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Abstract Here we address the comments by Iverson (2016) on our recent work concerning the reduction
of friction in long runout landslides. Iverson (2016) questions the veracity of our models and suggests that
high basal pore ﬂuid pressure is the dominant mechanism reducing friction in long runout landslides. The
main goal of our work was to elucidate the mechanism responsible for the apparent reduction of friction and
long runout occurring in the landslide simulations of Campbell et al. (1995), which did not include an
interstitial ﬂuid. We found that the apparent reduction of friction in large slides could be explained by
acoustic waves causing sliding to preferentially occur at pressures below the expected overburden, a
mechanism reminiscent of acoustic ﬂuidization. Such a mechanism is required to explain the long runout of
dry landslides such as those on the Moon and other airless or waterless bodies. While our models provide no
estimates of the effect of ﬂuids on landslide runout, we have demonstrated a mechanism that increases
runout distances that does not involve ﬂuids.

1. Introduction
Iverson [2016] argues that high basal pore ﬂuid pressure better explains the reduction of friction in long runout landslides than the acoustic ﬂuidization hypothesis [Melosh, 1979] that Johnson et al. [2016] explored.
Iverson’s arguments are centered on the idea that ﬂuid plays a role in nearly all landslides. This omits consideration of observations of extraterrestrial slides that occur in ﬂuid-free environments. We agree that ﬂuids
play a role in some landslides, but clearly, a friction reduction mechanism that operates in dry landslides is
required. In addition, Iverson [2016] takes issue with the simplicity of the models used by Johnson et al.
[2016]. We respond to each of the sections in Iverson [2016] in turn. Our response to some sections has been
combined into a single section for clarity.

2. H/L, Hcm/Lcm, and the Low Friction of Large Landslides
Iverson [2016] argues that small H/L values, where H is the vertical fall height and L it the horizontal runout
distance of the slide, are not limited to large landslides. Although that may be true even for laboratory scale
slides, H/L is not a direct measure of a slide’s effective friction. As argued by Johnson et al. [2016] and many
others, H/L is simply a convenient measure of the slide’s mobility. A more robust measure of effective friction
is the fall height and horizontal runout distance of the center of mass of the slide, μeff = Hcm/Lcm. (Figure 2a of
Johnson et al. [2016] is a plot of Hcm/Lcm.) We agree with Iverson [2016] that an actual friction reduction
mechanism is needed to explain the high mobility of large runout landslides, and this is supported by
detailed observations showing that some long runout slides have Hcm/Lcm < 0.15 [Iverson, 2016; Iverson
and George, 2016], much lower than static rock friction of μ ≈ 0.5 0.7 [Jaeger et al., 2009].
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Although laboratory experiments of dry granular ﬂows may have low H/L, they do not necessarily yield low
μeff. Analytical models of slides with a coulomb rheology show that μeff can be estimated using easily measured quantities regarding the initial and ﬁnal geometry of the slide [Lucas et al., 2014]. A compilation of data
from laboratory experiments of dry granular ﬂows and terrestrial landslides shows that μeff is relatively constant for slide volumes below ~103 m3 and that μeff decreases with increasing volume for larger slides [Lucas
et al., 2014]. Model results in Johnson et al. [2016] are reported in both H/L and μeff = Hcm/Lcm and are consistent with the volume trend found by Lucas et al. [2014].
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3. No Universal Explanation Needed
We agree with Iverson that a universal explanation of the low friction of landslides is not necessary. The
offending sentence from Johnson et al. [2016] reads “Here we resurrect the Campbell et al. [1995] soft-particle
code and implement it on modern workstations in an attempt to ﬁnally determine the underlying mechanism responsible for the apparent reduction of friction in long runout landslides.” This sentence does not
include a claim of unique correctness nor a promise of a universal explanation. This intention was stated in
our original manuscript, including, for example, the following statement: “However, our goal for this work
is to elucidate the mechanism responsible for the reduction of friction seen in the Campbell et al.
[1995] models.”
We agree that ﬂuids can act as a major driver of the reduction of friction in terrestrial landslides, but we do not
attempt to discuss collectively such physically disparate systems as dry granular rock avalanches, viscous-like
mud ﬂows, and slurry-like debris ﬂows as if they are a single phenomenon, even though they may all show
long runout behavior. We adopt a similar philosophy to that outlined by Legros [2002]: instead of a clear distinction there is likely a continuum from completely saturated debris ﬂows to the waterless landsides on the
Moon, Mercury, Venus, Io, and Phobos [Legros, 2002; Howard, 1973; Brunetti et al., 2015; Malin, 1992; Schenk
and Bulmer, 1998; Shingareva and Kuzmin, 2001], and we only address the corner of that phenomena that
we can address with the means available, that of dry rock avalanches. Although no universal mechanism is
needed to explain the reduction of friction in large landslides, some mechanism not involving ﬂuid is
required to explain the long runout of dry slides. Because no ﬂuid was included in our models, the simulations
do not directly determine the effect of introducing ﬂuid to a landslide. However, our work has demonstrated
a mechanism that reduces the effective friction of the modeled slides which do not involve ﬂuids.

4. Modern Slides Have Diverse Composition
Iverson [2016] argues that modern landslides have diverse compositions and a variety of stratigraphic and
structural relationships. Our models [Johnson et al., 2016] only include a single basal topography, are two
dimensional, and model landslides as a multitude of interacting disks. There is no question that these models
are simple and do not capture the full diversity of modern slides. Exploring the effect of composition through
inclusion of different grain shapes, size distributions, and grain surface friction may be the subject of
future work.
The implication of Iverson’s arguments seems to be that a basal friction reduction mechanism is sufﬁcient to
explain the reduction of friction in long runout landslides. Observations of many landslide deposits show that
source stratigraphy is preserved. (Iverson is incorrect in stating that the preservation of stratigraphy is only
seen in the Blackhawk landslide [Shreve, 1968]. Such observations go back all the way to Heim’s survey of
the 1881 Elm slide [Heim, 1882, 1932; Hsü, 1978]. Other examples are the Karakoram slides [Hewitt, 1988,
2002; Hewitt et al., 2008], the Socompa slide [Wadge et al., 1995], the Köfels slide [Erismann, 1979], Madison
Canyon [Hadley, 1964], Black Canyon, and El Capitan and Split Mountain slides [Yarnold and Lombard,
1989].) Campbell et al. [1995] demonstrated that stratigraphy preservation is the result of a folding process
during which the entire landslide is shearing, requiring a friction reduction mechanism that acts globally,
not just in a basal layer. Only very near the end of sliding did these authors observe shear localized at the
base. We note that landslide observations occur after the slide has come to rest. Thus, the observational relationships indicating low basal friction [e.g., Coe et al., 2016] are consistent with the late time behavior of the
slides simulated by Campbell et al. [1995].
Another line of evidence supporting the interpretation that friction is reduced throughout the slide mass
comes from recent landslide models of Lucas et al. [2014]. By including a phenomenological friction weakening rheology, Lucas et al. [2014] were able to reproduce the morphology of landslide deposits from the
laboratory scale up to the largest long runout landslides. This friction weakening rheology acts globally
and is consistent with initial shearing of the entire landslide mass.

5. Modern Long Runout Landslides Involved Water
Water is pervasive on Earth, and it may be impossible to rule out the possibility that water is driving the reduction of friction in at least some terrestrial slides. As previously stated, there is likely a continuum from
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saturated debris ﬂows, where the role of water is dominant, to completely dry landslides, where water cannot
play a role. Extraterrestrial slides offer us a valuable look at landslide dynamics under conditions that may
never occur on Earth. Most notably, long runout landslides on the Moon, Mercury, Venus, Io, and Phobos
clearly demonstrate that some friction reduction mechanism must operate even in completely dry slides
[Legros, 2002; Howard, 1973; Brunetti et al., 2015; Malin, 1992; Schenk and Bulmer, 1998; Shingareva and
Kuzmin, 2001]. Moreover, the mobility of lunar slides is comparable to that of terrestrial slides of similar
volume [Lucas et al., 2014]. This suggests that the presence of water in relatively dry terrestrial slides may
not signiﬁcantly contribute to the reduction of friction. Currently, our models cannot be used to say anything
directly about the effect of ﬂuids on landslide dynamics. Future modeling work, including ﬂuids, could help
determine how saturated a voluminous long runout slide must be for ﬂuids to play a signiﬁcant role in
reducing friction.

6. Landslide Experiments
Landslide experiments are critically important for understanding landslide dynamics. Laboratory scale experiments are especially valuable in understanding saturated debris ﬂows [Iverson, 2015]. However, experiments
are currently unable to reproduce long runout behavior for dry slides. Lucas et al. [2014] showed that the
effective friction of slides is relatively constant for slide volumes below ~103 m3 and that μeff decreases with
increasing volume for larger slides. This volume dependence indicates that the reduction of friction of dry
slides is an emergent phenomenon. Somehow, when the slide becomes voluminous enough, the simple
interaction of particles produces a collective behavior that reduces the friction of the slide. Although they
are conceivable, experiments involving well over 103 m3 of rock will likely never be performed. Without such
experiments, we must rely on landslide observations and models to explore how friction is reduced in
dry slides.

7. Landslide Dynamics, Testing Models, and Diverse Data
Section 8 of Iverson [2016] is devoted to questioning the veracity of our models. Iverson [2016] suggests that
our models were not tested at the laboratory scale. This is simply untrue. The soft-particle discrete element
technique has been tested against numerous laboratory experiments [e.g., Mead and Cleary, 2015]. (And
while Iverson seems to have a high opinion of the Mead and Cleary simulations, their results merely show that
discrete element model simulations can closely match one of Iverson’s experiments; they reveal nothing
about mechanics of long runout landslides.) Iverson [2016] suggests that the slides modeled in Johnson
et al. [2016] start out in a highly unbalanced stress state with a “dam” removed at time zero. This again is
incorrect. The modeled slide mass begins in a hexagonal close packed conﬁguration with zero prestress
(as clearly demonstrated by Figure 4 in Johnson et al. [2016]).
We did not mean to suggest that experiments and terrestrial observation of landslides are unimportant. Of
course, experiments, modeling, and observation of modern slides are paramount to understanding landslide
dynamics. We agree that each of these modes of study has its unique advantages and a deeper understanding of landslides requires synthesis of ideas from all of these ﬁelds. However, we argue that the study of extraterrestrial landslides and prehistoric landslides should be seriously considered as important contributors to
the study of landslides. Although the ﬁdelity of observations is lacking when compared to terrestrial observation, (dry) extraterrestrial landslides allow us control the inﬂuence of ﬂuids on landslide behavior and require
full consideration.
Much of sections 8 and 9 of Iverson [2016] are devoted to suggesting that the models in Johnson et al. [2016]
are oversimpliﬁed. We argue that the simplicity of our models is the key to their effectiveness. The interactions of individual grains are simple, yet somehow the collective effect of many simple interactions leads
to a reduction of friction. Without this simplicity, we may not have identiﬁed the mechanism responsible
for reduction of friction in these models. Future works including the added complexities suggested by
Iverson (e.g., realistic basal topography, three dimensional models, variations in grain shape, variations in
grain friction, and variation in grain sizes) are certainly warranted, but stripping a problem down to its simplest form also has its merits and can help advance landslide science.
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