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ABSTRACT

Detrital zircon U-Pb geochronology and Hf isotope geochemistry provide 

new insights into the provenance, sedimentary transport, and tectonic evo-

lution of the Roberts Mountains allochthon strata of north-central Nevada. 

Using laser-ablation inductively coupled plasma mass spectrometry, a total of 

1151 zircon grains from six Ordovician to Devonian arenite samples were ana-

lyzed for U-Pb ages; of these, 228 grains were further analyzed for Hf isotope 

ratios. Five of the units sampled have similar U-Pb age peaks and Hf isotope 

ratios, while the ages and ratios of the Ordovician lower Vinini Formation are 

significantly different. Comparison of our data with that of igneous basement 

rocks and other sedimentary units supports our interpretation that the lower 

Vinini Formation originated in the north-central Laurentian craton. The other 

five units sampled, as well as Ordovician passive margin sandstones of the 

western Laurentian margin, had a common source in the Peace River Arch 

region of western Canada. We propose that the Roberts Mountains allochthon 

strata were deposited near the Peace River Arch region, and subsequently 

tectonically transported south along the Laurentian margin, from where they 

were emplaced onto the craton during the Antler orogeny.

INTRODUCTION

The Roberts Mountains allochthon (RMA) consists of internally deformed 

Cambrian through Devonian rocks, and structurally overlies coeval passive 

margin strata in northeastern and north-central Nevada (Schuchert, 1923; Kay, 

1951; Roberts et al., 1958; Madrid, 1987; Burchfiel et al., 1992) (Figs. 1 and 2). 

Roberts Mountains allochthon rocks include chert, argillite, arenite,  quartzite, 

limestone, and mafic volcanic rocks. The RMA is often thought to have been 

deposited in an ocean basin outboard of coeval passive margin strata in 

western Laurentia and to have been tectonically emplaced onto this margin 

during the Late Devonian to Early Mississippian Antler orogeny (e.g., Roberts 

et al., 1958; Burchfiel and Davis, 1972; Madrid, 1987). Various workers have 

suggested wildly disparate sources for the RMA strata. Some workers (e.g., 

Roberts et al., 1958; Burchfiel and Davis, 1972; Poole et al., 1992) suggested 

that the RMA strata originated in western Laurentia (Fig. 1) and deposited in 

an ocean basin to the west. Speed and Sleep (1982) hypothesized that the RMA 

strata are the accretionary prism of a far-traveled arc. Gehrels et al. (2000a) 

proposed that the RMA originated in the Peace River Arch region of western 

Canada. Wright and Wyld (2006) suggested that the RMA was deposited as 

far afield as Avalonia or Gondwana and subsequently was tectonically trans-

ported to western Laurentia along its southern margin (Fig. 3). Colpron and 

Nelson (2009) proposed that RMA strata could have originated in the northern 

Baltica–southern Caledonides region and been tectonically transported along 

the northwest margin of Laurentia (Fig. 3). Determining the provenance of the 

RMA units will unravel this puzzle and provide new insight into early Paleozoic 

tectonics in the western Cordillera.

The gaps in understanding about the RMA strata—their provenance, sedi-

mentary transport to depositional basin, and possible subsequent tectonic 

transport—can be addressed using detrital zircon analyses. We analyzed 

 detrital zircons to obtain both uranium-lead ages and hafnium isotope ratios. 

U-Pb ages are important for identifying and then characterizing the prove-

nance of sedimentary strata, and for comparison between sedimentary units 

(Gehrels et al., 2000b; Fedo et al., 2003; Gehrels, 2012, 2014). Hafnium isotope 

compositions are used to determine the geochemical character of the magma 

in which the zircons crystallized. When combined with U-Pb ages, Hf isotope 

composition provides a powerful complement for interpreting sedimentary 

provenance (Bahlburg et al., 2011; Gehrels and Pecha, 2014).

In this study, we determined the U-Pb ages and Hf isotope compositions 

of detrital zircons in six samples of RMA strata in north-central Nevada. We 

use these data to interpret provenance, sedimentary transport to deposi-

tional basins, possible subsequent tectonic transport, and relationships be-

tween RMA units. Our study builds on an earlier analysis of RMA samples 

that determined U-Pb ages using isotope-dilution–thermal ionization mass 

spectrometry (ID-TIMS) (Gehrels et al., 2000a, 2000b). Using detrital zircons 

from the same samples, the original data set was enlarged and enhanced. 
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Figure 1. Locations of the main age prov-

inces in North America that are potential 

source terranes for western Laurentian 

strata. The location of Transcontinental 

Arch is shown as a red line (Sloss, 1988); 

the Peace River Arch is shown as a blue 

line. The trace of the Roberts Mountains 

thrust is shown. WY—Wyoming prov-

ince; HE—Hearn province; SU—Superior 

province; CORD—Cordilleran; APP—Ap-

palachian; OA—Ouachita-Marathon; 

MOJ—Mojavia. Figure is after Gehrels 

et al. (2011) and compiled from Bickford 

et al. (1986), Hoffman (1989), Ross (1991), 

Burchfiel et al. (1992), Anderson and Mor-

rison (1992), Bickford and Anderson (1993), 

Van Schmus et al. (1993), Villeneuve et al. 

(1993), Dickinson and Lawton (2001), Whit-

meyer and Karlstrom (2007), and Dickinson 

and  Gehrels (2009). An inset map of North 

America shows other locations referred to 

in the text.
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We analyzed a significantly larger number of grains per sample, changed and 

updated grain selection methods, and added Hf isotope composition analy-

ses. We used laser-ablation–inductively coupled plasma mass spectrometry 

(LA-ICPMS) for all analyses. We report here 1151 new U-Pb ages and 228 new 

Hf isotope analyses.

Detrital zircon analyses allow us to resolve the original sources of these 

units. We show that some RMA units in some cases share an origin, while 

others units do not.

GEOLOGIC SETTING

Regional Tectonostratigraphic Framework

The North American craton contains several Proterozoic and Archean age 

provinces, thus providing geologically distinguishable crustal provinces that 

are source terranes for the upper Proterozoic and lower Paleozoic continen-

tal margin sedimentary section (e.g., Gehrels et al., 2011, and references cited 
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Figure 2. Map of north-central Nevada, showing sample locations (colored symbols) and the traces of the Roberts Mountains and Golconda thrusts. 

Some Roberts Mountains allochthon (RMA) rocks crop out to the west of the Golconda thrust in tectonic windows through the allochthon. Antler 

orogenic highlands are the map area to the west of the Roberts Mountains thrust; Antler Foreland Basin is the map area to the east of the Roberts 

Mountains thrust. Thrust traces are after Dickinson (2006); Antler highlands and basin are after Poole (1974).
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therein) (Fig. 1). The Yavapai-Mazatzal Province (1.8–1.6 Ga) extends across 

central North America (Fig.1). It is bounded on the north and northwest by the 

Trans-Hudson orogenic terrane (2.0–1.8 Ga) and Archean rocks (>2.5 Ga) of 

the Wyoming and Superior Provinces (Fig. 1). It is bounded on the south and 

east by the terranes of the Grenville orogen (1.2–1.0 Ga) and on the west by the 

Mojavia terrane (>2.5 Ga with 1.6–1.7 Ga granitoids) (Fig. 1).

Detrital zircon sources for the passive margin section changed in the upper 

Proterozoic–Lower Cambrian (Linde et al., 2014, and references cited therein). The 

1.2–1.0 Ga Grenville orogen of southern and eastern North America (Fig. 1) was 

a significant sediment source for western Laurentia throughout the Neoprotero-

zoic (Rainbird et al., 1997, 2012), including the upper Proterozoic passive margin 

section from the northwest United States to Sonora, Mexico (e.g., Lawton et al., 

2010; Gehrels and Pecha, 2014; Yonkee et al., 2014; Linde et al., 2014). In contrast, 

the 1.8–1.6 Ga Yavapai-Mazatzal and 1.48–1.34 Ga mid-continent granite-rhyolite 

provinces within the North America craton (Fig. 1) were the more predominant 

sediment sources for strata higher in the passive margin section (e.g., Lawton 

et al., 2010; Gehrels and Pecha, 2014; Yonkee et al., 2014; Linde et al., 2014).

The RMA is often interpreted as a package of oceanic sediments emplaced 

structurally eastward onto the western Laurentian craton during the Late Devo-

nian–Early Mississippian Antler orogeny (Roberts et al., 1958; Poole et al., 1992). 

Roberts Mountains allochthon strata are exposed in north-central Nevada be-

tween the Golconda thrust on the west and the Roberts Mountains thrust on 

the east; some units crop out west of the Golconda thrust in tectonic windows 

(Fig. 2). Rocks of the allochthon structurally overlie coeval rocks of the west-

ern Laurentian passive margin (e.g., Schuchert, 1923; Kay, 1951; Roberts et al., 

1958; Madrid, 1987) (Fig. 3). Roberts Mountains allochthon strata are highly de-

formed, and include imbricated older-over-younger thrust sheets (Evans and 

Theodore, 1978; Oldow, 1984; Noble and Finney, 1999). The metamorphic grade 

of the strata is generally greenschist facies or lower (Gehrels et al., 2000a). The 

RMA was emplaced along the Roberts Mountains thrust during the Late Devo-

nian to Early Mississippian Antler orogeny (Roberts et al., 1958). The Antler 

foreland basin, west of the Laurentian craton and east of the Antler orogen, 

was filled between Devonian and Early Mississippian time by sediments shed 

from the uplifting Antler highlands (Poole, 1974; Trexler et al., 2003) (Fig. 2).
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The plate tectonic setting of the Antler orogeny has been variously inter-

preted as continent-continent collision, continent-arc collision, backarc thrust-

ing, and polarity reversal of a subduction zone (e.g., Nilsen and Stewart, 1980; 

Speed and Sleep, 1982; Dickinson et al., 1983). The RMA is often interpreted 

as an accretionary prism formed due to plate convergence at the continental 

margin (Speed and Sleep, 1982; Oldow, 1984; Dickinson, 2000).

Evidence for Antler-age tectonism has been reported along the western 

Laurentian margin, in Alaska and Canada (e.g., Nilsen and Stewart, 1980; 

 Gehrels and Smith, 1987; Dusel-Bacon et al., 2006; Nelson et al., 2006; Par-

adis et al., 2006; Piercey et al., 2006; Colpron et al., 2007). Middle to Late De-

vonian continental arc magmatism occurred in the Alaska Range and central 

Yukon (Piercey et al., 2006) (Fig. 1). Upper Devonian–Early Mississippian fel-

sic igneous and metaigneous rocks record bimodal volcanism in east-central 

Alaska and the Yukon (Dusel-Bacon et al., 2006) (Fig. 1). In south-central  British 

Colum bia (Fig. 1), a Late Devonian continental arc and backarc developed 

( Paradis et al., 2006).

Colpron et al. (2007) and Colpron and Nelson (2009) have proposed a di-

rect link between the Antler orogeny and coeval tectonism of western Lau-

rentia. They propose that a “Northwest Passage” opened in mid-Paleozoic 

time between Laurentia and Siberia, and a Scotia-style arc developed along 

the northern Laurentian margin in the Early Devonian (Fig. 3). The Alexan-

der terrane, and other fragments such as the eastern Klamath and northern 

Sierran terranes, were transported from a Baltica origin to northwestern 

Laurentia through the Northwest Passage via the westward migration of the 

arc’s subduction zone (Fig. 3). By Middle Devonian time, a sinistral transform 

fault developed at the southern end of this passage and extended southward 

along western Laurentia. This system transported these terranes and frag-

ments south along the margin. Colpron and Nelson (2009) note progressively 

younger deformation southward along the Laurentian margin, from Alaska 

and the Yukon to Nevada, and suggest that this records the southward propa-

gation of the transpressional system. They propose that this fault system could 

have provided the weakness along which Devonian subduction initiated.

Roberts Mountains Allochthon Strata

The RMA strata sampled (Figs. 2 and 4; Table 1) are arenite beds within 

units that are predominantly chert and argillite with some limestone and mafic 

volcanic rocks. Most contacts between and within units are structural, and the 

stratigraphic bases and tops of units are not known. The strata of the RMA are 

described briefly below, as evidence of their depositional environments.

The Snow Canyon Formation and the McAfee Quartzite in the Indepen-

dence Mountains (Figs. 2 and 4; Table 1) are the equivalent of the upper Vinini 

and Valmy formations, respectively (Holm-Denoma et al., 2011). Both units 

are Middle Ordovician based on graptolite fauna (Churkin and Kay, 1967). The 

Snow Canyon Formation is predominantly chert with arenite, shale, and silt-

stone layers, and basaltic lavas with interbedded limestone (Churkin and Kay, 

1967). The McAfee Quartzite is predominantly massive cliff-forming quartzite 

with intervals of shale and siltstone and bedded chert (Churkin and Kay, 1967). 

The arenite intervals in these formations are interpreted as turbidites (Miller 

and Larue, 1983).

The Vinini Formation (Figs. 2 and 4; Table 1) was first mapped in the  Roberts 

Mountains by Merriam and Anderson (1942) along Vinini Creek. Merriam and 

Anderson (1942) recognized two informal units (upper and lower) based on lith-

ology and graptolite fauna and described the extreme structural disruption of 

these rocks. In later work, Noble and Finney (1999) used precise radiolarian 

biostratigraphy to demonstrate a high degree of structural imbrication both 

within the Vinini Formation and within Devonian cherts. In the Toquima Range, 

near Petes Summit (Fig. 2), the Vinini Formation is divided into two informal 

units (upper and lower), which are mapped in depositional contact, and the 

extreme structural complexity and repetition of thrust slices is also mapped 

(McKee, 1976). We observed the depositional contact at Petes Summit, where 

the quartz arenite of the upper Vinini rests on shale of the lower Vinini. The 

lower Vinini Formation is predominantly quartz arenite, with siltstone, shale, 

chert, and limestone (Finney et al., 1993). The lower Vinini Formation is Upper 

Lower to Lower Middle Ordovician in age, based on graptolite and conodont 

fauna (Finney et al., 1993). The arenite intervals in the lower Vinini Formation 

are interpreted as turbidites (Finney et al., 1993). The upper Vinini Formation is 

predominantly shale and bedded chert, with some siltstone and arenite (Finney 

et al., 1993). The unit is Middle Middle to Upper Ordovician, based on grapto-

lites and conodonts (Finney et al., 1993). Graptolites and conodonts of the lower 

Vinini Formation are similar to those found in coeval Laurentian shelf carbon-

ate deposits (Finney and Ethington, 1992; Finney, 1998). At Petes Summit, we 

observed low-angle cross lamination and hummocky cross stratification in the 

arenite of the upper Vinini Formation. We therefore interpret the upper Vinini as 

having been deposited in a high-energy environment at a depth above storm 

wave base on the continental shelf and probably at less than 100 m depth.

The Elder Sandstone (Figs. 2 and 4; Table 1) is predominantly fine-grained 

sandstone and siltstone, with some cherty shale and quartzite (Gilluly and 

Gates, 1965). Fossils are sparse in the unit; the age is Lower Silurian based on 

graptolites (Gilluly and Gates, 1965). The Elder Sandstone is interpreted as a 

turbidite deposit (Madrid, 1987).

The Slaven Chert (Figs. 2 and 4; Table 1) is predominantly black, bedded 

chert with shale beds and some limey sandstone and siltstone (Gilluly and 

Gates, 1965). The unit is Middle Devonian based on a variety of fossils (Gilluly 

and Gates, 1965). The arenite intervals in the Slaven Chert are interpreted as 

turbidites (Madrid, 1987).

METHODS

Zircon grains from six arenite samples were analyzed for U-Pb ages and Hf 

isotope ratios (Figs. 2 and 4; Table 1). A small number of zircon grains from these 

samples were previously analyzed for U-Pb ages by Gehrels et al. (2000a), using 
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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-

Galena

Range

Shoshone

Range

Toquima 

Range

Independence

Mountains

Roberts

Mountains

Roberts 

Mountains 

Thrust

Scott

Canyon

Formation

Valmy 

Formation

Harmony

Formation

Madrid,

1987;

Theodore et 

al., 1994

Schwin

Formation

Slaven

Chert

RMT not 

exposed

Elder

Sandstone

Harmony

Formation

Madrid,

1987

Roberts
Mountains

Formation

Webb

Formation

Limestone/

Shale

Lower

Vinini

Formation

Upper

 Vinini 

Formation

Devils
Gate

Limestone

Murphy et 

al.,    1978

Finney & 

Perry, 1991

McKee,

1976

Vinini
Formation

Roberts
Mountains

Formation

Elder

Sandstone

Valmy 

Formation

Schwin
Formation

Harmony
Formation

Lower Vinini
Formation

Valmy
Formation

Elder

Sandstone

Roberts
Mountains

Formation

Slaven

Chert

Scott

Canyon

Formation

C
a
m

b
ri
a
n

O
rd

o
v
ic

ia
n

S
ilu

ri
a
n

D
e
v
o
n
ia

n
M

is
s
is

s
ip

p
ia

n

Webb

Formation

Churkin &

Kay, 1967

Snow 

Canyon

Formation

McAfee

Quartzite

RMT not 

exposed

McAfee
Quartzite

Snow 
Canyon

Formation

Detrital Zircon samples 

     Smith and Gehrels, 1994

     Gehrels et al., 2000a

Key to units

A
u
to

c
h
th

o
n
o
u
s

A
llo

c
h
th

o
n
o
u
s

Upper Vinini
Formation

Upper

 Vinini 

Formation
Lower

Thrust

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.
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pared age distributions using the Kolmogorov-Smirnov (K-S) statistic (Guynn and 

Gehrels, 2006) (Table 2). The K-S statistic calculates whether a statistically signif-

icant difference exists between two distributions. P<0.05 indicates >95% proba-

bility that two U-Pb distributions are not the same. The K-S statistic is sensitive to 

proportions of ages present, and a low-P value may indicate that the proportions 

of age peaks are different, even though the ages are similar (Gehrels, 2012).

Hafnium Isotope Analysis

Hafnium isotope data are shown on Hf-evolution diagrams (Fig. 6) that dis-

play epsilon Hf(t) (εHf(t)) values at the time of crystallization. The essential Hf 

isotope information is reported in Supplemental Table 22. 

RESULTS: URANIUM-LEAD AGES AND 
HAFNIUM ISOTOPE RATIOS

Although the ID-TIMS data (Gehrels et al., 2000a) are similar to the new 

LA-ICPMS data (Fig. 5), there are variations in the proportions of age groups. 

The two studies used different grain-selection procedures. For the ID-TIMS 

study, zircon crystals were selected from color and morphology groups, with-

out regard to the number of grains in each group. For our LA-ICPMS study, 

we attempted to select grains at random from the entire population of grains. 

This procedure resulted in a more representative age distribution because the 

grains are chosen randomly. The results and interpretations that follow are all 

based upon LA-ICPMS ages from our current study.

Uranium-Lead Ages and Hafnium Isotope Analyses

U-Pb geochronology and Hf isotope analyses reveal that the RMA strata 

are in two distinct groups. Five of the six samples (the Snow Canyon Forma-

tion, the McAfee Quartzite, the upper Vinini Formation, the Elder Sandstone, 

and the Slaven Chert) yield similar U-Pb age spectra, while the remaining sam-

ple, the lower Vinini Formation, yields significantly different U-Pb age spectra 

(Figs. 5 and 6). The Hf data from the five samples with similar U-Pb ages are 

similar, while the lower Vinini Formation sample, because of its different age 

spectra, yields significantly different Hf ratios (Fig. 6).

PROVENANCE OF THE ROBERTS MOUNTAINS ALLOCHTHON

To interpret provenance, we compared the data from our study to known 

U-Pb ages and Hf isotope data from Laurentian basement provinces and other 

sedimentary units.

Provenance of the Roberts Mountains Allochthon 
Exclusive of the Lower Vinini

The detrital zircon age spectra of the Snow Canyon Formation, the McAfee 

Quartzite, the upper Vinini Formation, the Elder Sandstone, and the Slaven 

Chert are consistent with provenance in the Peace River Arch (PRA) region 

of western Canada (Fig. 7). The 1820–1960 Ma grains are similar in age to 

magmatic arcs in the PRA region, including the Fort Simpson, the Rimbey, the 
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Supplemental Table 2: Hf Isotopic data of selected Roberts Mountains allochton strata

(176Yb + 176Lu) / 176Hf (%) Volts Hf 176Hf/177Hf ± (1s) 176Lu/177Hf 176Hf /177Hf (T) E-Hf (0) E-Hf (0) ± (1s) E-Hf (T) Age (Ma)

Sample: Snow Canyon Formation.  Location: Snow Canyon, Independence Mountains; 0579760 4585698 (NAD 83 UTM 11T)

Snow-CYN-GG2000SPE-9 6.9 5.4 0.281448 0.000016 0.00041 0.281434 -47.3 0.6 -6.6 1826

Snow-CYAN-GG2000SPE-30 7.5 5.3 0.281335 0.000017 0.00044 0.281320 -51.3 0.6 -10.6 1827

Snow-CYAN-GG2000SPE-38 9.2 4.8 0.281420 0.000021 0.00055 0.281401 -48.3 0.7 -7.7 1829

Snow-CYAN-GG2000SPE-27 9.1 4.5 0.281408 0.000020 0.00055 0.281389 -48.7 0.7 -8.1 1832

Snow-CYN-GG2000SPE-14 7.5 5.1 0.281438 0.000021 0.00046 0.281422 -47.6 0.7 -6.9 1832

Snow-CYAN-GG2000SPE-36 14.4 4.0 0.281423 0.000022 0.00084 0.281394 -48.2 0.8 -7.9 1832

Snow-CYAN-GG2000SPE-58 6.8 5.5 0.281443 0.000020 0.00041 0.281429 -47.5 0.7 -6.4 1842

Snow-CYN-GG2000SPE-45 11.1 5.5 0.281453 0.000018 0.00063 0.281431 -47.1 0.6 -6.3 1844

Snow-CYN-GG2000SPE-48 9.0 4.8 0.281478 0.000022 0.00051 0.281460 -46.2 0.8 -5.2 1845

Snow-CYN-GG2000SPE-53L 17.5 4.7 0.281499 0.000022 0.00098 0.281465 -45.5 0.8 -5.1 1845

Snow-CYN-GG2000SPE-53R 7.7 5.0 0.281422 0.000021 0.00045 0.281406 -48.2 0.8 -7.2 1845

Snow-CYAN-GG2000SPE-195 10.9 5.5 0.281532 0.000019 0.00067 0.281509 -44.3 0.7 -3.4 1849

Snow-CYAN-GG2000SPE-181 15.9 4.5 0.281463 0.000020 0.00090 0.281431 -46.7 0.7 -6.1 1849

Snow-CYAN-GG2000SPE-186 6.9 4.5 0.281420 0.000019 0.00040 0.281406 -48.3 0.7 -7.0 1851

Snow-CYAN-GG2000SPE-57 7.0 5.2 0.281444 0.000016 0.00045 0.281428 -47.4 0.6 -6.2 1853

Snow-CYAN-GG2000SPE-190 12.2 4.2 0.281542 0.000025 0.00071 0.281517 -44.0 0.9 -2.9 1857

Snow-CYAN-GG2000SPE-129 2.7 5.1 0.281464 0.000023 0.00024 0.281455 -46.7 0.8 -5.1 1857

Snow-CYN-GG2000SPE-198 9.6 5.1 0.281831 0.000015 0.00060 0.281810 -33.7 0.5 7.8 1870

Snow-CYAN-GG2000SPE-184 6.4 5.2 0.281363 0.000021 0.00039 0.281349 -50.3 0.7 -8.3 1884

Snow-CYAN-GG2000SPE-193 7.0 5.5 0.281426 0.000023 0.00041 0.281411 -48.1 0.8 -6.0 1886

Snow-CYN-GG2000SPE-44 3.9 6.9 0.281616 0.000017 0.00034 0.281604 -41.3 0.6 1.2 1905

Snow-CYN-GG2000SPE-24 7.3 4.8 0.281465 0.000022 0.00043 0.281449 -46.7 0.8 -4.2 1906

Snow-CYN-GG2000SPE-12 3.4 5.7 0.281421 0.000022 0.00026 0.281411 -48.2 0.8 -5.4 1913

Snow-CYN-GG2000SPE-42 9.5 5.8 0.281502 0.000018 0.00055 0.281482 -45.4 0.6 -2.8 1917

Snow-CYAN-GG2000SPE-60 11.9 4.6 0.281362 0.000020 0.00065 0.281338 -50.3 0.7 -7.7 1924

Snow-CYN-GG2000SPE-199 6.7 4.7 0.281457 0.000019 0.00039 0.281443 -47.0 0.7 -4.0 1925

Snow-CYN-GG2000SPE-51 14.9 5.7 0.281261 0.000022 0.00084 0.281230 -53.9 0.8 -11.5 1926

Snow-CYN-GG2000SPE-16 5.8 5.4 0.281410 0.000016 0.00035 0.281397 -48.6 0.6 -5.6 1928

Snow-CYAN-GG2000SPE-137 10.7 4.0 0.281491 0.000020 0.00072 0.281463 -45.8 0.7 -1.2 2016

Snow-CYN-GG2000SPE-55 11.4 4.8 0.281497 0.000020 0.00067 0.281471 -45.5 0.7 0.1 2056

Snow-CYAN-GG2000SPE-180 8.2 5.0 0.281417 0.000021 0.00051 0.281397 -48.4 0.7 -2.6 2058

Snow-CYN-GG2000SPE-174 12.3 5.2 0.281450 0.000015 0.00077 0.281420 -47.2 0.5 -1.5 2070

Snow-CYAN-GG2000SPE-168 7.2 5.1 0.281438 0.000020 0.00045 0.281420 -47.6 0.7 -1.4 2072

Snow-CYN-GG2000SPE-46 8.9 6.4 0.281114 0.000015 0.00051 0.281089 -59.1 0.5 -2.6 2524

Snow-CYN-GG2000SPE-25 19.9 4.6 0.281254 0.000022 0.00120 0.281191 -54.2 0.8 5.0 2695

Snow-CYN-GG2000SPE-13 3.6 5.8 0.281007 0.000019 0.00022 0.280995 -62.9 0.7 -1.8 2704

Snow-CYN-GG2000SPE-41 7.6 5.3 0.281060 0.000015 0.00045 0.281036 -61.0 0.5 -0.3 2705

Snow-CYN-GG2000SPE-165 4.5 4.3 0.281052 0.000025 0.00027 0.281038 -61.3 0.9 0.2 2722

Snow-CYAN-GG2000SPE-34 3.0 5.3 0.280916 0.000022 0.00022 0.280905 -66.1 0.8 -4.4 2728

Snow-CYAN-GG2000SPE-192 8.6 3.5 0.281127 0.000023 0.00049 0.281102 -58.6 0.8 2.6 2731

Snow-CYN-GG2000SPE-26 12.0 5.3 0.281035 0.000019 0.00072 0.280997 -61.9 0.7 -0.9 2739

Snow-CYAN-GG2000SPE-123 5.9 4.7 0.281031 0.000028 0.00038 0.281010 -62.0 1.0 2.0 2843

2Supplemental Table 2. Hf isotope data of selected 

Roberts Mountains allochthon strata. Please visit 

http:// dx .doi .org /10 .1130 /GES01252 .S2 or the full-text 

article on www .gsapubs .org to view Supplemental 

Table 2.

TABLE 1. LOCATIONS OF SAMPLES ANALYZED IN THIS 
STUDY REFERENCED TO UTM LOCATIONS

Sample Location (UTM: NAD 83) Easting Northing

Ordovician Snow Canyon Formation
Snow Canyon; Independence Mountains

0579760 4585698
(UTM 11T)

Ordovician lower Vinini Formation
Petes Summit; Toquima Range

0518089 4337111
(UTM 11S)

Ordovician McAfee Quartzite
McAfee Peak; Independence Mountains

0590637 4599583
(UTM 11T)

Ordovician upper Vinini Formation
Petes Summit; Toquima Range

0518089 4337111
(UTM 11S)

Silurian Elder Sandstone
Elder Creek; Shoshone Range

0516196 4460270
(UTM 11T)

Devonian Slaven Chert
Slaven Canyon; Shoshone Range

0519428 4479302
(UTM 11T)
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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 εHf(t) (epsilon Hf) values for each sample. The average mea-

surement uncertainty for all hafnium analyses is shown in the upper right at the 2σ 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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Figure 7. Map of western Canada showing 

the Cordilleran accreted terranes, the Cor-

dilleran passive margin, and the basement 

provinces of the Canadian Shield. The 

Peace River Arch region is outlined by the 

red dashed line. The location of the Mount 

Wilson Formation sample (Gehrels and 

 Pecha, 2014) is shown. The map is  after 

Gehrels and Ross (1998); the basement 

provinces are compiled from Hoffman 

(1989), Ross (1991), and Villeneuve et al. 

(1993). WY—Wyoming province; HE—

Hearn province; SU—Superior province; 

CORD—Cordilleran; APP—Appalachian; 

OA—Ouachita-Marathon; MOJ—Mojavia.

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. 
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are consistent with the Archean craton (Bickford et al., 1986; Hoffman, 1989; 

Ross, 1991; Anderson and Morrison, 1992; Bickford and Anderson, 1993; Van 

Schmus et al., 1993) (Fig. 1). River systems traversing the north-central cra-

ton from east to west transported sediments from these crystalline bedrock 

sources—or from sediments recycled from them—and subsequently depos-

ited them off the western Laurentian margin as the lower Vinini Formation.

The Hf isotope data of the lower Vinini grains are also consistent with ori-

gin in north-central Laurentia. The 490–500 Ma grains have mostly moderately 

juvenile to evolved values (εHf(t) +3 to –5), with two grains highly evolved (εHf(t) 

–20 to –25). The moderately juvenile to evolved grains are compatible with 

the plutonic suites in Idaho; however, the highly evolved grains are unlike any 

analyzed in these suites (Todt and Link, 2013). The 1110–1120 Ma grains have 

moderately juvenile values (εHf(t) +4 to +6), similar to those of the Grenville 

orogen (Mueller et al., 2008; Bickford et al., 2010). The 1420 Ma grains have 

juvenile to moderately juvenile values (εHf(t) +7 to +3), compatible with the 

anorogenic granitoids of the mid-Laurentian craton (Goodge and Vervoort, 

2006). The 1660–1800 Ma grains have juvenile to moderately juvenile values 

(εHf(t) +10–0), similar to the Yavapai-Mazatzal terranes (Bickford et al., 2008). 

The 2470–2750 Ma grains have moderately juvenile to evolved values (εHf(t) +6 

to –6), compatible with those in northern Greenland and Arctic Canada (Rohr 

et al., 2008, 2010) (Fig. 1).

The Early Cambrian uplift of the Transcontinental Arch altered the drain-

age patterns in western Laurentia; this change is recorded in the changing 

detrital zircon age patterns between upper Neoproterozoic and Lower Cam-

brian passive margin strata (Linde et al., 2014, and references cited therein) 

(Fig. 10). The uplift of the arch blocked the transport of Grenville-age grains 

and created, on the west flank of the arch itself, a new highland and source of 

sand, consisting of Yavapai-Mazatzal basement rocks and sedimentary rocks 

recycled from this basement. In many older passive margin strata that predate 

the uplift of the arch, Grenville-age grains predominate (Fig. 10). These grains 

were transported by continent-spanning rivers that drained the central craton 

and Grenville orogenic terrane to the western Laurentian margin through the 

late Neoproterozoic (Rainbird et al., 1997, 2012). In many younger passive mar-

gin strata, deposited after the uplift of the arch, Yavapai-Mazatzal–age grains 

dominate (Fig. 10). Rivers originating in the central craton were blocked from 

flowing to the west by the uplifted arch, which blocked the transport of many 

Grenville-age grains (Amato and Mack, 2012; Gehrels and Pecha, 2014; Linde 

et al., 2014; Yonkee et al., 2014).

The detrital zircon U-Pb ages and Hf isotope data of the lower Vinini Forma-

tion resemble those of the younger, post–Transcontinental Arch uplift, passive 

margin strata, such as the Geersten Quartzite of Utah and the Osgood Mountains 

Quartzite of Nevada (Fig. 11). These are the only post–arch uplift passive margin 

data sets for which we have both U-Pb ages and Hf isotope data. The lower 

Vinini Formation U-Pb age spectra and Hf isotope ratios are similar to those of 

the younger passive margin strata. The provenance of the lower Vinini Forma-

tion is central Laurentian, shed from the western flanks of the Transcontinental 

Arch and the regions to the west of the arch, after the uplift of the arch (Fig 1).

Discussion: Sedimentology and Paleogeographic Implications

Sedimentological analyses provide a further constraint and suggest that 

the Ordovician passive margin sandstones are not the source of the RMA 

strata, but rather that these strata have a common source. Finney and Perry 
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Figure 8. U-Pb ages and Hf isotope data. The data from the Mount Wilson Formation, the Eureka 

Quartzite, and the Valmy Formation are from Gehrels and Pecha (2014). Diagrams and symbols 

are as in Figure 4.
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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). 
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(1991) proposed that the Eureka Quartzite (an extensive Ordovician passive 

margin unit) was the source of the sandstones in the younger sections of the 

Vinini and Valmy formations of the RMA. However, the grains of the Ordovi-

cian passive margin sandstones are more texturally mature than those of the 

RMA strata, whose grains are coarser, larger, and more poorly sorted (Ketner, 

1966). The more mature shelf sands such as the Eureka Quartzite and Mount 

Wilson Formation could not be the source of the more immature RMA sand-

stones. The RMA and passive margin sandstones have similar U-Pb age spec-

tra and Hf isotope ratios (Fig. 7) and share a common source in the PRA region.

The Ordovician passive margin sands and the RMA strata sampled have 

different depositional histories (Fig. 12). The Mount Wilson Formation was de-

posited in a nearshore to shelf environment immediately outboard of the Peace 

River Arch (Kent, 1994). Other Ordovician passive margin sandstones, now 

preserved as the Eureka Quartzite and the Kinnikinic Quartzite, were shed from 

the Peace River Arch, and subsequently moved southward along the western 

Laurentian margin via longshore transport to the depositional basin (Ketner, 

1968) (Fig. 12B). The evidence for this transport is that grain size decreases and 

sorting improves in Ordovician arenites from near the PRA source (the Mount 

Wilson Formation) southward through Idaho (the Kinnikinic Quartzite) and into 

Nevada and California (the Eureka Quartzite) (Ketner, 1968). The texturally im-

mature arenites of the RMA did not undergo the extensive reworking of this 

longshore transport. Sediments of the RMA strata, other than the lower Vinini 

Formation, were deposited as turbidites (Miller and Larue, 1983; Madrid, 1987; 

Finney et al., 1993) offshore of the Peace River Arch (Figs. 12A–12C).

To reach their current geographic location, the RMA strata were tectonically 

transported south along the western Laurentian margin, in Latest Devonian 

time (Fig. 12E). This is consistent with a sinistral transpressional fault system, 

as proposed by Colpron and Nelson (2009) (Figs. 12D and 12E). Subsequent 

shortening moved the RMA up onto the craton in the Antler orogeny of Latest 

Devonian–Earliest Mississippian time (Figs. 12E and 12F).

CONCLUSIONS

These U-Pb geochronology and Hf isotope analyses of RMA strata give 

new insight into their provenance. We confirmed previous work that had indi-

cated different detrital zircon U-Pb ages among strata of the RMA, implying dif-

ferent sources for these units. New data indicate that provenance of the lower 

Vinini Formation is north-central Laurentia, shed from the western flanks of the 

uplifted Transcontinental Arch. Other RMA strata sampled, Ordovician–Devo-

nian, are similar to Ordovician passive margin sandstones that crop out widely 

through western North America. These units share a common source in the 

Peace River Arch region.

Combining sedimentology with detrital zircon data reveals the relationship 

between the RMA strata and passive margin shelf sands, making it possible 

to distinguish between sedimentary transport and tectonic transport of the 

RMA strata. The Ordovician passive margin sands were deposited in the PRA 

region, and some sand was carried south and reworked by longshore trans-

port. In contrast, the Ordovician–Devonian RMA strata (exclusive of the lower 
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Figure 11. U-Pb ages and Hf isotope data for Roberts Mountains allochthon (RMA) and select 

Laurentian passive margin strata. The data from the Osgood Mountains Quartzite and the Geer-

sten Canyon Quartzite are from Gehrels and Pecha (2014). The lower Vinini data includes those 

from this study (n = 189) and from Gehrels and Pecha (2014) (n = 105). Diagrams and symbols 
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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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Vinini) were deposited in a shelf, slope, or basin environment offshore of the 

PRA region; the arenite intervals in these units were deposited as shelf sands 

or turbidites. These RMA strata, along with the lower Vinini Formation, were 

tectonically transported in Late Devonian time southward along the margin on 

a sinistral transpressional fault system. The entire RMA package was subse-

quently emplaced eastward onto the craton during the Late Devonian–Early 

Mississippian Antler orogeny.
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