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following laboratory simulations (29) in studies of
clouds in Earth’s tropics (30). Observations of terres-
trial clouds indicate a value of a = 0.2 and range of
plume radii of r = 0.6 to 4 km.

25. The presence of rain agrees with the paucity of
nucleation sites available in Titan's atmosphere
(Table 1). In the terrestrial atmosphere, the initial
size of a raindrop is roughly determined by the
number of drops and the mass needed to lower a
supersaturated atmosphere back to saturation. The
existence of only a few nucleation sites brings
about few cloud particles and large particle sizes.
The only known source of nucleation sites on Titan
is its haze, the number density of which is several
orders of magnitude smaller than typical terrestrial
values. Considering the low number density of
nucleation sites compared to the high methane
abundance, Toon et al. (37) realized that particles

Acute Sensitivity of Landslide
Rates to Initial Soil Porosity

R. M. Iverson,! M. E. Reid,2 N. R. Iverson,® R. G. LaHusen,"
M. Logan,’ J. E. Mann,? D. L. Brien?

Some landslides move imperceptibly downslope, whereas others accelerate
catastrophically. Experimental landslides triggered by rising pore water pressure
moved at sharply contrasting rates due to small differences in initial porosity.
Wet sandy soil with porosity of about 0.5 contracted during slope failure,
partially liquefied, and accelerated within 1 second to speeds over 1 meter per
second. The same soil with porosity of about 0.4 dilated during failure and
slipped episodically at rates averaging 0.002 meter per second. Repeated slip
episodes were induced by gradually rising pore water pressure and were ar-
rested by pore dilation and attendant pore pressure decline.

In popular metaphor, landslide processes be-
gin spontaneously and gain momentum as
they proceed, but what determines how real
landslides move? Can small differences in
initial conditions cause some landslides to
accelerate catastrophically and others to
creep intermittently downslope? The distinc-
tion is important because rapid landslides
pose lethal threats, whereas slow landslides
damage property but seldom cause fatalities
).

A longstanding hypothesis holds that
landslide behavior may depend on initial soil
porosity, because soils approach specific crit-
ical-state porosities during shear deformation
(2—4). Tests on small soil specimens indicate
that dense soils (initially less porous than
critical) dilate as they begin to shear, whereas
loose soils (initially more porous than criti-
cal) contract (5—7). Dilation can reduce pore
water pressures and thereby retard continued
deformation by increasing normal stresses
and frictional strength at grain contacts,
whereas contraction can increase pore water
pressures and thereby reduce frictional
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strength (8-10). Positive feedback between
frictional strength reduction and soil contrac-
tion may cause some landslides to transform
into liquefied high-speed flows (/7-13).

To isolate the effect of initial soil porosity
on landslide style and rate, we conducted
large-scale experiments under closely con-
trolled conditions. In each of nine landslide
experiments, we placed a 65-cm-thick, 6-m?3
rectangular prism of loamy sand soil (Table
1) on a planar concrete bed inclined 31° from
horizontal and bounded laterally by vertical
concrete walls 2 m apart (Fig. 1). The down-
slope end of each soil prism was restrained by
a rigid wall, which ensured that deformation
occurred at least partly within the soil mass
(rather than along the bed) and that landslid-
ing included a rotational component.

Different methods of soil placement yield-
ed different initial porosities. The highest
porosities (>0.5) were attained by dumping
the soil in 0.5-m3 loads and raking it into
position, without otherwise touching its sur-
face. Lower porosities resulted from placing
the soil in 10-cm layers parallel to the bed
and compacting each layer with either foot
traffic or 16-Hz mechanical vibrations that
delivered impulsive loads of ~2 kPa at
depths of 10 cm (I4). After placement of
each soil prism, we determined porosities by
excavating four to nine ~1-kg samples at

must grow to millimeter sizes to reduce several
percent supersaturation to saturation conditions.

26. R. M. Goody, Y. L. Yung, Atmospheric Radiation, The-
oretical Basis (Oxford Univ. Press, Oxford, 1989).

27. R. Courtin et al., Icarus 114, 144 (1995).

28. R. E. Samuelson et al., Planet. Space Sci. 45, 959
(1997).

29. H. Stommel, J. Meteorol. 4, 91 (1947).

30. ). Simpson, G. W. Brier, R. H. Simpson, J. Atmos. Sci.
24, 508 (1967).

31. O. B. Toon, C. P. McKay, R. Courtin, T. P. Ackerman,
Icarus 75, 255 (1988).

32. P.Gierasch, R. Goody, P. Stone, Geophys. Fluid Dyn. 1,
1 (1970)

33. CAG. and J.LH. are supported by the NASA Plane-
tary Astronomy Program under grant NAG5-6790.

18 July 2000; accepted 21 September 2000

various depths and measuring their volumes,
masses, and water contents (/5). No system-
atic variations of porosity with depth were
detected.

Our suite of landslide experiments includ-
ed individual tests with initial porosities rang-
ing from 0.39 * 0.03 to 0.55 = 0.01 (=1 SD
sampling error for an individual experiment).
Ancillary tests of the same soil in a ring-shear
device and triaxial cell produced dilative
shear failure when initial porosity was =0.41
and contractive shear failure when initial po-
rosity was =0.46 (Fig. 2 and Table 1). Land-
slides with initial porosities that bracketed the
range from 0.41 to 0.46 were therefore of
greatest interest.

Landslide motion was measured with two
ground-surface extensometers and 17 or 18
subsurface tiltmeters arranged at depth incre-
ments of ~7 cm in two vertical nests (/6).
Pore water pressures were measured with 12
tensiometers and 12 dynamic piezometers ar-
ranged in three vertical nests at depth incre-
ments of ~20 cm (/7) (Fig. 1). Data from
each sensor were logged digitally at 20 Hz for
the duration of each experiment.

To induce landsliding, soil prisms were
watered with surface sprinklers and through
subsurface channels that introduced simulat-
ed groundwater (Fig. 1). Rising water tables
were kept nearly parallel to the impermeable
bed by adjusting discharge from a drain at the
base of the retaining wall. Although prelim-
inary experiments indicated that different
styles and rates of water application influ-
enced the onset of slope failure, this influence
became negligible as failure occurred and
instigated changes in soil porosity (18, 19).

Landslides with differing porosities dis-
played sharply contrasting dynamics (compare
Figs. 3 and 4). Each of four landslides with
initial porosities >0.5 failed abruptly and ac-
celerated within 1 s to speeds >1 m/s. The
surfaces of these landslides appeared fluid and
smooth, and data from dynamic piezometers
confirmed that pore water pressures rose rapid-
ly during failure and reached levels nearly suf-
ficient to balance total normal stresses and lig-
uefy the soil (Fig. 3). Three landslides with
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initial porosities indistinguishable from the crit-
ical porosity (0.44 * 0.03, 0.44 = 0.03, and
0.42 = 0.03) displayed inconsistent behavior,
including slow slumping of a single soil block,
episodic slumping of multiple blocks, and mod-
erately rapid (~0.1 m/s) slumping that ceased
after <0.5 m displacement. Dynamic piezom-
eter data from these experiments revealed a
complex mix of dilative and contractive soil
behavior during failure. The landslide with the
lowest and least variable initial porosity
(0.41 £ 0.01) displayed the clearest dilative soil
behavior as it underwent slow episodic motion
(Fig. 4). Our attempt to induce a landslide with
still lower porosity (0.39 * 0.03) ended un-
eventfully because we could not impart pore
water pressures sufficient to trigger slope fail-
ure (20).

Figure 3 illustrates how landsliding of
loose soil (initial porosity 0.52 *= 0.02) can
lead to rapid acceleration in the course of
only 1 s. After about 2400 s of precursoty
sprinkling (with no groundwater inflow),
positive pore water pressures developed
first near the concrete bed and thereafter at
shallower depths as a water table accreted
vertically at rates ~0.05 cm/s. This wetting
caused soil compaction, evidenced by a
slight downslope rotation of tiltmeters at all
depths, downslope surface displacement of
nearly 10 cm, and vertical surface settle-
ment of about 2 cm. As a consequence,
average porosity declined to about 0.49, but
the soil remained looser than critical. The
soil developed no surface cracks or other
visible signs of instability during this pre-
cursory period.

Failure of the loose soil began at about

Extensometer
anchor

Dynamic
piezometer
\ Tensiometer
Sprinklers \ i
R o Retaining
‘ wall
Sensor SR

Water

channelW 3
: m-[

im

Fig. 1. Schematic longitudinal cross section of
landslide experiments conducted at the U.S.
Geological Survey debris flow flume, Oregon.
The magnified ellipse depicts the positioning of
sensors in vertical nests.
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2781 s (Fig. 3), when tiltmeters at all depths
began to rotate slightly upslope and pore
water pressure heads below the water table
(at depths of 50 and 67 cm) began to rise at
rates >10 cm/s as a result of soil contraction.
Visible slope rupture commenced about 0.5 s
later (2781.5 s in Fig. 3), accompanied by
rapidly accelerating surface displacement, di-
vergence of tilts at different depths, and con-
tinuing pressure-head rise. In about 1 s, pres-
sure heads at 30-cm depth increased from

Fig. 2. Behavior of the loamy sand (Table 1) in a
loose state (initial porosity 0.46) and dense state
(initial porosity 0.41) when subjected to defor-
mation in a ring-shear device (123). The device
imposed shear displacements at 2 cm/s under
constant normal loads of 10 kPa and permitted
free drainage of water from the top and bottom
of 7-cm-thick saturated soil specimens. Under
these conditions, measured shear stress is a sur-
rogate for effective soil strength. Loose soil (A)
contracted monotonically during shearing, re-
sulting in decreased porosity, transiently elevat-
ed pore.pressure, and no peak in effective
strength. Dense soil (B) initially dilated during
shearing, resulting in increased porosity, tran-
siently reduced pore pressure, and a prominent
peak in effective strength. The porosity of the
dense soil subsequently declined in response to
breakage of soil aggregates:(24). Triaxial unload-
ing tests using a protocol described in (7) also
produced contractive behavior for porosity 0.46
and dilative behavior for porosity 0.41.

Precursory period

Failure period

zero (atmospheric) values to hydrostatic val-
ues (~30 cm) as soil contraction forced the
water table upward. Even larger increases in
pressure heads at depths of 50 and 67 cm
indicated that an upward head gradient devel-
oped, which promoted soil liquefaction. By
2783 s (Fig. 3), pore water pressures had
peaked and declined as the soil containing the
sensors approached the retaining wall,
thinned, and began to spill over.

The divergence of subsurface tilts from
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2781.5 to 2782.5 s (Fig. 3) provides clues.to
the kinematics of slope failure. During the
previous 1 s, tiltmeters at all depths rotated
slightly upslope (negative tilts), but at around
2781.5 s, tiltmeters at depths =45 cm began
to rotate rapidly downslope. This change in
rotation coincided with a rapid increase in
downslope landslide translation and likely
resulted from drag due to sliding along the
concrete bed. At the same time, accelerated

Fig. 4. Data recorded in
a landslide experiment

Precursory period
244 minutes

REPORTS

upslope rotation above a depth of 45 cm
provided evidence of superincumbent rota-
tional landsliding. Despite this complex fail-
ure geometry, pore pressure responses at all
depths indicated a relatively consistent pat-
tern of soil contraction, which enhanced land-
slide acceleration.

Data from the experiment with dense
soil (Fig. 4) imply a failure geometry sim-
ilar to that of the loose soil but reveal

Failure period
15 minutes

with" dense soil (initial

orosity 0.41 = 0.01). o ‘ ! '
'll)'o revteyal details of be)- E Downslope displacement of ground surface
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Table 1. Mean physical properties of loamy sand uséd in landslide experiments. N denotes the number
of samples on which measurements were made in each experiment or soil test, and * values indicate 1

SD from the mean.

Property (method or definition)

Loose soil experiment

Dense soil experiment

Mean texture (weight %)

89% sand, 6% silt, 5% clay

89% sand, 6% silt, 5% clay

markedly different landslide dynamics.
Precursory pore water pressuies necessary
to trigger failure of the dense soil devel-
oped relatively slowly [owing to relatively
low hydraulic conductivity (Table 1)], and
were roughly twice as large as the pore
pressures. necessary to trigger failure of the
loose soil [owing to high peak strength of
the dense soil (Table 1 and Fig. 2)]. On
average, motion of the landslide with dense
soil proceeded about 300 times more slow-
ly than motion of the landslide with loose
soil (compare Figs. 3 and 4).

Failure of the dense soil occurred episod-
ically. At about 14600 s (Fig. 4), visible
surface cracks and subsurface tilts of several
degrees began to develop. At about 14,880 s
(episode A in Fig. 4), visible landslide motion
and soil dilation gradually commenced, with
a consequent ~10-cm decline in pore water
pressure heads. This initial episode of slow
motion lasted >100 s but produced <0.2 m
of downslope surface displacement. Subsur-
face tilts during this episode exhibited the
same divergence as in the loose soil experi-
ment; deep tiltmeters rotated downslope. as
the basal soil began to translate, whereas
tiltmeters near the surface rotated upslope as
superincumbent soil failed rotationally.

Subsequent slip episodes (B through G
in Fig. 4) were similar to episode A but
were somewhat briefer. Each episode was
triggered when pore water pressures recov-
ered sufficiently from the previous epi-
sode’s dilation to help instigate renewed
landslide motion. Most episodes involved
concurrent pulses of surface displacement,
subsurface tilt, and pore pressure decline.
Downslope displacements during all epi-
sodes were <0.3 m and occurred at rates
<0.1 m/s. Slip episode D (Fig. 4) caused a
particularly prominent decline in pore pres-
sure that reduced pressure heads by over
50% near the landslide base. Later slip
episodes caused smaller pore pressure de-
clines and in some instances a local pore
pressure increase. Nonetheless, soil dilation
continued to retard landslide motion, and
soil porosity did not reach a homogeneous
critical state even after displacements ex-
ceeded 1 m.

(wet sieving and sedigraph) (N = 8) (N =8) o Although ‘severa.tl facjcors in addition.to
Initial moist bulk density (g/cm?) 1.44 + 0.06 1.82 + 0,03 initial porosity might influence landslide
[excavation method (75)] (N =-6) (N = 6) rates, in many instances these factors are
Initial water content 0.12 + 0.005 0.14 = 0.007 either obvious [such as inertia (21)] or insig-
(water mass/solid mass) (N =6) (N =6) nificant [such as intrinsic rate dependence of
Initial porosity 0.52 *+ 0.02 0.41 % 0.01 soil strength (22)]. In contrast, the depen-
(1 — dry bulk density/2.7) (N =¢6) (N =6) dence of landslide rates on soil porosity is not
Hydraulic conductivity (cm/s) 0.025 = 0.007 0.0022 =+ 0.00005 readily observable but can be pivotal. The
(permeameter tests*) (N=3) (N=73) dependence arises from the coupling of po-
Hydraulic diffusivity (cm?/s) 1M1x4 286 rosity change and pore pressure change, and
(drained compression tests*) (N=2) N=2) it exists even if soil strength is otherwise
Friction angle at failure (degrees) 29+2 41x1 constant.
(triaxial unloading tests*) N=2) N=2)

The magnitude of pore pressure change
induced by porosity change during landslid-

*These tests were conducted on reconstituted soil compacted to the desired porosity.
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ing depends not only on initial porosity but
also on the relative time scales for soil defor-
mation and pore pressure diffusion (/8). If
fluid pressure can diffuse into or away from
contracting or dilating soil as quickly as the
soil deforms, pressure equilibration keeps
pace with deformation and the effects of po-
rosity change diminish. However, the time
scale for pore pressure diffusion is h%/D,
where 4 is the typical thickness of the de-
forming soil mass and D is its typical hydrau-
lic diffusivity. Even sandy soils with high
diffusivity commonly have D < 100 cm?/s
(Table 1). Thus, the time scale for diffusive
pore pressure equilibration in deforming soil
masses with 2 ~ 1 m typically surpasses 10 s.
In comparison, the time scale for landslide
acceleration in response to basal pore-pres-
sure change is VA/g (21), which yields val-
ues <1 s for ~ ~ 1 m. We conclude that pore
pressure diffusion can seldom keep pace with
soil deformation and that relatively small
variations in porosity can influence landslide
behavior profoundly.
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of Reproductive

Isolation in the Wild: Evidence
from Introduced Salmon
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Colonization of new environments should promote rapid speciation as a by-
product of adaptation to divergent selective regimes. Although this process of
ecological speciation is known to have occurred over millennia or centuries,
nothing is known about how quickly reproductive isolation actually evolves
when new environments are first colonized. Using DNA microsatellites, pop-
ulation-specific natural tags, and phenotypic variation, we tested for repro-
ductive isolation between two adjacent salmon populations of a common
ancestry that colonized divergent reproductive environments (a river and a lake
beach). We found evidence for the evolution of reproductive isolation after

fewer than 13 generations.

Ecological speciation occurs when organisms
exposed to divergent selective regimes
evolve reproductive isolation as a by-product
of adaptation (/-3). Mechanisms contribut-
ing to ecological speciation include mate
choice based on traits under divergent selec-
tion (4, 5), hybrid or backcross inferiority (2),
and reinforcement of assortative mating when
hybrids are inferior (6, 7). Ecological specia-
tion appears to be relevant in allopatry and
sympatry and has been supported by theoret-
ical models, laboratory experiments, and
studies of natural systems (/-9). Here we
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focus on an unknown aspect of ecological
speciation: How quickly can reproductive
isolation evolve?

Rapid evolution of adaptive traits often oc-
curs in populations exposed to divergent eco-
logical environments (10, 11). Although this
implies that reproductive isolation may also
evolve rapidly, the best examples of ecological
speciation are seen in groups that began diverg-
ing thousands of years ago (/2, /3). Unfortu-
nately, inferring evolutionary rates on the basis
of long-standing groups is questionable, be-
cause averaging disparate rates across time will
obscure biologically important short-term evo-
lution (/7). Thus, reproductive isolation might
evolve in only a few generations, or it may
require a long and gradual accumulation of
isolating mechanisms. Some insects that colo-
nized new host plants 100 to 200 years ago
have evolved ecologically mediated reproduc-
tive isolation (14, 15). We ask whether repro-
ductive isolation can evolve even faster by test-
ing for evidence of intrinsic barriers to gene
flow between two populations of sockeye salm-
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