconstruct hydrologic and climatic conditions in the last few million of years on Mars from
alluvial fan deposits’, are elaborated through a series of sub-questions.

Part 1: Unraveling the formative dynamics of debris-flow fans.

1. How does debris-flow composition affect deposit morphology and runout?

2. How do debris-flow fans evolve over time?

Part 2: Reconstructing hydrologic and climatic conditions in the last few millions of years on Mars from
alluvial fan deposits.

3. By which processes were Martian gully-fans predominantly formed?

4. Are recent weathering and denudation rates on Mars sufficient to modify gully-fan surfaces?

5. How frequent and in which quantities did liquid water occur in the last few million years on
Mars?

Chapter 2 primarily deals with the first research question. In this chapter an experimental setup that
enables the study of unconfined debris flows on a small scale is presented. This setup is used to inves-
tigate the effects of debris-flow composition and various topographic boundary conditions on runout
and deposit morphology. The effects on runout are important for process understanding and have im-
portant implications for hazard mitigation, while the effects on deposit morphology are important for
climatic reconstructions (such as research question 5 and chapters 8 and 9).

Chapter 3 addresses the second research question, by experimentally stacking multiple debris flows
to form a debris-flow fan using the flume setup designed in chapter 2. Here, boundary conditions are
kept constant to study the autogenic evolution of debris-flow fans. The cyclic avulsions of the locus of
debris-flow deposition that govern debris-flow fan formation in space and time are studied in detail.
Understanding the avulsion process on debris-flow fans is important for process understanding and
hazard mitigation. Insights into the formative dynamics and morphology of debris-flow fans from this
chapter were used to answer research questions 3 and 5.

Chapter 4 describes the surface morphology of fans in the high-arctic, periglacial, environment of
Svalbard. The periglacial conditions in this area result in a unique morphology that discriminates fans
formed in this region from fans formed in other climatic regions. The results from this chapter are used
to answer research questions 2-5.
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Chapter 5 compares the surface morphology and texture of a recently active and long-abandoned
sector of a debris-flow fan in the hyperarid Atacama Desert of Chile, to highlight the potential of fan
surface modification by secondary processes. The insights of this chapter are mainly used to answer
research question 3, but also largely inspired the studies described in chapter 7 and 8 and thereby in-
directly helped to answer research questions 4 and 5. Moreover, insights from this chapter are used to
answer question 2.

Chapter 6 quantifies backweathering rates in gully-alcoves during the last fewmillions years onMars.
These values are compared to Martian erosion rates and terrestrial backweathering rates, and help to
assess the effectiveness of recent secondary reworking of Martian gully-fan surfaces. Moreover, it pro-
vides insight into the role of liquid water in gully formation. As such, this chapter answers research
question 4 and helps to answer research question 3.

Chapter 7 compares the surface morphology and texture of lobes of different generation on a gully-
fan surface onMars, in order to quantify fan surface denudation and boulder breakdown rates in the last
million years on Mars. The results answer research question 4 and thereby indirectly research question
3.

Chapter 8 determines the formative mechanisms ofMartian gullies through analyses of outcrop sed-
imentology, in order to avoid analyses of gully-fan surfaces that have been modified by secondary
processes. This chapter answers research question 3 and provides insights in the planet-wide repre-
sentativeness of the study in chapter 9 (research question 5). Chapter 8 builds upon insights that were
obtained in chapters 2-7.

Chapter 9 answers the fifth research question. In this chapter debris-flow return periods and liquid
water amounts that were present during high orbital obliquity in Martian gullies are quantified. The
innovative method employed in this chapter builds upon insights obtained in all previous chapters of
this thesis.

Chapter 10 is the synthesis of this thesis, and provides an outlook on the applications andperspectives
of the results of this thesis as well as recommendations for future research.

15





Chapter 2

Effects of debris-flow composition on runout, depositional
mechanisms and deposit morphology in laboratory
experiments

Predictingdebris-flow runout is ofmajor importance for hazardmitigation. Apart from topographyandvol-
ume, runout distance and area depend on debris-flow composition and rheology, but how is poorly under-
stood. We experimentally investigated effects of composition on debris-flow runout, depositional mech-
anisms and deposit geometry. The small-scale experimental debris flows were largely similar to natural
debris flows in terms of flow behavior, deposit morphology, grain-size sorting, channel width-depth ratio
and runout. Deposit geometry (lobe thickness and width) in our experimental debris flows is largely deter-
mined by composition, while the effects of initial conditions of topography (i.e., outflow plain slope and
channel slope and width) and volume are negligible. We find a clear optimum in the relations of runout
with coarse-material fraction and clay fraction. Increasing coarse material concentration leads to larger
runout. However, excess coarse material results in a large accumulation of coarse debris at the flow front
and enhances diffusivity, increasing frontal friction and decreasing runout. Increasing clay content initially
enhances runout, but too much clay leads to very viscous flows, reducing runout. Runout increases with
channel slope and width, outflow plain slope, debris-flow volume and water fraction. These results imply
that debris-flow runout depends at least as much on composition as on topography. This study improves
understanding of the effects of debris-flow composition on runout, and may aid future debris-flow hazard
assessments.

Published as:DeHaas, T., Braat, L., Leuven, J. R. F.W., Lokhorst, I. R., and Kleinhans, M. G. (2015), Effects of debris-
flow composition on runout, depositional mechanisms and deposit morphology in laboratory experiments, Journal
of Geophysical Research: Earth Surface, doi:10.1002/2015JF003525.

2.1 Introduction

Debris flows are common phenomena in mountainous regions. They differ from rock avalanches and
sediment-laden water floods because both solid and fluid forces influence their motion and govern
their rheological properties (Costa, 1988; Iverson, 1997). Typically, debris flows contain 20% to 60%
water by volume (Costa, 1988; Pierson, 2005), peak velocities can surpass 10 m/s, and large flows can
exceed 1 km3 (e.g., Iverson, 1997). They denude mountainsides, inundate channels, floodplains and
alluvial fans, and thereby present a major hazard for people and structures (e.g., Jakob, 2005). The
socio-economic impacts of debris flows may grow with the current increase of landscape exploitation,
and extreme precipitation events and permafrost degradation forced by global warming (e.g., Rebetez
et al., 1997; Jakob and Friele, 2010; Stoffel et al., 2014).
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The assessment of runout distance and area is critical for delineating areas at risk from debris flows
(D’Agostino et al., 2010). Severalmethods have been proposed to predict debris-flow runout (e.g., Rick-
enmann, 2005; D’Agostino et al., 2010; Griswold and Iverson, 2008; Scheidl et al., 2013).Thesemethods
depend mainly on topography (i.e. the slope, width and length of the upstream channel and the slope
of the outflow plain) and debris-flow volume (e.g., Takahashi, 1991; Bathurst et al., 1997; Rickenmann,
1999; Berti and Simoni, 2007). However, debris-flow composition (grain-size distribution and water
content) has often been neglected for practical reasons, although it has a profound effect on debris-
flow dynamics and runout distance (e.g., Whipple and Dunne, 1992; Scheidl and Rickenmann, 2010;
Hürlimann et al., 2015).

Debris-flow composition is commonly neglected because it is very difficult to constrain material
properties from debris-flow deposits in the field (e.g., Iverson et al., 2010). Natural debris flows are
monitored in a few high-frequency debris-flow torrents (e.g., Hürlimann et al., 2003; Takahashi, 2009;
Zhou andNg, 2010;McCoy et al., 2010;Marchi andTecca, 2013), butmonitoring facesmany difficulties
because of the rapid, short-lasting, infrequent and destructive nature of debris flows. Debris flows cause
the greatest threat when they move across unconfined slopes of alluvial fans, which may be densely
populated (Cavalli and Marchi, 2008). However, they are generally not actively monitored on such
sites.

Debris-flow composition strongly affects deposit geometry, such as the height and width of levees
and lobes (e.g., Whipple and Dunne, 1992; Coussot et al., 1998; Major and Iverson, 1999). However,
the relation between debris-flow composition and deposit geometry (i.e., lobe and levee thickness and
width) is still poorly understood.

We use experiments to investigate the effects of debris-flow composition on runout distance and de-
posit geometry. Several authors have previously used laboratory flumes to simulate debris flows (e.g.,
Van Steijn and Coutard, 1989; Liu, 1996; Major and Iverson, 1999; D’Agostino et al., 2010; Hürlimann
et al., 2015). Well-developed unchannelled experimental debris flows with self-formed levees and a
marked depositional lobe have only been produced in the large-scale USGS laboratory flume (e.g., Iver-
son et al., 2010) but not in smaller-scale flumes. Small-scale experiments are useful because they allow
experiments to be done in large numbers and for a wide range of compositions. Iverson and Denlinger
(2001) and Iverson et al. (2010) suggested that dynamic similarity between natural and small-scale
debris flows is probably unattainable, as small-scale debris flows are likely to show disproportionately
large effects of yield strength, viscous flow resistance, and grain inertia, while showing a disproportion-
ately small effect of pore fluid pressure. Nonetheless, despite these scale effects we managed to create
small experimental debris flows that show similar flow behavior, grain segregation, runout and deposit
morphology as natural debris flows (e.g., Blair, 1999; Johnson et al., 2012).

Here we experimentally investigate effects of debris-flow composition on debris-flow runout dis-
tance and area, depositional mechanisms and deposit geometry. This paper is structured as follows.
We first detail layout and boundary conditions of the experimental flume and laboratory experiments.
Thenwe detailmeasurement techniques and dimensionless parameters used to evaluate flow regimes in
the experimental debris flows, and to address scaling. We present observations of the morphology and
sediment sorting, and infer flow regimes and effects of debris-flow composition, volume and topogra-
phy on runout distance and deposit morphology. Finally, we discuss effects of debris-flow composition
on depositional mechanisms, runout distance and deposit geometry, and elaborate on the scaling of de-
bris flows in small-scale laboratory flumes.
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Table 2.1: Varied debris-flow composition and topographic parameters. Note that the bulk of the debris-
flow mixture consisted of sand, but this was not systematically varied and therefore not shown in this
table.

Parameter Unit Reference Range Number of experiments
Debris-flow composition:
Gravel fraction g 900 0 – 3624 47

vol% 18 0 – 72
wt% 14 0 – 56

Clay fraction g 100 0 – 1899 50
vol% 2.0 0 – 38
wt% 1.5 0 – 29

Water fraction g 1500 1200 – 2500 33
vol% 44 39 – 57
wt% 23 19 – 33

Total mass g 6500 1950 – 11050 27
Total volume m3 0.0034 0.0010 – 0.0058 27
Topography:
Channel slope ◦ 30 22 – 34 41
Outflow plain slope ◦ 10 0 – 15 29
Channel width cm 12 4.5 – 12 16
Channel length m 2 2 – 3 16

2.2 Methods

2.2.1 Methodology
We conducted a series of small-scale debris-flow experiments with systematic variations of angular
gravel (2-5 mm), clay (kaolinite) and water fractions relative to a reference debris-flow mixture, con-
sisting of gravel, sand and clay mixed with water (Table 2.1; Table ts01; latter table is available online at
http://dx.doi.org/10.6084/m9.figshare.1520495). The gravel and clay fractions are defined as the frac-
tion within the total solids volume, and the water fraction is defined as the volume of water relative
to the total debris-flow volume (solids and water). For simplicity, we converted mass to volume by
assuming a constant solids density of 2650 kg/m3, which might introduce a small volume underesti-
mation for the debris flows rich in basaltic gravel (basalt density ≈3400 kg/m3; underestimation ∼2%
for most debris flows and up to 9% for themost gravel-rich debris flow).We also tested the topographic
effects of channel width, channel length, channel slope, and outflow-plain slope. Finally, the effect of
outflow plain composition was tested, by using an initial unconsolidated ∼1 cm thick bed of sand, a
fixed rough bed (sand glued to a plate) and a fixed smooth bed (plastic). After initial tests we selected
a reference sediment mixture (see section 2.2.3) for all experiments and gravel, clay and water frac-
tion were systematically varied relative to this mixture. We found that experiments were repeatable,
although natural variability caused considerable variations in some debris flows. To account for the ef-
fects of natural variability we generally conducted each experimental setting at least three times. Using
photograph, video and digital elevation model (DEM) analyses, we mapped the dynamics, morphol-
ogy and sediment sorting of the debris flows. This data documented flow velocity and flow depth of the
debris flows during motion and the runout distance and area, lobe width, lobe height and levee height
of deposits.

2.2.2 Experimental setup and data collection
The experimental flume consisted of a straight, rectangular, channel of 2 m long and 12 cm wide
(Fig. 2.1), connected to an unconstrained lower-angle outflow plain. Upstream, the channel was con-
nected to a manual mixing tank with a gate that opened electromagnetically for rapid release of well-
mixed debris. Sediment and water were agitated in the mixing tank for ∼20 s and agitation stopped
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simultaneously with gate opening. The gate opened by swinging upwards. Relatively soft tap water was
used in the experiments (5.4◦ DH). To simulate natural bed roughness, the channel bed and sidewalls
were covered with sandpaper (grade 80), whereas the outflow plain was covered by a layer of ∼1 cm
unconsolidated reference mixture (without water and clay).
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Figure 2.1: Experimental flume setup. (a) Photograph. (b) Schematic overview.

In the channel floor a hatch was present 76 cm upstream of the intersection point of channel and
outflow plain. This hatch was opened at a constant time interval (1.5 s) after release of debris from the
mixing tank, to divert the debris-flow tail and prevent it from filling the initial channel and obscuring
sorting patterns. A similar approach was followed in debris-flow experiments in the USGS flume by
Johnson et al. (2012). Truncation of the tail did not affect runout or lobe thickness as the dilute tail
mainly backfilled the channel in between the levees. The estimated volume of the truncated tail is at
most 10-20% of the total volume.

Multiple cameras were used to photograph debris-flow deposits and capture debris-flow motion.
Debris-flow deposits were photographed with a Canon PowerShot A640 camera suspended above the
flume. Debris-flow velocity was inferred from movies shot with a Canon Powershot A650 IS camera.
Flow depth was measured near the channel apex, from a movie shot with a Canon Powershot A650
IS that captured a tape measure (accuracy ∼2-3 mm). Flow depth was only measured in the last 58
experiments.

Depositmorphologywasmeasuredwith aVialux z-Snapper 3D-scanner that captured a high-accuracy
3D point-cloud from a fringe pattern projector and camera (sub-mm vertical and horizontal accuracy)
(Hoefling, 2004). Point clouds from the 3D-scanner were processed with MATLAB (The MathWorks,
version 7.13.0.564) using natural neighbor interpolation to a gridded DEM of 1 mm resolution. The
DEM was used for visualisation and to measure runout distance and area, lobe width, lobe height and
levee height (Fig. 2.2). Runout distance was defined as the distance from the apex to the maximum
extent of the debris flow. Deposit area was defined as the total area of the debris-flow deposit on the
outflow plain. We characterized lobe height as its maximum value and lobe width as the point where its
sides became approximately parallel, upstream from its maximum extent. Levee height was measured
where levees were well-developed, sufficiently downstream of the apex and upstream of the lobe termi-
nus. In cases where levee height varied considerably, we averaged over multiple measurements along
the flow deposit.
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Figure 2.2: Mapped quantities of debris-flow deposits; runout distance, deposit area, lobe height, lobe
width and levee height. (a) Picture of debris-flow deposit (reference mixture); (b) Hillshade image de-
rived from the DEM of the same deposit.

2.2.3 Debris-flow composition
The debris-flow mixtures were composed from four basic sediments, combined in different ratios.
These were clay (kaolinite), well-sorted fine sand, poorly-sorted coarse sand and basaltic gravel (2-5
mm) (Fig. 2.3). The bulk of the mixture generally consisted of sand (Fig. 2.3c). The dark-toned gravel
conveniently highlighted textural patterns within the debris flows. The gravel in our experimental de-
bris flows behaved similar to the coarse-grained fraction (typically cobble- to boulder-sized debris) in
natural debris flows, in the sense that it formed the coarse-grained flow front and levees. To clarify
discussion and comparison between experimental results and nature, we therefore use coarse-grained
fraction and gravel fraction as synonyms throughout the text.

The reference sediment mixture consisted of 100 g clay, 1050 g fine sand, 2950 g coarse sand and
900 g gravel, mixed with 1500 g of water (Fig. 2.3a). We varied the fractions of gravel and clay in the
sediment mixture (Fig. 2.3b), but kept the total amount of sediment constant (5000 g). Debris-flow
volume only varied in the set of experiments where volume was explicitly varied, and in one set of
experiments wherein the amount of water was varied to evaluate the effect of water to sediment ratio
(Table 2.1).

2.2.4 Geotechnical properties
In independent tests wemeasured the permeability and diffusivity of the debris-flowmixtures. As these
measurements were performed in independent tests, they represent the characteristics of the sediment
after release from the mixing tank before grain-size segregation occurred.

Permeability of the debris-flow mixtures was measured with a constant head permeameter (e.g.,
Klute and Dirksen, 2003, see also the ASTM D2434 method procedure). A similar amount of sedi-
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Figure 2.3: Sediment textures. (a) Cumulative particle-size distribution of individual sediment com-
ponents that were combined to form debris-flow sediment-compositions and the reference mixture.
Clay (kaolinite) was the fourth component. (b) Frequency distribution of the sediment components
shown in a. (c) Ternary diagram indicating the relative volumetric contribution of clay, sand (fine-
and coarse-sand components combined), and gravel of the various sediment compositions used in the
experiments.

ment and water as used in the experiments was mixed and then poured in a crate, with a permeable
mesh at the bottom and sides to stimulate drainage. After 20 minutes, 5 samples were obtained from
the deposits for analysis in the permeameter.

Diffusivity was measured with the method of Major (2000). We used a smooth-walled, 0.125 m di-
ameter transparent tube in vertical position with an impermeable floor, which we filled to a height of
approximately 0.55mwith a well-mixed sedimentmixture. Pore-fluid pressures weremeasured at 0.05,
0.15, 0.25 and 0.45 m above the bed. Excess fluid pressure was determined by subtracting hydrostatic
fluid pressure from measured total fluid pressure. Hydrostatic fluid pressure Ph (Pa) was calculated as:

Ph = ρfg(h− z) (2.1)

where z is height above the bed (m), h is deposit thickness (m) and g is acceleration due to gravity
(9.81 m/s2). The mass density of the interstitial fluid ρf is defined as the mass densities of pure water ρw
(1000 kg/m3) and fines (silt and clay) combined (ρs, assumed 2650 kg/m3) (cf. Iverson, 1997):

ρf = ρsvfines + ρw(1 − vfines) (2.2)

where vfines is the volume fraction of the interstitial fluid occupied by fines. The decrease of excess fluid
pressure as fluid moves out of the mixture and sediment settles, is described by the following relation
(Major, 2000):

P⋆ = 8P⋆0

∞∑
n=0

1
(2n+ 1)2π2 cos(λnz)e−λ2nDt (2.3)

where D is the diffusion coefficient (m2/s), P⋆ is the measured excess fluid pressure (Pa) at z and t is
time of measurement relative to start of the experiment (s). The eigenvalues λn are defined as:

λn =
(2n+ 1)π

2h (2.4)

P⋆0 represents the initial excess pore-fluid pressure (Pa) at z = 0 in a fully saturated mixture:

P⋆0 = (ρs − ρf)(1 − vf)g(h− z) (2.5)
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where ρs is the mass density of solid particles (2650 kg/m3). The volumetric interstitial fluid fraction vf
is the combined volumetric fraction of pure water fraction and fines (silt and clay), which equals the
porosity in a saturated mixture (Iverson, 1997). We empirically determined the value of the diffusion
coefficient D by iteratively minimizing the difference between measured and predicted excess fluid
pressure averaged over all depths (cf. Major, 2000).

Geotechnical properties were not measured for every debris-flow sediment-composition used. For
the calculation of dimensionless parameters denoting flow regime and scaling (sections 2.2.5, 2.2.6) we
fitted (linearly or exponentially, depending on the data trend) the missing values based on measured
values. The same was done for missing values of flow depth.

2.2.5 Dimensionless characterization of flow regime
Iverson (1997), Iverson and Denlinger (2001), Iverson et al. (2010) and Iverson (2015) present a set
of dimensionless parameters to describe debris-flow regime. These allow comparisons between debris
flows of different sizes and scales and enable quantitative assessment of the similarity in flow regime of
experimental to natural debris flows. Here we summarize these parameters.

There are three forces that resist motion in debris-flows: collisional, frictional and viscous forces
(Iverson, 1997; Parsons et al., 2001; Iverson and Denlinger, 2001). Three dimensionless parameters
describe the relationship between these forces. The Bagnold number defines the ratio of collisional to
viscous forces:

NB =
vsρsδ

2γ
(1 − vs)μ

(2.6)

wherein δ is the mean grain size of a debris-flow mixture (m) (cf. Iverson, 1997), vs is the volumetric
solids fraction and γ is the flow shear rate (1/s):

γ =
u
H (2.7)

wherein u is flow velocity (m/s) and H is flow depth (m). We estimate the interstitial fluid viscosity μ
as (Thomas, 1965):

μ/μw = 1 + 2.5vfines + 10.05v2
fines + 0.00273 exp(16.6vfines) (2.8)

where μw is the dynamic viscosity of pure water (0.001002 Pa.s).
The ratio of collisional to frictional forces is defined by the Savage number:

NS =
ρsδ

2γ2

(ρs − ρf)gH tan φ (2.9)

wherein φ is the internal angle of friction (assumed 42◦; cf. Parsons et al. (2001)).The ratio of frictional
to viscous forces is defined by the friction number:

NF =
vs(ρs − ρf)gH tan φ

(1 − vs)γμ
(2.10)

Iverson (1997) constrains the magnitudes at which these dimensionless parameters transition from
one force being dominant over the other, mostly based on experiments of cohesionless dry flows with
unimodal spherical particles (Bagnold, 1954; Savage andHutter, 1989): collisional forces dominate over
viscous forces forNB > 200, collisional forces dominate over frictional forces forNS > 0.1, and frictional
forces dominate over viscous forces for NF > 2000. In contrast, experimental data of water-saturated
small-scale debris flows of Parsons et al. (2001) suggest that frictional forces start dominating viscous
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forces at NF > 100 for the flow body and NF > 250 for the flow front. We test both transitions against
our data in section 2.3.2.

The ratio of solid inertia to fluid inertia is described by the mass number (Iverson, 1997):

NM =
vsρs

(1 − vs)ρf
(2.11)

Although no experimental data on the transition values of NM are available, its qualitative influence
is obvious from its definition: grain inertia becomes unimportant as the density or concentration of
grains approaches zero. Natural grain density has a relatively narrow range compared to other variables,
however. The effect of the proportion of water in the flow will be assessed experimentally.

The Darcy number (ND) describes the tendency for pore fluid pressure to buffer grain interactions:

ND =
μ

vsρsγk
(2.12)

wherein k is permeability (m2). Iverson andLaHusen (1989) reported experimentswith 1000<ND <6000,
in which large fluid pressure fluctuations evidenced strong solid-fluid interactions. Following Iverson
(1997) we assume that values of ND in this range apply to debris flows.

The grain Reynolds number compares the effects of particle collisions and pore-fluid viscosity (Iver-
son, 1997). It defines the ratio between the solid inertial stress and the fluid viscous shearing stress:

NRg =
NB

NM
=

ρfγδ
2

μ (2.13)

Typically, fluid flowwith respect to grains begins to show inertial effects and deviates significantly from
ideal viscous behavior for NRg > 1 (Vanoni, 1975).

2.2.6 Dimensionless characterization of scaling
Iverson and Denlinger (2001), Savage and Iverson (2003) and Iverson et al. (2010) show how scale-
dependent behavior, which potentially causes scale effects in small experiments, can be assessed by
several dimensionless parameters. The parameter NR provides a measure of the influence of viscous
effects relative to flow size:

NR =
ρH

√
gL

μ (2.14)

where ρ is the mass density of the debris-flow mixture (here about 1920 kg/m3), and L is the maximum
length of the flow mass (m), here assumed equal to the channel length. Viscous effects will be less im-
portant in large flows (i.e. those with largeH

√
gL) than in small flows with the same dynamic viscosity

μ (Iverson and Denlinger, 2001).
TheparameterNP expresses the ratio of timescales for debris flowmotion andpore pressure diffusion:

NP =

√
L/g

H2/D (2.15)

Values of NP << 1 apply in most geophysical flows and indicate that if high pore pressure (i.e. excess
pore pressure) develops, it persists much longer than the time needed for downslope grain-flow mo-
tion. Moreover, because NP decreases quadratically as the flow thickness H increases, large-scale flows
preserve high pore pressures much longer than small-scale flows with the same mixture composition.
The difference in pore pressure diffusion between large-scale and small-scale debris flowsmay therefore
affect flow dynamics (Iverson and Denlinger, 2001).
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2.3 Results

In this section we first describe flow behavior, deposit morphology and sediment sorting in the ex-
perimental debris flows with various compositions. Then flow regimes of the debris flows with various
compositions are discussed in terms of dimensionless numbers. Next, we identify effects of debris-flow
composition and initial conditions of debris-flow volume and topography on runout distance and de-
posit morphology and geometry. We evaluate the effect of flow momentum on runout and deposit
geometry. Finally, we assess the effect of outflow plain bed composition.

2.3.1 Flow behavior, deposit morphology and sediment sorting
Multiple flow surgeswere observed in the debris flows and coarse particleswere observed to concentrate
at the flow front in the majority of experimental debris flows (movies ms01-ms08; these movies are
available online at http://dx.doi.org/10.6084/m9.figshare.1520495). When entering the outflow plain,
the flow front was continuously shouldered aside into lateral levees. The levees then laterally confined
the flow to form elongate debris-flow deposits. Segregation into more resistive gravelly flow fronts and
finer-grained, more dilute, tails was observed in these debris flows. Only in debris flows with a very
high clay fraction (>0.22), where viscous forces increasingly dominated over collisional and frictional
forces, did coarse particles not accumulate at the flow front. In those flows levees did not form, which
caused the debris flows to spread laterally after leaving the channel (movie ms05).

Under a wide range of conditions debris flows formed deposits that consisted of a channel bordered
by self-formed lateral levees.These ended in a well-defined depositional lobe (Figs 2.4, 2.5), with coarse
gravel particles concentrated in lateral levees and at lobe margins. Thus, in most deposits there was a
marked difference in particle size between the deposit margins and interior. Deposit interiors con-
tained much finer particles, both at the surface (Fig. 2.4a,b,d,i) and in cross-section (Fig. 2.4g). Similar,
although less pronounced, sorting patterns were present in debris flows with a relatively high clay frac-
tion (Fig. 2.4e,h,k). However, in debris flows for which the clay fraction exceeded 0.22, distinct particle-
size sorting was absent (Fig. 2.4f). This was probably caused by the high viscosity of these debris flows,
wherein grain interactions are effective buffered by a highly viscous pore fluid (see section 2.3.2).

2.3.2 Flow regime
Accumulations of coarse particles in lateral levees and frontal margins were observed in all debris-flow
deposits, except for those with clay fractions exceeding 0.22. Grain-size segregation occurs in frictional
flows, but is inhibited in collisional or viscous flows (Vallance and Savage, 2000). Frictional grain in-
teractions promote grain-size segregation, whereas diffusive mixing hampers segregation in collisional
flows and the damped turbulence inhibits percolation and thus segregation in viscous flows (Vallance
and Savage, 2000).This implies that the experimental debris flows were frictional flows, except for flows
with clay fractions >0.22, which behaved as viscous flows.

Most experiments, except those with the highest clay fractions, plot above the transition from vis-
cous to collisional flow regimes and the transition from frictional to collisional flow regimes proposed
by Bagnold (1954) and Savage andHutter (1989) (Fig. 2.6a-f). However, observations from debris-flow
deposits imply that frictional forces dominated over collisional forces in these experiments. This sug-
gests that the boundaries proposed by Bagnold (1954) and Savage and Hutter (1989), which are based
on dry flow experiments and applied to debris flows by Iverson (1997), are not applicable to our exper-
imental debris flows. This is further supported by the boundaries proposed for the transition between
viscous and frictional flow regimes (Fig. 2.6g-i). Here, the transition proposed by Bagnold (1954) and
Savage and Hutter (1989) erroneously suggests that the vast majority of the flows had a viscous flow
regime. Only the debris flows with clay fractions>0.22 had a viscous flow regime. This transition coin-
cides with the transition proposed by Parsons et al. (2001), which is based on debris-flow experiments.
The boundary proposed by Parsons et al. (2001) thus more accurately describes the flow regime of our
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Figure 2.4: Morphology and sediment sorting of selected experimental debris flows. (a-c) Oblique pho-
tographs of debris flows with decreasing gravel content. The coarse-grained frontal accumulation de-
creases with decreasing gravel concentration and grain-size segregation becomes less evident. (d-f)
Oblique photographs of debris flows with increasing clay content. Grain-size segregation decreases
with increasing clay content, and eventually is inhibited when flows become viscous (panel f). (g-h)
Cross-sections, highlighting particle-size difference between levees and channel. (i-l) Top-view pho-
tographs, highlighting changes in debris-flow runout and texture with decreasing gravel content and
increasing clay content. Fg refers to vol% of gravel, Fc refers to vol% of clay. Details on experimental
debris flows in Table ts01.
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Figure 2.5: Hillshade images of selected debris flows. (a-c) Variable gravel content; 0, 23, 49 vol% gravel,
respectively. An initial increase in gravel content enhances runout, but above an optimum value runout
is reduced. (d-f) Variable clay content; 0, 11, 22 vol% clay, respectively. Adding clay to the debris flows
initially enhances runout, but above a threshold of∼22 vol% runout decreases dramatically. (g-i) Vari-
able water content; 41, 44, 51 vol%, respectively. Increasing water content enhances runout. (j-l) Vol-
ume variation; 0.0020, 0.0034, 0.0051m3, respectively. Increasing debris-flow volume enhances runout.
(m-o) Variable channel slope; 24◦, 28◦, 34◦, respectively. Debris flows run out longer on steeper chan-
nel slopes. (p-r) Variable outflow plain slope; 0◦, 10◦, 15◦, respectively. Debris-flow runout is larger
on steeper outflow plain slopes. (s-u) Channel width variation; 4.5, 9.5, 12 cm wide, respectively. An
increase in channel width from 4.5 to 12 cm increases debris-flow runout. (v) Smooth and rigid out-
flow plain bed. Long and wide runout, a thin deposit and no levees and grain-size segregation. (w) No
diversion of debris-flow tail results in filling of the leveed channel and in a few cases a little overflow of
the channel. (x) Longer channel, 3 m instead of 2 m. A longer channel does not discernably influence
runout and deposit morphology. Panels v-x can be compared to reference experiments shown in panels
h, k and q, which have similar composition.
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Figure 2.6: Flow regime of experiments with varying gravel, clay and water fraction. Data points are
experimental results averaged per parameter. The majority of the experimental debris flows was ob-
served to have a frictional flow regime given the effective grain-size segregation (Vallance and Savage,
2000). Flows with a clay fraction >0.22 had a viscous flow regime. The Parsons et al. (2001) boundary
in panel g-i between dominant frictional and viscous forces is thus more accurate for our experimen-
tal debris flows than the boundaries proposed by Bagnold (1954) and Savage and Hutter (1989). The
exceptionally large Savage number for a clay fraction of 0.20 in panel e results from a relatively large
shear rate, caused by relatively high flow velocity and low flow depth. Reference experiments indicated
by gray fill.
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experimental debris flows. These results suggest that the boundaries between viscous, frictional and
collisional flow regimes vary significantly between dry grainflows and water-saturated debris flows.

In debris flows with high clay fractions the effect of fluid inertia outweights grain inertia (Fig. 2.6k,q)
and grain interactions become more effectively buffered by viscous pore fluid (Fig. 2.6n), which causes
grain inertial effects to decrease (Fig. 2.6q).This is due to the suspension of clay in the pore water, which
enhances pore fluid viscosity. A higher water fraction results in a slight decrease in the effect of colli-
sional forces relative to viscous and frictional forces (Fig. 2.6c,f). The effect of frictional forces becomes
more important relative to viscous forces with increasing water content (Fig. 2.6i), and fluid inertia be-
comes more important relative to grain inertia (Fig. 2.6l). The relative influence of grain inertial effects
increases with increasing gravel concentration (Fig. 2.6p).

2.3.3 Effects of debris-flow composition on runout distance and deposit morphol-
ogy

Effects of coarse-grained fraction

Runout distance varied between 0.2 and 1.2 m, for gravel fractions in the debris flows ranging from
0 to 0.72 (Fig. 2.7; Fig. 2.5a-c; ms01-ms03). The longest runout distance occurred for intermediate
gravel fractions between 0.25 - 0.5 (Fig. 2.7a), whereas both lower and higher gravel fractions led to
shorter runout distances. A similar trend was observed for deposit area, which was also largest for
intermediate gravel fractions (Fig. 2.7b). We observed that the optimum runout was related to grain-
size segregation: at low gravel concentrations levees were insignificant, which allowed lateral spreading
and reduced longitudinal runout, whereas high gravel concentrations increased gravel accumulation
at the flow front, which reduced runout distance, probably due to increased frictional resistance at the
flow front (Fig. 2.4a-d,i-j,l).

Flowmomentum influenced runout distance and area.The highest flow velocities occurred at the op-
timal gravel fractions but were lower for both lower and higher gravel fractions (Fig. 2.7b).The decrease
in velocity for high gravel fractions was likely caused by the high frictional resistance in the coarse-
grained flow front, and possibly by increased pore-fluid loss due to higher diffusivity (Fig. 2.7g). At low
gravel fractions driving collisional forces were probably low, leading to a relatively low flow velocity
(Fig. 2.6a).

Lobe height and width were also strongly determined by gravel fraction and resultant grain-size seg-
regation (Fig. 2.7e-f). Larger gravel concentrations led to larger accumulations of gravel at the terminal
flow margins and consequently higher lobes. Low gravel concentrations led to wide lobes because lev-
ees could not form and confine the flow. The trend for levee height was similar to, but less pronounced
than the trend for lobe height versus gravel fraction (Fig. 2.7d).

Effects of clay fraction

Clay fraction varied from 0 to 0.38 in the experimental debris flows (Fig. 2.8; Fig. 2.5d-f; ms01, ms04,
ms05). Maximum runout distance was 1.45 m, and a clear runout optimum occurred for debris flows
with a clay fraction between 0.05 and 0.20 (Fig. 2.8a,b). The largest runout distances and area coincide
with the largest flow velocities (Fig. 2.8c).The increase in runout and flow velocity for an increase in clay
fractions from0 to 0.2 probably results from increasinglywell-retained excess pore pressures (Fig. 2.8g).
The highly mobile flows with a clay fraction between 0.05 and 0.2 had a relatively dilute appearance
(ms05); suspending a small fraction of clay in the pore fluid appears to lubricate the flow. Clay fractions
>0.22 resulted in viscous flows (Fig. 2.6b,e; Fig. 2.4f), which strongly reduced flow velocity and runout.
Moreover, grain-size segregation is inhibited in viscous flows, reducing the tendency to form levees
that would otherwise increase runout distance. Debris flows with a clay fraction of 0.38 were unable to
reach the end of the channel.
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Figure 2.7: Flow,morphological and geotechnical properties as a function of gravel fraction in otherwise
the same conditions. The solid line connects the mean values calculated for each gravel fraction class.
Reference experiments indicated by gray fill.

Lobe height was inversely proportional to runout (Fig. 2.8e), potentially because longer runout al-
lows less bulking of sediment behind the lobe front as the flows had similar volume. Lobe width, on
the other hand, was approximately constant over the entire range of clay fractions (Fig. 2.8f). Levee
height strongly decreased for increasing clay fraction (Fig. 2.8d), most likely because levee formation
is increasingly inhibited in more viscous flows.

Increasing clay fraction reduced permeability and diffusivity (Fig. 2.8g), preventing pore fluid from
escaping themixture. As a result, we visually observed that debris-flow deposits with high clay fractions
retained excess pore-fluid pressure for long times and needed a long time to consolidate.

Effects of water fraction

Volumetric water fraction in the debris flows varied from 0.39 to 0.57 (Fig. 2.9; Fig. 2.5g-i; ms01, ms06,
ms07). Debris flows with a volumetric water fraction of 0.39 or lower were unable to flow to the end of
the channel. As pores need to be completely filled with interstitial fluid to cause excess pore-fluid pres-
sure, 0.39 possibly approaches the dynamic porosity of the debris-flow mixture. A large water fraction
led to an increase in runout and flow velocity and thinner deposits. In general, lobe and levee height
decreased with increasing water fraction. Lobe width was approximately constant, although width was
larger at relatively low and high water fractions (Fig. 2.9f; Fig. 2.5g-i).

The debris flows were very sensitive to water content: a 10% increase in volumetric water fraction
made the difference between no runout on the outflow plain to over 1.2 m runout.The effect of increas-
ing water fraction was slightly enhanced owing to a minor increase in debris-flow volume (i.e., water
volume was increased and total amount of sediment was kept constant).
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Figure 2.8: Flow, morphological and geotechnical properties as a function of clay fraction in otherwise
the same conditions. See Figure 2.7 for legend.

2.3.4 Effects of initial conditions of flow volume and topography
Debris-flow volume varied between 0.0010 and 0.0058 m3 (Fig. 2.10; Fig. 2.5j-l). An increase in debris-
flow volume led to a distinct, nearly linear, increase in runout distance and area. Flow velocity also
increased with enhanced volume (Fig. 2.10b). The effect of flow volume on levee height, lobe height
and lobe width was negligible (Fig. 2.10c-e).

Outflow plain slope varied between 0◦ and 15◦ (Fig. 2.11c-e). An increase in outflow plain slope
resulted in an increase in runout distance and area, but its effect was relatively small compared to
the effects of debris-flow composition (i.e. coarse-grained fraction, clay fraction and water fraction)
(Fig. 2.11; Fig. 2.5p-r). Deposit morphology was unaffected by the outflow plain slope; levee height,
lobe height and lobe width were similar for various outflow plain slopes.

Channel slope varied between 22◦ and 34◦ (Fig. 2.12; Fig. 2.5m-o). A steeper channel slope led to
larger runout and flow velocities, induced by the increased gravitational potential energy. Levee height,
lobe height and lobe width remained nearly constant (Fig. 2.12c,e).

Channel width varied between 4.5 and 12 cm (Fig. 2.13; Fig. 2.5s-u). Runout distance and area in-
creased with increasing channel width. A smaller channel width probably led to enhanced wall friction
and thereby decreased flow velocity (Fig. 2.13b), reducing runout distances. Levee height, lobe height
and lobe width were largely unaffected by channel width (Fig. 2.13c-e). Most likely, further increasing
channel width will eventually result in a decrease in runout distance because of flow thinning.

Increasing the channel length from 2 m to 3 m, while keeping channel slope constant at 28◦, had no
discernable effect on debris-flow velocity and deposits (Fig. 2.14; Fig. 2.5x). Flow velocity and runout
distance, which are linearly related to each other (Fig. 2.14c), were similar for both channel lengths.
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Figure 2.9: Flow and morphological properties as a function of water fraction in otherwise the same
conditions. See Figure 2.7 for legend.
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Figure 2.10: Flow and morphological properties as a function of debris-flow volume for the reference
mixture in otherwise the same conditions. See Figure 2.7 for legend.

2.3.5 Effects of flowmomentum on runout and deposit morphology
There is a strong relation between flow momentum, defined as the product of flow velocity and mass,
and runout distance and area, regardless of debris-flow composition, volume or terrain geometry (Fig,
2.15a,b). Lobe height and width were largely unaffected by flow momentum (Fig, 2.15c,d). However,
debris flows of low water fraction and debris flows with a large gravel fraction had a relatively low flow
momentum and thick lobe. For both the gravel and water fraction series lobe height decreased and flow
momentum increased with increasing water fraction or decreasing gravel fraction, respectively (except
for very low gravel fractions). For gravel concentration, this trend probably results from the high frontal
friction in debris flows with a high coarse-material fraction. Lobe width was large for low-momentum
debris flows with low water fraction. When water fraction increased, flow momentum increased and
lobe width decreased because of levee formation. In contrast, when water fraction increased further,
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Figure 2.11: Flow and morphological properties as a function of outflow plain slope for the reference
mixture in otherwise the same conditions. See Figure 2.7 for legend.
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Figure 2.12: Flow andmorphological properties as a function of channel slope for the referencemixture
in otherwise the same conditions. See Figure 2.7 for legend.

lobe width increased again despite a further increase in flow momentum. This was caused by a lack
of lateral levee formation, causing lateral spreading of the debris flow and a wide lobe. Levee height
decreased with increasing flowmomentum for all series (Fig, 2.15e), because runout distance increased
and the same amount of sediment was spread over a longer distance.

2.3.6 Effects of outflow plain bed composition
The presence of a loose, erodible and porous outflow plain bed resulted in the formation of debris
flows with well-developed grain-size segregation, levees and a marked depositional lobe as shown in
the previous sections. Figure 2.16 shows three debris flows for which only the outflow plain surface
properties varied. In the presence of a loose initial bed of ∼1 cm thickness, the debris flow formed an
elongated deposit, with a relatively narrow channel bordered by well-developed levees and a relatively
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Figure 2.13: Flow andmorphological properties as a function of channel width for the referencemixture
in otherwise the same conditions. See Figure 2.7 for legend.
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Figure 2.14: Flow andmorphological properties as a function of outflow channel length for the reference
mixture in otherwise the same conditions. Reference experiments indicated by gray fill.

thick depositional lobe. Coarse particles were accumulated in the levees and the lobemargins, and there
was a clear particle-size difference between the deposit margins and interior (Fig, 2.16a,b). Debris flows
that flowed over a fixed bed of similar composition, which had comparable roughness but whereon
erosion and infiltration were impossible were more mobile than the debris flows on a loose sand bed.
Flow spread laterally and only small levees were formed. Grain-size segregatation was limited and only
a small fraction of coarse particles concentrated in the levees and at the flow front. A weakly-developed
thin lobe was formed (Fig, 2.16c,d). In the presence of a smooth bed that prevented both erosion and
infiltration, lateral spreading of the debris flows was even more dramatic, no grain-size segregation
occurred and there was no distinction between channel and lobe (Fig, 2.16e,f). Mobility of these flows
was similar to the mobility on the fixed sand bed, although slightly more mobile on average.

2.4 Discussion

In this sectionwediscuss effects of debris-flow composition on (1) depositionalmechanisms, (2) runout
and (3) deposit geometry.We end the discussionwith an analysis on the scaling of debris flows in small-
scale laboratory flumes.

34



0

0.5

1

1.5
R

un
ou

t d
is

ta
nc

e 
(m

)

0

0.1

0.2

0.3

0.4

D
ep

os
it 

ar
ea

 (m
2 )

0 5 10 15 20 25
0

0.02

0.04

0.06

Lo
be

 h
ei

gh
t (

m
)

Flow momentum (N.s)
0 5 10 15 20 25

0

0.1

0.2

0.3

Lo
be

 w
id

th
 (m

)

Flow momentum (N.s)
0 5 10 15 20 25

0

0.01

0.02

0.03

Le
ve

e 
he

ig
ht

 (m
)

Flow momentum (N.s)

Reference

Coarse fraction
Clay fraction
Water fraction

Volume
Channel length
Channel width
Channel slope
Out�ow plain slope

Large gravel fraction

Low water fraction

No trends in scatter for other series
No trends in scatter for other series

Gravel fraction: High

W
ater fraction: Low

Low

High

a b

c d e

Figure 2.15: Relation between flow momentum and runout distance, deposit area and deposit mor-
phology. (a) Runout distance versus flow momentum; (b) Deposit area versus flow momentum; (c)
Lobe height versus flow momentum; (d) Lobe width versus flow momentum; (e) Levee height versus
flow momentum. The different symbols correspond to the different series of varied variables shown in
Figures 2.7-2.14.

2.4.1 Debris-flow deposition
Debris-flow deposition can result from numerous processes: (1) decay of excess pore-fluid pressure
(e.g., Terzaghi, 1956; Hutchinson, 1986), (2) viscoplastic yield strength (Johnson, 1970; Johnson and
Rodine, 1984; Coussot and Proust, 1996), (3) decay of grain-collision stresses (e.g., Lowe, 1976; Taka-
hashi, 1978; Takahashi, 1991) and (4) increasing grain-contact friction and friction concentrated at
flow margins (Major, 1997; Major, 2000; Major and Iverson, 1999). Support for the various hypotheses
has been largely anecdotal, however; only the latter hypothesis is based on in-situ measurements from
replicable, large-scale flume experiments (Major and Iverson, 1999).

We did not measure load and pore-fluid pressure in the runout zone, and therefore we can only
speculate about the processes that caused deposition in our experiments. However, observations of the
size of the coarse-grained accumulation at the flow front, along with diffusivity measurements in static
mixtures of the investigated flows suggest that deposition in most of our experimental debris flows is
mainly influenced by friction at the frontal flow margins imposed by the accumulation of coarse parti-
cles and decay of pore-fluid pressure. Escape rates of pore-fluid increased with decreasing clay fraction
and increasing gravel fraction, as can be visually observed in supplementary movies ms01-ms08. The
importance of frontal friction and decay of pore-fluid pressure is best illustrated by the relation between
gravel fraction and runout (Fig. 2.7a,b); a large gravel concentration leads to a large accumulation of
coarse particles at the flow front and higher diffusivity (Fig. 2.7g), resulting in early deposition and
reduced runout. We hypothesize that frontal friction was most important in the majority of the ex-
perimental debris flows (except for those with very high gravel and very low clay concentrations), as
we observed retained high pore-pressure in most of the deposits’ flow bodies after deposition (water
rapidly escaped the deposits upon a slight increase of loading by gently touching the deposit).
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Figure 2.16: Effects of outflowplain bed. (a,b) Initial loose sand bed of∼ 1 cm thick; deposit with a thick
terminal lobe and well-defined coarse-grained lateral levees and frontal lobe margins. (c,d) Fixed sand
bed; large runout, lateral spreading, restricted grain-size segregation and small levees. (e,f) Smooth
plastic bed; large runout, lateral spreading, no observable grain-size segregation and no discernable
levees.

In contrast, in the viscous clay-rich experimental debris flows (clay fraction>0.22) the accumulation
of coarse sediments at the flow front is marginal to absent and diffusivity of the static mixtures is very
low. Yet, runout is greatly reduced in these flows (Fig. 2.8a,b). We observed no wetting of bed material
adjacent to the debris flow after deposition (movie ms05), suggesting retained pore-fluid pressures af-
ter deposition. These observations suggest that both friction at the flow front and decay of pore-fluid
pressure did not significantly contribute to deposition in these debris flows. Rather, deposition was
probably determined by high effective viscosity and yield strength in these viscous clay-rich debris
flows.

2.4.2 Runout distance
Trends in debris-flow runout were in good agreement to results obtained in natural flows and other
experiments as follows. Similar to empirical relations for natural debris flows (Rickenmann, 1999), our
experimental results show that runout strongly depends on flow momentum. Observations of natural
debris flows show long runout distances especially when effective lateral levees were formed (e.g., Iver-
son, 2003; Zanuttigh and Lamberti, 2007), which we also observed in the experiments. However, large
accumulations of coarse particles at the frontal flow margins decrease runout distance and area as also
found in large experimental debris flows at the USGS flume (e.g., Major and Iverson, 1999). High clay
fractions reduce flow velocity and runout above an optimum value in the experiments. Runout dis-
tances and areas become larger for increasing water fractions, as also observed in experimental debris
flows of D’Agostino et al. (2010) and Hürlimann et al. (2015). Additionally, an increase in debris-flow
volume enhances runout, as often observed for natural debris flows (e.g., Iverson et al., 1998; Zanut-
tigh and Lamberti, 2007; Griswold and Iverson, 2008). Larger channel and outflow-plain slopes result
in larger runout distances and areas, because of the larger gravitational potential energy, in accordance
with observations of natural debris flows (e.g., Prochaska et al., 2008). However, the increase in runout
for a similar increase in slope is much larger for the channel slope than for the outflow plain slope.
These results show that the response to both compositional and topographic forcings is similar in our
small-scale experimental and large-scale natural debris flows.
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Our experiments imply that debris-flow runout greatly depends on composition. Water content
strongly influences runout and additionally the amount of clay and relatively large debris (i.e., the par-
ticles that accumulate at the frontal flow margins and form levees) strongly influence runout through
debris-flow composition.The effects of debris-flow grain-size distribution are not directly incorporated
in current runout distance prediction methods (e.g., Hungr, 1995; Bathurst et al., 1997; Iverson et al.,
1998; Rickenmann, 1999; Iverson and Denlinger, 2001; Crosta et al., 2003; Berti and Simoni, 2007;
Tang et al., 2012). In some of the most sophisticated models effects of grain-size distribution are in-
corporated through diffusivity, solid-volume fraction, compressibility and redistribution of pore-fluid
pressure (Iverson andGeorge, 2014; George and Iverson, 2014), but the effects of grain-size segregation
and the development of frictional frontal flow margins are not explicitly incorporated in these models.
Debris-flow composition differs greatly among sites because of different sourcematerial and hydrologi-
cal conditions. As a result, the various approaches to estimate debris-flow runout are often site-specific
(e.g., Fannin and Wise, 2001; Rickenmann, 2005). Therefore, runout-prediction methods, especially
empirical-statistical methods, should only be applied to sites with similar conditions to those on which
their development is based (e.g., Rickenmann, 2005; Hürlimann et al., 2008). Nevertheless, also within
the same site or fan, where catchment lithology and hydrological conditions are similar, variations in
debris-flow composition lead to large variability in runout distances (Whipple and Dunne, 1992).

In short, there is no simple and universal runout prediction method, and therefore there is a need
to better understand and describe the depositional characteristics and runout behavior of debris flows
(Scheidl and Rickenmann, 2010). Our results show that significant improvements may be made by by
incorporating the effects of debris-flow grain-size distribution, but this requires more observations on
experimental and natural debris flows.

2.4.3 Deposit morphology
Debris flows occur inmany different environments on Earth.They are generated and deposited on hill-
slopes, catchments, alluvial fans and channels that can vary greatly in many characteristics, including
morphometry and lithology. Additionally, their frequency, initiation mechanism, volume and compo-
sition can greatly vary between sites (e.g., Caine, 1980; Johnson and Sitar, 1990). Most of these debris
flows have similar morphology; they often have a channel bordered by lateral levees and ending in de-
positional lobes. However, it remains poorly understood what determines the geometry of debris-flow
deposits.

Debris-flow-deposit geometry is largely controlled by debris-flow composition in our experiments:
the coarse-grained, clay and water fractions all have a profound effect on lobe height, lobe width and
levee height, while the effects of topography and volume are negligible (Fig. 2.7-2.14,2.15). Addition-
ally, outflow bed characteristics also influenced deposit geometry (Fig. 2.16). Depositional lobe thick-
ness was mainly determined by the height of the frontal accumulation of coarse particles in our ex-
periments, behind which the more fluidal debris-flow body incrementally accreted up to the height of
the frontal coarse-particle accumulation. Similar dependence between lobe height and frontal coarse-
particle accumulation has been observed in natural debris flows (e.g., Pierson, 1984). As an excep-
tion, in the experimental debris flows wherein clay fractions exceeded 0.22, high viscosity inhibited
grain-size segregation and consequently the formation of a coarse frontal accumulation. Yet, lobe height
slightly increased for higher clay fractions from 0.22 to∼0.3 (Fig. 2.8). We hypothesize that these clay-
rich debris flows behaved as Bingham viscoplastic flows (Johnson, 1970; Coussot et al., 1998), wherein
lobe height was mainly determined by an increasing yield strength for higher clay fractions.

2.4.4 Scaling
Flow behavior, deposit morphology and particle sorting of our small-scale experimental debris flows
were similar to those of natural debris flows, as discussed below. A coarse-grained flow front, followed
by more dilute material and formation of lateral levees, observed in our experimental debris flows
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Figure 2.17: Comparison between sediment sorting of experimental and natural debris flows. (a)
Coarse-grained levees in an experimental debris flow (exp. 64); (b) Coarse-grained levees in natural
debris flows on Svalbard (photograph by E. Hauber); (c) Accumulation of coarse debris at the frontal
lobe margins in an experimental debris flow (exp. 64); (d) Accumulation of coarse debris at the frontal
lobe margins in a natural debris flow in the Atacama Desert (Chile) (photograph by D. Ventra). Exper-
imental debris-flow width = ∼12 cm. People for scale on natural debris flows.

(movies ms01-ms08) are all typical features of natural debris flows (e.g., Pierson, 1986; Iverson, 1997;
Zanuttigh and Lamberti, 2007; Johnson et al., 2012).The coarse-grained levees and lobemargins found
inmany of the experimental debris-flow deposits are also common in natural debris-flow deposits (e.g.,
Blair and McPherson, 1998; Blair, 1999) (Fig. 2.17). Furthermore, the well-developed grain-size sort-
ing implies that the processes that govern the flow behavior of natural debris flows, such as kinematic
sorting, squeeze expulsion and preferential transport of coarse particles to the flow front (Vallance and
Savage, 2000; Gray and Kokelaar, 2010; Johnson et al., 2012), were also present in our experimental de-
bris flows.This also implies that frictional forces dominated the flow in themajority of our experimental
debris flows (Vallance and Savage, 2000), as they generally also do in natural debris flows (e.g., Zhou
and Ng, 2010). The response of deposit morphology, runout distance and depositional mechanisms
to topographic forcings (i.e., channel slope and outflow plain slope) and internal characteristics (i.e.,
composition) in our experiments was similar to the response of natural debris flows to these forcings
(e.g., Major and Iverson, 1999; Rickenmann, 2005; Zanuttigh and Lamberti, 2007). These observed
similarities between small-scale experimental debris flows and natural debris flows suggest that our
small-scale debris-flow experiments may efficiently complement field observations to identify many of
the controls on natural debris-flow behavior and deposits.

Compared to natural debris flows, small-scale experimental debris flows exhibit disproportionately
large effects of fluid yield strength, viscous flow resistance and grain inertia, while exhibiting dispro-
portionately little effect of pore-fluid pressure (Table 2.2) (Iverson, 1997; Iverson and Denlinger, 2001;
Iverson et al., 2010). The dimensionless numbers denoting flow dynamics of our experimental debris
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Table 2.2: Physical and dimensionless parameters of small-scale, experimental debris flows and large-
scale, natural debris flows. Data on USGS flume and natural debris flows is compiled from Iverson
(1997), Major (2000), Iverson and Denlinger (2001), Iverson et al. (2010), and Zhou and Ng (2010).

Small-scale (this study) USGS Flume Typical Range Natural
Parameter Symbol (Unit) Debris Flows Debris Flows Debris Flows

Physical Parameters
Typical grain diameter δ (m) 0.0005 – 0.002 0.001 10−5 – 10
Flow depth H (m) 0.005 – 0.018 0.1 0.1 – 10
Flow velocity u (m/s) 0.9 – 2.9 10 0.1 – 20
Flow shear rate γ (1/s) 105 – 371 100 1 – 100
Solid density ρs (kg/m3) ∼2650 2700 2500 - 3000
Fluid density ρf (kg/m3) 1000 – 1533 1100 1000 – 1200
Solid volume fraction vs (-) 0.35 – 0.59 0.6 0.4 – 0.8
Fluid volume fraction vf (-) 0.65 – 0.41 0.4 0.2 – 0.6
Fluid viscosity μ (Pa.s) 0.001 – 0.0035 0.001 0.001 – 0.1
Friction angle φ (deg) ∼42 40 25 – 45
Hydraulic permeability k (m2) 1.1×10−16 – 2.1×10−13 10−11 10−13 – 10−9

Hydraulic diffusivity D (m2/s) 5.8×10−9 – 1.2×10−1 10−4 10−8 – 10−2

Dimensionless Parameters
Savage number NS 0.17 – 2.25 0.2 10−7 – 100

Bagnold number NB 37 – 1589 400 100 – 108

Friction number NF 141 – 2760 2x103 100 – 105

Mass number NM 1.2 – 3.63 4 1 – 10
Darcy number ND 3.2×104 – 5.9×107 600 104 – 108

Grain Reynolds number NRg 31 – 504 100 0.01 – 2
Reynolds number NR 2.3×104 – 1.4×105 3×103 105 – 107

Pore pressure number NP 0.003 – 200 6×10−3 – 0.008 10−6 – 10−1

flows are generally in the range of values that formed in the large-scale USGS flume and of natural
debris flows (Table 2.2) (Iverson, 1997; Iverson and Denlinger, 2001; Zhou and Ng, 2010). Yet, in our
experiments the Bagnold, Savage and grain Reynolds numbers are relatively large, because of shallow
flow and high flow velocity, resulting in a high shear rate, and the relatively large characteristic grain
size compared to flow depth.

Geometrically, the experimental debris flows are within the range of natural debris flows (Fig. 2.18).
We compare debris-flowmobility of our experimental debris flows to natural debris flows by comparing
total travel distance L with total elevation difference E (mobility ratio) and by comparing inundated
area with volume. Note that inundated area in Figure 2.18a incorporates both the planimetric channel
area and the planimetric deposit area (in contrast, Figs. 2.7-2.13 show only deposit area). Similarly,
the mobility ratio of the experiments is defined as the total travel distance L of a debris flow from
initiation point (the mixing tank gate) to its farthest point of deposition (lobe terminus) divided by
the associated elevation difference E (rather than the runout distance on the outflow plain as shown
in Figs. 2.7-2.13). The ratio between inundated area and volume of the experimental debris flows is
similar to the ratio of natural debris flows (Fig. 2.18a). The best fit regression line for natural debris
flows found by Griswold and Iverson (2008) connects the experimental and the natural debris flows,
and all experimental debris flows fall within the 99% confidence intervals for prediction.However,most
experimental debris flows fall in the lower end of the spectrum, implying that they are relatively short.
Similarly, themobility ratio of the experimental debris flows is at the lower end of themobility spectrum
observed for natural debris flows. For natural debris flows the mobility ratio typically ranges between
1 and 20 (e.g., Corominas, 1996; Iverson, 1997; Bathurst et al., 1997; Toyos et al., 2007; D’Agostino et
al., 2010), and Iverson (1997) suggests that L/E increases logarithmically with increasing volume. The
mobility ratio of our experiments ranges from 1.7 to 2.7 (mean = 2.2) (Fig. 2.18b). This suggests that
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Figure 2.18: Comparison between experimental and unconfined and confined natural debris-flow di-
mensions. (a) Area inundated as a function of debris-flow volume for the experimental debris flows and
natural debris flows (including the USGS flume data) (Griswold and Iverson, 2008). The solid line is
the best-fit regression line as reported by Griswold and Iverson (2008) (A = 20V2/3), the dashed lines
are the 99% confidence intervals for prediction as given by Griswold and Iverson (2008). (b) Mobility
ratio (L/E), wherein L is the total travel distance of a debris flow from its initiation point to the farthest
point of deposition and E is the associated elevation difference. Lines denoting the range of natural
debris-flow mobility ratio based on values reported in Corominas (1996), Iverson (1997), Bathurst et
al. (1997), Toyos et al. (2007) and D’Agostino et al. (2010). (c) Debris-flow width to depth ratio (W/D)
(width defined as distance between levees, and depth as levee height (Fig. 2.2)). Data from natural
debris flows from Rickenmann (1999), Bulmer et al. (2002) and De Ruig and Hoozemans (1986).

L/E is particularly small for debris flows of small volume (Iverson, 1997). The comparison between the
mobility of small-scale experimental and natural debris flows is probably unaffected by the dam-break
initiation of the experimental debris flows, as runout and flow velocity were similar for a 2 and 3 m
channel with a 28◦ slope (Fig. 2.14). As the runout of a debris flow is a function of travel efficiency
and expresses energy dissipation both inside and outside the flow (e.g., D’Agostino et al., 2010), we
attribute the relatively short runout distance to the disproportional large effects of fluid yield strength
and viscous flow resistance, rapid dissipation of pore pressure (Iverson and Denlinger, 2001; Iverson
et al., 2010) (Table 2.2), and the relatively large characteristic grain size compared to flow depth, which
together increase the resistance to motion in small-scale debris flows. The width-to-depth ratio of our
experimental debris flows fits the range observed in numerous confined and unconfined natural debris
flows (Fig. 2.18c).
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Many small-scale debris-flow experiments have been performed over the past several years, most of
which focused on rheology, flow behavior and the formation of frontal accumulations of coarse debris.
Experiments were performed in rotating flumes (Kaitna et al., 2007; Kaitna and Rickenmann, 2007),
conveyor belt flumes (Hirano and Iwamoto, 1981; Davies, 1990; Hübl and Steinwendtner, 2000), re-
circulating flumes (Armanini et al., 2005; Larcher et al., 2007) or open flumes (e.g., Van Steijn and
Coutard, 1989; Liu, 1996; Parsons et al., 2001; D’Agostino et al., 2010; D’Agostino et al., 2013; Bettella
et al., 2012; Hürlimann et al., 2015). Inmost open flume experiments, debris flows were able to flow out
over an unconfined plain, however no elongate deposits with well-developed self-formed levees and de-
positional lobes were formed. Rather, large and wide unconfined depositional lobes that spread both in
longitudinal and lateral directions were formed (Van Steijn and Coutard, 1989; Liu, 1996; D’Agostino et
al., 2010; D’Agostino et al., 2013; Bettella et al., 2012), similar in morphology and particle sorting to the
flows we produced in the absence of a loose erodible bed (Fig. 2.16c-f). This can probably be attributed
to the rigid and often smooth bed of the outflow plains used in these experiments. The necessity of
a loose initial bed for the formation of well-developed self-formed levees and grain-size segregation
probably is a scale effect, as well-developed self-formed levees and grain-size segregation occurred in
debris flows running over the smooth bed of the large-scale USGS experimental flume (e.g., Iverson,
1997; Iverson et al., 2010).

2.5 Conclusions

We experimentally created small-scale debris flows having self-formed levees and a marked deposi-
tional lobe, with flow behavior, deposit morphology and sediment sorting that were similar to many
natural debris flows.Thewidth-to-depth ratio of small-scale experimental debris flows was in the range
of natural debris flows. Debris flow runout was also in the range of natural debris flows, but flows were
relatively short due to high friction.

Debris-flow composition has a profound effect on depositional mechanism, runout and deposit ge-
ometry in our experiments. Debris-flow runout increases with an increase in channel slope and width,
outflow plain slope, debris-flow volume and water fraction. There is an optimum debris-flow composi-
tion for maximum runout. Increasing coarse-material fraction increases runout, probably by increased
flow confinement by levee formation and grain collisional forces. However, too large coarse-material
concentrations cause large frontal accumulations of coarse debris that reduce runout distance, proba-
bly by increasing frontal friction together with increased pore-fluid pressure decay because of higher
diffusivity. An increase in clay fraction enhances runout, most likely because of better retained excess
pore pressures. However, too large proportions of clay (>0.22) make debris flows highly viscous so
that runout is reduced. Deposition of clay-rich debris flows is likely mainly driven by viscosity and
yield strength.

The geometry of debris-flow deposits is strongly controlled by debris-flow composition: the coarse-
grained, clay and water fractions all have a profound effect on lobe height, lobe width and levee height.
On the other hand, effects of initial conditions of topography (i.e., outflow plain slope, channel slope
and width) and volume are negligible in our experiments.

A loose erodible bed enabling infiltration was essential for the formation of well-developed self-
formed levees and grain-size segregation in our small-scale experiments. This may explain the absence
of these features in previous small-scale experiments.
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Chapter 3

Autogenic avulsion, channelisation and backfilling dynam-
ics of debris-flow fans

Alluvial fans develop their semi-conical shape by quasi-cyclic avulsions of their geomorphologically active
sector from a fixed fan apex. On debris-flow fans, such autogenic dynamics were until now not directly
observed, while physical scale experiments with demonstrated cyclicity were exclusively on turbidite and
fluvial fans and deltas. Here, we experimentally created debris-flow fans under constant extrinsic forcings
and observed autogenic sequences of backfilling, avulsion and channelization. Backfilling, avulsion and
channelization were gradual processes that required multiple successive debris-flow events. Debris flows
avulsed along the preferential flow path given by the balance between steepest descend and flow inertia.
In the channelization phase, debris flows became progressively longer and narrower because momentum
increasingly focused on the flow front as flow narrowed, resulting in longer runout and deeper channels.
Backfilling commencedwhendebris flows reached theirmaximumpossible lengthandchannel depth, after
which they progressively shortened and widened until the entire channel was filled and avulsion was ini-
tiated. The positive feedbacks driving backfilling are that the frontal lobe deposit moved upstream where
it sets a zone of lower gradient, causing the terminus of deposition to move upstream. Consequently, the
next debris flow was shorter which led to more in-channel sedimentation, causing more overbank flow in
the subsequent debris flow, leading to reduced momentum of the flow front and therefore further short-
ening of runout. This topographic feedback is similar to the interaction between flow andmouth bars that
force backfilling with transition from channelized to sheet flow in turbidite and fluvial fans and deltas. De-
bris flowavulsion cycles aregovernedby large-scale topographic compensationalsodrivingavulsion cycles
on fluvial and turbidite fans, although detailed processes are unique for debris-flow fans. This novel result
provides a basis for modelling of debris flow fans with applications in hazards and stratigraphy.

Submitted manuscript: De Haas, T., Van den Berg, W., Braat, L., and Kleinhans, M. G. (conditionally accepted),
Autogenic avulsion, channelisation and backfilling dynamics of debris-flow fans, Sedimentology.

3.1 Introduction

Alluvial fans are semi-conical depositional landforms that formwhere confined streamchannels emerge
frommountain catchments into zones of reduced stream power (Harvey, 2011).They generally develop
their semi-conical shape by shifting their geomorphologically active sector radially by cyclic avulsion
from a fixed fan apex. Fluvial-flow-dominated (i.e, stream- and sheetflow) alluvial fan evolution has
been addressed to allogenic (extrinsic) processes, such as tectonics, climate and base-level changes (e.g.,
Ritter et al., 1995; Harvey, 2005; Hartley et al., 2005; Sohn et al., 2007) and autogenic processes (e.g.,
Schumm et al., 1987; Nicholas and Quine, 2007; Ventra and Nichols, 2014), which are intrinsic proper-
ties and dynamics of alluvial systems that cause them to shift their streams and rivers laterally by avul-
sion (Beerbower, 1964). Autogenic dynamics have been recognized on a wide range of subaerial fluvial
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systems: from single-river meandering and anastomosing systems (e.g., Törnqvist and Bridge, 2002;
Stouthamer and Berendsen, 2007; Hoyal and Sheets, 2009), braided-river type systems (e.g., Sheets et
al., 2002; Ashworth et al., 2004; Ashworth et al., 2007) to stream-flow-dominated fan delta’s and al-
luvial fans (e.g., Schumm et al., 1987; Kim and Jerolmack, 2008; Clarke et al., 2010; Van Dijk et al.,
2012; Hamilton et al., 2013). Additionally, autogenic dynamics have been identified on subaqueous
fans emplaced by turbidites (e.g., Cantelli et al., 2011; Straub and Pyles, 2012; Hamilton et al., 2015).
Nevertheless, autogenic dynamics have not yet been directly observed onmass-flow-dominated alluvial
fans (i.e., mudflows and debris flows).

However, understanding the processes leading to avulsion on mass-flow fans, and whether these
result from autogenic or allogenic forcings is of key importance for hazard mitigation on fans. Fans
are preferred sites for settlements in mountainous areas (e.g., Cavalli and Marchi, 2008), and avulsions
shift the locus of hazards over fans, putting lives and infrastructure at risk.

It is difficult to isolate the influence of internal forcings from the influence of external forcings in nat-
ural environments. Time scales of lateral shifting or avulsion of active fan sectors, generally estimated
to be in the order of 102 to 104 yr (e.g., Field, 2001; Zehfuss et al., 2001; Dühnforth et al., 2007), are
generally too long to allow direct observation over a sufficient time period. Moreover, equifinality (the
formation of similar landforms by different sets of processes), the commonly chaotic architecture of
alluvial fan successions and the lack of high-resolution dating methods applicable to terrestrial coarse-
clastic deposits have limited the preservation of information and hampered detailed stratigraphic anal-
yses (Ventra and Nichols, 2014). The use of experimental physical modeling can overcome some of
these difficulties and provides a valuable technique for studying autogenic processes and their spatial
and temporal variablility during alluvial fan evolution, by eliminating extrinsic factors in a controlled
laboratory environment. As such, current insights on autogenic dynamics on alluvial fans mainly stem
from experimental research (Postma, 2014). Fluvial fans and fan deltas have been extensively studied
in small-scale experiments (e.g., Schumm et al., 1987; Bryant et al., 1995; Whipple et al., 1998; Davies
and Korup, 2007; Clarke et al., 2010; Van Dijk et al., 2009; Van Dijk et al., 2012; Hamilton et al., 2013),
while there have been very few experiments on mass-flow fans to date (Hooke, 1967; Schumm et al.,
1987; Zimmermann, 1991), explaining the current lack of understanding of autogenic dynamics on
mass-flow fans.

In a wide range of experimental fluvial fans, generic autogenic fan dynamics are governed by cyclic
alternations of aggradation by unconfined sheet flow, fanhead incision leading to channelized flow,
channel backfilling and avulsion (e.g., Schumm et al., 1987; Bryant et al., 1995; Whipple et al., 1998;
Davies and Korup, 2007; Clarke et al., 2010; Van Dijk et al., 2009; Van Dijk et al., 2012; Hamilton et al.,
2013). For the above described reasons, direct observations of these dynamics on natural fluvial fan
systems are lacking. The closest to such observations are from Scott and Erskine (1994), who studied
twelve similarly sized Australian alluvial fans fed by the same rain-triggered floods. The fans had dif-
ferent morphologies, from trenched to completely untrenched. After a geomorphically active storm,
the gradient and morphological adjustments differed between individual fans. Effects showed different
phases of the autogenic cycle and ranged fromno change to trench incision or backfilling, implying that
the autogenic processes found in a wide range of experimental fans also govern natural fan dynamics.

Despite a lack of direct observations of autogenic dynamics on natural or experimental mass-flow
fans, these fans are also known to shift their active locus of deposition over time (Hooke, 1967; Suwa
andOkuda, 1983).This is testified by their typical semi-conical shape (Blair andMcPherson, 1994; Blair
and McPherson, 2009), the presence of active and long-inactive sectors (e.g., chapters 5; 8; Wells et al.,
1987; Frankel andDolan, 2007; DeHaas et al., 2014; DeHaas et al., 2015c) and detailed reconstructions
of depositional loci over time (e.g., Dühnforth et al., 2007; Stoffel et al., 2008; Colombera and Bersezio,
2011). However, whether these dynamics are induced by allogenic or autogenic controls remains to
be established. Yet, as the timescale of active sector avulsion on mass-flow fans (e.g., Dühnforth et al.,
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2007; Stoffel et al., 2008) is generally much smaller than long-term rates of external forcing (e.g., Dens-
more et al., 2007; Allen, 2008), autogenic dynamics are expected to govern avulsive cycles on natural
mass-flow fans (Ventra andNichols, 2014). Cyclic avulsion of the locus of deposition has been observed
on experimental mass-flow fans (Hooke, 1967; Schumm et al., 1987). The experimental mudflow fan
of Schumm et al. (1987) formed by alternations of the following sequence of events. (1) As mudflows
crossed the fan apex, deposition occurred along their lateral margins forming leveed channels. Subse-
quent flows were efficiently guided within these leveed channels, which permitted mudflows to reach
the more distal regions of the fan. (2) Continued deposition in one area or segment of the fan even-
tually resulted in a higher elevation compared to adjacent fan surfaces, and as deposition continued,
mudflow velocities were gradually reduced on these elevated, more gently sloping areas, and eventually
mudflows deposited their loads at the apex region. (3) Finally, the filling and obliteration of the chan-
nels in the apex region permitted subsequent flows to follow paths down the adjacent, steeper slopes
to the topographically lower parts of the fan. Low-viscosity flows then scoured through the recently
deposited mudflow deposits at the apex to form a shallow trench, which channelized the flow, and the
cycle started again. As such, cyclic alternations of backfilling, avulsion and channelization appear to be
common denominators in the formation of fluvial- and mass-flow fans.

However, it remains to be establishedwhether these cycles of backfilling, avulsion and channelization
were governed by intrinsic or extrinsic processes, as the latter were not constant during the formation
of the fans of Hooke (1967) and Schumm et al. (1987). Individual mudflows varied largely in magni-
tude, sediment concentration and rheology, properties that largely influence debris-flow mobility and
therefore spatial patterns of aggradation (chapter 2; Whipple and Dunne, 1992; De Haas et al., 2015b).
Moreover, on these experimental mass-flow fans, mass flows alternated with streamflows, which easily
eroded into the high-gradient mudflow deposits leading to apex incision and changing the dynamics
of the fan.

As described above, fans can develop by a wide range of subaerial and subaqueous processes. Nev-
ertheless different fan types have many features in common, such as cyclic avulsion of the active locus
of deposition (e.g., Hooke, 1967; Schumm et al., 1987; Cantelli et al., 2011; Van Dijk et al., 2012). On
short timescales deposition is localized on all these fan types, while on very long timescales fan aggra-
dation is spatially uniform (e.g., Hooke, 1967). This emergent behavior of fan formation appears to be
driven by the process of topographic compensation (i.e., compensational stacking; Straub et al., 2009),
as flow of all fan formative mechanisms is driven by gravity, and deposition is consequently favored in
topographic lows.

The main objectives of this study are to (1) study the generic autogenic dynamics of debris-flow
fans under constant extrinsic variables (i.e., constant debris-flow volume, sediment concentration and
rheology), (2) to provide insight in the processes that govern the autogenic dynamics of debris-flow
fans and (3) to compare the dynamics of debris-flow fans to those on other fan types.

To do so, fans were experimentally formed by consecutive stacking of debris flows under constant
extrinsic forcings, using the experimental setup of De Haas et al. (2015b) (chapter 2). This paper is or-
ganized as follows. First, the layout and boundary conditions of the experimental flume and laboratory
experiments are described. Then the general evolution of autogenic cycles on one of our experimental
debris-flow fans is described, and the processes that cause these cycles are detailed. Next, a conceptual
model of autogenic dynamics on debris-flow fans is presented based on our experimental results. This
model is compared to previous experimental mass-flow fans of Hooke (1967) and Schummet al. (1987)
and to natural debris flow fans. The autogenic dynamics observed on experimental debris-flow fans are
compared to other types of experimental fans. Finally, topographic compensation or compensational
stacking as an emergent mechanism driving autogenic dynamics on all known fan types is discussed.
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Figure 3.1: Experimental flume setup. C denotes the location of the camera, Z denotes the z-Snapper
3D scanner.

3.2 Methods

3.2.1 Methodology
Five experimental fans were formed by feeding consecutive debris flows through a chute onto an out-
flow plain (Fig. 3.1, Table 3.1, ms01-ms05; movies at http://dx.doi.org/10.6084/m9.figshare.1520495).
Each of these fans was formed by completely similar debris flows with constant composition and mag-
nitude, as well as terrain topography (i.e., channel width, length and inclination and outflow plain
inclination), to ensure that fan dynamics were governed by autogenic processes only. Between fans the
composition of the debris flows was changed (Fig. 3.2; Table 3.1).

The fans were allowed to grow in size and slope until a maximum extent was reached, at which sub-
sequent debris flows were not able to reach the fan anymore as they were blocked by a large amount
of accumulated debris in the feeder channel. As such, fans ranged in size from 19 to 55 stacked debris
flows. The debris flows were composed from four sediments. These were clay (kaolinite), well-sorted
fine sand, poorly-sorted coarse sand and basaltic gravel (see Fig. 2.3). The dark-toned gravel conve-
niently highlighted textural patterns within the debris flows. Relative to the debris flows that were used
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Figure 3.2: Particle-size distribution of the debris flows used to build the debris-flow fans. (a) Cumula-
tive distribution. (b) Frequency distribution.

Table 3.1: Initial and boundary conditions of investigated debris-flow fans.

Parameters Debris flow and fan characteristics Unit
Fan no. 01 02 03 04 05 –
No. of debris flows 19 22 55 32 15 –
D50 0.39 0.50 0.37 0.39 0.39 mm
Gravel fraction 18 31 17 18 18 vol%
Sand fraction 80 67.3 77.2 80 80 vol%
Clay fraction 2.0 1.7 5.8 2.0 2.0 vol%
Water fraction 44 44 44 47 44 vol%
Magnitude 6.5 6.5 6.5 6.5 9.8 kg

to build fan 01 (reference sediment composition in chapter 2 and De Haas et al. (2015b)), the debris
flows varied in gravel fraction (fan 02), clay fraction (fan 03), water fraction (fan 04) and magnitude
(fan 05) (Fig. 3.2; Table 3.1).

All experimental debris flows were frictional flows, and comprised multiple surges (chapter 2; De
Haas et al., 2015b). Coarse particles (basaltic gravel in our experiments) were selectively transported to
the flow front, and subsequently shouldered aside to form lateral levees (Figs 3.3; ms10). This resulted
in well-defined depositional lobes and lateral levees, wherein most coarse particles were concentrated
in the levees and at the frontal flow margins.

After each debris flow, the fan was dried for at least 3 hours with a ventilator and a small heater. This
was necessary because debris flows that retained a significant amount pore fluid were reactivated by
subsequent debris flows, as also observed by Hooke (1967). Reactivation of debris-flow deposits barely
occurs on natural debris-flow fans whereon debris-flow return periods are generally in the order of
months to decades (e.g., Van Steijn, 1996).
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Fans 01, 02, 04 and 05 rapidly backfilled behind the initial deposits and into the channel, so that
debris flows were not able to flow out onto the fan, and therefore the total number of debris flows was
too small for well-developed autogenic cycles to occur. In contrast, fan 03was formed by 55 debris flows
and consequently two full autogenic cycles occurred on this fan. Therefore, only fan 03 is discussed in
the results and discussion of this paper.

3.2.2 Experimental setup and data collection
The experimental flume consisted of a straight channel of 2m long and 0.12mwide, with an inclination
of 30◦ (Fig. 3.1), connected to an outflow plain with an inclination of 10◦. Upstream, the feeder channel
was connected to a mixing tank with a gate from where well-mixed debris was released. To simulate
natural bed roughness, the channel bed and sidewalls were covered with sand paper, whereas the out-
flow plain was covered by a layer of∼1 cm of unconsolidated debris (with a composition similar to the
debris-flow composition). In the channel a hatchwas present 0.76m above the apex (channel to outflow
plain transition point), which was opened electromagnetically at a regular time interval (1.5 s) after re-
lease of debris from the mixing tank. Opening of the hatch resulted in diversion of the debris-flow tail,
to prevent overflow and burial of the initial deposit. This was necessary because the small-scale experi-
mental debris flows were relatively short, due to relatively high friction in small debris flows (chapter 2;
De Haas et al., 2015b).

Above the flume, a digital camera (Canon PowerShot A640) was set up to picture the debris-flow
deposits. Videos of debris-flow movement and deposition on the fan were captured with a Canon Pow-
ershot A650 IS on a tripod directed at the channel and the fan. Deposit morphology was measured
at sub-millimeter resolution and accuracy after every depositional event using a Vialux z-Snapper 3D-
scanner that captures a high-accuracy 3D point-cloud from a fringe pattern projector (Hoefling, 2004).
Point-clouds from the 3D-scannerwere processedwithMATLAB (TheMathWorks, version 7.13.0.564)
using natural neighbor interpolation to a gridded DEM of 1 mm resolution (Fig. 3.1).

The DEM was used to measure debris-flow length, width and fan slope. Debris-flow length was de-
fined as the maximum debris-flow runout from the apex, whereas width was defined as the maximum
width of the depositional lobe. Debris-flow angle was defined as the average outflow angle of the debris
flow on the fan relative to the channel.

During formation of the fans the movable gantry of the z-Snapper 3D-scanner unintendedly moved
slightly upfan. Consequently, an increasing fraction of the fan toe was not covered. The DEMs were
corrected for the displacement, and themissing sectionwas reconstructed from elevation data obtained
from previous scans. A transparent gray overlay shows the reconstructed section on the figures and
movies, but note that the reconstruction does not affect any of the analyses performed here.

3.2.3 Potential scale effects
Potential scale effects must be accounted for when experimental findings are translated to full-scale
natural debris-flow fans. Small-scale experimental debris flows exhibit disproportionately large effects
of fluid yield strength, viscous flow resistance and grain inertia, while exhibiting disproportionately
little effect of pore-fluid pressure (Iverson, 1997; Iverson and Denlinger, 2001; Iverson et al., 2010).
However, the large-scale flow dynamics, deposit morphology and particle sorting of the individual
experimental debris flowswere similar to those of natural debris flows (chapter 2; DeHaas et al., 2015b).
Channel width:depth ratio and runout area and distance of the experimental debris flows were in the
range of natural debris flows, although the experimental flows were relatively short (chapter 2; De Haas
et al., 2015b).

It is well-known that in flume models not all geometric features, kinematics and dynamics of natural
systems are captured (e.g., Kleinhans et al., 2014). Nevertheless, Hooke and Rohrer (1979) suggest that
observations of processes on laboratory fluvial fans and their characteristics can still provide a basis for
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understanding of large-scale behaviour of natural fans (see also Hooke, 1967). As such, our most fun-
damental understanding of autogenic dynamics on fluvial fans stems from experimental fans (Postma,
2014). Likewise, the processes that govern autogenic dynamics on our experimental debris-flow fan
are probably roughly similar to the processes that govern the much less accessible dynamics on natural
debris-flow fans.

3.3 Results

In this section the morphology of the experimental debris-flow fan 03 is first briefly described. Then
the general evolution of this fan, which was characterized by autogenic cycles, is discussed. Next the
mechanisms that we observed to drive the autogenic fan dynamics of channelization, backfilling and
avulsion are detailed.

3.3.1 Fan and debris-flowmorphology
Thedebris flows that formed the fan alternated between channelized flows bordered by lateral levees and
short andwide unchanneled flows (Fig. 3.3). In all debris flows well-defined lobes were formed that had
distinct edges and were generally up to a few cm thick. Lateral levees were self-formed and effectively
conveyed the channelized flows (Fig. 3.3b,d). Levees varied between a few mm to ∼1 cm in thickness.
Overall fanmorphology was characterized by shingled stacking of debris-flow lobes. Lobes covered the
majority of the final fan surface, whereas the surficial contribution of channels was restricted (Fig. 3.3a).
The fan slope was higher in lateral direction than in longitudinal direction. Longitudinal slopes roughly
varied between 15-20◦, the steepest lateral slopes in places exceeded 30◦. This slope difference can
probably be attributed to the inertia of the debris flows (Hooke and Rohrer, 1979).

3.3.2 Cycles of channelization, backfilling and avulsion
The first 10 debris flows deposited on top of each other and backfilled the initial debris-flow and
flume channel (movies ms03, ms06-ms09; movies at http://dx.doi.org/10.6084/m9.figshare.1520495).
The next debris flow avulsed after which the first of two autogenic cycles was initiated (Figs. 3.4, 3.5;
ms03, ms06-ms09). Debris flows became progressively longer and more channelized until debris flow
16-19, after which they became progressively shorter and backfilled the channel until debris flow 25.
During the retrograding phase, the area of main debris-flow deposition shifted slowly to the other side
of the fan. Yet, avulsion only happened after complete backfilling of the channel. Starting from debris
flow 26 the second autogenic cycle began. From debris flow 26 to 32 the debris flows became progres-
sively longer again, and a channel formed on the proximal and medial domain of the fan. Debris flows
32 to 39 remained long and channelized, after which backfilling commenced once the accommodation
space on the distal domain was filled. Next, the debris flows progressively retrograded and backfilled
the channel until debris flow 52. Debris flow 53 then avulsed following the steeper slopes on the other
side of fan. Debris flow 54 and 55 followed the same path. Fan formation was stopped after debris flow
55, because the feeder channel near the apex was completely filled.

In short, both autogenic cycles were characterized by the following phases: (1) First, the fan was in
a channelized state. The proximal domain of the fan was channelized (Fig. 3.4a; 3.3b,d), which caused
the debris flows to deposit on the distal domain of the fan. Consequently, the channelized debris flows
formed elongated deposits. (2) After maximum debris-flow length was reached, as limited by slope and
debris-flow volume and composition, debris flows started to retreat (Fig. 3.4b; 3.3c). Successive debris
flows became progressively shorter and wider, which caused in-channel deposition. Eventually, this led
to very short and wide flows that completely filled the channel. (3) After this the debris flows avulsed
towards the most preferential flow path on the fan, gradually forming a new channel over the course of
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Figure 3.3: Morphology and texture of the experimental debris flows on fan 03. (a) Morphology of the
fully developed fan (debris flow 54). (b) Fan morphology in a channelized state, after debris flow 17.
(c) Fan morphology in an unchannelized state prior to avulsion, after debris flow 25. (d) Detail of a
channel on the fan, bordered by lateral levees (debris flow 16).

multiple debris flows, until the debris flows became fully channelized again. The preferential flow path
was defined by the balance between fan slope and flow inertia.

The first autogenic cycle lasted from approximately debris flow 10 to debris flow 25, while the second
cycle lasted until debris flow 52 (Fig. 3.5). The second autogenic cycle thus consisted of more debris
flows than the first cycle, 27 versus 15, respectively. This can be attributed to growing accommodation
space as the fan apex grew in elevation. Fan aggradation by debris-flow deposition occurred preferen-
tially in topographic lows between older deposits, eventually leading to relatively uniform aggradation
(i.e., topographic compensation or compensational stacking). The autogenic cycles were symmetric:
the prograding (channelization) and retrograding (backfilling) phases were similar in length. In the
second, larger, autogenic cycle a subcycle was observed in the channelized phase (Fig. 3.5a). Here, the
angle of deposition relative to the channel apexwas shifted over the active sector of the fan, while the de-
bris flows remained channelized. Both channelization and backfilling were gradual processes, requiring
multiple debris flows to fully develop.
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Figure 3.4: Autogenic cycle on experimental debris-flow fan 03. (a) Channelized debris flow. A channel
is present on the proximal and medial domain of the debris-flow fan, through which debris flows are
conveyed to deposit on the distal domain of the fan. (b) Retreating and backfilling. After the debris
flows have reached their maximum extent backfilling commences. Debris flows become progressively
shorter and wider until the channel is completely filled. (c) Avulsion. In the absence of an apex channel,
the debris flows progressively avulse towards the most preferential flow path. (d) Channelized debris
flow. After avulsion, the debris flows progressively channelize until the fan is in a fully channelized state
again. See ms07 for full movie.

Within both autogenic cycles, the maximum and minimum debris-flow lengths were similar (Fig.
3.5b). At minimum, the debris flows had a length of 0.3-0.5 m, while maximum debris-flow length was
in the order of 1.2 m, which is approximately similar to the maximum possible runout length of debris
flows with this composition, magnitude and topographic boundary conditions (chapter 2; De Haas et
al., 2015b). Debris-flow width was inversely proportional to debris-flow length (Fig. 3.5b,c). In a fully
channelized debris flow, channel width was similar to the width of the feeder channel (0.12 m), whilst
the shortest and unchannelized debris flows hadwidths>0.4m.Themaximumwidth prior to avulsion,
at the end of autogenic cycle 1 and 2 was similar. Average fan slopes over the active debris-flow path
gradually increased from ∼10◦ to ∼18◦ while the fan grew in size until debris flow 25 at the end of
autogenic cycle 1. In contrast, during autogenic cycle 2 slopes remained relatively constant (Fig. 3.5c).
Finally, fan slopes strongly increased after the avulsion at debris flow 53. In general, average fan slopes
over the active debris-flow path were slightly lower in channelized state than when debris flows were
short, wide and unchannelized. Mainly, in the latter case especially the proximal domain of the fan was
relatively steep.

This is illustrated in Figure 3.6a. In a channelized state fan long profiles were relatively regular and
constant, while during the retrograding phases fan slope strongly increased in the proximal domain,
mainly by the stacking of increasingly short debris flows. After avulsion, debris flows followed the pref-
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Figure 3.5: Summary of the debris-flow characteristics within the autogenic cycles, during the forma-
tion of fan 03. (a) Debris-flow outflow angle relative to the feeder channel. (b) Debris-flow runout
length. Max observed length refers to the maximum runout length of five similar debris flows over a
uniform 10◦ sloping outflow plain (chapter 2; DeHaas et al., 2015b). (c) Debris-flowwidth. (d) Average
fan slope along the active debris-flow path. Light gray indicates prograding phase, dark gray indicates
retrograding phase.

erential flow path and accordingly fan slopes were steep. Next, as debris flows were prograding and
started to distally deposit debris, fan slopes decreased after which the cycle repeated itself.

The relation between fan morphology and autogenic dynamics on the experimental debris-flow fan
is particularly well-depicted in the evolution of proximal fan cross-sections (Fig. 3.6b). After an initial
phase of backfilling (A), the debris flows avulsed (B) and a phase of progradation and channeliza-
tion occurred (C). Maximum debris-flow channel depth developed in the longest debris flows (16-19;
Fig. 3.6b). Channel depth was determined by levee height, as levees formed the channels. Maximum
channel depth in the cross-section in Figure 3.6b (0.25 m downstream of the apex) was approximately
1 cm.The progradational phase then gradually changed to a retrograding phase (D), where debris flows
backfilled the channel by in-channel sedimentation, until no channel was present anymore and the up-
per part of the fan profile obtained a plano-convex profile (see profile of debris flow 28 in Fig. 3.6b).
Because of the plano-convex profile, the debris flows were not forced into a specified direction by the
presence of a channel and freely avulsed following the preferential flow path (E) after which the cycle
repeated itself. Interestingly, maximum channel depth and width were approximately similar during
both autogenic cycles, suggesting that these were largely determined by intrinsic debris-flow proper-
ties.

3.3.3 Processes causing channelization, backfilling and avulsion sequences
The previous section shows that the experimental debris-flow fan formed by autogenic cycles of chan-
nelization, backfilling and avulsion. Below the processes driving these cycles are detailed, by analyzing
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debris flow 19 to 33 in detail (Figs. 3.7-3.9). Starting from debris flow 16 a cycle of backfilling was ini-
tiated (Fig. 3.5). Debris flow 19 was still channelized (Fig. 3.7a) and accordingly most of its debris was
deposited in its depositional lobe on the distal domain of the fan. However, slightly downstream of the
fan apex, a small amount of debris overflowed the channel. The overflow location is in the extension
of the feeder channel despite a relatively high levee at this location, which suggests that overflow was
caused by the inertia of the debris flow. The next debris flow was slightly shorter but still channelized
(Fig. 3.7b; Fig. 3.8). Overflowoccurred at the same location, butwasmore extensive. As each debris flow
had equal volume, the decrease in runout length of debris flow 20 relative to debris flow 19 led to more
in-channel sedimentation, which decreased channel depth. The next debris flow then became shorter
again, which caused increasing in-channel sedimentation, a decreasing channel depth and more ex-
tensive overflow (Fig. 3.7c). This feedback continued until debris flow 25 (Fig. 3.7d-f), after which the
channel was completely buried, leading to a plano-convex cross-profile in the apex region (Fig. 3.7f).

Following the complete filling of the channel, subsequent debris flows gradually avulsed to the other
side of the fanwhere fan gradients were steeper (Fig. 3.9a). Initially, the debris flowswere relatively wide
and short, and deposition was concentrated in multiple relatively small depositional lobes (Fig. 3.9a,b).
However, the debris flows became increasingly long and narrow, as flows were progressively funneled
over the preferential flow path, until they became fully channelized (Fig. 3.9c-f). Channelizationmainly
resulted from the formation of lateral levees. From debris flow 30 to 33 these levees were stacked on
top of each other, eventually leading to a well-developed channel. Interestingly, erosion was extremely
marginal and took place only in very localized high-gradient areas (Fig. 3.9d,e). This shows that the fan
was fully aggradational and the channelization process was independent of incision.

The debris flows were observed to become progressively shorter or progressively longer because of a
topographic compensation mechanism and feedbacks with flow momentum. The low-gradient slopes
formed by endlobes steer subsequent debris flows. This is obvious from Figures 3.8 and 3.9 where de-
bris flows shorten in several steps before avulsion commences. Clearly, the endlobe of the debris flows
acts as a barrier for the next debris flow, and shortens the debris flow channel. At the same time, the
debris flows were observed to become progressively shorter due to a progressive decrease in flow mo-
mentum. The debris flows segregated into a coarse-grained flow front and finer-grained, more dilute,
tail (Fig. 3.10; ms10-ms11). At the coarse-grained flow front flow resistance is higher and velocity is
lower than in the more dilute material behind the flow front (i.e., the flow body). Consequently, the
debris flows remained mobile as long as the momentum of the flow body exceeded the resistance at the
flow front, whereas deposition commenced when the momentum of the flow body was insufficient to
overcome the frontal friction. In a channelized state debris-flowwidth was restricted, and consequently
the momentum of the flow body was concentrated over a restricted width (Fig. 3.10a-c; ms10), which
led to the formation of elongated debris flows and effective levee formation. However, channel infilling
led to more overflow and a less focused momentum, which reduces runout together with the upstream
migrated endlobe. This eventually led to very short and wide flows and a completely buried channel
(Fig. 3.10d-f; ms11).

The effect of focusing of momentum is most obvious in the initial avulsion stages. Here, the first
debris flows following avulsion are short and wide. On the most preferential flow path outflow is great-
est, whereas outflow over the other, less efficient, paths is less. Consequently, the latter paths become
plugged and the relative gradient advantage over these paths becomes progressively smaller (Fig. 3.9a-
d). Subsequent debris flows are therefore more effectively directed towards a single, most preferential,
path. As a result, flow momentum is more-effectively focused to the flow front here, which leads to
larger runout and more effective levee formation. This, in turn, is a positive feedback mechanism lead-
ing to increasing runout length and better-defined channels until the debris flows reach theirmaximum
possible extent given gradient, volume and composition, and a phase of backfilling is again initiated.
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Figure 3.7: Net deposition and channel cross-sections during progressive backfilling. (a) Debris flow
19. (b) Debris flow 20. (c) Debris flow 21. (d) Debris flow 22. (e) Debris flow 23. (f) Debris flow 25. See
ms08 for full movie.

On the other hand, the effect of antecedent topographic steering by endlobes is most obvious in
the backfilling stage. Here, a debris flow that is shorter than its predecessor causes more in-channel
sedimentation and upstream migration of the main depositional lobe (Fig. 3.7; Fig. 3.8). The upstream
migrated depositional lobe forces more upstream deposition as it provides a local low-gradient area
(Fig. 3.8). This process continues until after the debris flow channel is entirely filled and debris flow
material starts to spill over. The spill means a further reduction of momentum, which quickens the
process of backfilling and the transition to avulsion (Fig. 3.10).

3.4 Discussion

The dynamics of the present experimental debris-flow fan show that autocyclic sequences of avulsion,
channelisation, and backfilling are a fundamental intrinsic process on debris-flow fans. Channelisation
following avulsion appears to be the result of increasing focus of momentum and self-forming levees.
On the other hand, backfilling appears to be the result of topographic steering and length reduction by
prominent end lobes together with decreasing focus of momentum.This implies that observed changes
in debris-flow fanmorphology and flow conditions cannot automatically be attributed to extrinsic forc-
ings (i.e., changes in catchment characteristics, tectonics, climate and base level). Moreover, they add
debris-flow fans to the spectrum of subaerial fan-shaped fluvial systems that form by autogenic avul-
sion cycles, now ranging from subaqueous turbite fans to subaerial low-gradient river systems and
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steep-gradient mass-flow fans (e.g., Stouthamer and Berendsen, 2007; Ashworth et al., 2007; Hoyal
and Sheets, 2009; Clarke et al., 2010; Cantelli et al., 2011; Van Dijk et al., 2012; Straub and Pyles, 2012;
Ventra and Nichols, 2014; Hamilton et al., 2015).

Below, a conceptual model of autogenic dynamics on debris-flow fans based on the above presented
experimental fan is presented. Next, the experimental debris-flow fan is compared to previously re-
ported experimental mass-flow fans of Hooke (1967) and Schumm et al. (1987) and to natural debris-
flow fans.Then the autogenic dynamics of experimental debris-flow fans are compared to the autogenic
dynamics on other types of experimental fans. Finally, topographic compensation is discussed as an
emergent mechanism forcing autogenic dynamics on all known fan types.

3.4.1 A conceptual model of autogenic dynamics on debris-flow fans
Based on the experimental observations a conceptual model for the fundamental autogenic dynamics
of debris-flow fans is developed (Fig. 3.11). Note that this model describes debris-flow fan dynamics
in its most fundamental form, namely under fully constant extrinsic forcings, i.e., constant topography
and debris-flow composition, rheology and volume. Overall, each autogenic cycle in debris-flow fan
formation involves a sequence of (1) backfilling, (2) avulsion and (3) channelization.

Phase 1 involves backfilling of the debris-flow channel (Fig. 3.11b). Backfilling commences after the
debris flows reach their maximum possible length (Fig. 3.11a). The next debris flow then becomes pro-
gressively shorter. The decrease in debris-flow length leads to more in-channel sedimentation and an
upstream migrating depositional lobe. A shallower channel depth causes more overflow, which leads
to a decrease of momentum of the liquefied flow body to the flow front. This decrease of momentum
then reduces the velocity and runout length of the next debris flow, after which the process repeats
itself. Simultaneously, the upstream migrating depositional front forces more upstream deposition of
subsequent debris flows. Channel backfilling by debris flows is a gradual process, requiring multiple
debris-flow episodes. It continues until the debris flows are very wide and short, the channel is com-
pletely filled, and the apex cross-profile is plano-convex (Fig. 3.11c).
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Figure 3.9: Net deposition and channel cross-sections during progressive channelization. (a) Debris
flow 27. (b) Debris flow 29. (c) Debris flow 30. (d) Debris flow 31. (e) Debris flow 32. (f) Debris flow
33. See ms08 for full movie.

Phase 2, avulsion, commences when the apex cross-profile is plano-convex. Here, there is no pref-
erential transport direction by channelization. Debris flows initially spread laterally in both directions,
but are progressively (over the course of multiple debris flows) directed towards the most preferential
flow path. Simultaneously, the debris flows start to channelize.

Phase 3, channelization, is driven by the same processes as backfilling, only working in an opposite
direction (Fig. 3.11d).The first debris flows after avulsion remain short andwide, but outflow is greatest
on the most preferential flow path. Consequently, less preferential paths become plugged. The next
debris flow then more effectively follows the preferential path, and as a result flow momentum is more
focused which leads to larger runout and more effective levee formation. This commences a feedback
mechanism leading to increasing runout length and better-defined channels until the debris flows reach
their maximum possible extent and the cycle is reverted.

3.4.2 Comparison to previous experimental mass-flow fans
The above described autogenic cycles observed on the present experimental debris-flow fan are simi-
lar to the cycles observed on the experimental mudflow fans described by Hooke (1967) and Schumm
et al. (1987). Although these fans were partly built by streamflow events, and the mass flows varied in
magnitude, sediment concentration and rheology, common denominators of both fans were the cy-
cles of gradual backfilling, avulsion and channelization. Like on the present debris-flow fan, channels
were often formed by self-formed lateral levees, which then guided future flows. However, while chan-
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Figure 3.10: Stills of debris flows during motion. (a-c) Channelized debris flow (debris-flow 40, see
ms10 for full movie). (d-f) Unchannelized debris flow (debris-flow 51, see ms11 for full movie). Time
(t) denotes time since the debris flow left the apex and outflow over the fan started.

nelization occurred in the absence of erosion on the present experimental fan, erosion contributed to
channelization on the mudflow fans described by Hooke (1967) and Schumm et al. (1987). Both on
the present debris-flow fan and on the mudflow fan of Schumm et al. (1987) flow velocity was lower in
unchanneled flows that deposited in the apex region. Moreover, Schumm et al. (1987) observed that
the filling and obliteration of the channels near the fanhead permitted subsequent flows to avulse down
the steeper slopes to the topographically lower parts, which is an avulsion mechanism similar to the
mechanism observed on the present experimental debris-flow fan. However, both Hooke (1967) and
Schumm et al. (1987) observed channel plugging events that forced successive flows to avulse, similar
to observation from natural debris-flow fans (see below).This can probably be attributed to the varying
composition, rheology and volume of the flows that build these experimental fans.

3.4.3 Comparison to the dynamics of natural debris-flow fans
The experimental debris-flow fan exhibited many of the morphological and textural features of nat-
ural debris-flow fans, including channels with lateral levees, and distinct, stacked, depositional lobes
(Figs. 3.12, 3.13). Below the experimental cycles of autogenic gradual backfilling, avulsion and chan-
nelization are compared to the avulsive cycle observed on natural debris-flow fans. Note that on the
natural fans it is unknown whether these cycles are driven by autogenic or allogenic forcings. Addi-
tionally, the dynamics on natural fans are more complicated than on the present experimental fan for
a number of reasons, including flows of various magnitude, composition and rheology and the effects
of runoff (e.g., Whipple and Dunne, 1992).

There have been few direct field observations capturing the dynamics of debris-flow fans over the
course of multiple debris flows. Positive examples are the Kamikamihori fan in Japan (e.g., Suwa et al.,
2011) and a small telescopic fan atChalkCreek (USA) (Scheinert et al., 2012;Wasklewicz and Scheinert,
In Press.). At the Kamikamihori fan the spatial patterns of debris-flow deposition have been monitored
for more than 40 years, in which 88 debris flows occurred. Multiple avulsions have been observed on
this fan. Debris flows generally deposited over a narrow belt, associated to the active channel, during
a period of several years. Within this belt the terminal depositional points of successive debris flows
progressively migrated upstream, after which avulsion occurred once the termination point reached
the end of the fan head (e.g., Suwa and Okuda, 1983; Okuda and Suwa, 1984; Suwa and Yamakoshi,
1999; Suwa et al., 2011). On the small telescopic fan at Chalk Creek elevation changes after 5 debris
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Figure 3.11: Schematic portrayal of an autogenic cycle on experimental debris-flow fans and fluvial fans
and fan delta’s. (a-d) Autogenic cycle on the experimental debris-flow fan. Initially, the presence of a
leveed channel results in distal deposition. Debris flows start to retograde over many successive debris
flows until the debris flows become short and wide and the channel is completely backfilled. In the
absence of a channel, subsequent debris flows start preferentially flowing towards the steepest slopes
and avulsion occurs. Debris flows now gradually, over the course of multiple succesive flows, start
channelizing and increase in length until a next cycle of retrogradation and backfilling commences.
(e-h) Autogenic cycle on experimental fluvial fans and fan delta’s, based on Van Dijk et al. (2012). Ini-
tially, apex incision results in deposition near the fan toe. Then the channel starts backfilling and the
intersection point moves upfan. Once the channel is completely filled sheetflooding results in prox-
imal deposition, leading to oversteepening of the apex region until an inherent stability threshold is
exceeded. This initiates avulsion by the formation of a new channel by erosion in the direction of the
topographically lower areas of the fan. Sediment deposition is now concentrated distally again, until a
next backfilling cycle commences.

flows recorded gradual avulsion in locus of deposition from the southern to northern part of the fan.
The shift was onset after a relatively large debris flow overtopped low relief levees enabling the shift to
the topographically lower northern part of the fan. Dendrology and lichenometry have been applied to
reconstruct the spatio-temporal patterns of debris-flow deposition on multiple debris-flow fans (e.g.,
Blijenberg, 1998; Stoffel et al., 2008). On 4 fans in the Bachelard Valley in the French Alps, Blijenberg
(1998) found that the locus of debris-flowdeposition generally gradually shifted fromone side of the fan
towards the other. However, there were a few exceptions where the locus of deposition shifted abruptly
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Figure 3.12: Morphological comparison between the experimental and natural debris-flow fans from
Earth and Mars. (a) Experimental debris-flow fan. (b) Debris-flow fan in the Atacama Desert in Chile
(source: Google Earth). (c) Debris-flow fan on Mars (source: HiRISE image PSP_006837_1345) (chap-
ter 9; Johnsson et al., 2014; De Haas et al., 2015b). Common denominators are the leveed channels and
multiple stacked depositional lobes.

Figure 3.13: Stacked retrograding debris-flow lobes and channel plugging on debris-flow fans. (a) Ret-
rograded debris-flow lobes on a fan in Hanaskogdalen (Svalbard) (image credit: Ernst Hauber). (b)
Debris-flow snout acting as a channel plug on Pinyon Creek Fan, Owens Valley, USA. Debris-flow
snouts cause channel backfilling resulting in avulsion over the course of multiple debris flows on this
fan, as described by Whipple and Dunne (1992).

to the other side of the fan. Similar trends, i.e., avulsion could be gradual or abrupt, were found on
forested debris-flow fans in the Swiss Alps (e.g., Bollschweiler et al., 2007; Bollschweiler et al., 2008;
Stoffel et al., 2008).

The above described avulsive dynamics are largely similar to those observed on our experimental
fan. Both in on our experimental fan and the Kamikamihori fan avulsion took place after backfilling of
the active channel. The avulsion process on the Chalk Creek fan and the fans in the Bachelard Valley
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was generally a gradual process, similar to the experimental fans. However, on natural debris-flow fans
there are notable exceptions at which avulsions happen more abruptly.

On natural debris-flow fans, relatively small sediment volumes deposited in critical places along
the channel, generally in the form of debris-flow snouts of relatively immobile debris flows or large
boulders, (a process known as channel plugging) can force subsequent flows or flow surges in new di-
rections (Fig. 3.13b) (e.g., Beaty, 1963; Suwa and Okuda, 1983; Blair and McPherson, 1998; Schürch
et al., 2011a). This can cause successive flows to avulse and lead to fundamental changes in the locus
of sedimentation (Whipple, 1992; Dühnforth et al., 2008), if the alternative flow path provides a more
efficient pathway along the fan. Avulsions prior to complete backfilling of the active channel can also
arise from large-volume flows that overtop the channel (e.g., Bollschweiler et al., 2007; Wasklewicz and
Scheinert, In Press.). These modes of avulsion imply that complete cycles of backfilling of the main
channel to the apex, as observed in the experimental fan and on the Kamikamihori fan, are not always
required for avulsion on natural debris-flow fans. This is supported by the common presence of aban-
doned debris-flow channels on inactive fan sectors (Fig. 3.12b) (e.g., Whipple and Dunne, 1992; Blair
andMcPherson, 1994), implying that avulsion was not preceded by complete backfilling of the channel.
Yet, avulsion by channel plugging will generally only influence avulsion on a local scale; avulsion will
only lead to large-scale shifts in the active locus if it occurs near the fan apex, because new flows can
only follow a downward path. Moreover, if a debris flow is forced from the main channel in the apex
region, it will only change its course substantially when there is a significant gradient advantage. A
gradient advantage will, however, only be present when the old locus is topographically higher, which
happens only when it has been the active locus for a considerable amount of time.

Natural debris flow fans are also often influenced by runoff, which can greatly influence the fan sur-
face morphology (e.g., chapter 5; Blair and McPherson, 2009; De Haas et al., 2014). In general, runoff
is concentrated in existing channels on the fan surface, which thereby generally are eroded and deep-
ened. A deeper channel requires more debris flows to backfill and overtop the channel and avulsion
to occur. Accordingly, Schumm et al. (1987) found that on an experimental mixed-flow fan, formed
by alternating mudflow and streamflow events, the streamflow activity formed and enlarged fanhead
trenches, reworked and partially sorted themudflow deposits, and created conditions favorable for dis-
tal deposition of debris as themudflows were effectively funneled towards the distal domains of the fan.
The present experimental debris-flow fan channelized in the absence of erosion. Nevertheless, natural
debris flows are also observed to substantially erode channel beds (e.g., Suwa and Okuda, 1983; Berger
et al., 2011; Schürch et al., 2011b; McCoy et al., 2012). The processes governing debris-flow erosion
are poorly understood (e.g., Hungr et al., 2005; Schürch et al., 2011b), and consequently it is unknown
which debris-flow types cause erosion and which do not. Nevertheless, it is clear that debris-flow ero-
sion of fan apex channels can also substantially deepen channels on a fan (e.g., Suwa and Okuda, 1983;
Okuda and Suwa, 1984).

3.4.4 Comparison of autogenic dynamics of debris-flow fans and other fan types
Thegeneric characteristics of the autogenic cycle of the present experimental debris-flow fan are similar
to the generic characteristics of the autogenic cycle on experimental fluvial fans and deltas and turbidite
fans (e.g., Schummet al., 1987; Cantelli et al., 2011; Clarke et al., 2010; Hamilton et al., 2015) (Fig. 3.11).

In general, the dynamics on experimental fluvial fans and fan deltas and turbidite fans with differ-
ent set-ups are as follows (Fig. 3.11e-h). The generic autogenic fan construction is governed by cyclic
alternating unconfined and channelized flow (e.g., Schumm et al., 1987; Bryant et al., 1995; Whipple
et al., 1998; Davies and Korup, 2007; Clarke et al., 2010; Van Dijk et al., 2009; Van Dijk et al., 2012).
Phases of unconfined flow induce aggradation on most of the alluvial fan until a critical threshold
slope is reached; resulting in a phase of fanhead incision creating progressively expanding channelized
flow. The incision focuses sediment transport and fan progradation distally along limited radial sec-
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tors, where deposition is forced by a mouth bar, which reduces the gradient and stream power. When
deposition reduces the gradient below a critical value, a phase of progressive backfilling is induced,
characterized by initial aggradation within the incised channel, until flow expands out of the channel
and forces widespread aggradation progressively upstream induced by an upstream migrating mouth
bar. This progressive backfilling then continues until the channel is largely backfilled and the slope
becomes critically high, and avulsion and another phase of fanhead incision is initiated.

Avulsion cycles are thus governed by alternations of backfilling, avulsion and channelization on all
fan types. The main differences between the fan types are in the processes that drive these alternations.
On experimental fluvial fans and deltas and turbidite fans the autogenic cycles are mainly governed by
constrains on morphology and critical slopes. In contrast, on our experimental debris-flow fans these
cycles weremainly governed by feedbacks of morphology and flow-dynamics. Most fluvial fans operate
more continuously in time, changes to the surface morphology take place more gradually and the sedi-
ment flux and maximum transportable grain size are typically limited by the flow velocity and available
stream power (Schürch, 2011). Channel morphology (characterized principally by depth, width:depth
ratios, sinuosity, and degree of internal aggradation) has been shown to be an important control on
the frequency, location and direction of avulsion on fluvial fans (Schumm et al., 1987; Field, 2001).
In contrast, debris flows are events with a finite duration and spatial extent, i.e., deposition by debris
flow is highly localized (Schürch et al., 2011a). As such, they deposit sediment very locally in relatively
thick deposits in contrast to fluvial flows which deposit their sediment generally over larger areas and
in much thinner deposits (e.g., Blair and McPherson, 2009) (Fig. 3.11).

On experimental fluvial fans and deltas and turbidite fans phases of backfilling are initiated when the
active channel drops below a critical slope (e.g., Schumm et al., 1987; Clarke et al., 2010; Van Dijk et al.,
2012; Hamilton et al., 2015), whereas on our experimental debris-flow fan phases of backfilling ap-
pear to initiate after the debris flows have reached their maximum possible runout distance. Moreover,
backfilling appears to be driven by an upstreammigratingmouth bar for fluvial fans and deltas and tur-
bidite fans (e.g., Van Dijk et al., 2012) or depositional lobe for debris-flow fans. Channel backfilling is a
prerequisite for avulsion on all fan types, as the channel has to be filled and the active sector on which
the channel is present has to become elevated above its surroundings (Postma, 2014). Due to the finite
spatial extent of debris flows, backfilling for these flow types is mainly governed by retrograding shin-
gled stacking of debris flows (i.e., every subsequent debris flow is slightly shorter). On the experimental
fluvial fans and deltas and tubidite fans, the intersection point (the point where the channel ends on a
fan) progressively moves upfan. Below the intersection point the flow spreads laterally, stream power
declines and sediment is deposited (e.g., Clarke et al., 2010; VanDijk et al., 2012; Hamilton et al., 2015).
On fluvial fans backfilling of the channel eventually results in spatially wide sheetflows in the apex re-
gion (e.g., Schumm et al., 1987; Whipple et al., 1998). This depositional pattern corresponds well with
the short and wide debris flows that occur on the present experimental debris-flow fan at the end of a
backfilling phase. On both fan types backfilling is a gradual process.

On fluvial fans and deltas the avulsion trigger is related to steepening of the fan apex by unconfined
sheet flows. Once a critical slope is exceeded incision commences at the fan head, forming a channel
and inducing the channelization phase.This incision then progressively focuses sediment transport and
progradation distally along limited radial sectors. Similarly, on experimental turbidite fans new chan-
nels following avulsion are also formed by incision (Hamilton et al., 2015). In contrast, on the present
experimental debris-flow fan channelization was induced in absence of erosion by the formation of
lateral levees.

The autogenic cycles on our experimental debris-flow fan were symmetric: i.e., the number of debris
flows in the backfilling and channelization phase was approximately equal. In contrast, on the exper-
imental fluvial fans described by Van Dijk et al. (2009) and Van Dijk et al. (2012) the channelization
phase was much shorter than the backfilling phase. This dissimilarity probably results from the erosive
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nature of the channelization process on fluvial fans, which likely makes channelization a more efficient
and therefore more rapid process than on our experimental debris-flow fans, where channelization
occurred in the absence of erosion.

3.4.5 An emergent mechanism of autogenic fan dynamics: topographic compensa-
tion

As discussed above, autocyclic dynamics have been identified on a wide range of fans, despite very dif-
ferent formative mechanisms ranging from subaerial rivers, sheetflows and debris flows to subaqueous
turbidity currents (Stouthamer and Berendsen, 2007; Cantelli et al., 2011; Van Dijk et al., 2012; Ventra
and Nichols, 2014). This suggests the presence of an emergent mechanism that governs the autocyclic
dynamics on different types of fan-shaped landforms.

All flowmechanisms known to form fans are driven by gravity.This inevitably results in flow routing
preferentially following the steepest slopes over a fan surface, which results in deposition and aggrada-
tion in topographic lows between older deposits. This process of topographic compensation or com-
pensational stacking leads to spatially uniform aggradation rates on fans over long timescales. Compen-
sational stacking occurs over various spatial and temporal scales, ranging from subsequent individual
depositional events that aggrade directly adjacent to each other over very short timescales of hours to
years to complete shifts of active fan sectors that generally require hundreds to tens of thousands of
years.

All fan types exhibit cyclic alternations between channelized-unchannelized and prograding - retro-
grading phases, regardless of the formative mechanics of the channel (i.e., incision or levee formation)
(e.g., Schumm et al., 1987; Cantelli et al., 2011; Van Dijk et al., 2012). On a channelized fan, flows are
directed towards a predefined area bounded by topography where deposition can occur. As such de-
position and aggradation can only occur in ‘local’ lows within this predefined area. Deposition in the
‘absolute’ low on the fan surface can only occur after major avulsion of the active sector, which only
happens when the channel has been filled and the active sector is superelevated above the surrounding
fan surface. Channelization thus results in a temporal and spatial delay of compensational stacking,
and generally results in a stepwise rather than smooth lateral migration pattern.

In synthesis, the similarity of the pattern of fan formation over sufficiently large spatial and temporal
scales, suggests that the formative dynamics of fan-shaped landforms, regardless of their formative
mechanisms, can be reduced to the process of topographical compensation over large spatio-temporal
scales.

3.5 Conclusions

Debris-flow fans were experimentally created under constant boundary conditions to investigate their
autogenic dynamics.The resulting fan wasmorphologically similar to natural debris-flow fans in that it
consisted of stacked lobes and channels bordered by lateral levees. Two autogenic cycles of backfilling,
avulsion and channelization occurred on the fan. The backfilling and channelization phases required a
similar number of successive debris flows.

Backfilling commenced after debris flows reached theirmaximumpossible length given by the initial
slope and debris-flow volume and composition. An upstream migrating depositional endlobe together
with a decreasing focus of flow momentum caused progressively shorter debris flows. Ultimately the
channel was filled and flows became wide and short resulting in a plano-convex apex region. This re-
sulted in avulsion towards the preferential flow direction, given by the balance between steepest descent
and flow inertia. Following avulsion, outflowwas greatest on the preferential flowpathwhile other paths
plugged. Thus momentum increasingly focused, leading to larger runout and more effective levee for-
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mation. This process continued until the debris flows reached their maximum possible extent, which
is defined by topography and their composition and volume, and backfilling recommenced.

Important characteristics of the experimental avulsion cycles have also been observed on natural
debris-flow fans, although these formed by individual debris flows that varied in magnitude, composi-
tion and rheology.

Over large spatial and temporal scales, avulsion cycles are governed by a large-scale topographic
compensation on debris-flow fans, similar to the processes driving avulsion cycles on fluvial fans and
deltas and turbidite fans, although detailed processes are unique for debris-flow fans. These results
add debris-flow fans to the spectrum of fan-shaped depositional systems that exhibit autogenic dy-
namics, now ranging from subaqueous turbidite fans to subaerial low-gradient river systems and to
steep-gradient mass-flow fans.
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Chapter 4

Surfacemorphologyof fans in thehigh-arcticperiglacial en-
vironment of Svalbard: controls and processes

Fan-shaped landforms occur in all climatic regions on Earth. They have been extensively studied in many
of these regions, but there are few studies on fans in periglacial, arctic and antarctic regions. Fans in such
regions are exposed to many site-specific environmental conditions in addition to their geological and to-
pographic setting: there can be continuous to discontinuous permafrost and snow avalanches and freeze-
thaw cycles can be frequent. We study fans in the high-arctic environment of Svalbard to (1) increase our
fundamental knowledge on themorphology andmorphometry of fans in periglacial environments, and (2)
to identify the specific influence of periglacial conditions on fans in these environments. Snow avalanches
have a large geomorphic effect on fans on Svalbard: themorphology of colluvial fans is mainly determined
by frequent snow avalanches (e.g., flattened cross-profiles, exposed fine-grained talus on the proximal fan
domain, debris horns and tails). As a result, there are only few fans with a rockfall-dominatedmorphology,
in contrast to most other regions on Earth. Slush avalanches contribute significant amounts of sediment
to the studied alluvial fans. The inactive surfaces of many alluvial fans are rapidly bevelled and levelled
by snow avalanches, solifluction and frost weathering. Additionally, periglacial reworking of the fan sur-
face often modifies the original morphology of inactive fan surfaces, for example by the formation of ice-
wedge polygons and hummocks. Permafrost lowers the precipitation threshold for debris-flow initiation,
but limits debris-flowvolumes. Globalwarming-inducedpermafrost degradationwill likely increasedebris-
flow activity and -magnitude on fans in periglacial environments. Geomorphic activity on snow avalanche-
dominated colluvial fanswill probably increase due to future increases in precipitation, but depends locally
on climate-induced changes in dominant wind direction.

Published as: De Haas, T., Kleinhans, M. G., Carbonneau, P. E., Rubensdotter, L., and Hauber, E. (2015), Surface
morphology of fans in the high-Arctic periglacial environment of Svalbard: Controls and processes, Earth-Science
Reviews, 146, 163-182, doi:10.1016/j.earscirev.2015.04.004.

4.1 Introduction

Fan-shaped deposits are conical landforms that commonly develop where a channel emerges from a
mountainous catchment to an adjoining valley (Blair and McPherson, 2009). Fans can vary greatly
in size and can be roughly divided into (1) colluvial fans (10s to 100s m), including talus cones and
scree slopes (e.g., Blikra and Nemec, 1998), (2) alluvial fans (100s m to 10s km), generally domi-
nated by sediment-gravity flows or fluid-gravity flows (e.g., Blair and McPherson, 2009) and (3) flu-
vial fans or megafans (>10s km) (Hartley et al., 2010; Weissmann et al., 2010). These landforms have
been described in many environments on Earth (e.g., Blair and McPherson, 2009; Harvey, 2011), Mars
(e.g., De Haas et al., 2013; Hauber et al., 2013) and Titan (e.g., Lorenz et al., 2008). Terrestrial regions
wherein fans are present include arid to semi-arid regions (e.g., Whipple and Dunne, 1992; Al-Farraj
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and Harvey, 2000; Hartley et al., 2005), humid temperate regions (e.g., Moscariello et al., 2002; Saito
and Oguchi, 2005; Chiverrell et al., 2007), alpine environments (e.g., Kostaschuk et al., 1986; Der-
byshire and Owen, 1990; Cavalli and Marchi, 2008), the humid tropics (e.g., Kesel and Spicer, 1985)
and periglacial, arctic and antarctic environments (hereafter termed ‘periglacial’) (e.g., Catto, 1993;
Webb and Fielding, 1999; Davies et al., 2003). While especially fans in arid to semi-arid, alpine and
temperate environments have been extensively studied, fans in periglacial environments have received
little attention.

The influence of climate on fan formation has long been under debate; some authors believe that
changes in climate will be preserved as differences in fan facies and morphology (e.g., Nemec and
Postma, 1993; Dorn, 1994; Ritter et al., 1995), whereas others suggest that climate is rarely themain fac-
tor governing fan characteristics (e.g., Blair and McPherson, 1994; Blair and McPherson, 2009). Many
different studies suggest that processes leading to fan deposits differ little between humid and arid en-
vironments, or between arctic and subtropical environments (e.g., Brierley et al., 1993; Ibbeken et al.,
1998; Krzyszkowski and Zieliński, 2002; Harvey et al., 2005; Lafortune et al., 2006), and accordingly
fans and debris flows in periglacial regions were found to be not significantly distinct from those in
other climates (Catto, 1993; Harris and Gustafson, 1993; Webb and Fielding, 1999). However, fans in
periglacial environments are subject to different environmental conditions compared to fans in other
climate zones; there can be continuous or discontinuous permafrost, precipitation occurs generally
dominantly as snow, snow avalanches can be frequent in mountainous regions and freeze-thaw cycles
occur regularly leading to pervasive weathering (e.g., Matsuoka, 1991; Eckerstorfer and Christiansen,
2011b; Eckerstorfer and Christiansen, 2011a). As temperatures are below the freezing point for the
largest part of the year, most geomorphic activity is typically limited to a narrow window in the spring
and summer months when snow and ice are able to melt and precipitation is able to occur as rain.
Recently deglaciated periglacial environments expose landscapes that are in an unstable state, and con-
sequently liable to rapid modification, erosion and sediment release at rates greatly exceeding back-
ground denudation rates (e.g., Eyles and Kocsis, 1988; Brazier et al., 1988; Ballantyne, 2002b; Mercier
et al., 2009). Such accelerated geomorphic activity after deglaciation is termed ’paraglacial’ (e.g., Ry-
der, 1971; Ballantyne, 2002b). These different controls raise the question to what degree fan formation,
deposits and morphology in periglacial environments differ from those in other environments. This is
largely unknown due to the small number of studies on periglacial fans (Legget et al., 1966; Catto, 1993;
Harris and McDermid, 1998; Webb and Fielding, 1999), illustrating the need for detailed descriptions
of fans in these environments.

The ongoing global atmospheric warming especially affects the polar and periglacial regions (e.g.,
Christiansen et al., 2010; Førland et al., 2012). Mainly, it leads to extensive glacier and permafrost
degradation (e.g., Benestad, 2005; Etzelmüller et al., 2011), thereby increasing slope activity and hazard
potential (e.g., Harris et al., 2011). As fluvial- and alluvial fans are preferred sites for settlements (e.g.,
Cavalli and Marchi, 2008), this emphasizes the need for a detailed understanding of fans in periglacial
environments. For example, catastrophic slope processes, including debris flows and snow avalanches,
claimed numerous lives and had considerable economic effects during the last century in periglacial
regions such as Iceland, Norway and Svalbard (Jahn, 1967; Jóhannesson and Arnalds, 2001; Decaulne
and Sæmundsson, 2003; Decaulne and Sæmundsson, 2007; Nesje et al., 2007).

Here we aim to (1) increase our fundamental knowledge on the morphology and morphometry of
fans in periglacial environments and to (2) identify the influence of periglacial conditions, such as snow
avalanches and continuous permafrost, on fan formation, morphology and morphometry, by studying
colluvial and alluvial fans on Svalbard.

In addition to a literature review on slope processes in the periglacial environment of Svalbard, which
are responsible for the transport to and redistribution of sediment on fans, a large number of collu-
vial and alluvial fans were studied in the Adventdalen region on the island of Spitsbergen, in vicinity
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of Svalbard’s capital Longyearbyen (Fig. 4.1; Table 4.1; Figs. A.1- A.6). This region was chosen for its
high-arctic location and excellent field research infrastructure including availability of high-resolution
imagery and topographic data.Moreover, there have been numerous studies on slope processes on Sval-
bard (e.g., Rapp, 1960; Jahn, 1967; Bibus, 1975; Larsson, 1982; Åkerman, 1984; André, 1990; Siewert
et al., 2012; Eckerstorfer et al., 2013), enabling detailed understanding of the processes involved in fan
formation.

This paper is organized as follows. First, data andmethods are described.Next, a detailed summary of
the climate, geology and geomorphic slope processes on Svalbard is given, as these factors together are
responsible for the formation and characteristics of the fans. Then, the morphology and morphometry
of the studied fans in the Adventdalen region are described, in order to identify characteristics that
can be unique for fans in periglacial environments. Finally, the specific characteristics that differentiate
periglacial fans from those in other environments are discussed, followed by a brief discussion on the
effect of present global warming and associated natural hazards on fans in periglacial environments.

4.2 Data andmethods

This study is based on a combination of high-resolution imagery and geomorphological fieldwork.
High-resolution imagery was acquired during a flight campaign in the summer of 2008 with the air-
borne High Resolution Stereo Camera (HRSC-AX) (Gwinner et al., 2000; Neukum, 2001) and a flight
campaign in the summer of 2009 with an unmanned airborne vehicle (UAV) carrying a Pentax Optio
A4 camera.

TheHRSC-AX is a digital pushbroom (linear array charge-coupled device [CCD]) scanner with nine
channels for nadir panchromatic, stereo panchromatic and color imaging, similar to its planetary coun-
terpart HRSC on the Mars Express (Jaumann et al., 2007). The images cover ∼450 km2 in the Advent-
dalen region, large parts of Adventdalen, Bjørndalen, Longyeardalen, Hanaskogdalen and Mälardalen
(Fig. 4.1c). The processed color and panchromatic nadir ortho-images have a spatial resolution (i.e.,
ground sampling distance) of 20 cm, whilst the digital elevation models (DEMs) derived from stereo
images have a spatial resolution of 50 cm.

The UAV images were acquired by Kolibri Geo Services. In total 165 images were shot covering
multiple fan systems in Adventdalen, which we processed with Agisoft Photoscan software (Agisoft,
2011) into a georeferenced orthorectified image with a spatial resolution of 7 cm/px. Agisoft Photoscan
uses Structure From Motion in a photogrammetric workflow with high levels of automation and good
levels of data quality (Fonstad et al., 2013), see chapter 5 and De Haas et al. (2014) for details on its
application to the alluvial fan environment.

A surface particle-size map was made of multiple colluvial fans with the HRSC-AX images and
ground truthing via photosieving, based on the methods of Carbonneau et al. (2004) and Carbon-
neau (2005), in which image texture (i.e., entropy) is correlated to the median size of the particles. This
approach relies on variations of brightness values induced by surface particles. Larger particles cast
larger, but localized, shadows thus leading to more variation and light/dark contrasts. This method re-
quires an empirical calibration for each image data set. For a detailed description on the procedures
for photosieving and application of this method to the alluvial fan environment the reader is referred
to chapter 5 and De Haas et al. (2014). Calibration results of HRSC-AX image entropy and median
particle size are given in Figure 5.4.

Morphometric analyses of fans and catchments were performed in ArcMap 10. Fan and catchment
area were visually delineated from the aerial images and DEM. Catchment relief was defined as the
elevation difference between the highest point of the catchment and the fan apex. Catchment length
and slope were measured over a straight line connecting the highest point in the catchment with the
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Figure 4.1: Context maps of the study area. (a) Map of the arctic, with location of Svalbard highlighted.
(b)Map of Svalbard showing the study area. (c) Study area (Adventdalen region), with locations of field
sites and figures shown in this paper indicated. Base image: HRSC-AX image mosaic (approximately
true color) on top of hillshaded version of ASTERDEM.White outline in Adventdalen indicates extent
of UAV imagery. Coordinates in UTM WGS84 33N. Image modified from Hauber et al. (2011).
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Table 4.1: Geomorphic data of the studied alluvial fans. Fan type abbreviations: AF = cone-shaped snow
avalanche-dominated colluvial fan, AFt = tongue-shaped snow avalanche-dominated colluvial fan, DF
= debris-flow-dominated fan, FF = fluvial-flow-dominated fan. Note that these abbreviations are based
on the processes that dominate the surface morphology of the fans, and do not necessarily refer to
the dominant mechanism of aggradation (some of the colluvial fans have a snow avalanche-dominated
surface but might have been mainly aggraded by rock falls). Apex coordinates in UTM WGS84 33N.
See Appendix A for orthophotos of all the fans shown in this table.

No Valley Fan
type Apex X Apex Y Catchment

area, m2
Catchment
relief, m

Catchment
length,

m

Catchment
slope, ◦

Fan
area,
m2

fan
relief,
m

fan
length,

m

fan
slope,

◦

1 Longyeardalen AFt 512423 8680605 16098 172 223 38 17621 149 266 29
2 Longyeardalen AF 512496 8680678 16469 162 210 38 22165 165 263 32
3 Longyeardalen AF 512939 8681249 29512 235 268 41 15354 110 232 25
4 Longyeardalen AF 512991 8681393 37922 230 280 39 20407 122 221 29
5 Longyeardalen AF 513024 8681498 22008 225 264 40 12026 128 228 29
6 Longyeardalen AF 513056 8681591 27333 226 277 39 16719 132 242 29
7 Longyeardalen AF 513095 8681672 28800 230 296 38 17465 126 241 28
8 Longyeardalen AF 513131 8681758 22213 221 271 39 20512 140 280 27
9 Longyeardalen AF 513185 8681867 21026 225 288 38 14038 126 246 27
10 Longyeardalen AF 513215 8681954 28646 203 259 38 17036 135 255 28
11 Longyeardalen AF 513254 8682029 17953 198 259 37 15013 173 299 30
12 Longyeardalen AF 513313 8682097 28562 207 274 37 16414 156 286 29
13 Longyeardalen AF 513768 8680667 18913 174 188 43 18250 155 335 25
14 Longyeardalen AF 513789 8680780 23617 206 241 40 25744 139 336 23
15 Longyeardalen AF 513856 8680905 29478 205 252 39 21757 139 311 24
16 Longyeardalen AF 513922 8680987 18850 194 233 40 25526 161 378 23
17 Longyeardalen AF 513926 8681064 15292 214 260 39 21806 135 301 24
18 Hanaskogdalen DF 515638 8690657 230571 357 867 22 73043 75 420 10
19 Hanaskogdalen DF 516130 8690708 356622 522 1074 26 198763 101 597 10
20 Hanaskogdalen DF 516374 8690662 139670 501 915 29 123802 97 519 11
21 Hanaskogdalen DF 516695 8690688 172311 620 999 32 167826 113 571 11
22 Hanaskogdalen DF 517326 8690662 250361 606 1124 28 341782 110 727 9
23 Hanaskogdalen DF 517999 8690788 335505 477 1076 24 184029 93 527 10
24 Hanaskogdalen DF 518329 8690854 193885 446 1035 23 78200 76 464 9
25 Hanaskogdalen DF 518561 8690930 370714 555 1207 25 137003 80 487 9
26 Hanaskogdalen DF 519013 8691190 283326 588 1128 28 270715 98 595 9
27 Hanaskogdalen DF 519579 8691578 279051 626 1157 28 269162 115 579 11
28 Hanaskogdalen DF 520070 8691806 307707 555 1182 25 215805 87 544 9
29 Hanaskogdalen DF 520311 8691885 231832 513 1246 22 92487 67 434 9
30 Mälardalen DF 519264 8685816 275167 511 1024 27 222839 87 462 11
31 Mälardalen DF 519639 8686280 226492 516 938 29 246719 96 513 11
32 Mälardalen AFt 520569 8685626 - - - - 60410 127 463 15
33 Adventdalen FF 516744 8686209 2254686 830 2355 19 403853 80 619 7
34 Adventdalen DF 517599 8685897 869820 784 1776 24 231037 108 696 9
35 Adventdalen DF 518268 8685449 435373 555 1372 22 210850 96 661 8
36 Adventdalen DF 521910 8681768 - - - - 21757 23 172 8
37 Adventdalen DF 522142 8681598 - - - - 63640 41 306 8
38 Adventdalen FF 522693 8681222 - - - - 77040 48 301 9
39 Adventdalen FF 523250 8680851 749548 804 1934 23 106164 42 257 9
40 Adventdalen DF 523716 8680690 220045 576 1360 23 125966 66 483 8
41 Bjørndalen AF 506941 8681423 15831 150 192 38 19060 146 222 33
42 Bjørndalen AF 506948 8681527 7833 147 178 40 11366 158 233 34
43 Bjørndalen AF 506959 8681588 12104 161 197 39 16569 157 243 33
44 Bjørndalen AF 506955 8681675 19851 165 217 37 26098 161 260 32
45 Bjørndalen AF 506945 8681768 16572 172 222 38 15941 161 259 32
46 Bjørndalen AF 506936 8681860 18576 179 231 38 20656 162 289 29
47 Bjørndalen AF 506940 8681949 20045 190 248 38 26156 150 261 30
48 Bjørndalen AF 506888 8682067 17737 166 209 38 23045 176 272 33
49 Bjørndalen AF 506839 8682196 23636 159 196 39 29270 183 290 32
50 Bjørndalen AF 506795 8682365 20518 170 214 38 27415 169 281 31
51 Bjørndalen AF 506767 8682436 7489 148 163 42 12946 157 242 33
52 Bjørndalen AF 506732 8682509 28425 172 235 36 28807 172 304 29
53 Bjørndalen AFt 506643 8680132 16805 183 291 32 14151 97 228 23
54 Bjørndalen DF 506899 8681200 194619 247 930 15 59915 117 334 19
55 Bjørndalen FF 508166 8682505 1467265 295 2239 8 165526 147 673 12
56 Bjørndalen FF 508081 8682022 1520048 369 2808 7 246883 81 612 8
57 Bjørndalen FF 508034 8681459 591600 305 1832 9 126142 97 494 11
58 Bjørndalen FF 507939 8681036 637795 344 1809 11 133935 88 488 10
59 Bjørndalen FF 507689 8680637 834094 325 1709 11 178898 61 543 6
60 Bjørndalen FF 507449 8680089 612757 383 1642 13 151291 74 481 9
61 Bjørndalen FF 507209 8679662 297860 323 1558 12 102553 61 417 8
62 Bjørndalen FF 507113 8679433 344199 367 1629 13 119680 60 415 8
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Figure 4.2: Emprical relation between image entropy in the HRSC-AX image and arithmetic median
particle size derived from photosieving. Locations were matched by DGPS and context images.

fan apex. Fan relief was defined as the elevation difference between the fan apex and the lowest point
at the fan toe. Fan length and slope were measured over a straight line connecting these two points.

We conducted field site visits for geomorphological observations on fans inAdventdalen, Bjørndalen,
Longyeardalen, Hanaskogdalen and Mälardalen in August 2013 (Fig. 4.1). Processes responsible for
the fan morphology were identified by conventional field reconnaissance (cf. Blair and McPherson,
1994; Blikra and Nemec, 1998). The summer season of 2013 was relatively wet, with a total amount of
precipitation of 123 mm at Svalbard airport, compared to 25 mm in 2011 and 50 mm in 2012. Hence,
there was a relatively large amount of vegetation at the surface, and debris flows occurred on a few fans
in our study area during the fieldwork period, providing detailed insight into their formative processes
and composition.

4.3 Svalbard climate, geology and geomorphic processes

4.3.1 Geological and climatic setting
The present climate of Svalbard is arctic with mean annual temperatures ranging between -6◦C at sea
level and -15◦C in the high mountains. In the Adventdalen area the coldest (February) and warmest
(July) months have mean temperatures of -15.2◦C and 6.2◦C, respectively, and the mean annual air
temperature is -5.8◦C (Hanssen-Bauer and Førland, 1998). Yearly average precipitation is low and
reaches ∼180 mm in central Spitsbergen, whereas along the coast of Svalbard precipitation ranges be-
tween 400-600 mm. Snow is the dominant precipitation type: around 75% of the precipitation events
are snow at Longyearbyen airport (Førland andHanssen-Bauer, 2003). Interannual differences inmean
precipitation and temperatures can be high. Heavy snowfalls generally occur in December and January,
and snow avalanches are frequent, especially on downwind slopes (Vogel et al., 2012). Mean annual
temperatures have increased by ∼1◦C per decade during the last decades on Svalbard, while winter
warming is even more dramatic, with an increase of 2-3◦C per decade. Mean annual precipitation has
increased with 2-4% per decade (Førland et al., 2012). On average, the Adventdalen area has 5-14 days
a month with winds stronger than 14 m s−1 and up to 5 days with winds exceeding 25 m s−1 (Førland
et al., 1997). The strongest winds predominate in winter, and therefore snowpacks thicker than 1 m
accumulate only in local wind shadows. Local wind shadows are mainly ravines, stream channels and
cornices, which are wedge-like snowdrifts that form on lee sides of ridges and slope inflections (Latham
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and Montagne, 1970; Vogel et al., 2012; Eckerstorfer et al., 2012). About 60% of Svalbard is covered by
glaciers and ice caps, whereas the remainder is characterized by continuous permafrost (Brown et al.,
1997). Surficial runoff of meltwater is limited to two or three summer months, when it is accompanied
by scarce rainfall (Lønne and Nemec, 2004). Permafrost thickness is 10-40 m in coastal regions and
∼100 m in major valleys, but can increase to more than 450 m in the highlands (Liestøl, 1976; Sollid
et al., 2000; Isaksen et al., 2001). The active layer of the permafrost, the layer that annually thaws in
summer and is available for erosion, has a thickness of 0.4-1 m depending on topography (Åkerman,
1984; Christiansen et al., 2010; Harris et al., 2011). Permafrost surface temperatures have increased
by 0.5-2◦C in the last century (Isaksen et al., 2000; Etzelmüller et al., 2011), and the present decadal
warming rate at the permafrost surface is in the order of 0.07◦C yr−1, with indications of accelerated
warming in the last decades (Isaksen et al., 2007). As a result, active-layer thickness has increased over
the last decades (Åkerman, 2005; Etzelmüller et al., 2011).

The Adventdalen region is dominated by an extensive plateau mountain massif, rising to an average
elevation of 450-550m above sea level (a.s.l.).The highest peaks in the area reach up to 1000m a.s.l and
have an alpine topography. The plateau mountains are separated by glacio-fluvially eroded U-shaped
valleys that deglaciated around 10,000 yr BP (Mangerud et al., 1992; Svendsen and Mangerud, 1997),
causing widespread paraglacial activity (André, 2003; Lønne and Nemec, 2004; Mercier et al., 2009;
Rachlewicz, 2010). Geologically, the bedrock of the massifs bordering Adventdalen consists of Jurassic
and Cretaceous sediments that belong to the Helvetiafjellet and Carolinefjellet Formations (Dallmann
et al., 2001; Dallmann et al., 2002). These formations are characterized by subhorizontal layers (cen-
timeters to tens of centimeters) of sandstones, siltstones, shales and some thin coal seams (Parker, 1967;
Major, 1972). Bedrock weathering is driven mainly by frost (Lønne and Nemec, 2004), producing large
amounts of weathered material, including abundant clays (Jahn, 1976; Sørbel et al., 2011). The short
distance from the high mountains to the ocean causes strong downstream grain-size fining (Frings,
2008) from the fans into the large rivers and fan deltas in the fjords. In the Adventdalen region loess
(Bryant, 1982) and arctic meadow (Van Vliet-Lanoë, 1998) soils are present, characterized by a high
organic content. The low-sloping parts of the region are covered by a moist open tundra vegetation,
including mosses, grasses and herbs and few dwarf shrubs (Rozema et al., 2006). Long-inactive parts
of alluvial fans are often vegetated. The steeper and geomorphologically more active colluvial fans are
largely unvegetated.

4.3.2 Review of geomorphic processes on the periglacial slopes of Svalbard
Slopes on Svalbard are mainly modified by a combination of rockfalls, snow avalanches, debris flows,
fluvial flows (i.e. stream flows and hyperconcentrated flows) and various slow mass-wasting processes,
of which solifluction is themost important (e.g., Rapp, 1960; Jahn, 1967; Larsson, 1982; Åkerman, 1984;
André, 1990; Lønne and Nemec, 2004; Siewert et al., 2012; Eckerstorfer et al., 2013). Principal sources
of flowingwater are themelting of snow, glaciers and the thawing of the active layer, combinedwith rain
showers (e.g., Lønne andNemec, 2004).These slope processes determine the water and sediment fluxes
onto the fans and are therefore briefly reviewed in this section.We especially focus on snow avalanches,
as these are common in periglacial and Alpine environments and therefore generally overlooked in
current alluvial-fan research.

Snow avalanches
Snow avalanches are very frequent on Svalbard and numerous snow avalanches are triggered on a yearly
basis in the Adventdalen region (e.g., Eckerstorfer and Christiansen, 2011a; Eckerstorfer and Chris-
tiansen, 2011b). The main types of snow avalanches are cornice-fall avalanches, slab avalanches, loose
snow avalanches and slush avalanches (Eckerstorfer and Christiansen, 2011b).

Most snow avalanches in the Adventdalen region are cornice-fall avalanches from cornices that ac-
cumulated along plateau edges (45%) (Eckerstorfer and Christiansen, 2011b). Cornice accumulation
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is caused by strong and continuous wind activity on the widespread plateau mountains, which causes
transport of snow across the plateaus. Cornices are today most frequent on W-NW oriented slopes be-
cause of the prevailing regional SE wind direction in the snow season (Eckerstorfer and Christiansen,
2011b; Vogel et al., 2012). Consequently, snow-avalanche-induced sediment accretion rates on NW
facing slopes are more than twice as high as on SE facing slopes (Vogel et al., 2012; Eckerstorfer et al.,
2013). Cornice-fall avalanches generally occur on a yearly basis below many plateau edges (Eckerstor-
fer and Christiansen, 2011b; Eckerstorfer et al., 2013). They mainly take place at the end of the snow
season around June, when tension cracks develop and grow between the cornice mass and the plateau
(Vogel et al., 2012). Cornices are thus able to significantly erode the plateau edge and rockwall during
their formation (a process termed ‘cornice plucking’; Vogel et al., 2012; Eckerstorfer et al., 2013).

Slab avalanches are the second most dominant, and generally largest, snow avalanche type (32%),
releasing equally on all slope aspects (Eckerstorfer and Christiansen, 2011b). These avalanches result
from failure in a weak layer or interface, generally consisting of a thin layer of hoar formed by con-
densation of water vapour (e.g., Jamieson and Schweizer, 2000), underlying a cohesive slab layer. They
are mainly triggered by additional snow loading as well as distinctive cooling or warming of the upper
snow layers (Eckerstorfer and Christiansen, 2011b).

Loose snow avalanches (22% of recorded snow avalanches) often result from failure of snow that
has been deposited at a steeper angle than the natural angle of repose of snow, typically ∼30◦ (Blikra
and Nemec, 1998; Eckerstorfer and Christiansen, 2011b). They usually start at a point or small area
and expand as they move, implying that more snow is entrained in the process and that the presence of
loose snow is a necessary condition.Themajority of loose snow avalanches occur at the end of the snow
season, releasing mainly on south facing slopes due to the higher direct solar radiation (Eckerstorfer
and Christiansen, 2011b).

Slush avalanches only comprise aminor percentage of the total amount of snow avalanches (1%), but
do occur on a yearly basis in the Adventdalen region (Eckerstorfer and Christiansen, 2011b; Eckerstor-
fer and Christiansen, 2012). Slush avalanches typically occur in arctic regions. They are triggered by
an increase in the content of free water in the snowpack which decreases snowpack strength (Nyberg,
1989). The free water increase can be caused by intensive spring melting of snow and/or rain on snow
events (e.g., Jahn, 1967; André, 1995; Hestnes, 1998; Decaulne and Sæmundsson, 2006), and is exacer-
bated by an impermeable permafrost table that acts as an aquiclude. In contrast to dry snow avalanches,
wet slush avalanches can be generated on slopes as low as 10◦ (Blikra and Nemec, 1998). The vast ma-
jority of slush avalanches move through narrow gorges, where snow accumulates and persists longer
into the melting season, and flow out onto alluvial fans (Eckerstorfer and Christiansen, 2012).

Snow avalanches can have a considerable geomorphic effect if they are able to erode sediment (e.g.,
Luckman, 1977; Åkerman, 1984; Nyberg, 1989; André, 1990; Blikra and Nemec, 1998; Decaulne and
Sæmundsson, 2006; Eckerstorfer et al., 2013; Laute and Beylich, 2014). However, only a limited sub-
set of all snow avalanches accomplish significant sediment transport: most snow avalanches only re-
distribute the surface snow cover without coming into contact with the underlying ground surface.
Avalanche erosion only occurs when avalanches run over bare ground or involve the full depth of the
snow cover (e.g., Luckman, 1977). Vegetation cover may also protect the underlying surface from ero-
sion. Hence, the erosion potential of avalanches is highest on loose, unconsolidated debris mantles cov-
ered by no or a limited amount of snow (Luckman, 1977). Therefore, cornice fall and slush avalanches
have the largest geomorphic effect (André, 1990; Eckerstorfer et al., 2013), as they regularly occur at the
end of the snow season from retained snow accumulations at the top of slopes and in couloirs, ravines
and gullies, while their surroundings are free of snow or covered by a thin layer of snow only.

Important morphological indicators for snow avalanche erosion and sedimentation are perched or
balanced cobbles and boulders, which came to rest on top of each other after melting of the snow
avalanches (Rapp, 1960; Luckman, 1977; Luckman, 1992; Decaulne and Sæmundsson, 2006), arcu-
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ate accumulations of debris, bulldozed ahead by avalanches marking the base of the avalanche track
(Rapp, 1960; Luckman, 1977; Jomelli and Francou, 2000), debris-tails, tails of debris that are present in
the lee of large immobile obstacles, generally cobbles or boulders, where erosion is prevented (Blikra
and Nemec, 1998) and debris-horns, accumulated sediment on the upslope side of immobile obstacles
due to local plastic freezing of avalanches rich in sediment (Blikra and Nemec, 1998). Moreover, steep
mountain walls of snow avalanche-dominated upper catchments are often dissected by narrow parallel
or funnel shaped avalanche chutes, which are rounded valleys with an open, flat-bottomed, U-shaped
cross profile that formed by pervasive avalanche erosion (e.g., Rapp, 1960; Luckman, 1977).

Rockfall
Rockfall, the downward falling, rolling or skipping of rock fragments under the force of gravity, is a
common process on Svalbard. Bedrock on Svalbard is mainly exposed to frost weathering (e.g., Mat-
suoka, 1991), thereby releasing rock from cliff faces and delivering considerable amounts of sediment
to talus slopes or, if funnelled, colluvial fans (e.g., Rapp, 1960; Jahn, 1967; Jahn, 1976; Larsson, 1982;
Åkerman, 1984; André, 1986; André, 1990; André, 1997; Siewert et al., 2012). Rockwall weathering
and erosion rates mainly depend on rockwall lithology, aspect, elevation and erosional processes. Due
to the weak to moderate rock mass strength of the sedimentary sandstones, siltstones and shales in the
Adventdalen region, rockwall weathering rates and rockfalls are among the highest on Svalbard and
other arctic regions (Siewert et al., 2012). Sediments are eroded by a combination of frost-weathering
and subsequent rockfall (Siewert et al., 2012; Eckerstorfer et al., 2013), cornice plucking (Vogel et al.,
2012) and rockwall erosion by avalanches (Humlum et al., 2007; Siewert et al., 2012; Eckerstorfer et al.,
2013). Rockwall retreat rates on Svalbard significantly decreased after an initial paraglacial increase
since deglaciation (André, 1997; André, 2003), and colluvial fan accumulation rates decreased accord-
ingly. However, on steep northwest-facing slopes where large snow cornices develop rockwall retreat
rates remain similar to early paraglacial retreat rates, due to the present intensive erosion by cornice-fall
avalanches (Vogel et al., 2012; Eckerstorfer et al., 2013).

Debris flows
Debris flows are abundant on steep slopes on Svalbard. Bedrock weathering in the Adventdalen region,
mainly comprising sedimentary sandstones, siltstones and shales, yields a wide range of sediments in-
cluding many fines (i.e., silt and clay), which is ideal for the formation of debris flows in combination
with the steep hillslopes and permafrost ground (e.g., Blair, 1999; Harvey, 2010).The debris flows in this
region are mainly triggered by heavy rainstorms in summer (Bibus, 1975; Thiedig and Kresling, 1973;
Larsson, 1982; Rapp, 1985), but rapid snowmelt has also triggered large debris flows in a few known
cases (Rapp, 1986). Permafrost slopes, especially in arctic fine-grained soils (Harris and Lewkowicz,
2000; Lewkowicz and Harris, 2005), are prone to slips and slides. This is caused by the permafrost table
which acts as an aquiclude and a potential failure plane during periods of elevated pore pressure (i.e.
active-layer detachment), after summer rainfall events or extreme thaw periods (e.g., Larsson, 1982;
Sattler et al., 2011). The co-existence of frozen and unfrozen moisture in soil-voids close to the season-
ally shifting thawing plane increases the probability of active-layer failure (Nater et al., 2008). In these
permafrost conditions, rainfall intensities as low as 2.5 mm/h can cause debris flows (Larsson, 1982),
which is a much lower threshold than in other climatic regions (Caine, 1980). André (1990) found that
debris flows on Svalbard are relatively small-sized because off the limited active-layer depth (0.4-1 m;
Åkerman, 1984; Christiansen et al., 2010). Such a limited active-layer depth restricts debris-flow vol-
ume by limiting the volume of debris available for remobilization. The largest debris flows are most
likely to occur in mid to late summer, when the active-layer depth is at its maximum and shear forces
on the slopes are close to the threshold for failure, especially after periods of longlasting rain. For ex-
ample, 30.8 mm precipitation during a 12 h period between 10 and 11 July 1972 triggered many debris
flows in the Adventdalen region (Thiedig and Kresling, 1973; Jahn, 1967; Larsson, 1982). However,
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these catastrophic events occur rarely on Svalbard due to the infrequent occurrence of heavy rainfalls
(André, 1990; André, 1995; Reiss et al., 2011). Debris-flow return periods were tentatively estimated
from lichenometry at 80 to 500 years in northwestern and central Svalbard (André, 1990; André, 1995),
but are probably higher on most of the studied fans in the Adventdalen region, given the pristine mor-
phology and lack of lichen and vegetation on many debris-flow deposits.

Fluvial flows: stream and hyperconcentrated flows
Fluvial flows appear to only have a minor geomorphic effect on steep slopes on Svalbard. However,
small incised channels on talus slopes and fans continuously convey small amounts of discharge from
snowmelt in spring and summer. Snow patches survive until late summer in sheltered depressions like
gully-head alcoves. Even in late summer, these snow patches feed small streams within gullies and
fans (Reiss et al., 2011). Additionally, fluvial flow from higher parts of the slopes can load remnant
snow patches with excess water, potentially inducing slush avalanches. During snowmelt drainage is
often concentrated on the slope surface due to the shallow active-layer depth, testified by many rills on
the slopes (Larsson, 1982). Fluvial flows mainly have significant geomorphic importance on fans with
relatively large and low sloping catchments as well as valley bottoms (e.g., Bogen and Bønsnes, 2003;
Lønne and Nemec, 2004; Szpikowski et al., 2014), where relatively large amounts of water are able
to concentrate. Paraglacial activity (Lønne and Nemec, 2004; Mercier et al., 2009; Rachlewicz, 2010)
following the last major deglaciation has caused extensive fanhead incision on many fluvial fans on
Svalbard (Lønne and Nemec, 2004). These fans are fed by large catchments, where cirque glaciers were
generally present during glacial periods. After retreat of these glaciers, large amounts of sediment were
ready for transport and fan construction, but when sediment supply from the catchments ceased, fan
aggradation rates decreased accordingly, leading to the large fan incisions (Lønne and Nemec, 2004).

Slowmass-wasting
Solifluction is the dominant form of slow mass wasting on Svalbard (e.g., Åkerman, 1984; Harris et al.,
2011). It depends on seasonal frost heave, thaw consolidation of the active layer and snowmelt and rain-
fall in summer, resulting in saturation and movement of the upper surface soil layer (Matsuoka, 2001;
Harris et al., 2011). Solifluction landforms are widespread on Svalbard, and include extensive solifluc-
tion sheets, sorted and non-sorted solifluction lobes, stripes and steps or terraces, hummocks and talus
creep (e.g., Jahn, 1967; Åkerman, 1984; Matsuoka and Hirakawa, 2000; Sørbel and Tolgensbakk, 2002;
Åkerman, 2005; Harris et al., 2011; Johnsson et al., 2012). Movement of solifluction lobes and sheets
ranges between 2-5 cm yr−1 across Svalbard (Jahn, 1976; Sørbel and Tolgensbakk, 2002; Matsuoka and
Hirakawa, 2000; Åkerman, 2005; Harris et al., 2011), whereas movement outside solifluction lobes is
lower and generally does not exceed 0.7 cm yr−1 (Sørbel and Tolgensbakk, 2002). Solifluction rates are
highest on steep talus slopes; at Kapp Linné talus creep caused an average surface displacement of 8.9
cm yr−1 between 1972 and 2002 (Åkerman, 2005).

Relative effectiveness of slope processes
The slope processes reviewed above rarely act in isolation and the dominant geomorphic processes
differ from one slope or catchment to the other, depending among others on lithology, meteorology,
slope and aspect. On many slopes solifluction is the dominating mass-wasting process on a year-to-
year basis (Matsuoka, 2001; Åkerman, 2005), while episodic and rapid processes (e.g., debris flows and
snow avalanches) are much more important in terms of total long-term mass movement (Åkerman,
2005). Although the transported amount of sediment per dry snow avalanche is generally much lower
than per debris flow, fluvial flow or slush avalanche, the much higher frequency of cornice avalanches
on steep slopes below the plateau mountains results in a larger geomorphic effect of cornice avalanches
on most of these slopes (Eckerstorfer et al., 2013). This suggests that rockfall and snow avalanches are
important sediment transport mechanisms on Svalbard fans below steep catchments and rockwalls,
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Figure 4.3: Breakdown of fans by dominant formative mechanism (Table 4.1). Fan type abbreviations:
AF = cone-shaped snow avalanche-dominated colluvial fan, AFt = tongue-shaped snow avalanche-
dominated colluvial fan, DF = debris-flow-dominated fan, FF = fluvial-flow-dominated fan.

whereas debris flows, fluvial flows and slush avalanches are more abundant on fans below lower sloping
catchments.

4.4 Observations onmorphology andmorphometry of fans on Svalbard

Three main types of fans were distinguished in the study region: (1) colluvial fans mainly formed by
snow avalanches and additional rock falls, but with a snow avalanche-dominated morphology (AF and
AFt), (2) alluvial fans dominantly formed by debris flows (DF) and (3) alluvial fans dominantly formed
by fluvial flows (FF) (Fig. 4.3; 4.4; Table 4.1; Fig. A.1- A.6). Below the morphology and morphometry
of these fan types are described to identify the various contributions of the slope processes described
above to fan formation and to identify the effect of periglacial (snow- and permafrost-related) processes
on these fans.

4.4.1 Morphometry
There is a strong distinction between fan slope versus catchment area, and fan area versus catchment
area relations between the rockfall and snow avalanche-, debris-flow- and fluvial-flow-dominated fans
on Svalbard (Fig. 4.5).The colluvial fans have a smaller fan area and catchment area and are steeper than
the debris-flow- and fluvial-flow-dominated fans. The slope and area of the debris-flow- and fluvial-
flow-dominated fans are in the same range. The main morphometric difference between these two fan
types is their catchment: the fluvial-flow-dominated fans have a larger catchment area and a lower slope
(Table 4.1). This implies that the dominant formative process of fans on Spitsbergen is largely deter-
mined by catchment morphometry. More rain or meltwater is able to accumulate in larger catchments
and less sediment can be entrained because of the lower slope, resulting in a smaller sediment to water
ratio and fluvial flows. The morphometry of the fans on Svalbard is within the range observed in vari-
ous arid to semi-arid regions in Spain and the United States (Harvey, 2011), which suggests that there
are no substantial climate-specific differences in large-scale fan morphometry between periglacial and
other environments.
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Figure 4.4: Fan types in the Adventdalen region. (a) Colluvial fans in Longyeardalen (fan 1-7). (b)
Debris-flow-dominated fans in Mälardalen (fan 30-31). (c) Fluvial flow-dominated fans in Bjørndalen
(fan 56-58). See Table 4.1 for corresponding fan numbers and details. Image: HRSC-AX, DLR.
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Figure 4.5: Comparison between Svalbard fan morphometry and fans in other environments. (a) Fan
slope versus catchment area. (b) Fan area versus catchment area. Data from fans in other environments
from Harvey (2011). See Table 4.1 for raw data.

4.4.2 Snow avalanche-dominated fans
Svalbard hosts many colluvial fans, which have formed by a combination of snow avalanches and
rockfall (Fig. 4.6a,b,d). Although the relative influence of both processes differs between sites, snow
avalanches dominate the morphology of the studied colluvial fans. These fans are steep (∼29◦) and
small, and are typically fed by short and steep (∼39◦) catchments with a sharp plateau edge, where cor-
nice formation and corresponding cornice-fall avalanches are frequent (Table 4.2). Fan long-profiles are
concave, whereas cross-profiles are plano-convex, but with a flattened top because of snow avalanche
erosion, especially in the proximal domain of the fans (Fig. 4.6a-c). The steep mountain walls of the
upper catchment and the fan deposits are often dissected by narrow parallel or funnel-shaped snow
avalanche chutes. Snow avalanches especially erode large particles that stick out of the surface. There-
fore, the proximal fan surface often comprises relatively fine sediments, ranging from clay to small
cobbles (Fig. 4.7e), whereas coarse material, up to 0.5 m in diameter, is deposited on the distal domain
of the fans (Fig. 4.7g; 4.8).The voids between the pebbles and small cobbles on the proximal domain are
filled with fine sediments, as snow avalanche erosion continuously exposes the deeper talus, whereas
the coarse material on the distal domain generally has an openwork texture. On the non-flattened sides
of the proximal domain of the fan coarse, openwork debris is also abundant, as these parts of the fan
are sheltered from snow avalanche erosion. Arcuate alignments of coarse sediment mark the limit of
past avalanche activity on some colluvial fans (Fig. 4.7a). There is a sharp color transition between the
freshly exposed proximal domain of the fans and the older, coarse debris along the edges and distal
domain of the fans, where sediment has become grayer due to lichen growth and rock varnish. The
extensive sediment transport by snow avalanches on the fans is testified by the widespread occurrence
of perched cobbles and boulders on all colluvial fans (Fig. 4.7g). Moreover, debris-tails (Fig. 4.7d) and
debris-horns (Fig. 4.7f) were found on the proximal domain of some of the colluvial fans. On distal
surfaces where vegetation was removed by snow avalanches, roots were oriented in the flow-direction
of the erosive snow avalanches.

On all studied colluvial fans we found many of the above indicators (i.e., flattened cross-profiles,
heavily eroded apex region, perched boulders) of extensive snow avalanche activity, suggesting that
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Figure 4.6: Topographic profiles (above MSL) of selected examples of the discriminated fan types. (a)
Long-profiles of cone-shaped snow avalanche-dominated colluvial fan (AF; fan 7), tongue-shaped snow
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fluvial-flow-dominated fan. Distance from apex denoted by ‘x’. Based on HRSC-AX data.
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snow avalanches dominantly affect themorphology of colluvial fans in the Adventdalen region. Siewert
et al. (2012) show that the prevailing SE wind direction causes colluvial fans on NW facing slopes to be
dominantly aggraded by snow avalanches, whereas the colluvial fans on the SE facing slopes dominantly
aggraded by rockfall.This suggests that snow avalanches dominate the surface morphology and texture
of all colluvial fans in the region regardless of their dominant aggradational mechanism.

Three out of 31 investigated colluvial fans have a typical tongue-shape (Fig. 4.7a,b), often referred
to as roadbank tongue (Rapp, 1960; Luckman, 1977) or boulder tongue (Jomelli and Francou, 2000).
These tongue-shaped deposits have a marked basal concavity of the lower, depositional, part of the fan,
and a flat-topped vertical profile, not only in their proximal but also in their distal domain (Fig. 4.6c).
More importantly, the distal domain of the tongue generally has a relatively low-sloping longitudinal
profile and the lower edge of the tongue is often marked by a typical step of a few meters in height.
As such, these fans have a relatively large difference in apex zone and distal zone angle. Consequently,
their average slope can be as low as 15◦ (Table 4.2). Whether a cone- or tongue-shaped colluvial fan
is formed appears to be controlled by sediment supply. Where sediment supply is high, and a large
amount of sediment has accumulated on a fan, snow avalanches continuously rework and bulldoze
previously deposited sediment towards the lower fan, eventually forming the marked tongue-shaped
deposit. Although deposition or erosion may occur on any part of the tongue per snow avalanche, the
overall effect is a net downslope transfer of sediment forming the marked tongue-shaped deposit. On
fans where less material has accumulated, no tongue-shaped front develops.

On the majority of the snow avalanche-dominated fans, one or two debris-flow tracks are present
originating from the upper parts of the fans, where a mixture of angular debris and fines is exposed.
However, after formation the marked relief of the paired levees and depositional lobes is rapidly bev-
elled and levelled by the erosional effect of subsequent snow avalanches. Moreover, where levees still
have a marked relief much snow avalanche-transported debris accumulates in between the levees,
where it is sheltered from erosion by subsequent snow avalanches. Solifluction and creep are prevalent
on the steep snow avalanche-dominated fans in Svalbard (Fig. 4.9). They transport debris downslope
and modify original fan morphology. Solifluction sheets are evident at the base of some of the steep
snow avalanche-dominated fans (Fig. 4.9a). Small solifluction lobes have developed at the surface of
some of these fans, but mainly on fans where the primary input of debris from snow avalanches and
rockfall is limited (Fig. 4.9a). On fans where debris supply from snow avalanches and rockfall is larger
solifluction occurs probably at similar rates, but is unable to develop lobes. Here, the formation of so-
lifluction lobes is inhibited by the large input of debris by snow avalanches and rockfall together with
snow avalanche erosion. This is illustrated on steep fans in Bjørndalen, where solifluction lobes are ab-
sent on the surfaces of snow avalanche fans where deposition and erosive events are frequent, but are
present on the less active slopes between these fans (Fig. 4.9b).

4.4.3 Debris-flow-dominated fans
The average slope of the investigated debris-flow-dominated fans is 9◦ and they are typically between
400-700 m long and wide (Table 4.2). Longitudinal profiles are straight to slightly concave, and cross-
profiles are typically plano-convex (Fig. 4.6a,d). In a few cases longitudinal profiles are convex in the
proximal domain, potentially caused by rockfall or short dry snow avalanche input. Catchment length
varies from 800 to 1700 m, and slopes average 25◦. The majority of the debris-flow-dominated fans
are eroded at their toe by valley-floor braided rivers, and many debris-flow channels reach the distal
end of the fans or the valley-bottom braided rivers. Continuous snow and ice melt in the active layer
within the catchments during spring and summer feeds small streams that flow through, and erode,
the most recent debris-flow tracks on the fan surface. Consequently, these debris-flow tracks become
significantly deepened (Fig. 4.10b,c), and subsequent debris flows are directed and transported within
these channels. The small meltwater streams often bifurcate where debris-flow lobes plugged the chan-
nel (Fig. 4.10g). The investigated debris flows are rich in platy debris and clay, as seen in recent debris
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Figure 4.7: Snow avalanche-dominated fans. (a) Tongue-shaped snow avalanche fan (32) inMälardalen.
Note the snow avalanche flattened proximal domain, and the more grayish (more lichen) sediment
along the sides and lower part of the fan. Arrows denote arcuate alignments of coarse sediment. Let-
ters denote picture locations. (b) Tongue-shaped avalanche fan in Bjørndalen (fan 53). Note that the
steepness of the step at the base of the fan is enhanced by basal erosion by the river. (c) Cone-shaped
avalanche fans (5-9) in Longyeardalen. (d) Debris-tail on the proximal domain of fan 32. Hammer for
scale. Black arrowdenotes flowdirection. (e) Fine-grained texture due to avalanche erosion on the prox-
imal domain of fan 32. Black arrow denotes flow direction. (f) Debris-horns on the proximal domain
of fan 6 in Longyeardalen. White arrows point at the debris-horns, black arrow denotes flow direction.
(g) Accumulation of coarse sediment on the distal domain of fan 32. (h) Perched boulder on fan 32.
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Figure 4.8: Surface texture of snow avalanche-dominated colluvial fans in Longyeardalen (fan 4-7). (a)
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Figure 4.9: Solifluction lobes on fans. (a) Solifluction lobes on relatively inactive snow avalanche- and
rockfall-dominated fans at the western side of Bjørndalen. A sharp-edged solifluction sheet is present
at the foot of the fans. (b) Solifluction lobes on steep slopes between snow-avalanche dominated fans
in Bjørndalen (fan 50-52).

flows (1-3 days old) observed in Adventdalen, Mälardalen and Hanaskogdalen (Fig. 4.10d,f). The platy,
coarse, debris is provided by the sandstone layers within the catchments, whereas the fines are provided
by the shales and siltstones. Due to the platy shape of much of the coarse material, debris-flow lobes
often show moderate to good imbrication. Furthermore, many centimeter to decimeter-sized blocks
of ice are present within recent deposits, suggesting debris-flow formation by active-layer detachment.
The main channel incision near the apex of the fans results in preferential debris-flow activity on a
laterally restricted active part of the fan, and in the presence of extensive inactive parts. Levees are gen-
erally up to 3 m wide and up to 0.5 m high. However, older levees show much less relief, and ultimately
become completely bevelled and levelled (Fig. 4.10e; 4.11). Relative age estimations from lichenometry
(Werner, 1990; Roof and Werner, 2011) indicate that levees become more bevelled with increasing age.
Bevelling and levelling can probably be attributed to the erosive effect of snow avalanches, solifluction
and frost weathering, although André (1990) and André (1995) mainly attribute it to snow avalanches.
No active-layer detachments were found that could be directly linked to debris-flow deposits because
we did not investigate the often steep catchments of the fans in the study area. To illustrate the typical
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Figure 4.10: Debris-flow-dominated fans. (a) Debris-flow-dominated fan (31) in Mälardalen. (b)
Debris-flow channel, incised by meltwater stream. (c) Formerly incised debris-flow channel. Step-pool
morphology implies reworking by runoff. Hammer for scale. (d) Very recent (1-3 days) debris flow on
fan 30. (e) Heavily bevelled debris flow on fan 31. (f) Very recent (1-3 days) debris flow on fan 34. (g)
Bifurcated meltwater stream in debris-flow channel on fan 31. Meltwater streams often bifurcate and
leave debris-flow channels where flow is ponding behind a debris-flow lobe.

morphology of active-layer detachments we show examples found near the mouth of Hanaskogdalen,
and on steep slopes near Svea, 60 km south of Longyearbyen in Figure 4.12.

The effect of snow avalanches on the fans is twofold, as they erode the fan surface, but can also
transport sediment to the fans, as testified by a recent slush-avalanche deposit on the surface of a debris-
flow-dominated fan in Adventdalen (Fig. 4.13), which forms a relatively thin (∼10-20 cm), uniform
blanket of sediment ranging in size from clay to cobbles and boulders on a large part of the fan. In
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Figure 4.11: Debris-flow channels of different age and degree of beveling. (a,b) Relatively young debris-
flow channels, with pronounced levees and deepened channels by meltwater erosion. Picture a is taken
on fan 30, picture b on fan 31 in Mälardalen. (c,d) Relatively old, heavily bevelled debris-flow channels,
on which relief is decreased to <10 cm. Picture c from fan 30 in Mälardalen, picture d from fan 40 in
Adventdalen (Table. 4.1).
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Figure 4.12: Examples of active layer detachment. (a) Active-layer detachment or thaw slump near the
mouth of Hanaskogdalen. (b) Active-layer detachment on a steep slope near the mining town of Svea.
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Figure 4.13: Recent slush-avalanche deposits. (a) Recent slush-avalanche deposit (<0.5 year) on a
debris-flow-dominated fan in Adventdalen (fan 34; Table. 4.1). (b) Detail of slush-avalanche deposit,
showing the wide range of sediment that was transported within the avalanche, and a prominent
perched boulder. (c) Slush avalanche on a fan in Adventdalen, indicating the limited thickness of such
deposits (∼10-20 cm) (Not in table. 4.1).

addition to erosion of debris-flow morphology by snow avalanche erosion on the inactive parts of the
fans, they are also heavily influenced by other secondary processes (Fig. 4.15). Solifluction smooths
the surface and causes slow downfan transport of the fan material. Its effect is mainly testified to the
formation of solifluction lobes and sheets (vertical step of a few decimeters to a meter) at the distal end
of some of the fans (Fig. 4.15e). Furthermore, ice-wedges and associated polygonal ground (up to∼10
m in diameter) are formed on inactive fan surfaces (Fig. 4.15a,b), and surface sediments are broken
down by frost weathering (Fig. 4.15f).

4.4.4 Fluvial-flow-dominated fans
The fluvial-flow-dominated fans have slopes ranging between 7◦ and 12◦, their longitudinal profiles
are strongly concave (Fig. 4.6a,e), whilst cross-profiles are plano-convex. The fans have a similar size
as the debris-flow-dominated fans, whereas their catchments are generally larger (Table. 4.2). Average
catchment slope is 11◦. Most fluvial-flow-dominated fans are eroded at their toe by valley-floor braided
rivers, and all such fans have a large apex incision (up to 7 m deep) (Fig. 4.14a,b). In spring and sum-
mer there is continuous discharge from the catchments from snow and permafrost melt. The incised
morphology of these fans causes a sharp separation between active and inactive sectors on the fan. The
active part shows a typical braided planform (Fig. 4.14b,c). The low flow is often critical or supercriti-
cal with many static hydraulic jumps over immobile sediment and infrequent flow bifurcations on an
otherwise dry fan surface. Grain size on the fans varies from clay, silt and sand to cobbles of 20-30
cm in diameter at maximum, and the largest fractions are clearly imbricated (Fig. 4.14d). Sorting is
quite patchy at scales smaller than typical bar wavelengths. Bar heads are often heavily armoured by
coarse, imbricated sediment, whilst backwaters preserved finer sediments. The inactive part of the fans
is smoother, most likely because of avalanche erosion, is often vegetated and hummocks (up to∼5m in
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Figure 4.14: Fluvial-flow-dominated fans. (a) Fluvial-flow-dominated fan in Adventdalen (fan 38). (b)
Fluvial-flow-dominated fan in Bjørndalen (fan 58). These fans are generally incised, separating the
active part of the fan from the inactive part. The active part generally has typical braided planform due
to the continuous discharge of meltwater in spring and summer. (c) Upfan view on the active part of
fan 56. (d) Active part of fan 56, showing clast imbrication. Flare gun for scale. (e) Inactive fan surface
of fan 57, the initial morphology is heavily modified and hummocks have formed (Fig. 4.15c,d).

diameter) and ice-wedge polygons are present on long-inactive areas (Fig. 4.15c,d; Fig. 4.14e). On some
fluvial-flow-dominated fans there is also a significant geomorphic contribution of slush avalanches, as
evidenced by recent snow avalanche deposits on some of these fans (Fig. 4.13c).

4.5 Discussion

4.5.1 Unique morphology andmorphometry of fans in periglacial environments
Our results show that snowfall and associated recurrent snow avalanches, continuous permafrost and
frequent freeze-thaw cycles result in a unique morphology of fans on Svalbard. This is in contrast with
previous studies that suggested that processes leading to alluvial-fan deposits differ little between dif-
ferent environments (e.g., Brierley et al., 1993; Harris and Gustafson, 1993; Ibbeken et al., 1998; Webb
and Fielding, 1999; Krzyszkowski and Zieliński, 2002; Harvey et al., 2005; Lafortune et al., 2006). The
surface morphology and texture of the studied colluvial fans are strongly affected by snow avalanches,
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Figure 4.15:Morphology of inactive fan surfaces. (a) Polygonal ground on inactive fan surface of debris-
flow-dominated fan in Adventdalen (fan 37). (b) Ground picture of polygonal ground shown in picture
a. (c) Hummocks on inactive fan surface of a fluvial-flow-dominated fan in Bjørndalen (fan 57). (d)
Ground picture of hummocks in picture c. (e) Stepped profile formed by solifluction at the foot of the
inactive surface of fan 30 in Mälardalen. (f) Heavily fractured cobble by frost-weathering on fan 31 in
Mälardalen.
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in contrast to the rockfall-dominated morphology and texture of colluvial fans in other regions. Snow
avalanches can also contribute sediment to and modify the primary morphology of debris-flow- and
fluvial-flow-dominated alluvial fans. The inactive surfaces of these alluvial fans are rapidly bevelled
and levelled, mainly by snow avalanches, but also by solifluction and frost weathering. Periglacial re-
working, such as the formation of ice-wedge polygons and hummocks, further modifies these inactive
surfaces. Below we elaborate on the uniqueness of themorphology and texture of fans in the periglacial
environment of Svalbard.

In general, the morphology of individual fluvial or debris-flow deposits on fans on Svalbard is sim-
ilar to the morphology of these deposits in other environments, as found by Catto (1993), Harris and
Gustafson (1993) andWebb and Fielding (1999). However, debris-flow size is often restricted by active-
layer depth (André, 1990). Additionally, during summer months fluvial and especially debris flows are
relatively more abundant on Svalbard and many other periglacial regions compared to other climatic
regions. Fan surfaces are completely frozen and covered by snow during winter, and therefore fan activ-
ity is limited to the spring and summer months (Webb and Fielding, 1999). Consequently, geomorphic
activity is more intense during the melting season as snowmelt and rainfall concordantly provide dis-
charge to the fans, and fluvial and debris flows can be triggered by a combination of thawing of snow
and ground ice and intense or longlasting rainfall (Decaulne and Sæmundsson, 2007). Moreover, rain-
fall and/or snowmelt thresholds for debris-flow initiation are low and debris flows are easily triggered
because of the permafrost table acting as an aquiclude (e.g., Caine, 1980; Larsson, 1982; Sattler et al.,
2011), especially in fine-grained arctic soils (e.g., Harris and Lewkowicz, 2000; Lewkowicz and Harris,
2005).

Snow avalanches can be an important depositional mechanism on fans in periglacial (e.g., Blikra
and Nemec, 1998; Decaulne and Sæmundsson, 2006; Siewert et al., 2012; Eckerstorfer et al., 2013) and
Alpine environments (e.g., Jomelli and Francou, 2000; Jomelli and Bertran, 2001). On Svalbard, snow
avalanches were found to be an important geomorphic agent on fans, resulting in morphology that sig-
nificantly differs from the morphology of fans in environments where snow avalanches are less abun-
dant or absent. The snow avalanche-dominated fans are formed below typical snow avalanches chutes,
have a flattened cross-profile and sometimes a distinct basal concavity. There is a marked downstream
coarsening grain size (Fig. 4.8), but in contrast to rockfall-dominated colluvial fans, which generally
have a more openwork texture (e.g., Friend et al., 2000; Ventra et al., 2013), the voids on the proximal
domain are filled with fine sediments, as snow avalanche erosion continuously exposes the deeper talus,
and only the coarser-grained distal domain has an openwork texture. Small-scale morphological traits,
such as perched cobbles and boulders, debris-horns, debris-tails and arcuate alignments of coarse de-
bris, exclusively formed by snow avalanches are present on these fans. In the Adventdalen region on
Svalbard, we only found snow avalanche-dominated colluvial fan surfaces. Yet, such a strong snow
avalanche influence on colluvial fans is probably not representative for all periglacial environments, as
the plateaumountains and strong and continuous winds in the Adventdalen region favor the formation
of cornices, and cornice-fall avalanches (Eckerstorfer et al., 2013). For example, snow avalanches fre-
quently occur in many of the moderately humid to humid high-latitude northern hemisphere moun-
tains (e.g., Rapp, 1985; Luckman, 1992), but scarcely occur on drier regions such as Antarctica. The
primary effect of snow avalanches on fluvial and debris-flow-dominated fans is much smaller than on
colluvial fans, as snow avalanches are less frequent because of lower sloping catchments. However, snow
avalanches were also found to contribute sediment to these fans, mainly in form of slush avalanches,
and can consequently have a profound effect on the surface morphology.

The secondary processes causing post-depositional modification and their resulting morphology in
the periglacial environment of Svalbard differ from those in other environments, and are mainly asso-
ciated with snow avalanches, presence of permafrost and freeze-thaw cycles. Frost weathering breaks
down surficial clasts, but remnants of broken-down debris are far less abundant than commonly ob-
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served on fans in arid to semi-arid environments (e.g., chapter 5; DeHaas et al., 2014). Because of snow
avalanche erosion, solifluction and weathering, primary morphological features, especially debris-flow
lobes and levees, are generally short-lived landforms on inactive fan sectors on Svalbard. André (1990)
and André (1995) found that recurrent snow avalanches rapidly erode, bevel and level the debris-flow
levees and lobes on some fans, and consequently their life span can be as low as 30-40 years. In contrast,
on slopes without snow avalanche chutes above, deposits can be preserved much longer, for several
centuries and locally more than a millennium (André, 1990). Similarly, debris-flow levees were almost
completely levelled in a 20 year period due to snow avalanche activity in the Cairngorm Mountains in
Scotland (Luckman, 1992). The vulnerability of fans to snow avalanche erosion is strongly influenced
by the dominant wind direction, as leeward slopes are much more prone to snow avalanches (André,
1995; Eckerstorfer and Christiansen, 2011b; Siewert et al., 2012; Eckerstorfer et al., 2013).

In addition to the extensive fan modification by snow avalanches, solifluction was found to affect the
fan surfaces, and on some fans extensive areas with hummocks and/or ice-wedge polygons developed
(Fig. 4.15). Similarly, hummocks also form on the inactive domain of fans in the semi-arid periglacial
climate of the Aklavik Range, Canada, with continuous permafrost (Legget et al., 1966; Catto, 1993).
However, Webb and Fielding (1999) found that fans in Antarctica experienced only small amounts of
post-depositional modification, restricted to wind ablation and limited runoff. In contrast, in arid to
semi-arid environments inactive fan surfaces are commonly reworked into a very different morphol-
ogy. Here, inactive surfaces are often heavily modified by a combination of weathering (mainly salt
weathering), runoff and wind erosion (e.g., chapter 5; Wells et al., 1987; Blair and McPherson, 2009;
De Haas et al., 2014). These processes decrease the relief on the inactive fan surfaces and break down
surface sediments, ultimately resulting in smooth and homogeneous desert pavement (e.g., Al-Farraj
and Harvey, 2000; Frankel and Dolan, 2007). Moreover, as post-depositional smoothing of primary
relief can occur within a few decades (André, 1990; Luckman, 1992), post-depositional modification
can be amuch faster process in periglacial environments than in arid to semi-arid environments, where
this generally takes thousands to hundreds of thousands years (Matmon et al., 2006; Frankel andDolan,
2007).

On Svalbard, and inmany other recently deglaciated periglacial regions, fluvial-flow-dominated fans
often have a large fanhead incision (Ryder, 1971; Owen and Sharma, 1998; Lønne and Nemec, 2004),
which is generally ascribed to a decrease in sediment supply after an initial paraglacial increase since
deglaciation of the valleys. However, although this is a valid explanation for the large fanhead incision
in these environments, fanhead incisions are common inmany other environments (e.g., Nicholas et al.,
2009), as besides changes in sediment supply, tectonic uplift (Alexander, 1987), and autogenic behav-
ior (Nicholas et al., 2009; Van Dijk et al., 2012) can also cause fanhead incision. Moreover, long-term
climate changes could cause similar effects, especially when affecting precipitation amounts.

The large-scale morphometry of fans in the periglacial environment of Svalbard differs insignifi-
cantly from the morphometry of fans in various arid to semi-arid regions (Harvey, 2011) (Fig. 4.5).
On a smaller scale, the cross-sectional architecture of the investigated colluvial fans on Svalbard dif-
fers from the cross-sectional architecture of colluvial fans in many other environments (e.g., Blair and
McPherson, 2009), by its flattened cross-profile caused by frequent snow-avalanche erosion (Fig. 4.6b-
c). Moreover, snow avalanche-dominated fans have a larger difference in apex-zone angle compared to
distal-zone angle, then rockfall-dominated colluvial fans (Jomelli and Francou, 2000) (Fig. 4.6a).

4.5.2 Future development of fans in periglacial environments
Global warming effects will be profound in the arctic (e.g., Christiansen et al., 2010; Førland et al.,
2012). Svalbard is especially sensitive to atmospheric and oceanic changes, due to its location at the
northern margins of the warm North-Atlantic ocean current (e.g., Aagaard and Carmack, 1989). In
the last decades, mean annual temperatures increased by ∼1◦C per decade, whilst winter warming
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was even more dramatic with an increase of ∼2-3◦C per decade (Førland et al., 2012). Mean annual
precipitation has increased with 2-4% per decade (Førland et al., 2012). As a result, the temperature of
the permafrost surface increased by approximately 0.07◦C yr−1 in the last decades, with indications of
recent accelerated warming (Isaksen et al., 2007). Global Circulation Models predict a 4-6◦C warming
and a 5% precipitation increase in Svalbard by 2100 in the SRES A1b emission scenario (Benestad,
2005). This will result in warming of ∼4◦C in the near surface layers (<10 m depth) and a dramatic
increase in active-layer thickness (Etzelmüller et al., 2011).

Geomorphic activity on steep snow avalanche-dominated colluvial fans is mainly influenced by the
dominant winter wind direction (Siewert et al., 2012; Eckerstorfer et al., 2013; Christiansen et al., 2013),
as this determines the favorable slopes for snow-cornice accretion, and fills the mountain ravines and
gullies with thick snowpacks that may later obstruct runoff, causing slush avalanches (Blikra and Ne-
mec, 1998). Hence, an increase in average temperature will not directly affect the colluvial fans on
Svalbard, rather potential climate-induced changes in precipitation amount and dominant winter wind
direction will adjust snow avalanche sedimentation. Changes in winter wind direction will probably
lead to changes in the location of areas with extensive snow avalanche sedimentation and thus snow
avalanche fans and rock glaciers (Eckerstorfer et al., 2013). As precipitation rates in the arctic have
roughly increased by 14% in the last century and greatest increases were observed in autumn and
winter (Førland et al., 2012), cornice formation and corresponding snow avalanche erosion and sed-
imentation will probably increase, leading to higher geomorphic activity on the colluvial fans. Espe-
cially an increase in the number of days with high amounts of precipitation in winter may lead to a
higher snow-avalanche frequency (Laute and Beylich, 2014), and wet snow avalanches most likely be-
comemore frequent when the rain-on-snow events during the winter season increase (Kronholm et al.,
2006; Laute and Beylich, 2014). In general, the increase in active-layer depth on Svalbard during re-
cent years, and especially during the last decades is similar to observations in other periglacial regions
(e.g., Romanovsky et al., 2010; Smith et al., 2010; Christiansen et al., 2010). Rising air temperatures in
the arctic regions and anticipated deeper active layers, will cause thaw to advance into ice-rich frozen
ground that has not thawed for many decades, centuries or even millennia (Isaksen et al., 2007; Harris
et al., 2009), thereby increasing the amount of sediment available for transport due to loss of soil sta-
bilizing ice (e.g., Zimmermann and Haeberli, 1993; Bardou et al., 2011; Schoeneich et al., 2011) and
the probability of soil failure and debris-flow initiation by a reduction of soil shear strength (Nater
et al., 2008; Rist, 2008; Sattler et al., 2011; Harris et al., 2011). In consequence, there will likely be a
marked increase in both the rates of solifluction and the volume of annual sediment transport due to
an increase in debris-flow frequency on Svalbard (Matsuoka, 2001; Åkerman, 2005; Harris et al., 2011).
The anticipated increased precipitation frequency and magnitude will further increase debris-flow fre-
quency (Rebetez et al., 1997; Huscroft et al., 2003). Additionally, an increase in active-layer thickness
will increase debris-flow volume (Rist, 2008; Clague et al., 2012), especially as André (1990) indicates
that the size of debris flows on Svalbard is currently limited by the active-layer depth. Thus, climatic
change on Svalbard is likely to increase the frequency and magnitude of geomorphic events on fans.
Moreover, ongoing deglaciation will expose an increasing amount of slopes yielding large volumes of
sediment ready for transport to hillslopes and alluvial fans (Mercier et al., 2009). The increase of coarse
sediment supply may have adverse effects on the rivers in the valleys and the increase of fine sediment
supply to the fjords and coastal waters may adversely affect the marine ecosystem.

Although the above analysis focuses on the geomorphic effects of global warming on Svalbard, we
anticipate a similar response in other arctic, antarctic and periglacial environments. However, the exact
geomorphic response is site-specific and depends on local climatic response to global warming (e.g.,
Pavlova et al., 2014).
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4.6 Conclusions

We studied the effects of periglacial conditions on the morphology of snow avalanche-dominated col-
luvial fans, and debris-flow- and fluvial-flow-dominated fans on Svalbard on the basis of new data and
literature review. Both snow avalanches and rockfall contribute significant amounts of debris to collu-
vial fans, but snow avalanches were found to dominate surface morphology and morphometry of the
investigated colluvial fans. These fans have flattened cross-profiles and fine-grained proximal domains
due to avalanche erosion, whereas the distal domains primarily consist of cobbles and boulders with an
openwork texture. On a smaller scale the extensive snow avalanche activity is testified by the presence
of perched cobbles and boulders and debris-horns and -tails. In a few cases, where loose sediment and
snow avalanches are abundant, tongue-shaped colluvial fans are formed. Snow avalanche-dominated
colluvial fans are absent in most other environments on Earth, where they generally form by rockfall.

The large-scale morphometry (e.g., catchment and fan area and slope) of debris-flow- and fluvial-
flow-dominated alluvial fans on Svalbard is similar to those in most other environments on Earth.
The primary deposits of debris flows and fluvial flows are largely similar to those in other environ-
ments, but the interaction of these processes with periglacial processes on the fans leads to a unique
morphology. Snow avalanches contribute significant amounts of sediment to debris-flow- and fluvial-
flow-dominated fans and modify both morphology and sediment size-sorting patterns. On these fans,
snow avalanches often have enough erosive power to bevel and level the primary relief and reduce the
sediment size-sorting formed by the debris flows and fluvial flows. Frost weathering and solifluction
probably contribute to smoothing of the fan morphology. On the longer term, ice wedge polygonal
ground, hummocks and solifluction sheets and lobes form on inactive fan surfaces, removing the pri-
mary relief.

The intense global warming in arctic regions will most likely enhance geomorphic activity on al-
luvial fans in these regions, as increased summer precipitation (rain) and permafrost degradation will
probably enhance debris-flow frequency andmagnitude. On the other hand, activity on colluvial fans is
most likelymainly influenced by shifts in dominantwinter wind direction and resulting snow avalanche
activity.
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Chapter 5

Debris-flowdominanceof alluvial fansmaskedby runoff re-
working and weathering

Arid alluvial fan aggradation is highly episodic and fans often comprise active and inactive sectors. Hence
morphology and texture of fan surfaces are partly determined by secondary processes of weathering and
erosion in addition to primary processes of aggradation. This introduces considerable uncertainty in the
identification of formative processes of terrestrial and Martian fans from aerial and satellite imagery. The
objectives of this study are (i) to develop amodel to describe the sedimentological andmorphological evo-
lution of inactive fan surfaces in arid settings, and (ii) to assess the relative importance of primary processes
of aggradation and secondary processes of weathering and reworking for surface morphology and sedi-
mentology and for the stratigraphic record. We studied an alluvial fan characterized by a recently active
sectoranda long-abandoned, inactive sectoralong thecoastof thehyperaridAtacamaDesert.Here, ratesof
primary geomorphic activity are exceptionally low because of extreme aridity, whilst weathering rates are
relatively highbecauseof theeffects of coastal fogs. Long-termprocessesof fan aggradationand reworking
weredetermined through sedimentological facies analysis of stratigraphic sections.Groundsurveys for tex-
tural andmorphological patterns at the fan surface were integratedwith remote-sensing by an Unmanned
Airborne Vehicle (UAV). Discharges and sediment-transport capacities were calculated to estimate the ef-
ficiency of secondary runoff in reshaping the inactive fan sector. Stratigraphic sections reveal that the fan
was dominantly aggradedbydebris flows,whereas surfacemorphology is dominated by debris-flow signa-
tures in the active sector and by weathering and runoff on the inactive sector. On the latter, rapid particle
breakdown prevents the formation of a coarse desert pavement. Furthermore, local runoff events, which
are probably relatively frequent compared to debris-flow events, erode proximal debris-flow channels on
the inactive sector to form local lag deposits and accumulate fine sediment in low-gradient distal channels,
forming a well-developed drainage pattern that would suggest a runoff origin from aerial images. Never-
theless, reworking is very superficial and barely preserved in the stratigraphic record. This implies that fans
onEarth andMars that formeddominantly by sporadicmass flowsmaybemaskedbya surfacemorphology
related to other processes.

Published as: De Haas, T., Ventra, D., Carbonneau, P. E., and Kleinhans, M. G. (2014), Debris-flow dominance of
alluvial fans masked by runoff reworking and weathering, Geomorphology, 217, 165-181,
doi:10.1016/j.geomorph.2014.04.028.

5.1 Introduction

Alluvial fans are prominent depositional landforms at the transition between highlands, which provide
debris sources, and adjacent basins that offer long-term sediment accommodation (Harvey, 2010). One
fundamental goal of alluvial fan research has been to link fan surface features with formative processes
(e.g., Hooke, 1987; Whipple and Dunne, 1992; Blair and McPherson, 1998; Gómez-Villar and García-
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Ruiz, 2000; Blair, 2002; Volker et al., 2007). However, whereas many kinds of subaerial processes and
their related landforms are observable over different time scales, alluvial fans pose particular challenges
to direct interpretation. Whilst aggradation of these landforms occurs from highly episodic runoff and
mass-flow events and often concentrates on an active lobe comprising a small area of a fan surface,
most of the time fans are subject to secondary processes of weathering and erosion by fluvial and/or
aeolian activity, which may have a significant effect on the final morphology of these landforms (Blair
andMcPherson, 1994; Blair andMcPherson, 2009). For example, in arid environments weathering and
erosion progressively reduce clast size and relief on long-abandoned fans resulting in the development
of desert pavements and subdued, incised surfaces (e.g., Wells et al., 1987; McFadden et al., 1989; Ritter
et al., 1993; Al-Farraj and Harvey, 2000; Matmon et al., 2006; Frankel and Dolan, 2007).

A fan surface is dominated either by primary processes of deposition or by secondary processes that
modify the original depositional morphology. Which of these processes dominates depends on the
balance between the characteristic time scales to cover and build morphology by primary deposition
and to modify morphology by secondary processes, here expressed as a morphological factor M:

M =
Tdeposition

Tmodification
(5.1)

wherein Tdeposition is the time needed for an initial surface to become entirely covered by a primary de-
posit, and Tmodification is the time scale required for secondary processes of weathering and erosion to
remove or modify the typical morphology of primary deposits. The morphology of fans with M > 1
is dominated by primary processes of deposition, whereas surfaces with M < 1 are dominated by
secondary processes, which do not cause significant aggradation. For example, Blair and McPherson
(1994) suggested that the origin of many alluvial fans may have been misinterpreted because of sec-
ondary reworking of original surface morphology. This mainly applies to alluvial fans with low recur-
rence intervals of depositional events and high rates of reworking, but without significant net aggra-
dation by secondary processes. Because of the potentially misleading surface morphology and texture,
the origin of such alluvial fans should ideally be inferred from stratigraphic sections that provide in-
dependent evidence for the dominant processes of long-term fan formation. The question is then to
what extent the surface morphology reflects the primary process of fan formation. This needs to be
unraveled for application to remote terrestrial and planetary alluvial fans that can only be interpreted
from satellite imagery.

The objective of this study is to determine the relative importance of debris flows and fluvial rework-
ing on alluvial fan surface morphology and texture and stratigraphic record. Specifically we aim to (i)
construct a conceptualmodel of arid fan surface evolution after abandonment; (ii) compare our specific
example to those of other terrestrial arid environments; and (iii) assess the implications of fan surface
modification by weathering and fluvial reworking for the aerial recognition of fan formative processes
on Earth and on Mars.

We analyse this on a fan along the Pacific coast of the hyperarid Atacama Desert in northern Chile
(Fig. 5.1), where average rates of primary geomorphic activity are exceptionally low (e.g., Dunai et
al., 2005; Nishiizumi et al., 2005). The fan shows a distinctly bipartite morphology, with a proximally
incised active sector flanked by long-abandoned, inactive sectors enabling the comparison of the effect
of primary versus secondary processes through an active fan surface where M> 1 and an inactive fan
surface where M< 1.

Complementary sources of information were combined. First, we used sedimentological analyses
of incised sections and surface deposits to independently identify dominant processes of long-term
fan aggradation as well as the genetic characterization of different morphosedimentary facies at the
surface. This provided the evidence to distinguish between primary processes of fan aggradation and
secondary processes of surface reworking. Second, remotely sensed hyperspatial imagery with <10 cm
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resolution (see Carbonneau et al., 2012b) was obtained to study spatial patterns ofmorphology, texture,
and sorting calibrated by surface sediment sampling.We createdmaps ofmedian particle size (D50) and
digital elevation (DEM), which we used to quantify textural and morphological differences between
the active and inactive fan sector with emphasis on two different secondary processes: weathering and
fluvial reworking. Third, we calculated flow and sediment-transport capacity to evaluate the potential
of runoff in reshaping the inactive fan sector. Finally, we combined the results obtained from these
complementary approaches to propose a conceptual model for surface evolution after abandonment.
The paper is organized as follows. First we describe the general geological and climatic setting of the
study location followed by the detailedmethods.We then compare the active and inactive sectors of the
fan in sedimentological analysis followed by the surface morphology and texture analyses, after which
we propose a model for fan surface evolution by primary and secondary processes. The discussion
focuses on comparison to other arid environments and implications for inference of primary process
from imagery on Earth and on Mars.

5.2 Geological and climatic setting

The Coastal Cordillera of northern Chile is a prominent topographic feature extending more than
700 km along the active tectonic margin between the oceanic Nazca Plate and the continental South
American Plate (Armijo and Thiele, 1990; Hartley et al., 2005). Owing to crustal thickening and uplift,
the Cordillera has an average altitude of 1000m and locally reaches elevations in excess of 2000m above
sea level, forming a steep escarpment that terminates with precipitous slopes onto the Pacific coast.The
dominant lithologies of the Cordillera are Jurassic andesites and associated granitic intrusions (Ferraris
and Di Biase, 1978; Hartley et al., 2005), which feed steep colluvial systems and numerous alluvial fans
at the base of the coastal escarpment, as well as discontinuous shoreline deposits.

The hyperarid Atacama Desert region has extremely low precipitation rates that average <5 mm/y
between 18◦ and 24◦ S (Houston and Hartley, 2003), and no precipitation is commonly recorded over
many consecutive years. The major source of humidity along the Atacama Desert coast is the caman-
chaca, a recurrent coastal fog condensed from subsiding warm air along the eastern margin of the SE
Pacific Anticyclone that interacts with the cold Humboldt Current near sea level (Araveni et al., 1989;
Marchant et al., 2007). In general, the coastal fogs are prevented from reaching far into the continental
interior as they are commonly entrapped along the oceanward margin of the Coastal Cordillera (Hart-
ley et al., 2005). Because of the near absence of precipitation, alluvial depositional events are very rare
in the Atacama Desert. Near Antofagasta, depositional events are estimated to have occurred approxi-
mately once every 210 years between 5 and 1 Ka, and once every 40 years over the last thousand years
(Vargas et al., 2006). However, seven debris-flow events are recorded in Antofagasta between the years
1916 and 1999 (Vargas andOrtlieb, 2000), and several studies linked geomorphically effective floods to
severe El Niño events in the Atacama region (e.g., Vuille, 1999; Vargas and Ortlieb, 2000; Vargas et al.,
2006; Houston, 2006).

Salt-weathering is the dominant weatheringmechanism in the AtacamaDesert (Berger, 1993; Berger
and Cooke, 1997; Goudie et al., 2002). Along the Coastal Cordillera, salts are deposited mostly by
condensation of the camanchaca and, to a lesser extent, are blown landward by winds from the ocean.
The camanchaca contains considerable amounts of dissolved salts, mainly nitrates (Eriksen, 1981) and
sulphates (Schemenauer and Cereceda, 1992). Large quantities of salts combined with the prolonged
inactivity of geomorphic surfaces form an ideal precondition for pervasive salt-weathering, particularly
effective on loose debris at the surface of coastal fans (Berger, 1993; Berger and Cooke, 1997; Hartley
et al., 2005).

Fans along the Atacama Desert coast are predominantly formed by debris flows, but colluvial cones
and fluvial surfaces do occur (see Hartley et al., 2005; de Villiers, 2013, for descriptions of fans in the
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larger area). We selected a fan (Fig. 5.1) with an area of 1.05 km2 and a maximum width of 950 m.
Fan slope is ∼11◦ at the apex and generally declines to ∼6◦ near the fan toe. The average slope is
8.3◦, the apex is located at 247 m above sea level, and the fan toe terminates into the Pacific. The fan
is fed by a steep catchment with an area of 3.42 km2 and maximum height of 1204 m above sea level
conveying runoff from the Coastal Cordillera toward the Pacific. Bedrock in the catchment mainly
consists of Jurassic andesites of the La Negra Formation (Ferraris and Di Biase, 1978). Pedogenic cover
and vegetation are completely absent owing to the extreme local aridity.

The fan surface can be divided into two distinct morphosedimentary domains because of a large
incision at the apex (Figs. 5.1, 5.2): (i) a relatively young sector formed by relatively recent depositional
events (M > 1), flanked by (ii) two older sectors that have undergone a long period of depositional
inactivity, while being exposed to secondary processes ofweathering and erosion for a prolonged period
(M < 1). The younger sector has a maximum distal width of 250 m and comprises ∼25% of the total
fan surface.

5.3 Methods

We assessed primary aggradational processes on the fan by sedimentological analyses of incised sec-
tions and characterized patterns of surface morphology and texture by combining a ground survey
with hyperspatial imagery collected with an Unmanned Aerial Vehicle (UAV). Below we explain data
collection, processings and data reduction methods.

5.3.1 Field survey
The dominant processes of long-term fan aggradation were identified by sedimentary facies analysis
along dip-oriented stratigraphic sections up to 3 m in depth exposed along the main incised channels
of the fan. Dominant depositional and reworking processes were determined by geomorphological field
reconnaissance and bymechanical and photosieving of sediment at selected locations for quantification
of surface textures (detailed later). Different categories of deposits were identified over the fan surface
based on distinctive geometry and on textural, fabric, and architectural characters. Each category was
associated to a distinct process of sedimentation and/or reworking, allowing for the recognition of
genetically distinct facies (hereafter termed ‘morphological facies’).

5.3.2 UAV image acquisition
Remotely sensed imagery of the fan surface was obtained by means of a SmartPlanes SmartOne Un-
manned Aerial Vehicle (UAV), which is a lightweight system (1.1 kg) with a wingspan of 1.2 m. It car-
ries a small format Canon Ixus RGB camera with a 7-megapixels sensor. It is equipped with an infrared
navigation system and onboard GPS that enables autonomous flight and controlled image acquisition.
Images were taken at elevations of 125-175 m above the fan surface. Because the UAV flight control
software does not account for local topography when flying in proximity to the steep valley walls, alti-
tude had to be increased to prevent an impact with the surrounding relief.The image spatial resolutions
varied from 4 to 6 cm.

Flights were carried out during late mornings, between∼09:00-11:00 A.M., under clouded sky con-
ditions but in the absence of fog.These conditionswere found to be locally optimal because the presence
of strong sunshine combined with the funnel-like topography of the fan valley led to very strongly up-
welling thermal currents, which made UAV control extremely difficult and unsafe. In total, over 2200
images were acquired.

Many images were affected by various levels of relative motion blur, which was an inevitable conse-
quence of the cloudy conditions that reduced light levels and increased exposure times. Furthermore,
a few images were blurred as a result of wind gusts that jarred the UAV. Motion blur is a function of
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altitude and instantaneous velocity; because the UAV was not equipped with accelerometers, a quanti-
tative approach tomotion blur correction could not be adopted nor could quantitative selection criteria
be established. Therefore we subjectively removed the most blurred images. In order to maintain full
coverage of the fan, some minor blur was tolerated and this left 1969 images.

Images were processed with Agisoft Photoscan software (Agisoft, 2011), which uses Structure from
Motion (SfM) in a photogrammetric workflow with very high levels of automation and good levels
of data quality (e.g., Fonstad et al., 2013). Following the standard SfM-photogrammetry workflow, a
point-cloud comprising 49.39 million vertices was produced. The point cloud was then georeferenced
toUTMmap coordinates with 26 ground control points (GCPs) surveyed with a ProMark 3 dGPS.This
dGPS system works in static acquisition mode. Control point positions were logged for 10 minutes and
then differentially corrected with respect to a fixed base station installed at the distal margin of the
fan,<1 km from any point. The dGPS point accuracy ranged from 3 to 12 cm as given by its estimated
probable error (EPE).TheGCPswere first used to optimize the point-cloudmodel andminimize optical
distortions in the model.

This optimization process also allowed us to register the point-cloud to map coordinates. In SfM-
photogrammetry, registration to map coordinates proceeds with a rigid 7-parameter transform that
scales, rotates, and translates the point cloud. The parameter values in the transformation are deter-
mined in a least-squares sense from the GPC coordinates. This implies that any nonlinear distortions
present in the topography can no longer be removed. With the point-cloud registered, the covered fan
area comprised 0.745 km2, which yields an average point density of 66.3 points/m2.

5.3.3 DEM production from UAV imagery
Thepoint cloudwas rasterized in order to produceDEMs in a standard, regular-grid format.Thehighest
resolution DEM had a spatial resolution of 10 cm. The quality of DEM was checked against the original
GCPs. Given that the 7-parameter registration is rigid, these points have residuals. Based on these, the
vertical accuracy of the DEM was found to be ∼5.1 cm.

However, the RMSE between control points and DEM was found to be 1.95 m. Closer examination
of the DEM clearly shows that this is not caused by surface noise and that these errors are not randomly
distributed in space. Rather, the RMSE errors are associated to a small, gradual deformation affecting
the whole DEM. A centered second-order polynomial fit of the residuals yielded strong second-order
components of −1.2x2, 1.268xy, and 0.38y2 with an R2 of 0.74. The deformation is near-zero at the
center and maximal at the edges. Similar deformations that fit a polynomial surface were observed by
the authors in the past. The vertical deformation amplitude represents 0.44% of the DEM half-length.

Over short scales, if we assume that the polynomial deformation is linear, this yields a maximum
slope error estimate of 0.254◦. These types of deformations in UAV DEMs derived from SfM pho-
togrammetry have not been well documented and are difficult to correct for in the absence of com-
prehensive LiDAR surveys, which would increase the cost of the work tenfold and in fact obviate the
need for a UAV. We therefore decided to avoid any untested correction procedures and keep the DEM
products unmodified, especially as a maximum slope error of 0.254◦ does not significantly influence
our results.

The final step in the SfM-photogrammetry workflow is the production of orthoimagery. Here we
produced orthomosaic products at a constant spatial resolution of 6 cm. Some residual, randomly dis-
tributed, blurred patches remained and were most likely caused by wind gusts.

5.3.4 Particle size map
The fan orthomosaic was used to produce a continuous surface particle size map. Carbonneau et al.
(2004) and Carbonneau (2005) demonstrated that, in images of sediment particles, image texture cor-
relates well to the median size of the particles. This approach does not rely on the precise delineation of
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particle boundaries, rather, it relies on variations of brightness values within a local area (33 x 33 pix-
els, 0.99 x 0.99 m, in Carbonneau et al., 2004). The underlying physical justification is that larger
particles cast larger, but localized, shadows thus leading to more variation and light/dark contrasts.
Consequently, this method requires an empirical calibration for each image data set. This calibration
assumes that all pixels in the image have the same resolution and therefore it was essential to use the
orthomosaic despite the slight blurring effects. For the first time we applied the method developed by
Carbonneau et al. (2012a) to the alluvial-fan environment. Here, a texture metric called ‘entropy’ was
calculated from the co-occurrencematrix (Haralick and Shapiro, 1985).This entropy is logarithmically
proportional to the range of brightness values in an image neighborhood. It is therefore well suited for
particle size mapping as the logarithm damps small variations in brightness because of natural color
variations while remaining sensitive to large light/dark contrasts. For ground-truthing, 112 planview
images of 12 megapixels were taken on the fan surface at locations covering the entire range of particle
sizes present on the fan. Each image covered a rectangular frame of 1.0 x 0.75 m laid over the surface.
The northeast corner of the frame was surveyed by dGPS to pinpoint the position of close-range photos
on the airborne ones. Particle size distributions on close-range photos were calculated via photosieving
after correction for lens distortion and oblique camera orientations to the surface, using the rectangu-
lar frame for scale. For each photo, the long and intermediate axes (a and b, respectively) of 100 clasts
were measured at 100 random positions plotted on the image. Particles with b-axes smaller than 3 pix-
els were below the methods resolution and were assigned a default size of 3 pixels (∼0.3 mm). Particle
b-axes were used to calculate a probability density function by number. We used the arithmetic particle
size distribution (Blott and Pye, 2001) to derive the D50 for entropy calibration.

Samples were collected at 32 photo locations for mechanical sieving to produce geometric particle
size distributions. For comparisons we converted the arithmetic particle size distributions (by num-
ber) from the photosieving to geometric distributions (by weight), assuming spherical particles with
diameter b and converting the sphere volume to weight, assuming constant mass density for all size
fractions. Comparison of the 16, 50, and 84 percentiles shows acceptable agreement (Fig. 5.3), but
photosieving tends to overestimate the particle size for fine-grained samples because of the resolution
limit. Entropy calculated at ground-truth image locations and median particle sizes from photosieving
were correlated by linear regression. Here the dimensionless ψ-scale median particle size is defined as
ψ = log2(D50/Dref), whereD50 is the median particle diameter andDref = 1 mm is the reference diam-
eter. Entropy was calculated on a 64-level grayscale image of the orthomosaic. Blurred sections in the
orthophoto artificially reduce entropy; therefore, 25 out of 112 ground-truth locations that fell within
these sectors were omitted from the calibration. The window size was 10 x 10 pixels (0.70 x 0.70 m),
which resulted in the clearest pattern in optimization tests in the range 5 x 5 to 40 x 40 pixels. The least
squares linear relation between entropy E and particle size ψ, with R2 = 0.82, is (Fig. 5.4)

ψ = −2.35E− 2.98 (5.2)

5.3.5 Data reduction
Down-fan trends on the active and inactive sectors were assessed for elevation, detrended elevation,
surface roughness, and particle size. Detrended elevation was calculated by subtracting a smoothed
DEM from the original DEM. The smoothed DEM was calculated from median filtering with a moving
circular window with a 10-m radius to remove local relief of bar and swale morphology with typical
wavelengths of 5 to 10m that are commonly observed in arid alluvial environments (Frankel andDolan,
2007). To quantify the degree of surface smoothing on the inactive fan surface, surface roughness was
quantified by the standard deviation of the slope in a 5 x 5 m area (Frankel and Dolan, 2007).

Textural patterns were analyzed by quantifying the particle size distribution for each morphologi-
cal facies on the active and inactive sector of the fan. To do so, representative areas were selected on
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Figure 5.3: Comparison between photosieving (ps) and mechanical sieving (ms) for geometric particle
size percentiles. (A) D16, (B) D50 and (C) D84.
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Figure 5.4: Empirical relation between image entropy E in the aerial imagery and arithmetic median
particle size derived from photosieving in the field. Locations were exactlymatched byGPS and context
images.

the proximal and distal domain of these sectors. Locations of these areas were arbitrarily selected such
that they comprised all the morphological facies, and image blur was minimized. Because the loca-
tions were restricted to relatively blur-free areas, the size of the representative areas varies slightly. This
does not significantly influence the results as the size of the representative areas is much larger than
the spatial resolution of the grid cells, so that a large population of values are used for each evaluated
parameter. In the selected areas, the morphological facies were defined by visual interpretation, and
the DEM constrained by ground truth. The median particle size of each grid cell within a morphologi-
cal facies was extracted, along with values of detrended elevation. These values were then displayed in
two-dimensional boxplots in order to compare the particle size distribution and the detrended eleva-
tion within the morphological facies.

Down-fan trends were assessed by extracting the values of elevation, detrended elevation, surface
roughness, and particle size on circle segments centered at the fan apex at regular intervals of 1 m and
calculating the median and quartiles of these values. We only plot data of the active sector and the
southern inactive sector because on the northern active sector multiple recent debris flows occurred
that originated from the steep slope adjacent to the fan. This pollutes the data of surface relief, rough-
ness, and particle size from a different source than the rest of the fan, and therefore this sector was
excluded from the analysis. Later verification showed that the unaffected areas on the northern in-
active sector had similar values of surface relief, roughness, and particle size as the southern inactive
sector.

To evaluate the effect of slope on secondary erosional and depositional patterns on the inactive fan
surface, we calculated the mobility (Shields number) of various particle sizes over a range of slopes and
compared this to the critical Shields number for incipient motion. The Shields number is defined as

ϑ =
τ

(ρs − ρ)gD50
(5.3)

where ρs = sediment density (2650 kg m−3), ρ = water density (1000 kg m−3), g = gravitational accel-
eration (9.81 m s−2), and τ is the bed shear stress (N m−2 or Pa) calculated as

τ = ρgh sin(S) (5.4)
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Table 5.1: Relation between formative process, stratigraphic facies and morphological facies.

Process Morphological facies Stratigraphic facies
Active sector Inactive sector

Debris flow RGL: Gravel lobes from recent
debris flows

IRD: Residual deposits from
past debris flows

DF: Debris/mudflow

Mudflow RML: Mud lobes from recent
debris flows

IRD: Residual deposits from
past debris flows

DF: Debris/mudflow

Runoff RFC: Fluvial channels from re-
cent runoff

ID:Eroded and filled depres-
sions of local runoff

FF: Fluvial flow & EF: erosive
fluvial flow

wherein h = mean water depth (m), and S = energy slope of the flow. The critical Shields number for
incipientmotionwas calculated by themodel of Vollmer andKleinhans (2007), which corrects for steep
slopes and shallow flow depth. Here the median particle size is considered representative for the entire
mixture of sediment and indicative of average behavior for partial transport conditions. This holds in
particular for unimodal sediments that are in equal mobility (Kleinhans and van Rijn, 2002), which we
assume here for lack of detailed process observations.

5.4 Results

This section first discusses processes of long-term fan aggradation as interpreted from facies analyses of
stratigraphic sections (section 5.4.1).We then identify and describe themorphological facies on the ba-
sis of amorphosedimentary analysis of the active (section 5.4.2) and inactive fan sectors (section 5.4.2).
Next, large-scale textural patterns over the fan surface and textural patterns for individual morpholog-
ical facies are analyzed. Down-fan trends in elevation, detrended elevation, surface roughness, and
particle size provide overview of patterns on the full fan scale (section 5.4.3). The effect of slope on
fluvial reworking on the inactive sector is evaluated by analyzing sediment mobility (section 5.4.4).
Finally, we combine all results to provide a conceptual model for fan surface evolution after abandon-
ment (section 5.4.5). The relation between formative process, stratigraphic facies and morphological
facies is summarized in Table 5.1.

5.4.1 Processes of long-term fan aggradation
Three sedimentologically distinct facies can be recognizedwithin the stratigraphic sections on the prox-
imal sector of the fan (Fig. 5.5): debris-flow deposits (faciesDF), fluvial runoff deposits (facies FF), and
gravel lags of fluvial erosive origin (facies EF). Based on the relative volumetric abundance of the identi-
fied facies, the studied fan aggraded dominantly by stacking of coarse, poorly sorted, debris-flow sheets
and lobes (∼85-90% by visual estimation in stratigraphic sections). This means that the system can be
classified as a debris-flow fan (Blair and McPherson, 1994). The minor volume of runoff-related facies
FF and EF (∼10-15%) indicates that floods merely redistribute sediment on the fan surface and that
their contribution to primary aggradation is insignificant at system scale. Below we detail the sedimen-
tological observations that support these interpretations.

FaciesDF, interpreted as debris-flowdeposits, consist of very poorly sorted,matrix- to clast-supported
pebble to fine boulder gravel in beds continuous overmeters to a few tens ofmeters along sections, vary-
ing in thickness from a few decimeters to ∼1.5 m. Depositional facies are parallel to subparallel to the
sloping fan surface, with subplanar bases showing little or no erosion, whereas bed tops may include
isolated or clustered outsized clasts. Beds commonly present no grading or weak inverse grading; no
preferential fabrics have been observed in the gravel fraction, with clasts generally oriented randomly
in a poorly sorted, silty to sandy matrix. The broad granulometric range of deposits, outsized gravel
clasts and lack of erosive topography underneath flow units point to deposition by debris flows, with
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Figure 5.5: Examples of sedimentary facies exposed in incisions on the proximal fan. Hammer, hand-
held GPS and hand for scale. (A) The main incised channel close to the fan apex viewed up-fan. (B)
Debris-flow deposits (facies DF) and a cobble-gravel lens (facies EF) formed by winnowing of fines.
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panels B-D are due to camera error.
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substantial yield strength and laminar flow behavior (e.g., Fisher, 1971; Hubert and Filipov, 1989; Blair
and McPherson, 1998; Blair, 1999).

The upper boundaries of debris-flow beds occasionally show moderately to well-sorted, clast sup-
ported cobble gravel (facies EF), occurring in discontinuous lenses with erosive bases into underlying
debris-flow units (Figs. 5.5B,E). Most are one to a few clasts thick (20-30 cm), a few meters wide, and
internally structureless or crudely layered. Platy and elongated gravel clasts show weak imbrication,
but grading or fabrics are not evident. The superposed and weakly erosive position into the debris-
flow units suggests an origin by winnowing, scouring, and armoring of debris-flow deposits (Blair and
McPherson, 1998; Blair, 1999), likely by dilute debris-flow tails or runoff generated by rainstorms. Se-
lective entrainment of the fine fractions produced a poorly sorted lag of residual gravel with gener-
ally weakly developed fabrics for coarse pebbles to fine cobbles. The thickness of lenticular units indi-
cates protracted erosion, which likely occurred in persistent shallow rills that discharged several runoff
events. The limited thickness of the gravel lenses relates to low stream power and the inherent self-
limiting nature of the armoring process (e.g., Parker and Sutherland, 1990; Kleinhans and van Rijn,
2002). The discontinuity of the deposit on the upper boundaries of debris-flow beds is caused by the
spatially fractionated distribution of runoff over the fan surface.

The waterflow deposits (facies FF) comprise distinctly bedded, clast-supported, pebble to cobble
gravel in single or amalgamated beds and lenses with thickness variable from a few centimeters to a
few decimeters (Figs. 5.5C,F). Most deposits feature moderate to very good sorting, well-developed
imbrication, and tractive fabrics for nonspherical clasts. Thicker units present a distinct internal or-
ganization in planar divisions, evidenced by textural contrasts, while some units are characterized by
absent grading and sheared fabrics with long clast axes oriented down-fan. Amajority of beds comprise
abundant sandy to granular matrix, often with fining-upward (normal) grading. Tractive sedimentary
structures were not observed. Basal surfaces vary from nonerosive to distinctly erosive with scour up
to a few decimeters. This indicates an origin by rapid deposition from shallow, unconfined to poorly
confined waterflows in the occasion of major rainstorms. Relatively good sorting, normal grading, and
the absence of tractive structures indicate deposition from bedload sheets (Whiting et al., 1988; Todd,
1996); flow-parallel fabrics and poorly developed structure point to ephemeral events of high sediment
concentration, in which interparticle collisions prevented clast sorting and segregation in the shearing
dispersion (Rees, 1968; Nemec and Muszynski, 1982; Todd, 1989).

5.4.2 Fan surface morphology
Active fan surface

The surface of the recently active fan sector is built up by gravel lobes and ridges of debris-flow origin
(RGL), extensive mud lobes from very recent debris flows (RML), and a few incised, low-sinuosity
channels (RFC) (Figs. 5.6A-N).

The gravel lobes and ridges of debris-flow origin (RGL) are most abundant on the surface. Lobes and
ridges may be distinguishable as individual units by contrasting texture, weathering stage, varying to-
pographic relief, segregated gravel ridges in lobes and levees and stepped topography at lobemargins. In
general, they appear as a disorganized amalgamation of superposed and juxtaposed units (Figs. 5.6A-
E). The majority of the surface sediment consists of angular, poorly sorted, pebble to boulder gravel,
which is frequently clast-supported at the surface; a significant volume of silty to granule-grade ma-
trix is retained a few centimeters below the surface. Boulders ranging in size from tens of centimeters
to over 2 m in diameter occur randomly in the sediment and are partly exposed at the surface. Boul-
der frequency and relief of individual deposits decrease from the proximal to the distal fan sector as
the more fluidal, finer-grained, and less cohesive debris flows mainly deposit on the distal fan sector
(Figs. 5.6D,E) (Whipple and Dunne, 1992). Flow-parallel fabrics (Major, 1998) and segregations of
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Figure 5.6: (Continued)

coarser clasts into lateral levees and frontal snouts (Blair and McPherson, 1998; Johnson et al., 2012)
can be identified in some of the individual lobes and ridges.

The mud lobes (RML) (Figs. 5.6F-E) were deposited as thin, cohesive, fine-grained debris flows (i.e.,
mudflows), which bypassed most of the fan and came to a halt on the low-gradient distal domain,
possibly as late-stage, more fluidal phases of main debris-flow events (Pierson, 1986; Wells and Harvey,
1987; Blair andMcPherson, 1998; Kaitna andHuebl, 2013). Individual lobes vary from several decime-
ters up to 20 m in width and taper down-fan in planview, with abrupt distal fronts ranging from a few
centimeters to a few decimeters in height (Figs. 5.6F-I). Their surface is generally flat and featureless,
except for protruding pebbles or cobbles. These deposits are traceable upslope along the main incised
channels (RFC), from which they originated as overflows. Propagation within channels prevented lat-
eral expansion and flow thinning, enhancing runout potential. These deposits are very recent, testified
by a near absence of clasts bearing signs of weathering.

The recently active sector is incised by a fewdry, low-sinuosity channels andwashes (RFC) (Figs. 5.6J-
N) that formed by reworking and partial downstream redistribution of the debris-flow deposits by
precipitation-driven runoff from the catchment. Channel profiles broaden and increase in width/depth
ratio toward the distal domain, with less prominent margins. Locally, recent mudflow deposits overlie
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Figure 5.7: The effect of salt weathering on clasts. (A) Heavily disintegrated cobble. (B) Completely
disintegrated clast (clast ghost).

the clast-supported channel bed, indicating recent mass-flow activity within channels and instances of
overflow. Dry channel beds consist mostly of poorly organized, clast-supported gravel with a granulo-
metric range (from centimetric pebbles to meter-sized boulders) identical to that of the surrounding
debris-flow-dominated surface. Silt- to granule-size debris is absent from gravel interstices, but forms
finer-grained sheets and lobes downstream of inner bends or in more distal, low-gradient channels
(< 7◦). The dominance of sporadic but energetic water runoff in configuring channel deposits is tes-
tified by (i) crudely developed macroforms, such as gravelly lateral bars and longitudinal bars with
moderate to good sorting and imbrication (Carling and Reader, 1982; Bluck, 1987; Zielinski, 2003),
(ii) well-developed microforms such as gravel clusters (e.g., Brayshaw et al., 1983; Brayshaw, 1984) or
transverse clast dams (Bowman, 1977; Church and Jones, 1982; Bluck, 1987), and (iii) reworking of fine
sediments to leave a clast-supported bed distally associated with coarse sandy to fine pebbly deposits
where flow competence was decreased.

Inactive fan surface

Most of the inactive fan surface presents an irregular, gently mounded topography that originally
formed by debris flows (Figs. 5.2C,D), now bearing signs of prolonged exposure to weathering, such as
pervasive rock varnish, spalling and exfoliation, and various stages of clast brecciation up to complete
disintegration (Fig. 5.7). Because of intense modification by secondary processes, its surface can only
be divided into the following morphological facies: (i) channels that occur in topographic lows origi-
nating from the long-term action of secondary runoff (ID) and (ii) residual deposits including the rest
of the inactive surface (IRD).

The residual deposits show little relief and textural patterns but present faintly recognizable rem-
nants of debris flows. Their proximal to medial domain mainly consists of a mantle of angular clasts
(fine pebbles up to boulders), generally with scarce to no matrix at the surface, but commonly with
abundant, poorly sorted silty to granular matrix a few centimeters below the surface (Figs. 5.6O-R).
Radially oriented linear to slightly sinuous and transverse arcuate alignments and segregations of rela-
tively coarser clasts are evident, isolated, or in association as probable remnants of ancient debris-flow
lobes. The distal fan domain is covered by a relatively uniform, low-relief mantle of fine gravelly silty
sand to sandy silt. Elevated areas are flatter and have a more regular topography than the proximal fan.
Prolonged weathering and deflation on the residual surface is evident from a thin, irregular, armor of
granules and pebbles, common occurrence of clasts in an advanced stage of disintegration and ‘clast
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ghosts’ (Fig. 5.7), slightly hardened salt horizons a few centimeters below the surface, and patterned
ground in the form of segregated pebbles and granules in reticular networks.

The inactive fan sector has numerous shallow incisions with depths up to 1 m and widths up to
10 m (ID), formed by long-term intermittent runoff (e.g., Wells and Dohrenwend, 1985; Blair and
McPherson, 1994). On the proximal to medial domain of the fan, the dry beds of incisions are covered
by openwork (matrix-free) cobble gravel, a few decimeters up to a couple of meters wide and up to 20-
30 cm thick (Figs. 5.6S-U). These elements are often continuous over the entire proximal to medial fan
and form multiple, parallel, tributive drainage networks. On the distal fan, dry channel beds consist
of accumulated moderately sorted fine gravel and sand (Figs. 5.6V-W). Coarser cobble-sized debris
formed distinctivemesoforms such as clast dams and imbricate gravel clusters, testifying to the action of
precipitation-driven runoff (Brayshaw, 1984; Bluck, 1987).The transition from openwork cobble gravel
beds on the proximal to medial domain to fine-grained channel fills on the distal domain probably
originates fromdistal in-channel deposition of finematerial entrained by runoffon the steeper proximal
to medial surface. This hypothesis will be tested in section 5.4.4. The color contrast of distal channel
fills with the adjacent varnished fan surface demonstrates that these elements have long been the most
active locus of geomorphic activity and sedimentation, whereas the main fan surface was undergoing
only weathering and erosion. Because of the large apex incision (∼15 m wide and ∼3 m deep), the
source of the runoff on the inactive sector has solely been from direct precipitation on the inactive
sector and possibly its adjacent slopes. Therefore, runoff was only able to redistribute fines, in contrast
to the active sector where runoff originated from the catchment and thus had larger volume and stream
power.This explains the large difference in channel configuration between the active and inactive sector,
where the former (section 5.4.2) has 2-3 large incised channels and the latter features numerous small
channels (Fig. 5.2).

5.4.3 Trends in particle size and surface roughness
We compared the proximal and distal fan and the active and inactive sectors for the locations where
we defined the morphological facies (Fig. 5.8). Mudflow deposits form the finest-grained facies on the
active fan surface and occur on relatively high areas (Figs. 5.9A,B) adjacent to the incised channels as
elevated lobes and ridges. There is a significant down-fan decrease in median particle size within the
mudflow deposits. The debris-flow sheets and lobes are the coarsest-grained morphological facies and
show a down-fan decrease in median particle size resulting from the following combined factors:

• Most coarse material in debris flows is deposited in levees on the proximal fan domain.

• Coarse-grained debris flows have higher internal shear strength and are thus more likely to halt
on steeper, proximal slopes; whereas finer-grained debris flows are able to spread onto the distal
fan (Whipple and Dunne, 1992).

• Fan width increases downslope, so an increasing percentage of the fan surface has long been
inactive and thus subject to protracted weathering and reduction of the surface texture.

The particle size of incised channel surfaces exceeds that of the mudflow deposits but is smaller than
that of the debris-flow deposits and does not show any significant fining downstream (Figs. 5.9A,B).

The proximal domain of the inactive surface (Fig. 5.9C) shows a clear distinction between the incised
and residual surface, based on elevation andmedian particle size.This is caused by the coarse lags on the
incised and depressed inactive surface, whereas the residual, elevated surface comprises finer material
with occasional patches of coarse sediments (Figs. 5.2; 5.6P,T; 5.8E). The texture of the incised and
residual fan surface fines down-fan on the inactive sector. Moreover, the particle size of the incised and
residual surface of the distal fan is approximately equal because of the deposition of fines eroded on
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Figure 5.8: Particle size-sorting patterns of morphological facies of proximal and distal, active and in-
active sectors. Legend for B, D, F, H given in H. See Figure 5.1 for locations of the orthophoto subsets.
The particle size distributions within the morphological facies are plotted in Figure 5.9. Contrast of
aerial images was optimized for better visibility.
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Figure 5.9: Differences in combinations of particle size and local relief between morphological facies.
The arithmeticmedian particle diameter (ψ) and elevation (m) above a smooth trend surface (seemeth-
ods) are plotted for morphological facies in representative areas defined in 5.4 (Fig. 5.8). Boxes indicate
quartiles, line crossings indicate the median, and whiskers indicate the 10th and 90th percentile.
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Figure 5.10: Down-fan trends of (A) elevation, (B) elevation above the smooth trend surface (detrended
elevation), (C) surface roughness (defined by Frankel and Dolan (2007)) and (D) particle size. Inactive
sector is smoother than active sector as indicated by detrended elevation and surface roughness. Surface
roughness and particle size decrease down-fan and the local variation (shaded) of detrended elevation,
surface roughness and particle size also decrease down-fan.
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the proximal fan. This renders the distinction between channels and adjacent residual surfaces nearly
impossible based on aerial images only (Fig. 5.8).

The inactive fan surface is topographically considerably smoother than the active surface (Figs. 5.10A-
C) because weathering and erosion redistributed debris from elevated to depressed areas.The increased
roughness in the most proximal domain is caused by the deep incision in proximity of the apex. In
combination with the small fan width, and thus a small sample size, this leads to enhanced roughness
values in the apex region. The slight increase of roughness on the distal domain of the inactive sector is
an artefact of a slight decrease in DEM quality; in reality roughness values appear to remain relatively
constant below 500 m from the apex. The values of detrended elevation and surface roughness on the
active surface and particle size on the active and on the inactive surface strongly decline down-fan
(Figs. 5.10B-C). We interpret this to result from the high yield strength of coarse-grained debris flows
compared to the low yield strength of fine-grained, more fluidal flows. Because high-yield-strength
debris flows result in deposits with more relief and are coarser grained, surface relief and texture are
higher on the proximal domain of the fan. Additionally, the downslope increase in fan width leads to
an increase in long inactive areas, as the width of individual debris flows does not increase downslope
in a similar proportion. The relative amount of long inactive, and thus more heavily weathered, areas is
thus larger on the distal domain of the fan, resulting in a smoother topography averaged over the total
fan width. The spatially averaged particle size on the active fan sector is only slightly higher than on
the inactive sector of the fan, despite considerable evidence of extensive clast weathering on the latter.
We ascribe this to the presence of coarse-grained lags on the inactive sector and to the large extent of
recent and fine-grained mudflow deposits on the surface of the active fan sector.

5.4.4 Effect of slope on fluvial reworking patterns
The channels on the proximal to medial domain of the abandoned fan surface comprise coarse lags
of openwork gravel, whereas they comprise fine-gravelly, silty sand to sandy silt on the distal domain
(see section 5.4.2). Steep slopes on the proximal fan promote erosion of relatively fine sediment by
runoff and transport toward the distal fan, where reduced gradients favor deposition in depressions
and channels caused by a decrease in flow competence. This interpretation is further supported here by
a quantification of sediment mobility over a range of slopes.

The transition from erosion of fines by runoff on the proximal to medial domains of the inactive fan
surface to redeposition on the distal domain occurs at a gradient of ∼7◦. The typical median particle
size of these fines, obtained by mechanical sieving, is ∼1ψ (2 mm). Runoff on the inactive fan surface
typically concentrates in depressions or channels∼5 m wide and∼1 m deep. Assuming a water depth
of 0.25 m in these depressions, we calculated both the mobility and the threshold for motion of median
particle sizes varying from -1ψ (0.5 mm) to 2ψ (4 mm) on a range of slopes (Fig. 5.11).

The median particle size at which the erosion-deposition transition occurs on a slope of 7◦ is∼0.5ψ
(1.4 mm), which is in good agreement with the observed ∼1ψ (2 mm). Assuming a different water
depth does not affect this conclusion significantly: flow depths of 0.125 m and 0.5 m result in erosion-
deposition transitions at a surface gradient of 7◦ at median particle sizes of∼0.5ψ (0.7 mm) and∼1.5ψ
(2.8 mm), respectively. The good correspondence between the measured particle size of the eroded
fines with particle sizes predicted by Eq. (5.3) at a slope of 7◦ confirms the runoff-related origin of the
elongate coarse lags in depressions on the proximal and medial fan. Fines eroded from high proximal
gradients are deposited on the distal domain.

5.4.5 Fan surface evolution after abandonment
The volumetric dominance of debris-flow facies in the stratigraphic sections shows that the studied fan
was formed dominantly by debris-flow deposition, whilst the overall volume of runoff-related facies
is minor and mainly of secondary origin. This means that aggradation is episodic and rapid and often
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Figure 5.11: Potential mobility of sediment explains down-fan sorting patterns. Calculated fluvial sed-
iment mobility (drawn lines) compared to the threshold for sediment motion (dashed lines) expressed
as Shields numbers for a range of slopes and characteristic particle sizes using the model of Vollmer
and Kleinhans (2007). Intersection of corresponding colors indicates the slope at which deposition
could occur. Sb indicates the observed transition from coarse channel lags > 1φ (2 mm) to fines < 1φ
deposited in depressions. The proximity of all intersections of the three black lines indicates excellent
agreement between the predicted and observed location of transition from coarse channel lags to out-
washed fines.

followed by phases of long inactivity and reworking, which is reflected in themorphology and texture of
the active (M> 1) and inactive (M< 1) fan surface. The former mainly consists of relatively unaltered
debris-flow deposits, whereas the original, debris-flow-related, depositional morphology is strongly
modified and hardly recognizable on the latter. On the inactive surface, relief is significantly subdued
by weathering and erosion, and local runoff redistributes fines.

We provide a detailed conceptual model for the evolution of the fan surface after abandonment,
explaining the above findings (Fig. 5.12). Initially, the fan surface consists of amalgamated, mostly
unaltered, debris-flow deposits and therefore has a coarse-grained texture with significant relief. The
active surface (Fig. 5.12A) thus represents fans or fan sectors dominated by primary processes of depo-
sition (M> 1, Eq. 5.1). After abandonment the surface is exposed to weathering, runoff, and deflation
(Fig. 5.12B). Because of the great availability of moisture and associated salts in the form of coastal fogs
(Eriksen, 1981; Schemenauer and Cereceda, 1992), coarse fan sediments undergo intense breakdown
and produce considerable volumes of fines (Berger, 1993; Berger and Cooke, 1997; Goudie et al., 2002).
Part of the finest weathering products are probably deflated, whereas coarser fractions are eroded by
runoff from local topographic highs (gravel lobes and levees) into lows (channels and depressions).
Runoff erodes laterally into debris-flow deposits, causing selective entrainment of the supporting ma-
trix and concentration of gravel to form coarse lags along channel margins, where gravel is displaced
from overlying debris-flow lobes by rolling, fall, and bank collapse. Fines may temporarily accumulate
along channel beds but are ultimately transported down-fan to form finer-grained, distal channel fills.
Channel lags form an armor that prevents further incision into the fan surface, whereas the more ele-
vated areas remain subject to erosion and deflation. Through time, this combination of processes leads
to a decrease in surface relief and to the redistribution of coarse material from topographic highs to
lows on the proximal to medial fan surface, causing textural inversion (Fig. 5.12C). Conversely, as fines
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Figure 5.12: Conceptual model of the effects of weathering and fluvial reworking on fan-surface texture
andmorphology for the proximal and distal domain of the fan surface.The fresh surface (A) represents
fans or fan sectors dominated by primary processes of deposition (M > 1, Eq. 5.1) (facies RGL
and RML) whereas the weathered surface (C) represents fans or fan sectors dominated by secondary
processes (M < 1) spanning local disintegration andwinnowing to downslope fluvial transport of fines
(levees correspond to morphological facies IRD and the channels to ID).
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are mostly deposited rather than eroded in topographic lows on the distal fan, the textural contrast be-
tween topographic highs and lows in this domain is gradually reduced (Fig. 5.12C).Thus the weathered
surface in Fig. 5.12C represents fans or fan sectors dominated by secondary processes (M< 1).

5.5 Discussion

5.5.1 Characteristic time scales of fan surface modification in arid environments
In general, smoothing and gradual fining of long-inactive or abandoned alluvial fan surfaces has been
observed in many arid regions, such as the Mojave Desert in the United States (Wells et al., 1987; Mc-
Fadden et al., 1989; Matmon et al., 2006; Frankel and Dolan, 2007), the Negev Desert in Israel (Amit
and Gerson, 1986; Gerson and Amit, 1987; Amit et al., 1993), the United Arab Emirates (UAE) (Al-
Farraj and Harvey, 2000), and the Atacama Desert of northern Chile (Berger, 1993; Berger and Cooke,
1997; González et al., 2006; Cortés et al., 2012). Invariably, the combined action of weathering and
erosion leads to smoothing of initial bar-and-swale topography and eventually to the development of
mature, low-relief desert pavements with a much more subdued topography (e.g., Wells et al., 1987;
Ritter et al., 1993; Frankel and Dolan, 2007). Mature desert pavements generally consist of homoge-
neous, densely packed, gravel-sized surfaces (see pictures in Berger, 1993; Al-Farraj and Harvey, 2000;
Frankel and Dolan, 2007). The time required for the development of mature desert pavements depends
strongly on location (i.e., climate and lithology). Approximately 100 ky were required for the develop-
ment of a smooth, mature desert pavement in the Negev Desert (Amit et al., 1993). On the Kyle Canyon
fan in southern Nevada, a moderate-stage pavement developed in∼130 ky (Reheis et al., 1992), whilst
∼83 ky were needed for pavement development of noncarbonate lithologies in the Mojave Desert (Ku
et al., 1979). In the same desert, a moderately paved fan surface had an age of ∼70 ky (Frankel et al.,
2007), while completely smooth pavement on fans along the San Andreas fault had an age of 280 ky
(Matmon et al., 2006).

Along the Atacama coast of northern Chile, thoroughly smoothed fan surfaces along the Mejillones
fault were dated at 35 ky (Cortés et al., 2012); farther inland, smooth fan surfaces dissected by the Ata-
cama fault were dated at 424 ky (González et al., 2006). The relatively young age of 35 ky (Cortés et al.,
2012) for smooth fan surfaces along the Mejillones fault (90 km south of the fan studied here) implies
that modification rates along the Atacama coast are significantly higher than in most other arid envi-
ronments. As moisture availability is generally the limiting factor for weathering in arid climates (e.g.,
Warke, 2013), the cause of rapid fan-surface modification along the Atacama coast is the camanchaca,
which provides considerable amounts of moisture and dissolved salts leading to extremely high weath-
ering rates (Eriksen, 1981; Schemenauer and Cereceda, 1992; Berger, 1993; Goudie et al., 2002). This
effectively decreases the morphological factor (Eq. 5.1) relative to conditions with similar debris-flow
activity but lower weathering rates.

Surprisingly, the high weathering rate prevents surface stabilization. The regular occurrence of the
camanchaca interferes with the development ofmature desert pavement as it causes particle breakdown
below the gravel range, which would otherwise allow the formation of a mechanically stable desert
pavement. The resulting fines are easily removed by wind and runoff. Furthermore, the inactive sector
of the studied fan differs from relict fan surfaces in other arid environments by the presence of elongate,
coarse-grained lags connected intomultiple, parallel, tributive drainage patterns over the proximal and
medial domains. Previous studies of relict fan surfaces have been carried out on systems aggraded by
runoffprocesses, ormixed runoff andmass-flowprocesses, with slopes ranging between 1 and 5◦ (Wells
et al., 1987; McFadden et al., 1989; Ritter et al., 1993; Al-Farraj and Harvey, 2000; Matmon et al., 2006;
Frankel and Dolan, 2007). Because of this relatively low slope, the local runoff was probably inadequate
for removal of fines and formation of fully armored channel lags, whereas on the steeper fan examined
here such textural elements are a major surface feature (Figs. 5.1, 5.2, 5.11).
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The evidence discussed above shows that the degree of fan stabilization depends on the balance of
frequency and magnitude of precipitation on the one hand and on the weathering intensity on the
other. In transport-limited, hyperarid environments where geomorphologically effective events are rare
(M< 1), particularly high weathering rates may prepare relict fan deposits for partial entrainment by
lesser and thus relatively more frequent hydrologic events so that the surface attains a fluvial morpho-
logical imprint. The stabilization of fans in weathering-prone arid settings may thus not only require
the formation of a coarse surface pavement resistant to physical transport, but also a bedrock lithol-
ogy/mineralogy resilient to disaggregation by weathering.

5.5.2 Implications for recognition of primary formative process in imagery
Alluvial fans on Mars are ubiquitous and potential sources of information on past hydrological con-
ditions depending on the amount of water involved in the primary formative process. Hence detailed
analyses of aerial and satellite imagery on terrestrial and Martian fans often aim at identification of for-
mative processes based on morphological features (e.g., Hooke, 1987; Whipple and Dunne, 1992; Blair
and McPherson, 1998; Gómez-Villar and García-Ruiz, 2000; Blair, 2002; Moore and Howard, 2005;
Frankel and Dolan, 2007; Volker et al., 2007; Kleinhans, 2010; Ferrier and Pope, 2012). For example,
the presence or absence of levees and depositional lobes was used to assert whether Martian fans are
of fluvial or debris-flow origin (e.g., Dickson and Head, 2009; Reiss et al., 2011). However, our work
and literature clearly demonstrate that fan-surface morphology and texture are often determined by
secondary rather than primary processes, and this is particularly the case in environments with pro-
longed inactivity of primary formative processes such as planet Mars (Reiss et al., 2004; Schon et al.,
2009; Carr and Head, 2010; Mangold et al., 2012; De Haas et al., 2013). In such settings the degree of
surface smoothing and pavement development must be interpreted with extreme caution, especially
because alluvial fan surfaces can be severely modified within a few thousands of years (Frankel and
Dolan, 2007). Our study demonstrates that steep, debris-flow-dominated fan surfaces can effectively
be masked by a well-developed drainage pattern that would suggest a runoff origin from aerial im-
ages. Therefore, determination of fan formative processes based solely on surface morphological traits
is potentially highly misleading, can be severely hindered by surface reworking within a few thousands
of years following a major phase of aggradation, and becomes more and more problematic with in-
creasing age. This conclusion confirms the long-debated statement by Blair and McPherson (1994) that
the origin of alluvial fans has been often misinterpreted as the occurrence of well-developed drainage
networks on alluvial-fan surfaces is not diagnostic for dominant aggradation by runoff.

In addition to surface modification by weathering and fluvial processes, fan surfaces can also be
heavily modified by aeolian processes. The fan studied here is relatively sheltered and therefore subject
to only minor deflation, but aeolian reworking and modification of fan surfaces is common in many
other arid environments (Anderson andAnderson, 1990; Blair et al., 1990; Blair andMcPherson, 1992),
potentially leading to heavily deflated surfaces with inverted channels (e.g., Morgan et al., 2014). The
identification of fan-formative processes from aerial images should therefore always be accompanied
by an assessment of the morphological factor M: the ratio of the time to build morphology by pri-
mary processes versus the time to modify, rework, and erase morphology by secondary processes. The
formative processes on fans subject to lowM values should then be inferred from a combination ofmul-
tiple approaches whenever possible, including sedimentological outcrop analysis and morphometrics.
Furthermore, it remains conceivable that the morphological and size-sorting patterns of the primary
processes are still observable as a palimpsest or blueprints underlying the patterns caused by secondary
processes. This emphasizes the need for quantification of pattern characteristics to identify and dis-
criminate between morphological and textural characteristics resulting from primary and secondary
processes.
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5.6 Conclusions

We studied the relative effectiveness of primary processes of deposition and secondary weathering and
fluvial erosion in forming the stratigraphy, surface morphology, and texture of an alluvial fan along the
Atacama Desert coast. The bipartite morphology of the studied fan, with sharp morpho-sedimentary
contrast between the active and inactive parts, allowed independent study of the morphological and
textural characteristics on both fan sectors. Based on hyperspatial imagery and field data, we conclude
that:

• The surface morphology and texture on the inactive sector are predominantly of secondary flu-
vial origin with strong down-fan fining imprinted over original debris-flow morphology.

• Such fluvial deposits are hardly preserved in the subsurface, where debris-flow deposits are vol-
umetrically dominant, indicating long-term aggradation by debris flow.

• Salt-weathering and secondary fluvial erosion reduce surface morphology and relief on the in-
active sector. Moreover, they cause inversion of the original surface texture patterns formed by
debris flows on the steep proximal to medial domain of the inactive sector. The initially coarse
levees are reduced in particle size, whilst precipitation-driven runoff is concentrated in former
debris-flow channels and depressions, forming coarse lag deposits.

• The aggressive salt-weathering regime along the Atacama coast causes particle breakdown to
continue below the gravel size range that would otherwise form a desert pavement. This allows
partial entrainment and transport by relatively small and frequent hydrologic events, thus form-
ing a mask of fluvial morphology over a debris-flow-dominated fan.

These results imply that the interpretation of formative processes solely based on imagery is risky as
the surface modification of long-inactive fans by weathering and runoff masks the original formative
processes. Here, fan surface susceptibility to secondary reworking depends on the ratio of the time
to form deposits and relief by primary processes and the time to remove, rework, and form relief by
secondary processes. Comparison with stabilized fans reported in literature suggests that the degree of
fluvial reworking or stabilization of the surface by a pavement (expressed as a morphological factorM)
depends on the lithology and weathering rate, the frequency and magnitude of runoff events and the
fan slope, which determine the transportability of the weathered surface sediment.
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Chapter 6

Recent (Late Amazonian) enhanced backweathering rates
on Mars: paracratering evidence from gully-alcoves

Mars is believed to have been exposed to low planet-wide weathering and denudation since the Noachian.
However, the widespread occurrence of alcoves at the rim of pristine impact craters suggests locally en-
hanced recent backweathering rates. Here we derive Late Amazonian backweathering rates from the al-
coves of 10 young equatorial andmid-latitude craters. The enhanced Late AmazonianMartian backweath-
ering rates (10−4 - 10−1 mm yr−1) are approximately one order of magnitude higher than previously re-
ported erosion rates, and are similar to terrestrial rates inferred from Meteor crater and various Arctic and
Alpine rock faces. Alcoves on initially highly fractured and oversteepened crater rims following impact
show enhanced backweathering rates that decline over at least 101 - 102 Myr as the crater wall stabilizes.
This ‘paracratering’ backweathering decline with time is analogous to the paraglacial effect observed in
rock slopes after deglaciation, but the relaxation time scale of 101 - 102 Myr compared to 10 kyr of the
Milankovitch-controlled interglacial duration questions whether a paraglacial steady state is reached on
Earth. The backweathering rates on the gullied pole-facing alcoves of the studied mid-latitude craters are
much higher (∼2 - 60 times) than those on slopes with other azimuths and those in equatorial craters. The
enhancedbackweathering rates ongullied crater slopesmay result from liquidwater acting as a catalyst for
backweathering. The decrease in backweathering rates over timemight explain the similar size of gullies in
young (<1Ma) andmuch older craters, as alcove growth and sediment supply decrease to low background
rates over time.

Submitted manuscript: De Haas, T., Conway, S. J., and Krautblatter, M. (conditionally accepted), Late Amazonian
backweathering rates on Mars: paracratering evidence from alcoves, Journal of Geophysical Research: Planets.

6.1 Introduction

In its early history, during the Noachian period (∼4.1 - 3.7 Ga), Mars was characterized by high rates of
geological and fluvial activity, such as impact cratering, erosion, weathering and valley-formation (e.g.,
Carr and Head, 2010). At the end of this period geological and fluvial activity sharply decreased. Phyl-
losilicates detected from orbit are thought to have been formed by aqueous alteration in the Noachian
period, after which sulfates formed in a largely dry, acidic environment (Bibring et al., 2006). Through-
out the Hesperian (3.7 - 3.0 Ga) and the Amazonian (3.0 Ga - present) periods Mars’ surface is thought
to have been mainly subjected to very slow surficial weathering without liquid water playing a major
role (e.g., Bibring et al., 2006; Chevrier and Mathé, 2007; Ehlmann et al., 2011). Accordingly, crater
denudation rates dropped by 2-5 orders of magnitude after the Noachian, and have remained low for
the rest of the planet’s history (Golombek et al., 2006; Golombek et al., 2014b).

However, relatively high post-Noachian erosion andweathering rates appear to have occurred locally.
In the last few million years on Mars (hereafter referred to as Late Amazonian) relatively high erosion
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and weathering rates have been found in various geological units. Golombek et al. (2014b) found that
the rate of erosion of ejecta blocks is∼0.3m/Myr for craters younger than∼3Ma. DeHaas et al. (2013)
(chapter 7) found that boulders up to 3 m in diameter shattered into fragments <0.5 m within 1 Myr
on a gully-fan surface in eastern Promethei Terra. Moreover, De Haas et al. (2013) found that the fan
surface relief was smoothed by ∼1 m within the same time period. Sand ripple and dune migration
rates at the Nili Patera dune field have abrasion rates of 1 - 10 m/Myr (Bridges et al., 2012b). Young
lightly cratered layered deposits on Mars require erosion rates of approximately 1 m/Myr to be free of
craters (McEwen et al., 2005), andGrindrod andWarner (2014) inferred similar erosion rates in interior
layered deposits from 200 to 400 Ma in Valles Marineris. Enhanced Late Amazonian erosion rates may
have resulted from high peak short-term eolian erosion rates (Golombek et al., 2014b). Moreover, the
inferred rates of geologic processes tend to decrease over longer measurement time intervals (Sadler,
1981; Gardner et al., 1987; Golombek et al., 2014b). For example, the rate of small crater degradation
(infill and erosion) decreased by an order of magnitude when averaged over the last∼20 Ma instead of
the last 1 Ma (Golombek et al., 2014b).

The above described denudation rates are mainly inferred from small craters and sedimentary de-
posits, and erosion can probably be mainly attributed to eolian abrasion (Golombek et al., 2014b).
The only direct estimate of weathering, i.e., the disintegration of rockwalls and rock fragments, stems
from boulders on inactive gully-fan surfaces (chapter 7; DeHaas et al., 2013). However, rockwall/crater
retreat rates are presently unknown on Mars. The widespread presence of alcoves in pristine impact
craters (e.g., Reiss et al., 2004; Schon et al., 2009; Hartmann et al., 2010; Johnsson et al., 2014), suggests
high local bedrock weathering rates. Alcoves consist of head- and sidewall escarpments, located below
the brink of a slope, and the disrupted topography bounded by these scarps (Malin and Edgett, 2000).
Rockwall weathering and erosion leads to the detachment of bedrock and thereby to the formation of
alcoves and associated depositional slopes, aprons or fans at their base (e.g., Rapp, 1960; André, 1997;
Siewert et al., 2012). Alcoves can be especially large andwell-developed inMartianmid-latitude gullies,
where liquid water may have been involved in their formation (e.g., Malin and Edgett, 2000; Dickson
and Head, 2009).

Manyweatheringmechanisms that occur onEarth are hypothesized to have acted onMars, including
salt weathering (e.g. Malin, 1974; Clark and Hart, 1981; Rodriquez-Navarro, 1998; Jagoutz, 2006; Head
et al., 2011), insolation or thermal weathering (McFadden et al., 2005; Viles et al., 2010; Eppes et al.,
2015), aeolianweathering (e.g. Fenton et al., 2005; Bridges et al., 2007; Bourke et al., 2008; Bishop, 2011),
and chemical weathering, mainly by acidic volatiles after the Noachian (e.g. Burns, 1993; Banin et al.,
1997; Hurowitz and McLennan, 2007; Chevrier and Mathé, 2007). Moreover, the abundance of fluvial
landforms that have been identified on the surface of Mars (e.g., Dickson and Head, 2009; Carr and
Head, 2010), and the regular occurrence of temperatures below and above the freezing point of water,
suggests that freeze-thaw weathering may have also occurred on Mars. Furthermore, the permafrost
environment on Mars should promote weathering through ice segregation in near-surface permafrost,
which is controlled by the suction the ice exerts on water (Murton et al., 2006). Rocks altered by one or
more of these processes have been identified on the Martian surface by multiple Martian Rovers (e.g.,
Thomas et al., 2005; Jagoutz, 2006; Eppes et al., 2015).

The fracture of bedrock by weathering is fundamental to debris production and therefore to land-
scape development (e.g., Murton et al., 2006). Weathering is a complex interplay of dozens of vari-
ous physical, chemical and sometimes biological processes that occur at different spatial and temporal
scales (Viles, 2001; Viles, 2013). The resulting rate of weathering is essentially nonlinear and reacts
strongly to environmental controls but also to the preconditioning of the rock mass, which itself has a
long memory of for example prior stress from tectonic fields or stress events (e.g., impacts) (Hall et al.,
2012; Krautblatter and Moore, 2015). Quantifying bedrock weathering rates on Mars can thus provide
insights into past environmental and climatic conditions and might provide constraints on the rates

120



of landscape development. Moreover, understanding the history of weathering rates on Mars may be
a key source of information for the impact of extreme environmental changes on bedrock weathering
rates beyond those experienced in the recent past on planet Earth.

On Earth, bedrock weathering rates are often defined and quantified as a backweathering rate (i.e.,
rockwall retreat rate) (e.g., Rapp, 1960; Söderman, 1980; Hinchliffe and Ballantyne, 1999; Sass, 2007;
Krautblatter and Dikau, 2007; Moore et al., 2009; Siewert et al., 2012). These rates are generally quanti-
fied by direct or indirect measurements of sediment loss from rock faces or alcoves and the associated
sediment input to depositional slopes or aprons (e.g., Rapp, 1960; Hinchliffe and Ballantyne, 1999;
Krautblatter and Dikau, 2007). The widespread presence of alcoves on the walls of pristine impact
craters on Mars thus enables quantification of recent backweathering rates. Note that in crater alcoves
backweathering or rockwall retreat is not strictly controlled by weathering only, as part of the retreat
might be related to erosion by geomorphic flows (backweathering is used analogous to backwearing
throughout this chapter).

On rockslopes backweathering is the sum of rock falls and rock slope failures, that cover magnitudes
from 10−6 to 1010 m3 on Earth (Krautblatter and Moore, 2015). These processes can be classified into:
debris falls, <10 m3; boulder falls, 10-102 m3; block falls, 102-104 m3; cliff falls, 104-106 m3 and rock
avalanches >106 m3 (e.g., Whalley, 1974; Krautblatter et al., 2012). Low-magnitude rock fall processes
generally occur more frequently than high-magnitude processes, but the relative effectiveness of these
processes varies between sites depending on the local conditions (Krautblatter et al., 2012). Local ge-
ological conditions that strongly influence backweathering rates include: (1) lithology, (2) strength of
the rock, (3) state of weathering of the rock and (4) joint density, orientation, width and continuity and
infill (e.g., Selby, 1980; Krautblatter andDikau, 2007;Moore et al., 2009; Krautblatter andMoore, 2015).
Many of these factors are interconnected and weathering is indirectly included in many of these pa-
rameters, e.g., the loss of rock strength and opening of joints are largely weathering phenomena. Lastly,
the presence of liquid water greatly enhances weathering and thereby backweathering rates (e.g., Selby,
1980; Sass, 2005; Viles, 2013; Warke, 2013).

We hypothesize that backweathering rates in the alcoves of pristine impact craters are relatively high.
Crater rims are generally oversteepened shortly after formation and consist of highly faulted, frac-
tured and fragmented materials (e.g., Kumar and Kring, 2008; Kumar et al., 2010; Wang et al., 2013;
Kenkmann et al., 2014). As a result, they are particularly prone to weathering shortly after their forma-
tion. Positions of alcoves appear to be precondition by the distribution of radial fractures in the crater
wall bedrock, as shown for Meteor crater (i.e., Barringer crater) (USA) and Xiuyan crater (China) (Ku-
mar et al., 2010; Wang et al., 2013). Accordingly, the occurrence of dense fractures on impact crater
walls and evidence for erosion along these fractures are found on Mars Exploration Rover images (e.g.,
Squyres et al., 2009). Moreover, the pattern of fracturing around many gully-alcoves is indicative of
landsliding, for instance on the pole-facing gully-alcoves of Gasa crater (Okubo et al., 2011).

Here, we aim to (1) determine recent (Late Amazonian) backweathering rates on Mars, (2) under-
stand local and regional variability in backweathering rates and its implications for gully formation,
(3) unravel the balance between recent backweathering and erosion and (4) reveal any systematic dif-
ference (if any) between Martian and terrestrial backweathering rates. We further aim to (5) introduce
and provide evidence for a ‘paracratering’ concept explaining enhanced recent rockwall retreat rates
on crater walls following crater formation. The term paracratering is inspired by the use of paraglacial
to refer to sites on Earth exposed to enhanced rates of geomorphic activity after the retreat of a glacier
(e.g., Church and Ryder, 1972; Ballantyne, 2002b).

This paper is organized as follows. We first detail study sites and methods. Then we present the cal-
culated backweathering rates in the studied craters, and their temporal, local and regional variation.
We discuss the occurrence of a paracratering decrease of backweathering rates with time and compare
Late Amazonian backweathering rates to erosion rates and to terrestrial backweathering rates. We end
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Figure 6.1: Study crater locations. Background topography is from the Mars Orbiter Laser Altimeter
(MOLA; red is high, blue is low elevation).

with a discussion of the potential role of liquid water in backweathering, and its implications for gullies
on Mars.

6.2 Methods

6.2.1 Study site selection
We quantify Late Amazonian Martian backweathering rates in the alcoves of 10 pristine craters (Ta-
ble 6.1; Figs. 6.1, 6.2; Appendix B). These craters are distributed over the northern and southern equa-
torial (30◦N - 30◦S) and mid-latitude regions (30◦ - 60◦ N and S). The study sites were selected using
the following criteria: (1) pristine morphology; (2) Late Amazonian age; (3) free of latitude-dependent
mantle deposits (LDM), a smooth, often meters-thick deposit though to consist of ice containing dust,
deposited from the poles down to the mid-latitudes (30◦ N and S) during periods of high orbital obliq-
uity (e.g., Mustard et al., 2001). We selected craters that had already been dated in previous studies
and/or for which a digital elevation model (DEM) had already been made (Table 6.1, 6.2).

Pristine craters are important chronostratigraphic markers for recent exogenic processes acting on
theMartian surface (e.g., Schon andHead, 2012; Johnsson et al., 2014). Constraining the timing of these
impacts facilitates quantifying rates of the exogenic processes acting upon craters since their formation
(e.g., chapters 7; 9; De Haas et al., 2013; De Haas et al., 2015b). Pristine, late-Amazonian aged, craters
enable (1) the measurement of relatively recent, Late Amazonian, backweathering rates and (2) the
determination of their age because they have well-defined rays and ejecta on which the size-frequency
distribution of superposed craters can be estimated.

Martian alcoves may incise into either bedrock, into the LDM or into a combination of both (e.g.,
Aston et al., 2011). Alcoves that partly to completely incise into LDM can be eroded by melting of the
ice incorporated in the LDM (Conway and Balme, 2014). Therefore, only craters that mainly cut into
original crater wall material or bedrock are used to determine backweathering rates. All selected craters
are largely free of LDM deposits (see Section 6.3.1).
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Figure 6.2: Image draped over colorized elevation model for the studied craters. Corresponding
HiRISE image references and stereo-pairs used to create the DEMs are found in Table 6.2. (a) Cor-
into crater (HiRISE image: PSP_003611_1970). (b) Galap crater (PSP_003939_1420). (c) Crater B
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crater (PSP_010373_1620). (i) Crater A (ESP_025366_2305). (j) Zunil crater (PSP_002252_1880).
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Table 6.1: Study crater characteristics. Age of Crater A, Crater B, Crater C and Galap crater are deter-
mined in this study (Fig. 6.4). Age of Corinto crater from Golombek et al. (2014a). Age of Zunil and
Gratteri crater from Hartmann et al. (2010). Zumba crater age based on Hartmann et al. (2010) and
Schon et al. (2012). Age from Gasa crater from Schon et al. (2009). Istok crater age from Johnsson et al.
(2014).

Crater Latitude Longitude Diameter (km) Highest elevation (m) Lowest elevation (m) Age (Ma)
Crater A 50.19◦N 184.51◦E 1.8 -3924 -4398 0.3 (0.15–0.8)
Crater B 21.59◦N 184.3◦E 13.8 -2950 -4540 39 (30–60)
Corinto 16.95◦N 141.70◦E 13.9 260 -1040 n.a. (0.1–3.0)
Crater C 16.41◦N 209.7◦E 2.5 -3660 -4300 5.3 (4–8)
Zunil 7.78◦N 166.34◦E 10.0 -2330 -3510 n.a. (0.1–1)
Gratteri 17.72◦S 199.90◦E 6.9 570 -460 n.a. (0.7 –2.0)
Zumba 28.65◦S 226.90◦E 2.8 2350 1710 n.a. (0.1–0.8)
Gasa 35.72◦S 129.45◦E 6.5 580 -700 1.25 (0.6–2.4)
Galap 37.66◦S 192.93◦E 5.6 1080 100 6.5 (5–9)
Istok 45.11◦S 274.2◦E 4.7 2670 1840 0.19 (0.1–1.0)

6.2.2 Quantification of backweathering rates
On Earth, two different approaches exist to measure backweathering or rockwall retreat rates; direct
and indirect measurements (Krautblatter and Dikau, 2007). Direct measurement approaches use sedi-
ment traps or repeat elevation models to calculate recent short-term sediment supply from a rockwall
(e.g., André, 1997; Hungr et al., 1999). Indirect measurement estimate the volume of sediment re-
lease and/or storage to calculate the long-term rockwall retreat rates over the accumulation timespan
(Hinchliffe and Ballantyne, 1999; Sass, 2007; Siewert et al., 2012). For Mars, we can only apply indirect
measurements. A major source of uncertainty in indirect measurements is the estimation of sediment
volume in depositional slopes or aprons, mainly because of the often unknown accumulation thick-
ness and topography below the deposits (Siewert et al., 2012). On Earth, accumulation thickness is
generally determined from incisions or sometimes drilling (e.g., Hinchliffe and Ballantyne, 1999) or
geophysically using ground-penetrating radar (e.g., Siewert et al., 2012). On Mars, such analyses are
not feasible.

This problem can be avoided by quantifying sediment loss volumes from alcoves rather than from
depositional aprons. This is possible because alcoves generally develop on Martian crater walls, rather
than uniform bedrock faces. Moreover, the volume loss in alcoves roughly equals the accumulated
volume in depositional aprons in gully-systems that mainly comprise bedrock (Conway and Balme,
2014).

We extract backweathering rate R in (mm yr−1) from the spatially averaged retreat Rsa (mm), which
is derived from the difference between the contour lines of the present-day topography and the inferred
paleotopography, which we assume to be a straight line connecting the two sides of the alcove (Conway
and Balme, 2014) (Fig. 6.3):

R =
Rsa

T (6.1)

where T is the total time of exposure to weathering and erosion (yr), assumed equal to the crater
age. The spatially-averaged retreat Rsa (mm) was inferred from the spatially-averaged planimetric area
A between the contour lines of the present-day topography and the paleotopography:

Rsa =

n∑
k=1

Ak/Wk

n (6.2)
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Figure 6.3:Method used for the derivation of backweathering rates from alcoves. Backweathering is de-
fined as the spatially averaged retreat, inferred from the planimetric difference between the present-day
andpaleo surface contour lines. For the calculations contour lines are derived from1 ton, with a 1mele-
vation interval. Background image showsGasa crater gully-alcoves (HiRISE image ESP_021584_1440).

where W is the width of the planimetric area measured between the alcove crests on both sides of
the catchment. Herein n is the total number of contour lines (contour lines were derived with 1 m
elevation intervals for our calculations). Contour lines were determined from∼1 m/px DEMs derived
from stereo images acquired by the High Resolution Science Imaging Experiment (HiRISE).

6.2.3 DEM generation
When available we used DEMs from the public HiRISE website (Table 6.2), otherwise we produced
the DEMs using the software packages ISIS3 and SocetSet following the workflow of Kirk et al. (2008).
Vertical precision was estimated via the method of Kirk et al. (2008) where the vertical error equals:
maximum resolution/5/tan(convergence angle). These errors range from 0.09 m to 0.18 m, which are
much smaller than the typical depth of the alcoves and therefore negligible.

6.2.4 Age determination
For craters that were already dated in other studies we used the ages reported from literature (Table 6.1)
(Schon et al., 2009; Schon et al., 2012; Hartmann et al., 2010; Johnsson et al., 2014; Golombek et al.,
2014a). The other craters were dated based on the size-frequency distribution of impact craters su-
perposed on the ejecta blanket and/or rim of the craters using HiRISE images (Crater A) or images
from the Mars Reconnaissance Orbiter Context Camera (CTX) (Crater B, Crater C and Galap crater).
Superposed craters were identified by their bowl-shaped form. We defined crater ages based on the
crater-size-frequency distribution using the chronology model of Hartmann and Neukum (2001) and
the production function of Ivanov (2001). Crater countswere performed usingCrater Tools 2.1 (Kneissl
et al., 2011), crater-size-frequency statistics were analyzed with Crater Stats 2 (Michael and Neukum,
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Table 6.3: Comparison between backweathering rates from Longyeardalen (Svalbard) obtained from
talus accumulation thickness (Siewert et al., 2012) and the alcove method designed and em-
ployed in this study, using a 25% measurement uncertainty on top of the age uncertainty fol-
lowing Siewert et al. (2012). See Figure B.1 and Dataset S1 for raw data (available online at
http://dx.doi.org/10.6084/m9.figshare.1520495).

Site Backweathering rate (Siewert
et al., 2012) (mm yr−1)

Backweathering rate (alcove
method) (mm yr−1)

SE-facing slope, site 1 0.52 (0.33 - 0.96) 1.49 (1.06 - 1.95)
NW-facing slope, site 1 1.04 (0.60 - 1.72) 1.13 (0.80 - 1.48)
NW-facing slope, site 2 1.17 (1.08 - 1.96) 1.07 (0.77 - 1.41)
NW-facing slope, site 3 0.86 (0.61 - 1.51) 0.36 (0.26 - 0.47)

Total range 0.90 (0.33 - 1.96) 1.01 (0.26 - 1.95)

2010). The uncertainty in crater age can be relatively large; the minimum and maximum age typically
differ by a factor of 2 to 10 (Table 6.1).

6.2.5 Uncertainties
Inferred backweathering rates from alcoves are subject to multiple measurement uncertainties. In a
closed system, the volume of material eroded from the alcoves is similar to the volume of material de-
posited in the associated depositional apron, when corrected for deposit porosity. Alcove crests will
probably be partly weathered and a portion of the weathered material is often temporally stored on
the alcove floor, resulting in a slight underestimation of backweathering and small geometrical errors
may arise from digitizing alcove crests. Extracting a representative backweathering value from all back-
weathering contours per catchment results in a relatively small error; the median and average value are
typically similar within 10% and maximum values are typically 2-4 times the median value.

Errors of similarmagnitude are associated to backweathering rates inferred fromdepositional aprons,
as often applied on Earth, resulting from uncertainties in the talus thickness, talus porosity and depo-
sitional apron delineation (e.g., Hinchliffe and Ballantyne, 1999; Siewert et al., 2012). The estimated
rockwall area is also a source of uncertainty as it is a fractal property and area will increase with de-
creasing measuring scale (Hoffmann and Schrott, 2002). Moreover, the rockwall can be buried over
time because of increasing amounts of accumulated scree in the talus cone, decreasing the height of the
exposed rockwall. Siewert et al. (2012) estimate the total error to be 25%, excluding errors associated to
dating of the accumulated time of backweathering. Further, it is often unknown whether backweather-
ing rates are constant over time (McCarroll et al., 2001; Ballantyne and Stone, 2013) or whether covered
(e.g. moraine) deposits sometimes lead to an overestimation of accumulated talus volumes (Sass and
Krautblatter, 2007).

To validate our approach, we compare Holocene backweathering rates from Longyeardalen (Sval-
bard) inferred from the accumulation thickness of 4 talus cones (Siewert et al., 2012) with the rates
calculated from the associated alcoves using the methods employed here. For this analysis we use a
HRSC-AX DEM, with a spatial resolution of 0.5 m that we upscaled to a 1 m spatial resolution, similar
to the spatial resolution of the HiRISE DEMs used (Figure S1) (see chapter 4, Hauber et al. (2011) and
DeHaas et al. (2015c) for a detailed description of theHRSC-AXDEM).TheHolocene backweathering
rates in Longyeardalen inferred from talus cone accumulation range from 0.33 to 1.96 mm yr−1 (Siew-
ert et al., 2012). These rates compare very well to the backweathering rates inferred from the alcoves,
which range from 0.26 to 1.95 mm yr−1 (Table 6.3). The values inferred from both methods are very
similar on sites 1 and 2 on the NW-facing slope. For site 3 on the NW-facing slope the backweather-
ing rate inferred from the alcove is approximately 2.5 times lower than the rate inferred from the talus
cone, whereas for the site on the SE-facing slope the backweathering rate inferred from the alcove is
approximately 3 times larger than the rate inferred from the talus cones. As both methods are subject
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to potential errors, we assume that backweathering rates inferred from alcoves are accurate within a
factor 2-3, but are generally more accurate.

The uncertainty range on backweathering rates that results from crater age uncertainties (factor 2
to 10) is thus larger than the uncertainty that results from determining total backweathering in the
alcoves. However, the variability of backweathering rates of the alcoves within craters ranges from 1
to 3 orders of magnitude, and is therefore larger than the uncertainties associated with the methods
employed to calculate backweathering rates. Therefore, we neglect the latter for simplicity and use the
25th and 75th percentile sized alcoves per crater to indicate the backweathering range per crater in the
figures throughout this article.

6.3 Results

6.3.1 Crater age, geology and lithology
The studied craters range in diameter from 1.8 to 13.9 km (Table 6.1). They are located at various alti-
tudes, ranging from Istok crater with a highest point of 2670 m, down to Crater B for which the lowest
part of the crater floor is located at -4540 m. The studied craters range in age from ∼0.19 to ∼39 Ma
(Table 6.1; Fig. 6.4), but all craters except for Crater B are younger than 6.5 Ma.

The craters formed in various terrains, ranging in age fromNoachian to Late Amazonian (Table 6.1).
Crater A, B andC, Corinto crater, Zunil crater and Zumba crater all formed in volcanic terrains (Tanaka
et al., 2014). Gratteri, Gasa, Galap and Istok formed in Noachian terrain of undifferentiated origin on
the geological map of Tanaka et al. (2014). However, in the vicinity of these craters there is no evidence
for any type of sedimentary deposit (i.e., large channels), suggesting a volcanic origin. The lithology
of the studied alcoves therefore probably predominantly consists of volcanic rocks, most likely basalt,
which is the most common rock type on Mars (Bandfield et al., 2000). One notable exception might
be Gasa crater, which is located within an older impact crater. Impact melt and impact breccia might
therefore be the dominant bedrock lithology in Gasa crater (Okubo et al., 2011). Note that although the
original bedrock material is probably volcanic in origin, crater walls are likely partly covered by allo-
genic and fall-back breccias, such as observed onMeteor crater on Earth (Kumar et al., 2010).Moreover,
the rims of impact craters generally consist of highly faulted, fractured and fragmented materials (e.g.,
Kumar and Kring, 2008; Kenkmann et al., 2014).

The studied craters are largely free of LDM deposits. The LDM was not deposited below 30◦ N and
S (e.g., Mustard et al., 2001; Head et al., 2003), so the equatorial craters are free of LDM, which is
supported by a visual inspection. Of the selected mid-latitude craters, Gasa (and also Zumba, which
is here defined as an equatorial crater) postdate the latest LDM mantling episode (Schon et al., 2012).
Moreover, Istok and Galap crater are presumably free of LDM-deposits (chapters 8; 9; Johnsson et al.,
2014; DeHaas et al., 2015b; DeHaas et al., 2015a), which is testified by the presence of highly brecciated
alcoves hosting many boulders that solely expose bedrock and the absence of landforms associated
with the LDM, such as moraine-like ridges and polygonally patterned ground. Crater A has similar
characteristics, and therefore probably also postdates the latest LDM mantling episode.

6.3.2 Alcove morphology
Equatorial craters
The alcoves of the studied equatorial craters (between 30◦ N and 30◦ S) range from poorly developed
to well-developed alcoves with sharply defined edges (Fig. 6.5). Crater C exposes very shallow, poorly-
developed, alcoves on parts of its northwestern and southeastern walls (Fig. 6.5d), whereas alcoves are
absent on the rest of the craterwall. Shallow andnarrow alcoveswith poorly-developed debris chutes are
cut into the crater rim of Zumba crater (Fig. 6.5g). Although these alcoves are larger than those found in
the walls of Crater C, they are less well-developed than those in the other equatorial craters.The alcoves
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Figure 6.4: Crater size-frequency distributions of dated craters. (a) Crater A. The size-frequency dis-
tribution indicates an absolute model age between 150 and 800 ka. The best-fit absolute model age
is ∼300 ± 100 ka. Count performed on HiRISE image ESP_025366_2305. (b) Crater B. The size-
frequency distribution indicates an absolute model age between 30 and 60 Ma. The best-fit absolute
model age is ∼39 ± 4 Ma. Count performed on CTX images P16_007341_2013_XN_21N175W and
B17_016360_2017_XN_21N175W. (c) Crater C. The size-frequency distribution indicates an absolute
model age between 4 and 8 Ma. The best-fit absolute model age is ∼5.3 ± 1 Ma. Count performed on
CTX image P12_005837_1966_XI_16N150W. (d) Galap crater. The size-frequency distribution indi-
cates an absolute model age between 5 and 9 Ma. The best-fit absolute model age is ∼6.5 ± 0.5 Ma.
Count performed on CTX image B07_012259_1421_XI_37S167W.

in these remaining equatorial craters (Crater B, Corinto, Gratteri and Zunil craters) (Fig. 6.5b,c,e,f) are
larger and have sharp, well-defined edges. Moreover, the alcoves of these craters and those of Zumba
crater are generally roughly similar in planform-shape and morphometry on all slope-orientations,
although the equator facing slopes are generally slightly larger.

All equatorial crater alcoves expose brecciated bedrock material and host meter-sized boulders. The
alcoves are connected to steep depositional aprons, which can be defined as colluvial fans or talus cones
(e.g., Blikra and Nemec, 1998; De Haas et al., 2015c). These aprons typically have depositional slopes
near the angle of repose, relatively short radial lengths compared to gully-aprons, a downslope coarsen-
ing texture and topographically smooth surfaces. These characteristics suggest a formation by rockfalls
and dry grainflows and/or rock avalanches, transporting material from the alcoves to the depositional
fans in the absence of liquid water (e.g., chapter 8; Conway et al., 2011; De Haas et al., 2015a).
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Figure 6.5: Alcove morphology. For each crater a portion of the northern wall is displayed on
the upper panel, and a portion of the southern wall is displayed on the lower panel. North is
up in all images. Images a-e are northern latitude craters for which the southern wall is pole-
facing, while images f-j are southern latitude craters for which the northern wall is pole-facing.
(a) Crater A (HiRISE image: ESP_025366_2305). (b) Crater B (PSP_007341_2020). (c) Corinto
crater (PSP_004244_1970). (d) Crater C (PSP_005837_1965). (e) Zunil crater (PSP_002252_1880).
(f) Gratteri crater (PSP_006800_1620). (g) Zumba crater (PSP_003608_1510). (h) Gasa crater
(ESP_021584_1440). (i) Galap crater (PSP_003939_1420). (j) Istok crater (PSP_006837_1345).
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Mid-latitude craters
Thestudiedmid-latitude craters (>30◦ Nand>30◦ S) differ from the equatorial craters by the presence
of gullies on the pole-facing slopes of Gasa, Galap and Istok craters. In Gasa, Galap and Istok craters the
largest alcoves are located in the middle of the northern, pole-facing, rim and the alcoves become pro-
gressively smaller in clockwise and counter-clockwise directions. The largest alcoves have a crenulated
shape and are generally complex, consisting of multiple sub-alcoves (Fig. 6.5h-j). The sharp divides
between the alcoves and the upper rims often expose fractured bedrock material, which appears to be
highly brecciated and contains many boulders. The alcoves are connected to large gully-fans, whose
stratigraphy and morphometry suggest formation by aqueous flows (chapters 8; 9; Conway et al., 2011;
Schon et al., 2012; Schon and Head, 2012; Johnsson et al., 2014; De Haas et al., 2015b; De Haas et al.,
2015a). The non-pole-facing, eastern, southern and western walls of these craters are characterized
by poorly-developed, narrower and shallower, alcoves. These alcoves are similar in morphology and
morphometry to the alcoves of the studied craters in the equatorial regions. Similarly to the equatorial
examples, they are also connected to steep talus cones suggesting a dry formation.

Crater A is a notable exception. The crater has relatively well-defined and roughly similar-sized al-
coves on all azimuths (Fig. 6.5a).These alcoves are similar to those of the non-gullied slopes of the other
mid-latitude craters. On the N and NW slopes of the crater, channels are present in the talus slopes,
suggesting the potential presence of liquid water in formation of the alcoves and aprons. We estimate,
however, that these systems predominately formed by dry processes as the bulk of the talus deposits
have amorphometry, morphology and texture indicative of dry rockfall and grainflow processes (chap-
ter 8; De Haas et al., 2015a).

6.3.3 Backweathering rates
Thebackweathering rates inferred from the alcoves in the studied craters range between 10−4 and 10−1

mm yr−1 (Figs. 6.6; S2-S11; Dataset S1). Backweathering rates typically vary by one order of magni-
tude between different alcoves within the craters. However, the variation is much larger in mid-latitude
craters, up to three orders of magnitude for Gasa and Istok crater, mainly because of the presence of
gullied slopes (see Section 6.3.3). There are similarly large differences in backweathering rates between
craters, varying up to three orders of magnitude. We found that these differences are mainly caused by
differences in crater age.

Temporal variations
The inferred backweathering rates are highly dependent on crater age, and thus measurement time
interval (Fig. 6.7). The backweathering rates decrease strongly with crater age, and measurement time
interval explains the largest variability in backweathering rates between craters. Backweathering rates
are∼10−2 mmyr−1 for craters younger than 1Ma, whereas they decrease down to∼10−3 mmyr−1 for
craters approximately 10 Myr old. When corrected for measurement time interval, the backweathering
rates only vary up to 1 order of magnitude between craters.

Zumba crater, Gasa crater and Crater C have been exposed to relatively low backweathering rates.
This agrees well with the poorly-developed alcoves that we observed in Zumba crater and Crater C
(Section 6.3.2). Gasa crater has very large gullied alcoves on its pole-facing slopes, whereas very small,
poorly-developed, alcoves are present on the slopes with non-polar azimuths. The median backweath-
ering rate in Gasa is therefore relatively low, while the large pole-facing alcoves have much higher rates
that conform to the general trend (Fig. 6.6).

Local and regional variations
Backweathering rates and their variability can change significantly on slopes with different orienta-
tions within craters (Fig. 6.8). The backweathering rates on the northern slopes of Gasa, Galap and
Istok craters are much larger than those on the slopes with other azimuths (Fig. 6.8h,i,j). This agrees
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well with the large gully-alcoves that are present on the northern slopes of these craters (Fig. 6.5h,i,j).
The variability of backweathering rate on slopes with different orientations is generally smaller on the
equatorial craters.

This latitude-dependent asymmetry can be summarized on a plot of latitude versus the asymmetry
between pole-facing and equatorial-facing backweathering rates (Fig. 6.9). The backweathering rates
on the pole-facing slopes of the studied mid-latitude craters are larger than those on the equator-facing
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slopes.This asymmetry is relatively large, and can be up to a factor of∼60 (Gasa crater). In contrast, the
studied craters in the equatorial regions have larger backweathering rates on the equator-facing slopes
than on the pole-facing ones, except for Corinto crater. The asymmetry appears to increase towards
the equator. This trend should, however, be interpreted with care since we only have five data points.
Further study is required.

6.4 Discussion

Despite the observation that planet-wide weathering and erosion rates have dropped to very low val-
ues following the Noachian period (Bibring et al., 2006; Golombek et al., 2006; Carr and Head, 2010;
Ehlmann et al., 2011), our results support recent observations of enhanced local weathering and erosion
rates in the last few millions of years on Mars (e.g., 7; De Haas et al., 2013; Golombek et al., 2014b).

The results also suggest that there is a paracratering decrease of backweathering rates over time.Addi-
tionally, the dependence of backweathering asymmetry on latitude (Fig. 6.9) provides valuable insights
into the weathering mechanisms acting on the crater alcoves and the role of liquid water therein, which
has important implications for gully-formation. Below we discuss these insights and implications. Fur-
thermore, we discuss how our results compare to Late Amazonian erosion rates reported by others,
as well as to terrestrial backweathering rates from Meteor crater and from various Holocene Arctic,
Nordic and Alpine rock faces.

6.4.1 Decreasing backweathering rates over time
The average Late Amazonian backweathering rates inferred from crater wall alcoves decrease with
crater-age (Fig. 6.7).These declining backweathering rates canprobably bemainly attributed to a paracra-
tering decrease of backweathering rates over time (Fig. 6.10).

Deglaciation exposes oversteepened rock slopes, which are often highly fractured due to enhanced
stress relaxation caused by debuttressing (removal of the support of adjacent glacier ice), resulting in
enhanced backweathering rates that decline towards background rates over time (e.g., André, 1997;
Hinchliffe and Ballantyne, 1999; Ballantyne, 2002b). This is referred to as a paraglacial decrease in
backweathering rates over time.

The interior parts of crater rims are generally oversteepened shortly after their formation and con-
sist of highly faulted, fractured and fragmented materials (Kumar and Kring, 2008; Kumar et al., 2010;
Kenkmann et al., 2014), similar to recently deglaciated rockwalls. As a result, they are particularly prone
to backweathering shortly after their formation. Many studies have shown that backweathering rates
increase with increasing joint or fracture density (e.g., Selby, 1980; Douglas, 1980; Fahey and Lefebvre,
1988; André, 1997; Sass, 2005;Moore et al., 2009; Krautblatter andMoore, 2015).More specifically, Sass
(2005) showed empirically in the Northern and Central European Alps that backweathering on aver-
age increases linearly with joint density. The oversteepening of rock slopes increases the stress regime
acting within a rock slope. This promotes rock-slope failure at various scales, ranging from debris falls
to large-scale catastrophic rock-slope failures, along pre-existing joint sets or other planes of weakness
(e.g., Ballantyne, 2002b). Following impact, crater walls are thus relatively unstable and backweather-
ing rates are high. The most unstable parts of the crater wall will rapidly fail, after which a more stable
rock-slope configuration develops. For example, Kumar et al. (2010) suggest that parts of the back-
weathering in the alcoves of Meteor crater might have occurred almost immediately after the impact,
and a response time of several thousand years following deglaciation is hypothesized for terrestrial
rockwalls, reflecting the time needed for stress-related fracturing to yield a critical path for large rock
slope failures (Einstein et al., 1983; Prager et al., 2008). The effects of fractures in promoting back-
weatering in crater walls are evident from alcoves in terrestrial impact craters that are often associated
with the presence of radial fractures (Kumar et al., 2010; Wang et al., 2013). In short, backweathering
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The opposite is true for the totally ungullied equatorial slopes, except for Corinto crater.

rates in impact craters are initially high but decline to a slowly declining background rate or to a lower
but rather constant background rate over time, as the crater wall becomes more stable. Such a decline
can typically be described by an exhaustion model in which sediment yield decreases exponentially
over time (Ballantyne, 2002a).

Amajor draw-back of the paraglacial concept is that the interglacial time-scale of 10−2 Myr of obser-
vations determined by Milankovitch cycles is shorter than the relaxation time of rock slopes; possibly
we do not reach the steady state of rockfall activity in a single interglacial cycle in Alpine and Arctic
valleys (Ballantyne and Stone, 2013; Viles, 2013; Krautblatter and Moore, 2015). On Mars we have the
opportunity to observe the full exhaustion curve that only leads to a steady state after 101 - 102 Myr,
or possibly longer, suggesting that steady state rockfall activity is hardly reached in terrestrial rockwall
systems.

Over long timescales, erosion, weathering and sedimentation rates are dependent on measurement
time interval (‘Sadler effect’ or timescale bias; Sadler, 1981; Sadler, 1999), because the rates of surficial
geological processes are discontinuous and unsteady over time. They are variable in both magnitude
and frequency in space and time, and may incorporate heavy-tailed hiatuses that separate the actual
weathering and erosion events. Moreover, higher magnitude events tend to occur with lower frequency
(e.g., Gardner et al., 1987; Krautblatter et al., 2012), and rates of surficial processes can thus incorporate
longer intervals of relatively low activity, producing an apparent slower rate (Gardner et al., 1987). It
is unknown over which timescales the decrease in backweathering rates is also significantly influenced
by a timescale bias, but Golombek et al. (2014b) attribute the decrease in small crater denudation rates
over 0.1-100 Myr timescales mainly to topographic diffusion (see below). Accordingly, we hypothesize

135



Time since crater formation

Ba
ck

w
ea

th
er

in
g 

ra
te

Steady-state backweatering rate
Paracratering period

A

A. Impact

B. Wall collapse

C. End of paracratering period

D. Steady-state situation

<1 day ~101-102 Myr0

B

C D

Figure 6.10: The temporal evolution of paracratering backweathering rates. Following crater formation
the crater walls collapse and pristine alcoves are rapidly formed (<1 day). Afterwards backweathering
rates remain high for a prolonged period (at least 101-102 Myr), but slowly decrease towards steady-state
backweathering rates. The paracratering period of enhanced backweathering rates starts after crater
formation, and ends when the backweathering rates have declined to the long-term steady-state back-
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that the observed decrease in backweathering rates over time in the studied pristine craters can be
predominantly attributed to paracratering effects rather than a timescale bias.

6.4.2 Late Amazonian backweathering versus erosion rates
Late Amazonian small crater modification rates, i.e., the denudation of the crater rim and infill of the
crater depression, decrease with increasingmeasurement time interval onMeridiani Planum (Fig. 6.11)
(Golombek et al., 2014b), similar to the observed decrease in backweathering rates over time.Golombek
et al. (2014b) show that small crater denudation rates decrease from∼10−3 mmyr−1 for craters younger
than 1 Ma to <10−4 mm yr−1 for craters 10-20 Ma, and <10−5 mm yr−1 when averaged over ∼100
Myr to 3 Gyr in the Amazonian and the Hesperian. Moreover, Golombek et al. (2014b) outline that
similar erosion rates for similar measurement time intervals were found by Malin and Edgett (2000),
McEwen et al. (2005), and De Haas et al. (2013) and Farley et al. (2014) (Fig. 6.11).

Golombek et al. (2014b) attribute the decreasing erosion rates over time to topographic diffusion.
Topographic diffusion is also used to explain the rapid smoothing of Late Amazonian gully-fan surfaces
on Mars (chapter 7; De Haas et al., 2013). Immediately after impact a crater rim is formed that is out
of equilibrium with the eolian regime, which results in rapid erosion of the weak ejecta blocks and
other rim deposits in the wind stream and deposition in quiet areas around these blocks and inside the
craters (Golombek et al., 2014b). This is also a paracratering process, and it is in essence similar to the
paracratering relaxation of backweathering rates when the crater wall progressively moves towards a
more stable configuration.

The small crater modification rates observed by Golombek et al. (2014b) are approximately one or-
der of magnitude lower than the backweathering rates we inferred from crater alcoves (Fig. 6.11). The
alcove backweathering rates are probably larger than the erosion rates because: (1) crater walls are
highly susceptible to backweathering and (2) crater erosion is more a ‘grain by grain’ process, whereas
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restrial rock faces given in Fig. 6.12 and Table B.1, and the erosion rates reported in Golombek et
al. (2014b) (as shown in their Fig. 25, compiled from data of Malin and Edgett (2000), McEwen
et al. (2005), Golombek et al. (2006), De Haas et al. (2013), Golombek et al. (2014b), and Far-
ley et al. (2014)). Backweathering rates for Meteor crater were derived with the method applied
to the Martian craters, using a LiDAR DEM with 1 m spatial resolution (Figure B.12; Dataset S1;
http://www.lpi.usra.edu/publications/books/barringer/crater/guidebook/LiDAR/), the age of Meteor
crater is 49±3 ka (Sutton, 1985; Nishiizumi et al., 1991; Phillips et al., 1991). The circles and squares
are the best-fit crater ages and the median backweathering / erosion rates. Error bars denote estimated
minimum and maximum crater age and the 25th and 75th percentile backweathering / erosion rates.
For simplicity the terrestrial rock face backweathering rates are given an age of 10 ka in the diagram
(approximately the start of the Holocene).

backweathering spans ‘grain by grain’ to large failures (e.g., Krautblatter et al., 2012), which together
result in a higher net rate. This explanation is supported by Okubo et al. (2011), who show that the
pattern of fracturing around the crowns (upper parts) of the gully-alcoves of Gasa crater is indicative
of landsliding.

6.4.3 Martian versus terrestrial backweathering rates
Terrestrial rockwall retreat rates are highly variable in all environments, and can vary up to four orders
of magnitude (Fig. 6.12) (e.g., Hinchliffe and Ballantyne, 1999; André, 2003; Glade, 2005; Krautblatter
and Dikau, 2007; Siewert et al., 2012).The large variability mainly results from highly variable topogra-
phy, lithology and climatic conditions at different rock-slopes (e.g., André, 1997). Furthermore, part of
the variability may be attributed to paraglacially enhanced backweathering rates on some rock slopes
(e.g., Hinchliffe and Ballantyne, 1999; Ballantyne, 2002b), the wide range of direct and indirect meth-
ods employed (Krautblatter and Dikau, 2007), and the timespan for which the backweathering rates
are derived.

The inferred Martian backweathering rates are on average 1-2 orders of magnitudes below the range
of reported Holocene terrestrial values (Fig. 6.12). The highest Martian backweathering rates are sim-
ilar to the lowest reported terrestrial Arctic, Nordic and Alpine values. When corrected for timespan,
there is a remarkably good correspondence between the trend for Martian backweathering rates versus
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Figure 6.12: Comparison of the Martian rockwall retreat rates obtained in this study to terrestrial rock-
wall retreat rates from various Arctic, Nordic and Alpine environments (extended from André, 1997;
André, 2003; Hinchliffe and Ballantyne, 1999; Glade, 2005). See Table B.1 for raw data. Median back-
weathering rate per crater is used for the Martian data. The black square indicates result for best-fit age,
uncertainty is based on min and max age.
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time-interval and the terrestrial trend derived from Holocene backweathering rates and Meteor crater
(Fig. 6.11). Although it is not known how the Martian backweathering rates evolve towards relatively
young ages (<0.1 Ma), the remarkably good correspondence between backweathering rates on both
planets suggest that they evolve similarly. Part of the correspondence between Martian backweathering
rates in pristine craters to terrestrial rock faces might be attributed to the relatively high susceptibil-
ity of Martian crater walls to backweathering, balanced by the atmospheric conditions on Mars that
are probably less favorable to weathering (e.g., restricted amounts of water) (e.g., Mischna et al., 2003).
However, this does not explain the good correspondence between the backweathering rates in theMar-
tian craters and Meteor crater, although this might be partly explained by the higher susceptibility to
backweathering of the sedimentary bedrock wherein Meteor crater formed compared to the basaltic
bedrock on Mars.

In contrast, Golombek et al. (2014b) show that Hesperian to Amazonian erosion rates are 3-4 orders
of magnitude lower than typical terrestrial erosion rates when averaged over similar timescales, sug-
gesting that in generalMartian surface processes are dramatically lower than those on Earth. Golombek
et al. (2014b) attribute this to the absence of liquid water as an important erosional agent on Mars. One
explanation for this discrepancymight be that the occasional presence of liquid water couldmore effec-
tively enhance weathering and erosion rates on steep craters walls compared to relatively low-gradient
small crater rims, as steep landscapes have naturally faster erosion rates than lower-sloping landscapes
(e.g., DiBiase et al., 2012).

6.4.4 The role of liquid water in backweathering and implications for gullies
Liquid water as catalyst for backweathering?
The backweathering rates in the pole-facing alcoves of the studied mid-latitude craters are much larger
than those on slopes with other azimuths, in contrast to the equatorial craters where the backweather-
ing rates are more similar around the crater wall (Fig. 6.8, 6.9). The large pole-facing alcoves of Gasa,
Galap and Istok crater contain gullies, whereas gullies are absent on the crater slopes with non-polar
azimuths. These observations suggest that the enhanced backweathering rates in gullies are associated
to the processes leading to gully formation. Gullies are hypothesized to have formed by aqueous debris
flows and/or fluvial flows (e.g.,chapter 8; Costard et al., 2002; Dickson et al., 2007; Conway et al., 2011;
Johnsson et al., 2014; DeHaas et al., 2015a) or by water-free sediment flows, often associated to CO2 ice
sublimation (e.g., Treiman, 2003; Pelletier et al., 2008; Dundas et al., 2010; Cedillo-Flores et al., 2011;
Dundas et al., 2014).

On the majority of non-gullied areas on Mars weathering induced by thermal cycling is probably
the most important weathering mechanism on Mars (e.g., Viles et al., 2010; Eppes et al., 2015). In con-
trast, the greatly enhanced backweathering rates in gully-alcoves may result from the presence of liquid
water, CO2 ice, or both. The presence of liquid water generally results in enhanced weathering rates as
shown onEarth (e.g., Selby, 1980; Sass, 2005; Krautblatter andMoser, 2009;Warke, 2013), by enhancing
chemical modification rates, freeze-thaw cycles, and hydration-dehydration and crystallization cycles
in the presence of salts, which are abundant on Mars (e.g., Clark and Hart, 1981; Rodriquez-Navarro,
1998; Jagoutz, 2006; Head et al., 2011).

The effects of CO2-ice accumulation and sublimation on fractured slopes under Martian conditions
are currently unknown, because there are no terrestrial analogs of this process and no laboratory ex-
periments have been performed. Yet, CO2 cannot exist in its liquid form onMars (Stewart and Nimmo,
2002), and freeze-thaw cycles and salt weathering can thus not be enhanced by the presence of CO2.
Furthermore, CO2-ice deposits on Mars remain at or above the CO2-condensation temperature. This
is because when the surface temperature drops below the CO2 condensation temperature, the atmo-
sphere provides a continuous supply of CO2, therefore condensation is also continuous and prevents
the ice cooling further. This is not the case for water ice, where the atmospheric supply runs out rapidly
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once the temperature drops below the condensation point and therefore the temperature in the ice
can experience thermal cycles below zero, which probably causes most of the high latitude polygo-
nally patterned terrains on Mars (Mangold, 2005). This for example explains why the polygons seen on
CO2-slab-ice are linked to brittle failure rather than to thermal contraction stresses (Portyankina et al.,
2012).

Based on these observations, the presence of liquid water is the most parsimonious accelerator of
weathering rates on gullied crater slopes. This liquid water has probably been present during periods of
high-orbital obliquity (e.g., Williams et al., 2009). Nonetheless, CO2-ice accumulation and sublimation
cannot be fully ruled out as a catalyst for weathering in gully alcoves.

Gully-fan formation andmodification

The high paracratering backweathering rates following crater formation (Fig. 6.7) initially result in the
presence of a lot of loose material that is available for transport in gully-alcoves. This probably facil-
itates high sediment transport rates towards the gully-fans, and might explain the presence of large
and well-developed gully-fans in very young impact craters like Istok crater (chapter 9; Johnsson et al.,
2014; De Haas et al., 2015b). As backweathering rates decrease over time, the sediment supply rates
decrease simultaneously and the gullies might transition from transport-limited to supply-limited sys-
tems (e.g., Glade, 2005). Although this remains highly speculative, it might partly explain why gullies
in very young impact craters are approximately the same size as those inmuch older impact craters. For
example, the gully-alcoves and gully-fans in the relatively young Istok, Gasa and Galap craters studied
here (all younger than a few Ma) are fairly similar to those found in Hale crater as described by Reiss
et al. (2011), which is a relatively old crater with an age of ∼1 Ga (Jones et al., 2011). An alternative
explanation might be that the gullies are subject to repeat erosional/deposition cycles driven by orbital
cycles and the LDM (Dickson et al., 2015), but this would not fully explain the small difference in alcove
size between gullies with different ages. The majority of gullies studied by Dickson et al. (2015) are lo-
cated within the LDM and are not systematically associated with bedrock alcoves. The mass-balance of
such gullies is dominated by the gain and loss of ice, which means the sediment transport is limited to
the dust and other debris contained in the LDM (Conway and Balme, 2014), therefore they are isolated
from the site of backweathering at the crater rim and cannot contribute to it. It is possible that, once it is
established, the LDM forms a barrier to backweathering and once a certain threshold is reached it even
inhibits gully-formation entirely. New impacts clear away the LDM leaving the slope free to directly
experience the full brunt of Mars’ atmospheric and hydrological cycles.

The high backweathering rates on the gullied mid-latitude crater slopes, which can exceed those on
the ungullied slopes in the same crater by more than 60 times (Fig. 6.9), shows that weathering rates in
gullies can be much higher than those in other areas on Mars. These enhanced weathering rates poten-
tially explain why relatively young gully-fan-surfaces often host many meter-sized boulders and have
notable relief, whereas these features are typically absent on older gully-fan surfaces (chapters 7; 8; De
Haas et al., 2013; DeHaas et al., 2015a). Moreover, this might also explain why boulder break down can
occur within 1 Myr on gully-fans (chapter 2; De Haas et al., 2013), whereas boulders can be preserved
for millions to billions of years on other Martian surfaces.

6.5 Conclusions

We derived recent, Late Amazonian, backweathering rates from the alcoves of 10 pristine equatorial
and mid-latitude impact craters on Mars. These backweathering rates range between 10−4 and 10−1

mm yr−1, but decrease with increasing crater age. This paracratering decrease in backweathering rates
over timemainly results from the oversteepened and highly fractured and faulted crater walls following
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impact, which makes the crater slopes highly susceptible to backweathering and results in initially high
backweathering rates that decline over time as the crater wall stabilizes.

Late Amazonian backweathering rates are approximately one order of magnitude higher than Late
Amazonian erosion rates. We attribute this to the high susceptibility to backweathering of crater walls
and the fact that most erosional processes are a ‘grain by grain’ process, while backweathering is the
sum of ‘grain by grain’ to large-scale slope failures. The Martian backweathering rates appear to be
approximately similar to terrestrial rates inferred from Meteor crater and various Arctic, Nordic and
Alpine rock faces. Moreover, the long time-scale before steady state backweathering rates are reached
on Mars (at least 101 - 102) may suggest that steady state rockfall activity is hardly reached in terrestrial
rockwall systems within interglacial time-scales of 10−2.

Backweathering rates have been much larger in the gullied pole-facing alcoves than in the ungullied,
non-pole-facing, slopes of the mid-latitude craters. This is in contrast with the studied craters in the
equatorial regions, where the rates are more similar around the crater wall and backweathering rates
are generally even higher on the equator-facing slopes. The higher backweathering rates in the gullied
slopes of the mid-latitude craters may be caused by the presence of liquid water that acts as a catalyst
for backweathering on these slopes.

Theparacratering decrease in backweathering rates over timemight partly explainwhy gullies in very
young impact craters are approximately the same size as those in much older impact craters. Addition-
ally, once established the LDM might form a barrier to backweathering that retards or even inhibits
gully-formation.
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Chapter 7

Local late Amazonian boulder break-down and denudation
rate on Mars

Inactive fan surfacesbecomesmoother anddevelopdesert pavementover timebyweatheringanderosion.
We use thismechanism to estimate late Amazonian boulder break-down and surface denudation rates on a
young (∼1.25Ma) (Schon et al., 2009) fan onMars. This is doneby comparingboulder size and surface relief
between lobesofdifferentages. Theboulderbreak-downrate is3.5m/Myr, surface smoothing (denudation)
rate is approximated as 0.89 m/Myr. These rates exceed previous estimates for the Amazonian by orders
of magnitude. We attribute this to locality, high initial smoothing rates after morphological activity and
obliquity and eccentricity-driven variation in the availability of (metastable) liquid water, which acts as a
catalyst forweathering during these periods. The results havemajor implications for process interpretation
of Martian landforms, as they imply that typical small-scale morphology may be subdued within <1 Myr.

Published as: De Haas, T., Hauber, E., and Kleinhans, M. G. (2013), Local late Amazonian boulder breakdown and
denudation rate on Mars, Geophysical Research Letters, 40(14), 3527-3531, doi:10.1002/grl.50726.

7.1 Introduction

Small alluvial fan systems are amongst the youngest landforms created by liquid water on Mars, many
of which formed in the very late Amazonian (Malin and Edgett, 2000; Reiss et al., 2004; Schon et al.,
2009). They provide compelling evidence for conditions adequate for localized, short-duration, surfi-
cial flow of liquid water in the last few millions of years on Mars. These fans aggrade through highly
episodic runoff or mass-flow events. Consequently, large parts of fans are generally inactive and sub-
ject to weathering and erosion for prolonged periods. As a result, the morphology and texture of fan
surfaces are often more effectively influenced by secondary processes of weathering and erosion than
by primary processes of aggradation (Blair and McPherson, 1994; Blair and McPherson, 2009). On
Earth, weathering and erosion generally lead to a decrease in surface relief (denudation) and particle
size, which often results in the formation of smooth desert pavement.

Fan surface denudation and pavement development are observed on fans in both hot-arid environ-
ments (Wells et al., 1987; McFadden et al., 1989; Al-Farraj and Harvey, 2000; Frankel and Dolan, 2007)
and Arctic (André, 1990) and Antarctic environments (Webb and Fielding, 1999), despite the differ-
ent environmental conditions. This suggests that these processes are independent of climate, as long
as one or more agents for weathering and erosion are present. In the cold-arid environment of Mars,
such agents include salt-weathering (Malin, 1974; Jagoutz, 2006), insolation weathering (thermal fa-
tigue) (McFadden et al., 2005; Viles et al., 2010), aeolian weathering (e.g. Thomas et al., 2005), and
chemical weathering, mainly by acidic volatiles in the post-Noachian (Hurowitz and McLennan, 2007;
Chevrier and Mathé, 2007). Indeed, rocks altered by one or more of these processes were identified on
the Martian surface by multiple Martian Rovers (e.g. Thomas et al., 2005; Jagoutz, 2006).
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However, the late Amazonian Martian boulder break-down rate, the rate of disintegration of boul-
ders in all dimensions into rock fragments on a nearly planar surface induced byweathering, is currently
unknown. Recent large-scale surface denudation rates have been estimated by crater degradation and
concentration of blueberry surface lag averaged over a prolonged period (0.4 Ga) (Golombek et al.,
2006). This ignores that initial weathering rates of small-scale morphology immediately following for-
mation are much higher because weathering and the consequent relief attenuation is partly driven by
local surface gradient. We compare boulder-size and surface relief between lobes of different age on a
fan in eastern Promethei Terra (35◦S, 131◦E), which has a crater retention age of ∼1.25 Ma (Schon
et al., 2009), to determine very late Amazonian (∼1.25 – 0 Ma) boulder break-down and surface de-
nudation rates.

7.2 Fan surface denudation and boulder break-down rate

The fan in eastern Promethei Terra is located in a 5 kmwide crater. A single, large, well-developed, gully
system and two smaller gully systems are present on the steep north-eastern wall of this crater.The large
systemwith four distinct generations of lobes (Fig. 7.1A) provides clear evidence of episodic deposition.
The oldest lobe (lobe 1) is superposed by secondary craters (Schon et al., 2009) that provide a robust
maximum age for the other lobes.The secondary crater population originates from the formation of the
7 kmwideGasa crater, located∼100 km southwest of the gully system. Crater counts yield an estimated
retention age of 1.25 Ma for the Gasa impact crater, with an uncertainty range of 2.4 – 0.6 Ma (Schon
et al., 2009), although that range could be larger based on recent examination of young crater retention
age estimates (Daubar et al., 2013).

The four generations of lobes on the fan identified by Schon et al. (2009) are all distinct inmorphology
and texture. The oldest lobe is strongly altered by the impact of the secondary acraters. As a result, no
originalmorphological or textural features can be identified on its surface. In contrast, the youngest lobe
(lobe 4) shows a large amount of relief, with proximal and medial parts that are dominated by channels
and levees and a distal part that is dominated by debris flow lobes. Lobe 4 shows many boulders >0.5 m
on its surface (Fig. 7.1B, C), concentrated close to the apex and along the margins of debris flow snouts
(Fig. 7.1D). Lobes 2 and 3 show no boulders >0.5m and have relatively smooth surfaces with little relief
(Fig. 7.1B, C). We attribute boulder break-down and surface smoothing on these lobes to weathering
and erosion. Schon et al. (2012) indicate that Gasa crater, and thus the fan, postdates the local ice-dust
mantle.

The minimum age of the youngest lobe can be constrained by the relation between gully activity
and climate. Gullies are generally believed to have formed by top-down melting of frost, snow and/or
ice, which has accumulated in favorable locations like alcoves (e.g. Costard et al., 2002; Dickson et al.,
2007; Dickson and Head, 2009; Williams et al., 2009). This means that gullies on Mars can only have
been active when there was accumulation of frost, snow and/or ice in alcoves and when this was able
to melt. The last glacial period on Mars, inferred from enhanced obliquity (Laskar et al., 2004), was
between ∼2.1 – 0.4 Ma (Head et al., 2003). During this period ice-rich layers were deposited as a me-
ters thick mantle from the poles to approximately 30◦N and 30◦S (Head et al., 2003). Additionally,
General Circulation Model results imply that during periods of enhanced obliquity centimeters of sea-
sonal mid-latitude snow was present (Costard et al., 2002; Mischna et al., 2003; Madeleine et al., 2009).
This snow could have concentrated into thicker snowpacks in topographic hollows like alcoves by aeo-
lian transport (Christiansen, 1998). Modeling by Williams et al. (2009) indicates that melting of these
snowpacks was only possible during periods of high obliquity. This melting provided sufficient liquid
water for the formation of fans on pole-facing mid-latitude crater rims (Dickson et al., 2007; Marchant
and Head, 2007; Morgan et al., 2010). Therefore melting, and thus fan aggradation, did probably not
occur after 0.4 Ma (Morgan et al., 2010; Schon and Head, 2011), which implies that lobe 4 predates
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Figure 7.1: Gully-fan system on a crater wall in eastern Promethei Terra (35◦S, 131◦E), with four dis-
tinct lobes identified by Schon et al. (2009). (A) Lobe 1 is the oldest lobe and retains a dense population
of secondary craters. (D) The youngest lobe (4) shows many relief and clear morphological features,
such as debris flow lobes and snouts. (B; C) Additionally numerous boulders, up to 4.9 m in size, are
visible on its surface. Lobe 2 and 3 show less relief than lobe 4, and no boulders are visible. This in-
dicates that weathering and erosion had a severe effect on fan surface between the formation time of
lobe 2 and 4. HiRISE: PSP_002293_1450 is shown in this image due to a more favorable sun altitude,
boulder measurements are performed on ESP_012459_1450 due to the higher spatial resolution (0.25
m versus 0.50 m).

0.4 Ma. The maximum age of lobe 2 follows from the age of the secondary crater population on lobe
1, lobe 2 thus postdates 1.25 Ma (2.4 – 0.6 Ma range). Schon and Head (2011), suggest meltwater from
the degradation of an ice-rich mantling unit to be responsible for the initiation of gully formation in
eastern Promethei Terra. They based this on the two smaller gullies that lack significant alcoves, pre-
venting the accumulation of snow or ice, but have shallow incised feeder channels that originated from
the degradation and melting of the ice-rich mantling unit. An ice-rich mantling unit could only have
been present within the last glacial epoch, therefore the maximum age of the fan is 2.1 Ma. This means
that lobes 2 – 4 most likely formed between 1.25 – 0.4 Ma, but possibly between 0.6 – 0.4 Ma or 2.1 –
0.4 Ma given the uncertainty in the dating of the Gasa crater impact.

Wemeasured the long-axis of 30 clearly visible boulders on lobe 4 (see auxiliary material for details).
Most boulders (23 out of 30) have a long-axis < 2 m (Fig. 7.2). The three largest boulders have a long-
axis of 4.9 m, 3.5 m and 2.8 m. Boulders of this size are commonly found on terrestrial debris-flow
fans (e.g. Beaty, 1963; Beaty, 1990). The map-projected pixel size of the HiRISE image hosting the fan
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Figure 7.2: Distribution of the size of 30 boulders measured on the surface of lobe 4.

is 0.25 m (ESP_012459_1450), which implies that the uncertainty of the long-axes is about 0.25 m. A
survey of boulders in the catchment area indicates that boulders with long-axis >2 m are common, but
that the boulder with a long-axis of 4.9 m is exceptionally large. No boulders could be identified on
lobes 1 - 3, which means that the maximum particle size on these lobes is less than two times the pixel
size (<0.5 m). Given the smaller combined surface area of lobes 2 and 3 (two-thirds the area of lobe 4)
and the size-distribution of boulders in the catchment, we assume the maximum boulder-size that was
present on lobe 2 after deposition to be 3.5 m, ± 1 m.

Dividing the difference in boulder-size by the age difference between lobe 2 and 4 yields a boulder
break-down rate of 3.5 m/Myr for the most realistic scenario of shattering of boulders with long-axis of
3.5 m to rock fragments <0.5 m over a period of between 1.25 – 0.4 Ma. The most aggressive scenario
of breaking down of boulders with a long-axis of 4.5 m over 0.6 – 0.4Ma leads to a boulder break-down
rate of 20.0 m/Myr, while a boulder break-down rate of 1.2 m/Myr is inferred for the most conservative
scenario of shattering of 2.5 m boulders over 2.1 – 0.4 Ma.

The initial relief on terrestrial debris-flow dominated fans is generally in the order of 0.5 - 3m (Beaty,
1963; Hooke, 1987; Beaty, 1990; Whipple and Dunne, 1992; Lowey, 2002; Kim and Lowe, 2004), in the
Mars-like climate of Antarctica the initial relief is in the order of 2 m (Webb and Fielding, 1999). Based
on visual interpretation of the available images, including an anaglyph stereo pair, the relief on lobe 2
has decreased by at least a factor of two relative to lobe 4. As a most plausible scenario we assume 1.5 m
of initial relief on lobe 4 and assume a 50 % decrease of relief on lobe 2 with respect to lobe 4 from 1.25
– 0.4 Ma, for this scenario we obtain a surface denudation rate of 0.89 m/Myr. A denudation rate of
7.50 m/Myr is inferred for the most aggressive scenario of 50 % decrease of 3 m intial relief between
0.6 – 0.4 Ma, whereas the most conservative scenario of 50 % decrease of 0.5 m relief between 2.1 – 0.4
yields a denudation rate of 0.15 m/Myr.

7.3 Discussion

Martian denudation rates have been estimated by crater degradation (Golombek et al., 2006, and refer-
ences therein), denudation of Meridiani plateau (Hynek and Phillips, 2001), deflation of Husband Hill
(Grant et al., 2006) and concentration of blueberry surface lag (Golombek et al., 2006). Together these
estimates nearly span the entire Martian history, 3.95 – 0 Ga. Although large differences are present
between sites, in general the highest denudation rates occur in the Noachian (0.8 – 7.7m/Ma) and rates
decline towards the Amazonian (2·10−5 – 0.1m/Ma).Themost recent estimates span the period 0.4 – 0
Ga and are 1.2·10−2 m/Ma based on crater degradation and 1.3·10−3 m/Ma based on the concentration
of blueberry surface lag (Golombek et al., 2006).

Our very late Amazonian denudation rate estimate (0.89 m/Ma), which ignores spatial and tem-
poral variation, is orders of magnitudes higher than the estimates of Golombek et al. (2006), and ap-
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proximates Noachian values. This implies that local rates can be much higher over short time periods,
even on very recent timescales (<1 Ma). These local weathering rates are of great importance in the
climatic interpretation of landforms. We hypothesize the following causes for the much faster weath-
ering: First, weathering and denudation rates are site specific. Moreover, denudation rate is generally
gradient-driven, whereas the time-scale is determined by the volume eroded (Kleinhans, 2005). There-
fore, denudation rates inferred from crater rims are naturally lower than rates inferred from fan sur-
faces. Second, as smoothing rates are surface gradient-driven they are highest shortly after abandon-
ment (Frankel and Dolan, 2007). Hence, denudation rate estimates are highest when they are inferred
from recently abandoned surfaces. Third, the long timespan of the estimates of Golombek et al. (2006)
means that the estimates of net denudation comprise cycles of relatively high and low weathering, and
thus indirectly erosion and denudation. This means that denudation rates that are estimated over pro-
longed periods include more periods of relatively low denudation rates, which decreases the estimated
net denudation rate.

The spasmodic behavior of weathering rates over time can be explained by the availability of (meta-
stable) liquid water on Martian slopes. In arid environments frost-, salt-, and chemical weathering
rates are all limited by moisture availability. Given adequate moisture these weathering mechanisms
substantially exceed insolationweathering rates (Warke, 2013). Gully activity and fan formation, during
periods of high obliquity (e.g. Dickson and Head, 2009), imply the presence of sufficient liquid water
for enhanced salt- and chemical weathering and possibly frost-weathering during certain periods and
at certain locations in the late Amazonian. Moreover, Head et al. (2011) showed that in order to have
metastable liquid water on Martian boulders, obliquity must be high, eccentricity must be high, and
water ice must be deposited on the rocks, criteria that are fulfilled during several short periods in the
last glacial period (2.1 – 0.4 Ma). These observations indicate that enhanced weathering rates induced
by the presence of (metastable) liquid water in the late Amazonian occurred within several relatively
short periods in the last glacial epoch. Consequently, denudation rates were significantly slower from
0.4 – 0Ma than from 1.25 – 0.4Ma.This is confirmed by themorphological and textural characteristics
of the fan in eastern Promethei Terra. The youngest lobe, which has been inactive for at least 0.4 Ma,
still shows distinct morphological features like debris-flow lobes and large boulders (Fig. 7.1), and has
thus only experienced minor alterations by weathering and erosion. In contrast, the surface of lobe 2
and 3 is relatively smooth and shows no boulders. Hence, we interpret these lobes to have experienced
relatively high weathering and denudation rates from 1.25 – 0.4 Ma.

The high, late Amazonian, surface denudation rate in eastern Promethei Terra has significant impli-
cations for process interpretation of Martian landforms, as small-scale morphology indicative of the
formative processes is likely to be removed within ∼1 Myr. This poses particular problems to alluvial
fan interpretation, as the visual presence or absence of levees and lobes could otherwise be used to
determine whether a fan was dominantly formed by fluvial or debris-flow processes (e.g. Dickson and
Head, 2009; Levy et al., 2010; Reiss et al., 2011).

7.4 Conclusions

We estimated late Amazonian Martian boulder break-down and surface denudation rates on a very
young (∼1.25 Ma) fan in eastern Promethei Terra (35◦S, 131◦E) from differences in boulder size and
surface relief between twodistinct lobes of different ages.We estimate that the local boulder break-down
rate during the last glacial period was 3.5 m/Myr and local surface denudation rate was 0.89 m/Myr.
These values exceed larger-scale late Amazonian denudation rate estimates by orders of magnitude.
This implies that small-scale morphology indicative of formative processes is mostly removed within
∼1 Myr even in the very recent history of Mars. We ascribe the high local late Amazonian weathering
and denudation rates to a combination of location dependency, high initial smoothing rates following
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morphological activity and variations in obliquity and eccentricity causing periods favorable for the
presence of (metastable) liquid water with consequent enhanced weathering rates.
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Chapter 8

Sedimentological analyses of Martian gullies: the subsur-
face as the key to the surface

Gullies are among the youngest landforms formed by liquid water onMars, and therefore of critical impor-
tance in resolving the planet’s most recent hydrologic and climatic history. Water-free sediment flows, de-
bris flowsandfluvial flowshaveall been identified ingullies. Theseprocesses require verydifferent amounts
of liquidwater, and therefore their relative contribution to gully-formation is of key importance for climatic
inferences.We show thatmanygullies dominantly formedbydebris flows, based on sedimentological anal-
ysis of outcrops in gully-fans in 51 HiRISE images widely distributed over the southern midlatitudes. The
greatmajority (96%) of outcrop exposures in gully-fans fed by catchments whichmainly comprise bedrock
and thus host boulders, contain sedimentological evidence for debris-flow formation. These exposures
contain many randomly distributed large boulders (>1 m) suspended in a finer matrix and in some cases
lens-shaped and truncated layering. Such diagnostic features are rare in gully-fan exposures mainly fed
by catchments comprising abundant latitude dependent mantle deposits (LDM; a smooth, often meters-
thick deposit consistingmainly of ice and dust), wherein boulders are largely absent. These LDM-fed gullies
may have formed by fine-grained debris flows, but this cannot be determined fromoutcrop sedimentology
alone because of the lack of boulders in these systems. The fan surfacemorphology, in contrast to the sub-
surface, is dominated by secondary, post-depositional, processes, mainly weathering, wind erosion, and
ice-dust mantling. These processes have removed or severely reworked the original, primary, debris-flow
morphology over time. This explains the controversy between previously published morphometric analy-
ses implying debris-flow formation and observations of gully-fan surfaces, which are often interpreted as
the product of fluvial flows because of the absence of surficial debris-flowmorphology. The inferred debris-
flow origin for many gullies implies limited and ephemeral liquid water during gully-formation.

Published as: De Haas, T., Ventra, D., Hauber, E., Conway, S. J., and Kleinhans, M. G. (2015), Sedimentological
analyses of Martian gullies: the subsurface as the key to the surface, Icarus, 258, 92-108,
doi:10.1016/j.icarus.2015.06.017.

8.1 Introduction

Martian gullies are composite landforms that comprise an alcove, channel and depositional fan (Malin
and Edgett, 2000). They are very young geological features, some of which have been active over the
last million years (Reiss et al., 2004; Schon et al., 2009; Johnsson et al., 2014). The different processes
proposed for the formation of Martian gullies vary greatly in terms of involved liquid water volumes
and duration of liquid water at the planet’s surface. They range from dry sediment-gravity flows which
require no water, to debris flows wherein water contents generally range between 20% to 60% on Earth
(e.g., Costa, 1988; Pierson, 2005), and fluvial flows that require sustained water volumes that are orders
of magnitude larger (e.g., Costa, 1988).These landforms are thus of critical importance for understand-
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ing the recent hydrology and climate at the Martian surface, but their formative mechanisms have been
heavily debated since their discovery (Malin and Edgett, 2000). Evidence for water-free sediment flows,
often associated toCO2 ice, (e.g., Treiman, 2003; Pelletier et al., 2008;Dundas et al., 2010; Cedillo-Flores
et al., 2011; Dundas et al., 2014), debris flows (e.g., Costard et al., 2002; Hartmann et al., 2003; Levy
et al., 2010; Lanza et al., 2010; Johnsson et al., 2014) and fluvial flows (dilute or hyperconcentrated)
(e.g., Heldmann and Mellon, 2004; Heldmann et al., 2005; Dickson et al., 2007; Head et al., 2008; Levy
et al., 2009a; Reiss et al., 2011) has been recognized on gullies, but the relative contribution of these
processes to gully formation appears to differ among sites. The morphometry of most gullies is consis-
tent with dominant formation by liquid water (e.g., Mangold et al., 2010; Conway et al., 2011; Johnsson
et al., 2014; Yue et al., 2014), probably supplied by melting of snow/ice in alcoves (e.g., Costard et al.,
2002; Christensen, 2003; Dickson and Head, 2009) during glacial periods forced by high orbital obliq-
uity (Christensen, 2003; Head et al., 2003). In contrast, in other gullies new deposits have formed over
the last decade, in spite of lacking evidence for liquid water on the present Martian surface suggesting
sediment transport unrelated to liquid water (e.g., Dundas et al., 2010; Dundas et al., 2014).

Many authors inferred that most gullies were formed by fluvial flows because the surface morphol-
ogy of most gully-fans lacks evidence for debris-flow processes (e.g., Dickson and Head, 2009; Levy
et al., 2009a; Reiss et al., 2011). Paired levees, distinct depositional lobes and outsized boulders (meter-
sized boulders that are much larger than the surrounding sediments), all characteristic of debris-flow
deposits, are only recognizable on a few fans (e.g., Lanza et al., 2010; Levy et al., 2010; Johnsson et al.,
2014) but are generally not reported (e.g., Dickson and Head, 2009; Reiss et al., 2011; Johnsson et al.,
2014). Nevertheless, the morphometric attributes of these gully-fans do suggest a formation by debris
flows: slope-area relations (Lanza et al., 2010; Conway et al., 2011), gully width-depth relations (Yue
et al., 2014), channel sinuosity (Mangold et al., 2010), the short length of gullies (Heldmann et al., 2005)
and the often steep depositional slopes of the fans (>15◦) (e.g., Heldmann and Mellon, 2004; Dickson
et al., 2007; Lanza et al., 2010; Levy et al., 2010; Conway et al., 2015).

On Earth, fans on which primary processes of aggradation have been long inactive are exposed to
prolonged weathering and erosion. These secondary processes often dominate fan surfaces due to the
long return periods of primary processes, although they generally have aminimal effect on fan aggrada-
tion (Blair and McPherson, 1994). As such, secondary processes modify the surface and hinder iden-
tification of primary depositional processes based solely on surface morphology (e.g., chapters 5; 7;
Hartley et al., 2005; Blair and McPherson, 2009; De Haas et al., 2013; De Haas et al., 2014). We hy-
pothesize, therefore, that post-depositional modification of Martian gully-fan surfaces may explain the
discrepancy between surficial traits, implying gully formation by fluvial flows, andmorphometric prop-
erties indicative of debris flows. The origin of long-inactive and modified fans can be determined by
sedimentological analyses of stratigraphic exposures, because deposits are generally reworked at their
upper surface, but not internally (e.g., chapter 5; Blair and McPherson, 1994; De Haas et al., 2014).
Such an approach has recently been successfully employed on an alluvial fan in Gale crater using Cu-
riosity rover images (Williams et al., 2013). However, stratigraphic analyses are not obviously feasible
forMars, wheremost outcrops can solely be examined from satellite images. Yet, recent high-resolution
HiRISE images (High Resolution Imaging Science Experiment;∼0.25 m/px) enable the recognition of
large boulders and large-scale stratigraphic layering in sedimentary outcrops on Mars (e.g., Grotzinger
and Milliken, 2012).

Here, we aim to constrain the formative processes ofMartian gullies based onoutcrop sedimentology.
Secondly, we aim to resolve the apparent discrepancy between genetic interpretations from gully-fan
surface and morphometry.

We found many well-exposed outcrops along deeply incised channels on HiRISE images of Martian
gully-fans, showing the presence of large boulders and large-scale layering patterns. These key diag-
nostic features were used to determine the formative processes of gullies from outcrop sedimentology,
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by comparison to terrestrial analogs. CO2-driven dry flows do not occur at the physical conditions en-
countered on Earth’s surface, so comparison with terrestrial analogs is not possible for these flows. Our
survey focuses on gullies that probably formed in the presence of liquid water. Therefore, gullies with
morphological and morphometric characteristics indicative for dominant rockfall or grainflow pro-
cesses are excluded from the present work, i.e., very steep fans, near the angle of repose, with relatively
shorter radial lengths than debris-flow fans and fluvial fans, a downslope coarsening texture and to-
pographically smooth surfaces (e.g., Blikra and Nemec, 1998; Blair and McPherson, 2009). To provide
the necessary background for the sedimentological-stratigraphic analysis, a brief summary of morpho-
metric, morphological and sedimentological-stratigraphic characteristics of terrestrial deposits formed
by debris flows and fluvial flows is first provided. After a description of study material and methods, a
combined stratigraphic, morphological and morphometric analysis of Martian southern mid-latitude
gullies forms the basis to discuss their formative processes.

8.2 Primary alluvial fan morphology and stratigraphy

Debris flows are dense, non-newtonian, mixtures of sediment and water, typically containing 20-60%
water by volume (e.g., Costa, 1988; Iverson, 1997; Pierson, 2005). Outsized boulders with diameters
up to several meters are easily transported for hundreds of meters by debris flows over depositional
fan slopes (e.g., Pierson, 1980; Whipple and Dunne, 1992; Vallance and Scott, 1997), mainly because
of the relatively small difference in density between individual boulders and the debris-flow mixture
(Fig. 8.1a,b). In stratigraphy, debris-flow deposits are generally internally massive, comprising gravel
and outsized boulders randomly dispersed and generally randomly oriented in a finer matrix (e.g.,
Fisher, 1971; Blair and McPherson, 1994; Major, 1997; Blikra and Nemec, 1998; Blair and McPherson,
2009) (Fig. 8.1a,b). In general, stacked deposits appear structureless and amalgamated, hampering the
recognition of individual units, but bedding can be evident from secondary reworking of the exposed
boundaries of original depositional units (e.g., Blair and McPherson, 1994; Blair, 1999). Individual
depositional units are typically quasi-tabular to slightly irregular, subparallel to the depositional surface
and continuous over distances up to several hundreds of meters in slope-oriented sections. Locally
they are sharply tapering or pinching out where the section intersects original lobe margins. In slope-
transverse sections debris-flow deposits appear as laterally tapering or truncated plano-convex lenses,
possiblywith concentrations of coarser debris at themargins, corresponding to lateral levees and frontal
snouts (Suwa, 1988; Hubert and Filipov, 1989; Johnson et al., 2012). In planform, debris flows often
form elongated deposits, with coarse-grained lateral levees and snouts (Fig. 8.2b) (e.g., Johnson et al.,
2012). Fans or slopes that are dominantly aggraded by debris flows consist of stacked, vertically and
laterally amalgamated, elongate, straight to sinuous lobes, which, if not buried by subsequent lobes, are
connected to leveed channels (Fig. 8.2a) (e.g., Johnsson et al., 2014). Local surface relief is generally
high in comparison to other fan types, due to relatively thick lateral levees and depositional lobes, and
ranges between 0.5-4 m (e.g., Volker et al., 2007; Blair and McPherson, 1998; Blair and McPherson,
2009). Debris flows can flow on slopes as low as a few degrees, but are immobile on lower slopes because
the vertical component of gravity needs to overcome the internal yield and frictional strength conferred
by fine- and coarse-grained sediment fractions within the flow, respectively (e.g., Major and Iverson,
1999). Debris-flow fan slopes typically decrease from 10-20◦ at the apex to 2-5◦ at the fan toe, and
radial length typically ranges between 0.5 - 10 km (Fig. 8.2b) (e.g., Blikra and Nemec, 1998; Blair and
McPherson, 2009). However, depositional slopes of unconfined hillslope debris flows can be much
higher and often exceed 20◦ (Conway, 2010).

Fluvial flows (i.e., hyperconcentrated and stream flows) generally require much larger volumes of
liquid water than debris flows (Pierson and Costa, 1987; Pierson, 2005). Their newtonian rheology
enables flow over very low topographic gradients. Fluvial flows are able to transport only a relatively
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Figure 8.1: Terrestrial examples of debris-flow and fluvial-flow deposits in stratigraphy. (a,b) Strati-
graphic sections through debris-flow fan (Atacama Desert coast, northern Chile; persons for scale are
∼1.9 m tall). Note general absence of stratification and textural segregation with randomly dispersed
large boulders, and individual depositional units crudely highlighted by subplanar to slightly curved
surfaces. (c) Stratigraphic section through fluvial-fan deposits (Atacama Desert coast, northern Chile;
fan shown in Fig. 8.2e). Note narrower textural range evidenced by lack of outsized clasts, and general
organization in well-stratified depositional units with clear textural contrasts. (d) High-energy fluvial
deposits (Mendoza River Valley, western Argentina; hammer for scale is∼33 cm long). Note the gener-
ally good sorting for coarser granulometric framework and imbricated position of clasts. White arrows
in all pictures point to downslope transport direction.

restricted range of small-sized grains compared to debris flows. As a result, the bulk of sediments trans-
ported in fluvial flows commonly ranges in size from clay to fine gravel. Maximum transported clast
size is strongly dependent on stream power (which in turn depends upon flow depth, velocity, dis-
charge, slope gradient and hydraulic geometry of the active flow), but typically does not exceed a few
decimeters in diameter on relatively steep fans. Sediments entrained by fluvial flows are generally grad-
ually deposited and sorted as flow competence decreases during waning stages, with the coarsest, least
mobile fractions deposited first (e.g., Todd, 1996). In stratigraphy, this results in well-organized and
sorted deposits, fining-upwards facies succession (because of progressive decrease in flow energy at
waning hydrograph stages) and imbricated clasts (clast long axes oriented transverse to flow) (Bluck,
1979; Todd, 1996) (Fig. 8.1c,d). Depositional architectures can be organized in associations of bed-
forms (e.g., ripples and dunes) and macroforms (e.g., mid-channel and lateral bars). In planform, de-
posits are very well structured at a variety of scales from millimetric laminations to metric macroforms
(e.g., Collinson, 1970; Miall, 1988; Brierley, 1996; Holbrook, 2001) (Fig. 8.2c,d). However, the extreme
variety of possible runoff phenomena and regimes results in many different types of deposits, ranging
from relatively homogeneous, tabular sheetflow deposits to channel fills with complex, braid-like ge-
ometry (Fig. 8.2d). Local relief within individual deposits does generally not exceed a few decimeters
(Fig. 8.2d), although incised channels might locally provide larger relief differences. Fluvial-flow dom-
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Figure 8.2: Terrestrial examples of fan-shaped depositional landforms and associated sedimentological
features. (a) Debris-flow fans on the Atacama Desert coast (northern Chile); note sinuous trajectories
of recent debris flows. (b) Close-up of the terminal end of a recent debris-flow lobe emplaced on fans
shown in panel a (person for scale in background is ∼1.7 m tall). (c) Runoff-dominated fan surfaces
(Atacama Desert, northern Chile). (d) Fluvial-flow deposit on the fans shown in panel c.

inated fans generally have much larger radial lengths (1->100 km) than debris-flow fans and relatively
low slopes (<5◦) (Fig. 8.2c) (e.g., Blikra andNemec, 1998; Horton andDeCelles, 2001;Wilkinson et al.,
2006; Blair and McPherson, 2009).

8.3 Materials andmethods

8.3.1 Data analyses
This work is based on the analysis of 51 HiRISE images widely distributed over the southern mid-
latitudes (Fig. 8.3), given in Reiss et al. (2011). The resolution of HiRISE images does not allow for
fully detailed sedimentological analyses of incised sections; only large boulders (>0.5 m) and layering
patterns can clearly be resolved. As such, the presence or absence, and distribution of boulders and
large-scale layering within stratigraphic sections are very important for process interpretation of gully-
fans on Mars. Criteria used to evaluate the potential of boulder transport by rockfalls, debris flows and
fluvial flows to gully-fans are presented in section 8.3.3.

The presence of boulders on gully-fans also depends on catchment lithology. Martian gully catch-
ments may incise into either bedrock (i.e., original crater wall material) or into the latitude-dependent
mantle (LDM), a smooth, often meters-thick deposit consisting mainly of ice and dust, deposited from
the poles to midlatitudes during periods of high obliquity (e.g., Mustard et al., 2001), or into a combi-
nation of both (e.g., Aston et al., 2011). In general, gullies that mainly erode into LDM have elongate
catchments, whereas gullies cutting into bedrock have more amphitheater-shaped catchments (Levy et
al., 2009b) (Fig. 8.4). As the LDM consists mostly of fine sediments, large boulders will generally be ab-
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Figure 8.3: Location of the studied HiRISE images (Table C.1).
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LDM

Bedrock

200 m50 m100 m

Figure 8.4: Catchments comprising various fractions of LDM deposits relative to bedrock on Mars. (a)
Catchment comprising more than 95% of LDM (HiRISE: PSP_002369_1420). (b) Catchment compris-
ing more than 50% of LDM (HiRISE: ESP_023809_1415). (c) Catchment comprising less than 50% of
LDM (HiRISE: PSP_003162_1445).

sent in exposures of gullies fed exclusively by the LDM, regardless of the sediment transport processes
involved. Therefore, it is important to take catchment lithology into account when using boulders in
stratigraphy to infer gully-formative processes.

Based on the above, we visually determined for each investigated HiRISE image: (1) if the gullies
comprised incised channels exposing stratigraphic sections; (2) if these exposed large boulders (>1 m)
or evidence for layering, and (3) dominant catchment lithology, focusing on the abundance of LDM
deposits. Three categories were visually defined for catchment lithology: (1) catchments that mostly
comprise LDM (approximately>95%) by visual estimate, (2) catchments of which more than half con-
sists of LDM (approximately >50% and <95%) and (3) catchments of which less than half comprises
LDM (approximately <50%) (Fig. 8.4).
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8.3.2 Production of Digital Elevation Model

As a detailed example, themorphometry,morphology and stratigraphy of gullies inGalap crater (37.7◦S,
192.9◦E; 5.5 km diameter), are discussed in section 8.4.1. To evaluate themorphometry of these gullies,
a digital elevationmodel (DEM) of the craterwas constructed fromHiRISE stereo images ESP_012549_
1420 and PSP_003939_1420 using the methods described by Kirk et al. (2008). The vertical precision
of the DEM can be estimated based on viewing geometry and pixel scale. The stereo convergence angle
of the HiRISE images is 21.7◦, the largest ground pixel size of the two images is 0.291 m, and assuming
1/5 pixel correlations yields a vertical precision of 0.291/5/tan(21.7) = 0.15 m (Kirk et al., 2008).

8.3.3 Evaluation of boulder emplacement mechanisms

In contrast to fluvial flows and rockfalls, boulder transport by debris flows can occur at all slope angles
that are typical for terrestrial and Martian fans (e.g., Blair and McPherson, 1994; Blair and McPherson,
2009). In the following, we review the methods to evaluate the potential of boulder transport by flu-
vial flow and rockfall to assess whether these processes could account for the dislocation of boulders
observed on the fans we studied.

Rockfalls transport boulders under the sole effect of gravity, and therefore boulders transported by
rockfalls generally halt on relatively steep slopes (>20◦) (Blikra and Nemec, 1998; Blair and McPher-
son, 2009). The runout distance of boulders transported by rockfall are often evaluated using the reach
angle model or the shadow angle model (Heim, 1932; Evans and Hungr, 1993; Copons et al., 2009).
The reach angle model uses the mobility index H/L, where H is the vertical fall height (m) and L is
the horizontal runout distance (m). The ratio H/L is equivalent to the arctangent of the dipping of the
line connecting the rockfall source to its depositional position. Alternatively, the shadow angle is the
arctangent of the relationshipHt/Lt, whereHt is the vertical fall height on the talus slope, and Lt is the
horizontal travel distance on the talus slope. On Earth, the reach angle typically ranges between 28◦

and 34◦, and the shadow angle between 22◦ and 30◦ (Lied, 1977; Evans and Hungr, 1993; Wieczorek
et al., 2008; Copons et al., 2009; Dorren et al., 2011). In these models, the longer the travel distance,
the lower the reach angle and shadow angle. Variations in reach and shadow angle mainly depend on
boulder size, angularity and shape, and runout substrate characteristics. Although these simple em-
pirical models are formulated under terrestrial conditions they can probably be used as conservative
estimates of rockfall mobility on Mars, i.e., rockfall mobility is probably lower under the smaller grav-
itational acceleration on Mars although the lower atmospheric density might partly counteract the
smaller gravitational acceleration. More qualitatively, on most gullies the rockfall boundary, the lowest
gradient on which boulders transported as rockfall can be deposited, can often be determined visually
from the HiRISE images by the marked decrease in boulders downslope from this gradient domain.

Themobility of boulders transported by fluvial flows on a given slope can be evaluated by comparing
the stress exerted on a clast with the critical stress required tomobilize the clast (e.g., Lamb et al., 2008).
We calculate the critical Shields number for incipient motion via the method of Lamb et al. (2008)
designed for steep streams, which takes into account slope-specific effects of a non-logarithmic vertical
flow velocity profile, grain emergence, aeration of the flow and turbulence fluctuations at the bed (for
a detailed description of the equations and assumptions used the reader is referred to appendix C).
Following Prancevic et al. (2014), we add the critical shear stress for bed failure (Takahashi, 1978) to
our analysis. When bed Shields stress exceeds the critical Shields stress for bed failure, the entire bed
becomesmobile and a debris flow is initiated, which implies that fluvial flows cannot develop above the
critical Shields stress for bed failure (Prancevic et al., 2014).
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8.4 Results

This section presentsmorphological and stratigraphic observations on the examined gullies.The gullies
in Galap crater are discussed first as a detailed example, describing their stratigraphy, morphology,
morphometry, and their interconnection.We chose Galap crater because of the presence of a DEM and
large gully-incisions exposingmany boulders. Next, general observations on gully-fan stratigraphy and
surface morphology are summarized.

8.4.1 Stratigraphy, morphometry andmorphology of Galap crater gullies
Observations

Galap crater hosts multiple large gullies with fans up to 1.7 km in length on its pole-facing slopes
(Fig. 8.5a). The catchments of these gullies mainly comprise bedrock, and have gradients ranging be-
tween 25-42◦.The gully-fans have surface gradients between 15-20◦ at the apex, down to 5◦ at their toe
(Fig. 8.5b). Such slopes are commonly observed on Martian gullies; although fan toe gradients are rela-
tively low in Galap crater (gully-fan toe gradients typically range between 5 and 10◦). Stacked, elongate
lobes with distinct relief are recognizable on parts of the distal fan domains (Fig. 8.5d). Relief differ-
ences along the edges of these lobes are sharp and generally range between 1-2 m. However, these lobes
are discernible only on a veryminor fraction of the gully-fan surfaces (Fig. 8.5c,e).Most of the gully-fan
surfaces are composed of irregular, juxtaposed, bar and swale morphology (Fig. 8.5c,f). These features
are relatively smooth and lack distinct relief with sharp edges. Local relief on these surfaces generally
does not exceed 0.5-1 m. A few surfaces on distal fan domains adjacent to the stacked lobes are domi-
nated by subparallel alignments of sharp-crested ripples and dunes. Similar, but larger dunes occur on
the crater floor. Boulders (>1 m) are scattered throughout the gully-fan surfaces, but not in great num-
bers and approximately with equal abundance over distal and proximal fan domains, down to slopes
of 5◦. A marked decrease in boulder abundance is observed on slopes with gradients lower than∼20◦

(Fig. 8.5e). Note that this transition also marks the start of the gully-fan deposits, rather than colluvial
slope deposits (Fig. 8.5b).

Multiple incised channels expose stratigraphic sections along the pole-facing gully-fans (Fig. 8.5a,
b,f,g). The sections are relatively massive in appearance, but comprise many boulders dispersed within
clearly finer sediment (Fig. 8.5f,g). Boulders, up to 4.5 m in diameter, are visible at all stratigraphic
depths along sections. Their distribution is laterally continuous, but boulder concentrations are recog-
nizable locally.The stratigraphic section in Figure 8.5f has been divided in three lateral sections of equal
length (∼180 m), and the diameters of clearly visible boulders have been manually measured (within 1
pixel accuracy: ∼0.25 m) (Fig. 8.6). It was possible to measure some boulders down to 0.5 m in diam-
eter when they were favorably illuminated, but generally only boulders with diameters >0.75 m were
clearly discernible. The bed gradient is >15◦ in the proximal domain of the section, decreasing to 10◦

in the distal domain. Boulder abundance is generally invariant along the section, ranging in number
between 75 and 80 within each subsection (note that the real number is higher in all sections, as only
diameters of clearly discernible boulders were measured). The median size of boulders decreases only
slightly downfan, being 1.2 m in the proximal domain of the section and 1.1 m in the medial and distal
domain. Maximum boulder size is 4.2 m in the proximal domain, 2.1 m in the medial domain and 2.2
m in the distal domain. Boulder abundance and size are thus approximately similar along the section.
This is in good agreement with the gully-fan surface, whereon boulder abundance is generally equal
over the proximal and distal domains. However, there is a striking difference in boulder abundance
between the stratigraphic section, which clearly exposes many boulders scattered within the sediment,
and the directly overlying surface, where only very few large boulders are distinguishable (Fig. 8.5f).
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Figure 8.5: Morphometry, morphology and stratigraphy of depositional landforms in Galap crater. (a)
Overview and digital elevation model of Galap crater. (b) Detail of northwestern slope showing gra-
dients of catchment and depositional fan. (c) Detail of proximal fan surface. (d) Detail of distal fan
surface. (e) Detail of fan surface with incised channels; note distinct difference in number of boulders
below and above the rockfall boundary (see text for discussion). (f) Example of stratigraphic section. (h)
Same stratigraphic section as in f, but with optimized contrast in the section. Arrows denote downslope
direction. HiRISE image PSP_003939_1420.
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Figure 8.6: Boulder-size distribution within the proximal, medial and distal domain of the examined
gully-fan incision in Galap crater. The domains are similar in length. (a) Overview of section (see Fig-
ure 8.5a,b for location). (b) Boulder-size distribution in the distal domain of the incision. (d) Boulder-
size distribution in the medial domain of the incision. (d) Boulder-size distribution in the proximal
domain of the incision.

Interpretation

The gradient of the pole-facing gully-fans is similar to the typical gradient of terrestrial debris-flow
fans (Blikra and Nemec, 1998; Blair and McPherson, 2009). Moreover, the steep and small catchment
size relatively to fan size implies formation by debris flows (e.g., Crosta and Frattini, 2004; Wilford
et al., 2004; Welsh and Davies, 2011). The incised channels in the gully-fans might result from debris-
flow incision (e.g., Suwa and Okuda, 1983) or fluvial runoff, which incises the fan surface but does
not significantly contribute to fan aggradation (e.g., Blair and McPherson, 1994; Blair and McPher-
son, 2009). General sedimentological traits in the stratigraphic sections along incised channels are also
typical for debris-flow deposits. The great abundance of boulders exceeding 1 m in diameter on slopes
down to 10◦ match with the characteristics of debris-flow deposits (Blikra and Nemec, 1998; Blair,
1999). Moreover, boulders in the studied sections appear dispersed within finer sediments and are
thus matrix-supported, as common in debris-flow deposits, whereas tractive transport in fluvial flows
generally results in clast-supported, better sorted deposits in which coarse clasts are in mutual contact
(e.g., Bluck, 1979; Todd, 1996). Finally, the nearly equal abundance and size of boulders from proximal
to distal domains along the section in Figure 8.6 implies emplacement by debris flows, as fluvial de-
posits typically fine downstream, because of the gradual decrease in competence from higher to lower
gradients.

The deposits on the walls of Galap crater show amarked decrease in boulder abundance at a gradient
<20◦ (Fig. 8.5e), interpreted here as the boundary above which boulders can be emplaced by rockfall.
In contrast, debris flows can transport boulders down to slopes of a few degrees and can therefore not
explain this sharp boundary in boulder abundance. This interpretation is further supported by a reach
angle of 28◦ and a shadow angle of 22◦, similar to the lower boundaries of the reach angle and shadow
angle observed onEarth.The investigated stratigraphic section extends along gradients down to 10◦, far
below the angle of repose. Moreover, the reach angle (23◦) and shadow angle (19◦) are below the lowest
values possible for rockfall emplacement. As such, transport of boulders to the stratigraphic section by
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Figure 8.7: Mobility of boulders in Galap crater incision (Fig. 8.6). (a) Mobility of boulders of 1 m
diameter for water depth ranging between 0.5 and 8 m. (b) Mobility of boulders of 2 m diameter for
water depth ranging between 0.5 and 8 m. Following Prancevic et al. (2014), critical Shields stress for
incipient motion of bed particles is calculated via the method of Lamb et al. (2008) and critical Shields
stress for bed failure is calculated via the method of Takahashi (1978) (see appendix C).

rockfalls can probably be excluded. This inference is further supported by the marked morphometric,
morphological and textural contrast with the depositional aprons on slopes with non-polar azimuths
in Galap crater, which have slopes, radial lengths, morphological and textural characteristics typical
of accumulation by rockfalls and grainflows (e.g., very steep fans, near the angle of repose, with short
radial lengths, a downslope coarsening texture and topographically smooth surfaces; Blikra andNemec,
1998; Blair and McPherson, 2009; Ventra et al., 2013).

Deposition by fluvial runoff on fans occurs generally as sheetfloods (Blair and McPherson, 2009),
which are short-duration, catastrophic floods of unconfined water (Bull, 1972) that develop when con-
fined runoff from the catchment expands over the fan surface. Figure 8.7 shows themobility of boulders
of 1m and 2m in diameter in sheetfloods on a range of slopes underMartian conditions (section 8.3.3).
For the investigated stratigraphic section in Galap crater, sheetflood depths of almost 4 m are required
for the transport of 1mdiameter boulders on a slope of 10◦ (Fig. 8.7), while sheetflood depths of almost
8 m are needed to transport boulders of 2 m in diameter. Given the unconfined nature of sheetfloods,
flow depths rarely exceed 1 m due to lateral expansion over the fan (e.g., Blair and McPherson, 2009),
and considering the relatively small size of gully-catchments on Mars, boulder deposition by fluvial
flows is practically to be excluded. Moreover, the catchments in Galap crater in the vicinity of the in-
vestigated stratigraphic section are proximally connected to relatively steep slopes ranging in slope from
>30◦ down to∼20◦ (Fig. 8.5b). In case of sheetflood sufficiently competent to transport boulders, wa-
terflow over such steep slopes would exceed the critical Shields stress for bed failure and mobilize the
regolith leading to debris flow (Fig. 8.7) (Prancevic et al., 2014).

Despite the morphometric and stratigraphical evidence for debris flows, stacked, elongate lobes with
distinct relief are present only on the distal fan domains (Fig. 8.5d), but absent on most of the gully-
fan surfaces. Leveed channels have not been recognized on the gully-fan surfaces. The marked contrast
between the great number of boulders recognizable from stratigraphic sections and their scarcity on
the surface suggests that many clasts exposed over gully-fan surfaces may have been disintegrated by
weathering and abrasion. The abundance of boulders on steeper slopes is caused by the continuous
input by rockfalls, whereas there has been no boulder input to the gully-fans since the last period of
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gully-fan activity. The potential for secondary reworking by wind erosion is testified by the presence of
dunes on crater floors, and incipient dunes on distal parts of the gully-fan surfaces.

In short, the gradients and stratigraphy of gullies on the pole-facing slopes of Galap crater expose
strong evidence for sediment transport by debris-flows, whereas the vast majority of surfaces lack clear
morphological evidence for debris-flows, suggesting secondary reworking by weathering and erosion.
Later we will show that this is representative for many of the other investigated gullies. Observations
and interpretations on the stratigraphy and morphology of these gullies are summarized below.

8.4.2 Stratigraphic observations and interpretation
Of the 51 investigated HiRISE images with gullies, 44 show one or more deep, laterally continuous,
incised sections along channels in the depositional fans (Fig. 8.8a-d). Of these sections, 57% bear clear
sedimentological evidence of dominant aggradation by debris flows, by the presence of large boulders
and/or subparrallel layeringwith lens-shaped to truncated units (Fig. 8.9a; TableC.1). Sediment in these
outcrops is very heterogeneous in texture, comprising many large boulders, some of which exceed 3 m
in diameter, randomly (as visually inferred) dispersed within finer debris. Although we do not have
DEMs for many of these gullies, general observations on gully-fan slopes imply that the vast majority
of gullies have gradients similar to those of gully-fans inGalap crater (e.g., Heldmann andMellon, 2004;
Dickson et al., 2007; Levy et al., 2010; Conway et al., 2011; Conway et al., 2015). Fluvial transport of
such large, isolated boulders along the investigated gullies is thus highly unlikely. Moreover, the analy-
sis excluded stratigraphic sections extending above the rockfall boundary, as previously defined, as well
as outcrops in the vicinity of steep bedrock relief. As such, the boulders in the analyzed sections were
probably not transported by rockfalls or grainflows. Boulder alignments have been observed locally
in stratigraphic sections, with orientations roughly parallel to the main fan surface indicating possi-
ble coarse-clast segregation at the margins of debris-flow lobes (Figs. 8.5f,g, 8.8a-d). Deposits gener-
ally appear massive, but a crude, subparallel layering is visible along several incisions (Figs. 8.8, 8.9b),
with strata varying in geometry from tabular and continuous downslope to lens-shaped and locally
truncated units (Fig. 8.8d). Recognizable layers range in thickness from 1 to 5 m. The combination of
textural heterogeneity, outsized clasts, and crude tabular bedding extending along visible outcrops is
typical for debris-flow deposits (Blikra and Nemec, 1998; Blair and McPherson, 1998; Blair, 1999). The
massive appearance of most sections is likely the result of stacked depositional units with poor sorting
and lack of internal structure (e.g., Major, 1997; Blair, 1999). The very poor sorting of deposits and
the occurrence of very coarse material dispersed in a finer matrix result from rapid halting of dense
sediment mixtures in which high viscosity and particle interlocking prevent the spatial segregation of
debris according to grain sizes (Pierson and Costa, 1987; Iverson, 1997; Blair and McPherson, 1998).
The apparent subvertical orientation of some boulders is a strong indication of such flow dynamics
(e.g., Scott et al., 1995; Blikra and Nemec, 1998; Blair, 2003), in contrast to the horizontal or imbricated
coarse-clast orientations typical of deposition from fluvial flows. The continuous, tabular geometry of
most depositional units is also characteristic of deposition by debris flows (e.g., Blair, 1999; Blair, 2003).
The lensoidal shape and sharp terminations of some of these units probably correspond to the high-
relief, frontal or lateral margins typical of debris-flow lobes. These sedimentological traits recognizable
in gully-fan outcrops stand in marked contrast with deposits of fluvial origin in outcrops along the
large alluvial fan in Saheki crater (Fig. 8.8e) (Morgan et al., 2014), which are massive in appearance,
contain no or very few boulders visible at HiRISE resolution, and feature the uniformly subhorizontal,
thin stratification typical of fluvial-flow deposits, in agreement with the morphometric characteristics
of this system.

The great majority (96%) of fans with typical debris-flow sedimentology, as described above, are
fed by catchments that comprise bedrock exposures (Fig. 8.9c). Lens-shaped and truncated layering
is evident only in outcrops of gully-fans fed by catchments comprising <50% of LDM. In contrast,
the majority of fans lacking boulders are fed by catchments comprising only the LDM (74%), and the
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Figure 8.8: Outcrops in Martian fans. (a) Outcrop hosting numerous, randomly distributed boul-
ders, indicating aggradation by debris flows (PSP_006629_1425). (b) Typical architecture of debris-
flow deposits at outcrop, with randomly oriented boulders and crude, subparallel, locally tapering and
truncated layering (PSP_005943_1380). (c) False color image of outcrop showing evidence for debris-
flow deposition by numerous randomly distributed boulders (PSP_006629_1425). (d) Debris-flow ev-
idence in false color image with randomly distributed boulders (PSP_002932_1445). (e) False color
image of a fluvial-flow deposits in the Saheki crater alluvial fan; note uniform image tone correspond-
ing to a probably restricted granulometric range, lack of outsized clasts and distinct parallel bedding
(PSP_007688_1575). See Fig. D.1 for outcrop context within the gullies. Arrows denote flow direction.
False color images are composites with the near-IR, red and blue-green images displayed in red, green
and blue channels, respectively.
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Figure 8.9: Outcrop sedimentology statistics. (a) Breakdown of outcrops with and without outsized
boulders. (b) Breakdown of outcrops with and without layering. (c) Breakdown of catchment lithology
of gullies that comprise outcrops with boulders. (d) Breakdown of catchment lithology of gullies that
comprise outcrops with layering. (e) Breakdown of catchment lithology of gullies that do not comprise
outcrops with boulders or layering.

remainder by catchments that comprisemore than 50% LDM (26%) (Fig. 8.9e). Consequently, boulders
are very rare in these gullies and not recognizable in outcrops, regardless of the dominant transport
process. These numbers suggest that the majority of fans lacking debris-flow evidence at outcrop may
have formed by fine-grained debris flows, although an origin by fluvial flows cannot be excluded.

8.4.3 Morphological observations and interpretation
A vast majority of studied gully-fan surfaces show evidence of heavy modification by secondary, post-
depositional processes. Although sedimentological analysis indicates that many of these investigated
gullies were dominantly formed by debris flows, corresponding surface features including pristine
paired levees together with depositional lobes occur only in Hale crater out of the 51 investigated
HiRISE images (see Fig. 9 in Reiss et al., 2011). On a few other fans, modified stacked depositional
lobes are still faintly evident on the most active domains, most likely as last remnants of the original
surface morphology (Fig. 8.5c). On many fans within our dataset young depositional lobes (as inferred
from cross-cutting relations) host many more boulders than older ones (Fig. 8.10d), and there gener-
ally is a marked difference between the amount of boulders observed within the outcrops and on the
adjacent fan surfaces, which comprise far less boulders (Figs. 8.5e, 8.8), similar to long inactive fan sur-
faces on Earth (Fig. 8.11) (e.g., chapter 5; Wells et al., 1987; Al-Farraj and Harvey, 2000; Frankel and
Dolan, 2007; De Haas et al., 2014). As such, gully-fan lobes of different ages generally show notable dif-
ferences in morphology and texture as surface smoothness increases and boulder abundance decreases
with age (Fig. 8.10d). In analogy to terrestrial fans, this suggests that surface weathering is common on
gully-fans (chapter 7; De Haas et al., 2013), but might alternatively reflect an increasing abundance of
crater-wall material versus LDM deposits as the gully evolves for some gullies (note that Galap crater
appears to be free of LDM, so the later possibility does not apply to this crater).

Wind erosion is probably the main mechanism of secondary modification on the investigated gully-
fans. The original morphology of the fans often appears to be reworked into associations of ridges with
sharp, narrow, subparallel crests (Fig. 8.10a-c), analogous in shape and spatial pattern to aeolian bed-
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Figure 8.10: Examples of gully-fan surface modification. (a) Wind erosion on a gully-fan surface. Note
dunes on distal fan domains and on the crater floor, and depositional lobes erosionally reworked into
ventifact- or yardang-like landforms by the wind (PSP_002066_1425). (b) Panel of A, detailing lobe re-
working into dune shape (PSP_002066_1425). (c) Dune formation on fan surface (PSP_006820_1325).
(d) Depositional lobes of different age. The youngest lobe hosts more boulders and presents higher to-
pographic relief (PSP_002317_1445), implying significant secondary weathering and erosion on the
older surface. (e) Fan surface subject to deflation: former channels hosting coarser deposits are ex-
humed and become markedly elevated above the surrounding fan surface (PSP_002291_1335). (f)
Strongly deflated and exhumed debris-flow lobes forming a residual, elevated topography over a sur-
face dominated by eolian bedforms (PSP_001712_1405). (g) Gullies and fans covered by the ice-dust
mantle (PSP_013585_1115). (h) Fan with lobes of different generation, of which the oldest is strongly
smoothed and masked by an LDM cover (PSP_001684_1410).
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forms, such as ripples and small dunes. The orientation of these bedforms is likely transverse to the
direction of dominant local winds. The sharp crests probably formed by continuous abrasion by wind,
similar to the formation of the sharp crest on ventifacts or yardangs. Moreover, on fans where these
ridges are present, small to large dune fields are present on the crater floor. On some of the fans sand
sheets and dunes appear to have migrated from the crater floor onto the gully-fan. There are often
discernible differences in the presence of aeolian ridges and dunes on gully-fan surfaces of apparently
similar age within the same crater, suggesting that the degree of fan-surface modification by wind does
not only depend on age, but also on fan location and orientation relative to the dominant wind direc-
tion. Additionally, it probably also depends on the availability of fine sediments. The above described
fan surface modifications by wind have also been observed on many semiarid to arid region terrestrial
fans (Fig. 8.11d-f) (e.g., Anderson and Anderson, 1990; Pelletier, 2007; Blair and McPherson, 2009).
Furthermore, aeolian fines might accelerate mechanical fragmentation of surficial sediments, by wet-
ting and drying of fines in cracks, and might accumulate slowly below the surface during the process
of desert pavement development (e.g., McFadden et al., 1987). On some gully-fans deflation selectively
winnowed fine, more erodible sediments and left behind coarser lags (Fig. 8.10e,f), enhancing the pri-
mary depositional relief, where coarse sediments are concentrated in relatively elevated remnants of
debris-flow lobes and levees. The process is essentially similar to the formation of inverted channels,
which are widespread on large alluvial fans on Mars (e.g., Pain et al., 2007; Morgan et al., 2014).

Some fans or parts of fan surfaces host polygonal ground patterns.These can both pre-date and post-
date gully activity (Levy et al., 2009b). Moreover, some fans or fan lobes within our dataset are covered
by LDM deposits (Fig. 8.10g,h). On such fans, the primary morphology is completely masked by the
LDMmantle.Thismay have led to a complex interaction, with ice-dust mantles acting as debris sources
for new gully formation, while potentially masking older gully morphology. Evidence for recent dry
flows, evident from a marked color contrast with their surroundings, were only found in a few gullies.
They affect a spatially restricted area and their effect on secondary modification is thus considered
minor compared to, for example, the effects of wind erosion, weathering and ice-dust mantling.

Well-developed rills or gullies (Fig. 8.11c), which typically emerge in case of secondary erosion by
overland flows (either locally derived or derived from the catchments) (e.g., Blair and McPherson,
2009), have not been observed on any landforms within our dataset. Nevertheless, some restricted
overland flow might have occurred on gully-fans but the overall morphology indicates that the relative
effectiveness of wind erosion is significantly greater than that of runoff.

8.5 Discussion

Combined observations of outcrop sedimentology and surfacemorphology suggest that themajority of
gully-fans on Mars dominantly formed by debris-flow deposition, and that typical debris-flow features
are strongly modified or erased from fan surfaces by various post-depositional processes. This implies
that the relative contribution of debris flows to gully development and fan aggradation has previously
been significantly underestimated. This hypothesis explains the discrepancy between morphometric
analyses that imply gully formation by debris flows (e.g., Lanza et al., 2010;Mangold et al., 2010;Conway
et al., 2011) and frequent observations of fan surfaces lacking clear debris-flow morphology, implying
formation by fluvial flows (e.g., Dickson and Head, 2009; Levy et al., 2010; Reiss et al., 2011). These
considerations also highlight that interpretation of primary processes based on surface characteristics
only can be misleading for long-inactive Martian depositional landforms.

The inferred dominant debris-flow origin for most Martian gully-fans implies that the volume of
available liquid water during gully formation was relatively small and ephemeral compared to forma-
tion by fluvial flows (chapter 4; De Haas et al., 2015b). This is in better accordance with the current un-
derstanding of recent Martian environmental conditions (Hecht, 2002) than an origin by fluvial flows,
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Figure 8.11: Terrestrial examples of fan-surface modification by secondary processes. (a) Debris-flow
deposit on a fan delta in Nevada (USA), of which the surface has been heavily modified to form a desert
pavement. Scale bar is 15 cm long (from Blair and McPherson, 2009). (b) Partly disintegrated boulder
on inactive fan surface (Atacama Desert, northern Chile; person is 1.85 m tall). (c) Channels or rills
with concentration of gravel and winnowing of finer grain sizes by secondary runoff on the surface
of a debris-flow-dominated fan in the Atacama Desert, northern Chile; person for scale is 1.85 m tall
(see chapter 5; De Haas et al., 2014). (d) Debris-flow fan surface pervasively covered by aeolian sand
(AtacamaDesert, northern Chile). Note residual relief given by elevated, gravelly debris-flow levees. (e)
Debris-flow fan in northern PanamintValley (CA,USA), ofwhich the surface is covered by aeolian sand
sheets and dunes.The surface no longer hosts typical debris-flowmorphologywhereas the stratigraphic
exposure shows clear evidence of debris-flow formation. (f) Different perspective of the sand covered
debris-flow fan surface in northern Panamint Valley shown in panel e.

which would require greater volumes of liquid water over longer time periods (Kleinhans, 2005). Dur-
ing phases of high-obliquity, the amount of snow deposited on mid-latitude regions was relatively re-
stricted and hypothesized to be in the order of centimeters per Martian year (e.g., chapter 4; Madeleine
et al., 2009; Madeleine et al., 2014; De Haas et al., 2015b). Only a very small fraction of this snow cover
is thought to melt into liquid runoff, as most of its volume sublimated (Williams et al., 2009). Gully-
catchment lithology and the periglacial conditions on Mars form an ideal precondition for triggering
debris flows. Debris flows are easily generated in catchments that yield large volumes of fine sediment
(mostly clay and silt fractions) (e.g., Blair, 1999; Harvey, 2010). The catchment lithology of the studied
gullies is thus ideal for the formation of debris flows, as it often partly comprises fine-grained LDM de-
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posits. In permafrost environments, such as Mars, debris flows can be triggered by very small amounts
of water, as the frozen permafrost table acts as a shallow-subsurface aquiclude favoring excess pore-
water pressure development in the active layer and providing a failure plane for regolith mobilization
and debris-flow initiation (e.g., Caine, 1980). Moreover, dry areas lacking vegetation such as Mars are
relatively susceptible to debris-flow formation via mass wasting events (e.g., Dorn, 1994).

The young age of many Martian gullies (Reiss et al., 2004; Schon et al., 2009; Johnsson et al., 2014)
and the heavily modified surfaces of most gully-fans suggest that secondary processes of surface mod-
ification are relatively brisk and efficient on Mars. The marked difference in abundance between the
numerous boulders in many stratigraphic sections and their scarcity or absence on adjacent overlying
fan surfaces, and betweenmany fan surfaces of different generation and age, testify to pervasive surface
weathering. This is in agreement with observations on late Amazonian weathering and erosion rates.
On a gully-fan surface in eastern Promethei Terra, DeHaas et al. (2013) (chapter 7) found that boulders
>3 m shattered into fragments<0.5 m within 1 My. Moreover, De Haas et al. (2013) found that the fan
surface relief was smoothed by ∼1 m within the same time period, in good agreement with the com-
plete absence of debris-flow levees and lobes onmostMartian gully-fans. Similarly, recent erosion rates
of small craters, ejecta blocks, sand ripples and dunes, and layered deposits range between 1-10 m/My
(Malin and Edgett, 2000; McEwen et al., 2005; Golombek et al., 2010; Golombek et al., 2014b; Bridges
et al., 2012b; Grindrod and Warner, 2014). The last high-obliquity period (>30◦) wherein aqueous
gullies were thought to be active ended 0.4 Ma (e.g., Dickson and Head, 2009), and therefore melting
and fan aggradation by primary processes involving liquid water did probably not occur since 0.4 Ma.
As such, the secondary weathering and denudation rates have been sufficiently fast to modify many
gully-fan surfaces. This is especially true because weathering and erosion rates greatly decrease with
age, as they are gradient-driven and therefore highest shortly after cessation of active depositional pro-
cesses (e.g., chapter 7; De Haas et al., 2013; Golombek et al., 2014b). Similarly, alluvial-fan surfaces in
Death Valley on Earth were found to be severely modified by secondary processes within a few thou-
sand years, whereas complete smoothing and the development of mature desert pavement took ∼70
ka (Frankel and Dolan, 2007).

Secondary processes of surface modification typically active on Earth (e.g., chapters 4; 5; Blair and
McPherson, 2009; Harvey, 2011; DeHaas et al., 2014), such as wind erosion, weathering and the forma-
tion of patterned ground, have probably alsomodified gully-fan surfaces onMars. Surficial observations
suggest that wind erosion is the most important secondary process on the investigated gully-fans. This
agrees with recent observations indicating that erosion of fine sediments by wind is widespread under
the current atmospheric conditions on Mars (e.g., Geissler et al., 2010; Bridges et al., 2012b; Bridges
et al., 2012a; Golombek et al., 2014b). Conversely, runoff is more common on Earth, owing to a more
active hydrological cycle. Patterned grounds, including polygons and slope stripes, are widespread in
high-latitude ground-ice regions on Mars (poleward of ∼55◦) (e.g., Mangold et al., 2004; Mangold,
2005), and covers the primary morphology of many gullies in these regions. Such features are also
common on inactive surfaces of terrestrial fans in periglacial environments (chapter 4; De Haas et al.,
2015c). Surface masking by ice-dust mantles and surface modification by dry flows driven by CO2 ice
are processes specific for Mars. Gullies are generally found between 30-60◦ N and S (Balme et al., 2006;
Dickson et al., 2007; Kneissl et al., 2010), whereas the ice-dust mantle is deposited from polar latitudes
down to 30◦ N and S (Mustard et al., 2001;Milliken et al., 2003). Both are formed and emplaced during
glacial periods at high obliquity (e.g., Head et al., 2003; Dickson andHead, 2009).Therefore, gullies that
predate the latest ice-dust mantling episode are probably covered by these LDM deposits. The relatively
high frequency of dry flows in some gullies on Mars (Dundas et al., 2010; Dundas et al., 2014), suggests
that these flows might be an effective process of secondary modification at certain locations (Dundas
et al., 2014). However, we found very little evidence for secondary modification by dry flows, poten-
tially because these deposits are hard to distinguish in the absence of a marked color or tonal difference
with older deposits.
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Consideration of dry CO2 frost-driven flows as a mechanism of primary aggradation has been ex-
cluded from our analyses for lack of a terrestrial analog. As such, we cannot quantify the relative con-
tribution to gully formation by these flows. However, we estimate the contribution of such flows to the
formation of most gully-fans to have been relatively small. There is no direct evidence that the major-
ity of gullies was primary formed by dry flows (e.g., Yue et al., 2014), because of the scarcity or even
complete absence of gullies in equatorial regions on Mars (e.g., Balme et al., 2006; Dickson et al., 2007),
the frequent occurrence of gullies on slopes well below the angle of repose (e.g., Dickson et al., 2007),
morphometric characteristics typical for aqueous flows (e.g., Conway et al., 2011; Yue et al., 2014), and
strong morphological similarity to terrestrial debris flows in some gullies (e.g., Levy et al., 2010; Johns-
son et al., 2014). Moreover, evidence for recent dry flows has been found only in a few tens of gullies,
of which most are dune gullies, out of thousands of gullies present on Mars (Diniega et al., 2010; Dun-
das et al., 2010; Dundas et al., 2014). Of course, not every gully has been monitored, but the available
dataset is also biased as the sites selected for intensive monitoring were mostly chosen on the basis of
previously observed changes, in order to maximize the probability to observe additional activity (Dun-
das et al., 2012). No terrestrial analog is known for dry CO2-driven flows, and therefore little is known
on the morphology and corresponding sedimentology of deposits. To date there are no quantitative or
experimental analogue models to test the viability of CO2-driven dry flows, let alone to estimate their
deposit sedimentology. Quantitative models evaluating the energetic release of sublimating CO2 sug-
gest that its energy would be barely sufficient to entrain dust and sand (Hansen et al., 2011; Diniega
et al., 2013).

The investigated gullies are well-distributed over the mid-latitudes of the planet’s southern hemi-
sphere.Therefore, it is reasonable to consider the interplay of primary and secondary processes inferred
from our dataset as representative for the southern hemisphere mid-latitude gully population. We do
not expect significant differences in the interplay of primary and secondary processes on northern
hemisphere gullies, but this remains to be investigated.

8.6 Conclusions

We performed a combined analysis of gully-outcrop sedimentology and surface morphology to con-
strain the formative processes ofMartian gullies and to resolve the discrepancy between interpretations
of gully-fan morphometry and surface morphology, suggesting dominant gully formation by debris
flows and fluvial flows, respectively.

Analyses of outcrop sedimentology on gully-fans in 51 HiRISE images widely distributed over the
southern midlatitudes shows that a majority of gullies dominantly formed by debris flows. The great
majority (96%) of exposures in gully-fans fed by catchments that mainly comprise bedrock, and thus
containmany boulders, show typical debris-flow sedimentology; includingmany randomly distributed
andoriented large boulders (>1m) suspended in a finermatrix and lens-shaped and truncated layering.
These key diagnostic features for debris-flow formation are rare in gully-fan exposures mainly fed by
LDM catchments, as boulders are largely absent in these catchments. Probably, these gully-systems
formed by fine-grained debris flows, but this cannot be determined from outcrop sedimentology alone.
The gully-fan surfaces, in contrast to the subsurface, are dominated by secondary, post-depositional,
processes, mainly wind erosion, weathering and ice-dust mantling. These processes have removed or
severely reworked the original, primary, debris-flow morphology.

These combined observations from outcrop sedimentology and surface morphology provide an ex-
planation for the discrepancy between previously published morphometric and morphological analy-
ses. The inferred debris-flow origin for many gullies implies that the amounts of liquid water during
gully-formation were ephemeral and limited.

167



Acknowledgments
Constructive comments by Joseph Levy and one anonymous reviewer are gratefully acknowledged. The authors
contributed in the following proportions to conception and design, data collection, analysis and conclusions, and
manuscript preparation: TdH (70, 80, 50, 60%), DV (0, 0, 20, 15%), EH (10, 0, 10, 10%), SJC (0, 20, 0, 0%), MGK
(20, 0, 20, 15%).

168



Chapter 9

Earth-like aqueous debris-flow activity on Mars at high or-
bital obliquity in the last million years

Liquid water is currently extremely rare on Mars, but was more abundant during periods of high obliquity
in the last fewmillions of years. This is testified by the widespread occurrence of mid-latitude gullies: small
catchment-fan systems. However, there are no direct estimates of the amount and frequency of liquid wa-
ter generation during these periods. Here we determine debris-flow size, frequency and associated water
volumes in Istok crater, and show that debris flows occurred at Earth-like frequencies during high-obliquity
periods in the last million years on Mars. Results further imply that local accumulations of snow/ice within
gulliesweremuchmorevoluminous than currentlypredicted;meltingmust haveyielded centimeters of liq-
uidwater in catchments; and recent aqueous activity in somemid-latitude craterswasmuchmore frequent
than previously anticipated.

Published as:De Haas, T., Hauber, E., Conway, S. J., van Steijn, H., Johnsson, A. and Kleinhans, M. G. (2015), Earth-
like aqueous debris-flow activity on Mars at high orbital obliquity in the last million years,Nature Communications,
doi:10.1038/ncomms8543.

9.1 Introduction

At present Mars is very cold and dry and its thin atmosphere makes liquid water at its surface ex-
ceptionally rare (e.g., Jakosky and Phillips, 2001; McEwen et al., 2014). However, climatic conditions
differed during periods of high orbital obliquity in the last few millions of years (Head et al., 2003;
Forget et al., 2006; Madeleine et al., 2009; Madeleine et al., 2014). In these periods liquid water was
probably more abundant, as testified by the presence of numerous mid-latitude gullies, which are small
catchment-fan systems (Fig. 9.1) (Malin and Edgett, 2000; Costard et al., 2002; Heldmann et al., 2005;
Dickson and Head, 2009; Conway et al., 2011; Johnsson et al., 2014). During high-obliquity periods
on Mars (>30◦), increased polar summer insolation enhances polar ice sublimation, which increases
atmospheric water content and amplifies circulation, leading to a more intense water cycle (Forget et
al., 2006; Madeleine et al., 2014). Precipitation of snow and ice is thought to become widespread in
the mid-latitudes (from the poles to ∼30◦N and S), and the high mountains in lower-latitude regions
(Forget et al., 2006; Madeleine et al., 2009; Madeleine et al., 2014), leading to extensive glaciation (For-
get et al., 2006; Madeleine et al., 2014). Snow/ice probably melted during high-obliquity periods in
favourable locations, forming thousands of gullies in the mid-latitudes (e.g., Malin and Edgett, 2000;
Costard et al., 2002; Dickson and Head, 2009). Evidence of water-free sediment flows (e.g., Pelletier et
al., 2008; Dundas et al., 2010; Dundas et al., 2014), debris flows (e.g., Costard et al., 2002; Johnsson et al.,
2014) and fluvial flows (e.g., Heldmann et al., 2005; Dickson and Head, 2009) have all been identified,
and result in a large morphological diversity of gullies on Mars. The morphology and morphometry of
many gullies imply that they formed by liquid water (e.g., Heldmann et al., 2005; Dickson and Head,
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Figure 9.1: Istok crater. (a) Bajada of remarkably pristine debris-flow fans on the pole-facing slope
(45.11◦S; 274.2◦E). Bajada length is ∼4 km. (b) Eroding alcoves supply sediments to the downslope
bajada of fans. (c) The fans are composed of debris-flow deposits, as testified by the widespread occur-
rence of paired levees, distinct depositional lobes and embedded boulders (Johnsson et al., 2014).

2009; Conway et al., 2011; Johnsson et al., 2014), whilst other gullies are morphologically active to-
day, probably driven mainly by CO2 frost, suggesting a water-free continuing present-day activity (e.g.,
Dundas et al., 2010; Dundas et al., 2014). Some aqueous gullies formed in the last few millions of years
(Reiss et al., 2004; Schon et al., 2009; Johnsson et al., 2014). As such, they are the youngest record of
liquid water and extensive aqueous activity on the surface of Mars, and therefore of critical importance
in resolving the planet’s recent hydrologic and climatic history. Obliquity on Mars has varied between
15◦ and 35◦ in the last 5 Ma, in cycles of approximately 120 Ka (Laskar et al., 2004). The obliquity
threshold for snow and ice transfer from the poles to lower latitudes is estimated at 30◦ (Head et al.,
2003), whereas the threshold for melting and associated morphological activity is probably higher but
unknown (Williams et al., 2009).

Key questions that remain unanswered are howmuchwater could potentiallymelt during these high-
obliquity periods? And how frequent was the aqueous activity within the gullies?Here, we address these
questions by quantifying debris-flow size, frequency and associated liquid water contents on Mars, in
the very young Istok crater inAonia Terra (Fig. 9.1) (0.1-1Ma; best-fit age:∼0.19Ma; 45.11◦S; 274.2◦E)
(Johnsson et al., 2014). These analyses show that local accumulations of snow/ice within gullies were in
the order of centimeters to decimeters during periods of high obliquity in the last Ma. Melting of this
snow/icemust have yielded centimeters of liquidwater in the gully-catchments to produce the observed
debris-flow volumes. Moreover, debris flows were muchmore frequent than previously anticipated and
occurred at earth-like frequencies in Istok crater at high obliquity.
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9.2 Results

9.2.1 StudyCrater
The pole-facing slope of Istok crater hosts a bajada, a series of coalescing fans, with abundant debris-
flow deposits (Johnsson et al., 2014), which are among the best preserved found on Mars to date. Al-
though morphometric analyses suggest that many gullies formed by debris flows (Conway et al., 2011),
evidence thereof is generally absent on gully-fan surfaces. This is probably caused by post-depositional
reworking of gully-fan surfaces by weathering and erosion (chapters 7; 8; De Haas et al., 2013; De Haas
et al., 2015a) or emplacement of latitude-dependent mantle deposits (Johnsson et al., 2014) (LDM; a
smooth, meters-thick deposit comprising layers of dust and ice that extends from the poles to the mid-
latitudes (Mustard et al., 2001; Conway and Balme, 2014)). The unusually pristine debris-flow deposits
in Istok crater therefore make it the best, and only, crater wherein detailed quantitative analyses using
debris-flow volumes can be performed today.

In Istok crater contribution of fluvial and water-free sediment flows to the fan surface morphology
on the bajada appears to be very minor. We base this on the absence of bright and dark deposits and
‘fingering’ depositional lobes, which are both associated to dry sediment flows on Mars (Pelletier et al.,
2008; Dundas et al., 2010; Dundas et al., 2014) the abundance of well-developed leveed channels that
have to date not been observed in recent dry flows on Mars; the remarkably good morphological and
textural agreement with terrestrial debris flows (Johnsson et al., 2014); and the 8◦ to 20◦ depositional
slopes, typical for non-cohesive terrestrial debris flows (Johnsson et al., 2014). In contrast, the land-
forms on the crater slopes with non-polar azimuths appear unrelated to liquid water (Johnsson et al.,
2014). This landform disparity further supports debris-flow formation by insolation-driven melting of
snow/ice, because melting is hypothesized to mainly occur on pole-facing slopes at high obliquity in
the mid-latitudes (Costard et al., 2002; Dickson and Head, 2009). In contrast to many other gullies on
Mars, the source of water seems to be unrelated to the LDM. This is testified by the presence of highly
brecciated alcoves hosting many boulders, solely exposing bedrock and the abundance of meter-sized
boulders on the depositional fans. The absence of LDM in the gullies is further supported by the lack
of landforms associated with the LDM, such as polygonally patterned ground and moraine-like ridges
(Johnsson et al., 2014). The absence of LDM suggests that the debris flows in Istok crater formed from
top-down melting of relatively pure (i.e., little dust) snow packs (Johnsson et al., 2014), and therefore
inferences from debris-flow volumes directly relate back to snowfall amounts and climate.

9.2.2 Debris-flow volume and frequency
Debris flows are high-concentration mixtures of solid particles and water that move as a single-phase
high-density flow. Non-cohesive debris flows contain approximately 20 to 60 percent water by vol-
ume (Costa, 1988; Iverson, 1997; Pierson, 2005). They form deposits with paired levees and distinct
depositional lobes that often incorporate large boulders. We use the distinct morphology of these de-
posits to estimate individual debris-flow volumes from a HiRISE (High Resolution Imaging Science
Experiment) DEM (Digital Elevation Model) with a sampling distance of 1 m. Estimated individual
debris-flow volumes roughly range from 400 to 5100 m3 (Figs. 9.2a-c; Table 9.1) and are similar to
those in unconfined terrestrial debris-flow systems (Fig. 9.3) (e.g., Van Steijn, 1996; Helsen et al., 2002;
Decaulne and Sæmundsson, 2003).

We estimated the total number of debris flows by comparing the volume of a single, modal-sized,
debris flow to the total volume of sediment eroded from the catchments. Here, an alcove is defined as a
single source area divided by ridges, and a catchment as a set of alcoves that together feed a similar part
of the bajada (Fig. D.1). In total, around 28000modal-sized debris flows were needed to form the entire
bajada and∼1900 debris flows originated from each catchment (TableD.1). From this we calculated the
cumulative time above a specific obliquity threshold for melting and then determined the debris-flow
frequency within the gullies, expressed as their return period (Van Steijn, 1996). Debris-flow return
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Figure 9.2: Debris-flow return periods and size in Istok crater. (A) Cumulative frequency distribution of
lobe volume.Theminimum,maximum and intermediate estimates are based on a triangular, rectangu-
lar and trapezoidal-shaped lobe model, respectively (Fig. D.3). (B) Cumulative frequency distribution
of levee volume, estimated by assuming paired levees of half the bajada length (900 m; 800-1100 m
range). The minimum estimate is based on triangular-shaped paired levees of 400 m long, the maxi-
mum estimate on rectangular-shaped paired levees of 550 m long, and the intermediate estimate on
trapezoidal-shaped levees of 450 m long. (C) Cumulative frequency distribution of total debris-flow
volume (lobe and levee volume combined). (D) Obliquity in the last Ma on Mars (Laskar et al., 2004),
and potential thresholds for melting on mid-latitude pole-facing crater walls. (E) Debris-flow return
periods on the bajada and per catchment. The intermediate estimate (thick line) is calculated from the
intermediate-estimate debris-flow size and best-estimate catchment size.Theminimum andmaximum
estimates are calculated from the largest debris-flow size and smallest catchment volume and the small-
est debris-flow size and maximum catchment volume, respectively. See Tables D.1-D.5 for raw data.

periods ranged between 4-15 yr on the bajada, and 64-221 yr in the catchments for a conservative
obliquity threshold formelting of 30◦. Amelting threshold of 35◦ (Williams et al., 2009), implies return
periods of 0.2 to 0.8 yr for the bajada and 3 to 12 yr for the catchments (Fig. 9.2d-e; Table D.1).

9.2.3 Liquid water volumes
Using the known range of water concentrations of terrestrial debris flows in combination with the
measured debris-flow volumes in Istok crater, we can make an estimation of the amount of liquid wa-
ter required for each flow. The associated liquid water volume yields a minimum estimate of snow/ice
deposition and subsequent melting within the alcoves. Between 3 and 9 mm of liquid water uniformly
spread over an average-sized alcove is required for the formation of modal-sized debris flows, and 16
to 50 mm of liquid water is required for the formation of large, 95 percentile-sized debris flows (Ta-
ble 9.1). The actual thickness of the snow/ice layer must have been much larger due to the porosity of

172



10
0

10
1

10
2

10
3

10
0

10
1

10
2

10
3

10
4

10
5

Return period (yr)

Vo
lu

m
e 

(m
3 )

 

 

350 300 300
350

Scandinavia

Iceland

Mars catchment uncertaintly range
Mars bajada uncertainty range

Svalbard

Scotland
Poland
European Alps

Mars bajada best estimate
Mars catchment best estimate

Figure 9.3: Debris-flow volumes and return periods in Istok crater and examples fromEarth.The return
periods on Mars are clearly within the range of return periods observed in temperate to polar regions
on Earth regardless of the uncertainty in debris-flow volume, return periods per bajada or individual
catchment and obliquity thresholds for melting between 30◦ and 35◦. Data from the European Alps,
Poland, Scotland, Scandinavia and Svalbard are from Van Steijn (1996) and references therein, addi-
tional data for the Alps from Helsen et al. (2002), and Icelandic data from Decaulne and Sæmundsson
(2003).

Table 9.1: Minimum amounts of liquid water required for the generation of debris flows. Error margins
expressed as minimum and maximum values between brackets (see Figs. 2A-C and Tables D.3-D.4 for
raw debris-flow volume data, and Table D.2 for raw alcove volume data).

Water:sediment ratio 0.2 Water:sediment ratio 0.6
DF size DF volume Water volume Water in alcove Water volume Water in alcove

(m3) (m3) (mm) (m3) (mm)
Modal 605 (368 – 950) 121 (74 – 190) 3.0 (1.8 – 4.7) 363 (221 – 570) 9.0 (5.5 – 14.1)
95% largest 3307 (2031 – 5101) 661 (406 – 1020) 16.4 (10.0 – 25.2) 1984 (1219 – 3061) 49.1 (30.1 – 75.7)

the snowpack, potential sublimation and evaporation losses, and the fact that uniform melting over
an entire alcove will generally not occur (Williams et al., 2009). On the other hand, snowdrift might
have led to larger accumulations of snow in the alcoves than was originally emplaced (Christiansen,
1998). Potential infiltration losses are likely negligible on Mars where a frozen permafrost layer acts as
an aquiclude (Heldmann et al., 2005). Therefore, we estimate that centimeters to decimeters of snow
must have accumulated in the alcoves to form the observed debris-flow deposits.
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9.3 Discussion and conclusions

Thesurprisingly short debris-flow return periods at high orbital obliquity in Istok crater are very similar
to those in various environments on Earth (Fig. 9.3) (e.g., Van Steijn, 1996;Helsen et al., 2002; Decaulne
and Sæmundsson, 2003). Moreover, they are similar or even shorter than in terrestrial environments
that are climatologically comparable to the dry and cold polar desert ofMars. In one of the driest regions
on Earth, the hyperarid Atacama Desert, debris-flow return periods along the coast of northern Chile
and southern Peru range between 40 and 2400 yr (Vargas et al., 2006) and are probably higher further
inland where precipitation is even less frequent. In the periglacial, polar semi-desert of Svalbard, which
displays many periglacial landforms similar to Mars (Hauber et al., 2011), debris-flow return periods
ranging between 80 and 500 yr were found (André, 1990). These results suggest that pole-facing mid-
latitude crater walls onMars, at least at Istok crater, were extremely active environments with Earth-like
debris-flow activity during high-obliquity periods in the last few million years. Moreover, the debris-
flow return periods during high obliquity are similar to present-day return periods of dry, CO2 aided,
sediment flows in some of the currently most active gullies on Mars (Dundas et al., 2014). The debris-
flow return periods in Istok crater imply that these gullies were among the most active aqueous gullies
on Mars in the last Ma. They are the first estimated return periods of aqueous activity for Martian
gullies. Yet, it is not unlikely that similar activity has occurred on other sites in the past.

Generally, inferences drawn from Global Climate Models (GCMs) suggest that annual atmospheric
precipitation of snow/ice at 35◦ obliquity does not exceed a spatially averaged 10 mm yr−1 (Mischna
et al., 2003; Madeleine et al., 2009), and precipitation is even less at lower obliquity. However, recently
Madeleine et al. (2014) incorporated the effect of radiatively active water-ice clouds in the GCMs, re-
sulting in annual snow/ice accumulations of ∼10 cm in the mid-latitudes at 35◦ obliquity, which cor-
responds well with the snow-accumulation inferred from debris-flow volumes at Istok crater. Yet, al-
though snowdrift causes larger accumulations of snow within the alcoves and snow might accumulate
over multiple years, most snow is thought to sublimate (Williams et al., 2009; Madeleine et al., 2009).
Moreover, Williams et al. (2009) estimate that only a very small amount, in the order of 1 mm yr−1,
of liquid water was produced by melting on pole-facing mid-latitude crater walls out of a 5 cm thick
snowpack at high obliquity. Kite et al. (2013) estimate that melting over a Mars-year produces 9 mm of
liquid water in total. Clearly, these models do not explain the amounts of liquid water needed for the
formation of the debris flows in Istok crater. This implies that melting of snow/ice must locally have
been much larger than currently predicted by most climate models, and supports the recent improve-
ments to the climate models by Madeleine et al. (2014).

We conclude that debris flows occurred at Earth-like frequencies in Istok crater during high-obliquity
periods in the last million years on Mars. Although this required much more atmospheric deposition
and subsequent melting than is currently predicted by climate models, these findings fit well into the
emerging view of a much more dynamic recent and present Mars than anticipated only a few years ago
(e.g., McEwen et al., 2014; Dundas et al., 2014).Mars was long presumed to be a hyperarid environment
dominated by wind since the onset of the Amazonian period, 3 Ga ago. However, pristine debris-flow
deposits in Istok crater provide compelling evidence for very active aqueous environments on pole-
facing slopes in the mid-latitudes during high obliquity in the last million years. The surprisingly large
amount of liquid water on these slopes means we should revise our understanding of Mars’ recent
climate, but also points to more habitable recent environments than previously predicted.
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9.4 Methods

9.4.1 Production of the Digital Elevation Model
TheDEMused for the extraction of alcove and debris-flow volumes was constructed using themethods
described by Kirk et al. (2008), from HiRISE stereo images PSP_006837_1345 and PSP_007127_1345.
The ground sampling distance of the DEM is 1 m. The vertical precision of the DEM can be estimated
based on viewing geometry and pixel scale.The stereo convergence angle of theHiRISE images is 20.1◦,
the largest spatial resolution of the two images is 0.258 m, and assuming 1/5 pixel correlations yields a
vertical precision of 0.258/5/tan(20.1) = 0.13 m (Kirk et al., 2008).

9.4.2 Extraction of alcove and debris-flow volumes
The volume of material eroded from the alcoves was determined from the DEM. Following Conway
and Balme (2014) we assume that the top of the alcove crests represent the initial pre-gully surface.
In reality, alcove crests will also be eroded, so that our assumption yields a lower bound estimate. The
eroded volume was derived by subtracting the original from the pre-gully surface. Error propagation
calculations by Conway and Balme (2014) suggest that such volume estimates are accurate within 15%.
Because a bajada is composed of a series of coalescing fans, it is impossible to directly determine total
bajada volume given the uncertainty of the pre-gully crater profile. However, as (1) the material eroded
from the alcoves consists of pure bedrock, unrelated to the LDM and (2) the composition and rheology
of debris flows prevents significant escape of material after deposition, the gullies are probably closed
systems wherein the amount of sediment eroded from the alcoves is approximately equal to the amount
of material deposited on the bajada, as quantitatively demonstrated by Conway and Balme (2014). We
therefore approximate the total bajada volume by calculating the total amount of material eroded from
the alcoves. As such, we neglect the potential input of material by rockfalls to the bajada. However, the
abundance of debris-flow deposits on the bajada suggests that the volume transfer by rockfalls is minor
compared to the transfer by debris flows.

Individual debris-flow volumes were determined from the orthorectified image and from the DEM.
We measured width, length and height of 144 clearly resolvable lobes and width and height of 70 lev-
ees (Fig. D.1; Tables D.3, D.4), which we subsequently combined into debris-flow volume based on
percentiles (Fig. 9.2a-c). Width and length were measured using the orthorectified image, and height
using the DEM. We combined percentiles of lobe and levee size to obtain debris-flow volumes, be-
cause it was impossible to directly determine debris-flow volumes, as the debris flows on the bajada are
strongly amalgamated. We avoided measurement of lobes that were largely buried by subsequent de-
bris flows to prevent an under-prediction of lobe volume (see Fig. D.2 for an example of the delineation
of lobes). It is impossible to determine whether the debris flows in Istok crater formed one or multi-
ple lobes, based on remote sensing data only. However, on Earth it is much more common for debris
flows to form one lobe rather than multiple lobes (e.g., Suwa and Okuda, 1983; André, 1990; Helsen
et al., 2002) and there is no model suggesting that forking should occur more frequently under Mar-
tian conditions. Therefore we assume that each debris flow formed one depositional lobe. This might
underestimate the volume of very large debris flows, which can bifurcate and form multiple lobes, but
is probably a good representation of the modal-sized debris flow and therefore debris-flow return pe-
riods. To account for errors associated with the estimation of the debris-flow cross-section, levee and
lobe volumes were calculated by assuming a triangular (minimum estimate), rectangular (maximum
estimate) and a trapezoidal cross-section (intermediate estimate) (Fig. D.3). Total levee volume for the
modal-sized debris flows was calculated by assuming paired levees of half the bajada length (900 m;
800-1100m range), where we used themean, minimum andmaximum length for the calculation of the
intermediate, minimum and maximum volume estimates, respectively. This is a rough estimation, but
as accurate direct measurement of modal debris-flow length is very ambiguous half the bajada length
was chosen as a parsimonious approximation. This assumption will lead to an underestimation of the
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volume for relatively long debris flows and an overestimation for relatively short debris flows, but is a
good approximation of the modal-sized debris flow and therefore the return periods.

9.4.3 Estimation of debris-flow return periods
The debris-flow return periods were calculated by dividing the cumulative time above an obliquity
threshold (Fig. 9.2d) (Laskar et al., 2004; Williams et al., 2009) since the formation of Istok crater, by
an estimate of the total number of debris flows on the bajada and per catchment. We conservatively
estimate return periods by using the maximum age of Istok crater (1 Ma) (Johnsson et al., 2014). The
number of debris flows was calculated by dividing the volume of sediment eroded from the alcoves by
the volume of the modal-sized debris flow that formed the bajada. As we can only see, and therefore
measure, the volume of surficial debris flows, we assume that volumes remained quasi-static over time.
Approximately 45% of the pole-facing crater wall hosting the fans is covered in shadows, so that debris
flows were not accurately discernible (Fig. 9.1). Therefore we calculated total volume on the bajada
by extrapolating the volume on the sun-illuminated part to the shadowed part by assuming similar
geometry. Return periods were calculated for the entire bajada and per average-sized catchment and
for a range of obliquities exceeding 30◦.

9.4.4 Robustness of results
Our calculations are based on a number of assumptions. However, this is inevitable for the current
analysis that can only be based on remote sensing data. For this reason we conservatively estimated
possible errors and propagated these through our calculations. Moreover, we conservatively calculated
alcove volumes and used the maximum estimated age of the host-crater as an over-estimate of the
gully-system age. Even then, the uncertainty in age range (up to a factor of 5: 0.2-1.0 Ma) is larger than
the error associated to volume calculations. For example, if we adopt the extreme scenario that every
debris flow formed two lobes and that we underestimated lobe volume by a factor of 2 (for example by
underestimating runout length or missing part of the lobe volume due to partial burial), this results in
an error of a factor of 4 in lobe volumes and associated return periods and liquid water volumes. As
such, this error is smaller than the error range associated to crater age uncertainty.

Secondly, our conclusions on debris-flow return periods are largely insensitive to the assumptions. If
we adopt an extreme scenario where we overestimate or underestimate debris-flow volume by a factor
of 4, the number of debris flows that formed the bajada, and the return periods also change by a factor
of 4. However, compared to the large range of debris flow return periods observed on Earth this is not
significantly different (Fig. 9.3). Neither does a factor 4 difference in liquid water and snow accumula-
tion volumes change the result that centimeters to decimeters of snow were required for the formation
of the debris flows. Therefore the conclusions are robust.
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Chapter 10

Synthesis

This thesis aimed to enhance the generic understanding of alluvial fans and debris flows on Earth and
Mars. The two main objectives of this thesis were:

1. To unravel the formative dynamics of debris-flow fans.

2. To reconstruct hydrologic and climatic conditions in the last few millions of years on Mars from
alluvial fan deposits.

These objectives were achieved by combining multiple research approaches and methods. The first
research objective was mainly achieved by using physical scale experiments and field reconnaissance.
Comparative fieldwork onMartian analog fans onEarth and analyses of high-resolution satellite images
of Martian fans were mainly employed to fulfill the second objective.

Below, I first summarize the main conclusions. Then, relevant findings of this thesis on debris-flow
mobility and hazards are discussed, as well as insights into the formative dynamics of debris-flow fans
and the potential of debris-flow fans as past climate indicators. The processes that modify alluvial fan
surfaces on Mars and Mars-like terrestrial environments are indicated. Recent Martian weathering and
erosion rates are quantified, and the reworking potential of these processes on Martian gully-fans is
discussed. Next, the formative processes of Martian gully-fans are presented, followed by a reconstruc-
tion of the hydrologic and climatic conditions during gully-formation in the last few millions of years.
Then, the temporal evolution of gully-fans over the last millions of years is discussed. Finally, I briefly
outline a number of important scientific challenges.

10.1 Main conclusions

The key findings of this thesis are:

• Debris-flow composition strongly affects runout. Composition is generally neglected in runout
predictors, but including composition could greatly enhance the reliability of predictions (chapter
2).

• Debris-flowdeposit thickness andwidth are predominantly controlled by composition (i.e., grain-
size distribution and water content), while it is not affected by topography (chapter 2).

• Debris-flow fans form by alternating cycles of channelization, backfilling and avulsion. These
cycles can form autogenically, in the absence of allogenic forcings (chapter 3).

• There is a paracratering enhance in backweathering rates on Martian crater walls following im-
pact (chapter 6).
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• Weathering and denudation rates in the last few millions of years on Mars are higher in gullies
than on most other parts of Mars, which is probably related to the presence of liquid water in
gullies during high-obliquity periods (chapters 6 and 7).

• Themajority ofMartian gullies probably formedpredominantly by aqueous debris flows (chapter
8).

• The surfaces of Martian gullies are generally modified by secondary processes of weathering
and erosion, and therefore interpretations of formative processes deduced from fan surfaces can
be misleading (chapters 3 to 8). This explains the long-lasting debate between morphological
analyses that suggest that gullies formed by fluvial flows because of a lack of debris-flow deposits,
and morphometric analyses that suggest a formation by debris flows (chapter 8).

• Debris flows occurred at Earth-like frequencies (approximately once every 1-100 yr) in gullies
during high-obliquity periods in the last million years on Mars (chapter 9).

• Decimeters of snow were required in gully-alcoves for the formation of the debris flows that
formed the gullies in Istok crater (chapter 9).

10.2 Debris-flowmobility and hazards

Theassessment of runout distance and area is critical for delineating areas at risk fromdebris flows. Cur-
rent predictive methods dependmainly on topography (i.e. the slope, width and length of the upstream
channel and the slope of the outflow plain) and debris-flow volume (e.g., Takahashi, 1991; Bathurst et
al., 1997; Rickenmann, 1999; Berti and Simoni, 2007; Griswold and Iverson, 2008; D’Agostino et al.,
2010). Debris-flow composition has often been neglected for practical reasons, as it is very difficult
to constrain material properties from debris-flow deposits in the field and monitoring of debris flows
faces many difficulties because of their rapid, short-lasting, infrequent and destructive nature. Never-
theless, debris-flow composition has a profound effect on debris-flow dynamics and runout distance
(e.g.,Whipple andDunne, 1992; Scheidl and Rickenmann, 2010; Hürlimann et al., 2015). Physical scale
experiments can overcome such problems because they enable detailed control of boundary conditions,
such as debris-flow composition.

Debris-flow runout depends as much on composition as on topography and volume, as experimen-
tally shown in chapter 2. There is a clear optimum in the relations of runout with coarse-material frac-
tion and clay fraction. Increasing coarse material concentration initially leads to larger runout, but
excess coarse material results in a large accumulation of coarse debris at the flow front and enhances
diffusivity, which increases frontal friction and decreases runout. A larger clay content initially leads to
larger runout, but above a critical threshold (clay fraction>0.22) the flow becomes viscous and runout
strongly decreases. Runout increases with channel slope and width, outflow plain slope, debris-flow
volume and water fraction, which agrees well with observations on natural debris flows (e.g., Iver-
son et al., 1998; Zanuttigh and Lamberti, 2007; Griswold and Iverson, 2008; D’Agostino et al., 2010).
These results show that runout predictions can be significantly improved by incorporating the effects of
debris-flow composition. However, the experimental results presented in chapter 2 only qualitatively
show the effects of debris-flow composition on runout. To quantitatively incorporate these results to
field-scale predictions more observations on natural debris flows are needed, and attempts should be
made to incorporate the effects of variable grain-size distributions in numerical debris-flow models.

Another important control on debris-flow runout over alluvial fans is themorphology or bed config-
uration of the fan. Debris-flow fans form by autogenic cycles of channelization, backfilling and avulsion
(chapter 3). In the channelized state debris-flow runout on the fan has a restricted width but reaches
the fan toe, whereas in an unchannelized state the flows are wide and short and mainly spread out
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over the apex region. This implies that prediction of debris-flow runout onto alluvial fans, whereon
most settlements are concentrated in mountainous areas (Cavalli and Marchi, 2008), should take into
account fan morphology as well as debris-flow volume and composition and topography (as shown
in chapter 2). Moreover, it further complicates models of debris-flow fan formation, as it shows that
debris-flow magnitude and rheology alone do not determine debris-flow runout on fans (e.g., Whipple
andDunne, 1992). In the next section the feedbacks between runout and fanmorphology are discussed
in more detail in the context of debris-flow fan evolution.

10.3 Debris-flow fan evolution

Alluvial fans develop their semi-conical shape by quasi-cyclic shifts of their geomorphologically active
sector from a fixed fan apex (chapters 4, 5, 7 and 8). These shifts comprise autogenic cyclic alternations
of (1) backfilling, (2) avulsion and (3) channelization (chapter 3). On the experimental debris-flow fan
described in chapter 3, these alternations were symmetric: the backfilling and channelization phases
required a similar number of debris flows. Channel backfilling was initiated after debris flows reached
their maximum possible length, which was defined by volume and composition. The positive feed-
backs driving backfilling are that the frontal lobe deposit moved upstream where it sets a zone of lower
gradient, causing the terminus of deposition to move upstream. Consequently, the next debris flow
was shorter which led to more in-channel sedimentation, causing more overbank flow in the subse-
quent debris flow, leading to reduced momentum of the flow front and therefore further shortening of
runout. Avulsion began once the apex region was plano-convex and there was no preferential transport
direction by channelization. Debris flows avulsed along the preferential flow path, given by the balance
between steepest descend and flow inertia. In the channelization phase following avulsion, debris flows
became progressively longer and narrower because momentum increasingly focused on the flow front
as flow narrowed, resulting in longer runout and deeper channels.

Many features, including channel backfilling by successively retrograding debris flows and gradual
avulsion, of the above described avulsion cycles have also been observed on natural debris-flow fans
(e.g., Blijenberg, 1998; Suwa and Okuda, 1983; Suwa et al., 2011; Scheinert et al., 2012). However, on
natural debris-flow fans, these cycles are often more complex due to fan formation by debris flows
varying in magnitude, composition and rheology, and the influence of other geomorphic processes
like runoff or snow avalanches (chapters 2; 4; 5; Whipple and Dunne, 1992). Therefore, additional field,
experimental andmodeling analyses ofmore-complex debris-flow fans are required to fully understand
the evolution of these fan types. However, all three sources of data are currently very scarce.

The large-scale formative dynamics of fan-shaped landforms, regardless of their formative mecha-
nisms, can be reduced to the process of topographical compensation over large spatio-temporal scales
as all fan formative mechanisms are driven by gravity. Backfilling, avulsion and channelization are
common denominators on fan-shaped deposits that form by various subaerial and subaqueous mech-
anisms, including debris flows, fluvial flows and turbidites (e.g., Schumm et al., 1987; Cantelli et al.,
2011; Van Dijk et al., 2012). Yet, on a smaller scale fans formed by different processes have a unique
morphological, sedimentological and morphometric fingerprint, as described below.

10.4 Debris-flow fans as climate indicators

Debris-flow fans have a distinct morphology, sedimentology and morphometry, which fundamentally
differ from those of fans formed by other processes (chapter 2, 3, 4, 5, 8 and 9). Moreover, debris flows
contain a fundamentally different water fraction than other fan formative processes, such as stream and
hyperconcentrated flows and dry grainflows (e.g., Costa, 1988). As such, they are important climate
indicators.
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Debris flows form elongate deposits that consist of distinct lobes and lateral levees with marked re-
lief, and the coarsest particles are generally concentrated at the frontal lobe margins and in the levees
(see chapters 2, 3, 4, 5, 8 and 9). Moreover, they are able to transport large, meter-sized, boulders,
which can therefore be incorporated in debris-flow deposits (chapter 4-9). In stratigraphy, debris-flow
deposits have a unique sedimentology that is generally internally massive and contains boulders ran-
domly dispersed and generally randomly oriented in a finer matrix (chapters 5 and 8). Stacked indi-
vidual deposits typically appear structureless, but bedding can be present from secondary reworking
of the exposed boundaries of original depositional units (chapter 5). Individual depositional units are
typically quasi-tabular to slightly irregular, subparallel to the depositional surface and continuous over
distances up to several hundreds of meters in slope-oriented sections. Locally they are sharply tapering
or pinching out where the section intersects original lobe margins. In slope-transverse sections debris-
flow deposits are laterally tapering or truncated plano-convex lenses, possibly with concentrations of
coarser debris at the margins, corresponding to lateral levees and frontal snouts (chapters 3, 5 and 8).
Morphometrically, debris-flow fans have distinct slopes, channel sinuosity, slope-area relations and
their catchments have distinct drainage patterns and width-depth relations (chapter 8; Mangold et al.,
2010; Conway et al., 2011; Yue et al., 2014; Conway et al., 2015).

The unique morphology, sedimentology and morphometry of debris-flow deposits can be used to
distinguish them from deposits formed by other processes, such as more dilute fluvial flows or dry
granular flows. In this thesis it is experimentally shown that the morphology of the individual debris-
flow deposits is exclusively controlled by debris-flow composition and bed configuration (chapter 2, 3).
The coarse-grained, clay and water fractions all have a profound effect on lobe thickness, lobe width
and levee height, while the effect of topography and volume are largely negligible. Depositional lobe
thickness was mainly determined by the height of the frontal accumulation of coarse particles in our
experiments, behind which the more fluidal debris-flow body incrementally accreted. In very clay-rich
debris flows (clay fraction> 0.22) high viscosity inhibited grain-size segregation and consequently the
formation of a coarse frontal accumulation. Lobe thickness was mainly determined by yield strength
for these viscoplastic flows.

The geometry of debris-flow deposits (e.g., thickness) thus mainly relates back to grain-size dis-
tribution and water content, while topographic conditions, such as catchment and fan slope, can be
neglected when reconstructing formative conditions from debris-flow deposits. Debris flows typically
contain 20-60% water by volume (chapter 2; Costa, 1988; Iverson, 1997), and therefore deposit volume
can be related to the volume of water required for the formation of the debris flows (as applied in chap-
ter 9). Moreover, due to the rheology of debris flows, debris-flow fans are closed systems wherein the
volume of sediment eroded from the catchment is approximately similar to the volume of the associated
fan deposit as long as the latter is not eroded by other processes. This means that the total fan or catch-
ment volume divided by the modal-sized debris-flow volume yields the total number of debris flows
that formed the catchment-fan systems. Additionally, it enables the determination of return periods in
combination with fan age (chapter 9).

Alluvial fans comprise active and inactive sectors (chapters 3, 4, 5, 7 and 8). These sectors result
from the autogenic formative dynamics of fans, and thus develop under all conditions and are om-
nipresent on alluvial fans (chapter 3). On active sectors rates of aggradation are generally larger than
rates of reworking and the surface is dominated by primary deposits, while on inactive sectors sec-
ondary processes modify the primary morphology (see below). This subdivision of fans in active and
inactive sectors, enables quantifying rates of secondary processes such as weathering and erosion, using
the morphology and texture of lobes of different age and generation on alluvial fans, such as applied in
chapters 5 and 7.
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10.5 Secondary modification of alluvial fan surfaces

The intrinsic subdivision of alluvial fans into active and inactive surfaces inevitably results in secondary
modification of the inactive surfaces. In extremely dry environments, such asMars, even entire fans can
be modified by secondary processes. Secondary modification of alluvial fan surfaces can result from
multiple processes, such as weathering, fluvial erosion and wind erosion (chapters 4, 5, 7, 8 and Blair
and McPherson, 1994; Blair and McPherson, 2009). Which of these processes dominate secondary re-
working differs between sites. For example, on an alluvial fan along the Chilean coast of the hyperarid
Atacama Desert, stratigraphic sections reveal that the fan was dominantly aggraded by debris flows,
whereas surface morphology is dominated by debris-flow signatures in the active sector and by weath-
ering and fluvial erosion on the inactive sector (chapter 5). On the inactive fan surface a well-developed
drainage pattern formed by these secondary processes. This fan was relatively sheltered from wind as
it was surrounded by steep walls, and therefore its surface was primarily reworked by weathering and
fluvial erosion. In more wind-prone areas in for example the Atacama and the Mojave desert, where
fieldwork was also performed for this thesis, I noticed many fan surfaces that were heavily modified
by wind, showing that wind can also be an important mechanisms of secondary modification in arid,
unvegetated, regions similar to Mars (see for example Figure 8.11d-f, Anderson and Anderson, 1990;
Blair and McPherson, 2009). Accordingly, many fan surfaces on Mars are predominantly modified by
wind erosion (chapter 8), although weathering also plays a significant role (chapters 6 and 7). Inac-
tive parts of alluvial fans in the high-arctic, periglacial, environment of Svalbard were also prone to
secondary modification (chapter 4). Here, secondary reworking mainly results from snow avalanches,
weathering and periglacial conditions in the topsoil resulting in the formation of patterned ground and
hummocks on inactive fan surfaces. Polygonally patterned ground was also found to modify Martian
fan surfaces (chapter 8).

These observations show that inactive alluvial fans in all environments are subject to secondary
modification, but the most important reworking processes differ between sites. The effectiveness of
secondary modification depends on the ratio between the characteristic time scales to build morphol-
ogy by primary deposition and to modify morphology by secondary processes (chapter 5). Alluvial
fans whereon the return periods of primary geomorphic activity are low and/or whereon secondary
processes are highly effective are therefore most susceptible to secondary modification.

10.6 Recent weathering and denudation rates on Mars

Recent (the last few Ma) weathering and denudation rates in Martian gullies are typically relatively
high, and exceed those in other regions on Mars. Wind is ubiquitous on Mars and is shown to have
strongly modified recent landforms (e.g., Bridges et al., 2012b; Golombek et al., 2014b). In chapters 6
and 7 recent weathering and erosion rates in gullies are quantified.

Late Amazonian Martian backweathering rates are approximately one order of magnitude higher
than previously reported erosion rates (Chapter 6), and Martian backweathering rates are similar to
terrestrial rates inferred from Meteor crater and various Arctic, Nordic and alpine rock faces. These
results show that large gully-alcoves can formwithin 1Myr onMars, and suggest that recent weathering
and denudation rates in gullies aremuch larger than on the rest ofMars, whichmight be related to liquid
water acting as a catalyst for weathering in gullies.

These high rates of secondarymodification on recent timescales in gullies also strongly affect the sur-
faces of gully-fans, as quantitatively shown in chapter 7 (see also chapter 8.4.3, 8.5 and Fig. 8.10). The
maximum boulder size and surface relief on a young (∼1.25 Ma) (Schon et al., 2009) gully-fan in east-
ern Promethei Terra on Mars greatly decrease with increasing lobe age. The boulder break-down rate is
3.5m/Myr and surface smoothing (denudation) rate is approximated as 0.89m/Myr.This quantitatively
shows that typical gully-fan morphology may be subdued within <1 Myr by secondary processes. This
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is especially true because rates of secondary modification are gradient-driven and are therefore high-
est shortly after cessation of active depositional processes (chapters 6 and 7; Frankel and Dolan, 2007;
Golombek et al., 2014b). For example, alluvial-fan surfaces in Death Valley on Earth were found to be
severely modified by secondary processes within a few thousand years, whereas complete smoothing
and the development of mature desert pavement took ∼70 ka (Frankel and Dolan, 2007). In chapter
8 the morphological signatures of secondary modifications are qualitatively assessed on 51 gullied im-
pact craters. This assessment suggests that Martian gullies are mainly modified by wind erosion and
weathering, and that primary relief can also be covered by ice-dust mantling.

10.7 Formative processes of Martian gully-fans

As discussed above, this thesis shows that the surfaces of Martian gully-fans can be severely modified
by secondary processes. Interpreting formative processes from surface morphology can thus be mis-
leading, and should therefore ideally be inferred from multiple sources of information. Multiple types
of morphometric analyses have already been applied to Martian gullies, including slope-area relations
(Lanza et al., 2010; Conway et al., 2011), gully width-depth relations (Yue et al., 2014), channel sin-
uosity (Mangold et al., 2010), the short length of gullies (Heldmann et al., 2005) and the often steep
depositional slopes of the fans (>15◦) (e.g., Heldmann and Mellon, 2004; Dickson et al., 2007; Lanza
et al., 2010; Levy et al., 2010; Conway et al., 2015). These analyses imply predominant gully-formation
by debris flows, in contrast to many previous surficial analyses suggesting a formation by fluvial flows
(e.g, Heldmann and Mellon, 2004; Reiss et al., 2011).

The origin of long-inactive and modified fans can be determined by sedimentological analysis of
stratigraphic exposures, because deposits are generally reworked at their upper surface, but not in-
ternally, and reworking is very superficial and barely preserved in the subsurface record, as shown in
chapter 5 (see also Blair and McPherson, 1994; Blair and McPherson, 2009). High-resolution HiRISE
images (∼0.25 m/px) enable the recognition of large boulders and large-scale stratigraphic layering
in sedimentary outcrops on Mars, and thereby sedimentological subsurface analyses. Sedimentologi-
cal analysis of outcrops in gully-fans in 51 HiRISE images widely distributed over the southern mid-
latitudes shows that many gullies dominantly formed by debris flows (chapter 8). The great majority
(96%) of outcrop exposures in gully-fans fed by catchments which mainly comprise bedrock and thus
host boulders, contain sedimentological evidence for debris-flow formation. These exposures contain
many randomly distributed large boulders (>1 m) suspended in a finer matrix and in some cases lens-
shaped and truncated layering.

The majority of Martian gullies thus probably formed by debris flows, but surficial debris-flow sig-
natures are generally removed and/or masked by secondary processes. This explains the long-lasting
discrepancy between morphometric analyses that imply gully formation by debris flows (e.g., Lanza
et al., 2010; Mangold et al., 2010; Conway et al., 2011) and frequent observations of fan surfaces lack-
ing clear debris-flow morphology, suggesting formation by fluvial flows (e.g., Dickson and Head, 2009;
Levy et al., 2010; Reiss et al., 2011).

In planetary science it is tempting to base conclusions solely on surficial information as orbital data is
often the only data available. But as shown in this thesis surface morphology can be misleading, which
has led to many erroneous interpretations such as happened with Martian gullies. Another striking
example are gullies on Vesta, which have been, to my opinion, erroneously interpreted to have formed
by transient water flow based on their surface morphology on coarse-resolution images (Scully et al.,
2015). A reanalysis of the morphology of these gullies combined with a morphometric analysis of their
mobility suggests that it is much more plausible that these gullies formed by crater-rim collapse (i.e.,
landsliding) following impact (e.g., Conway et al., in Prep). This again emphasizes that surficial inter-
pretations have to be performed with great care and that multiple sources of information should be
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combined if possible. This is not to say that morphological examples are deficient by default, as analysis
of pristine, unmodified, deposits can reveal much information of formative processes and environmen-
tal conditions during formation (chapter 9).

Active flows occurred in some gullies in the last decade (e.g., Dundas et al., 2014). These flows are
probably driven by CO2 frost, suggesting a water-free continuing present-day activity (e.g., Diniega et
al., 2010; Dundas et al., 2010; Dundas et al., 2014). Dundas et al. (2014) extrapolates the present-day
gully activity in a few gullies to all gullies over the last few million of years and suggests that all gullies
might have formed by dry processes. However, most evidence suggests that water was involved in the
formation of the vast majority of gullies (see chapter 8 for a more extensive discussion): the scarcity or
even complete absence of gullies in equatorial regions on Mars (e.g., Balme et al., 2006; Dickson et al.,
2007), the frequent occurrence of gullies on slopes well below the angle of repose (e.g., Dickson et al.,
2007), morphometric characteristics typical for aqueous flows (e.g., Conway et al., 2011; Yue et al.,
2014), and strong morphological similarity to terrestrial debris flows in gullies with a pristine, unmod-
ified, morphology (e.g., Johnsson et al., 2014). The sedimentological analysis described in chapter 8
also suggests a predominant formation by aqueous debris flows, although there is no terrestrial analog
for CO2-driven flows to compare to the sedimentology of the Martian gully-fans. Moreover, the greatly
enhanced backweathering rates on gullied crater walls relative to ungullied crater walls as described in
chapter 6, is probably caused by the presence of liquid water acting as a catalyst for weathering, sug-
gesting that liquid water was involved in the formation of Martian gullies. For these reasons I consider
CO2-driven flows as a potentially significant transport mechanism in some gullies, but not as themajor
formative mechanism of the vast majority of Martian gullies.

10.8 Hydrologic and climatic conditions during gully formation

The gully-alcove backweathering analysis in chapter 6 and the rapid boulder break-down in gullies
(chapter 7) imply that liquid water was involved in the formation of most gullies. Accordingly, the
sedimentological analysis in chapter 8 suggests that the majority of gullies formed by aqueous debris
flows. An inferred debris-flow origin for many gullies implies limited and ephemeral liquid water dur-
ing gully-formation. This is in accordance with the current understanding of recent Martian environ-
mental conditions, wherein there was snowfall in the mid-latitudes during phases of high-obliquity
(e.g., Madeleine et al., 2009; Madeleine et al., 2014) of which the majority probably sublimated and
only a minor portion could melt (Williams et al., 2009). Gully-catchment lithology and the periglacial
conditions on Mars form an ideal precondition for triggering debris flows. Debris flows are easily gen-
erated in catchments that yield large volumes of fine sediment (clay and silt) (e.g., Blair, 1999; Harvey,
2010). The catchment lithology of the studied gullies is thus ideal for the formation of debris flows, as
it often partly comprises fine-grained latitude dependent mantle (LDM) deposits. In permafrost en-
vironments, such as Mars, debris flows can be triggered by relatively small amounts of water, as the
frozen permafrost table acts as a shallow-subsurface aquiclude favoring excess pore-water pressure de-
velopment in the active layer and providing a failure plane for regolith mobilization and debris-flow
initiation (e.g., chapter 4; Caine, 1980). Moreover, dry areas lacking vegetation such as Mars are rel-
atively susceptible to debris-flow formation via mass wasting events (e.g., Dorn, 1994). The presence
of salts in the Martian regolith can lower the temperature limit for melting of water (e.g., Möhlmann
and Thomsen, 2011; Ojha et al., 2015), and thereby potentially extend the climate zones and obliquity
ranges at which debris flows might occur. How exactly salts would influence gully activity needs to be
investigated further.

The frequency at which debris flows occurred during high-obliquity periods and the amounts of liq-
uid water that were required to generate these debris flows are quantified in chapter 9. This is done in
Istok crater, which hosts a bajada, a series of coalescing fans, with abundant pristine debris-flow de-
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posits on its pole-facing slopes.The debris-flow origin of these deposits is testified by their lobate shape,
coarse-grained frontal snout, lateral levees and abundance of meter-sized boulders in deposits (see de-
posits in chapters 2, 3, 4, 5 and 8 for comparison). These unusually pristine debris-flow deposits make
Istok crater an exceptional study case where detailed quantitative analyses can be performed, using
measured debris-flow volumes and the known range of liquid water fraction in debris flows (chapter
2; Costa, 1988; Iverson, 1997). The analysis shows that debris flows occurred at Earth-like frequencies
(∼1-100 yr) during high-obliquity periods in the last million years on Mars. This required centimeters
to decimeters of snow in the gully-alcoves, which is much more than than is currently predicted by cli-
mate models (e.g., Forget et al., 2006; Madeleine et al., 2009; Williams et al., 2009). Moreover, it shows
that recent aqueous activity in some mid-latitude craters during high-obliquity periods could be much
more frequent than previously anticipated.

There is a paracratering decrease of backweathering rates over time following crater formation (a
novel term introduced in this thesis to denote enhanced rates of geomorphic activity following crater
impact, inspired by the use of paraglacial to refer to sites on Earth exposed to enhanced rates of geo-
morphic activity after the retreat of a glacier (e.g., Church and Ryder, 1972; Ballantyne, 2002b)). This
paracratering decrease initially results in the presence of a lot of loose material that is available for
transport in gully-alcoves, which probably facilitates high sediment transport rates towards the gully-
fans, and might partly explain why well-developed gully-fans are present in very young impact craters
like Istok crater (chapter 9). As backweathering rates decrease over time, the sediment supply rates
decrease simultaneously and the gullies might transition from transport-limited to supply-limited sys-
tems (e.g., Glade, 2005). Although this remains highly speculative, it might partly explain why gullies in
very young impact craters are generally approximately similar-sized compared to those in much older
impact craters. An alternative explanation would be that the LDM might retard or inhibit backweath-
ering once emplaced, whereas pristine impacts are free of LDM deposits and are directly exposed to
the full brunt of Mars’ atmospheric and hydrological cycles.

10.9 Life, death and revival of Martian gully-fans

This thesis shows that the surfaces of Martian gullies go through cycles of life, death and revival, forced
by orbital obliquity. Below, the temporal evolution of gully-fans through these cycles is summarized.
Life.During periods of high orbital obliquity (somewhere between 30-35◦), increased polar summer

insolation enhances polar ice sublimation, which increases atmospheric water content and amplifies
circulation, leading to a more intense water cycle (e.g., Forget et al., 2006; Madeleine et al., 2014). Pre-
cipitation of snow becomes widespread in the mid-latitudes, and some snow was probably able to melt
in favorable location such as crater walls (chapter 9; Williams et al., 2009). This snowmelt can saturate
the active layer above a frozen permafrost table, and the saturated soil might detach to form a debris
flow (chapters 4, 8 and 9), which then deposits on a gully-fan (Fig. 10.1). Gully-fans are thus actively ag-
grading during these periods, and pristine and fresh debris-flow deposits are exposed on their surfaces.
These debris flows can be frequent and are estimated to occur approximately every 1-100 yr depending
on the obliquity threshold for melting (chapter 9).
Death. In between the high-obliquity periods with aqueous activity in gullies, there are long periods

of inactivity. During these periods there is no primary aggradation, and secondary processes, including
wind erosion and weathering, modify the fan surfaces (chapters 4-8) (Fig. 10.1). The rates of weather-
ing and erosion have recently been sufficient to break down large boulders and smooth the primary
morphology beyond recognition, within the time periods of primary inactivity (chapters 7 and 8). The
vast majority of gully-fans have strongly reworked surfaces whereon traces of primary morphology are
largely absent, which can be explained by the relatively low obliquity of the last 0.4 Myr.
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Figure 10.1: Gully evolution. During high-obliquity periods (>30-35◦) gullies are formed by primary
processes (mainly debris flows). During low-obliquity periods their surface is modified by secondary
processes and the primarymorphology is removed. In the next high-obliquity periods the gullies revive
and active primary processes are occurring again.

Revival.During the next period of high obliquity, the gullies revive and become active aqueous envi-
ronments again. Rates of primary deposition exceed the rates of secondary modification, there is active
fan aggradation and the active parts of fan surfaces are dominated by primary debris-flow deposits
again. Gullies are currently in a modification phase (Fig. 10.1), but approximately 0.15 Myr from now
Mars’ obliquity will exceed 30◦, while it will exceed 35◦ ∼0.4 Myr from now (Laskar et al., 2004). It
is therefore likely that somewhere in between these dates the gullies will reactivate and become active
aqueous environments again.

10.10 Scientific challenges

The results from this thesis show how debris-flow composition affects runout and deposit morphol-
ogy, how debris-flow formation results from autogenic dynamics, that many Martian gullies probably
formed by debris flows but that their morphology is generally modified by secondary processes and
that debris flows occurred with Earth-like frequencies in some gullies during high-obliquity periods.
However, many more questions remain. Some of the most important scientific challenges are outlined
below.

1. Debris-flow runout prediction. This thesis experimentally shows that debris-flow composition
strongly affects runout. These results are only qualitative and cannot be upscaled to quantita-
tively predict the runout of natural debris flows. Further research on quantifying the effects of
composition in natural debris flows can probably greatly enhance the reliability of future runout
predictions, but faces many challenges. It is extremely difficult to measure debris-flow compo-
sition in natural debris flows, mainly because of their destructive nature and infrequent occur-
rence. Furthermore, it is hard to reconstruct initial composition from deposits due to the strong
grain-size segregation that occurs during flow and bulking by entrainment of bed sediments of
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often unknown composition. Debris-flow models become increasingly sophisticated (e.g., Pu-
dasaini, 2012) and discrete element models (DEM) (e.g., Hill et al., 2011) might in the future be
used to incorporate and investigate the effects of grain-size distribution in debris-flow models.
One major problem for the development of debris-flow models is the lack of data for model cali-
bration. The large experimental dataset presented in chapter 2, however, provides such a dataset.

2. Debris-flow erosion. Volume is a major control on debris-flow runout and thus hazard potential
(e.g., chapter 2, Griswold and Iverson, 2008). Debris-flow torrents often consist of loose collu-
vium, which can be partially to completely incorporated into the flowing mass (e.g., Hungr et
al., 2005), which may cause debris flows to grow by several orders of magnitude (e.g., Hungr
et al., 2005; Navratil et al., 2013). For example, volumetric increases of fifty times the initial slide
volume have been reported (e.g., Hungr et al., 2005), but on the other hand, many other debris
flows have been observed to cause no to very little bed erosion. The process of debris-flow en-
trainment and erosion is poorly understood (Hungr et al., 2005; Schürch et al., 2011b). Sediment
erosion by debris flows may result from basal shear forces (e.g., Hungr et al., 2005), or may result
from grain-collisional stresses arising from the shear of the granular material at the flow front
(e.g., Stock andDietrich, 2006; Berger et al., 2011).This heterogeneous erosional response might
be explained by variations in debris-flow composition. To test this hypothesis, the experimental
setup described in chapter 2might be employed to systematically evaluate the erosional potential
of debris flows of various compositions.

3. Debris-flow fan evolution. In this thesis it is shown experimentally that debris-flow fans can au-
togenically form by alternating cycles of channelization, backfilling and avulsion (chapter 3).
I believe that similar cycles occur on natural debris-flow fans, and observations from natural
debris-flow fans that captured parts of these cycles support this believe. There are, however, very
few debris-flow fans of which the evolution over the course of multiple flows was monitored
(only the Kamikamihori fan in Japan (e.g., Suwa and Yamakoshi, 1999) and a small telescopic
fan at Chalk Creek, USA (Scheinert et al., 2012), as found in literature). Moreover, there are
only very few reconstructions from surface deposits (Blijenberg, 1998; Stoffel et al., 2008), and
I know of only one tentative modeling study that explores the evolution of a debris-flow fan
(Schürch, 2011). As a result, the formative dynamics of debris-flow fans, such as their avulsive
mechanism and responses to various autogenic and allogenic forcings, are poorly understood. It
is therefore important to increase our understanding of the dynamics of debris-flow fans, by field
monitoring and physical and numerical modelling efforts. Such insights are important for haz-
ard mitigation and environmental reconstructions from fan surface and subsurface morphology
(e.g., Stoffel et al., 2008; Franke et al., 2015). Synthetic stratigraphy obtained from experimental
debris-flow fans or numerical models of debris-flow fans might help interpreting sedimentolog-
ical subsurface morphology of debris-flow fans, as individual debris-flow deposits are often hard
to distinguish (e.g., Ventra and Nichols, 2014).

4. Formative processes of Martian gullies. Sedimentological analysis of subsurface deposits, as per-
formed in chapter 8 of this thesis, suggests that the majority of Martian gullies was formed by
debris flows. This agrees with morphometric analyses of gullies (e.g., Lanza et al., 2010; Mangold
et al., 2010; Conway et al., 2011), but disagrees with most surficial observations (e.g., Dickson
and Head, 2009; Levy et al., 2010; Reiss et al., 2011), which I ascribe to secondary modification
of gully-fan surfaces by weathering and erosion. These results show the importance of combin-
ing multiple approaches to solve a problem in planetary (and also other) sciences as the results
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obtained from one or multiple of these approaches might be biased. To find a more definitive
answer to the formative processes of Martian gullies and to evaluate the reliability of individual
methods, it might be good to combine all morphometric, morphological and sedimentologi-
cal methods that have been applied on Martian gullies, to a subset of gullies for which there is
enough data to perform all of these methods (i.e., HiRISE images and DEM’s).

5. Recent amounts and frequency of liquid water on Mars. Reconstructions from Istok crater (chap-
ter 9) suggest that debris flows occurred at Earth-like frequencies during high-obliquity periods
in the last few millions of years on Mars, and that decimeters of snow must have accumulated
in the gully-alcoves for the formation of the debris flows. Locally, Martian gullies could thus
be surprisingly active aqueous environments for relatively short periods of time. However, this
inevitably raises the question on how representative Istok crater is for the entire gully popula-
tion on Mars? Answering this question will not be an easy task as most gully-fan surfaces lack
pristine debris-flow deposits due to secondary surface modification. However, the increasingly
large coverage of the planet by HiRISE images and the near complete global mapping of gully
locations using CTX images (Harrison et al., 2015) might make such an analysis feasible.
Secondly, as shown in this thesis the vast majority of gully-fans have strongly modified surfaces
because they have been inactive since the last high-obliquity period in terms of primary pro-
cesses. But then why do the gullies in Istok host pristine debris-flow deposits and show no signs
of secondarymodification? Did they really form in high-obliquity periods or did they formmore
recently? A more recent formation would mean that there are also other mechanisms by which
gullies can form on Mars, unrelated to climate cycles. To better understand past conditions on
Mars these questions need to be resolved.

6. Paracratering. In chapter 6 evidence for a ‘paracratering’ concept explaining enhanced back-
weathering rates following crater formation is introduced. These enhanced rates occur because
crater walls are initially oversteepened and highly fractured and therefore prone to backweather-
ing. The paracratering concept is analogous to the paraglacial concept explaining enhanced ge-
omorphic activity following deglaciation (e.g., Church and Ryder, 1972; Ballantyne, 2002b). On
Earth, there is a wide range of landforms that can experience paraglacially enhanced geomorphic
rates of activity, ranging from steep rockwalls to alluvial fans and coastal systems (Ballantyne,
2002b). I anticipate that there is also a wide range of geomorphic processes that are enhanced
in pristine craters on Mars, which may have important implications for landscape development
and environmental reconstructions. Therefore, the paracratering concept on Mars should be ex-
plored further.
With respect to gully formation, the paracratering decrease in backweathering rates over time
might explain the similar gully-size in pristine and old craters, although an alternative explana-
tion might be that the LDM forms a barrier to backweathering once it covers a gully. Unraveling
this is important for our understanding of the temporal evolution of gullies.
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Appendix A

Supplement to chapter 4

This is part of the publication: De Haas, T., Kleinhans, M. G., Carbonneau, P. E., Rubensdotter, L., and Hauber, E.
(2015), Surface morphology of fans in the high-Arctic periglacial environment of Svalbard: Controls and processes.
Earth-Science Reviews, 146, 163-182, doi:10.1016/j.earscirev.2015.04.004.
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Figure A.1: Map with the investigated fans in Longyeardalen (1-17). See Table 4.1 for corresponding
fan details. Coordinates in UTM WGS84 33N.

190



Figure A.2: Map with the investigated fans in Hanskogdalen (18-29). See Table 4.1 for corresponding
fan details. Coordinates in UTM WGS84 33N.
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Figure A.3: Map with the investigated fans in Mälardalen (30-32). See Table 4.1 for corresponding fan
details. Coordinates in UTM WGS84 33N.

192



Figure A.4: Map with the western investigated fans in Adventdalen (33-35). See Table 4.1 for corre-
sponding fan details. Coordinates in UTM WGS84 33N.
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Figure A.5: Map with the eastern investigated fans in Adventdalen (36-40). See Table 4.1 for corre-
sponding fan details. Coordinates in UTM WGS84 33N.
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Figure A.6: Map with the eastern investigated fans in Bjørndalen (41-62). See Table 4.1 for correspond-
ing fan details. Coordinates in UTM WGS84 33N.
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Appendix B

Supplement to chapter 6

This is part of the manuscript: De Haas, T., Conway, S. J., and Krautblatter, M. (submitted), Late Amazonian back-
weathering rates on Mars: inferences from alcoves, Journal of Geophysical Research: Planets.
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Figure B.1: Study sites in Longyeardalen (Svalbard). The notation is conform Siewert et al. (2012). Cor-
responding backweathering rates inferred by Siewert et al. (2012) from talus accumulation and inferred
from the alcoves as employed in thismanuscript are given in Table 6.3. Background is a hillshaded relief
model of a HRSC-AX DEM.
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Figure B.2: Studied alcoves in Crater A. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.3: Studied alcoves in Crater B. See Table 6.2 for corresponding HiRISE images and DEM char-
acteristics.
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Figure B.4: Studied alcoves in Corinto crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.

201



Figure B.5: Studied alcoves in Crater C. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.6: Studied alcoves in Zunil crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.7: Studied alcoves in Gratteri crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.8: Studied alcoves in Zumba crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.

205



Figure B.9: Studied alcoves in Gasa crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.10: Studied alcoves in Galap crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.11: Studied alcoves in Istok crater. See Table 6.2 for corresponding HiRISE images and DEM
characteristics.
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Figure B.12: Studied alcoves in Meteor crater. DEM from http://www.lpi.usra.edu/publications
/books/barringer/crater/guidebook/LiDAR/.
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Table B.1: Terrestrial rockwall retreat rates in Arctic, Nordic and Alpine environments (extended from
André, 1997; André, 2003; Hinchliffe and Ballantyne, 1999; Glade, 2005).

Environment Rockwall retreat (mm yr−1) Author(s)
Maximum Mean Minimum

Arctic and Nordic environments
Austfirdier, east Iceland 0.2 n.a. 0.03 Berthling et al. [2001]
Wijdefjord, Svalbard 0.004 0.002 0 André [1997]
Wijdefjord, Svalbard 0.11 0.07 0.03 André [1997]
Kongsfjord, Svalbard 0.22 0.16 0.11 André [1997]
Kongsfjord, Svalbard 1.58 0.7 0.1 André [1997]
Central Svalbard 0.5 n.a. 0.34 Rapp [1960]
Northwest Svalbard 0.72 n.a. 0.11 André [1986]
West Svalbard 3.8 2.5 1.5 Åkerman [1983]
Prins Karls Forland, Svalbard 0.64 n.a. 0.13 Berthling and Etzelmüller [2007]
Longyeardalen, Svalbard 1.96 n.a. 0.33 Siewert et al. [2012]
West Greenland 6 2 n.a. Humlum [2000]
Igpik, Disko-West Greenland 2.4 n.a. 0.05 Frich and Brandt [1985]
Ellesmere Island, Canada 1.3 n.a. 0.5 Souchez [1971]
Ellesmere Island, Canada 3 n.a. 1 Barsch and King [1981]
Yukon, Canada 0.03 0.018 0.007 Gray [1972]
Yukon, Canada 0.17 0.073 0.02 Gray [1972]
Yukon, Canada 0.019 n.a. 0.003 Gray [1972]
Hudson Bay, Canada 11 6 3.1 Dionne and Michaud [1986]
Franz Josef Land 0.07 n.a. 0.05 Suchodrovski [1962]
Isle of Skye, Scotland 0.45 0.32 0.25 Hinchliffe and Ballantyne [1999]
Alaska 0.02 n.a. 0.005 Hall and Otte [1990]
Swedish Lappland and north Norway 0.9 n.a. 0 Rapp and Rudberg [1964]
Northern Finland 0.94 n.a. 0.04 Söderman [1980]
Northern Finland 0.18 n.a. 0.07 Söderman [1980]
Lappland, Sweden 0.44 n.a. 0.22 Jonasson et al. [1997]
Lappland, Sweden 0.1 n.a. 0.03 Jonasson et al. [1997]
Alpine environments
Austrian Alps, Austria 1 n.a. 0.7 Poser [1954]
Austrian Alps, Austria 5 n.a. n.a. Buchenauer [1990]
Austrian Alps, Austria 0.1 n.a. 0.01 Becht [1995b]
French Alps, France n.a. 3 n.a. Coutard and Francou [1989]
French Alps, France 0.5 n.a. 0.05 Coutard and Francou [1989]
French Alps, France n.a. 1.2 n.a. Kaiser [1992]
French Alps, France n.a. 1 n.a. Francou [1988]
French Alps, France n.a. 2.5 n.a. Francou [1988]
Bavarian Alps, Germany 1 0.5 0.1 Hoffmann and Schrott [2002]
Bavarian Alps, Germany 0.17 0.03 0.007 Keller and Moser [2002]
Bavarian Alps, Germany 0.73 0.28 0.06 Sass and Wollny [2001]
Bavarian Alps, Germany 0.1 n.a. 0.06 Becht [1995a]
Bavarian Alps, Germany 0.4 0.1 0.005 Sass [1998]
Bavarian Alps, Germany 2.24 1.61 0.98 Krautblatter et al. [2012]
Swiss Alps, Switzerland n.a. 2.16 n.a. Small [1987]
Swiss Alps, Switzerland 4.5 2.5 0.5 Barsch [1977]
Swiss Alps, Switzerland 1.5 n.a. 0.8 Barsch [1996]
Swiss Alps, Switzerland 3.4 n.a. 1.5 Barsch [1996]
Swiss Alps, Switzerland 0.36 n.a. 0.13 Galibert [1965]
Tatra Mountains, Poland n.a. 0.7 n.a. Kotarba et al. [1987]
Tatra Mountains, Poland 3 0.84 0.1 Kotarba [1971]
Rocky Mountains, USA 4.6 n.a. 0.3 Höllermann [1983]
Blanca Massif, USA 0.82 0.42 0.05 Olyphant [1983]
Sierra Nevada, USA 1.22 0.28 0.02 Moore et al. [2009]
Tully Valley Area, USA n.a. 0.22 n.a. Jäger [1997]
Front Range, USA n.a. 0.22 n.a. Caine [1974]
Japanese Alps 0.3 n.a. 0.01 Matsuoka and Sakai [1999]
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Appendix C

Supplement to chapter 8

This is part of the publication: De Haas, T., Ventra, D., Hauber, E., Conway, S. J., and Kleinhans, M. G. (2015), Sed-
imentological analyses of Martian gullies: the subsurface as the key to the surface. Icarus, 258, 92-108,
doi:10.1016/j.icarus.2015.06.017.

C.1 Boulder mobility calculation

Here, we present the methods used to evaluate the mobility of boulders in fluvial flows on steep gully
slopes. Field and experimental data indicate that sediment transport is less efficient in steep channels,
as compared to lowland rivers (e.g., Zimmermann and Church, 2001; Lenzi et al., 2006; Scheingross
et al., 2013). This has been attributed to the presence of bedforms such as step pools, changes in the
hydrodynamics of shallow, rough flows, incomplete submergence of grains during transport and large
immobile grains that increase flow resistance (e.g., Yager et al., 2007; Lamb et al., 2008; Zimmermann
et al., 2010; Prancevic et al., 2014). The stress exerted on a particle is given by the Shields number:

θ =
τg

(ρs − ρ)gD (C.1)

where ρs = sediment density (3400 kg/m3 for basaltic rocks on Mars), ρ = density of pure water (1000
kg/m3), g = acceleration due to gravity (3.74 m/s2 for Mars), D = grain diameter at interest (in m) and
τg = total shear stress on the particles of interest on the bed:

τT = τg + τm + τw (C.2)

wherein τT is the total driving stress at the bed, which is a sum of the stress spent on the channel
walls τw, bed morphology τm and the particles of interest at the bed τg (e.g., Einstein and Barbarossa,
1952; Vanoni and Brooks, 1957). For steady and uniform flows the total driving stress at the bed can
be calculated as:

τT = ρghS (C.3)

wherein h = water depth (m) and S = bed slope defined as sin(β), where β = bed slope angle in degrees.
In general, morphological and wall drag are neglected and the total shear stress on the particles of in-
terest on the bed is considered equal to the total driving stress: τg = τT. Deposition by fluvial runoff
on fans occurs generally as sheetfloods (Blair and McPherson, 2009), which are short-duration, catas-
trophic floods of unconfined water (Bull, 1972) that develop when confined runoff from the catchment
expands over the fan surface. Flow expansion is promoted by the conical surface of the fans and be-
gins either on the fan apex or on an active depositional lobe located downslope of an incised channel
(Blair, 1987). Because discharge is distributed over relatively broad areas, sheetfloods often have lim-
ited depths, which are very rarely in excess of 1 m (Blair and McPherson, 1994). Given the unconfined
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nature of such events, wall drag can be neglected. However, morphological drag or form drag increases
with increasing channel slope (e.g., Ferguson, 2012; Yager et al., 2012a), and is therefore non-negligible
on steep gradients because of morphological structures like particle clusters (Brayshaw et al., 1983;
Hassan and Reid, 1990; Yager et al., 2012b), immobile or protruding particles (Millar, 1999; Yager et
al., 2007) and step-pools (Zimmermann and Church, 2001; Wilcox et al., 2006; Zimmermann et al.,
2010). Similarly, unconfined sheetfloods generally encounter high morphological drag over fan sur-
faces, because of their complex morphology and generally coarse texture. Parker et al. (2007) found
that morphological drag typically accounts for 21 to 57% of the total driving stress, and Lamb et al.
(2008) found that morphological and wall drag together account between 0 to 60% of the total driving
shear stress in natural streams and flume experiments, with a best fit at 40%. Therefore, we define the
total shear stress at the particles of interest at the bed as τg = 0.6τT. We calculate the critical Shields
number for incipient motion via the method of Lamb et al. (2008) designed for steep streams, which
takes into account slope-specific effects of a non-logarithmic vertical flow velocity profile, grain emer-
gence, aeration of the flow and turbulence fluctuations at the bed:

θcr =
hS
rD =

2
CD

u2
⋆

< u2 >

(
τ

τ − τm − τw

)(
tan(φ0)− tan(β)

1 + (FL/FDtan(φ0))

)[
Vp

AxsD
1
r

(
ρs
ρ − Vps

Vp

)]
(C.4)

where r = specific submerged density (kg/m3) defined as (ρs− ρ)/ρ, φ0 = friction angle between grains
in degrees (∼50-70◦ for natural sediments (Miller and Byrne, 1966)), here set to 60◦ as an intermedi-
ate estimate. CD is the drag coefficient on a particle. For flows over natural sediments CD is typically
0.45 (e.g., Recking, 2009); however for flows of low relative depth on steep slopes CD can reach up to
0.9 (e.g., Armanini and Gregoretti, 2005; Lamb et al., 2008). As an intermediate, we take CD = 0.7 as
representative for steep gradients of Martian gullies. The ratio between lift and drag forces is defined by
FL/FD, and is typically set to 0.85 (e.g., Wiberg and Smith, 1987; Armanini and Gregoretti, 2005; Lamb
et al., 2008).Vp is the total volume of the particle (m3).Vps is the submerged volume of the particle and
equal toVp only when the particle is fully submerged. Likewise, Ax is the total cross sectional area of the
particle perpendicular to the main flow direction (m2) and Axs is the cross sectional area of the particle
that is perpendicular to and exposed to the flow, and does not include any portion of the particle that is
emergent from the flow. We calculate Vp, Vps, Ax and Axs by assuming spherical particles, and the latter
two are calculated by integrating a partial sphere (cf., Recking, 2009):

Ax = π
(
D
2

)2

for h > D (C.5)

Vp =
4
3
π
(
D
2

)3

for h > D (C.6)

Axs =

[
1 − 1

π

(
2 hD − 1

)
+

4
π

(
h
D

)2 (
1 − D

2h

)√
D
h − 1

]
Ax for h ≤ D (C.7)

Vps =

[
1 − 2

(
1 − h

D

)2 (1
2
+

h
D

)]
Vp for h ≤ D (C.8)

Lamb et al. (2008) employ a quadratic velocity profile for flow in steep streams:

ū
u⋆

=
z

α1ks

[
1 −

(
z

2ks
ks
h

)]
(C.9)

where the shear velocity u⋆ =
√

τg/ρw (m/s) and the coefficient α1 = 0.12 (Lamb et al., 2008). We
define the bed roughness ks (m) equal to D. The local velocity < u > (m/s) is defined as the mean of
the velocity profile integrated from z0 ≤ z ≥ D for h > D or z0 ≤ z ≤ h for h < D, where z0 =
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ks/30. Prancevic et al. (2014) show that when bed Shields stress exceeds the critical Shields stress for
bed failure, the entire bed becomes mobile and a debris flow is initiated. The critical Shields stress for
bed failure θbcr is given by Takahashi (1978):

θbcr = (1 − η)(tanφf − tanθ)− ρ
ρs − ρ tanθ (C.10)

where η is bed porosity (-). Bed porosity typically ranges between 0.25 and 0.4 in natural streams (Klein-
hans, 2005). For rounded, poorly sorted sediment bed porosity is typically 0.25 (on a scale 0-1), but bed
porosity can increase to 0.4 for clast-supported angular gravel (Allen, 1984). We employ η = 0.4 for the
most likely coarse and angular sediment on Martian gullies, given the restricted transport distance and
steep slopes. φf is the failure-plane friction angle, which ranges between 40◦ and 60◦ on Earth (Selby,
1993). As an intermediate estimate we set φf to 50◦ for Martian gullies (deviation by the lower Martian
gravity is unknown).

C.2 Supplementary figures and tables
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Figure C.1: Locations of outcrops within the depositional fans in Figures 8.5 and 8.8. (A)
PSP_006629_1425. (B) PSP_005943_1380. (C) PSP_006629_1425. (D) PSP_003939_1420.
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Table C.1: HiRISE image numbers and outcrop characteristics of the images in our dataset, numbers
correspond to numbers in Figure 8.3.

No HiRISE image Latitude (centered) Longitude (East) Outcrop Boulders Layering Catchment LDM%
1 ESP_012795_1395 -40.293° 319.661° No - - >95%
2 ESP_013097_1115 -68.463° 1.310° Yes No No >50%
3 ESP_021584_1440 -35.738° 129.419° Yes Yes No >50%
4 ESP_023809_1415 -38.132° 223.999° Yes Yes No >50%
5 PSP_001684_1410 -38.864° 196.019° Yes Yes No >50%
6 PSP_001712_1405 -39.401° 151.561° Yes Yes No >50%
7 PSP_001714_1415 -38.390° 96.807° Yes No No >95%
8 PSP_001792_1425 -37.182° 128.625° Yes Yes No <50%
9 PSP_001842_1395 -40.063° 204.793° Yes Yes No >50%
10 PSP_002066_1425 -36.963° 206.953° Yes Yes No >50%
11 PSP_002094_1435 -35.999° 164.192° Yes No No >50%
12 PSP_002112_1345 -45.390° 33.807° Yes No No >95%
13 PSP_002135_1460 -33.579° 123.992° No - - >95%
14 PSP_002172_1410 -38.889° 195.917° Yes Yes No <50%
15 PSP_002185_1435 -36.231° 198.294° No - - >95%
16 PSP_002199_1400 -39.514° 176.867° Yes No No >95%
17 PSP_002212_1335 -46.262° 184.458° Yes No No >50%
18 PSP_002291_1335 -46.259° 184.455° Yes No No >50%
19 PSP_002293_1450 -34.767° 130.996° Yes Yes No >50%
20 PSP_002317_1445 -34.995° 195.104° Yes Yes No >50%
21 PSP_002368_1275 -52.221° 246.855° Yes No No >95%
22 PSP_002369_1420 -37.742° 216.201° Yes No No >95%
23 PSP_002370_1415 -38.148° 188.904° Yes No No >95%
24 PSP_002457_1310 -48.208° 335.305° Yes No No >95%
25 PSP_002514_1420 -37.860° 217.926° Yes No No >95%
26 PSP_002528_1375 -42.021° 195.478° Yes Yes No >50%
27 PSP_002620_1410 -38.531° 202.944° No - - >95%
28 PSP_002846_1390 -40.782° 155.279° Yes Yes No >50%
29 PSP_002884_1395 -40.423° 196.923° Yes Yes No >95%
30 PSP_002888_1400 -39.606° 87.910° No - - >50%
31 PSP_002932_1445 -35.156° 324.676° Yes Yes Yes <50%
32 PSP_003102_1320 -47.514° 5.089° No - - >95%
33 PSP_003109_1460 -33.758° 172.658° Yes No No >95%
34 PSP_003162_1445 -35.121° 165.314° Yes Yes No <50%
35 PSP_003170_1330 -46.620° 309.078° Yes No No >95%
36 PSP_003418_1335 -46.068° 18.816° Yes No No >95%
37 PSP_003583_1425 -37.112° 191.903° Yes Yes Yes <50%
38 PSP_003674_1425 -37.381° 228.988° Yes Yes No >50%
39 PSP_003939_1420 -37.662° 192.931° Yes Yes No <50%
40 PSP_004019_1420 -37.902° 169.553° Yes No No >95%
41 PSP_004176_1405 -39.359° 202.664° Yes No No >95%
42 PSP_004929_1455 -34.214° 165.606° No - - >95%
43 PSP_005943_1380 -41.567° 202.280° Yes Yes Yes <50%
44 PSP_005985_1455 -34.063° 134.525° Yes Yes No <50%
45 PSP_006261_1410 -38.793° 159.482° Yes No No >50%
46 PSP_006545_1435 -35.999° 324.922° Yes Yes No <50%
47 PSP_006629_1425 -37.118° 191.931° Yes Yes Yes <50%
48 PSP_006820_1325 -46.981° 18.795° Yes No No >95%
49 PSP_006822_1440 -35.720° 322.285° Yes Yes No <50%
50 PSP_006888_1410 -38.481° 319.778° Yes Yes No >50%
51 PSP_007533_1480 -31.803° 347.216° Yes Yes No >50%
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Appendix D

Supplement to chapter 9

This is part of the publication: De Haas, T., Hauber, E., Conway, S. J., van Steijn, H., Johnsson, A. and Kleinhans,
M. G. (2015), Earth-like aqueous debris-flow activity on Mars at high orbital obliquity in the last million years.
Nature Communications, doi:10.1038/ncomms8543.

Figure D.1: Measurement locations. The numbered alcoves denote all the alcoves that are separated by
high crests. Coloured outlines denote sets of alcoves that together form catchments that feed similar
parts of the bajada. Alcove numbers correspond to numbers in Table D.2.
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FigureD.2: Delineation of debris-flow lobes.Where possible, lobes are delineated up to the transition to
leveed channel; otherwise the visible part of the lobe was delineated. Note that in the latter case parts of
the lobe were notmeasured, whichmight have caused an underestimation of lobe volume. Tominimize
this error we avoided lobes for which large parts were clearly or likely buried by subsequent deposits.
Numbers correspond to numbers in Table D.3.

216



Lobe

Levees

Wlevee

Llevee

Llobe

Wlobe

Rectangle

Vlobe = Wlobe · Llobe · H

Vlevee  = 2 · Wlevee · Llevee · H

Triangle

Trapezoid

W

H

H

H

A. Plan view B. Cross-pro�le

Vlobe = 0.5 · Wlobe · Llobe · H

Vlevee  = Wlevee · Llevee · H

Vlobe = 0.75 · Wlobe · Llobe · H

Vlevee  = 1.5 · Wlevee · Llevee · H

Fl
ow

 d
ire

ct
io

n

A A’

A

A

A

A’

A’

A’

C. Volume calculation

Figure D.3: Debris-flow volume calculations. (A) Plan view of a typical debris flow, wherein the bulk
of sediment is stored in paired levees and a depositional lobe. (B) Potential debris-flow lobe and levee
cross-profile approximation models. A rectangular model likely overestimates the volume and a trian-
gular model probably underestimates the volume. As such, we used the trapezoidal model as an inter-
mediate estimate, whereas the triangular and rectangular models are used as minimum and maximum
estimates, respectively. (C) Equations used to calculate total lobe and levee volume for each model.
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Table D.1: Debris-flow return periods on the bajada and averaged per catchment for a range of obliquity
values between 30◦ and 36◦.

Bajada Catchment
Intermediate Max. Min. Intermediate Max. Min.

Eroded volume (m3) 1.72x107 1.46x107 1.97x107 1.16x106 0.98x106 1.33x106

Debris flow volume (m3) 605 368 950 605 368 950
Number of debris flows 28348 15346 53665 1911 1035 3618
Return period (yr):
30◦ obliquity 8.08 14.92 4.27 119.83 221.34 63.30
31◦ obliquity 6.60 12.19 3.48 97.85 180.75 51.69
32◦ obliquity 5.61 10.36 2.96 83.20 153.68 43.95
33◦ obliquity 4.37 8.08 2.31 64.88 119.85 34.27
34◦ obliquity 2.47 4.56 1.30 36.63 67.66 19.35
35◦ obliquity 0.42 0.78 0.22 6.28 11.60 3.32
36◦ obliquity 0.00 0.00 0.00 0.00 0.00 0.00
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Table D.2: Alcove area and eroded volume. The best estimate is the measured value, whereas the mini-
mum and maximum estimates are derived using the method uncertainty of 15% (Conway and Balme,
2014). Alcove numbers correspond to numbers in Figure D.1

Alcove Area (m2) Eroded volume (m3) Eroded volume (m3) Eroded volume (m3)
best estimate minimum estimate maximum estimate

1 40208 333945 283854 384037
2 20367 107370 91264 123475
3 61645 672103 571287 772918
4 38729 439377 373470 505284
5 5609 27801 23631 31971
6 48781 616602 524112 709092
7 28106 202848 172421 233275
8 56518 634682 539480 729884
9 62159 824061 700452 947670
10 20340 141539 120308 162770
11 35859 390305 331760 448851
12 42884 342386 291028 393744
13 36822 393911 334825 452998
14 61671 960823 816700 1104947
15 7418 51777 44011 59544
16 14630 96387 81929 110845
17 48835 648526 551247 745805
18 51409 492512 418635 566389
19 46141 511917 435129 588704
20 39449 417962 355267 480656
21 81439 947756 805593 1089920
Average 40429 440695 374591 506799
Maximum 81439 960823 816700 1104947
Minimum 5609 27801 23631 31971
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Table D.3: Debris-flow lobe size. See Figure D.3 for the volume calculation methods.

Lobe width (m) length (m) height (m) volume rectangle (m3) volume triangle (m3) volume trapezoid (m3)
1 4.6 23.0 0.4 43 22 33
2 5.3 10.7 0.5 28 14 21
3 13.0 12.0 0.7 115 57 86
4 6.9 9.4 0.8 53 27 40
5 5.4 15.7 1.2 104 52 78
6 7.9 16.6 1.7 220 110 165
7 8.7 18.2 1.3 200 100 150
8 7.2 17.6 0.7 90 45 68
9 9.5 31.0 2.3 672 336 504
10 9.4 23.4 0.9 203 102 152
11 6.4 21.0 0.7 101 50 76
12 6.2 24.0 1.0 148 74 111
13 5.8 18.0 1.2 123 61 92
14 9.5 27.0 1.6 401 201 301
15 12.6 36.0 2.0 908 454 681
16 4.1 14.4 0.5 30 15 22
17 7.0 15.7 1.4 150 75 112
18 9.8 31.2 1.8 542 271 407
19 4.7 12.1 1.6 93 46 70
20 4.3 10.6 0.4 20 10 15
21 4.9 11.7 0.9 53 26 40
22 9.6 21.0 0.7 141 70 106
23 9.6 20.6 0.8 148 74 111
24 7.4 11.9 0.9 77 38 58
25 7.8 17.8 1.2 166 83 124
26 7.1 16.5 1.9 217 108 163
27 6.9 9.4 1.7 111 56 83
28 4.9 10.3 1.1 57 28 43
29 5.0 7.9 1.5 61 30 46
30 12.6 22.2 0.8 214 107 161
31 8.0 37.0 0.7 194 97 145
32 5.9 12.5 0.9 63 32 47
33 4.8 16.0 1.7 128 64 96
34 4.3 15.7 1.3 88 44 66
35 4.6 15.3 0.9 63 31 47
36 4.7 7.9 1.0 36 18 27
37 5.9 19.2 2.3 257 129 193
38 5.3 13.7 0.8 58 29 44
39 12.2 27.6 1.0 342 171 256
40 13.6 22.8 1.1 349 174 262
41 8.3 16.5 1.0 131 65 98
42 6.6 14.9 1.7 167 83 125
43 14.6 40.0 3.1 1783 892 1337
44 8.3 22.7 2.2 407 204 306
45 5.7 10.3 0.3 17 8 13
46 9.0 22.0 2.0 391 196 294
47 5.3 12.5 0.9 60 30 45
48 7.8 13.3 1.8 184 92 138
49 5.7 14.1 0.9 73 36 54
50 5.4 11.7 1.5 97 48 73
51 5.9 9.7 1.1 61 31 46
52 8.8 18.8 0.8 139 70 104
53 5.7 13.3 1.4 109 54 82
54 7.0 11.2 2.0 158 79 118
55 13.0 50.0 2.0 1287 644 966
56 8.2 11.0 0.9 85 43 64
57 8.4 38.0 1.1 349 174 261
58 8.5 24.0 2.0 414 207 310
59 10.7 19.6 0.5 110 55 83
60 6.0 13.3 0.6 49 25 37
61 30.1 65.4 4.7 9202 4601 6901
62 18.6 80.0 0.9 1312 656 984
63 12.6 26.0 2.3 738 369 554
64 8.1 27.8 4.1 934 467 701
65 10.3 22.3 0.6 144 72 108
66 7.8 29.6 1.8 423 211 317
67 9.3 12.4 0.8 97 48 73
68 5.5 21.4 1.1 127 63 95
69 5.3 8.4 0.4 16 8 12
70 6.8 18.2 0.6 72 36 54
71 5.9 15.1 0.7 67 33 50
72 3.1 9.9 0.5 15 7 11
73 19.1 37.4 1.9 1393 696 1044
74 8.9 20.0 1.3 226 113 169
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75 6.9 13.1 0.5 47 23 35
76 11.2 19.8 1.0 213 106 159
77 12.6 23.8 0.8 228 114 171
78 11.8 12.8 2.9 443 222 333
79 7.9 21.2 0.8 130 65 97
80 8.5 21.7 2.9 530 265 398
81 5.9 15.3 1.0 93 46 69
82 12.4 31.0 2.4 912 456 684
83 19.8 53.0 3.6 3745 1872 2809
84 6.1 13.4 1.1 90 45 67
85 8.8 41.3 1.6 595 298 446
86 7.6 17.7 1.2 165 82 124
87 4.7 14.0 0.4 25 13 19
88 7.2 15.5 0.7 76 38 57
89 7.6 25.1 1.7 316 158 237
90 5.3 13.9 1.1 81 40 60
91 7.9 21.8 1.4 246 123 185
92 5.6 12.3 1.9 128 64 96
93 5.1 13.1 1.0 70 35 52
94 6.9 15.3 3.5 373 186 280
95 17.7 45.3 1.3 1038 519 779
96 8.5 33.9 0.9 262 131 196
97 6.7 21.7 1.2 174 87 131
98 7.2 44.7 0.9 294 147 220
99 6.7 19.8 1.7 224 112 168
100 9.7 46.2 3.0 1357 678 1018
101 9.1 18.4 0.7 125 63 94
102 6.0 14.0 0.5 40 20 30
103 6.6 13.7 1.3 118 59 89
104 6.3 12.1 0.8 59 29 44
105 7.7 17.1 0.8 101 51 76
106 9.8 28.7 1.7 483 241 362
107 6.6 8.2 0.7 35 18 27
108 7.1 17.4 0.4 50 25 37
109 7.3 24.1 1.2 205 102 154
110 6.4 14.8 1.3 123 61 92
111 8.4 32.5 1.3 352 176 264
112 9.6 44.1 2.0 855 427 641
113 6.9 24.5 2.7 457 228 343
114 8.9 32.6 1.5 421 211 316
115 11.7 34.6 1.3 507 254 380
116 10.9 30.2 2.0 666 333 499
117 6.5 13.5 1.3 111 55 83
118 12.9 29.2 1.3 480 240 360
119 6.8 10.4 0.5 32 16 24
120 5.2 12.8 1.0 64 32 48
121 6.1 15.4 1.8 170 85 128
122 8.0 18.8 0.6 96 48 72
123 14.6 24.9 0.7 250 125 187
124 6.5 20.6 0.9 124 62 93
125 7.6 18.6 1.4 193 97 145
126 12.1 23.7 1.1 326 163 244
127 6.4 14.4 0.5 50 25 38
128 16.2 20.6 2.1 701 351 526
129 9.3 14.3 3.0 402 201 302
130 7.4 11.2 0.6 50 25 38
131 6.5 18.6 1.6 191 95 143
132 11.4 30.5 1.1 398 199 298
133 8.8 31.5 0.7 182 91 136
134 7.5 16.7 1.3 159 80 120
135 12.5 31.0 1.6 629 315 472
136 10.0 25.6 0.8 212 106 159
137 6.0 10.0 0.7 43 22 32
138 10.3 33.2 2.7 931 466 698
139 9.0 11.4 1.2 123 62 92
140 11.3 25.7 4.6 1327 664 995
141 11.1 45.7 1.7 864 432 648
142 8.9 22.3 1.1 221 110 166
143 9.8 24.3 1.3 304 152 228
144 8.1 21.4 3.0 526 263 395
Median 7.7 18.6 1.2 162 81 122
Maximum 30.1 80.0 4.7 9202 4601 6901
Minimum 3.1 7.9 0.3 15 7 11
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Table D.4: Debris-flow levee size per meter. See Figure D.3 for the volume calculation methods.

Levee width (m) length (m) height (m) volume rectangle (m3) volume triangle (m3) volume trapezoid (m3)
1 1.24 1.06 1.31 0.65 0.98
2 1.24 0.83 1.03 0.51 0.77
3 1.08 0.33 0.35 0.18 0.27
4 1.44 0.41 0.59 0.29 0.44
5 0.82 0.18 0.15 0.08 0.11
6 1.43 0.31 0.44 0.22 0.33
7 1.55 0.27 0.41 0.21 0.31
8 1.99 0.35 0.70 0.35 0.52
9 1.71 0.44 0.76 0.38 0.57
10 1.86 0.60 1.12 0.56 0.84
11 1.35 0.87 1.17 0.58 0.88
12 1.20 0.37 0.44 0.22 0.33
13 1.00 0.49 0.49 0.24 0.37
14 1.26 0.43 0.54 0.27 0.40
15 1.12 0.47 0.53 0.26 0.39
16 1.00 0.16 0.16 0.08 0.12
17 1.18 0.29 0.35 0.17 0.26
18 1.34 0.61 0.82 0.41 0.61
19 1.60 0.26 0.41 0.20 0.31
20 0.88 0.11 0.09 0.05 0.07
21 3.80 0.23 0.88 0.44 0.66
22 1.30 0.48 0.62 0.31 0.46
23 1.71 0.44 0.75 0.38 0.56
24 3.90 1.40 5.48 2.74 4.11
25 2.00 0.56 1.11 0.56 0.83
26 1.30 0.36 0.47 0.23 0.35
27 4.10 1.10 4.51 2.26 3.38
28 2.35 0.55 1.29 0.65 0.97
29 2.60 0.57 1.47 0.74 1.11
30 2.10 1.21 2.55 1.27 1.91
31 1.40 0.11 0.15 0.08 0.11
32 2.00 0.57 1.15 0.57 0.86
33 1.60 1.11 1.78 0.89 1.33
34 2.00 0.35 0.70 0.35 0.53
35 1.36 0.30 0.41 0.21 0.31
36 1.30 0.48 0.63 0.31 0.47
37 2.10 0.29 0.61 0.30 0.46
38 1.57 0.78 1.23 0.61 0.92
39 1.54 0.35 0.54 0.27 0.40
40 2.51 0.41 1.03 0.52 0.77
41 2.85 0.67 1.91 0.95 1.43
42 2.99 0.17 0.50 0.25 0.37
43 2.38 0.33 0.80 0.40 0.60
44 2.18 0.05 0.10 0.05 0.08
45 2.30 0.37 0.86 0.43 0.65
46 1.90 0.25 0.48 0.24 0.36
47 1.60 0.26 0.41 0.20 0.31
48 2.00 0.29 0.59 0.29 0.44
49 1.78 0.12 0.21 0.10 0.15
50 1.31 0.38 0.50 0.25 0.37
51 1.47 0.47 0.69 0.34 0.52
52 1.90 0.23 0.43 0.22 0.32
53 1.92 0.68 1.31 0.66 0.98
54 2.87 0.64 1.83 0.91 1.37
55 2.46 0.98 2.41 1.21 1.81
56 2.40 0.39 0.94 0.47 0.70
57 1.70 0.37 0.62 0.31 0.47
58 1.37 0.22 0.30 0.15 0.23
59 1.29 0.60 0.77 0.39 0.58
60 2.68 0.99 2.65 1.32 1.99
61 3.19 1.08 3.46 1.73 2.59
62 1.55 0.69 1.08 0.54 0.81
63 2.67 0.30 0.81 0.41 0.61
64 1.67 0.22 0.36 0.18 0.27
65 6.30 2.78 17.49 8.75 13.12
66 1.26 0.58 0.73 0.37 0.55
67 1.18 0.51 0.60 0.30 0.45
68 2.70 0.50 1.36 0.68 1.02
69 3.30 0.84 2.77 1.38 2.07
70 2.90 0.28 0.80 0.40 0.60
Median 1.71 0.42 0.72 0.36 0.54
Maximum 6.30 2.78 17.49 8.75 13.12
Minimum 0.82 0.05 0.09 0.05 0.07
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Table D.5: Time above obliquity threshold for melting (Laskar et al., 2004).

Obliquity threshold Time above threshold in last Ma (yr)
30◦ 229000
31◦ 187000
32◦ 159000
33◦ 124000
34◦ 70000
35◦ 12000
36◦ 0
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