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Figure 1. Extent of lower Paleozoic Shelf domain with outcrops shown. Refer to Crafford (2007) for detailed explanation of geologic units.

Crafford, Geosphere, 2008

Note how far west we see shelf rocks
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Figure 2. Lower Paleozoic Shelf, Slope, and Basin domains. Outcrop of Lower Paleozoic Shelf domain shown. Locations mentioned in text.

Overlap of shelf and basin suggests thrusting...

Crafford, Geosphere, 2008

Here we see deep water (basin domain) overlying the shelf rocks…
however, consider this quote from Cashman et al. 2011: “However, the age of folds and faults attributed to the Antler orogeny are not well constrained—the deformed rocks commonly range from Ordovician to Devonian in age, but 
no strata overlying these deformed rocks are older than Pennsylvanian. Based on these relationships, the deformation is permissibly much younger than the Late Devonian–Early Mississippian Antler orogeny.”
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Figure 4. Slope, Basin, Shelf, and Foreland Basin domains. Outcrop of Slope domain shown.

Crafford, Geosphere, 2008

Add in Mississippian foredeep sediments and you get a picture of the Antler orogeny



Burchfiel and Royden, Geology, 1991

Late Paleozoic tectonic 
elements

We’re going to investigate this from the continent outward, so first the sediments on the shelf…
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FIG 3 Schematic cross section of Cambrian through Upper Devonian passive margin stratigraphy from western Utah into eastern Nevada
Modified from Cook and others 1983 Position of stratigraphic localities palinspastically corrected for post Antler tectonic events Gans 1987
Dobbs and others 1993 Vertical relationships not to scale

exposure of subtidal facies regionally extensive erosion
surfaces and non Waltherian facies shifts The regional
correlatability over IOO s of kilometers of these uncon

formity surfaces implies generation by a fall in eustatic sea
level As a result it is no coincidence that the regionally
correlatable unconformity surfaces used to identify se

quence boundaries in the Antler syntectonic strata match
closely the timing ofmajor eustatic sea level falls proposed
by Johnson and others 1991 and Ross and Ross 1987
for this time period The sequences were correlated re

gionally using detailed conodont biostratigraphy derived from
the literature and augmented by work completed for this

study Data sources for each locality are listed in the
appendix
To display the lithologic succession within each se

quence we use stratigraphic cross section A to A Figs
2 5 which runs approximately perpendicular to the trend
of the Roberts Mountains thrust and crosses the Antler fore
land to the presumably stable flexuralIy unaffected portion
of the North American craton On the cross sections we

have attempted to restore the stratigraphic sections to their
Devonian Mississippian relative positions based on the pal
inspastic restorations of Bogen and Schweikert 1985 Gans

1987 Levy and Christie Blick 1989 and Dobbs and

others I 993 Stratigraphic localities not directly on cross
section A to A were projected on to the line of section

Sequence 1 Lower Palmatolepis gigas Lower

Palmatolepis triangularis

Sequence 1 is Late Devonian latest Frasnian to early Fa
mennian in age and spans portions of three conodont zones
Figs 4 6 estimated to represent 1 2 my Sandberg and

others 1988 Deposition of Sequence I strata was ap
proximately coincident with initiation of eastward thrusting
of the Roberts Mountains allochthon Poole 1974 Johnson
and Pendergast 1981 Johnson and Visconti 1992 The

basal sequence boundary is a sub regionally traceable sub

aerial erosion surface that exposed portions of underlying
subtidal carbonate strata lower Devils Gate Limestone and
Guilmette Limestone The upper boundary of Sequence 1

is also a sub regionally traceable erosion surface

Sequence 1 Depositional Facies Trends

The westernmost preserved strata of Sequence 1 age Fig
6 Toquima and Pinon ranges consist of thin rhythmically

Giles & Dickinson, SEPM SP 52, 1995



Devonian carbonate-shelf margin, Nevada

 Geosphere, April 2008 449

Johnson et al., 1985). During the early Lochko-
vian, the carbonate shelf was characterized by 
a shallow-marine, basinward-prograding and 
aggrading outer-shelf margin, which separated 
an onshore, shallow-subtidal to peritidal shelf 
basin on the east (Lone Mountain Dolostone) 
from relatively steeply inclined, marginal slope 
and shelf- margin basin settings on the west 
(Roberts Mountains Formation; Mullens, 1980; 
Cook et al., 1983; Johnson and Murphy, 1984; 
Johnson et al., 1989; Cook and Corboy, 2004). 
Deposits of carbonate turbidites and debris 

fl ows formed a deep-water, mass-transported, 
submarine apron facies within the Roberts 
Mountains Formation along the slope and basin 
to the west.

In the late Lochkovian, laminated, turbiditic, 
and debris-fl ow carbonates of the Windmill, 
Bastille, and McMonnigal Limestones contin-
ued to fi ll shelf-margin basins seaward of the 
Lone Mountain carbonate-shelf edge. Rela-
tively small, isolated, carbonate banks or reefs 
of the Tor Limestone also developed west of the 
shelf margin (Matti and McKee, 1977; Johnson 
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Figure 3. Partly restored paleogeographic map, Nevada and western Utah, showing repre-
sentative positions of the carbonate-shelf margin through the Devonian; see Figure 1 for 
conodont biochronology. Position of punctata Zone margin is prior to eastward shift (Fig. 6) 
produced by the Alamo Impact and formation of the Alamo Breccia, indicated in fi gure. 
Apparent juxtaposition of carbonate-shelf margin positions in northern Nevada is largely 
due to Antler orogenic compression and overthrusting. Approximate position of western 
edge of continental crust is indicated by Sri (

87Sr/86Sr) = 0.706. Tristate basin and Tooele arch 
are broad, persistent Devonian structural features (Sandberg et al., 1989; Poole et al., 1992). 
Positions of other Devonian intrashelf basins, including depositional sites of Middle Devo-
nian Woodpecker Limestone (Elrick, 1996) and Upper Devonian–Mississippian Pilot Shale 
(Sandberg et al., 1989, 2003), are omitted for simplicity. Abbreviations: RMTS—Roberts 
Mountains thrust system; STS—Sevier thrust system; WF—Wells fault. Major Cenozoic 
strike-slip faults and time-rock transect line (Fig. 4) are also shown. Data from Johnson et 
al. (1989) and Sandberg et al. (1989, 2002).

et al., 1989). A regional Lochkovian-Pragian 
boundary depositional hiatus and unconformity 
marks the top of the Lone Mountain Dolostone 
(Fig. 4; Johnson et al., 1985, 1989). Following 
this hiatus, the Beacon Peak Dolostone, Kobeh 
Member of the McColley Canyon Formation, 
and Rabbit Hill Limestone evidence establish-
ment, respectively, of shallow-subtidal to peri-
tidal carbonate-shelf, distally steepened ramp, 
and outer shelf-margin slope to basin settings in 
the Pragian (Fig. 4).

(2) Early and Middle Devonian Shelf-
Margin Basins

Relatively complex outer-shelf and shelf-
 margin basins characterized the western edge 
of the North American continent throughout 
the Early Silurian to Middle Devonian (Johnson 
and Potter, 1975; Johnson and Murphy, 1984; 
Johnson et al., 1989), persisting at least into 
the middle Eifelian (T-R cycles Ia–Ic; Johnson 
et al., 1985) and possibly into the Givetian. As 
evidenced by facies trends and depositional pat-
terns defi ning a signifi cant eastward shift of the 
carbonate-shelf margin in Nevada (Figs. 3 and 
4), shelf-margin basin development reached a 
maximum extent during the Emsian to middle 
Eifelian (dehiscens to costatus Zones). In cen-
tral and northern Nevada, shelf-margin and 
slope rocks of the Popovich Formation con-
tain common mass-transport and soft-sediment 
deformation features and relatively abrupt lat-
eral and vertical facies changes (Theodore et al., 
1998; Furley, 2001), possibly refl ecting deposi-
tion into or within restricted shelf-margin basins 
bound by active high-angle faults (Emsbo et al., 
1999, 2006; Hofstra and Cline, 2000).

The hypothesis of a carbonate-shelf margin 
characterized by active fault-bound subbasins 
is further strengthened by the distribution pat-
terns and abrupt thickness changes in Lower 
and Middle Devonian rocks along and adjacent 
to the margin in central and northern Nevada 
(Figs. 4 and 5; Poole et al., 1977, 1992; Arm-
strong et al., 1998; Emsbo et al., 2006). These 
depocenters also align closely with the linear, 
northwest-trending Battle Mountain–Eureka 
and Carlin gold trends, which are character-
ized in part by syngenetic or early diagenetic 
Devonian ore mineralization (Crafford and 
Grauch, 2002; Emsbo et al., 2006). Recogni-
tion in the Lower and Middle Devonian rocks 
of economically important, synsedimentary 
exhalative gold and barite deposits emplaced 
by hydrothermal brines provides additional 
evidence that deep-seated faulting within the 
underlying lower Paleozoic and Precambrian 
supracrustal and crustal rocks probably played 
a critical role in Devonian shelf-margin basin 

Morrow and Sandberg, Geosphere, 2008

Figure 3. Partly restored paleogeographic map, Nevada and western Utah, showing representative positions of the carbonate-shelf margin through the Devonian; see Figure 1 for conodont biochronology. Position 
of punctata Zone margin is prior to eastward shift (Fig. 6) produced by the Alamo Impact and formation of the Alamo Breccia, indicated in figure. Apparent juxtaposition of carbonate-shelf margin positions in 
northern Nevada is largely due to Antler orogenic compression and overthrusting. Approximate position of western edge of continental crust is indicated by Sri (87Sr/86Sr) = 0.706. Tristate basin and Tooele arch 
are broad, persistent Devonian structural features (Sandberg et al., 1989; Poole et al., 1992). Positions of other Devonian intrashelf basins, including depositional sites of Middle Devonian Woodpecker Limestone 
(Elrick, 1996) and Upper Devonian–Mississippian Pilot Shale (Sandberg et al., 1989, 2003), are omitted for simplicity. Abbreviations: RMTS—Roberts Mountains thrust system; STS—Sevier thrust system; WF—Wells 
fault. Major Cenozoic strike-slip faults and time-rock transect line (Fig. 4) are also shown. Data from Johnson et al. (1989) and Sandberg et al. (1989, 2002).
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Figure 4. Northeast to southwest, Devonian time-rock transect across central and eastern Nevada (transect line shown in Fig. 3), showing 
carbonate-shelf, continental slope, and toe lithostratigraphic units and relative lateral shifts in shelf margin through time. Main phases or 
events in shelf-margin development (Table 1) are delineated: vertical blue lines denote eustatic changes; vertical red lines denote tectonic 
changes. Transgressive-regressive (T-R) cycles Ia–IIf (Johnson et al., 1985, 1991; Johnson and Sandberg, 1989), main intervals of turbid-
ity current and debris-fl ow deposition (arrows), proto-Antler forebulge initiation (FB), and timing of Alamo Impact Event are indicated. 
Silty dolostone and siltstone of the yellow slope-forming member (YSF), which forms the basal unit of the Guilmette Formation and Devils 
Gate Limestone, constitute a widespread marker lithology distributed throughout western North America (Sandberg et al., 1989, 1997, 
2002). The YSF is herein correlated with fi sh-bearing Red Hill beds in north-central Nevada. Four members of Simonson Dolostone: 
cxm—coarse crystalline member; lam—lower alternating member; bcm—brown cliff member; and uam—upper alternating member. 
Other abbreviations: cau—cherty argillaceous unit; Cnyn.—Canyon; Crk.—Creek; Dol.—Dolostone; Fm.—Formation; L.—Lower; Ls.—
Limestone; m.—middle; mbr.—member; McMon.—McMonnigal; Mtns.—Mountains; pt.—part; Ss.—Sandstone; t.—tongue; U.—Upper. 
Modifi ed from Johnson and Sandberg (1977), Johnson and Murphy (1984), Johnson et al. (1996), and M.A. Murphy (14 September 2007, 
personal commun.), with additional data from Sandberg et al. (1989, 1997, 2002, 2003) and our personal observ.

Morrow and Sandberg, Geosphere, 2008

arrows are turbidity current directions; note reversal in Upper Devonian. FB is their interpretation of forebulge initiation…

Figure 4. Northeast to southwest, Devonian time-rock transect across central and eastern Nevada (transect line shown in Fig. 3), showing carbonate-shelf, continental slope, and toe lithostratigraphic units and relative lateral shifts in shelf margin through time. Main phases or events in 
shelf-margin development (Table 1) are delineated: vertical blue lines denote eustatic changes; vertical red lines denote tectonic changes. Transgressive-regressive (T-R) cycles Ia–IIf (Johnson et al., 1985, 1991; Johnson and Sandberg, 1989), main intervals of turbid- ity current and 
debris-flow deposition (arrows), proto-Antler forebulge initiation (FB), and timing of Alamo Impact Event are indicated. Silty dolostone and siltstone of the yellow slope-forming member (YSF), which forms the basal unit of the Guilmette Formation and Devils Gate Limestone, constitute 
a widespread marker lithology distributed throughout western North America (Sandberg et al., 1989, 1997, 2002). The YSF is herein correlated with fish-bearing Red Hill beds in north-central Nevada. Four members of Simonson Dolostone: cxm—coarse crystalline member; lam—lower 
alternating member; bcm—brown cliff member; and uam—upper alternating member. Other abbreviations: cau—cherty argillaceous unit; Cnyn.—Canyon; Crk.—Creek; Dol.—Dolostone; Fm.—Formation; L.—Lower; Ls.— Limestone; m.—middle; mbr.—member; McMon.—McMonnigal; 
Mtns.—Mountains; pt.—part; Ss.—Sandstone; t.—tongue; U.—Upper. Modified from Johnson and Sandberg (1977), Johnson and Murphy (1984), Johnson et al. (1996), and M.A. Murphy (14 September 2007, personal commun.), with additional data from Sandberg et al. (1989, 1997, 
2002, 2003) and our personal observ.
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FIG I Diagrammatic cross sections displaying the relationship of
lithospheric flexure to accommodation space in foreland systems Arrows
pointing down indicate an increase in accommodation space produced by
lithospheric downwarping and arrows pointing up indicate a decrease in
accommodation space due to lithospheric upwarping A Time I thrust
load emplaced resulting in downwarping of the lithosphere foreland ba
sin craton ward upwarping forebulge and farther cratonward gentle
downwarping back bulge basin B Time 2 the thrust load migrates
cratonward resulting in cratonward migration of the flexural features for
mer uplifted area of forebulge locality A Time I is downwarped and
incorporated into foreland basin whereas former back bulge basin lo
cality B Time I is upwarped over migratory forebulge at Time 2

A second distinctive feature offlexurally induced accom
modation trends is the formation of regional scale inver
sions of topography In response to progressive emplace
ment of thrust loads flexural features migrate across the
foreland downwarping former topographic highs and up

warping former topographic lows Allen and others 1986
For example as the thrust wedge migrates it flexurally
downwarps the area that was previously upwarped over the
forebulge and incorporates this area into the foreland basin
Fig 1 B Conversely forebulge migration causes uplift of
the previously downwarped back bulge basin
Erosion of emergent thrusts and local forebulge erosion

may increase sediment supply into the foreland and back
bulge basins Increased sediment supply affects accom
modation space primarily in two ways 1 redistributes the
tectonic load and 2 reduces the amount ofaccommodation

space by infilI Sedimentary deposits act as a lithostatic load
and produce flexural subsidence During active tectonism
the amount of subsidence due to sediment loading is rela

tively minor compared to subsidence due to thrust loading
During quiescent tectonic phases sediment derived from

emergent thrusts or forebulge uplifts effectively redistrib
utes preexisting loads and tends to widen flexurally subsid
ing basins Flemings and Jordon 1989 High sediment in
flux may allow progradation to fill existing accommodation
space Once the basin is filled sediment bypasses the basin
until additional accommodation space is created

We have documented accommodation trends for a series
of biostratigraphically correlated stratigraphic sections which
lie along a regional transect across the Antler foreland in
Nevada and Utah By comparing regional accommodation
trends in syntectonic stratigraphic sequences to published
third order eustatic sea level curves Ross and Ross 1987

Johnson and others 1991 we have attempted to gauge the
relative effects of lithospheric flexure and eustasy on the

stratigraphic evolution of the Antler foreland region

GEOLOGIC SETIING OF ANTLER FORELAND

The Antler orogenic belt is an eastward vergent thrust

system extending over 2300 km from southern California

terminating at the San Andreas fault system northward

through Nevada and Idaho into British Columbia Canada
The exact tectonic cause of the orogeny is still enigmatic
and many different models for its origin have been pro
posed Nilsen and Stewart 1980 Dickinson and others 1983
Burchfiel and Royden 1991 Most of the models invoke
some form of arc continent interaction either arc continent
collision or back arc thrusting
The onset of the Antler orogeny resulted in eastward thrust

emplacement of the Roberts Mountains allochthon Fig 2
over the former passive margin of the North American cra
ton Roberts and others 1958 Stewart and Poole 1974
The Roberts Mountains allochthon consists of a structurally
complex succession of early to middle Paleozoic deep water
siliciclastic pelagic and volcanic rocks that were thrust
imbricated during Late Devonian latest Frasnian through
Early Mississippian mid Osage time Roberts and others

1958 Madrid 1987 Johnson and Pendergast 1981 John
son and Visconti 1992 Carpenter and others 1993a 1993b
Estimated eastward transport of the Roberts Mountains al
lochthon was 140 km Roberts and others 1958 Nilsen and
Stewart 1980 Murphy and others 1984 Therefore flex

ural features associated with overthrusting are estimated to
have migrated eastward a similar distance during Antler
orogenesis
The general stratigraphy in the foreland east of the Rob

erts Mountains allochthon consists of a thick passive mar
gin carbonate platform that developed following upper Pre
cambrian rifting Figs 3 4 The extensive west facing
carbonate platform is overlain by uppermost Devonian
through Lower Mississippian siliciclastic and carbonate strata
deposited during Antler orogenesis syntectonic strata The

syntectonic strata are overlain by Middle to Upper Missis
sippian siliciclastic strata containing submarine fan and ba
sin slope deposits shoaling to deltaic and fluvial facies

Harbaugh and Dickinson 1981 which filled the Antler
foreland basin post tectonic strata Uppermost Mississip
pian and Lower Pennsylvanian carbonate strata Ely Lime
stone overlie the foreland basin fill and onlap the Roberts
Mountains allochthon overlap assemblage

STRATIGRAPHIC EVOLUTION OF ANTLER SYNTECTONIC STRATA

Stratigraphic sequences are classically defined by the re
lationships of seismic scale depositional geometries Vail

and others 1977 Because Antler foreland strata are ex

posed along a series of roughly strike parallel Tertiary horst
blocks seismic scale dip oriented profiles are not ex

posed Therefore the sequence stratigraphic framework for
this study was inferred from depositional facies analysis of
time correlative stratigraphic packages bounded by sub re
gional unconformities and their correlative conformities

Giles and Dickinson, 1995
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Recall our differential equation for plates:

If we drop the end load (P), then a solution by inspection is
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Where α is the flexural parameter:
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This sinusoidal solution lets you examine extreme cases: big lambda is isostasy, small is rigidity.
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By inspection, for x>0, c1 and c2 must be zero.

With the load V0 at x=0, slope should be zero, so c3 = c4

w = w0e
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α
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V0α
3
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This sinusoidal solution lets you examine extreme cases: big lambda is isostasy, small is rigidity.
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Consider places where w = 0; these are termed nodes.
They are where cos(x/α)=-sin(x/α), or x=α(3π/4 +nπ)
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Nodes independent of magnitude of the load

This sinusoidal solution lets you examine extreme cases: big lambda is isostasy, small is rigidity.
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FIG I Diagrammatic cross sections displaying the relationship of
lithospheric flexure to accommodation space in foreland systems Arrows
pointing down indicate an increase in accommodation space produced by
lithospheric downwarping and arrows pointing up indicate a decrease in
accommodation space due to lithospheric upwarping A Time I thrust
load emplaced resulting in downwarping of the lithosphere foreland ba
sin craton ward upwarping forebulge and farther cratonward gentle
downwarping back bulge basin B Time 2 the thrust load migrates
cratonward resulting in cratonward migration of the flexural features for
mer uplifted area of forebulge locality A Time I is downwarped and
incorporated into foreland basin whereas former back bulge basin lo
cality B Time I is upwarped over migratory forebulge at Time 2

A second distinctive feature offlexurally induced accom
modation trends is the formation of regional scale inver
sions of topography In response to progressive emplace
ment of thrust loads flexural features migrate across the
foreland downwarping former topographic highs and up

warping former topographic lows Allen and others 1986
For example as the thrust wedge migrates it flexurally
downwarps the area that was previously upwarped over the
forebulge and incorporates this area into the foreland basin
Fig 1 B Conversely forebulge migration causes uplift of
the previously downwarped back bulge basin
Erosion of emergent thrusts and local forebulge erosion

may increase sediment supply into the foreland and back
bulge basins Increased sediment supply affects accom
modation space primarily in two ways 1 redistributes the
tectonic load and 2 reduces the amount ofaccommodation

space by infilI Sedimentary deposits act as a lithostatic load
and produce flexural subsidence During active tectonism
the amount of subsidence due to sediment loading is rela

tively minor compared to subsidence due to thrust loading
During quiescent tectonic phases sediment derived from

emergent thrusts or forebulge uplifts effectively redistrib
utes preexisting loads and tends to widen flexurally subsid
ing basins Flemings and Jordon 1989 High sediment in
flux may allow progradation to fill existing accommodation
space Once the basin is filled sediment bypasses the basin
until additional accommodation space is created

We have documented accommodation trends for a series
of biostratigraphically correlated stratigraphic sections which
lie along a regional transect across the Antler foreland in
Nevada and Utah By comparing regional accommodation
trends in syntectonic stratigraphic sequences to published
third order eustatic sea level curves Ross and Ross 1987

Johnson and others 1991 we have attempted to gauge the
relative effects of lithospheric flexure and eustasy on the

stratigraphic evolution of the Antler foreland region

GEOLOGIC SETIING OF ANTLER FORELAND

The Antler orogenic belt is an eastward vergent thrust

system extending over 2300 km from southern California

terminating at the San Andreas fault system northward

through Nevada and Idaho into British Columbia Canada
The exact tectonic cause of the orogeny is still enigmatic
and many different models for its origin have been pro
posed Nilsen and Stewart 1980 Dickinson and others 1983
Burchfiel and Royden 1991 Most of the models invoke
some form of arc continent interaction either arc continent
collision or back arc thrusting
The onset of the Antler orogeny resulted in eastward thrust

emplacement of the Roberts Mountains allochthon Fig 2
over the former passive margin of the North American cra
ton Roberts and others 1958 Stewart and Poole 1974
The Roberts Mountains allochthon consists of a structurally
complex succession of early to middle Paleozoic deep water
siliciclastic pelagic and volcanic rocks that were thrust
imbricated during Late Devonian latest Frasnian through
Early Mississippian mid Osage time Roberts and others

1958 Madrid 1987 Johnson and Pendergast 1981 John
son and Visconti 1992 Carpenter and others 1993a 1993b
Estimated eastward transport of the Roberts Mountains al
lochthon was 140 km Roberts and others 1958 Nilsen and
Stewart 1980 Murphy and others 1984 Therefore flex

ural features associated with overthrusting are estimated to
have migrated eastward a similar distance during Antler
orogenesis
The general stratigraphy in the foreland east of the Rob

erts Mountains allochthon consists of a thick passive mar
gin carbonate platform that developed following upper Pre
cambrian rifting Figs 3 4 The extensive west facing
carbonate platform is overlain by uppermost Devonian
through Lower Mississippian siliciclastic and carbonate strata
deposited during Antler orogenesis syntectonic strata The

syntectonic strata are overlain by Middle to Upper Missis
sippian siliciclastic strata containing submarine fan and ba
sin slope deposits shoaling to deltaic and fluvial facies

Harbaugh and Dickinson 1981 which filled the Antler
foreland basin post tectonic strata Uppermost Mississip
pian and Lower Pennsylvanian carbonate strata Ely Lime
stone overlie the foreland basin fill and onlap the Roberts
Mountains allochthon overlap assemblage

STRATIGRAPHIC EVOLUTION OF ANTLER SYNTECTONIC STRATA

Stratigraphic sequences are classically defined by the re
lationships of seismic scale depositional geometries Vail

and others 1977 Because Antler foreland strata are ex

posed along a series of roughly strike parallel Tertiary horst
blocks seismic scale dip oriented profiles are not ex

posed Therefore the sequence stratigraphic framework for
this study was inferred from depositional facies analysis of
time correlative stratigraphic packages bounded by sub re
gional unconformities and their correlative conformities

This sinusoidal solution lets you examine extreme cases: big lambda is isostasy, small is rigidity.
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FIG I Diagrammatic cross sections displaying the relationship of
lithospheric flexure to accommodation space in foreland systems Arrows
pointing down indicate an increase in accommodation space produced by
lithospheric downwarping and arrows pointing up indicate a decrease in
accommodation space due to lithospheric upwarping A Time I thrust
load emplaced resulting in downwarping of the lithosphere foreland ba
sin craton ward upwarping forebulge and farther cratonward gentle
downwarping back bulge basin B Time 2 the thrust load migrates
cratonward resulting in cratonward migration of the flexural features for
mer uplifted area of forebulge locality A Time I is downwarped and
incorporated into foreland basin whereas former back bulge basin lo
cality B Time I is upwarped over migratory forebulge at Time 2

A second distinctive feature offlexurally induced accom
modation trends is the formation of regional scale inver
sions of topography In response to progressive emplace
ment of thrust loads flexural features migrate across the
foreland downwarping former topographic highs and up

warping former topographic lows Allen and others 1986
For example as the thrust wedge migrates it flexurally
downwarps the area that was previously upwarped over the
forebulge and incorporates this area into the foreland basin
Fig 1 B Conversely forebulge migration causes uplift of
the previously downwarped back bulge basin
Erosion of emergent thrusts and local forebulge erosion

may increase sediment supply into the foreland and back
bulge basins Increased sediment supply affects accom
modation space primarily in two ways 1 redistributes the
tectonic load and 2 reduces the amount ofaccommodation

space by infilI Sedimentary deposits act as a lithostatic load
and produce flexural subsidence During active tectonism
the amount of subsidence due to sediment loading is rela

tively minor compared to subsidence due to thrust loading
During quiescent tectonic phases sediment derived from

emergent thrusts or forebulge uplifts effectively redistrib
utes preexisting loads and tends to widen flexurally subsid
ing basins Flemings and Jordon 1989 High sediment in
flux may allow progradation to fill existing accommodation
space Once the basin is filled sediment bypasses the basin
until additional accommodation space is created

We have documented accommodation trends for a series
of biostratigraphically correlated stratigraphic sections which
lie along a regional transect across the Antler foreland in
Nevada and Utah By comparing regional accommodation
trends in syntectonic stratigraphic sequences to published
third order eustatic sea level curves Ross and Ross 1987

Johnson and others 1991 we have attempted to gauge the
relative effects of lithospheric flexure and eustasy on the

stratigraphic evolution of the Antler foreland region

GEOLOGIC SETIING OF ANTLER FORELAND

The Antler orogenic belt is an eastward vergent thrust

system extending over 2300 km from southern California

terminating at the San Andreas fault system northward

through Nevada and Idaho into British Columbia Canada
The exact tectonic cause of the orogeny is still enigmatic
and many different models for its origin have been pro
posed Nilsen and Stewart 1980 Dickinson and others 1983
Burchfiel and Royden 1991 Most of the models invoke
some form of arc continent interaction either arc continent
collision or back arc thrusting
The onset of the Antler orogeny resulted in eastward thrust

emplacement of the Roberts Mountains allochthon Fig 2
over the former passive margin of the North American cra
ton Roberts and others 1958 Stewart and Poole 1974
The Roberts Mountains allochthon consists of a structurally
complex succession of early to middle Paleozoic deep water
siliciclastic pelagic and volcanic rocks that were thrust
imbricated during Late Devonian latest Frasnian through
Early Mississippian mid Osage time Roberts and others

1958 Madrid 1987 Johnson and Pendergast 1981 John
son and Visconti 1992 Carpenter and others 1993a 1993b
Estimated eastward transport of the Roberts Mountains al
lochthon was 140 km Roberts and others 1958 Nilsen and
Stewart 1980 Murphy and others 1984 Therefore flex

ural features associated with overthrusting are estimated to
have migrated eastward a similar distance during Antler
orogenesis
The general stratigraphy in the foreland east of the Rob

erts Mountains allochthon consists of a thick passive mar
gin carbonate platform that developed following upper Pre
cambrian rifting Figs 3 4 The extensive west facing
carbonate platform is overlain by uppermost Devonian
through Lower Mississippian siliciclastic and carbonate strata
deposited during Antler orogenesis syntectonic strata The

syntectonic strata are overlain by Middle to Upper Missis
sippian siliciclastic strata containing submarine fan and ba
sin slope deposits shoaling to deltaic and fluvial facies

Harbaugh and Dickinson 1981 which filled the Antler
foreland basin post tectonic strata Uppermost Mississip
pian and Lower Pennsylvanian carbonate strata Ely Lime
stone overlie the foreland basin fill and onlap the Roberts
Mountains allochthon overlap assemblage

STRATIGRAPHIC EVOLUTION OF ANTLER SYNTECTONIC STRATA

Stratigraphic sequences are classically defined by the re
lationships of seismic scale depositional geometries Vail

and others 1977 Because Antler foreland strata are ex

posed along a series of roughly strike parallel Tertiary horst
blocks seismic scale dip oriented profiles are not ex

posed Therefore the sequence stratigraphic framework for
this study was inferred from depositional facies analysis of
time correlative stratigraphic packages bounded by sub re
gional unconformities and their correlative conformities
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bedded chert and hemipelagic claystone Pinecone Se
quence and Woodruff Formation deposited at bathyal water
depths below the oxygen minimum zone Coles 1988
Depositional setting and sedimentation rate appear to have
remained relatively constant in this area from the Upper
Devonian passive margin ramp to Sequence I time
In the Diamond Range Sequence 2 age strata rest un

conformably on tilted passive margin strata lower Devils
Gate Limestone Strata ofSequence I age were either not

deposited or subsequently removed from this area Sedi
mentation patterns indicating western sourcing of sediments
in the Cherry Creek Range suggest that Sequence I age
strata were eroded from the Diamond Range area prior to
Sequence 2 deposition
The Cherry Creek Range and Confusion Range sections

will be discussed together because they contain strata dis

playing similar depositional facies trends lower Pilot Shale
The lower portion of these sections consists of a relatively
thick succession of dominantly deep water siliciclastic strata
Gutschick and Rodriguez 1979 that disconformably over

lie subtidal shelf carbonates of the Guilmette Limestone
Larsen and others 1989 The siliciclastic succession con
sists of planar bedded laminated calcareous siltstone and
shale with planar bedded and ripple cross laminated fine
to coarse grained texturally and compositionally mature
quartz sandstone The sandstone horizons locally thicken
and become channelized containing graded beds of clast

supported limestone pebble conglomerate grading to fine
grained sandstone The sandstone horizons are interpreted
as turbidites Jones 1990 In the Cherry Creek Range pa
leocurrent measurements from current ripples in the turbi
dite horizons show consistent east southeast paleocurrent
directions suggesting a western source of detritus Jones
1990 Goebel 1991 b In the Confusion Range the sand

stone horizons form relatively continuous sheets and are not
organized into a channelized turbidite fan geometry as they
are in the Cherry Creek Range Jones 1990 Paleocurrent
directions in the Confusion Range are more variable and

range from southwestward to southeastward Associated with
the turbidite beds in the Cherry Creek Range are medium

lower Upper Devonian
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FIG I4 Continued

platform facies 650 m of the Diamond Peak Formation
We regard the local angular discordance between delta

slope and delta platform facies interpreted previously to be
a sequence boundary Trexler and Nitchman 1990 as a

toplap contact developed as the platform of the Diamond
Peak braid delta prograded across the delta foreslope
This long duration shoaling upward of depositional fa

cies from submarine fan to deltaic deposits reflects contin
uously decreasing accommodation space in the foreland ba

sin The third order eustatic sea level curve shows many

major sea level rises and falls over this time period yet no

regionally correIa table unconformity surfaces have been

identified in the thick sequence of foreland basin strata and

207

the vertical stacking of facies follows the predicted Walth
erian pattern for continuously decreasing accommodation

space We interpret the large scale shoaling upward se

quence to have resulted from a combination of second or
der eustatic sea level lowering Fig 4 sediment infilling
of the foreland basin and isostatic rebound as the thrust
load is eroded and the load redistributed The third order

eustatic sea level signature was apparently masked in the
foreland basin by high sedimentation rates

When available accommodation space in proximal por
tions of the foreland basin was filled clastic sediment pro
graded cratonward to the distal margin of the foreland basin
Needle Range The provenance of fine grained lithic

sandstone in the Needle Siltstone Member of the Chainman
Shale Needle Range is the first indication of a western

detrital source so far east In our view the several named
and carefully mapped Meramecian and Chesterian members
of the Chainman Shale in the Needle Range along the Ne
vada Utah border Hintze 1986 Hintze and Best 1987

were deposited in a shallow marine strait between the Ant
ler highlands and the craton This area was in a distal po
sition to receive detritus from the westward Antler high
lands and from cratonal sources to the east As a result the

area was relatively sediment starved and formed a com

paratively thin sequence of strata Depositional facies in this
area include a variety of sparingly fossiliferous limestones
siltstones and shales correlative with both the prodeltaic
Chainman Shale and the deltaic Diamond Peak Formation
of the Diamond Range along the axis of the foreland basin
Westward progradation from the craton ofan extensive car
bonate platform Great Blue Limestone was also initiated

during Late Mississippian time Rose 1976 coeval with

eastward progradation of Diamond Peak delta front and delta

plain facies
The conformable and gradational contact with the over

lying Ely Limestone Fig 14 which overlaps the Roberts
Mountains allochthon marks the end ofthe direct influence
of Antler tectonism and associated orogenic relief on fore
land sedimentation The basal part of the Ely Limestone is
latest Mississippian Late Chesterian age but most of the
unit is Pennsylvanian age Its prominently cyclic internal
stratigraphy reflects the pronounced influence of late Pa

leozoic glacio eustasy on shallow marine depositional
systems

DISCUSSION

Discontinuous Migration of Flexural Features

The syntectonic stratigraphic succession indicates epi
sodic eastern migration of a structural high or forebulge
The position of the flexural forebulge did not progress con
tinuously cratonward through time but appeared to stall at
its initial position near the area of the Diamond Range dur
ing deposition of Sequences 1 through 6 and then moved

rapidly cratonward into western Utah during Sequences 7

and 8 Two possible reasons for discontinuous migration of
flexural features that may apply to the Antler foreland are
episodic migration of the thrust load and inhomogeneities
within the lithosphere

Giles & Dickinson, SEPM SP 52, 1995
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FIG 2 Map of the Antler foreland region in eastern Nevada and western Utah Black dots mark the position of stratigraphic sections used in

this study Stippled squares mark the location of major cities and towns in the area Sections referred to in this paper are indicated as follows TQ

Toquima Range DG Devils Gate DR Diamond Range PR Pinon Range TP Tripon Pass CC Cherry Creek Range WM Ward

Mountain NR Needle Range SR Star Range CR Confusion Range CN Coyote Knolls TR Tintic Mountains TP Tripon Pass

and ST Stansbury Mountains See Goebel 1991b for detailed description of localities Within the inset map stippled areas outline surface exposure

of Paleozoic rocks and correspond approximately to the outline of mountain ranges Extension and contraction percentages listed for areas on the

inset are derived from Gans 1987 and Dobbs and others 1993 The Upper Devonian and Early Mississippian position of localities on cross section

A to A were determined using these values

A composite third order 1 my to 10 my global coastal

onlap curve for latest Devonian and Mississippian time was

compiled Fig 4 from the Devonian curve of Johnson and

others 1991 and the Mississippian curve of Ross and Ross
1987 The composite global coastal onlap curve approx
imates a eustatic sea level curve for this time interval Within

the syntectonic time interval eight third order global sea
level cycles have been identified five in the Late Devonian

latest Frasnian through Famennian and three in the Early
Mississippian Kinderhook through early Osage
The third order eustatic sea level cycles are superim

posed on second order 10 my to 80 my sea level cycles
c f Goldhammer and others 1991 Second order eustatic

sea level rose from the Middle Devonian Emsian through

Late Devonian Frasnian time Taghanic onlap of John

son 1970 The Late Devonian rise in sea level reached a

maximum in latest Frasnian to earliest Famennian time

which corresponds to initiation of thrusting in the Roberts

Mountains allochthon Fig 4 Subsequent sea level fall

throughout the Late Devonian Famennian ended near the

Devonian Mississippian boundary The following Early
Mississippian transgression reached a maximum during early
Osagean time near the culmination of Antler thrusting
Within the syntectonic phase late Frasnian through mid

Osagean time we recognize 8 third order depositional se
quences Figs 4 5 Third order sequence boundaries Fig
5 were chosen based primarily on regionally correlatable
missing biostratigraphic zones in conjunction with subaerial

Note carbonate type/clast size scale below each section 
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to thick bedded matrix supported limestone cobble con

glomerates interpreted as submarine debris flow deposits
Jones 1990 The carbonate clasts are composed of pe
loidal mudstone and are commonly plastically deformed
The turbiditic units in the Cherry Creek and Confusion

ranges are overlain by a thick monotonous shale sequence

approximately 20m Laminated shale deposition changes
abruptly upward into planar bedded calcareous mudstone

and wackestone intercalated with calcareous siltstone and

shale Locally Fig 2 locality DG and CC the mudstones

are interbedded with thick beds of clast supported carbon

ate breccia interpreted as intraformational translation brec

cia contorted mudstone beds interpreted as slump depos
its and matrix supported carbonate conglomerate
interpreted as debris flows Measurements of vergence di

rections of folded strata in carbonate slump deposits indi
cate an east facing paleoslope Paleocurrent directions taken

from climbing ripples in intercalated bioclastic turbidites

are east southeast consistent with the carbonate slump di
rections indicating awestern source for carbonate material
Depositional facies in the Cherry Creek and Confusion ranges

Back bulge Basin

Cherry Confusion

Creek Range Range
D

c

Conodonlzones

c LowerPa rhombo ea

CPa crepida

Upper Pa triangularis

suggest moderately deep water conditions with carbonate

debris being shed predominantly from paleohighs to the west
Diamond Range area of these stratigraphic sections
Sequence I strata in the Star Range consist of a thin I 5

m thick planar and cross bedded basal quartz sandstone
horizon deposited above an erosional scour surface in a

shallow subtidal depositional setting The sandstone con

tains chert fragments and abraded fish teeth possibly eroded
from the underlying passive margin carbonate strata The

quartz sandstone horizon grades abruptly upward into pe

loidal wackestone lower Pinyon Peak Limestone inter

preted to represent shallow subtidal carbonate deposition
The sequence is capped by an erosional unconformity sur
face Strata of the Lower Pa gigas conodont zone have not
been identified in the Star Range

Interpretation ofSequence I Accommodation Trends

Accommodation trends in Sequence I strata display dra
matic changes when compared to those of the underlying
passive margin carbonate platform Upper Devonian pas

sive margin carbonate strata were deposited on a distally

middle Upper Devonian

Giles & Dickinson, SEPM SP 52, 1995
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FIG 7 Cross section A to A displaying Sequence 2 Upper Pa trianilllllris to Lower PlI rhomboidell conodont zones foreland strata

mond Range refer to inset on Fig 7 Sequence 2 strata

rest unconformably on lower Devils Gate Limestone of

Frasnian age but northward Sequence 2 strata rest uncon
formably on Bay State Dolomite of Givetian age The up

permost surface of the lower Devils Gate Limestone in the
Diamond Range is pitted and contains mottled red staining
suggestive of subaerial exposure A minimum of 205 m of

Devils Gate Limestone is estimated to have been removed
at this unconformity thickness from Larson and Riva 1963

Strata overlying the unconformity surface consist of thin
bedded platy shale with local thin lenses of siltstone and

fine grained sandstone that grade upward into fissile shale
The fissile shale grades abruptly upward into tabular and

trough cross bedded quartz sandstone in which grain size
coarsens upward in conjunction with increasing bed thick

ness towards the top ofSequence 2 The coarsening upward
and thickening upward trend in the quartz sandstone de

positional facies is interpreted to represent shallow water

bar migration
Sequence 2 dramatically increases in thickness east of the

Diamond Range Fig 7 Cherry Creek and Confusion

ranges where it consists of predominantly planar lami
nated siltstone and shale lower Pilot Shale Locally mas

sive and cross laminated fine grained quartz sandstone beds

interpreted as turbidites Jones 1990 are intercalated with

thick massive beds of matrix supported carbonate con

glomerates interpreted as debris flows Jones 1990 Shale

and siltstone horizons below the sandstone turbidites com

monly display soft sediment deformation structures and

syndepositional faulting Paleocurrent data from c1imbing
ripple sets in the quartz sandstone turbidite intervals display
consistent east southeast directions indicating a western

source of detritus Strata of this age at Devils Gate Fig
2 locality DG contain allochthonous carbonate deposits
interpreted as slump deposits translation breccias and car

bonate turbidites Goebel 1991 b East to southeast verg
ence directions of folds in slumped strata and current ripple
directions in turbidite horizons indicate derivation of car
bonate material at this locality from an unstable paleohigh
to the west

The turbiditic and debris flow deposits in the Cherry Creek
and Confusion ranges are overlain by a thick sequence of

Giles & Dickinson, SEPM SP 52, 1995
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platy calcareous siltstone and shale The siltstone and shale
facies grades abruptly upward into laminated silty car

bonate mudstone interbedded with shale containing micritic
concretions
Strata in the Star Range consist of a thin horizon 3 m

of planar and cross bedded quartz sandstone overlying an

erosional unconformity surface cut down into Sequence I

subtidal carbonate strata The quartz sandstone horizon is

abruptly overlain by thin to medium bedded peloidal mud
stone and wackestone which grade upward into laminated
stromatolitic peloidal wackestone to packstone beds inter

preted to represent peritidal carbonate deposition lower
Pinyon Peak Limestone The sequence is capped by a

limestone breccia horizon indicating subaerial exposure and

karsting of the peritidal carbonate sequence

Interpretation ofSequence 2 Accommodation Trends

The position and trends of accommodation displayed by
Sequence 2 strata are very similar to those of Sequence I

For this reason the position of the flexural features is in

terpreted to have remained stationary during Sequences I

and 2

The foreland basin Toquima and Pinon ranges was the

area of greatest flexural accommodation space yet contains
a relatively thin sedimentary sequence of deep water strata
indicating the foreland basin remained sediment starved

throughout Sequence 2 The nature of the sequence bound
aries and the relatively thin sequence of shallow water fa
cies in the Diamond Range indicate accommodation space
remained small compared to adjacent stratigraphic sections
Therefore the Diamond Range section is interpreted as rep

resenting deposition associated with the uplifted forebulge
The relatively thick succession of basinal clastic strata pre
served in the Cherry Creek and Confusion ranges reflects

deposition within the subsiding back bulge basin Terrig

Conodont zones

Lower Pa expansa

cgcfssh

100km
I

150krn

I
200krn

I

enous detritus derived from the cratonduring sea level low
stand continued to be ponded in the back bulge basin as in

Sequence 1

We also identified small scale accommodation trends
within Sequence 2 which are apparently synchronous and
congruous reflecting probable eustatic sea level changes
The stratigraphic position geometry spatially isolated and
nature turbidites and debris flows of the strata of the Up
per Pa triangularis conodont zone in the Cherry Creek and
Confusion ranges have led us to interpret them as lowstand

deposits LST The transition from sandstone turbidites and
carbonate debris flows into siltstone and shale indicates ter
mination of coarse detrital influx into the back bulge basin
possibly related to a relative rise in sea level TST The

correlative basal siltstone and shale sequence in the Dia
mond Range that becomes dominated by fissile shale up
ward is interpreted to represent transgressive onlap over the
exposed angular unconformity surface TST The correl

ative quartz sandstone horizon in the Star Range is inter

preted to represent transgression over an erosional scour
surface on the stable craton
Strata above the quartz sandstone horizon in the Star Range

display a shoaling upward sequence with an exposure cap

indicating decreasing accommodation space characteristic
of the highstand systems tract HST The time correlative
carbonate mudstone units in the Cherry Creek and Confu
sion ranges may represent fine grained carbonate detritus
carried into the basin as turbidites derived from the shoal
water carbonate bank to the east Star Range during late

highstand progradation The migrating or prograding quartz
sandstone bar system capping Sequence 2 in the Diamond
Range reflects shoaling of the sedimentary sequence rela

tive to the underlying fissile shale and is interpreted as rep

resenting the highstand systems tract
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FIG 2 Map of the Antler foreland region in eastern Nevada and western Utah Black dots mark the position of stratigraphic sections used in

this study Stippled squares mark the location of major cities and towns in the area Sections referred to in this paper are indicated as follows TQ

Toquima Range DG Devils Gate DR Diamond Range PR Pinon Range TP Tripon Pass CC Cherry Creek Range WM Ward

Mountain NR Needle Range SR Star Range CR Confusion Range CN Coyote Knolls TR Tintic Mountains TP Tripon Pass

and ST Stansbury Mountains See Goebel 1991b for detailed description of localities Within the inset map stippled areas outline surface exposure

of Paleozoic rocks and correspond approximately to the outline of mountain ranges Extension and contraction percentages listed for areas on the

inset are derived from Gans 1987 and Dobbs and others 1993 The Upper Devonian and Early Mississippian position of localities on cross section

A to A were determined using these values

A composite third order 1 my to 10 my global coastal

onlap curve for latest Devonian and Mississippian time was

compiled Fig 4 from the Devonian curve of Johnson and

others 1991 and the Mississippian curve of Ross and Ross
1987 The composite global coastal onlap curve approx
imates a eustatic sea level curve for this time interval Within

the syntectonic time interval eight third order global sea
level cycles have been identified five in the Late Devonian

latest Frasnian through Famennian and three in the Early
Mississippian Kinderhook through early Osage
The third order eustatic sea level cycles are superim

posed on second order 10 my to 80 my sea level cycles
c f Goldhammer and others 1991 Second order eustatic

sea level rose from the Middle Devonian Emsian through

Late Devonian Frasnian time Taghanic onlap of John

son 1970 The Late Devonian rise in sea level reached a

maximum in latest Frasnian to earliest Famennian time

which corresponds to initiation of thrusting in the Roberts

Mountains allochthon Fig 4 Subsequent sea level fall

throughout the Late Devonian Famennian ended near the

Devonian Mississippian boundary The following Early
Mississippian transgression reached a maximum during early
Osagean time near the culmination of Antler thrusting
Within the syntectonic phase late Frasnian through mid

Osagean time we recognize 8 third order depositional se
quences Figs 4 5 Third order sequence boundaries Fig
5 were chosen based primarily on regionally correlatable
missing biostratigraphic zones in conjunction with subaerial
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FIG 9 Cross section A to A displaying Sequence 4 Lower Pa expansa conodont zone foreland strata

sequent erosion of the sequence In the Confusion Range
a thin sequence of relatively deep water siliciclastic mate
rial middle Pilot Shale was deposited above an erosional
base Gutschick and Rodriguez 1979 Initial deposition
consisted of planar cross bedded coarse grained quartz
sandstone containing abundant abraded fish bones and teeth

conodonts and phosphatic pellets The basal sand grades
abruptly into silty black bituminous marine shale contain

ing sparse fauna ofsponge spicules radiolarians and other

microfossils Pyrite and black chert are common in the black
shale facies The uppermost portion of Sequence 4 in the

Confusion Range contains carbonate mudstone concretions
Star Range deposition consists of a comparatively thick

sequence which initiates with a thin bed of coarse grained
quartz sandstone grading into wavy bedded argillaceous
lime mudstone and wackestone interbeddedwith calcareous
siltstone Fig 9 upper Pinyon Peak Limestone Wacke
stone interbeds contain an abundant normal marine mega
fauna consisting of brachiopods echinoderms and molluscs

Interpretation ofSequence 4 Accommodation Trends

The distribution ofSequence 4 depositional facies indi
cates that the topographic profile and position of flexural
features interpreted for sequences I through 3 remained fixed
during Sequence 4 deposition
Within the foreland basin Toquima and Pinon range

coarse grained allochthonous carbonate debris allodapic
limestones and slump blocks were derived from shallow
water carbonate complexes formed either to the west or east
and transported into the foreland basin Coles 1988 Car
bonate detrital influx and slumping are interpreted to rep
resent instability of the shallow water carbonate complex
due either to tectonic motion or erosion during eustatic sea
level fall The transition from allodapic limestone to cal

Conodont zones

Si praesulcata

o Middle Pa expansa qj cissh

100km

I
150km
I

200km
I

careous argillite indicates termination of coarse grained
carbonate detrital influx LST and a relative deepening
TST
Back bulge basin Confusion Range depositional facies

are interpreted as representing a basal transgressive lag quartz
sandstone deepening into a highly restricted basinal setting
where black shale was deposited TST The relatively thin
sequence ofdominantly black shale containing an abundant
conodont fauna suggests sediment starvation condensed in
terval within the back bulge basin The uplifted forebulge
area may have acted as a sill restricting circulation within
the back bulge basin This resulted in stratification of the
water column and anaerobic bottom conditions Carbonate
concretions near the top of Sequence 4 in the Confusion

Range may represent fine grained detrital carbonate ma

terial carried into the basin by density currents from the

shallow subtidal carbonate platform to the east during the
late highstand systems tract HST
Sequence 4 sediment starvation in the back bulge basin

is in marked contrast to the high sedimentation rates doc
umented for back bulge basin strata in sequences 1 through
3 The erosional nature of the basal sequence boundary and
thin stratigraphic thickness suggest the back bulge basin was
not an important depocenter during the lowstand systems
tract but was more likely a zone of sediment bypass
Within the Star Range deposition initiated with a basal

transgressive lag sandstone deepening into a mixed sub

tidal siliciclastic and carbonate environment The relatively
thick sequence of subtidal argillaceous carbonates in the

Star Range and thin black shale in the Confusion Range
indicates termination of coarse detrital influx into the area

and persistent moderately deep water conditions across the
area throughout Sequence 4 deposition

uppermost Upper Devonian
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FIG 2 Map of the Antler foreland region in eastern Nevada and western Utah Black dots mark the position of stratigraphic sections used in

this study Stippled squares mark the location of major cities and towns in the area Sections referred to in this paper are indicated as follows TQ

Toquima Range DG Devils Gate DR Diamond Range PR Pinon Range TP Tripon Pass CC Cherry Creek Range WM Ward

Mountain NR Needle Range SR Star Range CR Confusion Range CN Coyote Knolls TR Tintic Mountains TP Tripon Pass

and ST Stansbury Mountains See Goebel 1991b for detailed description of localities Within the inset map stippled areas outline surface exposure

of Paleozoic rocks and correspond approximately to the outline of mountain ranges Extension and contraction percentages listed for areas on the

inset are derived from Gans 1987 and Dobbs and others 1993 The Upper Devonian and Early Mississippian position of localities on cross section

A to A were determined using these values

A composite third order 1 my to 10 my global coastal

onlap curve for latest Devonian and Mississippian time was

compiled Fig 4 from the Devonian curve of Johnson and

others 1991 and the Mississippian curve of Ross and Ross
1987 The composite global coastal onlap curve approx
imates a eustatic sea level curve for this time interval Within

the syntectonic time interval eight third order global sea
level cycles have been identified five in the Late Devonian

latest Frasnian through Famennian and three in the Early
Mississippian Kinderhook through early Osage
The third order eustatic sea level cycles are superim

posed on second order 10 my to 80 my sea level cycles
c f Goldhammer and others 1991 Second order eustatic

sea level rose from the Middle Devonian Emsian through

Late Devonian Frasnian time Taghanic onlap of John

son 1970 The Late Devonian rise in sea level reached a

maximum in latest Frasnian to earliest Famennian time

which corresponds to initiation of thrusting in the Roberts

Mountains allochthon Fig 4 Subsequent sea level fall

throughout the Late Devonian Famennian ended near the

Devonian Mississippian boundary The following Early
Mississippian transgression reached a maximum during early
Osagean time near the culmination of Antler thrusting
Within the syntectonic phase late Frasnian through mid

Osagean time we recognize 8 third order depositional se
quences Figs 4 5 Third order sequence boundaries Fig
5 were chosen based primarily on regionally correlatable
missing biostratigraphic zones in conjunction with subaerial



STRATIGRAPHIC SEQUENCES IN THE ANTLER FORELAND 199

Sequence 5 Middle Palmatolepis expansa to
SiphonodeUa praesulcata

Sequence 5 is Late Devonian late Famennian in age and

spans portions of two conodont zones corresponding to ap
proximately 2 my Sandberg and others 1988 The basal

sequence boundary is a sub regional erosional unconform
ity surface that becomes conformable in the westernmost

stratigraphic sections Fig 10 Toquima and Pinon ranges
The upper sequence boundary is also a sub regional ero

sional unconformity surface that becomes conformable in
the westernmost stratigraphic sections

Sequence 5 Depositional Facies Trends

Deposition of bedded chert and hemipelagic claystone
continued in the westernmost stratigraphic sections To

quima and Pinon ranges No strata ofSequence 5 age are

preserved in the Diamond Range due to either non depo
sition or subsequent erosion Within the Confusion Range
a comparatively thin sequence of dominantly calcareous strata

Sequence 6 51 sulcata to 51 sandbergl
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I
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II
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Forebulge
Diamond
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was deposited middle Pilot Shale The base of the se

quence contains a thin less than 5m coarse grained quartz
sandstone containing abundant poorly sorted and abraded
fish bones and plates conodonts and phosphatic pellets
Vertical burrows are common The sandstone is interpreted
to represent shallow water siliciclastic deposition above an

erosional base Gutschick and Rodriguez 1979 Grada

tionally overlying the basal sandstone is a thin laminated
black carbonaceous shale The shale contains abundant plant
material and crustacean shells Cyzicus interpreted to have
lived in fresh to brackish water lagoonal conditions Gut
schick and Rodriguez 1979 Marine fauna goniatites brittle

starfish Lingula and trilobites are present suggesting
conditions must at least brackish water for this facies The

black shale grades upward into a thin grayish green shale

containing normal marine fauna The greenish gray shale
is gradationally overlain by a fossiliferous oncolite sponge
biostrome The biostrome horizon consists of skeletal

wackestone to packstone with abundant nodular oncolites
intercalated with calcareous shale Skeletal grains consist
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FIG IO Cross section A to A displaying Sequence 5 Middle Pa expansa to Si praesu cata conodont zones foreland strata

lower Lower Mississippian
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FIG I 1 Cross section A to A displaying Sequence 6 Si slIlcata to Si sandbergi conodont zones foreland strata

Sequence 7 depositional facies patterns

Prior to Sequence 7 deposition the Pinecone sequence
containing strata of Sequence 1 through 6 age Toquima
Range was incorporated into the Roberts Mountains alIo
chthon thrust wedge and transported eastward Coles 1988

The general geometry of Sequence 7 is a westward thick

ening sedimentary wedge This geometry is in marked con
trast to the irregular geometries displayed by sequences I

through 6 across the same area

The westernmost stratigraphic sections containing Se

quence 7 age strata Pinon and Diamond ranges consist of

laminated claystone shale and siltstone with local lithic
sandstone horizons Webb Formation and Homeste d Can

yon Shale The fine grained lithic sandstone horizons

present in the lower portion of the Webb Formation contain
distinctive green chert lithoclasts that have been inter

preted as turbiditic sandstones derived from the Roberts

Mountains allochthon Murphy and others 1984 These

distinctive lithoclasts are the first definitive indication of

allocthon derived sandy sediment in the syntectonic strata

In the Pinon Range the fine grained lithic sandstone and
siltstone are overlain by a thick monotonous shale se

quence This same shale sequence is also present in the

Diamond Range where towards the top it contains black
fissile shale In the Diamond Range the monotonous shale

sequence is gradationally overlain by a thick succession of
carbonate turbidites intercalated with calcareous siltstone
and shale Tripon Pass Limestone The turbidite horizons
are characterized by channelized or planar fining upward
graded beds containing coarse quartz sand grains abraded
crinoidal debris and granule to pebble sized subangular
clasts Clast lithofacies are highly variable and include cal
careous quartz sandstone dolomitic and calcitic mudstone

peloidal packstone and grainstone and crinoidal wacke

stone and packstone Conodonts derived from lithoclasts are

of mixed ages spanning Late Devonian Frasnian and Fa

mennian through Early Mississippian Kinderhook indi

cating major local uplift and erosion of Late Devonian to

Early Mississippian strata Intercalated fine grained cri
noidal wackestone beds also interpreted as turbidites do

not yield mixed faunas but contain Upper Si crenulata fauna

Giles & Dickinson, SEPM SP 52, 1995
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FIG I2 Cross section A to A displaying Sequence 7 Lower to Upper Si crellulata conodont zones foreland strata

near the base of the Tripon Pass Limestone and Lower Gn
typicus fauna at the top This indicates the Tripon Pass
Limestone deposition spans across the Sequence 7 bound

ary At the type Tripon Pass section at Tripon Pass Fig
2 locality TP time equivalent strata are organized into a

thick carbonate turbidite fan geometry with current rippled
horizons indicating an eastern source of detritus
Strata to the east at Ward Mountain are dominated by

limestone lower and upper Joana Limestone Sequence 7
initiates here with a relatively thin horizon of planar bed
ded calcareous siltstone and very fine grained quartz
sandstone The thin siliciclastic horizon grades upward into
argillaceous wavy bedded fossiliferous wackestone to

packstone This facies contains a very diverse normal ma

rine megafauna assemblage consisting of crinoids bra

chiopods solitary and colonial corals and bryozoan The
fossiliferous wackestone grades abruptly upward into highly
bioturbated thick to massive beds of crinoidal wackestone
to packstone Disarticulated crinoidal debris dominates this

depositional facies but subordinate amounts of other nor

mal marine fauna are present Locally discontinuous cri

noidal grainstone lenses are present Towards the top of this
facies the crinoidal material is coarser grained and forms
packstone to grainstone beds
The bioturbated crinoidal wackestone to packstone facies

is overlain by thinly interbedded deep subtidal crinoidal
mudstone and wackestone with crinoidal packstone upper

Joana Limestone The packstone beds generally contain
coarser crinoidal material than the mudstone and wacke
stone intervals and a more diverse normal marine fauna

The thinly interbedded crinoidal mudstone and packstone
grade upward into thick bedded crinoidal packstone with
crinoidal grainstone lenses The packstone beds are often
graded fining upward and locally hummocky cross strat
ified with erosionally scoured bases and rip up clasts These

graded beds are interpreted as representing current rework
ing by storm waves tempestites in a relatively deep sub
tidal ramp setting Goebel 199Ib
The Confusion Range and Needle Range sections were

combined for Sequence 7 to derive the most biostratigraph

Giles & Dickinson, SEPM SP 52, 1995
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ration Sandberg and others 1982 The basal sequence

boundary is a regionally extensive erosional unconformity
surface that locally displays evidence of subaerial exposure
Fig 13 Needle Range The upper sequence boundary is

an unconformity surface in the easternmost stratigraphic
sections Needle Range and Tintic Mountains overlain by
a distinctive phosphatic facies Delle Phosphatic member
of the Deseret Limestone that represents a regionally cor
relatable anoxic event Silberling and Nichols 1991 The

boundary here is marked by corrosion and dissolution of

Sequence 8 strata and represents an interruption in depo
sition Silberling and Nichols 1991 Westward the upper

sequence boundary is apparently conformable

Sequence 8 Depositional Facies

In the Diamond Range deposition of intercalated car

bonate turbidites with calcareous siltstone and shale Tripon
Pass Limestone reflects apparently continuous sedimen

tation from Sequence 7 into Sequence 8 time The carbon

I Sequence 8 Upper Si crenulatato Lower Gn texanus I
West Roberts Mountains

allochthon Diamond

Range

200m

LST

400m

TST

600m

800m

1000m

1200m cgcfssh
50km

ate turbidite lithofacies are the same as those described for

the Tripon Pass Limestone deposited during Sequence 7 time
The carbonate turbidites grade upward into a monotonous

sequence of laminated calcareous siltstone and shale

Chainman Shale
At Ward Mountain Sequence 8 strata are dominated by

thinly interbedded subtidal crinoidal packstone with cri
noidal mudstone and wackestone upper Joana Limestone
The packstone beds generally contain coarser crinoidal ma
terial than the mudstone and wackestone intervals and a

more diverse normal marine fauna The thinly interbed
ded crinoidal mudstone and packstone grade into intervals
of thick bedded crinoidal packstone with crinoidal grain
stone lenses The packstone beds are often graded fining
upward and locally hummocky cross stratified with ero

sionally scoured bases and rip up clasts These graded beds
are interpreted as representing current reworking by storm
waves tempestites in a relatively deep subtidal ramp set

ting The carbonate strata grade abruptly upward into lam
inated siltstone and shale Chainman Shale
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FIG 13 Cross section A to A displaying Sequence 8 Lower Gn typicus conodont zones foreland strata
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FIG 2 Map of the Antler foreland region in eastern Nevada and western Utah Black dots mark the position of stratigraphic sections used in

this study Stippled squares mark the location of major cities and towns in the area Sections referred to in this paper are indicated as follows TQ

Toquima Range DG Devils Gate DR Diamond Range PR Pinon Range TP Tripon Pass CC Cherry Creek Range WM Ward

Mountain NR Needle Range SR Star Range CR Confusion Range CN Coyote Knolls TR Tintic Mountains TP Tripon Pass

and ST Stansbury Mountains See Goebel 1991b for detailed description of localities Within the inset map stippled areas outline surface exposure

of Paleozoic rocks and correspond approximately to the outline of mountain ranges Extension and contraction percentages listed for areas on the

inset are derived from Gans 1987 and Dobbs and others 1993 The Upper Devonian and Early Mississippian position of localities on cross section

A to A were determined using these values

A composite third order 1 my to 10 my global coastal

onlap curve for latest Devonian and Mississippian time was

compiled Fig 4 from the Devonian curve of Johnson and

others 1991 and the Mississippian curve of Ross and Ross
1987 The composite global coastal onlap curve approx
imates a eustatic sea level curve for this time interval Within

the syntectonic time interval eight third order global sea
level cycles have been identified five in the Late Devonian

latest Frasnian through Famennian and three in the Early
Mississippian Kinderhook through early Osage
The third order eustatic sea level cycles are superim

posed on second order 10 my to 80 my sea level cycles
c f Goldhammer and others 1991 Second order eustatic

sea level rose from the Middle Devonian Emsian through

Late Devonian Frasnian time Taghanic onlap of John

son 1970 The Late Devonian rise in sea level reached a

maximum in latest Frasnian to earliest Famennian time

which corresponds to initiation of thrusting in the Roberts

Mountains allochthon Fig 4 Subsequent sea level fall

throughout the Late Devonian Famennian ended near the

Devonian Mississippian boundary The following Early
Mississippian transgression reached a maximum during early
Osagean time near the culmination of Antler thrusting
Within the syntectonic phase late Frasnian through mid

Osagean time we recognize 8 third order depositional se
quences Figs 4 5 Third order sequence boundaries Fig
5 were chosen based primarily on regionally correlatable
missing biostratigraphic zones in conjunction with subaerial

Forebulge-Late 
Devonian to Early 

Mississippian

Forebulge-late Early 
to Middle 

Mississippian

188

A B

KATHERINE A GILES AND WILLIAM R DICKINSON

A Tlms
F9 lletural

Backbulge Stable

Oat
Fore

B Tlms 2
Forebulge

Back BulgeForeland

FIG I Diagrammatic cross sections displaying the relationship of
lithospheric flexure to accommodation space in foreland systems Arrows
pointing down indicate an increase in accommodation space produced by
lithospheric downwarping and arrows pointing up indicate a decrease in
accommodation space due to lithospheric upwarping A Time I thrust
load emplaced resulting in downwarping of the lithosphere foreland ba
sin craton ward upwarping forebulge and farther cratonward gentle
downwarping back bulge basin B Time 2 the thrust load migrates
cratonward resulting in cratonward migration of the flexural features for
mer uplifted area of forebulge locality A Time I is downwarped and
incorporated into foreland basin whereas former back bulge basin lo
cality B Time I is upwarped over migratory forebulge at Time 2

A second distinctive feature offlexurally induced accom
modation trends is the formation of regional scale inver
sions of topography In response to progressive emplace
ment of thrust loads flexural features migrate across the
foreland downwarping former topographic highs and up

warping former topographic lows Allen and others 1986
For example as the thrust wedge migrates it flexurally
downwarps the area that was previously upwarped over the
forebulge and incorporates this area into the foreland basin
Fig 1 B Conversely forebulge migration causes uplift of
the previously downwarped back bulge basin
Erosion of emergent thrusts and local forebulge erosion

may increase sediment supply into the foreland and back
bulge basins Increased sediment supply affects accom
modation space primarily in two ways 1 redistributes the
tectonic load and 2 reduces the amount ofaccommodation

space by infilI Sedimentary deposits act as a lithostatic load
and produce flexural subsidence During active tectonism
the amount of subsidence due to sediment loading is rela

tively minor compared to subsidence due to thrust loading
During quiescent tectonic phases sediment derived from

emergent thrusts or forebulge uplifts effectively redistrib
utes preexisting loads and tends to widen flexurally subsid
ing basins Flemings and Jordon 1989 High sediment in
flux may allow progradation to fill existing accommodation
space Once the basin is filled sediment bypasses the basin
until additional accommodation space is created

We have documented accommodation trends for a series
of biostratigraphically correlated stratigraphic sections which
lie along a regional transect across the Antler foreland in
Nevada and Utah By comparing regional accommodation
trends in syntectonic stratigraphic sequences to published
third order eustatic sea level curves Ross and Ross 1987

Johnson and others 1991 we have attempted to gauge the
relative effects of lithospheric flexure and eustasy on the

stratigraphic evolution of the Antler foreland region

GEOLOGIC SETIING OF ANTLER FORELAND

The Antler orogenic belt is an eastward vergent thrust

system extending over 2300 km from southern California

terminating at the San Andreas fault system northward

through Nevada and Idaho into British Columbia Canada
The exact tectonic cause of the orogeny is still enigmatic
and many different models for its origin have been pro
posed Nilsen and Stewart 1980 Dickinson and others 1983
Burchfiel and Royden 1991 Most of the models invoke
some form of arc continent interaction either arc continent
collision or back arc thrusting
The onset of the Antler orogeny resulted in eastward thrust

emplacement of the Roberts Mountains allochthon Fig 2
over the former passive margin of the North American cra
ton Roberts and others 1958 Stewart and Poole 1974
The Roberts Mountains allochthon consists of a structurally
complex succession of early to middle Paleozoic deep water
siliciclastic pelagic and volcanic rocks that were thrust
imbricated during Late Devonian latest Frasnian through
Early Mississippian mid Osage time Roberts and others

1958 Madrid 1987 Johnson and Pendergast 1981 John
son and Visconti 1992 Carpenter and others 1993a 1993b
Estimated eastward transport of the Roberts Mountains al
lochthon was 140 km Roberts and others 1958 Nilsen and
Stewart 1980 Murphy and others 1984 Therefore flex

ural features associated with overthrusting are estimated to
have migrated eastward a similar distance during Antler
orogenesis
The general stratigraphy in the foreland east of the Rob

erts Mountains allochthon consists of a thick passive mar
gin carbonate platform that developed following upper Pre
cambrian rifting Figs 3 4 The extensive west facing
carbonate platform is overlain by uppermost Devonian
through Lower Mississippian siliciclastic and carbonate strata
deposited during Antler orogenesis syntectonic strata The

syntectonic strata are overlain by Middle to Upper Missis
sippian siliciclastic strata containing submarine fan and ba
sin slope deposits shoaling to deltaic and fluvial facies

Harbaugh and Dickinson 1981 which filled the Antler
foreland basin post tectonic strata Uppermost Mississip
pian and Lower Pennsylvanian carbonate strata Ely Lime
stone overlie the foreland basin fill and onlap the Roberts
Mountains allochthon overlap assemblage

STRATIGRAPHIC EVOLUTION OF ANTLER SYNTECTONIC STRATA

Stratigraphic sequences are classically defined by the re
lationships of seismic scale depositional geometries Vail

and others 1977 Because Antler foreland strata are ex

posed along a series of roughly strike parallel Tertiary horst
blocks seismic scale dip oriented profiles are not ex

posed Therefore the sequence stratigraphic framework for
this study was inferred from depositional facies analysis of
time correlative stratigraphic packages bounded by sub re
gional unconformities and their correlative conformities

Giles & Dickinson, SEPM SP 52, 1995

Seems odd to have forebulge jump so dramatically--how does this happen?  Is the flexural interpretation wrong? [Yeah, probably…the earlier forebulge 
quite plausibly is poor stratigraphy]. Even if older Diamond Range forebulge an artifact, why might the eastern one get stuck? Load not advancing?



Te=24 km Te=24 km

Te=10 km

Seems  that the forebulge isn’t moving smoothly east, right?
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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 

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. 
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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). 

Fig. 6. Key for reconstructed time slice maps.  

P.H. Cashman and D.M. Sturmer                                                                                                                                                                                                           

c. 356 Ma

Cashman & Sturmer, P^3, 2021

(Mississippian)
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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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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. 
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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). 

Fig. 6. Key for reconstructed time slice maps.  

P.H. Cashman and D.M. Sturmer                                                                                                                                                                                                           

c. 348 Ma

Cashman & Sturmer, P^3, 2021

This is the first appearance of sediment (according to these authors) from the Antler allocthon.
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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 

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 

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.) 
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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). 

Fig. 6. Key for reconstructed time slice maps.  

P.H. Cashman and D.M. Sturmer                                                                                                                                                                                                           

c. 336 Ma

Cashman & Sturmer, P^3, 2021
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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 

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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Fig. 10. Paleogeographic map for early Chesterian time on the late Paleozoic reconstructed base map (Fig. 5). Maps show estimated minimum extents of depositional 
belts (patterned). Light blue represents area of inferred shallow-water deposition between deep marine deposition and subaerial exposure. Southern light green area 
represents a local unconformity. Paleocurrent data from Perry (1994), Crosbie (1997), and unpublished data from Trexler Jr. Compositional data from Dickinson 
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Wells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

P.H. Cashman and D.M. Sturmer                                                                                                                                                                                                           

Palaeogeography, Palaeoclimatology, Palaeoecology 584 (2021) 110666

7

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). 

Fig. 6. Key for reconstructed time slice maps.  
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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 

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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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). 

Fig. 6. Key for reconstructed time slice maps.  
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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 

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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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). 

Fig. 6. Key for reconstructed time slice maps.  
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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 

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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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). 

Fig. 6. Key for reconstructed time slice maps.  
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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 

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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Fig. 14. Paleogeographic map for middle 
Desmoinesian time on the late Paleozoic 
reconstructed base map (Fig. 5). Maps 
show estimated minimum extents of 
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.)   
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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). 

Fig. 6. Key for reconstructed time slice maps.  

P.H. Cashman and D.M. Sturmer                                                                                                                                                                                                           
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This is about the height of the Ancestral Rockies.
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siltstone facies belt submarine slides composed of slope
derived sediment were emplaced in middle Osagean time
and sediment gravity flow deposits containing shallow water

fossils probably marking the approach of prograding shal
low water carbonate sand sheets began to accumulate in

late Osagean time The carbonate platform facies however
never prograded this far seaward Carbonate deposition
ceased in early Meramecian time when the platform was

subaerially exposed as shown by a forest rooting ground
on top of the unit in Cottonwood Canyon Decourten 1986
but in the quartzose siltstone facies belt to the northwest
the dominantly siliciclastic Mexican Spring formation con
tinued to accumulate

COMPARISON OF SOUTHERN NEVADA AND EASTERN CALIFORNIA
PORTIONS OF THE PLATFORM

Similarities between the Mississippian carbonate plat
forms in southern Nevada and eastern California show that

they represent parts of the same platform e g Stevens and
others 1991 In both areas the initial transgression of the
Mississippian sea was essentially synchronous relatively
shallow water carbonates occur both below and above cherty
relatively deep water rocks i e the Anchor Limestone
Stone Canyon limestone and Leaning Rock formation and

the subsequent late Osagean early Meramecian prograda
tion of shallow water carbonates proceeded similarly In

addition similar facies and subfacies belts also are present
in both areas and thickness patterns in the platform facies
in the two areas are similar Figs 3 4 There are how
ever significant differences in scale The greatest thickness
in eastern California is about twice that in southern Nevada
and the restored distance between sections representing the
inner limestone subfacies belt Knight Canyon in California
and Mountain Springs Pass in Nevada and the outer lime
stone subfacies belt Santa Rosa Hills in California and In

dian Springs in Nevada in Nevada is almost twice that in
California Thus although the similarities show that these
carbonate sequences were deposited on the same platform
the nature ofthe shelfon which the Mississippian carbonate
platform developed varied considerably laterally

PLATFORM EVOLUTION

The developmental history of the Mississippian carbon
ate platform is shown schematically in Figure 6 Formation
of the Mississippian carbonate platform in southern Nevada
and eastern California began with a major transgression of
the sea in Kinderhookian time over a Late Devonian car
bonate platform that probably dipped almost imperceptibly
to the northwest This transgression probably was due to

the major eustatic sea level rise shown by Ross and Ross
1987 in the earliest Mississippian perhaps combined with
regional subsidence due to thrust loading Relatively shal
low water environments were maintained throughout the area
during Kinderhookian and most of early Osagean time
Probably the most important event in development of the

Mississippian carbonate shelf indicated by all the sedi

mentologic and paleontologic data was a rapid deepening
of the entire platform at the beginning of deposition of the
Anchor Limestone in Nevada and the Stone Canyon lime

NW sealeve SE

Shallow water Tin Mountain and Dawn Lss

NEAR END OF EARLY OSAGEAN

sealeve

B

EARLIEST MIDDLE OSAGEAN

sealevel

L

Lss

FIG 6 Development of the Mississippian carbonate platform based
on data from eastern California and southern Nevada A Platform near

the end of early Osagean time B Platform during earliest middle Os
agean time C Platform at end of early Meramecian time Vertical ex

aggeration is about 30x

stone and Leaning Rock formation in California This event
occurred close to the early middle Osagean break within
the Lower typicus conodont Zone at Rest Spring Gulch
as shown by diagnostic conodonts in both the top of the

relatively shallow water Tin Mountain Limestone and the
base of the overlying relatively deep water Leaning Rock
formation Figs 2 4 This event essentially corresponds
to the time of maximum flooding in the western United
States shown by Sando 1989 and it is similar to a deep
ening event recognized throughout eastern Nevada and

western Utah by initial deposition of the interpreted deep
water Delle Phosphate Poole and Sandberg 1991 A more

or less similarly timed deepening event also is suggested
by subsidence curves shown by Dorobek and others 1991
for sections from central Montana to central Idaho
This deepening event correlates approximately in time with

a sea level rise but according to Dorobek and others 1991
this rise was not of great magnitude This event also may

Subsidence of Mississippian platform from final Antler?176 CALVIN H STEVENS DARRELL KLINGMAN AND PAUL BELASKY
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FIG I Location maps A Major Mississippian tectonic features B Index map of area of this study BG Bighorn Gap CC CoHonwood

Canyon Cp carbonate platform IS Indian Springs KCKnight Canyon Kt Keystone thrust fault LC Lee Canyon LCt Lee Canyon thrust fault
MCt Marble Canyon thrust fault MSPMountain Springs Pass PM Potosi Mine RSG Rest Spring Gulch SC Stone Canyon SRH Santa Rosa Hills

TS Trough Spring WPt Wheeler Pass thrust fault

sitional environments of post Tin Mountain rocks of the

central and outer limestone subfacies belts in eastern Cal

ifornia Fig 1 are presented in Figure 5
The major purpose of this paper is to report upon new

faunal and stratigraphic data concerning Mississippian car
bonate rocks in southern Nevada and eastern California to

create a model of the evolving platform geometry and to

interpret the tectonic and eustatic events that led to devel

opment of this platform

MISSISSIPPIAN PLATFORM IN SOUTHERN NEVADA

The carbonate platform in the Spring Mountains south of
the Las Vegas Valley fault zone Fig 1 is represented in

four different plates separated by thrust faults Rocks of this

carbonate platform are referred to as the Monte Cristo Group
Fig 2 a unit generally overlying shallow water Devonian
limestone and underlying the very thin latest Mississip
pian shallow water siliciclastic Indian Springs Formation

Stevens et al., SEPM SP 52, 1995

(Upper Lower Mississippian)

(Lower Upper Mississippian)

Other evidence of what happened? Mississippian shelf in SE CA subsided rapidly and stablized (kind of like what we saw in Ancestral Rockies).  This 
incidentally suggests there was Antler material to the west…also would make a geo history diagram than would be quite abbreviated.



Turner et al., Geology, 1989

Now look at the upper plate…So how extensive is this event (or events?).  Some similarities to stuff in Canada, though note that Canadian allocthon is 
attenuated continental crust while no evidence of such material in Nevada
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Figure 6 Geotectonic features of the Antler orogen (Late Devonian–Early Mississippian), the Ancestral Rocky Mountains province

(Pennsylvanian–Early Permian), and the Sonoma orogen (Late Permian–Early Triassic) of the North American Cordillera (allochthons of

Antler and Sonoma age are combined, but note the uncertain continuity of tectonic trends along the trans-Idaho discontinuity of Figure 5).
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opening of the Gulf of Mexico. Tintina and De-CS-FW-QC fault systems are Cenozoic structures. See Figure 5 for geographic legend.
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OK, so what is this event?
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the western Laurentian margin (Wright & Wyld, 2006) (Figure 3, Option IIa). The terranes were transported
northward along the western margin by slab rollback and subsequently accreted to the margin (Wright &
Wyld, 2006) (Figure 3, Option IIa).

A second model explaining the transport and emplacement of these terranes proposed a westward migrat-
ing arc north of Laurentia, evolving into a southward propagating transpressional system along western
Laurentia (Colpron & Nelson, 2009) (Figure 3, Option IIb). A “Northwest Passage” opened between
Laurentia and Siberia in mid-Paleozoic time, within which an arc developed along the northern Laurentian
margin in the Early Devonian (Colpron et al., 2007; Colpron & Nelson, 2009) (Figure 3, Option IIb). Terranes
were transported from their origin in Baltica to northwestern Laurentia through the “Northwest Passage”
by means of the westward migration of the subduction zone (Figure 3, Option IIb). By Middle Devonian time,
a sinistral transpressional system developed at the southern end of this arc and gradually propagated south-
ward along western Laurentia and transported the terranes and fragments south along the margin. Colpron
and Nelson (2009) inferred that the progressively younger tectonism southward along the Laurentian margin
records the southward propagation of the transpressional system. They propose that this fault system could
have provided the weakness along which Devonian shortening initiated, resulting in the emplacement of the
RMA (Colpron & Nelson, 2009).

2.2. Antler Orogeny

The major structural expression of the Late Devonian-Early Mississippian Antler orogeny in Nevada and Idaho
is the emplacement of Cambrian through Devonian oceanic sedimentary rocks, the RMA, eastward onto the
western Laurentian craton (e.g., Nilsen, 1977; Nilsen & Stewart, 1980; Poole et al., 1992; Roberts et al., 1958).
Strata of the RMA structurally overlie coeval rocks of the western Laurentian passive margin (e.g., Kay, 1951;
Madrid, 1987; Roberts et al., 1958; Schuchert, 1923). East of the Antler orogen and west of the Laurentian

I

Roberts Mountains allochthon and Harmony Formation 
provenance and origin options

Option I:  western equivalent  Option IIa: exotic peri-Gondwana (south)
[Roberts et al., 1958; Poole et al., 1992]                     [Wright & Wyld, 2006]

Option IIb: exotic Baltica (north)  Option III: northwest Laurentia
 [Colpron and Nelson, 2009]                                        

Subduction
   Transform
   Ridge
   Exotic Terranes

Laurentia

Siberia

Baltica

Gondwana

AX

AX

PRA

SRA

RMA

RMA

RMA

RMA

YR

YR
NS

NS

[Suczek, 1977] 

Figure 3. Contrasting tectonic models proposed to explain the source and tectonic transport of the Roberts Mountains
allochthon and Harmony Formation, shown in Early Devonian time. Exotic terranes include the Alexander, Klamath, and
Northern Sierran terranes. AX: Alexander Terrane; YR: Yreka Terrane; NS: Northern Sierra Terrane; RMA: Roberts
Mountains allochthon (different locations of RMA are as visualized in different tectonic models and are color coded by
model); PRA: Peace River Arch; SRA: Salmon River Arch. Map is after Colpron and Nelson (2009). Option I, western equivalent
(Poole et al., 1992; Roberts et al., 1958); option IIa, exotic peri-Gondwana (southern transport) (Wright & Wyld, 2006);
option IIb, exotic Baltica (northern transport) (Colpron & Nelson, 2009); option III, northwestern Laurentia (Gehrels,
Dickinson, Riley, et al., 2000; Suczek, 1977).
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Where might the allocation have come from?
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Figure 4. Tectonostratigraphic diagram of 
units of the Roberts Mountains allochthon 
(RMA) in selected north-central Nevada 
mountain ranges, showing locations of 
detrital zircon samples. Units are shown in 
their physical, structurally superimposed, 
order. Most units are internally disrupted 
with multiple imbricate thrusts not shown 
on this chart. Units are color coded for 
geologic period as indicated on left margin 
of chart.

Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.

Figure 4. Tectonostratigraphic diagram of units of the Roberts Mountains allochthon (RMA) in selected north-central Nevada mountain ranges, showing locations of detrital zircon samples. Units are 
shown in their physical, structurally superimposed, order. Most units are internally disrupted with multiple imbricate thrusts not shown on this chart. Units are color coded for geologic period as 
indicated on left margin of chart.
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Figure 4. Tectonostratigraphic diagram of 
units of the Roberts Mountains allochthon 
(RMA) in selected north-central Nevada 
mountain ranges, showing locations of 
detrital zircon samples. Units are shown in 
their physical, structurally superimposed, 
order. Most units are internally disrupted 
with multiple imbricate thrusts not shown 
on this chart. Units are color coded for 
geologic period as indicated on left margin 
of chart.

Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.

and the 1.3–1.5 Ga grains are similar to those with origin in the granite-rhyolite province of central Laurentia
(Anderson & Morrison, 1992; Bickford et al., 1986; Bickford & Anderson, 1993; Hoffman, 1989; Van Schmus
et al., 1993) (Figures 7 and 9b). The 1.6–1.8 Ga grains are consistent with provenance in the Yavapai-
Mazatzal terranes and the 2.5–2.8 Ga grains are comparable with those originating in the Archean craton
(Bickford et al., 1986; Hoffman, 1989; Ross, 1991; Van Schmus et al., 1993) (Figures 7 and 9b). The seven
zircons from 673 to 716 Ma in sample LCC#1 sample have a potential source in Idaho. Several workers have
reported zircon ages that fall within this range in igneous suites in Idaho: 684 ± 4 Ma and 685 ± 7 Ma (Link
et al., 2017; Lund et al., 2003); 667 ± 5 Ma, 717 ± 4 Ma, and 709 ± 5 Ma (Fanning & Link, 2004); and
680–706 Ma (Durk et al., 2007; Link et al., 2017). The grains in the Harmony A arenites could have been
derived from the igneous terranes or from recycled sediments originally derived from these terranes.

The Hf isotope ratios of the Harmony A samples are also similar to those in potential source terranes in central
Laurentia. The 1.0–1.2 Ga grains have juvenile to intermediate values (εHf(t) + 10 to!8), similar to those of the
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Figure 9. (a) Hf isotope data and (b) U-Pb ages for Harmony A samples and selected western Laurentian passive margin
strata, showing the similarities between the U-Pb ages and Hf isotope analyses of the Harmony A and these passive
margin strata. Data from the upper Neoproterozoic Mutual Formation and Caddy Canyon Quartzite are from Gehrels and
Pecha (2014). Colored age bars that correspond to Laurentian basement terrane ages are superimposed over the U-Pb
ages on the normalized probability plots. The ages are from references cited in Figure 3. Colored Hf isotope range areas
that correspond to the same Laurentian terranes are shown on the (upper) Hf evolution diagram (Grenville: Bickford
et al., 2010; Mueller et al., 2008; Granite-rhyolite province: Goodge & Vervoort, 2006; Mueller et al., 2008; Yavapai-Mazatzal:
Holm et al., 2013; Archaean: Rohr et al., 2008; Rohr et al., 2010; and Idaho: Gaschnig et al., 2013). Diagrams and symbols are
as in Figure 9.
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Figure 9. (a) Hf isotope data and (b) U-Pb ages for Harmony A samples and selected western Laurentian passive margin strata, showing the similarities between the U-Pb ages and Hf isotope analyses of 
the Harmony A and these passive margin strata. Data from the upper Neoproterozoic Mutual Formation and Caddy Canyon Quartzite are from Gehrels and Pecha (2014). Colored age bars that 
correspond to Laurentian basement terrane ages are superimposed over the U-Pb ages on the normalized probability plots. The ages are from references cited in Figure 3. Colored Hf isotope range 
areas that correspond to the same Laurentian terranes are shown on the (upper) Hf evolution diagram (Grenville: Bickford
et al., 2010; Mueller et al., 2008; Granite-rhyolite province: Goodge & Vervoort, 2006; Mueller et al., 2008; Yavapai-Mazatzal: Holm et al., 2013; Archaean: Rohr et al., 2008; Rohr et al., 2010; and 
Idaho: Gaschnig et al., 2013). Diagrams and symbols are as in Figure 9.
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.

and the 1.3–1.5 Ga grains are similar to those with origin in the granite-rhyolite province of central Laurentia
(Anderson & Morrison, 1992; Bickford et al., 1986; Bickford & Anderson, 1993; Hoffman, 1989; Van Schmus
et al., 1993) (Figures 7 and 9b). The 1.6–1.8 Ga grains are consistent with provenance in the Yavapai-
Mazatzal terranes and the 2.5–2.8 Ga grains are comparable with those originating in the Archean craton
(Bickford et al., 1986; Hoffman, 1989; Ross, 1991; Van Schmus et al., 1993) (Figures 7 and 9b). The seven
zircons from 673 to 716 Ma in sample LCC#1 sample have a potential source in Idaho. Several workers have
reported zircon ages that fall within this range in igneous suites in Idaho: 684 ± 4 Ma and 685 ± 7 Ma (Link
et al., 2017; Lund et al., 2003); 667 ± 5 Ma, 717 ± 4 Ma, and 709 ± 5 Ma (Fanning & Link, 2004); and
680–706 Ma (Durk et al., 2007; Link et al., 2017). The grains in the Harmony A arenites could have been
derived from the igneous terranes or from recycled sediments originally derived from these terranes.

The Hf isotope ratios of the Harmony A samples are also similar to those in potential source terranes in central
Laurentia. The 1.0–1.2 Ga grains have juvenile to intermediate values (εHf(t) + 10 to!8), similar to those of the
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Figure 9. (a) Hf isotope data and (b) U-Pb ages for Harmony A samples and selected western Laurentian passive margin
strata, showing the similarities between the U-Pb ages and Hf isotope analyses of the Harmony A and these passive
margin strata. Data from the upper Neoproterozoic Mutual Formation and Caddy Canyon Quartzite are from Gehrels and
Pecha (2014). Colored age bars that correspond to Laurentian basement terrane ages are superimposed over the U-Pb
ages on the normalized probability plots. The ages are from references cited in Figure 3. Colored Hf isotope range areas
that correspond to the same Laurentian terranes are shown on the (upper) Hf evolution diagram (Grenville: Bickford
et al., 2010; Mueller et al., 2008; Granite-rhyolite province: Goodge & Vervoort, 2006; Mueller et al., 2008; Yavapai-Mazatzal:
Holm et al., 2013; Archaean: Rohr et al., 2008; Rohr et al., 2010; and Idaho: Gaschnig et al., 2013). Diagrams and symbols are
as in Figure 9.
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Harmony Frm “B”

Grenville orogen (Bickford et al., 2010; Mueller et al., 2008), and the 1.4–1.5 Ga grains have juvenile to
moderately juvenile values (εHf(t) + 10 to +2.5), compatible with the granitoids of the mid-Laurentian
craton (Goodge & Vervoort, 2006) (Figures 7 and 9a). The 1.6–1.8 Ga grains have juvenile to intermediate
values (εHf(t) + 10 to !6), similar to the Yavapai orogenic terrane (Holm et al., 2013). The 2.5–2.8 Ga grains
have moderately juvenile to intermediate values (εHf(t) + 7 to !2), compatible with those in northern
Greenland and Arctic Canada of the northeast Canadian shield (Rohr et al., 2008, 2010) (Figures 7 and 9a).
The 673–716 Ma grains have intermediate to evolved values (εHf(t) + 1.9 to !5.3), which is within the range
of 630–730 Ma zircons in the Idaho batholith, interpreted as inherited from the Windermere Supergroup
volcanics (Gaschnig et al., 2013).

Coeval passive margin sedimentary units of western Laurentia have U-Pb ages and Hf isotope ratios similar to
those of Harmony A (Figure 9). We compared our Harmony A data to those of western Laurentian passive
margin units for which both DZ U-Pb ages and Hf isotope ratios are available. The U-Pb ages and Hf isotope
ratios of the upper Neoproterozoic-Lower Cambrian Mutual Formation and Caddy Canyon Quartzite are simi-
lar to those of the Harmony A (Figure 10). The Mutual Formation and Caddy Canyon Quartzite are interpreted
as originating in central Laurentia prior to the uplift of the Transcontinental Arch (Gehrels & Pecha, 2014;
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Figure 10. (a) Hf isotope data and (b) U-Pb ages for Harmony B samples and select Laurentian passive margin strata, show-
ing the similarities between the U-Pb ages and Hf isotope analyses of the Harmony B and these passive margin strata.
Colored age bars that correspond to Peace River Arch region and Swift Current anorogenic province basement terrane ages
are superimposed over the U-Pb ages on the normalized probability plots. Data from the Horsethief Creek Group and the
Hamill Group are from Gehrels and Pecha (2014). U-Pb analyses of the Addy Quartzite are from Linde et al. (2014b).
Hf-isotope analyses of the Addy Quartzite are Linde’s unpublished work. Diagrams and symbols are as in Figure .
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Figure 10. (a) Hf isotope data and (b) U-Pb ages for Harmony B samples and select Laurentian passive margin strata, show- ing the similarities between the U-Pb ages and Hf isotope analyses of the 
Harmony B and these passive margin strata. Colored age bars that correspond to Peace River Arch region and Swift Current anorogenic province basement terrane ages are superimposed over the U-Pb 
ages on the normalized probability plots. Data from the Horsethief Creek Group and the Hamill Group are from Gehrels and Pecha (2014). U-Pb analyses of the Addy Quartzite are from Linde et al. 
(2014b). Hf-isotope analyses of the Addy Quartzite are Linde’s unpublished work. Diagrams and symbols are as in Figure .
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and the 1.3–1.5 Ga grains are similar to those with origin in the granite-rhyolite province of central Laurentia
(Anderson & Morrison, 1992; Bickford et al., 1986; Bickford & Anderson, 1993; Hoffman, 1989; Van Schmus
et al., 1993) (Figures 7 and 9b). The 1.6–1.8 Ga grains are consistent with provenance in the Yavapai-
Mazatzal terranes and the 2.5–2.8 Ga grains are comparable with those originating in the Archean craton
(Bickford et al., 1986; Hoffman, 1989; Ross, 1991; Van Schmus et al., 1993) (Figures 7 and 9b). The seven
zircons from 673 to 716 Ma in sample LCC#1 sample have a potential source in Idaho. Several workers have
reported zircon ages that fall within this range in igneous suites in Idaho: 684 ± 4 Ma and 685 ± 7 Ma (Link
et al., 2017; Lund et al., 2003); 667 ± 5 Ma, 717 ± 4 Ma, and 709 ± 5 Ma (Fanning & Link, 2004); and
680–706 Ma (Durk et al., 2007; Link et al., 2017). The grains in the Harmony A arenites could have been
derived from the igneous terranes or from recycled sediments originally derived from these terranes.

The Hf isotope ratios of the Harmony A samples are also similar to those in potential source terranes in central
Laurentia. The 1.0–1.2 Ga grains have juvenile to intermediate values (εHf(t) + 10 to!8), similar to those of the
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Figure 9. (a) Hf isotope data and (b) U-Pb ages for Harmony A samples and selected western Laurentian passive margin
strata, showing the similarities between the U-Pb ages and Hf isotope analyses of the Harmony A and these passive
margin strata. Data from the upper Neoproterozoic Mutual Formation and Caddy Canyon Quartzite are from Gehrels and
Pecha (2014). Colored age bars that correspond to Laurentian basement terrane ages are superimposed over the U-Pb
ages on the normalized probability plots. The ages are from references cited in Figure 3. Colored Hf isotope range areas
that correspond to the same Laurentian terranes are shown on the (upper) Hf evolution diagram (Grenville: Bickford
et al., 2010; Mueller et al., 2008; Granite-rhyolite province: Goodge & Vervoort, 2006; Mueller et al., 2008; Yavapai-Mazatzal:
Holm et al., 2013; Archaean: Rohr et al., 2008; Rohr et al., 2010; and Idaho: Gaschnig et al., 2013). Diagrams and symbols are
as in Figure 9.
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Grenville orogen (Bickford et al., 2010; Mueller et al., 2008), and the 1.4–1.5 Ga grains have juvenile to
moderately juvenile values (εHf(t) + 10 to +2.5), compatible with the granitoids of the mid-Laurentian
craton (Goodge & Vervoort, 2006) (Figures 7 and 9a). The 1.6–1.8 Ga grains have juvenile to intermediate
values (εHf(t) + 10 to !6), similar to the Yavapai orogenic terrane (Holm et al., 2013). The 2.5–2.8 Ga grains
have moderately juvenile to intermediate values (εHf(t) + 7 to !2), compatible with those in northern
Greenland and Arctic Canada of the northeast Canadian shield (Rohr et al., 2008, 2010) (Figures 7 and 9a).
The 673–716 Ma grains have intermediate to evolved values (εHf(t) + 1.9 to !5.3), which is within the range
of 630–730 Ma zircons in the Idaho batholith, interpreted as inherited from the Windermere Supergroup
volcanics (Gaschnig et al., 2013).

Coeval passive margin sedimentary units of western Laurentia have U-Pb ages and Hf isotope ratios similar to
those of Harmony A (Figure 9). We compared our Harmony A data to those of western Laurentian passive
margin units for which both DZ U-Pb ages and Hf isotope ratios are available. The U-Pb ages and Hf isotope
ratios of the upper Neoproterozoic-Lower Cambrian Mutual Formation and Caddy Canyon Quartzite are simi-
lar to those of the Harmony A (Figure 10). The Mutual Formation and Caddy Canyon Quartzite are interpreted
as originating in central Laurentia prior to the uplift of the Transcontinental Arch (Gehrels & Pecha, 2014;
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Figure 10. (a) Hf isotope data and (b) U-Pb ages for Harmony B samples and select Laurentian passive margin strata, show-
ing the similarities between the U-Pb ages and Hf isotope analyses of the Harmony B and these passive margin strata.
Colored age bars that correspond to Peace River Arch region and Swift Current anorogenic province basement terrane ages
are superimposed over the U-Pb ages on the normalized probability plots. Data from the Horsethief Creek Group and the
Hamill Group are from Gehrels and Pecha (2014). U-Pb analyses of the Addy Quartzite are from Linde et al. (2014b).
Hf-isotope analyses of the Addy Quartzite are Linde’s unpublished work. Diagrams and symbols are as in Figure .
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Cambrian time (Figure 12a). In contrast, the sediments of Harmony B probably originated in eastern Alberta-
western Saskatchewan and were deposited as turbidites in a basin off the northwestern Laurentian margin in
Late Cambrian time (Figure 12b). It is likely that passive-margin arenites such as the Horsethief Creek Group,
Hamill Group, and Addy Quartzite in southern British Columbia and northeastern Washington also originated
in eastern Alberta-western Saskatchewan (Figures 12a and 12b). These units are the nearshore and shallow
shelf equivalents of the deeper marine Harmony B (Gehrels & Ross, 1998; Lindsey & Gaylord, 1992). From
Ordovician through Devonian time, other RMA strata were deposited in the region (Linde et al., 2016).

The nature of the contact between Harmony A and Harmony B is unclear. The new DZ data presented here
substantiate the relative ages—Harmony A is pre-Transcontinental Arch, that is, no younger than Early
Cambrian, while Harmony B is Late Cambrian, based on trilobites. The initial workers interpreted the contact
between the Harmony A and B in Little Cottonwood Canyon as sharp but concordant and proposed that the
two petrofacies recorded two successive submarine fan deposits (Dickinson & Gehrels, 2000). Fieldwork for
this study indicated that the contact can be located within a few meters and traced in the field.

Figure 12. Paleogeographic maps of Laurentia for Early Cambrian through Mississippian time (Blakey, 2013). White lines show the approximate position of the
paleoequator. Blue wavy lines show approximate sediment transport pathways of units discussed. The Transcontinental Arch (Sloss, 1988) and Peace River Arch
(Ross, 1991) are superimposed. (a) Early Cambrian time. The Harmony A is derived from the central Laurentia, before the uplift of the Transcontinental Arch. The
Horsethief Creek Group and Hamill Group are deposited near southeast British Columbia. (b) Late Cambrian Time. The Transcontinental Arch has been uplifted.
The Harmony B is shed from the Rimbey arc of eastern Alberta and the Swift Current Anorogenic Province of western Saskatchewan. (c) Middle Devonian time. An arc
has moved westward around the north edge of Laurentia, from northern Baltica to the western margin of northern Laurentia, and a sinistral transpressional
fault system has developed along the western margin of Laurentia. The Harmony A and B and RMA strata are tectonically transported south along the margin by this
fault system. (d) Late Devonian time. Shortening and development of an accretionary prism has initiated along much of the western margin of Laurentia, emplacing
the Harmony Formation and RMA strata onto the craton. (e) Early Mississippian time. The Antler orogeny has uplifted the accretionary prism of the Harmony
Formation and RMA strata into a highland on the western Laurentian margin.
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Figure 10. (a) Hf isotope data and (b) U-Pb ages for Harmony B samples and select Laurentian passive margin strata, show- ing the similarities between the U-Pb ages and Hf isotope analyses of the 
Harmony B and these passive margin strata. Colored age bars that correspond to Peace River Arch region and Swift Current anorogenic province basement terrane ages are superimposed over the U-Pb 
ages on the normalized probability plots. Data from the Horsethief Creek Group and the Hamill Group are from Gehrels and Pecha (2014). U-Pb analyses of the Addy Quartzite are from Linde et al. 
(2014b). Hf-isotope analyses of the Addy Quartzite are Linde’s unpublished work. Diagrams and symbols are as in Figure .
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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Figure 6. U-Pb ages and Hf isotope data for Roberts Mountains allochthon strata. U-Pb dates were 
run for all sample grains; approximately one-fourth of these grains were analyzed for hafnium 
isotopes. The upper graph shows İHf(t) (epsilon Hf) values for each sample. The average mea-
surement uncertainty for all hafnium analyses is shown in the upper right at the 2ı of the values. 
Reference lines on the Hf plot are as follows: Depleted mantle (DM) is calculated using 176Hf/177Hf = 
0.283225; 176Lu/177Hf = 0.038513 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform res-
ervoir, is calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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order. Most units are internally disrupted 
with multiple imbricate thrusts not shown 
on this chart. Units are color coded for 
geologic period as indicated on left margin 
of chart.

Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.

Linde et al., Geosphere., 2016

So there are some differences relative to what we usually think of the miogeocline in NV sampling: no 1.4 Ga, no Mazatzal. 500 Ma in Vinini interesting… 
Note bottom four are Ordovician, which (as we shall see) is markedly different in miogeocline from older and younger sediments…
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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Figure 6. U-Pb ages and Hf isotope data for Roberts Mountains allochthon strata. U-Pb dates were 
run for all sample grains; approximately one-fourth of these grains were analyzed for hafnium 
isotopes. The upper graph shows İHf(t) (epsilon Hf) values for each sample. The average mea-
surement uncertainty for all hafnium analyses is shown in the upper right at the 2ı of the values. 
Reference lines on the Hf plot are as follows: Depleted mantle (DM) is calculated using 176Hf/177Hf = 
0.283225; 176Lu/177Hf = 0.038513 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform res-
ervoir, is calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Figure 4. Tectonostratigraphic diagram of 
units of the Roberts Mountains allochthon 
(RMA) in selected north-central Nevada 
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on this chart. Units are color coded for 
geologic period as indicated on left margin 
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Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.

Linde et al., Geosphere., 2016

Research Paper

11Linde et al. | Detrital zircon U-Pb geochronology and Hf isotope geochemistry of the Roberts Mountains allochthonGEOSPHERE | Volume 12 | Number 3

1400 1600 1800 2000 2200 2400 2600 2800

Mt Wilson Formation

Kinnikinic Quartzite

Eureka Quartzite

Snow Canyon Formation

McAfee Quartzite

Upper Vinini Formation

Valmy Formation

Elder Sandstone

Slaven Chert

Detrital Zircon Age (Ma)

Ag
e P

ro
ba

bil
ity

(n=189)

(n=192)

(n=105)

(n=193)

(n=194)

(n=189)

(n=194)

(n=234)

(n=191)

20
0

40
0

60
0

80
0

10
00

12
00

14
00

16
00

18
00

20
00

22
00

24
00

26
00

28
00

30
00

32
00

Detrital Zircon Age (Ma)

Ag
e P

ro
ba

bil
ity

Utah/Idaho/Nevada (n=1271)
Geersten Quartzite

Prospect Mountain Quartzite
Busby Formation

Windy Pass Argellite
Browns Hole Formation

Osgood Mountains Quartzite

Utah/Idaho/Nevada (n=739)
Caddy Canyon Quartzite

Mutual Formation
McCoy Creek Formation

Kelly Canyon Quartzite
Osgood Mountains Qtz - Soldier Pass

Post-Transcontinental 
Arch uplift

Pre-Transcontinental 
Arch uplift

Figure 9. Normalized probability plot of 
Roberts Mountains allochthon (RMA) 
strata from this study, exclusive of the 
lower Vinini Formation. The plot includes 
the Valmy Formation of the RMA, analyzed 
by Gehrels and Pecha (2014). The plot also 
includes select Ordovician passive mar-
gin strata: the Mount Wilson Formation 
and Eureka Quartzite (Gehrels and Pecha, 
2014) and the Kinnikinic Quartzite (Barr, 
2009). No Hf isotope data are available for 
the Kinnikinic Quartzite, so only a normal-
ized probability plot is shown. 

Figure 10. Compilation plots of units show-
ing the distribution of detrital zircon ages 
in upper Neoproterozoic–Cambrian west-
ern Laurentian passive margin units (after 
Linde et al., 2014). The upper curve (red) 
is a compilation of ages of the relatively 
younger strata throughout the region. The 
lower curve (blue) is a compilation of ages 
of the relatively older strata throughout 
the region. The curves are normalized 
probability plots. The number of detrital 
zircon grains comprising each compilation 
is shown on the right. Osgood Mountains 
Quartzite (Linde et al., 2014); Kelley Can-
yon Quartzite, Caddy Canyon Quartzite, 
Brown’s Hole Formation, Geersten Canyon 
Quartzite, Mutual Formation, Prospect 
Mountain Quartzite, McCoy Creek Group, 
Busby Formation, and Windy Pass Argil-
lite (Yonkee et al., 2014); Kelley Canyon 
Quartzite, Caddy Canyon Quartzite, Mu-
tual Formation, and Prospect Mountain 
Quartzite (Lawton et al., 2010). 

Miogeocline in western U.S.

So there are some differences relative to what we usually think of the miogeocline in NV sampling: no 1.4 Ga, no Mazatzal. 1.9, 2.1 Ga peak is absent in 
miogeocline…
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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Figure 6. U-Pb ages and Hf isotope data for Roberts Mountains allochthon strata. U-Pb dates were 
run for all sample grains; approximately one-fourth of these grains were analyzed for hafnium 
isotopes. The upper graph shows İHf(t) (epsilon Hf) values for each sample. The average mea-
surement uncertainty for all hafnium analyses is shown in the upper right at the 2ı of the values. 
Reference lines on the Hf plot are as follows: Depleted mantle (DM) is calculated using 176Hf/177Hf = 
0.283225; 176Lu/177Hf = 0.038513 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform res-
ervoir, is calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.
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zoic off-shelf strata in proximity to the Triassic 
magmatic arc built along the Cordilleran margin 
(Gehrels and Stewart, 1988). We have also re-
analyzed two samples reported by Poole et al. 
(2008), including deep-water strata of the Upper 
Devonian Los Pozos Formation and Lower 
Permian strata of the Mina Mexico Forma-
tion. A fi nal sample is from the Upper Triassic 
Antimonio Formation, which accumulated in 
a basinal setting outboard of the Triassic mag-
matic arc (González-León et al., 2005).

METHODS

Analyses reported herein were conducted by 
LA-ICPMS at the Arizona LaserChron Center 
(Tucson, Arizona). Data were collected during 
several different sessions from 2006 to 2011, 
fi rst utilizing a GVI Isoprobe connected to a 
New Wave UP193 HE laser, second with a Nu 
Plasma HR multicollector ICPMS connected to 
a New Wave UP193 HE laser, and fi nally with 
the Nu ICPMS connected to a Photon Machines 
Analyte G2 excimer laser. Details of our proce-
dures for collecting, analyzing, and interpreting 
the data are described in Supplemental File 12.

U-Pb Geochronology

U-Pb ages from each transect are shown on 
normalized probability density plots (PDPs) in 
Figures 3–10. The geochronologic data, Pb/U 
concordia diagrams, PDPs, and lists of age 
groups and peak ages are all provided in Sup-
plemental Tables 1–6 in the Supplemental Table 
File (see footnote 1).

Figures 3 and 4 provide a comparison be tween 
the ID-TIMS data originally presented for these 
samples and our LA-ICPMS ages. Figure 3 
shows data for Cambrian, Devonian, Penn-
sylvanian, and Triassic samples, which yield 
similar groups of ages. Figure 4 shows ages for 
Ordovician strata, which commonly differ from 
ages in older and younger strata. Age data from 
the two different methods are highly compati-
ble, with the main age groups apparent in both 
data sets. There are also signifi cant differences, 
however, as outlined below.

One of the signifi cant differences in the two 
data sets is that the ID-TIMS analyses yield 
more restricted age ranges than the LA-ICPMS 
analyses. This is due largely to the higher preci-
sion of ID-TIMS, with average uncertainties of 
0.4% (1σ) for all ID-TIMS ages compared with 
1.9% (1σ) for all LA-ICPMS ages. A second 

factor is the greater number of LA-ICPMS ages 
per sample (~7×, on average), which results in a 
broader range of observed ages.

A second difference is the variation in pro-
portions of age groups, which results mainly 
from differing grain-selection procedures. For 
ID-TIMS, crystals were selected from each 
color and morphology group, regardless of the 

abundance of grains composing each group. 
For LA-ICPMS, grains were selected at random 
from the full population of grains. The proce-
dure used for LA-ICPMS analyses generates a 
more representative age distribution given that 
grains are selected at random; the following 
discussions accordingly rely entirely on LA-
ICPMS ages.
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Figure 3. Probability density plots showing ages from strata of Neo-
proterozoic, Cambrian, Devonian, late Paleozoic, and Triassic age. 
Isotope-dilution thermal ionization mass spectrometry data shown 
with red lines; laser-ablation inductively coupled plasma mass spec-
trometry data shown with black lines. Number of constituent analy-
ses is indicated. BC—British Columbia.
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Figure 4. Probability density plots comparing data from isotope-
dilution thermal ionization mass spectrometry (red lines) with data 
from laser-ablation inductively coupled plasma mass spectrometry 
for Ordovician strata. Number of constituent analyses is indicated. 
BC—British Columbia.

2Supplemental File 1. Analytical methods fi le (32 
pages, 20 fi gures). If you are viewing the PDF of this 
paper or reading it offl ine, please visit http:// dx .doi 
.org /10.1130 /GES00889.S2 or the full-text article on 
www.gsapubs.org to view Supplemental File 1.

Gehrels and Pecha, Geosphere, 2014

Red lines in Gehrels and Pecha are TIMS dates. Overall, do we see these peaks at any time in W NAM? New plot is all but Ordovician from Tr-Neoprot. seds.  
Is the 2.1 Ga there? How is the 1.4 missing?  Look in more detail…
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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Figure 6. U-Pb ages and Hf isotope data for Roberts Mountains allochthon strata. U-Pb dates were 
run for all sample grains; approximately one-fourth of these grains were analyzed for hafnium 
isotopes. The upper graph shows İHf(t) (epsilon Hf) values for each sample. The average mea-
surement uncertainty for all hafnium analyses is shown in the upper right at the 2ı of the values. 
Reference lines on the Hf plot are as follows: Depleted mantle (DM) is calculated using 176Hf/177Hf = 
0.283225; 176Lu/177Hf = 0.038513 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform res-
ervoir, is calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.

Linde et al., Geosphere., 2016

Cambrian miogeocline in western NAM

Gehrels and Pecha

60 Geosphere, February 2014

or no Hf isotopic information is available. The 
main patterns in space and time are summarized 
below and in Figures 16, 20, and 21.

1. The U-Pb ages and Hf isotope composi-
tions of detrital zircon grains in Neoproterozoic, 
Cambrian, and Lower–Middle Devonian strata 
vary considerably along strike (Fig. 20). South-
ern transects are dominated by three subequal 
age groups of 1.8–1.6, 1.48–1.34, and 1.2–
1.0 Ga. εHf(t) values for these grains are juvenile 
to intermediate, with little evidence of incorpo-
ration of Archean crustal materials. Strata from 
southern and northern British Columbia yield 
major peaks between 2.0 and 1.7 Ga, a lesser 
age group at 2.8–2.5 Ga, and scattered ages 
between 2.5 and 2.0 Ga. The Hf data record 
signifi cant infl uence of Archean crustal materi-
als of the Canadian Shield, with mostly evolved 
and intermediate εHf(t) values in the dominant 
1.84–1.78 Ga grains. Strata from Alaska yield 
dominantly Archean and Paleoproterozoic ages, 
and also have younger age peaks at 1.7–1.6, 
1.45–1.35, and 1.25–1.0 Ga. εHf(t) values for 
these grains are generally more evolved than 
from coeval grains to the south (e.g., from the 
Yavapai-Mazatzal and 1.48–1.34 Ga igneous 
provinces), suggesting derivation from northern 
source regions containing more evolved crust.

2. Ordovician strata all along the Cordilleran 
margin yield mainly >1.78 Ga grains with U-Pb 
ages and Hf isotope compositions that are simi-
lar along strike (Fig. 16). This precludes the use 

of Ordovician strata to reconstruct the latitudinal 
position of terranes along the margin. An addi-
tional complexity arises from the occurrence of 
similar ages and εHf(t) values in upper Paleozoic 
strata of Nevada-Utah and Sonora, which com-
plicates the use of these strata for reconstructing 
paleolatitude.

3. Upper Paleozoic and Triassic strata gener-
ally yield >1.0 Ga zircon grains with ages and 
εHf(t) patterns that suggest ultimate derivation 
from relatively local bedrock sources (Fig. 21). 
These strata also have abundant <1.0 Ga grains, 
with main age groups of 0.70–0.35 Ga and, in 
southern transects, 0.30–0.22 Ga (Fig. 21). The 
Hf isotopic composition of 0.70–0.35 Ga grains 
changes along strike, with juvenile to interme-
diate values in Alaska, evolved compositions in 
British Columbia, and intermediate compositions 
in Nevada-Utah. This variation is interpreted to 
refl ect the infl uence of juvenile magmatic arc 
systems (e.g., Alexander terrane) in Alaska, deri-
vation from the Caledonides in British Colum-
bia (e.g., Patchett et al., 1999), and derivation 
from the Appalachian orogen (and possibly the 
Ouachita-Marathon system) in Nevada-Utah 
and Sonora (e.g., Gehrels et al., 2011). Grains 
of 0.30–0.22 Ga in the southern transects have 
variable Hf isotope compositions that are inter-
preted to refl ect the presence of Archean crustal 
components within Paleoproterozoic basement 
provinces of the southwest (Bickford et al., 2008; 
Shufeldt et al., 2010; Wooden et al., 2013).

COMPARISON WITH GLOBAL Hf DATA

An interesting view of our western North 
American Hf data is provided by comparison 
with global Hf data for detrital zircons (Fig. 22), 
as compiled by Belousova et al. (2010). The lat-
ter data set (gray crosses for individual analy-
ses, black line for running average) consists of 
U-Pb and εHf(t) values determined on 13,844 
zircons recovered mainly from modern rivers in 
Australia, Asia, and South America, with lesser 
contributions from North America, Africa, and 
Antarctica.

Western North America records a somewhat 
different Precambrian magmatic history from 
the global average, with greater proportions of 
2.0–1.8, 1.5–1.4, and 1.2–1.0 Ga grains, and 
reduced proportions of 2.3–2.0, 1.7–1.5, and 
0.9–0.7 Ga grains (Fig. 22). The Hf data show 
even greater differences, with North American 
zircons recording greater proportions of juve-
nile magmatism during Archean (3.0–2.5 Ga), 
late Paleoproterozoic–Mesoproterozoic (1.8–
1.0 Ga), and Neoproterozoic–early Paleozoic 
(0.7–0.4 Ga) time, and greater degrees of inter-
action with Archean crust during Paleo protero-
zoic (2.2–1.8 Ga) and late Paleozoic–early 
Mesozoic (0.30–0.22 Ga) time. The overall 
greater abundance of juvenile crust in western 
North America may be due to the concentration 
of juvenile terranes by transform tectonics (e.g., 
Patchett and Chase, 2002).
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Figure 14. U-Pb and Hf isotope data from Neoproterozoic strata. 
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What looks closest? So there are some differences relative to what we usually think of the miogeocline in NV sampling: no 1.4 Ga, no Mazatzal
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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ID-TIMS (Fig. 5). Zircon grains were separated and analyzed at the University 
of Arizona LaserChron facility using standard techniques described by Gehrels 
and Pecha (2014) to yield a best age distribution reflective of the true distribution 
of detrital zircon ages in each sample. Approximately 200 randomly selected 
grains were analyzed in each sample for U-Pb ages. Approximately 50 of these 
grains were subsequently analyzed for Hf isotopes. Hf analyses were conducted 
on top of the pits left after U-Pb analysis, to ensure that Hf isotope data were 
collected from the same domain as the U-Pb age. Analyses were conducted by 
LA-ICPMS using the Photon Machines Anlyte G2 excimer laser connected to 
the Nu Plasma high-resolution inductively coupled plasma-mass spectrometer, 
using methods identical to those described by Gehrels and Pecha (2014).

Uranium-Lead Geochronology

Analytical results are displayed graphically on normalized probability plots 
(Figs. 5 and 6), which allow visual comparison between zircon populations. U-Pb 
geochronology results are displayed in Figure 5, which contains both data from 
the original ID-TIMS analyses of these samples (Gehrels et al., 2000a) and the 
LA-ICPMS analyses of the current study, and in Figure 6, which displays the U-Pb 
results and Hf isotope analyses of the current study on the same chart. The essen-
tial U-Pb isotope information and ages are reported in Supplemental Table 11.

We compared detrital zircon age distributions both visually and statistically. 
Our initial appraisal was visual comparison of the probability plots. We also com-
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Supplemental Table 1: U-Pb Geochronologic analyses of selected Roberts Mountains allochthon strata
Isotope ratios Apparent ages (Ma)

U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± Conc. Discord.
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)
SNOW-CYN-171  530 103043 4.4 16.9299 0.8 0.7446 1.2 0.0914 0.9 0.76 564.0 5.1 565.1 5.4 569.6 17.5 564.0 5.1 99.0 1.0
SNOW-CYN-182  221 138508 1.1 13.9234 0.6 1.6320 1.2 0.1648 1.0 0.87 983.4 9.3 982.6 7.4 980.9 11.6 980.9 11.6 100.3 -0.3
SNOW-CYN-75 40 18372 1.4 13.8037 3.3 1.7128 3.6 0.1715 1.5 0.41 1020.2 14.0 1013.3 23.0 998.4 66.2 998.4 66.2 102.2 -2.2
SNOW-CYN-92 92 61584 1.0 9.6861 0.8 4.2147 1.1 0.2961 0.8 0.73 1671.9 12.1 1676.9 9.3 1683.2 14.4 1683.2 14.4 99.3 0.7
SNOW-CYN-118 228 22936 4.3 9.1736 0.3 4.1335 3.1 0.2750 3.1 0.99 1566.2 42.8 1660.9 25.3 1782.9 5.7 1782.9 5.7 87.8 12.2
SNOW-CYN-61 38 34156 0.7 9.1307 1.7 4.9244 3.1 0.3261 2.6 0.85 1819.5 41.5 1806.4 26.2 1791.4 30.2 1791.4 30.2 101.6 -1.6
SNOW-CYN-98 59 33444 0.8 9.0275 0.6 4.8745 1.2 0.3192 1.0 0.85 1785.6 15.4 1797.9 9.8 1812.1 10.9 1812.1 10.9 98.5 1.5
SNOW-CYN-87 55 60278 1.1 9.0027 1.0 4.8071 1.7 0.3139 1.4 0.81 1759.7 21.2 1786.1 14.3 1817.1 18.0 1817.1 18.0 96.8 3.2
SNOW-CYN-63 29 74802 0.7 8.9658 1.3 4.9828 2.2 0.3240 1.8 0.82 1809.3 28.8 1816.4 18.8 1824.6 23.2 1824.6 23.2 99.2 0.8
SNOW-CYN-9 62 32646 0.6 8.9568 0.9 5.1270 2.4 0.3331 2.2 0.93 1853.2 35.9 1840.6 20.3 1826.4 15.6 1826.4 15.6 101.5 -1.5
SNOW-CYN-30 53 42708 0.9 8.9538 0.8 4.9671 1.2 0.3226 0.9 0.76 1802.2 14.9 1813.7 10.5 1827.0 14.6 1827.0 14.6 98.6 1.4
SNOW-CYN-196  64 59693 0.7 8.9475 1.0 5.0527 1.6 0.3279 1.3 0.80 1828.1 20.8 1828.2 13.9 1828.3 17.9 1828.3 17.9 100.0 0.0
SNOW-CYN-113 61 77813 0.6 8.9453 0.6 5.0860 1.3 0.3300 1.1 0.88 1838.2 18.3 1833.8 11.0 1828.7 11.2 1828.7 11.2 100.5 -0.5
SNOW-CYN-38 40 62208 0.8 8.9424 1.5 4.9646 1.7 0.3220 0.8 0.47 1799.4 12.2 1813.3 14.1 1829.3 26.8 1829.3 26.8 98.4 1.6
SNOW-CYN-32 257 74199 1.0 8.9331 0.3 4.9875 0.8 0.3231 0.8 0.93 1805.0 12.0 1817.2 6.9 1831.2 5.3 1831.2 5.3 98.6 1.4
SNOW-CYN-27 38 25786 0.7 8.9315 1.4 4.9938 1.7 0.3235 0.9 0.55 1806.7 14.4 1818.3 14.1 1831.5 25.3 1831.5 25.3 98.6 1.4
SNOW-CYN-14 41 40359 0.9 8.9305 1.7 5.1028 2.3 0.3305 1.5 0.68 1840.8 24.6 1836.6 19.2 1831.7 30.2 1831.7 30.2 100.5 -0.5
SNOW-CYN-141  42 34914 1.2 8.9287 1.0 5.1209 1.9 0.3316 1.6 0.85 1846.2 26.3 1839.6 16.4 1832.1 18.5 1832.1 18.5 100.8 -0.8
SNOW-CYN-36 22 21333 1.4 8.9287 2.3 4.9182 2.8 0.3185 1.5 0.53 1782.3 22.9 1805.4 23.3 1832.1 42.3 1832.1 42.3 97.3 2.7
SNOW-CYN-121 59 43360 1.3 8.9282 1.1 5.0217 1.4 0.3252 0.9 0.65 1815.0 14.4 1823.0 11.8 1832.2 19.1 1832.2 19.1 99.1 0.9
SNOW-CYN-144  44 51830 1.5 8.9251 1.0 5.0984 2.2 0.3300 1.9 0.88 1838.5 31.1 1835.8 18.7 1832.8 18.7 1832.8 18.7 100.3 -0.3
SNOW-CYN-70 244 279260 0.9 8.9240 0.2 5.1293 1.4 0.3320 1.4 0.98 1848.0 21.7 1841.0 11.7 1833.0 4.3 1833.0 4.3 100.8 -0.8
SNOW-CYN-77 69 122422 1.0 8.9221 0.8 4.9495 1.2 0.3203 1.0 0.79 1791.1 15.3 1810.7 10.4 1833.4 13.7 1833.4 13.7 97.7 2.3
SNOW-CYN-22 28 27707 1.2 8.9195 2.0 5.0542 2.5 0.3270 1.4 0.58 1823.6 23.0 1828.5 21.1 1833.9 36.7 1833.9 36.7 99.4 0.6
SNOW-CYN-179  41 29085 0.8 8.9153 0.9 5.1042 1.6 0.3300 1.3 0.83 1838.6 21.2 1836.8 13.6 1834.8 16.3 1834.8 16.3 100.2 -0.2
SNOW-CYN-78 35 49548 0.8 8.9141 1.0 5.0933 1.6 0.3293 1.3 0.80 1834.9 20.7 1835.0 13.7 1835.0 17.7 1835.0 17.7 100.0 0.0
SNOW-CYN-142  35 24716 1.0 8.9133 1.4 5.1169 1.9 0.3308 1.3 0.67 1842.2 20.2 1838.9 15.9 1835.2 25.2 1835.2 25.2 100.4 -0.4
SNOW-CYN-126 138 84479 0.7 8.9119 0.4 4.9794 1.0 0.3218 0.9 0.91 1798.7 14.5 1815.8 8.5 1835.5 7.5 1835.5 7.5 98.0 2.0
SNOW-CYN-191  51 36556 1.7 8.9117 1.0 5.0967 1.3 0.3294 0.9 0.66 1835.6 13.6 1835.6 10.9 1835.5 17.4 1835.5 17.4 100.0 0.0
SNOW-CYN-169  79 42642 1.1 8.9099 1.0 4.7323 2.1 0.3058 1.9 0.89 1720.0 28.7 1773.0 17.9 1835.9 17.9 1835.9 17.9 93.7 6.3
SNOW-CYN-132  51 53246 1.6 8.9013 1.0 5.0986 1.2 0.3292 0.7 0.55 1834.3 10.6 1835.9 10.3 1837.6 18.3 1837.6 18.3 99.8 0.2
SNOW-CYN-118 32 36028 0.7 8.9007 1.1 5.0476 1.8 0.3258 1.5 0.81 1818.2 23.1 1827.4 15.3 1837.8 19.2 1837.8 19.2 98.9 1.1
SNOW-CYN-151  79 97830 1.2 8.8996 0.5 5.1611 1.1 0.3331 1.0 0.90 1853.5 15.4 1846.2 9.0 1838.0 8.4 1838.0 8.4 100.8 -0.8
SNOW-CYN-135  115 155050 1.3 8.8940 0.4 5.1009 1.7 0.3290 1.7 0.97 1833.7 26.8 1836.3 14.6 1839.1 7.0 1839.1 7.0 99.7 0.3
SNOW-CYN-164  111 106505 0.9 8.8935 0.4 5.1512 0.9 0.3323 0.9 0.91 1849.3 13.8 1844.6 8.0 1839.2 6.9 1839.2 6.9 100.5 -0.5
SNOW-CYN-10 63 56602 1.7 8.8918 0.7 5.1925 1.3 0.3349 1.1 0.86 1861.9 18.1 1851.4 11.0 1839.6 11.9 1839.6 11.9 101.2 -1.2
SNOW-CYN-170  77 174559 1.1 8.8910 0.5 5.0152 1.1 0.3234 1.0 0.88 1806.3 15.6 1821.9 9.5 1839.7 9.6 1839.7 9.6 98.2 1.8
SNOW-CYN-172  20 30578 1.4 8.8891 1.8 5.1124 2.6 0.3296 1.8 0.71 1836.4 29.4 1838.2 21.9 1840.1 32.8 1840.1 32.8 99.8 0.2
SNOW-CYN-107 36 78308 1.1 8.8882 0.5 5.0762 1.2 0.3272 1.1 0.90 1824.9 17.7 1832.1 10.5 1840.3 9.8 1840.3 9.8 99.2 0.8
SNOW-CYN-89 43 63599 1.0 8.8864 0.9 4.9870 1.2 0.3214 0.8 0.65 1796.6 11.9 1817.1 9.9 1840.7 16.1 1840.7 16.1 97.6 2.4
SNOW-CYN-31 89 73950 1.2 8.8863 0.5 5.1486 4.2 0.3318 4.2 0.99 1847.2 67.3 1844.2 35.9 1840.7 9.4 1840.7 9.4 100.4 -0.4
SNOW-CYN-116 112 142250 1.7 8.8851 0.4 5.0449 1.9 0.3251 1.8 0.98 1814.6 29.0 1826.9 15.9 1840.9 6.9 1840.9 6.9 98.6 1.4
SNOW-CYN-200  115 109959 1.2 8.8846 0.5 5.0839 1.2 0.3276 1.1 0.92 1826.7 17.7 1833.4 10.3 1841.0 8.8 1841.0 8.8 99.2 0.8

1Supplemental Table 1. U-Pb geochronologic analy-
ses of selected Roberts Mountains allochthon strata. 
Please visit http:// dx .doi .org /10 .1130 /GES01252 .S1 
or the full-text article on www .gsapubs .org to view 
Supplemental Table 1.
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Although our western North American data 
differ from the global data set as noted above, 
the overall patterns of crustal growth versus 
reworking inferred from our data are highly 
compatible with the global patterns reported by 
Condie et al. (2011), Belousova et al. (2010), 
Hawkesworth et al. (2010), Roberts (2012), and 
Cawood et al. (2012). These fi rst-order patterns 
include (1) signifi cant juvenile crustal growth 
during Archean (3.2–2.6 Ga) time, (2) profound 
reworking of Archean crust during Paleopro-
terozoic (2.0–1.8 Ga) assembly of the Nuna/
Columbia supercontinent, (3) renewed growth 
of juvenile crust, presumably by plate tectonic 
processes operating in an oceanic accretionary 
orogen, between 1.78 and 1.2 Ga, (4) reworking 
mainly of this 1.78–1.2 Ga crust during 1.2–1.0 
Ga assembly of the Rodinia supercontinent, and 
(5) processes of Phanerozoic crustal growth and 
recycling that are globally variable depending 
on local tectonic settings and the availability of 
ancient crustal materials.

CONCLUSIONS

U-Pb geochronology and Hf isotope geo-
chemistry of detrital zircons from sandstones 
of the Cordilleran margin yield four primary 
contributions to understanding the sediment dis-
persal patterns and crustal evolution of western 
North America.

First is the generation of a robust reference 
for the ages and Hf isotopic compositions of 
detrital zircon grains that accumulated along 
Laurentia’s western margin during Cambrian 
(locally Neoproterozoic) through Triassic time 
(Figs. 16, 20, 21). This reference is useful for 
comparison with inboard sandstones that accu-
mulated on the North American craton and with 
outboard strata in potentially displaced Cordi-
lleran terranes.

Second is enhanced characterization of the 
age and Hf isotopic composition of western 
Laurentian basement provinces and magmatic 
assemblages (Figs. 20 and 21). In southern tran-
sects, abundant 1.8–1.3 Ga grains with juvenile 
to intermediate εHf(t) values provide an excellent 
reference for the Hf isotopic composition of the 
Mojave, Yavapai, Mazatzal, and 1.48–1.34 igne-
ous provinces, complementing the Hf data avail-
able from igneous rocks (Goodge and Vervoort, 
2006; Bickford et al., 2008; Wooden et al., 
2013). The presence of abundant >1.8 Ga grains 
and evolved εHf(t) values in <1.0 Ga grains also 
demonstrates the existence of older crustal com-
ponents in the southwest (e.g., Bickford et al., 
2008; Shufeldt et al., 2010; Wooden et al., 
2013). In northern transects, abundant >2.5 Ga 
and 2.0–1.8 Ga grains yield a rich record of the 
ages and Hf isotope compositions of the west-
ern Canadian Shield (Figs. 20 and 21). Some 
grains were also shed from as-yet-unrecognized 

1.7–1.3 Ga basement rocks that may be located 
in northwestern Laurentia or elsewhere within 
the Arctic realm.

Third are better constraints on the prov-
enance of Cordilleran passive-margin sand-
stones, which yield new insights into connec-
tions between sediment dispersal and changes 
in tectonism, paleogeography, and sea level. 
First-order provenance patterns are as follows:

(1) Neoproterozoic and Cambrian strata were 
derived mainly from nearby basement rocks, 
with addition of 1.2–1.0 Ga grains recycled from 
the Mesoproterozoic Grenville clastic wedge. 
This relatively simple provenance pattern 
refl ects Neoproterozoic emergence of the Trans-
continental Arch in the continental interior and 
accumulation of passive-margin sequences along 
Laurentia’s rifted margins (Figs. 13A, 13B).

(2) Ordovician strata all along the Cordi lleran 
margin record derivation from the northern 
Canadian Shield, with sediment carried south-
ward in on-shelf settings by longshore currents 
and in off-shelf environments by either bathy-
metrically channeled submarine fans or coast-
wise tectonic transport. This unusual prov-
enance pattern is interpreted to have resulted 
mainly from high sea level during Ordovician 
time, perhaps leaving the northwestern Cana-
dian Shield (specifi cally the Peace River Arch) 
as the only emergent region along the Cordi-
lleran margin (Fig. 13C).
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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TABLE 2. K-S STATISTICAL ANALYSIS RESULTS

Slaven  
Chert

Elder 
Sandstone

Valmy 
Formation

Upper Vinini 
Formation

McAfee 
Quartzite

Snow Canyon 
Formation

Eureka 
Quartzite

Kinnikinic 
Quartzite

Mount Wilson 
Formation

Slaven Chert  0.130 0.156 0.402 0.103 0.069 0.064 0.239 0.010
Elder Sandstone 0.130  0.001 0.001 0.013 0.000 0.000 0.000 0.000
Valmy Formation 0.156 0.001  0.330 0.018 0.458 0.118 0.010 0.050
Upper Vinini Formation 0.402 0.001 0.330  0.203 0.872 0.748 0.307 0.348
McAfee Quartzite 0.103 0.013 0.018 0.203  0.318 0.433 0.990 0.020
Snow Canyon Formation 0.069 0.000 0.458 0.872 0.318  0.786 0.313 0.200
Eureka Quartzite 0.064 0.000 0.118 0.748 0.433 0.786  0.948 0.768
Kinnikinic Quartzite 0.239 0.000 0.010 0.307 0.990 0.313 0.948  0.104
Mount Wilson Formation 0.010 0.000 0.050 0.348 0.020 0.200 0.768 0.104  

Note: The Roberts Mountains allochthon (RMA) strata are shown with green highlights, and the passive margin strata are shown with blue highlights. Comparisons between 
units with values greater than 0.05 are highlighted in yellow. P<0.05 indicates >95% probability that two U-Pb distributions are not the same. K-S—Kolmogorov-Smirnov. 

Linde et al seem to want to make RMA off Peace River arch (but their maps still show this thing just getting sediment from the far north).  We will return to 
this as we explore the Sonoman and younger exotic terranes. But prompts question: is RMA transported from north, or were just sediments moved that 
way??
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We’ve focused on Nevada, and pointed out relationships with northern Canada, but what of the middle in Idaho?
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non-Laurentian crustal affinity against the west-facing Cordilleran passive 
margin (e.g., Burchfiel and Davis, 1972; Schweickert and Snyder, 1981; 
Speed and Sleep, 1982; Dickinson et al., 1983a); (2) the noncollisional 
closure of a marginal basin between a generally west-facing arc and the 
Cordilleran margin (e.g., Burchfiel and Davis, 1972; Poole, 1974; Burch-
fiel and Royden, 1991; Miller et al., 1992); and (3) the dextral (Wright 
and Wyld, 2006) or sinistral-oblique (Colpron and Nelson, 2009) juxta-
position of non-Laurentian crustal blocks against the Cordilleran margin. 
Limited provenance constraints have hampered attempts to test these 
scenarios and identify the geological elements involved in mid-Paleozoic 
convergent margin activity. For example, it remains an open question if 
Devonian–Mississippian syntectonic strata preserved along the length of 
the Cordilleran orogen were in part sourced from arc complexes of the 
Eastern Klamath, Northern Sierra, and Quesnellia terranes (Fig. 1) that 
may have originally developed near Baltica or West Gondwana (Wright 
and Wyld, 2006; Grove et al., 2008; Colpron and Nelson, 2009, 2011). 
Sediment provenance studies in Nevada concluded that Antler foreland 
basin and overlap strata are mostly composed of detrital zircons older than 
1800 Ma derived from Laurentian affinity rocks of the Roberts Mountain 
allochthon (e.g., Gehrels et al., 2000a).

Detrital zircon provenance studies of mid-Paleozoic strata outside the 
Great Basin are required to establish new ideas on early orogen paleoge-
ography and the erosional history of the Antler mountain belt. A primary 
candidate for study is the Pioneer Mountains region of east-central Idaho 
(Figs. 1 and 2) that contains western and eastern assemblage passive mar-
gin rocks, mid-Paleozoic syntectonic strata, and upper Paleozoic overlap 
successions that were juxtaposed together during the Mesozoic Sevier 
orogeny (Roberts et al., 1958; Nilsen, 1977; Mahoney et al., 1991; Poole 
and Sandberg, 1991; Wilson et al., 1994; Link et al., 1995). For example, 
some Cenozoic fluvial sands and Middle Pennsylvanian Sun Valley Group 
strata in the Pioneer Mountains yield ca. 470–380 Ma and 1650–930 Ma 
detrital zircons that were likely recycled through Antler belt rocks (Link 
et al., 2005, 2014; Beranek et al., 2006). These detrital zircon populations 
are not typical of western Laurentian strata, including Paleozoic strata of 
the Roberts Mountain allochthon (Gehrels and Pecha, 2014; Linde et al., 
2016), and therefore bring into question the crustal provenance of rock 
units in the Antler highland. To investigate this problem, we acquired the 
detrital zircon U-Pb signatures of Ordovician–Lower Devonian passive 
margin strata (Kinnikinic Quartzite, Basin Gulch Quartzite Member of 
the Phi Kappa Formation, Cait quartzite of the lower Milligen Forma-
tion), Middle to Upper Devonian strata (Independence sandstone of the 
upper Milligen Formation, Jefferson Formation), and Mississippian Antler 
foreland basin strata (Copper Basin Group, Salmon River assemblage) 
in the Pioneer Mountains region. New Hf isotope data are reported to 
further constrain the provenance of dated zircons in the Milligen Forma-
tion (this study) and Sun Valley Group (Link et al., 2014). The results 
allow us to document the transition from passive to convergent margin 
tectonics along western North America and identify the geological ele-
ments involved in mid-Paleozoic plate convergence. In combination with 
published information, we present models for Paleozoic paleogeography 
that can be tested by future studies.

PALEOZOIC STRATIGRAPHY OF THE PIONEER MOUNTAINS, 
IDAHO

Paleozoic rocks in the Cordilleran thrust belt of east-central Idaho 
crop out within three structural-stratigraphic zones that from west to 
east comprise the Pioneer, Copper Basin, and Hawley Creek thrust plates 
(e.g., Link and Janecke, 1999). Cambrian to Devonian strata to the east of 
the Pioneer thrust (Fig. 2A) consist mostly of shallow-water, platformal 
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al., 1991) and may represent a portion of the Antler orogenic system in 
southern Canada (Colpron and Nelson, 2009). Chase formation rocks 
yield Archean to early Paleozoic detrital zircons (Lemieux et al., 2007) 
with primary age peaks of ca. 410, 1530, 1700, and 1850 Ma (Fig. 8F). 
Although Silurian–Early Devonian magmatic rocks are not yet recognized 
in the Okanagan-Kootenay region, mid-Paleozoic conglomeratic strata 
assigned to the distal North American margin succession near Kootenay 
Lake (Milford group), <100 km east of Quesnellia, contain ca. 418 and 
431 Ma granitoid boulders (Roback et al., 1994) with an inferred western 
source from an uplifted block called the Okanagan high (e.g., Thompson 
et al., 2006; Colpron and Nelson, 2009). In the southern Canadian Rockies 

near the British Columbia–Alberta border, Late Devonian ties with an 
outboard source are further demonstrated by west-derived continental 
margin strata of the Sassenach Formation (Savoy et al., 2000; Stevenson 
et al., 2000) that yield Archean to early Paleozoic detrital zircons (Geh-
rels and Pecha, 2014) with age peaks of ca. 440, 1220, 1430, 1630, and 
1720 Ma (Fig. 8G). In combination with evidence for Middle Devonian 
deformation in the adjacent Purcell Mountains of southeastern British 
Columbia (Fig. 1; Root, 2001), it seems likely that the Okanagan subter-
rane was juxtaposed with the distal Cordilleran margin by Late Devonian 
time (Colpron and Nelson, 2009; Kraft, 2013).

Detrital zircon U-Pb and Hf isotope results of the present study support 
the hypothesis that some Upper Devonian strata of the Pioneer Mountains 
were derived from the erosion of a Paleozoic arc built on Proterozoic crust. 
We propose that convergent margin rocks of the Eastern Klamath, Northern 
Sierra, and Quesnellia terranes were western source areas for the Indepen-
dence sandstone and Jefferson Formation of east-central Idaho, and more 
broadly, the Sassenach Formation in the southern Canadian Rocky Moun-
tains. Future studies are therefore predicted to identify evolved zircon Hf 
isotope signatures for Eastern Klamath, Northern Sierra, and Quesnellia 
arc-type rocks and arc-proximal strata. For example, the Independence 
sandstone contains 434–428 Ma detrital zircons (Fig. 6) with evolved Hf 
isotopic compositions [εHf(t) = −27.3 to −5.6; X = −14.5] and Archean to 
Proterozoic model ages (2700–1530 Ma). Most similar-aged (444–426 
Ma; n = 5/7, 71%) detrital zircons in the basal Sun Valley Group (01PL12; 
Middle Pennsylvanian Hailey Member, Wood River Formation), a unit that 
Link et al. (2014) suggested may have recycled parts of the underlying 
Milligen Formation, yield εHf(t) < 0 and Paleoproterozoic to Mesoprotero-
zoic model ages that are comparable with the Independence sandstone 
results. Upper Pennsylvanian to lower Permian strata of the Eagle Creek 
(04TD10) and Wilson Creek (03PL12) Members are similarly dominated 
by 448–413 Ma zircons with evolved εHf(t) values of −32 to −1 (n = 11/11, 
100%), but Link et al. (2014) concluded that these Sun Valley Group strata 
have eastern or northern provenance from arc rocks of the Ellesmerian, 
Appalachian, or Caledonian orogenic belts. Pennsylvanian (Spray Lakes 
Group) and Triassic (Whitehorse Formation) marine strata in the British 
Columbia Cordillera show detrital zircon U-Pb age and Hf isotope signa-
tures that compare favorably with those of the Independence sandstone and 
Sun Valley Group (Fig. 6; Gehrels and Pecha, 2014), which suggests that 
Paleozoic orogenic activity, regardless of its location around the edges of 
Laurentia, led to fundamental changes in the isotopic composition of the 
post-Devonian Cordilleran margin (e.g., Boghossian et al., 1996).

Potential Sources from the Northern Laurentian Margin
Upper Devonian strata of the Milligen and Jefferson Formations 

together record an influx of ca. 450–430 Ma and 1650–930 Ma detrital 
zircons into the Cordilleran margin system, with only minor evidence 
for the 2700–1800 Ma age populations that were dominant in Lower 
Devonian and older passive margin strata (Fig. 8A). An analogous prov-
enance change is revealed by Silurian and Devonian–Mississippian rocks 
that document the incursion of 450–430 Ma, 1650–930 Ma, and other 
detrital zircons along the northern Laurentian or Franklinian margin (e.g., 
Gehrels et al., 1999; Beranek et al., 2010, 2015; Lemieux et al., 2011). 
These early Paleozoic and Proterozoic detrital zircons were shed from the 
south-vergent, Ellesmerian orogenic belt in Late Devonian–Mississippian 
time, carried southwest by terrestrial and marine transport systems, and 
eventually deposited into the Cordilleran shallow-water shelf (Ross et al., 
1997; Beranek et al., 2010). It has been proposed that Ellesmerian fore-
land basin detrital zircons mark the erosion of accreted arcs with Baltican 
or northern Caledonian crustal affinities along northern North America 
(Beranek et al., 2010, 2015; Lemieux et al., 2011; Anfinson et al., 2012a, 
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Figure 8. Detrital zircon reference frames for Devonian convergent margin 
strata of western United States and Canada. B.C.—British Columbia; CA—
California, Gr.—graywacke; Fms.—formations; Phyl.—phyllite; Cr.—Creek; 
U.—Upper. (A) Independence sandstone of the upper Milligen Formation 
(Late Devonian) and Jefferson Formation (Late Devonian), Pioneer Moun-
tains (this study). (B) Duzel Phyllite and Moffett Creek Formation (Early 
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(Gehrels and Pecha, 2014).
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al., 1991) and may represent a portion of the Antler orogenic system in 
southern Canada (Colpron and Nelson, 2009). Chase formation rocks 
yield Archean to early Paleozoic detrital zircons (Lemieux et al., 2007) 
with primary age peaks of ca. 410, 1530, 1700, and 1850 Ma (Fig. 8F). 
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Lake (Milford group), <100 km east of Quesnellia, contain ca. 418 and 
431 Ma granitoid boulders (Roback et al., 1994) with an inferred western 
source from an uplifted block called the Okanagan high (e.g., Thompson 
et al., 2006; Colpron and Nelson, 2009). In the southern Canadian Rockies 

near the British Columbia–Alberta border, Late Devonian ties with an 
outboard source are further demonstrated by west-derived continental 
margin strata of the Sassenach Formation (Savoy et al., 2000; Stevenson 
et al., 2000) that yield Archean to early Paleozoic detrital zircons (Geh-
rels and Pecha, 2014) with age peaks of ca. 440, 1220, 1430, 1630, and 
1720 Ma (Fig. 8G). In combination with evidence for Middle Devonian 
deformation in the adjacent Purcell Mountains of southeastern British 
Columbia (Fig. 1; Root, 2001), it seems likely that the Okanagan subter-
rane was juxtaposed with the distal Cordilleran margin by Late Devonian 
time (Colpron and Nelson, 2009; Kraft, 2013).

Detrital zircon U-Pb and Hf isotope results of the present study support 
the hypothesis that some Upper Devonian strata of the Pioneer Mountains 
were derived from the erosion of a Paleozoic arc built on Proterozoic crust. 
We propose that convergent margin rocks of the Eastern Klamath, Northern 
Sierra, and Quesnellia terranes were western source areas for the Indepen-
dence sandstone and Jefferson Formation of east-central Idaho, and more 
broadly, the Sassenach Formation in the southern Canadian Rocky Moun-
tains. Future studies are therefore predicted to identify evolved zircon Hf 
isotope signatures for Eastern Klamath, Northern Sierra, and Quesnellia 
arc-type rocks and arc-proximal strata. For example, the Independence 
sandstone contains 434–428 Ma detrital zircons (Fig. 6) with evolved Hf 
isotopic compositions [εHf(t) = −27.3 to −5.6; X = −14.5] and Archean to 
Proterozoic model ages (2700–1530 Ma). Most similar-aged (444–426 
Ma; n = 5/7, 71%) detrital zircons in the basal Sun Valley Group (01PL12; 
Middle Pennsylvanian Hailey Member, Wood River Formation), a unit that 
Link et al. (2014) suggested may have recycled parts of the underlying 
Milligen Formation, yield εHf(t) < 0 and Paleoproterozoic to Mesoprotero-
zoic model ages that are comparable with the Independence sandstone 
results. Upper Pennsylvanian to lower Permian strata of the Eagle Creek 
(04TD10) and Wilson Creek (03PL12) Members are similarly dominated 
by 448–413 Ma zircons with evolved εHf(t) values of −32 to −1 (n = 11/11, 
100%), but Link et al. (2014) concluded that these Sun Valley Group strata 
have eastern or northern provenance from arc rocks of the Ellesmerian, 
Appalachian, or Caledonian orogenic belts. Pennsylvanian (Spray Lakes 
Group) and Triassic (Whitehorse Formation) marine strata in the British 
Columbia Cordillera show detrital zircon U-Pb age and Hf isotope signa-
tures that compare favorably with those of the Independence sandstone and 
Sun Valley Group (Fig. 6; Gehrels and Pecha, 2014), which suggests that 
Paleozoic orogenic activity, regardless of its location around the edges of 
Laurentia, led to fundamental changes in the isotopic composition of the 
post-Devonian Cordilleran margin (e.g., Boghossian et al., 1996).

Potential Sources from the Northern Laurentian Margin
Upper Devonian strata of the Milligen and Jefferson Formations 

together record an influx of ca. 450–430 Ma and 1650–930 Ma detrital 
zircons into the Cordilleran margin system, with only minor evidence 
for the 2700–1800 Ma age populations that were dominant in Lower 
Devonian and older passive margin strata (Fig. 8A). An analogous prov-
enance change is revealed by Silurian and Devonian–Mississippian rocks 
that document the incursion of 450–430 Ma, 1650–930 Ma, and other 
detrital zircons along the northern Laurentian or Franklinian margin (e.g., 
Gehrels et al., 1999; Beranek et al., 2010, 2015; Lemieux et al., 2011). 
These early Paleozoic and Proterozoic detrital zircons were shed from the 
south-vergent, Ellesmerian orogenic belt in Late Devonian–Mississippian 
time, carried southwest by terrestrial and marine transport systems, and 
eventually deposited into the Cordilleran shallow-water shelf (Ross et al., 
1997; Beranek et al., 2010). It has been proposed that Ellesmerian fore-
land basin detrital zircons mark the erosion of accreted arcs with Baltican 
or northern Caledonian crustal affinities along northern North America 
(Beranek et al., 2010, 2015; Lemieux et al., 2011; Anfinson et al., 2012a, 
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U.—Upper. (A) Independence sandstone of the upper Milligen Formation 
(Late Devonian) and Jefferson Formation (Late Devonian), Pioneer Moun-
tains (this study). (B) Duzel Phyllite and Moffett Creek Formation (Early 
Devonian) (Grove et al., 2008). (C) Sissel Gulch Graywacke and Gazelle 
Formation (Early to Middle Devonian) (Grove et al., 2008). (D) Sierra City 
mélange (pre-Late Devonian) (Grove et al., 2008). (E) Sierra City mélange 
(pre–Late Devonian) (Grove et al., 2008). (F) Chase formation (Middle to Late 
Devonian) (Lemieux et al., 2007). (G) Sassenach Formation (Late Devonian) 
(Gehrels and Pecha, 2014).
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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Figure 6. U-Pb ages and Hf isotope data for Roberts Mountains allochthon strata. U-Pb dates were 
run for all sample grains; approximately one-fourth of these grains were analyzed for hafnium 
isotopes. The upper graph shows İHf(t) (epsilon Hf) values for each sample. The average mea-
surement uncertainty for all hafnium analyses is shown in the upper right at the 2ı of the values. 
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0.283225; 176Lu/177Hf = 0.038513 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform res-
ervoir, is calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).

Was there an arc somewhere?
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Now look at the upper plate…So how extensive is this event (or events?).  Some similarities to stuff in Canada, though note that Canadian allocthon is 
attenuated continental crust while no evidence of such material in Nevada
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Chapman et al. (2015) and Saleeby and Dunne (2015), we herein 
use the term Snow Lake terrane to refer to this parautochthonous 
or possibly allochthonous terrane instead. Snow Lake terrane 
strata consist of quartzite, quartzofeldspathic schist, carbon-
ates, and calc-silicate layers interpreted as multiply deformed 
and metamorphosed Neoproterozoic to Ordovician shallow-
marine shelf deposits (Lahren and Schweickert, 1989; Grasse 
et al., 2001; Memeti et al., 2010; Chapman et al., 2015). These 
strata are unconformably overlain by infolded Jurassic marine 
metasedimentary strata (Memeti et al., 2010, 2012). At least one 
pre-Jurassic deformation episode has been identifi ed in Snow 
Lake terrane pendants (Lahren and Schweickert, 1989; Memeti 
et al., 2010, 2012). Detrital zircon ages from nine Snow Lake 
terrane samples are similar to detrital zircon age distributions of 
autochthonous Neoproterozoic to Ordovician SW Laurentian 
passive-margin strata (Grasse et al., 2001; Memeti et al., 2010). 
Snow Lake terrane detrital zircon age distributions show peaks 
with varied relative proportions at ca. 1000–1200, 1450, and 
1750 Ma, with a spread of Archean ages. Two samples from the 
May Lake pendant show a unique distribution with a single major 
peak at ca. 1800 Ma and scattered Archean and ca. 700 Ma ages. 

This ca. 1800 Ma–dominated detrital zircon age distribution is 
similar to other Peace River Arch–derived Ordovician sandstone 
across western Laurentia (Gehrels and Dickinson, 1995; Memeti 
et al., 2010).

The timing, tectonic setting, and structural mechanisms 
of Snow Lake terrane emplacement are uncertain. Lahren and 
 Schweickert (1989) proposed that the Snow Lake terrane repre-
sented a block of the Neoproterozoic to Cambrian Mojave facies 
stratigraphy displaced up to 400 km northward from apparently 
similar Neoproterozoic to Cambrian strata in the Mojave Desert 
along the cryptic Mojave–Snow Lake fault of inferred Cretaceous 
age (Grasse et al., 2001; Wyld and Wright, 2001). However, Juras-
sic strata that overlie Snow Lake terrane strata are part of the wide-
spread Sierran marine overlap sequence and differ signifi cantly 
from Triassic to Jurassic terrestrial strata that overlie the Neopro-
terozoic to Paleozoic Mojave facies shelf strata in both deposi-
tional setting and detrital zircon provenance (Saleeby et al., 1978; 
Saleeby and Busby, 1993; Memeti et al., 2010, 2012; Chapman 
et al., 2015; Paterson et al., 2017). Maximum depositional ages 
of these unconformably overlying Jurassic marine strata indicate 
Early Jurassic exhumation of the Snow Lake  terrane (Memeti et 
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Figure 6. Schematic maps of western North America showing interpreted provenance links and paleo-
geography for Cordilleran margin during early Paleozoic time. Cratonal provinces and miogeoclinal
strata are as shown in Figure 1. Darker gray pattern represents proposed distribution of off-shelf assem-
blages such as Roberts Mountains allochthon, whereas horizontal ruled pattern outboard of miogeo-
cline represents convergent margin assemblages such as Yreka terrane. The inverted V pattern
represents possible trace of a magmatic arc outboard of Cordilleran margin. West-facing arc may have
existed along margin during much or all of early Paleozoic time, or east-facing arc may have
approached the margin during Devonian time. Black arrows represent interpreted dispersal patterns of
sand in offshore settings, with numbers that are keyed to provenance links listed in Table 1. Gray
arrows reflect general transport of sand that accumulated within miogeoclinal strata (Gehrels, this vol-
ume). Provenance of detritus in Kootenay terrane is from Smith and Gehrels (1991). Provenance of
detritus in eugeoclinal strata of Mexico is from Gehrels and Stewart (1998). PRA—Peace River arch,
TCA—Trans-continental arch, KT—Kootenay terrane, BRT—Black Rock terrane, TT—Trinity ter-
rane,YT—Yreka terrane, RMA—Roberts Mountains allochthon, NST—northern Sierra terrane. 
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Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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strata are as shown in Figure 1. Darker gray pattern represents proposed distribution of off-shelf assem-
blages such as Roberts Mountains allochthon, whereas horizontal ruled pattern outboard of miogeo-
cline represents convergent margin assemblages such as Yreka terrane. The inverted V pattern
represents possible trace of a magmatic arc outboard of Cordilleran margin. West-facing arc may have
existed along margin during much or all of early Paleozoic time, or east-facing arc may have
approached the margin during Devonian time. Black arrows represent interpreted dispersal patterns of
sand in offshore settings, with numbers that are keyed to provenance links listed in Table 1. Gray
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Figure 12. Paleogeographic maps of Laurentia from Middle Ordovician through Mississippian time (Blakey, 2013). Stars represent the depositional basin of Roberts Mountains allochthon (RMA) strata. White lines show the approximate 
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is derived from the central craton and Transcontinental Arch; the Valmy Formation is derived from the Peace River Arch. (B) Middle Ordovician time. The upper Vinini and Valmy formations are shed from the Peace River Arch into an oceanic 
basin. The Eureka Quartzite is also derived from the Peace River Arch and transported via longshore current along the western Laurentian margin. (C) Late Silurian time. The Elder Sandstone is shed from the Peace River Arch region. (D) Middle 
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time. The Antler orogeny has uplifted the RMA strata into a highland on the western Laurentian margin.
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strata are tectonically transported south along the margin by this fault system. (E) Late Devonian time. Subduction has initiated along much of the western margin of Laurentia, moving the RMA strata onto the craton. (F) Early Mississippian 
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Quartzite) are apparently lacking in detritus shed from the south-
ern craton margin, it is possible that this terrane formed farther
north along the margin (Wallin et al., this volume, Chapter 9). 

MID-PALEOZOIC PALEOGEOGRAPHY

Beginning in Devonian time, the lower Paleozoic assem-
blages described here were variably deformed and metamor-
phosed. Strata of the Roberts Mountains allochthon were
imbricated along east-vergent thrust faults and displaced over
shelf facies strata for a distance of ~200 km (Roberts et al., 1958;

Madrid, 1987; Miller et al., 1992; Burchfiel et al., 1992). This
deformation, which is referred to as the Antler orogeny, involves
rocks as young as Fammenian (latest Devonian), and was com-
pleted by Late Mississippian time (Poole, 1974; Dickinson et al.,
1983; Madrid, 1987; Miller et al., 1992). 

Rocks of the Shoo Fly Complex are unconformably overlain
by Fammenian and younger strata, which requires that imbrica-
tion and internal deformation of the Shoo Fly assemblages was
completed significantly prior to onset of the Antler orogeny (Sch-
weickert et al., 1984; Harwood, 1992). Likewise, lower Paleozoic
rocks of the Yreka terrane were deformed before Early-Middle
Devonian time, which considerably predates emplacement of the
Roberts Mountains allochthon. Both of these assemblages are
known or inferred to be overlain by Devonian-Mississippian
rocks that record arc-type magmatism prior to and during em-
placement of the Roberts Mountains allochthon. 

The lack of an obvious relationship between tectonic events in
the Sierra-Klamath region and emplacement of the Roberts Moun-
tains allochthon together with uncertainties about the facing direc-
tion of the Sierra-Klamath arc (cf. Girty et al., 1990; Schweickert and
Snyder, 1981; Dickinson, this volume, Chapter 14) have led to a vari-
ety of models for mid-Paleozoic paleogeography of the Cordilleran
margin (Fig. 4). As noted herein, our data suggest that model 3 is not
viable, but are not sufficient to determine the facing direction of arcs
involved in the Antler orogeny. Hence, we are not able to discrimi-
nate between models 1, 2, and 4 during mid-Paleozoic time. 

LATE PALEOZOIC PALEOGEOGRAPHY

All of the lower Paleozoic rocks described herein are known or
inferred to be overlain unconformably by upper Paleozoic strata that
have been analyzed as part of this project. The upper Paleozoic
sequences in the northern Sierra and eastern Klamath terranes are
volcanic rich, reflecting development of an offshore magmatic arc,
but they also contain some units rich in siliciclastic and carbonate
strata (summarized in Miller and Harwood, 1990). In contrast, the
Roberts Mountains allochthon is overlain by a thick sequence of
clastic and carbonate strata of the Antler overlap assemblage
(Roberts et al., 1958; Dickinson et al., 1983). Miogeoclinal units to
the east of the Roberts Mountains allochthon are overlain by Car-
boniferous foreland basin strata derived from the Antler orogen, and
by Permian clastic and carbonate rocks that signal a return to pas-
sive margin sedimentation (Poole, 1974; Dickinson et al., 1983). 

Other upper Paleozoic successions, the Golconda allochthon
and Black Rock terrane, are located between the Sierra-Klamath
arc and the Roberts Mountains allochthon (Fig. 2). The Golconda
allochthon consists of an ocean-basin assemblage of chert, argillite,
basalt, sandstone, and limestone (Miller et al., 1984, 1992). The
Black Rock terrane consists of a mixture of siliciclastic, carbonate,
and volcanogenic rocks similar to those in the Sierra-Klamath ter-
ranes, but with less abundant volcanic strata (Wyld, 1990).

Clastic sedimentary rocks in the Antler overlap and foreland
basin assemblages were derived primarily from erosion of the
Roberts Mountains allochthon, which formed a subaerial high-

144 G.E. Gehrels et al.

Figure 9. Schematic map of western North America showing our pre-
ferred paleogeography for Cordilleran margin during late Paleozoic
time. Cratonal provinces and miogeoclinal strata are as shown in Fig-
ure 1. Horizontal ruled region represents arc-type terranes such as east-
ern Klamath terrane. Vertical ruled region represents basinal assemblages,
such as Golconda allochthon, that formed in backarc basin setting. Small
inverted V pattern represents extensional, east-facing arc active during
emplacement of Roberts Mountains allochthon (following Burchfiel and
Royden, 1991). Large inverted V pattern represents west-facing mag-
matic arc that is interpreted to have been active after Antler orogeny.
Small black arrows show the inferred directions of crustal extension
within this arc system. KT—Kootenay terrane, BRT—Black Rock ter-
rane, GA—Golconda allochthon, EKT—eastern Klamath terrane,
RMA—Roberts Mountains allochthon, NST—northern Sierra terrane.
Large gray arrows reflect the general transport of sand that accumulated
within miogeoclinal strata (Gehrels, Introduction).
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So does the detrital zircon population, which everybody seems to think shows a strong Peace RIver Arch source, require tectonic motion, or could it be 
entirely sediment transport…


