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ABSTRACT

Middle to Upper Jurassic strata in the Paradox 
Basin and Central Colorado trough (CCT; south-
western United States) record a pronounced 
change in sediment dispersal from dominantly 
aeolian deposition with an Appalachian source 
(Entrada Sandstone) to dominantly fluvial deposi-
tion with a source in the Mogollon and/or Sevier 
orogenic highlands (Salt Wash Member of the 
Morrison Formation). An enigmatic abundance of 
Cambrian (ca. 527–519 Ma) grains at this prove-
nance transition in the CCT at Escalante Canyon, 
Colorado, was recently suggested to reflect a local 
sediment source from the Ancestral Front Range, 
despite previous interpretations that local base-
ment uplifts were largely buried by Middle to Late 
Jurassic time.

This study aims to delineate spatial and tem-
poral patterns in provenance of these Jurassic 
sandstones containing Cambrian grains within the 
Paradox Basin and CCT using sandstone petrog-
raphy, detrital zircon U-Pb geochronology, and 
detrital zircon trace elemental and rare-earth ele-
mental (REE) geochemistry. We report 7887 new 
U-Pb detrital zircon analyses from 31 sandstone 
samples collected within seven transects in west-
ern Colorado and eastern Utah. Three clusters of 

zircon ages are consistently present (1.53–1.3 Ga, 
1.3–0.9 Ga, and 500–300 Ma) that are interpreted 
to reflect sources associated with the Appalachian 
orogen in southeastern Laurentia (mid-continent, 
Grenville, Appalachian, and peri-​Gondwanan 
terranes). Ca. 540–500 Ma zircon grains are anom-
alously abundant locally in the uppermost Entrada 
Sandstone and Wanakah Formation but are either 
lacking or present in small fractions in the overlying 
Salt Wash and Tidwell Members of the Morrison 
Formation. A comparison of zircon REE geochem-
istry between Cambrian detrital zircon and igneous 
zircon from potential sources shows that these 
540–500 Ma detrital zircon are primarily magmatic. 
Although variability in both detrital and igneous 
REE concentrations precludes definitive identifica-
tion of provenance, several considerations suggest 
that distal sources from the Cambrian granitic and 
rhyolitic provinces of the Southern Oklahoma 
aulacogen is also likely, in addition to a proximal 
source identified in the McClure Mountain syenite 
of the Wet Mountains, Colorado. The abundance of 
Cambrian grains in samples from the central CCT, 
particularly in the Entrada Sandstone and Wana-
kah Formation, suggests northwesterly sediment 
transport within the CCT, with sediment sourced 
from Ancestral Rocky Mountains uplifts of the 
southern Wet Mountains and/or Amarillo-​Wichita 
Mountains in southwestern Oklahoma. The lack 
of Cambrian grains within the Paradox Basin sug-
gests that the Uncompahgre uplift (southwestern 
Colorado) acted as a barrier to sediment transport 
from the CCT.

■■ INTRODUCTION

The Colorado Plateau in the southwestern 
United States preserves a nearly continuous record 
of Jurassic continental and marginal marine depo-
sition that has been widely studied as an archive 
of the tectonic, climatic, and biotic evolution of 
western Laurentia (Kocurek and Dott, 1983; Blakey, 
1994; DeCelles, 2004; Foster and Lucas, 2006). To 
place the Jurassic stratigraphy of the Colorado Pla-
teau within a paleogeographic context, previous 
workers used sediment provenance to infer pat-
terns of sediment dispersal via fluvial, aeolian, and 
marine processes (Kocurek and Dott, 1983; Peterson, 
1988, 1994; Blakey, 1994). In the 2000s, a number of 
studies made significant advancements in refining 
understanding of sediment sources and transport 
pathways to the Mesozoic Colorado Plateau, largely 
due to the improved provenance resolution afforded 
by detrital zircon U-Pb geochronology via laser 
ablation (Rahl et al., 2003; Dickinson and Gehrels, 
2003, 2008a, 2008b, 2009, 2010). As summarized 
by Dickinson and Gehrels (2010), three dominant 
middle Mesozoic sediment routing patterns were 
recognized on the basis of detrital zircon U-Pb ages 
and other geologic information: (1) northwesterly 
sediment transport from the Marathon-​Ouachita 
orogen and rift flank of the Gulf of Mexico during 
deposition of the Upper Triassic Chinle Forma-
tion, (2) transcontinental sediment transport from 
the distant Appalachian orogen westward across 
the craton and subsequent reworking into Lower 
to Middle Jurassic sand sheets, and (3) northerly 
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and northeasterly sediment transport from the 
Mogollon and Sevier orogenic highlands during 
deposition of Upper Jurassic and Cretaceous units 
of the Western Interior Basin.

Although many middle Mesozoic units of the 
Colorado Plateau share a similar detrital zircon U-Pb 
age signature that reflects an ultimate origin from 
the Appalachian orogen and/or associated sedimen-
tary basins (Dickinson and Gehrels, 2010), Dickinson 
and Gehrels (2008b) identified three samples from 
the Upper Triassic Chinle-Dockum (Dickinson et al., 
2010 and Dickinson and Gehrels, 2008) fluvial sand-
stones that had anomalous abundances of Cambrian 
zircon, an age group that had not been found, at that 
time, in unusual abundances in younger (Jurassic–
Cretaceous) strata (Dickinson and Gehrels, 2009). 
Potter-McIntyre et al. (2016) identified high abun-
dances of Cambrian grains in the Middle and 
Upper Jurassic units within the Central Colorado 
trough (CCT) with similar age peaks (519–527 Ma) 
as in the underlying Chinle Formation (515–523 Ma; 
Dickinson and Gehrels, 2008b) (Fig. 1). While Dick-
inson and Gehrels (2008b) interpreted a sediment 
source from the Southern Oklahoma aulacogen for 
these Cambrian grains, Potter-McIntyre et al. (2016) 
inferred a local source from the Wet Mountains of 
southern Colorado (ca. 523 Ma McClure Mountain 
syenite; Schoene and Bowring, 2006), implying 
that the Ancestral Front Range remained a locally 
important sediment source well into Late Jurassic 
time, later than previously thought (Dickinson and 
Gehrels, 2003). Unlike many other orogenic belts 
that are distributed across wide regions of Laurentia 
(e.g., Grenville and Appalachian belts; Whitmeyer 
and Karlstrom, 2007), Cambrian protosources 
(sensu Pell et al., 1997) are primarily restricted to a 
few geographically restricted locations within the 
western United States, including central Colorado 
and Oklahoma (Powell et al., 1980; Larson et al., 
1985; Hogan and Gilbert, 1998; Schoene and Bow-
ring, 2006; Hanson et al., 2009). Thus, identification 
of the source of Cambrian detrital zircon, where 
present, may allow a greater degree of provenance 
specificity than is usually afforded with detrital zir-
con studies of central Laurentia.

The geologic significance of the spatial and 
temporal extent of Cambrian grains within 
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Figure 1. Major tectonic elements and deposystems of the western United States during the Jurassic (after Lawton, 
1994; Barbeau, 2003; Dickinson and Gehrels, 2003, 2008a; Blakey, 2012). UU—Uncompahgre uplift; ARM—Ancestral Rocky 
Mountains; CCT—Central Colorado trough. Black box is the outline of the study area map shown in Figure 3. Solid black 
line beneath the Mogollon highlands is its southern limit. State abbreviations: OR—Oregon; CA—California; ID—Idaho; 
NV—Nevada; UT—Utah; AZ—Arizona; MT—Montana; WY—Wyoming; CO—Colorado; NM—New Mexico; SD—South 
Dakota; NE—Nebraska; KS—Kansas; OK—Oklahoma; TX—Texas.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/5/1494/5413764/1494.pdf
by guest
on 03 February 2022

http://geosphere.gsapubs.org


1496Ejembi et al.  |  Geochronology and provenance of Paradox Basin and Central Colorado troughGEOSPHERE  |  Volume 17  |  Number 5

Research Paper

Middle–​Upper Jurassic units of the central Col-
orado Plateau and adjacent Paradox Basin is 
uncertain because results of Potter-McIntyre et al. 
(2016) included samples from only a single section 
at Escalante Canyon, Colorado. This study aims to 
delineate the geographic and temporal distribu-
tion of this distinctive Cambrian age group within 
Middle–Upper Jurassic units of the CCT of western 
Colorado and eastern Utah. The units included in 
this study span the transition between aeolian units 
of Appalachian provenance (Entrada Sandstone; 
Dickinson and Gehrels, 2003) and fluvial units of 
Mogollon and Sevier provenance (Morrison For-
mation; Dickinson and Gehrels, 2008a) that have 
contrasting dominant sediment transport vectors 
(i.e., aeolian units sourced from the north-northeast 
and fluvial units sourced from the west-southwest). 
We used a multiproxy approach to provenance 
analysis, including incorporation of bulk sandstone 
mineralogy (modal point counts of framework 
grains from 12 samples), detrital zircon U-Pb geo-
chronology (7887 new analyses from 31 sandstone 
samples), and detrital zircon trace and rare-earth 
elemental (REE) geochemistry (111 analyses of 
Cambrian detrital zircon from seven samples, and 
163 analyses of Cambrian igneous zircon from five 
samples). This study includes seven additional tran-
sects in addition to the original section and detrital 
zircon U-Pb ages reported by Potter-McIntyre et al. 
(2016) from Escalante Canyon (693 analyses from 
seven samples). Numerical sediment unmixing 
using non-negative matrix factorization (Sharman 
and Johnstone, 2017; Saylor et al., 2019) on the 
combined data set (this study and data from Pot-
ter-McIntyre et al. [2016]) provides a quantitative 
estimate of the contributions of the Cambrian and 
other sources of detrital zircon across the Middle 
to Late Jurassic time in the Paradox Basin and CCT. 
This study clarifies patterns of sediment routing 
during the Middle–Late Jurassic transition and sug-
gests the existence of a northwesterly sediment 
dispersal system that transported detritus from 
the relict Ancestral Rocky Mountains uplifts within 
south-central Colorado and possibly as far as Okla-
homa into the CCT, similar to the Eagle paleoriver 
of the older, Chinle-Dockum depositional system 
(Dickinson and Gehrels, 2008b).

■■ GEOLOGIC BACKGROUND

The Paradox Basin and CCT formed in response 
to crustal loading and downward flexure along the 
margins of the Uncompahgre uplift and Ancestral 
Front Range during the Pennsylvanian–Permian 
Ancestral Rocky Mountains (ARM) orogeny in 
Utah and Colorado (Fig. 1; e.g., Kluth and Coney, 
1981; Hoy and Ridgway, 2002; Barbeau, 2003). The 
ARM orogeny manifested as the deformation of the 
Cordilleran foreland basin and intracratonic block 
uplifts that occurred during the collision and sutur-
ing of the North and South American plates along 
the Appalachian-Ouachita-Marathon thrust belt 
(Barbeau, 2003). In central Colorado, the Ancestral 
Front Range, part of the ARM orogeny that con-
sisted of the Front Range uplift, Wet Mountains, 
and Sangre de Cristo Mountains, formed the north-
west-trending eastern boundary of the CCT (Hoy 
and Ridgway, 2002; Fig. 1). The northwest-south-
east–trending Uncompahgre uplift borders the 
CCT to the west and separates the Paradox Basin 
from the CCT. Following the ARM orogeny, magma-
tism occurred during Middle to Late Jurassic time 
along western North America (Fig. 1) in response 
to either subduction of the oceanic plates beneath 
the North American continent (e.g., Lawton, 1994; 
DeCelles, 2004) or collision of accreted terranes 
against the western continental margin (e.g., Col-
pron et al., 2015). Along the southern continental 
margin, a combination of Late Jurassic rifting and 
magmatism created the Mogollon highlands south 
of the Paradox Basin (Fig. 1; Dickinson and Lawton, 
2001). Several foreland basins—commonly referred 
to as the ARM basins—formed adjacent to the ARM 
uplifts (Barbeau, 2003) and were sites for sedimen-
tation during the Mesozoic.

In Early Jurassic time, fluvial and aeolian sedi-
ments derived from the magmatic arc and sources 
in southeastern Laurentia accumulated as the Glen 
Canyon Group in a broad retroarc foreland that 
developed on the Colorado Plateau, east of the 
western Cordillera (Peterson, 1994; Dickinson and 
Gehrels, 2009). The J-2 unconformity (Fig. 2), an 
erosional unconformity that separates the Middle 
Jurassic San Rafael Group from the older Glen Can-
yon Group, resulted from the eastward migration 

of the magmatic arc and forebulge toward the 
continental interior in response to the flattening 
of the subducting oceanic plate (Pipiringos and 
O’Sullivan, 1978; Lawton, 1994). The San Rafael 
Group (Fig. 2) is widespread and is well exposed 
in western Colorado and Utah.

By Middle Jurassic time, the regional climate 
in western Laurentia had shifted from arid to 
temperate conditions (Busby et al., 2005), with 
intermittent marine transgressions from the north 
into the continent interior reworking aeolian sedi-
ments into fluvio-deltaic deposits on the southern 
margin of the impinging seaway (Fig. 1; Pipiringos 
and O’Sullivan, 1978; Blakey, 1994). The regression 
of the seaway may have created several fresh
water lakes (Tanner, 1970) in western intracratonic 
basins, which later evolved into hypersaline lakes. 
One of these hypersaline lakes formed in the Par-
adox Basin and CCT during Middle Jurassic time 
(ca. 165 Ma), wherein the Wanakah Formation and 
the Tidwell Member of the Morrison Formation 
were deposited (Blakey and Ranney, 2008; Potter-​
McIntyre et al., 2016).

Potter-McIntyre et al. (2016) attributed the origin 
of the lake system in the Paradox Basin and CCT to 
stream capture and drainage reorganization, with 
a major drainage channel directed from the Ances-
tral Front Range in central Colorado. Hypothetically, 
the Paradox Basin and CCT may also have drained 
the north-facing Mogollon slope, the southeastern 
Ancestral Rockies, and the Appalachian highlands 
during Middle–Late Jurassic time (Fig. 1). Pulses 
in sedimentation during Middle–Late Jurassic time 
on the Colorado Plateau are marked by regional 
unconformities (Fig. 2). These unconformities are 
mostly erosional surfaces and are hypothesized to 
have occurred due to tilting of the Colorado Plateau 
and/or major sea-level regression (Peterson, 1994; 
O’Sullivan, 2004). The J-5 unconformity is placed 
underneath the basal sandstone (marker bed A) 
of the Tidwell Member of the Morrison Formation 
and is interpreted to extend throughout western 
Colorado and westward into the San Rafael Swell 
in Utah (Fig. 2). The J-5 unconformity has also been 
interpreted across Laurentia as co-occurring with 
a major sea-level regression and represents a rel-
atively short time span (~2 m.y.; Peterson, 1994). 
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The occurrence, lateral extent, and stratigraphic 
placement of the J-5 unconformity in western 
Laurentia have been a subject of debate (Fig. 2; 
Carr-Crabaugh and Kocurek, 1998; O’Sullivan, 2004; 
Dickinson and Gehrels, 2008a; Potter-McIntyre et al., 
2016). The Wanakah Formation and its coeval lateral 
equivalent, the Summerville Formation, lie strati-
graphically between the Middle Jurassic Entrada 
Sandstone and the Tidwell Member of the Upper 
Jurassic Morrison Formation in western Colorado 
and southeastern Utah, respectively (Fig. 2; O’Sul-
livan, 1980; 1992; Scott et al., 2001).

Late Jurassic (ca. 160 Ma) deposition occurred 
in an extensive alluvial plain, with the depositional 
environment shifting from lacustrine (Tidwell Mem-
ber) to fluvial and fluvio-lacustrine (Salt Wash and 
Brushy Basin Members), coincident with two epi-
sodes of marine transgressions in Oxfordian and 
Kimmeridgian time (Peterson, 1994; Demko et al., 
2004; Bernier and Chan, 2006). Paleocurrent data 
indicate that sediments deposited in Western Inte-
rior Basins during Late Jurassic time came from 

the magmatic arcs to the west and from southern 
Laurentia (Lawton, 1994; DeCelles, 2004).

■■ METHODS

Field and Sampling Methods

We measured stratigraphic sections and col-
lected rock samples from seven new localities 
along a northwest-southeast transect across central 
Colorado and southeastern Utah (Fig. 3). We col-
lected sandstone samples from the following units 
in localities where they are present and/or exposed: 
(1) the Entrada Sandstone, (2) the “board beds” of 
the Entrada Sandstone (informally named set of 
uppermost sandstone beds known for its distinctive 
stack of unevenly weathering beds; e.g., O’Sulli-
van, 2004), (3) the Wanakah Formation, (4) the 
Summerville Formation, (5) the Tidwell Member 
of the Morrison Formation, and (6) the Salt Wash 
Member of the Morrison Formation. We collected 

an average of two samples from each 4 m inter-
val from each sandstone unit (usually at the base, 
middle, and top) and/or at intervals where distinct 
changes in lithology occur. We used the methods 
of Powers (1953) and Jerram (2001) to characterize 
sandstone texture and the Dickinson and Suczek 
(1979) method to analyze the petrographic abun-
dance of framework grains in all samples (Fig. 4).

Sample Preparation and Analytical Methods

Zircon grains were separated from pulverized 
sandstone samples (each 10–15 kg) using standard 
techniques of hydraulic, density, and magnetic 
separation. The U-Pb ages of detrital zircon grains 
were determined using laser ablation–​inductively 
coupled plasma mass spectrometry (LA-ICPMS) at 
the University of Arizona LaserChron Laboratory 
(Tucson, Arizona, USA) following well-established 
methods (Gehrels et al., 2006, 2008; Gehrels, 
2012). We used backscatter images to characterize 
the shape of the zircon grains and as a guide for 
selecting target spots for laser ablation and anal-
yses. Zircon grains were selected randomly (i.e., 
regardless of the degree of rounding, grain size, 
shape, or color), except that zircon grains with 
fractured surfaces or those that appeared to have 
damaged cores were not targeted to avoid acquir-
ing unreliable ages that could result from Pb loss, 
secondary inclusions of minerals, or surface irreg-
ularities (Gehrels, 2012).

We corrected the U-Pb age of both standards 
and unknown zircon grains using E2AgeCalc, a 
Python decoding routine and raw data reduction 
program available at the LaserChron Laboratory. 
Zircon grains with concordant ages were retained 
and used for provenance analyses. By comparing 
the 206Pb/238U age for <1000 Ma grains and 206Pb/207Pb 
age for >1000 Ma grains, we set a maximum discor-
dance filter to >30% discordant and <5% reverse 
discordant for all 206Pb/238U analyses >400 Ma. In 
total, we retained 7887 analyses from our data set, 
~94% of the total number. Age uncertainties are 
reported at a 2σ confidence level (~1%–2% rela-
tive uncertainty). The U-Pb ages of zircon grains 
per sample are plotted as kernel density estimates 
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Figure 3. Geologic map of the study area in the western United States (Cashion, 1973; Steven et al., 1974; Tweto et al., 1976, 1978). (A) Outline of the Paradox Basin 
and locations of tectonic elements in Utah (UT) and Colorado (CO). (B) Area of rectangular box in A showing the distribution of Jurassic and Triassic sedimentary 
rocks in the Paradox Basin in western Colorado and southeastern Utah and basement rocks (mostly igneous intrusives) of the southern Ancestral Front Range. Early 
Proterozoic rocks are 1.8–1.6 Ga schists and gneisses, and 1.7 Ga granitic rocks; middle–late Proterozoic rocks are 1.4 Ga granitic rocks and 1.1 Ga granitoids of the 
Pikes Peak batholith. Red arrow points to the intersection of the east-west and southeast-northwest transects of the sampling sites within the Paradox Basin and 
Central Colorado trough (CCT), which cover ~19,000 km2. Background image is from the USGS shaded relief and digital elevation model maps of the area available 
at https://apps.nationalmap.gov​/downloader/#/, https://ngmdb.usgs.gov​/topoview​/viewer​/#9​/39.4627​/-107.8349.
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(KDEs; bandwidth set at 10 m.y.) and histograms 
(bins discretized at 25 m.y.) (Fig. 5).

We used the Age Pick program, developed by 
the LaserChron Laboratory, to identify prominent 
age peaks, which were then used to quantitatively 
assess the spatial and temporal detrital zircon 
U-Pb age distributions of Middle–Upper Jurassic 
strata across the study sites. Age clusters of detrital 
zircons (age modes of three or more grains) and 
their respective proportions were calculated and 
grouped according to the age of source terranes in 
North America to assess their provenance (Table S1 
and File S2 in the Supplemental Material1).

We also measured the abundance of REEs in 
zircon (mostly from zircon cores using LA-ICPMS) 
from 316 grains (seven samples) that were previ-
ously analyzed for U-Pb age (File S4 [footnote 1]; 
Fig. S1). We estimated uncertainty by calculating 
the mean absolute deviation (MAD) of the individ-
ual analyses from the mean REE value (File S4). 
Trace element and REE abundances in detrital zir-
con grains were measured using a quadrupole 
LA-ICPMS at the University of Arkansas Trace 
Element and Radiogenic Isotope Laboratory (Fay-
etteville, Arkansas, USA). NIST612 glass was used 
as a primary standard, with NIST610 glass and 
the zircon Mud Tank used as secondary standards. 
Sample selection was based on the presence or 
absence of a Cambrian U-Pb age peak to assess the 
potential provenance of the Cambrian grains and, 
by extension, discriminate between the provenance 
of samples with this age peak and those without it 
(e.g., Potter-McIntyre et al., 2016). Within each of 
the seven samples, Cambrian grains were targeted 
for the purpose of comparing the REE abundances 
in detrital zircon with potential Cambrian igneous 
sources (File S5).

Trace elemental abundances and isotopic ratios 
in igneous zircons of Cambrian age were analyzed 
by a Varian 810 single-quadrupole inductively cou-
pled plasma–mass spectrometer (ICPMS) equipped 
with a Photon Machine Analyte 193 laser at the 
University of Houston Texas, USA). Plešovice zir-
con (Sláma et al., 2008) and FCZ5 zircon from the 
Duluth gabbro complex (Paces and Miller, 1993) 
were used as internal and external zircon stan-
dards for fractionation correction in the U-Pb data, 

Table S1. Major peaks of age clusters of detrital zircon and their grain percentages in the Middle–Upper Jurassic strata, Paradox Basin, western United States. 
Samples in this table are arranged stratigraphically in each field location from oldest to youngest, and are all listed from east to west as shown in Fig. 5.
Age categories are color coded in both in the U-Pb detrital zircon age spectra (Fig. 5) and the basement age province map of Laurentia (Fig. 9).
p – Statistical peaks of grain ages. Peaks reported herein are defined by ≥ 3 grains and are shown in Fig. 5A – G.
Field Location
/Sample

Total 
Grains

Cordilleran Arc
(< 300 Ma)

Paleozoic App.
(500 – 300 Ma) 

Cambrian
(~540 – 500 Ma) 

Neoproterozoic App.
(730 – 540 Ma) 

Grenville
(1.3 – 0.9 Ga)

Anorogenic Craton 
(1.53 – 1.3 Ga) 

Yavapai-Mazatzal 
(1.8 – 1.55 Ga)

Paleoproterozoic SB 
(2.0 – 1.8 Ga)

Wopmay Orogeny 
(2.3 – 2.0 Ga)

Archean Craton 
(3.2 – 2.4 Ga)

A. Ten Mile Graben, UT

Jsw 248 4% (p: 169) 23% (p: 334, 369) 2% (p: 524) 11% (p: 591, 627) 35% (p: 1036, 1146) 10% (p: 1454) 9% (p: 1769) - 3% (p: 2014) 2% (p: 2755)
3Jmt 220 1% (p: 256) 13% (p: 333, 413) - 12 % (p: 597) 35% (p: 1027, 1157) 13% (p: 1326, 1465) 11% (p: 1619) 9% (p: 1806, 1992) 3% (p: 2044, 2140) 3% (p: 2745)
Jsv 156 2% (p: 153) 20% (p: 355, 414) - 18% (p: 544, 620) 31% (p: 1050, 1219) 14% (p: 1320, 1461) 4% (p: 1725) 7% (p: 1840, 1965) - 4% (p: 2696)

B. Dewey Bridge, UT

5Jsw 152 5% (p: 235) 15% (p: 401) - 13% (p: 592) 34% (p: 1043, 1162) 17% (p: 1442) 8% (p: 1650) 2% - 5% (p: 2763)
4Jmt 87 - 21% (p: 338, 425) 5% (p: 526) 16% (p: 594, 635) 32% (p: 1021, 1148) 12% ((p: 1425) 10% (p: 1628, 1690) 3% (p: 1888) - 3% (p: 2756)
3Jmt 195 - 15% (p: 413) 6% (p: 520) 7% (p: 615) 39% (p: 1028, 1168) 14% (p: 1439) 14% (p: 1696) 2% (p: 1897) - 6% (2731)
2Jw 145 2% (p: 165) 12% (p: 376, 421) 8% (p: 526) 14% (p: 616) 28% (p: 1036, 1164) 12% (p: 1465) 9% (p: 1575, 1707) 5% (p: 1876) 4% (p: 2028, 2087) 4% (p: 2708)
1Jes 60 - 10% (p: 426) 10% (p: 523) 8% (p: 599) 38% (p: 1039, 1138) 15% (p: 1409) 12% (p: 1663) 7% (p: 1880) - -

C. Rabbit Valley, CO

1Jmt 256 2% (p: 161, 173) 13% (p: 408) - 7% (p: 605) 42% (p: 1020, 1072) 15% (p: 1465) 10% (p: 1613, 1644) 7% (p: 1804, 1981) 4% (p: 2044, 2119) 1% (p: 2688)
1Jw 268 2% (p: 158) 12% (p: 379, 405) 3% (p: 518) 6% (p: 596) 58% (p: 1024, 1062) 9% (p: 1480) 8% (p: 1622, 1807) 3% (p: 1991) - 3% (p: 2700)
3Jbb 240 3% (p: 164, 237) 11% (p: 375, 422) 13% (p: 530) 5% (p: 609) 35% (p: 1041, 1165) 10% (p: 1427) 6% (p: 1691) 9% (p: 1803, 1876) 1% (p: 2060) 7% (p: 2735)
2Jbb 223 1% (p: 236) 11% (p: 417) 31% (p: 512) 4% (p: 618) 16% (p: 1046) 15% (p: 1436) 14% (p: 1613, 1675) 4% (p: 1834) - 3% (p: 2649
1Jbb 217 1% (p: 251) 7% (p: 307, 412) 27% (p: 516) 6% (p: 588) 25% (p: 1061, 1150) 10% (p: 1444) 12% (p: 1546, 1707) 3% (p: 1846) 2% (p: 2100) 6% (p: 2699)
1Jes 226 6% (p: 165, 249) 9% (p: 361, 414) 4% (p: 530) 9% (p: 600) 25% (p: 1053, 1132) 13% (p: 1455) 13% (p: 1639, 1767) 5% (p: 1869, 1983) 1% (p: 2079) 2% (p: 2679)

D. Pollock Bench, CO

Jsw 211 1% (p: 217) 20% (p: 422, 471) - 14% (p: 567,616) 29% (p: 1041, 1139) 14% (p: 1380, 1496) 9% (p: 1641, 1741) 7% (p: 1867) 2% (p: 2084) 2% (p: 2686)
5Jmt 202 8% (p: 158, 234) 16% (p: 375, 454) - 15% (p: 549, 616) 33% (p: 1030, 1193) 9% (p: 1439) 11% (p: 1634, 1766) 3% (p: 1874) 3% (p: 2097) 1% (p: 2717)
3Jmt 228 2% (p: 242) 12% (p: 336, 417) 4% (p: 527) 9% (p: 596) 31% (p: 1047, 1160) 15% (p: 1358, 1478) 13% (p: 1649, 1718) 3% (p: 1901) 3% (p: 2065) 5% (p: 2519, 2691)
4Jw 216 4% (p: 162, 261) 21% (p: 371, 419) - 18% (p: 567, 606) 21% (p: 1040, 1168) 14% (p: 1463, 1496) 11% (p: 1615, 1764) 1% (p: 1944) 2% (p: 2123) 2% (p: 2720)
2Jw 145 - 20% (p: 379, 411) 6% (p: 530) 5% (p: 594) 43% (p: 1038, 1130) 7% (p: 1432) 7% (p: 1628) 4% (p: 1803) 3% (p: 2120) 3% (p: 2684)
1Jbb 264 2% (p: 220) 12% (p: 385, 430) 15% (p: 520) 5% (p: 600) 38% (p: 1030, 1159) 8% (p: 1438) 11% (p: 1635, 1767) 3% (p: 1877) 2% (p: 2084) 2% (p: 2738)

X. Escalante Canyon, CO

Jms 79 12% (p: 167, 176) 17% (p: 374, 413) - 14% (p: 593, 622) 32% (p: 1052, 1142) 16% (p: 1419, 1476) 8% (p: 1563, 1635) - - -
2Jmt 78 3% (p: 299) 26% (p: 369, 414) - 8% (p: 548, 599) 38% (p: 1058, 1166) 13% (p: 1460, 1490) 10% (p: 1706, 1747) 3% (p: 1885) - -
1Jmt 83 - 4% (p: 426) 11% (p: 523) 3% (p: 637) 51% (p: 1034, 1134) 15% (p: 1338, 1447) 8% (p: 1691, 1752) 7% (p: 1801, 1829) - -
3Jw 92 - - 55% (p: 523) 3% (p: 569) 18% (p: 1098, 1160) 8% (p: 1433, 1516) 6% (p: 1687, 1744) 6% (p: 1809, 1834) - -
2Jw 101 - - 65% (p: 527) - 6% (p: 1099, 11557) 16% (p: 1435, 1498) 10% (p: 1667, 1698) 3% (p: 1801) - -
Jeef 78 - 15% (p: 456, 479) 18% (p: 519) 11% (p: 562, 599) 32% (p: 1072, 1157) 10% (p: 1360, 1444) 13% (p: 1663, 1691) - - -
Jebb 72 3% (p: 165) 9% (p: 443, 465) 5% (p: 541) 4% (p: 577) 45% (p: 997, 1047) 3% (p: 1389) 11% (p: 1692, 1735) - 3% (p: 2066) -

E. Duncan Trail, CO

1Jmt 280 5% (p: 156, 223) 25% (p: 402, 420) - 13% (p: 603, 645) 25% (p: 1036, 1189) 14% (p: 1448) 8% (p:1626, 1747) 6% (p: 1884) 3% (p: 2104) 2% (p: 2729)
2Jw 223 1% (p: 243) 20% (p: 377, 435) 22% (p: 519) 13% (p: 578, 635) 22% (p: 1015, 1155) 11% (p: 1427) 9% (p: 1712) 1% (p: 1862) - -
1Jw 274 1% (p: 168) 18% (p: 404, 457) 5% (p: 524) 10% (p: 617) 35% (p: 1053, 1160) 16% (p: 1432) 10% (p: 1608, 1746) 4% (p: 1805, 1854) - 1% (p: 2526)
1Jes 193 - 10% (p: 426, 453) - - 77% (p: 1053, 1160) 13% (p: 1316, 1480) - - - -

F. Chukar Trail, CO

2Jw 220 5% (p: 161, 252) 23% (p: 367, 406) 1% (p: 529) 6% (p: 600) 31% (p: 1042, 1183) 16% (p: 1440) 8% (p: 1627, 1727) 5% (p: 1803, 1879) 1% (p: 2020) 3% (p: 2689)
1Jes 231 5% (p: 166, 214) 16% (p: 407, 447) 5% (p: 524) 6% (p: 609) 29% (p: 1056, 1156) 19% (p: 1427, 1473) 13% (p: 1664, 1730) 2% (p: 1866) - -

G. Sawpit, CO

1Jmt 92 4% (p: 232) 5% (p: 412) 7% (p: 526) 3% (p: 608) 38% (p: 1023, 1092) 9% (p: 1405) 14% (p: 1636, 1713) 8% (p: 1804, 1891) - 11% (p: 2640, 2700)
2Jw 243 2% (p: 257) 12% (p: 379, 416) 22% (p: 519) 6% (p: 604) 30% (p: 1032, 1155) 16% (p: 1411, 1451) 7% (p: 1615) 3% (p: 1958) 1% (p: 2023) 1% (p: 2685)
1Jw 234 5% (p: 164, 258) 14% (p: 365, 417) - 12% (p: 596) 34% (p: 1029, 1092) 15% (p: 1362, 1484) 8% (p: 1639, 1784) 3% (p: 1839) 3% (p: 2094) 1% (p: 2712)
2Jes 177 7% (p: 162, 243) 24% (p: 371, 414) 7% (p: 539) 7% (p: 610) 23% (p: 1064) 14% (p: 1319, 1457) 7% (p: 1653) 6% (p: 1810) 2% (p: 2094) 4% (p: 2690)
1Jes 226 4% (p: 165, 209) 9% (p: 361, 414) 4% (p: 530) 9% (p: 600) 35% (p: 1053, 1132) 13% (p: 1327, 1455) 12% (p: 1639, 1767) 5% (p: 1869, 1983) 1% (p: 2079) 2% (p: 2608, 2679)

App. – Appalachian; SB – Suture Belt.
UT – Utah; CO – Colorado; J – Jurassic; sv–Summerville Formation; eef, es–Entrada Sandstone; ebb = bb–board bed of the Entrada Sandstone; w–Wanakah Formation, mt–Tidwell and ms, sw–Salt Wash Members of the Morrison Formation.

1 Supplemental Material. Table S1: Peak analyses of 
age clusters. Figure S1: Chondrite-normalized REE 
patterns in detrital zircon. Figure S2: LREE-HREE ratio 
plots. File S1: Detrital zircon U-Pb age data (this study 
and from Potter-​McIntyre et al., 2016). File S2: U-Pb 
age peaks analysis. File S3: End Member analysis. File 
S4: Rare earth elemental geochemistry analysis in 
detrital zircon. File S5: Rare earth elemental geochem-
istry analysis in igneous zircon. Please visit https://
doi.org​/10.1130​/GEOS​.S​.14471031 to access the sup-
plemental material, and contact editing@geosociety.
org with any questions.
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Figure 4. Sandstone and provenance classification plots using the methods of Dickinson and Suczek 
(1979). (A) Partial Qm-F-Lt (monocrystalline quartz grains–total feldspar–total lithic fragments) ternary 
plot of representative sandstone samples (Table 1) from the Paradox Basin. N is the number of sam-
ples. (B) Qm-F-Lt ternary plot of data in A. Petrographic data from Dickinson and Gehrels (2008a, 2009) 
are plotted for comparison, and the corresponding U-Pb detrital zircon data are plotted in Figure 11. 
See Table 1 for detrital modes of Qm-F-Lt grains. Sst.—Sandstone; Fm.—Formation; Mbr.—Member.
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Figure 5. U-Pb detrital zircon ages of 31 sandstone samples from the Middle 
to Upper Jurassic strata in the Paradox Basin. Pie plots on the y-axis are the 
relative proportion of the age categories of detrital zircons. Study sites and 
stratigraphic horizons of the samples are shown in Figures 3 and 8, respectively. 
Histogram (bin size 25 m.y.) is perfectly superimposed with the kernel density 
estimate (KDE) plots (colored spectra with bandwidth 10 m.y.). n—number of 
zircon grains. KDEs of detrital zircon ages in the samples are plotted in strati-
graphic order from oldest (bottom) to youngest (top), labeled with the sample 
number, and grouped according to study site (Fig. 3), generally from west to east 
(UT—Utah; CO—Colorado): A—Ten Mile Graben; B—Dewey Bridge; C—Rabbit 
Valley; D—Pollock Bench; E—Duncan Trail; F—Chukar Rail; G—Sawpit. Data in 
panel X are from Potter-McIntyre et al. (2016). X, Escalante Canyon, is a study 
site at the intersection of the east-west and southeast-northwest transect of 
the study sites from Chukar Trail and Sawpit, respectively, in the Paradox Basin 
(Figs. 3 and 8).Age distributions of zircon are plotted using detritalPy software 
(Sharman et al., 2018a). Mbr.—Member; Fm.—Formation; Sst.—Sandstone.
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respectively. The NIST612 glass standard (Pearce 
et al., 1997) was used to correct trace element data. 
Zircon U-Pb data were reduced with Iolite software 
(https://iolite.xyz), and ages were calculated using 
a Microsoft Excel macro, Isoplot 4.15 (https://sites​
.google​.com​/a​/laserchron.org​/laserchron​/home). 
Trace element data were reduced and concentra-
tions calculated with Glitter software (http://www​
.glitter​​-gemoc.com). Detrital and igneous zircon REE 
concentrations were normalized to chondrite val-
ues (McDonough and Sun, 1995).

Sediment Unmixing and End-Member Models

We applied the bottom-up sediment unmixing 
method to deconvolve the age distributions (i.e., 
daughters) into potential end members (EMs; par-
ents) to better constrain the primary source rocks 
(Sharman and Johnstone, 2017; Saylor et al., 2019). 
We applied the non-parametric, non-negative 
matrix factorization (NMF) algorithm used by Pat-
erson and Heslop (2015) to produce sets of EMs 
and their relative abundances from detrital zircon 
age distributions, which is similar to the numeri-
cal approach of unmixing grain-size distributions 
in sediments (e.g., Weltje, 1997; Weltje and Prins, 
2003). We evaluated the goodness of fit of the 
NMF based on the percentage of the total data set 
variance (R 2) accounted for by the respective EM 
model and the angular deviation (θ ) of the EMs 
from the original age distribution (Paterson and 
Heslop, 2015). The algorithm utilizes hierarchical 
alternating least-​squares NMF (Lee and Seung, 
1999) to produce a specified set of EMs and their 
abundances from a set of daughter age distribu-
tions. The best-fit mixture of EMs is reported as a 
set of mixing coefficients for each daughter sample, 
which allows evaluation of changing end-mem-
ber abundance in space and/or time (Sharman and 
Johnstone, 2017).

By utilizing the NMF algorithm and the bot-
tom-up sediment unmixing approach, we identified 
age distributions of end members that characterize 
parents (i.e., sources) that together could theoreti-
cally mix to form the multimodal age distributions 
observed in the new samples from this study and 

in seven samples from Potter-McIntyre et al. (2016) 
(Fig. 6; raw data in File S3 [footnote 1]). We pro-
duced four EM models composed of two to four 
end-member distributions for a broad assessment 
of the modeled parent distribution (Fig. 6) by run-
ning the NMF algorithm in a Matlab environment 
on a combined 8580 U-Pb ages from all 38 samples.

To determine the set of end members pro-
duced by the algorithm that provided the best fit 
of the original age distributions, we compared the 
goodness-​of-fit statistics (i.e., R 2 and θ) of suc-
cessive end-member sets, quantitative estimates, 
and visual inspection of the respective relative and 
cumulative probabilities of the U-Pb age distribu-
tions in the EM plots (Fig. 6). Unmixing U-Pb age 
distributions into potential end members has the 
advantage of reducing the inherent complexities 
associated with interpreting the heterogeneous 
age distributions without loss of their geologic 
significance.

■■ RESULTS

Stratigraphic Correlation and Sandstone 
Petrofacies

Framework-grain and detrital modes from 12 
representative aeolian, tidal, and fluvio-​lacustrine 
sandstone samples are shown in Table 1 and Fig-
ure 4. The aeolian samples (Entrada Sandstone; 
Table 1A) are composed predominantly of very 
fine- to fine-grained, subrounded to rounded 
framework grains that are moderately well sorted. 
The samples are quartz rich (~84%–91%) with lithic 
fragment abundance ranging from 9% to 15%. The 
aeolian samples plot in the sublitharenite field of 
the Qm-F-Lt (monocrystalline quartz grains–total 
feldspar–total lithic fragments) diagram (Fig. 4A), 
based on the sandstone classification of Dickinson 
and Suczek (1979).

The tidal-flat sample (Summerville Formation; 
Table 1B), composed of poorly sorted, medium-​
grained, angular to subangular framework grains, 
plots in the sublitharenite field on the Qm-F-Lt dia-
gram (Fig. 4A). The lacustrine (Wanakah Formation) 
and fluvio-lacustrine (Tidwell Member) samples 

(Table 1C) are less quartzose and more feldspathic 
(potassium feldspar) compared to the other sam-
ples and plot in the sublitharenite and litharenite 
fields on the Qm-F-Lt diagram (Fig. 4A). Compared to 
the Entrada Sandstone samples, the Summerville, 
Wanakah, and Tidwell samples have a higher abun-
dance of volcanic and metavolcanic lithic fragments 
(5%–10%; Tables 1B and 1C).

The petrofacies of the fluvial samples (Salt 
Wash Member) are similar to those of the eolian-
ite samples (Table 1D) and are composed of fine- to 
medium-grained, moderately sorted, subrounded 
grains that plot in the sublitharenite field of the 
Qm-F-Lt diagram (Fig. 4A). A comparison of the 
detrital modes of sandstones from this new study 
with petrographic data from the same rocks in adja-
cent localities within the Colorado Plateau shows 
some similarity (Fig. 4A), except for the Entrada 
Sandstone which was classified as subarkose by 
Dickinson and Gehrels (2009).

U-Pb Detrital Zircon Data

Here we report a total of 7887 new detrital zir-
con U-Pb dates in addition to the 693 U-Pb ages 
from seven sandstone samples reported by Potter-​
McIntyre et al. (2016; Fig. 5). The average number 
of new detrital zircon U-Pb analyses per sample in 
this study is ~277, whereas the average is ~99 for 
the data published by Potter-McIntyre et al. (2016). 
Middle–Upper Jurassic detrital zircon age distri-
butions from the Paradox Basin and the Central 
Colorado trough (CCT) are heterogeneous (Fig. 5). 
Major modes of zircon ages (average ≥15% of 
grains per sample) are present in three age ranges: 
1.53–1.3 Ga, 1.3–0.9 Ga, and 500–300 Ma; minor but 
distinct modes (average ≤10% of grains) are pre
sent at 1.8–1.55 Ga, 730–540 Ma, and 540–500 Ma 
(Table S1). Seven sandstone samples are enriched 
(≤10% of grains) in Cambrian zircon with peak ages 
ranging from 530 to 512 Ma. Three of these sam-
ples have 22%–31% of the 540–500 Ma age mode, 
and the remaining four samples have lower abun-
dances of Cambrian ages (10%–15%). We note the 
low proportion of Mesozoic zircon grains in our data 
set; these grains correspond to the Triassic–​Early 
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Figure 6. Cumulative and relative probability plots of two-, three- and four-​end-​member (EM) 
models of the U-Pb age distributions of all the samples in Figures 5. We utilized the bottom-up, 
non-parametric unmixing algorithm of Paterson and Heslop (2015) in modeling the EMs, fol-
lowing the sediment unmixing method described by Sharman and Johnstone (2017).
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Jurassic (ca. 241–181 Ma; ≤6%) and Middle–Late 
Jurassic (ca. 175–145 Ma; ≤4%).

Entrada Sandstone

The Entrada Sandstone samples (Jes; N = 6, n = 
1113, where N is the number of samples and n is the 
total number of U-Pb grain analyses) each include 
at least four zircon age clusters: 1.8–1.55 Ga (~11%); 
1.53–1.3 Ga (~13%); 1.2–0.9 Ga (~39%); and 500–
300 Ma (~12%). A small (10%) group of 540–500 Ma 
grains with an ca. 523 Ma age peak is present in 
the Entrada Sandstone sample from Dewey Bridge, 
Utah. The Entrada Sandstone sample from Duncan 
Trail, Colorado, contains a higher abundance (~77%) 
of zircon ages between 1.2 and 0.9 Ga compared to 
the same unit from the adjacent Chukar Trail, Colo-
rado, and other study sites (Figs. 3 and 5E; Table S1).

Board Beds of the Entrada Sandstone

Samples from the board beds unit of the 
Entrada Sandstone (Jebb; N = 4, n = 944) contain 
the four major age clusters found in the under
lying Entrada Sandstone, plus the 540–500 Ma age 

mode at higher abundances (~15%–31%) relative to 
samples from the underlying portion of the Entrada 
Sandstone (Figs. 5C and 5D; Table S1). The average 
percentage of zircon age clusters are ~11% for 1.8–
1.55 Ga; ~11% for 1.53–1.3 Ga; ~29% for 1.2–0.9 Ga; 
~21% for 540–500 Ma; and ~10% for 500–300 Ma. 
Prominent age peaks in the 540–500 Ma age group 
are present at 512 Ma and 516 Ma, while the 1.2–
0.9 Ga age group shows two dominant peaks at 
1041 Ma and 1030 Ma. The oldest and youngest 
peaks in the 1.2–0.9 Ga age group are present at 
1165 and 1030 Ma, respectively. 540–500 Ma zircon 
with unimodal age peaks at 512 and 516 Ma account 
for ~30% of the board beds unit of the Entrada 
Sandstone at Rabbit Valley to the northwest of the 
Paradox Basin, while at Pollock Bench, the peak is 
at 520 Ma and 540–500 Ma zircon account for ~15% 
of the total (Figs. 5C and 5D; Table S1). At Escalante 
Canyon, the 540–500 Ma grains in the board beds 
unit have dominant age peaks between 527 and 
519 Ma and constitute 11%–65% of the zircon grains.

Wanakah Formation

The sandstone samples from Wanakah Forma-
tion (Jw; N = 9, n = 1968) are characterized by a 

mixture of three main zircon age clusters: 500–
300 Ma (~17%), 1.3–0.9 Ga (~34%), and 1.53–1.3 Ga 
(~13%). However, the Wanakah Formation also 
contains abundant 540–500 Ma zircon (6%–22%), 
with age peaks present between 529 and 512 Ma. 
At Escalante Canyon, age peaks are present at 527 
and 523 Ma in the lower and upper sandstone 
units of the Wanakah Formation, respectively, with 
540–500 Ma zircon accounting for 55%–65% of the 
total (Fig. 5X; Table S1). At Sawpit and Duncan Trail, 
540–500 Ma zircon composes 22% of the Wanakah 
samples with an age peak at 519 Ma. Samples from 
the west and northwest of the study area, within 
the Paradox Basin, have lower abundances of 
540–500 Ma zircon (2%–31%) relative to the corre-
sponding samples in the CCT.

The U-Pb ages from a thin (~0.2–0.3 m) calcar-
eous sandstone bed (hypothesized as the basal 
Wanakah Formation based on field observations) 
that overlies the massive Entrada Sandstone at 
Dewey Bridge, Utah, are broadly similar to those 
observed in the Wanakah Formation in other study 
sites in western Colorado (Fig. 5B; Table S1). This 
basal Wanakah Formation sample has elevated pro-
portions of <300 Ma grains (2%), 730–540 Ma grains 
(14%), and grains with ages between 3.2 and 2.4 Ga 
and between 2.3 and 2.0 Ga (4% each).

TABLE 1. MODAL COMPOSITIONS OF REPRESENTATIVE DETRITAL ZIRCON SAMPLES OF MIDDLE–LATE JURASSIC SANDSTONE IN THE PARADOX BASIN, WESTERN COLORADO AND SOUTHEASTERN UTAH

  A. Aeolian (Entrada Sandstone and board beds) B. Tidal flat C. Lacustrine and fluvio-lacustrine D. Fluvial

Grains UT16-DB-1Jes CO15-DT-1Jes CO15-RV-2Jbb CO15-PB-1Jbb UT15-TM-1Jsv UT16-DB-2Jw? CO15-RV-1Jw CO15-DT-2Jw UT15-TM-3Jmt UT16-DB-3Jmt UT15-TM-Jsw CO15-PB-Jsw

Qm 88 83 84 85 70 66 61 65 64 75 79 80
Qp 2 1 5 6 6 5 8 2 7 5 4 5
Q 90 84 89 91 76 71 69 67 71 80 83 85
P – 1 – – 2 2 1 2 2 – 3 3
K 3 4 1 1 5 8 7 5 4 1 3 2
F 3 5 1 1 7 10 8 7 6 1 6 5
Lvm 1 3 3 2 7 6 5 9 10 6 3 3
Lsm 6 6 7 7 10 13 14 11 12 10 8 7
L 7 9 10 9 17 19 19 20 22 16 11 10
Lt 9 10 15 15 23 24 27 22 29 21 15 15

Note: See Figure 3 for sampling localities and Figure 8 caption for explanation of sample name abbreviations. Samples are listed east to west in each category except for the sample in column B. Detrital modes are reported 
in percentages based on point counts of >340 QFL (quartz-feldspar-lithic) framework grains per sample, excluding unclassified lithic fragments and accessory minerals. Monocrystalline grains: Qm—quartz; P—plagioclase; K—
potassium feldspar; F—total feldspar (P + K). Polycrystalline grains: Qp—polycrystalline quartz (dominantly chert); Lvm—volcanic lithic fragments; Lsm—sedimentary lithic fragments; L—total labile lithic fragments (Lvm + Lsm); 
Lt—total lithic fragments (L + Qp). Q—total quartzose grains (Qm + Qp). Question mark on sample UT16-DB-2Jw indicates sample was collected from a basal sandstone bed the authors hypothesized as Wanakah Fm., which was 
previously interpreted as not present at Dewey Bridge, UT. Dash (i.e., in cells without data) indicates polycrystalline grains (P) are not present in the sample. Values in rows that have bold fonts are either a sum of the other two rows 
or are used in the Qm-F-Lt ternary plot (Fig. 4).
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Summerville Formation

Four major U-Pb age clusters characterize the 
detrital zircon distributions in the Summerville 
Formation sample (Jsv; N = 1, n = 156): 1.53–1.3 Ga 
(~14%) with peaks at 1461 and 1320 Ma; 1.3–0.9 Ga 
(~31%) with major peaks at 1219 and 1050 Ma; 
730–540 Ma (~18%) with a peak at 620 Ma; and 
500–300 Ma (~20%) with peaks at 355 and 414 Ma 
(Fig. 5A; Table S1). Minor peaks at 1840 Ma and 
1965 Ma are present within the 2.0–1.8 Ga age clus-
ter that forms ~7% of the total grain distribution.

Tidwell Member of the Morrison Formation

The Tidwell Member (Jmt) of the Morrison 
Formation is widespread across the Paradox 
Basin. Sandstone samples (N = 8, n = 1560) from 
the Tidwell Member contain four sets of age clus-
ters that vary in abundance from the southeastern 
section of the Paradox Basin to the northwest and 
east (Table S1). At Sawpit, Colorado, the basal 
sandstone of the Tidwell Member contains three 
main age clusters at 3.2–2.4 Ga (~11%), 1.8–1.55 Ga 
(~14%), and 1.3–0.9 Ga (~38%). Minor age clusters 
are also present at ages 2.0–1.8 Ga (~8%) and 1.53–
1.3 Ga (~9%). The respective peaks of these age 
clusters are shown in Table S1. At the northwestern 
(Pollock Bench, Colorado) and eastern (Ten Mile 
Graben, Utah) sections of the Paradox Basin (Figs. 3 
and 5), the detrital zircon grains in the Tidwell Mem-
ber samples include significant proportions of the 
1.53–1.3 Ga (~9%–15%), 730–540 Ma (18%), and 500–
300 Ma (~12%–21%) age clusters. The 1.3–0.9 Ga 
age cluster is the most dominant (average propor-
tion of ~34%) in the Tidwell Member samples and 
appears consistent across the Paradox Basin and 
CCT, similar to the Wanakah Formation and Entrada 
Sandstone samples (Fig. 5; Table S1). The Upper 
Jurassic Tidwell Member has lower abundances 
of 540–500 Ma grains relative to the underlying 
Middle Jurassic Wanakah Formation. For example, 
at Escalante Canyon, 540–500 Ma grains constitute 
only ~11% of the Tidwell Member sample (peak 
age of 523 Ma) compared to 55% and 65% of the 
Wanakah Formation samples (Fig. 5X; Table S1). 

At Dewey Bridge, 540–500 Ma zircon form 5%–6% 
of two Tidwell Member samples, with the lower 
sample having a distinctive age peak at 520 Ma. At 
Sawpit, 540–500 Ma zircon account for 7% of the 
total, with a peak age of 526 Ma that is similar to 
that of the underlying Wanakah Formation (519 Ma). 
Tidwell Member samples from all other sections 
have low abundances of 540–500 Ma zircon (3%), 
similar to the overlying Salt Wash Member.

Salt Wash Member of the Morrison Formation

The U-Pb age distributions of zircon grains in Salt 
Wash Member samples (Jsw; N = 3, n = 611) from 
Ten Mile Graben and Dewey Bridge (both in Utah) 
and Pollock Bench, Colorado, show two primary age 
clusters: 1.3–0.9 Ga (~29%–35%) and 500–300 Ma 
(~15%–23%). Also, significant proportions of zircon 
grains from the 1.8–1.55 Ga (~8%–9%), 1.53–1.3 Ga 
(~10%–17%), and 730–540 Ma (~11%–14%) age clus-
ters are present in these samples (Table S1). The 
proportion of 1.3–0.9 Ga grains in the Salt Wash 
Member samples increases to the east across the 
Paradox Basin, while the abundance of 730–540 Ma 
grains decreases concomitantly. The three Salt 
Wash Member samples either lack the distinctive 
527–519 Ma peak found in underlying samples or 
display a low abundance of 540–500 Ma zircon (2%).

End-Member Analysis

The end-member (EM) analysis was conducted on 
a combined data set of detrital zircon U-Pb age distri-
butions in all 38 samples from the Paradox Basin and 
Central Colorado trough (31 from this study and seven 
from Potter-McIntyre et al. [2016]). The R2 for the two-, 
three-, and four-EM models are 85.4%, 88.3%, and 
89.9%, respectively, while the corresponding θ values 
are 20.3°, 18.0°, and 16.7°. Given the very modest 
improvement in R2 between three-EM and four-EM 
models, and to avoid potential overinterpretation of 
the EM analysis results, we focus our analysis below 
on the two-EM and three-EM cases (Fig. 6).

We note from the EM plots that: (1) EM1 has 
a mode at 526 Ma that accounts for 74%–76% of 

the total EM age distribution; (2) EM2 has a major 
peak at 1052 Ma and additional peaks at 1154, 424, 
and 616 Ma; (3) EM3 displays a prominent peak 
at 518 Ma, and also contains several other age 
peaks including at 1636, 1442, and 1012 Ma that 
together constitute 8%–10% of the total; and (4) the 
major age peaks of EM4 in the four-EM model have 
already been accounted for in EM2 of the preced-
ing three-EM model. We exclude results of the 
EM4 model in our discussion because it provides 
little additional context to our data set.

Zircon Rare-Earth Elements (REEs)

The REE concentration in zircon reflects the 
composition of the magma from which an indi-
vidual zircon crystallized and can be used as an 
additional proxy for provenance (e.g., Belousova 
et al., 2002). The chondrite-normalized, mean REE 
patterns of Cambrian detrital zircon from seven 
sandstone samples and in the Cambrian zircon 
from five potential igneous sources are plotted in 
Figure 7. Figure S1 includes plots of chondrite-nor-
malized, mean REE patterns in all the detrital 
grains from 316 analyses. The REE abundances in 
the Cambrian and non-Cambrian grains are sim-
ilar, and there is no systematic variation in REE 
patterns between the samples with a major or a 
minor Cambrian peak. The Cambrian grains con-
stitute between 43% and 64% of the total number 
of grains in three samples (CO15-PB-1Jbb, CO15-
RV-2Jbb, and CO16-SP-2Jw) and between 12% and 
20% in four samples (CO15-PB-3Jmt, CO15-RV-1Jw, 
CO16-SP-1Jes, and UT15-TM-Jsw) (Fig. S1; File S4 
[footnote 1]).

The mean REE concentrations of Cambrian zir-
con for each sandstone sample (average value of 
4–32 analyses per sample) are shown in Figure 7A. 
The MAD values indicate a significant variation of 
individual REE concentrations in Cambrian zircon 
within the same sample. Overall, MAD values show 
less intrasample variation in the light REE (LREE) 
to middle REE (MREE) concentrations (La–Tb) in 
all samples (dispersion from the mean REE value 
is mostly <20%), while the heavy REE (HREE) con-
centrations (Dy–Lu) show significant intrasample 
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Figure 7. A comparison of rare-earth element 
(REE) concentration in detrital and igneous 
zircon. (A) Plots of chondrite-normalized mean 
REE concentrations in Cambrian detrital zircons 
from seven sandstone samples from the Para-
dox Basin (this study). Solid lines with markers 
are REE patterns in zircons from the sandstone 
samples (N = 3) that display a major Cambrian 
peak, and dashed lines without markers are 
from the sandstone samples (N = 4) that have 
minor or no Cambrian peak (see Fig. 8 caption 
for explanation of abbreviations used in sam-
ple names). (B) Mean REE concentrations (open 
markers with solid lines) of Cambrian zircons 
per sample from five potential igneous sources 
in Colorado (CO), New Mexico (NM), and Okla-
homa (OK): QM1—Quartz Mountain granite, 
Oklahoma; WMG1—Mount Scott granite, Okla-
homa; SHCR1—Slick Hills rhyolite, Oklahoma; 
BFB1—Florida Mountain syenite, New Mexico; 
SAFT8—Wet Mountain nepheline syenite, Colo-
rado. (C) Box plots showing relative mean Th/U 
ratios in detrital and igneous Cambrian zircons 
from samples in A and B for comparison. Values 
at the middle of the box plot in panel C represent 
the mean Th/U ratio, and the top and bottom 
lines are the upper and lower limits of the devi-
ation from the mean value. n—number of zircon 
grains per sample. Chondrite normalization val-
ues are from McDonough and Sun (1995).

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/5/1494/5413764/1494.pdf
by guest
on 03 February 2022

http://geosphere.gsapubs.org


1507Ejembi et al.  |  Geochronology and provenance of Paradox Basin and Central Colorado troughGEOSPHERE  |  Volume 17  |  Number 5

Research Paper

variations with dispersion from the mean REE 
value >50%.

The chondrite-normalized mean REE patterns 
of all detrital zircon from this study are broadly 
similar, excluding several zircon grains from one 
sample (i.e., CO15-RV-1Jw) that display a nearly 
flat LREE pattern. The HREE patterns in all samples 
significantly overlap in their relative abundance 
(Fig. 7A) but are somewhat distinct from the REE 
patterns of Cambrian zircon from potential igne-
ous sources in Laurentia (Fig. 7B). Some potential 
sources of Cambrian zircon in Laurentia include 
the McClure Mountain syenite (sample SAFT8; 
523 ± 0.12) of the Wet Mountains, central Colo-
rado (Schoene and Bowring, 2006); diabase dikes 
in west-central Colorado (Larson et al., 1985); the 
Cambrian rhyolitic and granitic provinces of the 
Southern Oklahoma aulacogen (Hogan and Gil-
bert, 1998; Hanson et al., 2009), which includes 
the Wichita Mountains, Oklahoma (525 ± 25 Ma), 
comprising the Quartz Mountain granite (sample 
QM1), the Slick Hills rhyolite (sample SHCR1), and 
the Mount Scott granite (sample WMG1) (Powell 
et al., 1980); and Florida Mountain syenite (sample 
BFB1; 504 ± 10 Ma) in southwestern New Mexico 
(Geissman et al., 1991).

The REE patterns of detrital zircon in the sand-
stone samples show strongly depleted LREEs 
(La–Nd), a moderate abundance of MREEs (Sm–Tb), 
and a progressive enrichment of HREEs (Dy–Lu) 
(Fig. 7A). These detrital zircon grains have a pos-
itive Ce anomaly, a negative Eu anomaly, and a 
slightly concave-down curvature of the HREE pat-
tern (Fig. 7A). In contrast, the LREEs of the Wichita 
Mountains and Florida Mountains samples are 
more enriched than in the detrital samples, while 
the HREEs in both the detrital and igneous zircon 
overlap (Figs. 7A and 7B). Zircon from granitic 
sources in the Wichita Mountains (i.e., samples 
QM1 and WMG1) are more enriched in overall 
REE content, while zircon from the rhyolite (sam-
ple SHCR1) and syenite (samples BFB1 and SAFT8) 
igneous sources are the most depleted (Fig. 7B). 
The |La|N (chondrite-normalized) values of the 
igneous zircon (0.99–2.58) are several orders of 
magnitude higher than those of the detrital zircon 
(0.05–1.55) (File S4 and S5 [footnote 1]).

The REE patterns of detrital and igneous zircon 
grains have a negative slope, i.e., (La/Lu)N values 
for the detrital zircon range from –2.0 to –4.3 and 
those for the igneous zircon range from –0.8 to 
–2.5 (File S4 [footnote 1]). The vertical bars in the 
previous paragraph represent the absolute value 
of the chondrite-​normalized element while the 
parenthesis is the chondrite-​normalized values of 
the elemental ratio. Eu/Eu* (asterisk represents 
Eu anomaly) values for the detrital zircon range 
from –0.23 to –0.87 and are somewhat comparable 
to those of the igneous samples from the Wich-
ita Mountains, which range from –0.46 to –0.73 
(File S4). The Th/U ratio for Wichita Mountains 
igneous zircon is lower than that of the detrital 
zircon, and this ratio in the Cambrian zircon from 
detrital samples that display a Cambrian peak is 
lower (0.38–0.47) than in the samples that have few 
Cambrian zircon grains (0.46–0.72) (Fig. 7C; File S4). 
The Th/U ratio for samples from the Wichita Moun-
tains are lower (0.16–0.21) than that of the McClure 
Mountain syenite sample (0.37) (Fig. 7C; File S4). 
The Ce/Gd ratio in the detrital and igneous zircon 
is <0.4, excluding samples QM1 and SAFT8 with 
ratios of 0.93 and 1.03, respectively; the Nd/Gd ratio 
for the detrital zircon is <0.2 and for the igneous 
zircon is <0.5; and the Gd/Yb ratios for the detrital 
and igneous zircon are <0.2 (Fig. S2; File S4).

■■ DISCUSSION

Detrital Zircon Sources in Laurentia

The U-Pb age distributions of detrital zircon in 
most of the samples (Figs. 5 and 8) are compa-
rable with those of previously published samples 
from Jurassic rocks of the Colorado Plateau region 
(e.g., Bickford et al., 1989; Dickinson and Gehrels, 
2003, 2008a, 2010; Schoene and Bowring, 2006; 
Potter-McIntyre et al., 2016). The original bedrock 
source of detrital zircon to the Entrada, Wanakah, 
Summerville, and Morrison formations in the Par-
adox Basin can be inferred via comparison with 
known Laurentian basement age domains (Fig. 9).

Three major age clusters of zircon grains are 
consistently present in the Middle–Upper Jurassic 

sedimentary strata deposited in the Paradox Basin 
and Central Colorado trough (CCT): 1.53–1.3 Ga, 1.3–
0.9 Ga, and 500–300 Ma. The 1.53–1.3 Ga zircon 
reflect ultimate derivation from the Mesoprotero-
zoic anorogenic granite-rhyolite igneous provinces 
that intruded the Laurentian midcontinent and 
extend to northeastern Laurentia (Fig. 9). The 1.3–
0.9 Ga grains reflect zircon originally derived from 
the Mesoproterozoic to early Neoproterozoic Gren-
ville basement (Dickinson and Gehrels, 2003, 2008b, 
2009). The 500–300 Ma zircons are characteristic of 
zircon primarily derived from the Appalachian oro-
gen or peri-Gondwanan terranes in southeastern 
Laurentia, which consist of synorogenic Paleozoic 
rocks that span three orogenies: the Taconic (490–
440 Ma), Acadian (420–350 Ma), and Alleghenian 
(330–270 Ma) (Fig. 9; Thomas, 2011).

Neoproterozoic (730–540 Ma) zircon could have 
been derived originally from sources lying to the 
southeast, such as the accreted southeastern fringe 
of Gondwanan terranes (ca. 680–530 Ma) and/or 
Iapetan rift plutons (ca. 760–530 Ma) incorporated 
into the Appalachian orogen (Dickinson and Geh-
rels, 2010). The abundance of Cambrian detrital 
zircon (age peaks from 527 to 512 Ma) in sand-
stones from the Middle Jurassic Entrada Sandstone 
and Wanakah Formation and Upper Jurassic Tid-
well Member of the Morrison Formation across the 
study sites is enigmatic (Figs. 5 and 8).

Sediments Recycled from Older Strata

Provenance classification from sandstone 
petrography (Fig. 4B) and detrital zircon ages (Fig. 5; 
Table S1) suggests that sediments deposited in the 
Paradox Basin and CCT during Middle–Late Juras-
sic time originated from multiple orogenic sources 
and/or from the recycling of grains through older 
strata that were derived from multiple sources. 
Recycling of zircon grains (Fig. 4B), particularly 
those of Grenvillian age, is plausible given that 
all samples (this study and previous work) plot in 
the “recycled orogen” provenance field (Fig. 4B) 
of Dickinson and Suczek (1979) and that multiple 
sediment-​transport processes delivered sediment 
to the basin. We invoke two potential reasons for the 
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similarity in U-Pb age distributions in Middle–​Upper 
Jurassic strata: (1) confluence of drainages linking 
multiple source localities that were exhumed and 
eroding during Mesozoic time in southwestern Lau-
rentia (Figs. 2 and 10), and (2) recycling and mixing 
of older sedimentary units with primary sediments 
from igneous sources (Thomas, 2011; Schwartz et 
al., 2019).

The sediment unmixing approach highlights 
the main end-member (EM) provenance signatures 
(Fig. 6) along with the relative EM abundances in 
sandstone samples (Fig. 8; File S3 [footnote 1]). 
The age modes and EM abundances of EM1 and 

EM3 of the three-EM model (Fig. 6) highlight the 
spatial and temporal distribution of the anomalous 
Cambrian zircon. EM2 contains age peaks that are 
abundant throughout most samples and thus are 
interpreted to represent a background U-Pb age sig-
nature (Fig. 8). EM1 has a pronounced 526 Ma peak 
and is abundant only in a few samples of the Middle 
Jurassic Entrada Sandstone and Wanakah Forma-
tion, particularly at Escalante Canyon, but wanes 
in the Upper Jurassic Morrison Formation (Fig. 8). 
EM3 has a slightly younger Cambrian peak (518 Ma) 
relative to EM1 and is variably present in the upper-
most Entrada Sandstone to Tidwell Member of the 

Morrison Formation in all studied sections except 
the westernmost and easternmost sections (Ten 
Mile Graben and Chukar Trail, respectively; Fig. 8). 
The peaks in EM1 and EM3 suggest the Cambrian 
grains originate from more than one igneous 
source. The abundances of EM1 and EM3 are great-
est at Escalante Canyon and appear to decrease 
toward the west and east (Fig. 8). The abundance 
of Cambrian zircon within a southeast-northwest 
transect across the CCT suggests that a route of 
northwest-flowing sediment transport occurred 
during the Middle Jurassic in western Colorado 
(Figs. 3 and 8). This sediment dispersal pattern is 
similar to that of the Eagle paleoriver inferred for 
the older (Late Triassic) Chinle-Dockum system 
(Dickinson and Gehrels, 2008b). Differences in the 
abundances of Cambrian grains between the study 
sites in the east versus the west may be explained 
by the presence of a drainage divide between the 
Paradox Basin and the CCT (Fig. 10). Potentially, 
the remnant of the southeast-northwest–trending 
Ancestral Front Range and associated structural 
features within the vicinity of the CCT may have 
partitioned the basin, effectively forming barriers 
that rerouted sediments to the CCT (Figs. 3 and 10). 
Alternatively, the reworking of sediments from the 
Entrada Sandstone into the Wanakah Formation 
at Escalante Canyon (inferred as the depocenter) 
from the east and west is plausible. Given that 
the Wanakah Formation is lacustrine, there are no 
paleocurrent indicators in the outcrop to either sup-
port or refute this hypothesis.

Provenance of Cambrian Grains

The provenance of detrital zircon grains may 
be constrained by comparing their REE chemistry 
with that of igneous zircon from potential sources 
(e.g., Belousova et al., 2002; Hoskin and Schalteg-
ger, 2003). Although zircon grains typically exhibit 
intragrain and intergrain compositional and geo-
chemical variations within a given distribution (e.g., 
Armbrustmacher, 1984; Hoskin and Ireland, 2000; 
Chapman et al., 2016), the enrichment or deple-
tion of LREEs versus HREEs, presence or lack of 
REE proxies (e.g., chemical anomalies), and overall 
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pattern of the REE chemistry in the detrital and 
igneous zircon provide important insights in eval-
uating provenance. Although Cambrian zircon 
grains are found in samples thought be sourced 
from peri-Gondwanan and/or Appalachian ter-
ranes (Nance et al., 2002; Dickinson et al., 2010), 
such samples are not known to contain the high 
proportion of 540–500 Ma grains present in some 
of our samples. Also, the lack of Neoproterozoic 
and Paleozoic age fractions in the samples host-
ing abundant 540–500 Ma zircon does not support 
a peri-Gondwanan and/or Appalachian source. 
Cambrian zircon may also be recycled from older 
sedimentary assemblages (e.g., the Triassic Chin-
le-Dockum Group; Dickinson and Gehrels, 2008b; 
Dickinson et al., 2010).

The mean Th/U ratios of Cambrian detrital zircon 
range from 0.38 to 0.72 (File S4 [footnote 1]), which 
is typical of zircon of igneous origin (Hoskin and 
Ireland, 2000). However, mean Th/U ratios from 
samples with the distinctive Cambrian age peak 
(0.38–0.47) are more similar to that of the McClure 
Mountain syenite sample (0.37) versus those of 
samples from the Wichita Mountains of Oklahoma 
(0.16–0.21) (Fig. 7). The REE data for zircon in the 
samples with and without the distinctive Cam-
brian age peak have a similar pattern of HREEs 
(Dy–Lu), but the LREE (La–Nd) pattern is variable, 
with some samples exhibiting patterns similar to 
those observed in zircon from the igneous sources 
(Figs. 7A and 7B; Figure S1).

The REE concentrations as observed in our 
samples highlight the type of magma the zircon 
grains crystallized from (e.g., Armbrustmacher, 
1984; Chapman et al., 2016) but do not ultimately 
prove their provenance given the high variability 
in REE concentrations (Fig. S2; Hoskin and Ireland, 
2000). The positive Ce anomaly, enrichment of 
HREEs over LREEs, negative Eu anomaly (exclud-
ing sample SAFT8 from the McClure Mountain 
syenite), and the nearly consistent REE pattern 
plots (Fig. 7) suggest the detrital zircon grains are 
primarily magmatic, not metamorphic, and have 
not undergone significant alteration due to metam-
ictization (Hoskin and Ireland, 2000; Rubatto, 2002). 
Igneous samples from the Wichita Mountains all 
display a weak Ce anomaly, but the pronounced 

Ce anomaly in zircon sample SAFT8 (McClure 
Mountain syenite) (Fig. 7B) is characteristic of zir-
con derived from a syenitic source, while zircon 
from granitoid, carbonatite, and kimberlite sources 
typically have small to moderate Ce anomalies (Bel-
ousova et al., 2002). The Cambrian detrital zircon 
from all seven detrital samples are characterized by 
a high Ce anomaly that is more similar to that of the 
McClure Mountain syenite than to that of the igne-
ous sources from the Wichita Mountains (Fig. 7A).

The negative Eu anomalies exhibited by the 
detrital and igneous zircon, excluding zircon sam-
ple SAFT8 which has no Eu anomaly (Fig. 7), are 
signature features of zircon derived from granitic 
source rocks and are indicative of either a parent 
magma that was depleted in Eu (Schaltegger et al., 
1999) or zircon that concurrently crystallized along 
with the K-feldspar mineral phase, an Eu sink (Hin-
ton and Upton, 1991). While the large positive Ce 
anomaly of igneous zircon sample SAFT8 is also 
observed in sandstone samples with both major 
and minor Cambrian zircon distributions, igneous 
zircon sample SAFT8 lacks the Eu anomaly that is 
observed in all detrital samples. Some aspects of 
the REE pattern (i.e., a steady enrichment of HREEs 
and a negative Eu anomaly) of the Wichita Moun-
tains igneous sources in the southeast and the LREE 
pattern of the McClure Mountain syenite seem to 
correlate with the REE pattern of the detrital zircon 
samples (Fig. 7A).

The U-Pb age of Cambrian zircon from the 
McClure Mountain syenite has been well doc-
umented (e.g., Schoene and Bowring, 2006; 
Pivarunas and Meert, 2019), but findings from this 
study raise the question of whether the McClure 
Mountain syenite alone would have been able to 
account for the abundance of Cambrian grains 
found in the Entrada Sandstone and Wanakah 
Formation. The McClure Mountain syenite consti-
tutes only a small fraction of the present-day aerial 
exposure of the McClure Mountain igneous com-
plex (~9.3 km2; Armbrustmacher, 1984), and the Wet 
Mountains and Ancestral Front Range predomi-
nantly comprise Proterozoic basement (Bickford 
et al., 1989). The well-rounded shape of the detri-
tal zircon grains as observed from the backscatter 
images of the zircon mounts and the compositional 

maturity of representative detrital zircon sandstone 
samples (i.e., concentration of quartz relative to 
other framework grains; Table 1; Fig. 4) suggest 
either recycling from older sedimentary strata or 
derivation from distal primary sources and subse-
quent transport over a considerable distance to the 
site of deposition (Leary et al., 2020).

One or more potential local secondary sources 
on the Colorado Plateau that could have yielded 
the Cambrian zircon found in the Entrada-​Wanakah 
sedimentary interval is the Triassic basal sand-
stones of Chinle (New Mexico) and Dockum 
(Texas) strata (Dickinson and Gehrels, 2010). The 
Cambrian zircon deposited in the Chinle-Dockum 
strata, although linked to sources in the Southern 
Oklahoma aulacogen and Pennsylvanian Amarillo-​
Wichita uplift (Dickinson and Gehrels, 2008b), may 
have been recycled in the CCT from the exhumation 
of Chinle-Dockum strata by the Luning-​Fencemaker 
thrust during Middle Jurassic time (Wyld et al., 
2003; LaMaskin et al., 2011). The Devonian Tem-
ple Butte Formation sandstone in northern Arizona 
and southeastern Nevada is known to have minor 
Cambrian age signatures similar to those found in 
the Entrada Sandstone and Wanakah Formation, 
but was buried beneath thousands of meters of 
sedimentary strata and is thus an unlikely source 
(Dickinson and Gehrels, 2003).

The abundant Cambrian grains, tight clustering 
of concordant U-Pb ages (Fig. 5), zircon morphol-
ogy, the Eu anomaly, and HREE patterns also 
suggest possible derivation of the Cambrian zircon 
grains from distal sources in the Amarillo-Wich-
ita igneous province during the deposition of the 
Entrada-Wanakah interval (Fig. 10A). No other igne-
ous assemblage in southwestern Laurentia that was 
uplifted during the Mesozoic is as extensive and 
exclusively of Cambrian age as the Amarillo-Wich-
ita province (Dickinson and Gehrels, 2009). The 
sudden increase in abundance of Cambrian grains 
in the Entrada Sandstone “board beds”, Wanakah 
Formation, and Tidwell Member of the Morrison 
Formation (aeolian, lacustrine, and fluvial deposi-
tion) allows the possibility of zircon grains having 
been recycled in previously deposited sediments 
(Lawton, 2017) that were delivered to the Cordille-
ran foreland by transcontinental fluvial drainages 
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with headwaters in southwestern Laurentia (Dick-
inson and Gehrels, 2009).

Provenance of Non-Cambrian Grains

The age spectra of detrital zircon deposited in 
Middle–Upper Jurassic strata of the Paradox Basin 
and CCT (Fig. 5) are similar to ages present in other 
Jurassic rocks of the Colorado Plateau (Fig. 10; Dick-
inson and Gehrels, 2008a, 2009, 2010). Sediment 
recycling on the Colorado Plateau was probably 
most prevalent during deposition of the Upper 
Jurassic Morrison Formation, given the overall 
similarity of detrital zircon age distributions in the 
Morrison Formation with those of the underlying 
older (Wanakah and Entrada) Middle Jurassic units 
(Fig. 5; Dickinson and Gehrels, 2008a, 2009). For 
example, at Ten Mile Graben, six Cambrian grains 
with a peak at 524 Ma constitute ~6% of the Salt 
Wash Member sample, suggesting possible rework-
ing of older units (Fig. 5B). Paleocurrent data from 
the Upper Jurassic strata from within the Paradox 
Basin, CCT, and adjacent localities (Fig. 10; Peterson, 
1988; Dickinson and Gehrels, 2009, 2010) show an 
easterly to southeasterly direction of fluvial sys-
tems, with sediments principally sourced from the 
south (i.e., the broad Mogollon paleohighlands that 
trend southeastward through central Arizona, New 
Mexico, and Texas) and western Cordilleran mag-
matic arcs (Fig. 10B). The Mogollon paleohighlands, 
a Late Jurassic to Early Cretaceous feature that 
formed contemporaneously with the Bisbee Basin 
in response to the rollback of the Cordilleran slab 
during late Mesozoic magmatism on the western 
margin, constituted the northern rift shoulder of 
the Bisbee Basin and spanned the entire south-
ern United States–Mexico border rift belt (Fig. 10B; 
Dickinson and Lawton, 2001; Dickinson and Geh-
rels, 2008a).

In general, the non-Cambrian grains are rep-
resentative of the midcontinent and southeastern 
Laurentia age signature in Middle–Upper Juras-
sic strata (Fig. 9). Other major zircon age clusters 
in our data set (e.g., Appalachian, 500–300 Ma; 
Grenvillian, 1.3–0.9 Ga; Table S1) are similar to 
the Mesozoic Colorado Plateau zircon distribution 
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documented in Dickinson and Gehrels (2008a, 
2009). The provenance and sediment transport 
history of non-Cambrian zircon grains deposited 
in the Middle–Upper Jurassic strata of the Paradox 
Basin are briefly discussed below in comparison to 
the regional U-Pb geochronology data set for the 
Colorado Plateau (Fig. 11).

Yavapai-Mazatzal (1.8–1.5 Ga) and >1.8 Ga 
Grains

Southwestern and northern Laurentia are under-
lain by Paleoproterozoic Yavapai-​Mazatzal orogens 
(1.8–1.5 Ga) crystalline basement and early Paleo-
proterozoic (>1.8 Ma) to Archean (>2.5 Ga) cratons, 
respectively (Fig. 9). Because the Paradox Basin 
and CCT rest upon the underlying Yavapai-Maza-
tzal basement, detrital zircon from Yavapai-Mazatzal 
sources in the Jurassic strata of Paradox Basin imply 
local derivation. The younger Mazatzal detrital zir-
con (with age peaks between 1.7 and 1.6 Ga) are 
consistently more abundant than the older Yavapai 
(1.8–1.7 Ga) detrital grains in the Middle Jurassic 
units (Fig. 5), and all Yavapai-Mazatzal grains are 
inferred to be derived primarily from the adja-
cent basement core of the Ancestral Front Range 
(Fig. 10A). Zircon grains with ages >1.8 Ga are 
very limited (Fig. 5) and may have been originally 
sourced from a variety of sources in the Paleo
proterozoic suture belt of northern Laurentia (Fig. 9). 
The paucity of older Paleoproterozoic and Archean 
grains in the sedimentary record limits any quanti-
tative interpretation of their provenance, but their 
presence suggests contributions from the interior 
of the northern Laurentia craton delivered to the 
Cordilleran foreland via the intermittent Jurassic 
transgressions during the Mesozoic (Haq, 2018; 
Fig. 10).

During deposition of the Morrison Formation 
in Late Jurassic time, provenance shifted to the 
south where the Yavapai-Mazatzal basement of the 
Mogollon paleohighlands and Middle Jurassic aeo-
lian strata were uplifted and stripped (Dickinson 
and Gehrels, 2008a), allowing primary and recycled 
zircon grains to be delivered to the Paradox Basin 
and CCT by fluvial systems (Fig. 10B).

Arc-Derived Grains (<300 Ma)

Although the Mesozoic Cordilleran magmatic 
arc was active on the western continental margins 
of Laurentia, the detrital record in the Paradox Basin 
and CCT (Fig. 5; Table S1) shows a nearly complete 
lack of zircon from the western magmatic arcs (i.e., 
<300 Ma grains). The low percentage of Cordille-
ran arc zircon in our data suggests that sediment 
mainly originated from orogenic sources from 
within and across the continent, as opposed to 
derivation from the proximal, contemporaneous 
Mesozoic Cordilleran magmatic arc along the west-
ern margin of Laurentia (Figs. 4B and 5).

Arc-derived grains with age peaks between 261 
and 220 Ma are present in some of the Middle and 
Upper Jurassic strata but constitute a small frac-
tion (<7%) of the entire detrital zircon distribution. 
The presence of arc-derived grains in the Middle 
Jurassic units of western Colorado and a lack in 
correlative units in southeastern Utah, despite the 
proximity to the western Cordilleran magmatic arc, 
suggests that the western Colorado grains may 
have been derived from a more southerly source in 
the East Mexico arc (Fig. 10A; Dickinson and Gehrels, 
2003; Dickinson and Gehrels, 2009). The age peaks 
(261–220 Ma) of the arc-derived grains may reflect 
Permian–​Triassic (284–232 Ma) arc accretion on 
the western flank of Gondwana along the Ouachita 
orogen following the suturing of Gondwana to Lau-
rentia (Dickinson and Gehrels, 2010).

Minor arc-derived grains in the Upper Jurassic 
Tidwell and Salt Wash Members of the Morrison 
Formation (Fig. 5) display peaks (173–153 Ma) 
reflective of the contemporaneous western Cor-
dilleran magmatic arc (Fig. 10B) and are inferred 
to have been delivered to the Paradox Basin via 
fluvial systems that originated from the Mogollon 
highlands. The Mogollon Highlands might have 
blocked contemporaneous magmatic arc grains 
from the western Cordillera from reaching the con-
tinental interior during deposition of the Morrison 
Formation. The near absence of zircon of Jurassic 
depositional age in the Tidwell and Salt Wash Mem-
bers of the Morrison Formation in our sample suite 
differs slightly from age distributions (Fig. 11) pre-
viously reported by Dickinson and Gehrels (2008a), 

wherein 5%–17% of the detrital zircon grains are 
interpreted to have been derived from the Cordil-
leran magmatic arc.

Shift in Depositional Environments

The shift from an aeolian to a lacustrine depo-
sitional environment and coincident voluminous 
influx of Cambrian grains in the Entrada Sandstone 
and Wanakah Formation in the Paradox Basin and 
CCT appear to be responses to far-afield rather than 
local influences. We propose two major controls 
for the inferred sediment dispersal mechanisms 
and associated changes in provenance during the 
Middle–Late Jurassic transition: (1) the continued 
northward drift of the Laurentian continent during 
the Middle to Late Jurassic time; and (2) uplift of 
the Mogollon highlands. Northward drift into dif-
ferent wind-belt regimes significantly impacted 
the regional atmospheric circulation patterns over 
southwestern Laurentia, resulting in changing 
wind directions and paleoclimatic conditions (Par-
rish and Peterson, 1988). These climatic changes 
likely resulted in the intracontinental redistributive 
sediment transport system associated with the aeo-
lian deposition that was pervasive on the Colorado 
Plateau during Middle Jurassic time (Fig. 10A). How-
ever, in Late Jurassic time, the Laurentian continent 
had drifted into a more temperate paleolatitude from 
the south, creating a wetter climate on the Colorado 
Plateau (May et al., 1989; Busby et al., 2005). The 
Morrison Formation marks the onset of this change 
in climate, with the deposition of lacustrine and flu-
vial sediments in the Paradox Basin and CCT during 
Late Jurassic time. We found no evidence from field 
observations, measured stratigraphic sections in 
seven transects, sandstone petrography, and U-Pb 
detrital zircon analyses to support the existence of 
the J-5 unconformity between the Morrison and 
Wanakah Formations in western Colorado. Data 
from this study support interpretations by Potter-​
McIntyre et al. (2016) that the Tidwell Member of the 
Morrison Formation and the Wanakah Formation 
have a conformable contact in western Colorado.

The subduction of the Farallon oceanic slab 
underneath the western continental margin and 
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the resulting arc magmatism and associated rift-
ing on the southern margin of Laurentia created the 
Mogollon highlands, which significantly altered the 
paleodrainage, sediment provenance, and sediment 
dispersal routes in relation to the Paradox Basin and 
CCT. Paleocurrent directions in Upper Jurassic strata 
of the Paradox Basin show fluvial systems flowing 
from the southern Mogollon paleohighlands toward 
the east and southeast, potentially delivering sed-
iments to the Paradox Basin and CCT during Late 
Jurassic time (Fig. 10B; Peterson, 1994; Dickinson 
and Gehrels, 2010). The Paradox Basin and CCT 
developed on a dynamic craton marked by active 
tectonic processes co-occurring at the western and 
eastern Laurentian margins, and the response to 
these processes transferred toward the continen-
tal interior.

■■ CONCLUSIONS

We applied sediment unmixing using non-neg-
ative matrix factorization of a large detrital zircon 
U-Pb data set to highlight spatial and temporal 
patterns in sediment provenance in Middle–Upper 
Jurassic strata of the Paradox Basin and Central 
Colorado trough (CCT). Detrital zircon U-Pb age 
distributions suggest an interplay between extra-re-
gional sediment supply from distant sources via 
transcontinental fluvial drainages (e.g., Dickinson 
and Gehrels, 2008a, 2009) and local sediment sup-
ply via recycling of proximal sediment in sources 
in central Colorado and from along the western 
margin of Laurentia. The most distinctive charac-
teristic of our data is a unimodal Cambrian age peak 
(527–512 Ma) that is present in samples from the 
CCT and lacking in western Paradox Basin localities 
in Utah. These Cambrian grains may have been 
derived locally from the McClure Mountain syenite, 
recycled from the Chinle-Dockum strata during 
exhumation of the Luning-Fencemaker thrusting 
event during the Middle Jurassic, or sourced from 
the Amarillo-​Wichita uplift in Oklahoma. Primary 
or secondary sources within the Colorado Plateau 
that could yield the abundant Cambrian grains in 
the aeolian Entrada Sandstone, lacustrine Wana-
kah Formation, and fluvial Tidwell Member of the 

Morrison Formation are limited. Given the contem-
poraneous paleodrainages linking the CCT to the 
Amarillo-Wichita uplifts, a rich Cambrian source 
in southwestern Laurentia during the period of 
deposition, we conclude the Cambrian grains 
were most likely sourced, at least in part, from the 
Amarillo-Wichita uplift in Oklahoma. The different 
Cambrian age peaks in modeled end members EM1 
and EM3 suggest the Cambrian zircons were likely 
sourced from more than one igneous source. Fur-
thermore, the size of the McClure Mountain syenite 
relative to a predominantly Proterozoic rocks of 
the Wet Mountains complex in central Colorado 
and the absence of a negative Eu anomaly in the 
McClure Mountain syenite igneous zircon, which is 
distinctive and present in other detrital and igneous 
zircons, preclude an exclusively McClure Mountain 
provenance for the Cambrian zircons.

Results from this study of the Middle–Upper 
Jurassic strata in the Paradox Basin and CCT sug-
gest that not all the sediments were recycled from 
older strata, even though recycling of sediments 
from older strata was prevalent on the Colorado 
Plateau during Jurassic time. The lack of abun-
dant Cambrian grains in the westernmost sample 
localities (Ten Mile Graben and Dewey Bridge) 
within the Paradox Basin of Utah suggests that the 
Uncompahgre uplift acted as a barrier to sediment 
transport during Middle Jurassic time. Also, the 
lack of the distinctive Cambrian age peak in sam-
ples from the Salt Wash Member of the Morrison 
Formation (Upper Jurassic) suggests a cessation of 
sediment supply to the CCT from this distinctive 
source, possibly reflecting a change in sediment 
dispersal patterns and paleogeography during Late 
Jurassic time. The local tectonic framework and the 
nature of paleodrainage networks linking potential 
sediment sources vary spatially across the West-
ern Interior sedimentary basins, providing a major 
control on sediment provenance.
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