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CONVERSION TABLE

Multiply SI units by To get inch-pound units
Length
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Gradient
meter per meter (m/m) 1.0 foot per foot (ft/ft)
Area
square meter (m?) 10.76 square foot (ft?)
Volume
cubic meter (m?) 35.31 cubic foot (ft?)
Flow
meter per day (m/d) 3.281 foot per day (it/d)
cubic meter per second (m®/s) 35.31 cubic foot per second (ft3/s)
Specific Weight
newton per cubic meter (N/m?) 0.00637 pound per cubic foot (1b/ft%)
Unit Stream Power
watt per square meter (W/m?) 0.0685 pound per second-foot (Ib/s-ft)

National Geodetic Vertical Datum of 1929 (NG VD of 1929): A geodetic datum derived from a general adjustment of the first-order level nets
of both the United States and Canada, formerly called mean sea level. NGVD of 1929 is referred to as sea level in this report.
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THE REACTIVATION OF THE MANTI LANDSLIDE, UTAH

By ROBERT W. FLEMING, ROBERT B. JOHNSON, and ROBERT L. SCHUSTER

ABSTRACT

The Manti landslide is in Manti Canyon on the west side of the
Wasatch Plateau in central Utah. In early June 1974, coincident with
the melting of a snowpack, a rock slump/debris flow occurred on the
south rim of Manti Canyon. Part of the slumped material mixed with
meltwater and mobilized into a series of debris flows that traveled
down the slope a distance of as much as 1.2 km. Most of the flows
were deposited either at the base of the steep rocks of the canyon rim
or at the site of an old, silted reservoir. A small part of the debris-
flow deposit stopped on the head of the very large, relatively inac-
tive Manti landslide. The upper part of the landslide began moving
as cracks propagated downslope. A little more than a year later,
August 1975, movement extended the full length of the old landslide,
and about 19 million m? of debris about 3 km long and as much as
800 m wide threatened to block the canyon.

The upper part of the landslide apparently had moved small amounts
between 1939 and 1974. This part of the landslide, identifiable on
pre-1974 aerial photographs, consisted of well-defined linears on the
landslide flanks and two large internal toe bulges about 2 km down-
slope from the head.

The abrupt reactivation in 1974 proceeded quickly after the debris
flows had provided a surcharge in the head and crown area. Move-
ment propagated downslope at 4-5 m/h for the first few days follow-
ing reactivation. During 1974, the reactivation probably encompassed
all the parts of the landslide that had moved small amounts between
1939 and 1974. Movement nearly or completely stopped during the
winter of 1974-75, but began again in the spring of 1975. The land-
slide enlarged from the flanks of the internal toe bulges to Manti Creek
at a rate of 2-3 m/h. Movement stopped again during the winter of
1975-76 and began again in the spring of 1976. Thereafter, the
displacements have been small compared to earlier.

The displacement rates for the landslide were variable depending
on where and when they were measured. At the waterline crossing,
about 500 m downslope from the head, the maximum rate was about
1 m/d, and the peak rate occurred within the first 30 days following
reactivation. Almost a year later, during the spring of 1975, the rates
there were 0.1-0.3 m/d. By the time movement had propagated 2.5 km
downslope to Manti Creek, more than 40 m of displacement had oc-
curred at the waterline.

Cracks were first noted at Manti Creek on June 21, 1975, but move-
ment was initially very slow there. The maximum rate of sliding of
about 3.1 m/d occurred during the period September 1-19, 1975, and
the movement decreased and stopped during the winter of 1975-76.
At the time the lower part of the landslide was moving rapidly, the
rate farther upslope was small. The result was that the landslide
changed from being in compression, which was caused by loading from

above, to being in extension, which was caused by the lower part mov-
ing faster than the upper part. One of the results of the extension was
that the landslide pulled apart on a steeper segment of the slope and
exposed the failure surface. Since the fall of 1975, the landslide has
been separated into two independent parts. There has been no move-
ment in the lower part, whereas movements in the upper part have
continued at a rate of a few meters per year.

Although the landslide is 6.5 km from the nearest permanent dwell-
ing, it cost nearly $2 million in actual damages and in preparation
for a major disaster that did not occur. The waterline for the city of
Manti was replaced and a well was drilled to provide an emergency
water supply.

INTRODUCTION

Large inactive landslides are a common feature in
much of the Western United States. Some of these land-
slides are large enough to be shown on the geologic
maps of entire States at scales of 1:500,000 or larger
(Tweto, 1979; Love and Christiansen, 1985). In Colo-
rado, an inventory of landslides by Colton and others
(1976) revealed that more than 8 percent of the State
is composed of landslide debris of different types. Yet,
despite the widespread presence of large inactive land-
slides, there are few published studies of reactivation
and (or) movement of these enormous masses (for ex-
ample, Crandell and Varnes, 1961; Vonder Linden,
1972).

Prior to the spring of 1974, the Manti landslide in cen-
tral Utah was just another of these very large inactive
landslides. In the spring of 1974, movement of a smaller
landslide, upslope from the Manti landslide, triggered
a reactivation of movement. The Manti landslide was
reactivated from head to toe for a length of about 3 km
on an average slope of 8°.

The U.S. Forest Service obtained nine sets of low-
altitude aerial photography of the landslide between
1974 and 1979. Several of the sets of photographs
were taken during periods of very active movement
when the landslide was enlarging from head to toe. This
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photography provides a basis for understanding how
the landslide became active and the way it enlarged.
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GEOLOGIC AND GEOGRAPHIC SETTING

The Manti landslide is on the west flank of the
Wasatch Plateau, the northernmost of Utah’s high
plateaus, and is situated in about the middle of the
State. The plateau is a major topographic divide be-
tween the Colorado River and the Great Basin, and
forms a gradational structural boundary between
typical Basin and Range structure to the west and the
structural plateaus to the east. The Wasatch Plateau
trends generally north-south, and east- and west-
trending creeks have incised canyons into the plateau
flanks. The east-trending canyons are much longer than
their west-trending counterparts and have been exten-
sively glaciated in their upper parts. The west-trending
canyons, of which Manti Canyon is typical, are probably
unglaciated and, by virtue of their shorter lengths, have
somewhat greater topographic relief. The crest of the
Wasatch Plateau ranges from 3,000 to 3,300 m in
altitude, and the major valleys to the east and west
(Castle Valley and Sanpete Valley) are between 1,500
and 1,800 m. Thus, the relief of the plateau is about
1,500 m.

Manti Canyon is located in about the middle part of
the Wasatch Plateau. The altitude of the upper or east
end of the canyon is about 3,170 m, and at the city of
Manti at the canyon mouth, the altitude is about
1,770 m. The canyon drains an area of about 88 km?.
Figure 1 shows the location of the Manti landslide
relative to other geographic features.

The drainage basin for Manti Canyon is crudely rec-
tangular in shape, with a maximum width of 7.1 km and
alength of 15.3 km. The canyon narrows abruptly near
its mouth to a width of less than 800 m.

From the mouth of the canyon to about 8 km up-
stream, Manti Creek occupies an asymmetrical V-shaped
canyon. Farther upstream, Manti Creek branches into
several smaller tributaries and the drainage pattern is
dendritic. In the lower, V-shaped part of the canyon, the
north-facing slopes are longer and gentler than the
south-facing slopes. In the upper part of the canyon, the
slopes are more symmetrical, and steepness is controlled
more by lithology than by slope aspect.

BEDROCK GEOLOGY

Only two bedrock formations are exposed in Manti
Canyon, the North Horn Formation of Late Cretaceous
and Paleocene age and the Flagstaff Member of the
Green River Formation of Paleocene and Eocene age.
The stratigraphy of both units has been described by
Washburn (1948), Spieker (1946), Robinson (1971), and
Fouch (1976); it is briefly summarized here. Almost
300 m of a total thickness of about 730 m of the North
Horn Formation is exposed in Manti Canyon. The best
exposures are along the south-facing side. Most north-
facing slopes are covered with unconsolidated debris,
particularly landslide deposits. The exposed portion of
the formation consists of varicolored, yellow, red, and
gray shale and sandstone underlying limestone and
shale of the Flagstaff Member.

The lithology of the North Horn Formation is typical
of fluvial and lacustrine deposits and, consequently,
varies drastically over short distances. The various lith-
ologies within the formation have not been correlated.
Washburn (1948) measured two sections of the North
Horn Formation in Manti Canyon and reported that,
in the nearly continuous exposures on the south-facing
slope of the canyon, none of the exposed beds persists
laterally with consistent lithology for more than several
tens of meters. In other parts of the canyon, local beds
of massive sandstone do persist for several hundred
meters. One measured section of 127 m, which was
described by Washburn (1948) as typical of the lithology
in the western part of the canyon, contained 50 percent
sandstone, 33 percent shale, 9 percent conglomerate or
conglomeratic sandstone, and 8 percent limestone. A
second section of 296 m, typical of the eastern part of
the canyon, contained 75 percent shale, 21 percent sand-
stone, 3 percent conglomerate, and 1 percent limestone.

The contact between the North Horn Formation and
the overlying Flagstaff Member is gradational in the
western part of the canyon and abrupt at the eastern
end of the canyon. For mapping purposes, Washburn
(1948) defined the upper limit of the North Horn For-
mation to include beds containing more than a trace of
clastic grains.













































THE REACTIVATION OF THE MANTI LANDSLIDE 17

SUMMARY OF DISPLACEMENT

Measurements of displacement were made from all
the sets of aerial photographs at three points and by
tape measurement in the field at two of the same three
points on the landslide. Results are summarized on
figure 13. The offset of the fenceline was measured on
both flanks of the landslide from aerial photographs and
by tape, and the displacement of Cottonwood Reservoir
was averaged from measurements on aerial photo-
graphs of several points on the old shoreline. The
changes in slope of the displacement-time curve on
figure 13 were drawn with the knowledge that the land-
slide moved most rapidly in the spring and slowed to
a very small amount of movement in the late fall and
winter. The data summarize the general movement
history of the landslide through 5 yr of activity.

The upper part of the landslide moved at its max-
imum rate during the first 30 days of the reactivation.
On the east flank, the displacement measured by Olson
(1978) was 19.8 m, and the average rate was 0.66 m/d.
During the same period, the west flank was displaced
33 m at an average rate of 0.83 m/d. We know from
measurements by Olson (1978) that the landslide slowed
to 0.15 m/d at the waterline on the east flank in Septem-
ber 1974. In 1975, the displacement rates on the fence-
line were largest during the interval June 12-August
14. The June 12 photography is the earliest available
for 1975, and maximum rates likely occurred at or
slightly before that time. On the east and west flanks,
the average rates were 0.13 and 0.29 m/d, respectively.
By the time displacement was noted in the toe of the
landslide at Manti Creek, 44 m and 73 m of displace-
ment had occurred on the east and west flanks at the
fenceline.

The displacement of the landslide in the vicinity of
Cottonwood Reservoir was more rapid than at the
fenceline. On August 24, Cottonwood Reservoir had
been displaced about 12 m; on September 1, 29 m; and
on September 19, 85 m. The average rate of displace-
ment for the first 90 days of movement was about 1 m/d.
The maximum rate between September 1 and 19 was
about 3.1 m/d. During this period, the landslide sepa-
rated in the area of the upper ramp, and displacements
of the two parts were unrelated after the fall of 1975.
The shoreline of Cottonwood Reservoir was displaced
an additional 15 m by May 1976, but no displacement
occurred between May 1976 and June 1979.

The fenceline continued to be displaced by small
amounts after May 1976, and an additional 14 m and
29 m of offset on the east and west flanks, respectively,
occurred between May 1976 and June 1979. G. P.
Williams (written commun., August 9, 1982) visited the
landslide during the summer of 1982 and measured

106 m and 202 m of total offset of the east and west
flanks of the landslide at the fenceline. This amounts
to additional displacement of 33 m and 63 m on the east
and west flanks, respectively, over the 37-mo period
from June 21, 1979, to about August 1, 1982.

Farther upslope, in the vicinity of the waterline cross-
ing, Williams measured about 4 m of offset of the Burnt
Hill Road that occurred between “‘early summer” of
1980 and July 30, 1982 (fig. 14). If the active movement
is limited to the months of early spring, the displace-
ments represent 2 yr of activity. Apparently, movement
of the upper part of the landslide is also slowing.

The two measurements by Williams in 1982 suggest
a large displacement gradient in the upper part of the
landslide. The former waterline, near the point where
5 m of displacement was measured between 1980 and
1982, is only about 410 m upslope from the fenceline.
At the fenceline, apparently 33-63 m of displacement
took place between 1979 and 1982. The upper part of
the landslide is unsupported at its toe on the upper
ramp, and apparently the upper part of the landslide
is being extended by more rapid movement near its un-
supported end.

The data showing displacement versus time in figure
13 provide the basis for an explanation for differences
in landslide behavior during 1974-75 and 1975-76.
When reactivation began, the upper part of the land-
slide responded quickly, and translation of about 30 m
occurred during the first month of activity. Downslope
from the active part of the landslide, the slope was com-
pressed. The features that were identifiable on the aerial
photographs were internal toes, bulges, and other com-
pressional features.

After the failure had propagated to the toe at Manti
Creek, the compression quickly changed to extension.
The rate of movement in the vicinity of Cottonwood
Reservoir increased to more than 3 m/d. At the same
time, the landslide at the waterline was moving less
than 0.3 m/d. On the upper ramp, the landslide pulled
apart and exposed the failure surface. Since fall of 1976,
the landslide has consisted of two independent parts:
the upper part continues to move in response to snow-
melt and precipitation; the lower part has not moved
since June 1976.

SOCIOECONOMIC IMPACTS OF
THE REACTIVATION OF THE
MANTI LANDSLIDE

Two studies have been made of the socioeconomic
impacts of the reactivation of the Manti landslide
(Beacham, 1977; Fleming and Taylor, 1980).

The study by Fleming and Taylor (1980) assembled
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FIGURE 12(above and facing page).—Displacement, displacement rate, and precipitation versus time for specific dates during the period May-
August 1976. A, Displacement measurements are from four monitoring stations; these locations are shown on figure 11. Two of the
stations (1 and 2) were on the right and left flanks of the landslide near the head; the other two (3 and 7) were on the right and left
sides of the toe of the landslide. Displacements are shown by the solid lines; displacement rates are shown by the dashed lines. The
diagrams were prepared from data reported by Olson (1976). Note the difference in plotting scale for the displacement data; displacements
in the upper part of the landslide were much larger than displacements at the toe. Movement on the east side of the landslide at the
toe had stopped by June 29, 1976. On the west side, total displacement was less than 2 cm and may have been only local movement.
B, The data for the plot of precipitation versus time were furnished by Lee J. Anderson from a weather station in Manti, Utah. On
the average (fig. 3), precipitation at the upper part of the Manti landslide is about 2.3 times that at the city of Manti.

data on the costs of landslide damage. Cost figures were
obtained by interviewing individuals in the different
organizations known to have expended funds (table 1)
in connection with the landslide.

Although the Manti landslide is 6.5 km from the near-
est permanent dwelling, it has proven to be a costly
problem for the Manti area. The broken waterline

caused loss of revenue from the hydroelectric system
and has necessitated development of an emergency
water supply as well as replacement of the waterline.
In addition, large amounts of debris introduced into the
creek by the landslide resulted in the downstream
deposition of sediments in the irrigation systems and
agricultural fields. Documented costs attributable to
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the landslide were nearly $1.8 million by August 1976.
Approximately one-third of this cost was related to
physical damage or cleanup work resulting from the
earth movement. The greater portion, some $1.1 million,
was spent for investigation of the landslide and prepara-
tion for the potential disaster that did not occur.
Additional funds have been expended since August
1976, but they are small in comparison with funds spent
earlier. This accounting of expenditures documents
costs through August 1976; it does not, however, in-
clude some known losses that could not be monetarily
evaluated and for which a cost could not be assigned.
For example, on the landslide, a large number of trees
were killed, Cottonwood Reservoir was destroyed, and
a few animals, mostly deer, were killed. Also, damage
from siltation to cropland and the irrigation system is
an undetermined cost. Beacham (1977) described two
unevaluated, indirect losses caused by the landslide that
were not contained in Fleming and Taylor (1980). At the
time of national publicity of the landslide, Manti had
completed plans for an industrial park. As a direct
result of the landslide, three manufacturing enterprises
that were considering locating at Manti opted to locate
elsewhere. Also, the unexpected costs placed unforeseen
demands on the city’s corporate financing, resulting in
heavy long-term bonding, loss of fiscal reserves, post-
ponement of planned improvements, and the probability
of chronic long-term fiscal problems (Beacham, 1977).
The costs attributable to the Manti landslide are sum-
marized in table 2. The amounts listed are actual ex-
penditures, except that the figure for the State of Utah

includes an estimated value of $59,000 for service pro-
vided by the Utah National Guard. As part of their
training, they donated manpower, equipment, and emer-
gency water treatment units to the city of Manti.
Including this amount seems appropriate because the
services were essential and would have been required
of another source if the Utah National Guard had been
unable to cooperate.

The costs to the city of Manti include $67,000 directly
attributable to landslide damage. The additional
$816,000 includes funds for replacement of the waterline
and valves, the drilling of a water well for an auxiliary
water supply, and preventive maintenance on drainage
channels. A 30.5-cm (12-in.) waterline was installed to
replace the original line of 20.3-cm (8-in.) and 25.4-cm
(10-in.) pipe, thus doubling the capability for water
delivery. The installation of a new well and pump and
a booster pump in the city of Manti provides a stand-
by water system not previously available. Some part
of the cost should perhaps be assigned to upgrading the
water-supply facilities and not be treated as landslide
damage. However, the total amount has been included
because the expenditure was precipitated by the land-
slide. If such an inclusion results in an overstatement
of costs attributable to the landslide, it is offset some-
what by the undetermined costs.

The cost to the city and, therefore, to the 1,800 resi-
dents of Manti was about $883,000 or nearly $500 per
person. The total cost of the landslide, excluding the
items that could not be defined, was about $1,800,000
or $1,000 per person in Manti. The costs were accrued
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photographs and checked by tape measurement. They are on the east and west flanks of the landslide at the fenceline crossing in
the upper part of the landslide. The other point, measured from aerial photographs, is the average value of several measurements

of displacement on the shoreline of Cottonwood Reservoir.

There is reasonably good control on movement for the period 1974-76 (solid lines). Data from Olson (1978) were used to estimate
the shape of the displacement-time curves for periods when we did not have aerial photographic coverage. The dotted portions of
the curves are speculative and based on the shape of the curves from earlier times. The most recent measurement, made in 1982
by G. P. Williams (written commun., 1982), indicates that the rate of movement at the fenceline crossing has increased since 1979.
The lower part of the landslide has not moved significantly since May 1976.

over a 3-yr period, making the average cost $333 per
person per year.

CONCLUDING REMARKS

The Manti landslide is a good example of landslide
reactivation caused by rapid loading at the head fol-
lowed by downslope enlargement and propagation of
cracks. In that sense, it is similar to the reactivation
of the Portuguese Bend landslide of California, de-
scribed by Vonder Linden (1972).

The nine sets of aerial photographs taken at different
times form a good basis for monitoring changes. No
substitute exists, however, for direct field measure-
ments and observations. Without the measurements by
Olson (1977, 1978), we could not have reconstructed the
sequence of movement to the same extent. Even with
the observations by Olson and the photography, several
interesting features have been noted that we cannot ex-
plain. To actually have seen the landslide moving and
to have monitored the evolution and destruction of
pressure ridges, cracks, and other internal features
would have been very useful.
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PHYSICAL PROPERTIES AND MODE OF FAILURE OF THE
MANTI LANDSLIDE, UTAH

By ROBERT W. FLEMING, ROBERT L. SCHUSTER, and ROBERT B. JOHNSON

ABSTRACT

The Manti landslide abuts, at its toe, another large landslide called
the North slide. In 1975, public officials were concerned that continued
movement of the Manti landslide would trigger reactivation of the
North slide. In response to this threat, four borings were placed in
the North slide to obtain samples for testing and information on
thickness and stability of the debris.

The materials in the North slide are virtually identical to those in
the Manti landslide. Both landslides are entirely in surficial deposits
that filled valleys tributary to Manti Creek. The surficial deposits are
mostly accumulations of debris-flow deposits; single episodes of debris
flow could be identified locally where deposits were separated by a
buried soil, thin alluvial layers, a change in oxidation state, or a change
in concentration of coarse fraction.

Wood fragments from a boring in the North slide provided radiocar-
bon dates indicating that debris flows began to accumulate as deposits
in the tributary valley about 19,500 yr B.P. The long-term average
rate of accumulation of debris was about 5X10~% m/yr.

Physical properties were measured on samples of landslide debris
from the North slide and the Manti landslide and from the failure sur-
face of the Manti landslide. Analysis of the samples revealed that the
failure-surface materials had significantly different properties than
the landslide debris. The differences were reflected in Atterberg limits,
gradation, and strength. Average Atterberg limits of failure-surface
material were LL 60 and PI 31; average Atterberg limits of the land-
slide debris were LL 32 and PI 14. The gradation of samples from
the failure surface was 11 percent sand, 30 percent silt, and 59 per-
cent clay. The landslide debris consisted of 53 percent gravel and sand,
24 percent silt, and 24 percent clay. A comparison of cumulative curves
of gradation showed that the principal difference between the failure
surface and the landslide debris was that the coarse fraction was
depleted from the failure surface. Apparently, during displacement,
the sand-size and larger fragments were rotated out of the failure zone.
A few direct shear tests on remolded samples indicated that the ef-
fective residual strength on the failure surface was 11°-12°, The ef-
fective peak angle of internal friction of the landslide debris is probably
in the range of 28°-32°; the amount of cohesion is undetermined.

The depth to the failure surface of the Manti landslide was known
for a few points on the landslide. The landslide generally became
thicker downslope, and large displacements resulted in scarps on the
flanks of the landslide where thinner debris was translated to the
former positions of thicker debris. The depth to the failure surface
at three points, the amount of displacement, and the scarp heights

were used to compute the volume of the landslide. The pre-failure
volume of the landslide was about 18.5X10% m®. About half the
volume, 8.7X108 m3, was contained in the lower part between the
upslope end of Cottonwood Reservoir and Manti Creek.

During the landslide movement, Cottonwood Reservoir was rotated,
displaced, and strained. Comparison of the shape of the reservoir
shoreline at different times, as shown on aerial photographs, reveal-
ed that the strains were not homogeneous. Qualitatively, the reser-
voir was stretched at right angles and compressed parallel to the
displacement direction while the failure surface was propagating under
the reservoir. After the failure surface reached Manti Creek, the strains
reversed and the reservoir was stretched parallel to the displacement
direction.

The sequence and rate of reactivation (Chapter A, this volume) sug-
gested that the movement in part occurred on a preexisting failure
surface and in part created a new failure surface. A simple model for
the reactivation was developed in which the upper part of the land-
slide was initially at residual strength. Displacement of as much as
70 m of the upper part of the landslide resulted in strain energy be-
ing stored in the lower part of the slide; this energy facilitated propa-
gation of the failure surface through as yet coherent materials. The
old failure surface under the lower part of the inactive Manti land-
slide apparently conformed to an old channel that was deeper than
the modern channel of Manti Creek and, therefore, not a convenient
surface for reactivation. After the new failure surface was created,
the lower part of the landslide moved more rapidly than the upper
part, resulting in extensional cracking and separation of the landslide
into two independent parts. Subsequently, the lower part of the land-
slide near Cottonwood Reservoir partially separated on the lower
bench, and movement was deflected toward the west flank of the land-
slide. By 1979, these separations had divided the Manti landslide into
three independent parts. During the spring of 1983, when melting of
a near-record snowpack was triggering numerous reactivations of
large, old landslides on the flanks of the Wasatch Plateau, the Manti
landslide was conspicuously inactive.

INTRODUCTION

The Manti landslide was reactivated in the spring of
1974 by the loading of a debris flow from the rim of
Manti Canyon. Movement propagated downslope dur-
ing the next 12 months such that in the summer and
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fall of 1975, a mass of debris about 3 km long was mov-
ing downslope at a rate of as much as 3 m/d.

Some information relevant to the Manti landslide was
obtained from another landslide, called the North slide,
directly across Manti Creek from the toe of the Manti
landslide. Borings into the North slide produced
samples for physical-property measurements and radio-
carbon dating. Samples were also obtained of the failure
surface of the Manti landslide where differences in
displacement rates caused the landslide to pull apart.

The sequence of reactivation of the Manti landslide
allowed study of some aspects of landsliding that are
rarely amenable to analysis. The style of movement and
several radiocarbon dates provided information on the
shape of the failure surface and the early history of the
landslide. Large displacements created scarps on the
flanks of the landslide that were useful in estimating
the volume of the landslide. And, finally, the sequence
of the reactivation provided a basis to propose a sim-
ple mechanical model for the initiation and propagation
of landslide movement.
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DESCRIPTION AND PHYSICAL
PROPERTIES OF THE LANDSLIDE
DEBRIS AND THE FAILURE SURFACE

THE NORTH SLIDE

At its toe along Manti Creek, the reactivated Manti
landslide abuts another large, inactive landslide on the
opposite side of Manti Creek called the North slide. In
1976, public officials were concerned that the rapid
movement of the Manti landslide and displacement of
Manti Creek would trigger a reactivation of the North
slide. The realignment of the disrupted Manti City
waterline was planned to cross the toe of the North
slide, and displacement there would again disrupt the
city’s water supply. The U.S. Forest Service contracted
with International Engineering Co., Inc., to conduct an

investigation of the North slide and evaluate its margin
of stability. As part of their investigation, four borings
were drilled in the landslide debris; two of these pene-
trated bedrock. The drilling provided samples for labo-
ratory testing and sites for installation of inclinometer
casings. Data from the borings provide some clues to
the origin, age, and physical properties of the surficial
materials that make up both landslides.

The locations of the North slide and the Manti land-
slide, together with the locations of the borings and a
topographic profile, are sketched on figure 1. Drill hole
1 (DH-1), near the toe of the North slide, penetrated
71 m (233 ft) and did not reach bedrock. DH-2 pene-
trated 93 m (306 ft) of debris and 6.7 m (22 ft) of bedrock.
DH-3 penetrated 102 m (334 ft) of debris and 4.9 m
(16 ft) of bedrock, and DH-4 did not reach bedrock in
46 m (150 ft).

The landslide debris obtained from all the borings was
a dense, clayey, sandy gravel varying in color from light
to dark gray, as well as exhibiting various shades of
brown to red produced by oxidation. Some of the darker
horizons appeared to be poorly developed buried soils.
The gravel-size and larger rock fragments were angular
to subround fragments of sandstone and limestone,
which were locally derived from the North Horn For-
mation and the Flagstaff Member of the Green River
Formation. The cored debris was, overall, very poorly
sorted except for a few rare circumstances in which a
section of the core contained a thin layer of well-sorted
sand or clay. The only other internal differences in a sec-
tion of core were varying concentrations of rock
fragments, color changes, and the presence of scattered
zones of slickensides.

These textural and gradational characteristics are
typical of debris-flow deposits. The varying concentra-
tions of rock fragments, thin alluvial beds, and poorly
developed buried soils indicate, at the very least, that
the materials were deposited episodically. The grada-
tion of the debris is consistent with that of debris-flow
deposits from other areas (Rodine, 1974) and from the
canyon rim above the Manti landslide in 1974.

Another indication of a debris-flow origin of the
deposits is the amount of coarse fraction in the core
samples. Concentrations of gravel-size and larger rock
fragments over a 1-m interval varied from a few per-
cent to more than 80 percent. One interval (33-39 m)
in DH-3 was essentially all cobble- to boulder-size rock
fragments in a matrix of sandy clay.

The color changes in the core samples were of no value
in separating the debris-flow episodes. Some changes
were abrupt and could, perhaps, represent debris-flow
boundaries; but, more commonly, the color changes
were gradational. Dark-colored zones that appeared to
be buried soils did not provide sufficient organic









PHYSICAL PROPERTIES AND MODE OF FAILURE

Creek was flowing in a much deeper channel. However,
the altitude of the channel at the time of movement of
the entire landslide is unknown.

PHYSICAL PROPERTIES OF THE LANDSLIDE
DEBRIS AND THE FAILURE SURFACE

Several samples from the Manti landslide and the
North slide were tested for index properties including
clay mineralogy, Atterberg limits, gradation, and den-
sity. Strength parameters were measured on a few un-
disturbed and remolded samples. Some of the data
obtained by International Engineering Company, Inc.
(1976), from the borings in the North slide and U.S.
Forest Service measurements of physical properties
have been combined with U.S. Geological Survey meas-
urements of samples from the Manti landslide.

Samples 2 through 11, landslide debris, were taken
in a systematic traverse from the head to the toe of the
landslide (for locations, see fig. 1). Overall, the index
properties of the landslide debris are similar throughout
the surface of the landslide (table 1). Less gravel-size
material and slightly lower Atterberg limits are found
in the lower part of the landslide. The finer gradation
and lower plasticity perhaps indicate addition of sand-
stone from the North Horn Formation to the landslide
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materials. During sampling, we noted that nearly all the
gravel-size and coarser fragments between sample
points 2 and 5 (fig. 1) were limestone from the Flagstaff
Member. Between sample points 5 and 6, the landslide
passes over a sandstone-supported steeper slope (the
upper ramp); and at sample point 6, the coarse fraction
of the debris contains a few sandstone fragments. Cot-
tonwood Reservoir, just downslope from sample point
10, is on a bench above a second sandstone-supported
steep slope (the lower ramp). Farther down in the toe
region of the landslide, sandstone fragments are about
equal in abundance to limestone.

The clay mineralogy (table 1) of all the surface
samples of the landslide was fairly consistent. Illite and
mixed-layer clay predominated; montmorillonite was a
common but subordinate mineral. The clay minerals are
not uniformly distributed through the debris, however;
and, locally, the “popcorn’’ appearance of the ground
surface suggests that montmorillonite was the principal
clay mineral. International Engineering Company, Inc.
(1976), found that montmorillonite was the principal
clay mineral at depth in all four of their borings into
the North slide. We analyzed the clay mineralogy of one
sample from the failure surface of the Manti landslide.
Sixty percent of the clay-size fraction was composed of
clay minerals consisting of 60 percent montmorillonite,
30 percent mixed-layer clay, and 10 percent kaolinite.

TABLE 1.—Index properties of samples from the Manti landslide and adjacent areas

Particle-size distribution
ASTM classification

Percent of dry soil weight Reaction
Sample Gravel Sand Silt Clay with Atterberg Clay mineralogy1
No. (>4.76) (4.76— (0.075- (£0.005) 10 percent limits Montmo—-  Mixed
0.075) 0.005) HCL LL PL PI Chlorite Kaolinite 1Illite rillonite layer
(mm)

1 44 13 15 28 Moderate-— 38 25 13 4 4 2 3 1
2 38 19 15 28 Strong———- 44 26 18 4 4 3 2 1
3 63 9 9 19 -~do=—=——— 45 27 18 4 3 1 3 2
4 60 9 10 21 —-—do———--- 45 26 19 4 4 2 3 1
5 24 15 32 29 --do———— 25 16 9 4 3 2 4 2
6 65 11 7 17 ——do=——-—- 41 24 17 4 4 2 3 1
7 19 13 28 40 ——~do=————— 33 18 15 4 4 2 3 1
8 48 18 12 22 ~~do———~=-~ 31 16 15 4 4 3 2 1
9 22 14 16 48 —=do===——m 34 20 14 3 4 2 3 1
10 17 19 32 32 —--do===~—- 25 14 11 3 4 2 4 1
11 12 18 33 37 —-—do—————— 32 17 15 4 3 3 3 1
12 0 4 40 56 --do———-—-~ 29 19 10 4 4 2 3 1
13 24 29 17 30 --do———---—— 39 22 17 3 4 2 3 1
14 0 1 24 70 —--do————-- 46 27 19 4 4 2 3 1

Li: 40-60 percent.

2:  20-40 percent.

3: 10-20 percent.

4: Less than 10 percent.
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The remainder was clay-size fragments of quartz,
calcite, and dolomite. The exchangeable cations in the
clay fraction were dominated by calcium and magne-
sium (International Engineering Company, Inc., 1976).

The scarcity of montmorillonite in surface samples
compared to deeper samples is a discrepancy that can-
not be solved with existing data. Montmorillonite is
present in the source materials but is a subordinate
mineral there also. Samples 1, 12, 13, and 14 (table 1)
were from the crown area above the Manti landslide,
the shale interbeds in the Flagstaff Member, the debris-
flow deposit uphill from the Manti landslide, and the
fault gouge in the Flagstaff, respectively. The fault
gouge and shale interbeds lacked a significant gravel
and sand fraction but otherwise were similar to the

surface samples of the landslide debris. Robinson (1977)
noted the lack of montmorillonite near the surface and
suggested that it is authigenic after illite and mixed-
layer clays.

Atterberg limits, both from samples from the borings
in the North slide and from surface samples of the Manti
landslide, are plotted on figure 2. Liquid limits (LL) of
the slide debris generally range from 18 to 45; the
plasticity index (PI) ranges from 5 to 20. Samples plot
above the A-line, and the fine fraction of the debris
classifies as clays of low plasticity. Three samples of
debris from the borings in the North slide had liquid
limits greater than 50, one of which was from a slicken-
sided zone. Average Atterberg limits for all 48 samples
of landslide debris are LL 32, PI 14.
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FIiGURE 2.—Plasticity chart for samples from the Manti landslide and the North slide. Data for the North slide are from International
Engineering Company, Inc. (1976). Definitions of symbols are as follows: CH, inorganic clays of high plasticity; OH or MH, organic
silts and clays of medium to high plasticity or inorganic silts; OL or ML, organic silts and organic silt-clays of low plasticity or in-
organic silts and very fine sands with slight plasticity; CL, inorganic clays of low to medium plasticity. Engineering experience has
shown that samples of the same genetic soil are represented by points along a line that is roughly parallel to the A-Line.
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landsliding. Large displacements have resulted in a
failure surface with markedly different properties from
those of adjacent landslide debris. Differences in
plasticity characteristics, gradation, clay mineralogy,
and strength are pronounced between the landslide
debris and the failure-surface materials.

The Manti landslide was reactivated entirely within
the boundaries of a larger, inactive landslide. The style
of the reactivation suggested that movement occurred,
in part, on the preexisting failure surface of the old, in-
active landslide and created, in part, a new failure
surface.
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STREAM-CHANNEL CHANGES AND POND FORMATION AT
THE 1974-76 MANTI LANDSLIDE, UTAH

By GARNETT P. WILLIAMS

ABSTRACT

This paper deals with the hydrologic features (streams and ponds)
associated with the 1974-76 landslide in Manti Canyon near Manti,
Utah. The landslide is about 3.5 km long and 100-800 m wide. Most-
ly during the summer and fall of 1974 and 1975, it moved about 200 m
down its track at relatively slow rates (typically about 1 m/d). The
small (1-m-wide) stream flowing in the slide direction on the landshkde
surface maintained its approximate general position and course
throughout the period of landslding. The sliding created about 63 new
ponds on the landslide surface, the majority on the lower half. These
ponds range from a few meters to nearly 150 m in length, and most
are less than 1-2 m deep. Some are fed by the small stream that flows
on the landslide surface, but most have no apparent inflow or outflow.
An estimated 50,000 m® of sediment from the landslide were in-
troduced into a 1,000-m-long reach of Manti Creek at the toe of the
landslide, mainly during about 1 1/2 months in the fall of 1975. The
8-m-wide channel at one cross section was reduced to about 60 per-
cent of its pre-1974 cross-sectional area; other cross sections were
reduced by lesser and probably greater percentages. The creek was
displaced laterally by distances ranging from 0 to 33 m, averaging
15 m. Channel aggradation ranged from a meter or two to 35 m, averag-
ing nearly 15 m. The maximum aggradation of 35 m at one location
along the reach is among the highest reported amounts of channel
fill due to landslides. The 1982 channel was armored; the smallest bed-
particle diameters vary with the slope of the streambed and with the
unit stream power estimated to have acted on the post-landslide
streambed.

INTRODUCTION

Landslides, both active and dormant, are a common
feature of the valleys of the Western United States. A
landslide in this paper is defined as a slope movement
wherein shear failure occurs along a specific surface or
combination of surfaces (Schuster, 1978, p. 2). The ef-
fects of such mass movements of earth on local hydrol-
ogy and on fluvial processes have received very little
attention in the literature. Yet these movements can
have a profound and largely unrecognized influence. For

example, in the Teton National Forest in northwest
Wyoming, landslides are the principal process by which
sediment is supplied to streams (Bailey, 1971, p. 1).

An old landslide in the mountain valley of Manti
Creek, near the town of Manti, Utah, in the central part
of the state, became active again from 1974 to 1976. The
slide is about 3 1/2 km long and gradually moved more
than 200 m down its track, mostly during the summer
and fall of 1974 and 1975. Periodic aerial photography
was taken from 1974 to 1979. These photographs,
together with field observations made in 1982, form the
basis of the present paper. The paper deals with the
landslide’s effects on local surface-water hydrology,
specifically in regard to drainage and ponding on the
slide surface and to changes in Manti Creek at the toe of
the slide. Sediment effects along Manti Creek down-
stream from the slide were minor and will not be
discussed.
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PHYSIOGRAPHY

Manti Canyon is incised into the western rim of the
Wasatch Plateau. The canyon is oriented east-west and
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is about 15 km long. It ranges in elevation from about
1,770 m above sea level at the mouth to about 3,200 m
above sea level on top of the plateau. Although the
climate of the general region is semiarid, precipitation
locally varies with altitude and ranges from about
250 mm/yr at the canyon mouth to about 1,000 mm/yr
at the canyon head.

The rock units exposed in Manti Canyon and in cliffs
nearly 200 m high at the head of the landslide are
freshwater sedimentary strata that lie nearly flat. The
lower of the two formations, the North Horn Forma-
tion, consists of shales, sandstones, conglomerates, and
limestones of Late Cretaceous and early Tertiary age.
The overlying unit is the Flagstaff Member of the Green
River Formation, which is Paleocene and Eocene in age;
though mostly limestone, it has some shale and sand-
stone. Some faulting has occurred throughout the
valley.

“The Manti Creek drainage basin is an excellent ex-
ample of . . . ‘landslide’ topography’” (Woolley, 1946,
p. 11). One estimate indicates that more than 100 land-
slides, most of which now are inactive, have occurred
in the canyon (Olson, 1977, p. 16).

THE MANTI LANDSLIDE

The Manti landslide is on the south side of the canyon,
about 5 1/2 km up the canyon from the mouth. The
3-1/2-km-long slide is relatively narrow, ranging in width
from about 100 to 800 m. The range in elevation is from
about 2,100 m above sea level at the lower end of the
landslide to about 2,620 m above sea level at the head.
The overall average gradient therefore is about
0.15 m/m. Vegetation on the landslide includes conifers,
aspens, scrub oak, various grasses, and many other
varieties of plants.

The Manti landslide is an ancient landslide that has
crept downbhill intermittently at varying rates for cen-
turies. The cause of the increased 1974-76 movement
probably was a combination of three factors: (1) several
early-1974 debris flows deposited on the head or crown
of the landslide, followed by (2) increased water satura-
tion of these deposits due to unusually rapid snowpack
melting, and (3) a heavy April 1974 rainstorm (Robin-
son, 1977). Failure began on or about June 6, 1974, and
affected approximately the upper 2,400 m of the land-
slide (Fleming and others, 1977). The rate of movement
increased to about 1.1 m/d by the end of June 1974 and
then decreased to a very slow rate by early fall (Olson,
1977, p. 20). Movement resumed about May 1975, after
the winter lull, and by the end of August 1975 it had
extended progressively to the toe of the slide at Manti
Creek. The rates and amounts of movement during 1975

varied both areally and temporally. Maximum rates of
movement probably were on the order of 1.2 m/d (Olson,
1978). From 1976 to 1982 (the latest observation year
for this report), the landslide at many locations con-
tinued to migrate, though at relatively reduced rates.

MEASUREMENTS OF MANTI CREEK
AND OF POND MIGRATION

Measurements for this study were made both in the
field (1982) and from aerial photographs. The dates of
the aerial-photograph flights, with the associated scale
in parentheses, are as follows: August 9, 1950 (1:20,000),
September 11, 1964 (1:20,000), July 10, 1974 (1:12,000),
June 12, 1975 (1:6,000), August 24, 1975 (1:6,000),
September 1, 1975 (1:6,000), September 19, 1975
(1:6,000), November 6, 1975 (1:6,000), May 10, 1976
(1:6,000), and June 21, 1979 (1:4,800).

Most of the aerial-photograph measurements were
made using a computer-assisted photogrammetric map-
ping system based on a Kern PG-2 plotter!. Eleva-
tions were referenced to mean sea level. Repeat trials
of elevation measurements on a recognizable point of
known elevation, using photographs of 1:6,000 scale, in-
dicated a reproducibility of 0.3 m. There is a possible
error of about 1 m in the elevation above sea level as
measured for any site on such photographs.

In regard to Manti Creek, the features measured on
each set of aerial photographs were (1) a longitudinal
profile of the channel bed (thalweg); (2) a plan-view trace
of the thalweg; (3) two cross sections of identifiable fixed
location, within the reach affected by the landslide
(hereafter called the slide reach); and (4) the average
channel-bed width within the slide reach. A July 1982
onsite survey included the same measurements except
for the plan-view trace of the channel.

The longitudinal profiles of Manti Creek all began at
a common starting point; namely, the channel bed under
the downstream edge of a U.S. Forest Service road
bridge that spans the creek about 270 m (channel
distance) upstream from the beginning of the 1974 slide
reach. The elevation of the bridge (2,189 m above sea
level) was accurately known. The profile was extended
as far downstream as the aerial photographs enabled;
in some cases, this was only a few tens of meters down-
stream from the end of the slide reach. The length of
reach studied on the different sets of photographs
ranged from about 960 m to 1,550 m and averaged ap-
proximately 1,350 m. In aerial-photograph analysis,
about 90 elevation readings were taken over the distance.

lAny use of trade names is for descriptive purposes only and does not constitute endorse-
ment by the U.S. Geological Survey.
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By overlaying any two plotted longitudinal profiles,
the change in bed elevation between the dates of the
photographs, at any point along the reach, was easily
measured. In addition, planimetering the area between
any two overlain profiles along the reach gave the total
scour or fill for the reach. Such area measurements carry
a possible error of about 5 percent in the profile lineup
and planimetering process. The elevation reproducibil-
ity of 0.3 m, mentioned above, also could affect the
planimetered area but statistically would be expected
to affect both profiles equally. Therefore, the measured
area between profiles should not be significantly af-
fected by any error in elevation measurement.

The locations of the two channel cross sections were
chosen mainly because these sites were identifiable on
aerial photographs. A second reason was that the two
sites represent reaches of relatively lesser (section one)
and greater (section two) channel aggradation. The
crosssection measurements permitted a determination
of (1) the width at the topographic top of the channel,
{2) the cross-sectional area referenced to the topographic
top of the channel, (3) the maximum depth of the chan-
nel, (4) the channel shape, (5) the average channel bed
width, and (6) the general lateral position of the chan-
nel relative to adjacent undisturbed terrain. A
“banktop” in the usual fluvial sense could not be defined
but was certainly much lower than the topographic top.
The area and top width could not be measured at cross
section two because the hummocky terrain of the land-
slide in that subreach (left bank of Manti Creek) had
no recognizable ‘““channel top’’ and the datum point on
the opposite undisturbed side of the channel was above
the unstable left side of the channel.

On each of the 10 sets of aerial photographs, three
independent measurements were made of the top width
at cross section one, and the average was taken as the
representative top width for that date. The three
measurements generally were within about 1 percent
of the average width. The same procedure was used for
cross-sectional area, and these individual measurements
were within about 3 percent of the average area. Chan-
nel depth, as measured in this study, is a maximum
depth; namely, the elevation difference between the
channel top and the streambed. Channel shape can be
crudely characterized by the width/depth ratio. This
was calculated, using the top width and maximum
depth, for cross section one. Average channel bed width
within the slide reach was determined by averaging 10
measurements of bed width spaced approximately
equidistantly along the reach.

Measurements of pond migration on the landslide
were made directly on time-sequential aerial photo-
graphs. Generally, the measurements were made either
from (1) an object of fixed position located on stable

terrain outside the landslide, in line with the direction
of slide movement, or (2) a baseline of fixed position
drawn between two such fixed objects and about per-
pendicular to the slide direction.

DRAINAGE ON THE LANDSLIDE SURFACE

Both before and after the 1974-76 landslide, surface
water was supplied to the crown (head) of the landslide
via two grooves or gullies in the cliffside, about 20 m
apart (figs. 1 and 2). (These same gullies carried the
early-1974 debris flows that probably helped trigger the
slide.) The general position of these two streamlets has
remained virtually unchanged by the landslide activity.
Water from the eastern gully flows along the east edge
of the landslide for only a few hundred meters before
leaving the slide (fig. 1). As of September 1982, this
streamlet was about 0.3 m wide and 0.02-0.06 m deep.
After leaving the landslide, it flows into Manti Creek.

Water from the western gully flows near the west
edge of the landslide in the crown. Thereafter, the chan-
nel migrates laterally across the slide. Generally, the
flow is in one channel, although at a few locations it
splits into two or more channels (fig. 1). It enters Manti
Creek at the northwest corner of the landslide at the
foot (the lowermost region of the landslide). Typical
September 1982 stream widths were less than about
1 m, and flow depths were less than about 0.1 m (fig.
3). Comparison of the 1982 route with that shown on
the 1965 USGS 7 1/2-minute topographic maps
(Ephraim and Black Mountain quadrangles) and on
1964 aerial photographs indicates that the routes before
and after the 1974-76 period did not vary appreciably.
Thus, the little stream maintained its approximate
general position and course throughout the considerable
land migration and local disruption of the landslide
surface.

There was one other drainageway prior to 1974, a
manmade ditch that routed water from a small creek
to the east of the slide onto the slide in the vicinity of
ramp 4 (fig. 1). (In this report the landslide surface is
divided into various regions (fig. 1), primarily on the
basis of the roller-coaster topography. Relatively steep
zones, called ramps in this report, alternate with flat-
ter sections, called benches.) The water from the ditch
flowed along a natural channel on the slide surface and
into Cottonwood Reservoir (pond 45 in fig. 1). (Cotton-
wood Reservoir had been maintained for the irrigation
of farmland in the valley below the mouth of Manti Can-
yon.) From the reservoir, a man-controlled outlet routed
water northward into Manti Creek. These drainageways
above and below the reservoir were destroyed com-
pletely by the landslide and have not been reestablished.
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FIGURE 1.—Outline and principal hydrologic features of the Manti landslide. Pre-1974 map is based on aerial photography and on U. S.
Geological Survey topographic maps (1982 physiographic regions shown for comparison); 1982 map is based on field observations and

on 1979 aerial photography.

Ground water emanating from seeps on the landslide
or on the nearly undisturbed terrain just off the edge
of the slide forms trickles of surface flow at various loca-
tions. Such flow, in some instances, joins the main
drainageway, but in other instances it feeds ponds or
simply disappears into the ground.

A longitudinal trough typically borders the landslide
on each edge. Although topographically low relative to
the center of the slide, these troughs are not part of the
main drainageway, except at the crown. They probably
carry some flow during storms, however.

The channel pattern of the 1982 surface drainage-
way ranges from nearly straight to pronounced mean-
dering; a slightly sinuous pattern is most common.

Bed-material sizes range from clay to cobbles, all quite
angular (fig. 3). Channel width rarely exceeds 2 m, and
bankfull depths in most cases are less than about 1 m.

PONDS ON THE LANDSLIDE

One of the more striking hydrologic aspects of the
landslide is the many new ponds, all apparently per-
manent, which were created on the landslide surface.
Most of the pre-slide ponds tended to be dry much of
the time, but even counting such dry ponds, the land-
slide had only about 10 or 11 ponds before 1974. Post-
slide ponds contain water the entire year, and a 1982
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FiGURE 9.—Dates of pond establishment as a function of distance along the landslide. Plotted numbers are pond numbers (fig. 1).

a. Ponds in the upslope half of the slide, ponds 2
through 14, all formed within about 1 year after
the active front passed their area (about 1-2 yr
after the June 6, 1974, initial failure); and

b. Ponds in the lower half of the landslide appeared
0-4 yr after their area was first invaded by the
slide (about 1-5 yr after the landslide began at
the crown).

It is possible, but in my view not too probable, that
sample size may have influenced these last two obser-
vations; the upslope half of the landslide has con-
siderably fewer ponds than the lower half.

4. Thereis a slight tendency for open ponds (those fed
by main surface drainage) to form sooner than closed
ponds at a given distance down the slide.

POND SEDIMENTS AS TOOLS FOR DATING
LANDSLIDE ACTIVITY

The formation of so many ponds attributable to

landslide movement leads to the possibility of in-
teresting and practical interpretations of past landslide
activity in any area where ponds have formed on land-
slide surfaces. As a preliminary step, other contem-
porary landslides need to be studied to determine
whether such pond formation is a widespread and
general phenomenon on landslides of this type or is in-
stead an aspect unique to the Manti landslide. Overall
slope, speed of land movement, lithology, and other
features might have some direct or indirect influence
on post-slide pond formation.

A variety of methods is available for dating lakes and
ponds (Winter and Wright, 1977). These methods
generally involve analyzing minerals, biological matter,
and chemicals from cores of the bed sediments. The ac-
curacy of each method varies not only with its state of
development, but also (for most methods) with location
on the continent, previous regional correlations, climate,
and other factors.

Application of one or more of the dating methods to
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various ponds on a landslide surface could establish
both the relative and absolute ages of the ponds. When
a number of ponds on a landslide seem to have been
formed at about the same time, such a date might repre-
sent a time of significant slide movement, if the group-
formation phenomenon on the Manti landslide is com-
monplace. Other dating methods, such as tree-ring
analysis, also might be used as evidence in some
instances.

Preliminary work on dating landslide occurrence
using pond sediments has been done. Adam (1975) ana-
lyzed pollen and radiocarbon dates from the sediments
of a landslide pond in California. He established the date
of pond formation and the dates of subsequent move-
ment of the landslide. He also made some regional
climatic interpretations. Cloud (1981) and colleagues are
developing a relative-dating method based on the areal
extent of sedimentation within surface depressions
{generally not ponds) formed by landslides.

Dating landslide movement by pond analysis is based
on the assumption that landsliding causes ponds to
form. Should this assumption and general approach
prove workable, additional possibilities arise. More than
one movement might be identified for a landslide by
determining the dates of formation of various ponds.
Certain deductions also might be made in regard to type
of landslide movement, such as translational versus
flowing movement. In some cases, the entire history of
a given landslide’s activity conceivably might be
reconstructed. Finally, the same principles could be ap-
plied on a regional basis to compare the history of
various landslides.

In addition to scientific interest, dating of past land-
slide activity would have important practical applica-
tions. Knowledge of the approximate frequency of
previous landslide activity in an area would be useful
to planners and land developers, foresters, farmers, and
others involved in land use.

MANTI CREEK

SEDIMENT INTRODUCTION
FROM THE LANDSLIDE

METHODS OF SEDIMENT INTRODUCTION

Olson (1975, p. 5) defined three ways in which land-
slide material entered Manti Creek at the toe of the slide.
In the first method, individual particles fell or rolled
from the landslide mass into the creek. The second
possibility was for masses of as much as about 4 m3 to
dislodge from the slide mass and to disaggregate in

flight before hitting the water. In a third method, an
entire wall section of the oversteepened landslide mass
simply slumped into the creek (fig. 10, September
photograph).

Sediment introduced by these methods ordinarily did
not block Manti Creek completely, although several
small blockages of the creek, lasting as long as 5 or 6
min, did occur during September 1975. As of the end
of September 1975, the largest known mass to enter the
channel was about 1,900 m? (September 4, 1975; Olson,
1975, p. 5).

RATE OF TOE MOVEMENT

Onsite observations and aerial-photograph measure-
ments indicate that movement at the toe of the Manti
landslide did not begin until late summer of 1975, even
though the upper regions had moved considerably dur-
ing 1974. Cracks in the toe were first noticed on June
21, 1975 (Olson, 1978, p. 26).

The rate of toe movement into the Manti Creek slide
reach was measured from time-sequential aerial photo-
graphs by Olson (1978, p. 26-28). The upstream or first
one-fourth of the creek’s slide reach is bordered on the
left side by a flat or terrace that was pushed stream-
ward. Most of the movement in this subreach occurred
between June 1975 and the end of November 1975.
Streamward movement averaged about 0.2 m/d from
June 12 to September 19, 1975; 1.2 m/d from September
19 to November 6, 1975; and about 0.1 m/d (a total of
about 3 m) during the rest of November 1975.

Movement in the second one-fourth of the slide'reach,
where the toe of the slide abuts the stream channel, also
took place primarily from the end of August through
November 1975. The toe in this subreach advanced at
an average rate of about 0.3 m/d between September
19 and the end of November 1975.

Along the western or downstream half of the Manti
Creek slide reach, streamward movement of the chan-
nel side averaged about 1 m/d from September 19 to
November 6, 1975. The rate was not constant during
this period; it was faster during the last 2 weeks of
September and slower after October 1.

TYPE AND SIZES OF SEDIMENT

The sediment introduced into Manti Creek from the
toe of the landslide was not firmly consolidated and
ranged from clay to boulders about 4 m in diameter. The
particle size distribution of exposed toe material at cross
section 1 is shown in figure 11; cross section 1 is located
slightly less than halfway along the slide reach (fig. 1).
The plotted distribution is based on a random (grid)
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FiGURE 15.—Cross-sectional changes on Manti Creek at selected
times. Landslide encroached from left side. Locations of cross sec-
tions are shown in figures 1 and 16.

remarkably as a result of the 1975 landslide. According
to profiles plotted from aerial photographs, no signifi-
cant change occurred from August 1950 through
September 19, 1975. (This does not mean that the slide
movement did not inject sediment into the channel prior
to September 19, 1975; it means only that any such
quantities did not aggrade the channel by more than
.about a meter, if at all) However, the profile of
November 6, 1975, showed considerable aggradation,
especially in the downstream half of the slide reach (fig.
17). The previously rather uniform slope of the channel
(about 0.14 m/m) was broken into a system of alter-
nating cascades and pools, as already described. The
average aggradation for the original 730-m-long
September 19, 1975, slide reach was about 11 m/m of
channe] length. At selected sites along the channel, the

aggradation ranged from insignificant amounts to as
much as about 31 m.

During the following 6 months, to May 1976, the
three cascade subreaches remained unchanged; how-
ever, sediment accumulated in the two pools and in the
relatively flatter reach upstream from cascade 1, giv-
ing these three zones a braided character. The additional
aggradation averaged about 1 m in the first braided
zone, 2 m in the second braided zone, and 3 m in the
third braided zone (in downstream order). As a result
of the additional fill, the aggradation within the original
slide reach after September 19, 1975, averaged about
12.6 m/m of channel length, and the maximum fill at
any one point was about 35 m. The reach affected by
the landslide was actually about 1,000 m long, and the
aggradation along this extended reach averaged about
10 m/m of channel length. This aggradation was not
distributed uniformly along the reach; it was smallest
at the upstream end and generally increased with
distance to a point about 200 m upstream from the
lower end of the slide reach.

Taking the aggraded area as planimetered between
longitudinal profiles and multiplying by the September
19, 1975, average bed width of 5 m gives a conservative-
ly estimated volume of about 50,000 m? of sediment
pushed laterally into the channel by the landslide be-
tween September 19, 1975, and May 10, 1976. Such an
estimate is especially conservative in that it does not
take into account any sediment eroded by the stream
between the measuring dates. (The flow fluctuates with
the seasons, and discharges are relatively large during
May and June.)

The June 1979 profile (fig. 17) showed minor addi-
tional changes; together these changes suggest a little
additional aggradation and a slight tendency for the
channel profile to become more regular; that is, to elim-
inate the particularly high and low spots along the
reach. These trends continued to an even lesser extent
for the next 3 years, as indicated by the onsite-measured
1982 profile (not shown on fig. 17). As of 1982, the slope-
through cascade 1 averaged about 0.10 m/m, cascade
2 was about 0.088 m/m, and cascade 3 was about
0.23 m/m.

Average total (cumulative) channel aggradation per
meter of channel length along the original 730-m-long
slide reach was 14.4 m as of 1979 and 14.6 m by 1982.
The four values of cumulative aggradation at different
times show a plausible trend of aggradation with time
(fig. 18). According to this plot, aggradation took place
very rapidly immediately after the slide began pushing
sediment into the channel. This rapid accumulation con-
tinued for several months, then slowed significantly,
becoming asymptotic toward some limiting amount.
The plot of the points approximates a hyperbola of the
form
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TABLE 1.—Manti Creek channel dimensions as measured from aerial photographs
[All 1982 data measured in field]

Cross
Cross section 1 section
2
Channel
cross-
Date of Top Maximum Width/ sectional Maximum
aerial width depth depth area depth
photograph (m) (m) ratio (m“) (m)
Aug. 9, 1950 81 28 2.9 1300 38
Sept. 11, 1964 82 27 3.0 1340 35
July 10, 1974 81 27 3.0 1270 34
June 12, 1975 81 29 2.8 1280 35
Aug. 24, 1975 78 28 2.8 1220 35
Sept. 1, 1975 81 29 2.8 1290 37
Sept. 19, 1975 78 29 2.7 1210 34
Nov. 6, 1975 66 25 2.6 740 15
May 10, 1976 71 24 3.0 720 11
June 21, 1979 68 24 2.8 730 11
July 28, 1982 70 21 3.3 910 11
N 2200
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FIGURE 16.—Lateral displacement of Manti Creek slide reach from
September 19 to November 6, 1975.

L)

C
A=A+ ( o )
where A is cumulative average channel aggradation per
meter of channel length along the slide reach, in meters;
the subscript a indicates asympotes (also constants); C
is a constant; and 7' is elapsed time since the introduc-
tion of sediment from the landslide, in years. Values for
the three constants were obtained by curve-fitting com-

putations, yielding

-1.3

The trend and shape of such aggradation-time curves,
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FIGURE 17.—Longitudinal profiles of Manti Creek in the vicinity
of the landslide.

as well as the constants in the equation, could vary from
one event to the next and from one landslide site to
another. Even the possible general applicability of the
hyperbolic curve only can be determined by similar
measurements on channels at the toes of many other
landslides. Measurements during the first days and
weeks after the onset of aggradation (the steep part of
the curve) will be especially critical in defining the curve.
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FI1GURE 18.—Cumulative Manti Creek aggradation as averaged over
the slide reach, for the first 7 years after the onset of aggradation
(September 19, 1975, to July 28, 1982).

If the aggradation as of the July 28, 1982, onsite
survey was approximately complete (an average of 14.6
m/m of channel length), a curve of the sort shown in
figure 17 can be made dimensionless and standardized
for plotting on the same graph with other aggradation-
time curves. The maximum time required for comple-
tion of aggradation (T', ) then would be 6.94 yr (about
7 yr) for the landslide studied here. Values plotted on
the standardized abscissa become 7/T,  and range
from 0 to 1.0. Similarly, values plotted on the ordinate
are A/A, .., where A is the final amount of aggrada-
tion, averaged for the slide reach. This final value of
A,.. would be 14.8 m/m according to the fitted equa-
tion; whether 14.6 m/m (the 1982 value) or 14.8 m/m (the
asymptote) is used does not make any significant dif-
ference in the curve derived.

The dimensionless, standardized plot of cumulative
Manti Creek aggradation is shown in figure 19. About
80 percent of the eventual total aggradation occurred
during the first 5 percent of the 7-year period of activi-
ty (T/T,,. = 0.05); in other words, during the first 4
mo or so after significant deposition began. About 95
percent of the total aggradation was completed after
about 40 percent of the time (2.8 yr) had elapsed.

The maximum channel aggradation of 35 m ranks
among the largest reported amounts of channel fill due
to landslides. The fast, catastrophic 1959 slide into the
Madison River in Montana filled that channel by about
60-120 m (U.S. Army Corps of Engineers, 1960). The bed
of the Gros Ventre River in Wyoming was elevated about
55 m by the famous landslide of 1925 (Emerson, 1925).
Lane (1955) mentioned that sediment from landslides
raised the bed of the Mu Kwa River in Formosa about
12 m during a 3-yr period, although it is unclear whether
this was deposited fluvially or directly from the slides.

The relatively insignificant or minor retrogression
toward original channel elevations during the 7 yr since
the landslide, together with the cobble and boulder bed
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FIGURE 19.—Standardized plot of cumulative Manti Creek aggrada-
tion (averaged over the slide reach) versus time. Data are same as
those used for figure 18.

material present in 1982, shows that landslides can have
a profound and long-lasting local effect on a stream
channel. Unless prolonged flows capable of moving
boulders 4 m in diameter on the present gradients oc-
cur, the channel probably never will revert to its pre-1975
profile and elevations. Channel armoring is discussed in
the following section. (The bed in a 10-m-long zone at
the downstream end of the third braided reach has been
anchored artificially by gabions installed about 1976;
however, the effect of this local feature on the profile
probably is insignificant compared to the effect of the
landslide sediment.)

The plotted profiles show that the channel elevation
just upstream and downstream from the slide reach was
not affected significantly by the slide. The changes in
local gradient and in the longitudinal profile were limited
to the 1,000-m-long slide reach. Within this reach, the
maximum aggradation of 35 m, about 30 m of which oc-
curred during 1 1/2 months, represents a tremendous
local fluvial-geomorphic change. Such changes may be
common on streams in landslide-prone areas.

BED ARMORING AND SEDIMENT TRANSPORT

The bed of Manti Creek along the slide reach was
noticeably armored with large particles as of 1982 (and
probably several years earlier). (Kelsey, 1978, mentioned
similar armoring in streams adjacent to earthflows in
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northern California.) Braided reaches and cascades in
Manti Creek each had distinctive particle sizes, the
braided reaches having pebbles and small cobbles and
the cascades having large cobbles and boulders. More-
over, the bed as of 1982 was no longer cohesionless.
Pebbles and smaller cobbles, though partly rounded,
tended to be either partially cemented in place by a thin
(1-2 mm) surface coating or densely imbricated in posi-
tion. Large cobbles and boulders generally were very
angular and tended to be wedged firmly in cracks be-
tween rocks or protected in the lee of larger boulders
or both. Therefore, most of these cobbles and boulders
would be difficult to move, even by high flows, and they
are a degradation control along much of the slide reach.
Future degradation of the present channel because of
streamflows, therefore, probably will be minimal in the
slide reach, as mentioned previously. In fact, bed eleva-
tions do not seem to have changed significantly since
about 1976.

A sediment-transport analysis to estimate the quan-
tities of sediment removed from the reach would be in-
formative but would require some knowledge of the
bed-material size-frequency distribution. In view of 1982
armoring and the vastly different frequency distri-
bution of sediment initially introduced (fig. 11), the
bed-material size-frequency distribution changed signif-
icantly with time after 1975. Such changes complicate
or prevent any reliable analysis of sediment transport
as a function of flow hydraulics.

Nuffer (1977) summarized several pertinent observa-
tions regarding sediment transport in Manti Creek. No
data on sediment concentrations were collected prior to
1975; however, local farmers said that irrigation water
from Manti Creek did not present any sediment prob-
lems prior to 1975. Various observations indicate that
sediment transport increased noticeably during the fall
of 1975 and that it was greater then than during subse-
quent periods. An unknown amount of sediment was
deposited downstream from the slide reach in a power-
house diversion canal near the mouth of the canyon, in
irrigation laterals, and in crop furrows during the fall
of 1975. Six water samples collected from Manti Creek
during October and November 1975 showed concentra-
tions ranging from 3,800 to 10,800 mg/L (milligrams per
liter). During 1976, weekly samples were taken from late
April to late August at stations a few tens of meters
upstream and downstream from the slide reach.
Suspended-sediment concentrations during 1976 were
somewhat less than during late 1975; those at the bridge
just upstream from the slide reach were consistently
low (less than about 100 mg/L) in 1976. Those just
downstream from the slide reach rose from about
500 mg/L on April 28, 1976, to about 3,300 mg/L dur-
ing mid-May. Concentrations then decreased sharply for
the next few weeks. By mid-June, they had decreased

to about 100 mg/L and remained at this low level
through the end of the sampling period (late August
1976). Additional samples taken within the slide reach
from June 24 to September 27, 1976, show concentra-
tions less than about 200 mg/L. Sediment concentra-
tions apparently have not been measured since that
time.

These observations on suspended-sediment concentra-
tions indicate that the concentrations changed in magni-
tude very approximately in proportion to the rate of
sediment influx from the slide. The increase in sediment
transport also occurred approximately synchronously
with the sediment influx from the landslide. The longi-
tudinal profiles of various dates showed no profile
changes downstream from the slide reach through May
1976, which is the latest date on which such downstream
profile segments could be measured. The deposits near
the mouth of the canyon and beyond also consisted
primarily of fine material. Therefore, most of the cob-
bles and boulders introduced by the landslide probably
were not moved out of the slide reach. Onsite ground
photographs taken in October 1976 by CH2M Hill
Engineers show that the cascade subreaches were well
armored at that time, Bed armor therefore was restored
within about a year or less after the 1975 sediment in-
troduction. Whether the armor is only a surface feature
or instead is typical of the 1982 streambed deposits for
many meters below the surface is unknown.

The various zones along the slide reach have not only
distinctive bed-particle sizes, but also different bed
slopes. Therefore, an association can be demonstrated
between a representative bed-sediment size and chan-
nel slope for the group of subreaches. In such a rela-
tion, the question is whether the slope governs the
bed-sediment size or vice versa; that is, which variable
is independent and which is dependent. Slope ordinari-
ly is dependent in a laboratory flume, where a movable
sediment bed is completely free to adjust its slope. Some
authors, such as Rubey (1952) and Hack (1957), main-
tain that slope is dependent in the field also and that
bed-material size is one of several governing variables
to which the channel slope adjusts. In the case of the
Manti landslide, slope seems to have been affected part-
ly by fixed (unchanging) channel elevations just
upstream and downstream from the slide reach and
locally by the differing quantities of sediment pushed
in by the landslide. In other words slope was determined
partly by outside variables. Therefore, slope probably
is more independent than is particle size. Without
definite proof, however, the relation probably should be
viewed merely as an association.

In many instances, the flow along any given reach
of stream will be able to move fine sediment from
the streambed but may not be able to move very
large particles, especially large boulders. Under such
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circumstances, the smallest particles remaining on the
bed approximately indicate the upper limit of stream
competence. In each of the subreaches of the slide reach,
including two zones of noticeably different bed slope
within cascade 1, I measured the intermediate axis of
11-20 of the smallest surface particles (October 1982).
Measured particles were chosen subjectively as the
smallest of those available on the surface. The geometric
mean (d,) of these smallest bed particles for each
subreach is listed in table 2.

The relation between the representative smallest bed
particle and local channel slope is shown in figure 20.
The smallest particle diameter varies about with the 0.8
power of channel slope. For reasons just mentioned, the
graph probably needs to be interpreted as an associa-
tion rather than as a dependent-independent relation.

A streambed can be interpreted either as an erosional
or depositional surface; that is, the surface on a given
day may be the result of the winnowing of finer material
from the bed or of the deposition of sediment brought
in from upstream. The cascade subreaches have large
boulders that definitely were pushed in laterally from
the landslide rather than being transported in from
upstream of the slide reach. Therefore, these subreaches
have erosional beds. The pebbles and cobbles of the
braided reaches could have come either from upstream
of the slide reach or from the landslide itself. No lith-
ologic analysis was made.

The ability of a stream to move sediment can be meas-
ured by the stream power per unit channel width, or unit
stream power, w, in Wim? (watts per square meter). This
is computed as w=y@QS/W,, where v is specific weight
of water (9,800 N/m?) (newtons per cubic meter), Q is
water discharge in m?fs, S is channel slope in m/m, and
W, here is bed width in meters. These variables have

not been measured continuously or even simultaneous-
ly for the slide reach. However, their values as deter-
mined at different times permit an approximation of the
unit stream power responsible for the bed armoring, at
least in the cascade subreaches.

Slopes used here for the various subreaches are least-
squares fits to the elevations surveyed onsite during
1982. Average widths for the subreaches are approx-
imations based on 1982 onsite measurements and 1982
ground photographs; as such, they are subject to
greater error than might be desired but are deemed ade-
quate for the present purpose. These data, in addition
to the average diameter of the smallest bed particles,

are listed in table 2.

The maximum discharge that has acted on the bed
is logically the relevant flow in regard to bed armoring.
Post-1974 year-round flow records for Manti Creek are
available for September 1978 to the time of this analysis
(October 1982). These flows were measured at the U.S.
Geological Survey gaging station about 800 m down-
stream from the lower end of the slide reach. Discharge
also is measured every year from April to October, just
upstream from the mouth of the canyon, by the Manti
Irrigation Company. The flow at this site is not signif-
icantly different from that in the slide reach. The an-
nual peak flow occurs during May or June, so the
combined available records for the two measuring sites
include the annual peak for each year. The peak
discharge for 1975-82 was 13.6 m?%s on June 11, 1980.
I used this measurement as a basis for determining the
discharge to be used in computing unit stream power.

Not all of a stream’s discharge acts on its bed; some
acts on its banks. For cross sections 1 and 2, which are
in cascade reaches, a standard step-backwater analysis
(Shearman, 1976) indicated that about 90-92 percent

TABLE 2.—Channel properties along the slide reach
[mm, millimeters; m/m, meters per meter; m, meters; W/mz, watts per square meter]

Approximate

Average highest
diameter, dg, Channel Approximate unit

of smallest slope bed width stream

Subreach bed particles power

(mm) (m/m) (m) (W/m®)
First braided reach-- 23 0.015 30 65
Cascade 1 (upper part) 113 .13 8 1,950
Cascade 1 (lower part) 95 .058 8 890
Second braided reach- 27 .035 35 130
Cascade 2-=—==—=——=—m 118 .092 8 1,380
Third braided reach-- 35 .026 30 115
Cascade 3-————————=w- 150 .23 10 2,800
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FIGURE 20.—Geometric mean diameter of smallest bed particles as
a function of local channel slope in the various subreaches of the
Manti Creek slide reach. Fitted line is the reduced major axis.

of the 13.6 m?¥s affected just the bed. This amount of
adjustment, therefore, was applied to all cascade sub-
reaches. Braided reaches have much greater width/
depth ratios than do cascades, and I have assumed that
all of the 13.6 m%/s acted on the bed in braided zones.
The estimated highest unit stream powers, using these
adjusted discharges and other pertinent data, are listed
in table 2.

The average diameter of the smallest bed particles as
a function of the approximate highest unit stream
power is shown in figure 21. The graph implies that a
given unit stream power was able to remove bed par-
ticles smaller than the size indicated. This approach
assumes that the 1982 bed in the braided zones reflects
stream competence and is not simply a deposit of a
previous peak flow. There is alsc an unknown amount
of error or uncertainty in the plotted particle-size values
and in @, S, and W,. Many unassessed factors, such as
shielding, particle shape and roundness, particle specific
gravity, and bed configuration affect the movement of
a particle of a given diameter. For all of these reasons,
the relation can be considered only very approximate
at best.

SUMMARY

The small stream on the landslide maintained its
approximate general position and route on the slide
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FIGURE 21.—Average smallest bed-material diameter as a function
of approximate highest unit stream power that acted on the post-
slide streambed. Line fitted by least squares.

surface throughout the period of landslide movement.
The sliding obliterated nearly all of the few pre-1974
ponds but created about 63 new ponds on the landslide
surface. Most of these new ponds are in the lower half
of the landslide and as of 1982 appeared toc be rather
permanently established. They are of two types: open
ponds within the stream system and closed ponds
having no apparent slide-surface inflow or cutflow. In
contrast to the pre-1974 ponds, nearly all of them
tend to have irregular shapes and perimeters. Ponds
in the upper half of the landslide formed within 1 yr
or less after the active front of the landslide passed
through their area (about 1-2 yr after the June 6,
1974, failure). Ponds in the downslope half of the land-
slide formed within 0-4 yr after the landslide first
disrupted their area (about 1-5 yr after the June 6, 1974,
failure).

Manti Creek, at the toe of the landslide, was reduced
in size (top width, bed width, channel depth, and chan-
nel cross-sectional area) by the sediment pushed in by
the slide. Only bed width in certain subreaches had
managed a significant post-slide recovery by 1982. The
area of cross section 1 was reduced to about 60 percent
of its pre-1974 cross-sectional area; cross section 2 prob-
ably was reduced by a greater proportion. From
September 19 to November 6, 1975, the period when
most of the sediment was introduced into Manti Creek,
the creek was displaced laterally by distances of as
much as 33 m, averaging 15 m.

Channel aggradation ranged from a meter or two to
35 m, averaging nearly 15 m. Aggradation as averaged
for the slide reach took place very rapidly at first, then
slowed considerably and became asymptotic toward a
limiting value as time progressed and as landslide
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movement waned. A hyperbolic curve describes this
trend. Such a curve can be standardized for comparison
with aggradation on other streambeds, if a hyperbolic
curve also applies to the latter. The maximum aggrada-
tion of 35 m at one site within the slide reach is among
the largest reported amounts of channel fill because of
landslides; larger amounts very probably have occurred
elsewhere but have not been measured and reported.
Because of the armoring boulders and cobbles that
covered much of the streambed in 1982, the landslide
seems to have introduced a semi-permanent change
(hump) into the longitudinal profile of the streambed.

Suspended-sediment concentrations in Manti Creek
adjacent to, and downstream from, the landslide seem
to have increased only during the fall of 1975 when the
slide was most rapidly pushing material into the stream.
As of 1982, the smallest bed-particle diameters varied
with the local slope of the streambed and with the unit
stream power estimated to have acted on the post-slide
streambed.

Ponds formed by landslides provide an excellent op-
portunity to study new ponds and to study the many
aspects of a pond’s hydrologic, physiographic, chemical,
botanical, zoologic, and other development with time.
For example, no studies seem to have been made of the
algal and higher plant communities of the new ponds
on the Manti landslide, nor of the animal communities
(including insects), microclimate, radiation regime,
water chemistry, character of the pond beds, transpira-
tion and water exchange, and other features. Of par-
ticular interest for the Manti landslide would be the
water balance of the closed ponds; in other words, the
way in which the ponds are maintained. Where many
ponds have been formed by a landslide, the approximate
date of landslide movement might be estimated from
pond sediments. Such methods, if proven feasible,
might even be used to reconstruct the history or fre-
quency of landslide activity in entire regions.
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