Submitted to Mike Hylland at mikehylland@utah.gov for the 2012 UGA Guidebook, Salt
Lake City, UT

Integrated Drilling, Trenching, and Geophysical Surveys of Pleistocene
Landslides in a 4000-Acre Residential Subdivision, Utah
James P. McCalpin1, C. Thomas Statton2., and Scott Greenberg, P.E., M. ASCE3
Abstract
A 4000-acre subdivision is being developed on the East Traverse Mountains (ETM)
between Salt Lake and Utah Valleys on the northern Wasatch Front of Utah. The ETM is
a 10 km-long, 400 m-high bedrock ridge underlain by Tertiary volcanic rocks (block-andash flows, andesite flows, and sandy tuffs) that are deeply weathered, altered to clay to a
depth of at least 250 m, and prone to landsliding. Landslide inventory mapping revealed
53 landslides within the 4000-acre project, six of which were studied in detail by drilling
(50 ODEX and NX coreholes), trenching (>100 large trackhoe trenches), and geophysics
(borehole geophysics, plus several km of tomography lines). Landslides are composed of
unstratified, poorly-sorted diamicton deposits that closely resemble the source Tertiary
block-and-ash flows. Landslides are 100-500 m wide, 500-1500 m long, and 15-25 m
deep, based on core drilling, REMI shear wave velocity profiles, and seismic refraction
tomography. Basal failure planes are identified in 3 ways: (1) in ODEX boreholes, by
downhole geophysics and borehole video, (2) in NX cores, by the change from highly
fractured and oxidized rock in the landslide mass to intact, unoxidized rock beneath the
slide, and (3) in tomography surveys, by an abrupt increase in P-wave velocities from
1000-3000 ft/sec in the landslide mass to >4000 ft/sec in intact rock. Landslide head and
toe positions are inferred from microtopography and confirmed by trenching. By using
multiple methods (surface geologic mapping, trenching, core logging, REMI profiles, and
seismic tomography) in an integrated approach, we could cross-check ambiguous singlesource data, and derive an unusually robust characterization of the bedrock landslides.
Such characterization was required for the state-of-the-art static and dynamic slope
stability analyses mandated by the guidelines (e.g., Guidelines for Analyzing and
Mitigating Landslide Hazards in California, Calif. Div. Mines & Geology, Special
Publication 117) cited in the Draper City (Utah) Geologic Hazard Ordinance.
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Introduction
Over the past 10 years, residential development in central Utah has increasingly
expanded beyond the gently-sloping urban fringes to progressively steeper foothill
settings. These foothill settings often contain landslide deposits from Pleistocene
movements, which have been dormant in historic time. The challenge for geotechnical
engineers is to assess the probability of reactivation of these Pleistocene landslides, and
to design necessary mitigation to permit the proposed residential/commercial
development. In this paper, we describe a series of recent engineering geology studies on
six Pleistocene landslides in the Wasatch Mountains of central Utah.
The 4000-acre Suncrest Development lies atop the East Traverse Mountains
(ETM), a spur ridge of the Wasatch Range that extends NE-SW between Salt Lake
Valley and Utah Valley (Fig. 1). Pre-development (pre-2000) geotechnical reports did not
identify landslides as a significant concern in the development. However, several events
in 2003 precipitated a planning crisis on the mountain. First, in 2003 the City of Draper
adopted a Geologic Hazards Ordinance, and hired a geologist to review the reports
required by the ordinance. Also in 2003, the Utah Geological Survey (UGS) released an
interim geologic map of the 7.5’quadrangle that contained the Suncrest development.
This map showed the central part of the development was underlain by an old landslide
deposit.

Fig. 1. Location map of the SunCrest project (white dashed line; simplified boundary),
located on the crest of the East Traverse Mountains between Salt Lake County (upper
left) and Utah County (lower right), Wasatch Front, Utah. View is to the north.

Fig. 2. Landslide inventory map of SunCrest, v. 1.0 (GEO-HAZ, 2003; PSI, 2004a). This map shows the extent of the 53 mapped landslides inferred from
photogeologic mapping, prior to any field data collection. The old landslide mapped by UGS that triggered this study is polygon 18, at center. The trenching and
drilling program described herein was based on this initial version of the map. This version was later revised to incorporate data from Landslide A (polygons 2931; PSI, 2004c), Landslide C (polygon 47; PSI, 2004d), Landslide B (polygons 40-41; PSI, 2004e), and Landslide D (polygon 45; PSI, 2005).

By this time about 1/8 of the development had been built. The City’s geology
reviewer learned of the UGS 2003 interim geologic map and suggested that City place a
moratorium on building until a detailed landslide study could be performed. The first
phase of that study was a Landslide Inventory Map produced at a scale of 1:9000 in Dec.
2003 (GEO-HAZ, 2003). That map (Fig. 2) showed that, in addition to the old landslide
mapped by UGS, there were 52 additional landslides of various sizes, types, and ages
within the development. On the dip-slope (SE) flank of the ETM, the most common
landslide type was a 50-80 ft-thick translational slide of Tertiary volcanic bedrock in the
direction of dip. On the steeper scarp-slope (NW) flank, even deeper (>150 ft) rotational
failures were the norm.
Site Geology
The ETM is a south-tilted normal fault block (Fig. 3) composed of (from west to
east) sandstones of the Permo-Pennsylvanian Oquirrh Group, Tertiary volcanics of
intermediate composition, and Miocene-Pliocene alluvial fan deposits. Dips average 8°15° S to SE over most of the mountain, but are locally steeper near some internal fault
zones.

Fig. 3. Perspective view of the East Traverse Mountains (ETM) and the SunCrest Project
(white dashed line, simplified boundary). Black dashed line shows the Wasatch fault.
North is to the left. Note the asymmetry of the ridge in cross-section, with steeper slopes
on the NW side. The ETM is a SE-tilted block bounded by a concealed north-dipping
normal fault (black dotted line) along its northern edge.
The ETM is cut by two orthogonal sets of Tertiary normal faults (Fig. 4), which trend
parallel and perpendicular to the ridge axis, respectively. The largest throws are observed

on the ridge-parallel (NE-trending), north-dipping normal faults. The eastern end of the
ridge is separated from the Wasatch Mountains by the Wasatch fault zone (WFZ). The
WFZ is a 400 km-long major normal fault that forms a major part of the eastern boundary
of the Basin and Range extensional province. The WFZ dips beneath the ETM at a
shallow angle (30-40). Thus, all the faults mapped at the surface on the ETM are
presumably truncated a very shallow depths by the master plane of the WFZ, and are
considered to be secondary, nonseismogenic faults. However, they may experience minor
slippage during characteristic (M 7-7.1) earthquakes on the WFZ, which have a mean
recurrence time of ca. 1400 years (McCalpin and Nishenko, 1996).
Almost all of the 53 landslides are restricted to the outcrop area of Tertiary
volcanic rocks, and are composed of relatively undeformed masses of translated Tertiary
volcanic or volcaniclastic strata. Unfortunately, about 2/3 of the 1600 ft thickness of the
in-situ Tertiary volcanic is comprised of the block-and-ash-flow facies. This facies is a
diamicton composed of sparse, randomly-oriented, cobble- to boulder-size clasts of
andesite and dacite floating in a matrix of fine sand- to silt-size volcanic ash. This facies
was deposited in the Oligocene by collapse of lava domes and subsequent hot to cold
rock avalanching, so it is also unstratified.

Fig. 4. Geologic map of the East Traverse Mountains and vicinity, Wasatch Front, Utah.
The Suncrest Development (outlined) sits atop the ETM, which is composed of (from
west to east) Permo-Pennsylvanian Oquirrh Group (PPs), Tertiary volcanics of
intermediate composition (PEV), and Miocene-Pliocene alluvial fan deposits (Ns). The
Fort Canyon fault (upper right) separates the ETM from the Wasatch Mountains, and is
the local expression of the Wasatch fault zone in the segment boundary between the Salt
Lake City segment (to the north) and the Provo segment (to the south).

Therefore, for most deposits exposed in trenches, roadcuts, and boreholes, it is very
difficult to determine from texture or sedimentary structures if they have been deformed
by Quaternary landslide processes, since the deposits were initially deposited as volcanic
landslides.

What Methods Work Best for Characterizing Pleistocene Landslides
To characterize a Pleistocene landslide for stability analysis, one cannot use methods that
rely on measuring movement, because the landslide is not currently moving. Therefore,
one cannot use tiltmeters, borehole deformation surveys, movement monitoring by
surveying stakes, etc. Instead, most methods are aimed at measuring static geological,
geophysical, and hydrological characteristics, in order to draw a realistic longitudinal
cross-section through the landslide for the stability analysis.
Surface Geologic Mapping
Almost all mapped Pleistocene landslides, in Colorado and elsewhere (Colton et al.,
1975a through 1975l), were originally identified from aerial photographs based on an
assemblage of unique landslide-related landforms. These landforms include an arcuate or
segmented headscarp that faces downslope, linear or curvilinear troughs marking the
landslide margins, hummocky topography with deranged drainage between the margins,
and an oversteepened slope at the toe that may have overrun other landforms downslope
or constricted streams at the base of a slope. All 53 landslides mapped at Suncrest were
identified in this way (GEO-HAZ, 2003).
Unfortunately, in some stratigraphic and tectonic settings one or more of the landforms
cited above can be created by mechanisms other than landslides. At Suncrest, the most
common “pseudo-landslide landforms” are segmented, downhill-facing scarps, and linear
margin troughs created by erosion along Tertiary faults. Next most common is
hummocky topography created by differential erosion on in-situ Tertiary volcanics,
which range in hardness from hard andesite flows and welded tuffs, to very soft
hydrothermally altered volcanic ashes. About 1/3 of the 53 “landslides” shown on the
Landslide Inventory Map turned out to be fault-bounded blocks of Tertiary bedrock,
rather than landslides.
Trenching
Most reference books on landslide investigations (e.g. Turner and Schuster, 1996;
Cornforth, 2005) do not mention trenching as a standard method of characterizing
landslides. However, we used trenching extensively to confirm whether geomorphic
anomalies at Suncrest were related to volcanic emplacement processes, tectonic faulting,
deep-seated gravitational spreading (sackung), or landsliding (Fig. 5). This use of
trenching was somewhat unusual, but was necessitated by the variable types of
deformation that affect the ETM. Geologic contacts exposed in the trenches were then
interpreted according to a flow chart (Fig. 6) based on: sharpness, planarity, thickness,
age of units juxtaposed, shear fabric, and sense of slip; location with respect to mapped
landslides; and strike and dip relative to local topography.

Fig. 5. Schematic diagrams of 4 different structural origins for a downhill-facing scarp in
the East Traverse Mountains.
Another critical use of trenching was to expose the landslide shear plane at the head and
toe. Trenches in these locations showed us that the shear plane was usually composed of
cohesive, sheared, greenish to yellowish sandy clay to clayey sand. This observation
helped us recognize landslide shear surfaces in coreholes. In addition, if for some reason
the coreholes in a given landslide did not have good recovery at the basal shear surface,
we could collect an oriented sample of the head or toe shear zones from trench walls to
determine residual strength. This was done by hand-carving oriented blocks out of the
shear zone and testing by direct shear parallel to that direction. The resulting direct shear
data (Fig. 7) showed a wide range of residual strength values. Friction angle was
inversely correlated to cohesion, and increased as the sand content of the shear zone
increased.

Fig. 6. Flow chart for interpreting the origin of geologic contacts exposed in trenches at
Suncrest.

Fig. 7. Residual cohesion and friction values measured by direct shear testing of oriented
samples of landslide shear zones exposed in trenches. Explanation of labels: CT-3=
Landslide C, T for trench, trench #3. One of the 8 values plotted (CB-5) is from a core
sample (Landslide C, borehole 5).

Drilling
In the Rocky Mountain region, the most common drilling method in landslide
investigations is hollow-stem augering and split-spoon sampling with SPT measurements
every 5 feet. At Suncrest, however, the landslides are composed of Tertiary volcanic
rock, rather than loose Quaternary diamictons. Thus, our initial split spoon sampling did
not recover much material and blow counts N>50 even near the surface were the rule
rather than the exception.
For the translational failures at Suncrest, we were drilling to locate rather thin, clayey,
brecciated, bedding-parallel, basal shear zones sandwiched between more competent
volcanic rock strata. Given this type of target, either continuous coring, or downhole
logging of bucket auger borings was indicated. Although the latter is standard of practice
in southern California, it has not been used (to our knowledge) in Colorado or Utah, and
local drilling contractors are unfamiliar with the method. Therefore, we chose to obtain
continuous 2.5 inch-diameter (HQ) cores.
The major drawback to HQ coring was recoveries <100%. Recovery was 90-100% in
cohesive units (fine-grained volcanic ashes and tuffs altered to clay) and in massive,
sparsely fractured block-and-ash-flow facies. Recovery became progressively poorer with
increasing fracture density, which was associated with the more brittle and harder
andesite and dacite lava flows. Based on trench exposures at the head and toe of
landslides, the shear zones were composed of cohesive, sheared, sandy clay to clayey

sand. This material was usually associated with very high recovery during coring, so we
do not believe we missed many landslide-related shear zones during coring, even when
overall core recovery was only <80%.
Geophysics
The use of geophysics in landslide investigations, particularly refraction, was pioneered
in Colorado in the mid-1960s during the USGS investigations of the Loveland Basin
landslide (Carroll et al., 1972). In the 1990s, however, improved tomographic techniques
were developed for shallow seismic refraction studies. Recently these tomographic
techniques have been applied to landslide studies by CalTrans (Narwold and Owen,
2002) and others (GEO-HAZ, 2008). Given the thin nature (<5 ft) and depth (50-100 ft)
of our target basal shear surfaces, the reader may ask why we chose seismic refraction as
the preferred geophysical exploration method. The answer is, coring showed us that there
were consistent differences in the degree of microfracturing and oxidation between the
translated bedrock within the slide mass, and the in-situ bedrock beneath the basal shear
plane. Therefore, we were hoping that compressional wave velocities (Vp) would show
consistent differences above and below the basal shear plane, and permit us to validate
our interpretations from the coreholes. In addition, seismic tomograms yield a relatively
low-cost but continuous velocity cross-section down the long axis of the landslide,
allowing us to better define the shape of the failure plane. Thus, seismic tomography
supplements the limited point observations provided by more expensive coreholes.

Case History: Landslide D
To show how the four methods outlined above work together in an integrated approach,
we describe their use and results for Landslide D at Suncrest. Landslide D is a relatively
small dipslope failure near the head of the SE-facing dipslope (Fig. 8).

Fig. 8. Photograph of Landslide D, looking north from south of the toe. The labels “Main
slide” (center) and (trench) “DT-3” (right center) lie on the oversteepened slope created
by the slide toe. The western part of the landslide deposit has been removed by headward
gully erosion along the western slide margin. For additional details, see the geologic map
in Fig. 9.

Surface Geologic Mapping
Landslide D lies south of the ridge crest in rolling terrain underlain by Tertiary
volcanic rocks. The landslide lies between Maple Hollow and the uppermost reaches of
Broadleaf Hollow. The landslide was classified as a rock slide by GEO-HAZ (2003),
according to the classification of Cruden and Varnes (1996), and placed in the mature
morphologic age category (McCalpin, 1984) implying an age of early Holocene to latest
Pleistocene (ca. 5,000-15,000 years).
Landslide D is composed of several distinct landforms (Fig. 9). The headscarp is
composed of three linear hillslopes: (1) a western scarp trending N10°W, 600 feet long,
(2) a central scarp trending N60°E, 700 feet long, and (3) an eastern scarp trending
N45ºW, 1000 feet long. These three scarps together form a segmented arc that faces
southeast. The western and eastern scarp sections are essentially parallel to the NWtrending regional fault set, and the central section parallel to the NE-trending fault set,
mapped in the east Traverse Mountains by Biek (2003b) and Machette (1992). This
parallelism suggests that: (1) the headscarps are controlled by faults or joints, and (2) the
headscarps are developed in bedrock hard enough that faults/joints constitute a significant
weakness in the rock mass.
Downslope (south) of this segmented scarp the landslide deposit was mapped (GEOHAZ, 2003; PSI, 2004b) as a single polygon (#45). Polygon #45 is composed of two
morphologic elements. The eastern half of Landslide D is composed of a broad-crested,
south-sloping ridge. The western half of Landslide D is composed of a narrower southsloping ridge and an adjacent south-sloping gully head.
Landslide D is roughly bounded by lineaments. Two NW-trending lineaments (Fig. 9)
bound the hummocky slide body about 800-900 feet apart, and traced southeastward,
these two lineaments appear to merge about 2000 feet southeast of the slide and continue
down the axis of Broadleaf Hollow. The eastern and western one-thirds of the headscarp
parallel these lineaments, so we think that they are probably underlain by Tertiary faults.

Trenching
We excavated and logged 4 trenches in Landslide D (Fig. 9, Table 1). Trenches were
sited for 3 reasons:
-- to cross the headscarp of the originally-mapped landslide (DT -2) and thus to
expose the headscarp failure planes,
-- to expose possible internal shears or rotated bedding within the landslide (DT1),
-- to cross the toe of the originally-mapped landslide and thus to expose the toe
thrust (DT-3, DT-4).

Fig. 9. Geologic map of Landslide D; contour interval is 10 ft. Thick black line with
hachures outlines crest of topographic headscarp. Medium gray shade shows landslide
body, divided into a younger eastern block and older, eroded western block. Qac=
Quaternary alluvium and colluvium, deposited after landsliding. Qmsy? and Qmso?
labels show additional uncertain landslides mapped by Biek (2005). Trenches are shown
by labels DT-1 through DT-4, boreholes by DB-1 and DB-2. The seismic tomography
line extended down the jeep road in the eastern (right) part of the landslide body. Long
dashed lines show topographic lineaments that are probably underlain by Tertiary normal
faults of the two regional orthogonal fault sets.
Trenches also permitted us to sample sheared and intact geologic deposits for the shear
strength measurements needed for stability analysis. Our trenches have a cumulative
length of 277 feet and, although most were ≤15 feet deep, they provide much of our
understanding of the landslide geometry and material characteristics.
Table 1. Summary of Trench Dimensions and Features in Landslide D.
Trench
Length (ft)
Maximum
Features
No.
Depth (ft)
DT-1
115
16
Shattered andesite flows and welded tuffs broken by lowangle, anastomozing shear zones; pervasive subsurface
deformation from southward landslide movement
DT-2
105
12
Zone of Quaternary extensional faulting (graben) at head is
interpreted as headscarp failure complex; block rotation
indicates significant horizontal extension
DT-3
57
9
Prominent landslide toe thrust, places hard but fractured
Tertiary andesite over older landslide debris
DT-4
64
9
5 m-wide zone of toe thrusts in altered, soft Tertiary blockand-ash flows
TOTAL
277

Trench on the headscarp (DT-2)
Trench DT-2 was excavated to expose the headscarp failure plane. The trench was
located at the base of the central segment of the headscarp, was 105 feet long, and 12 feet
deep (Fig. 10a).
The trench exposes four distinct packages of deposits. The oldest forms the lower part of
the trench, and is a massive, weathered Tertiary block-and-ash flow (unit Tv1) composed
of light to dark gray andesite clasts in a tuffaceous matrix. This deposit is broken by
numerous soil-filled fissures (fissure fills, unit Ff on trench log), the boundaries of which
generally dip north. Other than the pervasive fracturing, this deposit resembles weathered
block-and-ash flows in many other trenches. The north-dipping fissures are probably
related to southward extension in the headscarp zone.
The next youngest package is a series of seven thin, tabular deposits of reworked Tertiary
volcanic rock (units TQ1-TQ5), paleoseols (TQ5Bt1), or early (?) Quaternary colluvium
(Q1). These units form the head of the trench and dip northeast at about 10˚-15˚. The
thin, tabular shape of the units and the stratification indicate that these deposits are not
primary Tertiary volcanic units, but thin layers of reworked volcanic materials deposited
on a gentle paleoslope by colluvial and sheetwash processes. The northeast dip of the
strata may indicate that they are in a fault-bounded, rotated block, bounded by another
normal fault upslope of the head of the trench.
Faulted against unit Tv1 and the TQ sequence is a south-tilted series of 3 units (Q2Cox,
Q2Bt2, Q3Bt1) that fill a graben. The parent material deposit in the graben is a clastpoor, massive silty sand upon which soils B and C horizons have developed. The lower
two units (Q2Cox, Q2Bt2) are clearly faulted, whereas the upper unit (Q3Bt1), although
restricted to the graben, may be in depositional contact with older rocks.
The youngest package of deposits includes two colluvial units (Qc1m Qc2) that mantle
the entire scarp and bury the graben, Both deposits are composed of fractured and
degraded cobbles and boulders of andesite and tan-colored ash, with a matrix of clayey
sand. Both units are massive, but the lower one contains freeze-thaw cracks and B
horizon soil development in the upper part of unit. The upper colluvium is a sandy clay
with gravel, with round to subangular cobbles and boulders with a slight slope- parallel
orientation. The A horizon of the surface soil is developed in this deposit.
The main south-dipping normal fault at the graben is the major structure in the trench,
and strikes N85°W and dips 65°S. This fault is interpreted as a landslide headscarp
failure plane, although its strike is about 20° more westerly than the trend of the
headscarp at this location. As previously mentioned, there may be additional normal
faults upslope from the trench, and if so, they may have strikes more parallel to the
topographic headscarp.
The Tertiary volcanic rocks are pervasively faulted over the entire length of the trench,
with small normal faults dipping north toward the headscarp and the prominent graben.
Most shears and fissures contain a clay infill or gouge. The small faults create back-

rotated blocks that imply significant horizontal extension in this area, as does the graben
near the head of the trench. Such extension is more compatible with a landslide origin for
the complex of normal faults, rather than a tectonic origin.
Trench on the toe, western part (DT-3)
Trench DT-3 was excavated to expose the failure plane in the western part of the toe of
the eastern slide block. The trench was located on the southern margin of the landslide,
was originally 57 feet long, and up to 7 feet deep (Fig. 10b, left half).
The trench exposed a massive, very hard, fractured, greenish, welded tuff or andesite
flow (unit Tv1) in the southern half. In contrast, the northern half exposed three softer,
multicolored volcanic rocks (units Tv2-4) separated by wavy, north-dipping contacts.
Units Tv2 and Tv3 in particular appear to have been plastically deformed, both at their
margins, and internally as shown by yellowish clay stringers. The downslope margin of
unit Tv2 appears to “wrap” or “squeeze” around a particularly hard mass of rock in unit
Tv1. At the same time, the planar subvertical fractures in unit Tv1 appear to have been
bent slightly downslope beneath an angle change in the overlying Tv2 contact. This
bending of fractures resembles that often ascribed to downslope soil creep. However, in
this case it appears that unit Tv2 overrrode unit Tv1 and the resulting frictional drag of
the hanging wall moving over the footwall deformed the footwall. The primary and
secondary structures thus suggest that the Tv1/Tv2 contact is a thrust fault, rather than a
depositional contact.
The other two mapped contacts between lithologies are roughly parallel to the thrusted
contact and are likewise associated with either internally folded units or brecciation. We
infer that these contacts are also thrust faults.
The overall structural pattern in this trench suggested that units Tv2-Tv4 were moving
southward when they encountered the very hard, massive, and undeformable unit Tv1.
When the compressive forces were unable to move Tv1, the weaker rocks (especially unit
Tv2) were thrust and squeezed over the immobile mass of Tv1. Units Tv3 and Tv4
likewise were forced to thrust over unit Tv2 in piggyback fashion. This scenario could be
explained by either south-verging tectonic thrust faulting, or by southward movement of
a landslide toe. Because there is no known regional episode of post-Oligocene
compressional tectonics in central Utah, we preferred the landslide toe thrust scenario.
Later we extended trench DT-3 an additional 60 feet southward, to the toe of the southfacing slope on the mapped landslide margin (Fig. 10b, right half). This extension
exposed an additional 10 feet of the fractured and very hard unit Tv1, and then a 3 footthick zone of north-dipping faults and shear bands. Individual faults in this zone diverged
toward the surface, and all flattened slightly as the approached the ground surface. This
geometry, and the absence of any tension fissures, suggests that the fault is a southwardverging thrust fault. The southern half of the extended trench exposed a relatively soft,
poorly sorted, multicolored diamicton (unit Q1). We interpret this diamicton as landslide
debris that was shed off the advancing toe of the landslide, much as glacial till is
bulldozed up in front of an advancing glacier.

We interpret the fault zone in the center of the DT-3 extension trench as the main toe
thrust of Landslide D, for the following reasons: (1) the fault coincides with the toe of
Landslide D as defined by geomorphology, at the toe of a south-facing slope, (2) farther
south the terrane becomes flat to slightly north- sloping ridge crest, indicating that the
ridge is underlain by hard rock, (3) similar hard rock underlies a corresponding knob on
the next ridge to the west of this area, (4) all 3 test pits south of this trench hit refusal in
hard rocks, whereas half of the test pits north of this trench (in the landslide) do not
encounter refusal, (5) the internal architecture of the fault zone suggests it is a thrust
fault, (6) the fault thrusts Tertiary rock over a Quaternary deposit, so it has moved in the
Quaternary, (7) no Quaternary tectonic thrust faults are known in northern Utah, (8)
another trench 300 feet to the east exposes a similar thrust fault at a similar slope break,
indicating the toe thrust has lateral continuity and is not a local feature.
Summary of Deformation in the Trenches
Overall, the pattern of deformation in the four trenches is what one would expect in a
southward-moving landslide. At the headscarp (trench DT-2), the graben and wide zone
of antithetic normal faults/rotated blocks indicates significant horizontal extension. In the
center of the block (trench DT-1), the network of anastomizing subhorizontal shears
suggests southward translation of higher rock layers over lower ones. At the toe (trenches
DT-3, DT-4), softer altered ash deposits in north-dipping “fault gouge zones” are
plastically deformed and thrust in slices over relatively immovable masses of hard rock
beyond the toe. In trench DT-3 Tertiary andesite is thrust over older Quaternary (?)
landslide debris, proving that the movement occurred in the Quaternary.

Drilling
We drilled two continuous core holes in the eastern slide block (Fig. 9). The northern
hole (DB-2) lies in the upper 1/3 of the slide block and is 130 feet deep. Core recovery
was about 98% (4 feet missing out of 130 feet). The upper 33 feet of the core is very
fractured Tertiary block-and-ash flow deposits. About 75% of the interval yielded
rubblized rock pieces 0.5-1.5 inches in diameter, rather than intact pieces of core (Fig.
11a). A 10 foot-thick softer yellow volcanic ash underlay the rubbilized rock. These two
rock types compose the upper 43 feet of the core, and correspond to a very low velocity
zone (1000-1300 ft/sec) of the seismic tomography line (see Geophysics section).
The interval 43-53 feet was composed of sheared and brecciated yellow-brown volcanic
ash altered to clay (Fig. 11b). This is interpreted as the landslide basal shear zone. Below
53 feet the core was composed of intact runs of unoxidized and unbrecciated rock. This
part of the core corresponds to high velocity material on the seismic survey (2500-3500
ft/sec at the corehole, but 3500-5000 ft/sec elsewhere). The transition from sheared
material to intact material at 53 feet matches the rapid increase of seismic velocities at the
same depth in the tomography survey.

Fig. 10. (a) upper part, log of trench DT-2; (b) lower part, log of trenches DT-3 (left box) and its later extension (right box). Red boxes
and labels show locations of oriented samples for direct shear testing.

The southern hole (DB-1) lies near the head of trench DT-1 and is 100 feet deep. Core
recovery was about 92% (8 feet missing out of 100 feet). The upper 43 feet of the core is
fractured Tertiary andesite and rhyolite flows. About 50% of the interval yielded
rubblized rock pieces 0.5-1.5 inches in diameter, rather than intact pieces of core. While
this interval is quite fractured, it is less fractured than the corresponding interval in
borehole DB-2, and has a correspondingly higher seismic velocity of ca. 1500-2500
ft/sec.
The interval 43-63 feet was composed of sheared and brecciated red to orange-brown
block-and-ash flow deposits altered to clay. Based on the presence of thin, multicolored
shear bands, we interpret this as the landslide basal shear zone. Below 63 feet the core
was composed of intact runs of unoxidized and unbrecciated rock. This part of the core
corresponds to the transition from low velocity (2500 ft/sec) to much higher velocity
(>4500 ft/sec) material at the same depth in the tomography survey.
Fig. 11. HQ core from borehole DB-2 in
Landslide D. (a) upper part, 34-44 ft, in
landslide mass; (b) 44-52 ft, in basal shear
zone (note rubillization).

Geophysics
A seismic survey line was located along a jeep road that crosses Landslide D, starting at
the north, and heading southeast. Line L1 began in the southeast, 60 to 70 feet southeast
of the suspected landslide toe, and proceeded northwestward for about 350 feet along the
existing road. Line L2 began at the end of line L1, and continued northwestward along
the road for another 350 feet, ending near the southern end of trench DT-2.
Twenty-four geophones were spread along each line. A 15 ft spacing between geophones
was used for each line. Energy was imparted at about 30 ft intervals along each line
using both sledge hammer impacts, and a shot gun source (Betsy). The seismograph used
to collect the data was a DAQ Link II: data were recorded on a laptop computer on the
DAQ Link V-Scope software.
Two different survey techniques were used to evaluate subsurface conditions. The first
technique employed standard refraction techniques which were used to produce the
tomography sections. The second used ambient background noise (microtremors) to
produce a shear wave profile for the site based on dispersion modeling. Both surveys
were run along the same line, using the same geophone spacing.
The seismic line location is shown on Fig. 9. In all, 13 shot points were used spaced
along the line L1 at geophone locations, resulting in a seismic line that is almost 350 feet
in length. Line L2 was a line with similar geophone spacing, and had 12 shot point
locations. Collectively, lines L1 and L2 represent a section that is about 700 feet long,
covering most of the landslide. The data from have been reduced, and compiled as a
composite velocity profile and are shown on Fig. 12.

Fig. 12. North-south seismic refraction tomogram extending from the toe (left) to the
head (right) of Landslide D.

The tomographic section shows a higher velocity layer (presumably harder bedrock) to be
back-rotated just downslope from the trench (DT-2) where the head-failure was found.
The near surface materials above the back-rotated bedrock were found to be fine-grained,
generally without even gravel sized particles. This may represent the final deposition on
what was once the sag pond at the landslide head. The near surface materials further
downslope were much more gravelly.
At the southern end of the velocity profile, a low velocity zone was encountered. This
zone was not found to extend into the underlying bedrock, but rather is a discrete low
velocity zone above a continuous higher velocity bedrock that appears to be
uninterrupted. This is interpreted to be landslide toe materials buried in the subsurface.
The shear wave velocity profiling efforts were conducted using the same line of
geophones. The ambient noise source was complemented by the construction activity
underway just to the north of landslide D. Fifteen second long samples were recorded to
provide the data for dispersion modeling. Several samples were collected to provide a
sufficient number of records for data processing. In general, multiple samples are
combined to capture a broader range of frequencies.
The velocity model provided by dispersion modeling provides an average model under
the array itself. A single model is derived, that does not provide laterally varying
information. One advantage of this technique is that a significant depth can be sampled,
whereas in the case of refraction techniques, the depth of penetration is more dependent
on the velocity profile itself. In this case, the dispersion modeling efforts (termed ReMi)
averages the rock profile to a depth of over 100 feet below the measurement location.
The resulting shear wave velocity profiles are shown on Fig. 13. The inferred depth to
harder bedrock is found to be 50-57 feet deep. Because of the location of the rock knob
(nearly in the center of the array itself), the depth to harder rock is shown to be somewhat
shallower than the tomography profile. Together they appear to confirm a fairly shallow
slide depth at this location, however.

Integration of Results
Fig. 14 shows a north-south geological cross-section through Landslide D. This crosssection honors the borehole and geophysical data, and identifies a planar failure plane
roughly parallel to the ground surface at a depth of 53-63 feet. Above that plane, Tertiary
volcanic rocks in the landslide mass have been extremely fractured, brecciated, and
rubbilized, as shown in trench DT-1 and in the two boreholes. Below the shear zone, the
cores indicate good rock quality with little oxidation or alteration to clays. We interpret
these rocks as beneath the landslide failure plane.
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Fig. 13. Shear-wave velocity profiles in Landslide D. (a) left part, Line 2; (b) right part,
Line 1. Both lines show abrupt increases in shear-wave velocity at 50-57 ft, which
coincide with the location of the basal shear plane interpreted from coreholes.
Given the gentle southeast regional dip beneath Landslide D, there are two possible
failure modes. The first (preferred) mode (A in Fig. 14) is a translational landslide on a
gently south-dipping bedding plane. The majority of the failure plane in this mode (that
which roughly parallels the ground surface) is defined as a 10 ft-wide shear zone that
passes through the sheared material encountered in two boreholes. The resulting
geometry is a south-dipping planar shear plane with an apparent dip of about 8°. The
passive headscarp part is defined by a linear downward projection of the normal fault
exposed in headscarp trench DT-2, until it intersects the 8° plane. However, it is possible
that one or more additional normal faults underlie the headscarp upslope of trench DT-2.
Likewise, the active toe thrust part is defined by a linear downward projection of the
thrust fault exposed in trenches DT-3 and -4 (average 30° dip), until it intersects the 8°
plane.
This type of failure matches several topographic and geologic observations. First,
the area below the headscarp is not flat nor does it form a closed depression, as it would
if the failure plane were strongly curved. This suggests that the failure is translational
rather than rotational. Second, a translational slide would have a large component of
extension at the head, as observed in trench DT-2. Third, the apex of the eastern slide
block is near the acute angle formed by two headscarp segments, suggesting the
possibility that the eastern block is a wedge failure. Wedge failures slide on the
intersection of two planes, which is normally a straight rather than curved line. Due to the
supporting geologic evidence, a planar failure plane is our preferred interpretation

Fig. x. Cross-section of Landslide D.

An alternative failure mode is a more deeply-penetrating curved failure plane
(rotational slump), such as shown by the line labeled B in Fig. 14. However, such a
curved failure plane would have to cut through high velocity rocks in the center of the
landslide. Neither the seismic tomography results nor the condition of the cores suggest
that rocks below about 65 feet depth have been deformed by landsliding. Therefore, we
do not think the geologic and geophysical evidence support a curved failure plane.

Conclusions
During our 3-year study of landslides in the Wasatch Front of Utah, we progressively
adopted an integrated geological-geophysical approach to characterizing bedrock
landslides for slope stability analysis. This approach proceeds from surface geologic
mapping, to trenching, drilling, and geophysics. Each data set provides data that crosschecks and extends the data from other sets. When the results of all four techniques point
to the same answer (for topics such as spatial extent of the landslide, thickness, shape of
the failure plane, and strength of the failure plane), the investigator has increased
confidence in his geologic cross-section. A slope stability analysis is only as good as the
geologic cross-section upon which it is based. Thus, increased confidence in the crosssection translates into increased confidence in the stability analysis, and increased
confidence in any hazards assessment or mitigation plan based on that analysis.
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