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 ■ ABSTRACT

Documenting the kinematics of detachment faults can provide fundamental 
insights into the ways in which the lithosphere evolves during high-magnitude 
extension. Although it has been investigated for 70 yr, the displacement mag-
nitude on the Northern Snake Range décollement in eastern Nevada remains 
vigorously debated, with published estimates ranging between <10 and 60 km. 
To provide constraints on displacement on the Northern Snake Range décol-
lement, we present retrodeformed cross sections across the west-adjacent 
Schell Creek and Duck Creek Ranges, which expose a system of low-angle 
faults that have previously been mapped as thrust faults. We reinterpret this 
fault system as the extensional Schell Creek Range detachment system, which 
is a stacked series of top-down-to-the-ESE brittle normal faults with 5°–10° 
stratigraphic cutoff angles that carry 0.1–0.5-km-thick sheets that are up to 
8–13 km long. The western portion of the Schell Creek Range detachment 
system accomplished ~5 km of structural attenuation and is folded across an 
antiformal culmination that progressively grew during extension. Restoration 
using an Eocene unconformity as a paleohorizontal marker indicates that 
faults of the Schell Creek Range detachment system were active at ~5°–10°E 
dips. The Schell Creek Range detachment system accommodated 36 km of 
displacement via repeated excision, which is bracketed between ca. 36.5 and 
26.1 Ma by published geochronology. Based on their spatial proximity, com-
patible displacement sense, overlapping deformation timing, and the similar 
stratigraphic levels to which these faults root, we propose that the Schell 
Creek Range detachment system represents the western breakaway system 
for the Northern Snake Range décollement. Debates over the pre-extensional 
geometry of the Northern Snake Range décollement hinder an accurate cumu-
lative extension estimate, but our reconstruction shows that the Schell Creek 
Range detachment system fed at least 36 km of displacement eastward into 
the Northern Snake Range décollement.

 ■ INTRODUCTION

Metamorphic core complexes represent some of the most striking end 
products of high-magnitude extensional tectonism, and deciphering their 
geometry and dynamics can provide fundamental insights into the ways in 
which the lithosphere evolves thermally, mechanically, and temporally during 
extension (e.g., Crittenden et al., 1980; Buck, 1991; Whitney et al., 2013; Platt 
et al., 2015). In the Basin and Range Province in the western United States 
(Fig. 1A), a series of Cenozoic metamorphic core complexes have deformed 
the Cordilleran orogenic belt (e.g., Dickinson, 2002, 2006) and are interpreted 
to have accommodated the extensional collapse of thickened orogenic crust 
during and after the final stages of subduction of the Farallon oceanic plate (e.g., 
Coney and Harms, 1984; Dewey, 1988; Lister and Davis, 1989; Allmendinger, 
1992; Dilek and Moores, 1999; Sonder and Jones, 1999). The Northern Snake 
Range metamorphic core complex in east-central Nevada (Fig. 1A) is a classic 
example that has been extensively studied over the past 70 yr (e.g., Hazzard 
et al., 1953; Misch and Hazzard, 1962; Coney, 1974; Miller et al., 1983; Bart-
ley and Wernicke, 1984; Lee et al., 1987; Lee and Sutter, 1991; Lewis et al., 
1999; Cooper et al., 2010; Wrobel et al., 2021). However, considerable debate 
remains about the geometric and kinematic evolution of the Northern Snake 
Range. One prominent debate focuses on the magnitude of displacement on 
the Northern Snake Range décollement, a top-down-to-the-ESE, low-angle 
detachment fault that separates brittlely extended rocks in its hanging wall 
from ductilely stretched rocks in its footwall (e.g., Miller et al., 1983; Lee et 
al., 1987). Due to the complexity of polyphase hanging-wall normal faulting 
and the lack of any offset markers that can be restored across the Northern 
Snake Range décollement, this question has confounded researchers for the 
past 40 yr, and it has yielded interpretations that range from <10 km of dif-
ferential displacement (Miller et al., 1983) to as much as 60 km (Bartley and 
Wernicke, 1984). Because the Northern Snake Range is a classic locality for 
the development of widely applied models of core complex dynamics (e.g., 
Wernicke, 1981; Miller et al., 1983; Lister et al., 1986; Gans, 1987; Lister and 
Davis, 1989), quantifying the displacement magnitude on the Northern Snake 
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Figure 1. (A) Map of the Basin and Range Province in Nevada and western Utah (modified from Long, 2019), showing the locations of meta-
morphic core complexes (SR—Snake Range; REH—Ruby–East Humboldt; RAG—Raft River–Albion–Grouse Creek). (B) Generalized geologic 
map of the Duck Creek, Schell Creek, Northern Snake, and southern Snake Ranges (modified from Lee et al., 2017). The map pattern of the 
basal fault of the Schell Creek Range detachment system (SCRDS) is outlined in red, and the map pattern of the Northern Snake Range 
décollement (NSRD) is outlined in purple. R.—Range, Mts.—Mountains. (C) Geologic map of the Schell Creek and Duck Creek Ranges, 
compiled from the mapping of Young (1960), Dechert (1967), Drewes (1967), Hose and Blake (1976), Gans et al. (1985), Walker et al. (1992), 
and this study. The locations of the lines of section for A-A′, B-B′, C-C′, D-D′, and E-E′ are shown, as well as the map areas for Figures 6 and 
8. Individual Schell Creek Range detachment faults discussed in the text (A1–A4, B1–B5, C1–C6) are labeled along with strike and dip sym-
bols defining representative bedding attitudes (from Young, 1960; Drewes, 1967) and attitudes of Schell Creek Range detachment faults 
determined from three-point problems (supporting data in Table S3 [see text footnote 1]).
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Range décollement has implications not just for elucidating the kinematics 
of this classic Cordilleran core complex, but for understanding the structural 
evolution of core complexes in general. 

In this study, we approached this problem by investigating the Schell Creek 
and Duck Creek Ranges, which are the adjacent mountain ranges to the west of 
the Northern Snake Range (Fig. 1B). Early mapping in these ranges by Young 
(1960), Dechert (1967), and Drewes (1967) revealed a system of NNE-striking, 
low-dip-angle, low-stratigraphic-cutoff-angle brittle faults, which were origi-
nally interpreted as thrust faults. Based on analysis of the field relationships 
presented on these early maps, as well as our new mapping of exposures 
of several of these faults, we reexamined this interpretation by constructing 
three retrodeformable cross sections across the Schell Creek and Duck Creek 
Ranges. We propose that these low-angle faults define a top-down-to-the-ESE, 
normal-sense brittle detachment fault system that fed displacement eastward 
into the Northern Snake Range décollement, and therefore they represent the 
breakaway zone for a linked extensional fault system that spans the width of 
the Duck Creek, Schell Creek, and Northern Snake Ranges. We then explored 
the implications for the magnitude of displacement on the Northern Snake 
Range décollement by combining one of our cross sections with the seismic 
reflection data of Gans et al. (1985) and a new cross section across the Northern 
Snake Range that integrates the finite strain data of Lee et al. (1987). Finally, 
we examined the implications of our results for regional extension in east-
ern Nevada, and for models of the style of hanging-wall deformation above 
low-angle detachment fault systems.

 ■ REGIONAL TECTONIC SETTING

Eastern Nevada was the site of deposition of an ~15-km-thick section of 
Neoproterozoic to Mesozoic shallow-marine sedimentary rocks on the west- 
facing North American passive continental margin (e.g., Stewart and Poole, 
1974; Stewart, 1980). During the Jurassic, the establishment of an Andean-style 
subduction zone on the western North American margin initiated construc-
tion of the Cordilleran orogen, which continued until the Paleogene (e.g., 
Allmendinger, 1992; DeCelles, 2004; Dickinson, 2004; Yonkee and Weil, 2015). 
Over the duration of Cordilleran orogenesis, eastern Nevada was situated 
within a broad retroarc region in the hinterland of the Sevier fold-and-thrust 
belt in western Utah (e.g., Armstrong, 1968, 1972; Gans and Miller, 1983; Long, 
2012). During orogenesis, eastern Nevada experienced episodes of granitic 
magmatism and associated metamorphism during the Jurassic and Late Cre-
taceous (e.g., Miller et al., 1988; Barton, 1990; Wells and Hoisch, 2008; Long and 
Soignard, 2016). Neoproterozoic to Cambrian sedimentary rocks exposed in 
the Snake and Schell Creek Ranges record greenschist- to amphibolite- facies 
metamorphism, with peak metamorphic conditions interpreted to have been 
attained during a Late Cretaceous magmatic episode (Fig. 1B; e.g., Miller and 
Gans, 1989; Cooper et al., 2010; Blackford et al., 2022). By the late stages 
of Cordilleran thickening in the Late Cretaceous–early Paleogene, eastern 

Nevada is interpreted to have been a high-elevation plateau underlain by 
~50–60-km-thick crust (e.g., Coney and Harms, 1984; Cassel et al., 2014; Snell 
et al., 2014; Chapman et al., 2015; Long, 2019).

Following Cordilleran contraction, eastern Nevada underwent a protracted 
transition to an extensional regime. Eocene–Oligocene extension is docu-
mented in several areas of eastern Nevada (e.g., Gans and Miller, 1983; Gans et 
al., 1989, 2001; Druschke et al., 2009; Long et al., 2018) and broadly overlapped 
in time with the Great Basin ignimbrite flare-up, a NE-to-SW sweep of silicic 
volcanism that is interpreted to be the consequence of post-Laramide slab 
rollback (e.g., Humphreys, 1995; Dickinson, 2002; Smith et al., 2014). Extension 
within metamorphic core complexes in eastern Nevada, including the North-
ern Snake Range and Ruby–East Humboldt core complexes (Fig. 1A), began 
during the Eocene–Oligocene (e.g., Gans et al., 1989; Lee and Sutter, 1991; 
Lee, 1995; Dickinson, 2002; Henry et al., 2011; Lee et al., 2017). The widespread 
upper-crustal normal faulting that formed the Basin and Range Province initi-
ated during the Miocene (e.g., Dickinson, 2002, 2006; Colgan and Henry, 2009).

 ■ STRATIGRAPHY OF THE SCHELL CREEK AND  
DUCK CREEK RANGES

Bedrock exposed in the Schell Creek and Duck Creek Ranges consists of an 
~10-km-thick, conformable section of Neoproterozoic to Paleozoic sedimentary 
rocks, which is unconformably overlain by up to ~1 km of Paleogene sedimen-
tary and volcanic rocks (Fig. 2; Young, 1960; Dechert, 1967; Drewes, 1967; Hose 
and Blake, 1976; Gans et al., 1985). Readers are referred to Young (1960) for 
lithologic descriptions, and details on unit thicknesses used in our study are 
included in the Supplemental Material1 (Text S1 and Table S1). The Neopro-
terozoic section (our lumped unit Z) consists of at least 3.2 km of dominantly 
greenschist-facies metasedimentary clastic rocks of the McCoy Creek Group, 
which Gans et al. (1985) divided into multiple subunits (Fig. 2). Metamorphic 
grade increases stratigraphically downward in the McCoy Creek Group, with 
pelitic lithologies progressing from argillite to phyllite to schist (Miller et al., 
1988; Miller and Gans, 1989). The overlying 6.6-km-thick Paleozoic section lacks 
evidence for metamorphism (Young, 1960; Miller and Gans, 1989). The base of 
this section consists of 1.3 km of Lower Cambrian clastic rocks (our lumped 
unit Cl). The overlying Middle Cambrian to Pennsylvanian section is dominated 
by carbonates, including 1.9 km of Middle–Upper Cambrian limestone (our 
lumped unit Cu), 1.8 km of Ordovician–Silurian limestone and dolomite (our 
lumped unit OS), 0.9 km of Devonian dolomite (our lumped unit D), and 0.7 km 
of Mississippian and Pennsylvanian shale and limestone (our lumped unit MIP).

1 Supplemental Material. Includes supporting data for rock unit thicknesses, tables that list geomet-
ric constraints for faults, annotated geologic maps and Google Earth images, and field photographs 
of fault zone rocks and field relationships. Please visit https://doi.org/10.1130/GEOS.S.19394168 
to access the supplemental material, and contact editing@geosociety.org with any questions. To 
view Figure 5 at full size, please visit https://doi.org/10.1130/GEOS.S.19394201 or access the full-
text article on www.gsapubs.org.
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Figure 2. Composite stratigraphic column for the Schell Creek and Duck 
Creek Ranges at the latitude of sections A-A′ and B-B′. The right side 
of the column shows formation-level divisions of Paleozoic rock units 
from Young (1960) and subdivided units of the Neoproterozoic McCoy 
Creek Group from Gans et al. (1985). The left side of the column shows 
the lumped unit scheme shown on Figures 3, 4, 5, 7, 10, and 11 (Z—
Neoproterozoic, Cl—Lower Cambrian, Cu—Middle–Upper Cambrian, 
OS—Ordovician–Silurian, D—Devonian, MIP—Mississippian–Pennsyl-
vanian, Pg—Paleogene). Unit thicknesses were either constrained on 
our cross sections or were taken from Young (1960); see Text S1 and 
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Paleozoic rocks are unconformably overlain by Paleogene rocks (our lumped 
unit Pg), which include the Kinsey Canyon Formation and the overlying Kala-
mazoo volcanic rocks (Fig. 2; Young, 1960). The unconformity at the base of the 
Paleogene section exhibits minimal angular discordance (typically <5°) with 
underlying Paleozoic rocks and most often lies within the Pennsylvanian section 
(Young, 1960; Drewes, 1967; Gans and Miller, 1983; Gans et al., 1985). However, 
in the northern part of the Schell Creek Range, the unconformity also locally lies 
within Mississippian rocks, and in one locality, it lies within the top ~20 m of 
the Devonian section (Young, 1960), corresponding to a total pre-unconformity 
structural relief of 0.7 km. The Kinsey Canyon Formation, which consists of up to 
100 m of tuffaceous conglomerate, sandstone, and lacustrine limestone (Young, 
1960), has been correlated with the Paleocene–Eocene Sheep Pass Formation 
that is mapped in adjacent regions of eastern Nevada (Fouch et al., 1979). U-Pb 
ages of detrital zircons and 40Ar/39Ar sanidine dating of tuffaceous horizons 
bracket deposition of the Kinsey Canyon Formation between ca. 36.5 and 35.2 Ma  
(late Eocene; Druschke et al., 2009, 2011). The overlying Kalamazoo volcanic 
rocks consist of felsic tuffs and dacitic lavas that are up to 1.1 km thick (Young, 
1960; Gans et al., 1989; Hagstrum and Gans, 1989), and 40Ar/39Ar sanidine ages 
collected from tuff samples in the Schell Creek Range bracket their emplacement 
between ca. 36.1 and 35.2 Ma (late Eocene; Druschke et al., 2009).

In Duck Creek Valley, a modern topographic basin that separates the Duck 
Creek Range from the central Schell Creek Range (Fig. 1C), conglomerate of 
the North Creek Formation overlies Paleozoic and Paleogene rocks across an 
angular unconformity (Young, 1960; Anderson, 1983). The North Creek Forma-
tion is interpreted to represent synextensional sediments deposited within a 
west-tilted half graben that occupies present-day Duck Creek Valley (Ander-
son, 1983; Gans et al., 1985). Anderson (1983) obtained a 27.4 ± 1.3 Ma zircon 
fission-track age from a tuffaceous horizon 150 m above the base of the North 
Creek Formation, indicating that deposition had begun by the late Oligocene. 
There are no timing constraints available on the cessation of deposition of 
the North Creek Formation; however, given its thickness and the age range of 
deposition within other half grabens in the region (e.g., Gans et al., 1985), we 
speculate that deposition likely continued into the Miocene.

 ■ STRUCTURAL FRAMEWORK OF THE SCHELL CREEK AND  
DUCK CREEK RANGES: SUMMARY OF PUBLISHED WORK

The Schell Creek and Duck Creek Ranges are deformed by a system of low-
dip-angle (typically ~10–25°W), low-stratigraphic-cutoff-angle (typically ~5°–10°, 
cutting down section to the east) brittle faults that consistently place younger 
rocks over older rocks, which we term here the Schell Creek Range detachment 
system (Fig. 1C). Young (1960) was the first to describe the Schell Creek Range 
detachment system; he mapped them as thrust faults and documented several 
important field relationships, including the following: (1) each fault exhibits 
low cutoff angles and omits strata; (2) structurally higher faults cut structur-
ally lower faults; (3) the structurally highest fault cuts the Kalamazoo volcanic 

rocks; (4) two of the structurally highest faults exhibit drag folds that define 
a top-to-the-ESE sense of motion; and (5) all faults exhibit localized zones of 
brecciation. Young (1960) explored several hypotheses for the origin of the 
Schell Creek Range detachment system, including thrust faulting or gravity 
sliding within the limb of an anticline, as well as the possibility of a regional 
thrust décollement, which had recently been proposed for the Northern Snake 
Range to the east (Hazzard et al., 1953; Hazzard and Turner, 1957; Misch, 1957). 
Young (1960) concluded that no individual explanation was convincing for 
the origin of the Schell Creek Range detachment system. His mapping and 
structural observations formed the foundation of our study.

Following on Young’s work, Drewes (1967) and Dechert (1967) mapped sim-
ilar systems of low-cutoff-angle “thrust faults” in the southern and northern 
Schell Creek Range, respectively, thereby extending the N-S spatial extent of 
the Schell Creek Range detachment system to at least ~85 km (Figs. 1B–1C). 
Anderson (1983, p. 23) presented a brief structural analysis that was primar-
ily focused on the development of the Duck Creek Valley half graben and 
was the first to state that the Schell Creek Range detachment system likely 
represented “an episode of major attenuation faulting that probably reflects 
large- magnitude crustal extension.”

In the 1970s and 1980s, significant progress was made in documenting 
the structural framework of the Northern Snake Range to the east (Fig. 1B), 
including the interpretation of the Northern Snake Range décollement as a 
top-down-to-the-ESE extensional detachment fault that separates ductilely 
stretched and thinned Neoproterozoic–Lower Cambrian clastic rocks in its 
footwall from brittlely extended Middle Cambrian–Permian carbonates in its 
hanging wall (Coney, 1974; Gans and Miller, 1983; Miller et al., 1983; Bartley 
and Wernicke, 1984; Gans et al., 1985; Lee et al., 1987). Gans et al. (1985) was 
the first to interpret that extension in the Northern Snake Range and Schell 
Creek/Duck Creek Ranges was genetically related. Using an interpreted seis-
mic reflection profile across Spring Valley, they presented a cross section that 
spanned from the Duck Creek Range to the western flank of the Northern Snake 
Range, and they interpreted that the Schell Creek Range detachment system 
represents the westernmost faults that fed displacement into the Northern 
Snake Range décollement. Gans et al. (1985) interpreted the faults of the Schell 
Creek Range detachment system as top-down-to-the-E, domino-style normal 
faults that initiated at ~60° dip angles, which sole downward into the Northern 
Snake Range décollement at the top of the Lower Cambrian section (their fig. 4).

Blackford et al. (2022) presented a retrodeformed cross section through 
the Schell Creek and Duck Creek Ranges, supported by the mapping of Young 
(1960) and Gans et al. (1985). Their study was the first to document that faults 
of the Schell Creek Range detachment system have low stratigraphic cutoff 
angles across all exposed structural levels, which requires large-magnitude 
(~32 km) cumulative top-down-to-the-E displacement. However, as their paper 
was focused on understanding upper-crustal thermal conditions, they did not 
explore the implications of this displacement for the Northern Snake Range 
décollement, and they did not attempt to kinematically relate the extension 
in the Schell Creek Range to the Northern Snake Range.
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 ■ GEOMETRY AND DISPLACEMENT MAGNITUDE OF THE SCHELL 
CREEK RANGE DETACHMENT SYSTEM FROM CROSS SECTIONS

To illustrate the geometry and quantify the magnitude of extension across 
the Duck Creek and Schell Creek Ranges, we utilized published geologic map-
ping (Young, 1960; Drewes, 1967; Gans et al., 1985) combined with our new 
mapping of areas of the Duck Creek Range to construct three retrodeformable 
cross sections (A-A′, B-B′, C-C′). (To provide additional context on the level of 
detail of the geologic mapping that supported the cross sections, the breccia 
zones developed along faults of the Schell Creek Range detachment system, 
and the low stratigraphic cutoff angles and crosscutting relationships exhib-
ited by the faults of the Schell Creek Range detachment system, we include 
geologic maps, field photographs, and annotated Google Earth images in Figs. 
S1–S4 in the supplemental material [see footnote 1].) The lines of section are 
oriented normal to the average strike direction of Schell Creek Range detach-
ment system faults, which is 015° at the latitudes of cross-sections A-A′ and 
B-B′ and 340° at the latitude of cross-section C-C′ (Fig. 1C). The cross sections 

are supported by apparent dips of bedding measurements (n = 139 for A-A′, 
151 for B-B′, and 138 for C-C′), and they were divided into domains of average, 
approximately homogeneous apparent dip, with their boundaries modeled 
as kink surfaces that bisect the interlimb angle (e.g., Suppe, 1983). Due to the 
scale of the cross sections, several post–detachment system normal faults with 
<100 m of displacement were not included, and areas where the Schell Creek 
Range detachment system exhibits multiple fault planes that are separated by 
<100 m of structural distance were simplified as one fault plane. Estimates of 
the average dip angles of faults were determined using three-point problems 
(n = 45) and the interactions of fault traces with topography along the line of 
section (Tables 1 and 2; supporting data in Tables S2–S4). Combining fault dip 
angles with the defined domains of average apparent dip allowed us to cal-
culate average stratigraphic cutoff angles for segments of Schell Creek Range 
detachment system faults (Table 2). The thicknesses of our lumped rock units 
(shown in the left-hand column of Fig. 2) were either constrained along the 
cross sections or were taken from Young (1960) (see Text S1 and Table S1 for 
details). Angular relationships and contacts offset across faults were drafted 

TABLE 1. DIP ANGLE CONSTRAINTS AND DISPLACEMENT ESTIMATES FOR  
POST–SCHELL CREEK RANGE DETACHMENT SYSTEM NORMAL FAULTS

Cross 
section

Fault (listed from east to west for each cross section) Dip angle at modern surface, proximal to trace Displacement
(m)

Motion sense on 
cross section

A-A′ E-dipping Schell Creek fault (NgQ over Z) Not constrained; 45°E dip from B-B′ shown Not constrained Top-down-to-east
A-A′ W-dipping Z over Z fault 78°W (three-point problem) 365 Top-down-to-west
A-A′ E-dipping Cl over Z fault 24°E (average of two three-point problems) 915 Top-down-to-east
A-A′ E-dipping Cl over Z fault 34°E (three-point problem) 275 Top-down-to-east
A-A′ W-dipping Kalamazoo fault (OS over Cu) 81°W (three-point problem) 670 Top-down-to-west
A-A′ NW-dipping D over D fault 72°NW (three-point problem) 625 Top-down-to-west
A-A′ E-dipping Pg over D fault 60°E (approximated) 685 Top-down-to-east
A-A′ E-dipping Pg over Pg fault 82°E (three-point problem) 335 Top-down-to-east
A-A′ W-dipping Pg over Pg fault 55°W (three-point problem) 290 Top-down-to-west
A-A′ E-dipping Duck Creek fault (Pg over Cu) 52°E (three-point problem) 380 Top-down-to-east
A-A′ W-dipping listric fault array (6 faults) 71°W (average of six three-point problems) 100–455 range Top-down-to-west
B-B′ E-dipping Schell Creek fault (NgQ over Z) 45°E (Gans et al., 1985, seismic cross section) 10,450 Top-down-to-east
B-B′ E-dipping Cl over Cl fault 46°E (three-point problem) 730 Top-down-to-east
B-B′ W-dipping Kalamazoo fault (MIP over OS) 83°W (three-point problem) 790 Top-down-to-west
B-B′ E-dipping Duck Creek fault (NgQ over MIP) 52°E (three-point problem projected from A-A′) 1175 Top-down-to-east
B-B′ E-dipping MIP over D fault 60°E (approximated) 120 Top-down-to-east
B-B′ E-dipping OS over Cl fault 39°E (three-point problem) 105 Top-down-to-east
C-C′ E-dipping Schell Creek fault (NgQ over Z) Not constrained; 45°E dip from B-B’ shown Not constrained Top-down-to-east
C-C′ W-dipping fault (Cu over Cl) 72°W (three-point problem) 170 Top-down-to-west
C-C′ E-dipping fault (D over OS) 42°E (three-point problem) 130 Top-down-to-east
C-C′ SW-dipping fault (MIP over OS) 58°SW (three-point problem) 670 Top-down-to-west
C-C′ SW-dipping fault (Pg over MIP) 58°SW (approximated from adjacent fault to E) 760 Top-down-to-west
C-C′ W-dipping fault (MIP over MIP) 58°W (approximated from faults to E) 170 Top-down-to-west
C-C′ W-dipping fault (MIP over MIP) 58°W (approximated from faults to E) 505 Top-down-to-west
C-C′ NE-dipping fault (MIP over D) 42°NE (approximated from adjacent fault to W) 260 Top-down-to-east
C-C′ NE-dipping fault (MIP over MIP) 42°NE (three-point problem) 135 Top-down-to-east

Note: See Table S2 for supporting data (see text footnote 1). A guide to rock unit abbreviations is shown on Figure 2.
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TABLE 2. GEOMETRIC CONSTRAINTS, DISPLACEMENT ESTIMATES, AND CROSSCUTTING RELATIONSHIPS FOR SCHELL CREEK RANGE DETACHMENT SYSTEM FAULTS

Fault 
number

Dip angle at modern 
surface, proximal to trace

Stratigraphic cutoff angle at modern 
surface, proximal to trace

Displacement
(km)

Stratigraphic omission at trace
(km)

Structural thickness of hanging-wall sheet
(km)

Crosscutting relationships

Cross-section A-A′
A4 33°W** (between SCR  

and DCR)
4° (hanging wall and footwall; between 

eastern two traces)
2.9 0.23 (eastern trace) 0.70 minimum preserved Cuts A3, A2, A1 (required)

  15°W** (DCR) 2° (MIP), –2° (Pg) (hanging wall; between 
western two traces)

3.65 (DCR trace) Cuts base of Pg section (observed)

  4° (MIP), 2° (Pg) (hanging wall; at and west 
of DCR trace)

  11° (footwall; at DCR trace; approximate 
maximum from A1)

A3 27°W approximated  
based on A1 (SCR)

11° approximate maximum (hanging wall  
and footwall)

0.2 0.05 0.34 (at SCR trace)
Cut out westward before DCR

A2 27°W approximated  
based on A1 (SCR)

11° approximate maximum (hanging wall  
and footwall)

12.3 2.43 0.76 (SCR)
Cut out westward before DCR

A1 27°W minimum** (SCR) 11° maximum (hanging wall and footwall)** 1.4 0.24 0.43 (SCR)
  Cut out westward before DCR
Cross-section B-B′
B5 27°W* (SCR) 8° (hanging wall and footwall, SCR) 9.3 2.27 (SCR) 1.11 minimum preserved (SCR) Cuts B4 (required, between  

DCR and SCR)
  17°E* (eastern DCR) 5° (hanging wall, eastern DCR) 1.35 (at DCR culmination axis) 0.15 minimum preserved (DCR)
B4 21°E** (eastern DCR) 6° (hanging wall, eastern DCR) 6.5 0.28 (at DCR culmination axis) 0.06 (DCR) Cuts B3 in DCR (observed)
 
B3 27°W* (SCR) 8° (hanging wall and footwall, SCR) 5.1 0.58 (SCR) 0.15 (SCR) Cuts B2 (observed, SCR and DCR)
  26°W** (western DCR) 10° (footwall, western DCR) 3.12 (at DCR culmination axis) 0.07 (at DCR culmination axis) Merges with B1 (observed, DCR)
B2 27°W* (western SCR) 8° (hanging wall and footwall, SCR) 0.6 0.05 (SCR) 0.34 (SCR) Merges with B1 (observed, SCR)
  Cut out east of DCR culmination axis
B1 27°W*,** (SCR) 8° (hanging wall and footwall, SCR) 14.5 0.82 (SCR) 0.09 (SCR)
  5°E** (DCR crest) 10° (footwall, western DCR) 0.58 (at DCR culmination axis) 0.03 (at DCR culmination axis)
  17°W** (western DCR) –2° (footwall, between SCR and DCR)
Cross-section C-C′          
C6 5-17°E*,** (klippe in SCR) 4° (hanging wall, between DCR and  

SCR klippe)
7.5 3.05 (klippe in SCR) 0.02 minimum preserved (SCR klippe) Cuts C5 and C3 (required, SCR)

  23°E** (east of  
culmination axis, DCR)

0–2° (hanging wall, DCR) 0.06 (western DCR) 0.55 minimum preserved (DCR) Cuts C5 (observed, DCR)

  12°W** (west of 
culmination axis, DCR)

4° (footwall, DCR) Cuts and merges with C1  
(observed, DCR)

  Cuts base of Pg section  
(observed, SCR)

C5 0–3°W** (SCR crest zone) 4° maximum (hanging wall) 4.5 0.64 (SCR crest) 0.41 (DCR and SCR) Cuts C4 (observed, DCR)
  24°E** (east of  

culmination axis, DCR)
3–4° maximum (footwall) 0.34 (western DCR) Cuts or merges with C3  

(observed, SCR)
  12°W** (west of 

culmination axis, DCR)
C4 Trace not exposed on  

section line
4° approximate maximum (hanging wall  

and footwall)
4.3 0.29 (eastern DCR) 0.14 (approximate; western DCR) Cuts C3 (required, DCR)

 
C3 5°W*,** (SCR crest) 3° maximum (hanging wall) 10.9 1.12 (central SCR) 0.14 (central SCR) Cuts C2 (observed, SCR)
  14°W** (western SCR) 6° (footwall) 1.10 (eastern DCR) Cut out westward in eastern DCR
C2 8°E*,** (eastern SCR) 6° maximum (hanging wall) 11.9 0.94 maximum (eastern SCR) 0.27 (eastern SCR) Merges with C1 (observed, SCR)
  7° maximum (footwall) 1.10 maximum (western DCR) 0.06 (western DCR)
C1 8°W*,** (eastern SCR) 0° (footwall, SCR and DCR) 12.8 0 minimum (eastern SCR) 0.25 (eastern SCR)

  7° maximum (hanging wall, SCR and DCR) 1.55 maximum (western DCR)
Note: Data reported with one asterisk are constrained by three-point problems, and data reported with two asterisks are constrained by cross-section geometry; see Table S3 for supporting data (see text footnote 1). See 

Figure 2 for a guide to rock unit abbreviations. SCR—Schell Creek Range; DCR—Duck Creek Range.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/18/4/1194/5653992/1194.pdf
by guest
on 10 December 2023

http://geosphere.gsapubs.org


1201Long et al. | The breakaway for the Northern Snake Range décollement in the Schell Creek and Duck Creek RangesGEOSPHERE | Volume 18 | Number 4

Research Paper

so that they matched up when displacement was retrodeformed. Each cross 
section underwent two phases of retrodeformation: The first restored dis-
placement and tilting accomplished by post–Schell Creek Range detachment 
system normal faults, and the second restored the cumulative displacement 
accommodated by the Schell Creek Range detachment system. We made draft-
ing decisions aimed at maximizing stratigraphic cutoff angles on detachment 
faults, in order to minimize displacement. Positive cutoff angles represent faults 
cutting down section toward the east, and negative cutoff angles represent 
faults cutting down section toward the west.

Faults of the Schell Creek Range detachment system were grouped genetically 
based on their common geometry and style (low dip angles, low stratigraphic 
cutoff angles, and consistent omission of stratigraphy) and their kinematics in 
cross section, which show that they consistently offset stratigraphic contacts 
toward the east and cut down section toward the east (exceptions, such as flats, 
are discussed below). Due to differences in the total number of faults observed 
on each cross section, we did not attempt to correlate individual detachment 
faults along strike. Instead, we numbered the Schell Creek Range detachment 
system faults individually on each cross section, from structurally low to high.

Cross-Section A-A′

Cross-section A-A′ (Fig. 3) is supported by the mapping of Young (1960) 
(Fig. S1A). Multiple post–Schell Creek Range detachment system normal 
faults are present on A-A′ and exhibit dip angles typically between 50° and 
80° and displacement magnitudes on the order of 0.3–0.7 km (Table 1). Due 
to a lack of information on the subsurface geology in Spring Valley along 
cross-section A-A′, we could not document the magnitude of displacement on 
the range-bounding Schell Creek fault, nor the magnitude of tilting accommo-
dated by post–Schell Creek Range detachment system normal faults. Assuming 
a westward tilt magnitude of 15°, as constrained on cross-section B-B′ (dis-
cussed below), retrodeformation of post–detachment system normal faults 
yielded 3.3 km of minimum extension (27%; Fig. 3). However, assuming a 
similar dip (45°E) and displacement magnitude (10.5 km) for the Schell Creek 
fault as constrained on cross-section B-B′ (discussed below) would yield 11.4 
km of post–detachment system extension on A-A′ (93%).

Four separate detachment faults are present along A-A′ (Fig. 1). The struc-
turally lowest detachment fault (A1) is exposed at the crest of the Schell Creek 
Range, where it omits 0.25 km of the basal portion of unit Cu. Proximal to its 
trace, A1 is shown at a dip angle of 27°W, which is the minimum dip angle 
possible without intersecting the modern surface to the west of its trace, which 
defines a maximum stratigraphic cutoff angle of 11°. The second structurally 
lowest detachment fault (A2) omits 2.45 km of units Cu and OS, and the third 
lowest detachment fault (A3) omits 0.05 km of unit D. Robust constraints on 
the dip angles of detachment faults A2 and A3 were not available, so they are 
shown at a dip of 27°W proximal to their traces, to match the minimum dip 
angle and 11° maximum cutoff angle shown for detachment fault A1.

The map trace of the structurally highest detachment fault (A4) is exposed 
in three separate locations along cross-section A-A′ (Figs. 1 and 3). The eastern 
two traces place the base of unit Pg over unit MIP, corresponding to omission 
of 0.25 km of strati graphy and defining a dip of 33°W and a cutoff angle of 4°. 
The western trace is exposed in the Duck Creek Range, and it places unit MIP 
(0.1 km stratigraphically below the basal Paleogene unconformity) over unit Cu, 
corresponding to omission of 3.65 km of stratigraphy. Although it is possible 
that there are structurally deeper detachment horizons, A4 is interpreted as the 
structurally lowest detachment fault in the Duck Creek Range at this latitude, 
based on an ~1-km-thick continuous section of Cambrian stratigraphy in its 
footwall that is undisturbed by faulting (Figs. 1 and 3).

The axes of a NNE-trending anticline and a NNE-trending syncline are 
exposed along cross-section A-A′ (Figs. 1 and 3), and they provide import-
ant constraints for interpreting the subsurface geometry of the Schell Creek 
Range detachment system. The syncline, located east of the Duck Creek Range, 
is developed within Paleogene rocks, and it has an ~35°W-dipping eastern 
limb and an ~30°E-dipping western limb. The anticline, developed within unit 
Cu in the footwall of detachment fault A4 in the Duck Creek Range, has an 
~30°E-dipping eastern limb and an ~20°W-dipping western limb. Paleogene 
rocks in the hanging wall of A4 are not exposed within the hinge zone of the 
anticline (Fig. 1), but they dip ~30°E on average in its eastern limb and ~17°W 
on average in its western limb (Fig. 3), indicating that the anticline folds rocks 
in both the hanging wall and footwall of A4. Therefore, we interpret that A4 is 
also folded across the anticline. Average apparent dips define ≤4° of angular-
ity across the basal Paleogene unconformity on cross-section A-A′. Given the 
minimal angularity of the unconformity, the low stratigraphic cutoff angles 
of all Schell Creek Range detachment system faults, and the lack of exposure 
of any detachment faults structurally below A4 in the Duck Creek Range, we 
interpret that faults A1–A4 are also folded in the subsurface across the syncline 
axis to the east, and that faults A1–A3 must either be cut by, or merge with, 
fault A4 between their traces in the Schell Creek Range and the trace of fault 
A4 in the Duck Creek Range (Fig. 3).

Retrodeformation of the Schell Creek Range detachment system on 
cross-section A-A′ (Fig. 4A) yielded 1.4 km of top-down-to-the-E displacement 
on A1, 12.3 km on A2, 0.2 km on A3, and 2.9 km on A4, defining a cumula-
tive displacement magnitude of 16.8 km. The cumulative east-west extension 
accommodated by the Schell Creek Range detachment system on cross-section 
A-A′ is 16.1 km (Fig. 4A). This is a minimum estimate because the maximum 
permissible cutoff angles for faults A1–A3 were used, and we interpret that no 
other detachment faults underlie A4 in the Duck Creek Range.

Cross-Section B-B′

Cross-section B-B′ (Fig. 5) is supported primarily by the mapping of  Young 
(1960) and is supplemented by bedding measurements from Anderson (1983) 
in Duck Creek Valley and by our mapping in part of the Duck Creek Range 
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1 - Detachment A1 is shown at a dip of 27°W, which is the minimum dip required without intersecting the modern surface to the west of its trace. This constrains the maximum possible hanging wall and footwall 
      cuto� angles to 11°. This dip angle is supported by two 3-point problems to the north and south of the section line, which yield 22-25°W dips.
2 - Detachments A2 and A3 are shown at dips of 27°W at and east of their traces, to match the minimum dip angle shown for the underlying detachment A1. This yields 11° hanging wall and footwall stratigraphic  
      cuto� angles, which are likely a maximum for these two faults, and thus minimizes their displacement magnitude.
3 - Three separate traces of detachment faults exposed along the section line are correlated as detachment A4. The eastern two traces de�ne a dip of 33°W and hanging wall and footwall cuto� angles of 4°. Hanging 
      wall stratigraphic levels between the middle and western traces de�ne a cuto�-angle of 2° with respect to MIP and -2° with respect to Pg. At the western trace (in the Duck Creek Range), A4 is shown at a dip of 
      15°W, which is de�ned by balancing constraints to the west that limit the maximum hanging wall cuto� angle to 4° with respect to MIP and 2° with respect to Pg. The footwall cuto� angle from the Duck Creek 
      Range westward is approximated at 11°, after the maximum cuto� angle constrained for fault A1 to the east, which minimizes displacement.
4 - A4 is the only SCRDS detachment exposed in the Duck Creek Range at this latitude, and although it is possible that there are structurally deeper detachment horizons, A4 is shown here as the structurally lowest
      SCRDS fault in the Duck Creek Range. This is supported by a continuous section of ~1.0 km of underlying stratigraphy of unit Cu that is undisturbed by detachment faults for a map distance of ~4 km to the SSW 
      of the section line (Young, 1960). This decision to show A4 as the structurally lowest detachment in the Duck Creek Range minimizes the magnitude of SCRDS extension on this cross section. 
5 - Average apparent dips of unit Pg de�ne a syncline with a 34°W-dipping eastern limb, an 8°E-dipping axial zone, and a 30°E-dipping eastern limb. Balancing constraints, and the observations of low stratigraphic 
      cuto� angles on all SCRDS faults at this latitude, and in the rest of the study area, require that faults A1-A4 must also be folded by this syncline, and must be cut by (or merge with) fault A4 between their traces in 
      the Schell Creek Range and the trace of fault A4 in the Duck Creek Range.     
6 - At the latitude of the section line, unit Cu dips steeply (~60°) west, but an anticline axis is de�ned by along-strike projection of E-dipping bedding measurements from Cu 0.3-1.2 km to the S of the section line. A 
      continuation of this anticline axis is observed between 2.3-2.7 km along-strike to the SSW, and these measurements are projected onto the cross section as well, to better de�ne the dip angles of the limbs of the 
      culmination. These measurements are projected to their corresponding stratigraphic level on the cross section. The existence of the anticline axis is further supported by a change in dip of unit Pg (and its basal 
      unconformity) from ~30° average eastward dips in the hanging wall of the Duck Creek fault to ~17° W average westward dips in its footwall . This indicates that the anticline also must fold fault A4.
7 - The six westernmost, steeply W-dipping (average of 71° W), post-SCRDS normal faults are interpreted to represent a listric fault array based on an abrupt westward change in dip direction of unit Pg and its basal 
      unconformity across the easternmost fault, from 17° W in the footwall to a homogeneous dip of 21° E in the hanging wall.  The listric fault array is shown with a simple geometry of soling into a W-dipping 
      �at within the western limb of the anticlinal culmination. Alternatively, the change in dip of unit Pg could de�ne a syncline with an axis that is obscured by the easternmost normal fault.
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Figure 5. (A) Cross-section B-B′, showing the modern geometry. Schell Creek Range detachment system (SCRDS) faults B1–B5 are labeled, and bold italic numbers are referenced to footnotes. The subsurface geometry for Spring Valley and the western part of the Northern Snake Range is from the interpreted seismic cross section of 
Gans et al. (1985, their fig. 2). Translucent areas above the modern surface represent eroded rock. (B) Cross-section B-B′ after retrodeformation of displacement on post–Schell Creek Range detachment system high-angle normal faults and 15° of post–Schell Creek Range detachment system westward tilting (see footnote 2). Strati-
graphic cutoff angles are labeled for Schell Creek Range detachment system faults. NSRD—Northern Snake Range décollement.
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(Figs. 1 and 6; Fig. S1C). The subsurface geometry of Spring Valley to the east 
is constrained by the interpreted seismic cross section of Gans et al. (1985) 
(location shown on Fig. 1).

Post–Schell Creek Range detachment system normal faults on cross-section 
B-B′ dip ~40–60°E, with the exception of the Kalamazoo fault, which dips 83°W 
(Fig. 5; Table 1). The Schell Creek fault accommodated 10.5 km of top-down-
to-the-E displacement, resulting in the subsidence and infilling of the Spring 
Valley half graben (Gans et al., 1985). The valley-fill sediments in Spring Valley 
thicken westward, and the unconformity at their base has an average dip of 
14.5°W (Gans et al., 1985). The Duck Creek fault accommodated 1.2 km of top-
down-to-the-E displacement (Table 1), which resulted in the subsidence and 
infilling of the Duck Creek Valley half graben (Anderson, 1983). The valley-fill 
unit (the North Creek Formation of Young, 1960) thickens westward and has 
an average dip of 16°W (Fig. 5). Retrodeformation of displacement on all post–
Schell Creek Range detachment system normal faults on cross-section B-B′, 
combined with restoration of 15° of westward tilting (the average of the Duck 
Creek Valley and Spring Valley half grabens), defined 9.9 km of extension (61%).

Four Schell Creek Range detachment system faults (B1, B2, B3, B5) were 
mapped along cross-section B-B′ in the western part of the Schell Creek Range 
(Figs. 1 and 5; Figs. S1C, S3B, and S4A), and they are shown at a dip angle of 
27°W, which is the average of 11 three-point problems (Table 2; Table S3) and 
defines an average stratigraphic cutoff angle of 8° for these faults. The lowest 
detachment fault (B1) omits 0.8 km of unit Cu. The second lowest detachment 
fault (B2) omits 0.05 km of unit Cu, and the third lowest (B3) places unit OS on 
the upper part of unit Cu and omits 0.6 km of stratigraphy. The highest detach-
ment fault (B5) places unit MIP over unit OS, omitting 2.3 km of stratigraphy. 
Crosscutting relationships indicate that the detachments become younger 
moving structurally upward; for example, B3 cuts downward to the east across 
B2 ~1.5 km south of the B-B′ section line (Fig. 1; Fig. S1C).

Paleogene volcanic rocks overlie unit MIP on the western flank of the Schell 
Creek Range, and average apparent dips above and below the basal Paleogene 
unconformity define 1° of angularity (Fig. 5). To the west, the Schell Creek Range 
detachment system is concealed under Duck Creek Valley. Apparent dips pro-
jected from 0 to 8 km to the north of the section line show that the Paleogene 
section is deformed into an open syncline in the subsurface (~35°W-dipping 
eastern limb, ~15°E-dipping western limb). Several field relationships in the 
eastern half of the Duck Creek Range support this interpretation, including 
the gentle eastward dip (typically ~10°–20°) of Devonian–Pennsylvanian rocks, 
detachment faults B4 and B5, and the Paleogene unconformity (which over-
lies the same Pennsylvanian unit as in the western Schell Creek Range; Table 
1; Fig. 6). Therefore, we show a syncline with unit Pg in its hinge zone in 
the subsurface of Duck Creek Valley on cross-section B-B′, which also folds 
the Schell Creek Range detachment system, similar to our interpretation for 
cross-section A-A′ (Fig. 5).

In the Duck Creek Range, a stacked series of Schell Creek Range detachment 
system faults carry sheets of Cambrian–Pennsylvanian rocks that are as thin 
as ~30–70 m, exhibit stratigraphic cutoff angles typically between 5° and 10°, 

and are folded into an open, antiformal structural culmination (Figs. 5 and 6). 
Five detachment faults (B1–B5) are present. Based on subsurface projection of 
cutoff angles, faults B1, B2, B3, and B5 were correlated with their traces in the 
Schell Creek Range. Observations in the Duck Creek Range that support folding 
of the Schell Creek Range detachment system include: (1) the ~10°–20°E dip of 
Devonian–Pennsylvanian rocks, the Paleogene unconformity, and detachment 
faults B4 and B5 in the eastern half of the range; (2) an anticline axis mapped 
within unit Cl that separates the 36°W-dipping western limb of the culmina-
tion from the 7°E-dipping culmination crest zone; (3) multiple traces of B1 that 
constrain a 5°E dip at the range crest and a 17°W dip on the western flank of 
the range; (4) a 26°W dip for B3 on the western flank of the range; and (5) a 
21°W dip for the Paleogene unconformity at the western edge of the cross 
section. The Schell Creek Range detachment system accomplished extreme 
structural attenuation in the Duck Creek Range, with 5.3 km of cumulative strati-
graphic omission at the culmination axis, where Pennsylvanian rocks lie only 
0.15 km structurally above Lower Cambrian rocks. Crosscutting relationships 
demonstrate that faults of the Schell Creek Range detachment system become 
progressively younger moving structurally upward; for example, B3 cuts B2, 
and B4 cuts B3 (Fig. 6). Also, Young (1960) described NNE-trending drag folds 
that define an ESE-directed sense of motion for fault B5 at a location ~1 km 
north of the B-B′ section line, and for a fault that is likely equivalent to B3 at 
a location ~4 km north of the B-B′ section line.

Retrodeformation of the Schell Creek Range detachment system on cross- 
section B-B′ (Fig. 4B) yielded 14.5 km of top-down-to-the-E displacement on 
B1, 0.6 km on B2, 5.1 km on B3, 6.5 km on B4, and 9.3 km on B5, defining a 
cumulative displacement magnitude of 36.0 km. The cumulative east-west 
extension accommodated by the Schell Creek Range detachment system on 
B-B′ is 35.2 km (Fig. 4B). Another important observation is that the lowest 
detachment fault (B1) cuts down to the top of unit Cl in the Duck Creek Range, 
which requires that the Schell Creek Range detachment system had rooted to 
an approximate stratigraphic flat by the longitude of the culmination axis. This 
flat can be traced for ~13 km between the culmination axis and the eastern 
edge of cross-section B-B′ (Fig. 4B).

Cross-Section C-C′

Cross-section C-C′ (Fig. 7) is supported by the mapping of Drewes (1967) 
(Fig. S1D) and is supplemented by the mapping of Walker et al. (1992) on its 
western side. The following discussion is also supported by a detailed geologic 
map (Fig. 8) of a portion of the Duck Creek Range that lies ~1–8 km north of 
cross-section C-C′, which was compiled from Drewes (1967), our mapping, and 
Walker et al. (1992), and two accompanying cross sections (D-D′ and E-E′; Fig. 9).

Post–Schell Creek Range detachment system normal faults on cross-section 
C-C′ exhibit displacements on the order of 0.15–0.75 km (Table 1). Displacement 
on the Schell Creek fault is not constrained on cross-section C-C′, and the mag-
nitude of post–detachment system westward tilting is also not constrained but 
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is approximated at 10° (see Fig. 7, footnote 10). Retrodeformation of post–Schell 
Creek Range detachment system normal faults yielded 2.3 km of minimum 
extension (13%; Fig. 7).

Six detachment faults are present on cross-section C-C′ (C1–C6), and they 
carry sheets that are up to 13 km long and typically between 0.2 and 0.4 km 
thick (Fig. 7). A combination of three-point problems and geometric constraints 
between multiple traces that intersect the section line (Fig. 7, footnotes; Table 
2; Table S3) showed that detachment faults generally dip ~5°–15°E in the east-
ern Schell Creek Range, are subhorizontal near the Schell Creek Range crest, 
and are folded into an open antiformal culmination in the Duck Creek Range. 
Detachment faults C1–C6 were drafted at their maximum possible cutoff angles 
(typically between 3° and 7°; Figs. 4 and 7, footnotes). The Paleogene unconfor-
mity is exposed in one locality each on cross-section C-C′ and in Figures 8 and 
9, where it overlies Pennsylvanian rocks and exhibits minimal (≤3°) angularity.

The structurally lowest detachment fault (C1) is exposed in the eastern 
Schell Creek Range (Fig. 1C; Fig. S1D), where its footwall level lies 100 m 
stratigraphically above the top of unit Cl, and it is correlated with the lowest 
detachment in the Duck Creek Range culmination zone (Figs. 8 and 9; Figs. S3A 
and S4B), which consists of two splays that deform the top portion of unit Cl 
(formations Cpm and Cp). Similar to cross-section B-B′, this indicates that the 
basal detachment fault had ramped downward approximately to the Cl-Cu con-
tact by the longitude of the Duck Creek Range, thus requiring a 12.8-km-long 
footwall flat between the western edge of cross-section C-C′ and the trace of 
C1 in the Schell Creek Range (Figs. 4 and 7; Fig. S3A). C1 omits up to 1.55 km 
of stratigraphy and accommodated 12.8 km of displacement.

Detachment fault C2 omits up to 1.1 km of units Cu and OS and accom-
modated 11.9 km of displacement. Detachment fault C3 omits 1.1 km of unit 
OS and has 10.9 km of displacement. Detachment fault C4 was only observed 
in the Duck Creek Range, where it omits 0.3 km of unit D and has 4.3 km of 
displacement. Correlation of detachment fault C5 between traces in the Schell 
Creek Range, where it places unit D over unit OS, and traces in the Duck Creek 
Range, where it places unit MIP over unit D, shows that this fault omits up 
to 0.65 km of stratigraphy and accommodated 4.5 km of displacement. As 
documented on cross-sections A-A′ and B-B′, Schell Creek Range detachment 
faults on cross-section C-C′ become successively younger with increasing 
structural height; for example, C3 cuts C2, C5 cuts C4, and C6 cuts C5 and C1 
(Table 2; Fig. 8).

Detachment C6 was correlated between multiple traces in the Duck Creek 
Range that deform unit MIP (placing formation IPe over formation Mc; Fig. 8) 
and a klippe of unit MIP in the Schell Creek Range that overlies unit OS in the 
hanging wall of C2 (the “C6 klippe” on Figs. 1, 4, and 7). The preservation of 
this klippe requires that C6 must cut structurally downward to the east across 
detachment faults C5 and C3 above the modern surface (Fig. 7). Detachment 
fault C6 was mapped by Drewes (1967) as cutting the basal conglomerate of unit 
Pg between 2 and 8 km south of cross-section C-C′ (Fig. 1). C6 omits 0.05 km  
of unit MIP in the Duck Creek Range, omits 3.05 km of stratigraphy beneath the 
klippe in the Schell Creek Range, and accommodated 7.5 km of displacement.

On the western end of cross-section C-C′, average apparent dips of units D 
and MIP define an antiformal culmination with a 27°E-dipping eastern limb and 
a 16°W-dipping western limb. Well-exposed field relations 4–8 km to the north 
of cross-section C-C′ illustrate folding of multiple detachment faults across the 
culmination (Figs. 8 and 9; Fig. S4B). Here, detachment faults C1 and C2 (each 
consisting of two separate splays) are deformed into an open antiform, with 
the rocks in their hanging wall and footwall generally dipping ~25°W in the 
western limb and ~20°–30°E in the eastern limb. Cross-section D-D′ crosses 
multiple traces of the lower splay of C1, which defines an eastward transi-
tion from a 20°W dip to a 5°E dip as the culmination axis is crossed, and the 
upper splay of C2 must dip at least 15°E in the eastern limb of the culmination 
(Fig. 9, footnotes). Field relationships illustrate extreme stratigraphic attenu-
ation over the culmination axis, including 5.0 km of cumulative omission on 
cross-section D-D′, where Pennsylvanian rocks above C6 are separated from 
Lower Cambrian rocks below C1 by five detachment-bounded sheets with a 
cumulative structural thickness of 0.6 km (Fig. 9). We documented a similar 
omission magnitude ~1.7 km to the north of cross-section D-D′ (Fig. 8), where 
Pennsylvanian rocks overlie Lower Cambrian rocks across detachment C6, 
which defines 5.2 km of omission.

The cumulative displacement on the Schell Creek Range detachment sys-
tem on cross-section C-C′ is 51.9 km, and the minimum cumulative east-west 
extension accommodated by the detachment system across cross-section C-C′ 
is 51.5 km (Fig. 4C). However, as discussed in the following section, we interpret 
that cross-section C-C′ was likely drafted oblique to the transport direction of 
the Schell Creek Range detachment system, and therefore this displacement 
estimate may not be representative.

 ■ INTERPRETATION OF THE GEOMETRY, KINEMATICS, AND 
MAGNITUDE OF EXTENSION ON THE SCHELL CREEK RANGE 
DETACHMENT SYSTEM

An interpretive model for the Schell Creek Range detachment system must 
explain the following first-order observations:
(1) The Schell Creek Range detachment system is an integrated system of top-

down-to-the-E, brittle faults with ~5°–10° stratigraphic cutoff angles, with 
the geometry of an upward-younging imbricate stack that carries sheets 
on the order of ~0.1–0.5 km thick and up to ~8–13 km long.

(2) The western portion of the Schell Creek Range detachment system is folded 
across an antiformal culmination with an interlimb angle of 120°–135° and 
an eastern limb with a structural height of 1.5–2.0 km and a map length of 
2.8–3.1 km. In the crest zone of the culmination, structurally lower sheets are 
often incised or cut out by structurally higher detachments, resulting in greater 
stratigraphic omission (up to 5.2–5.3 km) compared to the thicker imbricate 
stack to the east in the Schell Creek Range (up to 3.7–4.6 km). The increase in 
omission with proximity to the culmination axis supports a scenario of pro-
gressive synextensional growth of the culmination (Long and Walker, 2015).
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(3) The basal Paleogene unconformity in the Schell Creek and Duck Creek 
Ranges exhibits minimal angularity (typically 0°–3°) and low structural 
relief (0.7 km total) with respect to underlying Paleozoic rocks (Young, 1960; 
Drewes, 1967), which is also observed in many of the surrounding ranges 
(e.g., Kellogg, 1963; Fritz, 1968; Moores et al., 1968; Armstrong, 1972; Hose 
and Blake, 1976; Gans and Miller, 1983; Rodgers, 1987; Long, 2012, 2015). 
Therefore, Paleozoic rocks had shallow dip angles prior to extension on the 
Schell Creek Range detachment system, which indicates that the ~5°–10° 
stratigraphic cutoff angles of detachment faults approximate the angles 
at which they initiated.

(4) Schell Creek Range detachment faults cut rocks as shallow as the base of 
the Paleogene section, which were likely within ~1 km of the paleosur-
face (e.g., Armstrong, 1972; Gans and Miller, 1983). This indicates that the 
exposed levels of the Schell Creek Range detachment system were active 
at a paleodepth range of ~1–7 km, which is consistent with the breccia 
zones observed along detachment faults (Fig. S2).
We interpret that the Schell Creek Range detachment system records the 

progressive evolution of the breakaway zone of a low-angle, top-down-to-the-E 
detachment fault system. Key aspects of the geometry and kinematics of the 
Schell Creek Range detachment system are well explained by the process of 
excision, whereby a detachment fault system evolves by cutting progressively 
upward into its hanging wall (Lister and Davis, 1989). In the excision model, an 
actively slipping detachment becomes progressively domed due to isostatic 
rebound induced by structural thinning (Fig. 4D). Eventually, the portion of 
the detachment updip of the axis of doming becomes back-tilted to a point 
where it becomes mechanically favorable to form a new, structurally higher 
detachment, thereby accreting a thin sheet of rock to the footwall. The number 
of preserved sheets in the Schell Creek Range detachment system indicates that 
this process took place at least three to five times. With continued displacement 
and isostatic rebound, an anticlinal culmination that folds the detachment 
system is progressively constructed. Continued uplift results in incision of 
structurally lower sheets above the culmination axis, which increases struc-
tural attenuation, and thus acts as a positive feedback process that promotes 
a stationary, long-duration site of isostatic uplift (the “fixed hinge” of Long 
and Walker, 2015). Long et al. (2018) demonstrated that the axis of uplift is 
predicted to be located at the approximate point where the detachment fault 
roots to a footwall flat. The geometries of cross-sections B-B′ and C-C′ support 
this prediction for the Schell Creek Range detachment system (A-A′ does not 
exhibit this geometry, but this is likely the consequence of our assumption 
that there are no detachments below A4 in the Duck Creek Range). The final 
geometry is a stacked series of long, thin, detachment-bounded sheets, which 
were progressively emplaced from bottom to top.

Cumulative displacement on the Schell Creek Range detachment sys-
tem appears to increase southward, from 16.8 km on cross-section A-A′, to  
36.0 km on B-B′, to 51.9 km on C-C′. However, the displacement magnitude 
on cross-section A-A′ is likely an underestimate, as we used the maximum 
possible cutoff angles for detachments A1–A3, and we assumed that there 

are no detachments beneath A4 in the Duck Creek Range. Also, due to differ-
ences in the average strike direction of detachment faults, the C-C′ section 
line is oriented 35° counterclockwise to cross-sections A-A′ and B-B′ (Fig. 
1C). We consider the 105° strike-normal azimuth of cross-sections A-A′ and 
B-B′ to likely be the most representative for the average transport direction 
of Schell Creek Range detachment system, based on the top-to-the-ESE 
motion direction for the faults B3 and B5 indicated by drag folding (Young, 
1960), and the similarity to the 110°–125° transport direction of the North-
ern Snake Range décollement to the east (e.g., Miller et al., 1983; Lee et al., 
1987). Therefore, we speculate that the 070° azimuth of cross- section C-C′ 
is oriented oblique to the Schell Creek Range detachment system transport 
direction. Given that the total number of detachments, as well as the strati-
graphic levels that they occupy, can change over relatively short distances 
along strike (e.g., Young, 1960; Drewes, 1967; also see Figs. 1, 6, 8, and 9), 
we speculate that the 51.9 km cumulative displacement for cross-section 
C-C′ may not be a representative estimate for this fault system. Therefore, 
from this point forward, we consider the 36.0 km cumulative displacement 
estimate from cross-section B-B′ to be the most representative for the Schell 
Creek Range detachment system.

 ■ CONSTRAINTS ON THE TIMING OF EXTENSION ON  
THE SCHELL CREEK RANGE DETACHMENT SYSTEM

The minimal angularity and structural relief across the basal Paleogene 
unconformity (Young, 1960; Gans and Miller, 1983; this study), combined with a 
lack of map evidence for any detachment faults being truncated by the uncon-
formity (Young, 1960; Drewes, 1967), indicate that large-scale displacement on 
the Schell Creek Range detachment system must have postdated deposition 
of the late Eocene Kinsey Canyon Formation (the basal Paleogene clastic unit).

Along and proximal to cross-sections A-A′ and C-C′, the structurally highest 
detachment faults (faults A4 and C6) cut the basal part of the Paleogene section 
(Young, 1960; Drewes, 1967). On cross-section A-A′, detachment fault A4 cuts 
as high in the section as the basal unit of the Kalamazoo volcanic rocks (Young, 
1960), indicating that displacement on this fault initiated after ca. 36.1–35.2 Ma 
(40Ar/39Ar sanidine; Druschke et al., 2009). Between 2 and 8 km to the south 
of section C-C′, detachment C6 cuts the Kinsey Canyon Formation (Drewes, 
1967), indicating that displacement on this fault initiated after ca. 36.5–35.2 Ma 
(40Ar/39Ar sanidine and U-Pb zircon; Druschke et al., 2009, 2011).

Intraformational angular unconformities between Paleogene rock units 
have been used to support interpretations for a synvolcanic initiation of 
 extension-related tilting in the Schell Creek Range. Near cross-section C-C′, 
Druschke et al. (2009) described up to 20° of local differential eastward and 
westward tilting between the Kinsey Canyon Formation and the overlying 
Kalamazoo volcanic rocks, which brackets tilting and erosional beveling of 
the Kinsey Canyon Formation between ca. 35.5 and ca. 35.2 Ma (40Ar/39Ar san-
idine). Near cross-section A-A′, Gans and Miller (1983) and Gans et al. (1989) 
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described local differential tilting between ca. 36.0 and 35.8 Ma (K/Ar biotite) 
tuffs and lavas of the Kalamazoo volcanic rocks.

The primary field relationship that brackets the cessation of displacement 
on the Schell Creek Range detachment system is the onset of deposition of 
the North Creek Formation in Duck Creek Valley, which was deposited in a 
gently west-tilted half graben generated by displacement on the Duck Creek 
fault (Young, 1960; Anderson, 1983; Gans and Miller, 1983). The North Creek 
Formation overlies the Kalamazoo volcanic rocks across an angular unconfor-
mity and postdates the folding of these volcanic rocks into an open syncline 
that we attribute to construction of the eastern limb of the culmination that 
folds the Schell Creek Range detachment system (Figs. 1C and 5). The Duck 
Creek fault cuts multiple Schell Creek Range detachment faults (Young, 1960; 
Figs. 1C, 3, and 5), and its initiation is interpreted to demarcate a transition to 
an episode of lower-magnitude extension along high-angle, latest Paleogene 
to Neogene normal faults (Anderson, 1983; Gans et al., 1985, 1989). Therefore, 
we interpret that deposition of the 28.7–26.1 Ma (zircon fission-track dating; 
Anderson, 1983) vitric tuff near the base of the North Creek Formation brack-
ets the youngest possible age for the cessation of displacement on the Schell 
Creek Range detachment system.

In summary, field relationships and geochronology of Paleogene rocks 
bracket large-scale displacement along the Schell Creek Range detachment 
system between ca. 36.5 and 26.1 Ma (late Eocene to late Oligocene).

 ■ DISCUSSION

The Schell Creek Range detachment system is characterized by as many 
as six low-angle, top-down-to-the-ESE, brittle detachment faults that cut 
across late Eocene volcanic and sedimentary rocks and the thick, underly-
ing Paleozoic sedimentary section of eastern Nevada. On the basis of their 
spatial proximity, their compatible displacement sense, their overlapping 
deformation timing, as well as the similar Lower Cambrian stratigraphic level 
to which they root, we interpret that the Schell Creek Range detachment sys-
tem represents the western breakaway zone for the Northern Snake Range 
décollement to the east (Fig. 1B). In the following sections, we discuss our 
arguments for genetically relating high-magnitude, top-down-to-the-ESE 
extension on the Schell Creek Range detachment system to the Northern 
Snake Range décollement. Our discussion is supported by cross-section F-F′ 
across the Northern Snake Range (Fig. 10A; line of section shown on Fig. 
1B), which utilizes the 1:24,000 scale geologic map compilation of Johnston 
(2000). The F-F′ section line is drawn at an azimuth of 117.5°, which is the 
average trend of mineral stretching lineations in the Northern Snake Range 
décollement footwall and is interpreted as the best estimate for the extension 
direction (Miller et al., 1983; Lee et al., 1987).

The present-day structural framework of the Northern Snake Range has 
been established in detail (e.g., Miller et al., 1983; Gans et al., 1985; Lee et al., 
1987), yet there remains a long-standing debate over the pre-extensional depth 

of Neoproterozoic–Lower Cambrian metasedimentary rocks in the Northern 
Snake Range décollement footwall, and the corresponding implications for 
the original geometry, depth, and displacement magnitude of this structure. 
Earlier studies proposed that the Northern Snake Range décollement origi-
nated as an ~7-km-deep, subhorizontal zone of decoupling between brittlely 
deformed rocks above, which restore to ~0–7 km pre-extensional stratigraphic 
depths, and ductilely stretched metasedimentary rocks below, which restore 
to pre-extensional stratigraphic depths of ~7–12 km (Gans and Miller, 1983; 
Miller et al., 1983; Gans et al., 1985; Lee et al., 1987). In contrast, other studies 
have presented structural arguments (Bartley and Wernicke, 1984; Wrobel et 
al., 2021) and thermobarometry data (Lewis et al., 1999; Cooper et al., 2010) 
that suggest that rocks in the footwall of the Northern Snake Range décolle-
ment were buried as deep as ~20–30 km prior to extension, potentially up to 
~3 times greater than their original stratigraphic depths. Attainment of these 
depths has been attributed to burial during Cretaceous structural thickening 
(Bartley and Wernicke, 1984; Lewis et al., 1999; Wrobel et al., 2021).

The disagreement over the pre-extensional geometry of the Northern 
Snake Range metamorphic core complex remains unresolved, as several 
field relationships (summarized in Miller et al., 1999a) provide strong argu-
ments that rocks above and below the Northern Snake Range décollement 
were stratigraphically contiguous prior to extension. In addition, a recent 
cross-section restoration across eastern Nevada and western Utah did not 
find evidence for large-scale contractional structures that could have accom-
modated deep structural burial in the region surrounding the Northern Snake 
Range (Blackford et al., 2022). Other factors contributing to this debate include 
recent studies in the Ruby–East Humboldt metamorphic core complex in north-
eastern Nevada, which argue that pre-extensional structural burial depths of 
footwall rocks were much shallower than thermobarometric estimates (Henry 
et al., 2011; Zuza et al., 2020), allowing for the possibility that these rocks 
experienced tectonic overpressure (Zuza et al., 2022). Also, Hoiland (2019), 
based on analysis of temperature and pressure data, tentatively interpreted 
that rocks in the Northern Snake Range experienced tectonic overpressure 
that may have generated a departure from lithostatic pressures by up to a 
factor of two.

As our study is focused on describing the geometry and kinematics of 
extension in the Schell Creek and Duck Creek Ranges, the resolution of the 
long-standing debate over the pre-extensional geometry of the Northern Snake 
Range metamorphic core complex is beyond the scope of this paper. Given 
this, we present a restored version of a cross section across the Northern 
Snake Range (Fig. 11B) that illustrates a simple pre-extensional geometry 
that: (1) follows the interpretations of Gans and Miller (1983), Miller et al. 
(1983), and Gans et al. (1985), wherein the Northern Snake Range décollement 
restores to an ~7-km-deep, subhorizontal geometry; (2) assumes that rocks in 
the footwall of the Northern Snake Range décollement restore to an original 
stratigraphic depth range of ~7–12 km; and (3) utilizes the finite strain data of 
Lee et al. (1987) to reconstruct the pre-extensional dimensions of rocks in the 
Northern Snake Range décollement footwall. Nevertheless, we acknowledge 
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Figure 11. (A) Composite cross section across the Duck 
Creek, Schell Creek, and Northern Snake Ranges, con-
sisting of B-B′ combined with F-F′ (lines of section 
shown on Fig. 1), which were joined at the longitude 
on B-B′ that matched the elevation of the Northern 
Snake Range décollement (NSRD) at the western edge 
of F-F′ (see footnote 1). The top cross section shows 
the present-day geometry, and the bottom cross sec-
tion shows the geometry after retrodeformation of 
post–Schell Creek Range detachment system (SCRDS) 
faults (see footnotes and captions of Figs. 5 and 10). 
Bold italic numbers are referenced to footnotes.  
(B) Composite B-B′–F-F′ cross section (shown at a 
smaller size than A), showing a geometry that is re-
stored for displacement on the linked Schell Creek 
Range detachment system–Northern Snake Range 
décollement fault system (SCRDS-NSRD; top cross 
section) and the post-SCRDS-NSRD geometry (bottom 
cross section; note that the geometry shown predates 
Neogene extension along high-angle Basin and Range 
normal faults). The restored section was drafted follow-
ing published interpretations indicating that rocks in 
the Northern Snake Range décollement footwall restore 
to pre- extensional stratigraphic depths of ~7–12 km  
(Gans and Miller, 1983; Miller et al., 1983; Gans et al., 
1985); we acknowledge that other pre-extensional ge-
ometries are possible (see text for discussion). Red 
numbers 1–4 on the restored section are displace-
ment markers, and their corresponding positions in 
the footwall (F) and hanging wall (H) of the linked 
Schell Creek Range detachment system–Northern 
Snake Range décollement fault system are shown on 
the deformed cross section. The magnitude of isostatic 
uplift in rocks that restore to the west of the Duck 
Creek Range is schematic. COCORP—Consortium for 
Continental Reflection Profiling. 
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that many different pre-extensional geometries are possible, including those 
that allow for deeper structural burial of Northern Snake Range décollement 
footwall rocks (Bartley and Wernicke, 1984; Lewis et al., 1999; Cooper et al., 
2010; Wrobel et al., 2021), and geometries that are compatible with interpre-
tations that the Northern Snake Range décollement may have initiated at a 
moderate to steep (~40°) eastward dip angle (Lee, 1995). For this reason, our 
emphasis is on the implications of the extensional displacement magnitude 
along the Schell Creek Range detachment system that was fed eastward into 
the Northern Snake Range décollement. Given the assumptions above, we 
can use our pre-extensional geometry to postulate the magnitude of resulting 
brittle and ductile extension across the Northern Snake Range, although we 
regard the resulting extension values as approximate.

Geometry and Magnitude of Ductile and Brittle Extension in  
the Northern Snake Range

The Northern Snake Range décollement is exposed across the width of the 
Northern Snake Range (Figs. 1B and 10A). Above the Northern Snake Range 
décollement, Middle Cambrian to Permian sedimentary rocks were extended 
by two sets of top-down-to-the-ESE normal faults, including an older set of 
faults that have been rotated through horizontal to gentle westward dips by 
displacement and rotation along a younger set of high-angle normal faults 
(Miller et al., 1983; Johnston, 2000). All normal faults on cross-section F-F′ (with 
one exception) either terminate into or sole downward into the Northern Snake 
Range décollement (Fig. 10A), which is a top-down-to-the-ESE detachment 
surface that developed at the top of unit Cl (either within the Pioche Shale 
or at the top of the Prospect Mountain Quartzite; Miller et al., 1983). Beneath 
the Northern Snake Range décollement, Neoproterozoic to Lower Cambrian 
metasedimentary rocks have been ductilely stretched subhorizontally and 
thinned subvertically (Miller et al., 1983; Lee et al., 1987). All rocks in the North-
ern Snake Range décollement footwall exhibit a penetrative tectonic foliation 
that is subparallel to the décollement and ESE-trending mineral stretching 
lineations (Lee et al., 1987). The Northern Snake Range décollement has been 
broadly domed across the range (Fig. 10A), dipping ~10° on the range flanks 
and subhorizontal at the range crest.

Miller et al. (1983) documented that the magnitude of thinning of Neopro-
terozoic–Cambrian rocks in the Northern Snake Range décollement footwall 
increases moving eastward. This is best illustrated in unit Cl (the Prospect 
Mountain Quartzite), which has an approximately uniform thickness of 1.2– 
1.3 km in undeformed sections in ranges in the surrounding region (e.g., Young, 
1960; Fritz, 1968; Hose and Blake, 1976; Gans and Miller, 1983; Miller et al., 1983; 
Lee et al., 1987; Rodgers, 1987; this study) but exhibits an attenuated thickness 
that decreases eastward to as little as ~100–200 m on the eastern flank of the 
Northern Snake Range (Miller et al., 1983). Lee et al. (1987) determined three- 
dimensional (3-D) finite strain ellipsoids from 11 localities in the Northern Snake 
Range décollement footwall, by measuring elongated detrital quartz grains 

and quartzite pebbles within the Prospect Mountain Quartzite and underlying 
Neoproterozoic quartzites. Their observations showed that bedding, tectonic 
foliation, the x-y strain plane, and the Northern Snake Range décollement are 
everywhere subparallel, and that 3-D strain was slightly constrictional (7% 
average shortening normal to lineation, with a total range of 0%–17%). They 
documented an eastward increase in lineation-parallel stretching at the latitude 
of cross section F-F′, which corroborates the field observation of increasing 
ductile thinning.

On cross section F-F′, we used the 11 finite strain analyses of Lee et al. (1987), 
combined with estimates of the ductile thinning magnitude of  Neoproterozoic–
Lower Cambrian rocks on the western and eastern flanks of the range, to 
generate a six-domain model for finite strain in the Northern Snake Range 
décollement footwall (Fig. 10B; Table 3). We divided the data of Lee et al. (1987) 
into four strain domains (abbreviated “SD”) from west to east: SD2 has an 
average strain ellipsoid of 6.4:2.2:1.0 (n = 2), which corresponds to 164% 
 lineation-parallel extension and 58% foliation-normal shortening; SD3 has 
an average ellipsoid of 9.3:3.1:1.0 (n = 6), which defines 204% extension and 
67% shortening; SD4 has an average ellipsoid of 13.3:3.5:1.0 (n = 2), which 
corresponds to 270% extension and 72% shortening; and SD5 has a single 
ellipsoid of 31.1:4.2:1.0, which defines 513% extension and 80% shortening. 
We defined two additional strain domains, one on the western flank of the 
range (SD1), where the thickness of the Prospect Mountain Quartzite on the 
interpreted seismic cross section of Gans et al. (1985) defines 8% bulk thinning 
(Fig. 10A, footnote 6), and one on the eastern flank of the range (SD6), where 
attenuated thicknesses on cross-section F-F′ define 86% bulk thinning of the 
Prospect Mountain Quartzite and underlying Neoproterozoic units (Fig. 10A, 
footnote 1). Using these thinning magnitudes, and assuming 7% lineation- 
normal shortening for these two strain domains (which is the average of the 
four strain domains defined by the data of Lee et al., 1987), we calculated an 
ellipsoid of 1.27:1.02:1.00 for SD1, defining 17% extension and 8% shortening, 
and an ellipsoid of 52.0:6.5:1.0 for SD6, corresponding to 647% extension and 
86% shortening. The low strain magnitude for SD1 is corroborated by stretching 
lineations in the Prospect Mountain Quartzite that progressively die out toward 
the northwestern flank of the range (Gans et al., 1985; Lee et al., 1999b). The 
six strain domains have a cumulative modern WNW-ESE length of 27.8 km. 
Restoration of the strain domains to their undeformed geometry defines an 
original length of 8.7 km, corresponding to 19.1 km of cumulative extension 
(220%) via ductile stretching (Fig. 10B), which is similar to the 250% estimate 
obtained by Lee et al. (1987).

Measuring the magnitude of brittle extension above the Northern Snake 
Range décollement along cross-section F-F′ is more difficult, as the restored 
east-west positions of the preserved fault-bounded blocks in its hanging wall 
cannot be easily constrained. Using the geologic map compilation of Johns-
ton (2000), we performed three-point problems (n = 25) on normal faults on 
cross-section F-F′ (supporting data in Table S5), which demonstrated that the 
older set of rotated, west-dipping normal faults generally dip between 13° and 
24°W (19°W average) and exhibit stratigraphic cutoff angles typically between 
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13° and 27° (20° average). The younger set of east-dipping faults typically dip 
between 27° and 47°E (32°E average) and have highly variable cutoff angles. 
The majority of fault-bounded blocks on cross-section F-F′ contain Middle–
Upper Cambrian to Ordovician rocks (Fig. 10A). By restoring these blocks 
of units Cu and OS as close together as possible without overlapping, we 
measured a minimum original east-west length of 10.8 km (Fig. 11B). When com-
pared to their present-day distribution across an east-west length of 25.5 km,  
this defines 14.7 km of extension (136%). This estimate should be considered 
approximate, as it does not account for restoration of faults that carry the 
more sparsely preserved Devonian–Permian rocks. However, this is similar 
to published estimates of brittle extension above the Northern Snake Range 
décollement, which range from 13 to 25 km (Miller et al., 1983; Long, 2019).

Overlap in Timing of Displacement along the Schell Creek Range 
Detachment System and Northern Snake Range Décollement

The timing of displacement along the Schell Creek Range detachment sys-
tem and the Northern Snake Range décollement overlaps between the late 
Eocene and late Oligocene. The timing of extension in the Northern Snake 
Range was recently summarized by Lee et al. (2017), and readers are referred 
to their study for a detailed discussion. Normal fault–related tilting in the 
Northern Snake Range décollement hanging wall initiated as early as ca. 35 Ma  
and continued until at least ca. 24–21 Ma (Gans et al., 1989; Martinez et al., 
1998), and dating of undeformed and deformed rhyolitic dikes that intrude 
the Northern Snake Range décollement footwall brackets high-strain ductile 
stretching and mylonitization between ca. 37.8 Ma and ca. 22.5 Ma (Lee et al., 
2017). This timing range is supported by thermochronometry data (muscovite 

and K-feldspar 40Ar/39Ar, zircon fission track) from rocks in the Northern Snake 
Range décollement footwall that define an eastward-younging cooling history, 
which has been interpreted to represent the progressive migration of synex-
tensional exhumational unroofing (Lee and Sutter, 1991; Lee, 1995; Miller et al., 
1999a; Gébelin et al., 2011). Apatite fission-track ages from the Northern Snake 
Range décollement footwall require that extension-related cooling continued 
until at least ca. 17–15 Ma (Miller et al., 1999a). However, this late-stage exten-
sion postdated the ductile stretching of the Northern Snake Range décollement 
footwall and was likely related to a younger, regionally pervasive episode of 
high-angle Basin and Range normal faulting (Gans et al., 1985; Lee et al., 2017).

Top-down-to-the-ESE extension along the Schell Creek Range detachment 
system is bracketed between ca. 36.5 and 26.1 Ma (see section Constraints on 
the Timing of Extension on the Schell Creek Range Detachment System), which 
falls within the ca. 37.8–22.5 Ma bracketed timing range for ductile stretching 
of the Northern Snake Range décollement footwall (Lee et al., 2017) and is 
compatible with the ca. 35 Ma initiation of normal faulting in the Northern 
Snake Range décollement hanging wall (Gans et al., 1989).

Geometric Model for the Linked Schell Creek Range Detachment 
System–Northern Snake Range Décollement Extensional System

The Schell Creek Range detachment system and the Northern Snake Range 
décollement both accommodated high-magnitude, top-down-to-the-ESE 
extension, and the timing of displacement along these detachment systems 
overlapped. These observations, combined with their spatial proximity (their 
map traces are separated today by as little as ~17 km E-W distance, which 
reduces to as little as ~10 km after restoration of post–Schell Creek Range 

TABLE 3. SUPPORTING DATA FOR THE SIX-DOMAIN FINITE STRAIN MODEL FOR THE NORTHERN SNAKE RANGE DÉCOLLEMENT FOOTWALL FOR CROSS-SECTION F-F′ (SEE FIG. 10B)

Strain 
domain

Number of 
supporting finite 

strain analyses from 
Lee et al. (1987)

Average 
X/Z

Average 
Y/Z

Average 
Z

Undeformed 
sphere 

diameter

Lineation-
parallel (X) 
extension

(%)

Lineation-
normal (Y) 
extension

(%)

Foliation- 
normal (Z) 
shortening

(%)

Modern 
east-west 

length
(km)

Undeformed 
thickness 

(Cpm)
(km)

Undeformed 
thickness 

(Zmo-Zm4)
(km)

Modern 
thickness 

(Cpm) 
(km)

Modern 
thickness 

(Zmo–Zm4)
(km)

Restored 
east-west 

length
(km)

Extension
(km)

1 * 1.27 1.02 1.0 1.09 17 –7 8 2.6 1.25 1.51 1.15 1.39 2.23 0.4
2 2 (JL1-115, 116) 6.4 2.2 1.0 2.41 164 –9 58 3.2 1.25 1.51 0.52 0.63 1.21 2.0
3 6 (JL1-148, 149, 

150, 151, 152, 157)
9.3 3.1 1.0 3.05 204 0 67 6.3 1.25 1.51 0.41 0.49 2.07 4.2

4 2 (JL2-32, SP4) 13.3 3.5 1.0 3.59 269 –3 72 7.1 1.25 1.51 0.35 0.42 1.93 5.2
5 1 (JL2-91) 31.1 4.2 1.0 5.07 513 –17 80 3.0 1.25 1.51 0.25 0.29 0.49 2.5
6 † 52.0 6.5 1.0 6.97 647 –7 86 5.6 1.25 1.51 0.18 0.22 0.75 4.8

Note: Cpm is the Prospect Mountain Quartzite, and units Zmo–Zm4 are unit divisions of the Neoproterozoic McCoy Creek Group from Johnston (2000), which are correlated with units Zma–Zme of Gans et al. (1985) on B-B′.
*Strain domain 1: We generated a strain ellipsoid that yielded 8% vertical thinning (based on the 1.15 km thickness of Cpm measured in the subsurface under the western flank of the northern Snake Range on the seismic cross 

section of Gans et al. [1985], compared to its 1.25 km undeformed thickness in surrounding ranges), assuming –7% Y extension (the average for strain domains 2–5).
†Strain domain 6: We generated a strain ellipsoid that yielded 86% vertical thinning (based on the 210 m attenuated thickness of units Zmo–Zm4 on the eastern end of F-F′, compared to their 1.51 km undeformed thickness in the 

Schell Creek Range), assuming –7% Y extension (the average for strain domains 2–5).
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detachment system normal faulting; Fig. 5) and the similar stratigraphic level 
to which they root (the top of the Lower Cambrian clastic section), lead us 
to interpret that they represent the western (Schell Creek Range detachment 
system) and eastern (Northern Snake Range décollement) components of the 
same integrated fault system (illustrated by combining cross-sections B-B′ and 
F-F′ on Fig. 11A). We suggest that the Schell Creek Range detachment system 
represents the low-angle breakaway zone, which traversed the upper ~7 km 
of the crust at an average cutoff angle of ~10° (Fig. 11B). The Schell Creek 
Range detachment system rooted eastward to a flat at the top of the Lower 
Cambrian clastic section, which accommodated polyphase brittle extension 
in its hanging wall and a progressively eastward-increasing component of 
ductile stretching in its footwall and is expressed today as the Northern Snake 
Range decollement. With progressive extension and isostatic rebound, the 
Schell Creek Range detachment system evolved via repeated excision into 
an imbricate stack of thin sheets that are folded across a narrow anticlinal 
culmination (Fig. 4D).

The minimal angularity of the Paleogene unconformity in the Schell Creek 
and Duck Creek Ranges (Young, 1960; Drewes, 1967; Gans and Miller, 1983), 
when combined with the stratigraphic levels and low stratigraphic cutoff angles 
of Schell Creek Range detachment faults, constrains the shallow crustal depth 
and gentle initial eastward dip of the detachment system in the western ~8 km  
of our restored section (Fig. 11B). However, due to uncertainties in the pre- 
extensional geometry of the Northern Snake Range (e.g., Miller et al., 1983; 
Bartley and Wernicke, 1984; Lewis et al., 1999; Cooper et al., 2010; Hoiland, 2019; 
Wrobel et al., 2021), the initial dip angle of the eastern portion of the Schell 
Creek Range detachment system is less certain. Our reconstruction (Fig. 11B), 
which restores rocks in the Northern Snake Range décollement footwall to 
their original stratigraphic depths (after Miller et al., 1983), and which shows 
the Schell Creek Range detachment system dipping ~10°E and rooting to a flat 
at the top of the Lower Cambrian section, can be considered an end-member 
geometry that yields the lowest initial dip angle. However, published barometry 
and structural reconstructions argue that the pre-extensional depths of the 
Northern Snake Range décollement footwall may have been deeper (Cooper 
et al., 2010; Wrobel et al., 2021), which could increase the initial dip angle of 
the eastern portion of the Schell Creek Range detachment system. Assuming 
a homogeneous eastward dip for the Northern Snake Range décollement and 
the eastern portion of the Schell Creek Range detachment system, the ~7 km of 
structural burial via folding that Wrobel et al. (2021) argued for in the northern 
part of the Northern Snake Range would yield in an average dip of ~13°E. Peak 
pressure estimates from two Neoproterozoic samples collected proximal to the 
eastern edge of our F-F′ cross-section line by Cooper et al. (2010) (sample FHe9: 
5.7 ± 0.9 kbar, and sample FHe268: 6.1 ± 0.7 kbar) would yield an initial dip 
range between ~14° and 21°E (assuming a lithostatic gradient of ~3.7 kbar/km).  
However, we emphasize that the initial dip angle of the Northern Snake Range 
décollement and the eastern portion of the Schell Creek Range detachment 
system does not affect the stratigraphic cutoff angles or displacement esti-
mates that we calculated in our cross-section reconstructions.

Under our interpretation of a linked Schell Creek Range detachment system–
Northern Snake Range décollement fault system, the cumulative displacement 
on the Schell Creek Range detachment system that we measured provides an 
important new constraint on the magnitude of displacement on the Northern 
Snake Range décollement, which has been the subject of long-standing debate 
(e.g., Gans and Miller, 1983; Miller et al., 1983; Bartley and Wernicke, 1984; 
Gans et al., 1985; Lee et al., 1987; Lewis et al., 1999; Cooper et al., 2010). For 
example, Miller et al. (1983) argued that large-magnitude displacement on the 
Northern Snake Range décollement was not required because of the lack of 
stratigraphic omission across the detachment fault and the similar magnitudes 
of ductile extension in the footwall and brittle extension in the hanging wall. 
In contrast, other studies have argued for as much as 60 km of displacement 
along the Northern Snake Range décollement (Bartley and Wernicke, 1984).

To estimate the magnitude of extension accommodated by a linked Schell 
Creek Range detachment system–Northern Snake Range décollement fault 
system, we show present-day and restored versions of our combined B-B′–F-F′ 
cross section (Fig. 11B). Even though the 19.1 km of ductile stretching of the 
Northern Snake Range décollement footwall exceeded the 14.7 km of brit-
tle extension of the Northern Snake Range décollement hanging wall, the  
36.0 km of total displacement on the Schell Creek Range detachment system, 
which was fed into the Northern Snake Range décollement from the west, 
would require significant differential displacement between the footwall and 
hanging wall of the Northern Snake Range décollement. At the minimum 
(because we do not account for any extension that may have been accom-
modated in the Paleozoic rocks above the Northern Snake Range décollement 
in Spring Valley, interpreted on the seismic cross section of Gans et al., 1985), 
31.6 km of the 36.0 km of displacement fed into the Northern Snake Range 
décollement from the Schell Creek Range detachment system must have been 
translated east of the eastern flank of the Northern Snake Range (calculated by 
subtracting the 4.4 km of differential extension between the Northern Snake 
Range décollement footwall and hanging wall from the 36.0 km total Schell 
Creek Range detachment system displacement fed eastward into the Northern 
Snake Range décollement; Fig. 11B, footnote 4 of that figure). Therefore, though 
displacement at any given point on the Northern Snake Range décollement 
will vary (e.g., depending on the strain domain in which it lies and the strati-
graphic level of the hanging wall), our reconstruction defines at least 31.6 km 
of top-down-to-the-ESE displacement at its eastern exposed extent.

The restored cross section on Figure 11B has an initial length of 66.4 km 
between the western limit of rocks exposed in the Duck Creek Range (red point 
1) and the eastern limit of exposure of the Northern Snake Range décollement 
footwall (red point 4). On the deformed cross section on Figure 11B, we drafted 
the ~30°E-dipping subsurface interpretation of the Northern Snake Range décol-
lement from the COCORP seismic reflection profile (Allmendinger et al., 1983). 
Projection of 31.6 km of displacement on the subsurface trace of the Northern 
Snake Range décollement (red points 4F and 4H) yields a final length of 113.1 km,  
which defines 46.7 km of minimum extension accommodated by the linked 
Schell Creek Range detachment system–Northern Snake Range décollement 
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fault system (calculated by subtracting the 66.4 km initial length from the 
113.1 km final length). However, we view this cumulative extension estimate 
as approximate, as we acknowledge that a range of pre-extensional geometries 
for the Northern Snake Range is possible based on different interpretations of 
the origination angle of the Northern Snake Range décollement and the burial 
depths of rocks in its footwall (Miller et al., 1983; Bartley and Wernicke, 1984; 
Gans et al., 1985; Lee, 1995; Lewis et al., 1999; Cooper et al., 2010; Hoiland, 2019; 
Long, 2019; Wrobel et al., 2021; see discussion in Geometry and Magnitude of 
Ductile and Brittle Extension in the Northern Snake Range section).

Implications for Regional Extension in Eastern Nevada

The Northern Snake, Schell Creek, and Duck Creek Ranges, as well as the 
Egan Range to the west, lie within a NNE-trending, ~120-km-wide (present-day 
dimensions) domain of high-magnitude mid-Cenozoic extension (Gans and 
Miller, 1983; Axen et al., 1993), and the Schell Creek Range detachment  system–
Northern Snake Range décollement was the master extensional fault system 
at this latitude. The restored geometry on Figure 11B implies that the Schell 
Creek Range detachment system also deformed rocks that today lie in the 
Egan Range. Exposures in the Egan Range at this latitude are dominated by 
complexly extended Mississippian to Permian rocks and Eocene volcanic rocks 
(e.g., Hose and Blake, 1976), and thus they may represent allochthonous rocks 
translated eastward above the basal fault of the Schell Creek Range detach-
ment system. This is compatible with geologic mapping in the Egan Range 
west of the area of Figure 1C that defined several N-striking faults with low 
stratigraphic cutoff angles that can be correlated for map distances up to  
20 km, including the Chainman and Upper Bench faults, which omit Missis-
sippian and Pennsylvanian stratigraphy, and the Kaibab fault, which omits 
Permian stratigraphy (Brokaw and Shaw, 1965; Brokaw and Heidrick, 1966; 
Brokaw, 1967; Brokaw and Barosh, 1968; Brokaw et al., 1973). At the latitude 
of cross-section C-C′, Gans et al. (2001) documented synvolcanic extension 
between 37.6 and 36.7 Ma in the Egan Range, which is similar to the timing 
range for the Schell Creek Range detachment system.

South of our studied latitude, extension along low-angle detachment sys-
tems was the dominant deformation style. Ninety kilometers to the southwest, 
the top-down-to-the-west Grant Range detachment system accommodated 
24–49 km of extension between ca. 31 and 15 Ma and is similar in structural 
style to the Schell Creek Range detachment system (Lund et al., 1993; Camilleri, 
2013; Long and Walker, 2015; Long et al., 2018). About 110 km to the south, the 
top-down-to-the-east Stampede detachment system accommodated extension 
between ca. 34 and 30 Ma (Axen et al., 1988, 1993; Taylor et al., 1989; Taylor, 
1990), and it has been interpreted to correlate with the Northern Snake Range 
décollement (Taylor and Bartley, 1992).

To the north (~20–50 km N of the latitude of cross-section A-A′), a transition 
in style to high-angle, domino-style normal faults that cut down to ~10–15 km 
depths without flattening is observed in the Egan, Cherry Creek, and Deep Creek 

Ranges (Fritz, 1968; Wernicke, 1981; Gans, 1982; Gans and Miller, 1983; Rodg-
ers, 1987; Blackford et al., 2022). No extension estimates are available for the 
Schell Creek Range at this latitude, but Blackford et al. (2022) measured 28.1 km  
of extension across the Deep Creek Range and 15.8 km across the Egan and 
Cherry Creek Ranges, indicating at least 43.9 km of extension at this latitude, 
which is similar to our 46.7 km approximate extension estimate for the linked 
Schell Creek Range detachment system–Northern Snake Range décollement.

Displacement on the Schell Creek Range detachment system between ca. 
37 and 26 Ma provides another example of mid-Cenozoic extension via low-
dip-angle, brittle detachment faulting in eastern Nevada, which also included 
the ca. 31–15 Ma Grant Range detachment system (Lund et al., 1993; Camilleri, 
2013; Long and Walker, 2015; Long et al., 2018) and the ca. 34–30 Ma Stampede 
detachment system (Axen et al., 1988, 1993; Bartley et al., 1988; Taylor, 1990; Taylor 
and Bartley, 1992). This early phase of regional extension was likely promoted 
by several factors, including the reduction of interplate coupling that accom-
panied post-Laramide rollback of the Farallon slab, crustal heating during the 
associated Great Basin ignimbrite flare-up, and the thick crust of the Cordilleran 
retroarc (e.g., Dickinson and Snyder, 1978; Humphreys, 1995; Dickinson, 1991, 
2004, 2006; Smith et al., 2014; Long et al., 2018). Rotation of the upper-crustal 
stress field to an orientation favorable for low-angle brittle extensional faulting 
may have been the consequence of shear traction imparted to the base of the 
brittle crust by lower-crustal flow that accompanied initial extension of the thick 
Cordilleran retroarc crust (e.g., Yin, 1989; Harry et al., 1993; Westaway, 1999).

Implications for the Style of Hanging-Wall Deformation above 
Detachment Fault Systems

Most models for extension in the hanging wall of an actively slipping, low-an-
gle detachment fault system depict arrays of closely spaced, initially high angle, 
planar or listric normal faults, which rotate to shallower dips with progressive 
extension (e.g., Davis et al., 1980; Wernicke, 1981; Wernicke and Burchfiel, 1982; 
Chamberlin, 1983; Jackson and McKenzie, 1983; Lister et al., 1986), and this geom-
etry is exemplified by the normal faulting in the hanging wall of the Northern 
Snake Range décollement (e.g., Miller et al., 1983). However, the Schell Creek 
Range detachment system breakaway zone exhibits as many as five structurally 
intact, detachment-bounded sheets that are as long as ~8–13 km in the transport 
direction, which lack evidence for any internal deformation by high-angle nor-
mal faults that truncate downward or sole into Schell Creek Range detachment 
faults. This contrasts with other detachment fault systems that record excision, 
including the Bannock detachment system in Idaho (Carney and Janecke, 2005; 
Steely et al., 2005) and the Whipple Mountains detachment system in California 
(Davis et al., 1980, 1986; Lister and Davis, 1989; Yin and Dunn, 1992), which exhibit 
multiple high-angle normal faults that truncate downward into low-angle detach-
ment faults and are interpreted as listric faults that have had their basal portions 

“beheaded” by excision. The geometry of the Schell Creek Range detachment 
system demonstrates that a significant thickness of the hanging wall (at least an 
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~1.0–1.5 km structural thickness, based on the cumulative preserved thicknesses 
of restored sheets on cross-sections A-A′ and B-B′ on Fig. 4) above an actively 
slipping low-angle detachment fault surface can remain structurally intact, even 
during slip at shallow crustal depths.

 ■ CONCLUSIONS

(1) The Schell Creek Range detachment system consists of a series of top-down-
to-the-ESE brittle normal faults that traversed the upper ~7 km of the crust 
at an ~5°–10°E initial dip and rooted eastward to a flat at the top of the 
Lower Cambrian clastic section. The Schell Creek Range detachment system 
evolved through progressive excision to produce an upward-younging stack 
of 0.1–0.5-km-thick, fault-bounded sheets that are up to 8–13 km long. The 
western part of the Schell Creek Range detachment system was folded across 
an antiformal culmination and exhibits ~5 km of structural attenuation. The 
Schell Creek Range detachment system accommodated at least 36 km of 
ESE-directed displacement between ca. 36.5 and ca. 26.1 Ma.

(2) Based on their spatial proximity, displacement sense, overlapping deforma-
tion timing, and the shared stratigraphic level that they root to, we propose 
that the Schell Creek Range detachment system is the western breakaway 
zone for the Northern Snake Range décollement. Unresolved debates over 
the initial geometry of the Northern Snake Range décollement hinder accu-
rate estimation of cumulative extension on the linked Schell Creek Range 
detachment system–Northern Snake Range décollement fault system, but 
our reconstruction indicates that at least 36 km of displacement was fed 
eastward into the Northern Snake Range décollement from extension along 
the Schell Creek Range detachment system.

(3) The linked Schell Creek Range detachment system–Northern Snake 
Range décollement was the dominant fault system within a domain of 
high- magnitude, mid-Cenozoic extension in eastern Nevada. Extension 
along low-angle detachment systems was the dominant style further to the 
south in this domain, but to the north, the style transitioned to high-angle, 
 domino-style normal faults that cut as deep as 10–15 km without flattening.

(4) Our study supports the existence of extensive (>50 km map length), low-dip-
angle (~10°), shallow-crustal (1–7 km depths), brittle detachment faults, and 
demonstrates that portions of their hanging walls can remain structurally 
intact during displacement.
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