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and Emplacement Processes of Long Runout Landslides
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State University, Normal, IL, USA, *Department of Geology, Westminster College, Salt Lake City, UT, USA, ®Earth and
Planetary Science, University of California at Berkeley, Berkeley, CA, USA, "Retired, Utah Geological Survey, Salt Lake
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Abstract The physical processes that facilitate long-distance translation of large-volume gravity slides
remain poorly understood. To better understand these processes and the controls on runout distance, we
conducted an outcrop and microstructural characterization of the Sevier gravity slide across the former land
surface and summarize findings of four key sites. The Sevier gravity slide is the oldest of three mega-scale
(>1,000 km?) collapse events of the Marysvale volcanic field (Utah, USA). Field observations of intense
deformation, clastic dikes, pseudotachylyte, and consistency of kinematic indicators support the interpretation
of rapid emplacement during a single event. Furthermore, clastic dikes and characteristics of the slip zone
suggest emplacement involved mobilization and pressurized injection of basal material. Across the runout
distance, we observe evidence for progressive slip delocalization along the slide base. This manifests as
centimeter- to decimeter-thick cataclastic basal zones and abundant clastic dikes in the north and tens of
meters thick basal zones characterized by widespread deformation of both slide blocks and underlying rock
near the southern distal end of the gravity slide. Superimposed on this transition are variations in basal

zone characteristics and slide geometry arising from interactions between slide blocks during dynamic wear
and deposition processes and pre-existing topography of the former land surface. These observations are
synthesized into a conceptual model in which the presence of highly pressurized fluids reduced the frictional
resistance to sliding during the emplacement of the Sevier gravity slide, and basal zone evolution controlled the
effectiveness of dynamic weakening mechanisms across the former land surface.

Plain Language Summary Large-volume volcanic landslides pose a low-frequency but high-impact
natural hazard due to both their massive size and long-runout distances that exceed predictions grounded in
simple sliding models. Studying the deposits of past long-runout landslides provides insight into the physical
processes that reduce friction and aid movement of slide material for long distances over the land surface. We
describe the deformation styles observed in the basal zone of the gigantic Sevier gravity slide of southwestern
Utah to build a conceptual model for the physical processes associated with the slide's emplacement. Field
observations indicate high fluid pressures beneath the slide promoted high-velocity sliding. During slip,
mechanical breakdown of rocks exposed at the slide plane and deposition of wear products allowed pressurized
fluids to escape the basal zone and resulted in deceleration of the slide.

1. Introduction

The Marysvale gravity slide complex (MGSC) of southwestern Utah consists of three mega-scale collapse events
(Figure 1) that record gravitational failure and sector collapse of the southern flank of the Marysvale volcanic
field (MVF) (Biek et al., 2015, 2019; Hacker et al., 2014). Collectively, the MGSC structures cover approximately
8,000 km?, ranking each individually among Earth's largest terrestrial landslides. The continuity and consistency
of kinematic indicators, the presence of deformation features including pseudotachylyte, clastic dikes, and local-
ized hydrothermal alteration within the basal deformation zone, all indicate that each collapse structure represents
a single high-velocity emplacement event (Biek et al., 2015, 2019; Hacker et al., 2014). The MGSC structures are
of similar volume and runout distance to the Heart Mountain slide of Wyoming (Craddock et al., 2009; Malone
et al., 2014, 2017), the only other known mega-scale terrestrial gravity slide.
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Figure 1. Generalized map of the Marysvale gravity slide complex showing the estimated spatial extent of each slide structure based on current mapping. The
breakaway (dark) and runout (light) segments of each slide are separated by a ramp where the basal slip surface cut upwards from the subsurface detachment plane to
the former land surface. The four sites described in this study of the former land surface segment of the Sevier gravity slide are shown as stars. Red lines show major
Basin and Range normal faults. The breakaway area of each slide is overprinted by three of the largest volcanic features in the MVF, namely the Monroe Peak and
Mount Belknap calderas, and the Mineral Mountains batholith. Inset shows the location of map (gray box) and approximate extent of Marysvale volcanic field rocks.

Of the three MGSC structures, we focus on the eastern Sevier gravity slide (SGS) due to the near continuous
exposure of the basal zone created by subsequent Basin and Range normal faults striking parallel to the slide
transport direction (Figure 1). Current mapping indicates that the SGS reaches as far northward as the Monroe
Peak caldera (Figure 1), and the most distal deposits are observed ~80 km to the south at Flake Mountain (Biek
etal., 2019). In total, the SGS experienced at least 35 km of translation over the former land surface south of the
ramp (Figure 1) (Biek et al., 2019).

Landslides exhibit an inverse relationship between slide volume and the effective coefficient of friction,
expressed as the ratio of runout distance to initial vertical fall height (Collins & Melosh, 2003; Johnson
et al., 2016; Legros, 2002) (Figure 2). For long-runout landslides with volumes exceeding ~1 km?3, the effec-
tive coefficient of friction implied by this relationship is lower than typical values for rocks (Byerlee, 1978).
The MGSC structures follow this trend (Figure 2) with an effective friction coefficient <<0.1. Based on field
observations, laboratory testing, and numerical modeling, numerous mechanisms have been proposed to reduce
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Figure 2. (a) Inverse relationship between effective coefficient of friction calculated from the energy balance of a sliding rigid block illustrated in (b) and landslide
volume (data from Legros, 2002). The three MGSC structures individually fall within the red box based on mapping constraints provided by Biek et al. (2015, 2019).

sliding friction of long-runout landslides below typical values for rocks and explain long runout (e.g., Shaller
& Smith-Shaller, 1996). These include bulk fluidization mechanisms based in the physics of granular flow,
such as acoustic fluidization (Johnson et al., 2016; Melosh, 1979) and fragmentation and spreading (Davies &
McSaveney, 2009), gas fluidization of basal gravels in the presence of carbon dioxide (Aharonov & Anders, 2006;
Anders et al., 2010), and mechanisms that lubricate the slip surface to reduce the frictional resistance to sliding.
At high slip velocities, a number of physiochemical processes documented by Di Toro et al. (2011) were observed
to result in dramatic reductions in friction during rotary shear experiments of various lithologies. In long-runout
landslides, mechanisms including air lubrication (Shreve, 1968), carbonate decomposition and pressurization of
carbon dioxide (Goren et al., 2010; Mitchell et al., 2015), and thermal pressurization of pore water (Goren &
Aharonov, 2007) have been proposed as mechanisms for reducing frictional contact between a slide mass and the
underlying substrate during emplacement. Air lubrication has been since demonstrated to be unable to support
the load of a landslide due to rapid escape through the slide mass, but water is a more efficient medium due to its
higher density, viscosity, and incompressibility (Legros, 2002). While other mechanisms are physically viable,
thermal pressurization of water in the basal zone of long runout landslides is a highly likely process for reducing
the frictional resistance to sliding as it can occur in any lithology so long as the pore space is saturated and the
rocks have generally low permeability (e.g., Goren & Aharonov, 2009; Viesca & Garagash, 2015).

The SGS is an exceptional field laboratory to study the mechanics of landslide initiation, translation, and cessa-
tion due to the near continuous exposure of the basal zone and abundance of geologic mapping completed in the
region (e.g., Biek et al., 2019; Rowley et al., 2002). Moreover, the general north to south transport direction of
the SGS lies parallel to the strike of older thrust faults and folds produced by the west to east shortening of the
Sevier orogeny, resulting in slide-related transport that is generally orthogonal to that of the pre-existing fold
and thrust belt. By identifying systematic trends in the basal structure of the SGS, deformation styles can be tied
to slide mechanics to build a conceptual model that describes the mechanisms that control both high-velocity
transport and ultimate cessation of the SGS. Furthermore, field observations highlight the complexity that arises
from translation across the former land surface, in contrast to block models often used to simulate landslide
emplacement.

2. Geologic Setting

Igneous activity in the MVF during the Oligocene to early Miocene consisted primarily of subduction-derived
andesitic magmatism. Most volcanic products are assigned to the Mount Dutton Formation in the southern portion
of the volcanic field and Bullion Canyon Volcanics in the north. Collectively, these formations are a >2 km
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Tuff

Three Creeks Tuff

BucksKin Breccia

thick intertonguing and cross cutting mix of lahars, lava flows, welded tuffs,
and shallow magmatic intrusions derived from clustered stratovolcanoes that
were active between 30 and 22 Ma (Anderson & Rowley, 1975; Palmer &
Walton, 1990; Rowley et al., 1998, 2002). Distinctive interbedded ash flow
tuffs are present throughout the volcanic succession (Figure 3) and include
the Wah Wah Springs, Three Creeks Tuff, Buckskin Breccia, and Kingston
Canyon Tuff (Rowley et al., 1998, 2002).

The Wah Wah Springs Formation is a crystal-rich dacite tuff that erupted
~30 Ma from the Indian Peak Caldera along the present-day Utah-Nevada
border (Best et al., 2013; Biek et al., 2015; Rowley et al., 1994). The ~27 Ma
Three Creeks Tuff Member of the Bullion Canyon Volcanics was produced
locally by the eruption of the Three Creeks caldera located in the northern

Detachment Horizon

Brian Head Fm

MVEF (Steven et al., 1984). The Three Creeks Tuff is texturally and composi-
tionally similar to the Wah Wah Springs Formation, making the two difficult

Sevier Gravity Slide

to distinguish in structurally complicated areas. The Buckskin Breccia is a
26 Ma lithic tuff originating from an eruptive episode of the nearby Spry
Intrusion (Rowley et al., 1994), and the Kingston Canyon Tuff Member of
the Mount Dutton Formation is a densely welded, crystal poor trachytic tuff
with a basal vitrophyre sourced from the northern MVF (Fleck et al., 1975).

Claron Fm

Minor volcanic tuffs including the tuff of Tibadore deformed within the SGS
and the undeformed 25 Ma Antimony Tuff Member of the Mount Dutton

Formation overlying the SGS (Figure 3) constrain the age of emplacement to
~25 Ma (Biek et al., 2019).

Figure 3. Simplified stratigraphic section of the Sevier Plateau showing main

units involved in the Sevier gravity slide. Ages of volcanic units from Biek
et al. (2019) and references therein. Not to scale.

Volcanic units overlie the late Eocene-Oligocene Brian Head Formation
(Figure 3), a white to gray mudstone, sandstone, and conglomerate (Anderson
& Rowley, 1975; Sable & Maldonado, 1997). This unit records the onset of
volcanism in the region and contains abundant volcanic ash weathered to
smectite, a swelling clay with high susceptibility to failure (Biek et al., 2015; Ferri et al., 2011). Brian Head strata
conformably overlie Paleocene(?) to middle Eocene limestone, mudstone, sandstone, and conglomerate of the
Claron Formation (Anderson & Rowley, 1975; Sable & Maldonado, 1997).

3. Methods

We document structural relationships across the SGS at four sites on the former land surface segment, including
(from north to south) Dry Wash, Cottonwood Creek, North Sanford Valley, and Showalter Creek (Figure 1). At
each site, we identified the location of the basal slide plane and measured the orientation of structural elements
including bedding, the basal slip surface, and secondary slip surfaces. Where possible, we also identified the slip
direction and sense of slip indicated by slickensided surfaces and sense-of-shear indicators. All structural data are
plotted using Stereonet 11 (Cardozo & Allmendinger, 2013) and kinematic inversions of SGS-related faulting are
calculated using FaultKin 8 (Marrett & Allmendinger, 1990).

At each of the four sites, 3D outcrop-scale models were generated using structure-from-motion photogrammetry.
This technique identifies the three-dimensional location of a set of given points shared in overlapping photos
relative to the camera position, allowing images to be stitched together in 3D space (Bemis et al., 2014; Pringle
et al., 2006; Smith & Maxwell, 2021). In this study, photographs were obtained using a DJI Mavic 2 uncrewed
aerial vehicle (UAV) with a Hasselblad camera system. Survey design of each exposure included a minimum
of three flight lines, each with different altitudes, to capture photos at various camera angles with at least 70%
overlap between adjacent photos. During each flight line, the internal GPS in the UAV records position and orien-
tation data of each photo captured, with a positional error generally <5 m. Virtual 3D outcrop models are gener-
ated from the UAV photos using AgiSoft Metashape. This software uses the UAV position data for each photo
to estimate the position of the camera during processing and tie points between overlapping photos to estimate
distance and generate a dense point cloud and texture. Models generated using the position data generally have a
high degree of precision, allowing for reliable structural measurements, and relevant data are extracted from the
outcrop models using Cloud Compare (Thiele et al., 2017).
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Oriented samples of basal material and overlying upper plate rock were set in blue epoxy, thin sectioned, and
analyzed using a Leica DFC290 camera mounted to a Leitz transmitted light microscope. From thin sections,
we calculate the grain size distribution following Frost et al. (2009) to estimate the degree of comminution the
material experienced during emplacement of the SGS and overall maturity of the shear zone (Blenkinsop, 1991;
Sammis & King, 2007). Boundaries of quartz and feldspar grains in the basal layer were delineated from black
and white thin section photos using the adaptive threshold method of Otsu (1979) in Matlab. These specific grains
were selected for analysis due to the high contrast between the optically bright grains and the darker-colored
matrix in photos captured with the Leica DFC290 camera. Identified grains were sorted into groups defined by
average diameter ranging between 5 ym and 4 mm, with each bin differing from the previous by a factor of two.
The power law line of best fit to these data plotted on log-log plots of grain size versus grain density yields the
two-dimensional grain size distribution or fractal dimension (D,) of the material (Frost et al., 2009; Sammis &
King, 2007).

4. Observations
4.1. Dry Wash

Dry Wash (38.159°, —111.933°) is the northernmost site of this study and closest to the inferred location of
the ramp to the north (Figure 1); however, the basal slide plane is not well exposed north of this site. This site
exposes ~50 m of allochthonous volcanic mudflow breccia of the Mount Dutton Formation and Three Creeks
Tuff above in-place Buckskin Breccia and unnamed flat-lying yellow, Eocene-aged fluvial strata (Figure 4a)
(Biek et al., 2019). The Three Creeks Tuff above the Buckskin Breccia at this site provides an older-on-younger
stratigraphic relationship characteristic of the former land surface segments of the adjacent Markagunt gravity
slide (e.g., Hacker et al., 2014) and smaller-scale collapse structures in the nearby Iron Axis region of Utah (e.g.,
Hacker et al., 2002). The resistant upper surface of the Buckskin Breccia forms a ledge that marks the location of
the basal slide plane throughout the wash, while the damaged lowermost portion of the slide block at Dry Wash
is easily weathered and poorly exposed.

The basal surface at Dry Wash is subhorizontal (153°/04°W; Figure 4b), and polished with well-developed
striations (Figure 4c) that indicate transport directions of the SGS spanning 168° to 180° (Figure 4b). Above the
slide plane, an approximately 2 cm to 0.5 m thick layer of deposited wear products (basal layer, as described by
Malone et al., 2014; Mayback et al., 2022) is present (Figure 4a). Allochthonous units are shattered and sheared,
and stratigraphic layering in the mudflows is contorted and difficult to discern with confidence, with lithologic
boundaries that display pinch and swell-like geometries (Figure 4d). We assign the SGS upper plate at Dry Wash
to the mixed facies (Komorowski et al., 1991; Siebert, 2002). The upper plate contains numerous red to gray,
well indurated, subvertical clastic dikes (Figure 4e) up to 0.3 m in width and in some cases exceeding tens of
meters in length. The injected material is matrix-supported and contains clasts up to a few centimeters in diam-
eter. Flow indicators, branching patterns, and opening distributions that thin upwards indicate dominant upward
propagation of dikes from the basal surface. However, while the contact between clastic dikes and the basal layer
is not exposed, textural and compositional differences between the clastic dike material and the basal wear layer
exposed elsewhere along the basal zone suggest that the dikes were formed earlier during emplacement and were
then transported to this location, similar to observations of clastic dikes at the base of the adjacent Markagunt
gravity slide (Mayback et al., 2022).

4.2. Cottonwood Creek

The ~75 m thick allochthonous succession at Cottonwood Creek (37.960°, —112.071°) contains the most
complete volcanic section observed in the SGS, including Wah Wah Springs Formation, Three Creeks Tuff, King-
ston Canyon Tuff, and Mount Dutton alluvial facies mudflows in a normal stratigraphic sequence (Figure 5a).
The basal zone at Cottonwood Creek is largely covered by colluvium and poorly exposed, but where present, an
~0.5-1 m thick drab green to brown basal layer overlies the conglomerate of the upper Brian Head Formation
(Figures 5a and 5c). The basal layer contains sub-to well-rounded igneous and quartzite clasts and abundant
biotite. Lower plate Brian Head Formation is generally undisturbed, except for local jigsaw-style fractured clasts
immediately beneath the contact and sheared clasts at the slide surface (Figure 5d). Jigsaw fractures, charac-
terized by intense fracturing with minimal rotation and disarticulation of fragments leaving a fitted fabric to
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Figure 4. Sevier gravity slide deformation at Dry Wash. (a) Exposure of the basal zone showing the location of the basal slip surface and adjacent lithologies. (b)
Equal area stereographic projection showing attitudes of the subhorizontal basal slip surface and southward directed striations observed at Dry Wash. (c¢) Polished upper
surface of the Buckskin Breccia and striations record southward transport. (d) Stretched and contorted layering in the upper plate. (e) Clastic dikes propagate upwards
into allochthonous Three Creeks Tuff. The contact of dikes with basal layer is not observed, but textural and compositional differences suggest the dikes did not form
from the local basal material.

damaged clasts, are commonly observed in volcanic debris-avalanche deposits (Shaller et al., 2020; Shreve, 1968;
Malone, 1995). Bedding in the underlying Brian Head Formation remains subhorizontal. The basal surface dips
gently toward the east (013 °/05 ° E) with striations indicating transport toward 162° to 185° (Figure 5b).

Allochthonous material overlying the slide plane contains damaged Wah Wah Springs and Mount Dutton Forma-
tions. Boundaries between the rock units are difficult to discern, suggesting significant mixing of the materials
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Figure 5. Sevier gravity slide deformation at Cottonwood Creek. (a) Stratigraphy of involved rocks. A complete stratigraphic section from the Wah Wah Springs
Formation into the Mount Dutton Formation is preserved in the upper plate. The intensely deformed mixed facies immediately overlying the basal slide surface grades
upwards into more intact block facies near the upper portions of the exposure. (b) Equal area stereographic projection of the subhorizontal basal slip surface and
southward trending striations observed at Dry Wash. (c) Subtle striations and sheared clasts in the Brian head Formation mark the basal slide plane. (d) Jigsaw fractured
clasts contained within the Brian Head Formation immediately below the basal slip surface. (e) Clastic dikes propagate upwards into the cataclastically deformed Three
Creeks Tuff. (f) Dark glassy vein in the Three Creeks Tuff interpreted as pseudotachylyte.

(Komorowski et al., 1991; Siebert, 2002). With increasing distance above the slide plane, upper plate units appear
more intact, grading into the block facies (Siebert, 2002) from the more disrupted texture of the mixed facies.
The Three Creeks Tuff is cataclastically deformed, but the upper contact with the Kingston Canyon Tuff basal
vitrophyre is well-defined (Figure 5a) and the overlying Kingston Canyon Tuff and Mount Dutton Formation
remain macroscopically intact (Figure 5a). There is no evidence of significant slide-related damage in these units
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Figure 6. Outcrop scale map of deformation at North Sanford Valley annotated on field photo (a) and illustrated (b). Two subhorizontal decollements separate an
imbricate thrust system containing a repeated sequence of Wah Wah Springs Formation, Three Creeks Tuff, and Mount Dutton Formation.

and the original stratigraphic layering in the mudflows is preserved. Bedding in the Mount Dutton Formation dips
gently toward the northwest.

Some fractures in the well-exposed Three Creeks Tuff are filled with granular material similar in composition to
the mixed facies zone and there are numerous clastic dikes that originate in the basal layer and intrude upper plate
rocks (Figure 5e). These clastic dikes are generally thinner and less resistant to erosion than those observed at Dry
Wash, suggesting differences in source material. Within the Three Creeks Tuff, we also observe a ~2 cm thick,
~1 m long, subvertical black glassy vein with outer contacts colored orange-red (Figure 5f). Similar glass-lined
planes are observed in other exposures within the SGS, typically on surfaces within the Mount Dutton Formation.

4.3. North Sanford Valley

Exposures at the North Sanford Valley site (37.944°, —112.239°) are structurally complex, with a geometry
resembling an imbricate floor-roof thrust system (Figure 6). In deeper areas of the valley, exposures of subhori-
zontal Brian Head Formation are overlain by a well-developed basal layer, marking the location of the lower
decollement or floor of the thrust system that separates allochthonous rocks from lower plate Brian Head Forma-
tion. This decollement displays relief with amplitudes up to 10 m (Figure 6a), but generally is shallowly dipping
toward the south (097°/12°S) with striations indicating transport toward 188° to 200° (Figure 7). We inter-
pret this surface to be the lower contact of the SGS. In sharp contact with the basal layer, Wah Wah Springs
Formation, Mount Dutton Formation, and Three Creeks Tuff dip toward the north at ~40°. This panel repeats
to the north along south-vergent imbricate thrust faults that splay upwards from the lower slide surface and ends
to the south near the mouth of the valley. The imbricate thrust sequence ends here at a contact with a sheared
and brecciated mass of gray to green, matrix-supported material containing large clasts of volcanic rock and
rough subhorizontal fabric (Figure 6a). Overlying the repeating sequence of north dipping Wah Wah Springs
Formation, Mount Dutton mudflows, and Three Creeks Tuff are subhorizontal Kingston Canyon Tuff and Mount
Dutton Formation (Figure 6). This contact is marked by an abrupt change in attitude where north dipping units are
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Figure 7. Equal area stereographic projection of the slip surfaces and internal deformation observed at the North Sanford Valley site. The lower decollement (solid red)
is shallowly dipping toward the south with striations indicating generally southward transport of the slide block. The upper decollement (dashed red) is shallowly west
dipping with striations toward ~200 °. Kinematic inversions of steeply dipping internal slip surfaces (blue) are calculated assuming pure dip slip.

truncated at an upper decollement against the overlying subhorizontal surface (Figure 6). This surface is gently
west dipping (186°/10° W) with striations indicating transport toward 198° (Figure 7). We interpret this contact
as a second, stratigraphically higher slide surface that formed during the emplacement of the SGS.

The tan basal layer at the lower decollement is matrix supported and is between 0.5 and 2 m in thickness.
It contains subangular to rounded volcanic clasts, some of which are pervasively fractured at the outer edges
(Figure 8a), suggesting dilation and inflation (Schneider & Fisher, 1998). The basal layer has no particularly
recognizable fabric at the outcrop scale, though contorted color banding is sub-parallel to the basal layer contacts
(Figure 8b) consistent with layer parallel shear. Cobbles exposed at the slide surface are sheared and striated
(Figure 8c), and the Wah Wah Springs Formation is cut by tan to green clastic dikes that intrude upwards from the
basal surface (Figure 8d). Texture and composition similarities with the basal layer, continuity between dike and
basal layer materials, and preserved flow structures within the dikes indicate clastic dikes formed locally. In thin
section, the basal layer is poorly sorted, with 2—5 mm diameter igneous clasts and 0.5-1 mm grains of individual
plagioclase, quartz, biotite, and opaques in a fine-grained matrix (Figure 9). The larger clasts and quartz grains
are generally subrounded to subangular and quartz grains are optically uniform with no subgrain boundaries,
deformation lamellae, or evidence of undulose extinction (Figures 9a—9g). Biotite and plagioclase crystals retain
rectangular crystal habit and plagioclase grains display deformation twinning textures in cross-polarized light
(Figures 9a, 9c and 9d). Grains do not display a clear preferred orientation.

The central area of the North Sanford Valley site containing north dipping, repeating sections of the Wah Wah
Springs Formation, Mount Dutton Formation, and Three Creeks Tuff is pervasively fractured and sheared with
macroscopic sense of shear indicators that are consistent with top toward the south deformation (Figure 8e).
This suggests that, locally, top-to-the-south shear strain was distributed beyond the localized basal layer, and up
into the upper plate rocks. Additionally, sub-vertical slip surfaces oriented at acute angles to the transport direc-
tion (164°/86°E) displaying horizontal striations toward 175° (Figure 7) are common throughout this section
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Figure 8. Sevier gravity slide deformation at North Sanford Valley. (a) Pervasively fractured clasts within the basal layer (b) Color banding in the basal layer produced
by stretched and contorted volcanic clasts. (c) Cobbles at the basal surface are cut and striated during Sevier gravity slide (SGS) emplacement. (d) Clastic dikes
propagate upwards from the basal layer into deformed Wah Wah Springs Formation. (e) Shear fabrics in the Wah Wah Springs Formation display top toward the south
displacement, consistent with SGS emplacement. (f) Subvertical fault surfaces with subhorizontal striations consistent with SGS emplacement direction in the Wah

‘Wah Springs Formation.

(Figure 8f). In thin section, the Wah Wah Springs Formation in this portion of the slide contains abundant
plagioclase, biotite, and minor quartz that display varying degrees of deformation (Figure 10). Particularly in
the upper portion of the thin section, most grains are euhedral in shape and softer, less resistant minerals such as
biotite retain original blade like crystal habit (Figure 10b). Other grains show intense damage (Figure 10), with
individual mineral grains of quartz and biotite fractured below the grain scale (Figures 10c—10h), and jigsaw
textures in which fragments are not significantly rotated (Figures 10c and 10i). Similarly, grains of plagioclase
show deformation twinning textures (Figure 10g). Throughout the thin section, bands of comminuted granular
material similar in composition to the basal layer material are observed cutting through the section (Figures 10d
and 10e). Fractures in crystal grains near these bands are filled with the same granular material.

Above the upper decollement, subhorizontal Kingston Canyon Tuff and Mount Dutton Formation overlie tilted
‘Wah Wah Springs Formation (Figures 6, 11a, and 11c¢), separated by a thin zone of white to greenish gray granu-
lar material (Figure 11b). In contrast to the granular material forming the basal layer along the lower decollement,
this material is darker in color, contains fragments of only rock units adjacent to the slide plane, and lacks the
diverse mixture of rounded to subrounded volcanic and quartzite cobbles to pebbles. Green to white clastic dikes
intrude upwards and downwards from this horizon into the highly weathered and damaged basal vitrophyre of
the Kingston Canyon Tuff (Figure 11b). Most clastic dikes are subvertical or slightly curved, though in some
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Figure 9. Microstructural observations of basal layer collected from North Sanford Valley. (a) Full slide scan in plane polarized light, with arrows indicating sense

of shear. (b) Biotite grains retain rectangular habit in the basal material. Also looks like preferred orientation of biotite. (c) Representative image of mineral grains
contained within the basal material. (d, e) Finer-grained material fills the space between rounded larger igneous clasts of Wah Wah Springs Formation. (f) Crude inverse
grading of mineral fragments from the boundaries of large igneous clasts. (g, h, i) Additional representative images of crystal fragments in the basal material used to
calculate mass dimension. For higher magnification images, the left photo is in plane polarized light, and the images on the right are in cross-polarized light.
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Figure 10. Microstructural observations of allochthonous Wah Wah Springs Formation collected from the central exposures of North Sanford Creek. (a) Full slide
scan in plane polarized light. Note the sample is right way up but otherwise unoriented. (b) Representative mineralogy of the Wah Wah Springs Formation showing
little grain scale damage. (c) Broken fragments of a quartz grain show low shear strain, common of jigsaw fractures. (d, ) Bands of comminuted material cut across
the lower portion of the thin section, split biotite grains, and contain fragments of broken mineral grains adjacent to the band. (f) Shattered quartz grain. (g) Plagioclase
grains show deformation twinning textures. (h, i) Additional representative images used to calculate mass dimension. For higher magnification images, the left photo is
in plane polarized light, while the images on the right are in cross-polarized light.
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Figure 11. Field photographs of the upper slide surface exposed in North Sanford Valley. (a) Subhorizontal Kingston Canyon Tuff and Mount Dutton Formation
overlie north dipping Wah Wah Springs Formation and Mount Dutton Formation. (b) Clastic dikes propagate up and down from a slide horizon within the Kingston
Canyon Tuff. (c) The contact is marked by local clasts that appear to be sheared through at the slide surface.

exposures the dikes form a more chaotic network (Figure 11b). Above this horizon contained within the Kingston
Canyon Tuff, the Mount Dutton mudflows are intact, with little to no discernible damage and clearly defined,
gently west-dipping bedding planes (Figures 6 and 11a).

4.4. Showalter Creek

Showalter Creek (37.813°, —112.225°) is the southernmost exposure of this study and represents some of the
most distally transported material preserved in the SGS. Most of the volcanic section, including the Wah Wah
Springs Formation, Three Creeks Tuff, and Kingston Canyon Tuff, is missing in the 70 m thick allochthonous
blocks at Showalter Creek, and Mount Dutton Formation is separated from autochthonous Brian Head Formation
by an up to 25 m thick layer of basal material (Figure 12a). Like North Sanford Valley, the basal slide surface
displays significant relief along the exposure, but its general orientation is 255°/19° NW with striations that trend
downdip between 001° and 006° (Figure 13). Unlike sites to the north, the uppermost ~30 m of the Brian Head
Formation is folded and faulted along shallow, small-displacement faults (Figures 12b and 12c). These faults strike
east-west with dips of approximately 30° to 40° to the north and south (Figure 13) and reverse-sense displacement.
Kinematic indicators were not observed on slip surfaces, but assuming near dip-slip displacement, these faults are
consistent with north-south directed shortening (subparallel to striations on the basal contact) and thickening in the
vertical direction (Figure 13). Brian Head strata below this zone are undeformed and subhorizontal (Figure 12a).

The basal layer at Showalter Creek contains deformed and strained clasts of likely Three Creeks Tuff (Figure 12d)
that are oriented subparallel to the basal surface, as well as abundant clasts derived from the Brian Head Forma-
tion (Figures 12e, 14c, and 14d). Color banding is also present in the basal layer and subparallel to the basal slide
plane (Figure 12f). Thin sections of the basal layer collected at Showalter Creek show matrix-supported material
with clasts up to 1 cm in diameter (Figures 14a—14f). Clasts are generally smaller than 1 mm in diameter and sedi-
mentary clasts derived from the Brian Head Formation are more abundant than igneous clasts (Figures 14a—14f).
Some clasts of Wah Wah Springs Formation and Kingston Canyon Tuff are present (Figure 14e). Quartz grains
are more abundant than plagioclase (Figures 14a—14e) and biotite only occurs in smaller fragments (Figures 14b
and 14d) than observed in basal material from Cottonwood Creek and North Sanford Valley. Both clasts and crys-
tal fragments are subrounded, intact, and show no clear preferred orientation or discernible fabric to the matrix
(Figure 14)

Upper plate Mount Dutton lava and mudflows are deformed through the entire ~40 m thickness of the exposure
and bedding is difficult to discern with certainty (Figure 12). Near the slide base, thrust faults cut upwards from
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Figure 12. Sevier gravity slide deformation at Showalter Creek. (a) Outcrop scale map of the allochthonous Mount Dutton Formation overlying Brian Head Formation,
separated by a 25 m thick basal layer. (b) Shallow thrust faulting in the uppermost Brian Head Formation. (c) Thrust fault and folding in the Brian Head Formation.

(d) Clasts of Three Creeks Tuff in the basal layer are cataclastically deformed, stretched, and thinned. (e) Rip up clasts of substrate Brian Head Formation are intensely
fractured. (f) Crude color banding in the Showalter Creek basal layer. (g) Internal faulting within the Mount Dutton Formation. (h) Clastic dikes propagate upwards
from a sliding surface within the Mount Dutton Formation.

the basal slide plane through the Mount Dutton Formation (Figure 12g), resulting in northward tilting. Further-
more, UAV imagery in the cliff face of a surface subparallel to the basal slide plane from which clastic dikes
propagate upwards (Figure 12h) suggests the presence of multiple slip surfaces.

5. Discussion
5.1. Evidence of Rapid Upper Plate Emplacement

The formation of glassy pseudotachylyte at Cottonwood Creek (Figure 5f) and along subsidiary slip surfaces
throughout the upper plate of the SGS provide evidence for high velocity sliding during emplacement. We interpret
these features to be frictional melts following the mesoscale criteria defined by Magloughlin and Spray (1992),
including a glassy texture with quenched margins at the contact with host rock and the occurrence of vesicles

BRAUNAGEL ET AL.

14 of 25

2518011 SUOLILLIOD BAIEBI0 3[ed1 dde 3L Ad paURACD B2 SOOI VO '28N J0 S2IN1 10} ARIGIT2UIIUO A3]1 U (SUORIPUOD-PLE-SULEI W00 A3 1M AReiq)1jou 1Uo//Sd) SUORIPUOD PUe S | 8 885 *[7Z02/S0/TE] U0 Aeiq1T auIluo A31iM (- 2u] BANGeT) 2anopeay Ad £8.0T009Z202/620T OT/10p/L00 A3 ARl jeu |uo'sandnBe/sdny o1 popeojumod ‘G ‘€202 ‘20252GT



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010783

Basal slide surface
& striations

Thrust Faulting in upper
plate Mount Dutton Fm.

Thrust Faulting in lower
/ plate Brian Head Fm.

B Principal strain orientations

€1 = Greatest Shortening

Figure 13. Equal area stereographic projection of slip surfaces and internal deformation observed at Showalter Creek. The
basal surface of upper plate blocks is north dipping with striations consistent with southward transport. Slip surfaces in

the upper plate (blue) and lower plate (green) are dipping toward the north and south steeper than the basal slide surface.
Kinematic inversions are color coded for upper and lower plate data and calculated assuming pure dip slip.

and embayed clasts contained within the glass (Figure 5f). Similar features studied in more detail on the adjacent
Markagunt gravity slide also show glassy textures, quenched vein margins, and vesicles and amygdule fillings at
the mesoscale, and survivor quartz grains within an isotropic groundmass, flow banding, and microlites in thin
section (Biek et al., 2019; Hacker et al., 2014; Holliday et al., 2022; Zamanialavijeh et al., 2021).

Pseudotachylyte genesis requires frictional heating during slip to increase the temperature beyond the melting
temperature of some mineral constituent in the surrounding rock mass by frictional heating (Masch et al., 1985;
Spray, 1995). When observed in the rock record, it is generally attributed to high sliding velocities associated with
processes of earthquake rupture (Rowe et al., 2012; Rowe & Griffith, 2015) and impact structures (Thompson &
Spray, 1996). Pseudotachylyte formed during landslide emplacement is rare with a few examples noted globally,
including glass shards observed in the Heart Mountain carbonate basal layer (Craddock et al., 2009) and as veins
along the basal surface of the Kofels Slide of Austria (Masch et al., 1985) and the Arequipa Slide in Peru (Legros
et al., 2000). In landslides, frictional heating resulting in pseudotachylyte formation requires thick packages of
slide material, high-velocity sliding, and high frictional contact across the slip surface (Legros et al., 2000). We
have not identified any pseudotachylyte along the basal slip surface of the SGS, and pseudotachylyte glass is
observed only along stratigraphically higher subsidiary slip surfaces and as injection veins in the allochthonous
material within the upper plate (Biek et al., 2019). This suggests differences in the frictional strength between
the stratigraphically higher slip surfaces where frictional heating resulted in the generation of a melt phase, in
contrast to the basal slide surface that did not achieve temperatures high enough to form a melt.
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Figure 14. Microstructural observations of basal layer collected from Showalter Creek. (a) Full slide scan in plane polarized light, with arrows indicating sense of
shear. (b) Representative image of basal material, primarily containing angular to subrounded grains of quartz. (c, d) Subrounded sedimentary clasts of quartz are
interpreted as derived from the Brian Head Formation are common in the basal material. (e) Subrounded clast of Kingston Canyon Tuff. (f, g) Additional representative
images of mineral fragments in the basal material used to calculate mass dimension. For higher magnification images, the left photo is in plane polarized light, and the
images on the right are in cross-polarized light.

5.2. Spatial Variation in Gravity Slide Structure
5.2.1. Upper and Lower Plate Structure

Along the slide transport parallel profile, the SGS upper plate consists of numerous mountain-sized blocks of
intact volcanic rocks with boundaries defined by variations in stratigraphy, bedding attitude, structures, and
overall damage state. Broadly, the upper plate displays a high degree of internal coherency that preserves the
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Figure 15. Schematic illustration of the spatial distribution of damage styles and deformation structures observed at the four sites described as a function of distance
south of the ramp of the Sevier gravity slide. Deformation in the north is primarily extensional, whereas sites toward the distal portion of the slide display more
heterogeneous deformation including horizontal shortening. The basal vitrophyre of the Kingston Canyon Tuff is not observed south of the North Sanford Valley site.
South of this site the basal layer (dark brown) thickens progressively toward the slide terminus.

original and upright, though attenuated and damaged, stratigraphic succession like megabreccias described in
smaller volcanic landslides (e.g., Legros et al., 2000; Pollet & Schneider, 2004; Schneider & Fisher, 1998; Shaller
et al., 2020). Near the basal contact, the upper plate is intensely fractured into rock and crystal fragments by
jigsaw fractures and along anastomosing shear fractures (Figures 4a, 5e and 10). In the SGS, brecciation is most
apparent in the ash flow tuffs compared to mudflow deposits in which only some clasts display jigsaw fractur-
ing, but all sites display an overall general decrease in damage state with increasing vertical distance above the
basal surface. This is most apparent in the transition from mixed facies in the allochthonous plate at the basal
surface to the undisturbed block facies observed at Cottonwood Creek (Figure 5a). Portions of the upper plate
that experienced greater translation distance across the former land surface, such as Showalter Creek, also display
thicker damage zones. At Dry Wash and Cottonwood Creek, the mixed facies zone extends <10 m above the basal
surface (Figures 4a and 5a), while mixed facies deformation characterizes nearly the entire ~ 60 m thick exposure
of allochthonous rock at Showalter Creek (Figure 12a). In addition to the thickness of the damaged mixed facies
zone, slide blocks that experienced greater translation across the former land surface also display evidence of
greater mechanical wear and extensional deformation by thinning of the allochthonous plate. Slide blocks to the
north such as Cottonwood Creek preserve the most complete volcanic section in the SGS (Figure 3), including
major ash flow tuffs of the Wah Wah Springs, Three Creeks, and Kingston Canyon (Figure 5a). Closer to the
slide terminus at Showalter Creek, these ash flow tuffs are missing, and stratigraphically higher Mount Dutton
Formation is the principal upper plate unit (Figure 12a).

Larger-scale internal deformation structures formed during SGS emplacement vary as a function of distance
south of the ramp (Figure 15). At the northern Dry Wash and Cottonwood Creek sites, damage styles in the
upper plate are most consistent with simple translational deformation focused near the basal slide surface. Slip
appears to be limited to the lower portion of the slide and thinning and stretching of slide material (Figure 4d)
suggests primarily extensional deformation. Generally, little to no deformation is observed in the lower plate at
these sites and autochthonous bedding surfaces remain subhorizontal. To the south of the North Sanford Valley
site, deformation structures in the slide mass are more varied and both strike slip and horizontal compressional
style faulting are observed. Similarly, at Showalter Creek near the slide terminus, the upper plate Mount Dutton
Formation shows evidence of multiple slide surfaces through the slide block (Figure 12h) and steeply dipping
internal reverse faults (Figure 12g). At Showalter Creek, the uppermost Brian Head Formation in the lower plate
is deformed, with shallow south vergent fold and thrust deformation immediately below the basal slide plane
(Figures 12b and 12c¢).

5.2.2. Basal Layer

The SGS basal layer at all sites is a matrix-supported, poorly sorted sandstone to conglomerate that contains
material derived from frictional wear processes during emplacement; it resembles granular material described
beneath large slide masses (Anders et al., 2000; Dufresne et al., 2021; Malone et al., 2014; Mayback et al., 2022;
Weidinger et al., 2014; Yarnold & Lombard, 1989). Macroscopically, the texture of basal material does not vary
significantly; however, clast and mineral fragment composition changes with position south of the ramp, suggest-
ing changes in the upper and lower plate rock units that are exposed to frictional wear during emplacement. At
the northern sites of Dry Wash and Cottonwood Creek, wear products in the basal layer are primarily volcanic,
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with abundant igneous clasts and free quartz, plagioclase, and biotite mineral fragments. Clasts of the underlying
Brian Head Formation are not abundant in the basal layer until farther to the south, where greater proportions of
quartz and rounded to subangular clasts of quartz-rich sandstone occur. At Showalter Creek, intensely fractured
rip-up Brian Head clasts (Figure 12¢) are more abundant than igneous clasts, and volcanic minerals such as biotite
and plagioclase are rarer and smaller in size than those observed to the north. Some clasts of tuff are intensely
fractured and sheared at Showalter Creek (Figure 12d), while others remain subrounded and largely undamaged
(Figures 14a and 14e).

Across the runout portion of the SGS across the former land surface segment, the thickness of the basal layer
increases with distance south of the ramp. At Dry Wash and Cottonwood Creek, the thickness of the basal layer is
less than 1 m, but it increases near the southern terminus of the slide, exceeding 25 m at Showalter Creek. Basal
material intruding into rocks immediately adjacent to the basal zone is a ubiquitous feature throughout the deposit,
and there is no particular site or portion of the slide in which these features occur more frequently than others.
Clastic dikes vary in size from tens of meters in length to <1 m and propagate both upwards into the allochthonous
blocks and, less frequently, downwards into lower plate Brian Head Formation. These features form by forceful
injection of basal material and suggest high fluidity and the presence of elevated fluid pressures at the base of the
slide when formed (Jolly & Lonergan, 2002). Similar injection features were described by Legros et al. (2000) and
Johnson (1978) at smaller landslides and by Malone (1995) and Craddock et al. (2012) for the Heart Mountain slide.

5.3. Implications of Structural Variation
5.3.1. Deformation of the Upper Plate

For much of the runout portion of large landslides, deformation styles are extensional and translational (Schneider
& Fisher, 1998; Weidinger et al., 2014), consistent with those across the northern portions of the SGS former
land surface segment. In the transport-parallel exposures at Dry Wash, we observe significant thinning and exten-
sional deformation of the allochthonous block in the form of pinch and swell geometries between lithologies and
boudinage-like structures within the mixed facies zone (Figures 4a and 4d). Further complexity in the observed
deformation, such as the internal thrust faulting observed at North Sanford Valley and Showalter Creek, suggests
a change in the kinematics of internal deformation within the upper plate during emplacement. Kinematic
inversions of these structures (shown in Figures 7 and 13) suggest the principal shortening direction is oriented
subhorizontal toward the south (plunging 2° toward 180 to 190°), resulting in thickening in the vertical direction.
The calculated shortening directions obtained from these inversions are generally consistent with the translation
direction of the slide measured directly from striations on the basal surface (Figures 7 and 13), supporting our
hypothesis that the features formed during SGS emplacement.

Previous studies of large-volume landslides, such as the Blackhawk landslide of California and Heart Mountain
slide, report similar imbricate structures, which are attributed to zones of abrupt deceleration that propagate
rearward as momentum carries trailing material overtop a decelerating slide front (Johnson, 1978; Shreve, 1968).
This mechanism can account for the internal thrust faulting and formation of secondary, stratigraphically higher
slip surfaces within the mixed facies of the Mount Dutton Formation near the distal end of the slide at Showalter
Creek (Figure 12g) during deceleration of the slide. Internal compressional deformation in more central portions
of the SGS, such as the North Sanford Valley, may similarly reflect zones of rapid deceleration. Potential causes
of the rapid deceleration of the North Sanford Valley upper plate include collision and interaction between indi-
vidual slide blocks or against pre-existing topography on the former land surface. The material at the southern
end of the imbricate thrust structure observed in North Sanford Valley (Figure 6) is too damaged to definitively
distinguish between these two possible causes. Compressional deformation results from rapid deceleration of the
leading edge of the slide, further breakdown of the upper plate due to strain partitioning and dynamic disintegra-
tion, and rearrangement of transport direction around an obstacle (Figures 6 and 8f). In the North Sanford Valley
site, we interpret the upper and lower decollements to be coeval due to the consistency of kinematic indicators
between the two slip surfaces and the general immaturity of the wear products formed along the upper decolle-
ment. Unlike the lower decollement basal material that incorporates cobbles rounded by fluvial processes on the
former land surface prior to slide emplacement, the upper decollement material does not show any evidence of
being exposed to erosional and depositional processes between two failure events. Additionally, the stratigraphic
position of the slip surface remains constant toward the north and we do not observe any evidence, such as repeat-
ing stratigraphic sections, that would suggest overlapping retrogressive failures.
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Figure 16. Grain size distribution plots from the basal layer collected from North Sanford Valley (left) and Showalter Creek (right). Mass dimensions (D,) are
consistent between the two sites, and generally lower than values obtained in highly sheared fault rocks. Images used in analysis were captured at 25x magnification

with 655 pixel/mm.

5.3.2. Frictional Wear

The relationship between grain size and spatial density of each binned grain size (Figure 16) within the observa-
tion window of basal material samples is well fit by a power law relationship, suggesting formation by mechan-
ical wear processes originating from fault-style constrained comminution resulting from shear strain across the
granular basal zone (Frost et al., 2009; Sammis & King, 2007). Previous studies in fault zones demonstrate the
fractal dimension D, increases toward localized zones of shear, with D, = 0.88 observed in fault rocks collected
at the periphery of major fault zones and material collected from the strongly foliated fault core rock yield-
ing D, = 2.0 (Billi et al., 2003; Billi & Storti, 2004; Chester et al., 2005). Multiple analyses of basal material
collected from the North Sanford Valley and Showalter Creek sites yield a mass dimension ranging between
1.32 and 1.46 (Figure 16), which is consistent with or just below values typical of gouged and brecciated rock
outside fault cores in well-developed faults (e.g., Anderson et al., 1983; Billi & Storti, 2004; Chester et al., 2005;
Sammis et al., 1987). These values are extremely low if translation distances of ~30 km accommodated primarily
within this zone. As the D, obtained for the basal material of the SGS is consistent between the two sites and
generally lower than expected for processes of constrained comminution in long lived fault zones (e.g., Sammis
& King, 2007), we suggest the SGS basal layer represents an immature shear zone. This is also consistent with
observations of poor mixing across large areas and varying sources of wear products with translation distance
described above, collectively indicating continual deposition of wear products at the base of the slide and renewal
of the slip surface during emplacement.

In comparison, D, obtained for allochthonous Wah Wah Springs Formation collected at North Sanford Valley
(Figure 10) range between 0.74 and 1.24 depending on the location within the thin section and overall damage
state. Images captured from zones of deformation yield mass dimension values at the higher end of this range,
reflecting greater mechanical breakdown of individual quartz and feldspar and fewer large grains. Images
captured in less clearly deformed portions of the thin section yield lower values that are more consistent with
those observed at the periphery of major fault zones (Frost et al., 2009). At the higher end of D, observed in
allochthonous material from North Sanford Valley, the particle size distribution of the damaged Wah Wah Springs
Formation closely reflects those observed in both basal layer samples, suggesting a similar grain size distribution.
During slide emplacement, we hypothesize that frictional wear and grain breakdown are most concentrated in the
lowermost portion of the upper plate, forming individual mineral fragments that are incorporated into the basal
layer as the lowermost slide material disaggregates. Once incorporated into the basal layer, the mass dimension
suggests that grain size does not dramatically change from that of damaged allochthonous material, indicating
that the basal material does not experience significantly more breakdown and reworking between incorporation
and deposition. We interpret rounded igneous clasts in the basal layer to have been incorporated from unconsol-
idated material on the former land surface and worn by erosional processes prior to initiation of the SGS due to
the overall lack of damage observed in most large basal material clasts, though additional wear likely occurred
by mechanical abrasion during shear.

The increasing thickness of the basal layer with translation distance across the former land surface (Figure 15)
indicates an increase in the rate of wear and breakdown of the upper allochthonous plate and preservation of wear
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products with translation distance, as more material is generated by mechanical breakdown of the upper plate and
deposited at the base of the slide. The rate of wear product generation reflects several processes, including the
increase in overall damage state of slide blocks with greater transport across the land surface, exposure of less
resistant Mount Dutton Formation at the basal slide surface after breakdown, and loss of the more resistant ash
flow tuff units, and an increase in frictional contact between the upper and lower plates as slide blocks slow. The
thick basal layer at Showalter Creek (Figure 12a) may also reflect contributions from a bulldozing effect near the
leading edge of the slide (Shreve, 1968). Larger-scale deformation suggests this may be in part due to increased
frictional coupling between the upper and lower plate, suggesting mechanisms that reduce frictional resistance
and promote sliding became less efficient toward the distal end of the slide. In the proximal area of the slide at
Dry Creek near the ramp fault, the lack of deformation of lower plate rocks suggests little frictional contact of the
upper plate during emplacement. This is also consistent with mineral fragments preserved in the basal layer that
are derived primarily from the upper plate volcanic rocks. Further to the south at Showalter Creek, evidence of
strong frictional contact becomes more apparent. Incorporation and accretion of substrate material in the form of
rip up Brian Head clasts and large blocks, and of unconsolidated material from the former land surface, suggests
local scour, and unlike at sites to the north, shallow folding and thrusting in autochthonous Brian Head Formation
below the slide plane suggests significant frictional coupling as the slide overrode this portion of the former land
surface.

5.3.3. Slip Localization

Properties of the basal deformation zone indicate slip was primarily accommodated within the narrow basal
layer, which ranges in thickness from ~0.5 m at the northern Dry Wash site to >25 m at the distal Showalter
Creek site. However, some exposures show evidence for more distributed shear. Shear features with top to the
south displacement observed above the basal layer (Figure 8e) suggest distributed deformation extended into the
mixed facies zone of the upper plate at North Sanford Valley and overall damage states suggest reworking of this
material. The presence of pseudotachylyte within the upper plate also suggests the formation of secondary slip
surfaces and more distributed shear within the slide mass. Considering the thickness of both the basal layer and
mixed facies along a transport-parallel profile, the thickness of the available zone to accommodate slip at the base
of the slide increases dramatically in the direction of slide movement, resulting in overall greater degrees of slip
delocalization between the upper and lower plates.

We also observe stratigraphically higher zones of localized shear that accommodated slip along planes of
pre-existing weakness such as lithologic boundaries in slide blocks. In some cases, these are preserved tens of
meters above the mixed facies zone and are evident by frictional melting and the formation of pseudotachylyte
(Figure 5f) and clastic dikes (Figures 11b and 12h). Similar to the distributed deformation in the lower plate
Brian Head Formation observed at Showalter Creek, we believe that these stratigraphically higher slip surfaces
formed during the late stages of emplacement. As frictional contact at the base of the slide increased and resulted
in slowing of the lowermost portion of the slide block, the momentum of the upper portions may have resulted
in internal shearing and the formation of new slip surfaces along preferred surfaces of weakness such as bedding
planes (e.g., Pollet & Schneider, 2004).

5.4. Mechanisms of Sliding and Cessation

Based on these observations, we develop a conceptual model for the emplacement of the SGS. Magma intrusion
and rapid inflation of the volcanic field during late-stage activity (Hacker et al., 2014) and an evolving regional
stress regime (Hoiland et al., 2022) may have contributed to gravitational instability and collapse of the southern
MVEF, resulting in the initiation of the SGS. During the earliest stages of initiation and throughout the translation
history, the upper plate is modified and broken down by retrogressive failure in the breakaway region and by
dynamic disintegration processes and strike-parallel segmentation along internal faults (Boyer & Hossack, 1992;
Pollet & Schneider, 2004). Variations in striation orientation suggest rearrangement of transport direction and
rotation of blocks during sliding, potentially by interaction with various blocks or around pre-existing topography.

Characteristics of the basal layer underlying the Sevier gravity slide, including abundant clastic dikes and grad-
ing and flow banding of coarse intervals, suggest that the material was highly mobile or fluidized during slide
emplacement and provided the low shear strength environment needed to buffer the autochthonous Brian Head
Formation from extensive deformation. While dry granular materials can become fluidized by mechanical
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processes (e.g., Anders et al., 2000; Campbell et al., 1995; Melosh, 1979), fluidization during the emplacement
of long-runout landslides may be easier to achieve with the presence of pressurized water or gases (e.g., Anders
et al., 2010). In the SGS basal layer, the lack of severely deformed grains observed in the thin section (Figures 9
and 14) and fine-grained matrix suggests the high energy elastic collisions of grains were infrequent during slid-
ing and likely unable to result in mechanical fluidization. Unlike the Heart Mountain slide, where carbonates of
the Big Horn Dolomite could provide carbon dioxide into the basal layer during thermal decomposition resulting
in gas fluidization (e.g., Anders et al., 2010), there are no clear lithologic sources of such gases within the Sevier
gravity slide upper or lower plates.

During frictional slip, localized heating in the shear zone can result in thermal pressurization of pore fluids when
volumetric expansion of fluids exceeds that which can be accommodated by compression of the surrounding
rock (Lachenbruch, 1980; Mase & Smith, 1985; Rice, 2006). Thermal pressurization is ubiquitous in earthquakes
(Viesca & Garagash, 2015), and given that it is not strictly limited to a single lithology, the mechanism might
be similarly important in long-runout landslides. The mechanisms of carbonate decomposition and pressuri-
zation suggested for the emplacement of the Heart Mountain Detachment are in contrast lithology-dependent
(Goren et al., 2010; Mitchell et al., 2015). Thermal pressurization was previously proposed as a possible mech-
anism for the apparent low frictional resistance of large-volume landslides (e.g., Goren & Aharonov, 2007;
Vardoulakis, 2002) and the abundance of clastic dikes throughout the SGS suggests that elevated fluid pressures
likely contributed to the apparent low frictional resistance during emplacement. The presence of well-developed
and far reaching clastic dikes that formed upstream of the site containing cm scale clasts just to the south of the
ramp at Dry Wash indicates that elevated fluid pressures developed early in the slide history within the breakaway
segment of the slide.

Portions of the allochthonous plate with short translation distances across the former land surface preserve the
record of highly effective dynamic weakening mechanisms, high basal fluid pressures and fluidization of the
basal layer material and low frictional contact with the underlying substrate during emplacement. Exposures of
the basal zone at Dry Wash and Cottonwood Creek reveal thin zones of deformation representing high degrees of
slip localization and internal damage limited to thin regions immediately overlying the basal zone. The complete
volcanic section at these sites, including the highly impermeable ash flow tuffs and basal vitrophyre of the
Kingston Canyon Tuff, likely promoted the maintenance of elevated fluid pressures over great sliding distances.
Steady state flow tests of these units provide a permeability of ~10~2! m? (Braunagel et al., 2021), suggesting
that they can effectively create undrained conditions and slow the rate of pressure diffusion outside the basal and
mixed facies zones. During emplacement, elevated fluid pressures generated by frictional heating and thermal
expansion would have effectively been trapped in the basal zone by the undrained conditions created by these tuff
units, reducing the frictional contact between the slide mass and substrate and limiting deformation to a narrow
zone above the basal plane. Across the runout portion of the Sevier gravity slide, incorporation of unconsolidated
saturated material from the former land surface and uppermost lower plate Brian Head Formation, along with
continued exposure of fresh upper plate rock along the wear surface, may have provided the mechanism needed
to recharge increasing volumes of water into the basal zone.

South of Cottonwood Creek, impermeable ash flow tuff units are no longer preserved within the slide mass,
presumably lost to frictional wear and incorporation into the basal layer, leaving the stratigraphically higher
Mount Dutton Formation immediately overlying the basal zone. Unlike the welded ash flow tuffs, the permeabil-
ity of the Mount Dutton Formation is much higher, with steady state flow test results on intact samples yielding
values between 10718 and 1072 m? (Braunagel et al., 2021). Additionally, the increasing damage state is also
expected to increase the overall permeability of the overriding slide mass. Laboratory testing of damaged samples
indicates that fracture damage increases permeability by up to six orders of magnitude (e.g., Aben et al., 2020;
Jiang et al., 2010). Due to the increasing permeability with slip distance owing to the loss of volcanic units near
the basal zone and the overall increase in damage state, the diffusion rate of elevated fluid pressures outside
the basal zone increases dramatically, reducing the effectiveness of the thermal pressurization mechanism. The
disturbed Mount Dutton Formation observed at Showalter Creek may reflect widespread fluidization of the slide
material created by the rapid diffusion of elevated fluid pressures into the overlying slide block. This process is
further aided by the increasing rate of mechanical breakdown and deposition of material into the basal layer creat-
ing a wider shear zone, more distributed shear, and reducing the rate of heat generation (Lachenbruch, 1980).
Collectively, the increasing permeability of overriding slide material and the increasing rate of pressure diffu-
sion out of the basal zone contributed to greater frictional contact, greater rates of mechanical breakdown and
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deposition of wear products in the basal zone, and increased slip delocalization, creating a feedback loop that
resulted in deceleration of SGS blocks.

As the elevated fluid pressures aiding slip at the leading edge of the damaged slide mass are lost, greater frictional
contact promotes deceleration and ultimately cessation of the leading edge of the slide mass. As the leading edge
slows, trailing blocks overtake the slide front, resulting in imbricate structures due to the rearward propagation
of the deceleration zone (Johnson, 1978; Malone, 1995; Shreve, 1968) and the formation of the steeply dipping
reverse faults and stratigraphically higher slip surfaces that are observed at North Sanford Valley and Showalter
Creek.

6. Conclusions

The Sevier gravity slide (SGS) records the large-scale gravitational collapse and long-runout translation of the
southern flank of the Marysvale volcanic field. In this study, we characterize four exposures of the basal zone of
the SGS and document variations in the deformation style and the degree of strain localization as a function of
translation distance across the former land surface. Observed deformation styles are consistent with high velocity
sliding during the emplacement of the SGS, and clastic dikes and other features indicate that the apparent coeffi-
cient of friction during emplacement was reduced by the presence of elevated pressures within a fluidized basal
layer. With distance south of the ramp, we observe a transition to slip delocalization within a thickening basal
layer, resulting in normal frictional contact and more widespread deformation associated with slide emplace-
ment. This type of deformation, block interaction, and spreading presents a challenge for numerical models of
large-scale slide emplacement, which infer a rigid block sliding with no internal deformation and evaluate the
efficacy of the model based on the runout distance of the single block.

Data Availability Statement

The 3D structure from motion photogrammetry outcrop models of the four sites described in this study used for
outcrop-scale characterization is available at Braunagel (2023).
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