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ABSTRACT

The temporal and spatial distribution of strain associated with the Sevier
orogeny in western North America is significantly different in the southern end
of the belt, at the latitude of Las Vegas, Nevada, than farther to the north at the
latitude of Salt Lake City, Utah. Reasons for these differences have been specula‐
tive as a lack of temporal constraints on thrusting in the intervening region hin‐
dered along-strike correlation across the belt. We determined a crystallization age
of 100.18 ± 0.04 Ma for zircons extracted from a recently recognized dacite
lapilli ash-fall tuff near the base of the synorogenic Iron Springs Formation. We
propose the name “Three Peaks Tuff Member” for this unit, and identify a type
stratigraphic section on the western flank of the “Three Peaks,” a topographic
landmark in Iron County, Utah. Field relationships and this age constrain move‐
ment on the Iron Springs thrust and the end of the sub-Cretaceous unconformity
in the critical intervening area to latest Albian/earliest Cenomanian. Movement
on the Iron Springs thrust was synchronous with movement on multiple Sevier
thrusts at ~100 Ma, indicating that the mid-Cretaceous was a period of extensive
thrust-fault movement. This mid-Cretaceous thrusting event coincided with a
period of global plate reorganization and increased convergence, and hence an
increased subduction rate for the Farallon Plate beneath North America. The ac‐
celerated subduction contributed to a Cordilleran arc flare-up event and steepen‐
ing of the orogenic wedge, which triggered widespread thrusting across the
retroarc Sevier deformation belts. Additionally, based on temporal constraints
and the strong spatial connection of mid-Cretaceous thrusts to lineaments inter‐
preted as pre-orogenic transform faults, we suggest that temporal and spatial vari‐
ations along the strike of the orogenic belt reflect tectonic inheritance of base‐
ment structures associated with the edge of the rifted Precambrian craton.

KEY WORDS: Cordilleran orogeny, dacite lapilli ash-fall tuff, Iron Springs
thrust, magma flare-up, structural inheritance, sub-Cretaceous unconformity,
Three Peaks Tuff Member.

INTRODUCTION

The Sevier orogenic system is an
important component of the
Cordilleran orogeny that affected the
western North American Cordillera
beginning in the Middle Jurassic
(~165 Ma) to the early Eocene (~50
Ma) (Yonkee and Weil, 2015; Herring
and Greene, 2016; Fig. 1 this paper).
Deformation during this time, attrib‐
uted to plate convergence, subduction
of oceanic lithosphere, and accretion
of various terranes along the edge of
western North America, telescoped
the antecedent passive margin along
several prominent, east-directed
thrusts, resulting in at least 350 km of
shortening at the latitude of central
Utah (DeCelles, 2004; Herring and
Greene, 2016). Crustal shortening as‐
sociated with the Sevier orogeny pro‐
duced several roughly N–S-trending
thrust belts, fold belts, and fold-and-
thrust belts extending from the hinter‐
land in western Nevada to the fore‐
land in Utah (Fig. 1). We use the term
“fold-and-thrust belt” sensu lato for
these domains as these thrust belts in‐
clude folds (e.g., see Herring and
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Greene, 2016, their fig. 3, p. 137). The exception to our
application of fold-and-thrust belt is the eastern Nevada
fold belt, which is characterized by a notable absence of re‐
gional-scale thrust faults (Long, 2015). The temporal and
spatial evolution of the fold-and-thrust deformation associ‐
ated with the Sevier orogeny varies along strike. Near Las
Vegas, Nevada, thrust-fault propagation in the Sevier fold-
and-thrust belt is restricted in time (ca. 50 m.y.) and space
(< 100 km) where it is defined by the Wheeler Pass thrust
(160–140 Ma; Giallorenzo et al., 2018) to the west and the
Keystone thrust (99 Ma; Fleck and Carr, 1990) on the east‐
ern edge. At this same latitude is the central Nevada fold-
and-thrust belt, which developed, to an extent, syn‐
chronously with the Sevier fold-and-thrust belt (Di Fiori et
al., 2020) and is considered part of the Sevier orogeny. At
the latitude of Salt Lake City, Utah, the zone of fold-and-
thrust belt deformation widens considerably (~500 km),
and includes several fold-and-thrust belts that were active
over a prolonged period (ca. 100 m.y.; Herring and Greene,
2016). At this latitude, the westernmost edge is defined by
the Luning-Fencemaker fold-and-thrust belt of central
Nevada, potentially related to the closure of a Jurassic back-
arc basin (~165–150 Ma; Wyld et al., 2003), and the east‐
ern edge by the Hogsback thrust of western Wyoming,
which represents the eastern leading edge of the Sevier fold-
and-thrust belt (~56 Ma; DeCelles, 1994). Some workers
consider the Luning-Fencemaker fold-and-thrust belt as
part of the Sevier orogeny (e.g., Herring and Greene,
2016), whereas others (e.g., Wyld et al., 2003) suggest that
it is unrelated to the Sevier fold-and-thrust belt. Even if the
Luning-Fencemaker fold-and-thrust belt is excluded from
consideration, significant along-strike variation exists in
the map view width of fold-and-thrust belt deformation
that define the Sevier orogeny. This extreme along-strike
variation in map width exists despite the fact that the
southernmost portion of Sevier fold-and-thrust belt defor‐
mation (i.e., southern Nevada to southwestern Utah) re‐
sides completely in the Basin and Range Province, charac‐
terized by Cenozoic extension, whereas the northern por‐
tion of the deformation belt (i.e., central and northern
Utah–western Wyoming, see Fig. 1) only partially resides
within the Basin and Range Province (Yonkee and Weil,
2015).

The sinuous trace of the leading edge of deformation
belts, defined by multiple recesses and salients, is an intrin‐
sic feature of many collisional orogens (e.g., Appalachian,
Lesser Himalaya, Ouachita, and Zagros) including the Se‐
vier fold-and-thrust belt of the Cordilleran orogeny (Fig. 1).
Along-strike variation in the shape of orogens has been at‐
tributed to “tectonic inheritance,” where the form of the
orogen mirrors the form of the previous rifted continental
margin (e.g., Thomas, 1977, 2005). Additionally, fold-and-
thrust belt development may be controlled by variation in

stratigraphy (e.g., Chapman and DeCelles, 2015) and sedi‐
ment thickness (e.g., Paulsen and Marshak, 1999). Evaluat‐
ing the role of tectonic inheritance, stratigraphy, and tec‐
tonic models for thrusting in the evolution of the Sevier
orogeny requires temporal correlation of spatially distrib‐
uted fold-and-thrust belts in the north (e.g., western Utah
thrust belt of Greene, 2014) to the narrower zone of fold-
and-thrust belts in the south. Considerable uncertainty in
the timing of the eastward propagation of the leading edge
along the entire strike of the Sevier fold-and-thrust belt has
limited advancement of the understanding of the extent to
which tectonic inheritance, linked vs. independent thrusts,
and broader plate-tectonic processes had on the evolution
of the Sevier fold-and-thrust belt.

We present here the first complete description and
high-precision zircon U–Pb geochronology of a previously
unreported volcanic ash unit near the base of the synoro‐
genic Cretaceous Iron Springs Formation in southwest
Utah. We propose the name “Three Peaks Tuff Member of
the Iron Springs Formation,” and identify the type section.
We interpret the base of the Iron Springs Formation to in‐
clude the Marshall Creek breccia, which originated as de‐
bris flows proximal to the Iron Springs thrust. Our findings
place the eastern leading edge of the Sevier orogenic belt, in
the critical intervening area, significantly farther east (~50
km; e.g., see Long, 2015, his fig. 6, p. 415) at an earlier
point in time (100 Ma) than previously thought (Herring
and Greene, 2016, their fig. 2, p. 136; Yonkee et al., 2019).
Our results, combined with multiple recently published
dates for thrusting (e.g., Pujols et al., 2020), provide evi‐
dence for a regionally extensive, large-scale, mid-Creta‐
ceous thrusting event, which is temporally correlative to the
mid-Cretaceous magmatic flare-up identified by Ducea et
al., (2015). We place these results in a larger regional con‐
text to discuss the role of tectonic inheritance and plate-tec‐
tonic processes in the evolution of the Sevier fold-and-
thrust belt.

GEOLOGIC SETTING

The Iron Springs thrust (IST, Fig. 1) is exposed about
16 km to the west of Cedar City and the town of Kanarra,
where the Kanarra fold and associated thrusts (e.g., Taylor
Creek and Kanarra Creek thrusts) mark the easternmost
limit of Sevier-style deformation at this latitude (Chando‐
nia et al., 2018). The Iron Springs thrust appears to have
accommodated about 5.6 km of shortening, based on local
seismic data collected within the vicinity of the Three Peaks
(Van Kooten, 1988). In addition to the Taylor Creek thrust,
several newly recognized thrusts (e.g., Spring Creek and Ka‐
narra Creek thrusts, see Chandonia et al., 2018) associated
with the Kanarra fold accommodated several kilometers of
shortening. The proximity of the Iron Springs thrust to
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these leading-edge structures, even without palinspastic
restoration of basin-and-range extension, indicates the pos‐
sibility of a shared décollement (e.g., Herring and Greene,
2016), and it could be considered part of the same “thrust
system.”

West of the Iron Springs thrust is the Wah Wah thrust
(Willis, 1999). TheWahWah thrust system accommodated
a minimum of 38 km of total shortening (Friedrich and
Bartley, 2003). The timing of the emplacement of the Wah

Wah thrust is poorly constrained. Some authors (e.g.,
Willis, 1999) proposed it is the along-strike equivalent of
the Late Jurassic–Early Cretaceous Canyon Range thrust
exposed to the north (DeCelles and Coogan, 2006). The
Iron Springs Formation at Three Peaks contains quartzite
clasts eroded from the hanging wall of the Wah Wah thrust
(Fillmore, 1991). Therefore, based on the stratigraphic rela‐
tionships at Three Peaks (see below), the Wah Wah thrust
was emplaced prior to the Iron Springs thrust, and these
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Figure 1. Location map showing the individual deformation belts and major thrust faults that comprise the Sevier orogeny.
Also shown are significant basement structures (i.e., hingeline and lineaments) that affected eastward propagation of the
Sevier deformation front leading to development of the newly named Las Vegas recess and the Salt Lake salient. Location
of the Three Peaks is marked by the yellow star. CC = Cedar City; CFL = Cove Fort lineament; CHL = Cordilleran hinge‐
line (purple); CNFTB = central Nevada fold-and-thrust belt; CNT = Charleston-Nebo thrust; ENFB = eastern Nevada
fold belt; HBT = Hogsback thrust; IST = Iron Springs thrust; KT = Keystone thrust; KTCT = Kanarra fold and Kanarra-
Taylor Creek thrust system; LFTB = Luning-Fencemaker fold-and-thrust belt; LL = Leamington lineament; LV = Las Ve‐
gas; LVR = Las Vegas recess; PL = Paragonah lineaments (lineament traces in red); PVT = Pavant thrust; SFTB = Sevier
fold-and-thrust belt; SL = Scipio lineament; SLC = Salt Lake City; SLS = Salt Lake salient; WPT = Wheeler Pass thrust;
WT = Willard thrust; WUFTB = western Utah fold-and-thrust belt; WWT = Wah Wah thrust. Compiled from Stokes et
al. (1963), Picha and Gibson (1985), Willis (1999), Wyld et al., (2003), Page et al. (2005), Long (2015), Yonkee and Weil
(2015), Herring and Greene (2016), and Giallorenzo et al. (2018).
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thrusts together represent a forward-breaking, eastward-
propagating sequence. Total shortening along a ‘thrust sys‐
tem,’ which could include the Iron Springs thrust and the
Kanarra and Taylor Creek thrusts associated with the Ka‐
narra fold (Fig. 1), was significantly greater than 5.6 km,
but basin-and-range overprinting complicates palinspastic
reconstruction.

STRATIGRAPHIC RELATIONSHIPS AT THREE
PEAKS

The “Three Peaks” (Figs. 2 and 3) is a topographic
landmark just west of Cedar City. They are a series of
rugged hills cored by Miocene quartz monzonite laccoliths
(Mackin and Rowley, 1976; Barker, 1995; Knudsen and
Biek, 2014). Cropping out on the western flank of the lac‐
colith are the Co-op Creek Limestone Member and the
Crystal Creek Member of the Jurassic Carmel Formation
(Fig. 2). These units are disconformably overlain by the syn‐
orogenic Cretaceous Marshall Creek breccia, which is, in
turn, conformably overlain by and interfingers with synoro‐
genic clastic rocks of the Iron Springs Formation (Fig. 4).
Along strike to the south, the sedimentary section is folded
and overturned in the footwall of the Iron Springs thrust
(Mackin et al., 1976; Knudsen and Biek, 2014; Fig. 2 this
paper).

Two stratigraphic sections, the ‘Central Creek’ and
‘Shooting Range’ transects, were measured at Three Peaks
(Figs. 2–4). The sections begin at the top of the shallow-ma‐
rine Co-op Creek Limestone Member, a light gray to black‐
ish gray, algal-laminated, lime mudstone, and they extend
only 10s of meters into the Iron Springs Formation, which
is locally more than 900 m thick (Mackin, 1947; Mackin et
al., 1976). The Co-op Creek Limestone is overlain by the
Crystal Creek Member. At Three Peaks, the Crystal Creek
Member consists of channelized fluvial deposits of cream
white sandstone and reddish brown to maroon mudstone.

Here, the base of the Cretaceous sedimentary section is
marked by the appearance of the distinctive Marshall Creek
breccia, which is confined to the western flank of Three
Peaks (Mackin, 1947) and disconformably overlies the
Crystal Creek Member of the Carmel Formation (Figs. 2
and 4). The Marshall Creek breccia is composed primarily
of angular, lime mudstone pebbles to boulders (> 1.5 m
across), supported by a brown lime-silt matrix (Fig. 5).
Scarce sub- to well-rounded limestone clasts and sparse
well-rounded quartzite pebbles and cobbles are also part of
this unit (Fig. 5). Limestone clasts from the Marshall Creek
breccia conspicuously resemble the limestone of the Co-op
Creek Limestone Member of the Carmel Formation. Lo‐
cally, the Marshall Creek breccia grades upward into, and
interfingers with, a basal quartzite conglomerate of the Iron
Springs Formation over a stratigraphic interval of up to ~18

m (Fig. 4). Above this contact, the Iron Springs Formation
consists of sandstone and layers of conglomerate, as well as
sparse thin limestone beds (see the top of the Shooting
Range section in Fig. 4), which locally contain intraforma‐
tional rip-up clasts.
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Figure 2. Geologic map of the Three Peaks area compiled
from Mackin et al., 1976, and Mackin and Rowley, 1976,
showing the location of the ‘Central Creek’ and ‘Shooting
Range’ measured stratigraphic sections (stars). Rocks of the
Co-op Creek Limestone Member of the Carmel Formation
crop out in the hanging wall of the Iron Springs thrust (Knud‐
sen and Biek, 2014). Notice also that the Iron Springs thrust
deforms the Marshall Creek breccia in the footwall of the
thrust, implying that the Iron Springs thrust remained active
following deposition of the breccia. The Co-op Creek Lime‐
stone Member in the hanging wall of the Iron Springs thrust
is the likely source of limestone clasts in the Marshall Creek
breccia. The Jcc = Jurassic Crystal Creek Member of the
Carmel Formation; Jccl = Jurassic Co-op Creek Limestone
Member of the Carmel Formation; Jtc = Jurassic Temple Cap
Formation; Kis = Cretaceous Iron Springs Formation; Kmcb
= Cretaceous Marshall Creek breccia; Q = Quaternary de‐
posits; Ttpi = Tertiary Three Peaks intrusions. Topographic
basemap underlay was created using ArcGIS® software by Es‐
ri®. ArcGIS® and ArcMap™ are the intellectual property of Esri,
and are used herein under license (see www.esri.com).
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THE THREE PEAKS TUFF MEMBER

Description of the Three Peaks Tuff Member

We propose the name “Three Peaks Tuff Member of the
Iron Springs Formation,” and a type section (Figs. 2–4; Data
Supplement [DS] 1; DS Table 1) for an “air-fall” tuff locally
present in the stratigraphic section above the Marshall Creek
breccia. Following Schmid (1981), the Three Peaks Tuff is a

purple to whitish gray dacite vitric-crystal coarse ash-lapilli
tuff. It is mappable along strike over several kilometers, and
consists of multiple discrete beds that crop out over a strati‐
graphic interval of ~17 m (Figs. 2–4). Accretionary lapilli and
biotite phenocrysts are conspicuous in several beds that crop
out, in hand samples, and in thin sections (Fig. 6). Other phe‐
nocrysts include quartz, plagioclase, and iron oxides. Quartz
and plagioclase phenocrysts are typically < 0.6mm, and incon‐
spicuous in hand sample. Altered glass shards are common.
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Figure 3. Simplified geologic map highlighting the outcrop distribution (in red) of the Three Peaks Tuff Member (Ktptm).
Location of measured stratigraphic sections (see Fig. 4) shown as stars. Selected geologic units shown (see Fig. 2 for location of
contacts) include the Marshall Creek breccia (Kmcb); the Crystal CreekMember (Jcc) and the Co-op Creek Limestone Mem‐
ber (Jccl) of the Carmel Formation; and the quartz monzonite of the Tertiary Three Peaks intrusions (Ttpi). Selected faults
fromMackin et al. (1976) andMackin and Rowley (1976). Aerial photo basemap underlay was created using ArcGIS® software
by Esri®. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein under license (see www.esri.com).
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Figure 4.The ‘Central Creek’ and ‘Shooting Range’ stratigraphic columns, generated using Stratigraphic Data Analysis in
R (SDAR; Ortiz et al., 2018) from the western flank of theThree Peaks (Figs. 2 and 3). Locally, the Iron Springs Formation
is more than 900 m thick (Mackin, 1947; Mackin et al., 1976), and only the lowermost part of the formation was measured
and shown here. A thin bed of limestone in the Iron Springs Formation crops out near the top of the Shooting Range
section. Geochronology sample of the Three Peaks Tuff Member (TPTM) marked with a blue star. The high relief, sub-
Cretaceous unconformity on the Crystal Creek Member (CCM) of the Jurassic Carmel Formation is marked by a wavy
line. Note the interfingering of the Marshall Creek breccia (MCb) and basal conglomerate of the Iron Springs Formation
in the Central Creek measured section.
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Sparse lithic quartzite fragments > 0.5 mm occur near the base
of the tuff, and were likely locally derived during emplace‐
ment. The uppermost ash bed has been reworked, consistent
with emplacement during active sediment deposition. Four
samples of the tuff, analyzed for whole-rock geochemistry, plot
unambiguously as dacite with trace-element signatures consis‐
tent with a volcanic arc setting (Fig. 7; DSTables 2 and 3).

Geochronology

Zircons from the base of the tuff were dated by laser
ablation-inductively coupled plasma-mass spectrometry

(LA-ICP-MS) and chemical abrasion-thermal ionization
mass spectrometry (CA-TIMS). Details of the methods
used and the analytical results are presented in DS 2 and DS
Tables 4–6.These zircons are euhedral to subhedral with eu‐
hedral to subhedral cores (Fig. 8). Zircons with anhedral
cores are rare. Concentric oscillatory zoning is common,
though simple, broad, patchy, and sector zoning were
noted. Forty-seven zircons analyzed by LA-ICP-MS yield
dates between 104.7 ± 4.0 Ma and 92.6 ± 2.4 Ma (DSTable
6). Thirty-nine of these analyses have a weighted mean date
of 99.4 ± 0.8 Ma (MSWD = 0.9; probability of fit = 0.57).
Of these, six zircons were analyzed by CA-TIMS. The four

A

C D

B

Figure 5. A,Outcrop of the Marshall Creek breccia showing well-rounded quartzite clasts just below the scale. B,Outcrop
of the Marshall Creek breccia. Note that the gray limestone clasts are generally large and angular, and here matrix-sup‐
ported in a brown lime-silt. Sparse rounded limestone clasts are present. C,Outcrop of poorly sorted rocks of the Marshall
Creek breccia with abundant angular clasts. D, Outcrop of conglomerate of the Iron Springs Formation. Note the dark
gray limestone clasts.
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youngest yield a weighted mean date of 100.18 ± 0.04 Ma
(Fig. 8; DSTable 5); the other two are slightly older (100.30
± 0.07 Ma and 100.43 ± 0.07 Ma), and may reflect older
cores. We interpret the CA-TIMS date of 100.18 ± 0.04Ma
as the crystallization age for the zircons in the Three Peaks
Tuff Member, providing a minimum depositional age for
the Marshall Creek breccia and the Iron Springs Formation.

DISCUSSION

Tectonic Implications of Stratigraphic Relationships

Field relationships demonstrate that the Marshall
Creek breccia and the Three Peaks Tuff Member are part of
the lower Iron Springs Formation (Figs. 2–4). The large an‐
gular clasts of the Marshall Creek breccia (Fig. 5) originated

as talus blocks transported short distances by debris flows,
possibly as part of a fanglomerate and alluvial fan system
(e.g., Laird and Hope, 1968; Ribes et al., 2019). The lime‐
stone of the Co-op Creek LimestoneMember of the Carmel
Formation and limestone clasts of the Marshall Creek brec‐
cia are indistinguishable in hand sample (see also Mackin,
1947; Mackin and Rowley, 1976; Fillmore, 1991). We sus‐
pect that the talus was derived from the Co-op Creek Lime‐
stone as it was uplifted in the hanging wall of the emergent
Iron Springs thrust at the southernmost extent of the brec‐
cia (see Mackin et al., 1976; Knudsen and Biek, 2014). Be‐
tween debris flow events, sediment was supplied to the allu‐
vial system by streams carrying quartzite and limestone
eroded from bedrock uplifted by the Wah Wah thrust (Fill‐
more, 1991). Thus, the 100.18 ± 0.04 Ma U–Pb zircon
crystallization age for the Three Peaks Tuff (Fig. 8) locally
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Figure 6. A, Outcrop of the Three Peaks Tuff Member (TPTM). Red arrow points to accretionary lapilli. B, Outcrop of
the TPTM. Red arrow points to accretionary lapilli. C, Photomicrograph of the TPTM showing altered glass shards as well
as small plagioclase (Plag) and quartz (Qtz) grains.D, An outcrop of the TPTM showing some of the color variability. Note
both the purple (foreground) and white (center) beds.
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Figure 7. A, Total alkalis vs. SiO2 diagram for whole-rock samples of the Three Peaks Tuff Member (TPTM). B–C, Trace-
element discrimination diagrams (after Pearce et al., 1984) for the TPTM. Nb = niobium; Rb = rubidium; Ta = tantalum;
Y = yttrium; Yb = ytterbium.
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Figure 8. A, Cathodoluminescence images of zircons from sample 3P-3-1 of the Three Peaks Tuff Member. B, 206Pb/238U
dates (with error) from chemical abrasion-thermal ionization mass spectrometry (CA-TIMS) analysis of zircons from sam‐
ple 3P-3-1. MSWD = mean square weighted deviation; POF = probability of fit. See Data Supplement 2, Methods, for
details.
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constrains the depositional age of the lower Iron Springs
Formation and the end of the hiatus represented by the re‐
gional sub-Cretaceous unconformity (Fig. 4) to the latest
Albian–earliest Cenomanian. This age also constrains tim‐
ing of early deformation on the Iron Springs thrust in prox‐
imity to the eastern leading edge of the Sevier fold-and-
thrust belt in the critical intervening area between the
northern and southern deformation belts (Fig. 1).

The Role of Structural Inheritance

The sinuous trace of the Sevier fold-and-thrust belt par‐
allels the Cordilleran hingeline, which marks the western
edge of thicker Precambrian crust least affected by continen‐
tal rifting (Fig. 1). The location of embayments and
promontories along the continental margin controls the de‐
velopment of salients and recesses in the orogen, a process
known as “tectonic inheritance” (e.g., Thomas, 1977,
2005). At the latitude of Las Vegas (~36o N), thin-skinned
deformation of the Sevier fold-and-thrust belt was of shorter
duration (ca. 50 m.y.), formed a narrower deformation belt
(~100 km wide), and mirrors the Cordilleran hingeline,
which is located < 20 km west of the leading-edge Sevier
structures. Palinspastic reconstruction, to account for basin-
and-range extension (Wernicke et al., 1988), places leading-
edge Sevier structures much closer to the Cordilleran hinge‐
line (~8 km) prior to extension. We suggest the name Las
Vegas recess for this portion of the Sevier fold-and-thrust belt
that mirrors the promontory of thicker Precambrian craton,
which impeded eastward thrust propagation sooner (e.g.,
~99-Ma Keystone thrust) than farther to the north (Fig. 1).
In contrast, the Salt Lake salient of the Sevier fold-and-
thrust belt mirrors the presence of an embayment in the
thicker Precambrian craton. Here, thin-skin thrusting was
facilitated by the presence of a thinner, extended, continen‐
tal crust projecting farther east into the craton ~50 km east
of the Cordilleran hingeline. At this latitude (~41oN), the
Sevier fold-and-thrust belt remained active longer (ca. 100
m.y.) and over a wider deformation belt (~500 km), and it
propagated farther inland (e.g., 56 Ma Hogsback thrust
[HBT]; Fig. 1). In addition, between the Las Vegas recess
and Salt Lake salient are four “northeast–southwest-trend‐
ing lineaments” (Fig. 1). These features are interpreted to be
transform faults that offset the Precambrian craton (Picha
and Gibson, 1985). Where these lineaments abut mid-Cre‐
taceous thrusts (e.g., Paragonah lineaments abut the Iron
Springs thrust, and Leamington lineament abuts the
Charleston-Nebo thrust system), eastward thrust propaga‐
tion appears to have been mostly arrested. Thus, as sug‐
gested by Picha and Gibson (1985) and Picha (1986), the
role of tectonic inheritance in affecting the development of
the eastern leading edge of the Sevier fold-and-thrust belt
appears to involve the location of thinned continental litho‐

sphere along the rifted margin as well as the location of
strike-slip transfer zones between the continental rifts.

Alternatively, fold-and-thrust belt development may be
controlled by variation in stratigraphy and sediment thick‐
ness (e.g., Chapman and DeCelles, 2015). Extreme varia‐
tion in pre-deformation sediment thickness can preclude
and arrest thrust-fault propagation, leading to the forma‐
tion of recesses (e.g., Paulsen and Marshak, 1999). Along
hingeline variation in pre-orogenic sediment thickness has
been invoked as an explanation for the spatial correlation of
the leading edge of the Sevier fold-and-thrust belt being ar‐
rested in the south at the latitude of Las Vegas, whereas Se‐
vier thrusts propagate across the hingeline to the north at
the latitude of Salt Lake City (Giallorenzo et al., 2018). The
two hypotheses, tectonic inheritance and sediment thick‐
ness, are intimately related as the form of rifted margins can
exert a high level of control on pre-orogenic sedimentation
patterns. Thus, variation along the Sevier fold-and-thrust
belt (i.e., Las Vegas recess and Salt Lake salient) may reflect
the form of the rifted Precambrian continental margin (i.e.,
tectonic inheritance) as defined by the Cordilleran hinge‐
line (e.g., Picha, 1986; Fig. 1 this paper), but the
Cordilleran hingeline also marks a distinct and abrupt
change in sediment thickness (Giles et al., 1999).

Evidence forWidespread Mid-Cretaceous Thrusting:
Tectonic Implications

Orogenic events are defined by the linked processes of
magmatism, metamorphism, and crustal deformation such
that changes in one affects the others (e.g., DeCelles et al.,
2009; DeCelles and Graham, 2015; Ducea et al., 2015).
The mid-Cretaceous age and volcanic arc trace element sig‐
nature of the Three Peaks Tuff Member (Figs. 7 and 8) asso‐
ciate it with the North American Cordillera magmatic flare-
up at 105 to 90 Ma (Fig. 9). The mid-Cretaceous was also a
time of extensive penecontemporaneous and widespread
thrust-fault propagation, movement, and deformation in
the Sevier orogen (Fig. 9). South of the Iron Springs thrust,
at the latitude of Las Vegas, synorogenic strata constrain
early movement on the Keystone thrust system to 99 Ma
(Fleck and Carr, 1990). North of the Iron Springs thrust, a
period of rapid cooling at 100 Ma recorded for the Pavant
and Charleston-Nebo thrust sheets is interpreted to repre‐
sent rapid exhumation and emplacement of the thrusts (Pu‐
jols et al., 2020). Yonkee et al. (2019) suggest the shorten‐
ing rate on the Willard thrust, also in northern Utah, in‐
creased three-fold at 105 Ma. Di Fiori et al. (2020) reported
deformation around 100 Ma in the central Nevada fold-
and-thrust belt as constrained by the deposition age of the
syncontractional Newark Canyon Formation. Early move‐
ment on the Iron Springs thrust was, therefore, synchro‐
nous with movement on the Keystone thrust to the south,
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and the Willard thrust and Pavant and Charleston-Nebo
thrust systems to the north, as well as with deformation in
the central Nevada fold-and-thrust belt in the western part
of the orogen (Fig. 9A, C).

A close temporal correspondence between magmatic
flare-ups and regional contractional stress regimes that lead
to horizontal shortening and vertical thickening of the crust
are well documented (e.g., DeCelles et al., 2009; see also
Fig. 9 this paper), and imply a process-related relationship
between thrusting and magmatism. Several models have
been proposed as triggers for magmatic flare-ups. They vary
as to the role of the driving processes operating in the litho‐
sphere or in the convecting mantle wedge and the extent to
which the processes are coupled or decoupled to the sub‐
ducting slab (see Ducea et al., 2015). Thus, several sources
for magmas produced during flare-ups (decoupled from the
subducting slab) have been proposed.These include mid- to
lower-crustal materials that undergo dehydration melting as
a result of lithospheric thickening due to trench-side sub‐
duction erosion combined with retroarc shortening in fore‐
land fold-and-thrust belts (Ducea and Barton, 2007; De‐

Celles et al., 2009). Alternatively, they may be derived by
tectonic underplating of material scraped off the upper por‐
tion of subducted oceanic lithosphere (Clift and Vannucchi,
2004; Chapman et al., 2012). Other models for magmatic
flare-ups, more closely coupled to the subducting oceanic
lithosphere, include slab roll-back (Ferrari et al., 2007) or
repeated injection of basaltic melts, derived from partial
melting of the overlying mantle wedge, into the base of the
lithosphere beneath the arc (Dufek and Bergantz, 2005).
Enhanced melt-production in the mantle wedge, leading to
a greater influx of basaltic magma into the lower litho‐
sphere, is a plausible trigger for magmatic flare-ups. This
process is promoted by increasing the volatile component in
the melt-production zone through incorporation of sub‐
ducted sediments into the mantle (Hacker et al., 2011) or
higher convergence rates leading to recycling more altered,
hydrated, oceanic lithosphere into the mantle (Cagnioncle
et al., 2007).

Four world-wide global flare-ups, where magmatic arcs
from multiple unrelated geologic provinces appear to have
simultaneously produced voluminous amounts of magma
in a restricted period (~30–20), are recognized (Ducea et al.,
2015). One of these global magmatic flare-up events is the
mid- to late-Cretaceous event (Fig. 9B). Matthews et al.
(2012) documents this time as a period of “global plate re‐
organization,” wherein plate motions were dramatically al‐
tered worldwide, possibly due to cessation of subduction in
eastern Gondwana after ca. 150 m.y. of plate convergence.
Ducea et al. (2015) proposed that increased production of
oceanic crust at mid-oceanic ridges during this same time
period led to increased rates of recycling of older oceanic
lithosphere as a possible trigger for the global mid-Creta‐
ceous magmatic flare-up. We speculate that the global plate
reorganization (Matthews et al., 2012) resulted in a signifi‐
cant increase in the rate of plate convergence along western
North America, leading to the flare-up in Cordilleran arc
magmatism, and widespread thrusting at ~100 Ma (Fig. 9).
Increased convergence and subduction of hydrated oceanic
lithosphere would deliver volatiles to the mantle at an in‐
creased rate facilitating prolific production of basaltic
magma by partial melting of the overlying, convecting,
mantle wedge (Stern, 2002; Cagnioncle et al., 2007; Ardila
et al., 2019). This, in turn, would promote partial melting
of the lower crust (e.g., Dufek and Bergantz, 2005). This
high magma flux rate, advecting heat and material into the
lithosphere, resulted in an increased surface elevation of the
arc, forcing the wedge taper into a supercritical condition,
as the flare-up approached its peak. This, along with a pre‐
sumably higher regional tectonic horizontal compressive
stress, resulted in rapid eastward propagation of thrusting
(e.g., the mid-Cretaceous thrusting event; see Fig. 9) across
the Sevier deformation belt (see also Lageson et al., 2001;
DeCelles and Graham, 2015).
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Figure 9, previous page. A, Overview map showing key
thrusts from the mid-Cretaceous thrusting event (in yellow).
Some temporal constraints for the development of the
Cordilleran orogen, as cited in the text, are also shown on
the map. AT = Absaroka thrust; CC = Cedar City; CNFTB
= central Nevada fold-and-thrust belt; CNT = Charleston-
Nebo thrust; CRT = Canyon Range thrust; CT = Crawford
thrust; ENFB = eastern Nevada fold belt; GT = Gunnison
thrust; HBT = Hogsback thrust; IST = Iron Springs thrust;
KT = Keystone thrust; KTCT = Kanarra fold and Kanarra-
Taylor Creek thrust system; LFTB = Luning-Fencemaker
fold-and-thrust belt; LV = Las Vegas; LVR = Las Vegas recess;
PVT = Pavant thrust; PXT = Paxton thrust; SFTB = Sevier
fold-and-thrust belt; SLC = Salt Lake City; SLS = Salt Lake
salient; WPT = Wheeler Pass thrust; WT = Willard thrust;
WUFTB = western Utah fold-and-thrust belt;WWT =Wah
Wah thrust. Map compiled from Stokes et al., (1963), Picha
and Gibson (1985), Willis (1999), Wyld et al., (2003), Page
et al. (2005), Long (2015), Yonkee and Weil (2015), Her‐
ring and Greene (2016), and Giallorenzo et al. (2018). B,
History of Cordilleran magmatism, with flare-up events rep‐
resented as high points. Modified from Ducea et al. (2015).
The timing of the mid-Cretaceous thrusting event is shown
as a thick yellow line. C, Event chart for along-strike Sevier
thrusting. Yellow boxes are around the names of mid-Creta‐
ceous thrusts. The period of rapid shortening along the
Willard thrust is represented as a thicker green line. Com‐
piled from Fleck and Carr (1990), DeCelles (1994), De‐
Celles and Coogan, (2006), Giallorenzo et al., (2018), Yon‐
kee et al., (2019), and Pujols et al., (2020).
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CONCLUSIONS

The newly named Three Peaks Tuff Member is a dacite
ash-fall tuff that is syndepositional with the lowermost Iron
Springs Formation, which includes the syntectonic Mar‐
shall Creek breccia at its base. The concordant 100.18 ±
0.04 Ma U/Pb zircon crystallization age for the Three Peaks
Tuff constrains the end of the regional sub-Cretaceous hia‐
tus, and the emergence of the eastern leading edge of the
Sevier fold-and-thrust belt in southwestern Utah to latest
Albian–earliest Cenomanian. Along-strike variation in the
spatial and temporal evolution of the Sevier fold-and-thrust
belt front is, to a large extent, inherited from the structure
of the rifted Precambrian crustal margin of western North
America. Increased subduction rates during the mid-Creta‐
ceous plate reorganization event likely contributed to an
~100 Ma magmatic flare-up, which is linked to the wide‐
spread mid-Cretaceous shortening across the orogen, as in‐
dicated both by the Three Peaks Tuff Member and the Iron
Springs thrust, and by other synchronous thrusts in the Se‐
vier fold-and-thrust belt. Defining the nature of feed-back
processes that may link the other magmatic flare-ups (Fig.
9C) to episodes of punctuated accelerated deformation
throughout the spatial and temporal evolution of the Sevier
orogeny (e.g., ~165–150 Ma, ~60–50 Ma) is an important
topic that needs to be further investigated.
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