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ABSTRACT

Sedimentary basins record crustal-scale 
tectonic processes related to the construction 
and demise of orogenic belts, making them 
an invaluable archive for the reconstruc-
tion of the evolution of the North American 
Cordillera. In southwest Montana, USA, the 
Renova Formation, considered to locally 
represent the earliest accumulation follow-
ing Mesozoic–Cenozoic compressional de-
formation, is widespread but remains poorly 
dated, and its origin is debated. Herein, we 
employed detrital zircon U-Pb and (U-Th)/
He double dating and sanidine 40Ar/39Ar 
geochronology in the context of decimeter-
scale measured stratigraphic sections in 
the Renova Formation of the Muddy Creek 
Basin to determine basin evolution and sedi-
ment provenance and place the basin-scale 
record within a regional context to illuminate 
the lithospheric processes driving extension 
and subsidence. The Muddy Creek Basin 
is an extensional half graben in southwest 
Montana that is ∼22 km long and ∼7 km 
wide, with a >800-m-thick sedimentary
package. Basin deposition began ca. 49 Ma, 
as marked by multiple ignimbrites sourced 
from the Challis volcanic field, which are 
overlain by a tuffaceous fluvial section. Flu-
vial strata are capped by a 46.8 Ma Challis 
ignimbrite constrained by sanidine 40Ar/39Ar 
dating. An overlying fossiliferous limestone 
records the first instance of basinal ponding, 
which was coeval with the cessation of de-
livery of Challis volcanics–derived sediment 
into the Green River Basin. We attribute 
initial ponding to regional drainage reor-
ganization and damning of the paleo–Idaho 

River due to uplift and doming of the south-
ern Absaroka volcanic province, resulting 
in its diversion away from the Green River 
Basin and backfilling of the Lemhi Pass pa-
leovalley. Detrital zircon maximum deposi-
tional ages and sanidine 40Ar/39Ar ages show 
alternating fluvial sandstone and lacustrine 
mudstone deposition from 46 Ma to 40 Ma 
in the Muddy Creek Basin. Sediment prove-
nance was dominated by regionally sourced, 
Challis volcanics–aged and Idaho Batholith–
aged grains, while detrital zircon (U-Th)/He 
(ZHe) data are dominated by Eocene cooling 
ages. Basin deposition became fully lacus-
trine by ca. 40 Ma, based on an increasing 
frequency of organic-rich mudstone with 
rare interbedded sandstone. Coarse-grained 
lithofacies became prominent again start-
ing ca. 37 Ma, coeval with a major shift in 
sediment provenance due to extension and 
local footwall unroofing. Detrital zircon 
U-Pb and corresponding ZHe ages from the
upper part of the section are predominantly
Paleozoic in age, sourced from the Paleozoic
sedimentary strata exposed in the eastern
footwall of the Muddy Creek detachment
fault. Paleocurrents shift from south- to
west-directed trends, supporting the shift
to local sources, consistent with initiation of
the Muddy Creek detachment fault. Detrital
zircon maximum depositional ages from the
youngest strata in the basin suggest deposi-
tion continuing until at least 36 Ma. These
data show that extension in the Muddy
Creek Basin, which we attribute to contin-
ued lithospheric thermal weakening, initi-
ated ∼10 m.y. later than in the Anaconda
and Bitterroot metamorphic core complexes.
This points to potentially different drivers of
extension in western Montana and fits previ-
ously proposed models of a regional south-
ward sweep of extension related to Farallon
slab removal.

INTRODUCTION

Extension is a fundamental tectonic process 
responsible for the collapse of orogenic belts, 
and a deeper understanding of extensional 
processes provides insights into the mantle 
and slab dynamics controlling the transition 
from contractional to extensional deforma-
tion. Mesozoic–Paleocene retro-arc contractile 
deformation and its sedimentary and structural 
record in the western United States are well 
preserved and have been extensively studied 
(e.g., DeCelles, 1994, 2004; Currie, 2002; 
Fuentes et al., 2011; Yonkee and Weil, 2015; 
Carrapa et al., 2019; Pujols and Stockli, 2021). 
However, multiple episodes of overprinting 
extension and voluminous felsic magmatism 
have made the timing and drivers of orogenic 
demise difficult to decipher (e.g., Coney and 
Harms, 1984; Livaccari, 1991; M’Gonigle and 
Dalrymple, 1996; Constenius, 1996; Chetel 
et  al., 2011; Schwartz and Schwartz, 2013). 
Extension in Cordilleran-style orogens is 
accommodated in multiple ways with varying 
magnitudes, including emplacement of dikes 
(e.g., Simonsen, 1997; Gaschnig et al., 2010), 
detachment faults associated with metamorphic 
core complexes with >10 km of displacement 
(e.g., Coney and Harms, 1984; Foster and Asaf, 
2002; O’Neill et al., 2004; Foster et al., 2010), 
low-angle detachment faults associated with 
<10 km of displacement (e.g., Constenius, 
1996; Janecke et  al., 1999; Janecke, 2007), 
and high-angle normal faults associated with 
Basin and Range–style extension and highly 
variable amounts of displacement (1–20 km; 
e.g., Stockli et al., 2002; Janecke and Blanke-
nau, 2003; Parsons, 2006; Colgan et al., 2006)
(Fig.  1). Multiple drivers have been invoked
to explain western US Cordilleran extension,
including gravitational collapse of thickened
crust (e.g., Coney and Harms, 1984; Coney,
1987; Constenius, 1996; Fuentes et al., 2011)
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due to changing plate-boundary conditions 
(e.g., Liu and Shen, 1998; Henry, 2008), ther-
mal weakening of the lithosphere through shal-
low slab removal (e.g., Sonder and Jones, 1999; 
Bendick and Baldwin, 2009; Hyndman, 2017) 
and/or delamination (e.g., Humphreys, 1995; 
Cassel et al., 2018), and reactivated motion on 
thrust faults or other preexisting weaknesses in 
the crust (e.g., Janecke, 2007; Druschke et al., 
2011; Schwartz et al., 2019). There are stark 
differences in the magnitude and distribution of 
extension locally throughout the northern Basin 
and Range in Montana and Idaho, signifying 
potential differences in driving mechanisms 
(Fig.  1). Key questions about the large-scale 
crustal and lithospheric processes controlling 
extension and late orogenic to postorogenic 
evolution can be answered through the study 
of basinal stratigraphic records, which record 
initial crustal thickness, timing of deformation, 

sediment provenance and routing, and associ-
ated changes in plate-boundary conditions.

The Muddy Creek Basin is an extensional 
half graben in southwest Montana (Fig.  2), a 
region that has undergone extensional defor-
mation since the early Eocene (Fig. 3; Dunlap, 
1982; Constenius, 1996; Janecke et al., 1999; 
Schwartz et al., 2019). It is one of the few basins 
in the northern Rocky Mountains with no docu-
mented Neogene sedimentary record preserved 
(Schwartz et al., 2019; Vuke, 2020), indicative 
of limited post-Oligocene extension and basin 
subsidence. Later extensional deformation has 
resulted in significant basin inversion and expo-
sure of the Eocene sedimentary strata, record-
ing both the initiation of subsidence and the 
long-term basin evolution, a rarity for the region 
(Janecke et al., 1999). In this study, we applied 
zircon U-Pb and (U-Th)/He double dating and 
sanidine 40Ar/39Ar dating to decimeter-scale 

measured stratigraphic sections of fluvial and 
lacustrine strata (Fig.  2) to improve deposi-
tional age control, track sediment provenance, 
and reconstruct a detailed model for basin and 
landscape evolution across the early Cenozoic. 
This basin evolution model allows us to further 
understand the larger lithospheric and mantle 
processes controlling the timing and magnitude 
of extensional deformation related to orogenic 
demise in the North American Cordillera.

BACKGROUND

Shallowing of Farallon plate subduction 
during the Late Cretaceous (e.g., Humphreys, 
2009) shifted the orientation of contraction to 
southwest-northeast and initiated thick-skinned, 
Laramide-style thrusting as early as 100 Ma in 
Montana and lasting until 40 Ma (Fig. 3; Hum-
phreys, 2009; Carrapa et  al., 2019). Although 

Figure 1. Simplified geologic 
map of study area with Eocene 
terrestrial basins (Constenius, 
1996), volcanic provinces 
(Scarberry et  al., 2021), Cre-
taceous batholiths (Scarberry 
et al., 2021), metamorphic core 
complexes (Whitney et  al., 
2013), and Wyoming lacustrine 
basins (Smith et al., 2008). Met-
amorphic core complex (MCC) 
exhumation ages and volca-
nic province crystallization 
ages are shown below labels 
(Foster and Asaf, 2002; Foster 
et al., 2010; Chetel et al., 2011; 
Howlett et al., 2021). Paleoval-
ley tracts are shown by gray, 
dashed lines (Janecke et  al., 
2000). AC—Anaconda meta-
morphic core complex; BHB—
Bighorn Basin; BR—Bitterroot 
metamorphic core complex; 
GRB—Green River Basin; 
HCPV—Hawley Creek paleo-
valley; ID—Idaho; LPPV—
Lemhi Pass paleovalley; 
MT—Montana; WRB—Wind 
River Basin; WY—Wyoming. 
Inset: Map of western US tec-
tonic provinces (Yonkee and 
Weil, 2015) and Cretaceous 
batholiths (Whitney et  al., 
2013). Blue—Sevier fold-and-
thrust belt; purple—Sevier 
hinterland; brown—Laramide 
province; pink—Cretaceous 
batholiths.
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eastward migration of Sierran arc volcanism 
ceased, magmatism continued to the north in the 
Idaho Batholith and other associated magmatic 
centers until ca. 45 Ma (Figs. 1 and 3; e.g., Gas-
chnig et al., 2010; Scarberry et al., 2021). Fol-
lowing Laramide shortening and crustal thicken-
ing in the Sevier foreland, progressive removal 
of the Farallon shallow slab via slab rollback and 
delamination produced voluminous volcanism in 
the Challis, Lowland Creek, Dillion, and Absa-
roka volcanic fields starting ca. 53 Ma and con-
tinuing into the middle Eocene, when volcanism 
migrated farther southwestward (Figs.  1 and 
3; e.g., Moye, 1988; Humphreys, 1995, 2009; 
Dickinson, 2004; Henry, 2008; Dudás et  al., 
2010; Chetel et al., 2011; Cassel et al., 2018; 
Porter et al., 2019). Thermal and isostatic adjust-
ments to new heat and magmatism in response to 
the removal of the Farallon slab also led to sub-
sidence and initiation of basin deposition. In the 
central Rocky Mountains, slab dynamics have 
been constrained by the surface record of basin 
accumulation, paleoelevation studies, and detri-
tal thermochronology (Smith et al., 2014; Cassel 
et al., 2018; Canada et al., 2020), but the surface 
record for the northern Rocky Mountains is less 
well developed. Moreover, it is not entirely clear 
whether the Farallon slab was one continuous 
curtain (Dickinson, 2004; Liu and Stegman, 
2011; Smith et al., 2014) or multiple slabs delin-

Figure 2. Simplified geologic 
map of the Muddy Creek Basin 
with detrital zircon and sani-
dine sample locations noted. 
Mapped stratigraphic units 
and detachment fault locations 
are from Lonn et  al. (2003). 
Inset: Location of proposed 
Lemhi Pass paleovalley (blue 
line) in relation to the study 
area (Janecke et  al., 2000). 
Black arrows denote paleoflow 
direction (Janecke et al., 2000; 
Schwartz and Graham, 2017). 
ID—Idaho; MT—Montana; 
WY—Wyoming.

Figure 3. Comparative time 
line showing western Mon-
tana tectonic activity (De-
Celles, 2004; Foster et  al., 
2010; Schwartz et  al., 2019), 
igneous activity (Gaschnig 
et al., 2010; Chetel et al., 2011; 
Scarberry et al., 2021), global 
climatic trends (Westerhold 
et al., 2020), and a generalized 
stratigraphic column in the 
Muddy Creek Basin with dep-
ositional ages and provenance 
(M’Gonigle and Dalrymple, 
1996; Janecke et  al., 1999). 
Muddy Creek Basin refer-
ences include: 1—M’Gonigle 
and Dalrymple (1996); 2—
Janecke et  al. (1999); 3—
Schwartz et al. (2019). Global 
climatic records use benthic 
foraminifera (Westerhold 
et  al., 2020). Gray line repre-

sents smoothed locally weighted function over 20 k.y.; blue line represents smoothed locally weighted function over 1 m.y. Green boxes 
highlight climatic events. 40Ar/39Ar ages are shown relative to 28.201 Ma calibration of Kuiper et al. (2008). Olig.—Oligocene; MCC—
metamorphic core complex; EOT—Eocene–Oligocene transition; MECO—middle Eocene climatic optimum; EECO—early Eocene 
climatic optimum.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37268.1/6242345/b37268.pdf
by University of Idaho Library user
on 13 February 2024



Thoresen et al.

4	 Geological Society of America Bulletin, v. 136, no. XX/XX

eated by tears (Humphreys, 1995, 2009). The 
early Eocene timing of Siletzia terrane accretion 
further adds to the uncertainty (Fig. 3; Schmandt 
and Humphreys, 2011; Wells et al., 2014). Addi-
tionally, basement thermochronology and sedi-
mentary basin analysis of the hinterland belt of 
metamorphic core complexes show that exten-
sional collapse often accompanies volcanism 
during slab rollback (e.g., Coney and Harms, 
1984; Constenius, 1996; Foster and Asaf, 2002; 
Foster et al., 2010; Whitney et al., 2013; Canada 
et al., 2020).

In southwest Montana, Sevier- and Laramide-
type thrust faults and folds were subsequently 
overprinted by two Cenozoic metamorphic core 
complexes, voluminous silicic magmatism, mul-
tiple extensional faults with varying amounts of 
displacement, and associated sedimentary basins 
(Fig. 1). Basement thermochronometry suggests 
that initiation of exhumation began no later than 
ca. 56–52 Ma in both the Bitterroot and Ana-
conda metamorphic core complexes (Fig.  3; 
House et  al., 2002; O’Neill et  al., 2004; Fos-
ter et al., 2010). Janecke et al. (1999) assigned 
younger ages (50–23 Ma) to continued lower-
magnitude detachment faulting across western 
Montana, which they hypothesized occurred 
along structural culminations within the Sevier 
fold-and-thrust belt. The Muddy Creek suprade-
tachment basin is one of several potential col-
lapsed culminations that preserve an extensive 
Paleogene sedimentary record in response to 
<5 km of extension (Fig. 2; Janecke et al., 1999, 
2000; Janecke, 2007).

Deposition of the Renova Formation

Cenozoic sedimentary rocks within the Muddy 
Creek Basin have been correlated to the Renova 
Formation, originally described by Kuenzi and 
Fields (1971; see also Dunlap, 1982; Janecke 
et al., 1999; Rothfuss et al., 2012; Schwartz and 
Schwartz, 2013; Schwartz et  al., 2019). Early 
studies suggested that the Renova Formation 
filled multiple individual basins separated by 
paleohighs, based on stratigraphy and conglom-
erate clast provenance, similar in configuration 
to modern geography (Fig. 1; Pardee, 1950; Kue-
nzi and Fields, 1971; Hanneman, 1989). Later 
studies cited sedimentologic, provenance, and 
geochronology data to interpret that the Renova 
Formation blanketed a low-relief landscape in 
southwest Montana that was subsequently bifur-
cated by extension (Fritz and Sears, 1993; Fritz 
et al., 2007). The Renova Basin has also been 
interpreted to lie along the eastern edge of a 
north/northwest-trending Oligocene rift corridor 
and to represent a single connected basin called 
the Renova Basin (Janecke, 1994; Janecke and 
Blankenau, 2003). Other recent studies, however, 

interpreted that the Renova Formation was depos-
ited in individual basins by through-going fluvial 
systems (Fig. 1; Janecke et al., 1999; Rothfuss 
et al., 2012; Schwartz and Schwartz, 2013).

Early work subdivided the Renova Forma-
tion based on lithologic variability and North 
American Land Mammal Age (NALMA) fos-
sil assemblages (Dunlap, 1982; Fields et  al., 
1985; Hanneman and Wideman, 1991), with 
more recent 40Ar/39Ar dating of volcanic ashes 
and detrital zircon maximum depositional 
ages (MDAs) corroborating NALMA ages and 
indicating that Renova Formation deposition 
occurred regionally from ca. 43 Ma to 19 Ma 
(Janecke and Snee, 1993; M’Gonigle and Dal-
rymple, 1996; Link et al., 2008; Schwartz and 
Graham, 2017), with individual basins hav-
ing different depositional periods (Constenius, 
1996; Schwartz et al., 2019). Renova Formation 
lithology varies substantially within each basin: 
Basin-margin alluvial facies commonly inter-
finger with interior fluvial and lacustrine facies, 
and there are well-developed paleosol horizons, 
volcanic ash beds, and numerous intrabasinal 
unconformities (Hanneman and Wideman, 
1991; Schwartz and Schwartz, 2013). This vari-
ability, along with disparate depositional age 
control, make interbasin correlations across 
southwest Montana difficult, resulting in differ-
ential divisions of members of the Renova For-
mation between different basins (Hanneman and 
Wideman, 1991; Fritz et al., 2007; Schwartz and 
Schwartz, 2013; Schwartz and Graham, 2017; 
Schwartz et al., 2019). Regionally, the Renova 
Formation is overlain unconformably by the 
Miocene Six Mile Creek Formation in multiple 
western Montana basins (Kuenzi and Fields, 
1971; Schwartz and Schwartz, 2013).

Muddy Creek Basin

Dunlap (1982) documented five lithofacies 
in the Renova Formation of the Muddy Creek 
Basin: coarse tuffaceous sandstone, fine tuffa-
ceous sandstone, shale/sandstone, sandstone/
conglomerate, and volcanic rock (Fig. 2). Depo-
sitional environments were interpreted to have 
been predominantly lacustrine with interfinger-
ing fan-delta and alluvial-fan deposits (Dunlap, 
1982). Plant fossils, ostracods, pelecypods, 
and freshwater gastropods were used to assign 
a late Eocene to Oligocene depositional age 
to the lacustrine strata (Dunlap, 1982). These 
ages do not precisely constrain the upper part of 
the section due to large uncertainties on faunal 
ages, where estimates range from late Eocene to 
early Miocene (Fig. 3; Dunlap, 1982; Janecke 
et al., 1999).

Janecke et al. (1999) conducted mapping at 
1:24,000 scale and 40Ar/39Ar geochronology 

to conclude that initial slip along the basin-
bounding normal faults occurred during the 
final phases of Challis volcanism. Conglomerate 
clast counts and lithofacies analysis showed that 
sediment was deposited in a series of coalesc-
ing alluvial fans locally sourced from both the 
hanging wall and footwall of the Muddy Creek 
detachment fault (Fig. 2; Janecke et al., 1999). 
Based on the age of two Challis ignimbrites near 
the base of the section dated at 47.07 ± 0.16 Ma 
and 49.47 ± 0.05 Ma, they concluded that the 
Muddy Creek Basin began filling ca. 49 Ma, 
and deposition continued into the Oligocene 
(M’Gonigle and Dalrymple, 1996; Janecke 
et al., 1999). Janecke et al. (2000) proposed that 
the Muddy Creek Basin was once part of the 
Cretaceous Lemhi Pass paleovalley that flowed 
from the Salmon River Mountains to northwest 
Wyoming (Fig.  2, inset), based on the prov-
enance of quartzite clasts in the Harebell and 
Pinyon conglomerates located in southeast Idaho 
and western Wyoming (Kraus, 1985; Janecke 
et al., 2000). This was supported by 40Ar/39Ar 
dating of Challis-derived detrital feldspar grains 
found in the Green River Basin dated between 
50 Ma and 47.5 Ma (Chetel et al., 2011). The 
Lemhi Pass paleovalley eventually filled with 
Challis volcanics, but previous studies have not 
constrained the driving mechanism behind basin 
subsidence that provided accommodation for the 
accumulation of ∼830 m of lacustrine and flu-
vial rocks that constitute the basin fill of Muddy 
Creek Basin (Janecke et al., 1999, 2000).

Isotopic studies have also been conducted in 
the upper lacustrine facies of the basin using sta-
ble isotope ratios (δ18O and δ13C) of pedogenic 
carbonate nodules (Methner, 2016; Schwartz 
et al., 2019). The δ18O values range from 15‰ 
to 19‰, and δ13C values range from −7‰ to 
−3‰. These data points were assigned a late 
Eocene to Oligocene age based on previous fau-
nal age controls, which had an age range of late 
Eocene to late Oligocene, making it difficult to 
compare this dataset to global climatic trends 
(Dunlap, 1982; Methner, 2016). Both studies 
proposed a period of significant aridification 
during the late Eocene. They concluded that the 
conditions controlling δ18O and δ13C values were 
local, with variability related to the development 
of growing topography. Atmospheric circulation, 
temperature, and precipitation had more con-
trol on δ18O and δ13C values over time than did 
interbasin conditions (Methner, 2016; Schwartz 
et al., 2019).

METHODS

Stratigraphic sections were measured in the 
Muddy Creek Basin at decimeter scale to record 
fine-scale changes in lithofacies and sediment 
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provenance, and to provide a detailed record of 
sampling locations within the stratigraphy. Cov-
ered or weathered exposures were trenched to 
facilitate measurement of fresh, complete sec-
tions when possible. Lithofacies were assigned 
throughout the basin based on bed geometry, 
grain-size trends, biogenic features (e.g., leaf 
fossils and gastropods), and sedimentary struc-
tures, and they are described in the results 
below. Complete detailed stratigraphic sections 
and sedimentologic data can be found in the 
Supplemental Material1 (Figs. S4–S12; Table 
S5). Sandstone, conglomerate (both matrix 
and clasts), and volcanic ash (ignimbrites and 
ash-fall tuffs) were sampled from within the 
stratigraphic sections for geochronologic and 
thermochronologic analyses. A wide range of 
grain sizes was sampled to prevent any grain-
size biases and capture the provenance within 
a range of depositional environments, although 
previous work has shown that grain size exerts 
limited control on the U-Pb age spectra produced 
(Leary et al., 2020). The new measured sections 
are the basis for depositional environment inter-
pretations, and coupled with new geochronology 
and thermochronology, they provide a record of 
basin evolution and its relationship to regional 
extension.

Detrital Zircon U-Pb and (U-Th)/He 
Double Dating

Six samples of sandstone and conglomerate 
were collected from the Muddy Creek Basin 
for detrital zircon U-Pb and (U-Th)/He double 

dating to elucidate sediment provenance, deposi-
tional age, and exhumation age (Table 1). Zircon 
grains were separated using conventional sepa-
ration techniques including crushing, Gemini 
table, heavy liquid, and magnetic separation 
procedures in the Tectonics and Basin Analy-
sis Laboratory at the University of Idaho. Final 
separates were mounted on double-sided tape 
on a 2.5 cm acrylic disk. Detrital zircon U-Pb 
geochronology was carried out at the UTChron 
Laboratory at the University of Texas, Austin, 
via depth-profile high-resolution laser ablation–
inductively coupled plasma–mass spectrom-
etry (LA-ICP-MS) following the procedures of 
Pujols and Stockli (2021). The primary standard 
used was GJ1 (608.5 ± 0.37 Ma; Jackson et al., 
2004); Plešovice (337.13 ± 0.37 Ma; Slama 
et al., 2008) was used as a secondary standard. 
Iolite3.7 (Paton et  al., 2011) and VizualAge 
(Petrus and Kamber, 2012) were used to per-
form age calculations from baseline-corrected 
intensities. No correction was made for common 
Pb, but common Pb was graphically evaluated, 
and analyses were rejected when high-com-
mon-Pb zones were present. Zones within the 
zircon grain were excluded based on elevated 
206Pb/207Pb ratios relative to the concordant part 
of the grain, and zones were selected where 
the age was constant and not affected by high 
206Pb/207Pb values. Isotopic ages and ratio errors 
are reported as 2σ absolute errors. For detrital 
zircon age spectra interpretations, the 207Pb/206Pb 
age is reported for grains older than 850 Ma, and 
the 206Pb/238U age is reported for grains younger 
than 850 Ma. The 850 Ma cutoff was chosen due 
to the presence of grain age populations between 
1000 Ma and 900 Ma to ensure that all grains 
in this population were calculated using the 
same isotopic ratios, keeping the interpretation 
of these ages consistent. Ages that were >30% 
discordant were excluded from interpretations. 
Full analytical methods and results are reported 
in Supplemental Text S1 and Table S1.

Following detrital zircon U-Pb analysis, a 
subset of zircon grains from five samples was 
selected for (U-Th)/He analyses, which were 
performed at the UTChron Laboratory at the 
University of Texas at Austin (two samples) 
or Basin Analysis & Helium Thermochronol-
ogy Laboratory (BAHTL) at the University 
of Connecticut (three samples), with methods 
described separately below. Zircon grains were 
chosen with a wide range of U-Pb crystalliza-
tion ages, with the exception of ages associated 
with Eocene volcanism (younger than 55 Ma). 
Crystals were then handpicked and screened for 
quality, crystal size, shape, and inclusions in the 
Tectonics, Topography, Thermochronology (T3) 
laboratory at the University of Idaho. Measure-
ments were made to calculate crystal mass and 
alpha-ejection correction factors following Ket-
cham et al. (2011) and Cooperdock et al. (2019). 
Individual crystals were placed into 1 mm Nb 
packets. At BAHTL, packets were placed under 
an ultrahigh vacuum (∼5 × 10−9 torr) and 
heated to 1200 °C for 15 min to extract radio-
genic 4He. Cryogenically purified and gettered 
4He was spiked and analyzed on a quadrupole 
mass spectrometer. This extraction process was 
repeated until 4He yield was <2% of initially 
extracted gas. Degassed grains were sent to the 
Thermochronology Research and Instrumenta-
tion Laboratory (TRaIL) at the University of 
Colorado, Boulder, for U and Th measurements. 
Individual grains within the Nb packets were 
spiked and dissolved (including the Nb packet) 
via Parr digestion vessels in HF, HNO3, and HCl 
and then diluted with doubly deionized water. 
Solutions were analyzed using a Thermo Ele-
ment 2 magnetic sector mass spectrometer for 
U and Th contents. These measurements were 
combined with measured He and grain data to 
calculate He dates, which are reported at ±1σ 
uncertainty following alpha-ejection (FT) cor-
rection. Full analytical methods are reported in 
Supplemental Text S1.

1Supplemental Material. Zircon (U-Pb), zircon 
(U-Th)/He, and sanidine 40Ar/39Ar datasets, as well as 
full stratigraphic sections and maximum depositional 
age calculations. Please visit https://doi​.org​/10​.1130​
/GSAB​.S.24944781 to access the supplemental 
material, and contact editing@geosociety​.org with 
any questions.

TABLE 1. MAXIMUM DEPOSITIONAL AGE AND MAXIMUM LIKELIHOOD AGE CALCULATIONS WITHIN 
THE MUDDY CREEK BASIN, WITH SAMPLES LISTED IN STRATIGRAPHIC ORDER

Sample name Map 
name*

YSG†

(Ma)
Youngest cluster of 

2+ overlapping ages 
within 1σ error†

Youngest cluster of 
3+ overlapping ages 

within 2σ error†

MLA§

(Ma)
Preferred MDA

(Ma)
Sample location  

(WGS84) 

YC1σ(2+)
(Ma)

No. of 
grains

YC2σ(3+)
(Ma)

No. of 
grains

Latitude
(°N)

Longitude
(°W)

MT21-553MC F 36.0 ± 0.64 50.9 ± 0.78 2 432.6 ± 1.7 8 326.5 ± 7.29 36.0 ± 0.64 44.64241 112.81036
MT21-541MC E 36.8 ± 1.9 412.8 ± 2.98 3 412.8 ± 2.98 3 246.77 ± 3.58 36.8 ± 1.9 44.67643 112.83697
MT21-539MC D 36.5 ± 1.4 37.0 ± 0.46 3 37.1 ± 0.42 3 259.2 ± 13.7 37.1 ± 0.42 44.66959 112.83479
MT20-474MC C 37.0 ± 0.88 40.2 ± 0.64 3 40.4 ± 0.48 3 37.14 ± 1.84 40.4 ± 0.48 44.70568 112.85835
MT21-549MC B 42.8 ± 0.76 45.2 ± 0.52 3 45.3 ± 0.56 4 43.01 ± 0.97 43.01 ± 0.97 44.73746 112.8745
MT20-468MC A 41.2 ± 1.1 Ma 44.5 ± 0.36 4 44.3 ± 0.32 5 41.99 ± 1.24 44.32 ± 0.32 44.72575 112.88901

Note: YSG—youngest single grain; MLA—maximum likelihood age; MDA—maximum depositional age; WGS84—World Geodetic System 1984. Calculated 
uncertainties are reported at the 2σ level. See Figures S1 and S2 (text footnote 1) for MDA calculations.

*See Figure 2.
†Dickinson and Gehrels (2009).
§Vermeesch (2021).
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For aliquots run in the UTChron Laboratory, 
zircons picked had a minimum width of 70 μm 
with euhedral grain morphology and were mea-
sured and then packed in acid-cleaned Pt tubes. 
Each grain was heated with a diode laser at 
∼1300 °C for 10 min to extract 4He and then 
was reheated for an additional 10 min at 1300 °C 
until 4He yield reached <1%. Following degas-
sing, grains were unpacked from the Pt packets 
and dissolved using a two-step hydrofluoric-
nitric acid and hydrochloric acid pressure ves-
sel digestion over a period of 4 days. Solutions 
were spiked and analyzed for their U, Th, and 
Sm concentrations using a Thermo Element 2 
ICP-MS. Alpha-ejection corrections (FT) were 
calculated using the Helios software, and ages 
are reported with standard error (∼8%) based 
on the reproducibility of the Fish Canyon Tuff 
standard (Reiners et al., 2002; Hart et al., 2017). 
Full analytical procedures are described in Wolfe 
and Stockli (2010).

Radiation damage in zircon crystals can lead 
to anomalous zircon He ages (Guenther et al., 
2013; Ketcham et al., 2013). This becomes of 
greater concern for grains with pre-Cenozoic 
cooling histories; to reduce this effect, we 
selected grains that had eU concentrations 
<900 ppm based on the LA-ICP-MS detrital 
zircon U-Pb analyses of the same grains, and we 
avoided any metamict grains (Ault et al., 2019). 
Following (U-Th)/He analyses, effects from 
radiation damage were checked by plotting the 
FT-corrected He age versus eU, and no correla-
tion was found in any of the samples.

Detrital Zircon Maximum Depositional 
Ages

The youngest zircon crystallization ages from 
within a detrital zircon age population can be 
used to calculate a detrital zircon MDA, which 
is based upon the assumption that the host rock 
cannot be older than the youngest crystallization 
age, but it also cannot be younger than the pres-
ent (Dickinson and Gehrels, 2009). For the pur-
poses of the Muddy Creek Basin, we interpreted 
our calculated MDAs to closely represent the 
true depositional age due to voluminous coeval 

volcanism in southwest Montana and surround-
ing regions, and an upward younging of MDAs 
at a reasonable geologic rate (Figs.  1 and 3; 
Chetel et al., 2011). Multiple statistical meth-
ods for calculating MDAs have been outlined in 
Dickinson and Gehrels (2009) and Vermeesch 
(2021). We calculated and compared the four 
following methods: (1) crystallization age of the 
youngest single grain (YSG), (2) the youngest 
cluster of two or more overlapping ages within 
1σ error (YC1σ[2+]), (3) the youngest cluster 
of three or more overlapping ages within 2σ 
error (YC2σ[3+]), and (4) maximum likelihood 
age (MLA) (Dickinson and Gehrels, 2009; Ver-
meesch, 2021). We used YC2σ(3+) and MLA for 
primary interpretation of most samples because 
these are the most conservative methods, except 
for samples MT21-541MC and MT21-553MC, 
where we used YSG due to the lack of other 
grains within overlapping uncertainty (Table 1). 
While this metric is less statistically robust, we 
believe it is likely near true depositional age or 
slightly older due to agreement with YC2σ(3+) 
ages and 40Ar/39Ar ages (Tables 1 and 2), the 
presence of volcanic grains throughout the sec-
tion, and known volcanic sources of similar age 
(Fig. 3).

Sanidine 40Ar/39Ar Geochronology

Four felsic ignimbrites and air-fall tuffs were 
sampled from locations within the Muddy Creek 
Basin for sanidine 40Ar/39Ar dating (Fig.  2). 
Sanidine phenocrysts were separated via crush-
ing, sieving, leaching in dilute HCl and HF, 
and handpicking under refractive index oils. 
Sanidine crystals were irradiated at the Oregon 
State University TRIGA reactor in the Cad-
mium-Lined In-Core Irradiation Tube (CLICIT) 
using the 28.201 Ma Fish Canyon sanidine stan-
dard (Kuiper et al., 2008). A 55 W CO2 laser 
located in the WiscAr laboratory (University 
of Wisconsin–Madison) was used to perform 
single-crystal fusion experiments. Gas analysis 
was conducted on a Nu Instruments Noblesse 
multicollector mass spectrometer as outlined 
in Jicha et  al. (2016). Argon beam intensities 
were corrected for baselines, blanks, radioactive 

decay, and detector intercalibration, the latter of 
which was done using an in-house cocktail gas 
(Jicha et al., 2016). Weighted mean ages were 
calculated using the decay constants of Min et al. 
(2000) and are reported with analytical uncer-
tainties at the 95% confidence level including the 
J uncertainty. All analytical results are reported 
in Table 2 and Table S2.

RESULTS

General Stratigraphy of the Muddy Creek 
Basin

The Muddy Creek Basin consists of a basal 
package of volcanic and volcaniclastic strata 
overlain by a package of mudstone with inter-
bedded sandstone and conglomerate with limited 
interbedded volcaniclastic material (Fig.  4A). 
The base of the section consists of a 5.4-m-thick 
ignimbrite dated in this study using sanidine 
40Ar/39Ar at 48.24 ± 0.07 Ma (Table  2). This 
is overlain by 42 m of poorly exposed volca-
niclastic and volcanic material, based on soil 
color and float composition, and a 34-m-thick 
section of interbedded volcaniclastic sandstone 
and conglomerate. This section includes at least 
three additional biotite-rich ignimbrites that are 
laterally continuous over 10–40 m and range in 
thickness from 0.3 m to 5.6 m (Fig. 4B). Based 
on the range of ages and regional correlations 
between deposits, this volcanic material was 
sourced from the Challis volcanic field in what 
is now Idaho (Fig. 1; M’Gonigle and Dalrymple, 
1996; Janecke et al., 1999, 2000). The basal vol-
canic and volcaniclastic section is overlain by a 
743-m-thick succession of mudstone interbed-
ded with conglomerate, sandstone, and benton-
ite. Our detailed stratigraphic analysis provided 
decimeter-scale resolution of lithologic varia-
tions in basin strata not documented in previous 
1:24,000 scale mapping (Fig. 2; based on Dun-
lap, 1982; Lonn et al., 2003). We describe the 
basin fill in the context of 19 measured sections, 
constituting descriptions for a total of 830 m of 
section, and we differentiated 10 distinct lithofa-
cies. See Figures S4–S12 for full stratigraphic 
sections.

Lithofacies Descriptions

Pebble-Cobble Conglomerate (G1)
Facies G1 consists of pebble- to cobble-

sized, imbricated, clast-supported conglomerate 
with subrounded to well-rounded clasts primar-
ily composed of gray and brown quartzites, 
granodiorite, dark brown to tan siltstone, dark 
brown siltite, and tuff. Lenses of medium to very 
coarse sand are present within the conglomer-
ate. Contacts are undulatory on the bottom, typi-

TABLE 2. SUMMARY OF SINGLE-CRYSTAL 40Ar/39Ar ANALYSES ON 
CHALLIS IGNIMBRITES IN THE MUDDY CREEK BASIN

Sample name Map 
name*

Single sanidine 
analyses

Age
(Ma)

2σ 
error

MSWD Latitude
(°N)

Longitude
(°W)

MT21-544MC 4 27/35 46.797 0.049 1.361 44.725913 112.888950
MT20-465MC 3 27/31 48.147 0.048 1.225 44.724940 112.892320
WU14-048ML-B 2 25/27 48.243 0.074 1.326 44.7369 112.894883
MT20-464MC 1 24/31 48.401 0.048 1.284 44.714480 112.910910

Note: Ages were calculated relative to the 28.201 Ma Fish Canyon sanidine (Kuiper et al., 2008), with 
interpreted weighted mean ages shown. Decay constants used were those of Min et al. (2000). Atmospheric 
40Ar/39Ar = 298.56 ± 0.62 (Lee et al., 2006). For complete datasets, see Table S3 (text footnote 1). All sample 
locations use World Geodetic System 1984 (WGS84) projection. MSWD—mean squared weighted deviate.

*See Figure 2.
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cally scoured into beds below, with flat upper 
contacts.  Bed thickness ranges from 0.5 m to 
5 m, possibly representing multiple amalgam-
ated beds.

Granule-Pebble Conglomerate (G2)
Facies G2 consists of granule- to pebble-

sized, imbricated, clast-supported conglomerate 
with a medium- to coarse-grained sandy matrix 
(Fig. 4F). Clasts are well sorted and rounded. 
Facies G2A clasts are primarily composed of 
gray and white quartzites and dark brown silt-
stone with rare tuff clasts. There are also oblong 

lenses of fine to coarse sand with dewatering 
structures. Facies G2B has a volcaniclastic matrix 
with clasts primarily composed of pumice and 
rare purple quartzites. Contacts are undulatory 
with some outsized cobbles at the bottom of the 
bed. Bed thickness ranges from 0.2 m to 1.5 m.

Bioturbated Sandstone (S1)
Facies S1 consists of poorly sorted siltstone to 

subrounded, very coarse-grained sandstone with 
no visible internal structures. Outsized granule to 
pebble clasts and thin upward-fining successions 
are rarely present. Bioturbation and burrows are 

common. Facies S1A is primarily composed of 
detrital quartz and feldspar, with granule to peb-
ble lags composed of gray and white quartzites, 
granodiorite, and dark brown siltite with occa-
sional organic matter present (Fig. 4G). Facies 
S1B is volcaniclastic and rich in detrital biotite 
with pebble lags primarily composed of pum-
ice. Contacts are undulatory, and bed thicknesses 
range from 0.05 m to 0.6 m.

Planar Laminated Sandstone (S2)
Facies S2 consists of very fine- to coarse-

grained, moderately sorted and rounded, 

A B C

D E

F G

Figure 4. (A) Simplified stratigraphic section with interpreted depositional environments and lithofacies. Locations of samples within the 
stratigraphic section are shown, and labels correlate with Figure 2. Locations of known gastropod shells are shown. Sections with a black 
X indicate missing section. See Figures S4–S12 (text footnote 1) for full stratigraphic sections. Grain size abbreviations: cl—clay; slt—silt; 
vf—very fine; f—fine; m—medium; c—coarse; vc—very coarse; gr—granule; pb—pebble; cob—cobble; bld—boulder. (B) Challis ignim-
brite in the basal portion of the basin. (C) Lithofacies M1. (D) Lithofacies M2 and V2. (E) Lithofacies S6 with an example of the gastropods 
found within the strata. (F) Volcaniclastic sandstones and conglomerates in the basal portion of the Muddy Creek Basin. (G) Cross-bedded 
sandstone capping organic-rich mudstone.
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planar laminated sandstone with occasional 
coarse-grained lags. Facies S2A is tan/buff in 
color and is primarily composed of detrital 
quartz and feldspar grains. Facies S2B is tuffa-
ceous and rich in detrital biotite with granule 
to pebble lags composed of pumice clasts. 
Contacts are undulatory with upper contacts 
commonly scoured  into  by  overlying coarser 
facies (G1, G2). Bedding thickness ranges from 
0.04 m to 4 m.

Trough Cross-Stratified Sandstone (S3)
Facies S3 consists of very fine- to coarse-

grained, poorly sorted, trough cross-stratified 
sandstone with pebble lags. Facies S3A is pri-
marily composed of detrital quartz and feldspar 
grains with <5% lithic grains (Fig. 4G). Facies 
S3B is tuffaceous with pebble lags primarily 
composed of pumice (Fig. 4F). Detrital biotite 
grains are aligned along the foresets of the cross 
beds. Contacts are undulatory and are often 
scoured into by overlying, coarser beds. Bedding 
thickness ranges from 0.1 m to 1 m.

Planar-Tabular Cross-Stratified Sandstone 
(S4)

Facies S4 consists of fine- to coarse-grained, 
well-sorted, planar-tabular cross-stratified sand-
stone. Grains have medium to high sphericity 
and medium roundness. Facies S4A is primar-
ily of composed of detrital quartz, feldspar, and 
clays (Fig.  4G). Facies S4B is tuffaceous and 
rich in detrital biotite and has rare very coarse-
grained to granule clasts of pumice. Contacts 
tend to be relatively flat on top and scoured on 
the bottom, especially when overlying a finer-
grained bed. Bed thicknesses range from 0.05 m 
to 2.5 m.

Cross-Laminated Sandstone (S5)
Facies S5 consists of well-sorted and rounded, 

silt to medium-grained, cross-laminated sand-
stone. Pebble lags composed of gray quartzite, 
tuff, and dark brown silt are present. Detrital 
biotite grains occasionally align along the bot-
tom of the foresets. Root casts may be present. 
Thin upward-fining successions rarely occur. 
Contacts are undulatory. Bed thicknesses range 
from 0.1 m to 0.3 m and vary laterally.

Fossiliferous Limestone (S6)
Facies S6A consists of micritic, very fine-

grained limestone with gastropods (Fig. 4E), 
bivalves, algal mats, and other shelly debris. 
Facies S6B consists of well-sorted packstone. 
Bed thicknesses range from 0.2 m to 0.8 m, 
with semi-wavy contacts and scours into fine-
grained beds below. Contacts are undulatory. 
Bedding thickness is variable, ranging from 
0.2 m to 5 m.

Organic-Rich Mudstone (M1)
Facies M1 consists of organic-rich, dark red to 

brownish green mudstone with abundant sticks, 
leaves, gastropods, and bivalves (Fig. 4C). Silt 
to medium-grained oblong sand lenses with 
ripple laminations are present. Beds are later-
ally continuous and horizontally laminated at a 
millimeter scale, and bed thicknesses range from 
0.2 m to 2 m.

Organic-Poor Mudstone (M2)
Facies M2 consists of organic-poor, later-

ally continuous, green to red, pedogenically 
altered silty claystone. Carbonate nodules and 
very coarse sand lenses are occasionally pres-
ent. (Fig. 4D). Oxidation staining, burrowing, 
and color mottling are present in some beds. 
Contacts tend to be undulatory, and bed tops are 
commonly scoured. Bedding thicknesses range 
from 1 cm to 2 cm.

Detrital Zircon U-Pb Geochronology

Six detrital zircon samples yielded U-Pb 
dates ranging from Eocene to Archean. Samples 
MT20-468MC, MT21-549MC, and MT20-
474MC (labeled A–C respectively in Fig. 2) are 
from the lower portion of the section (Fig. 4A). 
MT20-468MC (G2B) and MT20-474MC (S1) 
have grain age peaks at 49 Ma and 48 Ma, with 
subsidiary grain age peaks (n < 10) between 
1700 Ma and 1400 Ma (Fig. 5A). MT21-549MC 
(S3B) has a grain age peak at 70 Ma with sub-
sidiary peaks between 1700 Ma and 1500 Ma 
(Fig.  5A). These three samples are distinct 
from samples in the upper part (Fig. 4A) of the 
section, MT21-539MC, MT21-541MC, and 
MT21-553MC (labeled D–F, respectively, in 
Fig. 2), which are dominated by Paleozoic and 
Precambrian grain ages with limited Cenozoic 
grain ages. MT21-539MC (G1), MT21-541MC 
(G2), and MT21-553MC (G1) (D–F in Fig. 5A) 
have age peaks at 432 Ma, 1160 Ma, 1500 Ma, 
1630 Ma, 1720 Ma, and 1800 Ma, with subsid-
iary age peaks (n < 15) older than 2000 Ma and 
at 42 Ma, 45 Ma, and 46 Ma, respectively.

Detrital zircon MDAs were calculated from 
these U-Pb age distributions based on the meth-
ods described in Dickinson and Gehrels (2009) 
and Vermeesch (2021) and are summarized 
in Table 1. Lower group samples have calcu-
lated MDAs ranging from 44.3 ± 0.32 Ma to 
40.4 ± 0.48 Ma. Upper group samples have cal-
culated MDAs ranging from 37.1 ± 0.42 Ma to 
36.0 ± 0.64 Ma (Table 1). Pb loss is a possibil-
ity with all calculated MDAs (Gehrels, 2014), 
and we identified one sample (MT20-468MC; 
Fig. 2, sample A) where it has affected the MDA 
based on disagreement with surrounding sani-
dine 40Ar/39Ar geochronology.

Sanidine 40Ar/39Ar Geochronology

We complemented calculated MDAs with 
four sanidine 40Ar/39Ar ages of interbedded 
ignimbrites, which was only possible in the 
lower part of the section (Fig. 2). Three ignim-
brite samples from the lower portion of the 
stratigraphic section (Figs. 2 and 4A, samples 
1–3) gave unimodal ages of 48.4 ± 0.05 Ma, 
48.24 ± 0.07 Ma, and 48.15 ± 0.05 Ma with 
mean squared weighted deviate (MSWD) val-
ues of 1.28, 1.33, and 1.23 respectively. Sample 
MT21-544MC, located at the top of the basal 
fluvial stratigraphic section, gave a unimodal age 
of 46.8 ± 0.05 Ma with a MSWD value of 1.36. 
The number of single sanidine analyses used in 
each age calculation is shown in Table 2.

Detrital Zircon He Thermochronology

Twenty-four detrital zircon (U-Th)/He (ZHe) 
dates from grains with Eocene to Archean U-Pb 
crystallization ages from five of the detrital zir-
con samples in the Muddy Creek Basin ranged 
from 767 Ma to 41 Ma (Figs. 2 and 5B). Lower 
group samples MT20-468MC and MT20-
474MC gave predominantly Eocene ZHe cool-
ing ages, ranging from 54.7 Ma to 41.8 Ma, with 
one outlier Paleozoic ZHe cooling age of 399 Ma 
(Fig. 5B). Upper group samples MT21-559MC, 
MT21-541MC, and MT21-552MC gave pre-
dominantly Paleozoic ZHe cooling ages, ranging 
from 435 Ma to 261 Ma, with one Precambrian 
ZHe cooling age of 767 Ma (Fig. 5B).

INTERPRETATIONS

Lithofacies Interpretations

We investigated the frequency, distribu-
tion, and stacking patterns of lithofacies in 
tandem with new depositional age constraints 
to determine the depositional systems present 
in the Muddy Creek Basin and the timing of 
those depositional shifts. The basal tuffaceous 
(Fig. 4A, 30–80 m) fluvial package is laterally 
continuous, spanning over half the length of 
the ∼30-km-long basin, and it was deposited 
between 48.5 Ma and 46 Ma (Fig. 2, map units 
Tcbs and Tccg). The presence of trough cross-
stratified sandstone beds (S3B) with upward-
fining sequences, overlain by planar-tabular 
cross-stratified sandstone beds (S4B) and finer-
grained horizontally laminated sandstone (S2), 
represents deposition of aggrading channel-bar 
deposits fining upward into bar-top deposits, 
respectively (Walker and Cant, 1984). Coarser-
grained, horizontally laminated sandstone (S2) 
overlying this upward-fining sequence is indica-
tive of upper-stage flow deposition during times 
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of increased discharge (Cant and Walker, 1978; 
Skelly et al., 2003; Bridge and Lunt, 2006; Hug-
genberger and Regli, 2006). The presence of 
fine-grained S1 beds, interbedded with occa-
sional S3 and S4 beds, is indicative of biotur-
bated channel-bar deposits or overbank deposits 
(Bridge, 1993; Bridge and Lunt, 2006). Traction-
structured conglomerate beds (G1) (Fig. 4F) rep-
resent channel-fill deposition during periods of 
higher flow velocity in the deepest active chan-
nels. Bed thicknesses indicate channel depths of 
at least 1 m (Gibling, 2006). Therefore, we inter-
pret lithofacies S1–S4 and G1 to represent depo-
sition in a sand-dominated braided river system 
with substantial volcaniclastic input (Fig. 4A; 
Miall, 1977; Cant and Walker, 1978; Walker and 
Cant, 1984; Bridge, 1993; Skelly et al., 2003; 
Bridge and Lunt, 2006; Huggenberger and Regli, 
2006) based on the prevalence of midchannel bar 
morphologies, composed of S3 with fining-up 
sequences, overlain by S2 and S4, and channel-
fill bed morphologies, composed of S3 and G1 
with basal scour surfaces.

A basin-wide transition to lacustrine-domi-
nated deposition occurred at ca. 46 Ma (Fig. 4A). 
Gradual ponding of the preexisting drainage is 

recorded by an up-section shift from channelized 
fluvial sandstones (S3–S5) and conglomerate 
(G1 and G2) beds to interbedded fossiliferous 
limestone (S6A), finely laminated, organic-poor 
mudstone (M2), and gastropod grainstone (S6B) 
beds (Fig.  4A, 80–340 m; Figs. S5–S7). The 
majority of the strata in the upper part of the 
Muddy Creek Basin (Fig. 2, map units Tos and 
Tcs) record a freshwater to moderately evapora-
tive lacustrine system that fluctuated between the 
fluvial-lacustrine (overfilled) lithofacies associa-
tions and fluctuating-profundal (balanced-filled) 
lithofacies associations (Carroll and Bohacs, 
1999; Bohacs et al., 2000) with occasional inter-
bedded fluvial lithofacies (Fig. 4A).

Overfilled lacustrine deposition (Olsen, 1990; 
Carroll and Bohacs, 1999; Bohacs et al., 2000) 
is represented by M1 interbedded with beds of 
S2–S5, G1, and occasional beds of S6 (Fig. 4A; 
440–600 m). Organic-rich mudstone (M1) rep-
resents lake-bottom deposition in a stratified lake 
where dysoxic bottom waters allowed for preser-
vation of carbonaceous material (Olsen, 1990). 
Limestone and gastropod packstone (S6) beds 
and algal mats (Fig. S11, 34 m) suggest deposi-
tion within the littoral or sublittoral zone in a 

carbonate shoal (Carroll and Bohacs, 1999; Tän-
avsuu-Milkeviciene and Sarg, 2012). G1 beds 
are commonly interbedded with M1 and S2–S5 
beds and are most likely the result of fluvial 
channel deposition in the lake during lowstands, 
or progradation of the fluvial system (Tänavsuu-
Milkeviciene and Sarg, 2012). Increasingly up 
section, fluvial strata contain greater amounts of 
preserved biota, including gastropods, ostracods, 
fish scales, insects, and terrestrial mammal bone 
fragments (Fig. 4A).

Periods of balanced-fill lake deposition (Car-
roll, 1998; Carroll and Bohacs, 1999; Bohacs 
et al., 2000; Graf et al., 2015) are represented by 
large packages of organic-poor mudstone with 
rare gastropods (M2) interbedded with ripple 
laminated sandstone beds (S5) and bentonite 
(Fig. 4A, 340–440 m and 600–780 m). Ripple 
laminated sandstone (S5) records turbidity 
currents or hyperpycnal flows that reached the 
deeper portions of the lake.

Sediment Provenance

Provenance indicators in the strata of the 
Muddy Creek Basin, including clast composi-

BA

Figure 5. Summary figure of detrital zircon analyses in the Muddy Creek Basin. (A) Stacked kernel density estimates (KDEs) in stratigraphic 
order (where sample A = oldest), with labeled age peaks and a cumulative distribution function (CDF) summarizing all six samples. Number 
of grains analyzed per sample is listed below sample name. Kernel density estimate color correlates with sample colors in part B and sample 
location colors in Figure 2. KDEs and CDF were plotted using detritalPy (Sharman et al., 2018), with KDE bandwidth = 18. (B) Detrital zir-
con (U-Th)/He age (Ma) versus detrital zircon U-Pb age (Ma) with error bars representing 2σ error and a color-coded kernel density estimate 
on the y axis. Inset: U-Pb age (Ma) versus (U-Th)/He age (Ma) for the samples within the black box to show relation to 1:1 line.
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tions in conglomerates and detrital zircon U-Pb 
grain age peaks, show both regional and local 
sediment sourcing. While conglomerates out-
crops are rare (Fig. 4A; Figs. S4–S12), clasts 
from lower group sample MT20-468MC (G2B) 
(Figs. 2 and 4A, sample A) are predominantly 
tuff clasts, likely regionally sourced from the 
Challis volcanic field, exposed to the west of 
the basin (Janecke and Snee, 1993; M’Gonigle 
and Dalrymple, 1996; Chetel et  al., 2011). 
Stratigraphically higher in the basin strata, 
in upper group samples MT21-539MC and 
MT21-553MC (Figs. 2 and 4A, samples D and 
F, respectively), clasts were predominantly gray 
and brown quartzites, tan siltstone, and rare 
tuff clasts. Quartzite clasts were likely sourced 
from the Upper Cretaceous to Lower Tertiary 
Beaverhead Conglomerate, siltstones are likely 
from the Permian Phosphoria Formation and 
Devonian Three Forks Formation exposed in 
the footwall along the Muddy Creek detachment 
fault, and tuff clasts are reworked Challis vol-
caniclastics (Janecke et al., 1999; Chetel et al., 
2011; Scarberry et al., 2019). Localized sourcing 
of conglomerates agrees with extensive petrofa-
cies analysis conducted by Janecke et al. (1999), 
where intrabasinal source regions from both the 
hanging wall and footwall were split into four 
distinct regions to explain progressive changes 
in provenance up section.

Detrital zircon U-Pb grain age peaks in lower 
group samples (Fig.  5A) are dominated by 
regional, westerly sourced grain age peaks at 
49–48 Ma and 70 Ma. A detrital zircon age peak 
at 49–48 Ma was likely sourced from the Challis 
volcanic field to the west of the Muddy Creek 
Basin (Janecke and Snee, 1993; M’Gonigle and 
Dalrymple, 1996; Chetel et al., 2011), and detri-
tal zircon age peaks between 70 Ma and 68 Ma 
were likely derived from the Atlanta peralumi-
nous suite of the Idaho Batholith (Figs. 1 and 
5A; Gaschnig et al., 2010). Grain age peaks at 
432 Ma, 1160 Ma, and 1500 Ma from upper 
group samples match closely with prominent 
age peaks within the Pennsylvanian Quadrant 
Formation and the Permian Phosphoria and Park 
City Formations, which are locally exposed in 
the footwall of the eastern detachment fault in 
the Tendoy Mountains (Fig. 2; Schwartz et al., 
2019; Ronemus et  al., 2021). The 1160 Ma 
detrital zircon age peak could also be explained 
by the Mississippian Kibbey and Snowcrest 
Sandstone Formations bounding the western 
portion of the basin (Ronemus et  al., 2021). 
Due to the thin nature of these beds and the 
majority of the Mississippian sedimentary strata 
being composed of limestone, this time period 
is likely underrepresented in the zircon prove-
nance record (Ronemus et al., 2021). Age peaks 
between 1800 Ma and 1600 Ma were likely 

sourced from the Prichard Group and Upper 
Belt strata (Link et al., 2016), or from recycled 
Belt Supergroup units in Mississippian–Permian 
strata (Schwartz et al., 2019). While it is difficult 
to constrain the exact provenance of potentially 
multicyclic recycled grains by a single U-Pb age, 
previously published clast counts (Janecke et al., 
1999) and new clast composition data described 
in the lithofacies descriptions support localized 
sediment sourcing from Paleozoic sedimentary 
strata exposed in the hanging wall and footwall 
of the Muddy Creek Basin.

DISCUSSION

Basin Evolution

The evolution of the Muddy Creek Basin 
allows us to better understand landscape and 
paleodrainage evolution in Montana, Idaho, 
and Wyoming during Eocene time. Overall, we 
found that age data from the three chronologic 
methods presented here are internally consis-
tent with their respective positions in the stra-
tigraphy (Fig. 3) and indicate basin deposition 
from 49 Ma to at least 36 Ma. Depositional ages 
become younger moving south through the basin 
(Figs. 2 and 3; Table 1), indicating a southward 
shift of depositional center from 47 Ma onward. 
This agrees with the interpretations of Janecke 
et al. (1999), which stated that movement along 
the bounding detachment fault became younger 
to the south. Integrating the stratigraphic, geo-
chronologic, and thermochronologic data pre-
sented above, we outline the detailed evolution 
of the Muddy Creek Basin for four separate time 
intervals: 60–50 Ma, 49–47 Ma, 46.9–37 Ma, 
and post–37 Ma.

T1: Early Paleogene to Early Eocene 
(60–50 Ma)

Prior to the start of Muddy Creek Basin 
deposition, the region acted as part of the Creta-
ceous Lemhi Pass paleovalley that flowed from 
the Salmon River Mountains across southwest 
Montana through the active Sevier fold-and-
thrust front (Fig. 1), eventually depositing the 
Harbell-Pinyon megafan during latest Creta-
ceous times, and then delivering Challis volcanic 
field–derived sediment to the Green River Basin 
in western Wyoming from ca. 49 Ma to 47 Ma 
(Fig. 6A; Janecke et al., 2000; Smith et al., 2008; 
Chetel et al., 2011). The existence of this paleo-
valley is supported by quartzite and rapakivi 
granite clasts found within the Harbell-Pinyon 
conglomerate sourced from the Salmon River 
Mountains (Fig. 6A), and detailed mapping of 
ignimbrite flows confined within the margins of 
the paleovalley (Janecke et al., 2000). No known 
active extension occurred in this region prior to 

50 Ma (Vogl et al., 2012; Howlett et al., 2021), 
but 150 km north in western Montana, thermo-
chronologic data indicate that both the Anaconda 
and Bitterroot metamorphic core complexes 
were undergoing extension by 53 Ma (Fig. 3; 
Foster and Asaf, 2002; House et al., 2002; Foster 
et al., 2010; Whitney et al., 2013).

T2: Early Eocene (49–47 Ma)
Challis ignimbrite volcanism began by at least 

49.78 ± 0.31 Ma (Figs. 1 and 3; M’Gonigle and 
Dalrymple, 1996; Janecke et al., 1999; Janecke 
and Blankenau, 2003), and possibly as early as 
52 Ma (Stroup et al., 2008; Chetel et al., 2011). 
Sanidine and feldspar 40Ar/39Ar dating of Challis 
ignimbrites and volcaniclastic sandstones in the 
Green River Basin (GRB; Fig. 1) show that Chal-
lis sediment was being delivered to the Green 
River Basin as early as 49 Ma (Smith et  al., 
2008; Chetel et al., 2011). Sandstone samples 
06FR86 and 05CP1 from Chetel et al. (2011), 
which were deposited prior to 48.95 ± 0.29 Ma, 
based on two overlying Challis tuffs, have 
Challis volcanic field–sourced detrital feld-
spar grain ages between 52.26 ± 0.50 Ma and 
48.97 ± 0.12 Ma (Smith et  al., 2008; Chetel 
et  al., 2011). The presence of these Challis 
volcanic field–sourced detrital feldspar grains 
suggests that Challis sediment was traveling 
through the Lemhi Pass paleovalley into the 
Green River Basin prior to 48.4 Ma (Fig. 6A). 
Muddy Creek Basin deposition began ca. 49 Ma 
with the emplacement of multiple ignimbrites in 
the northwest corner of the basin, based on new 
sanidine 40Ar/39Ar dates from the basal portion 
of the sedimentary section (Fig. 2), which range 
from 48.40 ± 0.05 Ma to 48.15 ± 0.05 Ma 
(Table  2; Fig.  6B), and previous work indi-
cating 40Ar/39Ar ages of 47 ± 0.16 Ma and 
49.47 ± 0.05 Ma (M’Gonigle and Dalrymple, 
1996; Janecke et al., 1999). These ignimbrites 
likely flowed south/southeast from the Challis 
volcanic field through the Lemhi Pass paleoval-
ley into the basin (Fig. 6B), based on previous 
mapping and lithologic correlations (M’Gonigle 
and Dalrymple, 1996; Janecke et  al., 2000). 
The presence of Challis volcanic field–sourced 
material in the Green River Basin for ∼500 k.y. 
prior to initiation of deposition in the Muddy 
Creek Basin (Smith et al., 2008; Chetel et al., 
2011) suggests continued transport of sediment 
through the Lemhi Pass paleovalley during a 
period of high sediment influx during active 
Challis volcanism (Fig.  6A). Challis volcanic 
field–derived sediment continued to be delivered 
to the Green River Basin from 49 Ma to 47 Ma, 
signaling that, prior to the start of Muddy Creek 
deposition, high sediment influx was not forc-
ing in-valley sediment deposition (Janecke et al., 
1999; Chetel et al., 2011). Instead, we favor ini-
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tiation of basin deposition in relation to localized 
subsidence. Thermal extensional reactivation of 
Sevier thrust structures at depth (Janecke et al., 
1999) is a potential driver for subsidence, and the 
location correlates with previous interpretations 
of initial extension ca. 49 Ma along the northern 
portion of the Muddy Creek detachment fault, 
adjacent to the location of dated Challis-derived 
sediment deposited within the basin (Fig.  2, 
units Tccg and Tcbs; Dunlap, 1982; Janecke 
et al., 1999).

Following Challis ignimbrite deposition in 
the Muddy Creek Basin, the 34-m-thick tuffa-
ceous fluvial sequence was deposited in less 
than 2 m.y. (Figs. 3 and 4). Grain ages and clast 
compositions within this section show that the 
fluvial system reworked previously deposited 
Challis volcanic field–sourced volcaniclastics, 
along with input from the Salmon River Moun-
tains (Janecke et al., 1999, 2000). South-directed 
paleocurrents (Fig. 3) are consistent with trans-
port of sediment in a similar direction to the 
previous paleovalley (Fig.  2, inset; Janecke 
et al., 2000).

T3: Middle to Late Eocene (46.9–37 Ma)
The basal Muddy Creek fluvial sequence is 

capped by a 46.8 ± 0.05 Ma Challis ignimbrite 
(Table  2, sample 4), and 4 m of fossiliferous 
limestone containing gastropods and shelly 
debris (Fig. 4E). This interval records the first 
instance of basin ponding, coinciding temporally 
with the cessation of delivery of Challis volca-

nic field sediment into the Green River Basin 
at 47 Ma (Fig. 6C; Smith et  al., 2008; Chetel 
et  al., 2011). Following initial basin ponding, 
thick packages of lacustrine mud (M1 and M2) 
with interbedded ripple laminated sandstone 
(S5) and fossiliferous limestone (S6) become 
more prominent as the environment shifted 
from fluvial to freshwater lacustrine. This tran-
sition occurred between 46.8 Ma and 40.4 Ma, 
based on two maximum depositional ages of 
43.01 ± 0.97 Ma and 40.4 ± 0.48 Ma (Table 1, 
samples MT21-549MC and MT20-474MC). 
This lithofacies shift was not accompanied by 
a change in provenance, with strata dominated 
by U-Pb grain age components indicative of 
westerly sources including the Challis volcanic 
field and the Atlanta peraluminous suite of the 
Idaho Batholith throughout the lower part of the 
section (Fig. 5A, lower group samples). Zircon 
(U-Th)/He cooling ages from the lower group 
samples range from 54 Ma to 41 Ma, also sup-
porting westerly sourcing (Fig. 5B, lower group 
analyses). These ZHe cooling ages are likely 
volcanic in nature, as ages match those from the 
Challis volcanic field and the youngest detri-
tal zircon grain ages (Fig. 1). Previous studies 
have attributed initial basin ponding to exten-
sion (Janecke et al., 1999; Janecke, 2007), but 
the similarities in sediment provenance and ZHe 
cooling ages within the basin strata across this 
sharp basin-wide lithofacies transition suggest 
the need for an additional regional driver. The 
correlation in timing between basin ponding and 

the end of Challis volcaniclastic sediment input 
into the Green River Basin at 47.1 Ma (Smith 
et al., 2008; Chetel et al., 2011), and with the 
southward propagation of Absaroka Province 
volcanism (Hiza, 1999) provides a regional 
driver for backfilling and basin ponding due to 
thermal uplift and/or isostatic uplift east of the 
Muddy Creek Basin, along the Sevier thrust 
front and the Absaroka volcanic field (Fig. 6C). 
Both global and local available isotopic records 
show climatic stability and limited variation in 
δ18O values during this transition, so we favor a 
tectonic driver interpretation for basin ponding 
(Methner, 2016; Schwartz et al., 2019; Wester-
hold et al., 2020).

T4: Late Eocene (37 to ca. 34 Ma)
Continued lithospheric thermal weakening 

from active volcanism in the Dillon volcanic field 
(Fig. 1) and extensional reactivation of Sevier-
style thrust structures initiated surface-breaking 
extensional deformation in the Muddy Creek 
Basin starting ca. 37 Ma. Basin strata become 
coarser with an increase in the frequency of flu-
vial sandstone and conglomerate beds within 
lacustrine mudstone sections (Figs. 4A and 6C). 
Increased sandstone and conglomerate input is 
indicative of lake-level fluctuations and greater 
fluvial/deltaic input into the basin. One explana-
tion for this lithofacies change is increasing arid-
ity driving more seasonal evaporation; increas-
ing δ13C values in soil carbonates in the upper 
part of the basin section have been interpreted 

A B C

Figure 6. Paleogeographic reconstruction of southwest Montana, southeast Idaho, and western Wyoming from early Eocene to late Eocene 
time with simplified cross sections of the Muddy Creek Basin. Black arrows indicate sediment transport direction (Chetel et al., 2011). (A) 
Early Eocene time (Janecke et al., 2000; Schwartz et al., 2019). (B) Mid-Eocene time. (C) Mid-Eocene to late Eocene. Potential area of uplift 
is sourced from Smith et al. (2008). Mapped volcanics and basins are sourced from Constenius (1996), Smith et al. (2008), and Vuke (2020). 
Small black rectangle represents location of Figure 2. GRB—Green River Basin; HCPV—Hawley Creek paleovalley; ID—Idaho; LPPV—
Lemhi Pass paleovalley; MT—Montana; WY—Wyoming.
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as recording a period of aridification through-
out western Montana (Methner, 2016; Schwartz 
et al., 2019). While this could have played a role 
in Muddy Creek Basin sedimentation, strata con-
tinue to be dominated by organic-rich mudstone 
with abundant organic matter, including gastro-
pods and bivalves, and with limited calcic paleo-
sol development (Fig. 4E) and no indications of 
evaporative or underfilled lacustrine deposition, 
indicating the continued dominance of a fresh-
water lacustrine system (Figs. 3 and 4A). It is 
more likely that these increases in fluvial inter-
beds and lake-level fluctuations were responses 
to the initiation of surface-breaking extension, 
exhuming Paleozoic basement along the east-
ern Muddy Creek detachment fault (Fig.  2). 
Motion along the detachment fault would have 
created relief and increased erosion, providing a 
flux of local sediment into the basin (Fig. 3). A 
shift in provenance correlates with this shift in 
lithofacies. Clastic sediments in this part of the 
section show west-directed paleocurrents and 
basement-derived detrital zircon grain age sig-
natures (Fig. 5A, upper group samples). Detrital 
zircon U-Pb components are dominated by age 
peaks at 432 Ma, 1163 Ma, and 1800–1500 Ma 
(Fig. 5A), consistent with derivation from Paleo-
zoic sedimentary strata exposed in the footwall 
of the detachment fault, which is supported by 
westerly paleocurrents (Fig. 3). Detrital zircon 
(U-Th)/He cooling ages shift from Eocene cool-
ing ages to Paleozoic cooling ages, ranging 
from 422 Ma to 261 Ma (Fig. 5B). There is only 
2–4 km of proposed total displacement along the 
Muddy Creek detachment fault (Janecke et al., 
1999), indicating that there was not enough 
movement to exhume thermally reset grains, 
supporting local, easterly sourcing of the Paleo-
zoic cooling ages.

Basin deposition continued through the late 
Eocene, until at least 36.0 ± 0.64 Ma, based on 
our stratigraphically youngest MDA (Table 1, 
sample MT21-553MC). Strata become coarser 
toward the top of basin. We interpret the increas-
ing frequency of fluvial lithofacies in the upper 
portion of the Muddy Creek Basin as recording 
additional lake-level fluctuations and fluvial 
input from the footwall related to continuing 
extensional deformation. These fluvial strata 
are capped by additional organic-rich mudstone, 
indicating a return to freshwater lacustrine depo-
sition, making solely climate-controlled basin 
aridification less likely. The section ends in an 
erosional unconformity. Although it remains 
unclear when deposition in the Muddy Creek 
Basin ended (Fig. 3), this study shows that the 
main phase of Muddy Creek Basin deposition 
was significantly older than previously hypoth-
esized (Dunlap, 1982; Janecke et  al., 1999; 
Methner, 2016).

Extension and Slab Removal
Identification of Eocene extension and basin 

subsidence in the Muddy Creek Basin during 
a phase of active extension and volcanism in 
Montana and Idaho (Janecke, 1994; Constenius, 
1996; Janecke et al., 1999; House et al., 2002; 
Foster et al., 2010) allows us to put this basin 
record in the context of larger, cordilleran-scale 
deformation following well-constrained Sevier 
and Laramide compressional deformation. Pre-
vious work has attributed the majority of exten-
sion in western Montana to gravitational collapse 
of thermally weakened lithosphere (Coney and 
Harms, 1984; Constenius, 1996; Howlett et al., 
2021), but this interpretation fails to explain the 
range of style, magnitude, and timing of exten-
sion we observed across the region (Janecke, 
1994, 2007; Janecke et  al., 1999; Foster and 
Asaf, 2002; Janecke and Blankenau, 2003; Fos-
ter et al., 2010; Howlett et al., 2021). Addition-
ally, extension in this region has been crudely 
constrained within the context of Farallon slab 
rollback (Dickinson, 2004; Liu and Stegman, 
2011; Smith et al., 2014). The surface expression 
of Farallon slab rollback has been interpreted as 
a southward sweep of extension and magma-
tism, accompanied by small-scale topographic 
change, starting in Montana and migrating to 
the southwest, following the general direction 
of Farallon slab retreat (e.g., Smith et al., 2014; 
Copeland et al., 2017; Cassel et al., 2018).

Bitterroot–Lowland Creek–Crazy Moun-
tains. The Bitterroot and Anaconda metamorphic 
core complexes are interpreted to have begun 
extending ca. 53 Ma, coeval with the initial 
phases of Lowland Creek and northern Absaroka 
volcanism, forming the interpreted 53 Ma slab 
edge axis of Smith et al. (2014, see their fig. 1) 
(see also Fig. 1 herein; Hodges and Applegate, 
1993; Foster et al., 2010; Fan and Carrapa, 2014; 
Hiza, 1999). Volcanism in the Crazy Mountains 
(MT) ca. 51–49 Ma and in the Black Hills (Wyo-
ming–South Dakota) ca. 58–46 Ma has also 
been associated with mantle interactions at the 
edge of the Farallon slab, although this volca-
nism is also interpreted as resulting from slab 
window processes (Duke, 2009). Geochemical 
evidence from the Black Hills and the Missouri 
Breaks of central Montana shows an increased 
asthenospheric component in post–50 Ma mag-
mas in comparison to pre–50 Ma magma (Duke, 
2009), consistent with slab removal.

Challis–Muddy Creek–Laramide Foreland. 
From 53 Ma to 47 Ma, Farallon slab rollback 
progressed westward across the Laramide fore-
land, as documented by a series of basin ponding 
events followed by successive unconformity for-
mation (Smith et al., 2014). Similarly, volcanism 
and basin subsidence progressed southward with 
the initiation of Challis volcanism ca. 50 Ma, 

shortly followed by initiation of Muddy Creek 
Basin and Sage Creek Basin deposition (Fig. 1; 
Smith et al., 2008; Chetel et al., 2011; Schwartz 
et al., 2019). The results presented here show 
that Muddy Creek Basin subsidence initiated 
at ca. 49 Ma, allowing for the deposition of the 
basal tuffaceous fluvial sequence, which contin-
ued until 46.8 Ma, when initial basin ponding 
occurred.

Ruby Mountains–Elko Basin. Volcanism 
progressed to the southwest, arriving in north-
eastern Nevada ca. 44 Ma (Henry et al., 2011), 
and extension initiated in the Ruby Mountains–
East Humboldt metamorphic core complex at 
45 Ma and accelerated at 43 Ma (Canada et al., 
2020). The onset of subsidence in the Elko Basin 
began at ca. 44 Ma with the deposition of a basal 
tuffaceous fluvial/alluvial sequence, followed by 
basin ponding and expansion at 43 Ma (Canada 
et al., 2020). The basin sequence is capped by an 
influx of volcanic ignimbrites at 40.5 Ma, and 
volcanism migrated southwestward to central 
Nevada by 35 Ma (Canada et al., 2021; Henry 
et al., 2011).

This southwestward progression of volca-
nism, extension, and basin ponding, including 
this new record from the Muddy Creek Basin, 
fits within the preserved surface record of Faral-
lon slab rollback (and possible lower lithosphere 
delamination; Canada et  al., 2021), expand-
ing our understanding of the mantle dynamics 
involved in slab rollback and the ways in which 
these dynamics are preserved in the surface 
record. The continuation of basin subsidence and 
deposition after the passage of the volcanic and 
extensional front associated with slab removal 
remains a fundamental difference between the 
basins in southwestern Montana, exemplified 
by the Muddy Creek Basin, and the Laramide 
foreland and Elko Basins.

CONCLUSIONS

(1) Basal deposition in the Muddy Creek 
Basin is represented by tuffaceous sandstone and 
conglomerate in a sandy braided river system, 
which reworked previously deposited Challis 
volcaniclastic material, interbedded with Challis 
volcanic field–sourced ignimbrites. Deposition 
transitioned to a lacustrine environment with 
overfilled lithofacies associations, and inter-
bedded fluvial tongues representing lake-level 
fluctuations. Basin strata are capped by fluvial 
conglomerates overlain by additional lacustrine 
mudstones.

(2) Detrital zircon maximum depositional 
ages and sanidine 40Ar/39Ar dating of Challis 
ignimbrites constrain the deposition of basal 
tuffaceous fluvial strata to between 48.5 Ma and 
46 Ma. Basin strata transition from fluvial to 
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lacustrine deposition between 46 Ma and 40 Ma, 
with strata representing full lacustrine deposition 
by 40 Ma. An increase in fluvial input into the 
paleolake occurred at 36 Ma. Basin deposition 
ended sometime after 36 Ma, with the precise 
end of deposition remaining unconstrained, call-
ing for further work in the Muddy Creek Basin.

(3) Detrital zircon U-Pb and (U-Th)/He prov-
enance data and clast compositions indicate 
regional sourcing from the Challis volcanic 
field and the Idaho Batholith from ca. 48.5 Ma 
to 40 Ma. A transition occurred between 40 Ma 
and 36 Ma from regional to locally sourced 
sediment, with source areas including Paleozoic 
sedimentary strata exposed in the footwall of the 
Muddy Creek detachment fault. We interpret this 
shift in provenance to represent the initiation of 
surface-breaking extension.

(4) Initial basin subsidence at 48.5 Ma was 
a result of thermal extensional reactivation of 
previous Sevier structures. Basin ponding at 
46.8 Ma is attributed to paleodrainage reorgani-
zation as a result of both thermal and/or isostatic 
uplift east of the basin in the Sevier fold-and-
thrust belt front and continued localized basin 
subsidence related to thermal weakening. Sur-
face-breaking extension began ca. 37 Ma, based 
on a shift to localized sediment provenance, 
westerly paleocurrents, and an increased fre-
quency of sandstone and conglomerate inter-
beds, and it is attributed to continued thermal 
weakening of Sevier-style contractional features 
and continued evolution of the Muddy Creek 
detachment fault, allowing the fault to reach 
the surface.

(5) Our new record of Muddy Creek Basin 
deposition and subsidence helps to further con-
strain the surface record of Farallon slab roll-
back, as the timing of basin ponding, extension, 
and local volcanism fits within the geochrono-
logic constraints and basin facies model associ-
ated with the southwestward progression of the 
slab and/or lower lithospheric mantle removal. 
Differences in the longevity of basin subsidence 
may relate to preexisting lithospheric conditions.
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