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Preliminary Assessment of Landslides Along the Florida
River Downstream from Lemon Reservoir, La Plata County,

Colorado

By William H. Schulz, Jeffrey A. Coe, William L. Ellis, and John D. Kibler

Abstract

Nearly two-dozen shallow landslides were active during
spring 2005 on a hillside located along the east side of the
Florida River about one kilometer downstream from Lemon
Reservoir in La Plata County, southwestern Colorado. Land-
slides on the hillside directly threaten human safety, residential
structures, a county roadway, utilities, and the Florida River,
and indirectly threaten downstream areas and Lemon Dam.
Most of the area where the landslides occurred was burned
during the 2002 Missionary Ridge wildfire. We performed
geologic mapping, subsurface exploration and sampling,
radiocarbon dating, and shallow ground-water and ground-
displacement monitoring to assess landslide activity. Active
landslides during spring 2005 were as large as 35,000 m? and
confined to colluvium. Debris flows were mobilized from most
of the landslides, were as large as 1,500 m?, and traveled as far
as 250 m. Landslide activity was triggered by elevated ground-
water pressures within the colluvium caused by infiltration of
snowmelt. Landslide activity ceased as ground-water pressures
dropped during the summer. Shallow landslides on the hillside
appear to be much more likely following the Missionary Ridge
fire because of the loss of tree root strength and evapotranspi-
ration. We used monitoring data and observations to develop
preliminary, approximate rainfall/snowmelt thresholds above
which shallow landslide activity can be expected. Landslides
triggered during spring 2005 occurred within a 1.97 x 107
m? older landslide that extends, on average, about 40 m into
bedrock. The south end of this older landslide appears to have
experienced deep secondary landsliding. Radiocarbon dating
of sediments at the head of the older landslide suggests that the
landslide was active about 1,424-1,696 years ago. A relatively
widespread wildfire may have preceded the older landslide, and
the landslide may have occurred during a wetter time. The wet-
ter climate and effects of the wildfire would likely have resulted
in increased ground-water pressures, which may have triggered
the older landslide. This landslide appears to have crossed the
valley floor and been subsequently eroded from this area. We
found no evidence that landslide debris across the valley floor
formed an impoundment of the Florida River, although it is
very likely. Erosion of buttressing landslide debris from the

valley floor and the lower strength of the landslide basal shear
zone relative to pre-slide strength created less stable conditions
than were present prior to occurrence of the landslide. How-
ever, deep ground-water conditions largely control the stability
of the slope and are unknown here; hence, the potential for
future deep landsliding is unknown. Additional investigation
could be undertaken to further characterize landslide hazards
in the area. This investigation could include episodic surveying
of monuments we installed across the older landslide, obtain-
ing detailed topographic data and aerial photography, mapping
landslide debris and lacustrine deposits related to the potential
former landslide dam, mapping secondary landslides, obtaining
additional ages of landslide activity, constructing deep bore-
holes and ground-water monitoring wells, laboratory testing
of soil and rock strength and hydraulic properties, and ground-
water and slope-stability modeling.

Introduction

Several active landslides were observed by area residents
during April 2005 on a hillside above the Florida River and
County Road 243 (CR-243) in La Plata County, southwestern
Colorado. Mr. John Ey, Superintendent of the Florida Water
Conservancy District (FWCD), and Mr. N.D. Knowlton, La
Plata County Director of Emergency Preparedness, contacted
personnel of the U.S. Geological Survey (USGS) Landslide
Hazards Program and requested assistance in evaluating the
landslide activity. The landslide area occupies a hillside located
0.9-1.6 km downstream from Lemon Dam (fig. 1), which
impounds the Florida River creating Lemon Reservoir. Lemon
Dam is an earthfill dam completed in 1963 and owned by the
U.S. Bureau of Reclamation (USBR) (http://www.usbr.gov/
dataweb/dams/co01688.htm, accessed March 13, 2006). The
dam is operated by the FWCD. The hillside on which the land-
slides occurred was burned during the 2002 Missionary Ridge
wildfire. Landslide activity during April 2005 coincided with
rapid melting of a heavy, wet snow pack (J. Ey and M. Radosev-
ich, pers. commun., 2005). This snow pack was produced by the
highest precipitation level to that point in the water year (Octo-
ber 1 — September 30) since 1941 (J. Ey, pers. commun., 2005).
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Initial USGS reconnaissance identified at least 10 land-
slides that partly or wholly mobilized as debris flows (rapidly
moving mixtures of silt, sand, and boulders, capable of long-
distance travel). These landslides appeared to average about
two meters (m) thick, 25 m long, and 25 m wide, and appeared
to occur within larger active landslides with lengths and
widths on the order of 100 m. All of the active landslides (that
is, landslides active during spring 2005) appeared to be located
within a much larger, older bedrock landslide approximately
500 m long and 1,300 m wide, forming a landslide complex.
This older landslide appeared to have previously crossed the
Florida River valley floor, most likely damming the river.
Landslide activity within the complex threatens human safety,
residential structures, CR-243 and utilities aligned along
the roadway, and the Florida River and areas downstream.
Potential landslide-caused impoundment of the Florida River
potentially threatens Lemon Dam; its toe is about 20 m higher
than the valley floor downslope from the landslide complex.
Lemon Dam impounds the primary water supply for the City
of Durango, Colorado. To assess landslide activity on the
hillside, we performed engineering geologic mapping, labora-
tory testing of soil ages, monitoring of shallow ground-water
conditions and surface displacement from May 2005 through
July 2006, and analysis of our findings. The results of our
assessment are presented herein.

Setting

The Florida River landslide complex is located on a west-
facing hillside along the east side of La Plata CR-243 and the
Florida River (fig. 1). The landslide complex is located on
both private and public land (San Juan National Forest, admin-
istered by the U.S. Forest Service [USFS]). The hillside on
which the landslide complex occurs has an average inclination
of about 29° but includes vertical and flat sections. This hill-
side is located along the west side of a south-trending series
of mountains that form part of the hydrologic divide between
the Florida River basin and the Los Pifios River basin. The
terminus of this series of mountains is located a few hundred
meters south of the landslide complex at about the location
of CR-240 (fig. 1). The Florida River valley floor downslope
from the landslide complex is at an elevation of about 2400 m,
whereas the crest of the hillside above the landslide complex is
at an elevation of about 2750 m.

The Florida River generally drains from Lemon Dam
southward for about 2.5 km before turning southwest at the
intersection of Spring Gulch, which parallels CR-240 east of
CR-243 (fig. 1). Homes are scattered on the banks and flood-
plain of the Florida River downstream from the landslide com-
plex. The valley floor immediately downstream from the dam is
generally between 175-300 m wide, except below the landslide
complex where it is between 110-130 m wide. Several resi-
dential structures occupy the valley floor downslope from the
landslide complex on both the east and west sides of CR-243.

Geology

The Florida River landslide complex is located along the
southern margin of the San Juan dome, a structure formed dur-
ing the Laramide uplift that resulted in the San Juan Mountains
(Steven and others, 1974; Tweto, 1975). Bedrock units directly
beneath the landslide complex have a southerly inclination due
to their location on the south side of the dome. The landslide
complex occurs mostly within Cretaceous age (144-65 million
years ago [Ma]) sedimentary rocks of the Dakota Sandstone
and Burro Canyon Formation, and within Jurassic age (206-144
Ma) sedimentary rocks of the Morrison Formation, Junction
Creek Sandstone, Wanakah Formation, and Entrada Sandstone
(Carroll and others, 1997). Plate 1 shows the geologic mapping
of Carroll and others (1997) outside the boundaries of the land-
slides mapped during our study. The bedrock units are typically
light-colored sandstones and some conglomerates with minor
amounts of fine-grained rocks and coal, with the exceptions
of the Morrison Formation and Wanakah Formation. The
Morrison Formation is primarily composed of greenish-gray
and lesser amounts of reddish-brown mudstone, whereas the
Wanakah Formation is primarily white to tan, reddish-orange
to reddish-brown sandstone and mudstone, and gray limestone.
Bedrock units strike to the west-northwest and typically dip
10-15° to the south. In-situ measurements and ground-water
flow modeling of conditions present in the San Juan structural
basin provide estimated vertical and horizontal hydraulic con-
ductivity values of 2.5 x 10 and 2.5 x 10 m/d, respectively,
for the Morrison Formation, and 3.4 x 10* and 0.15 m/d for the
Entrada Sandstone (Frenzel and Lyford, 1982). The San Juan
structural basin is located immediately south of the landslide
complex and is about 250 km across.

Carroll and others (1997) show Holocene (10,000 years
ago to present) and late Pleistocene (279 thousand years ago
[Birkeland, 1999, p. 171] to 10,000 years ago) colluvium
mantling much of the hillside where the landslide complex
occurs, and alluvium along the Florida River valley floor. The
colluvium ranges from sandy, pebble gravel to boulder gravel
to gravelly sand or clayey silt. The alluvium consists of silt,
sand, gravel, and boulders.

Blair (1977) produced a surficial geologic map that shows
geologic hazards in the landslide area. He mapped a large
landslide within the boundaries of the older landslide shown
on plate 1; his mapped landslide and that mapped during our
study have somewhat different boundaries. He also mapped
the surrounding hillside as potentially unstable. The results of
his mapping are available at the La Plata County geographic
information system (GIS) website (http.://arcims.laplata.co.us/
laplataWEBSITEY/, last accessed March 13, 2006).

Figure 1 (following page). Map showing the location of the
Florida River landslide complex, Lemon Reservoir, and La Plata
County roadways. Approximate locations of residential structures
identified using 2003 La Plata County aerial photography are
indicated by red circles.
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The Florida River valley was largely shaped to its pres-
ent configuration during Pleistocene glaciation (1,800,000
— 10,000 years ago). The approximate present form of the
valley was created during the Durango stage of glaciation,
which occurred during the early Pleistocene (Atwood and
Mather, 1932). The Durango glacier in the Florida River valley
advanced just beyond the mouth of Miller Creek (fig. 1) where
it deposited moraines and till. Most of these deposits now
occur beneath the waters of Lemon Reservoir. During melt
off of the Durango glacier, stream flow carved the Florida
River valley to its approximate present level near the landslide
complex (Atwood and Mather, 1932). The Wisconsin stage
of glaciation followed the Durango stage and occurred during
late Pleistocene time. The Wisconsin glacier in the Florida
River valley advanced almost as far as Miller Creek (Atwood
and Mather, 1932) and receded about 11,000 years ago (Toney
and Anderson, 2006). Most of the alluvium in the valley near
the landslide complex was probably deposited by streams issu-
ing from Wisconsin glacier meltwaters (Atwood and Mather,
1932). Little stream erosion or aggradation has occurred dur-
ing the Holocene in the Florida River valley near the landslide
complex (Atwood and Mather, 1932).

Wildfire

Most of the area around the landslide complex was burned
during the 2002 Missionary Ridge wildfire. Burn severity was
generally classified as moderate to severe in the landslide area
(U.S. Forest Service, 2002, pl. 1). During summer 2006, many
dead standing trees remained on the hillside, while ground
cover and aspen (1-3 m tall) had begun revegetating the area.

Wildfire, such as the Missionary Ridge fire, may result
in runoff-generated debris flows following heavy precipitation
and snowmelt events (for example, Cannon, 2001; Cannon
and others, 2003; Smith and others, 2003). Runoff-generated
debris flows occurred on many hillsides near the landslide
complex following the Missionary Ridge fire during 2002.
For example, large runoff-generated debris flows occurred
on the hillside opposite the landslide complex, burying the
CR-243 bridge over the Florida River (J. Ey, pers. commun.,
2005). However, the landslides within the Florida River
landslide complex are not of the runoff-generated type that
often follows wildfire. The landslides within the complex are
discrete ground failures bounded by shear surfaces. Shallow
landslides of this type have been observed to preferentially
occur following wildfire beginning about 4-15 yrs after the
fire and persisting for 10-20 yrs (DeGraff, 1997). Shaub
(2001) studied widespread landslide activity that occurred in
a forested, mountainous area of Idaho that was partly burned
by wildfire during 1989. She studied 246 landslides that were
triggered by 28 cm of rain that fell on 35 cm of snow during
a one-week period at the end of 1996 and beginning of 1997.
She found that landslide density in burned areas was more
than three times greater than in unburned areas. Cannon and
Gartner (2005) noted that wildfires often result in decreased
tree root strength and increased soil moisture, both of which

can promote landsliding. These three previous studies all note
that landslides triggered following wildfire are typically shal-
low and primarily involve surficial soil and colluvium.

The Florida River landslide area has been burned by
wildfire many times. Dating of wildfire-related debris-flow
deposits in the Florida River basin within a kilometer of the
landslide complex and in the Los Pifios River basin about
11 kilometers northeast of the landslide complex identified
wildfires 130, 800, 1,100, 1,610, 2,500, 2,800, 3,000, 3,200,
and 4,000 “C yrs before present (J.D. Frechette, University of
New Mexico, written commun., 2006; Frechette and others,
2003; Gonzales and others, 2003; Gonzales and others, 2005).
Dating of tree rings, forest regeneration events, and alluvial
deposits in the Los Pifios River basin identified wildfires dur-
ing the years 1879, 1851, 1818, 1806, 1770, 1750, 1730, and
1680, and a high-severity fire 2,500 *C yrs before present (as
did Frechette), or 2,200 calibrated calendar years before pres-
ent (E. Bigio, University of Arizona, written commun., 2006;
Bigio and others, 2005).

Climate

Postglacial climate trends for the area have been esti-
mated based on sediment coring at Little Molas Lake (Toney
and Anderson, 2006), located about 40 km north from the
landslide complex and about 800 m higher. Glacial retreat
occurred about 11,200 yrs ago at Little Molas Lake due to
general warmer and drier conditions. Widespread drought
occurred between about 6,200-4,200 yrs ago. Conditions
became wetter, possibly with winter precipitation, between
about 2,650-1,250 yrs ago. Conditions then became relatively
drier and persist at present.

The FWCD operates a weather station near Lemon Dam,
less than a kilometer from the landslide complex. Figure 2
shows climate data measured at Lemon Dam since 1982, with
cumulative precipitation calculated for each water year. A
water year is defined as October 1 through September 30, with
the water-year name corresponding with the year the water
year began. Snowmelt that occurred prior to spring 2005 land-
slide activity within the complex was above average, but not
extreme. Cumulative precipitation for the Lemon Dam period
of record was greater for complete water years 1996 and 1998
than for 2004, although cumulative precipitation until April 30
was greatest for water year 2004 (fig. 3). Figure 4 shows the
percentage of average precipitation that fell each water year by
the end of April measured in Durango, approximately 22 km
southeast from the landslide complex. Durango data provide
a longer period of record (1900-2004) than Lemon Dam
data. Although Durango data (fig. 4) do not directly correlate
with measurements made at Lemon Dam (for example, 2004
precipitation in Durango was less than that of three other years
during the Lemon Dam period of record whereas precipita-
tion was greatest at Lemon Dam during 2004), general trends
are consistent. Since 1900 in Durango, 14 years experienced
significantly more water-year precipitation through April than
water year 2004 (fig. 4).
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Figure 2. Climate data measured at Lemon Dam, October 1, 1982 — May 31, 2006. Data obtained from the Western Regional Climate Center, Desert
Research Institute.
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Assessment Methods

We used several approaches to assess the landslide com-
plex, including evaluation of aerial photographs and geologic
maps and reports, geologic mapping, subsurface exploration,
laboratory testing, monitoring, and evaluation of climate data.

Mapping

We mapped geologic and hydrologic features in the
landslide area in several stages, most of which were assisted
by global positioning system (GPS) surveying and a GIS. La
Plata County GIS personnel provided us with georeferenced,
orthorectified aerial photography and topographic data that
we used to produce base maps. Digital aerial photography
provided by the county was taken during 2003 with a pixel size
of 0.3 m, and again during 2005 with a pixel size of 1 m. We
also examined, on loan from Fort Lewis College, 1:20,000-
scale U.S. Department of Agriculture aerial photographs taken
on August 18, 1966 (EHW-3GG-14, 15, 83, 84). We digitized
and orthorectified these photographs with a pixel size of 0.21 m
using a GIS. Topographic data provided by the county were in
the form of a 1.5-m contour-interval digital line graph produced
using stereoscopic aerial photographs. We used these data in a
GIS to produce a digital elevation model (DEM) of the ground
surface. We produced derivatives of the DEM for use in our
analyses, such as a slope map, shaded relief maps, and a 5-m
contour-interval topographic map. The data provided and used
by La Plata County are in the Colorado State Plane Southern
Zone, US Foot projection using the North American Datum of
1983 (NAD 83), thus our work also uses this projection.

Initial mapping was performed on base maps produced
from points surveyed using a recreational grade, Wide Area
Augmentation System (WAAS) enabled GPS receiver, and
the topographic and photographic data provided by La Plata
County. We surveyed points of interest using the GPS receiver
and combined them with topographic data in a GIS to produce
a base map on which features of interest were then added
by hand. The completed map was scanned then rectified and
digitized in a GIS. Later mapping used the same topographic
and photographic data, but surveying was performed using
real-time differentially corrected GPS equipment (Pathfinder
ProXT receiver and GeoBeacon manufactured by Trimble
Navigation Limited) operated through a GIS on a rugged tablet
computer (iXC2V manufactured by Xplore Technologies).
This mapping system enabled us to directly map into the GIS
while in the field. The majority of our field mapping was
performed during early May 2005, with additional mapping
performed at various times during the summer of 2005 and the
spring and summer of 2006.

Subsurface Exploration

We investigated shallow geologic conditions of the land-
slide complex using hand-augered borings and hand-dug pits.

Using a 7.6-cm-diameter bucket auger, several borings were
augered to a maximum depth of 1.8 m where auger refusal was
encountered, likely on bedrock. Two borings were augered at
the locations of P-1 and P-2 (pl. 1). Several pits were exca-
vated by hand (with pick and shovel) near exploration pit EP-1
(pl. 1), although only EP-1 reached a depth greater than a
meter due to encountering very large boulders. EP-1 was exca-
vated to a depth of 1.6 m. Soil samples were obtained from
various depths within EP-1 for radiocarbon dating.

In addition to this subsurface exploration, we obtained
reports for 10 water wells previously constructed along the
Florida River valley floor near the landslide complex (loca-
tions of seven of the wells are shown on pl. 1). These reports
were obtained from the State of Colorado Division of Water
Resources and included information regarding depth of uncon-
solidated soil and underlying bedrock. The maximum recorded
depth explored during construction of these wells was about 76
m (250 ft).

Radiocarbon Dating

Two charcoal samples obtained from pit EP-1 at depths of
1.6 m and 1.3 m in the older landslide deposit were prepared
and submitted for radiocarbon dating ("*C dating). Prepara-
tion included removing the core of the charcoal and washing it
several times in deionized water. The samples were sealed and
submitted for testing at the National Ocean Sciences Accelera-
tor Mass Spectrometry Facility at Woods Hole Oceanographic
Institution. "*C dates were converted to calibrated calendar
years using CALIB (Stuiver and Reimer, 1993).

Monitoring

We established systems during May 2005 to monitor
localized surface displacement and shallow ground-water
conditions within the landslide complex in near-real time.
These systems are operated by a field computer/datalogger.
We also established survey monuments across the landslide
complex that can be re-surveyed on an episodic basis.

Near-real-time Monitoring Operation and
Data Transfer

Instrumentation installed on the landslide complex
included six extensometers consisting of cable-extension
transducers (CETs), mounts, and anchors to monitor possible
ground surface displacements, and two vibrating-wire piezom-
eters to monitor shallow ground-water pressures. Data from
these instruments are recorded at the site by a Campbell Scien-
tific CR10x datalogger equipped with a digital cellular modem
for remote communication. Data retrieval is accomplished via
the public cellular telephone network. The locations of the
instruments and datalogger are shown on plate 1. The datalog-
ger powers and scans the instruments and records instrument
output on a user-defined schedule. We have generally recorded



instrument readings on a 10-minute schedule. Power to operate
the datalogger and instruments is provided by a 12-volt battery
that is charged by a voltage-regulated solar panel.

Data from the site are retrieved automatically from the
datalogger by computer dial-up via cellular telecommuni-
cations using Campbell Scientific LoggerNet™ software
running on a computer located at the USGS offices in
Golden, Colorado. The data are automatically retrieved on
a daily schedule, although the data retrieval interval can be
adjusted by the user. Data can also be retrieved at any time
by manually initiating the communication link through the
LoggerNet™ software. In addition, the datalogger that con-
trols operation parameters for the monitoring devices can be
modified at any time through the communication link.

Surface Displacement Monitoring

The extensometers are used to detect and monitor
possible surface deformation at six locations within the
landslide complex (pl. 1). Four of the CETs were manufac-
tured by Celesco Transducer Products, Inc., and two were
manufactured by Psi-Tronix, Inc. Extensometers C-1 and
C-6 are deployed across the apparent headscarp (the steep
slope created upslope of a landslide as it moves) of the older
bedrock landslide, and extensometers C-2 through C-5 were
deployed in areas identified as potentially active based on
the presence of recent fracturing or other surface features
that suggested recent landslide activity. Extensometers C-1,
C-3, and C-4 have a total range of 150 cm, extensometers C-
2 and C-5 have a 380 cm range, an d extensometer C-6 has a
760 cm range. As configured with the datalogger, the resolu-
tion of the 150, 380, and 760 cm range extensometers is
0.04 cm, 0.10 cm, and 0.20 cm, respectively. Extensometer
C-3 malfunctioned upon installation and corrupted readings
for C-1 and C-2 until it was replaced on June 22, 2005.

The extensometers measure displacement by means of
a small-diameter cable that extends from the fixed instru-
ment to a fixed anchor point. Therefore, it was necessary to
protect the extension cable from disturbance and entangle-
ment by wildlife. This was accomplished by mounting the
instruments and anchor points on telescoping steel fence
posts at a height sufficient to allow deer or elk to pass under
the cable. In most cases, this resulted in the extension cable
being at a height of about three meters or more above the
ground surface. While necessary to protect the extension
cables from wildlife, this method of mounting the extensom-
eters unavoidably introduced the possibility of greater noise
in the measurements from other environmental factors. Any
tilting or wobbling of the fence posts would result in appar-
ent movement. In addition, because the extension cable is
exposed, the instrument readings are subject to noise caused
by wind, rain, ice, and snow loading on the cables. There-
fore, interpretation of changes in extensometer readings
requires careful evaluation of weather conditions at the time
of the reading changes. Typically, adverse weather conditions
result in abrupt, temporary changes in readings rather than
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gradual, permanent changes that would be expected from
landslide reactivation.

Wind-blown deadfall from burned trees impacted exten-
someter cables six times during fall 2005 through spring 2006.
These occurrences caused displacement in extensometer read-
ings that was rapid and of significant, but finite, distance. This
displacement pattern suggested deadfall or equipment mal-
function. USGS scientists or J. Ey (FWCD) evaluated each of
these occurrences and removed extension cables from beneath
deadfall, removed hanging branches from extension cables,
and reset the extensometers. We experimented with installa-
tion of extension cables through flexible metal conduit run
along the ground (C-2 and C-3) to address the deadfall issue.
Deadfall occurred on the conduit-encased extension cables
and did not result in problems. However, ice formed within
the conduit during the winter and caused displacement of both
CETs and cable breakage at C-3. This cable was repaired on
April 9, 2006.

Long signal cable runs, necessary to connect the widely
spaced extensometers to the datalogger, created additional
problems. These long runs resulted in electrical noise appear-
ing in extensometer readings. In addition, unprotected signal
cables were subject to damage from rodents chewing through
the cable insulation. Rodent damage was experienced on some
of the signal cables after installation; the signal cable from C-5
was fully severed by rodents within a few days of installation.
The cable was repaired on June 22, 2005. The signal cables
from extensometers C-1, C-2, C-3, and C-6 were subsequently
run through flexible metal conduit. Extensometers C-4 and
C-5 should be relocated and equipped with remote power and
dataloggers (see below); hence, their signal cables were not
run through metal conduit.

Shallow Ground-water Monitoring

Vibrating-wire piezometers manufactured by Slope
Indicator, Inc. were installed at two locations, P-1 and P-2,
within one of the active areas of the landslide complex (pl.

1). The vibrating-wire piezometers have a range of 345 kPa
(50 psi), and a manufacturer’s stated accuracy and resolution
of 0.1 percent and 0.025 percent of full-scale, respectively.
The piezometers are also equipped with built-in thermistors
for monitoring ground-water temperature, or soil temperature
in the absence of ground water. Piezometer 2 malfunctioned
upon installation and was replaced on November 16, 2005.
The piezometers were installed just above the contact between
colluvium and bedrock in hand-augered holes. This contact
was generally at a depth of about 1.5 m. No standing ground
water was encountered in the augered holes at the time of
instrument installation, and the holes were backfilled with
compacted colluvium. The drilling and piezometer installation
process disturbed ground-water conditions at the piezometer
locations for several days to weeks. This disturbance and
observed drying of colluvium that was already occurring
resulted in the piezometers not detecting ground water during
spring 2005.



10 Assessment of Landslides Along the Florida River Downstream from Lemon Reservoir, La Plata County, Colorado

Episodic Displacement Monitoring

Installation and Distribution of Monitoring Points

During September 2005, 14 monitoring points were
installed on the landslide complex, and one was installed
about 800 m east of the complex to provide survey control
(pl. 1, eastern control monument is outside of the area shown
on the plate). Each monitoring point consists of a 60-cm-long
mason spike driven so that about 3-6 cm of the spike pro-
trudes above the ground surface. The top of each spike was
fitted with a stamped aluminum cap. We attempted to evenly
distribute the points on the landslide complex, while also
maintaining a clear view to the sky (including broad horizon
view) from each point. A clear view to the sky is necessary
for reliable acquisition of GPS signals. We utilized GPS for
surveying the monuments, although they could also be sur-
veyed using a theodolite or other techniques. It was quite dif-
ficult to install all monuments on the landslide complex with
a clear view to the sky because of the steep slope and variable
tree cover. Because of these problems, long field occupations
(greater than one hour) were required while GPS surveying
some of the monitoring points.

GPS Background and Field Work

GPS has been previously described (for example, Leick,
1990; Van Sickle, 1996) and application of GPS to landslide
assessment has also been described elsewhere (for example,
Jackson and others, 1996; Gili and others, 2000; Malet and
others, 2002; Coe and others, 2003). Therefore, we only
briefly describe the equipment, methods, and processing tech-
niques used at the Florida River landslide complex.

All monitoring points were surveyed using Ashtech Z-
12 and Z-Surveyor, dual-frequency receivers equipped with
Ashtech geodetic or marine antennas. Rapid-static or static
GPS surveying with positioning relative to a base station
with known location was used for all points. We used three
receivers for the September 2005 survey; one receiver was
positioned at a reference base station (CP1), and two receivers
roved to points on the landslide complex. Like the monitor-
ing points, base station CP1 consists of a mason spike and a
stamped aluminum cap. The coordinate position of CP1 was
determined by a static-GPS survey on September 27, 2005
using a USBR Control Station (Station Designation RTAB,
located near the west abutment of Lemon Dam about 2 km
northwest of the landslide complex) as a reference base sta-
tion. The monitoring points have been surveyed only once so
they have yet to provide data regarding ground displacement.

GPS Post-processing

All GPS data were processed using Ashtech Precise
Navigation (PNAV) software, v. 2.4.00M. Baselines and
point positions were calculated relative to CP1 for each of the
measured monitoring points. Baselines were all less than 2 km
long; thus, we did not remove ionosphere delay of the GPS
signal as part of the processing. Standard errors of computed

point positions were derived from PNAV and were less than
1.5 cm in horizontal and 2.5 cm in vertical.

After processing, coordinate positions for all measured
points were transformed into the North American Datum of
1983 and then projected into the Colorado State Plane, South-
ern Zone, coordinate system using Ashtech’s PRISM software.
Ellipsoid heights were transformed into heights in the North
American Vertical Datum of 1988 using PRISM software and
the GEOID96 model provided by the U.S. National Geodetic
Survey. Coordinates and standard errors of monitoring points
are presented in table 1.

Observations

Landslides within the Florida River landslide complex
range from active shallow landslides in colluvium to dormant
deep landslides primarily in bedrock. The activity levels of the
landslides appear to be highly dependent on short- to long-
term climatic conditions.

Climate

Landslide activity observed during April and May 2005
correlated temporally with rapid melting of a deep, wet snow
pack. Figure 5 shows Lemon Dam climate data for water year
2004, which includes the April and May 2005 period of land-
slide activity. The amount of water accumulated as snowfall
can be estimated for a given period by subtracting the cumula-
tive precipitation value corresponding to the beginning of the
period (fig. 5) from the value corresponding to the end of the
period, assuming that no snowmelt occurred during the period.
Using this method, over 44 cm of water accumulated as snow
by the time the snow pack began its final melt off on February
20 (fig. 5). About seven additional centimeters of precipitation
fell as snow during the last two weeks of March. The snow
pack completely melted by April 13.

Figure 6 shows precipitation data for water year 1983,
which, by comparison with the other water years during the
period of record (fig. 3, 1982-2005), approximately represents
average conditions through April. During this typical year,
about 29 cm of precipitation fell as snow by the time the snow
pack began its final melt off beginning in the middle of Febru-
ary, compared to over 44 cm that fell during this period of
water year 2004. Final melting of the snow pack during water
year 1983 occurred gradually from the middle of February
through the end of March (fig. 6).

Water year 2004 was significant because of the relatively
great amount of water released by snowmelt over a relatively
short time; however, other years during recent history have
been similar. For example, a total of about 48 cm of water
was released from snow during the water year 1992 snowmelt
period of late February through mid-April (fig. 7), which
results in a snowmelt intensity similar to that of water year
2004. In contrast, water year 2005 experienced below-average
precipitation and relatively insignificant snowmelt (fig. 2).



Table1. Survey monument coordinates and standard GPS error'.

Observations

1"

Monument Northing / Standard deviation (ft)  Easting / Standard deviation (ft)  Elevation / Standard deviation (ft)
CP1 1,261,459.351/0.023 2,374,688.364 / 0.020 8,688.163 /0.036
MP1 1,263,739.601 / 0.020 2,372,714.919/0.026 8,752.62570.030
MP2 1,263,955.845/0.023 2,372,066.194 / 0.026 8,387.624/0.033
MP3 1,263,483.117 7 0.020 2,372,061.092 /0.020 8,382.903 /7 0.026
MP4 1,263,167.037 / 0.023 2,371,826.013/0.020 8,374.225/0.033
MP5 1,262,805.809 / 0.036 2,371,738.880/0.026 8,387.490/0.072
MP6 1,262,352.691 / 0.030 2,371,514.670/ 0.023 8,316.085 /7 0.039
MP7 1,262,005.547 / 0.023 2,371,116.063 / 0.020 8,153.191/0.030
MPS 1,261,600.037 0.023 2,371,253.225/0.026 8,203.624 /0.039
MP9 1,262,048.730 /7 0.020 2,371,733.201 /0.023 8,427.280/0.030
MP10 1,262,781.110/0.023 2,372,310.240/ 0.023 8,606.969 / 0.039
MP11 1,263,850.103 / 0.023 2,371,616.527 /0.020 8,094.897 7 0.039
MP12 1,264,509.078 / 0.033 2,372,593.072 /0.023 8,293.713/0.036
MP13 1,262,509.151 /7 0.026 2,370,941.846 / 0.023 7,990.238 / 0.043
MP14 1,261,428.656 / 0.023 2,371,076.653 /0.033 8,110.937/0.052

'Coordinates are in NAD 83, Colorado State Plane Southern Zone, US foot projection

Through April 30 of water year 2005, 74 percent of average
precipitation had fallen and only 8 cm of precipitation was
released during final spring snowmelt.

Bedrock

Bedrock units are exposed in several locations within the
landslide complex. Bedrock displaced by landslide movement
is properly called landslide debris but will be referred to herein
as bedrock for simplicity and clarity. Bedrock units evaluated
in and near the landslide complex are typically white to tan
to gray sandstone with minor amounts of greenish gray and
grayish red shale and variably colored conglomerate. Bedrock
units shown on plate 1 are those of Carroll and others (1997).

Sandstone evaluated both within and outside of the
landslide is generally moderately strong to strong, hard to very
hard, and little to moderately weathered (Naval Facilities Engi-
neering Command, 1986). There are a few beds of sandstone
that are weak and friable, but these are of limited extent. Sand-
stone beds are usually little fractured (0.3-1 m fracture spacing)
to massive (> 1 m fracture spacing). Shale beds observed inter-
mittently in an 85-m-thick bedrock exposure are typically less
than a meter thick and spaced several to tens of meters apart.
Shale is generally friable to weak, of friable to low hardness,

little to moderately weathered, and closely fractured (0.03-0.15
m fracture spacing) to crushed (< 0.03 m fracture spacing).

Bedding orientations are quite similar both within and
outside the older landslide, with strike generally east-west and
dip to the south between 9 and 16°. Bedding orientation in
the plane of section is indicated on the geologic cross sections
(pl. 1) whereas bed thicknesses are exaggerated on the cross
sections; bedding shown on the cross sections is meant to only
represent bedding orientation.

Two generally consistent fracture sets were observed
within all bedrock units near and within the older landslide (pl.
1). As with bedding planes represented on the geologic cross
sections, fractures shown on the cross sections represent fracture
orientation in the plane of section but not fracture spacing.

The more pervasive fracture set generally strikes northwest-
southeast and dips between 68° to the south and 85° to the
north. The other fracture set has generally northeast-southwest
strike and vertical dip. Fracture spacing ranges from about a
centimeter within shale beds to greater than one meter within
well-indurated sandstone beds. Most fractures are closed and
filled with up to about one centimeter of deeply weathered rock.
Several fractures were observed to be open up to about five
centimeters. Open fractures were generally observed in larger
outcrops and near the slope face.
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Figure 5. Climate data measured at Lemon Dam, October 1, 2004 — September 30, 2005. Data obtained from the Western Regional Climate Center, Desert

Research Institute.
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Surficial Deposits

Surficial deposits were observed and evaluated at the
ground surface, in exposures created by recent landslide activity,
within exploratory pits, as samples obtained from hand-augered
boreholes, and in logs of water wells constructed by others
along the Florida River valley floor.

Alluvium

Surface exposures and well records indicate that alluvium
in the Florida River valley consists mainly of boulders and
gravel with some sand. Earlier water-well drilling encoun-
tered alluvium to depths of 6-24 m, below which bedrock was
encountered. The depths of alluvium observed during water-
well construction are consistent with those shown on cross
section A-A’ (pl. 1).

Colluvium

As with bedrock descriptions, colluvium displaced by
landslide activity is properly called landslide debris but will be
referred to herein as colluvium for clarity and simplicity. Most
of the slope on which the landslide complex occurs is mantled
by colluvium (pl. 1). The colluvium exposed in cavities created
by recent landslides and during our subsurface explorations is
generally 2 m deep and consists of clayey, silty sand with little
gravel and boulders (American Society for Testing and Materi-
als, 2002, test method ASTM-D2488). In a few areas, boulder
content in the colluvium is probably as high as 80 percent.
Colluvium is generally less than about a meter thick along the
older landslide headscarp (pl. 1). In general, the colluvium is
loose to medium dense with moderately plastic fines (silt and
clay). About 10 percent of the boulders observed within col-
luvium inside of the landslide complex are slickensided; they
have polished and striated surfaces that resulted from friction
along a fault plane (Bates and Jackson, 1987).

During the summers of 2005 and 2006, colluvium was
generally observed to be moist; however, in spring 2005 it was
generally wet to saturated at the ground surface and to its full
depth (where exposed). Ground water appeared to be perched
within colluvium on underlying bedrock. The saturated to wet
condition of most colluvium extended into June 2005 and was
observed in a few isolated locations throughout summer 2005
and during May 2006. The most significant concentration of
surface water and ground water within colluvium, based on
observations made at the ground surface, occurred around the
easternmost active landslide (pl. 1). Sources of surface water
were generally snowmelt, broad ground-water seepage zones,
springs from the walls of cavities created by recent landslide
movement, and springs from the toes (downslope ends) of
recent landslides. In addition, a significant artesian spring was
observed issuing from sandstone bedrock upslope from the
easternmost landslide (immediately downslope of “datalog-
ger”, pl. 1). Discharge from this spring was as high as approxi-
mately 110 m*d, with observed flow highest during late April
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2005 and decreasing consistently until it ceased in June 2005.
The flow from this spring ponded on the south end of the large
topographic bench located immediately downslope (pl. 1).
The spring and ponding on this bench probably contributed to
the greater apparent saturation observed in colluvium located
downslope, such as at the easternmost active landslide. In con-
trast, the spring was observed to be inactive during and soon
after spring 2006 snowmelt.

Shallow Landslides

We identified and mapped the complete boundaries of
19 shallow landslides and the headscarps of two additional
shallow landslides within the Florida River landslide complex,
all of which appeared to be active during spring 2005 (pl. 1).
Three of these active landslides are located along the southern
part of the older landslide headscarp (pl. 1) while the other 18
are located within the body of the older landslide. Other small
landslides may be located along the steep southern part of the
headscarp of the older landslide but were not visible on aerial
photographs or during limited field study; field study was
limited in this area due to the steep slope and an abundance of
vertical and overhanging loose rock. Mapped active land-
slides are either translational landslides that moved less than
a few meters along discrete shear surfaces (nine landslides)
or ground failures that essentially liquefied during translation
and mobilized as debris flows that moved between 12-250 m
downslope (12 landslides) (pl. 1).

Active translational landslides were identified from
headscarps along landslide heads (upslope ends), thrust faults
along landslide toes (downslope ends), and pressure ridges,
pull-apart basins, and lateral displacement along landslide
margins. Debris flows were identified from the cavities they
created and flow deposits located downslope. Figures 8-10
show features of some of the translational landslides, while
figures 11-12 show some of the debris-flow features. Nine
debris flows mobilized from within translational landslides,
whereas three landslides completely mobilized as debris flows
(pl. 1). Based on surface morphology of active landslides and
the subsurface exposures they created, it appears that the land-
slides generally involved the full depth of colluvium and slid
along the contact between colluvium and bedrock, which is
generally at a depth of about two meters. Debris-flow volumes
range between 150-1,500 m®, whereas translational-landslide
volumes range between 2,000-35,000 m>.

Movement of the active landslides was first observed by
area residents on April 8, 2005 (M. Radosevich, pers. com-
mun., 2005). Landslide activity appeared to continue sporadi-
cally into late May 2005. Our observations and those of area
residents suggest that colluvium involved in the landslides was
mostly to entirely saturated at the time the landslides initiated,
presumably by infiltration of snowmelt. Figure 13, which pres-
ents climate data from Lemon Dam for the period of February
20-April 16, 2005, shows that snowmelt preceded landslide
activity and was nearly complete when landslides were first
observed on April 8. Measurable landslide activity appears to
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have stopped by the time our extensometers began obtaining
reliable readings on June 22, 2005, and no landslide displace-
ment has been detected by the extensometers as of July 14,
2006 (fig. 14). Apparent displacements suggested by exten-
someter reading changes shown on figure 14 are due to several
factors. Extensometer reading fluctuations of a few centimeters
or less are generally due to diurnal atmospheric fluctuation.
Apparently instantaneous, large displacements suggested

by the extensometers on figure 14 are either due to tree fall
across extension cables and repair of such damage, or are false
displacements due to long signal cable runs, rodent damage to
signal cables, or atmospheric conditions. Gradual displacement
measured by C-2 and C-3 during fall 2005 and winter 2005/06
was apparently due to formation of ice around extension cables
that were encased within flexible metal conduit.

Ground-water conditions detected by our piezometers
within the easternmost active landslide are shown on figure 15.
The pressure head results shown on the figure have been modi-
fied from instrument output to account for instrument eleva-
tion and temperature. Expressed as pressure head and consid-
ering the installation method of the piezometers, the pressure
head results (fig. 15) are approximately equivalent to the
saturated thickness of the colluvium at the piezometer loca-
tions. The piezometers indicated an absence of ground water
within colluvium until March 6, 2006. The head fluctuation,
generally from -0.1 to 0.1 prior to March 2006, appears to
correlate with atmospheric pressure fluctuations measured at

the Durango — La Plata County Airport. The increases in pres-
sure head first to 0.4 m measured by P-1 on March 6, 2006,
and then to 1.0-1.1 measured by both piezometers during the
first week of April 2006 follow a period of warming in late
February and then steady warming in mid-March that resulted
in snowmelt. The February snowmelt released about 8§ cm of
water and the March snowmelt released about 11 cm of water.
In addition to the shallow landslides described above,
we observed a few isolated rockfalls along the southern part
of the older landslide headscarp. These rockfalls had volumes
of less than a few cubic meters each and traveled only a few
meters. The rockfalls appear to be of variable age; only one
rockfall appeared to be recent and this is located at the head of
an active shallow landslide located near the south end of the
landslide complex.

Deep Landslides

The shallow landslides described above cover a signifi-
cant part of the surface of the large older landslide that com-
prises the bulk of the Florida River landslide complex (pl. 1),
but they only account for a very small part of its volume. Deep
landslides (used here to refer to landslides that extend beneath
colluvium into bedrock) have occurred within the landslide
complex; the largest is the older landslide (pl. 1). This older
landslide has a generally easily identifiable head due to the
topographic bench it created, as illustrated by geologic cross

Figure 8.

Head of a translational landslide that was active during spring 2005 within the Florida
River landslide complex. Headscarp in upper part of photograph is 3.2 m high.
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Figure 9. Lateral shear zone along the margin of a translational landslide that was active during
spring 2005 within the Florida River landslide complex. Landslide is on the right side of the ground
fracture. Trees along shear zone are about 0.3 m in diameter.

Figure 10. Toe of a translational landslide that was active during spring 2005 within the Florida
River landslide complex. The toe is thrusting over the leaning tree that is about 0.4 m in diameter.
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Figure 11.  Deposit of a debris flow mobilized from a shallow landslide that was active during
spring 2005 within the Florida River landslide complex.

Figure 12.  Source area, flow track, and part of a deposit of a debris flow mobilized from a
shallow landslide that was active during spring 2005 within the Florida River landslide complex.
Trees are 0.1-0.3 m in diameter.



section A-A’ (pl. 1) and figures 16-17. The older landslide
essentially has no left margin (when viewed in downslope
direction) as the landslide head and toe meet at an acute angle.
The right margin is difficult to identify beyond the landslide
head, which is not uncommon in the absence of geologic
exposures or recent ground displacement. The older landslide
toe was generally mapped at the slope toe, except where a col-
luvial apron apparently formed following landslide movement.
The approximate subsurface geometry of the older landslide
was estimated from morphologic conditions and by construct-
ing 18 geologic cross sections (for example, cross sections
A-A’ and B-B’, pl. 1). The landslide covers an area of 490,000
m? and has an average thickness of 40 m. Much of the central
part of the older landslide is on the order of 50-70 m thick.
The volume of the older landslide is 1.97 x 107 m®.

The morphology of the head and headscarp of the older
landslide is very consistent along its length. The location
of the older landslide head relative to the top of the heads-
carp indicates that the older landslide translated downslope
approximately 150 m (measured horizontally) along a basal
rupture zone or surface that approximately parallels the ground
surface. The basal shear zone cuts across a 325-m section of
bedrock (measured vertically, cross section A-A’, pl. 1). This
is somewhat unusual because landslides in bedrock often rup-
ture along pre-existing planes of weakness, such as bedding
planes (for example, most of the landslides mapped in the area
by Blair, 1977 occur along bedding planes). The basal rupture
of the older landslide within the Florida River landslide
complex may have initially utilized fracture surfaces as planes
of weakness, but still had to shear through presumably intact
rock (cross sections A-A’ and B-B’, pl.1). The older landslide
headscarp is generally inclined 31-37° and is covered by
slickensided boulders. These boulders were probably located
within the basal shear zone of the landslide and were exposed
by landslide displacement along the headscarp. The highest
part of the head of the landslide deposit is the flattest and con-
tains a few shallow closed depressions near EP-1 (pl. 1).

Rock exposed in the lower part of the older landslide and
near its toe show characteristics consistent with outcrops located
elsewhere within the landslide and outside its boundaries, sug-
gesting that little rotation occurred during landslide displace-
ment. Slope inclination near the landslide toe is slightly steeper
than at mid-slope and colluvial aprons occur along the slope toe;
small landslide scars appear to have formed this steeper area
and the deposits of these small landslides appear to have formed
the colluvial apron (for example, see cross section A-A’, pl. 1).
These small landslide features, the amount of displacement that
occurred at the landslide head, the geologic history of the area,
and the lack of apparent landslide debris encountered by water
well construction along the Florida River valley floor suggest
that the older landslide occurred through nearly the present day
slope toe and translated across the valley floor. Landslide debris
along the valley floor was subsequently eroded by the river. An
inferred profile of the older landslide soon after it was active is
shown on cross section A-A’ (pl. 1). The volume of landslide
debris shown on the valley floor on the plate is consistent with
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the volume displaced at the landslide head. It appears that
approximately 8.4 x 10° m? of landslide debris have been eroded
by the Florida River.

Earlier movement of the older landslide created fresh expo-
sures of rock along the headscarp and a relatively flat bench
with some closed depressions along the head of the landslide.
EP-1 was excavated to a depth of 1.6 m within a closed depres-
sion located at the head of the older landslide deposit (pl. 1).
This pit revealed several layers of organic-rich, fine-grained,
and sandy sediment upon apparent sandstone bedrock. Charcoal
was interspersed throughout much of the sediment. Charcoal
samples obtained from the bottom of the pit returned a "“C age
of 1,670 +/- 40 years before present, which provides a cali-
brated age (CALIB, Stuiver and Reimer, 1993) of 1,424-1,696
years before present (two-sigma range). This is an approximate
minimum age of the older landslide; there may have been a
significant amount of time following initial landslide movement
during which sediment was not deposited at the pit location, or
our pit may not have reached the bottom of sediment deposited
since landslide movement. A charcoal sample obtained from the
top of the basal sediment layer exposed in the pit was also sub-
mitted for radiocarbon age determination. This sample returned
a “C age of 195 +/- 35 years before present, which provides a
calibrated age of present day to 305 years before present (two-
sigma range). Younger radiocarbon samples such as this cannot
be calibrated with a great degree of certainty because of 20"
century atmospheric pollution (for example, Trumbore, 2000).

Several areas within the older landslide have features
suggestive of now dormant secondary landslide movement,
that is, landslide activity that post-dates movement of the older
landslide. These features include hummocky areas and appar-
ent headscarps and landslide margins. The southern one-third
of the older landslide appears to have moved as several large
landslides after the initial older landslide became dormant,
and these secondary landslides appear to have involved rock
that underlies colluvium. The apparent headscarps of several
apparently dormant shallow landslides were observed near the
group of northern active landslides, and features suggestive
of debris-flow activity were observed in this area in the 1966
aerial photographs. In addition, many of the standing dead
trees in the north central part of the older landslide have trunks
with upslope curvature, which may indicate past landslide
activity or soil creep.

We installed two extensometers across the head of the
older landslide (C-1 and C-6, pl. 1). We installed C-4 to evalu-
ate potential reactivation of a large part of the older landslide.
These extensometers have recorded no apparent landslide
movement (fig. 14).

Discussion

Shallow Landslides

The steep slopes and the characteristics of colluvium and
underlying bedrock present within the Florida River landslide
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Figure 14. Extensometer (CET) data measured within the Florida River landslide complex, May 22, 2005 — July 7, 2006.
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Figure 16.  Virtual view to the southeast of the Florida River landslide complex. The older bedrock landslide is
outlined in yellow and shallow landslides active during spring 2005 are outlined in white. View was created using
a GIS by draping an orthophotograph and digital line graphs of mapped landslide boundaries onto the DEM.

Figure 17.  Virtual view to the northeast of the Florida River landslide complex. The older

bedrock landslide is outlined in yellow and shallow landslides active during spring 2005 are
outlined in white. View was created using a GIS by draping an orthophotograph and digital
line graphs of mapped landslide boundaries onto the DEM.
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complex are conducive to the formation of shallow landslides.
The potential for shallow landslide generation was increased
by the 2002 Missionary Ridge wildfire. This fire caused the
death of many trees on the hillside and an accompanying
decrease of tree-root strength in colluvium, an increase in
precipitation that reaches the ground surface, and a decrease in
transpiration by vegetation. These latter two effects may have
resulted in increased ground-water levels that could trigger
landslides, while the decreased effective soil strength increased
the potential for landslides. The causative effects of the fire on
landslides may continue for perhaps another 20 years (DeGraff,
1997). Possible fire effects on landsliding within the landslide
complex may best be illustrated by comparing precipitation and
snowmelt records for water years 1992 (fig. 7) and 2004 (fig.
5). These 2 yrs had nearly equivalent releases of water during
snowmelt, yet no landslides were reported during spring 1993
compared to the nearly two-dozen that occurred during spring
2005. In addition, three shallow landslides with approximate
volumes of 30,000 m? each, located on the hillside southeast of
the left abutment of Lemon Dam, were activated during spring
2005. All these landslides occurred within areas burned by

the Missionary Ridge fire; they are surrounded by areas little
burned to unburned that lack landslides.

The type of shallow landslides within the landslide
complex may experience alternating periods of activity and
dormancy over many years. Some may go dormant and not
reactivate, such as some apparently dormant shallow land-
slides located in the north-central part of the landslide complex
that did not reactivate during spring 2005. Others may readily
reactivate. The activity state of shallow landslides depends
on local ground-water and loading conditions. Changes in
loading typically require some outside influence such as
earthwork operations or stream erosion, although landslide
movement and debris-flow generation can greatly alter loading
conditions. Changes in ground-water pressures are the most
probable triggers of future shallow landslide activity within
the landslide complex. Two snowmelt events that released 8
and 11 cm of water during late winter and early spring 2006
caused about a one-meter increase in ground-water level
within the easternmost shallow landslide, but was apparently
insufficient to reactivate the landslide.

Rainfall, as well as snowmelt, can cause increased
ground-water pressures that result in landslide activity. Assum-
ing that little snow melted, evaporated, or sublimated during
winter 2004/05, spring 2005 snowmelt released approximately
45 cm of water during the 47-day snowmelt period of Feb-
ruary 20 - April 8, 2005. These data provide an estimated
snowmelt threshold and first approximation of the equivalent
rainfall needed to result in shallow landslide formation within
the landslide complex, assuming that all spring 2005 snow-
melt infiltrated colluvium and that all future snowmelt and
rainfall would as well. The 100-yr, 24-hr rainfall maximum
(U.S. Department of Agriculture, 1967) for the landslide
complex area is expected to be about 9 cm. Colluvium within
the landslide complex probably has a saturated hydraulic
conductivity on the order of 9 - 900 cm/d (Fetter, 1994, p.

98); so, assuming colluvium is moist to saturated, all rainfall
from a 100-yr storm should infiltrate the hillside. Therefore,
given the assumptions made here, it is reasonable to assume
that rainfall totals greater than 30 cm in one month may result
in formation of new landslides within the landslide complex.
The maximum 30-day rainfall total recorded at Lemon Dam
since spring 2005 through May 2006 was 16.6 cm and the
maximum since 1982 was 22.7 cm. It is important to note that
this approximate rainfall or snowmelt intensity of 30 cm/
month that could potentially trigger shallow landslide activity
is based on records for just one landslide event. Conditions
prior to that event or future events are unknown. Ground water
already present within colluvium combined with infiltration
from lower rainfall intensities and durations than those given
here could result in formation of new shallow landslides. The
duration of rainfall or snowmelt necessary to increase ground-
water levels sufficiently to trigger landslides is especially
unclear. For example, the potential for shallow landslide activ-
ity triggered by snowmelt comparable to that of spring 2005
but occurring over a longer period is unknown.

Given that shallow translational landslides within the
landslide complex typically are located far from residential
structures, utilities, CR-243, and the Florida River, their move-
ment poses little risk. However, these landslides commonly
partly or wholly mobilize into debris flows. At this site debris
flows can injure or kill humans, damage or destroy residential
structures, CR-243, and utilities (mainly those located above
ground), and could deposit debris in the Florida River. Position
on the slope of the debris-flow source and debris-flow volume
largely control the travel distance and velocity of debris flows,
with larger debris flows on steeper slopes being more prone to
travel farther at greater velocity. It appears likely that signifi-
cant (above-average) snowmelt and rainfall events during the
next two decades will trigger shallow landslides and debris
flows within the landslide complex at a rate above that for
unburned areas. These landslides and debris flows will prob-
ably be similar to those that occurred recently; however, only
slightly larger debris flows than the recent flows could cause
significant damage to residential structures and flow across
CR-243 to the Florida River. The volumes of future individual
debris flows will probably be less than about 5,000 m®.

An additional type of shallow landslide present within the
landslide complex is rockfall from steeper parts of the hillside.
Recent wildfire is unlikely to greatly increase the potential for
this type of landslide. These topple and fall failures are local-
ized when they occur and pose hazards mostly to humans in the
immediate area. Residential structures located at the southern
end of the landslide complex could conceivably be impacted by
larger rockfalls than those that have been observed, although
there appears to be a low potential for this to occur.

Deep Landslides

As with shallow landslides, deep landslides may expe-
rience alternating periods of activity and dormancy. The
deep older landslide described herein is presently dormant.



It appears that rising ground-water levels triggered previous
activity of the older landslide; the older landslide may have
occurred about 1,424-1,696 yrs ago and palaeoclimate studies
have found that the climate in the area was wetter between
about 2,650-1,250 yrs ago (Toney and Anderson, 2006). Wet-
ter climatic conditions likely resulted in elevated ground-water
levels. Slope-toe erosion that occurred about 11,000 yrs ago
during glacial melt off (Atwood and Mather, 1932) probably
changed slope-loading conditions and may have resulted in

an inherently unstable slope that failed as ground-water levels
rose during the wet period of 2,650-1,250 yrs ago. Renewed
movement of the older landslide may be similarly triggered by
changes in loading or rising ground-water pressures. Signifi-
cant changes in loading of the older landslide are unlikely,
given its location and the dam-controlled flow of the Florida
River. Future climatic conditions will largely control ground-
water conditions.

Little is known about the generation of deep landslides
following wildfire. Soil reinforcement by tree roots has very
little effect on large deep landslides so the decrease in root
strength caused by the death of trees may not affect deep
landslides. However, the loss of trees and other vegetation can
result in increased ground-water levels because of the reduction
of vegetation-related evapotranspiration (Cannon and others,
1998). Wildfire-dating activities in the nearby Los Pifios River
basin identified a wildfire 1,610 +/- 60 “C years before present
(J.D. Frechette, University of New Mexico, written commun.,
2006; Gonzales and others, 2003; Gonzales and others, 2005).
This fire may have been the same as that which produced the
charcoal we used to estimate the minimum age of the older
landslide (1,670 +/- 40 'C years). If so, a relatively wide-
spread wildfire occurred prior to the older landslide. Any direct
relationship between this wildfire and generation of the older
landslide cannot be established with available data.

Upon slope failure, the older landslide probably crossed
the valley floor quickly (less than several weeks, possibly
within seconds) because the basal rupture of the older land-
slide cuts through many layers of rock. Landslides in rock
often feature rapid, long runout because there is a significant
decrease in rock strength once the rock is broken during fail-
ure. This strength decrease leaves the landslide with less-stable
strength conditions than the hillside had prior to formation of
the landslide. Erosion of landslide debris from the valley floor
significantly changed loading conditions in the older landslide
debris. The resulting configuration of landslide debris, without
landslide debris to buttress the landslide toe, is likely less
stable than prior to erosion.

Evidence that the older landslide dammed the Florida
River is circumstantial. The landslide appears to have trans-
lated completely across the Florida River valley floor. If so,
landslide debris dammed the Florida River and was subse-
quently eroded from this area by stream flow. The size, dura-
tion, and release characteristics of any water impoundment
formed upstream of the landslide debris dam are unknown.
Some landslide impoundments fail very rapidly, resulting in
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rapid impoundment drawdown and downstream flooding,
while others fail gradually (Costa and Schuster, 1988).

The potential deep, secondary landslide area in the south-
ern part of the older landslide does not have characteristics
that strongly suggest a second episode of deposition of land-
slide debris across the Florida River valley floor. Secondary
landslides may have occurred here, crossed the valley floor,
and were subsequently eroded from this area. Alternatively,
the southern end of the older landslide may have moved as
several large blocks somewhat independently but contempo-
raneously with the older landslide resulting in one episode of
landslide deposition on the valley floor. Also unclear are the
boundaries of individual potential secondary landslides. The
entire potential secondary landslide area involves about 7.7
x 10% m? of landslide debris and an additional 3.9 x 10° m? of
debris may have been eroded away by the river. As with the
older landslide, rising ground-water levels probably triggered
movement of potential secondary landslides from the southern
part of the older landslide.

Future deep landslides will probably be triggered by
rising ground-water pressures, because significant changes
in hillside loading seem unlikely. However, any proposed
earthwork on the hillside or excavations along the valley floor
involving more than a few thousand cubic meters could be
destabilizing. Evaluation of potential destabilizing effects is
not covered herein, but could be conducted by a registered
geotechnical engineer or engineering geologist. The Mis-
sionary Ridge wildfire will probably result in deep ground-
water pressures greater than would have existed had the fire
not occurred. The estimated time required for ground-water
pressure increases to occur at the base of the older landslide
following infiltration covers a broad range. For example, using
published hydraulic conductivity values for Entrada Sandstone
and the Morrison Formation (Frenzel and Lyford, 1982) and
a vertical downward ground-water flow gradient, we estimate
that spring 2005 snowmelt will affect ground-water pres-
sures at the base of the older landslide between 0.7-300 yrs
from when melt occurred. In the absence of detailed landslide
strength and hydrologic data, it is unknown whether ground-
water pressure increases resulting from spring 2005 snowmelt
will be great enough to trigger renewed deep landslide activity.

Future deep landslide activity will probably involve move-
ment along the base of the older landslide because this previ-
ously sheared area likely has much lower strength than that
of overlying, relatively unsheared rock and because regional
ground-water rise often results in ground-water pressure
increase first at relatively greater depth. Renewed landslide
activity along the existing basal rupture of the older landslide
should occur gradually because peak strength of the rock has
already been overcome. However, the La Conchita, California
landslide of January 2005 was a reactivation of a deep landslide
(although it may not have reactivated along the pre-existing
basal shear zone), yet it occurred very rapidly and destroyed
or damaged 36 homes and killed 10 people (Jibson, 2005).
Renewed activity of the older landslide could be indicated
by ground deformation (cracks, uplift, subsidence, horizontal
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offsets), distress to residential structures, CR-243, or utilities
located at the base of the slope, or the emergence of previously
unknown springs. Renewed landsliding could involve the entire
older landslide or significant parts thereof. Apparently wetter
conditions and the relatively greater inclination of the area near
cross section A-A’ (pl. 1) suggest that this area may be most
prone to partial reactivation, but the data are much too incom-
plete to estimate the potential for reactivation and its configura-
tion. Partial or complete reactivation of the older landslide could
result in volumes of landslide debris crossing the valley floor
that are similar to the volumes that appear to have crossed the
floor previously. Reactivated landslide debris would consist
mainly of large blocks (meters across) of rock with silty sand,
clayey sand, and gravel, and would likely be very unstable.
Excavation of landslide debris from the valley floor could be

a very dangerous operation and would likely cause additional
landslide movement.

Potential Additional Investigations

Shallow landslide activity and resultant debris flows will
likely continue within the Florida River landslide complex dur-
ing the next two decades and will probably follow periods of
significant precipitation and snowmelt. The potential for partial
or entire reactivation of the deep older landslide cannot pres-
ently be quantified or estimated with confidence. However, the
consequences of deep landsliding within the landslide complex
appear to warrant additional investigation. Possible additional
activities that could be undertaken to better understand the
potential for deep landslide reactivation are provided below.

Warning of incipient landslide movement and increased
understanding of future landslide activity, should it occur, can
be obtained by revising the monitoring system. Extensometers
C-4 and C-5 could be moved to areas across the southern part
of the older landslide headscarp and the southern second-
ary landslide area. Biaxial, electronic clinometers could be
installed on rock that underlies colluvium along the older
landslide head to detect extremely small variations in orienta-
tion and thus provide data indicating landslide reactivation that
would augment extensometer data. Clinometers and exten-
someters that are located more than about one-hundred meters
from the datalogger (C-4, C-5, and C-6) could be equipped
with remote power, dataloggers, and communication systems
with which to communicate with the master datalogger. These
remote systems should increase equipment reliability and reso-
lution. The survey monuments we installed (Table 1) could be
resurveyed on a regular basis to detect landslide movement in
areas not monitored by extensometers and clinometers.

Additional characterization of the age(s) of past
landslide activity could be undertaken. This characteriza-
tion would involve soil sampling and radiocarbon testing.
Samples could be obtained from the base of soil pits exca-
vated to permit clinometer installation. Radiocarbon test
results evaluated alongside results of previous climatic stud-
ies could provide better understanding of the potential for
future landslide activity by suggesting conditions resulting in

previous landslide movement episodes and the boundaries of
secondary landslides.

The nature of a potential future landslide-related
impoundment of the Florida River could be better understood
by identifying the size and nature of previous impoundment(s).
Characteristics of previous impoundments could be studied by
geologic mapping and subsurface exploration upstream from
the landslide complex to potentially identify the existence and
boundaries of lacustrine deposits, and mapping the lower part
of the slope opposite the landslide complex across the Florida
River to possibly identify the characteristics and extent of
landslide debris that may remain. Downstream areas could be
examined for features indicative of rapid failure of previous
impoundment(s), such as erosional features or changes in the
slope of the Florida River thalweg.

The boundaries and characteristics of deep secondary
landslides within the landslide complex could be better under-
stood by obtaining and evaluating large-scale stereoscopic
aerial photographs and topographic data derived from these
photos, or high-resolution topographic data (for example,
airborne or ground-based light distance and ranging [LIDAR]
data). High-resolution topographic data would also be needed
to accurately model the landslide complex.

Deep rock strength and hydrologic data from within the
older landslide could be obtained by constructing a series of
deep boreholes and ground-water monitoring wells across the
landslide area and by laboratory tests performed on samples
from these boreholes. Trenches or pits excavated into rock
could also provide useful subsurface data where landslide
debris is thin, such as at the landslide head or toe. Presum-
ably lower quality laboratory test results could be acquired
from tests of rock samples obtained from shallow boreholes,
trenches, or pits advanced into the landslide.

In the absence of additional data, two deep landslide
hazard mitigation alternatives seem reasonable to consider.
Should it occur, deep landslide activity will probably be
caused by ground-water levels that may increase in the future.
Therefore, construction of horizontal drains at the slope toe or
other devices to remove ground water from the older landslide
and underlying bedrock could reduce the potential for land-
slide generation or reactivation. In addition, hazards related
to damming of the Florida River by landslide debris might be
reduced by encasing river flow within structures designed to
withstand the loads imposed by potential landslide debris, or
by construction of structures designed to convey reservoir dis-
charge outside of the area that could be impacted by potential
future deep landslide activity. Landslide mitigation planning
could include a registered geotechnical engineer or engineer-
ing geologist to evaluate specific concerns.

Conclusion

Above-average snowmelt during spring 2005 triggered
nearly two-dozen landslides on a hillside located along the
east side of the Florida River about one kilometer downstream



from Lemon Reservoir in La Plata County, Colorado. Much
of the hillside where the landslides occurred was burned by
the 2002 Missionary Ridge wildfire. We assessed the landslide
activity and associated hazards at the request of the FWCD,
La Plata County, USBR, and the city of Durango. Our assess-
ment included geologic mapping, subsurface exploration and
sampling, radiocarbon dating, and shallow ground-water and
ground-displacement monitoring.

Landslides that occurred on the hillside during spring
2005 were generally shallow translational landslides involv-
ing colluvium moving along its basal contact with underly-
ing rock. Nearly all of the landslides partly to completely
mobilized as debris flows, some of which traveled as far as
the Florida River valley floor. Fast-moving debris flows are
capable of killing or injuring humans, destroying or damaging
residential structures, burying CR-243 and striking pedestrians
or vehicles, and depositing debris into the Florida River and
across the valley floor. The spring 2005 landslides were likely
triggered by elevated ground-water pressures that developed
as snowmelt infiltrated colluvium and perched upon underly-
ing rock. Landslide activity stopped as ground water drained
from the colluvium. Shallow landslide activity in the area was
probably more pronounced than in adjacent areas because of
the loss of tree root strength and reduced evapotranspiration by
plants on the hillside due to the Missionary Ridge fire. These
fire effects may contribute to shallow slope instability for
another two decades. Based on our observations and monitor-
ing results, we developed an approximate rainfall/snowmelt
threshold above which shallow landslide activity may be
expected. This threshold is based on only one event, so it
should not be relied upon for decision making. It appears that
new shallow landslides may develop following about 30 cm of
rainfall or snowmelt that occurs within about one month.

Landslides triggered during spring 2005 occurred within
a very large older landslide (19.7 million cubic meters) that
extends, on average, about 40 m into bedrock. This landslide
appears to be dormant and may have occurred about 1,424-
1,696 years ago. This time period was wetter than the previous
period, which may have caused increased ground-water pres-
sures thereby triggering the original landslide. Also, relatively
widespread wildfire may have occurred shortly before this
landslide formed, which could have contributed to deeper slope
instability by indirectly increasing ground-water pressures.
Once triggered, the landslide moved about 150 m and appears
to have blocked the Florida River valley floor with about 8.4 x
10% m? of landslide debris. Landslide debris may have tem-
porarily impounded the Florida River and was subsequently
eroded away, leaving the landslide with a potentially less stable
configuration. Characteristics of any past impoundment of the
river and failure of the impoundment are unknown. In addition
to this landslide movement episode, it appears that deep second-
ary landsliding may have occurred near the southern end of the
older landslide. Rock strength and ground-water conditions are
unknown within and beneath the older landslide; therefore, the
potential for future deep landsliding is unknown but is probably
lower than for future shallow landsliding.
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If continued, near real-time monitoring of shallow ground
water and localized ground displacement on the hillside could
provide notification of the onset of landslide activity, both
shallow and deep. The near-real-time displacement-monitoring
devices provide localized data mostly along the head of the
older landslide; hence, the survey monuments that we installed
across the entire older landslide should be episodically sur-
veyed and compared to past measurements to detect possible
landslide activity across a larger area. Additional assessment
activities could be undertaken to better understand the hazards
presented by the landslide complex. These activities could
include obtaining detailed topographic data and aerial pho-
tography, mapping to identify landslide debris and lacustrine
deposits formed within a potential former impoundment of
the Florida River, mapping secondary landslides, obtaining
additional ages of buried soils, construction of deep boreholes
and ground-water monitoring wells, laboratory testing, and
ground-water and slope-stability modeling.
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