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ABSTRACT
This study presents a detailed synopsis of the sedimentological and structural features displayed 

within an underdescribed enigmatic facies observed in the basal Lower Jurassic Kayenta Formation of 
the Colorado Plateau. The facies comprises pebble to cobble-sized clasts of fine to medium-grained cross-
bedded sandstone with mud-draped and deformed foresets, as well as clasts of parallel-laminated but highly 
contorted siltstone and mudstone, supported in a silty to sandy matrix. The deposits are internally deformed 
and show both ductile and brittle structures in close spatial proximity, with a consistent and pervasive west-
directed sense of shear. The facies occurs consistently within the same approximate stratigraphic interval, 
at or near the base of the Kayenta Formation. It is, however, observed only at four localities, distributed in 
a crudely linear arrangement parallel to the Utah-Idaho trough, despite extensive studies of outcrops of 
the same stratigraphic interval widely distributed across both Utah and Arizona. This study interprets the 
depositional processes as that of a partially subaerial debris flow with depositional events perhaps taking 
place during the waning period after ephemeral stream activity. The clast morphology and composition 
suggests a local source for the sediment entrained within the flow, and a limited transport distance. All of 
these observations are difficult to reconcile with the consistency of the stratigraphic interval in which the 
facies occur, or with the regional distribution of preserved examples. Consequently, this study discusses the 
potential for a common and time-equivalent triggering mechanism across all examples, which may have 
regional significance in the Jurassic evolution of the region.
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INTRODUCTION

During the Early to Middle Jurassic Period, com-
pressional tectonic activity to the west of the Colora-
do Plateau resulted in asymmetrical subsidence along 
the Wasatch line that formed the Utah-Idaho trough 
(figure 1). Associated subsidence in the foreland of the 
Cordilleran magmatic arc formed the Zuni sag (figure 1) 

(Bjerrum and Dorsey, 1995; Blakey, 2008; Blakey and 
Ranney, 2018; Hassan and others, 2018). Evidence for 
both paleotopographic lows is provided by abrupt west-
ward thickening of the Jurassic-aged strata across the 
Colorado Plateau (figure 2) (Blakey, 1994; Kirkland and 
others, 2014).

Sediments of the late Sinemurian to early Toarcian 
Kayenta Formation were funnelled through the south-
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east–northwest-trending Zuni sag and into the south-
west–northeast-trending Utah-Idaho trough (Olsen, 
1989; Blakey, 1994; Kirkland and Milner, 2006). These 
deposits are of dominantly ephemeral braided fluvial 
origin (Bromley, 1991; North and Taylor, 1996; Martin, 
2000; Priddy and Clarke, 2020), deposited onto a broad 
arid alluvial plain. Sediment transport was by both 
southwestward to westward-flowing rivers that sourced 
sediment from the Uncompahgre uplift of the Ances-

tral Rocky Mountains (North and Taylor, 1996), and 
northwestward-flowing rivers that sourced sediment 
from the Mogollon highlands of the Cordilleran mag-
matic arc. The initial deposits of the formation overlay 
a marked unconformity termed the ‘J-sub-K’ unconfor-
mity (Marzolf, 1994; Blakey, 1994; Lucas and Tanner, 
2006, 2014). By contrast, the upper boundary with the 
succeeding eolian deposits of the Navajo Sandstone is 
gradational and interfingering.

Extensive fieldwork that examined regional pat-
terns in the sedimentology of the Kayenta Formation 
has revealed a distinctive contorted heterolithic facies, 
observed within proximal sediments of the Uncompah-
gre-sourced fluvial system (Priddy and Clarke, 2020). 
The facies comprises contorted intraformational mud-
stone and sandstone clasts, with internal mud-draped 
and deformed foresets, as well as contorted and buckled 
beds and laminations. These deposits were previous-
ly interpreted as the deposits of localized debris flows 
that formed as a result of bank collapse of active riv-
er channels into highly sediment-laden flows (Prid-
dy and Clarke, 2020). However, subsequent fieldwork, 
discussed herein, has revealed further examples that 
display brittle structures related to sediment transport 
and deposition, as well as distal examples with a silti-
er composition. All identified examples occur near the 
base of the Kayenta Formation, within approximately 
the same stratigraphic interval, and form a constrained 
“belt” oriented approximately parallel to the trend of 
the Utah-Idaho trough.

This study examines the contorted heterolithic fa-
cies with the specific objectives of: (1) describing their 
sedimentology in detail, (2) identifying the possible 
depositional processes and mechanisms, and (3) dis-
cussing possible hypotheses for their formation. Are 
they (a) localized occurrences controlled by isolated 
process-scale events that are somewhat “typical” of the 
fluvial system, or (b) may they relate to a regionally sig-
nificant event linked to the J-sub-K unconformity, and 
to the Utah-Idaho trough?

GEOLOGICAL SETTING
The Colorado Plateau is a large high-standing block 

that spans approximately 360,000 km2 across southeast-

Figure 1. Outline of the Colorado Plateau (brown line), 
southwestern USA, and within it the exposure of Upper Tri-
assic to Lower Jurassic deposits (yellow), and structural fea-
tures active during deposition of these sediments, including 
the Zuni sag and Utah-Idaho trough (modified from Dick-
inson, 2018). Locations from regional studies of the Kayenta 
Formation (Priddy and Clarke, 2020, 2021) are highlighted 
in gray, with the four locations discussed within this study 
(Sevenmile Canyon, Lions Park, Capitol Reef National Park, 
and Potter Canyon) highlighted in pink.
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ern Utah, northeastern Arizona, southwestern Colo-
rado, and northwestern New Mexico (figure 1) (Gilfil-
lan and others, 2008). From the Early Jurassic to Early 
Cretaceous, the plateau was influenced profoundly by 
several orogenic events. The 160- to 150-Ma Elko orog-
eny (Thorman and others 1990; Thorman and Peter-
son, 2004; Thorman, 2011) resulted in raised uplands 
to the west of the Colorado Plateau (Lawton, 1994), and 
asymmetrical subsidence along the Wasatch line that 
formed the northeast–southwest-trending Utah-Idaho 
trough (figure 1) (Bjerrum and Dorsey, 1995; Blakey, 
2008; Blakey and Ranney, 2018). Associated subsidence, 
caused by loading and contraction of the Cordilleran 
magmatic arc and Mogollon highlands, resulted in the 
formation of a northwest to southeast retro-arc fore-
land basin, referred to as the Zuni sag (figure 1) (Blakey, 
2008; Hassan and others, 2018). Subsidence of both de-
pocenters began during the Lower Jurassic, accelerat-
ed rapidly throughout the Middle Jurassic, and ceased 
during the Upper Jurassic (Bjerrum and Dorsey, 1995).

The Zuni sag formed a southeast–northwest-trend-
ing paleotopographic low on the western edge of the 
North American Craton that extended through present-
day central Arizona, and into southwestern Utah (fig-
ure 1) (Tanner and Lucas, 2009; Antonietto and others, 

2018). It is somewhat poorly-constrained geographical-
ly, but its northeastern limit follows a northwest–south-
east-trending line between Page and Tuba City, Arizona 
(figure 1) (Blakey, 1994). By contrast, the Utah-Idaho 
trough is a northeast–southwest-trending feature that 
extends from north-central Utah to the state’s south-
western corner and on into southeastern Nevada (figure 
1) (Peterson, 1988). The trough was bound to the north 
by a submerged barrier coinciding with the western 
continuation of the Unita Mountains (Sprinkel, 1994), 
but its western edge is poorly constrained due to ero-
sion of Lower to Middle Jurassic strata; it probably lies 
close to the present-day Nevada-Utah border (Peterson, 
1988).

STRATIGRAPHY
The presence of the Zuni sag and Utah-Idaho trough 

resulted in westward thickening of sedimentary succes-
sions into these paleotopographic lows, and a system 
of sedimentary reworking between coeval depositional 
regimes (Blakey, 1994; Kirkland and others, 2014). The 
deposited successions belong to the Upper Triassic to 
Lower Jurassic Glen Canyon Group (figure 2) (Lewis 
and others, 1961; Lucas and others, 2005, 2006; Sprinkel 
and others, 2011b; Martz and others, 2014, 2017; Irmis 

Figure 2. Schematic cross section through the Lower and Middle Jurassic stratigraphy, highlighting the unconformities that 
bound the Glen Canyon Group (Moenave Formation/Wingate Sandstone, Kayenta Formation, and Navajo Sandstone). The 
orientation of the schematic cross section is shown by the red line of the inset map (modified from Blakey, 1994).
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and others, 2015). The group is exposed across south-
ern Utah, northern Arizona, northwest New Mexico, 
and western Colorado, and comprises four stratigraphic 
units: the Wingate Sandstone and coeval Moenave For-
mation, the Kayenta Formation, and Navajo Sandstone 
(figure 2). The sediments were deposited in eolian, flu-
vial, and lacustrine settings, and facies from each en-
vironment interfinger numerous times to suggest rel-
atively continuous deposition under shifting climatic 
conditions (Middleton and Blakey, 1983).

The strata of the Glen Canyon Group are truncated 
by several unconformities, the stratigraphic locations of 
which have long been contentious. The J-0 regional un-
conformity, at the base of the Glen Canyon Group was 
thought to be the basal bounding surface of the Jurassic 
strata (Pipiringos and O’Sullivan, 1978; Blakey, 1994; 
Kirkland and Milner, 2006). However, recent work sug-
gests the Triassic-Jurassic boundary may sit within the 
Wingate Sandstone or coeval Moenave Formation and, 
as such, the J-0 regional unconformity may be con-
flated with the TR-5 unconformity (Lockley and others, 
2004; Lucas and others, 2005, 2006; Sprinkel and others, 
2011b; Martz and others, 2014, 2017; Irmis and others, 
2015). The Glen Canyon Group is capped by either the 
J-1 unconformity which truncates the top of the Navajo 
Sandstone in the west, towards Nevada, or by the J-2 un-
conformity that truncates the top of the Middle Jurassic 
Temple Cap Formation (as well as the Navajo Sandstone 
and Kayenta Formation) in the east, towards Colorado 
and New Mexico (figure 2) (Dickinson, 2018). Howev-
er, and similarly to the J-0 unconformity, there is de-
bate over the veracity of the J-2 regional unconformity 
(Sprinkel and others, 2011a; Doelling and others, 2013). 

A disconformity—termed the ‘J-sub-K discon-
formity’ (Riggs and Blakey, 1993; Lucas and Tanner, 
2006)—is located between the J-0 and J-1 unconformity 
and marks the base of the Springdale Sandstone Mem-
ber of the Kayenta Formation. The J-sub-K disconfor-
mity is an erosional surface with between 1 and 15 m of 
relief that is identified by clasts of lacustrine sediment 
derived from the Whitmore Point Member of the Moe-
nave Formation below (Kirkland and Milner, 2006). The 
feature marks a two-million-year-long depositional hia-
tus in parts of the plateau (Marzolf, 1994; Blakey, 1994; 

Lucas and Tanner, 2006, 2014). These varying uncon-
formities have been linked to the initiation of the Cor-
dilleran magmatic arc and associated thrusting along 
the western continental margin (Reynolds and others, 
1989; Marzolf, 1991).

The laterally equivalent Moenave Formation and 
Wingate Sandstone overly the J-0 unconformity and 
together comprise the oldest deposits of the Glen Can-
yon Group. The Moenave Formation, of Rhaetian to 
Hettangian age (208 to 199 Ma), consists of a succes-
sion of terrestrial red-bed sediments, including units of 
fine-grained sandstone, siltstone, and mudstone, which 
were deposited by fluvial, lacustrine, and eolian pro-
cesses (Tanner and Lucas, 2007). Sediments were de-
rived from the Mogollon highlands and transported by 
fluvial systems northwestward along the Zuni sag into 
west-central Utah (figure 1) (Blakey, 1994). They were 
then transported back to the east by prevailing west-
erly winds, into the eolian erg system of the Wingate 
Sandstone that covered 110,000 km2 across present-day 
northeastern Arizona and central Utah (Harshbarger 
and others, 1957; Clemmensen and others, 1989; Tan-
ner and Lucas, 2009). Because of contemporaneous sed-
imentation, the Moenave Formation and the Wingate 
Sandstone interfinger frequently across a 150-km wide 
northwest-trending section near Tuba City, Arizona 
(Tanner and Lucas, 2007; Blakey, 2008). The Wingate 
Sandstone consists of very fine to fine-grained, well-sort-
ed, sub to well-rounded, quartz-rich sandstone. The 
sediments are typically preserved in stratigraphic sec-
tions of cross-bedded sets and cosets that form sheer, 
vertical cliffs (Harshbarger and others, 1957) and repre-
sent deposition by migrating eolian dune forms.

The upper Sinemurian to lower Toarcian continen-
tal red-bed assemblage of the Kayenta Formation over-
lies the Moenave Formation and the Wingate Sand-
stone. The formation comprises units of fine-grained 
sandstone, siltstone, and occasional intraformational 
conglomerates (Harshbarger and others, 1957; Peterson 
and Pipiringos, 1979; Luttrell, 1993), which were de-
posited on a broad alluvial plain by southwestward- to 
westward-flowing rivers from the Uncompahgre uplift 
of the Ancestral Rocky Mountains (North and Tay-
lor, 1996), and by northwestward-flowing rivers from 
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the Mogollon highlands in the Cordilleran magmat-
ic arc (Luttrell, 1993). In southwest and south-central 
Utah and northern Arizona, the Kayenta Formation 
includes the Springdale Sandstone Member and the 
overlying main body of the Kayenta (figure 2). Howev-
er, in south-central and parts of southwestern Utah, the 
Lamb Point Tongue of the Navajo Sandstone is present 
and separates the main body of the Kayenta (below) 
from the Tenney Canyon Tongue of Kayenta (above) 
(Doelling, 2008; Biek, 2010). The lowermost Springdale 
Sandstone Member was originally described as part of 
the Moenave Formation due to lithological similarities 
with the Dinosaur Canyon Member of that formation 
around Tuba City, Arizona (Wilson, 1967; Wilson and 
Stewart, 1967; Pipiringos and O’Sullivan, 1978), but 
has since been re-assigned on the basis of the identifi-
cation of the J-sub-K disconformity and the member’s 
relationship to that surface (Marzolf, 1994; Lucas and 
Heckert, 2001; Lucas and others, 2005). The member 
is mostly pale yellow-brown and comprises approxi-
mately 30 m of medium to coarse-grained, planar and 
trough-cross-stratified units of sandstone, with discon-
tinuous lenses of conglomerate and subsidiary lenses of 
mudstone (Lucas and Tanner, 2007). The basal part of 
the Springdale Sandstone is often conglomeratic, with 
pebbles of chert and limestone, as well as angular clasts 
of siltstone and mudstone derived from the underlying 
Whitmore Point Member (Kirkland and others, 2014). 
The main body of the Kayenta Formation conformably 
and gradationally overlies the Springdale Sandstone 
Member and comprises 28 to 460  m of red-brown, 
fine- to coarse-grained sandstone, siltstone, and sub-
ordinate claystone (Luttrell, 1993). Limestone beds and 
nodules, as well as conglomeratic beds, are also present 
locally within the main body of the formation (North 
and Taylor, 1996; Fillmore, 2011). Towards the top of 
the Kayenta Formation, the Tenney Canyon Tongue 
comprises up to 98 m of pale reddish-brown, lenticular 
fine-grained sandstone, siltstone, and mudstone, with 
subordinate limestone and claystone, all deposited in a 
distal river and playa system (Luttrell, 1993).

METHODS
This study draws upon extensive regional fieldwork 

that examined the sedimentology of the Moenave and 
Kayenta Formations during four field campaigns be-
tween 2016 and 2019. Throughout these studies, a to-
tal of 30 detailed vertical sections (cm-scale resolution) 
were logged at 25 separate locations (figure 1), with a 
cumulative measured length of over 2000  m. Each of 
the 30 sedimentary logs includes the upper strata of the 
Wingate Sandstone or the Moenave Formation and ex-
tend through the full thickness of the Kayenta Forma-
tion to include the lowermost strata of the overlying Na-
vajo Sandstone. From the 25 locations, the distinctive 
contorted heterolithic facies was observed in four of the 
measured sections, the locations of which form a north-
east to southwest transect (figure 3). Traditional sedi-
mentological methods of facies analysis, augmented by 
photographic interpretations, were applied to field data 
in order to interpret depositional processes and sub-en-
vironments (sensu Walker, 1992).

The four localities (figure 3) have been separated 
into proximal and distal settings in this study, with re-
spect to the dominant sediment source for the Kayenta 
Formation (Priddy and Clarke 2020, 2021). Proximal 
localities include exposures at Sevenmile Canyon and 
Lions Park, to the northwest, and at Capitol Reef Na-
tional Park, approximately 150 km to the southwest of 
Moab, Utah (figure 1). The distal locality occurs within 
a series of cliffs and valleys at Potter Canyon, near Colo-
rado City, Arizona, approximately 33 km west of Kanab, 
Utah.

THE DEPOSITS
In each of the four locations where contorted hetero-

lithic units are present, examples occur at approximately 
the same stratigraphic interval of the Kayenta Formation. 
In the proximal localities of Sevenmile Canyon, Lions 
Park, and Capitol Reef, the boundary between the Kay-
enta Formation and the underlying Wingate Sandstone 
is challenging to identify because of the gradational na-
ture of the contact. However, the contorted heterolithic 
facies occurs within the first fluvial incursion, which is  
1 to 2 m above the underlying eolian sediments of the 
Wingate Sandstone. In the distally located Potter Can-
yon locality, the contorted heterolithic facies marks the 
boundary between the underlying Moenave Formation 
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and the Kayenta Formation. All examples occur along 
the western limit of exposure of Jurassic strata, in a 
northeast to southwest-trending belt.

Proximal examples (Sevenmile Canyon, Lions Park, 
and Capitol Reef) comprise moderately to poorly sort-
ed, subrounded clasts that are up to 30 cm in diame-
ter, and comprise plastically deformed and contorted 
cross-stratified sandstone with mud-draped foresets. 
The clasts are supported within a purple to brown, silt-
stone to fine-grained sandstone matrix (figures 4 and 
5). Smaller, bladed to prolate clasts display depositional 
imbrication, with the long axis parallel to the dip of the 
clasts (figures 4D and 4F). The facies form sedimenta-
ry units, 1 to 3 m thick, with a flat to slightly concave 
upwards base and an erosive upper bounding surface 
(figure 4). The units overlay 0.7 to 1.2 m of purple to 
dark-brown parallel-laminated siltstone to very fine 
grained sandstone, which are then overlain by 0.8- to 
2.1-m-thick, pale-orange to brown, medium-grained, 
structureless to crudely cross-bedded sandstone, each 
with erosive bases and basal rip-up clasts that are dis-
tributed along the foresets of crude cross-bedding (fig-
ures 4, 5, and 6).

The distal example (Potter Canyon) is composed of 
a purple-brown, siltstone to very fine grained sandstone 

matrix that supports subrounded, poorly to moderately 
sorted clasts of highly contorted parallel-laminated silt-
stone, with interlaminae of mudstone (figure 7). Gray-
green diagenetic features in the form of either mottling 
or haloes surround some clasts. Clasts are less than 
10 cm in diameter and lack consistent orientation, but 
are distributed to give the units a bipartite structure in 
which an upper clast-rich interval overlays a lower clast-
poor interval dominated by contorted laminations. The 
units are 3 m thick in total, and occur as localized, lens-
shaped scours, with erosional lower and upper bound-
ing surfaces. They overlay 1 m of brown-purple, paral-
lel-laminated siltstone and mudstone of the underlying 
Whitmore Point Member, or a 50-cm-thick, channel-
ized, pale-orange to brown medium-grained structure-
less sandstone with muddy laminations, that pinches 
out beneath the contorted heterolithic facies, and is 
replaced by the brown-purple siltstone. The contorted 
heterolithic facies is capped by 0.5- to 2-m-thick units 
of pale-orange to brown, medium-grained structureless 
to planar-bedded sandstone, each with erosive bases, 
and containing rip-up clasts of mudstone, and 5- to 
30-cm-thick interbeds of red-brown mudstone between 
‘U-shaped’ sandstone bodies.

In both proximal and distal examples, internally 

Figure 3. Schematic vertical sedimentary sections of the study localities (pink stars on the insert map) that expose examples 
of the contorted heterolithic facies, highlighted in gray. Insert map modified from Harshbarger and others (1957); Middleton 
and Blakey (1983); Blakey (1994). PC = Potter Canyon, CR = Capitol Reef, SC = Sevenmile Canyon, LP = Lions Park, sdst = 
sandstone, slst = siltstone.
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layered clasts are observed to have been folded; the fold 
style is distinctive such that fold hinges are thickened 
and the fold limbs are thinned and attenuated. Struc-
tural imbrication and antiformal stacking of packages 
of clasts (figures 4B and 4F), and the enclosing matrix 
sediment, is also consistently developed (figures 4B and 
5F), typically towards the base of individual units. The 

fold hinges in some examples are markedly curvilinear 
and individual sheath fold geometries are evident local-
ly (figures 4A and 4B); the orientations of these fold axes 
are highly variable but are, in general terms, broadly 
perpendicular to the stacking direction indicated in the 
spatially associated imbricate structures. In all exam-
ples, the observed sense of shear is consistently orient-

Figure 4. Examples of the proximal contorted heterolithic facies observed at Sevenmile Canyon, Utah (unannotated on left, 
annotated on right). (A–B) Overview of the geometry, bounding surfaces, and internal structure of the contorted heterolith-
ic facies, highlighting the basal detachment zone and erosional upper bounding surface. (C–D) Close-up of the internally 
contorted, locally derived clasts with mud draping along the folded foresets, and depositional imbrication of clasts near the 
basal boundary. (E–F) Western edge of the contorted heterolithic facies where clasts display antiformal stacking at the base 
of the unit.
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Figure 5. Examples of the proximal contorted heterolithic facies observed at Lions Park, Utah (unannotated on left, annotat-
ed on right). (A–B) Overview of the geometry, bounding surfaces, and internal structure of the contorted heterolithic facies. 
(C–D) Close-up of the upper bounding surface to the unit of contorted heterolithic facies, with soft-sediment deformation 
and mud rip-up clasts within the deformed sandstone layer. (E–F) Deformed sandstone clasts with mud draping along folded 
foresets and imbrication of clasts.
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ed between top-to-the-west, and top-to-the-southwest. 
Where individual fold axes are more curvilinear in as-
pect, they appear to have been attenuated in a direction 
approximately parallel to the structural transport that 
created the observed imbricate stacking. Extensional 
structures (e.g., figure 6) indicate that extensional col-
lapse occurred in the same general direction as shown 
by the other sense of shear criteria described above. In 
some examples, depositionally imbricated deformed 
clasts appear caught up within the packages defining 
structurally imbricated stacks (e.g., figure 4F).

PROCESS OF FORMATION
The presence of units of parallel-laminated siltstone 

and mudstone that preserve mud-draped sandy foresets 
within clasts, suggests original subaqueous deposition. 
Within the distal region of the Kayenta deposition-
al system, the sediments were deposited dominantly 
through suspension settling, whereas in the proximal 
region, deposition occurred within migrating bedforms 
and bar forms during highly sediment-laden, episodic, 
and irregular flow (Owen, 1996; Rana and others, 2016; 
Van Den Berg and others, 2017; Carling and Leclair, 
2019). In the proximal setting, the fine fraction may be 
deposited at times of near-stagnant water, or after the 
flow reaches its maximum carrying capacity (Olsen, 

1987; Nwajide, 1988; Priddy and Clarke, 2020).
Distortion and folding of individual clasts, and 

structural imbrication of packages of clasts, suggest re-
mobilization of the sediments within a sufficiently short 
time after initial deposition, such that the sediments 
were not fully lithified and therefore able to deform 
(Scholz and others, 2011) in a ductile or brittle-ductile 
manner. The muddy matrix-supported nature of the re-
sultant deposit, coupled with the style of depositional 
imbrication of the prolate clasts, suggests a non-Newto-
nian plastic or pseudo plastic nature to the remobilizing 
flow. This is perhaps a consequence of a high sediment 
concentrations, which prevented disaggregation of the 
sandy clasts through attrition, and allowed them to de-
form (Shanmugam, 1996; Wozniak and Pisarska-Jam-
rozy, 2018). The distinctive fold style observed, with 
thickened fold hinges and thinned attenuated fold 
limbs, gives a clear indication of non-coaxial plastic 
deformation under translational shear within the flow 
(Parrish and others, 1976; Mies, 1993). The consistent 
overall top-to-the-west or top-to-the-southwest sense 
of shear indicated by these deformational features is 
aligned with the local paleoslope.

The markedly curvilinear sheath-fold axes were 
probably formed as a result of intense non-coaxial de-
formation with the fold hinges progressively rotated 

Figure 6. Examples of the proximal contorted heterolithic facies observed at Capitol Reef, Utah, with folded foresets and evi-
dence of collapsed deformation packages in the direction of shear (unannotated on left, annotated on right).
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Figure 7. Examples of the distal contorted heterolithic facies observed at Potter Canyon, Arizona. (A) Panel photograph high-
lighting the contorted heterolithic facies relative to the surrounding sediments. (B) Overview of the geometry and bounding 
surfaces of the distal contorted heterolithic facies. White box highlights approximate location of image C. (C) Overview of 
the structure of the contorted heterolithic facies including the clast-poor lower interval, and clast-rich upper interval. White 
boxes highlight approximate locations of images D and E. (D) Detailed view of image C. (E) Contorted mud-clasts and silt 
lenses within the upper interval of the contorted heterolithic facies. (F) Deformed bedding planes and soft-sediment defor-
mation within the lower interval of the contorted heterolithic facies. (G) Gray-green diagenetic reduction mottling observed 
towards the base of the contorted heterolithic facies.
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into the transport direction (sensu Alsop and Carreras, 
2007). The variable orientations of the fold axes suggest 
that folds may actually have initiated in a range of ori-
entations prior to more pervasive internal shearing and 
rotation within the flow. Non-coaxial flow would have 
been the principal influence constraining the overall 
fold shape (sensu Adamuszek and Dabrowski, 2017), 
with the development of curvilinear fold hinge lines as 
a result of individual fold hinges being dragged out in 
the overall shear (flow) direction (Alsop and Carreras, 
2007).

Despite evidence for plastic flow, the structural im-
brication and antiformal stacking of sheared packages 
of clasts and their enclosing matrix suggest sufficient 
cohesion at times, and in places, to promote brittle de-
formation. Deformation was dominantly compressional 
to build-up structurally thickened packages that overall 
suggest a sense of shear comparable, at least locally, to 
the paleocurrent indicated by depositional imbrication. 
Sporadically, brittle structures that are clearly superim-
posed upon the more ductile and/or brittle-ductile de-
formation features, indicate collapse and extension in 
the same (forward) direction and overall sense of shear 
(figure 6B). Deformation was progressive, becoming 
more brittle in style where cohesion in the deform-
ing package increased, for example by thickening and 
stacking, or perhaps by localized de-watering.

The local juxtaposition of brittle-ductile and ductile 
deformation suggests a depositional process for these 
sediments that is capable of supporting both styles, ei-
ther contemporaneously or consecutively within the 
time frame of the event. Some evidence for deposition-
ally imbricated clasts caught up in structural imbricat-
ed packages suggests a temporal link whereby a plasti-
cally deforming flow evolves to become more cohesive 
through time (Enos, 1977).

The general sedimentology suggests a debris flow in 
which deformation is predominantly by laminar shear; 
the composition and orientation of the contorted het-
erolithic clasts suggest that they were derived locally 
(from the substrate), and then deformed within the 
flow. Non-coaxial deformation suggests many contort-
ed heterolithic clasts may have contained pre-existing 
folds that were subsequently modified by the debris 

flow, or the sediments may have been deformed under 
localized stress fields during clast development, to form 
structures that were later modified by the overriding 
shear of the flow. Through time, the flow becomes more 
cohesive, particularly along its basal surface.

DISCUSSION
Examples of the contorted heterolithic facies were 

first identified within the basal units of the Kayenta 
Formation to the northwest of Moab, Utah (Priddy and 
Clarke, 2020). Those examples were in locations prox-
imal to the dominant sediment source for the Kayenta 
Formation, namely the Uncompahgre uplift. From their 
locations, internal sedimentology, and localized associ-
ations, the facies was interpreted as ‘debris-flow depos-
its’ formed by the collapse of river banks into the flow 
(Priddy and Clarke, 2020). That interpretation is sup-
ported by previously published descriptions and inter-
pretations of the fluvial sedimentology and deposition-
al processes of the Kayenta Formation, which indicate 
sporadic, high-discharge events (Stephens, 1994; North 
and Taylor, 1996; Priddy and Clarke, 2020).

The observations and interpretations of this study 
(which includes additional localities to those of Priddy 
and Clarke, 2020) are consistent with the interpretation 
of a debris flow as the depositional mechanism for their 
emplacement (sensu Priddy and Clarke, 2020). The fa-
cies and depositional imbrication, along with the duc-
tile structures developed within the contorted clasts, are 
consistent with a high sediment to fluid ratio, and they 
indicate a plastic flow in which deformation is predom-
inantly by laminar shear rather than fluid turbulence.

The close spatial association of ductile and brit-
tle-ductile structures within the deposits, and the 
temporal relationships implied by the depositionally 
imbricated clasts that are subsequently caught up in 
structurally imbricated packages, suggest flows became 
more cohesive through time (Enos, 1977). Plausible sit-
uations under which this scenario could occur are loss 
of water from flow through time, a sharp reduction in 
basal slope angle over which the flows travel, and/or a 
reduction in flow velocity. The scenario favors subaerial 
deposition as the loss of water from more coherent flow 
types into ambient waters of subaqueous environments 
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is more difficult (Talling, 2013). Additionally, gradu-
ally reducing flow velocity over progressive transport 
distances is known to be more typical for subaerial de-
bris flows than compared with their subaqueous coun-
terparts (see Breien and others, 2007). A loss of water 
from the flows, as well as reduced flow velocities over 
prolonged transport distances, possibly enhanced by 
a change in gradient (decrease in slope angle), would 
easily explain the increase in cohesion and progression 
from ductile, through ductile-brittle, to brittle deforma-
tion as observed in these examples.

Based on our observations and previous studies, we 
interpret the contorted heterolithic facies as the prod-
ucts of debris flows that took place subaerially. As the 
Kayenta Formation represented a high-energy ephem-
eral fluvial system (Priddy and Clarke, 2020), and there 
are fluvial channel deposits formed above these depos-
its (e.g., figure 4), it is likely that these contorted hetero-
lithic facies initiated by collapse of material into empty 
channels, or into channels with low flow conditions. 
Once initiated, the debris flows lose water to become 
cohesive and deform in a brittle fashion in the later 
stages of the flow.

The formation of debris flows requires destabili-
zation of deposited sediment, usually following some 
form of triggering mechanism or event (i.e., seismici-
ty, oversteepening, or changes in base level). In a fluvial 
setting the most probable triggers are sudden input of 
water to the system (rainfall) (Bookhagen and others, 
2005; Aguilar and others, 2020), over-steepening of a 
sediment pile (Keaton and others, 1991), or changes in 
base level (Scherler and others, 2016). The channel cut 
surface at the base of the contorted heterolithic depos-
its suggest a sudden input of water or rise in the water 
table as the dominant triggers, as does the nature of the 
flow itself, but oversteepening cannot be discounted as 
a contributing factor. Indeed, it may provide some ex-
planation for the curvilinear fold axes/folds developed 
within clasts, as localized slumping may deform clasts 
to generate folding as they enter the flow.

Equally, the cross-bedded and mud-draped sedi-
mentary architecture of many sandstone clasts with-
in the proximal examples, coupled with evidence of 
pre-existing ductile deformation, may suggest clasts 

were derived from recently deposited bar forms of the 
ephemeral system. In-situ plastic deformation of fore-
sets within bar form sediments (so called recumbent 
cross-bedding or rip-back curls) have been observed 
elsewhere within the Kayenta Formation (Priddy and 
Clarke, 2020). These deformational features have a 
sandstone composition, and contorted foresets that de-
fine similar sheath fold geometries with curvilinear fold 
axes, and in some cases have been observed up to me-
ter-scale in size.

Consequently, a scenario can be envisaged in which 
localized ephemeral stream activity may cut channels 
through recently deposited bar forms. Following the 
flood event, the saturated and potentially over-steep-
ened channel banks fail, resulting in debris flows. Both 
partially ductile failure in the failing sediments, as well 
as any pre-existing folded fabrics, may contribute to the 
preserved folding of the sediments within clasts. The 
folds are later reworked by laminar shear within the 
flow. As the debris flows develop, they lose water rapidly 
to the sandy substrate, which promotes brittle deforma-
tion within the lower parts of the flow under the shear of 
the overriding, and still plastic, upper parts. The subaer-
ial debris flows were most probably localized, with pro-
gressively reducing flow velocities, leading to relatively 
short transport paths (up to tens of meters), which may 
go some way to explaining the intraformational nature 
of the clasts, the localized and sporadic occurrences of 
the facies, and the differences in sedimentary texture 
between proximal and distal examples.

Despite the fit of the observations across all sites 
examined with this interpretation, it is difficult to ex-
plain the regional distribution of the contorted heter-
olithic facies by that process of formation alone. Inter-
estingly, units of the contorted heterolithic facies occur 
within the same narrow stratigraphic interval just above 
the boundary of the Kayenta Formation with the un-
derlying Moenave and Wingate Formations. Thus, it 
is tempting to hypothesize that their occurrences may 
be linked, and this could suggest that examples of the 
facies were deposited coevally as a result of a regional 
event, possibly linked also to formation of the J-sub-K 
unconformity.

Furthermore, examples of the contorted heterolith-
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ic facies occur in a northeast to southwest transect, near 
the northwesterly limit of exposure for Triassic–Jurassic 
strata. Notwithstanding the constraints of exposure, this 
facies has not been found elsewhere despite an extensive, 
regular, and grid-based logging strategy (where outcrop 
exposure allowed) to support regional studies of the 
Moenave and Kayenta Formations (Priddy and Clarke 
2020, 2021). The alignment of the localities discovered 
and reported here is parallel to the consistent paleoflow 
indicated by internal deformation and shearing with-
in the flow, and parallel to the axis of the Utah-Idaho 
trough (Peterson, 1988; Bjerrum and Dorsey, 1995). 
Therefore, this facies may be constrained to a narrow 
belt, possibly reflecting funnelling of mass-transport 
debris-flow deposits towards the Zuni sag (figure 1).

Despite regional and temporal distributions of the 
contorted heterolithic facies that could imply a physical 
link between all four examples, such an interpretation 
is inconsistent with sedimentological observations. It is 
difficult to conceive of a single mass flow event capable 
of sustaining the physical characteristics indicated by 
the sedimentology of these deposits over distances indi-
cated by the spread of localities. The most likely expla-
nation for the spatial distribution of the localities, is one 
in which the mass flows are separate occurrences, with 
sediment derived locally. Their consistent paleocur-
rent direction simply indicates the general trend of the 
depositional system in which they reside. However, it 
is inescapable from the studies presented herein that 
mass flows with the same style are occurring regional-
ly (although sourced locally) within a somewhat simi-
lar stratigraphic position. This suggests potential for a 
shared and significant triggering mechanism. It is con-
ceivable that this could be a climatic trigger that pro-
moted a period of widespread but episodic flash flood-
ing, or a rise in the water table, but further studies are 
required to draw full conclusions. It is also possible that 
the region was influenced by tectonic instability linked 
to the initiation of the Cordilleran magmatic arc and 
any associated thrusting (Reynolds and others, 1989; 
Marzolf, 1991). Therefore, the significance of these 
enigmatic contorted heterolithic deposits to the evolu-
tion of the region during the Jurassic Period requires 
and deserves further detailed investigation.

CONCLUSIONS
The contorted heterolithic facies of the Lower Ju-

rassic Kayenta Formation described within this study 
were first identified in the proximal localities of Seven-
mile Canyon and Lions Park, northwest of Moab, and at 
Capitol Reef National Park, Utah.

Detailed analysis of the sedimentology and the brit-
tle structures developed within these deposits suggests 
transport and deposition via debris flows that became 
more cohesive through time. This interpretation is in-
consistent with subaqueous deposition in a highly ener-
getic ephemeral flow. Consequently, we suggest a model 
in which collapse and debris flow takes place at least in 
part sub-aerially to transport locally derived sediment 
over short distances. Such a situation could be con-
ceived during and following episodic flash flooding.

This model explains the sedimentological observa-
tions and the spatial distribution of the outcrops, but it 
does not explain their occurrence within approximately 
the same stratigraphic level within the strata, near the 
basal boundary of the Kayenta Formation. Despite be-
ing locally sourced, their stratigraphic coincidence may 
suggest initiation was triggered by some regional-scale 
autogenic event, perhaps of a climatic nature, and po-
tentially related to the J-sub-K unconformity and evo-
lution of the environment. However, in this context, 
the interpretation presented may be considered very 
much of a preliminary nature, and extensive additional 
work is required to better understand the depositional 
processes behind these examples of the contorted het-
erolithic facies, and to constrain their significance in a 
regional context.
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