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1 | INTRODUCTION

Formation and evolution of the basal layer in large landslides has important implica-
tions for processes that reduce frictional resistance to sliding. In this report, we show
that zircon geochronology and tectonic provenance can be used to investigate the
basal layer of the gigantic-scale Markagunt gravity slide of Utah, USA. Basal layer
and clastic injectite samples have unique tectonic chronofacies that identify the rock
units that were broken down during emplacement. Our results show that basal mate-
rial from sites on the former land surface is statistically indistinguishable and formed
primarily by the breakdown of upper plate lithologies during sliding. Decapitated in-
jectites have a different tectonic chronofacies than the local basal layer, with more
abundant lower plate-derived zircons. This suggests clastic dikes formed earlier in
the translation history from a structurally deeper portion of the slide surface and a

compositionally different basal layer before being translated to their current position.

on the large-scale instability of volcanic fields in response to

Volcanic terrains are among the most dynamic on the planet, with
landscapes that evolve in response to magmatic ascent, eruption,
regional tectonics, seismicity, erosion and gravity (e.g., Caricchi,
Townsend, Rivalta, & Namiki, 2021; Walter et al., 2019). The late
Oligocene-to-Miocene Marysvale gravity slide complex (MGSC),

located in south-western Utah, USA, offers a unique perspective

these factors, as the southern portion of the field experienced
three sequential mega-scale collapse events. The MGSC com-
prises, from east to west, the Sevier, Markagunt (MGS) and Black
Mountains gravity slides (Figure 1). Each is differentiated by geo-
logical mapping and preliminary isotopic dating of deformed and
undeformed volcanic rocks, which indicate gravitational collapse

occurred during the growth of the Marysvale volcanic field from
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the late Oligocene to early Miocene (Biek, Rowley, & Hacker, 2019;
Hacker, Biek, & Rowley, 2014). These Markagunt, Sevier and
Black Mountain gravity slides are distinct from smaller, volcani-
cally induced debris avalanche deposits recognized in modern
volcanic settings (e.g., Crandell, Miller, Glicken, Christiansen, &
Newhall, 1984; Siebert, 1984) based on stratigraphy, kinematic in-
dicators and internal deformation. Each gravity slide also displays
three distinct segments (Figure 2) from proximal to distal reaches:
(a) a northern breakaway segment in which movement occurred
along bedding planes within subsurface volcaniclastic sedimentary
rocks of the Eocene-Oligocene Brian Head Formation; (b) a ramp
segment, ~1-2 km wide, that cuts obliquely up-section; and (c) a
distal run-out segment where upper plate rocks moved southward
over the former land surface. As much as a 1,000m thickness of
allochthonous rocks travelled more than 35km over the <3 degree
dipping former land surface, and the combined area (>8,000km?)
of the MGSC ranks these collapse structures among Earth's larg-
est terrestrial landslides (Biek et al., 2015, 2019; Biek, Hacker, &
Rowley, 2014; Hacker et al., 2014). The characteristics of these
large gravity slides suggest that these types of volcanic fields are
pre-conditioned for large-scale collapse due to: (a) the large mass
of available slide material that accumulates during volcanism and
creates a thick, potentially unstable wedge; (b) a substrate of sub-
horizontal strata containing ash from early volcanism that weath-
ers to frictionally weak clays; (c) an underlying batholith whose
growth tilts overlying rocks outward from the centre of the vol-
canic pile; (d) shallow intrusive complexes (i.e. laccoliths and feeder
dike systems) rising from the batholith amid seismicity; (e) lateral
spreading towards the south on a weak detachment surface, con-
tributing to flank destabilization (De Vries & Francis, 1997; Merle,
Davis, Nickelsen, & Gourlay, 1993); and (f) possible pre-collapse

Statement of Significance

Longrun-outlandslides are increasingly recognized as ubig-
uitous features in both subaerial and subaqueous environ-
ments. Characterized by large lateral transport distances
(up to several tens of kilometres) despite small changes
in height, they present intriguing scientific problems that
defy expectations from the basic physics of frictional slid-
ing. In this study, we adapt the technique of detrital zircon
geochronology—a standard tool for determining sedimen-
tary provenance—in a novel way to identify the prove-
nance of wear products generated during emplacement of
the Markagunt gravity slide, one of the largest terrestrial
landslide structures recognized on Earth. We observe dis-
tinct chronofacies in the basal layer of the Markagunt grav-
ity slide that suggests local generation of frictional wear
products and minimal mixing of basal material across large
areas. The preservation of distinct chronofacies in clastic
injectites also provides evidence of adhesion and trans-
portation of wear products for great distances with the
upper plate during emplacement. Future application of our
tectonic provenance method may shed light on important
related questions such as the residence time of basal mate-
rial, the degree of accretion or deposition during transport

and the role of rock properties in wear behaviour.

development of summit fractures and normal faults by intrusive
doming or during gradual lateral spreading that weaken the struc-
tural integrity of the volcanic field (Biek et al., 2019).
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FIGURE 2 Cartoon of the anatomy of the MGS (modified from Biek et al., 2019). The breakaway zone is characterized by a series of
synthetic normal faults that roll into a bedding plane zone in the mechanically weak Brian Head Formation. The slide mass eventually
ramped up and was transported across the former land surface. The eastern boundary is a sidewall with the older Sevier gravity slide, and
the western margin is poorly defined. Extensional deformation characterizes the proximal reaches of the MGS, whereas compressional
deformation characterizes the distal toe. The main part of the gravity slide remains mostly intact, with individual blocks as much as tens
of square kilometres in size, preserving the stratigraphy of the source area. Complexly deformed, attenuated strata and older-on younger
stratigraphic relationships characterize the former land surface area. The various lithostratigraphic units that occur in the upper and lower

plates of the MGS at the discovery site are indicated.

The base of each gravity slide consists of a layer of cataclastic
rock, herein referred to non-genetically as the “basal layer” (Biek
et al.,, 2019; Malone et al., 2017; Malone, Craddock, Anders, &
Wulff, 2014). The basal layer ranges in thickness from less than a
centimetre to several metres and was formed through the frictional
wear of upper and lower plate rocks during slide emplacement. Basal
layer material also occurs as clastic dikes (injectites) intruded into
upper plate rocks. Given the complexity of wear processes and great
transport distance associated with the MGSC slides, the provenance
of basal layer components is of interest. Basal layer characteris-
tics have been previously ascribed as evidence of friction-reducing
processes, and the formation and evolution of the basal layer
may play an important role in the mechanics of translation (e.g.,
Anders, Aharonov, & Walsh, 2000). Zircon U/Pb geochronology is
a standard methodology for provenance studies (e.g., Dickinson &
Gehrels, 2003; Freiburg, Holland, Malone, & Malone, 2020; Johnson
& Winter, 1999; Malone, Craddock, Stein, Stein, & Malone, 2020).
Here, we apply zircon U/Pb geochronology in a novel way to un-
derstand the tectonic provenance of the basal layer and associated

injectites of the MGS. Tectonic chronofacies of the MGS basal layer
are also defined and used to constrain the upper and lower plate
rock units that were broken down during slide emplacement. Thus,
we use zircon geochronology to determine the provenance of zircon
grains sampled from cataclastic rock, a method that to the best of
our knowledge has not been implemented in this way before. The
MGSC provides an excellent case study location for this technique
as most zircon grains in the involved lithologies are derived from
local volcanism coeval with deposition, providing clear and distinct

chronofacies between rock units involved in the slides.

2 | BACKGROUND

The Marysvale volcanic field consists of voluminous, intermedi-
ate composition, calc-alkaline volcanic rocks of Oligocene and early
Miocene age overlain by much less voluminous bimodal (rhyolite
and basalt) volcanic rocks of Miocene and younger age (e.g., Rowley
et al.,, 1994). Volcanic rocks overlie the late Eocene-early Oligocene
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fluvial and lacustrine rocks of the Brian Head Formation. Previous
geologists mapped parts of what is now recognized as the MGSC,
including (a) the “Markagunt Megabreccia,” a chaos of displaced

volcanic rocks then thought to cover >500km?

of the Markagunt
Plateau (Anderson, 1993); (b) thrust faults interpreted to result from
gravitational spreading of the south-eastern flank of the Marysvale
volcanic field (Merle et al., 1993); and (c) a zone of inferred detach-
ment at the base of the volcanic rocks on the field's southwest flank
(Maldonado, 1995). More recently, workers interpreted the entire
south-western flank of the MGSC as allochthonous, and thus defined
the MGS (Biek et al., 2015; Hacker et al., 2014). Subsequent map-
ping delineated the Sevier gravity slide to the east of the MGS (Biek
et al.,, 2019), and most recently, the western areas of the MGS have
been reinterpreted as the younger Black Mountains gravity slide.

The MGS was formally defined by Hacker et al. (Hacker
et al., 2014, Figure 2); it was then interpreted to cover an area of
~3,400km?, which is about the same size as the Eocene Heart
Mountain slide in north-western Wyoming (e.g., Craddock, 2012;
Craddock et al., 2009; Malone, 1995; Malone et al., 2014). The MGS
was emplaced between ca. 23 and 21Ma, near the end of peak
calc-alkaline volcanic activity in the Marysvale volcanic field (Biek
et al., 2019). This age range is based on the bracketing of the young-
est rocks that the gravity slide overlies or deforms, and the oldest
undeformed rocks that overlie the gravity slide. The stratigraphy of
rocks involved is complex, and individual volcanic units erupted from
both distant sources in the Great Basin to the west and more proxi-
mal volcanic centres in the Marysvale volcanic field itself (Figure 3).
Our accompanying paper (Holliday et al., 2022) provides geochro-
nological data used to interpret the emplacement age of the MGS.

Lithologically, the basal layer of the MGS is a poorly sorted,
matrix-supported aggregate of crushed, deformed, sand- to boulder-
size material that bears a strong resemblance to ready-mix concrete
(Malone, 1996; Anders et al., 2000; see Biek et al., 2019 for a compre-
hensive description of the field relations of the MGS). In many places,
there are small offsets along these fractures, known as jigsaw clasts,
and the enclosing finer-grained matrix was injected between clast
fragments. Fractures within the clasts do not penetrate the adjacent
finer-grained matrix, and fracture patterns are variable. Irregular pla-
nar and curviplanar clastic dikes inject into upper (and less commonly
lower) plate rocks from the basal layer throughout the MGS. Dikes
range in width from a few centimetres to a few metres and are up to
tens of metres in length; they have abrupt margins and are typically
darker in colour and finer grained than the enclosing material. Clastic
dikes indicate that the basal layer behaved as an overpressured fluid
during gravity slide emplacement. Dark-coloured pseudotachylyte
veins, 2 to 5 cm in thickness, occur on subsidiary shear planes and
associated injectites (Zamanialavijeh et al., 2021).

3 | METHODS

We analysed samples collected from two basal layer localities on
the former land surface segment of the MGS at the Panguitch
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FIGURE 3 Stratigraphic column of principal rocks associated with
the MGSC modified from Biek et al. (2019), which also summarizes
ages from various isotopic systems. The oldest unit involved in the
MGS is the Eocene-Oligocene Brian Head Formation, which occurs in
both the upper and lower plates. The Brian Head is as much as 300m
in thickness, and consists of a succession of poorly resistant, light-
coloured tuffaceous epiclastic volcanic rocks. The Wah Wah Springs
Formation is a moderately welded dacitic ash-flow tuff as much as
100m thick. The Isom Formation is as much as 110m in thickness and
is a densely welded trachydacitic ash-flow tuff. The Mount Dutton
Formation is at least 600 m in thickness and consists of a complex
succession of crudely stratified andesitic lava flows and polymict
breccias. The Bear Valley Formation is as much as 200m thick and
consists of cross-bedded volcanic sandstone, polymict breccia and
lithic tuff.

Lake spillway (37.725378°, -112.628484°; basal layer only) and
Haycock Mountain (37.710996°, -112.550880°; basal layer and
injectite). About 5 kg of each sample was crushed and milled,
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and denser minerals were separated by panning, heavy liquids
and magnetic separation techniques. U/Pb geochronology of
separated zircon crystals was conducted by laser ablation-
inductively coupled plasma-mass spectrometry at the Arizona
LaserChron Center (Gehrels & Pecha, 2014; Gehrels, Valencia, &
Pullen, 2006; Gehrels, Valencia, & Ruiz, 2008). The supplemen-
tary files provide a table of detrital zircon U/Pb ages and the

details of our analytical methods.

4 | RESULTS

4.1 | Panguitch Lake basal layer

The basal layer at Panguitch Lake is 5 tol0cm thick and occurs be-
tween the lower plate massive Isom Formation ash-flow tuff and
upper plate polymict breccias of the Mount Dutton Formation
(Figure 4). Seventy zircon grains were analysed, and the 2°°Pb/2%8U
age spectrum ranges from 1865 to 22.6 Ma; all but two grains are
younger than Palaeogene (Figure 5). The most prominent age peak is
at ~23.6 Ma, with smaller peaks at ~24.8 and~25.9 Ma.

FIGURE 4 Field photos of the
Panguitch Lake, former land surface
sampling locality. (a) Basal layer 5-10 cm
in thickness resting on the Isom Formation
ash-flow tuff. Upper plate rocks overlying
the basal layer are of the Mount Dutton
Formation. (b) N-S trending striations

on the upper surface of the Isom
Formation.

4.2 | Haycock Mountain basal layer and injectite
One sample each of MGS basal layer and injectite were collected from
the Haycock Mountain discovery site (Biek et al., 2019). Here, allochtho-
nous rocks of the Isom Formation overlie light-coloured volcaniclastic
rocks of the Brian Head Formation. The basal layer is 25 to 50cm thick
and contains both angular Isom clasts and rounded volcanic clasts in a
moderately cemented sandy matrix (Figure 6). Conspicuous rounded
quartzite cobbles also are present in the basal layer. Clastic dikes of
irregular geometries and 20 to 30cm in width intrude the upper plate.
The clastic dikes are of subtly different colour and texture than the
basal layer and terminate at the top of the basal layer.

The basal layer zircon 2°°Pb/?®8U age spectrum includes 105
grains, with all but 12 (14%) post-Palaeogene in age (Figure 5). Eight
grains are Proterozoic, two are Archaean and one each are Palaeozoic
and Mesozoic in age. There is a prominent age peak at ~23.9 Ma
and a secondary peak at ~33.2 Ma. The injectite zircon 206pp, /238y
age spectrum includes 60 grains, with 52 being Palaeogene and
Neogene in age, the balance are Proterozoic in age (Figure 5). The
most prominent age peak is at ~31.4 Ma, with smaller peaks at ~28.3,
~32.8 and~23.7 Ma.
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5 | DISCUSSION

5.1 | Tectonic provenance of MGS basal layer

At Panguitch Lake, the basal layer occurs between the resistant
ash-flow tuff of the Isom Formation and less resistant volcaniclastic
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FIGURE 5 Stacked probability plots of Palaeogene zircons
analysed in the basal layer at Panguitch Lake and Haycock
Mountain and in the Haycock Mountain injectite.
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rocks of the Mount Dutton Formation (Figure 4). Here, basal layer
zircon grains were derived almost exclusively from the Bear Valley
Formation exposed above the basal slide plane elsewhere upgra-
dient, which indicates that emplacement in the Panguitch Lake
area was accompanied by disaggregation of upper plate rocks. At
Haycock Mountain, the basal layer occurs between the Brian Head
Formation and Isom Formation (Figure 6). Like Panguitch Lake, Bear
Valley Formation zircon crystals are the most ubiquitous in the basal
layer, and K-S statistical analysis (e.g., Malone et al., 2020) demon-
strates that the detrital zircon 2°°Pb/%8U age spectrum of the basal
layer at Haycock Mountain is statistically indistinguishable from that
of the basal layer at Panguitch Lake. However, zircon grains incorpo-
rated from the underlying Brian Head Formation also are present at
Haycock Mountain, indicating local zircon sourcing from the lower
plate. Our data suggest that neither local upper nor lower plate
rocks contributed to the basal layer zircon 206pp, /238y age spectrum
at Panguitch Lake; however, lower plate zircon grains are present at
Haycock Mountain.

The zircon 2°°Pb/2%8U age spectrum of the Haycock Mountain
injectite has a statistically distinct tectonic chronofacies when
compared with the two basal layer samples. Zircon grains here
are mostly derived from the Brian Head Formation, with smaller
contributions from the Isom, Wah Wah Springs and Bear Valley
Formations. The zircon U/Pb age data support the field obser-
vations that the injectite was not derived directly from the basal
layer at Haycock Mountain, but rather it was injected earlier in
MGS emplacement from a basal layer of a different tectonic chro-
nofacies. Due to the absence of Brian Head Formation at the MGS
basal slip surface between the Haycock Mountain sampling site
and the ramp fault located 15km to the north, this implies that
the injectite formed from basal material derived primarily from
breakdown of subsurface Brian Head strata in the bedding plane
segment of the MGS before being transported to its current posi-

tion (Figure 7).

1
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FIGURE 6 Haycock Mountain

locality showing lower plate Brian Head
Formation epiclastic rocks overlain by
allochthonous Isom Formation cataclasite.
The basal layer here is about 25 cm thick.
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FIGURE 7 Schematic cross section of MGS indicating the site of origin of the clastic dike, and where it came to rest after being truncated
during slide emplacement. The clastic dike is largely composed of lower plate Brian Head Formation material derived from the bedding plane
region of the MGS. The basal layer (red line) at Panguitch Lake was derived through the incorporation of the Bear Valley Formation from the
upper plate (along with other units is part of the undivided allochthonous volcanic rocks). The Bear Valley Formation tectonic detritus, along
with locally incorporated lower plate Brian Head Formation detritus comprises the basal layer at Haycock Mountain.

5.2 | Implications for wear processes

The results of this work provide information regarding wear pro-
cesses in landslide transport and highlight potential applications
of this technique in analysing the provenance of wear products in
both landslide and fault surfaces. Frictional sliding in rocks results
in abrasive and adhesive wear (Scholz, 1987), producing basal lay-
ers in landslides, and gouge and cataclastite in faults. In faults, the
thickness of fault zones scales linearly with total slip, and this re-
lationship has been explained in terms of self-affine roughness of
fault surfaces (e.g., Power, Tullis, & Weeks, 1988). The thickness
of the basal layer in the MGS, on the other hand, is highly irregular
(Biek et al., 2019; Hacker et al., 2014). This observation, along with
results of this study, suggests that basal layer material is produced
locally in some cases and transported laterally with the upper plate
in others. Decapitated clastic injectites like those investigated here
offer clear cases of adhesive wear processes. Together these have
the potential to help us address important questions about the
competition between abrasive and adhesive wear in long run-out
landslides. For example, an increase in adhesive wear and related
accretion of basal material with landslide transport has been as-
sociated with slowing of the landslide mass (Hanes & Inman, 1985;
Legros, 2002; Straub, 1997), whereas deposition of upper plate-
derived material can potentially play a role in influencing transport
distance for long run-out landslides (Cannon & Savage, 1988; Van
Gassen & Cruden, 1989). Future application of our tectonic prov-
enance method may shed light on important related questions such
as the total residence time of basal material, the degree of accre-
tion or deposition during transport and the role of rock properties

in wear behaviour.

6 | CONCLUSIONS

The following conclusions are derived from this research:
1. At least two distinct tectonic chronofacies are defined in the

basal layer of the MGS, one reflected in the basal layer sam-
pled at Panguitch Lake and Haycock Mountain, and the other

from an injectite at Haycock Mountain. This indicates that
zircon chronofacies of the basal layers at these two locations
were not uniform and suggests that basal layer material was
generated throughout MGS emplacement, with some material
being emplaced during early transport.

2. Both basal layer samples were largely derived through the disag-
gregation of upper plate Bear Valley Formation.

3. The injectite zircon 206pp, /238y age spectrum includes grains
derived mostly from the Brian Head Formation, which were
likely derived from lower plate rocks in the bedding plane seg-
ment of the MGS at least 15km to the north. This provides
insight into the MGS emplacement in areas where it is more

poorly exposed.

ACKNOWLEDGEMENTS

Funding for this research was provided by the National Science
Foundation (EAR2113158), the Utah Geological Survey, the Illinois
State University Foundation, the Kent State University Research
Council and the Geological Society of America through sponsorship

of a Thompson Field Forum.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

supplementary material of this article

ORCID

Danika F. Mayback "= https://orcid.org/0000-0002-1005-8199
Michael J. Braunagel "= https://orcid.org/0000-0002-6592-5907
David H. Malone = https://orcid.org/0000-0003-2922-7826

W. Ashley Griffith =) https://orcid.org/0000-0002-5052-2726
McKenna E. Holliday “* https://orcid.org/0000-0002-0371-8654
Tiffany A. Rivera "= https://orcid.org/0000-0003-4561-5781
REFERENCES

Anders, M. H., Aharonov, E., & Walsh, J. J. (2000). Stratified granular
media beneath large slide blocks: Implications for mode of em-
placement. Geology, 28, 971-974.

Anderson, J. J. (1993). The Markagunt megabreccia: Large Miocene grav-
ity slides mantling the northern Markagunt plateau, southwestern
Utah. Utah Geological Survey Miscellaneous Publication, 93-2, 37.


https://orcid.org/0000-0002-1005-8199
https://orcid.org/0000-0002-1005-8199
https://orcid.org/0000-0002-6592-5907
https://orcid.org/0000-0002-6592-5907
https://orcid.org/0000-0003-2922-7826
https://orcid.org/0000-0003-2922-7826
https://orcid.org/0000-0002-5052-2726
https://orcid.org/0000-0002-5052-2726
https://orcid.org/0000-0002-0371-8654
https://orcid.org/0000-0002-0371-8654
https://orcid.org/0000-0003-4561-5781
https://orcid.org/0000-0003-4561-5781

MAYBACK ET AL.

ARWHESN - -ra Nova

Biek, R. F., Hacker, D. B., & Rowley, P. D. (2014). New constraints on
the extent, age, and emplacement history of the early Miocene
Markagunt megabreccia, Southwest Utah—The deposit of one of
the world's largest subaerial gravity slides. Geology of Utah's far
south, 43, 565-598.

Biek, R. F., Rowley, P. D., Anderson, J., Maldonado, F., Moore, D. W.,
Hacker, D. B., Eaton, J. G., Hereford, R., Sable, E. G., Filkhorn, H.
F., & Matyjasik, B. (2015). Geologic map of the Panguitch 30'x 60’
quadrangle. In |. Garfield & K. Counties (Eds.), Utah geological survey
map 270DM (Vol. 1, p. 62,500). Utah Geological Survey.

Biek, R. F., Rowley, P. D., & Hacker, D. B. (2019). The gigantic Markagunt
and Sevier gravity slides resulting from mid-Cenozoic catastrophic
mega-scale failure of the Marysvale volcanic field, Utah, USA.
Geological Society of America Field Trip Guide, 56, 1-108.

Cannon, S. H., & Savage, W. Z. (1988). A mass-change model for the es-
timation of debris-flow runout. The Journal of Geology, 96, 221-227.

Caricchi, L., Townsend, M., Rivalta, E., & Namiki, A. (2021). The build-up
and triggers of volcanic eruptions. Nature Reviews Earth and
Environment, 2, 1-19.

Craddock, J. P,, Geary, J., & Malone, D. H. (2012). Vertical Injectites of
detachment carbonate Ultracataclasite at White Mountain, Heart
Mountain detachment, Wyoming. Geology, 40, 463-466. https://
doi.org/10.1130/G32734.1

Craddock, J. P., Malone, D. H., Magloughlin, J., Cook, A. L., Rieser, M. E.,
& Doyle, J. R. (2009). Dynamics of the emplacement of the Heart
Mountain allochthon at White Mountain: Constraints from calcite
twinning strains, anisotropy of magnetic susceptibility, and ther-
modynamic calculations. Geological Society of America Bulletin, 121,
919-938. https://doi.org/10.1130/B26340

Crandell, D. R., Miller, C. D., Glicken, H. X., Christiansen, R. L., & Newhall,
C. G. (1984). Catastrophic debris avalanche from ancestral Mount
Shasta volcano, California. Geology, 12, 143-146.

De Vries, B. V. W., & Francis, P. W. (1997). Catastrophic collapse at stra-
tovolcanoes induced by gradual volcano spreading. Nature, 387,
387-390.

Dickinson, W. R., & Gehrels, G. E. (2003). U-pb ages of detrital zircons
from Permian and Jurassic eolian sandstones of the Colorado pla-
teau, USA: Paleogeographic implications. Sedimentary Geology, 163,
29-66.

Freiburg, J. T., Holland, M. E., Malone, D. H., & Malone, S. J. (2020).
Rodinian rifting in the lllinois Basin: Detrital zircon geochronology
of basal Cambrian strata. Journal of Geology, 128, 1-15. https://doi.
org/10.1086/708432

Gehrels, G., & Pecha, M. (2014). Detrital zircon U-pb geochronology and
hf isotope geochemistry of Paleozoic and Triassic passive margin
strata of western North America. Geosphere, 1, 49-65.

Gehrels, G. E., Valencia, V., & Pullen, A. (2006). Detrital zircon geo-
chronology by laser ablation multicollector ICPMS at the Arizona
LaserChron center. In T. Loszewski & W. Huff (Eds.), Geochronology:
Emerging opportunities, Paleontology Society short course:
Paleontology Society Paper (Vol. 11, pp. 1-10). Cambridge University
Press.

Gehrels, G. E., Valencia, V., & Ruiz, J. (2008). Enhanced precision, ac-
curacy, efficiency, and spatial resolution of U-pb ages by laser
ablation-multicollector-inductively coupled plasma-mass spec-
trometry. Geochemistry, Geophysics, Geosystems, 9, Q03017. https://
doi.org/10.1029/2007GC001805

Hacker, D. B., Biek, R. F., & Rowley, P. D. (2014). Catastrophic emplace-
ment of the gigantic Markagunt gravity slide, Southwest Utah
(USA): Implications for hazards associated with sector collapse of
volcanic fields. Geology, 42, 943-946.

Hanes, D. M., & Inman, D. L. (1985). Observations of rapidly flow-
ing granular-fluid materials. Journal of Fluid Mechanics, 150,
357-380.

Holliday, M. E., Rivera, T., Jicha, B., Biek, R. F., Braunagel, M. J., Griffith,
W. A., Hacker, D. B., Malone, D. H., Mayback, D. F., & Trayler, R.

(2022). Emplacement age of the Markagunt gravity slide in south-
western Utah, USA. Terra Nova, in review.

Johnson, C. M., & Winter, B. L. (1999). Provenance analysis of lower
Paleozoic cratonic quartz arenites of the north American midcon-
tinent region: U-pb and Sm-Nd isotope geochemistry. Geological
Society of America Bulletin, 111, 1723-1738.

Legros, F. (2002). The mobility of long-runout landslides. Engineering
Geology, 63, 301-331.

Ludwig, K.R., 2008. Isoplot 3.60. Berkeley geochronology center, Special
Pub. No. 4, 77.

Maldonado, F. (1995). Decoupling of mid-tertiary rocks, Red Hills-
western Markagunt plateau, southwestern Utah. In R. B. Scott & W.
C. Swadley (Eds.), Geologic studies in the basin and range-Colorado
plateau transition in southeastern Nevada, southwestern Utah, and
northwestern Arizona (Vol. 2056, pp. 233-254). U.S. Geological
Survey Bulletin.

Malone, D. H. (1995). A very large debris-avalanche deposit within the
Eocene volcanic succession of the northeastern Absaroka range,
Wyoming. Geology, 23, 661-664. https://doi.org/10.1130/0091

Malone, D. H. (1996). Revised stratigraphy of Eocene volcanic rocks in
the lower north and south fork Shoshone River valleys, Wyoming.
Wyoming Geological Association Annual Field Conference Guidebook,
47,109-138.

Malone, D. H., Craddock, J. P, Anders, M. H., & Wulff, A. P. (2014).
Constraints on the emplacement age of the massive Heart
Mountain slide, northwestern Wyoming. Journal of Geology, 122,
671-685. https://doi.org/10.1086/678279

Malone, D. H., Craddock, J. P.,, Schmitz, M. D., Kenderes, S., Kraushaar, B.,
Murphy, C. J.,, Nielson, S., & Mitchell, T. M. (2017). Volcanic initia-
tion of the Eocene Heart Mountain slide, Wyoming, USA. Journal of
Geology, 125, 439-457. https://doi.org/10.1086/692328

Malone, D. H., Craddock, J. P, Stein, C., Stein, S., & Malone, J. E. (2020).
Neoproterozoic sedimentation of the Laurentian midcontinent:
Detrital zircon provenance of the Jacobsville sandstone in the Lake
Superior Basin, USA and Canada. Terra Nova, 32, 42-49. https://doi.
org/10.1111/ter.12481

Merle, O. R., Davis, G. H., Nickelsen, R. P., & Gourlay, P. A. (1993).
Relation of thin-skinned thrusting of Colorado plateau strata in
southwestern Utah to Cenozoic magmatism. Geological Society of
America Bulletin, 105, 387-398.

Power, W. L., Tullis, T. E., & Weeks, J. D. (1988). Roughness and wear
during brittle faulting. Journal of Geophysical Research: Solid Earth,
93(B12), 15268-15278.

Rowley, P. D., Mehnert, H. H., Naeser, C. W., Snee, L. W., Cunningham,
C. G,, Steven, T. A., Anderson, J. J,, Sable, E. G., & Anderson, R.
E. (1994). Isotopic ages and stratigraphy of Cenozoic rocks of the
Marysvale volcanic field and adjacent areas, west-Central Utah.
U.S. Geological Survey Bulletin, 2071, 35.

Scholz, C. H. (1987). Wear and gouge formation in brittle faulting.
Geology, 15, 493-495.

Siebert, L. (1984). Large volcanic debris avalanches: Characteristics
of source areas, deposits, and associated eruptions. Journal of
Volcanology and Geothermal Research, 22, 163-197.

Straub, S. (1997). Predictability of long runout landslide motion:
Implications from granular flow mechanics. Geologische Rundschau,
86,415-425.

Van Gassen, W., & Cruden, D. M. (1989). Momentum transfer and friction
in the debris of rock avalanches. Canadian Geotechnical Journal, 26,
623-628.

Walter, T. R., Haghighi, M. H., Schneider, F. M., Coppoloa, D., Motagh, M.,
Saul, J., Babeyko, A., Dahm, T., Troll, V. R, Tilmann, F., & Heimann, S.
(2019). Complex hazard cascade culminating in the Anak Krakatau
sector collapse. Nature Communications, 10, 4339.

Zamanialavijeh, N., Hosseinzadehsabeti, E., Ferré, E. C., Hacker, D. B.,
Biedermann, A. R., & Biek, R. F. (2021). Kinematics of frictional
melts at the base of the world's largest terrestrial landslide:


https://doi.org/10.1130/G32734.1
https://doi.org/10.1130/G32734.1
https://doi.org/10.1130/B26340
https://doi.org/10.1086/708432
https://doi.org/10.1086/708432
https://doi.org/10.1029/2007GC001805
https://doi.org/10.1029/2007GC001805
https://doi.org/10.1130/0091
https://doi.org/10.1086/678279
https://doi.org/10.1086/692328
https://doi.org/10.1111/ter.12481
https://doi.org/10.1111/ter.12481

MAYBACK ET AL.

Markagunt gravity slide, Southwest Utah, United States. Journal of
Structural Geology, 153, 104448.

SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of the article at the publisher’s website.

Appendix S1 Supporting information 1.

Appendix S2 Supporting information 2.

Terra Nova NUITS AN

How to cite this article: Mayback, D. F., Braunagel, M. J.,
Malone, D. H., Griffith, W. A., Holliday, M. E., Rivera, T. A,
Biek, R. F., Hacker, D. B., & Rowley, P. D. (2022). The concept
of tectonic provenance: Case study of the gigantic
Markagunt gravity slide basal layer. Terra Nova, 00, 1-9.
https://doi.org/10.1111/ter.12608



https://doi.org/10.1111/ter.12608

	The concept of tectonic provenance: Case study of the gigantic Markagunt gravity slide basal layer
	Abstract
	1|INTRODUCTION
	2|BACKGROUND
	3|METHODS
	4|RESULTS
	4.1|Panguitch Lake basal layer
	4.2|Haycock Mountain basal layer and injectite

	5|DISCUSSION
	5.1|Tectonic provenance of MGS basal layer
	5.2|Implications for wear processes

	6|CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


