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Abstract

The objective of this paper is to determine whether martian landslides in Valles Marineris were wet or dry and place constraints on the a
of liquid water in Valles Marineris during the Amazonian, when the landslides occurred. We, thus, statistically compare the power-law re
between the volume and runout distance of landslides on Earth with those in Valles Marineris, Mars. The exponent of the power-law fo
landslides is similar to that for dry landslides and volcanic flows on Earth, and differs significantly from wet debris flows on Earth. The
of proportionality in the observed power-law relationship for martian flows is linearly proportional to gravity, as predicted from physical mg
of dry flows in which the dissipation occurs in a layer of uniform thickness. Conversion of gravitational potential energy to heat is insuf
generate more than a few weight percent of liquid water in the landslide. We thus conclude that water did not significantly influence the
of landslides in Valles Marineris. This implies predominantly dry conditions in Valles Marineris during the Amazonian.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

On Earth, water plays a significant role in both initiati
landslides and their subsequent flow and emplacement.
tian landslides in Valles Marineris provide an opportunity
learn about the physical processes that govern the landslid
Mars and specifically whether liquid water played a signific
role in their formation (e.g.,Lucchitta, 1978; McEwen, 1989
Legros, 2002; Quantin et al., 2004a). The question whethe
Valles Marineris landslides were wet or dry is important
cause of its implications for existence of liquid water near
martian surface during late Hesperian and Amazonian w
the landslides occurred (Quantin et al., 2004b). The physics of
long-runout landslides has been studied extensively and
eral models have been developed for the motion of gran
masses in a gravity field (e.g.,Iverson, 1997). Measurements o
geometric parameters of the numerous Valles Marineris la
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slides (e.g.,McEwen, 1989; Quantin et al., 2004a) and Earth’s
landslides enable us to test these theories in different env
ments.

In this study we statistically compare the power-law relati
ship between the volume and runout distance of landslide
Earth with those in Valles Marineris, Mars and place constra
on the availability of liquid water in Valles Marineris at the tim
of the formation of martian landslides. We also compare
observational data on Earth with analytical models for dry
dilute turbulent flows in order to test models for landslide
namics. Furthermore, from data we establish runout dista
gravity scaling law for dry landslides and show that it is con
tent with the physical models of dry granular flows that ag
with observations on Earth. We conclude, in agreement
several previous studies (e.g.,McEwen, 1989; Coleman, 2002
Barnouin-Jha and Baloga, 2003), that water did not play a
significant role in the dynamics of martian landslides. T
conclusion differs, however, from that of other studies (e
Lucchitta, 1978; Shaller, 1991; Harrison and Grimm, 20
Quantin et al., 2004a).
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2. Geometry of landslides

We use variables runout distance (L) and volume (V ) to
compare martian and terrestrial landslides.L can be defined
as the maximum distance traveled or can be measured from
center-of-mass of the landslide when it first starts moving to
center-of-mass of the deposit. The two definitions are sh
in Fig. 1. In this study we use maximumL asQuantin et al.
(2004a)give maximumL for martian landslides andHayashi
and Self (1992)give maximumL for terrestrial landslides. W
assume that the other terrestrial data sources also give m
mumL, but many studies are ambiguous about what is repo

Volumes of landslides are defined as initial or final. In t
study we assume that terrestrial data use final volumes bec
the distinction between initial and final volume is rarely ma
For martian landslides,Quantin et al. (2004a)give both initial
and final volumes.

3. Models for landslides

3.1. Dry granular flows

Kilburn and Sorensen (1998)derive an analytical mode
of sturzstroms—giant landslides—based on mechanical
ergy dissipation, frictional stress, and fragmentation of pa
cles within the flow. The results of the model yieldL ∼ gV 1/3

for whole-body flow, whereg is gravitational acceleration. Fo
basal boundary layer flow, in which the bulk of the ene
dissipation occurs within a thin layer at the base of the fl
which thickness increases with distance traveled, results
L ∼ g5/6V 1/2 (Kilburn and Sorensen, 1998). Moreover, for the
dry boundary layer flow of constant thickness, based on
model and the model ofIverson (1997)for oscillating grains,
scaling laws areL ∼ gV 1/3, identical to the whole-body flow.

As we will see, the latter boundary layer model and
model of Kilburn and Sorensen (1998)for dry whole-body
flows agree best with the observational data on Earth, so inAp-
pendix Awe provide a brief overview of the physical proces
that lead to these scaling laws.

Fig. 1. A sketch showing schematic landslide with definitions of landslide v
ables: landslide volume (V ), slope angle (θ ), and two definitions of runou
distance (L).
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3.2. Turbulent flows

Turbulent flows are dilute flows with a high content of fine
Dade (2003)describes the main features of the analytical mo
of dilute, turbulent gravity currents used to model the format
of low-aspect ratio ignimbrites (Dade and Huppert, 1995). The
aspect-ratio of such flow is the ratio of its average thickn
to the radius of a circle over which it spreads. The mode
based on depth-averaged equations for the dynamics of d
suspension-driven gravity flows with no more than 30% by v
ume of solids concentration. The flows spread radially from
source upon instantaneous volume release. The characte
lengthscales for such gravity currents areL ∼ g1/8V 3/8 (Dade,
2003).

4. Observations

4.1. Data

As a way of testing the landslide dynamics we statistic
compare the data for martian and terrestrial landslides. The
analyzed here come exclusively from previously published
pers (sources of data are listed in the caption ofFig. 2). Fig. 2
shows the relationship betweenL andV for martian and terres
trial landslides.Table 1summarizes the observed trends.

Uncertainties in the measurements ofV may be as much a
30% (Kilburn and Sorensen, 1998) but are not usually reported
Uncertainties inL are discussed inHayashi and Self (1992).
However, we do not take these uncertainties into account in
least-squares fit of the data (Table 1) because errors on ind
vidual measurements are poorly known and are assumed

Fig. 2. Runout distance (L) as a function of landslide volume (V ) for mar-
tian and terrestrial landslides. The lines show approximate trends of the
Best fits are given inTable 1. Data for martian slides come fromQuantin et al.
(2004a); for Earth’s dry and volcanic landslides fromHayashi and Self (1992),
Evans and DeGraff (2002), andLegros (2002); and for Earth’s wet debris flow
from Iverson (1997), Wieczorek and Naeser (2000), Bulmer et al. (2002), Evans
and DeGraff (2002), andLegros (2002).
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Table 1
L vs V trends for martian and terrestrial landslides

Name L (km) vsV (km3) trend R2 t-statistic P -value

Intercept Slope Intercept Slope

Volcanic landslides
on Earth

L ∼ 16(±1)V 0.30±0.02 0.74 34.4 13.4 1.38E−42 4.82E−20

Dry landslides on
Earth

L ∼ 8(±1)V 0.26±0.04 0.59 16.1 7.03 1.95E−17 4.14E−08

Wet landslides on
Earth

L ∼ 230(±50)V 0.48±0.04 0.85 15.9 11.3 1.48E−13 1.17E−10

Martian landslides L ∼ 7(±2)V 0.25±0.05 0.36 6.27 4.89 1.48E−07 1.44E−05

Combined data for
Earth’s volcanic and
dry landslides

L ∼ 13.3(±0.9)V 0.31±0.02 0.70 Residual mean: 0.2 (log space)
Standard deviation: 0.2 (log space)
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random and, thus, the errors inL and V should cancel eac
other.

4.2. Data analysis

Here we compare the slopes for the observedL–V trends for
martian and terrestrial landslides and discuss the validity o
assumption thatL predominantly depends onV andg.

To compare different datasets we note that, even thoug
value ofR2 (Table 1) is smaller for martian landslides than th
for terrestrial landslides, the values oft -statistic andP -value
(Table 1) indicate that the linear trends for all datasets are st
tically significant. The equations inTable 1suggest that martia
landslides are more similar to volcanic or dry landslides t
wet debris flows on Earth. We thus argue that martian fl
were largely dry and not water-saturated flows.

Runout distanceL may also depend on other variables su
as drop height (H ), slope, material properties, and confinem
of the material. To test ifL depends onH we performed mul-
tiple regression analysis of the data. Null hypothesis tes
showed that there is no power law relationship betweenH and
L for martian landslides, which is consistent with the plot
L vs H for martian data (H data are provided inQuantin et
al., 2004a). Similarly, Legros (2002)argues thatL depends on
V and not onH . For some terrestrial flows positive correlati
betweenL andH may be due to the fact thatH increases with
L as landslides travel down the incline (Legros, 2002). There-
fore in the analysis ofL–V relationships we assume thatL is
independent ofH .

Other parameters such as confinement of the material,
size (Lube et al., 2004), material properties, and the slope mig
affectL significantly. For example,Iverson (1997)showed ex-
perimentally thatL strongly depends on the confinement
the material, a result confirmed by the numerical simulati
of Barnouin-Jha et al. (2005). In particular,L increases for
channelized flows (Iverson, 1997). Moreover,Iverson (1997)
showed that the effect of liquid water on the debris flow
strongly dependent on the distribution of grain sizes in the m
ture. Iverson and Denlinger (2001)also show the importanc
of flow path topography and changes in the bed slope for
runout distance. Therefore incorporating these factors into
e
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-

e
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analysis of data and analytical models might improve the
liability of the results. However, becauseL–V relationships
are relatively well correlated (Table 1), we assume that it i
reasonable to neglect to first order the influence of variable
finement factor, grain sizes, and bed slopes in the relations
L–V andL–g for martian and terrestrial landslides.

4.3. Assessment of analytical models for landslides

Here we compare the observed terrestrialL–V trends to
analytical models of landslides and assess the validity of
models.

Comparing observational data on Earth to analytical m
els shows that the dry whole-body flow model ofKilburn and
Sorensen (1998)and the dry boundary layer flow model
Iverson (1997)accurately predict the trends of volcanic and d
terrestrial flows to within errors.

In contrast, the dry boundary layer flow model ofKilburn
and Sorensen (1998)and the dilute flow model are not cons
tent with observations of the dynamics of natural dry and
landslides, respectively. The fact that the boundary layer
model of Kilburn and Sorensen (1998)describes the dynam
ics of wet landslides may be due to the fact that derivedL–V

scaling law is based on the concept of boundary layer flow
continuum fluid mechanics [Eq.(A.5)].

5. Runout distance–gravity relationship

The empirical relationships between runout distance
volume for Earth’s and martian flows can be used to learn a
the role of gravity in the flow movement as has been sugge
by previous authors (e.g.,Quantin et al., 2004a). For example,
McEwen (1989)estimates an offset of 2.0 between the tre
for martian and terrestrial landslides fromH/L vs V plot, but
attributes the offset to the yield strength of materials rather
gravity. Also Kilburn and Sorensen (1998)note that their de
rived runout distance–gravity relation for dry boundary la
flow, L ∼ g5/6, is consistent with observations. However, t
L–g scaling law has not been established quantitatively f
data.

For this analysis we adopt the power law for the combi
dataset of terrestrial volcanic and dry landslides (Table 1) be-
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cause the observed trends show that martian landslides are
similar to volcanic or dry landslides. We include both dry a
volcanic landslides data in this analysis because both dry
volcanic landslides do not contain significant amounts of
uid water and also because their observed trends have si
slopes to within the errors (Table 1) implying that they have
similar emplacement mechanisms as suggested byHayashi and
Self (1992).

We assume that the empirical power laws for Earth’s
martian landslides can be written asL ∼ CV b. We also assum
that the value of the powerb is the same on Mars and Ear
(0.30: in agreement with the prediction of the model for c
stant thickness boundary layer dry flows and within the er
for both martian and terrestrial datasets), in order to com
the trends for the same exponent. Assuming a power law
tionshipL ∼ gζ we thus obtain:

(1)CEarth/CMars= (gEarth/gMars)
ζ ,

where CEarth = 13.1 ± 0.1 and CMars = 5 ± 1 for gEarth =
9.8 m s−2 and gMars = 3.7 ms−2. The values forCEarth and
CMars come from rescaling the proportionality constants for
restrial and martian landslides (Table 1), respectively, accordin
to the assumed power lawL ∼ CV 0.30. (For the rescaling fac
tors we use the average values for logV from martian and com
bined terrestrial datasets, respectively, to minimize the resid
in the new equations.) Then from Eq.(1) ζ = 1.0± 0.1, and the
empirical power law becomesL ∼ g1.0V 0.30, that is, the runou
distance scales approximately linearly with gravity. The re
of L ∼ g, for a given volume, is consistent with physical mo
els of dry granular flows that agree with observations on Ea
and supports the hypothesis that martian flows are best mo
as dry flows.

Using dry landslides trend instead of combined dataset t
in this analysis will affect the results. However, because the
portionality constants in the derived trends also depend on
material properties [as suggested byHayashi and Self (1992)to
explain the difference in the proportionality constants betw
dry and volcanic landslides on Earth], the reason that the
landslides do not produce theL ∼ g scaling law, while vol-
canic landslides do, may be due to the possibility that mar
landslides in Valles Marineris are better represented by volc
materials. However, because Valles Marineris landslides’ m
rials are not well constrained, we assume that they are of m
type, in which case the combined dataset is the most valid
proximation to use in the derivation of theL–g power law.

Landslides on other planetary bodies can provide an a
tional check onL–g scaling for dry granular flows. For exam
ple, Eq.(1) predicts 10 km runout distance for the landslide
Iapetus (image PIA06171,V ∼ 5.3× 104 km3), which traveled
about 60 km. The discrepancy factor of 6 corresponds app
imately to four standard deviations (Table 1), assuming tha
the landslide on Iapetus was dry. Otherwise, the greater ru
distance may also indicate that liquid water enhanced the m
ity. However, for two landslides on Callisto (image PIA0109
V ∼ 9 km3), which traveled about 3 km each, Eq.(1) accurately
predicts a travel distance of 3 km.
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6. Melting of surface ice

It is possible that massive landslides in Valles Marine
melted frozen water in pore spaces as the potential energ
falling landslides was converted into thermal energy and
ergy of fusion (e.g.,Harrison and Grimm, 2003). In order to
obtain an upper bound on the volume of melt-water genera
we assume that all the dissipated potential energy (Epot) goes
into the latent heat of fusion (Q) and neglect the energy co
tribution to warming the rock, ice, or liquid water. Then, usi
Epot = Q, whereEpot = ρgV H , ρ is the average density o
landslides (∼2000 kg m−3), H ∼ 6000 m (e.g.,Harrison and
Grimm, 2003), Q = VmeltρiceLf , Vmelt is the volume of melted
ice, ρice is the density of ice, andLf = 334× 103 Jkg−1 is
the latent heat of fusion of ice at normal atmospheric press
gives:

(2)Vmelt/V ≈ HρgMars/Lfρice ≈ 0.1.

Thus, on average, martian landslides could melt a volum
ice less than 10% of their total volume by the time the la
slide stops advancing. This calculation is an upper bound
shows that during the runout landslides would at most prod
a few percent by volume of liquid water. For comparison, w
debris flows on Earth contain more than 15–20% water by
ume (e.g.,Costa, 1984; Johnson and Rodine, 1984). This is
consistent with our inference that the Valles Marineris la
slides were largely dry. However, some melted ice at the t
of deposition could influence the morphology and final st
emplacement of the deposit. This would reconcile the findi
of this study that the landslides were largely dry with those
previous studies that the topography of landslide deposit
Valles Marineris is consistent with the presence of fluidizat
mechanism or liquid water (e.g.,Harrison and Grimm, 2003
Quantin et al., 2004a).

7. Conclusion

We conclude that martian landslides in Valles Marineris
more similar to dry or volcanic landslides, than wet deb
flows, on Earth. Runout distances of martian landslides are
as large as runout distances of dry landslides of comparable
ume on Earth and are much smaller than runout distances o
landslides on Earth. Thus, it is not necessary to appeal to
unusual fluidization mechanisms. Analysis of the runout
tance of martian landslides is consistent with landslides b
governed by whole-body or constant thickness boundary l
dry granular flow. Consequently, liquid water probably did
contribute significantly to the dynamics of martian landslid
except perhaps during the final stages of emplacement.

Possible triggering-mechanisms for landsliding may be
canic activity or Marsquakes, but, given that the landslides w
probably dry, not rainfall or melting of surface ice. This im
plies predominantly dry conditions in Valles Marineris duri
the Amazonian.
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Appendix A

Here we provide a brief overview of the derivation of t
model for dry landslides (Kilburn and Sorensen, 1998) because
we find that martian landslides behave similarly to dry la
slides on Earth.

Assuming an energy balance between the potential en
(Epot) and the energy dissipated (Ed) during the runout due to
grain collisions, it is possible to write a relation between
potential energy and frictional stress (τ ):

(A.1)Epot ∼ Ed ∼ τAL.

Solving Eq.(A.1) for L we obtain:

(A.2)L ∼ ρVgz/Aτ,

wherez is vertical extent of the landslide in the zone of collap
andA is the crossectional area.Kilburn and Sorensen (1998
assume that geometricallyz ∼ V 1/3, A ∼ V 2/3, andAh ∼ V ,
whereh is the average thickness of the landslide. Sinceτ =
(momentum loss per collision)× (frequency of collisions pe
fragment)× (number of fragments per unit area), we obtain
a concentrated layer of fragments (D/S > 1):

(A.3)τ ∼ (
ρD3U

)
(U/S)

(
�/SD2) ∼ ρU2(D/S)2(�/D),

whereD is the typical grain size,S is the average spacing b
tween the fragments,U is the average velocity of the landslid
(∼(gz)1/2), and∆ is the thickness of the collision zone. For t
whole-body flow:

(A.4)∆ ∼ h.

For the boundary layer flow:

(A.5)∆ ∼ (νt)1/2 ∼ (νL/U)1/2,

where t is time andν is the diffusivity of momentum. Fur
thermore, potential energy per unit volume consumed du
stretching of the material before fragmentation is equa
G(δV/V )2, whereG is the modulus of rigidity andδV is the in-
cremental change in the volume of the landslide (Jaeger, 1969).
For smallδV/V andS/D, we haveδV/V ∼ S/D. Therefore:

(A.6)S/D ∼ (ρgz/G)1/2.

Substituting the appropriate relations forz, A, τ , S/D, ∆, and
U into the expression forL [Eq. (A.2)], we obtain for the
whole-body flowL ∼ gV 1/3, and for the boundary layer flow
L ∼ g5/6V 1/2.

Building upon this model and the agitated basal layer mo
of Iverson (1997), it is possible to derive a scaling law for th
dry flow with boundary layer of constant thickness.Iverson
(1997) gives a solution for the mean free path or amplitu
-

y

o

l

of oscillation of the lower agitated boundary layer of oscill
ing dry grains, according to which the boundary layer thickn
scales as:

(A.7)∆ ∼ U2/g.

Substituting this into the expression for∆ [Eq. (A.5)] givesL ∼
gV 1/3, identical to dry whole-body flow. This result is expect
because assuming a flow of constant velocity leads to a con
boundary-layer thickness∆ [Eq. (A.7)].
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