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Compilation of stratigraphic, sedimentological, and structural data on palinspastically restored maps reveals the
Mississippian-Pennsylvanian paleogeography of Nevada in unprecedented detail, and has important implications
for the development of the southwestern Laurentian margin. In contrast to previous interpretations of latest
Devonian-earliest Mississippian tectonism, the maps show the major tectonic events to have been in late Middle
Mississippian and Middle Pennsylvanian time. Regionally extensive unconformities mark both, with the deepest
erosion in the northwest. Sub-unconformity structures record primarily NW-SE shortening, and synorogenic

sediments were shed toward the east, southeast and south. These observations are consistent with protracted
sinistral-oblique convergence in Nevada along the southwest Laurentian margin, rather than the W-E conver-
gence invoked in previous interpretations. Terminology for late Paleozoic orogenies in Nevada must be revised

accordingly.

1. Introduction

The western edge of southwestern Laurentia has previously been
interpreted as a convergent plate boundary with shortening events in
Late Devonian-Early Mississippian (Antler Orogeny) and Permian-
Triassic (Sonoma Orogeny) time. Both orogenies are anomalous in
their lack of associated igneous or metamorphic rocks. An early tectonic
evaluation of the first, Late Devonian-Early Mississippian, event noted
that although there was evidence for Paleozoic tectonic activity along
the entire margin of North America, a major allochthon was present only
in Nevada (Nilsen and Stewart, 1980). Subsequent studies of the sedi-
mentary and structural evidence for Paleozoic tectonism in Nevada have
revealed that structures, angular unconformities, and syntectonic strata
do not reflect a simple allochthon-emplacement history (Fig. 1). We
examine structural and paleogeographic data from the Mississippian to
Middle Pennsylvanian basin deposits to re-evaluate the nature and
evolution of the plate boundary in Nevada during this time. For
simplicity, we refer to this as “late Paleozoic” throughout the paper,
although the time interval described herein does not include Late
Pennsylvanian or Permian time.

The Antler Orogeny (e.g., Roberts et al., 1958; Nilsen and Stewart,
1980) and Sonoma Orogeny (e.g., Silberling and Roberts, 1962; Roberts,
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1968; Burchfiel and Davis, 1972; Snyder and Brueckner, 1983) were
interpreted as eastward emplacement of oceanic rocks onto the Lau-
rentian margin. The models were based on geologic relationships in
Nevada. The “Antler Orogeny” as initially defined referred to Late
Devonian — Early Mississippian (D/M) orogenic activity culminating
with emplacement of the Antler Allochthon along the Roberts Moun-
tains Thrust (RMT) (Roberts et al., 1958) (Fig. 2). However, the term has
since been broadly applied to structures and synorogenic sedimentary
rocks throughout the late Paleozoic, obscuring the distinction between,
and significance of, the records from different time periods. Similarly,
the term “Roberts Mountains Thrust” (Fig. 2) has typically been applied
to any fault contact between oceanic rocks (“western assemblage” of
Roberts et al.,, 1958) and continental margin rocks (“eastern assem-
blage” of Roberts et al., 1958), without considering evidence for its age,
kinematics or regional significance. This, too, complicates recognition of
the actual tectonic history. For example, there are no known cases where
the “RMT” or structures associated with it are unequivocally D/M in age.
In fact, the unconformably overlying “Overlap Assemblage” is as young
as Pennsylvanian in many places, so the resulting hiatus is a highly
imprecise age bracket (Fig. 3). In addition, post-Antler depositional
basins and periods of tectonism in Nevada have been recognized to have
existed at several times throughout the late Paleozoic (Fig. 1) (e.g., Dott
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Jr., 1955; Ketner, 1977; Trexler Jr. and Nitchman, 1990; Trexler Jr.
et al., 2003, 2004; Cashman et al., 2011, and references therein). Other
data indicate a significant sinistral component of offset across the late
Paleozoic plate boundary (e.g., Stone and Stevens,1988; Walker, 1988;
Linde et al., 2016, 2017; Lawton et al., 2017; Chen and Clemens-Knott,
2021; Key and Cashman, 2021).

In this study we reexamine the Mississippian — Middle Pennsylvanian
rocks in Nevada that inspired the original, margin-perpendicular
convergence interpretation, and compile structural and paleogeo-
graphic data that pertain to the nature and evolution of the late Paleo-
zoic plate boundary. We have examined the Carboniferous sedimentary
record in Nevada and compiled a series of palinspastically-restored maps
from Kinderhookian to Desmoinesian (Early Mississippian to Middle
Pennsylvanian) time. The paleogeographic maps depict depositional
environment, paleocurrent, and compositional data for each time slice.
The sub-unconformity maps display the extent and depth of erosion at
unconformities, and, locally, the orientations of sub-unconformity
structures formed during the associated crustal shortening. These
maps are based on our unpublished sedimentological, paleocurrent and
structural data as well as data from the literature. The base maps have
been palinspastically restored to remove both Permian to early Cenozoic
shortening (this paper), and Cenozoic extension and translation
(McQuarrie and Wernicke (2005). The resulting maps represent a more
accurate depiction of the depositional environments through time than
was previously available.
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In this paper, we present detailed paleogeographic time slices for
Early Mississippian to Middle Pennsylvanian rocks in Nevada, then use
them to clarify the tectonic development of the southwest Laurentian
margin. We start with a brief summary of early tectonic models of the
late Paleozoic in southwestern Laurentia, and the Antler Orogeny in
particular, along with some of the anomalies and contradictions they
entail. We then review further constraints from recent published data,
from borehole geophysics to detrital zircon spectra, that refine our un-
derstanding of the upper Paleozoic rocks. We summarize the recognition
criteria and ages of unconformities in the late Paleozoic record, illus-
trating our choice of time slices to map. We then present and explain our
results, in new compilation maps for 8 time intervals: 1) Kinderhookian
(early Antler Foreland Basin); 2) Osagean (Antler Foreland Basin); 3) C2
unconformity (sub-crop, Antler Successor Basin); 4) early Chesterian
(early Antler Successor Basin); 5) late Chesterian (evolving Antler Suc-
cessor Basin); 6) Atokan (Ely-Bird Spring Basin); 7) C5 unconformity
(sub-crop, Hogan Basin); and 8) mid-Desmoinesian (Hogan Basin). We
conclude with an updated interpretation of the evolution of south-
western Laurentia that includes a revised timing and significance of the
“Antler Orogeny”, recognition of the importance of post-Antler orogenic
events, and reinterpretation of the southwestern Laurentian margin as a
sinistral-oblique convergent boundary in late Paleozoic time.
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Fig. 1. Late Paleozoic basins, unconformities, and sea level curve. Unconformity diagram modified from Snyder et al. (2002) and Trexler Jr. et al. (2004). Sea level
diagram shows high frequency sea level change (thin line) and a smoothed sea level curve (thick line). Sea level curve modified from Ross and Ross (1987) and

Sandberg et al. (2002). Time scale from Henderson et al. (2020).
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Fig. 2. Base map of present-day basins (white) and ranges (blue) with strati-
graphic section control points (red dots). Cities (green squares) labeled on this
map, are noted on other maps by the abbreviations shown in parentheses here.
Thrust faults represent present position of frontal thrusts, from Snow and
Wernicke (2000) and Long (2015). The “Roberts Mountains Thrust” trace was
taken from published maps, and depicts the present eastern extent of oceanic
rocks. It does not necessarily represent a single, continuous fault surface or
imply a single age of emplacement. Initial Sr 0.706 line position from Grauch
et al. (2003) BRT, Belted Range Thrust; CNTB; Central Nevada Thrust Belt;
ESTB, Eastern Sierra Thrust Belt; GT, Golconda Thrust; LCT, Last Chance
Thrust; LFTB, Luning-Fencemaker Thrust Belt; NNSS, Nevada National Security
Site; RMT, Roberts Mountains Thrust; SFTB, Sevier Fold and Thrust Belt; . Map
modified from McQuarrie and Wernicke (2005). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

2. Background

The Antler Orogeny, defined in Nevada, formed a belt of “intense
folding and thrusting that culminated in the Roberts Mountains Thrust
fault (RMT) in Late Devonian or Early Mississippian time” (Fig. 2;
Roberts et al., 1958). The RMT juxtaposed a western “eugeosynclinal”
assemblage eastward or southeastward over the eastern “miogeosyn-
clinal” rocks (Roberts et al., 1958). A 1979 Penrose Conference reaf-
firmed the timing and overall structure of the Antler Orogenic Belt in
Nevada, while framing it in plate tectonic terms, i.e., an oceanic
assemblage emplaced over a continental margin assemblage (Nilsen and
Stewart, 1980). The term “Antler Orogeny” has subsequently been
loosely invoked to explain a variety of late Paleozoic features in Nevada.
To remove this source of confusion, in this paper, we initially restrict the
term to the original usage sensu stricto, i.e., Late Devonian/Early
Mississippian (D/M) tectonism. We will return to this topic at the end of
this paper. Similarly, the term “Roberts Mountains Thrust” has been
applied to the easily mappable fault boundary between oceanic and
continental margin rocks, regardless of the age constraints on fault
motion. For this case, however, we are forced to adopt the mapping-
based definition because it is unambiguous, whereas the age of motion
on a given segment of the mapped fault is not. We expressly note that
this usage does not imply a unique, continuous fault surface or specific
age of motion on the mapped fault. The RMT has not been described in
Idaho, but syntectonic sedimentary deposits there have been attributed
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to the Antler Orogeny (e.g., Wilson et al., 1994; Link et al., 1996).

Anomalous and ambiguous aspects of the Antler orogeny have long
been recognized. There is no D/M regional metamorphism in Nevada,
and there are no associated D/M volcanic rocks. The relatively thin (2
km) stratigraphic section in the presumed foredeep near Eureka, Nevada
(Trexler Jr. and Cashman, 1991) suggests that the tectonic load may
have been either distant, or not large; however, strata far to the east
were affected by subsidence (Trexler Jr. et al., 2003). Imprecise use of
stratigraphic terms has complicated and obscured the record. For
example, “Diamond Peak Formation™ has been applied to conglomerates
in turbidite deposits of the “Antler Foreland Basin”, and to those in
fluvial/deltaic deposits in the unconformably overlying “Antler Suc-
cessor Basin”. We use terms for basins sensu Ingersoll (2012): a “fore-
land basin” is a geographically relative term for a depositional basin in
front of the related compressional mountain belt, without plate tectonic
significance, and a “successor basin” is a basin that forms after the
cessation of tectonic activity. In a region such as Nevada with repeated,
overprinted tectonic events, modifiers are needed to distinguish be-
tween the basins; here, the modifier “Antler” refers to Mississippian
rocks deposited immediately before and after Mississippian tectonism.
Additionally, we retain these basin names as they are well-established in
the literature. The “RMT” is not a single fault surface or fault zone.
Where slip on the “RMT” surface can be dated, it is later than the D/M
boundary (e.g., McFarlane, 1997; McFarlane, 2001; Key, 2015; Key and
Cashman, 2021). Similarly, there are no structures of demonstrably D/M
age in the RMT hanging wall or footwall. Structurally imbricated rocks
are well documented both above and below the RMT (e.g., Saucier,
1995, 1997 and references therein; McFarlane, 1997), but field relations
show that these structures post-date D/M time. Tight folds in the
Ordovician Vinini Formation commonly attributed to the Antler
Orogeny are constrained in age only by unconformably overlying
“Antler Overlap Sequence” rocks. The “overlap” rocks are most
commonly Pennsylvanian and Permian in age (e.g., Fig. 3, Saller and
Dickinson, 1982), and thus do not restrict the folding to D/M time.
Features attributed to the Antler Orogeny in south-central Idaho are also
overlain by Middle Pennsylvanian rocks (Wilson et al., 1994).

In contrast, late Paleozoic structures and synorogenic clastic rocks
that clearly post-date D/M time have been documented in Nevada for
decades (Fig. 1). A prominent angular unconformity in Carlin Canyon
separates the Chesterian Tonka Formation from the Missourian-
Wolfcampian Strathearn Formation, recording “crustal instability” and
considerable local erosion in Late Pennsylvanian time (Dott Jr., 1955).
The Pennsylvanian rocks in Carlin Canyon are a western, more clastic,
facies of the Ely Formation farther east in Nevada; Dott Jr. (1955)
defined local stratigraphic names to acknowledge this difference and
interpreted an orogenic source to the west. Silberling et al. (1997)
documented Middle Mississippian deformation in central Nevada and
related it to continuing Antler tectonism. A belt of Late Pennsylvanian -
Permian orogenic sediments extending from southern California to
Idaho was Ketner’s (1977) evidence for a late Paleozoic “Humboldt
Orogeny”. He argued that the stark age difference between this and
either the Antler or Sonoma Orogeny required the designation of a
distinct orogeny. However, the broad age range of the rocks he cites
undermines his interpretation that they represent a single event. Local
fortuitous preservation of late Paleozoic rocks documents timing and
kinematics for overprinted sets of late Paleozoic structures in several
localities in northern Nevada (e.g., McFarlane, 1997, 2001; Sweet, 2003;
Trexler Jr. et al., 2004; Villa, 2007; Siebenaler, 2011; Key, 2015; Key
and Cashman, 2021; Whitmore et al., 2021).

Unconformities in the late Paleozoic section provide the key to
unraveling the geologic history (Fig. 1). They represent genetically
important breaks in the stratigraphic record (Snyder et al., 2000; Trexler
Jr. et al., 2003). Biostratigraphic age control is essential; it brackets the
age and lacuna of each unconformity and makes it possible to correlate
unconformities from place to place. Importantly, the late Paleozoic
unconformities can also be correlated laterally to “event horizons” (e.g.,
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lithofacies shifts) that have the same origin (Trexler Jr. et al., 2003). This
feature makes them useful far beyond the areas of actual uplift, defor-
mation, and erosion (e.g., French et al., 2020). Similarly, the geometry
and kinematics of structures underlying known unconformity surfaces
(e.g., Trexler Jr. et al., 2004; Villa, 2007; Cashman et al., 2011) can
suggest the age of similar structures elsewhere (e.g., Cole and Cashman,
1999; Sweet, 2003; Cashman et al., 2011; Russo, 2013; Key, 2015; Key
and Cashman, 2021; Russo et al., 2021; Whitmore et al., 2021).
Biostratigraphic control is generally at the sub-stage level (~1 Myr
control) with foraminifera (including fusulinaceans), conodonts, and
brachiopods used most commonly (e.g., Trexler Jr. et al., 1996, 2003,
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2004). The unconformities are synchronous and are present across much
of the northeastern and east-central Nevada (e.g., Trexler Jr. et al., 2003,
2004; Lawton et al., 2017).

The mounting evidence for a transpressional (sinistral) Laurentian
margin is based on data of several types. Structural truncation of
Paleozoic stratigraphic trends in southeastern California has long been
attributed to a sinistral transform margin that formed in the Pennsyl-
vanian (Stone and Stevens, 1988; Walker, 1988). A combination of
geologic history, provenance data and paleontological data from Cale-
donian - Siberian terranes in northwestern Laurentia document south-
ward propagation of a sinistral transform fault system in middle to late
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Fig. 3. Stratigraphic columns from data control points. Column numbers correspond to locations in Fig. 2. Yellow denotes units included in “Antler Overlap” as
defined by Roberts (1964) and/or cited as such in the listed sources. Note they include units above and below each of the late Paleozoic unconformities, thus obscuring
the evidence for shortening, uplift and erosion at these times. Blue indicates formation names that have been modified based on age and/or position relative to an
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Lone Butte, and 5, Battle Mountain, — Saller and Dickinson (1982); 4, Edna Mountain, — Cashman et al. (2011); 6, Snake Mountains - McFarlane (2001); 7, North
Pequop Mountains — Thorman and Brooks (2011); 8, Central Pequop Mountains, — Sweet (2003); 9, Adobe Range, and 10, Carlin Canyon - Trexler Jr. et al., 2004);
11, Grindstone Mountain, Sturmer (2012); 12, Pinon Range — Silberling et al. (1997) and Trexler Jr. et al. (2003); 13, Diamond Mountains - Perry (1994); 14,
Maverick Springs Range — Nutt and Hart (2004); 15, Cherry Creek Range — Fritz (1968); 16, Buck Mountain - Whitmore (2011); 17, Butte Mountains — Otto (2008);
18, Schell Creek Range, 21, Pancake Range — Hose et al. (1976); 19, Illipah Reservoir — Crosbie (1997) and Sturmer (2012); 20, Secret Canyon - French and Walker
(2018); 22, White Pine Range — Crosbie (1997); 23, Hot Creek Range - McHugh (2006); 24, South Pancake Range, 26, Egan Range — Kleinhampl and Ziony (1985); 25,
Monitor Range - Wise (1977); 27, Mountain Home Range - Ritter and Robinson (2009); 28, Grassy Mountains and 29, Fairview Range, Best et al. (1998); 30,
Timpahute Range - Russo (2013); 31, Pahranagat Range — Jayko (2007); 32, Eleana Range, 33, Bare Mountain, and 34, Syncline Ridge - Trexler Jr. and Cashman
(1997); 35, Shoshone Mountain, 36, CP Hills, and 37, Spotted Range - Trexler Jr. et al. (1996, 2003); 38, Arrow Canyon Range — Bishop et al. (2009, 2010); 39, Virgin
Mountains — Rice (1990); 40, Lee Canyon, 41, Las Vegas Range, and 43, Mountain Springs Pass - Page et al. (2005); 42, Frenchman Mountain, Rice (1990) and Castor
et al. (2000). See supplemental information for section coordinates. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Paleozoic time (Colpron and Nelson, 2009). This transform margin
evolved into oblique subduction along the entire western margin of
Laurentia in Late Devonian time (Nelson et al., 2006; Colpron and
Nelson, 2009). Detrital zircon (DZ) provenance data from Nevada are
consistent with a sinistral component of offset along the plate boundary.
Ordovician rocks in the Roberts Mountains Allochthon (RMA) contain
zircon grains derived from a northern Laurentian source (Gehrels and
Dickinson, 1995; Gehrels and Pecha, 2014; Linde et al., 2016). Textural
characteristics of one zircon-bearing unit suggest that it was tectonically
transported southward along the Laurentian margin before its tectonic
emplacement in north-central Nevada (Linde et al., 2017). Tectonically
driven stratigraphic sequences described in the Copper Basin Group in
Idaho document rapid subsidence, unconformities, and depositional
changes consistent with intrabasinal deformation (Link et al., 1996).
Although attributed to the Antler Orogeny (Link et al., 1996), these
features pre-date those in Nevada; this pattern is consistent with
southward -propagating tectonism along the plate margin. The north-
ward motion of Laurentia in late Paleozoic time (Cocks and Torsvik,
2011; Domeier and Torsvik, 2014) provides a plate tectonic mechanism
for sinistral translation along the margin (Lawton et al., 2017).

3. Reconstruction methods

The paleogeographic data are presented for selected late Paleozoic
time intervals on a base map reconstructed to Late Pennsylvanian time
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(~300 Ma; Figs. 2, 4, and 5). We modified a 36 Ma paleogeographic
reconstruction by McQuarrie and Wernicke (2005), wherein they
restored Basin and Range extension, San Andreas-Walker Lane-Eastern
California Shear Zone translation, and metamorphic core complex
extension (Fig. 4). Using the 36 Ma maps as a starting point, we restored
estimated slip related to the Cretaceous-Paleocene Sevier Orogeny,
Jurassic-Cretaceous Central Nevada Fold and Thrust Belt, Western Utah
Thrust Belt, the Eastern Sierra Nevada Thrust Belt, and the Permian Last
Chance-Belted Range Thrust System (Fig. 5). For each event we restored
westward transport of allochthonous material along thrust faults as
outlined below. We did not restore the latest Permian Golconda Thrust
or the Jurassic Luning-Fencemaker Thrust because they structurally
overlie the rocks in this study; allochthon emplacement did not signifi-
cantly change the position of footwall rocks. We chose not to restore left-
lateral(?) slip on the recently identified Getchell-West Fault that was
likely active between Middle Pennsylvanian and Permian time. It is part
of the major strike-slip fault system that emplaced the Edna Block (see
Section 4.3), but the magnitude of slip is currently unknown (Key, 2015;
Key and Cashman, 2021). In addition to polygons showing positions of
mountain ranges in Nevada and western Utah, these maps also show
reconstructed positions of major thrust faults, the initial Sr 0.706 line,
and the ranges from which we have data (see supplemental information
for section locations). Note that the trace of the “Roberts Mountains
Thrust” was taken from published maps, and therefore depicts the pre-
sent eastern extent of oceanic rocks. It does not necessarily represent a
single, continuous fault surface or imply a single age of emplacement.

The largest changes to the base map result from restoring slip from
the Sevier Orogenic Belt (Fig. 5). Cumulative offsets across the Sevier
Orogenic Belt vary from ~240 km in central Utah to ~75 km in southern
Nevada (Levy and Christie-Blick, 1989; Currie, 2002; DeCelles, 2004;
DeCelles and Coogan, 2006). There is some disagreement with the cu-
mulative shortening in both central Utah and southern Nevada. Levy and
Christie-Blick, 1989 interpret 125 km and 135 km cumulative short-
ening for central Utah and southern Nevada, respectively. More recent
work (e.g., Currie, 2002; DeCelles, 2004; DeCelles and Coogan, 2006)
requires more than 200 km of cumulative shortening based on more
recent reconstructions. For southern Nevada, Levy and Christie-Blick,
1989 include the main Sevier Thrusts (~75 km) and the Last Chance-
Belted Range System, which is demonstrably Permian in age (e.g.,
Snow, 1992; Cole and Cashman, 1999; Snow and Wernicke, 2000; Ste-
vens et al., 2015; Levy et al., 2021). When these are combined, our
restoration magnitude is similar to the Levy and Christie-Blick, 1989
estimates. Most of these restorations occur east of the study area, but
restorations in the southern Sevier Orogenic Belt greatly modify the
facies distributions in the southern portion of the study area (Figs. 4-5).
In the southern Nevada section, we restored east-directed motion of 30
km on the Wheeler Pass-Gass Peak Thrust (Burchfiel et al., 1974; Gial-
lorenzo et al., 2018), 7.5 km on the Lee Canyon Thrust (Levy and
Christie-Blick, 1989), 5 km on the Deer Canyon Thrust (Levy and
Christie-Blick, 1989), and ~ 30 km on the Keystone-Red Springs Thrust
(Guth, 1981; Axen, 1984).

Most of the other restorations of Permian to Jurassic deformation
involve relatively small-magnitude displacements. The Western Utah
Thrust Belt, Central Nevada Fold and Thrust Belt, and Eastern Sierra
Thrust Belt all involved restoration of 10-15 km of east-directed trans-
port (e.g., Taylor et al., 2000; Dunne and Walker, 2004; Long, 2015).
The Clery-Lemoigne and Marble Canyon-Schwaub Peak-Spectre Range
Thrust Systems each had 3 km of east-directed transport restored (Levy
and Christie-Blick, 1989). The Last Chance-Grapevine-Belted Range
System is a complex system of a shallowly-dipping foreland-vergent
thrust paired with a steeply-verging hinterland-vergent thrust (e.g.,
Snow, 1992; Cole and Cashman, 1999). Estimates for cumulative slip on
this system range between 50 and 75 km (e.g., Snow, 1992; Snow and
Wernicke, 2000; Stevens et al., 2015; Levy et al., 2021). The cumulative
slip appears to decrease northward where the system appears to die out
south of Eureka, Nevada (Long, 2012, 2015; Russo, 2013). We restored
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Fig. 5. Late Paleozoic reconstruction of the western Basin and Range, modified from the 36 Ma map of McQuarrie and Wernicke (2005) by restoring contractional
deformation on Permian, Jurassic, and Cretaceous-Eocene thrust fault systems (this study). Data control points are shown by red dots. Numbers correspond to
reconstructed section locations shown in Fig. 2 and stratigraphic sections shown in Fig. 3. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

75 km of east-directed slip on this system, with the amount of slip
decreasing toward the north.

Each time slice map contains information about the distribution of
depositional environments, paleocurrents, point and clast count data,
structures, and spatial extent of unconformities. All data are from a
combination of published and unpublished data (Fig. 3). Polygon colors
represent approximate bathymetric depositional position from subaerial
(yellow) to deep marine (purple). Lithologic pattern overlays show the
dominant rock type(s) throughout the area at each time slice (Fig. 6). A
combination of unpublished and published paleocurrent data are rep-
resented by averaged current arrows over measurement locations with
45-degree sectored rose diagrams shown on the sides of the maps. The
types of paleocurrent data shown on each map are specified in the
paleogeography descriptions below. Compositional data are shown as a
variety of thin section point count and conglomerate clast count ternary
diagrams. Several of the maps cover times of localized and/or regional
unconformity development. These maps include inferred age range of
strata removed at each unconformity, spatial variation in age range of
strata removed, and orientation and types of structures that are trimmed
by each unconformity.

4. Results
4.1. Kinderhookian

Initial deposition within the Antler Foreland Basin was dominated by
phosphate- and organic-rich mudrocks in the basin depocenter (e.g.,
Trexler Jr. et al., 1996; French et al., 2020 and references cited therein)
with a carbonate shelf forming farther east (e.g., Goebel, 1991) (Fig. 7).
Distinctive carbonate turbidites sourced from the craton to the northeast
occur in the northernmost part of the basin (e.g., Frye and Giles, 2006).
Phosphatic shales extend north-south along length of the study area. A
broad carbonate shelf formed to the east; here, limestone with chert
nodules transitions southward into oolitic limestone. During this time
the Antler Foreland Basin was notably starved of coarse clastic sediment.

A swath of Kinderhookian carbonate turbidite and debris flow strata
is exposed across the northern tier of the study area between north-
western Utah and north-central Nevada. This unit, the Tripon Pass
Formation, was deposited unconformably atop the Upper Devonian
(Frasnian) Guilmette Limestone beginning in middle Kinderhookian
time (e.g., Ketner, 1970; Oversby, 1973; Frye and Giles, 2006). The
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formation is dominated by calcareous siltstone and sandy calcareous
siltstone, with carbonate-clast conglomerate and graded carbonate beds
occurring in exposures from east of Wells, NV to Elko, NV (Frye and
Giles, 2006). Paleocurrent indicators including flute casts suggest flow
toward the southwest (Frye and Giles, 2006). This formation is inter-
preted as a deep marine submarine fan system: the conglomerates and
graded beds are turbidites, sourced from the northeast, interbedded with
fine-grained hemipelagic material. Frye and Giles (2006) tie distinctive
clast types to Frasnian to Kinderhookian units exposed in western and
central Utah.

Mudrocks dominate the western portion of the study area. The Webb
Formation of northern and central Nevada is dominantly organic-rich
argillaceous and calcareous shale and mudstone, locally containing
barite nodules (e.g., Smith and Ketner, 1968; Ketner and Smith, 1982;
Iverson, 1991). This dark, fine-grained unit is difficult to differentiate
from the underlying Upper Devonian Woodruff Formation and from the
locally overlying Gap Wash Formation; both are also dark fine-grained
units (e.g., Iverson, 1991; French et al., 2020). The Webb Formation

has been interpreted as being the distal edges of submarine fans derived
from the west and deposited by sediment-gravity flows in a deep marine
setting (e.g., Martin, 1985; Iverson, 1991). At the Nevada National Se-
curity Site (NNSS) to the south, the Kinderhookian portion of the lower
part of the Eleana Formation is a thin section of laminated siltstone and
very fine-grained litharenite. These rocks are interpreted as hemipelagic
deposits within a system dominated later in Mississippian time by tur-
bidites (e.g., Trexler Jr. and Cashman, 1997).

A carbonate shelf covered the eastern and southern parts of the study
area. The Joana Limestone in the northeastern and east-central parts of
the study area records a complex carbonate bank. The basal unit is
dominated by crinoidal-peloidal packstone, which grades upward into a
diverse lithologies including oolitic and crinoidal grainstone, karst
breccia, argillaceous wackestone, and fossiliferous mudstone (Goebel,
1991; Giles, 1996). The carbonate complex is interpreted as being
deposited primarily in relatively shallow water, ranging from supra-
tidal/intertidal (karst breccia) to lagoonal/shoreface (crinoidal wacke-
stone) to lower ramp (fossiliferous mudstone) (Giles, 1996).
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Fig. 7. Paleogeographic map for Kinderhookian time on the late Paleozoic reconstructed base map (Fig. 5). Map shows estimated minimum extents of depositional
belts (patterned). Extent of data to the west for this and all maps is controlled by a lack of exposure of late Paleozoic strata. Paleocurrent data from Frye and Giles
(2006). E, Ely; L, Elko; M, Winnemucca; R, Reno; T, Tonopah; U, Eureka; V, Las Vegas; W, Wells.

Kinderhookian units in southern Nevada are dominantly crinoidal and
oolitic packstone and grainstone (e.g., Langenheim Jr. et al., 1962; Page
et al., 2005).

The Antler Foreland Basin was starved of coarse clastic sediment
during Kinderhookian time. Initial deposition within the Antler foredeep
was almost exclusively fine-grained. Although initial fine-grained
deposition that has been tied to the Antler Orogeny began in latest
Devonian time, coarse clastic sediment did not arrive in the Antler
Foreland Basin until Osagean time, more than 10 Myr later (Trexler Jr.
and Cashman, 1997). The delay in coarse clastic arrival into the foreland
basin may be related to the general marine highstand in Early Missis-
sippian time (e.g., Trexler Jr. and Cashman, 1997), or to the Antler
Orogenic Belt being relatively distant or topographically low during
Kinderhookian time. In contrast, Kinderhookian submarine fan strata in
Idaho are several times thicker than those in Nevada (Link et al., 1996).

4.2. Osagean

Coarse-grained siliciclastic turbidites first arrived in the Antler
Foreland Basin in Osagean time (Trexler Jr. et al., 2003, and references
therein). The turbidity currents flowed south, along the axis of the
foreland basin and parallel to the continental margin (Fig. 8). The basin
fill is thickest and coarsest to the west, consistent with a northwestern
source, and grades eastward into an organic-rich, mudstone-dominated
section. The carbonate shelf bordered the foreland basin on the east.
These conditions prevailed throughout Osagean and Meramecian time,
until deposition in the Antler Foreland Basin was terminated by short-
ening and uplift in late Meramecian — early Chesterian time.

The composition of the coarse-grained foreland basin deposits varies
with location and stratigraphic position, elucidating the paleogeography
of the basin. The rocks represent fan lobes and channels in the submarine
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Fig. 8. Paleogeographic map for Osagean time on the late Paleozoic reconstructed base map (Fig. 5). Maps show estimated minimum extents of depositional belts
(patterned). Paleocurrent data from Harbaugh (1980) and Trexler Jr. and Cashman (1997). Compositional data from Dickinson et al. (1983), Cashman and Trexler Jr.
(1991), Trexler Jr. and Cashman (1991, 1997), and Perry (1994). E, Ely; L, Elko; M, Winnemucca; R, Reno; T, Tonopah; U, Eureka; V, Las Vegas; W, Wells.

fan. Conglomerates are overwhelmingly composed of resistant clasts,
dominantly chert and quartzite (e.g., Dott Jr., 1955; Harbaugh, 1980).
Less abundant clasts include argillite, litharenite, lithic wacke, recrys-
tallized limestone, and siltstone (e.g., Trexler Jr. and Cashman, 1991,
1997; Trexler Jr. et al., 2003; and references therein). Distinctive het-
erolithic conglomerates containing limestone and volcanic clasts occur
low in the section in the Diamond Mountains (Fig. 2, #13) (Brew and
Gordon Jr., 1971) and in the Eleana Range (Fig. 2, #32) (Trexler Jr. and
Cashman, 1997). These less resistant heterolithic clasts do not occur
higher in the section. The Eleana Range exposures indicate two sediment
sources for this part of the basin: the turbidites containing limestone and
volcanic clasts have SE-directed paleocurrent indicators; they are
interbedded with the more common S-directed siliciclastic turbidites
(Trexler Jr. and Cashman, 1997) (Fig. 8). Sandstones are primarily
litharenites and quartz arenites; the relative percentages of quartz and
chert grains vary with location. Less common grains include quartzite,
sedimentary lithics, volcanic lithics, and feldspar (e.g., Dott Jr., 1955;
Harbaugh, 1980; Trexler Jr. and Cashman, 1991). The quartz-rich sed-
iments could be derived from the craton or the Antler Allochthon.

However, the only regionally significant source of radiolarian chert
clasts is the Valmy and Vinini formations of the Antler Allochthon (e.g.,
Dickinson et al., 1983).

Mudrocks include finely laminated siliceous siltstone, argillite, and
shale with local fine-grained sandstone beds. They comprise both distal
and interlobe deposits on the submarine fan. Plant debris (locally
current-oriented) and trace fossils are found locally on bedding planes
(e.g., Poole, 1974; Harbaugh, 1980; Trexler Jr. and Nitchman, 1990;
Trexler Jr. and Cashman, 1991). The trace fossils indicate quiet, but
well-aerated, marine conditions. However, in much of the mudrock
section, abundant organic matter and associated uranium record depo-
sition in a reducing environment (French et al., 2020). This mudstone
has been identified in wireline logs for 153 wells in Nevada and west-
ernmost Utah, so its distribution, thickness, and mineralogic and pet-
rophysical characteristics are well documented (French et al., 2020).
Microfossil collections identified by B. Mamet indicate an Osagean
through middle Meramecian age for these rocks in both central and
southern Nevada (1989, written commun., in Trexler Jr. and Cashman,
1991; see also extensive biostratigraphic summaries in Trexler Jr. et al.,
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1996).

Stacked thrust sheets at NNSS and Bare Mountain (Fig. 2, #32-37)
preserve the southern and southwestern parts of the Middle Mississip-
pian submarine fan in southern Nevada. First, they provide unequivocal
documentation of sand provenance: sand and silt grains in mudstone of
the autochthonous Gap Wash Formation are primarily monocrystalline
quartz, while those in argillite of the allochthonous Eleana Formation
are dominantly chert (Trexler Jr. and Cashman, 1997). Second, where
thrust faults duplicate siliciclastic turbidite sections, the upper plate
(derived from farther to the west) contains facies deposited in a more
source-proximal position on the fan (Trexler Jr. and Cashman, 1997).
Third, phosphatic clasts occur in the structurally highest thrust plate.
Rare to absent elsewhere, they were most likely derived from chert with
phosphatic nodules common in some parts of the Antler Allochthon
(Trexler Jr. and Cashman, 1997).

The carbonate platform and marginal shelf persisted in east-central
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and southern Nevada throughout Osagean - Meramecian time. In
southern Nevada, this includes the upper Dawn Limestone, Anchor
Limestone, and Bullion Limestone members of the Monte Cristo Group
(Hewett, 1931; Stevens et al., 1996; Page et al., 2005). The Dawn
Limestone contains fossiliferous peloidal packstone and wackestone
with corals, brachiopods, bryozoans, and crinoid ossicles (Stevens et al.,
1996). The Anchor Limestone tends to be thinner-bedded mudstone and
wackestone with abundant chert nodules and layers and minimal fossils
(Stevens et al., 1991, 1996). The Bullion Limestone is crinoid-rich
packstone and grainstone which is locally completely dolomitized
(Stevens et al., 1996). The Dawn and Bullion limestones have been
interpreted as a shallow-water carbonate platform, whereas the Anchor
Limestone represents a deepening to near or below storm-wave base
(Stevens et al., 1996). The deeper Anchor Limestone facies are likely
related to a positive sea-level excursion during early Osagean time, with
sea-level drawdown and shelf progradation leading to shallowing
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Fig. 9. Paleogeographic map for C2 unconformity (late Meramecian) on the late Paleozoic reconstructed base map (Fig. 5). Maps show estimated minimum extents
of depositional belts (patterned). Structure symbols show general orientation and style of deformation preserved in strata below the unconformity (McFarlane, 1997,
2001; Trexler Jr. et al., 2003). Color ramp represents depth of erosion inferred from age of unit below the unconformity (see Fig. 6). Light blue represents area of
inferred shallow-water deposition between deep marine deposition and subaerial exposure. E, Ely; L, Elko; M, Winnemucca; R, Reno; T, Tonopah; U, Eureka; V, Las
Vegas; W, Wells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

10



P.H. Cashman and D.M. Sturmer

throughout Osagean time (Fig. 8, Stevens et al., 1996).
4.3. C2 unconformity surface

The C2 unconformity formed during late Meramecian — early Ches-
terian time and records tectonic shortening, uplift, and subaerial expo-
sure across northern and central Nevada, while marine deposition
continued to the south (Fig. 9). The southern boundary of the C2 un-
conformity surface (i.e., the paleo-shoreline) trends NE, consistent with
maximum uplift to the northwest. This unconformity surface separates
the submarine fan and organic-rich shale deposits of the Antler Foreland
Basin from the overlying fluvio-deltaic and black shale deposits of the
Antler Successor Basin. Both the areal distribution and the erosional
depth of the unconformity indicate that the associated tectonic uplift
was greatest to the north and west (Fig. 9). Structures below the un-
conformity record W-E or NW-SE shortening, and eastward vergence. In
some (tectonically displaced) northwestern localities (Fig. 2, #1-4),
erosion of the tectonic highland removed the entire RMA and much of
the underlying autochthonous lower Paleozoic section. In contrast to the
northern and central parts of the state, there is no C2 unconformity in
southern Nevada. Although marine conditions persisted during Mer-
amecian - early Chesterian time, earliest Chesterian sediments document
an abrupt change in provenance and depositional environment.

Structures truncated by the C2 unconformity record the style, ge-
ometry, and kinematics of the late Middle Mississippian tectonic event.
Angular bedding relationships along the C2 unconformity at Carlin
Canyon, the Adobe Range, the Diamond Mountains and the Pinon Range
(Fig. 2, #9, 10, 12, 13) cut down-section westward, consistent with
tectonic uplift to the west (e.g., Silberling et al., 1997; Trexler Jr. et al.,
2003, 2004, and references therein). Structures below the unconformity
include east- or southeast-vergent folds, east- or southeast-directed
thrust faults, and locally complex imbricate thrust stacks (McFarlane,
1997, 2001; Silberling et al., 1997; Trexler Jr. et al., 2003, and refer-
ences therein). Particularly notable, because of both its complexity and
its location in far northeastern Nevada, is the structure in the northern
Snake Mountains (Fig. 2, #6). There, the major stratigraphic units of the
RMA are duplicated and structurally interleaved with rocks of the Antler
Foreland Basin. Structures include foreland-dipping imbrications, and
an antiformal thrust stack documenting top-to-the-southeast tectonic
transport; folds in autochthonous footwall rocks plunge northeast
(McFarlane, 1997, 2001).

The northwesternmost localities in this study (Fig. 2, #1-4) were
anomalously deeply eroded, thus recording substantial tectonic uplift
during and following C2 time. Encompassing Edna Mountain, Lone
Butte, Dry Hills, and the Osgood Mountains, these localities will herein
be referred to as the Edna Block. Erosion of the tectonic highland at these
localities removed the entire RMA and the underlying autochthonous
lower Paleozoic section, so, at three of them, Lower Pennsylvanian
sediments were deposited on Cambrian rocks (e.g., Ferguson et al.,
1952; Hotz and Willden, 1964; Erickson and Marsh, 1974a, 1974b,
1974c; Saller and Dickinson, 1982; Villa, 2007; Cashman et al., 2011).
Tectonic unroofing along a low-angle normal fault at Edna Mountain
(Fig. 2, #4) is additional evidence of extreme tectonic shortening and
uplift (Villa, 2007; Cashman et al., 2011, and references therein). In
contrast, Lower Pennsylvanian sedimentary rocks at Battle Mountain,
the next closest late Paleozoic rocks to the east (Fig. 2, #5) overlie the
Harmony Formation, which is structurally high in the RMA (Saller and
Dickinson, 1982).

Field relationships at Edna Mountain (Fig. 2, #4) further constrain
this contrast in erosional depth, and require at least one high-angle fault
with substantial lateral offset between Edna Mountain and Battle
Mountain. On most of Edna Mountain, Lower Pennsylvanian rocks
overlie Cambrian rocks. Detrital zircon (DZ) studies indicate that the
Upper Precambrian-Cambrian section is not exotic to North America; the
rocks are correlative to contemporaneous passive margin strata in
western Laurentia (Linde et al., 2014). Therefore, the RMA and most of
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the autochthonous Paleozoic section was eroded here, exposing
Cambrian rocks at the ground surface in Early Pennsylvanian time
(Erickson and Marsh, 1974a, 1974b, 1974c; Saller and Dickinson, 1982;
Villa, 2007; Cashman et al., 2011). In startling contrast, strata on the
east side of Edna Mountain are Ordovician, and correlate with the
autochthonous section farther east (Key, 2015; Key and Cashman,
2021). This stratigraphic mismatch requires a fault with significant
lateral offset. At present, these contrasting sections at Edna Mountain
are separated by a NW-striking, SW-dipping fault (Erickson and Marsh,
1974a; Key, 2015; Key and Cashman, 2021). Counterclockwise rotation
of structures at Edna Mountain relative to synchronous structures else-
where in northern Nevada is consistent with sinistral slip (Key and
Cashman, 2021). So although any original kinematic indicators on the
fault surface have been overprinted by later structures, it is interpreted
to be a sinistral transpressive fault (Key and Cashman, 2021).

Although sedimentation was continuous during Meramecian-
Chesterian time in southern Nevada, there was an early Chesterian
change in both depositional setting and sediment composition of the
allochthonous rocks in the higher thrust sheets at the NNSS (Trexler Jr.
and Cashman, 1997). Sedimentation continued unchanged in the car-
bonate platform to the east, and in the adjacent muddy marginal shelf
(Trexler Jr. et al., 1996) (Fig. 9). In the southern end of the Antler
Foreland Basin, however, earliest Chesterian time was marked by an
abrupt change from siliciclastic turbidites to carbonate turbidites
(Trexler Jr. and Cashman, 1997). A disconformity in the Spotted Range
(Fig. 2, #37) records local subaerial exposure at the margin of the car-
bonate shelf, likely related to persistent sea level drawdown during the
Late Mississippian (e.g., Bishop et al., 2010).

4.4. Early Chesterian

In early Chesterian time, sediments of the Antler Successor Basin
buried the C2 unconformity in northern Nevada (Fig. 10). A pulse of
coarse-grained fluvial-deltaic sediment prograded into the basin from
the tectonic highland to the northwest. These fluvial-deltaic sediments
built eastward and southward, interfingering with marine limestone
locally, and grading into mudrock that makes up much of the Antler
Successor Basin. Submarine fan deposition continued west of the muddy
marginal shelf in southern Nevada, but the sediment was finer grained
than it was earlier in the Mississippian, and the dominant composition
changed from siliciclastic turbidites to allodapic limestone turbidites
and spiculite. These record deeper and quieter conditions as well as a
change in sediment source. To the east, cross-stratified grainstone and
microbialite deposited in a tidal flat environment grade southward into
an exposure surface.

Sedimentologic studies document the paleogeography and evolution
of the Antler Successor Basin. Exposures in the Diamond Mountains
(Fig. 2, #13) record a range of fluvial, deltaic, and shallow marine en-
vironments (e.g., Harbaugh, 1980; Perry, 1994). Paleocurrents were
dominantly toward the southeast. Fluvial deposits thin southward, and
the interfingering shallow marine deposits thin northward, recording
two siliciclastic progradations and three marine carbonate trans-
gressions in all (Perry, 1994). In the White Pine Mountains farther
southeast (Fig. 2, #22), the rocks are dominantly shale (Crosbie, 1997).
Siltstone, sandstone, and carbonate beds interbedded with the shale are
thin and laterally extensive. Thick or coarser-grained beds are present,
but rare. Bioturbation is present, but not common. These rocks represent
a distal prodelta to basinal depositional environment (Crosbie, 1997).

In contrast to the heterolithic and matrix-rich rocks of the Antler
Foreland Basin, the coarse-grained deposits of the successor basin are
clean, chert-quartzite-lithic conglomerate and sandstone with inter-
bedded calcareous litharenite. The conglomerate clast petrology of the
fluvial-deltaic deposits includes recycled clasts eroded from the Antler
Foreland Basin, so documents a source in the RMA; chert and quartzite
clasts dominate (e.g., Dott Jr., 1955; Harbaugh, 1980; Trexler Jr. and
Cashman, 1991; Perry, 1994; Crosbie, 1997; and references therein)
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(Fig. 10). Sandstones contain monocrystalline quartz and sedimentary
lithics (including chert); there are notably fewer volcanic lithics and
feldspar grains than in sandstones of the underlying Antler Foreland
Basin (e.g., Harbaugh, 1980; Trexler Jr. and Cashman, 1991; Perry,
1994; Crosbie, 1997) (Fig. 10). Analysis of ternary diagrams using the
model of Dickinson et al. (1983) suggests both recycled orogen and
cratonic interior sediment sources for the sandstones of the Antler
Successor Basin (e.g., Perry, 1994). Sandstones in the more distal de-
posits of the White Pine Range are compositionally mature to super-
mature, containing 95-99% monocrystalline quartz. The most likely
source for this quartz is the craton to the east (Crosbie, 1997).
Mudrocks of the Antler Successor Basin are distinct from those of the
underlying Antler Foreland Basin; the two can be distinguished in both
surface exposures and the subsurface (French et al., 2020): Antler Suc-
cessor Basin mudrocks have been identified in 151 wells in Nevada, 54
of which contain both foreland basin and successor basin mudrocks.
They are significantly higher in clay, lower in quartz, and lower in
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organic carbon content than those of the Antler Foreland Basin. This
suggests that the Antler Successor Basin was shallower or had better
circulation. The thicknesses and lateral extents of the two mudrock units
are similar, but the lateral limits and depocenter of the Antler Successor
Basin are slightly farther east (French et al., 2020).

Stacked thrust sheets at NNSS and Bare Mountain (Fig. 2, # 32-37)
record the evolving submarine fan system to the west. Although the
Mississippian submarine fan section fines upward overall, it changes
abruptly in early Chesterian time from siliciclastic turbidites derived
from the north and northwest to carbonate turbidites derived from a
productive carbonate platform, probably to the east or southeast
(Fig. 10) (Trexler Jr. and Cashman, 1997). In the lower (eastern) plate,
the arrival of allodapic limestone coincides with a change to hemi-
pelagic sedimentation. It contains thicker and coarser limestone turbi-
dites than the farther-traveled upper plate. Sedimentation in the upper
(western) plate changes from coarse siliciclastic turbidites to argillite
and spiculitic chert, with thin beds of chert litharenite and graded
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allodapic limestone. The presence of more spiculite and fewer grain-
stone turbidites in this upper plate indicates that it was farther from the
source of limestone detritus than the eastern thrust sheet. The chert
pebbles in the allodapic limestone of both thrust sheets are recycled;
they were most likely derived from the slightly older Antler foredeep
strata (Trexler Jr. and Cashman, 1991, 1997). The thinner section of
submarine fan strata at the Bare Mountain area (Fig. 2, # 32) suggests
that the submarine fan section may not have extended much farther to
the southwest than this area (Trexler Jr. and Cashman, 1997).

To the east, karsted coarse-grained carbonates grade southward into
an unconformity surface. At Arrow Canyon (Fig. 2, #38), the late Mer-
amecian - early Chesterian Battleship Wash Formation contains a basal
unit of Meramecian photozoan carbonates overlain by Chesterian cross-
bedded crinoidal grainstone (Bishop et al., 2009). The upper unit also
contains dolomudstone with fenestral fabric, peloid packstone and
grainstone, and thrombolites (Bishop et al., 2009). The upper surface of
the Battleship Wash is a major karst surface with large potholes and
dissolution fractures. The most conspicuous features on the karst surface
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are meter-scale radiating Stigmaria rhizoliths, which are remnant root
systems of lycopsid trees (Pfefferkorn, 1972; Phillips and DiMichele,
1992; Clapham and Bishop, 2010). The upper part of the unit is inter-
preted as deposits of a humid tidal flat (Bishop et al., 2009). The kar-
stification likely resulted from a sea-level drawdown during a major
glacial expansion in the Late Mississippian (Bishop et al., 2010). A
relatively short-lived hiatus is represented by a disconformity between
the top of the lower Chesterian Battleship Wash Formation and the
overlying upper Chesterian Indian Springs Formation (Lane et al., 1999;
Bishop et al., 2009). Farther south, the Battleship Wash Formation is not
present and the depositional hiatus was longer lived, with Indian Springs
Formation deposited on Meramecian Yellowpine Limestone (e.g., Page
et al., 2005; Sturmer, 2012).

4.5. Late Chesterian

The late Chesterian drop in sea level triggered dramatic changes in
depositional environments in the Antler Successor Basin (Fig. 11).
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Fig. 11. Paleogeographic map for late Chesterian time on the late Paleozoic reconstructed base map (Fig. 5). Maps show estimated minimum extents of depositional
belts (patterned). Paleocurrent data from Cashman and Trexler Jr. (1991), Trexler Jr. et al. (1995), Crosbie (1997), Sweet (2003), and unpublished data from Trexler
Jr. Compositional data from Cashman and Trexler Jr. (1991), McLean (1995), and Crosbie (1997). E, Ely; L, Elko; M, Winnemucca; R, Reno; T, Tonopah; U, Eureka; V,

Las Vegas; W, Wells.
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Coarse-grained clastic sediments continued to enter the basin from the
northwest. Farther east, deposition of distal mudrocks continued.
Continent-derived quartz arenite prograded west and south into the
basin and was transported southwest along the continental margin. The
quartz arenite interfingers with the distal mudrocks and locally even
interfingers with coarser-grained sediment derived from west of the
basin. Elsewhere, the carbonate shelf was replaced by a broad nearshore
marine and coastal swamp environment. Note that no Antler Successor
Basin sediments are preserved at the northwesternmost localities in this
study (Fig. 2, #1-5), suggesting that erosion, and possibly tectonic up-
lift, continued there throughout Chesterian time.

The coarse-grained strata in the northwestern part of the basin are
continuous with, and indistinguishable from, the lower Chesterian de-
posits. They are compositionally and texturally mature. Conglomerate
clasts are dominantly chert and quartzite; sandstone grains are domi-
nantly chert and quartz. Both indicate recycling from sources in the
RMA. Conglomerate units in the White Pine Range (Fig. 2, #22) record
delta braid-plain, shoreface and marginal marine environments (Cros-
bie, 1997). Paleocurrent directions in these rocks are generally toward
the southeast (Fig. 11). Near the southern limit of the coarse-grained
deposits, they are interbedded with craton-derived quartz arenites
with southwest-directed paleocurrent indicators (note overlapping
composition patterns on Fig. 11).

The finer-grained deposits on the eastern flank of the basin record a
variety of environments. Shale and mudstone record deeper water
conditions. In the White Pine Range (Fig. 2, #22), the lower Chesterian
prodelta deposits are overlain by and interfinger with well-sorted quartz
arenite recording nearshore beach and offshore bar environments
(Crosbie, 1997). Paleocurrents from these quartz arenites document a
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strong south- to southwesterly flow (Fig. 11). Abundant shale and minor
mudstone also occur in this section, and represent quiet, relatively deep
deposition.

Farther south, interbedded paleosols and fossiliferous shallow ma-
rine limestones dominate the stratigraphy (Fig. 11). These rocks were
deposited disconformably atop Meramecian limestone or lower Ches-
terian karsted limestone with Stigmaria rhizomorph systems (Bishop
et al., 2009; Clapham and Bishop, 2010). Limestone beds tend to be
fossiliferous, dominated by large productid brachiopods, including
Flexaria, Inflatia, and Diaphragmus (Webster and Lane, 1967; Clapham
and Bishop, 2010). Other brachiopods, and echinoderms are also locally
abundant (Lane, 1964; Webster and Lane, 1970; Brenckle et al., 1997).
These strata are consistent with deposition in a marginal marine depo-
sitional environment with relatively high-amplitude (<60 m) sea level
change (Clapham and Bishop, 2010). Paleosols include a combination of
vertisols, argillisols, and protosols, consistent with a sub-humid to sub-
arid climate with high seasonality (Bishop et al., 2009; Clapham and
Bishop, 2010).

Autochthonous rocks in the southwesternmost localities (Fig. 2, #
34-36) are shale and sandstone of the marginal shelf (Trexler Jr. et al.,
1996). At Mine Mountain (Fig. 2, # 35), the shale contains distinct beds
of chert litharenite and quartz arenite, evidence of interfingered
allochthon-derived and craton-derived sands, respectively (Fig. 11).
Bimodal paleocurrent indicators in quartz arenite bar sands near Syn-
cline Ridge suggest tidal influence. The amount of mature, craton-
derived quartz sand increases near the top of these sections (Trexler
Jr. et al., 1996), and extends into strata of Morrowan age at Syncline
Ridge (Fig. 2, # 34) (Titus, 1992; Titus and Manger, 1992).

No upper Chesterian rocks are preserved in the southwestern
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Fig. 12. Paleogeographic map for Atokan time on the late Paleozoic reconstructed base map (Fig. 5). Maps show estimated minimum extents of depositional belts
(patterned). Paleocurrent data from Saller and Dickinson (1982) and unpublished data from Trexler Jr. Compositional data from Dickinson et al. (1983). E, Ely; L,

Elko; M, Winnemucca; R, Reno; T, Tonopah; U, Eureka; V, Las Vegas; W, Wells.
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allochthonous sections (Fig. 2, # 32-33). The chert litharenite beds in
the autochthonous section show that the turbidite trough was still active
in late Chesterian time, but we have no direct record of the late Ches-
terian history along the basin axis at the southern end of the turbidite
basin (Trexler Jr. and Cashman, 1997).

4.6. Atokan

In Morrowan to Atokan time a broad, shallow carbonate shelf formed
across eastern and southern Nevada atop the C3 unconformity surface.
The sea-level drop during latest Mississippian time (e.g., Ross and Ross,
1987; Lane et al., 1999) resulted in subaerial exposure of most of the
study area and formation of the C3 unconformity. Notably, in contrast to
the other unconformities (Fig. 12), this unconformity is not associated
with sub-unconformity structures or tilting. As sea level rose in the Early
Pennsylvanian, the Mississippian clastic Antler Successor Basin was
replaced by the broad, shallow-water Ely-Bird Spring Carbonate Shelf (e.
g., Stevens and Stone, 2007; Sturmer, 2012). In contrast to the northeast-
southwest to north-south oriented facies belts throughout the Missis-
sippian, the carbonate shelf covers most of the study area from the
latitude of Wells, NV to southeastern California (Stevens and Stone,
2007) and from central Nevada into western Utah (Fig. 12).

The carbonate shelf is characterized by repeated, coarsening-upward
cycles (e.g., Dott Jr., 1955, 1958; Stevens and Stone, 2007; Bishop et al.,
2010; Martin et al., 2012; Sturmer et al., 2021). The cycle bases are
dominated by mudstone and wackestone, grading upward into pack-
stone, grainstone, and occasionally siliciclastic sandstone or conglom-
erate beds (e.g., Dott Jr., 1955; Stevens and Stone, 2007; Bishop et al.,
2010; Martin et al., 2012; Sturmer, 2012). Finer-grained cycle bases are
commonly poorly exposed. Sections within the basin contain between
25 and 40 of these cycles (e.g., Sturmer, 2012; Sturmer et al., 2021). The
cycles range in thickness from a few meters to a few tens of meters (e.g.,
Lane et al., 1999; Saltzman, 2003; Tierney, 2005; Stevens and Stone,
2007; Sturmer, 2012). The cycles are interpreted as recording cyclic sea
level change during the Late Paleozoic Ice Age (e.g., Dott Jr., 1958; Lane
et al., 1999; Saltzman, 2003; Scott and Elrick, 2004; Tierney, 2005;
Bishop et al., 2010; Martin et al., 2012; Sturmer, 2012). Depositional
environments range from outer ramp (fine-grained cycle bases) to
nearshore/fluvio-deltaic (coarse-grained cycle tops) (Stevens and Stone,
2007; Bishop et al., 2010; Martin et al., 2012). The cycles are therefore
interpreted as recording the transition from maximum flooding near
cycle bases to sea-level lowstands at cycle tops.

In Atokan time, conglomerate beds periodically prograded from the
west across northern Nevada during times of sea-level lowstand (e.g.,
Dott Jr., 1955; Sweet, 2003; Sturmer, 2012). Sandstone and conglom-
erate beds are present in Atokan strata at the Central Pequop Mountains,
Carlin Canyon, and Grindstone Mountain sections (Fig. 2, # 8, 10, 11;
Dott Jr., 1955; Sweet, 2003; Sturmer, 2012; Sturmer et al., 2021).
Conglomerate beds cap lithological cycles, occurring above packstone/
grindstone beds and below mudstone-rich cycle bases (Dott Jr., 1955;
Sweet, 2003; Sturmer, 2012; Sturmer et al., 2021). Conglomerates
generally contain pebble-sized chert and quartzite clasts, likely sourced
either from the RMA or from uplifted Mississippian conglomeratic units.
Near Elko (Fig. 2, #10, 11) conglomerate abundance increases to ~50%
toward the top of the section with beds up to 60 m thick (Dott Jr., 1955).
These beds likely represent the distal edges of prograding fluvio-deltaic
systems during sea-level lowstands. Conglomerate and sandstone beds
have been documented in the northern part of the basin only (Fig. 12).

The broad carbonate shelf did not extend to the northwesternmost
part of the study area (Fig. 2, #1-5). Deposition in this area didn’t
resume until Morrowan time following moderate to deep erosion during
C2 and the Late Mississippian (Fig. 12). Initial deposition was pebble to
boulder quartzite conglomerate and interbedded channel sandstone at
Edna Mountain (Villa, 2007; Cashman et al., 2011). These deposits are
interpreted to record an alluvial fan to fluvio-deltaic environment
(Saller and Dickinson, 1982; Villa, 2007; Cashman et al., 2011). Late in
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Morrowan time, the conglomerates from the Dry Hills south to Edna
Mountain gave way to a shallow marine, mixed clastic-carbonate system
which persisted into middle Atokan time (Fig. 2, #1-4; Ferguson et al.,
1951, 1952; Villa, 2007; Cashman et al., 2011). Rocks of this age include
interbedded sandy to silty wackestone, packstone, and grainstone
interbedded with calcareous sandstone and conglomerate. The
conglomerate is poorly sorted and contains angular quartzite and chert
pebbles (Cashman et al., 2011). Clastic units show paleocurrents pre-
dominantly to the southeast with subordinate flow to the east-northeast
and west-southwest (Fig. 12; Saller and Dickinson, 1982). Farther east,
alluvial fan conglomerate grading upward into fluvio-deltaic conglom-
erate and sandstone was deposited at Battle Mountain (Fig. 2, #5; Saller
and Dickinson, 1982). Paleocurrents at Battle Mountain were domi-
nantly to the west and southwest (Fig. 12; Saller and Dickinson, 1982).

The deepest water Atokan carbonate deposits are preserved in the
southwestern part of the study area at Syncline Ridge on the Nevada
National Security Site (Fig. 2, #34). The strata are dominantly poorly-
exposed thin-bedded silty mudstone with cyclic 0.5 to 3 m thick grain-
stone beds. Farther up section, the grainstone beds are replaced with
periodic thin debrite and carbonate turbidite beds. Fossils are rare, with
locally abundant gastropods (Titus and Manger, 1992; Sturmer, 2012;
Sturmer et al., 2021). The combination of mudstone with event beds and
turbidites is consistent with deposition in an outer shelf to upper slope
setting as part of a distally-steepened ramp (Yose and Heller, 1989;
Miller and Heller, 1994; Stevens et al., 2001; Sturmer, 2012). We
interpret these strata to represent a connection between the Bird Spring
Shelf to the east and the Keeler Basin to the west (Yose and Heller, 1989;
Miller and Heller, 1994; Stevens et al., 2001; Stevens and Stone, 2007).

4.7. C5 and C6 unconformity surfaces

The C5 and C6 unconformities document significant tectonic short-
ening, uplift, and erosion in northern and central Nevada during a
relatively short period in Middle Pennsylvanian time (Figs. 13 and 14).
Though they are demonstrably separate surfaces, both are not always
present because C6 cuts down-section and removes C5 across much of
the study area. Both unconformities are present in a few localities in
eastern Nevada, where they are separated by strata of the Hogan Basin.
Both unconformities also appear to be preserved at Edna Mountain
(Fig. 2, #4), in the translated Edna Block at the northwestern edge of the
study area. Structures below C5 are northwest-vergent overturned folds
and northwest-directed thrust faults. In the western part of the study
area where C5 has been removed by erosion, the structures below C6 are
also northwest-vergent, suggesting that these structures, too, formed
during pre-C5 shortening. At Edna Mountain, (Fig. 2, #4), sub-C5
structures are truncated by a low-angle normal fault and rotated
counter-clockwise around a vertical axis. Deposition continued in
southern Nevada but documents a shift to shallower and locally more
restricted depositional environments.

The C5 and C6 unconformities formed across the northern three-
quarters of the study area during the early Desmoinesian and late Des-
moinesian to Missourian times, respectively. Both the C5 and C6 un-
conformities are angular. C5 cut down to the east whereas C6 cut deeply
down to the west, removing older unconformities (e.g., Trexler Jr. et al.,
2004; Sturmer et al., 2018). For example, at Carlin Canyon (Fig. 2, #
10), C6 cut down to the Upper Mississippian, removing several hundred
meters of Lower Pennsylvanian strata present just a few km to the east
(Trexler Jr. et al., 2004). The result is that C6 completely removes C5
across much of the study area. The main exception is the narrow area
where middle Desmoinesian sediments of the Hogan Formation are
preserved (Fig. 14). Youngest strata preserved below C5 are upper
Atokan in age, but may be as young as lower Desmoinesian at Illipah
Reservoir and near Elko (e.g., Dott 1955; Sturmer, 2012; Sturmer et al.,
2021). Strata preserved between C5 and C6 are middle to upper Des-
moinesian in age (e.g., Robinson Jr., 1961; Sweet, 2003; Pérez-Huerta,
2004; Cashman et al., 2011). Oldest strata deposited atop C6 are middle
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Missourian (e.g., Sweet, 2003; Trexler Jr. et al., 2004).

Structures below the C5 unconformity include distinctive NW-
vergent folds and top-to-the-NW thrust faults. They record NW-SE
shortening, and are preserved in the Pequop Mountains and at Buck
Mountain (Fig. 2, #8, 16) (Sweet, 2003; Trexler Jr. et al., 2004; Whit-
more et al., 2021). Structures of this age are not present at the Illipah
Reservoir section just SE of Buck Mountain (Fig. 2, # 19), thus con-
straining the southeastern extent of the deformation (Sturmer, 2012;
Whitmore et al., 2021). The C6 unconformity cuts down-section west of
these localities, removing the C5 unconformity and the overlying Hogan
Formation. Although it’s impossible to determine the age of the sub-C6
structures where C5 is absent (e.g., Carlin Canyon (Fig. 2, #10)), the
distinctive northwest vergence of the dominant folds argues for them
being cogenetic with the sub-C5 structures. Both the C5 and C6 un-
conformities also appear to be present at Edna Mountain, in the trans-
lated Edna Block at the northwestern edge of the study area (Fig. 2, # 4).

Structures at Edna Mountain (Fig. 2, #4) verge WSW, differing in
orientation but not style from sub-C5 structures observed farther east
and southeast (Villa, 2007; Cashman et al., 2011). The WSW-vergent
folds were followed by top-to-the-northeast motion on the Iron Point
Fault, a low-angle normal fault. Although originally mapped as the Iron
Point Thrust Fault (Erickson and Marsh, 1974a, 1974b, 1974c), this fault
places younger rocks over older, and associated small-scale structures
include brecciation, veining and iron staining, which are typical of
extensional faults. It was reinterpreted as a tectonic unroofing structure
that formed in response to extreme crustal thickening (Villa, 2007;
Cashman et al., 2011). The distinctive style and vergence of the folds is
similar to sub-C5 folds elsewhere, but fold axes are rotated ~60°
counter-clockwise. This rotation is consistent with drag along the NW-
striking fault in the eastern edge of Edna Mountain, indicating a sinis-
tral sense of offset (Key and Cashman, 2021).

Sedimentation was continuous through Desmoinesian and into
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Fig. 13. Paleogeographic map for the C5
unconformity (early Desmoinesian) on the
late Paleozoic reconstructed base map
(Fig. 5). Maps show estimated minimum
extents of depositional belts (patterned).
Structure symbols show general orientation
and style of deformation preserved in strata
below the unconformity (Sweet, 2003;
Trexler Jr. et al., 2004; Cashman et al.,
2011; Whitmore et al., 2021). Color ramp
represents depth of erosion inferred from
age of unit below the unconformity (see
Fig. 6). Light blue represents area of infer-
red shallow-water deposition between deep
marine deposition and subaerial exposure.
E, Ely; L, Elko; M, Winnemucca; R, Reno; T,
Tonopah; U, Eureka; V, Las Vegas; W, Wells.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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Missourian time in much of southern Nevada, with a shift to shallower
water and locally restricted deposition (e.g., Bishop et al., 2010; Martin
et al.,, 2012). Rock types vary across the shelf, including mudstone,
heterozoan and photozoan packstone, grainstone, dolomudstone, and
cross-bedded quartz siltstone (Martin et al., 2012). Depositional envi-
ronments range from outer platform/upper slope to restricted platform
interior and beach, generally shallowing to the south and southeast (e.g.,
Rice, 1990; Martin et al., 2012). Farther west, deposition of shale
punctuated by thin turbidite beds continued on the Tippipah Slope
(NNSS) during C5 time (Sturmer, 2012). Depositional patterns did
change during C6 time, with coarser-grained turbidites on the Tippipah
Slope and exposure with development of an unconformity in the far
southeastern part of the study area (e.g., Rice, 1990; Sturmer et al.,
2021).

4.8. Middle Desmoinesian

The middle Desmoinesian rock record is incomplete, and accordingly
somewhat ambiguous, because of erosion along the closely spaced C5
(early Desmoinesian) and C6 (late Desmoinesian-Missourian) un-
conformities (Fig. 14). The absence of mid-Desmoinesian rocks in
northern and central Nevada may reflect either non-deposition or
erosional truncation by the C6 unconformity. Preserved middle Des-
moinesian rocks of the Hogan Basin record a relatively deep basin
exposed in a narrow belt of mountain ranges between Wells and Ely.
Although carbonate deposition continued in west-central Utah, these
formations were relatively shallow and punctuated by disconformities
(Ritter and Robinson, 2009). Deposition in southern Nevada was
dominated by a carbonate shelf, transitioning into aeolian deposits to
the east and slope shale and turbidites to the west (Fig. 14).

The Hogan Basin of northeastern Nevada represents a significant
deepening of the depositional environment (Sweet, 2003; Schiappa
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Fig. 14. Paleogeographic map for middle
Desmoinesian time on the late Paleozoic
reconstructed base map (Fig. 5). Maps
show estimated minimum extents of

Middle Desmoinesian

California
Nevada

[
‘ Preserved extent of the
| Hogan Basin

depositional belts (patterned). Color ramp
represents depth of erosion inferred from
age of unit below the unconformity (see
Fig. 6). Light blue represents area of
inferred shallow-water deposition between
deep marine deposition and subaerial
exposure. Paleocurrent data from Rice
(1990). E, Ely; L, Elko; M, Winnemucca; R,
Reno; T, Tonopah; U, Eureka; V, Las Vegas;
W, Wells. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)

et al., 2017; Sturmer et al., 2018). Strata within the Hogan Basin are
mostly calcareous siltstone, mudstone, and wackestone (Robinson Jr.,
1961; Mollazal, 1961; Payne and Schiappa, 2000; Sweet, 2003; Pérez-
Huerta, 2004; Whitmore, 2011). These deposits have been interpreted as
relatively deep marine, based on textural and faunal evidence (Sweet,
2003; Schiappa et al., 2017). Northern exposures of basin strata at the
central Pequop Mountains (Fig. 2, #8), contain a few 0.5-2.5 m thick
grainstone beds with sharp basal contacts, interpreted as turbidite de-
posits (Sweet, 2003). Farther south at Buck Mountain (Fig. 2, #16),
Hogan Formation rocks are predominantly flaggy-weathering sandy
siltstone, with local thinly-bedded petroliferous carbonate mudstone.
The preserved thickness is variable and is locally less than 10 m; the
original thickness is unknown (Whitmore, 2011). The ammonoid
Somoholites n. sp. has been identified in the cores of concretions in the
silty mudstone at Buck Mountain (Schattauer and Schiappa, 2010).
These observations are consistent with Hogan Formation rocks being
deposited in a deep basin with good circulation (Schiappa et al., 2017).
Poor exposure combined with limited preservation, most notably due to
erosion along the C6 surface, precludes a more detailed tectonic inter-
pretation of the Hogan Basin at present.

The carbonate basin in western Utah was dominated by mid- to
upper ramp wackestone and packstone (St. Aubin-Hietpas, 1983; Ritter
and Robinson, 2009). Strata are m-scale shallowing-upward strata with
muddy heterozoan wackestone grading upward into photozoan pack-
stone (Ritter and Robinson, 2009). These units are punctuated by bio-
stromes of Komia, Palaeoaplysina, and Syringopora, indicating openly
circulating marine water (Ritter and Robinson, 2009). These middle
Desmoinesian sediments are disconformably overlain by a thin upper
Desmoinesian dolomudstone parasequence representing more restricted
circulation patterns (Ritter and Robinson, 2009).

Middle Desmoinesian strata are missing in the northwestern part of
the study area, except for a distinctive conglomerate unit at Edna
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Mountain (Fig. 2, #4). It was deposited locally within depressions on a
karsted surface (Cashman et al., 2011). Clasts, dominantly angular silty
limestone and red or green phyllite, were derived from the underlying
Highway Limestone and Preble Formation, respectively (Villa, 2007;
Cashman et al., 2011). The rare occurrences of clast imbrication are
consistent with north-directed paleocurrents (Cashman et al., 2011).

Deposition on the Bird Spring Shelf in southern Nevada continued
through Desmoinesian time, with shallower facies, an increase in
aeolian clastic input, and a shift to more restricted conditions (Welsh,
1959; Gamache, 1986; Sur et al., 2010; Martin et al., 2012; Sturmer
et al,, 2018). Facies are dominated by heterozoan and photozoan
packstone and grainstone, calcareous siltstone, peloidal grainstone,
boundstone, and dolomudstone (Martin et al., 2012). Many of the car-
bonate units include fine-grained sand interpreted as having an aeolian
origin (Sur et al., 2010). Depositional environments are interpreted as
low- and high-energy inner platform and restricted platform, with
increasing abundance of the restricted facies upsection (Martin et al.,
2012). To the east, Bird Spring Basin deposits transition into aeolian
carbonate units exposed in southeastern Nevada and northwestern
Arizona (Rice, 1990). This area is dominated by marine limestone, with
increasing abundance of carbonate aeolian deposits. Farther south and
east, the strata become more siliceous, and abundance of aeolian and
fluvial deposits increases, with no marine limestones present in the
Grand Canyon area (e.g., McKee, 1982; Blakey, 1990; Rice, 1990;
Gehrels et al., 2011). Paleocurrent directions are consistently toward the
south to south-southwest in the aeolian units (Rice, 1990).

Deepwater deposition continued at Syncline Ridge (Fig. 2, #34) with
increased conglomeratic turbidite beds beginning in middle Desmoi-
nesian time. Conglomerates are dominantly clast-supported (locally
matrix-supported), containing contorted rip-up clasts and angular to
rounded limestone and chert pebbles. The conglomerate units are
commonly cross-bedded and associated with soft-sediment deformation
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features including slump folds. Packstone and grainstone units are
interbedded with the conglomerate, including local phylloid algal and
crinoid bioherms (unpublished data, Trexler Jr. et al., 1996). Overall,
these units are interpreted as a combination of turbidites and debris
flows, still perhaps in an outer shelf to upper slope depositional envi-
ronment (e.g., Miller and Heller, 1994). Farther west, turbidites, meg-
abreccias, and debris flows began to be deposited within the deep-water
Keeler Basin (Yose and Heller, 1989; Miller and Heller, 1994). The
changes in deposition style have been interpreted to represent a change
from a distally-steepened ramp in Early Pennsylvanian time to a rimmed
shelf beginning in Desmoinesian time (Yose and Heller, 1989; Miller and
Heller, 1994; Stevens et al., 2001; Bishop et al., 2010). The Syncline
Ridge area therefore represents the shallower reaches of the connection
between the Bird Spring Shelf and the Keeler Basin (Yose and Heller,
1989; Miller and Heller, 1994; Sturmer, 2012). Elsewhere at the NNSS
and at Bare Mountain, there are no known Paleozoic deposits younger
than late Chesterian in the allochthonous thrust sheets (e.g., Cole and
Cashman, 1999).

5. Discussion and geologic history

Of the six Mississippian and Pennsylvanian unconformities recog-
nized by Trexler and Snyder (C1 - C6, in Trexler Jr. et al., 2003, 2004)
(Fig. 1), itis now clear that only three are tectonically significant. The C3
and the C4 unconformities are not associated with angular truncations,
and both were formed during global sea-level lowstands (Fig. 1). They
are interpreted here to be non-tectonic in origin. In contrast, widespread
angular truncations and sub-unconformity structures are associated
with the late Middle Mississippian C2 and Middle Pennsylvanian C5 and
C6 unconformities. These are clearly tectonic.

The latest Devonian unconformity (C1 of Trexler Jr. et al., 2003,
2004) marks a sea-level lowstand; it has also long been defined as a
significant tectonic marker. Evidence for subaerial exposure and erosion
is found locally on this surface; for example, at Shoshone Mountain and
Mine Mountain on the NNSS (e.g., Fig. 2, #35), fine-grained siliciclastic
rocks overlie the karst surface on the Upper Devonian carbonates
(Trexler Jr. et al., 1996; French et al., 2020). However, angular trun-
cations are absent at these locations, so this unconformity does not re-
cord tectonism. It does record the initiation of “western facies”
siliciclastic sedimentation on the Upper Devonian continental margin
carbonates. For this reason, the contact has long been interpreted as the
initiation of Antler Foreland Basin deposition, and therefore used to date
the Antler Orogeny (Roberts et al., 1958; Nilsen and Stewart, 1980).
However, the lack of an angular unconformity and of coarse-grained
synorogenic sediments indicates that C1 should not be used as a
marker of the Antler Orogeny.

There was a significant time lag between initial siliciclastic deposi-
tion in the Antler Foreland Basin and the arrival of coarse-grained syn-
orogenic deposits in the study area (Figs. 7-8). Although the initial fine-
grained clastic sediments are uppermost Devonian, coarse-grained syn-
orogenic sediment did not arrive in the foreland basin in Nevada until
Osagean time (Trexler Jr. and Cashman, 1997; Trexler Jr. et al., 2003,
and references therein). This is a lag of about 10 Myr. The coarse-grained
sediment originated to the northwest of the Laurentian margin and
flowed south as turbidites along the axis of the foreland basin, parallel to
the continental margin (Fig. 8). The absence of contemporaneous ex-
posures to the northwest precludes a better understanding of the tec-
tonic setting at the sediment source. An Osagean unconformity in
turbidites of the Copper Basin Group in Idaho (Link et al., 1996) records
tectonism farther north at this time, but is most likely not a direct
sediment source for the foreland basin in Nevada.

Late Middle Mississippian tectonism was widespread and substantial.
It formed the earliest documented structures in the Antler Foreland
Basin of Nevada. The tectonic uplift was greatest to the northwest, and
the resulting erosion surface (C2) covered the entire northern half of the
study area (Fig. 9). The C2 contact can be identified in the subsurface,
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and has been mapped across Nevada (French et al., 2020). Where most
tightly constrained, the tectonism occurred between late Osagean and
earliest Chesterian time (Trexler Jr. et al., 2003). Sediment had been
accumulating in the foreland basin for at least 20 and possibly as many
as 30 Myr prior to this deformation (Trexler Jr. et al., 2003). In the
translated Edna Block (Fig. 2, #1-4), Morrowan and Atokan rocks
directly overlie the unconformity, indicating that this area remained
high throughout Chesterian time. Concurrently, sedimentation had
resumed in the Antler Successor Basin farther south and east. Geometric
and kinematic data unequivocally recording late Middle Mississippian
tectonism are limited to structures in clastic rocks of the Antler Foreland
Basin that are overlain unconformably along C2 by undeformed rocks of
the Antler Successor Basin (Fig. 9) (e.g., Trexler Jr. et al., 2003, and
references therein). A few localities in north-central Nevada record east-
or east-southeast-directed thrust faults (e.g., Tosdal unpublished map-
ping in Trexler Jr. et al, 2003) (Fig. 2, # 12), and angular un-
conformities record eastward dips (Fig. 2, #10, 12). However, in the
Snake Mountains to the northeast (Fig. 2, # 6), folds and thrust imbri-
cations in Antler Foreland Basin rocks record significant southeast-
directed shortening immediately below the RMT (McFarlane, 1997,
2001). This geographic distribution of late Middle Mississippian struc-
tures, supported by an eastward step in the Sr; 0.706 line in northeastern
Nevada (Fig. 4), indicates that there was an eastward step in the con-
tinental margin at this latitude (e.g., McFarlane, 2001). At present, it is
not clear whether the different orientations of sub-C2 structures repre-
sent original shortening directions, or a partial record of strain parti-
tioning across the Laurentian margin. However, the orientation of the C2
boundary (Fig. 9) supports a locally NE-trending continental margin
with NW-SE shortening across it in late Middle Mississippian time.

Strata of the Antler Successor Basin overlie the angular C2 uncon-
formity and record a fluvial-deltaic system grading up into a broad
carbonate platform. The fluvio-deltaic system built south and east from
the tectonic highland (Figs. 10-11). Although this paleogeographic
setting contrasts dramatically with the turbidite-dominated foreland
basin below the C2 unconformity, early stratigraphic terminology in
Nevada did not distinguish between rocks deposited in these two basins.
The terminology therefore delayed recognition of the C2 unconformity,
and of the late Middle Mississippian tectonism that produced it. In latest
Mississippian time clastic material periodically washed in from the east,
locally interfingering with the fluvio-deltaic and deeper sediments
sourced from the west and northwest (Fig. 11). Following the end-
Mississippian sea-level lowstand, most of the study area was covered
by a shallow-marine carbonate shelf (Fig. 12). Basin depositional pat-
terns were driven by glacioeustacy. By Atokan time, rapid subsidence
began in the northwestern part of the basin (e.g. Sturmer, 2012; Sturmer
et al., 2012, 2018; 2021). Periodic progradation of clastic deposits
during sea-level lowstands also began in Atokan time in the northern
part of the basin, generally increasing in frequency upsection.

Vigorous tectonic activity resumed in Middle Pennsylvanian time,
producing structures across the width of the study area, followed by
subaerial exposure that resulted in extensive erosion surfaces. The two-
stage event produced two geographically adjacent tectonic highlands,
which eroded to form the C5 (late Atokan — early Desmoinesian) and C6
(late Desmoinesian — middle Missourian) unconformities (Fig. 13).
Rocks of the Desmoinesian Hogan Formation were deposited between
the C5 and C6 unconformities and record relatively deep-water condi-
tions during this time (Robinson Jr., 1961; Mollazal, 1961; Payne and
Schiappa, 2000; Sweet, 2003; Pérez-Huerta, 2004). On-going work on
the internal stratigraphy of the Hogan Formation will shed light on the
original extent, shape and tectonic setting of the Hogan Basin. Structures
below the Hogan Formation include northwest-vergent overturned folds
and northwest-directed thrust faults; they pre-date the C5 unconformity
(e.g., Trexler Jr. et al., 2004; Cashman et al., 2011, 2016, 2020). Because
the C6 unconformity cut down-section toward the west and eroded
through both the C5 unconformity and the Hogan Formation, the orig-
inal extents of both are unknown.
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Each of the Middle Pennsylvanian tectonic events is associated with
subsidence of a relatively deep basin. The northwestern edge of the
Pennsylvanian carbonate shelf (Fig. 2, # 11; Fig. 12) subsided rapidly in
earliest Atokan time. This subsidence preceded formation of the C5
unconformity. The subsidence curve is consistent with flexural subsi-
dence due to structural loading (Sturmer, 2012; Fig. 16 in Sturmer et al.,
2021); the original shape and extent of this deep basin are unknown. The
deep Hogan Basin (Fig. 14) preceded the formation of the C6 uncon-
formity; it, too, may have formed in response to structural loading.
Alternatively, it could be a graben, strike-slip or composite basin anal-
ogous to the Kinderhookian basins in Idaho (e.g., Wilson et al., 1994;
Link et al., 1996). Further work is underway to determine the initial
shape and extent of the Hogan Basin.

The shortening direction was NW-SE, notably not W-E, in this part of
Laurentia during Mississippian-Pennsylvanian time. Sedimentological
evidence documents a sediment source to the northwest and a regional
topographic gradient downward toward the southeast: synorogenic
coarse-grained sediment entered the basins from the NW and was
transported S parallel to the margin in Mississippian time (Figs. 8, 10,
11). At times of subaerial exposure in northern Nevada, submarine
deposition continued in southern Nevada, and the coastline was ori-
ented SW-NE (Figs. 9, 13, 14). Structures formed in the Middle Missis-
sippian event record either W-E or NW-SE shortening and those formed
in Middle Pennsylvanian time record NW-SE shortening: fold axes trend
NE (e.g., Trexler Jr. et al., 2004). Thrust faults are generally SE- or NW-
directed, (e.g., McFarlane, 1997; Trexler Jr. et al., 2004; Key and
Cashman, 2021; Whitmore et al., 2021). The fastest localized subsidence
of the Early to Middle Pennsylvanian Ely-Bird Spring Basin was in the
NW (Sturmer, 2012; Sturmer et al., 2021). This NW-SE shortening is
consistent with a sinistral-convergent margin along the western edge of
Laurentia during late Paleozoic time (Lawton et al., 2017). It contrasts
with the direction predicted by many other tectonic models for south-
western Laurentia in the late Paleozoic (e.g., Burchfiel and Davis, 1972,
1975; Nilsen and Stewart, 1980; Speed and Sleep, 1982; Burchfiel et al.,
1992; Dickinson, 2000; Leary et al., 2017).

The deep erosion of the Edna Block (Fig. 2, #1-4) requires three
phases of anomalous tectonic uplift and significant lateral offset along a
margin-parallel fault. Edna Mountain itself (Fig. 2, #4), records tectonic
uplift and subaerial exposure associated with the C2, C5 and C6 un-
conformities. First, Upper Morrowan rocks directly overlie Cambrian
rocks on the C2 unconformity, recording erosion of the entire post-
Cambrian section. This documents dramatic uplift and prolonged sub-
aerial exposure of the Edna Block associated with Late Mississippian
tectonism. Second, an angular, locally derived conglomerate fills a
karsted C5 surface on folded and faulted Atokan limestone. This surface
post-dates west-vergent folding and tectonic denudation by the Iron
Point low-angle normal fault, and records significant crustal thickening
and tectonic uplift in middle Desmoinesian time. Third, this conglom-
erate is itself unconformably overlain by Upper Pennsylvanian lime-
stone atop the C6 unconformity, recording another period of subaerial
exposure. The eastern boundary of the Edna Block is a high-angle fault,
or faults. The easternmost of these is in eastern Edna Mountain (Fig. 2,
#4), where a N-striking fault separates the Pennsylvanian-on-Cambrian
rocks from a thick autochthonous Ordovician section (Key, 2015; Key
and Cashman, 2021). Tectonic rotation of the pre-C5 folds in the Edna
Block suggests sinistral-oblique motion on the fault. At the next locality
to the east, Battle Mountain (Fig. 2, #5), Pennsylvanian rocks are
deposited on the RMA (Ferguson et al., 1952; Roberts et al., 1958;
Roberts, 1964; Saller and Dickinson, 1982), hinting that additional fault
strand(s) may bound the Edna Block on the east. The distinctive nature
of the Edna Block (Fig. 2, #1-4) was previously noted, based on the
unique presence of pre-Middle Pennsylvanian metamorphism and
polyphase deformation (Jones Crafford, 2008).

Several of the above observations are consistent with a sinistral
component of offset along western margin of Laurentia as proposed by
previous workers. A  southward-propagating sinistral-oblique
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convergent margin documented in the Canadian Arctic, Yukon, and
northwestern Canada reached the area of present-day British Columbia
by Devonian time (Colpron and Nelson, 2009). Late Middle Mississip-
pian tectonism in Nevada is consistent with this pattern. Detrital zircons
from the RMA and from the Harmony Formation, its structurally highest
unit, match sources in northwestern Canada; they are thought to have
been transported structurally to their present location (Linde et al.,
2016, 2017). SE-directed imbrication of the RMA with foreland basin
rocks as far east as the Snake Mountains (McFarlane, 1997, 2001) can be
explained by oblique convergence, where translated rocks encounter an
eastward step in the Laurentian margin. Direct evidence of translation
along the margin is evident in the unusual uplift and extended erosion of
the Edna Block (Fig. 2, #1-4). It was translated to its present position;
counter-clockwise rotation of the Middle Pennsylvanian fold set in-
dicates that the translation was sinistral. Anomalously rapid subsidence
of the northwestern edge of the Pennsylvanian carbonate platform (e.g.,
Sturmer, 2012; Sturmer et al., 2018; 2021) suggests that area records the
initial Middle Pennsylvanian tectonism. Lastly, both pre-C2 and pre-C5
structures record NW-SE shortening; this is consistent with sinistral
oblique convergence, but not with previous models of eastward
obduction.

6. Conclusions

Compilation of stratigraphic, sedimentological, and structural data
on palinspastically restored maps reveals the Mississippian — Middle
Pennsylvanian paleogeography and evolution of southwestern Laurentia
in unprecedented detail. These maps record two major periods of
tectonism, in late Middle Mississippian and Middle Pennsylvanian time.
Syn-orogenic sediments came from the northwest. Folds and thrust
faults record NW-SE shortening. Subaerial erosion produced widespread
unconformities in northern and central Nevada at both times, while
deposition continued in southern Nevada. Notably, there are no struc-
tures formed in Late Devonian-Early Mississippian time, the age previ-
ously cited for the Antler Orogeny. A transported crustal block, herein
named the Edna Block, records a similar tectonic history, but with
tighter folds and deeper, more prolonged erosion. Both suggest more
extreme shortening and uplift of the Edna Block than of the autoch-
thonous Laurentian margin. The Edna Block was most likely emplaced
late in the Middle Pennsylvanian tectonic event; it was in its present
position at the northwest edge of the study area before the Permo-
Triassic Sonoma Orogeny.

This detailed re-examination of the rocks in Nevada that inspired the
“Antler Orogeny” demands a dramatic revision of that paradigm. The
rocks record tectonism at multiple times, rather than just one. Late
Paleozoic tectonism in Nevada did not start until late Middle Missis-
sippian time, rather than latest Devonian. Shortening was northwest-
southeast, oblique to the Laurentian margin, rather than perpendicular
to it. These observations are consistent with evolving sinistral-oblique
convergence along the Laurentian margin. Future usage of the term
“Antler Orogeny” must be altered accordingly.
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