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Abstract

Measurements of landslide movement made by global positioning system surveys and extensometers over a 3.5-year period
show that the Slumgullion landslide in the San Juan Mountains of southwest Colorado moved throughout the monitoring
period, but that daily velocities varied on a seasonal basis. Landslide velocities peaked in the early spring and summer in
response to snowmelt and summer thunderstorms, respectively. Velocities were slowest in mid-winter when air and soil
temperatures were coldest and precipitation was generally low and/or in the form of snow with a low water content. We
hypothesize that the seasonal variability in velocities is due to ground-water levels and corresponding pore pressures that
decrease when surface water is unavailable or cannot infiltrate frozen landslide material, and increase when surface water from
melting snow or rainfall infiltrates unfrozen landslide material. We also suggest that patches of bouldery debris and fractures
(created by continuous movement of the landslide) are conduits through which surface water can infiltrate, regardless of the
frozen or unfrozen state of the landslide matrix material. Therefore, the availability of surface water is more important than
landslide temperature in controlling the rate of landslide movement. This hypothesis is supported by field instrumentation data
that show (1) landslide velocities coinciding with precipitation amounts regardless of the depth of freezing of landslide material,
(2) spring and annual landslide velocities that were greatest when the depth of freezing was also the greatest, and (3) a rapid
(several weeks or less) velocity and pore pressure response to rainfall.

The persistent, but seasonally variable movement of the landslide, fits the bathtub model for landslide movement described
by Baum and Reid [Baum, R.L., Reid, M.E., 2000. Ground water isolation by low-permeability clays in landslide shear zones.
In: Bromhead, E.N., Dixon, N., Ibsen, M.-L. (Eds.), Landslides in Research, Theory and Practice. Proc. 8th Int. Symp. on
Landslides, Cardiff, Wales, vol. 1, 139—144]. In their model, the landslide is isolated both mechanically and hydrologically
from adjacent materials by low permeability clays. These clays cause the landslide to retain water. Our data support this model
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by suggesting that pore pressures at the basal landslide surface are always adequate to maintain landslide movement and that
any infiltration of water at the surface of the landslide is adequate to rapidly increase landslide velocity.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Slumgullion landslide represents an extraordi-
nary, long-term record of surface change in the San
Juan Mountains of southwestern Colorado (Fig. 1).Itis
about 6 km long, 200—1000 m wide, and ranges in
elevation from about 2750 to 3650 m. It has moved at
least three times during the last 1300 years (Madole,
1996). About 700 years ago, the landslide dammed the
Lake Fork of the Gunnison River and formed Lake San
Cristobal, the second largest natural lake in Colorado.
The currently active part of the landslide (Fig. 2) is
about 3.9 km long, ranges in elevation from about 2950
to 3650 m, has an estimated volume of 20 x 10® m?
(Parise and Guzzi, 1992), and has probably been
moving for about 300 years (Varnes and Savage,
1996a). The average slope of the active part of the
landslide (not including the headscarp) is about 8°.

The headscarp of the landslide (Fig. 2a) occurs in
Tertiary volcanic rocks of the Uncompahgre—San
Juan caldera complex (Lipman, 1976; Sharp et al.,
1983; Diehl and Schuster, 1996). The upper part of
the scarp is composed of vesicular basaltic lava flows
and welded ash-flow tuffs, whereas the lower part of
the scarp is composed of andesitic flows that have
been highly altered by acid-sulfate hydrothermal alter-
ation (Diehl and Schuster, 1996). Hydrothermal fluids
weakened the andesitic rocks by altering primary
minerals (plagioclases and biotite) to clays (kaolinite
and smectite) and iron-rich potassium sulfate minerals
(alunite and jarosite). Tertiary volcanic rocks and
Quaternary landslide and glacial deposits lie along
the flanks of the landslide (Lipman, 1976).

Materials that make up the active landslide are
heterogeneous, but typically consist of a yellow, san-
dy-silty-clay with scattered patches of bouldery debris,
reddish-brown and purple clay, and pond and stream
sediments. Much of the clay-rich landslide material has
a medium to high plasticity and high swelling potential

(Chleborad et al., 1996). Perennial and intermittent
springs, streams, and ponds are on the surface of the
landslide. Vegetation on the landslide consists predom-
inantly of deformed, open stands of Englemann spruce
and aspen. Vegetation surrounding the landslide con-
sists of closed stands of conifers and aspen. On the
basis of elevation and observed vegetation, the land-
slide is in the montane and subalpine ecological zones
as defined by Love (1970).

Although the active landslide has been observed
and studied since the late 1800s (e.g., Endlich, 1876;
Atwood and Mather, 1932; Crandell and Varnes, 1961;
Varnes and Savage, 1996b), with the exception of
limited observations by Savage and Fleming (1996),
little is known regarding the nature and magnitude of
the landslide movements in response to short-term and
seasonal variations in meteorological conditions, and
nothing is known regarding the effect of surface and
subsurface water on landslide movements. Previous
studies (Crandell and Varnes, 1961; Powers and
Chiarle, 1996; Smith, 1996; Baum and Fleming,
1996; Savage and Fleming, 1996; Fleming et al.,
1999) have documented annual rates of movement
ranging from 0.5 m/year at the head and toe of the
landslide and up to about 6 m/year in the narrowest
part of the landslide (Fig. 2b). Several additional
studies have documented movements over shorter
periods of time. Jackson et al. (1996) used global
positioning system (GPS) surveys to measure daily
velocities of up to 1 cm/day at six locations during a 4-
day period in June, 1993. Savage and Fleming (1996)
measured velocities over a 9-month period (April
1993 —January 1994) at three locations on the landslide
and reported an increase of movement rate in the
spring, presumably with spring snowmelt and thawing
of the landslide surface. They inferred that variations
in velocity over the course of a year were in part due to
hydrologic controls. However, they suggest that,
because of the remarkable long-term record of rela-
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Fig. 1. Map showing the active and inactive parts of the Slumgullion landslide and the location of the Slumgullion SNOTEL meteorological

station. Colorado State Highway 149 is also shown.

tively constant movement, the landslide might contain
various internal mechanisms to counterbalance chang-
ing meteorologic and hydrologic conditions that act to
decrease or increase landslide movement. For exam-
ple, high ground-water pressures following a wet win-
ter might be equilibrated through a network of springs,
which would bleed off excess water and decrease
ground-water pressures. Although some preliminary
mapping of springs and sinks has been completed

(Fleming et al., 1999), the overall hydrology of the
landslide and its relation to movement and meteorol-
ogy is unknown.

In 1998, Brigham Young University (BYU) and
the US Geological Survey (USGS) began work on a
National Aeronautics and Space Administration
(NASA)-funded study of the Slumgullion landslide.
The objectives of the study are to: (1) measure move-
ment of the entire active part of the landslide on a
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seasonal basis using GPS, and an airborne, interfero-
metric capable, Synthetic Aperture Radar (INSAR);
(2) attempt to correlate the measured movement with
observed temperature, rainfall, snow depth, and
ground- and surface-water levels and pressures, (3)
evaluate the use of INSAR for monitoring the move-
ment of landslides by confirming that a static velocity
field surrounds the landslide and by comparing
INSAR data to simultaneous measurements at GPS
points, and (4) develop a model for landslide defor-
mation based on all of the combined data. Between
June and October 2001, BYU acquired five sets of
INSAR data over the landslide. These data are cur-
rently (April 2002) being processed. The USGS is

a

responsible for monitoring landslide movement using
GPS, as well as monitoring hydrologic and meteoro-
logic fluctuations on the landslide.

The purpose of this report is to present an inter-
pretation of seasonal landslide movement determined
by GPS and extensometer observations during a 3.5-
year period between July 1998 and March 2002. Our
interpretation of seasonal movement is in the context
of hydrologic and meteorologic data collected using
field instrumentation during the same time period. We
also compare annual movements measured between
1998 and 2002 to previously measured annual move-
ments. Below, we briefly describe the meteorological
setting of the landslide and the GPS and field instru-

Fig. 2. Active part of the Slumgullion landslide. (a) Photograph taken looking to the northeast from Highway 149 on April 13, 2001. Active toe
at edge of view in lower left. (b) Map showing structural elements, contours of mean annual movement, GPS base stations, control points, and

monitoring points. Map modified from Baum and Fleming (1996).



71

J.A. Coe et al. / Engineering Geology 68 (2003) 67-101

‘(panunuoo) 7 314

3 0°0000} 3 0°0006 3 0°0008

N 0°00001 —+ N 0°0000+—f=

Apuim

Y 3 0'00009L
3.0:00029. N 0’00085t =
-+ N ooooesy
9do 2z 61y ul umoys
puod jo uoiedo]
WalsAS 91eUIPIOOD 3 0'0006SL
Bue|d BJBlS OpeIojoD |_|
Splispue| ayl JO 4a9,
PlISPUE| 8} JO XO3N (9661) S18U10 B
pUB SBUIBA JO WaJSAS ajeulpioo)
N 0°000LL - +
(9661 ‘Buiws|4 pue wneg wouy) 5eaf/w g0 Sl
[EAJB}UI INCJUNOD “JUBLIBACH [ENUUY UESJY —
uoljels uoneluawniisuy| cSle
3 0000092 +
ulod Buioyuopy Buinol
I+| N 0°000¥S¥ ulod buuojuol dulAo O—.n__)_d.
—N 0°000vSE Juiod [04U0D BIEIS 2do
uonels eseg ojgels  Apuim m
e 198} 00S |t 0
wn_Oi k I | - __ - | - “ PO} JUSLLIPAS-YOS [BUIDRUY ——
Slsjow 00s 0 sjeid Jaddn uo yjoomeg--so] AT
UIBMISDUN BIBYM pPaYSED ik
‘8pIS UMOJYJUMOP UO SeinyoeH--dieos
. m.__._,_. UIELIBUN B19UM PAUSEP UBWSAOW = =
YLON ane[a) SeeoIpUl MOLIY--)iney dijs-a)Ins
NOILYNY1dX3
N diooozt ~= —+ N o000zt
3 0°0000} 3 0°0006 3 0°0008
aplispue| 8y} JO pesH
y 1583 umoiD + —} N 0000SSE
- N 0000857 . ’ 3 0°000092 3 0000654
30°000292 30'00019L q



72

mentation methods used, then describe the results
from monitoring, and conclude with our interpretation
of seasonal movement.

2. Meteorological setting

A SNOTEL (SNOwpack TELemetry) weather sta-
tion located about 4 km southeast of the head of the
landslide at an elevation of 3487 m (Fig. 1) provides an
overview of meteorological conditions in the area. The
SNOTEL station is part of an automated network of
stations, operated by the Natural Resources Conserva-
tion Service of the US Department of Agriculture,
which collect snowpack and related climatic data in
the western United States. Unpublished data collected
between October 1980 and March 2002 at the SNO-
TEL station near the landslide reveal the following
observations about precipitation and temperature con-
ditions in the area. Annual precipitation is compiled
per water year (WY), which is October 1—September
30, and thus, for example, WY 1999 refers to the
period from October 1, 1998 to September 30, 1999.
For WY 1981 through WY 2001, annual precipitation
ranged from 500 to 900 mm. At least 60% of this

J.A. Coe et al. / Engineering Geology 68 (2003) 67-101

annual precipitation was in the form of snow (Fig. 3).
The first snowfall that accumulates on the ground
usually occurs between late September and early
November (Fig. 4). The maximum snow-water equiv-
alent (the amount of water derived if snow on the
ground were melted) usually occurs between mid-
April and early May. May and June are typically dry
and relatively warm so snow melts quickly and is
completely gone by mid-May to early June. Extreme
temperatures between 1980 and 2002 ranged from
—33 °C on February 1, 1985 to 27 °C on July 4,
1989. Average daily temperatures ranged from — 28
°C on February 1, 1985 to 16 °C on July 4, 1989.
SNOTEL data also place meteorological conditions
during the period of our GPS observations and instru-
mental monitoring (July 1998 to March, 2002) into a
historical context. These data show that precipitation
during the monitoring period ranged from below mean
annual precipitation in WY 2000 (584 mm, Fig. 3) to
the highest on record (at the SNOTEL station) in WY
1999 (876 mm, Fig. 3). Also, at the time this report was
written (April, 2002), precipitation in the first half of
WY 2002 was well below average. On April 1, 2002,
cumulative precipitation was the lowest on record for
an April 1 date (185 mm, about 55% of average at the
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Fig. 3. Diagram showing annual precipitation and snow water equivalent measured at the Slumgullion SNOTEL station. Data from US

Department of Agriculture.
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Fig. 4. Bar graph showing the times of first snowfall, last snow on the ground, maximum snow water equivalent (see text for explanation) as
measured at the Slumgullion SNOTEL station. Data from US Department of Agriculture.

SNOTEL station, US Department of Agriculture, and the entire state of Colorado were subjected to
unpublished data, 2002). In WY 1999, about 60% of numerous thunderstorms associated with the flow of
precipitation fell during the spring and summer (Fig. moisture from the Gulf of California and the eastern

5). In the summer of 1999, the Slumgullion landslide Pacific ocean (Avery et al., 2001). This flow of
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Fig. 5. Diagram showing precipitation and air temperature at the Slumgullion SNOTEL station during the monitoring period of this study. Data
from US Department of Agriculture.
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moisture is typically strongest in the southwestern
United States in July and August and is sometimes
called the southwest monsoon or North American
monsoon (Hales, 1974; Hansen, 1975; Barlow et al.,
1998; Avery et al., 2001). Thunderstorms associated
with the monsoon in July 1999 triggered numerous and
widespread landslides, debris flows, and floods
throughout the state (e.g., Coe et al., 1999; Colorado
Geological Survey, 1999; Avery et al., 2001), as well
as several debris flows on the Slumgullion landslide
(USGS, unpublished data). Similar rainstorms in
August, 2001 triggered debris flows in the San Juan
Mountains near Telluride about 48 km west of Slum-
gullion, and in the Collegiate range near Mount Prince-
ton about 120 km northeast of Slumgullion (USGS,
unpublished data).

3. Methods

3.1. Installation and distribution of control points and
monitoring points

In July, 1998, 11 control points and 19 monitoring
points were installed around and on the active land-
slide, respectively (Fig. 2b). Each control and mon-
itoring point consists of rebar with an aluminum cap.
Control points were evenly distributed in nonmoving
areas around the periphery of the landslide and were
commonly installed on old landslide flank ridges just
outside the boundaries of the active landslide. The
control points provide a stable reference frame in
which to register remote sensing imagery to a local
coordinate system. The 19 monitoring points were
evenly distributed on the active landslide, but also
strategically placed in relation to the main structural
components of the landslide (Fig. 2b) and with a clear
view to the sky. The clear view to the sky is necessary
for reliable acquisition of the GPS signal. These
points serve to record seasonal movement and form
an independent data set for comparison with the
results of the INSAR studies.

3.2. GPS
GPS has been previously described elsewhere (e.g.,

Leick, 1990; Van Sickle, 1996). Application of GPS to
landslide work has also been described elsewhere (e.g.,

Jackson et al., 1996; Gili et al., 2000; Malet et al.,
2002). Therefore, we only briefly describe the equip-
ment, methods, and processing techniques used at
Slumgullion. We refer the reader to the papers men-
tioned above for more detailed discussions of GPS
equipment and techniques.

All control and monitoring points were surveyed
using Ashtech Z-12 and Z-Surveyor, dual-frequency
receivers equipped with Ashtech geodetic or marine
antennas. Rapid-static GPS surveying with relative
positioning was used for all points. We typically used
four receivers for each survey; two receivers positioned
at base stations (Windy and TP200, Fig. 2b), and two
receivers roving to points on the landslide. Windy and
TP200 consist of rebar with stamped bronze caps. Both
stations were originally installed in the early 1990s (see
Varnes et al., 1996). The WGS84 positions of Windy
and TP200 were determined by a static-GPS survey in
May, 1997 using a Federal Base Network Control
Station (Station Designation S424, located near the
Blue Mesa reservoir about 50 km north of Lake City) as
a base station.

Control points were surveyed two times, in July
1998, and in July 2000. After surveying the control
points in July, 2000, we discovered that one of the
points (CP1, Fig. 2b) was moving. Therefore, starting

Table 1
Dates of GPS campaigns during the 3.5-year monitoring period

Dates of GPS campaigns Days elapsed since

previous campaign

July 28-29, 1998 Not applicable

October 21-22, 1998 85
January 5-6, 1999 76
March 23-24, 1999 77
May 11-12, 1999 49
July 27-28, 1999 77
November 4, 1999 99
January 5, 2000 62
March 30, 2000 85
May 16, 2000 47
July 24-26, 2000 71
September 19, 2000 55
November 16—17, 2000 59
April 12-13, 2001 147
June 7-38, 2001 56
July 20, 2001 42
August 11, 2001 22
August 28, 2001 17
October 11, 2001 44
March 5-6, 2002 146
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in July 2000, we began surveying CP1 as if it were a
monitoring point. Monitoring points were surveyed
during twenty 1- to 3-day field campaigns over a

A
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period of about 3.5 years (Table 1). The shortest time
between field campaigns was 17 days and the longest
was 147 days. The mean time between campaigns was
69 days.

For some surveys, we were only able to use one base
station. Typically, this situation was caused by prob-
lems at Windy because of'its exposure to wind and solar
extremes, as well as vandals. Problems included deep
snow and ice covering the station, settling of tripod legs
in thawing ground, dead receiver batteries, and vandal-
ism of the station.

All GPS data were post-processed using Ashtech
Precise Navigation (PNAV) software, v. 2.4.00 M.
Baselines and point positions were calculated from
Windy and/or TP200 for each of the measured control
and monitoring points. Baselines were all less than 4
km long (Fig. 2b) so we did not remove ionosphere
delay of the GPS signal as part of the processing. For
surveys where two base stations were used, the
calculated baselines formed a triangle with one side
known (TP200 to Windy), and two sides measured
(Windy to the measured point and TP200 to the
measured point). The measured baselines and point
positions were then refined using a least-squares
adjustment contained in Ashtech PRISM software, v.
2.1. During the adjustment, the positions of Windy
and TP200 were held fixed and the baselines and
positions of the measured points were adjusted. In
general, positions of adjusted points did not change by
more than 1.5 cm horizontally and 3 cm vertically
from the original (unadjusted) positions as determined
from GPS data alone.

For surveys where we used one base station,
unadjusted point positions as determined by GPS
alone were reported as the final positions. Because
we had learned that the maximum adjustments were in
the range of 1.5—-3 cm, our inability to perform the
adjustment did not substantively change our results.
Standard errors of computed point positions were
derived from PNAV, in cases where point positions

Fig. 7. Field instrumentation station IS2. (A) Sketch map showing
the position of instruments with respect to landslide features. (B)
Datalogger with pond sediments and shallow well in the back-
ground at right. View is to the northwest. Photo taken October 23,
1998. (C) Shallow well with piezometer. Intermittent pond is in
background. See hand-held radio for scale. View to the northeast.
Photo taken October 11, 2001.



J.A. Coe et al. / Engineering Geology 68 (2003) 67101 77

were not adjusted, or from the least squares adjust-
ment, in cases where point positions were adjusted.
Standard errors were less than or equal to 1 cm in
horizontal and 1.5 cm in vertical.

After surveying, post-processing, and adjustment,
coordinate positions for all measured points were
transformed into the North American Datum of
1983 and then projected into the Colorado State Plane,
southern zone, coordinate system using PRISM soft-
ware. Ellipsoid heights were transformed into heights
in the North American Vertical Datum of 1988 using
PRISM software and the GEOID96 model provided
by the US National Geodetic Survey. Coordinates and
errors of points surveyed between July 1998 and July
1999 are reported in Coe et al. (2000a). Coordinates
and position errors of points surveyed between July
1999 and March 2002 will be released as a USGS
Open File Report.

3.3. Field instrumentation

To further examine seasonal variations in landslide
movement and to correlate variations in movement to

local meteorological and hydrologic conditions, two
instrumentation stations were installed on the landslide
(stations IS1 and IS2, Fig. 2b) during late summer and
fall of 1998. Both stations are equipped with a Camp-
bell Scientific CR10x data logger powered by solar
panel and battery, and have operated since September
1998. Both stations are near the south flank of the
landslide. Station IS1 (Fig. 6A) is at the neck of the
landslide where velocities are the greatest. Station IS2
(Fig. 7A) is located closer to the toe of the active
landslide where velocities are slower. Instruments at
IS1 monitor displacement, air temperature, soil tem-
perature and soil moisture at two different depths,
precipitation, and snow depth (Fig. 6B,C). Instruments
at IS2 monitor displacement, soil temperature at one
depth, and shallow ground-water pore pressure (Fig.
7B,C). Measurements are recorded hourly at each
station.

3.3.1. Station IS1

At station IS1, displacement along the primary
strike-slip fault at the south flank of the landslide is
monitored using two PSI-Tronix displacement trans-

L— Active strike-slip fault

CET Position; __ | w_l

AXq

sy

e 1 0] s e s
Moving
T Landslide

For changes in o that are less than several
degrees, the fault-parallel movement, AX,

- Non-Moving is approximated by:
CET Position Giourd PP 4
_ Ay A (i)
AX, = where O, = tan
sz T cosq 1 X
CET Position 3L X Al

= where O, =tari L)
AXG” os o, 2" X-AXy

Alg W
cos 0 where 03 = tan (_X-AX1-AX2

AX;

n
Total fault parallel movement = ¥, AX;
i=1

Anchor

Fig. 8. Diagram showing the correction used to convert incremental changes in CET cable length (AL) to fault-parallel (flank-parallel)

displacement (AX). Modified from Savage and Fleming (1996).
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ducers. These transducers are commonly referred to as
wire extensometers or, as in this paper, cable exten-
sion transducers (CETs). The CETs are located on the
landslide and the extension cables are anchored on the
nonmoving ground on the south side of the landslide
(Fig. 6C). The CETs are configured in opposing
directions such that the cable on one instrument
(CET-1) extends and the other (CET-2) retracts as
movement occurs. The CETs each have a range of 7.6
m and a manufacturer’s stated accuracy of 0.25% of
the range. As configured for this study, the resolution
of the displacement monitoring is approximately 0.25
cm. Because the extension cables cross the strike-slip
fault at an angle, the measured displacements
(changes in cable length) underestimate the actual
displacement parallel to the fault (i.e., the south flank
of the landslide). Previous work by Gomberg et al.

| WY 1999
25

WY 2000

(1995) documented that landslide displacement near
the south flank is essentially parallel to the flank. In
order to derive the displacement parallel to the south
flank, a geometric correction must be applied to the
extensometer data. In order to be accurate, this cor-
rection must be applied incrementally, for small
amounts of landslide movement, because the angle
between the extension cable and the flank continually
changes as the landslide moves. Therefore, for each
hourly increment of movement, the change in length
of the extension cable was divided by the cosine of the
angle between the cable and the flank to yield the
fault-parallel displacement (Fig. 8). This increment of
displacement was then used to calculate the new angle
for calculating the next increment of flank-parallel
displacement as shown in Fig. 8. The total flank-
parallel displacement throughout the monitoring
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Fig. 9. Diagram showing cumulative horizontal movement of GPS monitoring points. Ending dates of GPS campaigns are shown.
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Fig. 10. Bar graph showing the average daily horizontal velocity of each GPS monitoring point. Data are averaged over the entire monitoring
period.

period is the cumulative sum of the individual dis- ometer displacements described below are displace-
placements (Fig. 8). This procedure was used to ments parallel to the south flank of the landslide at
correct all extensometer data. Thus, all of the extens- each measurement site.
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Fig. 11. Bar graph showing the annual horizontal movement of GPS monitoring points in each WY. Location of monitoring points shown in
Fig. 2b.
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Air and soil temperatures are monitored by Camp-
bell Scientific model 107 temperature probes. The air
temperature sensor is housed in a solar radiation shield
mounted on the data logger tripod approximately 2.7
m above the ground surface (Fig. 6B). The two soil
temperature probes are installed at 0.2 and 1.0 m
below the landslide surface near the data logger tripod
(Fig. 6A). The probes have a manufacturer’s stated
accuracy of % 0.4° C. Snow depth is monitored by a
Campbell Scientific SR50 sonic ranging sensor (stated
accuracy of + 1 cm) suspended from a horizontal arm
mounted on the data logger tripod. Precipitation is
monitored using a Texas Electronics model TE525WS
tipping-bucket rain gage equipped with a Campbell
Scientific model CS705 snowfall adapter. The snow-
fall adapter consists of an antifreeze reservoir and

associated hardware configured so that snowfall can
be captured and measured at nearly the same time that
it occurs, even though air temperatures may be below
freezing.

Soil moisture conditions at the station are estimated
using two different measuring techniques. The soil
water potential, or soil tension, is estimated using two
Watermark model 200 sensors manufactured by Irrom-
eter Company. The Watermark sensor is an electrical
resistance device, consisting of two concentric electro-
des embedded in a granular matrix material. The device
was developed primarily for agricultural applications
and has been empirically calibrated to yield estimates
of soil tension (Eldredge et al., 1993). Because the
calibrations are empirical and based on testing in
limited soil types, the soil tension values derived from
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Fig. 12. Diagram showing average daily velocities of GPS monitoring points. Dates shown are the mid-points between GPS observations. (a)
Velocities during the entire monitoring period. (b) Velocities during WY 2001.
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Fig. 12 (continued).

the method are considered to be qualitative estimates.
Low values of soil tension (less negative values) in the
range of 0 to — 10 kPa are generally indicative of satu-
rated soil conditions. Values of — 100 to — 200 kPa are
indicative of very dry soil conditions. Because the
Watermark sensors require a temperature measurement
to properly convert instrument response to soil-tension
values, they are emplaced at the same depths as the soil
temperature probes (0.2 and 1.0 m).

The volumetric water content at the station is
estimated using a Campbell Scientific model CS615
water content reflectometer. Volumetric water content
is the volume of liquid water per volume of soil. The
water content reflectometer operates using a principal
similar to that used by time-domain reflectometry
(TDR) to determine soil moisture. The water content
is derived from the effect of the changing dielectric
constant of the surrounding soil on electromagnetic

waves propagating along a wave-guide buried in the
ground. Because the dielectric constant of soil is
predominantly dependent on water content, the
method provides a fairly accurate estimate of water
content. Campbell Scientific claims an accuracy of
+ 2% for a wide range of soil types, but the effects of
high clay content or soil electrical conductivity can
also have a potentially significant effect on the accu-
racy. Because these effects are not well defined at
station IS1, the accuracy of the method in the soils at
IS1 is uncertain. Accordingly, the measured water
content values must be considered estimates. The
values obtained, however, seem quite reasonable with
respect to field observations and typical ranges of
volumetric soil-water contents (e.g, Chleborad et al.,
1996). The water content reflectometer is placed at a
depth of 0.2 m near the same location as the 0.2 m
deep Watermark sensor.
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3.3.2. Station IS2

At station IS2 (Fig. 7), displacement parallel to the
south flank of the landslide is monitored using the
same configuration of extensometers (CETs) as at IS1.
Soil temperature is monitored with a Campbell Scien-
tific model 107 temperature probe buried at a depth of
0.5 m.

Pore pressure is monitored using a piezometer
installed in an augered well near the edge of a closed
depression that periodically pools water during spring
snowmelt and during and after periods of intense
rainfall (Fig. 7A). The well is in pond sediments (fine
sand and silt) and is 7 cm in diameter and 2.2 m deep
(Fig. 7B,C). The piezometer is an electrical strain-gage
pressure transducer housed within a PVC casing that is
2.5 cm in diameter. The bottom 0.2 m of the PVC
casing was slotted, covered with a cloth filter, and
filled with coarse sand. The pressure transducer was
placed on top of the sand fill at a depth of 2.0 m. The
bottom 0.6 m of the annulus between the wall of the
well and the PVC casing was filled with coarse sand
and the remainder of the hole up to the ground surface
was filled with a bentonite seal. The pressure trans-
ducer is vented to the atmosphere to eliminate the
effects of barometric pressure variations from the pore-
pressure measurements.

4. Results

4.1. Landslide movements determined by GPS obser-
vations

4.1.1. Cumulative and annual movement

All monitoring points (including CP1) moved bet-
ween each GPS survey (Fig. 9). Total movement
(combined horizontal and vertical movement) was
largely dominated by the horizontal component.
Cumulative horizontal movement over the monitoring
period ranged from 0.8 m at MP1 at the head of the
landslide, to about 24 m at MP12 in the neck of the
landslide (Fig. 9). Average daily velocities over the
entire monitoring period ranged from less than 0.1 cm/
day at MP1 and CP1 to about 1.8 cm/day at MP12. Ina
general sense, cumulative movement and average hor-
izontal velocities are smallest near the head and toe of
the landslide and increase to a peak at the central,
narrowest part (neck) of the landslide (Fig. 10). This

movement pattern is consistent with that observed
previously by Smith (1996) and Powers and Chiarle
(1996). Cumulative vertical movements over the mon-
itoring period ranged from about 0.11 m at MP1 to 4.54
m at MP10. All points, except MP16, moved down-
ward (elevations decreased). MP16 moved upward
(elevation increased, see discussion below).

Annual horizontal movements at all points were
greatest during the WY 1999 (Fig. 11). In general,
annual movements progressively decreased from the
WY 1999 to the WY 2001. Exceptions to this obser-
vation are points MP3, MP4, MP6, and MP7, where
movement during the WY 2001 was greater than
during the WY 2000 (Fig. 11).

4.1.2. Seasonal velocities

Velocities of individual points varied as much as 0.8
cm/day according to the season (Fig. 12a). Maximum
velocities occurred between early April and late June,
whereas minimum velocities occurred between early
January and late February. The spring and summer
portion of this pattern was observed previously (Savage
and Fleming, 1996), but only at one location on the
south flank in the neck of the landslide. Minimum
velocities ranged from 3% to 63% of maximum veloc-
ities (Fig 13). The largest seasonal difference in veloc-
ities occurred at points near the head of the landslide
(CP1, MP1, MP2, MP5) where minimum velocities
were 3—24% of the maximums. The smallest seasonal
differences occurred at points in or near the neck of the
landslide (MP7—MP14) where the minimum velocities
were 58—63% of the maximums.

In general, maximum velocities of individual
points were greatest during the WY 1999 and pro-
gressively decreased in the following two WYs (Fig.
12a). In contrast, minimum velocities remained rela-
tively stable or slightly increased in WYs 2000 and
2001, and decreased in WY 2002.

4.1.3. Velocities in WY 1999

In WY 1999, minimum and maximum velocities
occurred at different times on different parts of the
landslide (Fig. 12a). Minimum velocities occurred
between January 6 and March 24 over the entire land-
slide, except at MP17, where the minimum velocity
occurred between October 22 and January 6. Maximum
velocities occurred between May 12 and July 28 on the
upper and middle parts of the landslide (MP1-MP15)
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Fig. 13. Bar graph showing the ratio of minimum horizontal velocity to maximum horizontal velocity at each GPS monitoring point for the

entire 3.5-year monitoring period.

and between March 24 and May 12 on the lowest part
of the landslide (MP16—MP19).

4.1.4. Velocities in WY 2000

In WY 2000, minimum and maximum velocities
occurred at the same times on different parts of the
landslide (Fig. 12a). For the entire landslide, minimum
velocities occurred between January 5 and March 30
and maximum velocities occurred between March 30
and May 16. Velocities of 13 of the 19 monitoring
points progressively decreased following the peak in
maximum velocities between March 30 and May 16, as
had all of the points in WY 1999. However, velocities
at 6 of the 19 monitoring points (MP1, MP6, MP11,
MP12, MP14, and MP18) reached a low between July
26 and September 19 and then increased to a secondary
peak between September 19 and November 17. The
velocity of point MP19 also reached a secondary peak
between September 19 and November 17, but had a
low velocity between May 16 and July 26.

4.1.5. Velocities in WY 2001

In WY 2001, the velocities of points appear to be
much more erratic than in previous years (Fig. 12a,b).
This erratic appearance is only visible in the summer

months when we performed frequent (about every 30
days) GPS surveys to coincide with INSAR flights by
BYU. Because the times between these surveys were
about half of the average time between surveys during
the entire monitoring period (about 69 days), we
detected more variation in velocities than in previous
years. Compare the variations on the right side of Fig.
12b with the left side. On the left, there are three data
points in 7 months, whereas on the right there are five
data points in 5 months. Velocities measured during
WY 1999 and WY 2000 were averaged over longer
time periods and thus form smoother and more con-
sistent cyclic patterns (as shown in Fig. 12a).

As in WY 2000, minimum and maximum velocities
during the WY 2001 occurred at the same times on
different parts of the landslides (Fig. 12b). For the
entire landslide, minimum velocities occurred between
November 17 and April 13, whereas peaks in velocities
occurred during two time periods, between April 13
and June 8, and between July 26 and August 28. All
points had peaks in velocities between April 13 and
June 8, but peaks in velocities between July 26 and
August 28 were more complex. That is, five points
(MP2, MP3, MP5, MP8, and MP18) had velocity peaks
between July 26 and August 11, whereas the other 15
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points had velocity peaks between August 11 and
August 28.

4.1.6. Velocities in WY 2002

Only two GPS surveys were performed in WY
2002 (Table 1), but velocities determined from these
surveys were generally among the lowest measured
during the entire monitoring period. (Fig. 12a).

4.2. Data from field instrumentation

4.2.1. Landslide displacement

Hourly displacement data measured by CETs (Fig.
14) are used to determine variations in landslide
velocity from field instrumentation. These data have
been processed to remove effects caused by environ-
mental disturbances such as snow and wind load on
the extension cables and by electrical disturbances of
unknown origin. In several instances, the positions of
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the displacement lines have been adjusted to account
for cable breaks or resetting of the cables because of
range limitations.

More difficulty was experienced in maintaining
continuous operation of the CETs at IS1 than at IS2,
as evidenced by the gaps in the data at IS1. The noise in
the IS1 CET-1 data after June 2000 was caused by fric-
tion from the installation of a drip ring on the extension
cable. The ring caused stick-slip behavior as the cable
was extended. The divergence of the ISI CET-1 and
CET-2 displacement lines is probably a result of differ-
ential displacement between the CET positions (see
Fig. 6). The displacement data at IS2 are nearly con-
tinuous, except where CET-2 experienced intermittent
malfunctions beginning in late July of 2001.

Total displacement during the monitoring period is
about two times greater at station IS1 (17.5 m) in the
neck of the landslide than at IS2 (7.9 m) at a lower
elevation closer to the toe of the landslide. Displace-
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Fig. 14. Cumulative displacement measured by cable-extension transducers (CETs) across the primary strike-slip fault along the south flank of
the landslide at stations IS1 and IS2. See text for further explanation of data.
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ment at IS2 during WY 1999, WY 2000, and WY
2001 was 2.59, 2.29, and 2.19 m, respectively.
Changes in the slope of the displacement lines indi-
cate seasonal changes in landslide velocity. Because
displacement data from IS2 are more complete than
from IS1, only the IS2 data were used to derive the
landslide velocities described in the sections below.

4.2.2. Landslide velocity

Velocities measured by CETs at station IS2 are
shown in Fig. 15. The daily velocities were determined
by calculating the slope of the respective displacement
lines (Fig. 14) over 7-day periods, thus filtering the

| WY 1999 |

WY 2000

effects of signal noise and minor environmental
effects. Because the configuration of the two CETs
resulted in opposing effects from such external factors
as snow and wind load, the velocity data from these
two instruments was averaged to cancel out these
effects and produce a smoother and more representa-
tive velocity line (the thick black line in Fig. 15).

The seasonal variations in landslide velocity are
apparent in Fig. 15. Prominent peaks in velocity occur
in the spring and summer, whereas minimum veloc-
ities occur in the winter. To compare these velocities
to those measured by GPS, we use two GPS points,
MP8 and MP16 (Figs. 2b and 15), which are repre-
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Fig. 15. Landslide velocity derived from CET measurements across the primary strike-slip fault at the south flank of the landslide at station IS2.
GPS observations from monitoring points MP8 and MP16 are also shown. Velocity of MP8 is representative of the upper and middle parts of the
active landslide (points MP1—-MP15), and velocity of MP16 is representative of the lower part of the landslide (points MP16—MP19, see Fig.
2b). The velocities calculated for MP8 and MP16 are plotted at the mid-points between times of GPS observations. Opposing configuration of
the CETs results in a mirror effect on instrument response from environmental disturbances of the extension cables. These environmental
disturbances are therefore removed by averaging the results from both CETs. Only CET-1 data are shown after July 18, 2001 (in this figure and
in Figs. 16—18) because CET-2 was malfunctioning and an average velocity could not be computed.
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sentative of movement on the upper and lower parts of
the landslide, respectively. The velocities determined
by the two different methods show the same general
trends, but the velocities derived from CET data
provide a greater level of detail (Fig. 15). The velocity
data from CETs, in conjunction with meteorological
data, show that the landslide rapidly responded to
changes in meteorological conditions, and that max-
imum velocities progressively decreased from WY
1999 to WY 2001. Minimum velocities were rela-
tively constant from WY 1999 to WY 2001, but
decreased in WY 2002. The GPS data capture the
major variations in velocity but not the higher fre-
quency (daily to weekly) variability.

4.2.3. Meteorological data and velocity variations
Seasonal variations in landslide velocity indicate
that the factors controlling landslide movement are

sensitive to local meteorological conditions. Meteoro-
logical conditions measured at station IS1 during the
monitoring period are shown in Fig. 16.

During each WY, measured landslide velocities
began to increase in mid-winter as days became longer,
air temperatures gradually increased, and snow on the
landslide intermittently melted (Fig. 16a). The spring
increase in air temperatures triggered rapid snowmelt,
which rapidly increased landslide velocity (Fig. 16a).
Peak landslide velocities corresponded with the end of
the snowmelt season when the snow depth had rapidly
decreased from a maximum to zero (Fig. 16a). A se-
condary velocity peak, or multiple peaks, in velocities
occurred during the monsoon season (July—August,
Fig. 16b). Velocities then generally decreased to a
minimum in mid-winter. An exception to this pattern
occurred in the beginning of WY 2001 when a promi-
nent peak in velocity occurred in October and Novem-
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Fig. 16. Diagram showing data from instrumentation at IS1 and IS2. (a) Air temperature, soil temperature, and snow depth at IS1. Landslide
velocities at IS2 are also shown. (b) Cumulative precipitation and snow depth at IS1. Landslide velocities at IS2 are also shown. Times of
generally continuous snow cover are shaded and the cumulative precipitation measured during these times are shown. Note that precipitation

that fell as snow was recorded at the time it fell.
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Fig. 16 (continued).

ber (Fig. 16b). This velocity response was probably
caused by partial melting of a heavy, early season
snowfall.

Cumulative precipitation measured at IS1 shows
dramatic increases during July and August, particularly
during the summers of WY 1999 and WY 2001 (Fig.
16b). These increases are from rainstorms related to the
southwestern monsoon. Rainstorms during the mon-
soon periods of these two summers triggered landslides
and debris flows throughout Colorado. Approximately
250 mm of rain occurred in the summer WY 1999,
about 150 mm in the summer of WY 2000, and about
200 mm in the summer of WY 2001 (Fig. 16b). Late
winter and early spring snows also accounted for a
large part of total yearly precipitation (for example, see
March—May in WY 1999 and WY 2000, Fig. 16b).
These snows had a high-water content and occurred
just before or during the spring snowmelt season (Figs.

4 and 16b). Total precipitation at station IS1 during WY
1999, WY 2000, and WY 2001 was 608, 406, and 520
mm, respectively. Atthe SNOTEL station, about 300 m
higher in elevation than IS1, total precipitation during
the same WY's was 876, 584, and 704 mm.

One clear difference between WYs is the duration
and amount of snow cover (Fig. 16a). Snow cover
during the WY 1999 winter was relatively thin com-
pared to the WY 2000 and WY 2001 winters, but lasted
longer and contained more water (Fig. 16b). This
observation is consistent with data from the SNOTEL
station (Fig. 3) that show the maximum snow-water
equivalent in WY 1999 was greater than in WY 2000
and WY 2001. The snow pack on the landslide also
melted more frequently during the WY 1999 winter
than during the other winters. Air temperatures were
above freezing more days during the WY 1999 winter
than during the following winters (Fig. 16a). Even
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though air temperatures in the WY 1999 winter were
relatively warm compared with the succeeding two
winters, soil temperatures were colder (Fig. 16a).
During the WY 1999 and WY 2000 winters, soil
temperature at 20 cm depth reached a low of —3
and — 1 °C, respectively. During the WY 2001 winter,
the temperature at 20 cm did not drop below freezing.
Soil temperature at 1.0 m depth did not drop below
freezing during any of the winters, and showed a slight
warming trend in each succeeding winter. The warm-
ing of soil temperatures from the WY 1999 winter
through the WY 2001 winter likely reflects the insu-
lating effect of the snow cover, which, as stated above,
increased in thickness each succeeding winter. The
insulating effect of snow is clearly visible in temper-
ature data from 20 cm, which show daily oscillations
when there is no snow cover and minimal to nonexis-
tent oscillations when there is snow cover (Fig. 16a).

In each successive WY, minimum velocities con-
sistently occurred in mid-January, but the time of
maximum velocities came earlier in each year (Fig.
16). In WYs 1999, 2000, and 2001, for example, ma-
ximum velocities occurred in mid May, early May, and
late April, respectively. This pattern indicates that the
duration of the snowmelt season became progressively
shorter during the 3.5-year monitoring period.

Maximum yearly displacements and seasonal veloc-
ities occurred during WY 1999 when snow water
content and total precipitation were higher than in other
years, snow cover was thinner, but longer in duration,
and soil temperature was colder. Also, in WY 1999,
snow on the surface of the landslide melted more
frequently than in other WYs and the snowmelt season
was longer. After WY 1999, there was progressively
thicker snow cover and progressively shallower freez-
ing of landslide material in each succeeding WY
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Fig. 17. Diagram showing soil-moisture conditions at station IS1. Landslide velocities at IS2 are also shown. See text for discussion of the

instruments and estimated accuracies.
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(through WY 2001), but total displacement and max-
imum velocities progressively decreased.

4.2.4. Soil-moisture and velocity variations

Soil moisture (water content and soil tension)
measured at station IS1, and landslide velocities
measured at IS2, are shown in Fig. 17. In general,
there is a positive correlation between soil moisture
and landslide velocity, that is, velocities are highest
during times of high soil moisture and lowest during
times of low soil moisture.

Data from the water content reflectometer and
Watermark sensors show that, with the exception of
the winter months, landslide material at a depth of 0.2
m had a volumetric water content that ranged from
about 30% to 65% (Fig. 17) and that landslide material
at depths of 0.2 and 1 m was saturated or wet (soil
tensions between — 7 and — 30 kPa, Fig. 17). The
very large decrease in soil tension readings at 20 cm

depth during WY 1999, WY 2000, and WY 2002
winters (Fig. 17) correspond with periods in which soil
temperatures at 20 cm dropped below freezing (Fig.
16a). The water content reflectometer data at 20 cm
depth also show a pronounced decrease in volumetric
water content during the same time periods. However,
because these large changes in instrument readings
apparently result from a change in state of the inter-
stitial water from liquid to ice, the soil-moisture data
obtained during times the ground was frozen are not
considered meaningful. Decreases in soil tension also
occurred at the 100 cm depth during the winter
months, but soil temperatures at this depth did not
drop below freezing. Less pronounced decreases in
soil tension and volumetric water content occurred in
the winter of WY 2001, even though freezing did not
occur at or below the 20 cm depth. These observations
indicate that drying occurs below frozen landslide
material in the winter months, and that the magnitude
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Fig. 18. Diagram showing landslide velocity, soil temperature, and pore pressure recorded at station IS2 and daily precipitation recorded at IS1.
Pore pressure is shown as pressure head in meters of water above the piezometer, which is 2.0 m below the ground surface.
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of drying is greater when the depth of freezing is
greater. When these data are viewed in the context of
snow cover data described in the previous section, it is
clear that the depth of freezing is greater when snow
cover is thinner.

4.2.5. Shallow pore pressure and velocity variations

Pore pressures within the landslide are probably the
most important (and most difficult to obtain) pieces of
information that can lead to an understanding of
seasonal variations in landslide movement. Under
ideal circumstances, pore pressures should be meas-
ured at multiple locations at the shear surface(s) at the
base of the landslide. Because the active part of the
Slumgullion landslide is estimated to be 12—-30 m
thick (Baum and Reid, 2000), hand augering to the
basal shear surface is not possible. Also, the remote
and topographically rugged setting of the landslide
makes drilling difficult and expensive. As described in
Methods, we instrumented one 2.2 m deep, hand-
augered well near an intermittent pond at station IS2
to gain a preliminary understanding of pore pressures
within the landslide. Hourly pore pressures measured
by the piezometer in this hole, as well as landslide
velocities and soil temperature at 1S2, and daily
precipitation at IS1, are shown in Fig. 18.

Landslide velocities corresponded with precipita-
tion throughout the year and seasonally corresponded
with shallow pore pressure (Fig. 18). The periods of
greatest velocity corresponded with the periods of
relatively high pore pressures coincident with spring
snowfall and snowmelt. Secondary peaks in velocity
corresponded with an increase in pore pressure from
summer rainfall. Each passing rainstorm had a rapid
(within several weeks) effect on pore pressures and
velocities. Minimum velocities corresponded with
minimum or near minimum precipitation and pore
pressures in early winter. From mid-winter to early
spring, however, increases in landslide velocity tended
to coincide with snowfall but precede increases in
shallow pore-pressure. That is, during each WY, land-
slide velocities began to increase in mid-winter, as
days became longer, air temperatures gradually
increased, and snow intermittently melted, whereas
pore pressure did not begin to increase until the major
spring snowmelt began. We do not understand the
reason(s) for this pattern, but present several possible
explanations in the following section.

5. Discussion

5.1. Causes for seasonal variability in landslide
velocity

Seasonal variations in velocity demonstrate that
landslide movement is affected by meteorologic and
hydrologic fluctuations. It would seem that pore pres-
sures at the basal shear surface(s) of the landslide con-
trol the landslide velocity. Unfortunately, until wells
can be drilled that penetrate the basal surface and piezo-
meters can be installed, we can only make inferences
about pore pressures at the basal surface.

Currently available data suggest that seasonal
changes in movement are most likely related to chang-
ing pore pressures that are controlled by the infiltration
of surface water. The infiltration of surface water is a
function of the availability of water from snowmelt or
rainfall and the permeability of the landslide material.
Rising and falling pore pressures would respectively
decrease or increase the effective normal stress at the
basal surface of the landslide. According to the Mohr—
Coulomb failure criterion for effective stress (Terzaghi,
1943), a change in effective normal stress results in a
corresponding change in resisting shear stress along
the base of the landslide. The velocity of the landslide,
therefore, increases or decreases in response to increas-
ing or decreasing pore pressures.

Our preliminary interpretation of the first year of
data collected during this study (Coe et al., 2000b)
primarily focused on the role that frozen ground at and
near the landslide surface played in affecting surface
water infiltration and subsurface water levels. Previous
work at other locations has shown that frozen ground
can dramatically decrease surface water infiltration by
blocking soil pores with ice (Kane, 1980; Kane and
Stein, 1983; Stihli et al., 1999) and that the water
content of the soil is the primary factor that controls the
degree to which freezing changes infiltration, that is,
infiltration rates in frozen ground decrease with increa-
sing water content. The clay-rich Slumgullion landslide
has a high soil-water content (30—65%, Fig. 17,
Chleborad et al., 1996), suggesting that infiltration
rates would be dramatically affected by freezing and
thawing. However, the 2.5 years of additional data lead
us to suggest that the infiltration of surface water, and
thus subsurface water levels and landslide movement,
is primarily controlled by the availability of water from
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snowmelt or rainfall, and is secondarily affected by the
frozen or unfrozen state of the landslide. We make this
statement for several reasons. First, changes in land-
slide velocities generally coincide with changes in
precipitation throughout the year regardless of the
frozen or unfrozen state of the ground (Fig. 18).
Second, on an annual basis, landslide movements at
individual points and stations were greatest during the
WY 1999 winter when the landslide was frozen at 20
cm for the longest period and mid-winter snowmelt was
the greatest (Figs. 11 and 16a). Lastly, although soil
moisture data at IS1 indicate that drying occurs below
frozen ground (Fig. 17), presumably because the frozen
ground blocks the infiltration of surface water, field
observations indicate that there are large patches of
bouldery debris on the landslide surface and that much
of the landslide is being fractured and jumbled by
continuous movement throughout the year (Fig. 19).
We suspect that the patches of bouldery debris, as well
as the fractures and fracture zones, provide conduits
through which surface water can infiltrate regardless of
the frozen or unfrozen nature of the surrounding land-
slide matrix material.

As stated in the previous section, we do not under-
stand the observed increase in landslide velocity prior
to an increase in shallow pore pressures during each
winter and early spring (Fig. 18), although several
explanations seem plausible, albeit speculative. Data
that we have available seem to suggest that during the
period when the landslide is not frozen, the pore
pressure response measured in the shallow hole is
closely coupled to the inferred pore pressure response
at the basal shear surface. However, during the period
when the landslide is frozen or nearly frozen, the pore
pressure response in the shallow hole seems to be
decoupled from the pore pressure response at the basal
shear surface. This inferred relationship implies that
water in the shallow hole may be perched with respect
to the overall (deeper?) ground-water system in the
winter, when ground-water levels are relatively low, or
that other factors, such as snow load or changing baro-
metric pressures (e.g., Kohler and Schulze, 2000), may
be affecting landslide velocity.

Baum and Reid (2000) have used the analogy of a
clay-lined bathtub in attempting to explain the persis-
tent movement of large translational landslides in the
western United States, including Slumgullion. In this
model, the landslide is isolated both mechanically and

hydrologically from adjacent materials by low perme-
ability clays. At Slumgullion, the model would suggest
that pore pressures at the basal shear surface are always
adequate to maintain movement because the low per-
meability clays cause the landslide to retain water. Our
data fit this model as follows. Minimum velocities in
early to mid-winter correspond to low ground-water
levels and inferred low pore pressures at the basal shear
surface. Velocities gradually increase as periodic mid-
winter snowmelt infiltrates the landslide surface and
presumably causes pore pressures to increase at the
basal shear surface. Velocities peak when spring snow-
melt rapidly infiltrates to the basal surface and
increases pore pressures. Velocities begin to decrease
as pore pressures decrease during the early summer dry
season (May and June). Velocities increase again when
mid-to-late summer rains start. Each passing rainstorm
increases pore pressures and thus velocities. Velocities
progressively decrease into the fall and winter as
temperatures become colder and some precipitation
begins to be stored in the form of snow. During January,
the coldest (Fig. 16a), and one of the driest times of year
at Slumgullion (Fig. 18), water levels and pore pres-
sures reach a low and velocities are at a minimum.
Key elements to the bathtub model are (1) given an
adequate source of material, driving force, and mete-
orologic conditions, pore pressures are always ade-
quate to maintain movement, and (2) any infiltration of
water at the surface of the landslide is sufficient to
rapidly increase pore pressures and thus landslide
velocity. The relatively quick response (within several
weeks) of landslide velocities to precipitation events
observed at Slumgullion is presumably typical for other
large, clay-rich landslides (four landslides in Utah and
one in Hawaii) cited by Baum and Reid (2000), and for
a large landslide along Highway 50 in California (Reid,
2002; Reid, oral communication, 2002), but not typical
for others, such as the Minor Creek landslide in north-
western California, where velocity increases occur
several months after precipitation (Iverson and Major,
1987). In order for the model to apply at Slumgullion,
the landslide must contain high permeability zones
where water can rapidly infiltrate and affect pore
pressures at the basal shear surface. We suspect that
many of these zones are patches of bouldery debris or
fractures. High permeability zones clearly exist at
Slumgullion as evidenced by sinks and perennial
springs on the landslide (Fleming et al., 1999).
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Fig. 19. Photograph of the deformed and jumbled landslide surface northwest of GPS point MP10. View is across the landslide from southeast to
northwest. Almost the entire width of the landslide is visible. The width visible from this position is about 150 m. Photograph taken January 5,

2000.

5.2. Causes for annual variability in landslide move-
ment

Annual movements measured by GPS and CETs
gradually decreased in each succeeding WY during the
monitoring period (Figs. 11 and 15). Maximum annual
movement during the WY 1999 seems easy to under-
stand because total precipitation in WY 1999 was the
highest on record (at the SNOTEL station), the snow
water equivalent was the highest in the monitoring
period, the duration of snowmelt was the longest in the
monitoring period, and summer rainstorms were espe-

cially strong. However, an understanding of why
movement during the WY 2000 was greater than
movement in WY 2001 is more difficult to explain,
mainly because total precipitation and snow water
equivalent were greater in WY 2001 than in WY
2000 (Fig. 3). Summer rainfall was similar in both
years (Figs. 5 and 18). We do not know the reason for
the disparity in movement, although we suspect it may
be related to several factors. First, the inferred high
ground water levels during WY 1999 may have a
multiple year effect on landslide movement. That is,
landslide movements in WY 2000 may have been
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higher than in WY 2001 because the landslide was still
partially responding to ground water that was stored in
the landslide during WY 1999. Second, the duration of
snowmelt was longer in WY 2000 than in WY 2001
(mid-January to early May in WY 2000, and mid-
January to late April in WY 2001). More water may
infiltrate the landslide and affect pore pressures during
a long snowmelt season than during a short snowmelt
season when a larger percentage of water may run off
in surface streams.

Another possible explanation for the apparent dis-
parity between annual movement and annual precip-
itation is that the somewhat arbitrary water-year cycle
(October 1 to September 30) is out of phase with the
annual cycle of landslide movement and precipitation
at Slumgullion. The annual cycle of landslide velocity,
for example, reaches a minimum about mid-January of
each year (Figs. 16a and 18). The timing of this
minimum corresponds to a period of time when
precipitation and air temperatures are also low (Figs.
16a and 18). Therefore, a more reasonable annual
cycle at Slumgullion may be from mid-January to
mid-January (January 15 to January 14). When move-
ment data are compiled on the basis of this cycle (Fig.
20), which we refer to as a movement year (MY, e.g.
MY 1999 is from January 15, 1999 to January 14,
2000), they show a similar pattern to data compiled on
the basis of WYs (Fig. 11), that is, in general, both data
sets show a progressive decrease in movement in each
successive year. However, when annual precipitation
data are compiled on the basis of MY (Fig. 20), each
progressive MY shows a decrease in precipitation,
which does not match annual precipitation compiled
on the basis of WY's (Fig. 3), but does correspond with
the progressive decrease in annual movement that was
observed for WYs and MYs (Figs. 11 and 20). This
correspondence suggests that MYs may be more
appropriate than WY's for compilations of annual data
at Slumgullion.

5.3. Differences in the timing of maximum velocities

In WY 2000 and WY 2001, maximum velocities
occurred at the same time on different parts of the
landslide. In WY 1999, however, maximum velocities
occurred at different times on different parts of the
landslide (Fig. 12). The disparity in timing of max-
imum velocities in WY 1999, and not in the other

WYs, may have been caused by the record level of
precipitation that fell in WY 1999 (Fig. 3). In WY
1999, maximum velocities on the upper and middle
parts of the landslide (GPS points MP1-MP15 with
elevations above about 3040 m) occurred between
May 12 and July 28. On the lower part of the landslide
(GPS points MP16—-MP19 at elevations below about
3040 m), maximum velocities occurred between
March 24 and May 12. The 3040 m elevation coin-
cides approximately with the location of a large pond
(Fig. 7A) that may have been created when the toe of
the active landslide emerged from, and overrode old
landslide deposits (see Parise and Guzzi, 1992; Flem-
ing et al., 1999; and discussion below). The disparity
in timing of maximum velocities suggests that differ-
ent parts of the landslide are acting somewhat inde-
pendently from one another. Similar observations
have been reported for the Aspen Grove landslide in
Utah (Baum et al.,, 1993) and for the Acquara—
Vadoncello landslide in Italy (Wasowski and Mazzeo,
1998).

The difference in timing of maximum velocities is
probably caused by warmer temperatures at the toe of
the landslide than at the middle and upper parts. There
is a 500 m difference in elevation between the lowest
and highest parts of the landslide. Adiabatic temper-
ature lapse rates (9.8 and 5 °C per thousand meters of
elevation for dry and wet air, respectively, from Barry,
1992) suggest that air temperatures for the lowest part
of the landslide are 2.5-4.9 °C warmer than those at
the upper part of the landslide. Air temperature data
from station IS1 (elevation 3180 m) and the SNOTEL
station (elevation 3487 m) support this inference. We
subtracted the average daily temperature at the SNO-
TEL station (Fig. 5) from the average daily temper-
ature at station IS1 and found that the difference
averaged 2.5 °C (about +1 °C for every 123 m
decrease in elevation). This difference indicates that
the average difference in air temperature between the
head and toe of the active landslide would be about 4
°C. This difference in temperature would cause
ground on the lower part of the landslide to remain
unfrozen for longer periods of time than that at higher
elevations. Additionally, snow would melt earlier and
faster on the lower part of the landslide as compared
to the upper part. Furthermore, observations of snow
depth made during winter GPS surveys indicate that
less snow falls on the lower part of the landslide than
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Fig. 20. Bar graph showing the annual horizontal movement of GPS monitoring points in each movement year (MY). Location of monitoring
points shown in Fig. 2b. Annual movement at IS2 shows the same pattern. The annual movement at IS2 for each MY is 2.52, 2.28, and 2.10 m,
for MY 1999, MY 2000, and MY 2001, respectively. Inset table shows cumulative precipitation during each MY.

on the upper and middle parts. Less snow and more
rapid snowmelt suggest that the period of spring
surface-water infiltration would be earlier and shorter
on the lower part of the landslide than on the upper
and middle parts. The difference in the amount of
snowfall and the rate of snowmelt on the upper and
lower parts of the landslide is readily visible in spring
months. Thawing and melting of frozen ground and
snow on the lower part of the landslide in the spring
probably raises the ground-water level within the
landslide, which increases the landslide velocity. In
the summer of WY 1999, when ground-water levels
and velocities were decreasing on the lower part of the
landslide, they were peaking on the upper and middle
parts of the landslide when snowmelt there was at a
maximum. These observations are supported by work
by Chleborad (1998) that identifies a correspondence

between the timing of snowmelt-triggered landslides
and air temperature.

5.4. Variable velocity response to seasonal changes

The upper part of the landslide responds more
dramatically to seasonal changes than the middle and
lower parts. Maximum velocities of points on the upper
part of the landslide are up to 33 times greater than
minimum velocities, whereas for most of the lower and
middle parts of the landslide, maximum velocities are
about 1.6 times greater than minimum velocities (Fig.
13). The dramatic change along the upper part of the
landslide could be caused by several factors. First,
because of the colder air temperatures at the head of
the landslide, precipitation falls in the form of snow for
a longer period of time than at lower elevations. Once
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on the ground, the snow also takes longer to melt than at
lower elevations. This situation dramatically reduces
the amount of water available for infiltration into the
upper part of the landslide. Thus, ground-water levels
are probably more dramatically reduced, for longer
periods of time, as compared to the middle and lower
parts of the landslide. Second, because there is more
snow available on the upper part of the landslide, the
melting of this snow in the spring and summer would
provide a greater influx of surface water than that
received by lower elevations, thus ground water levels
are probably increased more dramatically than on the
middle and lower parts of the landslide. Lastly, because
the upper part of the landslide is undergoing extension,
and the lower part is undergoing longitudinal short-
ening, the upper part may have more open fractures to
receive surface water than the lower part.

5.5. Relation between landslide structures and veloci-
ties

Velocities vary gradually along the length of the
landslide, with the lowest velocities occurring at points
near the head and toe, and highest velocities occurring
in the neck. This velocity distribution (Fig. 10) is
consistent with patterns established by earlier photo-
grammetric studies (Powers and Chiarle, 1996; Smith,
1996). The velocity distribution appears to be largely a
function of the hourglass-shaped lateral boundaries of
the landslide (Fleming et al., 1996; also observed at the
Aspen Grove landslide in Utah by Baum et al., 1993).
Locally, however, velocities deviate from this distribu-
tion according to the location of major structural
elements. This is especially evident at points located
in pull-apart basins and on opposite sides of south-
west—northeast trending strike-slip faults (see Fig. 2b).
Velocities of points MP11 and MP17, for example, are
anomalously low when compared to surrounding
points (Fig. 10). MP11 is located in a pull-apart basin
along the north flank where the landslide widens
(described by Baum and Fleming, 1996; Fleming et
al.,, 1999) and MP17 is located on the northwest
moving side (Fig. 2b) of a strike-slip fault along the
north flank of the toe. Velocities of MP13 and MP14,
which are about 150 m apart (Fig. 2b), but on opposite
sides of a large strike-slip fault, are significantly differ-
ent, with MP14 on the southern side moving about 20%
faster than MP13 on the northern side (first observed by

Fleming et al., 1999). These observations indicate that
different parts of the landslide are acting somewhat
independently from one another (as also indicated by
differences in timing of maximum velocities).

5.6. Movement of CP1 and MP1

Movement of CP1 and MP1 was somewhat unex-
pected because the points are in areas near the head of
the landslide that were previously mapped as inactive
(Figs. 1,2, and 21). Point CP1 is on what appears to be
deeply weathered, highly altered bedrock. During the
3.5-year monitoring period, CP1 moved about 0.54 m
to the west (azimuth=279°) at an average velocity of
about 0.03 cm/day. Point MP1 is on a ridge that
parallels and is upslope from the active flank ridge
(Fig. 21). During the monitoring period, MP1 moved
0.75 m to the southwest (azimuth =245°) at an average
horizontal velocity of 0.06 cm/day. These movements
and velocities are low compared to the main body of the
landslide. MP2 (Fig. 21), for example, moved 1.87 mto
the southwest (azimuth =224°) at an average velocity
of 0.14 cm/day during the monitoring period. The
higher velocity of the main body of the landslide
evidently allows the flank ridge bordering the main
landslide (Fig. 21) to remain intact.

5.7. Movement of MP16

Point MP16, located on pond sediments just south-
west of an intermittent pond on the lower part of the
landslide (Fig. 22), is moving upward in elevation (see
Coe et al., 2000a). All other monitoring points are
moving downward in elevation. The point increased
0.59 m in elevation between July 1998 and March
2002. Previous studies (Parise and Guzzi, 1992; Flem-
ing et al., 1999) have suggested that the location of the
pond is controlled by a depression at the basal surface
of the landslide, which was created when the toe of the
active landslide emerged and overrode old landslide
deposits. By emerging from, and overriding existing
deposits, debris in the active landslide was backtilted,
forming a closed depression that pools water. These
studies also suggested that the pond location remains
fixed over time while landslide debris is transported
into the pond, receives a coating of pond sediments,
and is then transported out of the pond. The upward
movement of MP16 and a backtilted trail of pond
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Fig. 21. Aerial photograph of the upper part of the landslide showing the locations of GPS points MP1, MP2, and CP1. USGS aerial photograph

number 3B-1 taken July 31, 2000.

sediments southwest of the pond (Fig. 22) supports
this hypothesis.

5.8. Comparison of annual movements to previously
measured movements

A comparison of annual rates of movement meas-
ured in this study to movements reported in previous
studies (Fig. 23) reveals that, in general, movements

measured in WY 1999, WY 2000, and WY 2001 were
greater than previous years at points downslope from
MP6 (MP7-MP16, MP18, MP19, Fig. 2b), and less
than previous years at points upslope from MP6
(MP2-MP6, Fig. 2b). Movements were not previ-
ously measured at CP1 and MP1. For this comparison,
we compiled our data on the basis of WY, rather than
MYs, because many of the previous data were based
on measurements made during summer months and



J.A. Coe et al. / Engineering Geology 68 (2003) 67-101 97

Direction of

slide'movement

/

Pond sediments

wShallow well
With piezometer & .. mwe

Fig. 22. GPS monitoring point MP16 looking downslope. Backtilted pond sediments surround MP16. The width of the pond visible from left to
right is about 60 m. The shallow well with piezometer (recorded at station 1S2) is also visible in the field of view. View is to the south. Photo

taken July 20, 2001.

therefore more closely correspond to the WY time
frame (October 1 to September 30).

The reasons for the differences in annual move-
ments are unclear, although several explanations seem
plausible. First, at least some of the differences are due
to inherent differences in measurement techniques.
Annual velocities in most previous studies were deter-
mined by averaging movement measured from photo
identifiable features in aerial photographs taken in
1985 and 1990. We used movement maps generated
by these studies to estimate movements at our point
positions. Movements in this study were measured
about every 69 days and interpolated to match the
beginning and ending of individual WYs. Second,
some of the differences are real and are probably caused

by variation in amounts and timing of precipitation.
The WY 1999, for example, was clearly an exceptional
year for landslide movement, probably because it was
the wettest year on record (at the SNOTEL station).
Additionally, annual movements between 1985 and
1990 were relatively low, probably because many of
these years had some of the lowest precipitation on
record (at the SNOTEL station, Fig. 3).

The disparity in movement history of points on the
upper part of the landslide versus those on the middle
and lower parts of the landslide is also not easily ex-
plained. One possible explanation is that the upper part
of the landslide is gradually slowing because the
volume of material at the head of the landslide no
longer provides an adequate driving force to maintain
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Fig. 23. Bar graph showing annual horizontal movement of individual points from this study compared to previous measurements.

movements documented in the past. At least one piece
of geomorphic evidence, the decreasing height and
lateral extent of landslide bounding flank ridges along
the upper and middle parts of the landslide, support this
explanation (Fleming et al., 1999). Continued monitor-
ing should help to clarify the causes of variability in
annual movement.

6. Conclusions

Data from GPS surveys and field instrumentation
lead us to make the following conclusions regarding
movement of the Slumgullion landslide.

(1) Landslide movement was continuous through-
out the 3.5-year monitoring period but velocity varied
on a seasonal basis. Landslide velocity increased in
response to snowmelt and rainfall and decreased dur-
ing dry periods. The time between rainfall and the

landslide velocity and shallow pore pressure response
was less than several weeks. The lowest velocities
occurred in mid-winter when air temperatures were at
or near yearly minimums, the near-surface landslide
material was frozen, and water was stored on the
landslide surface as snow. We suggest that variability
in velocities is primarily controlled by the availability
of surface water from melting snow or rainfall, and that
surface water quickly infiltrates the landslide through
patches of bouldery debris or fractures that are created
by continuous movement. We also suggest that the
continuous but seasonally variable landslide move-
ment observed at Slumgullion fits the bathtub model
for landslide movement described by Baum and Reid
(2000).

(2) On an annual basis, landslide movements were
greatest during WY 1999 (October 1, 1998 to Septem-
ber 30, 1999) and progressively decreased in each suc-
ceeding water year. Compared to the succeeding water
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years, WY 1999 had the highest total precipitation,
longest duration of snowmelt, and highest precipitation
from summer thunderstorms. Also, unlike succeeding
water years, maximum spring velocities in WY 1999
occurred at different times on different parts of the
landslide. On the lower part of the landslide, maximum
velocities occurred between March 24 and May 12,
whereas on the middle and upper parts of the landslide,
maximum velocities occurred between May 12 and
July 28. This discrepancy was probably caused by
frequent, wintertime melting of anomalously high
snowfall (compared to succeeding winters) and by
warmer air temperatures at the lower part of the land-
slide (about 4 °C) that triggered the melting of snow
earlier than at the upper and middle parts of the land-
slide.

(3) During all WY's monitored, annual movements
and average daily velocities were smallest at the head
and toe of the landslide and largest in the central, nar-
rowest part of the landslide. Movements and velocities
deviated from this distribution in areas where they
were affected by major structural elements within the
landslide. In general, annual movements measured on
the lower and middle parts of the landslide were greater
than any previously documented, whereas annual
movements measured on the upper part of the land-
slide were less than previously documented. This im-
plies that the driving force responsible for moving the
upper part of the landslide may be less than it has been
in the past.

(4) Movement was measured on landslide deposits
near the head of the landslide that were previously
identified as inactive. This observation indicates that
the active landslide is larger and more complex than
previously recognized.
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