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ABSTRACT 
 

The Petrified Forest National Park (PEFO) of Arizona preserves outstanding exposures of 

the Triassic Chinle and Moenkopi Formations that are underlain by upper Paleozoic strata of the 

Coconino Sandstone. In 2013, drill core was collected from these strata in an effort to establish 

links with the astrochronological time scale developed in the Newark basin. Other workers 

involved in this project are using this core to refine and improve an absolute time scale 

employing Milankovitch cycles. To improve constraints on provenance and depositional ages of 

the Coconino, Moenkopi, and Chinle formations, we acquired 7,511 individual U-Pb detrital 

zircon dates from 29 samples from the core. 

Comparison of U-Pb ages with ages of rocks in various potential source terranes 

suggests that our samples were shed from rocks of the Archean (2.7-2.5 Ga) Wyoming Province 

and Paleoproterozoic terranes (2.1-2.0 Ga) of the Canadian Shield, the Yavapai and Mazatzal 

Provinces (1.8-1.6 Ga), Ancestral Rocky Mountains (1.8-1.4 Ga), midcontinent basement and 

overlying platformal strata (1.5-1.3 Ga), Grenvillian orogen (1.3-0.95 Ga), Yucatán-Campeche 

block (720-420 Ma) and Amarillo-Wichita uplift (600-500 Ma), Appalachian orogen (450-350 

Ma), eastern Mexico magmatic arc (310-232 Ma), and Triassic magmatic arc of western North 

America (230-210 Ma). 

The youngest peak age of the Permian Coconino sandstone is 260 Ma, whereas the 

youngest peak age for the Early-Middle Triassic Moenkopi Formation is 250 Ma. All samples 

from the Late Triassic Chinle Formation have youngest peak ages from 224-214 Ma. These 

maximum depositional ages compare well with CA-TIMS and ID-TIMS dates from strata of the 

Moenkopi and Chinle Formations, as well as the Adamanian-Revueltian land vertebrate 

faunachron (LVF) from Lucas (1998) and Parker and Martz (2011). U-Pb detrital zircon ages 
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document a depositional hiatus/erosional period of ~250-225 Ma between the Moenkopi and 

Chinle Formations. 

 
 
 

 
Figure 1. Colorado Plateau Coring Project drill site 1A (red “x”) located within the boundary of 

the Petrified Forest National Park on the Colorado Plateau in Arizona, USA. Twenty-nine 
detrital zircon samples were taken at facies change intervals throughout the ~520 meters (1710 
feet) of drill core for detrital zircon U-Pb evaluation. Approximate location of Colorado Plateau 

shaded in gray. Map redrafted from Parker (2011) and Dickinson (2018). 
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INTRODUCTION 
 

Workers have previously described flora, fauna, stratigraphic, and paleomagnetic 

characteristics from strata in the Petrified Forest National Park (PEFO) (Riggs et al, 2003 and 

2013; Martz and Parker, 2010; Irmis et al., 2011; Atchley et al., 2013; Ramezani et al., 2011; 

Ramezani, 2014; Kent et al., 2018; Olsen et al., 2018) in order to constrain their depositional 

ages. In particular the chronostratigraphic record of the Chinle Formation is not well constrained 

and has inconsistencies with respect to other locations of the Triassic (Parker and Martz, 2011). 

Uranium-thorium-lead (U-Th-Pb) geochronology can be used to date sedimentary rocks 

in order to recognize the major age components as well as the metamorphic fluid geochemical 

indicators uranium and thorium (Gehrels et al., 2008). The low numbers of U-Th-Pb dates for the 

Late Triassic Period have prompted need to better constrain the ages of these strata as the 

absence of biostratigraphy created gaps in the record (Olsen et al., 2018). Determining unit 

correlations by outcrop alone can prove challenging since the lithofacies and erosional surfaces 

can be diachronous making sampling of different outcrops challenging. 

A complete record of radioisotopic dates throughout a continuous section of strata can 

address questions regarding the timing of the Adamanian-Revueltian boundary within mid- 

Norian strata of the Sonsela Member of the Chinle Formation (Parker and Martz, 2011). This 

boundary represents the apparent largest magnitude faunal turnover event on land during the 

Late Triassic. One of the biggest unresolved questions regarding this boundary relationship is 

with the timing of the Manicouagan bolide impact. The goals of this work are to better resolve 1) 

the relationship between the Adamanian-Revueltian boundary and the Manicouagan bolide 

impact, and 2) observed correlations between marine and continental turnover events where the 

fossil record is incomplete or lacking sufficient data. 
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This study was inspired by research on drill core material collected from the Newark 

Basin Coring Project (NBCP) in New Jersey (Kent et al., 2016). That study utilized 

Milankovitch climate cyclicity preserved in the NBCP core to create the Newark-Hartford- 

Astrochronostratigraphic-calibrated magnetic Polarity Time-Scale (APTS; Kent et al., 2016). We 

take advantage of the unique availability of samples acquired from the Colorado Plateau Coring 

Project (CPCP), which are being used to complement the APTS (Kent et al., 2018; Olsen et al., 

2018). 

In November of 2013, researchers collected 1705-feet (520 meters) of drill core from site 

1A located at Chinde Point, Petrified Forest National Park (PEFO). The park is located in east- 

central Arizona, USA, ~ 180 km (110 miles) east of Flagstaff (Figure 1). The location was 

chosen for the presence of a continuous section of Upper Triassic strata. 

CPCP core samples span the Permian to the Late Triassic. Stratigraphy represented is from 

the Permian Coconino Sandstone, Early-Middle Triassic Moenkopi Formation (Wupatki and 

Holbrook Members), and Upper Triassic Chinle Formation (Mesa Redondo, Blue Mesa, Sonsela 

and Petrified Forest Members). Detrital zircon samples were collected and analyzed by Laser 

Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) to determine both 

provenance and maximum depositional ages. Detrital zircon grains collected from twenty-nine 

samples were dated by U-Th-Pb geochronology at the University of Arizona LaserChron Center 

using the laser ablation technique. 

This data set provides maximum depositional ages and indications of source terranes 

within a time frame of ~50 million years from the Early Permian through the Late Triassic. 

TECTONIC SETTING OF SOUTHWEST LAURENTIA DURING PERMIAN-TRIASSIC 

TIME 
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The study area was part of southwest Laurentia during Permian-Triassic time, bounded by the 

Ancestral Rocky Mountains to the northeast and the Ouachita-Marathon orogenic belt to the 

southeast. The Ancestral Rocky Mountains (ARM) uplifts provided sediment west of the ARM 

to Upper Paleozoic strata in the Holbrook Basin of the Colorado Plateau (Blakey and Knepp, 

1989; Dickinson and Lawton, 2003; Dickinson, 2018). Throughout the Pennsylvanian and Early 

Permian Periods, the Ancestral Rocky Mountains were a set of intracratonic block uplifts related 

to the Ouachita-Marathon orogenic belt to the south and east, and were formed during the 

collision of Laurentia with South America-Africa (Kluth and Coney, 1981; Leary et al., 2017). 

Western Laurentia during the Paleozoic was mostly a passive margin; however, collisions 

occurred with intraoceanic magmatic arcs associated with the Antler orogeny (Devonian) and 

Sonoman orogeny (Late Permian-Early Triassic) (Figure 4 in Ingersoll, 2008; Riggs et al., 2003; 

Atchley et al., 2013). Dickinson (2018) suggests that the lower to middle Triassic Moenkopi 

Formation was deposited in the far eastern reach of the Sonomia proforeland basin, 

approximately 850 km from the thrust front. The Cordilleran magmatic arc initiated along the 

southwestern margin of Laurentia during the interval between 245-235 Ma and continued 

through Late Triassic time (Dickinson and Gehrels, 2008; Dickinson, 2018). Dickinson (2018, p. 

59) reports that the Chinle Formation accumulated due to “dynamic subsidence of a backarc 

tectonic furrow that developed behind the nascent Cordilleran arc assemblage as an oceanic plate 

of lithosphere was subducted beneath the arc.” 

STRATA ENCOUNTERED IN THE CPCP CORE 
 

The paleoenvironment of the Permian (Leonardian Epoch) Coconino sandstone has been 

interpreted as a quartz arenite dune field (Blakey, 1990; Dickinson, 2018). The Moenkopi 

Formation consists of mudstone, siltstone, and sandstone of that accumulated in paludal, fluvial, 
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and near-shore tidal environments during Early-Middle Triassic time (Dickinson, 2018). The 

Late Triassic Chinle Formation consists of fluvial and paludal strata derived from local basement 

rocks of Laurentia and from volcaniclastic detritus derived from magmatic constructed along the 

Cordilleran margin (Riggs et al., 2003; Dickinson and Gehrels, 2008; Dickinson 2018). 

ANALYTICAL METHODS 
 

Sample Selection From the Core 
 

Plastic-lined drill cores were collected from the drilling rig in 5-foot (~1.5 meter) 

sections. Samples were selected from ¼ of the 2.5-inch (~6.4 cm) diameter drill core, with 

lengths ranging from 8-12 inches long (20-30 cm) depending on grain size. Sample sizes of ~200 

g were taken from the finer grain-sizes (mudstone, siltstone and clay); sizes of ~130 g were taken 

from coarser grain size samples (sandstone and conglomerate). Samples were collected at 

intervals dictated by changes in facies. To minimize contamination from exposure to rock in 

higher levels of the core, samples with strong integrity were cleaned by water bath and hose. 

Unconsolidated samples were separated without this step. 
 

Zircon Mineral Separation 
 

Zircon mineral separation was performed at the Arizona LaserChron Center using 

methods outlined in Gehrels et al. (2008) and Gehrels and Pecha (2014). In summary, samples 

were pulverized to grain size less than 425 um by hand-pulverizer and separated in water with 

either a Wilfley table or a gold pan. For the bentonite sample with high clay content, an 

ultrasonic disruptor was used to separate zircon from clays (Hoke et al., 2014). Details of the 

procedure are as follows: 

Ultrasonic disruptor equipment: 
 

• Sonicator 
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• Two stirring plates with magnetic stirrer bars 
 

• Four-5000 mL beakers 

Procedure: 

• Disaggregate sample if needed, if sample is consolidated, break up with a blender 
 

• Sieve to remove >425 um material (using disposable nylon screen) 
 

• Soak sample overnight in water 
 

• Sonicate at setting of 20-25% (continuous setting) for one hour while stirring at a setting 

of 6 

• Sonicate at setting of 20-25% at pulse 5 seconds on, 5 seconds off, while stirring at a 

setting of 4, and flowing no more than 150 mL/min of water for ~8 hours. Note that 

zircons are retained in the first beaker; the others are present mainly to reduce the amount 

of clay entering the plumbing system 

Magnetic separation was performed with a Frantz Isodynamic separator, followed by density 

separation using methylene iodide. 

Mounting and Imaging of Zircon Grains 
 

Zircon grains were mounted in a 1-inch (2.54 cm) epoxy mount along with fragments of 

FC-1 (primary standard) as well as SL and R33 (secondary standard) zircon. Mounts were 

polished approximately 5-10 micrometers deep to expose the internal structure of the grains 

(more material than typical was kept intact for subsequent CA-TIMS analyses). Imaging was 

performed with a backscatter electron detector system (BSE) using a Hitachi S3400 scanning 

electron microscope (SEM) to ensure analysis of zircon only and to identify and avoid 

inclusions. Prior to isotopic analysis, samples were washed in an ultrasonic bath for 5-minutes 

using a 1% HCl (hydrochloric acid) and 1% HNO3 (nitric acid) solution. 
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Isotopic Analysis 
 

U-Pb isotopic analyses of zircon grains were conducted by laser ablation – single 

collector – inductively coupled plasma mass spectrometry (LA-SC-ICPMS) using a Thermo 

Element2 mass spectrometer connected to a Teledyne/Photon Machines Analyte G2 beam 

delivery system with 193 nm (short wave UV) ATL excimer laser. A 20 micrometer diameter 

laser beam was used for the analyses. 

The U-Pb geochronological system consists of uranium of masses 238 (238U) and 235 

(235U). 238U undergoes eight alpha and six beta decay steps and 235U undergoes seven alpha and 

four beta decays. 238U final decay into lead isotope 206 (206Pb), 235U decays into the lead isotope 

207 (207Pb). These two different geochronological systems are available to create a concordia 

diagram for comparison. Note that a third system is available by analysis of the lead isotope 

ratios (White, 2013). This system is protected within the mineral zircon which is capable to 

withstand multiple cycles of burial and erosion and temperatures of ~750-850 degrees C (Hoskin 

and Schaltegger, 2003). 

Analyses were corrected for assumed composition of common lead based on Stacy and 

Kramers (1975) after subtracting the isobaric interference 204 mercury (204Hg) signal from the 

total 204 signal. Filters for accepted data are as follows: for discordance cutoffs of 80% and 

105%, 10% precision, and common Pb (>600 cps of 204Pb) (DR Table 4; Pullen et al., 2018). 

Data Reduction and Visualization 

U-Pb ages were calculated with the data reduction program agecalc (Gehrels et al., 

2008), following the methods reported by Gehrels and Pecha (2014) and Pullen et al. (2018). All 

raw and reduced data are reported in the Data Repository Table 1 (DR Table 1), and plots were 

created with functions available in Isoplot 4.15 (Ludwig, 2008). 
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Probability Density Plots (PDP) and Cumulative Density Plots (CDP) were generated to 

visualize detrital age spectra, and to compare the ages between samples. PDPs and CDPs were 

generated using Isoplot (Ludwig, 2008), and are normalized by assigning the same area under 

each probability curve. Uncertainties of individual ages are assumed to be Gaussian. 

Timescale 
 

We refer to the Geological Society of America (GSA) Geologic Time Scale (Walker et 

al., 2018) for details pertinent to the time scale used for correlations in this study. 

Statistical Comparisons 
 

DZstats (Saylor and Sundell, 2016) was used for statistical analysis of our data set. The 

Intersample Comparison module compares sample PDP, KDE, and CDF in order to numerically 

evaluate differences in age distributions. DZstats implements three relative comparisons of the 

similarity of age distributions (Similarity, Likeness, and Cross Correlation) and two comparisons 

for cumulative distributions (Kolmogorov-Smirnov (KS) Test D values and Kuiper Test V 

values). 

Kuiper Test V values are utilized in this study because they: (1) do not include the highly 

variable uncertainties associated with individual ages, and (2) are equally sensitive across the x- 

axis (for all ages). To facilitate interpretation of quantitative results, and because comparison of 

detrital zircon data is inherently relative and highly data dependent (Saylor and Sundell, 2016; 

Wissink and Hoke, 2016, Vermeesch, 2013), we consider the V values in three groups: 0-0.05 

denoting strong similarity, 0.06-0.45 for moderate similarity, and values from 0.46-1 for weak to 

no similarity. Analytical comparisons are graphically represented with the DZmds program 

(Saylor et al., 2017). 

Lag Time Method 
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In order to better constrain the tectonic setting in which strata accumulated, our analyses 

are plotted on a diagram proposed by Cawood et al. (2013). The diagram shows the cumulative 

density function of a sample; however, the x-axis is the measured U-Pb age minus the 

depositional age of the unit (lag time). Their criteria for the plot are as follows: 1) for grains with 

an age difference of less than 5% and age of greater than 150 million years (m.y.), the sample 

falls into the “extensional setting” zone (i.e. rift, passive margin, and intracratonic basins). 2) 

Grains between 5% and 30% of the youngest age between 0-100 m.y. fall in the “collisional 

setting” zone (i.e. foreland basin). Sediments in collisional, extensional and intracratonic settings 

contain greater proportions of older ages reflecting exhumation of basement. 3) If the youngest 

population has over 30% of its ages of less than 100 m.y. then the sample is plotted in the 

“convergent setting” zone (i.e. forearc and backarc basins). Cawood et al. (2013) conclude that 

convergent plate margins are characterized by a large proportion of zircon ages close to 

depositional age. 

Calculating Maximum Depositional Ages (MDAs) 
 

MDAs constrain the timing of deposition of stratigraphic units and are used to help 

correlate units that are separated by some distance or that have different facies. MDAs for our 

samples were calculated with the following five techniques suggested by the Arizona 

LaserChron Center (www.laserchron.org), two of which were implemented by Dickinson and 

Gehrels (2009): 

1. Youngest single grain (YSG) within a data set was identified using the following 

criteria: 1) ages have not been affected by lead loss (indicated by 238U greater than ~600 ppm), 2) 

238U/232Th less than ~10 (indicating grains have not interacted with metamorphic fluids), and 3) 
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ages have uncertainty of <10 million years (my) at 1σ. If these criteria are not met, the next- 

oldest grain is evaluated for possible selection. 

2. MDAs were also calculated using the Youngest Probability Peak Age (YPP) approach, 

whereby the YPP is the PDP peak of youngest age group in a sample. This method determines a 

MDA based on all ages belonging to the youngest cluster in groups with three or more ages. 

3. Calculation of the weighted mean of the youngest cluster of ages using the Weighted 

Mean function from Ludwig (2008). The weighted average is calculated by the classical inverse 

variance method. The calculation of weighting each analysis is based on the square of the 

uncertainty or variance; grains with small uncertainty have the greatest impact on the final age. 

Grain selection is based on the youngest peak and is used only by considering three or more 

detrital zircon ages, as well as recovering a Mean Square Weighted Deviation (MSWD) equal to 

or near one. The MSWD compares the scatter of ages versus the analytical uncertainties and is 

used to help determine which grains are appropriate to use for reporting a weighted average and 

the likelihood that the ages are coeval. A MSWD equal to or less than one indicates that the 

scatter of ages is consistent with the assigned uncertainties, and one can assume that the grains 

are of the same true age. A value greater than one indicates the uncertainties are not sufficient to 

explain the scatter of ages, and the grains are most likely from multiple age populations. A 

MSWD greater than one can also indicate that the calculated uncertainties are underestimated. 

We selected the set of ages in the youngest cluster and included or excluded older grains to 

obtain MSWD values closest to one (uncertainties are reported at 2σ). 

4. The TuffZirc Age (Zircon age extractor routine; Ludwig and Mundil, 2002; Ludwig, 

2008) algorithm ranks ages and uncertainty, and reports the largest cluster of ages that yields a 

probability of fit of >0.05. The median age of the cluster is taken as the true age and the 
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uncertainty is reported as an asymmetric 95% confidence interval. Rejections of older and 

younger ages are based on the assumption that they are xenocrystic or compromised by lead loss, 

respectively. The benefit of TuffZirc Age analysis is that it does not rely on subjectively 

trimming data to obtain clusters with MSWD close to 1. 

5. Unmix Ages (Ludwig, 2008) uses partial implementation of the Sambridge and 

Compston (1994) “mixture modeling” method to determine the most likely age and Gaussian 

uncertainty for each age component. Trimming of the data, excluding high uranium or U/Th 

values for example, is done prior to executing the test. Uncertainties are reported at 2σ. 

Provenance Criteria Method 

Dickinson and Gehrels (2008) and Dickinson (2018) outlined a method to determine 

provenance based on grouping ages based on the direction of the source region. Zircon U-Pb 

ages are derived from distinct geographic regions and/or geologic units and individual groups of 

ages are combined to provide an overall perspective of the geographic distribution of sediment 

flux over time. For this study, we use their age grouping as follows: the southwest Laurentian 

source combines Yavapai-Mazatzal ages (1.85-1.55 Ga), anorogenic Laurentian plutons (1.55- 

1.35 Ga), and the Permian-Triassic ages (300-208 Ma). The southeast Laurentia source combines 

Grenville orogen (1350-950 Ma), Peri-Gondwanan Neoproterozoic ages (700-540 Ma), and Pre- 

Permian Paleozoic (540-300 Ma). The third category, other Laurentian sources, combines 

Archean Laurentian ages (2.5 Ga and older), unknown Paleoproterozoic ages (2.5-1.85 Ga), and 

the uncertain derivation category (950-700 Ma). Table 7 of Dickinson (2018) characterizes each 

of these source regions by reporting the percent of grains from each of the main age groups. 
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Arc Derived Grains Method 
 

Presence versus absence of arc-derived grains within the Permian-Triassic samples is 

used as an indication of derivation from either the western Cordillera arc or east Mexico arc, as 

described by Dickinson and Gehrels (2008). Differentiation of sources by this method is based 

solely on U-Pb ages. Ages from 285-245 Ma are interpreted to have been derived from the east 

Mexico Magmatic arc. Ages less than 232 Ma denote a Cordilleran arc source. Dickinson (2018) 

considered ages from 245-232 Ma ambiguous because they are found in both sources. The 

youngest dated plutons in the Cordilleran magmatic arc are 245-235 Ma, found in the Mojave 

Desert region arc (Barth and Wooden, 2006), and are also included in east Mexico arc signature. 

U/Th Ratio Method 

Another provenance indicator incorporates the U to Th ratio in zircon. Large U/Th 

(greater than ~10) indicates the possibility of hydrothermal or metamorphic fluids interacting 

with the melt and may reduce the availability of Th (or increase the concentration of U) in the 

system. In general, the U/Th indicates the chemistry of the melt and available fluids at the time 

of formation/alteration (Yakymchuk et al., 2018). Riggs et al. (2012) document the presence of 

hydrothermally altered zircon in the Sonsela Member of the Colorado Plateau in grains from 

235-218 Ma. These grains contain low U/Th ratios (between 0.29-1.0) and are interpreted to be 

sourced from the eastern and central Mojave region in California. High U/Th ratios (between 

2.5-1.0) are interpreted to be derived from Triassic plutons of the central Mojave region. These 

high U/Th ratios are also found in Triassic Sonoran, Mexico detrital samples. Both of these ratios 

are found in zircons from our samples and document the changing environment of magmatism. 
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RESULTS 
 

U-Pb Geochronologic Results 
 

The results of our U-Pb geochronological analyses are shown in Figures 2-7 and all raw 

and reduced data are reported in the Data Repository Table 1 (DR Table 1). MDAs are reported 

in Table 1. Descriptions below are in stratigraphic order, from oldest to youngest. 

Coconino Sandstone 
 

Two age ranges are recorded in the one sample taken from this formation (Figures 2 

through 6). The age ranges from sample 390-1 are from 2.13-0.95 Ga (peak ages of 2.10, 1.97, 

1.80, 1.63, 1.49, 1.10, and 1.04 Ga), and 670-250 Ma (peak ages of 619, 556, 414, 324 and 260 

Ma). The youngest peak age for this sample is 260 Ma (2% of analyses). 
 

Moenkopi Formation 
 

Samples from the Moenkopi Formation include 383-2, 349-3, 335-1, 327-2, and 319-2 

(Figures 2 through 6). These samples show two age ranges; from 2.10 Ga to 0.96 Ga (peak ages 

of 2.07, 1.79, 1.63, 1.42, 1.25, 1.10, and 1.05 Ga), and from 675 Ma to 234 Ma (peak ages of 

607, 544, 415, 285 and 250 Ma). YPP ages vary from ~256 Ma to ~249 Ma (2-33% of total 

analyses per sample). 

Chinle Formation; Mesa Redondo Member 
 

Sample 305-2 from the Mesa Redondo Member of the Chinle Formation show dominant 

age ranges from 2.19 to 0.95 Ga (peak ages of 1.63, 1.43, 1.03 Ga), and from 760 to 211 Ma 

(peak ages of 617 and 223 Ma) (Figure 2,3,4,7). The youngest peak age for this sample is 223 

Ma (6% of total analyses). 

Chinle Formation; Blue Mesa Member 
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Three samples from the Blue Mesa Member have been analyzed (Figures 2, 3, 4, and 7). 

These samples are 297-2, 287-2, and 261-1; the latter yielded a small number of zircon grains. 

There are two dominant ranges of ages from 1.46-1.42 Ga (peak age of 1.44 Ga), and from 240- 

205 Ma (peak age of 221 Ma), with lesser peak ages of 1.64 and 1.06 Ga, 571, 444, 402, and 276 

Ma. YPP ages range from 221-220 Ma (56-90% of total analyses per sample). 

Chinle Formation; Sonsela Member 
 

Samples from the Sonsela Member are 243-3, 227-3, 215-2, 210-1, 201-1, 196-3, 195-2, 
 

188-2, 182-1, 177-1, 169-1 and 158-2 (Figures 2, 3, 4, and 7). Within these 12 samples there are 

four dominant ranges of ages from 1.68-1.62 Ga (peak age of 1.65 Ga), 1.46-1.40 Ga (peak age 

of 1.44 Ga), 1.12-1.04 Ga (peak age of 1.08 Ga), and 240-200 Ma (peak age of 219 Ma). There 

are lesser peaks with ages of 591, 427, and 338 Ma. The range of youngest peak ages is from 

221-214 Ma with 42-79% of the zircon ages incorporated into the youngest peak age. 

Chinle Formation; Petrified Forest Member 
 

Seven samples from the Petrified Forest Member were analyzed (Figures 2, 3, 4, and 7). 
 

Sample 131-2 was taken from 22 meters above the contact between the Sonsela and Petrified 

Forest members. Samples 116-1 and 104-3 have low zircon yields. Samples 92-2, 84-2, and 66-1 

bentonite, a low yield sample, was taken from just below the Black Forest Bed. Sample 52-2 is 

from the top of the Black Forest Bed of the Petrified Forest Member. Four age groups are 

apparent, with dominant age ranges from 1.66-1.60 Ga (peak age of 1.64 Ga), 1.46-1.40 Ga 

(peak age of 1.43 Ga), 1.10-1.02 Ga (peak age of 1.08 Ga), and 240-197 Ma (peak age of 214 

Ma), and minor peaks of 627, 576, 520, 460, 377 and 285 Ma. YPP ages range from 221-210 Ma 

with 20-75 % of total analyses. 
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Figure 2. Cumulative Density Plot (CDP) displaying all CPCP samples; names appear roughly 
next to % of grains of maximum depositional ages. The x axis represents age in millions of 

years; the y axis references the cumulative age probability density N. Noteworthy increases of 
age probability occurs at roughly 1.8-1.4 Ga, 1.5-0.9 Ga, 720-420 Ma, 600-500 Ma, 450-350 Ma, 

and 310-200 Ma. 
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Figure 3. Stacked normalized U-Pb probability density plots of all twenty-nine detrital zircon 
samples from the Colorado Plateau Coring Project. Plots display ages interpreted to have been 

derived from interior Laurentian and Gondwanan assemblages, east Mexico and Cordilleran arcs 
as described by Dickinson (2018). PDP plots graph the array of ages for each sample; the x axis 
unit is age (in millions of years), the area under each curve equals one. Overlapping ages display 
a peak, we use the peak age to describe the cluster. The assumption is that the uncertainties of the 
individual ages are Gaussian; however, the PDP simply displays the sum of the individual ages 
and uncertainties for each age cluster. PDP were amplified in the y direction for better viewing: 
ages >800 Ma from samples of the Blue Mesa - Petrified Forest Members are magnified by 10x 

relative to <800 ma ages, and all peaks of the Coconino Sandstone - Mesa Redondo Member 
samples are magnified by 2x relative to other samples. The number of grains analyzed is denoted 

by n. Samples are labeled by sample number and Member or Formation. 
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Figure 4. Stacked normalized PDP display ages between 2200-250 Ma in order to evaluate age 
spectra otherwise overshadowed by large number of <250 Ma ages. Each sample specifies the 

number of ages displayed out of total analyses (e.g., 295/305). 
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Figure 5. Stacked PDP of CPCP samples from the Permian Coconino Sandstone and Early- 
Middle Triassic Moenkopi Formations, n denote number of analyses. Potential source regions 
include; Midcontinent basement rocks (1.8-1.4 Ga), Yucatan-Campeche block (720-420 Ma), 

Amarillo Wichita uplift (600-500 Ma), East Mexico arc (280-240 Ma); and Appalachian orogen 
(450-350 Ma). Grains from the Appalachian orogen constitute sediment that originates from 

eastern Laurentia. Assignment of sample CPCP-383 to the Moenkopi Formation is uncertain.as 
ages are a better match with the Coconino Sandstone. 
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Figure 6. Comparison between samples from Dickinson (2008, 2018) and the Colorado Plateau 
Coring Project (this study). Samples include the Permian Coconino Sandstone and the Early- 

Middle Triassic Moenkopi Formation (Holbrook and Wupatki Members). Source ages as 
described in Figure 5. 
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Figure 7. Stacked PDP of CPCP samples from the Late Triassic Chinle Formation. Potential 
source ages as described in Figure 5. 
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Statistical Analysis Results 
 

Statistical analysis of ages from CPCP samples generally support previously defined 

stratigraphic intervals and, due to the larger numbers of analyses from continuous strata within 

the drilled core, highlight major differences in age distributions. Such large data sets can be 

difficult to quantify and compare objectively without the use of statistical analysis. Therefore, 

our results were analyzed with the DZstats function of Saylor et al. (2016) (Figure 8; DZstats 

Data Repository Table 2). 

These analyses indicate that the sample from the Wupatki Member of the Moenkopi 

Formation is similar to the sample from the Coconino Sandstone. The MDS plot graphs sample 

383-2 as the nearest neighbor of sample 390-1. Table 2 reports the value of <0.05 for the Kuiper 

test V statistic which denotes strong similarity of the two samples. The rest of the cluster has V 

statistic values from 0.10-0.43. 

Analyses also show that Petrified Forest Member sample 116-1 is similar to the 

Moenkopi samples described above as well as the sample from the Mesa Redondo Member (V 

statistic of 0.18). V statistic values with the other samples from this cluster are 0.26-0.43. 

Samples of the Coconino sandstone, Moenkopi Formation, and the base sample of the 

Chinle Formation (Mesa Redondo Member), show that they have similar age distributions. These 

samples form a cluster of nearest neighbors, apart from samples 335-1 and 349-3. The cluster has 

Kuiper test V statistical values between 0.05 and 0.21, of strong to moderate similarity. Samples 

335-1 and 349-3 plot as nearest neighbors, away from the rest of the set. These two are of 

moderate affiliation with a V statistic of 0.13 and have larger V statistical values (between 0.27 

and 0.43) as compared with the cluster. 
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Sample from the base of the Blue Mesa Member (sample 297-2), up through and 

including the lower part of the Sonsela Member (sample 196-3), form a division. These samples 

have V statistic values from .0.12-0.50. This cluster also includes sample 131-2 from the 

Petrified Forest Member. This sample has a nearest neighbor of sample 227-3 with a V statistic 

of 0.11. 

Samples from the upper part of the Sonsela Member through the Petrified Forest Member 

form a distinct set. V statistic values range from 0.13-0.45. Samples 84-2 and 92-2 plot 

separately and closer to samples of the Moenkopi Formation (335-1 and 349-3) with V statistical 

values between 0.26-0.30. These Petrified Forest Member samples have less affinity to the rest, 

as the V statistic range is from 0.28-0.61. 

Additional interesting results area as follows: 
 

• Samples of the Coconino sandstone and Moenkopi Formation have a recurrence of peak ages 

within samples of different units; notably, samples 188-2, 169-1, 116-1, and 92-2 through 66- 

1. 

• The sample from the top of the Blue Mesa Member (sample 261-1) shows greater coherence 

with samples of the lower part of the Sonsela member and base sample of Petrified Forest 

Member than with the other Blue Mesa Member samples. 

• The base of the Petrified Forest Member (131-2) has a stronger connection to the samples of 

the Blue Mesa and Sonsela Members group than the rest of the samples of the Petrified 

Forest. 
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Figure 8. Three-dimensional (3D) multidimensional scaling (MDS) plot for CPCP samples U-Pb 
detrital zircon age distributions. Points that plot closer together indicate higher correspondence 

(more similar). Black arrows point from each sample to its closest neighbor (which is most 
similar). DZmds (Saylor et al., 2018) graph using the Kuiper Test V value (Kuiper 1960, Press et 

al., 2007) to visualize the dissimilarity between samples as a function of distance in Cartesian 
coordinates, calculated using metric stress. The Shepard plot (upper right corner) shows 

goodness of fit of the multi-dimensional scaling transformation. The resulting stress value is 
0.06; less than 0.1 is a reasonable transformation (Vermeesch, 2013). 
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Provenance Analysis Results 
 

The following discussions compare our geochronologic results with the four provenance 

regions described by Dickinson (2018), which include sources to the southeast, southwest, 

unidentified sources of Laurentia, and the magmatic arc to the west (Figures 9, 10, 11, and 12). 

Ages that characterize the southwestern source area represent 23-97% of the measured 

ages (Figures 9 and 10). Lower percentages of ages, from 23-59%, are found in samples from the 

Coconino sandstone, Holbrook, Mesa Redondo, and the Petrified Forest members. Samples of 

the Blue Mesa and Sonsela Members have 70-97 % of their ages sourced from the southwest. 

The two samples from the Black Forest Bed have 69% and 91% from the southwest; however, 

the other samples from the Petrified Forest Member have less, from 38-60%. 

Ages from the southeastern source are present in all samples, but in variable proportions 

(Figures 9 and 10). 31-63% of grains sourced from southeast Laurentia are contained in samples 

from the Coconino Sandstone, Moenkopi Formation, and the Mesa Redondo Member of the 

Chinle Formation. Lesser percentages, from 3-12%, are present in samples from the Blue Mesa 

Member through the lower Sonsela Member (including sample 201-1). Samples within the 

Upper Sonsela Member (beginning from sample 196-3) through the Petrified Forest Member 

have a southeastern influence between 16-55% except the two samples at the Sonsela/Petrified 

Forest boundary, and the top of the Black Forest Bed where percentages drop to less than 9%. 

Ages that represent other Laurentian sources (Figure 10) comprise between 11% and 22% 

of the measured ages within samples of the Coconino Sandstone, Moenkopi Formation, and 

Mesa Redondo Formation. The abundance of these ages decreases to less than 4% within the 

Blue Mesa and lower and upper Sonsela Members of the Chinle Formation, and then increases to 

~7-12% within the samples of the Petrified Forest Member. The base sample of the Petrified 
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Forest has only 2%, following the trend of the Chinle Formation samples below it. 
 

Arc derived grains with ages less than 285 Ma in the samples occupy less than 11% in the 

samples of the Coconino Sandstone, Moenkopi and Mesa Redondo Members, and in abundances 

of greater than 20% for all samples above (Figure 12). Samples from the Permian and Early- 

Middle Triassic have less than 11% of ages that are arc derived. 1-10% of these are between 285- 

245 Ma, and there are no grains of Cordilleran input (with ages less than 232 Ma). The two 

samples at the top of the Holbrook Member have 1-3% ages within 245-232 Ma. 

Most Upper Triassic samples are dominated by arc derived grains, except for three 

samples from the Petrified Forest Member. These three samples contain 19-25% <285 Ma ages. 

All Upper Triassic samples have 18-76% of their grains from the cordilleran source (ages less 

than 232 Ma); however, the samples of the Mesa Redondo Member have only 6% of grains 

within this range. Ages from 285-245 Ma and 245-232 Ma are consistently less than 7 and 5%, 

respectively (Figure 12). 
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Figure 9. Graphical representation of percentages of grains used for indications of provenance, 
modified from Dickinson (2018). The different colors represent different age populations typical 

of Laurentia. 
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Figure 10. Graphical representation of CPCP samples regarding provenance, modified from 
Dickinson and Gehrels (2008); southwest (blue), southeast (red) and other (green) Laurentian 

sources are displayed. 
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Figure 11. Paleogeographic map of southwest Laurentia during Triassic time, with inferred 
paleo-rivers of the Chinle-Dockum depositional system, including the Basal Chinle-Dockum 
Eagle paleoriver, the upper Chinle-Dockum Cottonwood paleoriver, and the lower Chinle- 

Dockum trunk paleoriver. These rivers provided transport of southeastern detritus. The southern 
tributaries transported local basement/southwestern detritus (redrafted from Dickinson, 2018). 
Arrowheads point in direction of paleoflow. Approximate location of Colorado Plateau during 

the Triassic shaded in gray. 
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U/Th Analysis Results 
 

According to the criteria presented by Riggs et al. (2012), zircon grains from Triassic 

samples have predominantly high U/Th ratios (values of 1.5 to 9) (Figure 13). In more detail, the 

sample from the Mesa Redondo Member and the lower two samples from the Blue Mesa 

Member have high/low U/Th values of 1.5-2.2; however, the sample from the top of the Blue 

Mesa Member has a high/low U/Th value of 8.7. Samples from the lower Sonsela Member have 

high/low U/Th values ranging from 1.2 to 2.8; values from samples of the upper Sonsela range 

from 1.5 to 5.9. Samples of the Petrified Forest Member have high/low U/Th values that range 

from 1.5 to 3.5; however, three of the samples have low numbers of grains (two to twelve) with 

high U/Th and contain no grains with low U/Th ratios. Samples from the Coconino Sandstone 

and Moenkopi Formation do not contain ages within the age range specified. 
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Figure 12. Arc-derived grains redrafted from Dickinson and Gehrels (2008). Red wedges graph 
U-Pb ages less than 232 Ma, sourced from the cordilleran arc; blue wedges display ages from 

285-245 Ma and are derived from the east Mexico arc; green wedges display ages 245-232 Ma 
which are found in both arcs. 
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Figure 13. U/Th ratios of detrital zircon grains as a geochemical signature in grains with U-Pb 
ages from 235-218 Ma. Blue wedges graph U/Th ratios between 2.5-1.0; red wedges display 

U/Th ratios between 1.0-0.29 based on ratio division from Riggs et al. (2012). 
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Lag Time Analysis Results 
 

Lag time plots for samples of the Coconino Sandstone, Moenkopi, and Mesa Redondo 

formations show these deposited in the collisional (foreland basin) system (Figure 14). In the 

Blue Mesa Member and lower and upper Sonsela members the lag time plot shifts to the 

convergent (Cordillera-type) margin field due to the increase in abundance of arc-derived 

zircons. This large increase in numbers of arc-derived grains during deposition of this unit 

highlights the decrease in lag time. Half of samples of the Petrified Forest Member (samples 

131-2 and 52-2) plot in the convergent margin, the other (samples 92-2 and 84-2) in the 

collisional field due to the decrease in numbers of the younger grains within the middle of the 

strata. 
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Figure 14. Diagrams showing cumulative density plots of our samples (following Cawood et al., 
2013). The x axis is the zircon crystallization age minus the depositional age of the unit. The 
different fields display A: convergent (forearc and backarc) setting; B: collisional (foreland) 

setting; C: Extensional (rift, passive margin, intracratonic basin) setting. Plots are separated by 
strata and are plotted separately for clarity. Sample numbers are arranged on the y axis opposite 

values of cumulative proportion. Samples with less than 70 analyses are not graphed. 
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Grain Size Analysis Results 
 

Comparison of the grain size of sediment in each sample with the proportions of Late 

Triassic (<232 Ma) versus older grains suggests that a correlation is present. Sample 66-1 

consists of clay and yields 35% Late Triassic grains, however this sample has a low zircon yield 

of 40 grains. The rest of the samples have between 224-450 grains that yielded U-Pb ages. 

Mudstone samples [84-2, 116-1, 169-1, 182-1, 210-1 (silty/mud), 261-1, and 327-2 (silty/mud)] 

yield between 18% and 52% Late Triassic grains. Not reported here are two mudstone samples 

with less than 60 grains analyzed. Sandstone samples (52-2, 92-2, 104-3, 131-2, 188-2, 195-2, 

196-3, 201-1, 215-2, 227-3, 243-3, 287-2 and 305-2) are quite variable, with between 6% (Mesa 

Redondo sample) and 76% Late Triassic grains. Two additional samples yielded less than 74 

grains. The conglomeratic samples (131-2, 158-2 and 177-1) yield the most zircons and have 

between 58% and 76% of measured ages of Late Triassic age (less than 232 Ma). 

DISCUSSION 
 

Stratigraphic Implications 
 

Coconino Sandstone and Wupatki Member of the Moenkopi Formation 
 

At the base of the drilled core the two U-Pb samples, one sample from the Coconino 

Sandstone (390-1) and one from the Wupatki Member (383-2), are statistically similar. There is a 

difference of grain size between the samples. The Wupatki Member strata, a silty to very fine 

grain sandstone, is most likely derived from the same sediment as the fine-grained Coconino 

Sandstone below. The Wupatki Member sample was taken at ~10 meters from the drill core base 

(mcb) above the Coconino Sandstone sample, approximately 8 mcb above the contact. 

These two samples exemplify the peak ages that we use to document subsequent changes 

between samples and are the Midcontinent (1.5-1.3 Ga), Grenville (1.3-0.95 Ga), Campeche 
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(720-420 Ma) and Amarillo-Wichita Uplift (600-500 Ma), and Appalachian (450-350 Ma) 

signatures (Figure 6). 

Regarding provenance, 16% of grains lies within the Other Derivation category, 26% 

within the southwest source, and 58 % are of southeastern source. The U-Pb detrital zircon 

spectrums of these samples are southeast Laurentian derived and support Dickinson (2018) that 

the source of the fluvial and nearshore deposits of the Moenkopi Formation was carried by a 

river system with paleo-headwaters to the southeast in Texas. These sediments may be from the 

same origin as the sediments of the aeolian Coconino Sandstone. 

Coconino Sandstone and Moenkopi Formation 
 

Quartz arenite of the Coconino Sandstone and near shore sandstone and mudstone of the 

Moenkopi Formation are the oldest units recovered from the CPCP core. The Coconino 

sandstone is poorly constrained by fossil control (Dickinson, 2018). Based on tetrapods and 

conchostracans within the unit above, the Holbrook Member of the Moenkopi Formation is 

classified as Early Anisian (early Middle Triassic; 247.2-242 Ma) (Morales, 1993) or Olenekian 

(Early Triassic; 251.2-247.2 Ma) through Anisian (Dickinson, 2018). The Moenkopi Formation 

YPP age support Morales’s determination; however, using the Geologic Society of America 

(GSA) Timescale of 2018 the YSG age of 237 Ma places the Moenkopi within the Middle 

Triassic at the end of the Ladinian (~242-237 Ma). The YPP of the samples grouped from the 

Moenkopi Formation strata is 250 Ma and sample 319-2, located at the top of the Moenkopi 

Formation, YPP of ~249 Ma (Table 1; Figures 15 and 16) supports Dickinson’s (2018) age 

determination. The YSG for sample 319-2 might be reporting a young U-Pb age due to lead loss 

or simply the young side of the statistical distribution. 
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The TR1 unconformity separates the Coconino Sandstone and the Moenkopi Formation. 

Present multistate-wide, the TR1 unconformity is characterized by conglomerate-filled channels 

as much as 30 m deep (Pipiringos and O’Sullivan, 1978). The two units are also very different 

biostratigraphically (Alvarez and O’Connor, 2002). Our data support the presence of a hiatus of 

~3 million years, although the ages above and below overlap within uncertainty. 
 

The base of the Moenkopi Formation consists of interlayered mudstone and siltstone – 

our lowest sample consists of fine-grained sandstone taken 10 meters above the base. This 

sample is most likely derived the same source as the sediment of the Coconino Sandstone. This 

local scour beneath the fluvial sandstone of the Holbrook Member can be a characteristic 

attribute to the sedimentological processes that occur with progradation rather than an erosional 

surface (Dickinson, 2018). 

U-Pb ages as provenance indicators from the Grenville province (1350-950 Ma), peri- 

Gondwanan Neoproterozoic (700-540 Ma) and pre-Permian Paleozoic (540-300 Ma) groups 

show the samples contain a large percentage of U-Pb ages are from southeast Laurentia during 

the deposition of the Coconino Sandstone and Moenkopi Formation and include the Mesa 

Redondo Member, the base of the Chinle Formation (Figures 9 and 10). These ages support the 

interpretation of source region from the southeast by Dickinson and Gehrels (2008). 

Lag time plots for samples of the Coconino Sandstone and Moenkopi Formation show 

deposition in a basin receiving sediment from a collisional system (Figure 14). The young zircon 

grains are not in overwhelming abundance and the presence of older grains reflecting the 

prehistory of the basin distributive province, suggests a foreland basin setting for these strata. 

Our U-Pb data and lag time plot provides support to the southeastern provenance 

interpretation of Dickinson and Gehrels (2008) that these sediments were shed from the 
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Appalachian and Ouachita orogens (from southeast Laurentia) and was collisional in origin as 

Laurentia subducted under Gondwana (Dickinson, 2018). However, Dickinson (2018) suggests 

the Coconino Sandstone and Moenkopi Formation were deposited in the Permian through Early- 

Middle Triassic Holbrook basin of the Colorado Plateau. This basin was on the edge, the 

farthest-eastern reaches of the proforeland formed by collision with Sonomia off the western 

coast of Laurentia. The paleocurrent trends indicate a persistent slope from east to west, the 

interior of Laurentia toward the Cordilleran margin, throughout the sedimentation of the 

Moenkopi and Chinle formations (Dickinson and Gehrels, 2008). 

The TR3 unconformity is a hiatus ~25 m.y. found regionally between the Moenkopi 

Formation and Mesa Redondo Member of the Chinle Formation (Pipiringos and O’Sullivan, 

1978; Martz and Parker, 2017). The hiatus between samples (319-2 and 305-2) shows agreement 

with their findings of stratigraphic location as well as the duration of the TR3 unconformity. 

Mesa Redondo Member, Chinle Formation 
 

The sample from the Mesa Redondo Member has very similar peak ages and abundances 

as the sample from the top of the Holbrook Member, ~20 mcb below. There is, however, a 

decrease in proportion of 950-540 Ma grains, and younger arc-derived grains appear. There are 

10 grains with ages less than 285 Ma -- 40% are considered as derived from east Mexico, and 

60% are ages from the western Cordillera. 

The Mesa Redondo Member has 13% and 34% of grains with ages from other and 

southwestern sources, whereas 54% are from southeastern sources. The U-Pb detrital zircon 

spectra of these samples are also suggest derivation from southeast Laurentia, and support 

Dickinson’s (2018) interpretation of a lower Chinle paleoriver system with headwaters to the 

southeast in Texas. 
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Ages of ~750-350 Ma are abundant in the Mesa Redondo Member sample, but are rare in 

the samples above. Ages from the Canadian Shield, Yavapai-Mazatzal and midcontinent 

granites, and East Mexico and cordilleran arcs are also represented. 

The age of the Chinle Formation is Late Triassic (~237-201.3 Ma) in age (Dickinson, 

2018). YPP age for the base of the Chinle Formation, sample (305-2), is ~224 Ma and indicates 

the MDA within the Late Triassic Period of Norian age (~227-208.5 Ma) (Table 1; Figures 9, 10 

and 15). 

U-Pb ages from the Grenville province (1350-950 Ma), peri-Gondwanan Neoproterozoic 

(700-540 Ma) and pre-Permian Paleozoic (540-300 Ma) groups indicate the continuation of 

sediment from southeast Laurentia during deposition of the Mesa Redondo Member (Figures 9 

and 10). These ages support the continued flow of the lower Chinle trunk paleoriver of 

Dickinson and Gehrels (2008) into the Late Triassic. The majority of U-Pb ages less than 285 

Ma are derived from the Cordilleran arc however a significant percentage of these are from the 

east Mexico arc (ages between 285-245 Ma). 

Lag time plots of the sample show the continued deposition in the basin receiving sediment from 

a collisional system (Figure 14). 

Blue Mesa Member, Chinle Formation 
 

The 3 samples from the Blue Mesa Member are significantly different from the samples 

below. Ages from 1.3-0.3 Ga are greatly diminished, and a large increase in arc-derived grains is 

outstanding with 59-90% of grains within a sample. Of these, 54-85% are derived from the 

Cordilleran arc. 

The samples of the Blue Mesa Member show a clear change in provenance. Ages 

designated as sourced from the southwest are now dominant with 82-93%. Source from the 
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southeast is 3-16% and grains of Other Derivation are of 1-5%. Samples below the Blue Mesa 

have headwaters that are predominantly from the southeast, the basin sourced by the Lower 

Chinle trunk paleoriver. This change in provenance supports Dickinson (2018) hypothesis that 

the sources from the southeast were shut off from the trunk paleoriver, and most likely moved 

further north parallel to the trunk river to the Upper Chinle Cottonwood paleoriver. 

These samples are sourced in part from local southwestern Laurentian basement, and 

include large numbers of arc derived grains. The southern tributaries provide grains from the 

western arc with distinctive ages between 245-235 Ma, and as young as 210 Ma (Barth and 

Wooden, 2006; Dickinson and Gehrels, 2008; Barth et al., 2011; Gehrels et al., 2011; Riggs et 

al., 2016). Specifically, ages less than 230 Ma can be sourced from southern Granite Mountain 

Suite of California (Barth and Wooden, 2006; Riggs et al., 2016). 

The YPP for samples from the Blue Mesa Member range in age from ~220-221 Ma. 
 

Atchley et al. (2013) report a weighted average of detrital zircon U-Pb isotope dilution thermal 

ionization mass spectrometry (ID-TIMS) analysis within the Blue Mesa Member of 220.12 ± 0.7 

Ma which overlaps with our YPP ages and is within the Norian (~227-208.5 Ma) (Figure 15). 

In comparison with underlying strata, samples of the Blue Mesa Member contain a larger 

proportion of zircon grains near depositional age, greater input from southwestern sources, and a 

lower percentages of grains from the southeast. U-Pb ages from the Grenville province (1350- 

950 Ma) decrease, and peri-Gondwanan Neoproterozoic (700-540 Ma) and pre-Permian 

Paleozoic (540-300 Ma) ages disappear. Ages from the Permian-Triassic dominate the detrital 

spectra, which records the initiation of the Cordilleran magmatic arc. 
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The lag time plot shows that the sample from the Blue Mesa Member (297-2) is 

consistent with this interpretation, with over 60% of the U-Pb ages from these samples within 

100 m.y. of depositional age. 

Sonsela Member, Chinle Formation 
 

U-Pb samples from the Sonsela Member have similar age spectra as the Blue Mesa 

Member. The proportion of anorogenic Laurentian pluton ages range between 7-20%. Grenville 

ages are low in the lower Sonsela Member (samples 227-3 through 201-1) ranging between 1-6% 

except in the base sample of the Sonsela Member (sample 243-3) with 11 %. Grenville ages 

increase to ~10-26% in the upper Sonsela Member (samples196-3 through 169-1), and the 

sample near the top of the Sonsela Member, ~18 mcb from the contact with the base of the 

Petrified Forest Member (sample 158-2), reverts back to only ~5% of Grenville age. All samples 

of the Sonsela Member contain relatively few grains with ages from 950-300 Ma. 

This change in provenance continues through the Sonsela Member. Ages designated as 

from the southwest continue to be dominant from 70-97%. There is a change in provenance 

between the lower and upper strata. The samples of the lower strata have 3-12% and the upper 

strata have 16-25 %, excluding the uppermost sample which is reduced to only 5%. The 

percentage of grains from the Other Derivation remain low on the order of 0-4%. The samples 

within the Sonsela Member contain evidence of a shift in provenance. These samples are 

interpreted as being southwest dominant; however samples of the lower Sonsela Member have 

less southeast influence as compared to the upper Sonsela and samples with a southeastern 

source signature. 

Generally, the distinction between beds within the lower and upper Sonsela Member are 

that the conglomerates and mudstones within the lower strata are dominated by extrabasinal 
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volcanic clasts, chert, and quartzite. The upper strata are associated with carbonate clasts and 

unionid bivalves in conglomerates and pedogenic carbonate nodules within the mudstones 

(Martz et al., 2012). 

The Sonsela Member can also be divided into lower and upper units based on Late 

Triassic ages. YPP ages of samples from the lower Sonsela Member average ~220 Ma, whereas 

YPP ages average ~216 Ma for the upper Sonsela Member. 

The provenance indications of Dickinson and Gehrels (2008) show a large percentage of 

ages indicative of southwest Laurentia; the lower Sonsela Member contains a more southwestern 

signature whereas a larger percentage of grains from the southeast is present in the samples from 

the upper Sonsela Member. This further highlights the distinction between lower and upper 

Sonsela members. Their criteria of arc-derived grains show that the majority of these ages from 

the Sonsela Member are derived from the Cordilleran arc. The upper Sonsela Member shows an 

increase in percentages of grains from 285-245 Ma, indicating greater input from the east 

Mexico arc. 

Lag time plots show that Sonsela Member ages plot in the convergent margin setting, 

with ~60% of ages in both lower and upper strata that are within less than 100 m.y. of 

depositional age. This supports the interpretation of Riggs et al. (2012) that Blue Mesa and 

Sonsela strata were deposited within a retroarc basin on the southern and southwestern margin of 

Laurentia. 

Pollen and vertebrate fauna data place the boundary between the Carnian (~237-227 Ma) 

and Norian (~227-208.5 Ma) Stages within the Sonsela Member of the Chinle Formation (Martz 

et al., 2013; Long and Ballew, 1985; Litwin et al., 1991); others place the boundary at its base 

(Heckert and Lucas, 2002). In contrast, Atchley and others (2013) report a detrital zircon U-Pb 
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ID-TIMS weighted average age of 227.60 ± 0.8 Ma from the base of the Mesa Redondo 

Member. This suggests that the Carnian-Norian boundary is located near the base of the Mesa 

Redondo Member. Our data suggest that the Carnian/Norian boundary is located within the 

unconformity between the Mesa Redondo Member of the Chinle Formation and the Moenkopi 

Formation, which is interpreted herein as the TR3 unconformity. 

Adamanian/Revueltian Boundary 
 

The Adamanian-Revueltian faunal turnover has been well documented in the Jim Camp 

Wash beds of the Sonsela Member, near an red or orange layer of silicified plant material (Parker 

and Martz, 2011). The base of the Revueltian tielzone at Petrified Forest National Park is the 

stratigraphic horizon in the lowermost Jim Camp Wash beds of the Sonsela Member (Martz and 

Parker, 2017). Irmis et al. (2011) place the Adamanian-Revueltian boundary at ~216 Ma. The 

strata that contain this boundary are located roughly between CPCP samples 196-3 and 195-2, at 

the division of the lower and upper Sonsela members. It is difficult to determine if the red 

siliceous horizon notable for the Adamanian-Revueltian turnover (Nordt et al., 2015) is present 

in the drilled core samples; however, the turnover most likely sits between these two CPCP 

samples (Randall Irmis, personal communication; Rasmussen et al., in prep). 

Lucas (1993, 1998) report that the Adamanian is within the youngest Carnian, and that 

faunal assemblages recording the Adamanian/Revueltian turnover are separated by the TR-4 

unconformity. Instead, Heckert and Lucas (2002, their Figure 2) locate the TR-4 regional 

unconformity between the Sonsela and Blue Mesa members, which they interpret as separating 

the Revueltian and Adamanian biozones. 

Parker and Martz (2011) place the faunal turnover within the mid-Norian, in the Lower 

Jim Camp Wash beds of the Sonsela Member (just above the lower-upper Sonsela boundary 
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described above), and reclassified the position of the Adamanian/Revueltian boundary higher in 

the Sonsela Member. This boundary is closely associated with the timing of the Manicouagan 

impact event (Figure 6 of Parker and Martz, 2011). They also determine that both the Adamanian 

and Revueltian biozones are Norian in age and suggest that there is no occurrence of the regional 

TR4 unconformity. 

As noted above, YPP ages from the lower and upper units of the Sonsela Member are 
 

~221 Ma and ~216 Ma, which raises the possibility that a ~5 m.y. hiatus exists between the two 

units (Figures 15 and 16, Table 1). Given that Irmis et al. (2011) report an age of ~216 for the 

Adamanian-Revueltian boundary, it is possible that this important transition occurs along an 

unconformity between lower and upper Sonsela strata, rather than below the Sonsela Member as 

suggested by Lucas (1993). 

Petrified Forest Member, Chinle Formation 
 

Samples from the Petrified Forest Member have different abundances of ages within the 
 

~950-300 Ma age range. The base sample of the Petrified Forest, ~22 m from the lower 

boundary, as well as the top two samples from the Black Forest Bed, have less than 1% of ages 

within this age range. The four samples from roughly the middle 42 meters of drilled core have 

12-17% of ages within the ~720-420 Ma range, 2-9% within ~600-500 Ma, and 3-7% between 

~450-350 Ma. Arc derived grains within the Petrified Forest Member samples account for 19- 

75% of each sample. 

These samples have a somewhat different provenance from underlying samples. They are 

still sourced largely from the southwest, with 38-69 % of grains within this category. However, 

ages pointing to a southeastern source are in higher abundances (22-55%), and other Laurentian 

source increase to percentages of 7-12 %. These values are similar to those in the Upper Sonsela 
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Member and Mesa Redondo, Moenkopi and Coconino Sandstone samples. The highest and 

lowest samples of the Petrified Forest Member are sourced predominantly (~90%) from the 

southwest. This suggests that uplift and reworking of detritus from the Holbrook Member and 

lower Chinle strata may have occurred, or that a southeastern source re-emerges within the strata 

of the Petrified Forest Member. 

Samples from the lower and uppermost layers of the Black Forest Bed have YPP of ~212 

and ~210 Ma, respectively. These ages agree with the age published by Ramezani et al. (2011) of 

~209.93±0.13 Ma (Figure 15). Our sample from near the base of the Petrified Forest Member 

(131-2) yields a YPP or ~221 Ma, which is ~10 m.y. older than the rest of the samples. This most 

likely is the result of recycled older sediments of the lower Sonsela or Blue Mesa members. No 

detrital zircon samples of the drilled core were available from the upper-most strata of the Chinle 

Formation Owl Rock Member and therefore we do not report a MDA for the top of the unit. 

Important changes within strata of the Petrified Forest Member are that the proportion of 

Permian-Triassic ages decreases up-section, and all samples have a larger southeastern influence. 

Samples from the base and top of the member have over 70% of ages derived from the 

Cordilleran arc, where the samples between these two show an increase in input from the east 

Mexico arc (285-245 Ma) and ambiguous ages (between 245-232 Ma). 

Lag time plots show two samples from the Petrified Forest Member (samples131-2 and 

52-2) in the convergent margin field, and the other two samples (92-2 and 84-2) in the collisional 

orogen field. The shift to the convergent margin field is a result of the increase in abundance of 

700-300 Ma grains derived from the Ouachita orogen and fewer arc-derived grains. The lag time 

graph accordingly supports the changes we see based on analysis of age distributions. 

Comparing Methods of MDA Calculations 
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Maximum depositional age determinations using the five criteria suggested by Dickinson 

and Gehrels (2009) do not deviate significantly between methods, except that YSG ages are 

consistently younger than the ages from other methods. This is because the youngest single grain 

will always be younger than the age of the youngest group of grains, just due to analytical 

uncertainty. The youngest single age may also have been compromised by Pb loss. MDA should 

accordingly be calculated from the set of youngest ages to compare the scatter of ages with their 

uncertainty. Relative standard deviation (RSD; excluding uncertainties) of MDAs range from 

0.7- 2.8 % of the 26 samples that fulfilled all 5 calculation methods. This equates to a range of ~ 

2-7 million years and supports that any of the four non-YSG determinations can be used for 

MDA. 
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Figure 15. MDA using youngest peak age (YPP; this study) compare well with CA and ID-TIMS 
dates of Ramezani (2011), Atchley et al. (2013), and Mundil (CPCP personal communications; 
Kent, 2018) with respect to stratigraphic position within the core. Land vertibrate faunachrons 
(LVF) from Lucas (1998) and Parker and Martz (2011). Stages in gray print not seen in core 

samples. Graph from Olsen et al. (2018). Color core images by LacCore facility, edited by Paul 
E. Olsen. 
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Table 1. Results using five different methods for calculating maximum depositional age for each 
sample; positioned in stratigraphic order. Samples of the Coconino Formation, Moenkopi 

Formation, and Mesa Redondo Member have between five and twenty-eight available for use in 
calculating MDA. The number of analyses of youngest age within Blue Mesa, Sonsela, and 

Petrified Forest Member samples range from 18-79% of the analyses. Method uncertainties are 
as follows: weighted average, UnMix Age, and youngest single grain (YSG) (2 sigma); TuffZirc 
(95% confidence); youngest peak age (YPP; no uncertainties assigned). YPP were identified by 
examining a narrow window (~1-2 m.y.) on either side of the inflection point in a PDP (within 

E2agecalc) and report the age value rounded to one decimal place. 
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Figure 16 is a graphical representation of MDA calculations and uncertainties listed in table 1. 
This graph visually portrays the younging and fluctuation of detrital zircon ages throughout the 
core. Note that the youngest single grain is always younger than the other methods of deriving 

maximum depositional ages. 
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Implications of Provenance based on Late Triassic grains 
 

Connections can be made using U to Th ratios of arc derived grains between ~235-218 

Ma and support a source from the Mojave region of California with a higher input from plutons 

with higher U/Th. Grains with higher U/Th are also found in Late Triassic forearc detrital 

samples from Sonora, Mexico (Riggs et al., 2012). 

Riggs et al., 2012 used U/Th combined with the U-Pb age as an indicator of provenance. 

Their study found zircon grains from volcanic clasts U-Pb ages between 235-218 Ma with U/Th 

from 0.29-1 in the forearc basin of Sonora, Mexico. These same age and ratio combinations were 

found to originate from the Mojave Desert and Sierra Nevada (Barth and Wooden, 2006). They 

found these same ages with higher U/Th values (1-2.5) in the Sonsela Member of the Colorado 

Plateau. 

Both ranges of ratios are found within the analyzed Upper Triassic samples. This is 

interpreted to record variations of source melts for the duration of Cordilleran magmatism. The 

differences between Riggs et al., (2012) and our study is that their study was based on analysis of 

volcanic clasts, whereas we analyzed detrital samples. In this case, the detrital samples yielded 

more variation of the U to Th ratio. 

Basin Analysis 
 

Mechanisms of basin formation can be largely divided into stretching of the crust (rift 

and back arc basins), shortening and flexural loading (foreland basins) and dynamic processes 

associated with asthenospheric flow and lithospheric densification and removal (Busby and 

Azor, 2012). The primary subsidence mechanisms of continental retroarc foreland basins (like 

the Triassic basin of the Colorado Plateau) are of tectonic, sedimentary and volcanic loading 

with minor inputs of subcrustal loading, as well as asthenospheric flow and crustal densification 
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(Busby and Azor, 2012). Retroarc foreland basins require tectonic loading and a fold and thrust 

belt (DeCelles and Giles, 1996). 

Sediments of the Colorado Plateau during the Early-Middle Triassic Period were 

deposited in a flexural foreland basin (Dickinson and Gehrels, 2008; Riggs et al., 2013). The 

basin formed by collision of Sonomia to the west. The foreland basin that captured the sediments 

of the Moenkopi Formation was replaced by the retroarc basin of the Cordilleran arc during the 

Late Triassic. 

The oldest unit of the Chinle retroarc basin to contain volcanic clasts as well as 

sedimentary detritus is the Shinarump conglomerate (Heller et al., 1992; Riggs et al., 2016) of 

which the Mesa Redondo Member is partially correlative (Irmis et al., 2011). The basin formed 

by dynamic backarc subsidence likely due to the subduction of a mantle slab under the arc. 

Subsidence was enhanced by the accumulation of fluvial deposits (Dickinson and Gehrels, 

2008). There is however no evidence of the fold and thrust belt to exist. The basin formed inland 

from the Cordilleran arc during the Late Triassic (Dickinson and Gehrels, 2008). 

Tanner (2003) postulates that patterns of deformation within the Chinle Formation record 

the influence of arc magmatism and the organization of a mobile foreland basin system. The TR- 

4 unconformity influenced the Petrified Forest Member with arc-related thermo-tectonic uplift. 

CONCLUSIONS 

Coconino Sandstone 
 

• The youngest peak age of the sample from the Permian Coconino Sandstone is ~260 Ma. 
 

The number of grains within the youngest peak age from the Permian Coconino 

Sandstone sample is 3%. 
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• Detrital zircon U-Pb ages from the Coconino Sandstone, Moenkopi Formation and Mesa 

Redondo Member of the Chinle Formation samples indicate primarily an east and 

southeast source from the Archean (2.7-2.5 Ga) Wyoming Province and Paleoproterozoic 

grains (2.1-2.0 Ga) of the Canadian Shield, the Yavapai and Mazatzal Provinces (1.8-1.6 

Ga), Ancestral Rocky Mountains (1.8-1.4 Ga), midcontinent (1.5-1.3 Ga), Grenvillian 

ages (1.3-0.95 Ga), the Yucatan-Campeche block aged zircons (720-420 Ma) and the 

Amarillo-Wichita uplift (600-500 Ma), the Appalachian orogen (450-350 Ma), and east 

Mexico magmatic arc (~310-240 Ma). 

• Detrital ages of ~700-300 Ma are more abundant in samples from the Coconino 

Sandstone, Moenkopi Formation, and Mesa Redondo and Petrified Forest members. 

Detrital zircons from the older strata support Dickinson and Gehrels (2008) interpretation 

that the source of these ages are from southest Laurentia. Concerning the Late Triassic 

samples, however, we are unable to determine whether the southeastern source input was 

due to a reactivation of headwaters originating in the southeast, or if there was uplift and 

re-deposition of older strata within the basin. 

• Permian and Early-Middle Triassic samples contain low percentages of arc-derived 

grains with ages less than ~285 Ma, whereas Upper Triassic samples are dominated by 

arc-derived grains. The grains from the western Cordilleran arc were most likely 

distributed by paleorivers from the west (Riggs et al. (2003) and southern tributaries 

(Dickinson and Gehrels, 2008). Detrital input of volcanic material by air fall cannot be 

ruled out. 

Moenkopi Formation 
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• Combined samples from the Lower-Middle Triassic Moenkopi Formation YPP is ~250 

Ma. 

• The number of grains within the youngest peak age from the Lower-Middle Triassic 

Moenkopi Formation samples range from 2-7%. 

• Surprisingly, the Moenkopi Formation depositional ages are limited due to a lack of 

young co-magmatic grains, even though Dickinson and Gehrels (2008) suggest a 

southeastern river source that would tap into the east Mexico arc. The detrital zircon 

record of the Moenkopi Formation suggests an Early Triassic MDA for this unit. 

There is a depositional hiatus of ~25 m.y. between the upper-middle Triassic Moenkopi 

Formation and Late Triassic Chinle Formation, corresponding to the TR3 unconformity. 

Chinle Formation 

• The Chinle Formation detrital zircon grains yield reliable MDAs for most sedimentary 

units, indicating capture of arc-derived grains from the western continental arc. 

• MDA’s for samples from the Late Triassic Chinle Formation generally young up-section 

from ~224 to ~210 Ma. 

• The Sonsela Member can be divided into upper and lower sections. MDA of the lower 

section is ~221 Ma and the upper part is ~216 Ma. 

• Samples from the Chinle Formation indicate a Norian age of deposition, in agreement 

with Dickinson (2018), Atchley et al. (2013), Irmis et al. (2011), and Ramezani et al. 

(2011). 

• The number of grains within the youngest peak age for the Mesa Redondo Member are 

only 6% of the entire zircon population. The samples from the other members of the 

Chinle Formation have numbers of arc-derived grains ranging from 56-90% in samples of 
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the Blue Mesa Member, 42-79% of the Sonsela Member, and from 20-75% within the 

Petrified Forest Member. 

• Ages typical of the east Mexico arc source, between ~285-245 Ma, are low in abundance 

within samples above the Mesa Redondo Member. Though numbers are low, the 

variations in numbers of these ages help identify changes in provenance in samples of the 

upper Sonsela and Petrified Forest members, especially when used in conjunction with 

the provenance criteria of Dickinson and Gehrels (2008) and the lag time method of 

Cawood et al. (2013). 

• Of the five methods used for calculating maximum depositional ages, four methods based 

on the youngest set of ages yield similar results. In contrast, the youngest single grain 

method yields ages that are consistently younger than the other methods, and are 

interpreted to be unreliable. 
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APPENDIX A SUPPLEMENTARY DATA 
 

DR Table 1 U-Pb ages 
 

DR Table 2 sample descriptions 
 

DR Table 3 geochronologic methods 

DR Table 4 peak ages as percentages 

DR DZstats Table 5; of CPCP (this study) and Dickinson 2018 
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