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base is not exposed, is the Togo Formation, an argillaceous unit
with thinly interbedded siltite to fine quartzose sandstone hori-
zons. Locally, turbidite depositional features are discernible, sug-
gesting the unit was deposited below storm wave base (>100 m?).
The depositional environment appears to shallow upward into
the Wabash–Detroit Formation, comprised of dolomitic argillite
and quartzites with common stromatolite beds that indicate de-
position near sea level. It is capped by a thick, finely laminated
dark argillite with common soft-sediment deformation (McHale
Slate), interpreted as being deposited in a sub-wave-base marine
environment. This is overlain by the Stensgar Dolomite, which
locally preserves algal structures that again indicate the unit was
deposited near sea level. Magnesite within the Stensgar Dolomite
was mined for magnesium content from the early to mid-20th
century (Campbell and Loofbourow 1962; Bamford 1970).

The Buffalo Hump Formation has been considered to be the
youngest unit in the Deer Trail Group. It overlies the Stensgar
Dolomite in either conformable (Campbell and Loofbourow 1962;
Miller and Whipple 1989) or unconformable (Evans 1987) contact.
Lithology of the Buffalo Hump Formation consists of interbedded
argillite and quartzose sandstone, locally with clasts up to cobble

size. The unit is characterized by rapid lateral thickness variations
and facies changes between argillite and quartzose sandstone.
Detrital zircons from the Buffalo Hump analyzed by Ross et al.
(1992) included a few Grenville-age grains between 1.22–1.07 Ga,
indicating a clearly younger age than known Belt–Purcell strata.

Neoproterozoic Windermere Supergroup
The Neoproterozoic Windermere Supergroup in the Chewelah

area consists of two formations: the Huckleberry Formation and
the overlying Monk Formation (Miller et al. 1973; Miller 2001). The
Huckleberry Formation consists of a lower conglomeratic mem-
ber and an upper, mafic volcanic member. The conglomerate
varies from pebbly sandstone to clast-supported, cobble conglom-
erate composed of quartzose and calcareous sedimentary clasts.
The volcanic member consists of relatively massive fine-grained
basalt, generally finely porphyritic with plagioclase and clinopy-
roxene phenocrysts and fine calcite or chlorite amygdules. Upper
Huckleberry Formation basalt was dated by the Sm–Nd isochron
method at 762 ± 44 Ma (Devlin and Bond 1988). Sparse basaltic
dikes within the Deer Trail Group are lithologically similar to the
Huckleberry volcanic member and may be feeders to it. The Monk

Fig. 1. Map of the Laurentian craton showing the distribution of Precambrian tectonic elements (adapted from Hoffman 1989; Ross and
Villeneuve 2003; Jones et al. 2015). Greenland is restored to its position prior to Cenozoic rifting from North America. Dashed line labelled
“Sri = 0.706” in western North America (Armstrong 1988) indicates the approximate (buried) rifted western margin of the craton. The Belt–Purcell
basin and other mid-Proterozoic basins are labelled (references in text). Areas of Neoproterozoic strata in western North America taken from
Moynihan et al. 2019. Base map from https://shoreline.noaa.gov/data/datasheets/wvs.html. BH, Buffalo Head; CB, Cumberland batholith; FS,
Fort Simpson magmatic arc; GB, Great Bear magmatic arc; GF, Great Fall tectonic zone; H, Hottah terrane; STZ, Snowbird tectonic zone;
W, Wopmay orogen. The area of Fig. 2 is indicated by small box on the west side of the Belt–Purcell basin.
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DETRITAL ZIRCON PROVENANCE OF MESOPROTEROZOIC TO CAMBRIAN ARENITES

Figure 2. Relative age-probability curves, or age spectra, for all samples. Sample name
and number of grains contained in each curve are shown on the right. As shown in Figure
3, each curve incorporates the age and uncertainty (plotted as a normal probability dis-
tribution) of every grain analyzed in a sample. Each curve is normalized according to the
number of constituent grains, such that each curve contains the same area. The Grenville
reference represents analyses of detrital zircons in Paleozoic sandstones of the Ouachita
Mountains, which consist of detritus derived from the Grenville orogen (from Gleason et
al., 2001; 2001, written commun.).

Figure 3. Example of how an age-probabil-
ity curve is constructed. For each of the ten
grains in this example, the age and uncer-
tainty (stated at 95% confidence level) are
plotted as a normal (or Gaussian) proba-
bility distribution. These ten probability
distributions are summed, producing an
age-probability curve for all of the grains.
For comparison with other samples, a rel-
ative (or normalized) age-probability curve
(top row) is produced by dividing the
summed curve by the number of grains.

fact that resistance to erosion decreases as de-
cay-induced lattice damage accumulates). This
should have little effect on the results of our
study, however, because the same potential
bias would exist in all of our samples. We also
introduce a potential bias by selecting grains
from color and morphology groups rather than

by selecting grains at random. This strategy
serves to maximize the number of age groups
recognized within a sample, which helps in
identifying a specific provenance area for a
sample. However, because the proportions of
age groups are affected by our grain selection
procedure, comparisons with potential source

regions can be made only on the basis of
whether grains of specific ages are present or
absent, rather than on the relative proportions
of grains of particular ages. We must also
point out that we are able to resolve only the
main age groups in a sample, because of the
relatively small number of grains analyzed.
According to the formula of Dodson et al.
(1988), an age group must make up at least
15% of the grains in a sample to be recog-
nized if 22 grains (our typical number) are
analyzed.
A histogram-type plot that incorporates

both the age and the associated uncertainty of
each analysis (Figs. 2 and 3) is constructed as
shown in Figure 3. For a sample of 10 grains,
for example, each analysis is plotted as a nor-
mal (Gaussian) distribution according to its

Use of Detrital Zircons
Many workers now combine individual zircons 
as illustrated at left, summing probability 
density functions

Purposes can include:
* Maximum age of sediments (principle of 

components)
* Correlation of strata
* Identification of source region
* Identification of magmatic episodes

Stewart et al., GSA Bull 2001
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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). 

Miogeoclinal detrital zircons in western U.S.

Linde et al., Geosphere., 2016

North American Magmatic Gap
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Figure 13. Regional stratigraphic correlation chart for Proterozoic sedimentary rocks in the southwestern Cordillera,
illustrating the inferred correlation of quartzite sequences in this study (adapted from Link et al. 1993; additional
data from Timmons et al. 2001; Cox et al. 2002; Stewart et al. 2002; Lund et al. 2003). Grinnell Mountain and Dog
Wash quartzites are components of the Paleoproterozoic basement and are not representative of a regionally widespread
Joshua Tree terrane. Pinto Mountain Group is correlated with Cordilleran Proterozoic succession A and is therefore
similar in age or slightly younger than quartzites of the Mazatzal Group of the Tonto Basin Supergroup. Big Bear
Group is pre–Stirling Quartzite in age and correlated with the early part of succession C deposited in the earliest
stages of Neoproterozoic Cordilleran rifting.

Wash quartzite indicate that quartzite-bearing
metasedimentary rock sequences to the west of the
type section are not correlative with the Pinto
Mountain Group. This observation significantly re-
duces the areal extent and significance of the
Joshua Tree terrane of Powell (1981) but is consis-
tent with the definition of the more diminutive
Placer Mountain assemblage of Powell (1993). We
conclude that the Pinto Mountain Group is an early
postorogenic shallow shelf sedimentary succession
deposited on west Mojave province crust, coinci-
dent with but unrelated to the rift that initiated
the Cordilleran miogeocline in this region.

Structural and stratigraphic evidence suggests
that the Big Bear Group is distinctly younger than
the Pinto Mountain Group yet older and deposited
in a different tectonic setting than the Neoprote-
rozoic-Cambrian miogeoclinal sequence (Stirling
Quartzite and higher units) that overlies it. Paleo-
current data suggest that siliciclastic sediment was
transported north and northeastward during Big
Bear Group deposition but southwestward, off the
established west-facing Cordilleran continental
shelf, by upper Stirling and Wood Canyon time.
Detrital zircon data indicate that the shift in pa-

leocurrent directions, although not accompanied
by a recognizable shift in transport distance or de-
gree of recycling, was accompanied by a shift in the
geochronologic and possibly the lithologic char-
acter of siliciclastic sediment provenance. We
therefore propose that the older Big Bear Group re-
cords a different depositional setting than the Stir-
ling and younger miogeoclinal units in this region.
Stewart et al. (2002) suggested a correlation with
Cordilleran Proterozoic succession B, their Neo-
proterozoic Rodinian epicontinental sequence.
However, if further work confirms that much of
the Big Bear Group is younger than 625 Ma yet pre-
Stirling in age, a correlation with the early part of
succession C and a tectonic setting in the earliest
stages of Cordilleran Neoproterozoic rifting seems
more likely (fig. 13).

The paleocurrent and detrital zircon age data re-
ported here can help to define the location and geo-
logic character of the provenance of these sedi-
mentary sequences. As discussed by Stewart et al.
(2001), most age populations of detrital zircons in
miogeoclinal rocks (3.4–2.3, 1.8–1.6, 1.45–1.40, and
1.2–1.0 Ga) can be matched to observed basement
rocks, suggesting a western North American base-

Barth et al., J Geol., 2009
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therefore propose that the older Big Bear Group re-
cords a different depositional setting than the Stir-
ling and younger miogeoclinal units in this region.
Stewart et al. (2002) suggested a correlation with
Cordilleran Proterozoic succession B, their Neo-
proterozoic Rodinian epicontinental sequence.
However, if further work confirms that much of
the Big Bear Group is younger than 625 Ma yet pre-
Stirling in age, a correlation with the early part of
succession C and a tectonic setting in the earliest
stages of Cordilleran Neoproterozoic rifting seems
more likely (fig. 13).

The paleocurrent and detrital zircon age data re-
ported here can help to define the location and geo-
logic character of the provenance of these sedi-
mentary sequences. As discussed by Stewart et al.
(2001), most age populations of detrital zircons in
miogeoclinal rocks (3.4–2.3, 1.8–1.6, 1.45–1.40, and
1.2–1.0 Ga) can be matched to observed basement
rocks, suggesting a western North American base-

Note there now appears to be a major unconformity in Grand Canyon and Pahrump groups with bottom ending at ~1080 Ma, then resuming ~780Ma (e.g., 
Mahon et al., 2014)
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Figure 20. Summary figure of basin geometry and source-area evolution for the Belt basin (during deposition of the Lower Belt and
Middle Belt Carbonate). Age-density probability-distribution diagrams are shown for all relevant units examined in this study; the
diagrams have common age scales, and the Archean-Proterozoic boundary (2500 Ma) and North American magmatic gap (red lines)
are shown as comparative benchmarks. The general basin geometry is modified from that of Winston (1986a). The eastern source area
is viewed as geomorphically subdued and contributed limited detritus to the basin. The southern source area was tectonically active and
contributed material that was restricted largely to the Helena embayment, although paleocurrents may have flowed as far north as
British Columbia (e.g., Aldridge Formation). The western craton dominated the provenance signature to the basin as shown by regional
Nd data and facies patterns. According to Winston et al. (1999), the southern part of the Belt basin, west of the Dillon block, may have
been closed. The nature of the boundary between the western craton and the Belt basin is unknown. The source area may have laid
tens to hundreds of kilometers to the west. Additionally, the boundary to the basin may have been a normal fault, strike-slip fault, and/
or an oblique-slip structure.

Figure 21. Speculative model for the tectonic setting of the Belt basin and western North America ca. 1450 Ma wherein western North
America is a convergent margin. The geology of preGrenville Laurentia is taken from Figure 1 (this paper) and the lower part is a
model for Cretaceous tectonics of central Iran, centered on the Caspian Sea with north towards the top of the page (from Şengör et al.,
1988). In the Cretaceous example, the south Caspian Sea is a pull-apart basin developed behind a collisional belt that includes magmatic
components. Analogy is drawn between the pull apart origin of the south Caspian and the Belt basin. Broadly speaking, the western
craton is postulated to have been analogous to the accretionary blocks of central Iran, whereas the Laurentian craton is analogous to
the Turan block. The inset to the left shows a large-scale shear couple with the Dillon Block as the extensional head of the pull-apart
basin, the Laurentian craton as the passive basin margin, and the western craton as the tectonically active basin margin. The Belt basin
and south Caspian Sea are plotted at approximately the same scale.

M

Ross & Villenueve, GSA Bull 2003

Lower Belt 
Detrital Zircons

Red thick bar is hiatus in NAm igneous and thin is Archean-Proterozoic bdry.  Paper says these ages abundant in Australia and Baltica (another paper 
points out they are found in Amazonia, too). Note the small number of zircons compared to later work.
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These ~1.5 Ga 
zircons 

uncharacteristic of 
NAm, but common in 
Australia, Baltica (and 

Amazonia)

Red thick bar is hiatus in NAm igneous and thin is Archean-Proterozoic bdry.  Paper says these ages abundant in Australia and Baltica (another paper 
points out they are found in Amazonia, too).
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Global zircon age compilations identify South America as
another craton with significant 1.6–1.5 Ga zircon populations
(Fig. 2F; Condie et al., 2009). Rocks in this age range are exposed
in the Amazon craton to the north and Rio de la Plata craton to the
south and include plutonic suites and mafic dike swarms (Fig. 6A;
Bettencourt et al., 1999; Geraldes et al., 2001; Santos et al., 2008;
Chemale et al., 2011; Ibanez-Meija et al., 2011; Teixeira et al., 2013).
Limited Nd and Hf isotopic data from these exposures indicate that
they are generally more isotopically evolved, indicating derivation
from melting of older Paleoproterozoic crust (Geraldes et al., 2001;
Chemale et al., 2011). The only available Hf isotopic data, from the
1573 ± 21 Ma Capivarita anorthosite exposed in southern Brazil,
are shown in Fig. 6B (Chemale et al., 2011) and have more negative
!Hf values than the same age range from Arizona. Modern river sys-
tems in South America have yielded appreciable 1.6–1.5 Ga detrital
zircon, and the range of initial !Hf values is shown schematically by

the dark gray field in Fig. 6B (Belousova et al., 2010). These data sug-
gest the possibility of large volumes of relatively juvenile 1.60–1.45
Ga crust within the South American continent (Condie et al., 2005;
Belousova et al., 2010). However, the only exposed Mesoprotero-
zoic igneous rocks with juvenile isotopic signatures are 1.45 Ga
or younger (Geraldes et al., 2001). The associations between and
postulated positions of the cratonic components of South America
in pre-Rodinia supercontinent reconstructions are highly variable
(e.g., Tohver et al., 2002; Bispo-Santos et al., 2008; Elming et al.,
2009; Johansson, 2009), and existing paleomagnetic data do not
provide unique constraints (e.g., Teixeira et al., 2013). Thus, South
America cratons cannot be ruled out as potential sources for 1.6–1.5
Ga detrital zircon in western Laurentia.

Australia contains the most globally abundant and complete
record of magmatism and tectonism between 1.6 and 1.5 Ga (Fig. 2D
and F). In the North Australian craton (NAC in Fig. 7B), the Isan

Fig. 7. A) Initial !Hf values for 1.62–1.48 Ga detrital zircon from the Defiance uplift and Blackjack Formation, Arizona, plotted with the range of !Hf values for 1.59 Ga
detrital  zircon from the Lower Belt Group (Fanning et al., 2009) and detrital zircon from river sediment derived from the Gawler craton (Belousova et al., 2009) and Mt.  Isa
region  (Griffin et al., 2006). The lower black dashed line represents a 2.1 Ga peak in TDM ages of the Gawler data (Belousova et al., 2009). B) Generalized reconstruction of
Australia (Giles et al., 2004; Cawood and Korsch, 2008) and East Antarctica (Payne et al., 2009) during the Proterozoic showing the distribution of potential 1.6–1.5 Ga igneous
sources and 1.5–1.45 Ga sedimentary basins. The approximate outline of the Mawson continent is shown by the dashed line. NAC––North Australia craton; C––Coen region;
G––Georgetown region; MI––Mt. Isa region; CP/BH––Curnamona province and Broken Hill region; GC––Gawler craton; TA––Terra Adelie; SAC––South Australia craton;
WAC––West Australia craton; N––Nimrod Group. C) Probability density plots showing the distribution of initial !Hf values for age populations of 1.60–1.54 Ga and 1.54–1.48
Ga  for the Mt.  Isa region (Griffin et al., 2006), a 1590 ± 40Ma age population from the Gawler craton (Belousova et al., 2009), and the entire range of overlapping ages from
the  Blackjack Formation and Defiance uplift.

Doe et al., pC Res., 2013
NAm

Aus

This seems to support an Australian source to the west of the WUS c. 1550 Ma (though AZ sediments are dominantly juvenile). —same time as constraints used to put Siberia there! This is from newly recognized 1.48 Ga quartzites in NE AZ. Absence of these zircons later thought to mean that these terranes moved during shift from Nuna/Columbia supercontinent 
to Rodinia. Fig. 7. A) Initial �Hf values for 1.62–1.48 Ga detrital zircon from the Defiance uplift and Blackjack Formation, Arizona, plotted with the range of �Hf values for 1.59 Ga detrital zircon from the Lower Belt Group (Fanning et al., 2009) and detrital zircon from river sediment derived from the Gawler craton (Belousova et al., 2009) and Mt. Isa region 
(Griffin et al., 2006). The lower black dashed line represents a 2.1 Ga peak in TDM ages of the Gawler data (Belousova et al., 2009). B) Generalized reconstruction of Australia (Giles et al., 2004; Cawood and Korsch, 2008) and East Antarctica (Payne et al., 2009) during the Proterozoic showing the distribution of potential 1.6–1.5 Ga igneous sources and 1.5–1.45 
Ga sedimentary basins. The approximate outline of the Mawson continent is shown by the dashed line. NAC––North Australia craton; C––Coen region; G––Georgetown region; MI––Mt. Isa region; CP/BH––Curnamona province and Broken Hill region; GC––Gawler craton; TA––Terra Adelie; SAC––South Australia craton; WAC––West Australia craton; N––
Nimrod Group. C) Probability density plots showing the distribution of initial �Hf values for age populations of 1.60–1.54 Ga and 1.54–1.48 Ga for the Mt. Isa region (Griffin et al., 2006), a 1590 ± 40Ma age population from the Gawler craton (Belousova et al., 2009), and the entire range of overlapping ages from the Blackjack Formation and Defiance uplift.
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Figure 20. Summary figure of basin geometry and source-area evolution for the Belt basin (during deposition of the Lower Belt and
Middle Belt Carbonate). Age-density probability-distribution diagrams are shown for all relevant units examined in this study; the
diagrams have common age scales, and the Archean-Proterozoic boundary (2500 Ma) and North American magmatic gap (red lines)
are shown as comparative benchmarks. The general basin geometry is modified from that of Winston (1986a). The eastern source area
is viewed as geomorphically subdued and contributed limited detritus to the basin. The southern source area was tectonically active and
contributed material that was restricted largely to the Helena embayment, although paleocurrents may have flowed as far north as
British Columbia (e.g., Aldridge Formation). The western craton dominated the provenance signature to the basin as shown by regional
Nd data and facies patterns. According to Winston et al. (1999), the southern part of the Belt basin, west of the Dillon block, may have
been closed. The nature of the boundary between the western craton and the Belt basin is unknown. The source area may have laid
tens to hundreds of kilometers to the west. Additionally, the boundary to the basin may have been a normal fault, strike-slip fault, and/
or an oblique-slip structure.

Figure 21. Speculative model for the tectonic setting of the Belt basin and western North America ca. 1450 Ma wherein western North
America is a convergent margin. The geology of preGrenville Laurentia is taken from Figure 1 (this paper) and the lower part is a
model for Cretaceous tectonics of central Iran, centered on the Caspian Sea with north towards the top of the page (from Şengör et al.,
1988). In the Cretaceous example, the south Caspian Sea is a pull-apart basin developed behind a collisional belt that includes magmatic
components. Analogy is drawn between the pull apart origin of the south Caspian and the Belt basin. Broadly speaking, the western
craton is postulated to have been analogous to the accretionary blocks of central Iran, whereas the Laurentian craton is analogous to
the Turan block. The inset to the left shows a large-scale shear couple with the Dillon Block as the extensional head of the pull-apart
basin, the Laurentian craton as the passive basin margin, and the western craton as the tectonically active basin margin. The Belt basin
and south Caspian Sea are plotted at approximately the same scale.

M

Ross & Villenueve, GSA Bull 2003

Belt basin contains 
extensional structures...
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PROVENANCE OF THE MESOPROTEROZOIC BELT BASIN

Figure 7. Concordia plots and age-density probability-distribution diagrams for the Fort Steele Formation and Niehart Quartzite. The
two gray bands in the inset probability-distribution diagrams correspond to the Archean-Proterozoic boundary (2500 Ma) and the North
American magmatic gap (1610–1490 Ma).

Figure 8. Cross section from northeast to southwest through the Helena embayment showing how the coarse LaHood conglomerates
along the southern flank of the embayment interfinger with argillaceous units to the north. Black hexagons represent positions of samples
reported in this study. The Dillon block is Archean in age, and the Great Falls tectonic zone is Proterozoic; the transition between the
two is uncertain (note question mark). (Modified from Winston et al., 1989). Abbreviations in inset: N—north; S—south; T—Townsend
line.

groups at ca. 3500–3450 and ca. 3250 Ma.
The oldest grain is 3524 Ma. Several grains
gave Proterozoic 207Pb/206Pb ages, but most of
these are discordant with the exception of a
single analysis at 1804 Ma, which has the zon-
ing characteristics of an igneous grain (Fig.
6F). Twenty-two grains analyzed from the
Greyson Formation quartz sandstone have
207Pb/206Pb ages falling into three distinct

groups—two of Late Archean grains (2968–
2920 Ma, five grains; 2661–2577 Ma, six
grains) and one of Proterozoic grains (1899–
1733 Ma, seven grains). Two discordant anal-
yses suggest the presence of older (�3000
Ma) Archean grains in the sample as well.
Interpretation. Rocks with older Archean

ages (�3000 Ma) are known from several ar-
eas of the northwest Wyoming craton close to

where the LaHood Formation accumulated.
The Greyson Formation sample has Archean
ages more typical of the Wyoming craton, but
the presence of the Proterozoic grains suggests
that the source area would have included crust
of the Great Falls tectonic zone. Winston et
al. (1989) suggested that the Niehart Quartzite
may have contributed detrital material to the
Greyson Formation, which may account for

Red thick bar is hiatus in NAm igneous and thin is Archean-Proterozoic bdry.  Paper says these ages abundant in Australia and Baltica (another paper 
points out they are found in Amazonia, too).
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the samples were examined using back-scattered 
electron (BSE) microscopy to identify suitable 
grains for SHRIMP geochronology. Portions of 
the thin sections containing grains greater than 
10 μm were drilled out, in ∼2 mm plugs, and cast 
in 25 mm epoxy mounts. In situ U-Pb dating of 
monazite was conducted using the SHRIMP at 
Curtin University. The monazite reference mate-
rials were in a separate mount that was cleaned 
and Au-coated with the sample mounts before 
each analytical session. A detailed outline of 
instrument settings and analytical methods are 
given in the Supplementary text (see footnote 1).

RESULTS

U-Pb dating results of zircon and monazite 
are presented in Tables DR1–DR4 (see footnote 
1). CL images of representative zircon, BSE 
images of monazite and concordia plots of all 
analyses are presented in Figures DR2–DR5 
(see footnote 1). A description of zircon textures 
is given in Supplementary text. A summary of 

analytical results is presented in Table 1. Analy-
ses for metasedimentary samples were plotted 
in probability distribution diagrams (Fig.  7). 
 Calculated ages less than 1000 Ma are based 
on the 206Pb/238U ratios, whereas older ages are 
based on the 207Pb/206Pb ratios. Uncertainties on 
individual analyses are presented at 1σ, whereas 
errors of weighted mean dates of multiple analy-
ses are given at 95% con"dence level.

U-Pb Data of Detrital Zircon from 
Metasedimentary Units

Gezhencun Succession
Due to the small size of the zircon grains from 

sample 15LJ-59, only 54 analyses were conduct-
ed on 54 zircon grains, of which 37 yielded con-
cordant ages ranging from 2585 Ma to 1121 Ma. 
Twenty-seven out of the 37 analyses are from 
grains with igneous textures or the cores of 
composite grains with Th/U ratios of 0.12–0.89, 
and yielded magmatic ages grouped into two 
intervals of 1965–1540 Ma and 2585–2430 Ma 

(Fig. 7A). The remaining ten concordant analy-
ses, from metamorphic single grains and cores 
with Th/U ratios of 0.06–0.51, yielded relatively 
discrete ages varying from 2150 Ma to 1120 Ma 
(Fig. 7B).

Seventy analyses were conducted on 70 zir-
con grains from sample 17PM01-5 and yielded 
67 concordant ages ranging from 3272 Ma to 
1220 Ma. Out of the 67 analyses, 38 were on 
magmatic cores and single grains showing os-
cillatory zoning with Th/U ratios of 0.11–1.71, 
which suggests that these ages represent their 
crystallization ages. These ages are mainly in the 
range of 2030–1531 Ma (Fig. 7C) with an ad-
ditional seven analyses having concordant ages 
ranging from 2595 Ma to 2480 Ma as well as 
a further concordant age of 3272 ± 30 Ma. The 
remaining 29 analyses are from either single 
grains, or cores, or rims showing dark, homo-
geneous internal structures and having Th/U ra-
tios of 0.01–0.54, inferred as metamorphic ages. 
They yield ages in the interval of 1920–1220 Ma 
(Fig. 7D).

Ewenling Succession
Ages from 70 analyses obtained from 70 

grains from quartz schist 17PM01-1 range from 
ca. 2632 Ma to 977 Ma. All have concordance 
higher than 90%. Of the 70 analyses, 53 were 
placed on magmatic cores or grains showing 
oscillatory zoning with Th/U ratios of 0.1–1.07, 
indicating a magmatic crystallization origin. 
The remaining 17 analyses were obtained from 
dark, homogeneous domains of zircon grains, 
either on rims, cores, or single grains. Both in-
ternal structures and relatively low Th/U ratios 
(0.004–0.55) of the dated zircon crystals suggest 
a metamorphic origin. The analyses from mag-
matic zircon yielded two age groups of 1840–
1615 Ma and 2590–2080 Ma (Fig.  7E). Two 
analyses on magmatic single grains give concor-
dant ages of 1448 ± 33 Ma and 1437 ± 39 Ma. 
Most of the metamorphic zircon grains generate 
ages in the range of 1810–1350 Ma (Fig. 7F), 
with two  older analyses at 2529 ± 30 Ma and 
2439 ± 39 Ma and three analyses with  younger 
ages of 1243 ± 30 Ma, 1033 ± 36 Ma, and 
977 ± 10 Ma.

Sixty-four analyses from 64 grains from 
quartz-mica schist sample 15LJ-51 yielded 55 
concordant ages ranging from ca. 2810 Ma to 
1120 Ma. They include 32 analyses on mag-
matic cores and single grains with oscillatory 
zoning and Th/U ratios of 0.1–1.31, and 23 
analyses on metamorphic regions, including 
cores, rims, and single grains with homogeneous 
internal  structures and Th/U ratios of 0.02–0.41. 
The ages of magmatic zircon concentrate in the 
range of 1830–1410 Ma but with six ages rang-
ing from 2550 Ma to 2140 Ma (Fig. 7G). The 
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Figure 3. Chronostratigraphy of the Baoban Complex, South China, as described originally 
by Ma et al. (1998) and as revised during this study, showing the interrelationship of ana-
lyzed samples. The correlative rock units in western Laurentia also are shown for compari-
son. 1—Anderson and Davis (1995); 2—Evans et al. (2000); 3—Doughty et al. (1998).
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the Baoban metasedimentary and igneous rock 
assemblages, providing data for both maximum 
and minimum depositional ages through U-Pb 
geochronology of zircon and authigenic mona-
zite. Authigenic monazite shows particular 
promise for constraining “minimum” deposi-
tional ages in sedimentary successions due to its 
ability to grow over a broad range of conditions 
including diagenesis (Burnotte et al., 1989; Ev-
ans and Zalasiewicz, 1996; Alipour-Asll et al., 
2012), low-grade metamorphism (Rasmussen 
et  al., 2001; Rasmussen and Fletcher, 2002; 
Wing et  al., 2003; Rasmussen and Muhling, 
2007), "uid "ow (Rasmussen et al., 2005), and 
hydrothermal mineralization (Rasmussen et al., 
2006; Muhling et al., 2012). Combining detri-
tal zircon dating, which provides a maximum 
depositional age for sediment accumulation, 
with the age of secondary mineral phases such 
as monazite, there is signi#cant scope for nar-
rowing the depositional age range for Precam-
brian sequences. Our new data allow us to re#ne 
the chronostratigraphy and magmatic history 
of the Baoban Complex. In the context of new 
stratigraphic relationships, we demonstrate that 
the Mesoproterozoic metasedimentary succes-
sions involved in the Baoban  Complex  con#rm 

 correlations with the Belt-Purcell Basin in west-
ern Laurentia. In addition, we also argue that the 
complex is unrelated to, and does not constrain 
the positon of, the remainder of the Cathaysia 
Block, and constitutes a fragment of western 
Laurentia lithosphere that was only juxtaposed 
with the remainder of the Cathaysia Block late 
in its evolution.

REGIONAL GEOLOGY

Hainan Island is located off the southern coast 
of South China and is a continental-type island 
separated from the mainland by the Cenozoic 
Qiongzhou Strait (Fig. 1B). Most of the island 
is occupied by late Paleozoic to Mesozoic gran-
itoids and late Cretaceous and Cenozoic volca-
nic rocks. Proterozoic igneous and sedimentary 
rocks along with Paleozoic, Mesozoic, and Ce-
nozoic successions are preserved in isolated out-
crops (Fig. 2). Hainan Island is regarded as the 
southern continuation of the Cathaysia Block, 
which collided with the Yangtze Block along 
the Jiangnan Orogenic Belt during the early to 
mid-Neoproterozoic (Fig. 1B; Guo et al., 1989; 
Shu and Charvet, 1996; Wang et al., 2007; Zhao 
et  al., 2011; Zhao and Cawood, 2012; Wang 

et al., 2013; Cawood et al., 2013, 2018; Shu et al. 
2019). The southern part of the island includes 
a separate terrane of Gondwana origin that is in-
ferred to have been accreted during the Paleozoic 
period (Xu et al., 2014), but it consists of isolated 
outcrops, which together with extensive tropical 
vegetation cover, prevent detailed delineation of 
the position and nature of the boundary.

The basement of Hainan Island is composed 
of Proterozoic rocks, including the Baoban 
Complex, the Shilu Group, and the Shihuiding 
Formation. The Baoban Complex is the oldest 
rock unit and consists mainly of supracrustal 
rocks and granitoids. The former were previ-
ously divided into the Gezhencun Formation 
and Ewenling Formation (Ma et  al., 1998). 
However, given the variety of lithologies, their 
strong deformation, and metamorphism up to 
upper amphibolite facies resulting in migma-
tized gneisses and various schists, the primary 
relationships and ages between lithologies 
are uncertain. Hence, the use of the formal 
lithostratigraphic term formation is inappro-
priate and these units are herein referred to as 
successions. Multigrain zircon and Rb-Sr iso-
chron data with large uncertainties suggested 
the formation of gneisses and migmatization 
within the Gezhencun succession occurred be-
tween ca. 1900 and 1600 Ma (Ma et al., 1998). 
The Ewenling succession contains detrital zir-
con grains with the youngest age peak of ca. 
1450–1460 Ma (Yao et al., 2017; Zhang et al., 
2019). Integrated with age data of ca. 1430 Ma 
for gneissic granitoids and amphibolites (Ma 
et al., 1998; Li et al., 2002, 2008; Yao et al., 
2017; Zhang et al., 2018, 2019) that intrude the 
complex, the age of Ewenling succession is con-
strained to 1460–1430 Ma (Fig. 3).

The Shilu Group is composed of shallow 
marine siliciclastic rocks and sedimentary car-
bonates that experienced greenschist-facies 
metamorphism. The group is informally sub-
divided into six layers. The #rst to #fth layers 
primarily comprise schists interbedded with rare 
quartzites and crystallized limestones. The sixth 
layer is dominated by dolostones, crystallized 
limestones, and pyroxene-amphibole-rich rocks 
and hosts the Fe- and Co-Cu ores (Wang et al., 
2015). The group was traditionally considered to 
represent Neoproterozoic strata that unconform-
ably overlay the Baoban Complex (Yang et al., 
1994). However, Li et al. (2008) obtained a sensi-
tive high-resolution ion microprobe (SHRIMP) 
Pb-Pb zircon age of 1439 ± 9 Ma for a meta-tuff 
from the #fth layer of the Shilu Group, remark-
ably similar to the age of gneissic granitoids and 
amphibolites of the Baoban complex. This led 
Li et al. (2008) to conclude that the Shilu Group 
was approximately coeval with the Baoban Com-
plex, despite their differing metamorphic grades. 
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Piece of the Belt in China?

Two aspects of this: sediments that look like Belt (a missing part of the basin?) and some source metamorphism of right age.
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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Island with or without the Cathaysia Block; Li et al., 1995; Xu et al., 
2019; Cawood et al., 2020). Consequently, these terranes are commonly 
located adjacent to western Laurentia within Nuna supercontinent 
reconstructions. 

However, within the Priest River and Clearwater complexes in the 
northwestern United States of America, the westernmost pre-Belt Su-
pergroup rocks of the Clearwater Block are exposed (Fig. 1B), including 
a small sliver of ca. 1.58 Ga (NAMG-age) granitic gneiss (the Laclede 
Gneiss; Evans and Fischer, 1986). The ca. 1.58 Ga Laclede Gneiss is the 
only NAMG-age granitoid in western North America. It has been inter-
preted as a (i) stranded block of a Proterozoic conjugate continent from 
Australia, Antarctica, or South China (Ross et al., 1992; Doughty et al., 
1998; Goodge et al., 2017; Xu et al., 2019) or (ii) a remnant of a circum- 
Laurentian orogenesis during the assembly of supercontinent Nuna 
(Furlanetto et al., 2013). Others (Lewis et al., 2010; Rogers et al., 2018) 
have also suggested that the Laclede Gneiss might represent a Lau-
rentian source for the ca. 1.7–1.5 Ga detrital zircon grains within parts of 
the Belt Supergroup, negating the necessity for a western, non- 
Laurentian source in paleographic reconstructions. 

However, apart from U–Pb geochronology studies (Evans and 
Fischer, 1986; Doughty et al., 1998; Vervoort et al., 2016), Neo-
archean–Paleoproterozoic Lu–Hf datasets, and some whole-rock 
geochemistry (Buddington et al., 2016), a multi-isotopic, integrated 
comparison of the Neoarchean–Mesoproterozoic Clearwater Block 
crystalline basement and overlying Paleoproterozoic–Mesoproterozoic 
strata does not exist. Consequently, many speculations about the 
Clearwater Block’s paleogeographic importance remain untested. Here, 
we present the results of sensitive high-resolution ion microprobe 

(SHRIMP) U–Pb, secondary ionization mass spectrometry (Cameca SIMS 
1280) δ18O, and laser-ablation inductively coupled mass spectrometry 
(LA-ICP-MS) Lu–Hf and trace element analyses for zircon from ca. 2.67, 
1.86 and 1.58 Ga igneous rocks from the Clearwater Block. These new 
results, along with existing constraints (Evans and Fischer, 1986; 
Doughty et al., 1998; Lewis et al., 2010; Buddington et al., 2016; Ver-
voort et al., 2016), provide robust characterization of the westernmost 
exposed basement beneath the Mesoproterozoic Belt basin. These rocks 
include a unique record of NAMG-age magmatism and allow evaluation 
of competing models for western Laurentia’s assembly and supercon-
tinent Nuna’s configuration/evolution. 

2. Geologic background 

2.1. The Priest River complex: American or Australian? 

Along much of western North America, within the hinterland of the 
Cordilleran fold and thrust belt, Paleogene orogenic collapse and 
development of metamorphic core complexes have exhumed rare ex-
posures of deeply buried crystalline basement beneath thick sequences 
of Mesoproterozoic to Mesozoic strata (e.g. Dickinson, 2004 and refer-
ences therein). Within the Priest River complex, along the western 
extent of the Mesoproterozoic Belt basin in northern Idaho and southern 
British Columbia (Fig. 1), granitic gneisses were among the first Pre-
cambrian rocks in the northwestern Cordillera to be dated by U–Pb 
geochronology (Clark, 1973; Evans and Fisher, 1986; Doughty et al., 
1998). In part, these basement rocks drew early attention because of 
their sharp contrast with the surrounding extensive, siliciclastic and 

Fig. 1. A) Simplified tectonic map of western Laurentia (after Vervoort et al., 2016 and references within) showing the extent and general age of basement provinces, 
the limit of Belt Supergroup exposures, location of ca. 1.59 and 1.55 Ga mafic dykes in southern Montana (Tobacco Root Mountains; Rogers et al., 2018) and location 
of sampling areas. B) Geologic map of the northern extent of basement rock exposure within the Priest River complex where samples of the Pend Oreille Gneiss 
(36DTB19) and Laclede Gneiss (37DTB19) were collected. C) Geologic map of the southern extent of basement rock exposure within the Priest River complex where a 
sample of the Coeur d’Alene Gneiss (46DTB19) was collected. D) Geologic map of the southeastern extent of the Clearwater complex where a sample of the Moses 
Butte Amphibolite (52DTB19) and Black Canyon Gneiss (67DTB19) were collected. Geologic maps B, C, and D 
adapted from Lewis et al. (2012) 
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craton (Cherry et al., 2017), and the 1.45–1.33 
Ga lower-middle Rocky Cape Group in Tas-
mania (Halpin et al., 2014; Mulder et al., 2015) 
(Fig. 9). The new zircon and monazite data pre-
sented here demonstrate that the Gezhencun and 
Ewenling successions in the Baoban Complex 
were deposited in the ranges of 1.55–1.45 Ga 
and 1.45–1.30 Ga, respectively, coeval with the 
successions developed in the western Laurentia, 
Mawson, and North Australia blocks.

Due to incomplete "eld outcrops and intense 
deformation and metamorphism, it is dif"cult 
to determine the original sedimentary record 
of the Baoban Complex, and its potential link-
ages with coeval successions in other regions. 
However, previous studies utilizing detrital zir-
con age data have made important contributions 
to assessing provenance, paleogeography, and 
tectonic reconstructions. Here we employ this 
method to interpret the stratigraphic record of 
metasedimentary rocks in the Baoban Complex.

Compiled detrital zircon data from the Me-
soproterozoic sedimentary basins distributed 
in Hainan Island, western Laurentia and North 
Australia-Mawson continent are shown in 
 Figure 10. Comparisons are limited to units with 
similar depositional age ranges to the Gezhencun 
paragneiss and Ewenling schist (Table DR1). 
The lower parts of the Belt-Purcell (Lower Belt, 
Ravalli, Piegan groups in ascending order), PR1, 

Yankee Joe/Hess Canyon-De"ance and Trampas 
basins in western Laurentia, deposited between 
1.47 and 1.45 Ga, contain abundant westerly-
sourced non-Laurentian detrital zircons with 
ages between 1.61 Ga and 1.50 Ga correspond-
ing to the NAMG (Fig. 10). Distribution of the 
globally rare ca. 1.61–1.50 Ga magmatism along 
the eastern margin of North Australia-Mawson 
continent (Condie et al., 2009) suggests a sedi-
mentary and tectonic linkage between western 
Laurentia and Northern Australia-Mawson con-
tinent between ca. 1.6 Ga and 1.4 Ga (Fig. 9, 
Ross et al., 1992; Ross and Villeneuve, 2003; 
Link et al., 2007; Stewart et al., 2010; Daniel 
et al., 2013; Doe et al., 2012, 2013; Medig et al., 
2014; Jones et al., 2015). The available paleo-
magnetic data are consistent with this con"gu-
ration (Pisarevsky et al., 2014; Pehrsson et al. 
2016; Kirscher et al., 2019).

The detrital zircon age pattern of the >1.45 
Ga Gezhencun succession is broadly compa-
rable with that of the lower Belt-Purcell Su-
pergroup from the western border of Laurentia 
(Figs. 10A and 10B) and the Pandurra Formation 
and the Inorunie Group from the eastern mar-
gin of Northern Australia-Mawson continent 
(Figs.  10C and 10D). These units developed 
along the proposed rift zone resulting in break-
up of Nuna (Pisarevsky et al., 2014). They show 
major 1900–1500 Ma age populations with two 

peaks at 1780 Ma and 1580 Ma, and minor 
2700–2400 Ma populations. The εHf(t) values of 
Paleo-Mesoproterozoic zircon grains from the 
Gezhencun succession display a similar range 
to those of coeval grains from the lower Belt-
Purcell Supergroup (Fig. 8). Two basins share a 
source region(s) of similar age that experienced 
two pulses of magmatism at ca. 1780 Ma and 
ca. 1580 Ma, and is consistent with their paleo-
geographic linkage within Nuna. No Hf isotopic 
data is available for zircon from the Inorunie 
Group in Northern Australia and the Pandurra 
Formation in the Mawson continent. The range 
in U-Pb ages and εHf(t) values of Paleoprotero-
zoic zircon grains is consistent with those grains 
from Paleoproterozoic basement rocks in the 
Yavapai, Mazatzal, and Mojave provinces of 
southwest Laurentia and their possible extension 
in the Mawson continent (Fig. 8, Mulder et al., 
2015; Goodge et al., 2017). The U-Pb ages and 
Hf isotopic data of Mesoproterozoic grains are 
similar to those of coeval zircon grains derived 
from the Mawson continent (Fig. 8, this study; 
Doe et al., 2013). Although the ca. 1550 Ma age 
determined in this study for the granitic gneiss 
in Hainan Island matches the age peak in the 
metasedimentary rocks, their εHf(t) values are 
lower than those from detrital zircon grains of 
this age (Fig. 8). Thus, the local igneous rocks on 
Hainan Island cannot alone account for the age 

Figure 9. Paleogeographic re-
construction showing correla-
tions of Hainan Island (South 
China), East Antarctica, Aus-
tralia, and Laurentia at ca.1.45 
Ga and Paleoproterozoic– 
Mesoproterozoic sedimentary 
basins relevant to this study 
(modi!ed from Mulder et al., 
2015; Furlanetto et  al., 2016; 
Goodge et al., 2017). Grey ar-
rows show hypothetical trans-
port pathways of sediments 
from western sources located 
in the North Australia Craton 
(NAC), South Australia Cra-
ton (SAC), and East Antarctic 
before ca. 1.45 Ga. Black ar-
rows show hypothetical trans-
port pathways of sediments 
from southern sources in the 
Mojave, Yavapai-Mazatzal, 
and granite-rhyolite  provinces 
of the southwestern United 
States and the southern Maw-
son continent after ca. 1.45 Ga 
when 1.61–1.50 Ga sources 

were removed from western Laurentia by rifting at the same time as regional orogenesis in southern Laurentia. WAC—the West 
Australia Craton.
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craton (Cherry et al., 2017), and the 1.45–1.33 
Ga lower-middle Rocky Cape Group in Tas-
mania (Halpin et al., 2014; Mulder et al., 2015) 
(Fig. 9). The new zircon and monazite data pre-
sented here demonstrate that the Gezhencun and 
Ewenling successions in the Baoban Complex 
were deposited in the ranges of 1.55–1.45 Ga 
and 1.45–1.30 Ga, respectively, coeval with the 
successions developed in the western Laurentia, 
Mawson, and North Australia blocks.

Due to incomplete "eld outcrops and intense 
deformation and metamorphism, it is dif"cult 
to determine the original sedimentary record 
of the Baoban Complex, and its potential link-
ages with coeval successions in other regions. 
However, previous studies utilizing detrital zir-
con age data have made important contributions 
to assessing provenance, paleogeography, and 
tectonic reconstructions. Here we employ this 
method to interpret the stratigraphic record of 
metasedimentary rocks in the Baoban Complex.

Compiled detrital zircon data from the Me-
soproterozoic sedimentary basins distributed 
in Hainan Island, western Laurentia and North 
Australia-Mawson continent are shown in 
 Figure 10. Comparisons are limited to units with 
similar depositional age ranges to the Gezhencun 
paragneiss and Ewenling schist (Table DR1). 
The lower parts of the Belt-Purcell (Lower Belt, 
Ravalli, Piegan groups in ascending order), PR1, 

Yankee Joe/Hess Canyon-De"ance and Trampas 
basins in western Laurentia, deposited between 
1.47 and 1.45 Ga, contain abundant westerly-
sourced non-Laurentian detrital zircons with 
ages between 1.61 Ga and 1.50 Ga correspond-
ing to the NAMG (Fig. 10). Distribution of the 
globally rare ca. 1.61–1.50 Ga magmatism along 
the eastern margin of North Australia-Mawson 
continent (Condie et al., 2009) suggests a sedi-
mentary and tectonic linkage between western 
Laurentia and Northern Australia-Mawson con-
tinent between ca. 1.6 Ga and 1.4 Ga (Fig. 9, 
Ross et al., 1992; Ross and Villeneuve, 2003; 
Link et al., 2007; Stewart et al., 2010; Daniel 
et al., 2013; Doe et al., 2012, 2013; Medig et al., 
2014; Jones et al., 2015). The available paleo-
magnetic data are consistent with this con"gu-
ration (Pisarevsky et al., 2014; Pehrsson et al. 
2016; Kirscher et al., 2019).

The detrital zircon age pattern of the >1.45 
Ga Gezhencun succession is broadly compa-
rable with that of the lower Belt-Purcell Su-
pergroup from the western border of Laurentia 
(Figs. 10A and 10B) and the Pandurra Formation 
and the Inorunie Group from the eastern mar-
gin of Northern Australia-Mawson continent 
(Figs.  10C and 10D). These units developed 
along the proposed rift zone resulting in break-
up of Nuna (Pisarevsky et al., 2014). They show 
major 1900–1500 Ma age populations with two 

peaks at 1780 Ma and 1580 Ma, and minor 
2700–2400 Ma populations. The εHf(t) values of 
Paleo-Mesoproterozoic zircon grains from the 
Gezhencun succession display a similar range 
to those of coeval grains from the lower Belt-
Purcell Supergroup (Fig. 8). Two basins share a 
source region(s) of similar age that experienced 
two pulses of magmatism at ca. 1780 Ma and 
ca. 1580 Ma, and is consistent with their paleo-
geographic linkage within Nuna. No Hf isotopic 
data is available for zircon from the Inorunie 
Group in Northern Australia and the Pandurra 
Formation in the Mawson continent. The range 
in U-Pb ages and εHf(t) values of Paleoprotero-
zoic zircon grains is consistent with those grains 
from Paleoproterozoic basement rocks in the 
Yavapai, Mazatzal, and Mojave provinces of 
southwest Laurentia and their possible extension 
in the Mawson continent (Fig. 8, Mulder et al., 
2015; Goodge et al., 2017). The U-Pb ages and 
Hf isotopic data of Mesoproterozoic grains are 
similar to those of coeval zircon grains derived 
from the Mawson continent (Fig. 8, this study; 
Doe et al., 2013). Although the ca. 1550 Ma age 
determined in this study for the granitic gneiss 
in Hainan Island matches the age peak in the 
metasedimentary rocks, their εHf(t) values are 
lower than those from detrital zircon grains of 
this age (Fig. 8). Thus, the local igneous rocks on 
Hainan Island cannot alone account for the age 

Figure 9. Paleogeographic re-
construction showing correla-
tions of Hainan Island (South 
China), East Antarctica, Aus-
tralia, and Laurentia at ca.1.45 
Ga and Paleoproterozoic– 
Mesoproterozoic sedimentary 
basins relevant to this study 
(modi!ed from Mulder et al., 
2015; Furlanetto et  al., 2016; 
Goodge et al., 2017). Grey ar-
rows show hypothetical trans-
port pathways of sediments 
from western sources located 
in the North Australia Craton 
(NAC), South Australia Cra-
ton (SAC), and East Antarctic 
before ca. 1.45 Ga. Black ar-
rows show hypothetical trans-
port pathways of sediments 
from southern sources in the 
Mojave, Yavapai-Mazatzal, 
and granite-rhyolite  provinces 
of the southwestern United 
States and the southern Maw-
son continent after ca. 1.45 Ga 
when 1.61–1.50 Ga sources 

were removed from western Laurentia by rifting at the same time as regional orogenesis in southern Laurentia. WAC—the West 
Australia Craton.
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particular, within the Priest River complex, younger than ca. 1800 Ma 
coarse strata of the Gold Cup Quartzite overlie Clearwater Block Base-
ment (Lewis et al., 2020). Detrital zircon U–Pb and Lu–Hf components 
from the Gold Cup Quartzite consist of two main age components. An 
older ca. 2670 Ma population with CHUR-like εHft values concentrated 
around +1, and younger ca. 1900–1750 Ma grains, with main age-peaks 
at ca. 1860 and 1800 Ma. These Paleoproterozoic zircon grains have a 
wide range of εHft values with the greatest density showing evolved εHft 
values between −4 and −8 (Fig. 9; Brennan et al., 2021). These isotopic 
results from the detrital zircon grains, including the trace element 
constraints for sample 67DTB19, are a good match for the basement 
rocks within the Clearwater Block and are consistent with our suggested 
crustal evolution trend. These similarities support prior interpretations 
that the Gold Cup Quartzite was sourced from proximal Laurentian 
basement sources primarily within the Clearwater and Medicine Hat 
Blocks (Doughty and Chamberlain, 2008; Buddington et al., 2016; 
Brennan et al., 2021). 

In the Priest River region, finer-grained strata of the ca. 1480–1380 
Ma Belt Supergroup overlie strata of the Gold Cup Quartzite. Brennan 
et al. (2021) sampled Prichard and Ravalli Group strata from the 
stratigraphically lower portion of the Belt Supergroup approximately 50 

km to the west of the Priest River complex basement exposures. These 
samples contained a spread of ca. 1750–1470 Ma detrital zircon grains, 
including a significant portion of grains with ages within the ca. 
1610–1490 Ma NAMG. These NAMG-age grains have predominately 
juvenile (+εHft) values. Consequently, the evolved εHft = −5.1 to −9.3 
values within the ca. 1580 Ma Laclede Gneiss, make it a poor Lu–Hf 
match for the NAMG-age detrital grains within nearby Belt Supergroup 
strata (Fig. 9). In addition to the Lu–Hf mismatch, the trace element data 
from the Laclede Gneiss (sample 37DTB19) also match poorly with that 
of the detrital grains (Figs. 8, 9). Consequently, interpretations of an 
exotic source for these detrital grains (Ross and Villeneuve, 2003; Fan-
ning et al., 2009; Box et al., 2020; Brennan et al., 2021) remains a valid 
hypothesis. Additionally, the non-Laurentian source for the similar, ju-
venile (+εHft) NAMG-age detrital zircon populations found in coeval ca. 
1450 Ma Hess Canyon, Trampas basins in southwestern Laurentia also 
remains valid (Doe et al., 2012, 2013; Jones et al., 2015). 

Southeastern Australia, notably the Gawler Craton, records wide-
spread magmatism in pulses from ca. 1900 to 1500 Ma, which include: 
1) the ca. 1850–1790 Ma Donington–Myola Suite (Fanning et al., 1988; 
Reid et al., 2008), 2) the ca. 1770–1740 Ma McGregor Volcanics and 
associated suites (Fanning et al., 1988), 3) the 1620–1605 Ma St Peter 

Fig. 11. A) Timing of Paleoarchean to early 
Mesoproterozoic magmatism for the main 
Archean blocks of western Laurentia and 
proposed conjugate blocks within Nuna 
shown in kernel density estimate plots with 
25 Ma bandwidths. The main ca. 2670, 1860 
and 1580 Ma ages of Clearwater Block 
magmatism are indicated in orange. Age 
peak labels are rounded to the nearest 5 Ma. 
Sources are compiled in the supplementary 
but include: Grouse Creek (Link et al., 2017); 
Farmington Zone (Mueller et al., 2011); 
Great Falls Tectonic Zone (Mueller et al., 
2002; Foster et al., 2006; Gifford et al., 
2018); Wyoming Craton (Frost and Fanning, 
2006; Frost et al., 2006; 2017; Mueller et al., 
2010); Medicine Hat Block (Gifford et al., 
2020); Clearwater Block (Vervoort et al., 
2016; this work); Monashee complex 
(Crowley et al., 1999); Gawler Craton (Reid 
and Payne, 2017 and references within; 
Hartnady et al., 2020); East Antarctica 
(Goodge and Fanning, 2016; Goodge et al., 
2017); the Cathaysia Block of South China 
(Zhang et al., 2021 and references within); 
and Hainan Island of South China (Xu et al., 
2019). B) Paleogeographic reconstruction of 
Nuna (after Goodge et al., 2017; Kirscher 
et al., 2019, 2021; Pisarevsky et al., 2014) 
with the extent of our proposed ca. 1580 Ma 
plume, NAMG-age (North American 
Magmatic Gap) felsic magmatism (indicated 
by star symbols), and Laurentian basins 
containing NAMG-age detrital zircon (indi-
cated by tetragonal crystal symbol; for Hess 
Canyon and Trampas basins, see Doe et al., 
2012; 2013; Jones et al., 2015, for PR1 basin 
see Medig et al., 2014) shown. A more 
detailed map of western Laurentia’s base-
ment framework is shown in Fig. 1A.   

D.T. Brennan et al.                                                                                                                                                                                                                             
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Fig. 7. Middle Mesoproterozoic evolution of western Laurentia and its evolving ties to eastern Australia – eastern Antarctica as part of
supercontinent Columbia (starting figure modified from Medig et al. 2014). (a) At 1.45 Ga, eastern Australia – eastern Antarctica serves as the
main detrital source to incipient rift basins in western North America from northern Yukon (PR1 basin) to the USA–Canada border
(Belt–Purcell basin) and nearly to the USA–Mexico border (Yankee Joe and Trampas basins). The Yukon basin sediment was primarily derived
from 1.5 Ga plutonic rocks in the Mt. Isa region (Medig et al. 2014), whereas the basins to the south were dominated by (Belt–Purcell) or had
smaller contributions from (Yankee Joe–Trampas) 1.60–1.55 Ga plutonic rocks of the Mawson Continent and eastern Northern Australia
cratons. (b) From 1.45–1.39 Ga, northern Australia begins to rotate counterclockwise away from western Laurentia, whereas eastern Antarctica
remains attached to Laurentia in the present-day southwestern USA (Stewart et al. 2010). Magmatism, uplift, and exhumation in the Yavapai–
Mazatzal province (Jones et al. 2015), as well as in eastern Antarctica (Goodge et al. 2008), produce a flood of detritus in north-flowing rivers
that deliver sediment to the Missoula and Lemhi Groups in the Belt–Purcell basin. At the end of that period, a last gasp of distinctive 1.58 Ga
zircon from the northern Mawson craton flows eastward into the western edge of the Belt–Purcell basin (this paper). (c) From 1.37–1.30 Ga,
northern and southern Australia continue to rotate counterclockwise away from Laurentia, beginning to open a wedge-shaped ocean basin
between them, as suggested by pervasive intrusion of partial melts of upwelling asthenosphere in northern Yukon. The Deer Trail basin
overlaps the western edge of the Belt–Purcell basin and continues to receive sediment from the south. Preliminary detrital zircon Hf isotopic
data (Brennan et al. 2019) suggest that eastern Antarctica may still be contributing sediment to the basal strata (Togo Formation) of the Deer
Trail Group and that Antarctica remains attached to Laurentia in the southwestern USA at least until ca. 1.36 Ga. The presence of a single
pluton of 1.58 Ma about 100 km east of Chewelah in the Eocene Priest River metamorphic core complex (Evans and Zartman 1990) may
indicate that a fragment of the western sediment-source craton was left behind with western Laurentia during the pre-Deer Trail rifting.
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Fig. 7. Middle Mesoproterozoic evolution of western Laurentia and its evolving ties to eastern Australia – eastern Antarctica as part of
supercontinent Columbia (starting figure modified from Medig et al. 2014). (a) At 1.45 Ga, eastern Australia – eastern Antarctica serves as the
main detrital source to incipient rift basins in western North America from northern Yukon (PR1 basin) to the USA–Canada border
(Belt–Purcell basin) and nearly to the USA–Mexico border (Yankee Joe and Trampas basins). The Yukon basin sediment was primarily derived
from 1.5 Ga plutonic rocks in the Mt. Isa region (Medig et al. 2014), whereas the basins to the south were dominated by (Belt–Purcell) or had
smaller contributions from (Yankee Joe–Trampas) 1.60–1.55 Ga plutonic rocks of the Mawson Continent and eastern Northern Australia
cratons. (b) From 1.45–1.39 Ga, northern Australia begins to rotate counterclockwise away from western Laurentia, whereas eastern Antarctica
remains attached to Laurentia in the present-day southwestern USA (Stewart et al. 2010). Magmatism, uplift, and exhumation in the Yavapai–
Mazatzal province (Jones et al. 2015), as well as in eastern Antarctica (Goodge et al. 2008), produce a flood of detritus in north-flowing rivers
that deliver sediment to the Missoula and Lemhi Groups in the Belt–Purcell basin. At the end of that period, a last gasp of distinctive 1.58 Ga
zircon from the northern Mawson craton flows eastward into the western edge of the Belt–Purcell basin (this paper). (c) From 1.37–1.30 Ga,
northern and southern Australia continue to rotate counterclockwise away from Laurentia, beginning to open a wedge-shaped ocean basin
between them, as suggested by pervasive intrusion of partial melts of upwelling asthenosphere in northern Yukon. The Deer Trail basin
overlaps the western edge of the Belt–Purcell basin and continues to receive sediment from the south. Preliminary detrital zircon Hf isotopic
data (Brennan et al. 2019) suggest that eastern Antarctica may still be contributing sediment to the basal strata (Togo Formation) of the Deer
Trail Group and that Antarctica remains attached to Laurentia in the southwestern USA at least until ca. 1.36 Ga. The presence of a single
pluton of 1.58 Ma about 100 km east of Chewelah in the Eocene Priest River metamorphic core complex (Evans and Zartman 1990) may
indicate that a fragment of the western sediment-source craton was left behind with western Laurentia during the pre-Deer Trail rifting.

ba

Supercontinent
Columbia

1.45 Ga

Super-
continent
Columbia

1.39 Ga

Laurentia

Northern
Australia

Belt-Purcell
basin

eANT sediment

swY-M sediment

cLAUR sediment

In
cip

ien

t

Ri
ft

Yavapai-Mazatzal

LaurentiaMawson
Continent

Mount Isa
1500 Ma
granitoids

Arunta/Musgrave
1590-1557 Ma

orthogneiss

Gawler
1595-1575 Ma

granitoids

Terre Adelie
1595 Ma

felsic 
volcanics

Transantarctic
Mountains
1580 Ma
granitoids

PR1 basin

Curnamona
1575-1555 Ma

granitoids

Belt-Purcell
basin

Trampas
basin

Yankee Joe
basin

Basins

Igneous sources
NAMG sediment

transport

e. Antarctica s. Australia

Mawson
Continent

Northern
Australia

c

Super-
continent
Columbia

1.37-1.30 Ga

Laurentia

1.37-1.30 Ga basin

N
ew

 o
ce

an
 b

as
in

? 

Pinguicula
basin

Deer Trail
basin

Yavapai-Mazatzal
?

Apache
basin

Pahrump
basin

ea
st

 A
nt

ar
ct

ic
a

Mawson
Continent

Northern
Australia

Box et al. 1421

Published by NRC Research Press

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f C

ol
or

ad
o 

Li
br

ar
ie

s o
n 

01
/2

1/
21

Fo
r p

er
so

na
l u

se
 o

nl
y.

 

Box et al., Can. J Earth Sci, 2020

Columbia = Nuna in other papers



Fig. 7. Middle Mesoproterozoic evolution of western Laurentia and its evolving ties to eastern Australia – eastern Antarctica as part of
supercontinent Columbia (starting figure modified from Medig et al. 2014). (a) At 1.45 Ga, eastern Australia – eastern Antarctica serves as the
main detrital source to incipient rift basins in western North America from northern Yukon (PR1 basin) to the USA–Canada border
(Belt–Purcell basin) and nearly to the USA–Mexico border (Yankee Joe and Trampas basins). The Yukon basin sediment was primarily derived
from 1.5 Ga plutonic rocks in the Mt. Isa region (Medig et al. 2014), whereas the basins to the south were dominated by (Belt–Purcell) or had
smaller contributions from (Yankee Joe–Trampas) 1.60–1.55 Ga plutonic rocks of the Mawson Continent and eastern Northern Australia
cratons. (b) From 1.45–1.39 Ga, northern Australia begins to rotate counterclockwise away from western Laurentia, whereas eastern Antarctica
remains attached to Laurentia in the present-day southwestern USA (Stewart et al. 2010). Magmatism, uplift, and exhumation in the Yavapai–
Mazatzal province (Jones et al. 2015), as well as in eastern Antarctica (Goodge et al. 2008), produce a flood of detritus in north-flowing rivers
that deliver sediment to the Missoula and Lemhi Groups in the Belt–Purcell basin. At the end of that period, a last gasp of distinctive 1.58 Ga
zircon from the northern Mawson craton flows eastward into the western edge of the Belt–Purcell basin (this paper). (c) From 1.37–1.30 Ga,
northern and southern Australia continue to rotate counterclockwise away from Laurentia, beginning to open a wedge-shaped ocean basin
between them, as suggested by pervasive intrusion of partial melts of upwelling asthenosphere in northern Yukon. The Deer Trail basin
overlaps the western edge of the Belt–Purcell basin and continues to receive sediment from the south. Preliminary detrital zircon Hf isotopic
data (Brennan et al. 2019) suggest that eastern Antarctica may still be contributing sediment to the basal strata (Togo Formation) of the Deer
Trail Group and that Antarctica remains attached to Laurentia in the southwestern USA at least until ca. 1.36 Ga. The presence of a single
pluton of 1.58 Ma about 100 km east of Chewelah in the Eocene Priest River metamorphic core complex (Evans and Zartman 1990) may
indicate that a fragment of the western sediment-source craton was left behind with western Laurentia during the pre-Deer Trail rifting.
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Fig. 7. Middle Mesoproterozoic evolution of western Laurentia and its evolving ties to eastern Australia – eastern Antarctica as part of
supercontinent Columbia (starting figure modified from Medig et al. 2014). (a) At 1.45 Ga, eastern Australia – eastern Antarctica serves as the
main detrital source to incipient rift basins in western North America from northern Yukon (PR1 basin) to the USA–Canada border
(Belt–Purcell basin) and nearly to the USA–Mexico border (Yankee Joe and Trampas basins). The Yukon basin sediment was primarily derived
from 1.5 Ga plutonic rocks in the Mt. Isa region (Medig et al. 2014), whereas the basins to the south were dominated by (Belt–Purcell) or had
smaller contributions from (Yankee Joe–Trampas) 1.60–1.55 Ga plutonic rocks of the Mawson Continent and eastern Northern Australia
cratons. (b) From 1.45–1.39 Ga, northern Australia begins to rotate counterclockwise away from western Laurentia, whereas eastern Antarctica
remains attached to Laurentia in the present-day southwestern USA (Stewart et al. 2010). Magmatism, uplift, and exhumation in the Yavapai–
Mazatzal province (Jones et al. 2015), as well as in eastern Antarctica (Goodge et al. 2008), produce a flood of detritus in north-flowing rivers
that deliver sediment to the Missoula and Lemhi Groups in the Belt–Purcell basin. At the end of that period, a last gasp of distinctive 1.58 Ga
zircon from the northern Mawson craton flows eastward into the western edge of the Belt–Purcell basin (this paper). (c) From 1.37–1.30 Ga,
northern and southern Australia continue to rotate counterclockwise away from Laurentia, beginning to open a wedge-shaped ocean basin
between them, as suggested by pervasive intrusion of partial melts of upwelling asthenosphere in northern Yukon. The Deer Trail basin
overlaps the western edge of the Belt–Purcell basin and continues to receive sediment from the south. Preliminary detrital zircon Hf isotopic
data (Brennan et al. 2019) suggest that eastern Antarctica may still be contributing sediment to the basal strata (Togo Formation) of the Deer
Trail Group and that Antarctica remains attached to Laurentia in the southwestern USA at least until ca. 1.36 Ga. The presence of a single
pluton of 1.58 Ma about 100 km east of Chewelah in the Eocene Priest River metamorphic core complex (Evans and Zartman 1990) may
indicate that a fragment of the western sediment-source craton was left behind with western Laurentia during the pre-Deer Trail rifting.
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Figure 8. Stratigraphic columns for Proterozoic sedimentary sequences in the Transverse Ranges, showing relative
stratigraphic position of detrital zircon sample horizons. The Pinto Mountain Group is a siliciclastic-carbonate se-
quence that rests unconformably in the Paleoproterozoic basement in the Pinto Mountains and extends southeastward
into the Eagle Mountains (Eagle Mountains stratigraphic column adapted from mapping of Powell 1981). The Big
Bear Group is a siliciclastic sequence that rests unconformably on the Paleoproterozoic basement in the San Bernardino
Mountains (column adapted in part from mapping of Cameron 1981).

Mountains. The nomenclature for these metased-
imentary rocks evolved as workers recognized their
stratigraphic and structural complexity (see review
by Dibblee 1982). We have largely followed the
stratigraphic terminology of Stewart and Poole
(1975; Stewart 1972; Cameron 1981; Brown 1991;
figs. 8, 10), though structural and stratigraphic
problems remain. The lowest part of this metased-
imentary sequence includes quartzite and phyllite
of the Big Bear Group. The lowermost quartzite
unit in the Big Bear Group demonstrably overlies
Paleoproterozoic gneiss with angular unconfor-
mity. In the north central part of the range, the Big
Bear Group lies structurally above a sequence of
units correlative with the Cordilleran miogeocline,
including the Neoproterozoic-Cambrian boundary
interval in the upper Stirling Quartzite and over-
lying Wood Canyon Formation (Signor and Mount
1989; Corsetti and Hagadorn 2000) and overlying

Cambrian Zabriskie Quartzite, Carrara Formation,
and Bonanza King Formation. Marbles correlative
with the Cambrian Nopah, Devonian Sultan, Car-
boniferous Monte Cristo, and Permian Bird Spring
formations have also been identified in fault blocks
along the north-central range front (Brown 1991).

Metasedimentary rocks of the Big Bear Group are
primarily exposed surrounding Baldwin Lake (fig.
10). In the western two-thirds of the map area, Big
Bear Group quartzite and phyllite are generally up-
right, north to west striking, and lie above Paleo-
proterozoic gneiss. Although the contact between
these two rock units is commonly sheared, at sev-
eral localities upright basal conglomerate, pebbly
quartzite, or quartzite rest with angular unconfor-
mity on the underlying gneiss. Both the gneiss and
the overlying Big Bear Group are cut by gently to
moderately west-dipping normal faults. In the east-
ern third of the map area, north of Onyx Peak, over-
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Figure 9. Cumulative probability plot of ages of detrital
zircons from the Pinto Mountain Group (80 most con-
cordant zircons in four samples; for sample horizons, see
fig. 8). All four Pinto Mountain Group quartzites show
similar detrital zircon age distributions, defining a max-
imum depositional age of ca. 1630 Ma. Lightly shaded
bars show the range of ages of basement igneous rocks;
lack of ca. 1400–1450 Ma detrital zircons suggests that
the Pinto Mountain Group was deposited before 1450
Ma. Top panel compares age data for quartzite of Dog
Wash in the Joshua Tree terrane (19 most concordant
zircons). Inset shows Th and U contents of Dog Wash
zircons used to distinguish detrital from mixed and meta-
morphic age domains. Detrital zircons define a maxi-
mum depositional age of ca. 1730 Ma, and rims indicate
metamorphism before ca. 1636 Ma. This quartzite is thus
inferred to be a part of the Paleoproterozoic basement
rather than a deformed distal equivalent of the Pinto
Mountain Group.

turned quartzite and phyllite correlative with the
Big Bear Group are vertical to steeply west dipping
and are sandwiched structurally beneath gneisses
and above overturned uppermost Stirling Quartzite
and stratigraphically higher Cambrian units.

The map pattern of the metasedimentary rocks
suggests that the major structural feature of this

area is a northeast-vergent, overturned antiform in
the hanging wall of the moderately southwest-dip-
ping Doble fault. Big Bear Group quartzite on the
overturned limb of the antiform is apparently de-
tached from the underlying core of Early Protero-
zoic gneisses, since the consistent west-dipping fo-
liation and down dip lineation observed throughout
the gneisses (Barth et al. 2000) indicate a lack of
basement folding. The Big Bear Group thins north-
ward and becomes more moderately dipping as the
antiform is truncated at its northern limit by the
Doble fault. Regional relationships and the older
on younger geometry of the Doble fault indicate
that it originated as a reverse fault in Permo-Tri-
assic time. Northeast of Baldwin Lake, the fault
places Early Proterozoic gneiss above overturned
Cambrian Wood Canyon Formation and Zabriskie
Quartzite. Further to the southeast, apparent dis-
placement on the fault decreases, as the fault cuts
down section to place Big Bear Group quartzite
above uppermost Stirling Quartzite and Wood
Canyon Formation. Small-scale structures and
grain-shape preferred orientation in quartzite from
both the hanging wall and the footwall of the Doble
fault suggest that it was most recently active as a
normal fault.

Cameron (1981) suggested that the upper part of
the Big Bear Group, west of our study area, contains
a ca. 1-km-thick carbonate unit (Green Spot For-
mation). If Cameron’s stratigraphic interpretation
is correct, the Green Spot Formation is cut out by
the Doble fault. Alternatively, Powell et al. (1983)
suggested that the Green Spot Formation is Paleo-
zoic in age; if so, the offset across the southern
reach of the Doble fault near Onyx Peak may be
negligible. Further stratigraphic and geochemical
work on the Green Spot Formation is necessary to
resolve its age and stratigraphic position and better
constrain the magnitude of offset on the Doble
fault.

Structural data thus suggest that quartzite and
phyllite of the Big Bear Group originated strati-
graphically beneath rocks of the upper Stirling
Quartzite and Cambrian units. The lithologic char-
acter of this metasedimentary sequence—including
a thick, lower quartzite-dominated sequence strat-
igraphically beneath the Wood Canyon Forma-
tion—coupled with the lack of identified Ordovi-
cian and Silurian rocks suggests that the San
Bernardino Mountains region lay within the cra-
ton-miogeocline hinge zone in latest Proterozoic
and Paleozoic time (Stewart 1982; Bahde et al.
1997). Stratigraphic sequence, sedimentary struc-
tures, and paleocurrent data, however, suggest that
the Big Bear Group records a fundamentally differ-

Barth et al., J Geol., 2009

Two notes: No c. 1400 Ma zircons, so probably not that young. And no unusual zircons--exotic terrane not required (but not impossible, either).



modified from Whitmeyer and Karlstrom, 
Geosphere 2007

1.4 Ga plutonism really a SE US thing...

…though note that the Holland et al. paper identified some in SoCal not evident on this map. Also note this is during Belt deposition.
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magmatism in the 1380–1330 Ma Carrizo Mountain Group in
western Texas (Bickford et al., 2000). The Pioneer Shale-lower
Crystal Spring Formation may therefore be distal equivalents of
the Carrizo Mountain Group and together represent a once exten-
sive back arc basin system associated with convergence along the
southern margin of Laurentia at 1380–1320 Ma.

6.2.2. 1255–1230 Ma retroarc basin sedimentation
The Pioneer Shale is unconformably overlain by the Dripping

Springs Formation, which has a maximum depositional age of
1250 Ma based on our new detrital zircon data. This indicates that
a hiatus of at least 70 million years followed deposition of the
1340–1320 Ma distal back arc basin sequences of the Pioneer Shale
and lower member of Crystal Spring Formation. Uplift and erosion
during this hiatus may have removed much of the 1340–1320 Ma
back arc basin system and was followed by a change in the sedi-
mentary regime to widespread shallow water carbonate sedimen-
tation. Distinctive 100–500 m-thick sequences of intertidal to

subtidal, stromatolitic dolomite occur in all Late Mesoproterozoic
basins in southwest Laurentia except the poorly known Debaca
Group and Las Animas Formation (Fig. 2). Despite lacking the char-
acteristic stromatolitic intervals, we interpreted the thick dolomite
units in the lower Debaca Group to be correlative with the Late
Mesoproterozoic carbonate-bearing sequences elsewhere in south-
west Laurentia. These widespread carbonate sequences are likely
correlative with the Bass Formation in the Unkar Group, which
was deposited between 1255 and 1230 Ma based on the new detri-
tal zircon ages from sandstones in the upper Bass Formation, which
overlie a 1254.8 ± 1.6 Ma tuff (Timmons et al., 2005). The 1250–
1240 Ma tuffs in the carbonate sequences of western Texas (Allam-
oore Formation and Castner Marble) provide further support for
correlating the Late Mesoproterozoic carbonate-bearing sequences
of southwest Laurentia. Sedimentary structures indicating episodic
sub-aerial exposure and marine 87Sr/86Sr isotopic signatures from
the Castner Marble in western Texas (Pittenger et al., 1994) indi-
cate that deposition of the 1255–1230 Ma carbonate sequences

Fig. 6. Tectonic evolution of southwest Laurentia from 1255 Ma to 1070 Ma highlighting the relationship between tectonic events in the Grenville orogen and intracratonic
sedimentary basins. Symbols and colours for basement terranes, faults, and magmatic rocks as for Fig. 1. Blue arrows show approximate sedimentary dispersal patterns based
on provenance and paleocurrent data (see text for details). Insets show schematic southeast—northwest trending cross sections through Grenville orogen and intracratonic
basins: A) 1255–1230 Ma: retroarc basin formation, accommodation space created by coupling of convecting mantle above subduction zone and upper plate (cartoon
modified from DeCelles, 2012), sediments sourced from local basement and continental margin arc. B) 1230–1180: slab break off, uplift of 1255–1230 Ma carbonate
sequences, subduction zone reversal, mafic underplating leads to emplacement of Anorthosite-Magnerite-Charnockite-Granite suites in California. C) 1140–1100 Ma:
Foreland basin sedimentation during early stages of continent–continent collision in Llano uplift (central Texas), regional northeast-southwest directed extension,
accommodation space produced by loading of upper plate by thrust nappes, sediments sourced from local basement and structurally high parts of Grenville orogen.
Subduction continues in western Texas leading to clockwise rotation of colliding continent (Davis and Mosher, 2015). D) 1100–980 Ma: post-collisional magmatism and uplift
in the Llano uplift, 1150–1050 Ma mafic magmatism throughout southwest Laurentia. Continent-continent collision in western Texas at 1060–980 Ma. Proximal foreland
basin sedimentation in Hazel Formation at 1060–1035 Ma, cross section of collisional orogen modified from Garzanti et al (2004; for the Alps). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

J.A. Mulder et al. / Precambrian Research 294 (2017) 33–52 45Interaction with Grenville Orogeny

Mulder et al., pC Res., 2017

This is related to assembly of Rodinia—final accretionary event on SE side of Laurentia
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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Figure 3. Stratigraphic column of the Grand Canyon Supergroup showing geochronologic constraints and approximate ages (modifi ed from 
Elston, 1989). Mafi c intrusive rocks cross-cutting rocks of the Unkar Group are commonly associated with Cardenas magmatism. The 1600-m-
thick Chuar Group unconformably overlies the Nankoweap Formation and includes two main formations, the Galeros and Kwagunt Forma-
tions with seven members and several key marker beds (Dehler et al., 2001). Overlying the Chuar Group is the Sixtymile Formation.

Timmons et al., 2005
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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Figure 3. Stratigraphic column of the Grand Canyon Supergroup showing geochronologic constraints and approximate ages (modifi ed from 
Elston, 1989). Mafi c intrusive rocks cross-cutting rocks of the Unkar Group are commonly associated with Cardenas magmatism. The 1600-m-
thick Chuar Group unconformably overlies the Nankoweap Formation and includes two main formations, the Galeros and Kwagunt Forma-
tions with seven members and several key marker beds (Dehler et al., 2001). Overlying the Chuar Group is the Sixtymile Formation.
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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Figure 3. Stratigraphic column of the Grand Canyon Supergroup showing geochronologic constraints and approximate ages (modifi ed from 
Elston, 1989). Mafi c intrusive rocks cross-cutting rocks of the Unkar Group are commonly associated with Cardenas magmatism. The 1600-m-
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 development and burial of the disconformity 
by subsequent sedimentation.

In Vishnu Canyon, deposits of the Bass For-
mation are observed to thin dramatically onto 
the hanging wall of the monocline (Fig. 12). 
The reverse fault clearly offsets the lowermost 
deposits of the Bass Formation (including 
Hotauta Member) with no obvious changes in 
thickness. This is, however, not the case in the 
upper part of the section. On the west, the sec-
tion is thick, with multiple beds of conglomerate 
and sandstone. Correlative beds on the east side 
of the fault lack similar thickness of conglomer-
ate and sandstone; in fact, upper conglomerate 
beds thin to zero thickness, and sandstone 
beds thin to a few centimeters thick (Fig. 4). 
Furthermore, we observed soft sediment slump 
features and olistostrome deposits in associ-
ated carbonate and interbedded siliciclastic 
rocks over this same horizon (Fig. 12B–C). 
Sedimentary horizons in the Bass and Hakatai 
above the attenuated section do not show similar 
thickness changes, suggesting a hiatus in fault 
activity. Beds above the disturbed zone are, 
however, also folded by the monocline, imply-
ing renewed Proterozoic movement that post-
dated these upper deposits. The amplitude of the 
monocline diminishes into the Hakatai Shale, 
and the Tapeats Sandstone ultimately truncates 
the structure. Therefore movement across this 
structure took place during lower Bass deposi-
tion and again sometime between deposition of 
the Hakatai and Tapeats.

In the Bass Canyon monocline (Fig. 2), 
folding of bedding took place before Shinumo 
Sandstone deposition. The Bass Formation is 
tightly folded into a NW-facing monocline, 
with beds that are vertical to overturned. Strati-
graphic units within the Bass Formation are 
correlated across the structure without changes 
in facies distribution or thickness (Fig. 4), sug-
gesting movement after deposition of the Bass 
Formation. Farther upsection in the Hakatai 
Shale to Shinumo contact, we observe a well-
developed monocline with beds that dip as steep 
as 45° to the NW. Overlying Shinumo beds are 
in fault contact with this monocline but show no 
evidence of folding, suggesting this monocline 
dies out in the upper Hakatai. The monocline 
also is truncated by a NW-trending graben that 
juxtaposes undeformed diabase with overturned 
beds of the Bass Formation, further showing 
that the monocline predates 1100 Ma magma-
tism. Collectively these observations suggest 
that this monocline developed after deposition 
of the Bass Formation and before fi nal deposi-
tion of the Shinumo Sandstone.

The duration of contractional deformation 
remains diffi cult to determine. The apparent 
conformity of Dox with Shinumo deposition 

suggests that contraction was long-lived and 
lasted from at least 1250 Ma until ca. 1165 Ma 
(assuming little difference in age between 
Shinumo and Dox deposits). Huntoon and Sears 
(1975), report 183 m of east-side-up reverse-
sense movement along the Bright Angel fault 
zone after emplacement of ca. 1100 Ma diabase 
sills and dikes. If accurate, this would imply that 
contractional deformation was concurrent with 
diabase intrusion and orthogonal extensional 
deformation.

Unkar Group NE-SW Extension 
ca. 1250–1150 Ma

The main extensional deformation that tilted 
Grand Canyon Supergroup strata before depo-
sition of the Cambrian-age Tapeats Formation 
is well known (Powell, 1875; Walcott, 1889). 
Unkar Group rocks are cut by Proterozoic nor-
mal faults of variable displacement that strike 
NW and commonly form full or half grabens 
(Fig. 2). Unkar Group strata generally dip 
northeast toward steeply southwest-dipping 
normal faults and form coherent �20°-dipping 
tilt blocks with half-graben geometries.

The timing of this deformation has been 
variably interpreted as late Neoproterozoic 
(Elston, 1979) and late Mesoproterozoic 
(Sears, 1973). Our data are interpreted to sug-
gest that early extensional deformation over-
lapped with, but was generally younger than, 
contractional deformation, and that the main 

tilting and normal faulting of the Unkar Group 
took place before deposition of the ca. 900 Ma 
upper Nankoweap Formation and Chuar 
Group (Fig. 3). Mutually crosscutting relation-
ships between normal faults and diabase sills 
and dikes (Sears, 1973) suggest that mafi c 
magmatism at ca. 1.1 Ga overlapped in time 
with extensional faulting in the Unkar Group 
(Fig. 13A). Intraformational faults near the 
Palisades fault die out in the Cardenas Basalt 
(Fig. 13B). There is a 3°–5° angular uncon-
formity between the Unkar Group and Nan-
koweap Formation (Gebel, 1978; Fig. 13C), 
and in the Tanner graben several Unkar-age 
normal faults die out upsection in the Nan-
koweap Formation (Gebel, 1978; Fig. 13D). 
Some of these observations are discussed in 
more detail in the following.

The Palisades fault is a key fault for deci-
phering pre–Chuar Group extension (Fig. 2). 
The fault strikes 310° and dips steeply to the 
southwest. Proterozoic stratigraphic separation 
across this structure is ~1100 m down-to-the-
southwest after ~300 m of Laramide reverse 
slip is restored. Timmons et al. (2001) argued 
that the continuity of Butte fault hanging-wall 
strata and discontinuity of Butte fault footwall 
strata across the Palisades fault indicate that the 
Palisades fault is truncated by the Butte fault 
and that faulting and tilting of Unkar Group 
rocks predated Butte fault movement and Chuar 
Group deposition. Corollary observations 
of intraformational faults subordinate to the 

Truncated bedding

~1.2 m

Figure 11. Field photo of the ramp of a Precambrian monocline in Red Canyon. View is 
toward the NE, and beds of the uppermost Bass Formation dip gently to the NW. Sedimen-
tary pinch-outs of beds are observed indicating monoclinal development, and erosion of 
mildly deformed depositional surfaces was contemporaneous with deposition of the Bass 
Formation. The observed thinning of beds and sedimentary pinch-outs are interpreted 
to refl ect little or no structural thinning. All sedimentary facies show a thinning onto the 
monocline, and the gentle dips suggest little structural modifi cation. This suggests that NW-
directed shortening and deposition were synchronous.

Mild 1.2 Ga NE-
trending monocline
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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the underlying Cardenas Basalt and indicates 
exposure of the basalt (by faulting) during early 
Nankoweap deposition. The duration and tec-
tonic importance of the disconformities below, 
within, and at the top of the Nankoweap For-
mation remain poorly understood. We suggest, 
however, that the lower Nankoweap Formation 
records a continuation of Dox-age deposition 
and faulting that predates ca. 950 Ma deposition 
of the upper Nankoweap Formation.

The onset of extensional deformation in the 
Unkar Group has been diffi cult to determine, 
but may have begun early during Unkar depo-
sition. The Phantom graben (Fig. 2) is a NW-
striking symmetrical graben that juxtaposes 

rocks of the lower Unkar Group with basement 
metamorphic rocks. The Bass Formation at this 
location exhibits unusual thickness and facies 
changes suggestive of synsedimentary faulting. 
Figure 14 shows the Bass Formation through 
the lower Hakatai Shale bounded by faults that 
strike to the northwest. At the base of the sec-
tion, competent beds of dolomite are offset by 
intraformational normal faults. Fault offsets are 
estimated between 10 and 20 m of stratigraphic 
separation within the Bass Formation. Silici-
clastic beds of the upper Bass Formation are 
observed to be laterally continuous across the 
entire width of the graben, suggesting a trunca-
tion of subordinate fault sets. This suggests that 

contractional and extensional deformation were 
contemporaneous and record a single strain fi eld 
during Bass deposition.

Fault Kinematics

Orientations of normal faults in the Grand 
Canyon Supergroup are shown in Figure 15. 
Normal faults in the Unkar Group and Chuar 
Group occur in two main populations that 
have northwest to north strikes and are steeply 
dipping. These faults are Precambrian in age, 
because large offset normal faults can be traced 
to the Tapeats or older sedimentary unit contact 
where they are truncated, and in Phanerozoic 

3003000, 65S, 65S Chuar Group 

Nankoweap Formation

Ochoa Point,
Dox

Comanche
Point, Dox

Dox Dox

Cardenas
Basalt

Cardenas

Tapeats
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Nankoweap Formation

Cardenas Basalt

Tapeats

Cardenas

Ochoa Point, Dox

Ochoa Point, Dox

Ochoa

Escalante Creek,
Dox

A B

C D

0.4 m

Figure 13. Field photo mosaic showing important fi eld relationships documenting syn-Unkar and Nankoweap faulting. (A) Diabase sill that 
is both offset by and intrudes minor faults that parallel major Unkar-age faults in the area, indicating that intrusion of the diabase sill and 
normal faulting were concurrent. (B) Intraformational faults in the Tanner graben. Subordinate faults offset Unkar rocks by tens of meters; 
however, faults can be traced upsection into the Nankoweap Formation, where fault slip diminishes to zero. These faults record Unkar-style 
deformation that postdates eruption of Unkar basalt but predates deposition of the upper Nankoweap Formation and Chuar Group; view is 
toward the west. (C) Intraformational faults in Cardenas Basalt proximal to the Palisades fault. Subordinate faults offset the Dox-Cardenas 
contact by ~10–20 m, and can be traced through the lower Cardenas, but do not offset a sandstone marker bed in the Cardenas, suggesting 
normal faulting and mafi c magmatism were concurrent; view is toward the southeast. (D) Angular unconformity between the Cardenas 
Basalt and overlying Nankoweap Formation.
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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thick Chuar Group unconformably overlies the Nankoweap Formation and includes two main formations, the Galeros and Kwagunt Forma-
tions with seven members and several key marker beds (Dehler et al., 2001). Overlying the Chuar Group is the Sixtymile Formation.
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on color changes and topographic expression 
(Stevenson, 1973). Marker beds generally are 
absent with the exception of a zone of contorted 
bedding near the base that may suggest a con-
tinuation of Shinumo-age seismicity, and two 
beds in the Comanche Point Member, a convo-
lute sandstone bed and a thin (30 cm) carbonate 
bed (Stevenson, 1973).

The Dox Formation is interpreted here as a 
marginal marine deltaic to tidal fl at sequence 
that records a regression from marine Shinumo 
followed by transgression within the Dox For-
mation. Fluvial-dominated distributary chan-
nel deposits with unidirectional paleocurrent 
indicators dominate the base of the Dox section 
(Escalante Creek Member; Fig. 5). Upper mem-
bers of the Dox Formation record the transition 
from channel sandstone beds in intrafl uvial 
mudstones to thin-bedded sheet sand deposits 
with wave-ripples that are mud-draped and 

mud-cracked. Uppermost beds are interpreted 
as tidal-dominated mud-fl at facies.

The contact between the Dox Formation and 
Cardenas Basalt shows interfi ngering of basalt 
fl ows with Ochoa Point sandstone and mud-
stone. Small folds and load structures beneath 
the basalt, and intrafl ow red-bed sandstone 
beds through the Cardenas section (Hendricks, 
1972; Stevenson, 1973) suggest that basaltic 
volcanism was contemporaneous with red-bed 
deposition.

The Cardenas Basalt is ~300 m thick and 
consists of >10-m-thick fl ow units (Hendricks, 
1972). Three marker layers are described as 
informal members: the bottle-green member, 
fan-jointed member, and lapillite member (Luc-
chitta and Hendricks, 1983). Hyaloclastite of 
the bottle-green member is ~90 m thick, highly 
altered, and contains secondary chlorite, epi-
dote, talc, and zeolites. Basaltic andesite (~50 m 

thick) comprises the fan-jointed member with 
porphyritic to aphanitic and vesicular textures 
(Hendricks and Lucchitta, 1974). The lapillite 
member ranges in thickness from a few meters 
to several tens of meters thick and is composed 
of scoriaceous lapilli and blocks (~10 cm) and 
volcanic bombs (<1 m) in matrix, suggesting 
proximity to a vent location (Lucchitta and 
Hendricks, 1983). The lapillite member is 
interbedded with massive fl ows of basalt that 
comprise the remaining thickness of the Carde-
nas Basalt.

Intrusive rocks of the Unkar Group are similar 
in mineralogy and chemistry to the basalts, sug-
gesting that intrusive and extrusive rocks were 
coeval and shared a common source. Intrusive 
rocks occur as dikes and sills within the Unkar 
Group, with sills ranging in thickness from a 
few tens of meters to 300 m; dikes typically are 
much thinner and locally follow fault planes. 
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0.76 Ga extension
(e.g., 700m slip on 

Butte Fault)
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Figure 9. View looking northwest at Tanner Rapids from Tanner Trail shows that faults
that predate the Chuar Group in the Tanner graben cut the lower Nankoweap Formation
and Unkar Group, but are covered by upper Nankoweap Formation and Chuar Group.

Figure 10. Intraformational fault in the
Carbon Canyon Member in Nankoweap
Canyon documenting synsedimentary nor-
mal faulting. View is to the southeast. Note
that displacement decreases up-section to
zero.

NANKOWEAP EXTENSION:
MULTIPLE UNCONFORMITIES?

Evidence for extensional deformation is re-
corded by unconformities and intraformational
faults in the Nankoweap Formation. Elston
and Scott (1973) and Elston (1993) reported a
major unconformity within the Nankoweap
Formation and suggested that faulting and ero-
sion preceded deposition of the upper member
of that formation. Intraformational normal
faults within the Tanner graben are truncated
by strata of the upper Nankoweap Formation
and Chuar Group (Fig. 9), suggesting exten-
sion during early phases of Nankoweap de-
position. Adjacent to major faults, such as the
one in Basalt Canyon, sedimentary beds pinch
out against the fault. Extension recorded with-
in lower Nankoweap strata may be a contin-
uation of Unkar-related extension, as support-
ed by the similarity between red beds in the
Dox Formation, intraflow red beds in the Car-
denas Lavas, and red beds of the lower Nan-
koweap Formation (Elston, 1979). The dura-
tion and tectonic importance of the
disconformities below, within, and at the top
of the Nankoweap Formation remain poorly
understood.

CHUAR GROUP EXTENSION AND
BUTTE FAULT (Ca. 800–740 Ma):
NORTH-TRENDING GROWTH FAULT
AND GROWTH SYNCLINE

The Butte fault is a normal fault striking
north-northwest and dipping 60�–70�W that
truncates the east side of the Chuar Group for

an exposed strike length of ⇥18 km (Fig. 4).
It records the largest displacement and longest
history of tectonism of any extensional fault
in the Grand Canyon. Proterozoic stratigraphic
separation across the Butte fault is as much as
1800 m down-to-the-west just north of the
Palisades fault (Fig. 8) (after restoring 300 m
of Laramide west-side-up movement). This
maximum Proterozoic stratigraphic separation
combines the effects of both Butte fault and
Palisades fault normal slip.
Our interpretation of the fault relationships

in the Palisades fault and Butte fault area is
that the Butte fault crosscuts a system of
northwest-striking normal faults and related
tilted blocks of Unkar Group strata (Fig. 8).
This interpretation is supported by character-
istic northwest-stepping jogs along the trace
of the Butte fault. These are found where fault
slivers of Unkar Group strata (upper Dox For-
mation and Cardenas Lavas) are present along
the fault in Lava Chuar, Sixtymile, and Nan-
koweap Canyons. We propose that these
northwestward deflections of the Butte fault
follow buried older faults like the Palisades
fault. This overprinting may also explain the
variable plunge of the Chuar syncline (Fig. 4).
Arches along the syncline axis coincide with
the projection of the northwest-striking faults.
Syncline troughs where Sixtymile Formation
strata are preserved are located over the hang-
ing wall of hypothesized preexisting half gra-
bens (Fig. 8).
One fault in the Chuar Group strikes at a

high angle to the Butte fault (Fig. 4). This
fault, in northernmost Lava Chuar Canyon,

dips to the north and has north-side-down
sense of movement. Our mapping suggests
that this fault and related northwest-striking
structures accommodated differential exten-
sion along the Butte fault, caused the doubly
plunging nature of the Chuar syncline, and
were likely inherited from an older northwest-
striking fault system that was initiated at the
time of Unkar deposition (Fig. 8).
Numerous subordinate normal faults in the

Chuar Group are consistent with one main
population of conjugate faults striking parallel
to the Butte fault. Proterozoic faults (over-
lapped by Cambrian strata) invariably have
normal-sense stratigraphic separation and pre-
dominantly dip slip. For example, in Nankow-
eap Canyon, the Butte fault splits into multi-
ple segments, all overlain by Cambrian strata
(Fig. 4). Stratigraphic separation across indi-
vidual faults increases to the west. This step-
ping of the fault to the west can be traced
south to Sixtymile and Lava Chuar Canyons
where remnants of the earlier Unkar tilt blocks
are preserved in fault slivers near a major
northwest-trending segment of the Butte fault
(Fig. 8). Subordinate faults, which in some
cases are intraformational (Fig. 10), document
synsedimentary movement.
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syndepositional tectonic events, which have
enabled the definition of several tectonostrati-
graphic units (Summa, 1993; Prave, 1999;
MacDonald et al., 2013). The middle and upper
members of the Crystal Spring Formation are
separated by an unconformity (Fig. 1B), which
was first recognized locally by Maud (1979,
1983), and later mapped regionally by Mbuyi &
Prave (1993). The extent of missing time was
quantified by Mahon et al. (2014a) using detrital
zircons from sandstones directly overlying the
unconformity, suggesting a depositional hiatus
of at least 300 Ma. The significant time gap and
the lithological and stratigraphic differences
above and below the unconformity encouraged
Mahon et al. (2014b) to separate the ‘carbonate –
terrigenous member’ from the Crystal Spring
Formation, thus defining the Horse Thief
Springs Formation. This Formation comprises
the siliciclastic – carbonate units defined by
Maud (1979, 1983) from the top of the unconfor-
mity to the base of the Beck Spring Dolomite.
Mahon et al. (2014b) hypothesized that the
unconformity separating the Crystal Spring from
the Horse Thief Springs Formation records a
period of tectonic quiescence in the western
Laurentian margin between 1070 Ma and

780 Ma, and that Horse Thief Springs strata
represent extensional tectonism during the onset
of the breakup of Rodinia between ca 780 Ma
and 740 Ma (Mahon et al., 2014a, b). The Horse
Thief Springs Formation has a mostly con-
formable contact to the Beck Spring Dolomite,
which consists predominantly of dolomite and
has been interpreted as being deposited in a
shallow subtidal to peritidal marine environ-
ment (Harwood & Sumner, 2011).

MATERIALS AND METHODS

Stratigraphy, sample collection and
petrography

Two sections with 260 m of continuous expo-
sure were selected for logging the Horse Thief
Springs Formation. The first section is located
in Beck Canyon of the Kingston Range
(35°47.4780N, 115°55.5740W), the second section
is located in the Alexander Hills (35°46.1980N,
116°07.2780W, Fig. 1A). The two sections are
well-exposed in gullies that run from the bottom
of the Beck Spring Dolomite to the Crystal
Spring Formation in both localities. Sedimentary

Fig. 1. (A) Simplified geological map of the Death Valley region showing outcrops of the Pahrump Group and the
two study areas, after MacDonald et al. (2013) and Shuster et al. (2018). (B) Generalized stratigraphy of the Pah-
rump Group within and around the study area in Death Valley (after Mahon et al., 2014a).
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(Miller, 1983), iron-formations are associated 
with glacial diamictites, and Yeo (1981) sug-
gested that these iron-rich rocks formed close to 
an area of submarine volcanism and rifting. I 
propose that faulting during Kingston Peak de-
position was associated with continental rifting. 

INTERPRETATION AND 
ENVIRONMENTAL SYNTHESIS 

The lithologic heterogeneity of the Limekiln 
Spring Member, coupled with its uneven distri-
bution and abrupt lateral thickness and fades 
changes, shows that deposition took place in 
local basins, possibly along the faulted edge of a 
larger basin (N. Christie-Blick, 1985, written 
commun.). Clasts in Limekiln Spring conglom-
erate and diamictite beds indicate that Beck 
Spring Dolomite, Crystal Spring Formation, 
and older Proterozoic rocks were being eroded 
simultaneously. This, together with local thin-
ning of the lower units, demonstrates that at 
least two topographic highs existed prior to and 

during early deposition of the member. One was 
in the vicinity of Pleasant and Happy Canyons 
and is referred to as "World Beater Dome" 
(Fig. 3); the other was close to Goler Wash and 
Coyote Canyon. The thickest deposits and there-
fore the deepest depressions lay west of the 
structural highs. The one encompassing Surprise 
Canyon was probably bounded to the south by 
World Beater Dome, and the Goler Wash-
Coyote Canyon basin, of unknown northward 
extent, was probably distinct from a small one 
about 2 km south of Goler Wash. 

Coarse debris at the base of the Limekiln 
Spring Member was locally derived. Near Goler 
Wash and Coyote Canyon, the debris included 
lower Proteroic gneiss and quartzite, probably 
from the Crystal Spring Formation, whereas 
north of Happy Canyon, Beck Spring Dolomite 
debris dominated. There, initial Limekiln Spring 
Member deposition was transitional from Beck 
Spring Dolomite conditions and probably was 
associated with foundering and faulting of the 
western edge of a dolomite platform. North of 

Jail Canyon, typical Beck Spring Dolomite is 
not present, and limestone at the base of the 
Kingston Peak Formation may represent a 
deeper-water equivalent of the platform 
dolomite. 

Overlying fine-grained sedimentary rocks re-
cord quiet conditions. The abundance of sulfide 
minerals and the relatively large amount of free 
carbon in parts of the argillaceous unit imply 
accumulation in restricted basins under anaer-
obic conditions (Carlisle and others, 1980). 
Close to Coyote Canyon and Goler Wash, 
quartzose sandstone and diamictite were subse-
quently interbedded with the fine-grained rocks. 
I interpret the diamictite as subaqueous mass-
flow deposits or as lodgment till. Either glacially 
derived debris episodically slumped into the 
basin, or oscillation of the ice margin juxtaposed 
till and thin-bedded sediment laid down in quiet 
water (Fig. 20Ai). Lonestones were dropped by 
icebergs. Clasts in the diamictite show that the 
source region nearby was dominantly lower 
Pahrump Group rocks. In the Telescope Peak 
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and Rodinia supercontinents. As shown in Fig. 21, which compares key
Proterozoic orogenic, depositional and magmatic events in East Ant-
arctica, Australia and Laurentia, the three cratonic regions share a

common history between about 1.85 and 1.06 Ga. A punctuated se-
quence of geotectonic events linking these regions is shown not only by
strikingly similar ages of orogenic, depositional, and igneous events,

(caption on next page)

J.W. Goodge et al. 3UHFDPEULDQ�5HVHDUFK���������������²���

���Fig. 21. Comparison of major orogenic, sedimentation and magmatic events in East Antarctica, Australia, and western Laurentia. Ages of igneous glacial clasts from this study 
shown by circles as in Fig. 20; inferred presence of East Antarctic crust with these ages shown by circles with dashed outlines. Cratonic elements > 2 Ga shown in pink. 
Correlations based on both age and Hf-isotope compositions shown by magenta lines (see Fig. 20 for references). Inferred sedimentary provenance links shown by blue arrows. 
Tectonic activity associated with assembly of the Columbia-Nuna and Rodinia supercontinents (at ∼1.8 and ∼1.1 Ga, respectively) shown in light brown. Named geologic units and 
events are representative or indicative of a given age and not meant to be comprehensive. Ties between discrete igneous and metamorphic ages, isotopic compositions of 
distinctive igneous events, sedimentary provenance linkages, and general stratigraphic and orogenic pattern indicate that these three cratonic elements shared a common 
geotectonic history between about 2.0–1.0 Ga, including alternating periods of crustal extension and arc-related convergence, that reflects a long-lived association. References 
include: (a) East Antarctic glacial clasts (Goodge et al., 2008, 2010; this study); (b) East Antarctic crust (Goodge et al., 2001; Goodge and Fanning, 2016); (c) western Australia (Betts 
et al., 2002); (d) central Australia (Betts and Giles, 2006; Fanning et al., 2007; Hand et al., 2007; Berry et al., 2008; Betts et al., 2008); (d) northern Laurentia (Thorkelson et al., 
2001; Thorkelson and Laughton, 2016; Milidragovic et al., 2011; Furlanetto et al., 2016); (e) southern Laurentia (Doughty et al., 1998; Goodge and Vervoort, 2006; Whitmeyer and 
Karlstrom, 2007; Zirakparvar et al., 2010; Vervoort et al., 2016); (f) sedimentary provenance linkages (Fanning, 2003; Ross and Villeneuve, 2003; Goodge et al., 2004; Link et al., 
2007; Stewart et al., 2010; Daniel et al., 2013; Medig et al., 2014; Mulder et al., 2015; Furlanetto et al., 2016).
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and Alpine tectonics were penecontemporane-
ous and kinematically linked (Larroque and 
Laurent, 1988; Laubscher, 2001).

Temporally associated with Grenville oro-
genesis and regional deformation are widely 
dispersed mafi c intrusive and extrusive igneous 
rocks (Fig. 1, inset). Mafi c igneous rocks span 
a broad interval in time, from ca. 1235 Ma in 
the Grenville of Ontario (Bethune, 1997), 
1109–1087 Ma in the Midcontinent region (Van 
Schmus, 1992), to 1165–1120 Ma in west Texas 
(Keller et al., 1989; Barnes et al., 1999), and 
new data indicate 1115–1104 Ma in the Grand 
Canyon. Mafi c intrusions commonly occur as 
sills in both Mesoproterozoic sedimentary rocks 
and the crystalline basement in the southwestern 
United States, which led Howard (1991) to pos-
tulate that sills record subvertical �3 during NW-
directed shortening. NW-striking mafi c dikes of 
Grenville age are also observed over much of 

Laurentia and are commonly associated with 
NW-striking rift zones and record NE-SW–
directed extension during orogenesis (Keller et 
al., 1989; Bethune, 1997). In the Grand Can-
yon, both voluminous subhorizontal mafi c sills 
and NW-striking mafi c dikes are observed, sug-
gesting a �3 that is either subhorizontal and NE-
trending or subvertical. We suggest that both �2 
and �3 were subequal, with perhaps more local 
stresses controlling the orientation of �2 and �3. 
Both structural relationships are compatible 
with NW-directed shortening.

The extent of Grenville deformation in the 
continental interior becomes clearer when 
considering seemingly disparate data sets. 
Laramide contraction in the southwestern 
United States reactivated a linked network that 
involved segments of late Mesoproterozoic and 
Neoproterozoic normal faults in the Grand Can-
yon (Huntoon, 1971; Sears, 1973; Huntoon et 

al., 1996; Timmons et al., 2001). Marshak et al. 
(2000) and Timmons et al. (2001) argued that 
the strong northwest trend of faults observed 
over much of Laurentia (Grand Canyon, Central 
Basin Platform, and Sudbury dikes; cf. Fahrig 
and West, 1986) records regional northeast 
extension, which overlaps in time with Gren-
ville-age NW-directed contraction.

Further tests of ancestry of regional fault 
networks in the Colorado Plateau and Rocky 
Mountain region are under way via 40Ar/39Ar 
studies. K-feldspar data document important 
cooling events that may represent periods of 
exhumation during (1) Grenville orogenesis 
(1200–1100 Ma), (2) Late Precambrian rift-
ing at 800–700 Ma (western Cordillera) and 
perhaps 600–550 Ma (Oklahoma Aulocogen 
trend), and (3) Ancestral Rockies deformation 
(ca. 350 Ma). At more local scales, feldspars 
seem to resolve disparate cooling paths across 
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tonic deposition; (3) ca. 900 Ma unconformity bounded sedimentary rocks; and (4) ca. 800–700 Ma synrift deposits (Dehler et al., 2001). 
Radiometric ages are cited in the text (fi gure modifi ed after Link et al., 1993).

1993; Soegaard and Callahan, 1994; Bickford et al., 2000; Grimes
and Copeland, 2004). Earlier ductile structures at Van Horn, includ-
ing those in the Hazel Formation, were truncated by the frontal
thrust of the southern Grenville orogen at 1000–980 Ma (King
and Flawn, 1953; Grimes and Copeland, 2004; Davis and Mosher,
2015).

A second exposure of Late Mesoproterozoic sedimentary and
volcanic sequences in western Texas occurs in the Franklin Moun-
tains as a roof pendant in the 1120 ± 35 Ma Red Bluff Granite
(Pittenger et al., 1994; Seeley, 1999; Bickford et al., 2000). The
basal Castner Marble is a package of intertidal—subtidal stroma-
tolitic limestone with marine 87Sr/86Sr and d13C isotopic signatures
(Pittenger et al., 1994), rhythmite, conglomerate, and tuffaceous
siltstone dated at 1272 ± 5, 1251 ± 47 (Bickford et al., 2000), and
1260 ± 20 Ma (Pittenger et al., 1994). Subaqueous basaltic rocks
of the overlying Mundy Breccia were emplaced into unconsoli-
dated sediments of the Castner Marble (Pittenger et al., 1994;
Ballard, 1997). The Mundy Breccia is unconformably overlain by
quartz arenite, subarkose, and mudstone of the Llanoria Formation,
which were initially deposited in a marine shelf setting that was
subsequently overlain by deltaic deposits (Seeley, 1999). North-
directed paleocurrent indicators and soft sediment deformation
features suggest the Llanoria Formation was deposited in a tecton-
ically active basin sourced from the south (Seeley, 1999). Spencer
et al. (2014) interpret the Llanoria Formation to be a lateral equiv-
alent of the Hazel Formation in the Van Horn region based on sim-
ilar detrital zircon populations (but see Fig. 2 for an alternative
interpretation). The 1111 ± 48 Ma Thunderbird Group is the
youngest sequence in the Franklin Mountains and comprises felsic
volcaniclastic rocks, rhyolite, and ignimbrite, which may represent

the extrusive equivalents of the Red Bluff Granite (Thomann, 1980;
Roths, 1993; Shannon et al., 1997).

The Debaca Group occurs in the subsurface of New Mexico and
Texas and is known mainly from drill hole intersections and a
small exposure in the Sacramento Mountains, New Mexico
(Fig. 1). The Debaca Group comprises dolomite, volcaniclastic silt-
stone, arkose, and quartzite, which are intruded by 1090 ± 4 Ma
gabbro (Flawn, 1956; Pray, 1961; Amarante, 2001). Like the Debaca
Group, the Las Animas Formation of southern Colorado is a subsur-
face sequence and consists of a lower section of greywacke, mud-
stone, and chert and an upper sequence of arkose, dolomite,
andesite, basalt, and tuff (Tweto, 1983).

The Apache Group of eastern Arizona contains carbonate, basalt,
and siliciclastic rocks intruded by diabase between 1080 and
1094 Ma (Shride, 1967; Wrucke, 1989; Bright et al., 2014). The
1340 Ma Pioneer Shale forms the base of the Apache Group and
consists of a locally-present basal conglomerate overlain by tuffa-
ceous mudstone deposited in south-flowing alluvial fans and prox-
imal braided streams (Shride, 1967; Middleton and Trujillo, 1984;
Cullom, 1996; Stewart et al., 2001; Doe, 2014). The unconformably
overlying Dripping Springs Formation comprises arkosic sandstone
and shale deposited in prograding tidal flats and distal alluvial fans
derived from the south (Shride, 1967; Engel and Elmore, 1990;
Middleton and Montgomery, 2001; Beraldi-Campesi et al., 2014).
The lack of juvenile volcaniclastic material (e.g. glass shards) in
the Dripping Springs Formation, which is abundant in the Pioneer
Shale, suggests the unconformity above the Pioneer Shale repre-
sents a significant hiatus (Shride, 1967). The Mescal Limestone
overlies the Dripping Springs Formation and consists of lower
dolomite containing conglomerate and slump features and an

Fig. 2. Regional correlation of Late Mesoproterozoic sedimentary and magmatic rocks in southwest Laurentia and relationship to tectonic events in the Grenville orogen of
southern Laurentia modified from Timmons et al. (2005) with revised age of 1115–1066 Ma for Pike’s Peak Granite from Guitreau et al. (2016), revised age of lower member
of the Crystal Spring Formation from Mahon et al. (2014), age of Thunderbird Group from Bickford et al. (2000). Timing of tectonic events in Llano uplift (southern Grenville
orogen) fromMosher et al. (2008). The ca. 1100 Ma and 1250 Mamagmatic rocks cross-cut older units so no age range is implied by the vertical orientation of the ca. 1100 Ma
and 1250 Ma intrusive rocks in the diagram.
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Most of these interpreted to be in foreland of Grenville Orogen.
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and Alpine tectonics were penecontemporane-
ous and kinematically linked (Larroque and 
Laurent, 1988; Laubscher, 2001).

Temporally associated with Grenville oro-
genesis and regional deformation are widely 
dispersed mafi c intrusive and extrusive igneous 
rocks (Fig. 1, inset). Mafi c igneous rocks span 
a broad interval in time, from ca. 1235 Ma in 
the Grenville of Ontario (Bethune, 1997), 
1109–1087 Ma in the Midcontinent region (Van 
Schmus, 1992), to 1165–1120 Ma in west Texas 
(Keller et al., 1989; Barnes et al., 1999), and 
new data indicate 1115–1104 Ma in the Grand 
Canyon. Mafi c intrusions commonly occur as 
sills in both Mesoproterozoic sedimentary rocks 
and the crystalline basement in the southwestern 
United States, which led Howard (1991) to pos-
tulate that sills record subvertical �3 during NW-
directed shortening. NW-striking mafi c dikes of 
Grenville age are also observed over much of 

Laurentia and are commonly associated with 
NW-striking rift zones and record NE-SW–
directed extension during orogenesis (Keller et 
al., 1989; Bethune, 1997). In the Grand Can-
yon, both voluminous subhorizontal mafi c sills 
and NW-striking mafi c dikes are observed, sug-
gesting a �3 that is either subhorizontal and NE-
trending or subvertical. We suggest that both �2 
and �3 were subequal, with perhaps more local 
stresses controlling the orientation of �2 and �3. 
Both structural relationships are compatible 
with NW-directed shortening.

The extent of Grenville deformation in the 
continental interior becomes clearer when 
considering seemingly disparate data sets. 
Laramide contraction in the southwestern 
United States reactivated a linked network that 
involved segments of late Mesoproterozoic and 
Neoproterozoic normal faults in the Grand Can-
yon (Huntoon, 1971; Sears, 1973; Huntoon et 

al., 1996; Timmons et al., 2001). Marshak et al. 
(2000) and Timmons et al. (2001) argued that 
the strong northwest trend of faults observed 
over much of Laurentia (Grand Canyon, Central 
Basin Platform, and Sudbury dikes; cf. Fahrig 
and West, 1986) records regional northeast 
extension, which overlaps in time with Gren-
ville-age NW-directed contraction.

Further tests of ancestry of regional fault 
networks in the Colorado Plateau and Rocky 
Mountain region are under way via 40Ar/39Ar 
studies. K-feldspar data document important 
cooling events that may represent periods of 
exhumation during (1) Grenville orogenesis 
(1200–1100 Ma), (2) Late Precambrian rift-
ing at 800–700 Ma (western Cordillera) and 
perhaps 600–550 Ma (Oklahoma Aulocogen 
trend), and (3) Ancestral Rockies deformation 
(ca. 350 Ma). At more local scales, feldspars 
seem to resolve disparate cooling paths across 
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Several observations suggest that the older 
micas (older than 0.74 Ga) refl ect their prov-
enance: (1) neocrystalline mica is observed 
only in sample UMG-2a (Fig. DR2; see 
footnote 1); (2) the Archean and older Paleo-
protero zoic mica ages (2.1–2.2 Ga) are com-
patible with the presence of Archean zircons 
and cooling ages expected for Neoarchean 
rocks of the southern Wyoming province; 
(3) step-heated grains do not suggest Paleo-
zoic argon loss; (4) younger Paleoproterozoic 
ages represent reasonable cooling ages for the 
Great Falls and Trans-Hudson terranes that 
likely supplied the Paleoproterozoic zircons in 
this sample, as suggested by Ball and Farmer 
(1998) on the basis of Sm-Nd systematics; (5) 
the Grenville-age micas are clearly compat-
ible with the dominance of Mesoproterozoic 
zircons in this sample; and (6) paleomagnetic 
data suggest retention of original remnant 
directions (Weil et al., 2006).

Initial εHf data (at 1.1 Ga) from the dis-
tinctly clear, rounded grains interpreted to be 
uniformly Mesoproterozoic in the two arenites 
(UMG-3 and UMG-4) based on the results 
of U-Pb ion probe analyses and reconnais-
sance Pb-Pb measurements via laser ablation 
are shown in Figure 2. The low Lu/Hf ratios 

of the zircons yield corrections of <1 εHf when 
extrapolated to initial values at 1.1 Ga. Errors in 
estimates of initial εHf based on a common age 
of 1.1 Ga are <0.5 εHf. Regardless of the exact 
corrections made to the Hf isotopic composi-
tions, the most salient aspect of these results 
is the limited range of relatively low initial εHf 
(~90% between +3 and −3) compared to esti-
mates for the asthenospheric mantle at 1.1 Ga 
(+10 to +14; Nowell et al., 1998; Vervoort 
and  Blichert-Toft, 1999). These values clearly 
indicate derivation from a terrane(s) with a 
signifi cant quantity of recycled pre-Grenville 
crust and/or lithosphere. The slight bimodality 
or tailing of the primary peak toward lower εHf 
defi nes a pattern that may be useful in ultimately 
identifying the source terrane(s) for these 
zircons. For example, if the pattern is truly 
bimodal, it is likely indicative of two distinct 
Mesoproterozoic crustal sources that formed 
with distinctly different degrees of involvement 
of older crust. In terms of identifying the actual 
source, the overall range of εHF for these grains 
is comparable to the values reported by Iizuka 
et al. (2005) for 1.0–1.3 Ga zircons from the 
modern Mississippi River. Such similarities do 
not confi rm a Laurentian source, but are clearly 
compatible with such an origin.

DISCUSSION
The combined chronologic and isotopic data-

base derived from the Uinta Mountain Group 
samples provides important insight into the tec-
tonics and paleogeography of the Uinta basin 
and Neoproterozoic Laurentia. Foremost among 
these is the recognition that Mesoproterozoic 
zircons dominate the detrital zircon suites in 
the arenites. This fi nding provides a parallel 
between the provenance of the Uinta Mountain 
Group arenites and those of other Proterozoic 
and Cambrian sequences in the southwestern 
U.S. and perhaps even farther west in pro-
posed Rodinian conjugates (e.g., Stewart et al., 
2001; Berry et al., 2001; Timmons et al., 2005). 
Although the lack of detrital mica ages and εHF 
for detrital zircons from other sequences makes 
it impossible to draw more exact correlations 
between them, the age and isotopic signature of 
detrital minerals from the Uinta Mountain Group 
may provide a basis for further constraining the 
origin of the apparent fl ood of Grenville-age 
detritus that entered southwestern Laurentia in 
the late Mesoproterozoic (Stewart et al., 2001; 
Timmons et al., 2005). Paleocurrent directions 
suggest that sediment transport in this interval 
was dominantly east to west (Stewart et al., 
2001; Condie et al., 2001), with some drainage 
entering the basin from the north (e.g., Wallace 
and Crittenden, 1969; Sanderson, 1984); no 
sedimentologic evidence has been reported to 
indicate transport from the south or west.

These observations led to proposals that 
Grenville-age basement components interpreted 
to underlie a substantial portion of North Amer-
ica east of the Uinta basin may be the source for 
this detritus (e.g., Rankin et al., 1989; Mosher, 
1998; Keppie et al., 2001; Timmons et al., 
2005; Fig. 1). In addition, various Rodinian 
reconstructions place Grenville-age basement 
of the Amazonian and/or Rio de la Plata cratons 
in areas now occupied by the Gulf of Mexico 
and Florida peninsula during Neoproterozoic to 
Cambrian time (e.g., Meert and Torsvik, 2003; 
Gray et al., 2007). Neither Uinta Mountain 
Group nor other detrital zircons suites reported 
from southwestern Laurentia, however, contain 
signifi cant numbers of zircons with ages diag-
nostic of South American or African lithosphere 
(e.g., 2.1–2.3 Ga detrital grains present in lower 
Paleozoic rocks of the Gondwanan Suwannee 
terrane; Mueller et al., 1994).

An Appalachian (southern Laurentian) source 
is supported by similarities in the distributions of 
initial εHF in the Uinta Mountain Group Meso-
proterozoic zircons (Fig. 2) and the εHF data 
reported by Iizuka et al. (2005) for  Grenville-
age (sensu lato) zircons from modern Missis-
sippi River sands. The εHF values from both 
data sets are much lower than 1.1 Ga depleted 
mantle (10–14; Nowell et al., 1998; Vervoort 
and  Blichert-Toft, 1999) and are compatible 
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The western and eastern units of the 
Uinta Mountain Group are correlated using 
lithostratigraphy and low-resolution sequence 
stratigraphy (Fig. 2A). The Red Pine Shale, the 
uppermost formation in the Uinta Mountain 
Group (≤1800 m thick), is the only mappable 
unit exposed throughout the Uinta Mountains; 
the base of this shale unit can be mapped along 
strike for 165 km on the north side of the 
range (Bryant, 1997; Rybczynski, 2009). Fur-
ther correlation in the Uinta Mountain Group 
is based on three upward-fi ning cycles (km 
thick; S1–S3, Fig. 2A), which represent fl uvial 
to marine  deposition. It is possible that some 
of the sequence boundaries, in particular the 
basal one (S1), can be traced westward into 
the Big Cottonwood Formation (Crittenden, 
1976;  Christie-Blick, 1997; Fig. 2).

The Uinta Mountain Group represents depo-
sition in an intracratonic extensional basin with 
a roughly east-west–trending northern basin 
edge and an open, low-relief southern margin 
(Fig. 1B, Table 1; Dehler et al., 2007), and is 
entirely developed on autochthonous Lauren-
tian continental crust (Karlstrom and Houston, 
1984). The previously used term “rift basin” 
to describe the Uinta Mountain Group basin is 
problematic because there are no volcanic rocks 
or signifi cant rift-type facies associated with the 
Uinta Mountain Group (cf. Link, 1987; Prave, 
1999). Compiled data from previous work 
shows that the Uinta Mountain Group basin  
was, at least in part, extensional. Relatively 
coarser grained deposits and a greater percent-
age of immature sandstones are found upsection 
throughout the Uinta Mountain Group strata on 
the northern side of the range, inferring an east-
west–trending, basin-bounding fault (Hansen, 
1965; Wallace, 1972; Brehm, 2008; Rybczyn-
ski, 2009). Approximately 7 km of northward-
thickening Uinta Mountain Group strata are 
exposed in the hanging-wall of what was likely 
a south-dipping growth fault (now reactivated as 
the Uinta-Sparks Laramide reverse fault), sug-
gesting that the basin was a north-tilted half-
graben (e.g., Sears et al., 1982; Bruhn et al., 
1986; Stone, 1993; Dehler et al., 2007; Kings-
bury, 2008; Rybczynski, 2009). This interpreted 
northern basin-bounding fault is roughly par-
allel with the 1.7 Ga south-dipping Cheyenne 
belt suture zone (between the Wyoming Craton 
to the north and Paleoproterozoic basement to 
the south) and represents syn–Uinta Mountain 
Group reactivation on parts of that zone (Bruhn 
et al., 1983; Stone, 1993).

Previous age constraints on the Uinta Moun-
tain Group are sparse, yet correlation with the 
Chuar Group data sets constrains it to ~740 Ma 
to 770 Ma (Fig. 2B). The Uinta Mountain Group 
has long been correlated with the Chuar Group of 

Grand Canyon, Arizona (e.g., Young, 1981; 
Vidal  and Ford, 1985; Link et al., 1993), the 
top of which is now known to be 742 ± 6 Ma 
(U-Pb age on reworked tuff at the top of upper-
most member; Karlstrom et al., 2000). The 
distinct microfossil assemblage and C-isotope 

variability in the Red Pine Shale of the upper 
Uinta Mountain Group is very similar to that of 
the upper part of the Chuar Group (Vidal and 
Ford, 1985; Porter and Knoll, 2000; Dehler 
et al., 2005; Nagy and Porter, 2005). The fi rst 
appearance of vase-shaped microfossils and the 
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The western and eastern units of the 
Uinta Mountain Group are correlated using 
lithostratigraphy and low-resolution sequence 
stratigraphy (Fig. 2A). The Red Pine Shale, the 
uppermost formation in the Uinta Mountain 
Group (≤1800 m thick), is the only mappable 
unit exposed throughout the Uinta Mountains; 
the base of this shale unit can be mapped along 
strike for 165 km on the north side of the 
range (Bryant, 1997; Rybczynski, 2009). Fur-
ther correlation in the Uinta Mountain Group 
is based on three upward-fi ning cycles (km 
thick; S1–S3, Fig. 2A), which represent fl uvial 
to marine  deposition. It is possible that some 
of the sequence boundaries, in particular the 
basal one (S1), can be traced westward into 
the Big Cottonwood Formation (Crittenden, 
1976;  Christie-Blick, 1997; Fig. 2).

The Uinta Mountain Group represents depo-
sition in an intracratonic extensional basin with 
a roughly east-west–trending northern basin 
edge and an open, low-relief southern margin 
(Fig. 1B, Table 1; Dehler et al., 2007), and is 
entirely developed on autochthonous Lauren-
tian continental crust (Karlstrom and Houston, 
1984). The previously used term “rift basin” 
to describe the Uinta Mountain Group basin is 
problematic because there are no volcanic rocks 
or signifi cant rift-type facies associated with the 
Uinta Mountain Group (cf. Link, 1987; Prave, 
1999). Compiled data from previous work 
shows that the Uinta Mountain Group basin  
was, at least in part, extensional. Relatively 
coarser grained deposits and a greater percent-
age of immature sandstones are found upsection 
throughout the Uinta Mountain Group strata on 
the northern side of the range, inferring an east-
west–trending, basin-bounding fault (Hansen, 
1965; Wallace, 1972; Brehm, 2008; Rybczyn-
ski, 2009). Approximately 7 km of northward-
thickening Uinta Mountain Group strata are 
exposed in the hanging-wall of what was likely 
a south-dipping growth fault (now reactivated as 
the Uinta-Sparks Laramide reverse fault), sug-
gesting that the basin was a north-tilted half-
graben (e.g., Sears et al., 1982; Bruhn et al., 
1986; Stone, 1993; Dehler et al., 2007; Kings-
bury, 2008; Rybczynski, 2009). This interpreted 
northern basin-bounding fault is roughly par-
allel with the 1.7 Ga south-dipping Cheyenne 
belt suture zone (between the Wyoming Craton 
to the north and Paleoproterozoic basement to 
the south) and represents syn–Uinta Mountain 
Group reactivation on parts of that zone (Bruhn 
et al., 1983; Stone, 1993).

Previous age constraints on the Uinta Moun-
tain Group are sparse, yet correlation with the 
Chuar Group data sets constrains it to ~740 Ma 
to 770 Ma (Fig. 2B). The Uinta Mountain Group 
has long been correlated with the Chuar Group of 

Grand Canyon, Arizona (e.g., Young, 1981; 
Vidal  and Ford, 1985; Link et al., 1993), the 
top of which is now known to be 742 ± 6 Ma 
(U-Pb age on reworked tuff at the top of upper-
most member; Karlstrom et al., 2000). The 
distinct microfossil assemblage and C-isotope 

variability in the Red Pine Shale of the upper 
Uinta Mountain Group is very similar to that of 
the upper part of the Chuar Group (Vidal and 
Ford, 1985; Porter and Knoll, 2000; Dehler 
et al., 2005; Nagy and Porter, 2005). The fi rst 
appearance of vase-shaped microfossils and the 
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with proposals by numerous workers that the 
Grenville-age crust of the southern Appalachian 
orogen, in particular, shows evidence of crustal 
recycling (e.g., DeWolf and Metzger, 1994; 
Sinha et al., 1996; Loewy et al., 2003; Tohver 
et al., 2004; Mueller et al., 2005).

The lack of correlation between detrital mica 
ages from UMG-2b and the minimal Meso-
protero zoic zircon signal in UMG-2 likely 
refl ects rapid changes in provenance during 
deposition of the Uinta Mountain Group, rather 
than varying degrees of reworking of detritus 
from a single source (e.g., Wallace and Critten-
den, 1969). In particular, the presence of white 
mica in these sedimentary rocks strongly sug-
gests that the Mesoproterozoic detritus is not 
multicyclic and is unlikely to have been derived 
from older strata (e.g., Unkar Group; Timmons 

et al., 2005; Fig. 1). These data are compatible 
with the interpretation of Condie et al. (2001), 
who suggested that the psammitic and pelitic 
components of the Uinta Mountain Group sands 
had signifi cant differences in provenance based 
on heavy mineral assemblages.

The fact that these arenites and arkosic sands 
are interbedded in the Uinta Mountain Group 
(e.g., Sanderson, 1984; Dehler and Sprinkel, 
2005) indicates that detritus from two distinct 
sources was alternately admitted and excluded 
from the basin to a signifi cant degree and is com-
patible with a depositional model in which the 
Uinta Mountain Group was deposited in a rift 
basin marginal to the southern Wyoming prov-
ince (e.g., Link et al., 1993). The interplay of 
Archean and Mesoproterozoic detritus preserved 
in the Uinta basin suggests that the northern (e.g., 

Wyoming craton) and eastern margins were topo-
graphically higher than the southern and western 
boundaries (Yavapai-Mazatzal terrane) through-
out most, if not all, of the depositional history. 
Detrital zircon ages reported here and in Fanning 
and Dehler (2005) suggest a continuous fl ow of 
Mesoproterozoic detritus that was episodically 
diluted or excluded from the basin in favor of 
Archean detritus derived from the southern Wyo-
ming province when the northern (and/or eastern) 
margin was actively eroding. Evidence for this 
interpretation is the similarity of the Meso protero-
zoic detrital age distributions of the composite 
Uinta Mountain Group and Stewart et al. (2001) 
databases, despite the more pronounced Archean 
signature in the Uinta Mountain Group com posite 
(Fig. 2). Although there are no rig orous con-
straints for the time at which the Grenville fl ood 
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Several observations suggest that the older 
micas (older than 0.74 Ga) refl ect their prov-
enance: (1) neocrystalline mica is observed 
only in sample UMG-2a (Fig. DR2; see 
footnote 1); (2) the Archean and older Paleo-
protero zoic mica ages (2.1–2.2 Ga) are com-
patible with the presence of Archean zircons 
and cooling ages expected for Neoarchean 
rocks of the southern Wyoming province; 
(3) step-heated grains do not suggest Paleo-
zoic argon loss; (4) younger Paleoproterozoic 
ages represent reasonable cooling ages for the 
Great Falls and Trans-Hudson terranes that 
likely supplied the Paleoproterozoic zircons in 
this sample, as suggested by Ball and Farmer 
(1998) on the basis of Sm-Nd systematics; (5) 
the Grenville-age micas are clearly compat-
ible with the dominance of Mesoproterozoic 
zircons in this sample; and (6) paleomagnetic 
data suggest retention of original remnant 
directions (Weil et al., 2006).

Initial εHf data (at 1.1 Ga) from the dis-
tinctly clear, rounded grains interpreted to be 
uniformly Mesoproterozoic in the two arenites 
(UMG-3 and UMG-4) based on the results 
of U-Pb ion probe analyses and reconnais-
sance Pb-Pb measurements via laser ablation 
are shown in Figure 2. The low Lu/Hf ratios 

of the zircons yield corrections of <1 εHf when 
extrapolated to initial values at 1.1 Ga. Errors in 
estimates of initial εHf based on a common age 
of 1.1 Ga are <0.5 εHf. Regardless of the exact 
corrections made to the Hf isotopic composi-
tions, the most salient aspect of these results 
is the limited range of relatively low initial εHf 
(~90% between +3 and −3) compared to esti-
mates for the asthenospheric mantle at 1.1 Ga 
(+10 to +14; Nowell et al., 1998; Vervoort 
and  Blichert-Toft, 1999). These values clearly 
indicate derivation from a terrane(s) with a 
signifi cant quantity of recycled pre-Grenville 
crust and/or lithosphere. The slight bimodality 
or tailing of the primary peak toward lower εHf 
defi nes a pattern that may be useful in ultimately 
identifying the source terrane(s) for these 
zircons. For example, if the pattern is truly 
bimodal, it is likely indicative of two distinct 
Mesoproterozoic crustal sources that formed 
with distinctly different degrees of involvement 
of older crust. In terms of identifying the actual 
source, the overall range of εHF for these grains 
is comparable to the values reported by Iizuka 
et al. (2005) for 1.0–1.3 Ga zircons from the 
modern Mississippi River. Such similarities do 
not confi rm a Laurentian source, but are clearly 
compatible with such an origin.

DISCUSSION
The combined chronologic and isotopic data-

base derived from the Uinta Mountain Group 
samples provides important insight into the tec-
tonics and paleogeography of the Uinta basin 
and Neoproterozoic Laurentia. Foremost among 
these is the recognition that Mesoproterozoic 
zircons dominate the detrital zircon suites in 
the arenites. This fi nding provides a parallel 
between the provenance of the Uinta Mountain 
Group arenites and those of other Proterozoic 
and Cambrian sequences in the southwestern 
U.S. and perhaps even farther west in pro-
posed Rodinian conjugates (e.g., Stewart et al., 
2001; Berry et al., 2001; Timmons et al., 2005). 
Although the lack of detrital mica ages and εHF 
for detrital zircons from other sequences makes 
it impossible to draw more exact correlations 
between them, the age and isotopic signature of 
detrital minerals from the Uinta Mountain Group 
may provide a basis for further constraining the 
origin of the apparent fl ood of Grenville-age 
detritus that entered southwestern Laurentia in 
the late Mesoproterozoic (Stewart et al., 2001; 
Timmons et al., 2005). Paleocurrent directions 
suggest that sediment transport in this interval 
was dominantly east to west (Stewart et al., 
2001; Condie et al., 2001), with some drainage 
entering the basin from the north (e.g., Wallace 
and Crittenden, 1969; Sanderson, 1984); no 
sedimentologic evidence has been reported to 
indicate transport from the south or west.

These observations led to proposals that 
Grenville-age basement components interpreted 
to underlie a substantial portion of North Amer-
ica east of the Uinta basin may be the source for 
this detritus (e.g., Rankin et al., 1989; Mosher, 
1998; Keppie et al., 2001; Timmons et al., 
2005; Fig. 1). In addition, various Rodinian 
reconstructions place Grenville-age basement 
of the Amazonian and/or Rio de la Plata cratons 
in areas now occupied by the Gulf of Mexico 
and Florida peninsula during Neoproterozoic to 
Cambrian time (e.g., Meert and Torsvik, 2003; 
Gray et al., 2007). Neither Uinta Mountain 
Group nor other detrital zircons suites reported 
from southwestern Laurentia, however, contain 
signifi cant numbers of zircons with ages diag-
nostic of South American or African lithosphere 
(e.g., 2.1–2.3 Ga detrital grains present in lower 
Paleozoic rocks of the Gondwanan Suwannee 
terrane; Mueller et al., 1994).

An Appalachian (southern Laurentian) source 
is supported by similarities in the distributions of 
initial εHF in the Uinta Mountain Group Meso-
proterozoic zircons (Fig. 2) and the εHF data 
reported by Iizuka et al. (2005) for  Grenville-
age (sensu lato) zircons from modern Missis-
sippi River sands. The εHF values from both 
data sets are much lower than 1.1 Ga depleted 
mantle (10–14; Nowell et al., 1998; Vervoort 
and  Blichert-Toft, 1999) and are compatible 
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abundance of the colonial bacteria Bavlinella 
faveolata in both the Red Pine Shale and the 
upper Chuar Group suggest a pre-Sturtian age 
(>~726–660 Ma; Dehler  et al., 2007; Hoff-
man and Li, 2009; Nagy et al., 2009) (Fig. 2B). 
Paleo magnetic data from the Uinta Mountain 
Group also suggest a mid-Neoproterozoic age 
(and correlation with the Chuar Group) based 
on comparison with the apparent polar wander  
path (APWP) for Laurentia (~800–740 Ma from 
Chuar Group data; Weil et al., 2006). The micro-
fossil Cerebro sphaera buickii was recently found 
in the lower Chuar Group (Nagy et al., 2009). 
This acritarch is thought to be an index fossil for 
pre-glacial strata younger than ~777 Ma (Hill 
et al., 2000). Maximum depositional ages for the 
Uinta Mountain Group and the Chuar Group are 

900 and 942 Ma, respectively, and come from 
U-Pb analysis of detrital zircons (Timmons 
et al., 2005; Mueller et al., 2007).

Big Cottonwood Formation

The Big Cottonwood Formation, exposed in 
the central Wasatch Range east of Salt Lake City 
and areas to the west (Slate Canyon, East Tintic 
Mountains, Stansbury Island, and Carrington 
Island), is a 5-km-thick succession of sand-
stone, orthoquartzite, and argillite with a basal 
conglomerate interval (Figs. 1 and 2A). This 
unit is positioned structurally below the thrust 
sheets of the Sevier orogenic belt and, although 
associated with thrust faults (several km of dis-
placement), has not been signifi cantly displaced 

with respect to its original location on the craton 
(Crittenden, 1976; Ehlers et al., 1997). Ehlers 
and Chan (1999) interpreted this formation to 
represent fl uvial and marine deposition based 
on facies architecture and analysis, and the 
presence of tidal rhythmites in some intervals. 
The Big Cottonwood Formation is interpreted 
to have been deposited together with the Uinta 
Mountain Group to the east in a tide-dominated 
estuary whereby a west-fl owing fl uvial system 
was intermittently drowned by the open ocean 
(Ehlers et al., 1997). Paleocurrent data show 
three modes of fl ow directions (NW, SW, and 
SE), similar to paleofl ow trends in the Uinta 
Mountain Group units (Table 1).

The Big Cottonwood Formation basin has 
been interpreted as an intracratonic rift basin 
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Using carbon isotopes and fossils for correlation here.
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plutonic rocks of the Crossnore Complex in the 
North Carolina Blue Ridge are between 750 and 
760 Ma (Su et al., 1994). There are no known 
felsic sources of this age in western Laurentia. 
Considering the paucity of ~766 Ma grains in 
the Uinta Mountain Group, it is possible that 
the zircons were the product of an ashfall event 
from eastern Laurentia or the proximal con-
jugate Rodinia rift margin, such as from the 
777 ± 7 Ma Boucaut Volcanics of the Nackara 
Arc in South Australia (Preiss, 2000). Regard-
less of the primary source, the 766 Ma grains 
appear to be unique to marine depofacies and 
were ultimately carried via marine currents dur-
ing transgressions.

DISCUSSION

Paleogeography and Tectonics

The maximum depositional age of the Out-
law Trail formation, which, along with the 
Jesse Ewing Canyon and Moosehorn Lake for-
mations, hosts the 760–770 Ma zircon grains, 
refi nes previously proposed correlations within 
Succession B of western North America. De-
trital zircon age populations from the Big 
Cotton wood Formation are nearly identical to 
the Uinta Mountain Group age populations, 
further supporting their correlation and paleo-
geographic relationships. The maximum age of 
the UMG and correlative BCF is similar to the 
hypothesized age of the lower Chuar Group of 
Grand Canyon (~770 Ma) and strengthens this 
correlation. These correlations place the Uinta 
Mountain Group, Big Cottonwood Formation, 
and Chuar Group at the top of Succession B in 
southwestern Laurentia. If correlation with the 

middle Pahrump Group of Death Valley holds 
(e.g., Link et al., 1993; Rainbird et al., 1996; 
Dehler et al., 2001b), it is possible that all of 
these units were deposited after ~770 Ma, in a 
series of coeval, and possibly connected marine 
basins in southwestern Laurentia (the ChUMP 
Interior Seaway; Dehler, 2008). This age range 
is consistent with constraints on Succession 
B strata in Canada, which also record intra-
cratonic basin development at this general time 
(>723 Ma to <1070 Ma; Rainbird et al., 1996, 
and references therein).

Correlations with strata farther afi eld suggest 
that the transgressions documented in the Uinta 
Mountain Group–Big Cottonwood Formation 
basin were eustatically driven. In addition to 
the development of marine intracratonic basins 
in Laurentia at ~740–770 Ma, major marine in-
undation also commenced at ~760–770 Ma in 
the Adelaide rift complex of Australia (Preiss, 
2000) and is coincident with the development 
of other marine intracratonic basins of this gen-
eral age (e.g., Akademikerbreen Group, north-
east Svalbard and Eleonore Bay Group, east 
Greenland [Knoll et al., 1986; Halverson et al., 
2007]). These correlations suggest a pre-Sturtian 
and/or early Cryogenian interval of high global 
sea level that was likely caused by increased 
seafl oor spreading rates as Rodinia rifted apart 
(e.g., Asmerom et al., 1991; Preiss, 2000; Li 
et al., 2003; Li et al., 2008).

The Uinta Mountain Group, Big Cottonwood 
Formation, and Chuar Group together record 
intracratonic extension and sedimentation in 
southwestern Laurentia at ~740–770 Ma that 
was likely related to the breakup of Rodinia  
(Dehler et al., 2001a; Timmons et al., 2001; this 
paper). This would have taken place prior to bi-

modal volcanism and normal faulting recorded 
in the ~680–720 Ma formations along the Cor-
dilleran margin (e.g., Pocatello, Kingston  Peak, 
Mineral Fork, Perry Canyon, and Edwards-
burg formations) and subsequent formation of 
a west-facing passive margin after  650 Ma 
(Christie-Blick, 1997; Lund et al., 2003; Fan-
ning and Link, 2004, 2008). The Adelaide rift 
complex (~777 Ma) and rift basins in south 
China (745–780 Ma) and Namibia (758.5 ± 
3.5 Ma) are roughly coeval with the ~740–
770 Ma Laurentian intracratonic basins, sup-
porting the idea of a time-transgressive breakup 
of Rodinia (Hoffman and Halverson, 1996; 
Hoffman et al., 1998; Preiss, 2000; Eyles and 
Januszczak, 2003; Li et al., 2003).

Provenance

The detrital zircon age populations presented 
in this paper generally reaffi rm the interpreta-
tions of Condie et al. (2001), among others, 
that sediment was sourced both from the north, 
from the Archean Wyoming province, and from 
the east, from a major river parallel with the 
strike of the Cheyenne Belt and the fabric of 
the Paleoproterozoic accreted crust of Colorado 
(Fig. 1B). This large west-fl owing fl uvial system 
contained detrital zircons from 1650 to 1850 Ma 
juvenile Paleoproterozoic crust of the Mojave, 
Yavapai, and Central Plains provinces, 1450 Ma 
A-type granites of Colorado, and 930–1200 Ma 
Grenvillian terranes (Fig. 1B). In addition to 
derivation from the Wyoming Province to the 
north, Archean detrital zircons were also likely 
delivered from the Superior craton to the north-
east (Fig. 1B), which is consistent with a com-
mon southwesterly paleofl ow associated with 
the alluvial and fl uvial depofacies of the east-
ern Uinta Mountain Group (Table 1; Sanderson 
and Wiley, 1986; De Grey and Dehler, 2005; 
Rybczynski, 2009).

A minor, but signifi cant, number of previ-
ously unrecognized mid-Neoproterozoic zir-
con grains (~760–770 Ma) were derived from 
an unknown source and fi nally transported in a 
north-northwesterly direction within the Uinta 
Mountain Group–Big Cottonwood Formation 
system during marine transgressions. The prov-
enance change associated with these marine 
units, defi ned by detrital zircon populations, 
paleocurrent data, and depofacies, suggest that 
during transgressive episodes, young grains 
were reworked, and/or different sources were 
tapped to the south-southeast and integrated 
with sediment continuously derived from the 
north and east via deltaic and/or fl uvial systems 
(Fig. 1B; Table 1). During regressions there was 
less mixing of grain populations, especially 
proximal to the basin edges.

Figure 7. Paleotectonic recon-
struction at ~750 Ma modi-
fi ed from Goodge et al. (2008) 
showing transcontinental Uinta 
Mountain Group river system 
tapping Grenvillian sources, 
crossing the Mid-Continent rift 
(gray areas), entering the Uinta 
Mountain Group–Big Cotton-
wood Formation fl uvial-marine 
system (outcrop extent shown 
in larger black area), and de-
livering Grenvillian grains to 
adjacent peri-Gondwanan conti-
nental margins (black arrows). 
Also shown are the potentially coeval Shaler and related river systems in northern Lau-
rentia (Rainbird et al., 1992, 1997). See text for discussion. Abbreviations: UMG—Uinta 
Mountain Group; BCF—Big Cottonwood Formation; MM—Mackenzie Mountain basin; 
Am—Amundsen basin; CG—Chuar Group. Short dashed line shows hypothesized shore-
line during maximum transgression onto western Laurentia at ~766 Ma.
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Figure 8. Stratigraphic columns for Proterozoic sedimentary sequences in the Transverse Ranges, showing relative
stratigraphic position of detrital zircon sample horizons. The Pinto Mountain Group is a siliciclastic-carbonate se-
quence that rests unconformably in the Paleoproterozoic basement in the Pinto Mountains and extends southeastward
into the Eagle Mountains (Eagle Mountains stratigraphic column adapted from mapping of Powell 1981). The Big
Bear Group is a siliciclastic sequence that rests unconformably on the Paleoproterozoic basement in the San Bernardino
Mountains (column adapted in part from mapping of Cameron 1981).

Mountains. The nomenclature for these metased-
imentary rocks evolved as workers recognized their
stratigraphic and structural complexity (see review
by Dibblee 1982). We have largely followed the
stratigraphic terminology of Stewart and Poole
(1975; Stewart 1972; Cameron 1981; Brown 1991;
figs. 8, 10), though structural and stratigraphic
problems remain. The lowest part of this metased-
imentary sequence includes quartzite and phyllite
of the Big Bear Group. The lowermost quartzite
unit in the Big Bear Group demonstrably overlies
Paleoproterozoic gneiss with angular unconfor-
mity. In the north central part of the range, the Big
Bear Group lies structurally above a sequence of
units correlative with the Cordilleran miogeocline,
including the Neoproterozoic-Cambrian boundary
interval in the upper Stirling Quartzite and over-
lying Wood Canyon Formation (Signor and Mount
1989; Corsetti and Hagadorn 2000) and overlying

Cambrian Zabriskie Quartzite, Carrara Formation,
and Bonanza King Formation. Marbles correlative
with the Cambrian Nopah, Devonian Sultan, Car-
boniferous Monte Cristo, and Permian Bird Spring
formations have also been identified in fault blocks
along the north-central range front (Brown 1991).

Metasedimentary rocks of the Big Bear Group are
primarily exposed surrounding Baldwin Lake (fig.
10). In the western two-thirds of the map area, Big
Bear Group quartzite and phyllite are generally up-
right, north to west striking, and lie above Paleo-
proterozoic gneiss. Although the contact between
these two rock units is commonly sheared, at sev-
eral localities upright basal conglomerate, pebbly
quartzite, or quartzite rest with angular unconfor-
mity on the underlying gneiss. Both the gneiss and
the overlying Big Bear Group are cut by gently to
moderately west-dipping normal faults. In the east-
ern third of the map area, north of Onyx Peak, over-
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Figure 11. Cumulative probability plot of ages of most
concordant detrital zircons from siliciclastic samples of
the three formations comprising the Big Bear Group (for
sample horizons, see fig. 8). Lightly shaded bars show the
range of ages of igneous rocks in the basement of the
Mojave province in the Transverse Ranges and southern
Mojave Desert. Note the generally poor correspondence
of Paleoproterozoic and Mesoproterozoic detrital zircon
ages to exposed Mojave basement ages, suggesting deri-
vation of this section from a 1.9–1.8 and 1.5–1.4 Ga base-
ment provenance.

tions recorded in overlying Stirling Quartzite and
Wood Canyon Formation, which yield south to
southwest paleocurrents typical of miogeoclinal
units (Stewart 1982, 2005; Stewart et al. 2001).

Detrital zircons from four samples of quartzite
and phyllitic quartzite of the Big Bear Group have
three main populations of Proterozoic grains. Two
samples from the basal quartzite unit of the Big
Bear Group (type lower Wildhorse Meadows
Quartzite of Cameron [1981]) yielded a majority of
concordant grains, and a third sample yielded a
higher proportion of normally discordant grains but
similar ages; here we consider only the207 ∗ 206 ∗Pb / Pb
concordant subset (114 of 169 grains ≤10% discor-
dant; fig. 11). The majority of detrital zircons are
1900–1150 Ma; the most commonly observed pop-
ulations are 1893–1785, 1496–1395, and 1257–1148
Ma. Remarkably, grains similar in age to zircons in
local or regional Paleoproterozoic basement rocks
(1780–1640 Ma) are very rare in these samples,
comprising less than 5% of analyzed grains. There
is no relationship between grain size, form, or
roundness and measured age, so we conclude that
there is no relation between age and transport dis-
tance or recycling among the observed zircon pop-
ulations. However, approximately 75% of analyzed
grains in the 1496–1395 and 1893–1785 Ma popu-
lations are characterized by euhedral to subhedral
oscillatory zoning that parallels some or all pre-
served crystal faces. In contrast, such grains make
up only 34% of analyzed grains in the 1257–1148
Ma population, which is predominantly composed
of grains with diffuse subhedral to anhedral zona-
tion or lacking in any visible zonation. The youn-
gest concordant grains are to950 ! 30 895 ! 22
Ma, providing a maximum depositional age for the
basal part of the Big Bear Group that is much youn-
ger than we infer for the Pinto Mountain Group.

Three samples from higher siliciclastic parts of
the Big Bear Group—two samples from the Light-
ning Gulch Formation and one from the strati-
graphically higher Moonridge quartzite (fig. 11)—
yielded mostly concordant and nearly concordant
grains as well (102 of 158 grains ≤10% discordant).
The youngest concordant grain has a age206 ∗ 238Pb / U
of Ma, suggesting that the middle and up-616 ! 9
per Big Bear Group is about 625 Ma or younger. The
two Lightning Gulch quartzites yielded three main
age populations that are identical to those in the
underlying Wildhorse Meadows quartzite. How-
ever, an additional peak is observed in the Moon-
ridge quartzite, corresponding to detrital zircons
with ages of 1786–1640 Ma, grain ages that are very
rarely observed in underlying quartzites.

Miogeoclinal Sequence. For purposes of strati-

Big Bear group is clearly younger, but zircons don’t look NAM and the sedimentary structures suggest a source to SW--is this last record of adjacent 
material?
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Figure 12. Cumulative probability plot of most con-
cordant zircons from siliciclastic rocks of the Pinto
Mountain Group, Big Bear Group, and the Cordilleran
miogeocline in inferred time stratigraphic order. Lightly
shaded bars show the range of ages of igneous rocks in
the local Mojave province basement and, in addition, the
ca. 1100 Ma detrital zircon age peak commonly observed
in Paleozoic rocks of the Cordilleran miogeocline.

graphic comparison, we analyzed three samples
from quartzite in the overlying Neoproterozoic to
Cambrian miogeoclinal sequence, one each from
the upper Stirling Quartzite, middle member Wood

Canyon Formation, and Zabriskie Quartzite (Stew-
art and Poole 1975). The majority of grains are con-
cordant or slightly normally discordant (153 of 192
grains ≤10% discordant). Most detrital zircons in
these samples are between 1900 and 1000 Ma; 12
nearly concordant Archean grains are not plotted
but range in age from 3355 to 2451 Ma. Concordant
and nearly concordant grains define three main
populations with ages of 1787–1626, 1488–1350,
and 1185–1055 Ma (fig. 12). These data are consis-
tent with the smaller but more precise TIMS data
set of Stewart et al. (2001), who identified predom-
inant 1774 and 1111 Ma populations and discov-
ered four Archean grains between 3121 and 2677
Ma. These observed age populations are thus con-
sistent with predominant age populations observed
by Stewart et al. (2001) in a larger sample set of
miogeoclinal rocks from throughout the south-
western United States. In miogeocline samples
from the San Bernardino Mountains, there is no
relationship between grain size, form, or roundness
and measured age, so we conclude that there is no
relationship between age and transport distance or
recycling among the observed zircon populations,
nor is the average grain size and roundness signif-
icantly different from what we observed in zircons
from the Big Bear Group. In addition, microscopic
analysis gives no indication that rock type varied
in the provenance of the predominant age popula-
tions. Approximately 90% of grains preserve eu-
hedral to subhedral oscillatory zoning parallel to
some or all crystal faces.

Discussion

Paleoproterozoic metasedimentary and metaig-
neous rocks record the assembly of Mojave prov-
ince continental crust between about 1.8 and 1.63
Ga. These basement rocks are locally overlain by
remnants of sedimentary sequences of Mesopro-
terozoic, Neoproterozoic, and Cambrian age, which
record sedimentation on stabilized continental
crust, and eventual disassembly during formation
of the Cordilleran miogeocline in latest Neopro-
terozoic to Cambrian time.

The initial assembly of materials that formed
continental crust in the Mojave province involved
accumulation of immature sedimentary rocks on
thin, probably oceanic crust, represented by mid-
ocean ridge basalt–like amphibolites spatially as-
sociated with paragneisses. Amphibolites are en-
riched relative to likely depleted mantle at 1.8 Ga,
and the paragneisses contain abundant older detri-
tal grains, suggesting that the earliest Mojave prov-

Note miogeocline 
peaks don’t match Big 

Bear Group, which 
shows transport from 

southwest...

so something was still 
attached to North 

America at this time 
but maybe rifting off

Barth et al., J Geol., 2009



the following areas: the Big Cottonwood-Provo and Antelope Island
areas in the eastern region; the Sheeprock-San Francisco, Perry
Canyon-Fremont Island, and Pocatello-Oxford Mountain areas in the
western region; and the Deep Creek and Raft River–Albion areas in
the hinterland. Relations are described for five stages and associated
tectono-stratigraphic packages: stage 1—basal siliciclastic package;
stage 2—lower diamictite-bearing and volcanic package; stage 3—
middle mature siliciclastic package; stage 4—upper variably immature
siliciclastic and volcanic package; and stage 5—carbonate-rich package.
Stratigraphic columns and DZ spectra for study areas are shown in
Fig. 6A to G. Compilations of DZ spectra, thin section point count data,
and paleocurrent directions are shown in Fig. 7. Diamictite clast count
data are summarized in Fig. 8.

4.1. Stage 1—basal siliciclastic package

The basal package includes the Uinta Mountain Group (UMG) and
correlative Big Cottonwood Formation (BCF), which are exposed along
the E–W trending Uinta-Cottonwood arch (UCA; Fig. 4). The UMG
consists of feldspathic to quartzose sandstone, conglomerate, and
mudstone deposited in fluvial to shallow marine environments
(Fig. 5A; Hansen, 1965; Dehler et al., 2010; Kingsbury-Stewart et al.,
2013). The BCF, interpreted to be a finer-grained equivalent of the
UMG, consists mostly of quartzose sandstone and mudstone also

deposited in fluvial to shallow marine environments (Link et al., 1993;
Ehlers and Chan, 1999). Total thickness of the package is N5 km along
the depocenter of the intracratonic UMG basin, which was bounded
on the north by an E–W trending normal fault system subparallel to a
crustal boundary between Archean and Paleoproterozoic basement
rocks (Fig. 3); the basinwas subsequently inverted to form theUCAdur-
ing mostly Paleogene deformation (Bradley and Bruhn, 1988). Correla-
tive strata thin significantly to the south and are absent north of the
UCA. The UMG basin may have been connected to the Chuar and
Pahrump basins to the SW (Dehler et al., 2010), which had a different
geometry from the ensuing regional rift system.

DZ patterns vary with stratigraphic level and rock type, recording
varying sediment sources (Dehler et al., 2010). Feldspathic sandstone
contains abundant Archean DZ grains sourced from uplifted basement
rocks of the Wyoming province to the N (samples 91PL05, 69PL05,
90PL05; Fig. 6A). Quartzose sandstone contains abundant 1.0–1.3 Ga
and 1.3–1.5 Ga grains likely sourced from the distal Grenville–Llano
and mid-continent granite provinces and fewer 1.6–1.8 Ga grains
sourced from the Yavapai–Mazatzal provinces (73PL05, 112DH12,
111DH12, 122PL02; Fig. 6A). Incorporation of distal source material is
interpreted to record long distance sediment transport via a transconti-
nental river system (Dehler et al., 2010), alongwith possible recycling of
material from the Grenvillian clastic wedge (Rainbird et al., 2012). The
lower part of the UMG contains rare young (766 ± 5 Ma) zircon grains

Fig. 2. Reference stratigraphic sections and published age constraints (including results in this paper) for Neoproterozoic to Cambrian strata along the Cordilleran margin (see Fig. 1A for
locations of sections). Stratigraphic sections include: basement rocks;Mesoproterozoic basin strata; Neoproterozoic intracratonic basin strata (stage 1);Neoproterozoic diamictite-bearing
strata and volcanic rocks deposited during early rifting (stage 2); later Neoproterozoic mature siliciclastic strata (stage 3); Ediacaran to Early Cambrian variably immature strata and vol-
canic rocks deposited during final rifting and transition to drift (stage 4); and Middle to late Cambrian carbonate-rich strata deposited along a passive margin (stage 5). Major sequence
boundaries S1 to S3 indicated. Data from: 1—Death Valley (Prave, 1999; Petterson et al., 2011; Macdonald et al., 2013;Mahon et al., 2014); 2—SheeprockMountains (Christie-Blick, 1982;
this study); 3—southernWasatch (Christie-Blick, 1983; this study); 4—northern Wasatch (Blick, 1979; Crittenden et al., 1983; Balgord et al., 2013; this study); 5—southeast Idaho (Link,
1982; Fanning and Link, 2004; Keeley et al., 2013; this study); 6—central Idaho (Lund et al., 2003, 2010); 7—South Canadian Cordillera (Devlin et al., 1988; Ross et al., 1995; Colpron et al.,
2002); 8—North Canadian Cordillera (Rainbird et al., 1996; Macdonald et al., 2010; Rooney et al., 2014). Ages of Icebrook and upper Kingston Peak formations are uncertain and could
correlate with late Sturtian or Marinoan glacial episodes (Prave, 1999; Macdonald et al., 2013). Major sequence boundaries (S1 to S3) from Link et al. (1987) indicated.
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boulder (up to 4 m) clasts that sit in sandy to micaceous matrix; strati-
fied wacke to mudstone with dropstones is also locally present. Most
clasts are Fe-rich granites that are geochemically similar to granitic
orthogneiss of the Farmington zone, along with lesser amounts of
paragneiss and quartzite (Yonkee et al., 2013). Diamictite is overlain
by a ~10-m-thick unit of laminated pink dolostone that displays tube
structures and sheet crack cements, negative δ13C values characteristic
of cap carbonates, and disrupted beds of quartzose sandstone and silt-
stone (Fig. 5 F; Hayes, 2013). Dolostone is overlain by interbedded argil-
lite and ferroan dolostone, grading upward into fine-grained quartzite.

DZ patterns from the diamictite have distinctive peaks at 2.45 and
2.6–2.8 Ga, along with some 1.7–1.8 Ga grains (14CD10, 17DH12;
Fig. 6B), consistent with sources from the Farmington zone and Wyo-
ming province. Disrupted sandy beds in the cap dolostone contain
2.45 and 2.6–2.8 Ga DZ grains, along with distinctive 2.55 Ga and
young grains that give a mean (maximum depositional) age of 702 ±
6 Ma (98DH11, Fig. 6B). The 2.55 Ga and ~700 Ma grains are unusual
for eastern areas, but are common in areas to the west and may record
reworking and redeposition of glacial deposits during rapid sea level
rise. A sandstone dike in the dolostone (62CD11, Fig. 6B) contains 2.45
and 2.6–2.8 Ga DZ grains, along with Mesoproterozoic grains that may
have been recycled from UMG to the south. Overlying fine-grained
quartzite (17DH12; Fig. 6B) has a similar DZ pattern to the diamictite.

4.2.3. Western region: Sheeprock–San Francisco area
The package here includes the: Otts Canyon Formation with lower

slate, pebbly diamictite, and upper quartzite members; mafic intrusive
rocks; Dutch Peak Formation with conglomerate, diamictite, and
greywacke members; and Kelley Canyon Formation (Fig. 6C; Blick,

1979; Christie-Blick, 1982). These rocks were metamorphosed at
greenschist facies, internally strained, and translated eastward in the
Sheeprock thrust sheet (Mukul and Mitra, 1998). The lower member
of the Otts Canyon Formation consists of ~500 m of upward-fining
layers of quartzose to subfeldspathic sandstone to mudstone (now
slate), interpreted to be distal turbidites deposited during early subsi-
dence. The middle member contains pebbly diamictite with quartzite
and minor granitic clasts that sit in a micaceous matrix (Fig. 8). The
member is typically b100 m thick and is interpreted to record the
older glacial episode (Christie-Blick, 1982). The uppermember contains
fine- to medium-grained quartzite and slate interpreted to represent
turbidites. The member thickens to the SE from 200 to 800 m, likely
reflecting syndepositional faulting. Diabase dikes, altered to greenstone
consisting of albite, epidote, actinolite, and chlorite, cut the upper Otts
Canyon Formation.

The base of the overlying Dutch Peak Formation is marked by a
b100-m-thick unit of poorly sorted conglomerate with abundant basalt
clasts, indicating volcanic rocks were present prior to erosion, along
with laminated quartzite containing dropstones interpreted to mark
the onset of the younger glacial episode (Christie-Blick, 1982). The
main part of the formation comprises the diamictite and greywacke
members that thicken to the SE from 500 to 700 m. Diamictite is mas-
sive to crudely stratified and contains polymict pebble to boulder (up
to 3 m) clasts that sit in sandy to micaceous matrix. Clasts are mostly
granitic, along with lesser amounts of quartzite, reworked sedimentary
rocks, and volcanic basalt, trachyte, and rhyolite (Fig. 8). The greywacke
member consists of poorly sorted, volcaniclastic to feldspathic wacke
deposited as turbidites, diamictite lenses redeposited by mass flows,
and moderately sorted quartzose sandstone.

B

Fig. 6 (continued).
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Figure 1. Regional map of the U.S. and Canadian Cordillera showing exposure belts for Neo-
proterozoic rocks and shelf and slope facies belts for Paleozoic sedimentary rocks. Dotted 
line shows area of the Great Basin, southern U.S. Cordillera. Not palinspastically restored, 
refl ects present position after contractional movement along most of the margin, transcur-
rent northward translations of slices along the Canadian margin, and differential extension 
in the different segments (compiled from Stewart and Suczek, 1977; Stewart, 1991; Ehman 
and Clark, 1985; Turner et al., 1989; Poole et al., 1992, 2005; Ross et al., 1995; Cecile et al., 
1997; Price and Sears, 2000; and Lund et al., 2003).

Mackenzie Platform–Selwyn Basin and Ket-
chika Trough–MacDonald Platform (plus the 
paired Nasina Basin–Cassiar Platform, part of 
the former that was translated northward) have 
been related to the Cordilleran rift geometry 
(Nelson, 1991; MacIntyre, 1991; Goodfellow et 
al., 1993). In northern Nevada, most Paleozoic 

sedex, Mesozoic and Paleogene pluton-related, 
and Eocene Carlin-type and Neogene epither-
mal mineral deposits are hosted in (or underlain 
by) platform-margin, slope, and basin sedi-
mentary rocks and, further, are in linear arrays 
interpreted to be related to basement structures 
that originated during the rifting along western 

Laurentia (Hofstra and Cline, 2000; Tosdal et 
al., 2000; Crafford and Grauch, 2002; Grauch 
et al., 2003; Cline et al., 2005; Emsbo et al., 
2006). Because of the lack of integration of 
individual rift segments into a miogeoclinal 
model, mineral deposits in each segment have 
largely been investigated independently of 
those in other segments.

Cordilleran-wide evaluation of mineral 
deposit occurrence data in conjunction with 
rift-segment interpretation adds another aspect 
to understanding the geometry and polarity 
of the rift as well as understanding the subse-
quent structural reactivations. Conversely, min-
eral deposit investigations in the rift context 
may result in identifi cation of relationships (1) 
between commodities and specifi c rift polarity, 
and (2) between commodities or size of deposit 
and individual segment history.

This study is based on fi eld studies in cen-
tral Idaho and northern Nevada and integration 
of that new data for the northern U.S. Cordil-
lera with the more comprehensively studied and 
interpreted rift and miogeoclinal segments in 
the Canadian and southern U.S. Cordillera. The 
objectives of this paper are to (1) identify and 
interpret the rift geometry for the U.S. Cordil-
leran miogeoclinal segments, (2) combine rift-
geometry interpretations for the Canadian and 
U.S. Cordillera, and (3) integrate the interpreted 
rift geometry with Paleozoic sediment-hosted 
mineral deposits along the length of the Cor-
dilleran miogeocline as well as with younger 
deposits in segments that underwent subsequent 
episodes of deformation and magmatism.

CONTINENTAL CRUST RIFT MODELS

Common models for continental rifts include 
an element of asymmetry. Asymmetric exten-
sion results in opposing upper-plate and lower-
plate margins (Fig. 2), each with distinct charac-
teristics (Lister et al., 1986). Margins that form 
along the lower plate of such an asymmetric 
extensional system are characterized by marked 
thinning of continental crust, manifested by sub-
sidence across a broad continental shelf margin 
and by rotated crustal blocks. In contrast, upper-
plate margins are characterized by limited crustal 
thinning, manifested by relatively narrow conti-
nental shelf margins, development of proximal 
continental drainage divides (or arches), alka-
lic magmatism, and down-to-the-basin normal 
faults (Lister et al., 1986, 1991; Wernicke, 1985; 
Etheridge et al., 1990; Thomas, 1993, 2006). 
Along a single margin, extensional asymmetry 
may reverse across transfer zones and, likewise, 
offsets between two same-asymmetry segments 
may occur across transform zones (Lister et 
al., 1986). Such transfer or transform zones are 
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extensional events (with respect to what was 
being rifted and which event constituted conti-
nental separation) is debated (Meert and Tors-
vik, 2003). 

Short-lived but important rejuvenation 
of extension occurred in the Devonian– 
Mississippian, accompanied by magmatic activ-
ity (Fig. 3) and a possible change in extension 
direction (Turner et al., 1989; Stevens, 1991; 
Root, 2001; Pyle and Barnes, 2003). This 
younger event has been related to backarc exten-
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and schematic interpretation of rift segments, transfer and transform zones, and arches of 
the U.S. and Canadian Cordillera. Canadian interpretation after Cecile et al. (1997).

sion during slab rollback (Nelson et al., 2006). 
Infl ux of mineralizing basinal brines through 
the continental margin sedimentary rocks at 
this time resulted in formation of sedex deposits 
containing Zn-Pb, Ba, or Au (Turner and Otto, 
1995; Root, 2001; Nelson et al., 2002; Emsbo 
et al., 2006). 

These late Ediacaran to Devonian rocks are 
the classic Cordilleran miogeocline. Depo-
sitional facies can be reconstructed for both 
Neoproterozoic and Paleozoic rocks along the 

Canadian and U.S. portions of the miogeocline 
(Fig. 1), with stratigraphic thickening pro-
gressing westward across the continental shelf 
and slope and into a deeper basin (Stewart, 
1980; Turner et al., 1989; Ross, 1991; Stevens, 
1991; Poole et al., 1992; Cecile et al., 1997; 
Price and Sears, 2000). The prominent gap in 
information for the northern U.S. Cordillera 
(demonstrated by those previous compilations) 
is in a region that was overprinted by succes-
sive overlapping orogenic belts. However, 
 Neoproterozoic–early Paleozoic rocks have 
recently been documented across that region, 
primarily by application of mapping and dating 
techniques (Lund et al., 2003; Lund, 2004).

In the Canadian Cordillera, Neoproterozoic–
middle Paleozoic shelf and slope deposits are 
northwest striking and southwest deepening. As 
illustrated in Figure 1, the paired Selwyn Basin 
and Mackenzie Platform form a broad depo-
sitional basin in the Yukon Territory. They are 
succeeded to the south by a markedly narrower 
system formed by the Ketchika Trough and the 
MacDonald Platform (and the Nasina Basin and 
Cassiar Platform, which were translated to the 
north by transcurrent faulting, making the Sel-
wyn Basin appear broader and the Ketchika 
Trough narrower) (Cecile, 1982; Gabrielse and 
Yorath, 1991; Ross, 1991; Cecile et al., 1997). 
This British Columbian segment is further sub-
divided, especially north and south of the Mac-
Donald–Hay River fault (Great Slave shear zone 
in the basement), wherein the facies belts in the 
southern part are narrower than to the north 
(Cecile et al., 1997).

From southern Alberta to northeastern Wash-
ington, the trace of Neoproterozoic–middle 
Paleozoic shelf and slope facies forms an arcu-
ate belt (the Kootenay Arc) and, at the interna-
tional boundary, these facies belts are northeast 
striking, northwest facing, and narrow (Miller, 
1994; Price and Sears, 2000). Along the eastern 
Washington to eastern Idaho segment, exposures 
of the Neoproterozoic Windermere Supergroup 
(Lund et al., 2003) and of primarily slope facies 
Paleozoic rocks (Scholten, 1957; Armstrong, 
1975; Ruppel, 1986) indicate that the original 
miogeocline was northwest striking and rela-
tively narrow.

The Snake River Plain is coincident with 
an ~400-km-long change in trend of the facies 
belts from north-central Nevada to southeastern 
Idaho (Stewart and Suczek, 1977). Paleozoic 
facies data indicate a narrow zone of Cambrian 
to Devonian slope facies rocks striking north-
east between southeastern Idaho and north-
central Nevada and deepening to the northwest 
(Stewart, 1980). Along the same trend, Neopro-
terozoic carbonate and volcaniclastic rocks of 
north-central Nevada (Stevens, 1981; Ehman 
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that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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Fig. 12. Paleogeographic maps show interpreted sediment sources, depositional environments, schematic fault geometry (TZ—inferred transfer zone), and restored locations of study
areas, along with OsgoodMountain (OM) in central Nevada and Edwardsburg (Ed) in central Idaho. Basement rocks are: Wyoming province and Grouse Creek block (pink), Farmington
zone,Mojave province, and Selway terrane (salmon), and Yavapai province (light yellow-orange). UintaMountain Group (UMG, greenish brown) also shown. Stage 1—deposition of UMG
in intracratonic basin. Stage 2A—deposition of turbidites in basin system during initial extension, which was followed by deposition of pebbly diamictite during the older glacial episode.
Stage 2B—volcanism and deposition of polymict diamictite during the younger glacial episode, regional extension, and uplift of rift flanks. Stage 2C—deposition of fine-grained siliciclastics
as volcanic activity wanes and basin system subsides. Stage 3—deposition of mature siliciclastics during subsidence along a failed rift. Stage 4 basal—deposition of immature siliciclastics
and renewed volcanism during final rifting with concentrated extension to the west. Stage 4 upper—transition to drift and deposition of siliciclastics with sources from Transcontinental
arch (TA). Stage 5—deposition of carbonate-rich strata along passive margin and onto craton during Sauk transgression, with local alkali igneous activity in the Lemhi arch (LA).
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that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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arch (TA). Stage 5—deposition of carbonate-rich strata along passive margin and onto craton during Sauk transgression, with local alkali igneous activity in the Lemhi arch (LA).

83W.A. Yonkee et al. / Earth-Science Reviews 136 (2014) 59–95

Yonkee et al., Earth Sci Rev, 2014

?

?

?

?

?

?

?

TZ

?
?

?

?

?

Wyoming
province

Grouse 
Creek
block

Mojave
province

Yavapai
province

Farm
ington

zone

UMG

Selway
terrane

Ed

Pt

Pc

~750 Ma
Stage 1

~720 Ma
Stage 2A

~690 Ma
Stage 2B

glacial ice

marine water submarine fan

volcanic source fluvial system

mountains/
uplift

fault

restored areas

OM

Ht
FI

SM

DC

AI
MF

R-A

Pi

CR

SF

Og

Pv

~660 Ma
Stage 2C

W
yo

m
in

g

U
ta

h

C
ol

or
ad

o

Id
ah

o

Montana

Western
Pt-  Pocatello
OM-  Oxford Mountain
Ht-  Huntsville
PC-  Perry Canyon
FI-  Fremont Island
SM-  Sheeprock Mountains
SF-  San Franscisco Mountains

Eastern
Og-  Ogden
AI-  Antelope Island
UM-  Uinta Mountains
BC-  Big Cottonwood

sediment source

87 Sr
/8

6 S
r<

.7
06

A B

DC

111

42

Mid-continent,
Grenville province

sources

OM

111

42

Belt Basin

Chuar

upper
Pahrump

111

42

111

42

Hinterland
DC-  Deep Creek Range
Pi-  Pilot Range
R-A-  Raft River-Albion ranges
Ed- Edwardsburg
Os - Osgood Mountain

100 km 100 km

100 km100 km

paleocurrent

Gunbarrel
dikes (780 Ma)

82 W.A. Yonkee et al. / Earth-Science Reviews 136 (2014) 59–95

that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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arch (TA). Stage 5—deposition of carbonate-rich strata along passive margin and onto craton during Sauk transgression, with local alkali igneous activity in the Lemhi arch (LA).
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that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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in intracratonic basin. Stage 2A—deposition of turbidites in basin system during initial extension, which was followed by deposition of pebbly diamictite during the older glacial episode.
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as volcanic activity wanes and basin system subsides. Stage 3—deposition of mature siliciclastics during subsidence along a failed rift. Stage 4 basal—deposition of immature siliciclastics
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arch (TA). Stage 5—deposition of carbonate-rich strata along passive margin and onto craton during Sauk transgression, with local alkali igneous activity in the Lemhi arch (LA).

83W.A. Yonkee et al. / Earth-Science Reviews 136 (2014) 59–95

Yonkee et al., Earth Sci Rev, 2014

?

?

?

?

?

?

?

TZ

?
?

?

?

?

Wyoming
province

Grouse 
Creek
block

Mojave
province

Yavapai
province

Farm
ington

zone

UMG

Selway
terrane

Ed

Pt

Pc

~750 Ma
Stage 1

~720 Ma
Stage 2A

~690 Ma
Stage 2B

glacial ice

marine water submarine fan

volcanic source fluvial system

mountains/
uplift

fault

restored areas

OM

Ht
FI

SM

DC

AI
MF

R-A

Pi

CR

SF

Og

Pv

~660 Ma
Stage 2C

W
yo

m
in

g

U
ta

h

C
ol

or
ad

o

Id
ah

o

Montana

Western
Pt-  Pocatello
OM-  Oxford Mountain
Ht-  Huntsville
PC-  Perry Canyon
FI-  Fremont Island
SM-  Sheeprock Mountains
SF-  San Franscisco Mountains

Eastern
Og-  Ogden
AI-  Antelope Island
UM-  Uinta Mountains
BC-  Big Cottonwood

sediment source

87 Sr
/8

6 S
r<

.7
06

A B

DC

111

42

Mid-continent,
Grenville province

sources

OM

111

42

Belt Basin

Chuar

upper
Pahrump

111

42

111

42

Hinterland
DC-  Deep Creek Range
Pi-  Pilot Range
R-A-  Raft River-Albion ranges
Ed- Edwardsburg
Os - Osgood Mountain

100 km 100 km

100 km100 km

paleocurrent

Gunbarrel
dikes (780 Ma)

82 W.A. Yonkee et al. / Earth-Science Reviews 136 (2014) 59–95

that definemaximumdepositional age (91PL05, SCUMG-9; Fig. 6A). The
Red Pine Shale in the upper UMG contains the microfossils Chuaria and
Melanocyrillium (Dehler et al., 2010), which are correlative with
microfossils in the upper Chuar Group that contains a 742 ± 6 Ma tuff
(Karlstrom et al., 2000; Dehler et al., 2001).

4.2. Stage 2—lower diamictite-bearing and volcanic package

This package is represented by the locally deposited Mineral Fork
Formation in the eastern region, the Perry Canyon Formation and relat-
ed strata in the western region, and complexly deformed strata in the
hinterland (Fig. 4). Strata display distinct vertical changes in lithology

and are subdivided into: stage 2A—feldspathic to quartzose strata
(Fig. 5B) and pebbly diamictite (Fig. 5C) deposited during initial exten-
sion and an older glacial episode; stage 2B—mafic volcanic rocks
(Fig. 5D), polymict diamictite (Fig. 5E), cap carbonate (Fig. 5F), and
volcaniclastic wacke deposited during regional extension and a younger
glacial episode; and stage 2C—argillite tofine-grained quartzite deposit-
ed during onset of regional subsidence (Condie, 1967; Christie-Blick,
1982, 1983; Crittenden et al., 1983; Balgord et al., 2013). Strata deposit-
ed during stage 2B contain young (~670–700 Ma) zircon grains related
to felsic volcanism, whereas stage 2A strata typically lack young grains.
Relations are described separately for each study area due to lateral
variability.

Fig. 3. Generalized map of basement provinces shows local sediment sources for Neoproterozoic to Cambrian strata. Leading edge of Sevier fold-thrust belt, restored positions of study
areas, and Nd model ages (tNd) of provinces (Bennett and DePaolo, 1987) are indicated. Inset map of Laurentia shows locations of distal sediment sources. Zircon spectra from different
basement sources have distinctive patterns: Wyoming province (Wy) has range of 2.6–3.0 Ga grains (Frost et al., 2006; Fan et al., 2011); Grouse Creek block (GC) has prominent 2.55 Ga
peak (asterisk) (Strickland et al., 2011; Isakson, 2012); Farmington zone,Mojaveprovince, and Selway terrane (F-Mo-Se) have amixof 1.7–1.9Gametamorphic grains, 2.45 Ga grains from
local Fe-rich granitic plutons (asterisk), and reworked Archean grains (Shufeldt et al., 2010; Mueller et al., 2011; Yonkee et al., 2013); Yavapai andMazatzal provinces (Y-M) have 1.7–1.8
Ga peak (Bickford et al., 2008);mid-continent granite (MG) and A-type granite intrusions in the SWU.S. have 1.3–1.5 Ga grains; andGrenville-Llano province (GR) has range of 1.0–1.3 Ga
grains with multiple subpeaks (Eriksson et al., 2003), along with ~1.1 Ga late granite intrusions in the SW U.S. Modified fromWhitmeyer and Karlstrom (2007) and Balgord et al. (2013).
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