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ABSTRACT 

 Three studies on Cordilleran foreland basin deposits in the western U.S.A. 

constitute this dissertation.  These studies differ in scale, time and discipline.  The first 

two studies include basin analysis, flexural modeling and detailed stratigraphic analysis 

of Upper Cretaceous depocenters and strata in the western U.S.A.  The third study 

consists of detrital zircon U-Pb analysis (DZ U-Pb) and thermochronology, both zircon 

(U-Th)/He and apatite fission track (AFT), of Upper Jurassic to Upper Cretaceous 

foreland-basin conglomerates and sandstones.  Five electronic supplementary files are a 

part of this dissertation and are available online; these include 3 raw data files 

(Appendix_A_raw_isopach_data.txt, Appendix_C_DZ_Data.xls, Appendix_C_U-

Pb_apatite.xls), 1 oversized stratigraphic cross section (Appendix_B_figure_5.pdf), and 1 

figure containing apatite U-Pb concordia plots (Appendix_C_Concordia.pdf). 

 Appendix A. Subsidence in the retroarc foreland of the North American 

Cordillera in the western U.S.A. has been the focus of a great deal of research, and its 

transition from a flexural foreland basin, during the Late Jurassic and Early Cretaceous, 

to a dynamically subsided basin during the Late Cretaceous has been well documented.  

However, the exact timing of the flexural to dynamic transition is not well constrained, 

and the mechanism has been consistently debated.  In order to address the timing, I 

produced new isopach maps from ~130 well log data points that cover much of Utah, 

Colorado, Wyoming and northern New Mexico, producing in the process, the most 

detailed isopach maps of the area.  These isopach maps span the Turonian to mid-

Campanian during the Late Cretaceous (~93–76 Ma).  In conjunction with the isopach 
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maps I flexurally modeled the Cordilleran foreland basin to identify when flexure can no 

longer account for the basin geometry and identified the flexural to dynamic transition to 

have occurred at 81 Ma.  In addition, the dynamic subsidence at 81 Ma is compared to 

the position of the hypothesized Shatsky Oceanic Plateau and other proposed drivers of 

dynamic subsidence. I concluded that dynamic subsidence is likely caused by convection 

over the plunging nose of the Shatsky Oceanic Plateau. 

 Appendix B.  The second study is a detailed stratigraphic study of the Upper 

Cretaceous, (Campanian, ~76 Ma) Sego Sandstone Member of the Mesaverde Group in 

northwestern Colorado, an area where little research has been done on this formation.  Its 

equivalent in the Book Cliffs area in eastern Utah has been rigorously documented and its 

distal progradation has been contrastingly interpreted as a result of active tectonism and 

shortening in the Cordilleran orogenic belt ~250 km to the west and to tectonic 

quiescence, flexural rebound in the thrust belt and reworking of proximal coarse grained 

deposits.  I documented ~17 km of along depositional dip outcrops of the Sego Sandstone 

Member north of Rangely, Colorado.  This documentation includes measured sections, 

paleocurrent analysis, a stratigraphic cross section, block diagrams outlining the 

evolution of environments of deposition through time, and paleogeographic maps 

correlating northwest Colorado with the Book Cliffs, Utah.  The sequence stratigraphy of 

the Sego Sandstone Member in northwest Colorado is similar to that documented in the 

Book Cliffs area to the south-southwest, sharing three sequence boundaries.  However, 

flood-tidal delta assemblages between fluvio-deltaic deposits that are present north of 

Rangely, Colorado are absent from the Book Cliffs area.  These flood-tidal-delta 
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assemblages are likely caused by a large scale avulsion event in the Rangely area that did 

not occur or was not preserved in the Book Cliffs area.  In regards to tectonic models that 

explain distal progradation of the 76 Ma Sego Sandstone Member to be caused by 

tectonic quiescence and flexural rebound in the thrust belt, the first study shows that at 76 

Ma, flexural processes were no longer dominant in the Cordilleran foreland, so it is 

inappropriate to apply models driven by flexure to the Sego Sandstone Member.  

Dynamic processes dominated the western U.S.A. during the Campanian, and flexural 

processes were subordinate. 

Appendix C.  In order to test the tectonic vs. anti-tectonic basin-filling models for 

distal coarse foreland deposits mentioned above, the third study involves estimating lag 

times of Upper Jurassic to Upper Cretaceous conglomerates and sandstones in the 

Cordilleran foreland basin.  Measuring lag time requires a good understanding of both the 

stratigraphic age of a deposit and the thermal history of sedimentary basin.  To further 

constrain depositional age, I present twenty-two new detrital zircon U-Pb (DZ U-Pb) 

sample analyses, spanning Upper Jurassic to Upper Cretaceous stratigraphy in Utah, 

Colorado, Wyoming and South Dakota.  Source exhumation ages can be measured using 

thermochronology.  To identify a thermochronometer that measures source exhumation 

in the North America Cordillera, both zircon (U-Th)/He, on eleven samples, and apatite 

fission track (AFT) thermochronology, on eleven samples was performed.  Typically, the 

youngest cooling age population in detrital thermochronologic analyses is considered to 

be a source exhumation signal; however, whether or not these apatites are exhumed 

apatites or derived from young magmatic and volcanic sources has been debated.  To test 
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this, I double dated the detrital AFT samples, targeting apatites with a young cooling age, 

using U-Pb thermochronology.  Key findings are that the maximum depositional ages 

using DZ U-Pb match existing biostratigraphic and geochronologic age controls on basin 

stratigraphy.  AFT is an effective thermochronometer for Lower to Upper Cretaceous 

foreland stratigraphy and indicates that source material was exhumed from >4–5 km 

depth in the Cordilleran orogenic belt between 118 and 66 Ma, and zircon (U-Th)/He 

suggests that it was exhumed from <8–9 km depth.  Double dating apatites (with AFT 

and U-Pb) indicate that volcanic contamination is a significant issue; without having U-

Pb dating of the same apatite grains, one cannot exclude the possibility that the youngest 

detrital AFT population is contaminated with significant amounts of volcanogenic apatite 

and does not represent source exhumation.  AFT lag-times are 0 to 5 Myr with relatively 

steady-state to slightly increasing exhumation rates.  We compare our data to orogenic 

wedge dynamics and subsidence histories; all data shows active shortening and rapid 

exhumation throughout the Cretaceous.  Our lag-time measurements indicate exhumation 

rates of ~.9–>>1 km/Myr.  
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INTRODUCTION 

The Sevier fold-thrust belt of the North America Cordillera, U.S.A. extends from 

southern Nevada, northeast through Utah, north through Idaho and Wyoming, and 

northwest through Montana (Fig. 1).  Most researchers report that the development of the 

Cordilleran orogenic belt began during the Late Jurassic using paleocurrents and 

provenance studies of the Morrison Formation (e.g. Armstrong and Cressman, 1963; 

Armstrong and Oriel, 1965; Suttner, 1969; Furer, 1970; DeCelles and Burden, 1992; 

DeCelles and Currie, 1996), however; Heller et al. (1986) used subsidence histories for 

the Cordilleran foreland and place the beginning of the Cordilleran orogeny much later, 

i.e.,  during Aptian time (~119 Ma).  This is based on the fact that much of the foreland 

basin underwent less than 1 km of subsidence during the Late Jurassic to Early 

Cretaceous.  Others propose that <1 km of subsidence is expected because the Upper 

Jurassic Morrison Formation was in the forebulge to back-bulge depozones in the flexural 

foreland basin (DeCelles and Burden, 1992; DeCelles and Currie, 1996; DeCelles and 

Giles, 1996).  Shortening continued in the Cordilleran orogenic belt until ~50 Ma with a 

total of ~240 km of shortening (DeCelles et al., 1995; Currie, 2002).   

Flexure modeling closely approximates the Upper Jurassic to Lower Cretaceous 

Cordilleran foreland-basin profile (Jordan, 1981; Heller et al., 1986; Currie, 1998, 2002; 

Pang and Nummedal, 1995).  Isopach maps reveal a narrow and deep foredeep parallel to 

the thrust front that rapidly shallows into forebulge and back-bulge depozones to the east 

during Early Cretaceous to Turonian time (~142–89 Ma) (Furer, 1970; McGookey, 1972; 

Jordan, 1981; Schwans, 1988; Roberts and Kirschbaum; 1995; DeCelles, 2004).  
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Sometime during the Coniacian to Santonian time (~89–84) the basin wavelength 

lengthened and the reason for this lengthening has been debated.  One mechanism that 

has been proposed is dynamic subsidence.  The role of dynamic subsidence has long been 

postulated in the western U.S.A., for example, an analysis of the thickness of the 

Cretaceous marine deposits in the Cordilleran foreland reveals that flexural subsidence 

and eustatic sea-level rise was not sufficient to allow the observed stratigraphic thickness 

(Bond, 1976), and Mitrovica et al. (1989) state that dynamic subsidence above the 

subducting Farallon plate during the Cretaceous could have accommodated the 

stratigraphic thickness.  Although many have pointed to this Coniacian to Santonian 

basin wavelength lengthening as the onset of dynamic subsidence and have worked to 

quantify its effect (Mitrovica et al., 1989; Pang and Nummedal, 1995; Liu and 

Nummedal, 2004), Jordan (1981) attributes it to erosion and redistribution of the tectonic 

load.  Sometime during the Campanian (84–72 Ma), the subsidence style in the 

Cordilleran foreland changes dramatically; the depocenter migrates more than 400 km 

east and dynamic subsidence is clearly dominant (Roberts and Kirschbaum, 1995; 

DeCelles, 2004).  Important questions about the Cordilleran foreland-basin subsidence 

remain, such as when the transition from flexural to non-flexural subsidence took place, 

and what the mechanism for the non-flexural subsidence was.   Different researchers have 

proposed different mechanisms for the Late Cretaceous non-flexural subsidence; Cross 

and Pilger (1978) proposed that the subducting plate coupled with the overlying 

continental lithosphere caused broad isostatic subsidence, however, others have attributed 

it to dynamic subsidence over a shallowly dipping subduction plate (Mitrovica et al., 
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1989; Gurnis, 1993; Pang and Nummedal, 1995; Liu and Nummedal, 2004; Spasojevic et 

al., 2009).  Even among those who agree that dynamic subsidence was the cause of the 

Late Cretaceous shift in subsidence style there is disagreement as to the exact mechanism 

underlying dynamic subsidence and why the subducting plate began to shallow 

(Spasojevic et al., 2009).  One hypothesis is that an increased rate of plate convergence 

resulted in a shallow-dipping subducting slab (Coney and Reynolds, 1977; Cross and 

Pilger, 1978). Other researchers suggest that the subduction of young, hot, and more 

buoyant oceanic lithosphere near the oceanic ridge was the cause of the shallow-dipping 

slab (Engebretson et al., 1984).  Another possibility is that the subduction of a thicker 

more buoyant aseismic ridge or oceanic plateau caused the subducting slab to shallow 

(Henderson et al., 1984; Livacarri and Perry, 1993; Saleeby, 2003; Liu et al., 2008; 

Spasojevic et al., 2009).   

In Appendix A of this dissertation I deal with key questions related to basin 

evolution and subsidence processes by constructing high spatial and temporal resolution 

isopach maps spanning the Late Cretaceous (93–76 Ma), and use these isopach maps to 

flexurally model the foreland basin and compare the non-flexural subsidence to existing 

models (Fig. 1) (Cross and Pilger, 1978; Liu et al., 2008; Spasojevic et al., 2009).  These 

maps indicate that foreland basin profiles can be flexurally modeled prior to 81 Ma, but 

this requires an increase in rigidity for the loaded continental lithosphere during the time 

of flexural foreland basin wavelength lengthening (84–81 Ma). However, this is likely 

because 84 Ma coincides with the time that the Absaroka Thrust propagates east and 

loads the more rigid Wyoming craton (DeCelles, 1994; Lowry and Smith, 1994).  The 
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isopach map for the non-flexural period of subsidence (81–76 Ma) is compared to the 

proposed location of the Shatsky oceanic plateau at 81 Ma, based on spreading rates and 

the present location of its proposed conjugate (Liu et al., 2008).  This study shows that 

the Late Cretaceous dynamic subsidence is located over the plunging nose of the 

proposed Shatsky oceanic plateau. 

During the Early Cretaceous a large scale transgression flooded the western 

interior creating a large epicontinental seaway that extended from the Gulf of Mexico to 

the Arctic Ocean (reviewed in Smith et al., 1994).  This epicontinental seaway persisted 

until ~70 Ma when it began to regress (Smith et al., 1994).  Environments of deposition 

during the earliest Cretaceous in the western interior were dominated by wide-spread 

fluvial systems that prograded into eastern Wyoming, Colorado, and western South 

Dakota, as indicated by the Lower Cretaceous Cloverly Formation, Cedar Mountain 

Formation and their equivalents (Heller and Paola, 1989; Zaleha, 2006; among others).  

Later, as the Western Interior Seaway transgressed, the environment of deposition was 

largely composed of alluvial fan and fluvial systems that quickly transitioned to marginal 

marine sandstones east of the Sevier fold-thrust front and marine shales further into the 

foredeep to back-bulge depozones.  However, throughout the Cretaceous the stratigraphy 

is punctuated with widespread progradational sandstones (typically marginal marine 

deposits), that extend ~200–500 km into the foreland.  The tectonic significance of these 

distal sandstones in the foreland basins has been debated.  Some have proposed that these 

distal sandstones represent periods of tectonic quiescence, subsequent flexural rebound 

and the reworking of proximal coarse-grained deposits farther into the foreland, and state 
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that coarsening upward deposits in the proximal foredeep indicates active thrusting, 

resulting in increased flexural subsidence and trapping coarse sediment in the proximal 

foredeep (Beck et al., 1988; Blair and Bilodeau, 1988; Heller et al., 1988).  This model 

has been called the “two-phase stratigraphic model (Heller et al. 1988).”  Others have 

criticized the two-phase model (e.g., DeCelles and Giles 1996), and argue that it is based 

on the assumption of an under-filled flexural foreland, which may not be correct.  The 

two-phase model also assumes that tectonic shortening is episodic in the thrust belt, and 

others have argued that it is continuous (Burbank et al., 1992; Jordan et al., 1993, and 

DeCelles, 1994).  As an alternative to the two-phase model, some have proposed that 

rapid erosion in large catchments in the thrust belt can exceed any flexural subsidence 

caused during active shortening (DeCelles, 1988; Schmitt and Steidtmann, 1990; Paola et 

al., 1992), and that high rates of internal deformation and shortening in a thrust belt can 

coincide with large progradation of coarse deposits into the foreland (Burbank et al., 

1988; Horton et al., 2004). 

Here, I address basin filling models using two approaches; a stratigraphic 

approach and a geo–thermochronologic approach.  Appendix B is a detailed stratigraphic 

study of the Upper Cretaceous Sego Sandstone Member of the Mesaverde Group in 

northwest Colorado (Fig. 1).  The sequence stratigraphy of the Sego Sandstone Member 

has been associated with the two-phase model in the past (Willis, 2000), and it has also 

been associated with the alternative model that its progradation is linked to active 

shortening in the fold-thrust belt (Horton et al., 2004).  Most of the focus on the Sego 

Sandstone Member has been in the Book Cliffs area of Utah and Colorado (Van 
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Wagoner, 1991; Willis, 2000; Willis and Gabel, 2001, 2003; Wood, 2004).  However, 

how the Sego Sandstone Member in northwest Colorado, north of Rangely, correlates to 

the Sego Sandstone Member in the Book Cliffs has not been well documented, though, a 

few theses have been produced (Noe, 1984; Stancliffe, 1984), and a detailed study of the 

flood-tidal-delta deposits has been done (York et al., 2011).  I documented approximately 

~17 km of an along depositional dip outcrop of the Sego Sandstone Member north of 

Rangely, Colorado, within a sequence stratigraphic analysis.  The Sego Sandstone 

Member north of Rangely has three sequence boundaries and consists of tide-influenced 

delta deposits, similar to the Sego Sandstone Member in the Book Cliffs (Willis, 2000; 

Willis and Gabel, 2001; Wood, 2004).  However, the Sego Sandstone Member north of 

Rangely contains flood-tidal-delta, barrier island, and back-barrier deposits that are not as 

prevalent in the Book Cliffs area.  Correlations to the Book Cliffs area are presented and 

paleogeographic maps constructed that outline the two areas’ similarities and differences.  

In regards to the association of the Sego Sandstone Member with the two-phase model 

(Willis, 2000), Appendix A shows that correlation is problematic because the ~76 Ma 

Sego Sandstone Member was deposited in a foreland basin which was dominated by 

dynamic subsidence rather than flexural subsidence.   

Appendix C is a study of basin filling models on a different scale, using 

geochronology and thermochronology to measure lag time of coarse grained foreland-

basin deposits (Fig. 1).  Lag time, (i.e., the difference between the depositional age and 

cooling age of material) is useful to measure long term exhumation rates of a large area 

(e.g. Zeitler et al., 1986; Bernet et al., 2001).  A decrease in lag-time has been correlated 
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to an increase in exhumation rates and an increase in lag time to a decrease in exhumation 

rates (Bernet et al., 2001), whereas constant lag times have been associated with steady-

state exhumation (Garver et al., 1999).  I collected 37 samples from Upper Jurassic to 

Upper Cretaceous Cordilleran foreland conglomerates and sandstones in Utah, Colorado, 

Wyoming and South Dakota.  I analyzed 22 samples using detrital zircon U-Pb to better 

constrain depositional age.  To better constrain the cooling history, zircon (U-Th)/He 

thermochronology was used on select samples, and apatite fission track 

thermochronology was used on all apatite bearing samples (11 samples).  Lower to Upper 

Cretaceous samples all have <5 myr lag times and lag-time trends are relatively constant 

to slightly decreasing from the Early to Late Cretaceous, indicating steady-state to 

slightly increasing exhumation rates.  This suggests that exhumation rates were 

unaffected by changes in subsidence processes documented in Appendix A. 
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Figure 1  Simplified regional geology of western North America showing the Sevier fold-thrust belt, 
Laramide foreland province, and major basins.  All three study areas are indicated on the map; 
appendices A and C are studies within the boundaries of the dashed box, and appendix B is a study in 
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individual studies appended to this dissertation.
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PRESENT STUDY 

 All detailed background, methods, results and detailed discussions and 

conclusions of this study are contained in the three manuscripts in Appendix A, B, and C.  

Here is a presentation of the individual studies with an outline of the methods and 

important findings.  Given that the methods and scale of research are varied, this section 

is divided into three parts; part 1, 2, and 3 correspond to appendix A, B, and C 

respectively. 

Part 1: Basin analysis of Upper Cretaceous foreland-basin deposits, western U.S.A.; 

new isopachs and flexural modeling. 

 Approximately 130 wells are selected that are distributed throughout Utah, 

Colorado, southern Wyoming, northern New Mexico (Fig. 1).  Selection was based on 

geographic position and geophysical well-log coverage through Upper Cretaceous 

stratigraphy (i.e., ~93–76 Ma).  Five horizons were chosen and are correlated throughout 

the approximately 1300 wells; these horizons are based on biostratigraphic and 

lithostratigraphic data that represent ~93 Ma (top of the Dakota Sandstone), ~89 Ma 

(Cremnoceramus erectus), ~84 Ma (Cordiceramus bueltenensis), 81 Ma (Baculites 

obtusus), and 76 Ma (Baculites scotti) (Cobban et al, 2006; among others).  Isopach maps 

are then constructed for each time bracket.  These isopachs are used to provide foreland 

basin geometries to model flexurally, identify when non-flexural processes dominate and 

to compare to existing dynamic models. 

 These flexural models indicate that basin geometries can be reproduced prior to 

84 Ma using a more rigid continental lithosphere than is used for flexural models for the 
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Early Cretaceous foreland basin.  This his rigidity is justified because at ~84 Ma the 

Absaroka thrust propagates east and the thrust belt loads the more rigid Wyoming craton.  

At 81 Ma non-flexural processes dominate; this transition is refined from the 83 Ma that 

previous researchers proposed (Roberts and Kirschbaum, 1995).  The shape of the non-

flexural basin is also refined, showing that it is a north-south trending basin, similar to 

Weimer (1970), and not an east-west trending basin, similar to Roberts and Kirschbaum 

(1995).  These new and up-to-date isopachs are also compared to geodynamic models and 

it appears that the non-flexural subsidence is likely caused by convection over the 

plunging nose of a proposed subducted oceanic plateau (i.e. the Shatsky plateau).  These 

isopach models divide Upper Cretaceous stratigraphy on a finer scale and with many 

more data points than has previously been done, and will help constrain future basin 

models. 

Part 2: Detailed sequence stratigraphic analysis of the Upper Cretaceous Sego 

Sandstone Member in northwest Colorado. 

 Approximately 40 measured sections, and 120 measured paleocurrents are 

presented from a 17 km northwest-southeast trending outcrop of the Upper Cretaceous 

Sego Sandstone Member north of Rangely, Colorado (Fig. 1).  In addition a stratigraphic 

cross section, depositional environment diagrams, and paleogeographic maps correlated 

with contemporaneous stratigraphy in the Book Cliffs area are presented.  The outcrop is 

on the northern limb of the east-west trending Rangely Anticline, and is along 

depositional dip to the southwest-northeast trending contemporaneous shoreline.  Three 

sequence boundaries are identified. 
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 Sequence 1, the lowest stratigraphically, begins with a delta front assemblage 

with laterally connected to shallow-water turbidites or hyperpycnal flow deposits this 

delta front assemblage has a sharp to abrupt contact with the underlying Buck Tongue 

Shale.  A flooding surface overlies this delta front assemblage and is overlain by 

variegated highly bioturbated silty shale, interpreted as inner-shelf mudstones. 

 Sequence Boundary 2 is highly incisional (with a minimum of 18 m of relief) and 

is overlain by stacked distributary channel deposits, coastal plain deposits, stacked tidal 

bars, and tide dominated delta deposits.  These are capped with a flooding surface 

overlain by coarsening upward shoreface deposits which are overlain by barrier island 

deposits, flood-tidal-delta deposits, and back-barrier lagoonal deposits, these in turn 

aggrade into multiple coarsening upward shoreface deposits.  These barrier island 

deposits and flood-tidal delta deposits are not as pervasive in the Book Cliffs area to the 

south-southwest.  More remarkable is that this aggradational succession overlies the 

progradational tide dominated delta deposits and represents a major change in coastal 

processes.  This change in coastal processes is likely the result of a large scale avulsion of 

the fluvial system that fed the underlying and overlying fluvio-deltaic systems. 

 Sequence Boundary 3 is highly incisional (with a minimum of 20 m of relief) and 

is overlain by distributary channel deposits.  These distributary channel deposits 

transition to upward coarsening shoreface deposits down depositional dip. 

 The Sego Sandstone Member in the Book Cliffs area also has three sequence 

boundaries and its stratigraphy has been interpreted using the two-phase stratigraphic 

model (Willis, 2000).  However, in part 1 (Appendix A) it is documented that flexural 
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processes no longer dominate the foreland basin by 81 Ma and applying those processed 

to Campanian stratigraphy is anachronistic.  Instead, the geodynamic basin geometry, 

with its depocenter located more than 300 km east of the thrust belt, at 81–76 Ma drives 

the progradation of the Sego Sandstone Member and other distal Upper Cretaceous 

sandstones (Mitrovica et al., 1989; Pang and Nummedal. 1995; DeCelles, 2004). 

Part 3: Thermochronology and geochronology of Upper Jurassic–Upper Cretaceous 

sandstones and conglomerates in the North American Cordillera foreland basin. 

 Here, lag time is used to measure long-term exhumation rates of Upper Jurassic to 

Upper Cretaceous Sevier-foreland conglomerates and sandstones.  Analyses of 37 

samples distributed throughout Utah, Colorado, Wyoming, and South Dakota are 

presented (Fig. 1).  Lag time is the difference between the cooling age of a mineral (tc) 

and depositional age (td) (Garver et al., 1999).  To further constrain td, detrital zircon U-

Pb (DZ U-Pb) analysis is performed on 22 samples of Upper Jurassic to Upper 

Cretaceous sandstones and maximum depositional ages (MDA) are calculated.  These 

ages are used in conjunction with existing stratigraphic age control based on 

biostratigraphy and Ar40/Ar39 on bentonite layers in the foreland basin (Cobban et al., 

2006, among others).  To identify an effective thermochronometer, two 

thermochronologic systems were used.  Zircon (U-Th)/He has a closer temperature of 

~180°C (Reiners et al., 2002, 2004).  Ten detrital and conglomerate cobble samples were 

analyzed from the Sevier foreland basin; however, zircon (U-Th)/He does not appear to 

record source exhumation, i.e. have been exhumed from depths with greater than ~180°C.  

As a result, apatite fission track thermochronology was tested and applied, which has a 



27 

 

lower closure temperature of ~110°C (Green et al., 1989).  Even though all 37 samples 

were processed for apatite separation, only 11 samples contained sufficient apatite to 

analyze.  These 11 samples are both detrital samples (i.e., sandstones) and non-detrital 

samples (i.e. conglomerate cobbles).  Typically, at least 20 apatite grains are analyzed 

and then tested using a 2 probability test; if the 2 probability test is greater than 5% the 

age population is likely a single population that shared the same time-temperature 

history.  If the 2 probability test is less than 5% then it is probable that the apatites were 

not fully reset (i.e. were not exhumed from temperatures greater than ~110°C) (Green et 

al., 1989).  Ideally, 100 grains or more are analyzed for detrital samples and then age 

peaks are unmixed using BINOMFIT (Brandon, 2002).  The youngest age population can 

represent exhumation (tc) age of the source material, however, in a detrital sample it is 

also possible that all the apatites are not exhumed, but instead, they can be volcanogenic 

apatite.  In order to test whether the apatites in these detrital samples’ are young 

volcanogenic apatites or exhumed apatites, apatite U-Pb thermochronology was applied. 

 Key finding are that DZ U-Pb is an effective way of constraining depositional 

ages.  In this case, 50% of the Upper Jurassic to Upper Cretaceous samples had young, 

syndepositional zircons that match the biostratigraphic and Ar40/Ar39 controlled 

stratigraphic ages.  Zircon (U-Th)He analysis and apatite fission track analysis indicates 

that source material for Sevier foreland-basin deposits were exhumed from shallower 

than ~8 km depths but greater than ~5 km depths, assuming a 20°C/km geothermal 

gradient.  Apatite U-Pb thermochronology revealed that volcanogenic contamination in 

detrital samples, and is effectively applied to measure lag time on samples with no such 
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contamination.  Lower Cretaceous to Upper Cretaceous lag times vary from ~5 Myr to ~0 

Myr, and show a relatively steady-state of exhumation to a possibly increasing 

exhumation rate.  These lag times constrain exhumation rates during the Early to Late 

Cretaceous in the Sevier fold-thrust belt to ~0.9 km/Myr to >>1 km/Myr.  This suggests 

that exhumation and shortening were continuously active with no measureable periods of 

tectonic quiescence. 
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ABSTRACT 

Dynamic subsidence related to subduction is an important process in retroarc 

foreland basin systems. Dynamic subsidence in the North America retroarc foreland has 

been proposed as dominant in the Late Cretaceous; however, questions remain about the 

nature of the subcrustal load and the basin response to such processes. We present new 

isopach data using 130 data points covering a large portion of the U.S.A. and a revised 

flexural analysis of the Sevier foreland. Higher rigidity associated with the Wyoming 

craton can best model flexural subsidence directly prior to ~81 Ma. We constrain the 

transition from flexural to non-flexural subsidence to ~81 Ma and correlate this 

with large Late Cretaceous progradation. The locus of subsidence and the location of the 

subducted Shatsky oceanic plateau suggests that dynamic loading from viscous flow 

above the subducting plate is the mechanism driving dynamic subsidence in the retroarc 

foreland basin of the North America Cordillera. 

Index Terms: Flexure, dynamic subsidence, Sevier foreland basin, North America 

Cordillera 

1.1 INTRODUCTION 
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 The North American Cordilleran extends from southern Nevada, northeast 

through Utah and then north–northwest through western Wyoming, eastern Idaho, 

western Montana and through the Canadian Rockies, forming together with the South 

America Cordillera the archetypical retroarc orogenic and foreland basin system (Fig. 1).  

Thrust belt deformation initiated in the western U.S.A. interior in the Middle to Late 

Jurassic and continued until the Paleocene [DeCelles and Burden, 1992; Hudec, 1992; 

Lawton et al., 1993; Currie, 1998; DeCelles, 2004]. Subsidence mechanisms for 

Cordilleran type orogenic systems include flexural loading and dynamic processes 

[Jordan, 1981; Mitrovica et al., 1989; Pang and Nummedal, 1995; Liu and Nummedal, 

2004; Liu et al., 2010]. 

Roberts and Kirschbaum [1995] produced six large scale foreland basin isopach 

maps in the western U.S.A. for the time periods spanning the Late Cretaceous, from the 

Cenomanian (~98.5 Ma) to the Campanian (~72 Ma).  Those isopach maps document a 

transition from a narrow flexural retroarc foreland basin to a longer wavelength foreland 

basin (during the Coniacian to Santonian time, ~88.7–83.5 Ma) and then to a basin with a 

depocenter more than 400 km east of the thrust front during Campanian time [Roberts 

and Kirschbaum, 1995]. 

 There is evidence that some dynamic subsidence affected the Western Interior 

throughout the Cretaceous; for example, Bond [1976] asserted that a eustatic sea-level 

rise was not sufficient to explain the thickness of the Cretaceous marine deposits in the 

Western Interior, and Mitrovica et al. [1989] state that dynamic subsidence, related to the 

shallowly subducting Farallon plate during the Cretaceous caused the transgression of the 
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Western Interior Seaway.   Past flexural modeling and subsidence analyses have been 

able to closely match the foreland basin profile caused by the tectonic loading of the 

North American Cordilleran during the Early Cretaceous [Jordan, 1981; Heller et al., 

1986; Currie, 1998, 2002; Pang and Nummedal, 1995].  The wavelength of the foreland 

basin profile during the Late Cretaceous lengthens.  Efforts to explain the cause of the 

lengthening of the flexural wavelength in the Late Cretaceous and the later migration of 

the depocenter to the east during the Campanian have produced a variety of hypotheses.  

Jordan [1981] reported that the early wavelength broadening was caused by the erosion 

and redistribution of the thrust load, whereas Pang and Nummedal [1995] proposed that 

dynamic subsidence was responsible for the “middle Cretaceous” shift in subsidence 

style.  Understanding whether this lengthening of the foreland basin wavelength was 

caused by flexural processes or dynamic subsidence will allow us to better test current 

foreland basin and geodynamic models. 

 The Campanian shift in subsidence has been attributed to both isostatic and 

dynamic processes.  Cross and Pilger [1978] proposed that a shallowly subducting plate 

coupled with the overlying continental lithosphere and caused broad isostatic subsidence 

in the Sevier foreland basin.  Later researchers attribute the Campanian depocenter shift 

to dynamic subsidence caused by cold oceanic lithosphere being subducted at a shallow 

angle below the overriding plate [Mitrovica et al. 1989; Gurnis, 1993; Liu and 

Nummedal, 2004] (Fig. 2).  Recent advances in tomography and inverse modeling have 

allowed researchers to model dynamic effects on subsidence during the Cretaceous based 
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on the current location of the Farallon plate, plate motion rates, and mantle viscosities 

[Spasojevic et al., 2009]. 

The goal of this study is three-fold:  1) to more precisely constrain the transition 

from a narrow flexural foreland basin to a longer wavelength foreland basin to a non-

flexural basin in order to better understand the mechanism underlying dynamic 

subsidence in the western U.S.A., 2) to test existing models, and 3) to provide more 

detailed basin geometries to constrain geodynamic models.  To do this we construct four 

isopach maps dividing Turonian (~93 Ma) to Campanian (~76 Ma) time (Fig. 3).  Also, 

we flexurally model the early, Santonian to Campanian, long-wavelength flexural 

foreland basin and compare the non-flexural subsided basin of the later Campanian and 

discuss it in relation to the various dynamic topography models that have been proposed 

[Cross and Pilger, 1978; Mitrovica et al., 1989; Gurnis, 1993; Liu et al., 2010].   

2.1 ISOPACH MAPS 

 New isopach maps are here constructed using ~130 geophysical well logs. These 

isopachs span basins in Wyoming, Utah, Colorado and New Mexico.  The main selection 

criteria for the well logs are: to at least penetrate the top of the Dakota Sandstone, which 

is ~93 Myr [Molenaar et al., 2002], and to have continuous gamma-ray logs (a common 

log to infer lithology and grading) from the top of the Dakota Sandstone into Campanian 

sandstones (~76 Ma). 

Five horizons were chosen to be correlated across the Uinta Basin, Piceance 

Basin, Green River Basin, Denver Basin, and the San Juan Basin.  These horizons are the 

flooding surface on top of the Dakota Sandstone and four ammonite zones, 
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Cremnoceramus erectus ~89 Ma, Cordiceramus bueltenensis ~84 Ma, Baculites obtusus 

~81 Ma, Baculites scotti ~76 Ma [Franczyk et al., 1992; Obradovich, 1993; Krystinik and 

Blakeney-DeJarnett, 1995; Molenaar et al., 2002; Finn and Johnson, 2005; Cobban et 

al., 2006; Higley and Cox, 2007; Locklair and Sageman, 2008] (Table 1).  Although the 

flooding surface on top of the Dakota Sandstone is lithostratigraphic and is time 

transgressive, it is roughly 93 Myr. [Krystinik and Blakeny-DeJarnett, 1995], and it 

provides a good marker horizon for the lower time bracket.  The chronostratigraphic 

horizons based on biostratigraphic ammonite zones are not available for each of the ~ 130 

well logs, however, biostratigraphic data are available for each of the basins within the 

dataset.  To correlate all of the well logs, we use a combination of biostratigraphic and 

lithostratigraphic markers.  Each basin has at least one region that has been analyzed 

biostratigraphically.  The initial horizon pick was made in the region where these 

biostratigraphic data exist.  A marker bed was then chosen near the biostratigraphic 

horizon and then lithostratigraphically correlated throughout that basin.  For example, 

Baculites obtusus (~81 Myr.) is located in the Grassy Member of the Black Hawk 

Formation in the Uinta Basin, at the base of the Upper Blue Gate Member in the Piceance 

Basin, at the top of the Rock Springs Formation in the Green River Basin, and in the 

middle of the Menefee Formation in the San Juan Basin (Table 1).  Each of these 

horizons was found within their corresponding basins and then correlated 

lithostratigraphically within each basin.  There are certain instances where the bio-zone 

has not been identified within a basin, and where this is the case, coeval time horizons 

have been substituted.  For example, Baculites scotti has been constrained to ~76 Ma, but 
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it has not been identified in the San Juan Basin; however, the Huerfanito Bentonite has 

been dated as 76 Ma and was used instead of Baculites scotti [Molenaar et al., 2002] 

(Table 1). One horizon, Cremnoceramus erectus, found at the base of the Fort Hays 

Limestone in the Denver Basin and in the Gallup Sandstone in the San Juan Basin, is not 

well constrained in the Uinta and Piceance Basins.  In the Denver Basin, the base of the 

Fort Hays is easily discernible; to the west its equivalent is a calcareous mud in the 

Mancos Shale that is regionally identifiable [Franczyk et al., 1992].   

 The thicknesses between horizons are calculated based on correlations (criteria 

described above).  A well list data file that includes the measured depths to the correlated 

horizons and the calculated thicknesses is included in the comma delimited data file in 

the supplementary material (Appendix_A_raw_isopach_data.txt).   XY grids were then 

produced in PETRA® (a well-log management and interpretation software).  

Subsequently, the grids were imported into ArcGIS where the grids were contoured using 

a nearest-neighbor interpolation algorithm.  Finally, contours were smoothed by hand, 

while still honoring the point data, producing isopach maps spanning ~93–89 Ma, ~89–

84 Ma, ~84–81 Ma, and ~81–76 Ma, the total span being within the Late Cretaceous, 

from early Turonian to middle Campanian.  In order to have a better spatial coverage 

these isopachs are extended to the north by using existing isopachs from the literature 

[Weimer, 1960; Weimer and Flexer, 1985; Roberts and Kirschbaum, 1995] (Fig. 4).  

Isopachs from Weimer and Flexer [1985] and Roberts and Kirschbaum [1995] were used 

to both guide the trend of the contour lines and the thicknesses present to the north (Fig. 

4).  Weimer [1960] does not include isopach data, but it does include a stratigraphic 
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regional transect; thickness from this transect were used to constrain isopach thickness to 

the north (Fig. 4).  The ~93–89 Ma and ~89–84 Ma isopach maps show an eastward 

migrating, narrow depocenter in the west that shallows to the east (Fig. 3a, 3b). The ~84–

81 Ma isopach map shows a broad depocenter in southern Wyoming that thins to the 

south, southeast, and east (Fig. 3c).  At ~81–76 Ma, the location of the depocenter shifts 

~480 km to the east where it trends north-south in what is now eastern Wyoming and 

central Colorado (Fig. 3d). 

Foredeep to back-bulge foreland-basin strata from ~93–81 Ma are dominated by 

marine shale deposits with intermittent marginal marine and fluvial deposits.  At ~81 Ma, 

the foredeep strata become coarser, with marginal marine and fluvial deposits becoming 

more prevalent [Franczyk et al., 1992, among others]. 

3.1 FLEXURAL MODELING 

 As shown by previous researchers the observed foreland-basin system can be 

reproduced with flexural calculations from the Late Jurassic to early on in the Late 

Cretaceous [Jordan, 1981; Yingling and Heller, 1992; Pang and Nummedal, 1995; 

Currie, 1997, 2002].  However, as documented in this study, and in previously published 

isopach maps [Roberts and Kirschbaum, 1995], at ~84 Ma the narrow foredeep, parallel 

to the thrust front, is no longer present.  Instead, there is a broad depocenter in northeast 

Utah, southwest Wyoming and northwest Colorado, which thins to the south–southwest 

(Fig. 3c).  This change in subsidence profile has been attributed to early onset of dynamic 

subsidence [Gurnis, 1993; Pang and Nummedal, 1995; DeCelles, 2004].  Yet, even 
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though the character of the depocenter has changed, we show that the subsidence profile 

can still be approximated using reasonable flexural parameters (Fig. 5). 

 The ~84–81 Ma isopach map pattern has a ~1,400 meter thick, and ~300 km 

wide, depocenter (Fig. 3c).  Here the lithosphere is treated as an infinite, unbroken elastic 

plate with a rectangular load [Turcotte and Schubert, 1982; Angevine et al., 1990].  A 

variety of parameters were used in trying to most closely match the observed basin 

profile. Typically load dimensions of 400 km wide and 2 km high are used to 

approximate the Cordilleran thrust belt [Jordan, 1981; Currie, 2002].  The period of 84–

81 Ma spans a time after the Wasatch Culmination had been formed and was still 

building, indicating that a higher tectonic load can be assumed [DeCelles, 1994].  The 

dimensions used in these calculations that produce the closest match are a 400 km wide 

and 2.5 km high tectonic load.  Its density is 2500 kg/m3; the basin fill and mantle density 

are 2300 kg/m3 and 3300 kg/m3 respectively.  All of these parameters are similar to those 

used in previous flexural studies [Jordan, 1981; Yingling and Heller, 1992; Currie, 

2002].  Because of the broad wavelength of the depocenter, here, two high flexural 

rigidities are used, 3*1024 Nm [White et al., 2002] and 4.1*1024 Nm [Lowry and Smith, 

1994].  Lowry and Smith [1994] calculated the flexural rigidity throughout the western 

U.S.A. using coherence analysis of gravity and topography.   

Using the above parameters the foredeep is calculated to be ~3.3 km deep, at the 

thrust front, and ~300 km wide (Fig. 4).  The flexural curve with a rigidity of 4.1*1024 

Nm best matches the observed profile during ~84–81 Ma, which shows a stratal thickness 

of 1,400 meters in the Green River Basin, approximately 140 km east of the thrust front 
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during that time (Fig. 3c, 5).  In order to address possible along strike variability in the 

flexural response of the region, we calculate a 2nd flexural profile to the north of the A–

A’ transect, B–B’ (Fig. 3c).  Slightly different flexural parameters are used to match this 

profile, but all are within the reasonable parameters that are explained above.  The two 

differences are a tectonic load height of 2 km (instead of 2.5 km in A–A’), and a less 

rigid plate of 2*2024 Nm, producing a very close match to the observed profile geometry 

(Fig. 5).   

4.1 FLAT-SLAB SUBDUCTION AND DYNAMIC SUBSIDENCE 

 Many have hypothesized that the subduction of an oceanic plateau caused flat-

slab subduction during the Late Cretaceous [Livaccari et al., 1981; Tarduno et al., 1985; 

Saleeby, 2003].  Liu et al. [2010] use plate reconstruction models to predict where the 

hypothesized Shatsky Plateau was at 80 Ma.  They place the center of the plateau, and the 

shallowest portion near the intersection of the New Mexico, Arizona, Utah, and Colorado 

borders with the plateau trending north-south and plunging to the north.  In this study, the 

dynamically subsided basin during ~81–76 Ma is compared to the location of the 

hypothesized Shatsky Plateau at 80 Ma (Fig. 3d).  The isopach map shows that the 

dynamically subsiding basin overlies the area where the northern portion of the Shatsky 

Plateau was plunging into the asthenosphere, with a similar north-south trend (Fig. 3d).  

5.1 DISCUSSION AND CONCLUSIONS 

 This study constrains the transition from flexural subsidence to dynamic 

subsidence that was previously placed at ~83.5 Ma [Roberts and Kirschbaum, 1995; 

DeCelles, 2004] at ~81 Ma.  Our data show that the shape of the dynamically subsiding 
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basin is not east-west trending, as shown in Roberts and Kirschbaum [1995], but rather 

north south trending, similar to what is proposed by Weimer [1970].  Stratigraphically 

this transition from flexural subsidence to dynamic subsidence takes place at the start of a 

regional and widespread progradation of coarse, foreland basin deposits, becoming more 

incisional higher in the section.  A basin subsidence transition from higher 

accommodation in the west and less accommodation in the east (as is the case in a 

flexural basin) to higher rates of subsidence in the east and less in the west (as is the case 

when this dynamic subsidence begins) would produce a rapid progradation as observed in 

the Campanian [Mitrovica et al., 1989; Pang and Nummedal, 1995; DeCelles, 2004]. 

Flexure is driving subsidence from ~93 Ma to 81 Ma.  However, flexural foreland 

basin depozones of foredeep, forebulge, and back-bulge [DeCelles and Giles, 1996] 

should not be applied to the western U.S.A. for times after ~81 Ma, because the foreland 

basin after this time is controlled by dynamic processes. 

 Previous researchers have observed the broadening of the flexural wavelength in 

the Coniacian to Santonian (~88.7–83.5 Ma) and have attributed this to the erosion and 

redistribution of the tectonic load [Jordan, 1981] and to early dynamic influence [Pang 

and Nummedal, 1995].  Based on our new isopach maps, this broadening of the flexural 

foreland takes place at ~84 Ma.  Erosion and redistribution of the tectonic load, and 

dynamic influence are all unnecessary to explain this wavelength change.  Instead, the 

wavelength change can be explained by an increase in rigidity of the loaded lithosphere.  

Jordan [1981] assumed a constant flexural rigidity of the lithosphere and approximated it 

at 1023 Nm.  The resulting models fit the observed flexural profile in the Early 
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Cretaceous.  Pang and Nummedal [1995] recognized the fact that flexural rigidity likely 

changes throughout the western U.S.A.  Lowry and Smith [1994] used coherence analysis 

of gravity and topography to calculate the flexural rigidity of several provinces in the 

western U.S.A.  Their calculated value for the flexural rigidity of the Archean Wyoming 

craton was 4.1*1024 Nm, significantly higher than the 1023 Nm is used for modeling 

central Utah.  DeCelles [1994] reports that at ~84–75 Ma the Absaroka thrust breaks out 

to the east, advancing the thrust belt eastward.  This would effectively load the western 

margin of the Archean Wyoming craton.  This also coincides with the broadening of the 

flexural wavelength as seen in the isopach map (Fig. 3c).  Furthermore, by 84 Ma, the 

development of the Wasatch Culmination effectively increased the height of the 

topographic load.  Therefore a flexural rigidity of 4.1*1024 Nm, and tectonic load 

dimensions of 400 km wide and 2.5 km high are reasonable parameters to use for 84–81 

Ma.  These parameters match the flexural profile observed in southern Wyoming during 

that time (Fig. 5).  To the north, the load height and the plate rigidity decrease to 2 km 

and 2*1024 Nm respectively and closely match the observed profile (Fig. 5). 

The shallow subduction angle of the Farallon plate and its effects on the mantle 

have been asserted as the causes of the dynamic subsidence at ~81–76 Ma [Pang and 

Nummedal, 1995]. Another hypothesis is that a flat-slab subducting plate can displace hot 

asthenosphere, couple with the overlying continental lithosphere and cause isostatic 

subsidence [Cross and Pilger, 1978] (Fig. 2). Whereas an oceanic plateau (such as the 

proposed Shatsky Plateau) could possibly cause subcrustal loading similar to what Cross 

and Pilger [1978] proposed, its location at 81 Ma is too far south to drive the observed 
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depocenter during that time (Fig. 3d).  This study instead shows that the dynamically 

subsided basin during ~81–76 Ma occurs in the location where the hypothesized Shatsky 

plateau is plunging into the asthenosphere (Fig. 3d), suggesting that dynamic loading 

from viscous flow above the subducting plate is the mechanism driving subsidence in the 

western U.S.A. at this time (Fig. 2).   
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Figure 1 Regional index map of the western U.S.A. including the Sevier fold-thrust belt, 

Laramide province, Cordilleran magmatic arc, and major basins.  Basins shown are the 

San Juan (SJB), Paradox (PB), Uinta-Piceance (U-PB), Denver-Julesburg (D-JB), Green 

River (GRB), Wind River Basin (WRB), Big Horn (BHB), and Powder River (PRB). 

[modified from DeCelles, 2004] 

Figure 2 Cartoon of two models that have been proposed as the cause of the non-flexural 

subsidence observed during the Cretaceous in the Western Interior. 2a, Cross and Pilger 

[1978] state that subcrustal loading from by a flat subducting plate causes broad 

wavelength subsidence.  2b, Dynamic effects of a shallowly subducting plate on the 

mantle above has also been asserted as the cause of the longer wavelength sudsidence 

[Mitrovica et al., 1989; Spasojevic et al., 2009; Liu et al., 2010]. 

Figure 3  Isopach maps that span ~ 93–76 Ma.  Black dots represent well log control.  

Were there is no well log control we use previously published isopach maps as reference 

[Weimer, 1960; Weimer and Flexer, 1985; Roberts and Kirschbaum, 1995].  2a spans 

~93–89 Ma, 3b spans ~89–84 Ma, 3c spans ~84–81 Ma, and 3d spans ~81–76 Ma.  Note 

the lengthening of the basin wavelength in 3c. (A-A’) is the location of the profile in 

figure 5.  3d includes the proposed location of the Shatsky at 80 Ma [Liu et al., 2010]. 

Figure 4 A map showing the data control and distribution for the isopach contors in the 

northern part of the maps seen in figure 3. 
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Figure 5 Flexural model of the profile of A-A’ in figure 3c.  The dotted line is the 

observed profile, the solid line is the flexural profile for a rigidity of 3*1024 Nm and the 

dashed line (the best match) is for a rigidity of 4.1*1024 Nm.  B-B’ in figure 3c is also 

modeled, showing that the tectonic load height decreases (2 km) to the north and the 

lithosphere becomes less rigid (2*1024 Nm). 
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Table 1  Chronostratigraphic horizons in the western U.S.A.a 

Correlated horizon Age 

(Ma) 

Uinta Basin Piceance Basin Green River Basin Denver Basin San Juan Basin 

Baculites scotti ~76 Castlegate Sego SS middle Erickson SS Hygiene SS Huerfanito 

Bentonite / very top 

of Cliff House SS 

Baculites obtusus ~81 Grassy Mbr. of 

the Black Hawk 

base of Upper 

Blue Gate 

Mbr./Top of 

Prairie Canyon 

Mbr. 

base of Mancos B / 

top of Rock Springs 

Fm. and Obrien 

Springs SS 

base of Sharon 

Springs/ top of 

Niobrara 

middle of Menefee 

Fm. 

Cordiceramus 

bueltenensis 

~84 near top of 

Mancos 

Lower Blue Gate 

Mbr. 

near top of Baxter 

Shale 

base of middle 

bench (Niobrara) 

near top of Mancos 

Cremnoceramus 

erectus 

~89 base of Niobrara base of Niobrara base of Niobrara base of Fort Hays 

LS 

Gallup SS 

Top of the Dakota 

Fm. 

~93 top of Dakota top of Dakota top of Dakota top of Dakota top of Dakota 

a
Five distinct horizons were chosen and correlated throughout basins in New Mexico, Utah, Colorado, and southern Wyoming  [gathered from  

Franczyk et al., 1992; Obradovich, 1993; Krystinik and Blakeney-DeJarnett, 1995; Molenaar et al., 2002; Finn and Johnson, 2005; Cobban et al., 2006; 

Higley and Cox, 2007; Locklair and Sageman, 2008] 
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Abstract:  The Upper Cretaceous Sego Sandstone Member of the Mesaverde Group has 

been extensively studied in the Book Cliffs area of Utah and Colorado, and has been the 

focus of stratigraphic reconstruction aimed at developing an understanding of the 

evolution of the Western Cretaceous Interior Seaway.   The Sego Sandstone Member was 

deposited in a marginal marine, tide-influenced environment of the Cretaceous Seaway.  

This study documents the sequence stratigraphy of the Sego Sandstone Member in 

northwestern Colorado, just north of Rangely, and compares and contrasts it with 

equivalent strata in the Book Cliffs area in Utah. The Sego Sandstone Member in the 

study area contains three sequences characterized by progradational and aggradational 

stacking patterns.  The stratigraphically lowest sequence consists of a prograding, tide-

influenced delta overlain by marine mudstones, which represents a retrogradation and 

flooding surface.  The second sequence is composed of multiple parasequences and 

consists of an incised valley filled with stacked tidal bars which then pass into a largely 

aggradational stacking pattern, composed of barrier-island deposits with back-barrier, 

flood-tidal-delta deposits, and wave-dominated-shoreface deposits.  The third sequence is 

a broad, tide-dominated distributary-mouth system with a sharp, incisional basal contact.  
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The three sequence boundaries documented in northwestern Colorado are consistent with 

the three main sequence boundaries identified in the Book Cliffs. However, whereas 

barrier islands and flood-tidal deltas are characteristic of the Sego Sandstone Member in 

northwestern Colorado, similar deposits are not as prevalent in the Book Cliffs of Utah, 

suggesting different depositional processes and paleogeography. 

 Tidal and fluvio-deltaic processes are the dominant controls on deposition of the 

Sego Sandstone Member north of Rangely, Colorado.  The transition from a tide-

dominated fluvio-deltaic system to a mixed wave–tide-influenced coastline indicates a 

fundamental change in processes and depositional environment in the upper part of 

Sequence 2.  Such change from a prograding fluvio-deltaic system to a more passive tide-

modified coastline is not observed in the Book Cliffs, and may be the result either of 

large scale transgression or of relocation of the river system through large-scale avulsion, 

which is not observed in the Book Cliffs.  Our study shows significant stratigraphic 

variability between rocks exposed in the Book Cliffs versus time-equivalent rocks 

exposed in northwestern Colorado in the Upper Cretaceous, which has implications for 

the regional basin architecture and stratigraphic correlations. 

 

INTRODUCTION 

 The Sego Sandstone Member of the Mesaverde Group is an Upper Cretaceous, 

marginal marine to marine sandstone that crops out in central and eastern Utah and 

western Colorado (Figs. 1, 2, and 3).  This stratigraphic interval has been documented 

extensively in the Book Cliffs area in Utah, and its sequence stratigraphy has been 
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interpreted and used as a proxy to trace Cretaceous sea-level variations (Van Wagoner 

1991; Willis 2000; Willis and Gabel 2001, 2003; Wood 2004).  These sea-level variations 

have been attributed to eustatic changes and to Sevier tectonic events.  We document the 

Sego Sandstone Member north of Rangely, Colorado, in an area where limited research 

has been done (Noe 1984; Stancliffe 1984; York et al. 2011) and where the basin 

architecture seems significantly different from the Book Cliffs in Utah. The aim of this 

study is to document how depositional environments varied along strike during the Late 

Cretaceous in the western United States, in order to reconstruct the paleocoastline and to 

understand its control on stratigraphic expression.  In modern systems, along-strike 

variations in paleogeography and depositional environment over fifty to one hundred 

kilometers can be drastic.  For example, the Fly River delta in Papua New Guinea is a 

type tide-dominated delta (Dalrymple et al. 2003).  Northeast of the Fly River delta and 

in the Gulf of Papua there are smaller tide-dominated deltas of the Bamu and Turama 

rivers (Löffler 1974), with an irregular coastline and pervasive tidal inlets.  To the west 

and southwest of the Fly delta, the coastline is a wave-dominated strand plain with only 

scattered and small tidal inlets.  Understanding and recognizing these changes in the 

geological record is critical for regional stratigraphic correlations and for oil- and gas-

play development and exploration strategies.  The wealth of information in the Book 

Cliffs combined with the new data presented in this study provide a unique opportunity to 

resolve in detail along-strike variability in the late Cretaceous Seaway stratigraphic 

record and investigate how sequence boundaries and depositional environments correlate 

along strike, providing a predictive scheme. 
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 We document a fourteen-kilometer (along depositional dip) exposure of the Sego 

Sandstone Member north of Rangely, Colorado, and reconstruct its stratigraphic 

architecture (Figs. 4 and 5).  The three dimensionality of the exposures and the facies 

variability allows a detailed investigation of different depositional environments within 

the study area.  Three sequence boundaries are interpreted, which are consistent, but not 

demonstrably correlative, with observations in the Book Cliffs area in Utah (Willis 2000).  

However, the Sego Sandstone Member in the study area records an up-section evolution 

of depositional environments, which differs from what has been interpreted in the Book 

Cliffs.  The investigated outcrops indicate a prodelta to delta-front environment in the 

first sequence.  This is followed by a period of incision forming an eighteen-meter-deep 

valley, which is filled with distributary-channel deposits and overlain by stacked tidal 

bars.  Above this, an aggradational succession follows which contains wave-dominated 

shoreface sandstones, barrier-island sandstones, flood-tidal deltas, and lagoonal 

mudstone.  Following this period of aggradation, an upper incised valley indicates a third 

sequence boundary, which is filled with sandstones representing a distributary-mouth 

system.  Whereas flood-tidal-delta and barrier-island deposits characterize a significant 

portion of the study area, similar facies are not as pervasive as in the Book Cliffs (Van 

Wagoner 1991; Willis 2000; Willis and Gabel 2001, 2003; Wood 2004).  These changes 

in facies along strike indicate variations in depositional environment related to 

paleogeography and the relative control of wave versus tidal action.  An understanding of 

these changes is necessary to better understand the controls on such variations and 

develop better predictive capabilities for oil and gas exploration.  Flood-tidal deltas 
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characteristic of the Sego Sandstone Member (York et al. 2011), although relatively 

small, are potential stratigraphic traps and can be good reservoir plays (Barwis and Hayes 

1979; Barwis 1990; Wood 2004). 

 

BACKGROUND 

 The Sego Sandstone Member was deposited on the western margin of the 

Cretaceous Western Interior Seaway and is a member of the Mesaverde Group (Warner 

1964) (Figs. 1 and 2).  Whereas the coeval stratigraphy west of Green River, Utah, is 

composed of the Upper Castlegate Sandstone, its basinward correlatives in the study area 

are the Buck Tongue Shale and the Sego Sandstone Member (Van Wagoner 1991, 1995; 

Miall 1993; Willis 2000; Miall and Arush 2001) (Fig 1).   

 Chronostratigraphic analyses of the Sego Sandstone Member in the Book Cliffs 

area by Gill and Hail (1975) report Baculites perplexus in the Buck Tongue Member of 

the Mancos Shale Formation and Baculites scotti in the Anchor Mine Tongue Member, in 

Prairie Canyon, located in western Colorado in the Book Cliffs area.  The Buck Tongue 

Member of the Mancos Shale underlies the Sego Sandstone Member, and the Anchor 

Mine Tongue Member divides the lower and upper parts of the Sego Sandstone Member 

up-section.  This places the deposition of the Sego Sandstone in the Book Cliffs area 

sometime between ~ 77 Ma and 75.5 Ma (Gill and Hail 1975; Obradovich 1993; Izett et 

al. 1998; Cobban et al. 2006).  Correlations made in the early studies of the Sego 

Sandstone Member near Rangely, Colorado, are based on lithostratigraphy and facies 

associations.  Early maps of this area and its surrounding geology identify the Castlegate 
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Sandstone, the Buck Tongue Member, the Sego Sandstone Member, and the overlying 

Illes and Williams Fork Formations (Cullins 1968, 1969, 1971; Barnum and Garrigues 

1980).  Baculites perplexus has been identified in the Buck Tongue Member of the 

Mancos Shale near and west of Rangely, Colorado (Cullins 1971; Molenaar and Wilson 

1993), indicating that it is coeval with the Buck Tongue Member in the Book Cliffs area 

(Gill and Hail 1975).  To date, no ammonite zones have been documented in the Anchor 

Mine Tongue Member in this study area.  However, a detrital-zircon U-Pb study on the 

Sego Sandstone Member in the study area reports a maximum depositional age of 76.6 ± 

1.5 Ma (York 2010), which is contemporaneous with Baculites scotti (Gill and Hail 1975; 

Obradovich 1993; Izett et al. 1998; Cobban et al. 2006).  It must be noted that there was 

only one zircon out of 100 dated zircons that recorded that age, and that this is a 

maximum depositional age.  Based on existing, limited chronostratigraphic data, the Sego 

Sandstone Member in the study area appears to be coeval with the Sego Sandstone 

Member in the Book Cliffs area. 

Extensive research has been done on the type sections of the Castlegate Sandstone 

and Sego Sandstone members in the Book Cliffs area in Utah and Colorado, where they 

have been interpreted as alluvial deposits, stacked incised-valley fills, and tide-dominated 

deltas (Fouch, et al. 1983; Lawton 1986; Van Wagoner 1991; Miall 1993; Olsen et al. 

1995; Van Wagoner 1995, 1998; Yoshida et al. 1998; Robinson and Slingerland 1998; 

Willis 2000; Miall and Arush; 2001; Willis and Gabel 2001, 2003; Wood 2004; among 

others).  The focus of Van Wagoner (1991) was to identify sequence boundaries, outline 

criteria for recognizing them in the rock record, document the geometry of incised 
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valleys, and describe the character of incised-valley fill and transgressive and highstand 

system tracts.  Van Wagoner (1991) identified nine high-frequency sequence boundaries 

in the Sego Sandstone Member, six in the lower Sego Sandstone, plus one in the Anchor 

Mine Tongue Member and two in the upper Sego Sandstone.  Van Wagoner (1991) 

subdivided each of these nine sequences into lowstand, transgressive, and highstand 

system tracts, assigning most of the tidal deposits to the lowstand system tracts, also 

noting that orientations of incised valleys and tidal bars in the Sego Sandstone Member in 

the Book Cliffs typically trend to the south, southwest, and southeast.  In contrast to the 

nine sequence boundaries reported by Van Wagoner (1991), Willis (2000) reported four 

sequence boundaries in the Sego Sandstone Member: one high-order sequence boundary 

at the base of the Sego Sandstone Member and three more “nested” low-order sequence 

boundaries higher in the Sego Sandstone Member.  Willis and Gabel (2001) instead focus 

on describing the facies and geometries of what they interpret as three forward-stepping 

and then backward-stepping tide-dominated deltas.  Furthermore, while recognizing that 

some of the channelized incisions could be incised valleys, they interpret that most are 

probably deeply cut tidal channels (Willis and Gabel 2001, 2003).  Similarly to Willis 

(2000), Wood (2004) reports four sequence boundaries.  Aschoff and Steel (2011) report 

up to three sequence boundaries in the Sego Sandstone Member; however, their study 

focuses on a much larger scale, both spatially and temporally, with respect to others’ 

work (Van Wagoner 1991; Willis and Gabel 2001, 2003; Wood 2004).  Based on existing 

work, apparent discrepancies exist in the sequence stratigraphic interpretation of the Sego 

Sandstone Member and in its strongly progradational nature.  Some attribute 
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progradational and retrogrational episodes to the relative rise and fall of base level 

without resolving the cause as eustatic or tectonic in nature (Van Wagoner 1991; Willis 

and Gabel 2001, 2003; Wood 2004).  Willis (2000) and Aschoff and Steel (2011) instead 

attribute the progradational pattern of the Sego Sandstone Member to a tectonic control.  

Willis (2000) uses the two-phase stratigraphic model of Heller et al. (1988) to explain the 

high-order sequence boundaries.  Heller et al. (1988) proposed that an inactive thrust belt 

will cause flexural rebound in the orogen, and proximal coarse grained sediment will 

subsequently be reworked into the distal foreland basin.  However, the cause of low-order 

sequence boundaries is more ambiguous (Willis 2000).  A different tectonic driver for the 

rapid progradation of the Sego Sandstone Member is prescribed by Aschoff and Steel 

(2011), who propose that the early onset of the Laramide-style deformation and the uplift 

of the basement-cored San Rafael Swell disrupted the flexural foreland basin, thus 

reducing accommodation space.  As outlined, there is a wide spectrum of interpretations 

about the controls on the sequence stratigraphy of the Sego Sandstone Member.  In 

contrast, a consensus exists that a large component of the Sego Sandstone Member is 

tide-influenced to tide-dominated (Van Wagoner 1991; Willis 2000; Willis and Gabel 

2001, 2003; Wood 2004; Aschoff and Steel 2011). 

Regionally the study area and its surroundings are divided into the Uinta Basin 

and the Piceance Basin (Fig. 3).  Whereas the Sego Sandstone Member in the Book Cliffs 

is located in the Uinta Basin (Yoshida et al. 1996; Willis and Gabel 2001, 2003), the 

Sego Sandstone Member north of Rangely is located along the axis of the Douglas Creek 

Arch. The Douglas Creek Arch is a southern extension of the Rock Springs uplift and 
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separates the Uinta Basin from the Piceance Basin (Fig. 3).  Both the Douglas Creek 

Arch and the Rock Springs uplift are Laramide structures that simultaneously developed 

as broad arches during the Late Cretaceous and continued to grow into more discrete 

uplifts in the Eocene (Bader 2009; Mederos et al. 2005).  North and south of Rangely the 

Mancos Shale, Buck Tongue Shale, and the Castlegate and Sego Sandstone members are 

exposed on the limbs of the east–west-trending Rangely anticline, which is a surficial 

expression of the underlying, Douglas Creek Arch (Bader 2009) (Fig 4). 

North of Rangely, Colorado, the Lower Castlegate Sandstone is overlain by the 

Buck Tongue Shale, which represents an open marine environment.  The Sego Sandstone 

Member lies erosionally on the Buck Tongue Shale and has been interpreted as barrier-

island systems by Stancliffe (1984) in the northwest portion of the study area.  A more 

recent investigation (York et al. 2011) documents flood-tidal-delta deposits northwest of 

Rangely, whereas just south of Rangely the same member was interpreted as shoreline 

deposits (Noe 1984). All of these interpretations are quite different from the current 

interpretation of the Sego Sandstone Member in the Book Cliffs area. 

   

SEDIMENTOLOGICAL AND STRATIGRAPHIC ANALYSIS OF THE SEGO 

SANDSTONE MEMBER 

 Thirty-six detailed log sections in the Sego Sandstone Member, measured at the 

1:200 and 1:100 scale with a Jacob’s staff, in northwestern Colorado form the basis of the 

facies analysis described below (Fig. 4). Detailed paleocurrent measurements, conducted 

by measuring the orientation of the trough axis in trough cross-beds, were taken in three 



69 

selected facies and are described below.  A maximum of approximately seventy meters of 

detailed Sego Sandstone Member stratigraphy has been measured in the study area. This 

matches regional thickness documented for the Sego Sandstone Member in the Book 

Cliffs area (Van Wagoner 1991). In the following section we describe and analyze facies 

within the three identified sequences and interpret the depositional environment.  

Regionally mappable surfaces that are incisional and place shallower facies on top of 

deeper facies, which otherwise would not be found in stratigraphic succession, are 

identified as sequence boundaries.  In this study, we use the following definition for 

stratigraphic sequence: “a relatively conformable succession of genetically related strata 

bounded by unconformities” (Mitchum 1977).  Mappable surfaces that place significantly 

deeper facies on top of shallower ones are classified as flooding surfaces (Posamentier 

and Vail 1988; Van Wagoner et al. 1988; Van Wagoner et al. 1990; Neal and Abreu 

2009).  In order to provide a full stratigraphic framework we also describe the underlying 

Buck Tongue Shale Member.  Three sequence boundaries have been interpreted and are 

numbered as 1, 2, and 3 from bottom to top of the succession.  Each facies within a 

sequence is assigned a letter combination that stands for its distinguishing characteristics 

and a number that refers to its relative stratigraphic position above the underlying 

sequence boundary (e.g., lfrb-1, hcs-2, mtcs-3). The Buck Tongue Member of the 

Mancos Shale consists mostly of black shales in highly weathered slopes and as a result 

the facies have been generalized.  No number–letter designation has been assigned.  All 

facies are organized and briefly outlined in Table 1. 

The Buck Tongue Member 
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The Buck Tongue Member of the Mancos Shale overlies the Castlegate Sandstone 

within the study area.  It is a slope-forming black, organic-rich, shale, approximately 25 

m thick, with little to no silt.  Bed forms and sedimentary structures are conspicuously 

absent from the Buck Tongue Member.  The contact with the overlying sandstones is 

sharp (Fig. 6).   

Sego Sandstone Member — Sequence 1 

Facies Assemblage A   

Lower-fine-grained, rippled, and bioturbated sandstone facies (lfrb-1).--- 

Facies lfrb-1 is an upper-very-fine- to upper-fine-grained (predominantly lower-

fine-grained), tan to reddish (oxidized) sandstone (Fig. 5, full sized cross section 

available in supplementary file Appendix_B_figure_5.pdf).  Sedimentary structures are 

difficult to identify because of intense bioturbation.  Where sedimentary structures are 

identifiable, they consist of current ripples to wave-modified ripples with occasional 

small trough cross-beds.  Bioturbation is so extensive that specific ichnofossils are not 

distinguishable.  The total thickness of this unit is 2 to 4.5 meters.  Its contact with the 

underlying Buck Tongue Shale is sharp and erosional (Fig. 6) (Table 1).  

Lower-fine-grained flaser-bedded to cross-bedded sandstone facies (lffc-1).--- 

Laterally, facies lfrb-1 transitions into facies lffc-1, which is a lower-fine-grained 

sandstone with flaser bedding and current ripples near the base that grade into trough 

cross beds (Fig. 5).  The degree of bioturbation is low, but occasionally Ophiomorpha 

and Schaubcylindrichnus can be found.  Its thickness is 4 to 5 meters, and its contact with 

the underlying Buck Tongue Shale is sharp and erosional (Table 1).  Fifty-four 
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paleocurrent measurements were taken.  These paleocurrents are polydirectional, trending 

west–east and southwest–northeast (Fig. 7A). 

Planar to rippled sandstone facies (prs-1).--- 

Facies prs-1 crops out farther to the east and southeast, down depositional dip 

from lfrb-1 and lffc-1.  It is composed of bedsets, stacked 0.5 to 1.5 meters thick, 

composed of lower-fine- to upper-very-fine-grained sandstones with intercalated shale 

and mud layers.  The sandstones within these bedsets grade normally from lower-fine- to 

upper-very-fine-grained sand, and from massive to subtly planar-bedding into laminated-

bedding, wave-modified current ripples and wavy silty mudstone.  This sequence is 

repeated in bedsets 0.5 to 1.5 meters thick for a total thickness of 5 to 15 meters.  

Ophiomorpha are common in this facies assemblage, and often the burrow extends the 

height of a bedset (Figs. 5, 8A, 8B) (Table 1). 

Silty shale facies (ssh-1).--- 

Facies ssh-1 overlies lfrb-1, lffc-1 and prs-1 and is a dark gray to variegated gray, 

silty to sandy shale 8 to 12 meters thick (Fig. 5).  Where a clean outcrop can be 

examined, bioturbation is moderate to high, including Planolites, Thalassinoides, and 

Schaubcylindrichnus (Table 1).  The contact with facies lfrb-1, lffc-1 and prs-1 is abrupt.  

Sego Sandstone Member—Sequence 2 

Facies Assemblage B  

Carbonaceous shale facies (csh-2).--- 
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On top of facies ssh-1 is a laterally extensive carbonaceous shale to coaly shale.  

Where present, its thickness increases and decreases, ranging from 1 to 5 centimeters 

(Table 1).  

Massive to cross-bedded sandstone facies (mcrss-2).---   

An upper-fine-grained, massive to cross-bedded, tan to reddish (oxidized), 18-m-

thick sandstone constitutes facies mcrss-2.  Individual bedsets are 3 to 10 meters thick. At 

the base of the cross-beds there is ground organic material, wood, and large (1 to 10 cm 

in diameter) mud rip-up clasts.  This facies is limited in its extent.  Its contact with the 

underlying prs-1 facies is represented by an erosional unconformity, with an 18-m-deep 

incision. Multiple stories of this facies are stacked on top of each other to form an 18-

meter-thick succession at the deepest part of the incision, which thins laterally to less 

than 1 meter (Figs. 5, 8C, 9).  In the deepest part of the incision, individual stories are 5 

to 7 meters thick (Table 1). 

Twenty paleocurrent measurements were taken by measuring three-dimensional 

cross-beds, where available.  These paleocurrents are dominantly southeast directed (Fig. 

7C).  Facies mcrss-2 is laterally juxtaposed with facies csh-2. 

Lower-fine-grained flaser-bedded to trough cross-bedded sandstone facies (lffc-2).---   

Facies mcrss-2 passes down dip into a lower-fine-grained sandstone with flaser 

bedding and current ripples near the base, which grade into trough cross-beds up-section.  

The degree of bioturbation is moderate, with Ophiomorpha and Schaubcylindrichnus.   

The lower contact of this facies is abrupt with the underlying facies ssh-1 and in places 

lies unconformably on top of facies prs-1 (Table 1). 
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Lower-fine-grained rippled to flaser-bedded sandstone facies (lfrf-2).---   

Facies lfrf-2 is a lower-fine-grained, rippled to lenticular-bedded to flaser-bedded 

sandstone with a low to moderate degree of bioturbation (Planolites).  Synaeresis cracks 

are present, and the thickness of this facies varies from 1 to 5 meters with broad 

clinoforms, approximately 3 meters high, and an elongate and lenticular geometry (Table 

1).  

Organic mudstone facies (om-2).---   

Dark brown to black, slope-forming, organic-rich mudstone are exposed at 

various stratigraphic levels in Sequence 2.  They are found interbedded with and 

overlying facies lfrf-2 (Table 1). 

Facies Assemblage C  

Hummocky cross-stratified sandstone facies (hcs-2).---   

Facies hcs-2 is a slightly coarsening-upward, very fine- to upper-very-fine-

grained, hummocky cross-stratified sandstone (Fig. 8E).  This facies has a low degree of 

bioturbation, and when bioturbation is present it consists of Ophiomorpha.  Gutter casts 

occur at the base of the hummocky cross-stratified sandstone beds, with some 

interbedded mudstone.  The thickness of this interval varies from 1 to 4.5 meters (Table 

1).   

Trough cross-bedded sandstone facies (tcs-2).---   

Conformably above facies hcs-2 are upper-very-fine- to lower-fine-grained trough 

cross-stratified sandstones with a low degree of bioturbation consisting of Ophiomorpha 

and Skolithos (Table 1).   
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Planar cross-stratified sandstone facies (pcs-2).---  

Low-angle and laminated, lower-fine-grained sandstone is found on top of facies 

tcs-2.  In places, this facies has a rooted top and, where overlain by a coal, it’s a poorly 

developed paleosol. The thickness of this facies is less than 1 meter (Table 1). 

Rippled and bioturbated sandstone facies (rb-2).---   

Thin-bedded, upper-very-fine- to lower-fine-grained, rippled to flaser-bedded 

shaly sandstone to sandstone with high degree of bioturbation and occasional root traces 

constitutes facies rb-2.  The total thickness of this facies is 3 to 4 meters and is found, 

regionally, in the updip direction of facies lfrf-2 and pcs-2 facies (Fig. 5) (Table 1). 

Carbonaceous shale to coal facies (csh-c-2).---   

Overlying facies tcs-2 and pcs-2 is often facies rb-2, which is composed of a less 

than 5 cm to 10 cm carbonaceous shale to coal (Table 1).  Where it is composed of coal, 

this facies is easily visible, whereas where it is composed of carbonaceous shale it is 

often poorly exposed (Fig. 8G). 

Silty shale with sporadic oyster-hash facies (ssh-oys-2).---   

Facies ssh-oys-2 consists of a 1 to 5 meters of slope-forming, gray, silty, thin-

bedded shale.  Finely ground and reworked organic matter is present throughout this 

facies, and isolated sandy ledges of oyster hash are found in several places within this 

facies (Table 1).  This facies overlies facies tcs-2, pcs-2, and lfrf-2 (Fig. 5).  

Trough cross-beds with double mud drapes facies (tcs-dmd-2).---  

Facies tcs-dmd-2 is a white, lower-fine- to upper-fine-grained sandstone 3 to 6 

meters thick.  The predominant sedimentary structure is trough cross-beds and occasional 
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rippled horizons and mud drapes.  Furthermore, double mud drapes are present in this 

facies.  Bioturbation is minimal, and where present consists of Ophiomorpha.  

Reactivation surfaces and sigmoidal bedding are also present (Table 1). 

 Facies tcs-dmd-2 is relatively laterally constrained, approximately 1.2 km along 

dip, and is lenticular in geometry (Fig. 7H). 

Silty shale facies (ssh-2).---  

Facies ssh-2 overlies lffc-2, mcrss-2, and hcs-2 and is dark gray to variegated 

gray, silty to sandy shale 5 to 20 meters thick (Fig. 5).  Where a clean outcrop can be 

examined, bioturbation intensity is moderate to high, including Planolites, 

Thalassinoides, and Schaubcylindrichnus.  The contact with facies lffc-2, mcrss-2, and 

hcs-2 is abrupt (Table 1).  

Sego Sandstone Member — Sequence 3 

Facies Assemblage D    

Medium-grained, trough cross-bedded facies (mtcs-3).---  

Facies mtcs-3 is an upper fine- to lower-medium-grained, trough cross-bedded, to 

lenticular sandstone.  The lower portion contains ground carbonaceous material, mud rip-

up clasts, and occasionally oyster hash and bone fragments.  Its thickness varies from 8 to 

16 meters, and its base is highly erosional (Figs. 8I, 8J, 10) (Table 1).  In places it 

overlies facies om-2, whereas in other locations it is unconformable on top of csh-c-2.  In 

two documented locations this facies has eroded through multiple stratigraphic horizons 

of more basinward facies and rests on top of facies rb-2 (Figs. 5, 8I, 8J).  
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INTERPRETATIONS OF THE SEGO SANDSTONE MEMBER 

Facies Interpretations 

Interpretation of the Buck Tongue Member.--- 

 The lack of bed forms and sedimentary structures indicates pervasive bioturbation 

(i.e., a high bioturbation index), which is generally associated with low sedimentation 

rates and stable physicochemical parameters commonly found in open marine, mid-

shelfal to outer-shelfal environments (MacEachern et al. 2010).  This interpretation is 

also supported by ammonite fossils found near the study area and in other areas where the 

Buck Tongue Member crops out (Cullins 1971; Gill and Hail 1975; Molenaar and Wilson 

1993). 

Interpretation of Sequence 1: delta front.--- 

As a whole, Sequence 1 is interpreted as a delta-front assemblage, characterized 

by facies lfrb-1, lffc-1, prs-1, that was later flooded, placing inner-shelfal to mid-shelfal 

muds on top, characterized by facies ssh-1.   

Given the high degree of bioturbation, and its lateral proximity to lffc-1, a rippled, 

flaser-bedded and cross-bedded sandstone, facies lfrb-1 is interpreted as the low-energy 

margins of the delta front of an advancing lobe (Hori et al. 2001). 

Lffc-1 was deposited in moderate- to high-energy regimes subject to currents 

from multiple directions represented by the trough cross-beds and polydirectional 

paleocurrents (Fig. 7A). Its sharp basal contact supports the interpretation that this facies 

represents part of the uppermost part of a delta front that was deposited subaqueously, 

above fair-weather wave base, and exposed to longshore currents and tides.   
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Within facies prs-1, the normal grading from massive to laminated to rippled 

sandstone to mudstone is consistent with units A, B, C, and E of the Bouma sequence 

(Bouma 1962).  Unit D of the Bouma sequence is missing; however, horizon D is seldom 

preserved in the rock record in general (Hsü 1989).  This facies is interpreted as shallow-

water turbidites produced on the unstable front of an advancing delta or by hyperpycnal 

flow during flooding events in the fluvial system landward (Bates 1953; Fisher et al. 

1969; Enge et al. 2010a, 2010b). 

Ssh-1 is interpreted as the result of waning energy conditions leading to 

deposition of the lower-energy silty shale on top of lower fine sandstones. The relatively 

low-energy depositional environment and relatively high bioturbation suggest that these 

strata were deposited as inner-shelf mudstones (Hobday and Morton 1984).  This facies 

represents a deeper-water depositional environment than facies lfrb-1, lffc-1, and prs-1, 

and therefore the lower contact with the underlying strata is interpreted as a flooding 

surface. 

Interpretation of Sequence 2: Distributary channel, stacked tidal bars, flood-tidal 

deltas, and barrier islands.--- 

Csh-2 is a carbonaceous shale and in some places a coaly shale, and it overlies 

ssh-1, a shale that is interpreted as an open marine, mid- to inner-shelfal shale.  The 

amount of carbonaceous material in csh-2 indicates a much more proximal environment 

of deposition.  Where csh-2 is a coaly shale, it was deposited in a subaerial to nearly 

subaerial environment.  The surface between ssh-1 and csh-2 is interpreted as a sequence 

boundary (Sequence Boundary 2).  The interpretation of a sequence boundary is 
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supported by the fact that this surface is laterally extensive and that downdip ssh-1 (a 

marine shale deposit) is juxtaposed against incision-filling sandstone that is described in 

the following section.  These incisions are cut into facies prs-1, which represents a low-

energy, inner-shelf, silty mudstone. 

Facies mcrss-2, a massive to cross-bedded sandstone with rip-up clasts and large 

organic debris, occupies the incision of Sequence Boundary 2 and is interpreted as an 

incised-valley fill (Fig. 11).  Twenty paleocurrents measurements in the upper portion of 

mcrss-2 have an overall southeast direction (Fig. 7C), which is perpendicular to the 

southwest–northeast orientation proposed for the shoreline (Stancliffe 1984).   

Depositionally updip of the incised-valley fill, facies lfrf-2 overlies csh-2 and 

comprises bar forms, which are often stacked on top of one another (Figs. 5, 8D).  

Laterally, these bar forms pinch out into highly organic-rich mudstone and generally 

overlie the csh-2 facies. Based on the flaser and sigmoidal cross beds, synaeresis cracks, 

bar-form geometry, and lateral relationships we interpret this facies to represent stacked 

tidal bars, deposited in an estuarine environment (Plummer and Gostin 1981, Thomas et 

al. 1987). 

Facies om-2 is interpreted to have been deposited in the central basin area of an 

estuarine system as described by Dalrymple et al. (1992).  This is where the estuary was 

deepest and was starved of both marine and riverine sand. 

Facies hcs-2 crops out at multiple stratigraphic levels and is interpreted as distal 

lower shoreface to lower shoreface (Dumas et al. 2005; Dumas and Arnott 2006) (Figs. 5, 

8E).  In the updip (northwestern) area the hcs-2 often is part of a coarsening-upward 
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shoreface succession with trough cross-beds (facies tcs-2) with a transition into low-angle 

cross-stratification that is interpreted as high flow regime and that represents upper-

shoreface deposits (facies pcs-2) (Reinson 1984).  In places the top of pcs-2 is rooted.  

Where this is the case it is interpreted as foreshore and berm deposits (Figs. 5, 8F, 8G).  

Overlying the upward-coarsening shoreface succession are often the csh-c-2 facies, a 

coal, and ssh-oys-2 facies, a silty shale with sporadic oyster beds.  Facies csh-c-2 is 

interpreted to have been deposited in a swamp to coastal-plain environment, as expected 

in case of a complete, upward-coarsening and prograding shoreface succession.  Because 

of the interpreted low energy, occurrence of oyster shell hash, thin beds, and the presence 

of organic material of facies ssh-oys-2, this facies is interpreted as a lagoonal, back-

barrier mudstone.  Barrier shoreface sandstones are found down dip of this facies, 

supporting this interpretation.  Facies tcs-dmd-2 has been the focus of recent detailed 

research indicating flood-tidal-delta affinity. Paleocurrents indicate a bidirectional pattern 

with a significant landward component (York et al. 2011).  Given the tidal indicators, 

such as bidirectional cross-beds, sigmoidal bedding, and double mud drapes, we interpret 

this facies to represent a flood tidal delta, in agreement with York et al. (2011). 

Furthermore, the following stratigraphic relationship further supports this interpretation: 

facies tcs-dmd-2 pinches out landward into facies csh-c-2, which represents a lagoonal, 

back-barrier mudstone; facies tcs-dmd-2 is juxtaposed seaward with facies hcs-2 and tcs-

2, which are lower- and upper-shoreface sandstones interpreted to represent a preserved 

barrier island. 
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The thin-bedded, upper-very-fine- to lower-fine-grained, rippled to flaser-bedded 

shaly sandstone to sandstone with a high degree of bioturbation and occasional root 

traces that characterizes facies rb-2 are interpreted as tidal-flat deposits (Kumar and 

Sanders 1974). 

Interfingering sandstones and shales in Sequence 2, ssh-2, is the result of waning 

energy conditions leading to deposition of the lower-energy silty shale on top of lower-

fine-grained sandstones. Because of the relatively low energy and relatively high degree 

of bioturbation we interpret this facies as inner-shelf mudstones (Hobday and Morton 

1984).  Also, because this facies represents a deeper-water depositional environment than 

facies mcrss-2 and lffc-2, the lower contact with the underlying strata is interpreted as a 

flooding surface. 

Interpretation of Sequence 3: Distributary Channel.--- 

The upper-fine- to lower-medium-grained, trough cross-bedded to lenticular 

sandstone, mtcs-3 is interpreted as distributary-channel and mouth system deposits, 

filling an incised valley.  The lower portion contains ground organic woody material, 

mud rip-up clasts, and occasionally oyster hash and bone fragments.  Its thickness varies 

from 8 to 16 meters, and its base is highly erosional (Fig. 10).  Its basal contact is 

erosional in the northwest portion of the study area and sharp in the southeast portion of 

the study area.  This basal surface is interpreted as a sequence boundary.  

Sequence Stratigraphic Surfaces 

The following summary is a more detailed explanation of why the surfaces that 

are documented in this study are interpreted as sequence boundaries and flooding 



81 

surfaces, using the definitions set forth in the literature (Mitchum 1977; Posamentier and 

Vail 1988; Van Wagoner et al. 1988; Van Wagoner et al. 1990; Neal and Abreu 2009).  

Flooding surfaces have been identified in each of these sequences, and they are identified 

with two numbers; the first represents which sequence the surface is found in, and the 

second is the number of the flooding surface in that sequence.  For example, the first 

flooding surface to appear above Sequence Boundary 1 is identified as flooding surface 

1-1, whereas the second flooding surface to appear above Sequence Boundary 2 is 

identified as flooding surface 2-2.  Minor flooding surfaces in largely aggradational strata 

were not numbered; we consider a minor flooding surface to be where less than two 

facies are missing across the flooding surface, for example, marginal marine shale 

deposited on top of hummocky cross-stratified sandstone. 

Sequence Boundary 1.--- 

 Sequence Boundary 1 marks the base of the Sego Sandstone and the top of the 

Buck Tongue Shale Member.  The base of the Sego Sandstone Member consists of facies 

lfrb-1, lffc-1, and prs-1, which have been interpreted as a delta-front assemblage and 

include the low-energy margins of the delta front, the advancing body of the delta front, 

and associated shallow-water turbidites. 

 In the case of facies lffc-1 and prs-1 the contact with the underlying Buck Tongue 

Shale is sharp, with the upper-fine-grained sandstone overlying the black shale with very 

little silt (Fig. 6).  The surface is regionally mappable, and the combination of the grain-

size change and the sharp contact represents a significant basinward shift in facies.  These 

characteristics qualify it as a sequence boundary. 
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Flooding Surface 1-1.--- 

 Flooding surface 1-1 is recognized by facies ssh-1, a mid-shelfal shale abruptly 

overlying the delta-front assemblage below.  FS 1-1 is exposed in the northwest portion 

of the study area, but it has been eroded in the southeast portion of the study area by 

incision at Sequence Boundary 2 (Figs. 5 and 12).   

Sequence Boundary 2.--- 

 Sequence Boundary 2 is a highly erosional surface that can be mapped throughout 

the study area; however, the highest amount of relief within the incision and the most 

discordant facies juxtaposition is located in the central and northwest portions of the 

study area (Fig. 5).  At its deepest incision, there are eighteen meters of relief, as seen in 

measured section 28 (Figs. 9, 11).  This incised valley is filled with facies mcrss-2 and 

lffc-2, which have been interpreted as a distributary-mouth facies assemblage, as well as 

facies lfrf-2 and rb-2, which have been interpreted as stacked tidal bars and tidal flats 

(Fig. 5).  These tide-influenced distributary-mouth deposits overlie the ssh-1 facies in the 

central to northwest portions of the study area and the delta-front assemblage to the 

southeast (Fig. 5).  Where incisional relief is high, these incised-valley-fill deposits 

juxtapose and onlap the ssh-1 facies, which is constituted by a mid-shelfal shale. In 

places, the ssh-1 facies is overlain by the csh-2 facies, a carbonaceous shale that is coaly 

in places. 

 The incisional nature of the surface with tide-influenced distributary deposits 

onlapping mid-shelfal shales represents a significant basinward shift in facies and is 

identified as a sequence boundary. 
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Flooding Surface 2-1.--- 

 On top of the incised-valley fill there is a consistent deepening of facies.  Toward 

the southeast of the study area this is marked by ssh-2 facies, a marine shale, overlying 

mcrss-2 and lffc-2 facies, which have been interpreted as a distributary-mouth facies 

assemblage (Figs. 5, 12, 13 and 14).  In the northwest portion of the area this surface is 

represented by ssh-2 and hcs-2 facies, a marine shale and lower-shoreface deposits, 

overlying lfrf-2 facies, which are stacked tidal bars.  In parts of the study area, this 

surface is also marked by an increased concentration of Ophiomorpha ichnofossils.  After 

the transgression, the system passed from a tide-dominated system into a wave-

dominated system with a small amount of tide influence, as indicated by the barrier-

island and shoreface assemblages with lagoonal and flood-tidal-delta deposits landward 

of them.  It also passed into a largely aggradational system.  

Flooding Surface 2-2.--- 

 Ssh-2, a marine shale, overlies those more proximal flood-tidal-delta and lagoonal 

deposits found in the northwest portion of the study area (Fig. 5).  This transgression 

marks the base of the Anchor Mine Tongue Member of the Mancos Shale. 

Sequence Boundary 3.--- 

 Sequence Boundary 3 is a regionally mappable incisional surface.  Incisional 

relief is highest, seventeen meters, in the very northwest of the study area, as documented 

in measured section 1 (Fig. 5).  There, facies mtcs-3, a medium-grained distributary 

sandstone, overlies lagoonal shales, facies om-2.  Farther down depositional dip, 

distributary-channel deposits overlie marine shale and lower-shoreface sandstones, facies 
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ssh-2 and hcs-2.  In some areas the hcs-2 facies is truncated by the incisional contact.  

This can be seen between measured sections 3 and 4, 15 and 17, and 26 and 27 (Figs. 5, 

10, 12, 13, and 14). 

 The highly incisional nature of this surface, its regional extent, and the basinward 

shift in facies across it are all consistent with a sequence-boundary interpretation. 

Flooding Surface 3-1.--- 

 Flooding surface 3-1 represents the top of the Sego Sandstone Member in the 

study area.  The strata above this surface includes the Neslen Formation in the Book 

Cliffs area (Van Wagoner 1991; Willis 2000; Wood 2004; Aschoff and Steel 2011) and 

the Illes and Williams Fork formations in the study area (Cullins 1968; Barnum and 

Garrigues 1980).  Where this surface overlies facies mtcs-3, a distributary-channel 

deposit, an oyster shell hash is commonly present, which is interpreted as a transgressive 

lag deposit. 

DISCUSSION AND CONCLUSION 

The Sego Sandstone Member within the study area shows significant lateral and 

vertical changes.  The lowermost portion is characterized by Sequence Boundary 1, 

which represents a relative drop in sea level and the progradation of a delta system.  

Based on northwest to southeast gutter-cast orientation, the general shoreline geometry 

was southwest to northwest (Stancliffe 1984; Leckie and Krystinik 1989).  Fifty-four 

paleocurrent measurements (Fig. 7A) indicate a southwest to northeast shore-parallel 

component suggesting a significant amount of wave reworking.  The facies recognized in 

the study area change down dip from rippled and bioturbated sandstone, representing the 
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margins of the delta, to trough cross-bedded sandstone, representing the subaqueous delta 

front.  Farther down dip, these facies pass into event beds produced by turbidity currents, 

which we interpret as the front and margins of this prograding deltaic system (Fig. 7A).  

The upper contact of these deposits represent an overall deepening and a flooding 

surface.  In this now lower-energy environment silty to sandy, inner shelf mudstones 

were deposited (Fig. 7B).  This series of facies units constitute Sequence 1.  Sequence 2 

is marked by an incisional event at its base that placed distributary-channel sandstone and 

carbonaceous to coaly mudstone on top of inner-shelf mudstone.  Paleocurrents from the 

incised-valley fill show predominately southeast, basinward currents, suggesting that 

these facies were deposited more up dip within the system and were more strongly 

affected by river processes (Fig. 7C).  Another transgression is represented by a 

retrogradational succession represented by stacked tidal bars on top of incised valley fill 

and coaly mudstone. Lower-shoreface sandstone overlies the stacked tidal bars (Fig. 7D).  

Above this succession, the system was largely aggradational and is represented by the 

stacking of multiple shoreface sandstone, barrier-island, lagoonal, and flood-tidal-delta 

deposits, which were later flooded and capped with another shoreface deposit (Fig. 7E–

J).  This succession of retrogradational to aggradational deposits constitutes Sequence 2. 

Another incisional surface marks the base of Sequence 3.  This incision cuts into 

the lower-shoreface deposits below and in places removes the underlying lagoonal, 

barrier-island, and flood-tidal-delta deposits.  Sequence Boundary 3 is overlain by a 

distributary-channel system.  The paleocurrents within the distributary channel are 
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bidirectional in nature, indicating a strong tidal component.  This distributary system lies 

at the top of the Sego Sandstone Member in this area (Fig. 7K–L). 

Similarly to the equivalent Sego Sandstone Member deposits in the Book Cliffs, 

the Sego Sandstone Member in the study area is characterized by three sequence 

boundaries (Fig. 15) and is heavily influenced by tidal processes as indicated by the 

pervasiveness of lenticular and flaser bedding, double mud drapes, reactivation surfaces, 

bidirectional paleocurrents, synaeresis cracks, and low-diversity, stressed ichnofossil 

assemblages (Nio and Yang 1991; MacEachern et al. 2007).  However, in the Book Cliffs 

area no clear transition from a tide-dominated, fluvio-deltaic system to an aggradational 

shoreface, barrier-island, and flood-tidal-delta system has been documented.  

Paleogeographic maps were compiled based on our new and existing data for three 

phases during the deposition of the Sego Sandstone Member for the area between 

Rangely, Colorado, and the Book Cliffs in Utah (Fig. 16).  The paleogeographic 

reconstruction for the Book Cliffs area was compiled from a cross section produced by 

Wood (2004).  The matching number of sequence boundaries, roughly coeval timing of 

deposition and similar thickness of the Sego Sandstone Member in the study area and the 

Book Cliffs suggest that this is a plausible interpretation.  However, direct ties have still 

not been made to the Sego Sandstone Member in the Book Cliffs area, and until done so 

with finer-scale biostratigraphic data, it is not certain that each of these sequence 

boundaries are laterally continuous between the two geographical areas.  The timing of 

phases I, II, and III are shown in Figure 5 and are located at the base of Sequence 1, the 

top of Sequence 2, and the base of Sequence 3.  Phase I was during a time when tide-
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dominated deltas were present in both geographic regions.  However, during phase II the 

Rangely, Colorado, area was characterized by barrier islands and flood-tidal deltas, 

whereas the Book Cliffs area was characterized by tidal creeks and possibly smaller 

deltas (Wood 2004).  Phase III represents yet another time of strong progradation of tidal 

deltas, placing the Rangely, Colorado, area in a distributary-channel system, with the 

delta front and delta toe farther basinward to the southeast (Fig. 16).   

In order to explain the transition during phase II, the distributary channel-system 

must have been either flooded due to transgression or laterally displaced through 

avulsion.  Large-scale avulsions have been documented in the modern and have been 

shown to completely change the axes of the fluvial valley (Blum and Price 1998; Blum 

and Törnqvist 2000).  We propose that this type of avulsion was responsible for 

relocating the distributary river valley within the Sego Sandstone Member and allowed 

long-shore transport and tidal processes to dominate.  There are two possibilities for why 

this large avulsion event is not seen in the Book Cliffs area: 1) the rivers in that area did 

not experience this large avulsion, perhaps because of a different coastal paleogeography; 

2) if the rivers did undergo this large avulsion, the evidence was not preserved; the 

subsequent incisional event when the distributary reoccupied the area could have 

removed any evidence of avulsion (i.e., a transition to non-fluvio-deltaic environments). 

This latter scenario would require a higher magnitude of erosion in the Book Cliffs, 

which given the proximity of the two areas is difficult to explain.  However, the fluvio-

deltaic system in the Book Cliffs area may have been slightly larger, or the 

accommodation space in the Book Cliffs area might have been slightly lower.  Either of 
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these controls would have produced larger incisions.  Evidence for early Laramide 

deformation in central Utah (~ 77 Ma) is reported by Aschoff and Steel (2011).  Their 

isopach maps show a distinct thinning across the San Rafael Swell at ~ 77 Ma (Aschoff 

and Steel 2011).  This early deformation could be the explanation of reduced 

accommodation rates in the Book Cliffs area, whereas the Sego Sandstone Member north 

of Rangely, Colorado, was less proximal to this early deformation and thus had slightly 

higher accommodation rates. 

 The Sego Sandstone Member exposed on the northern and southern limbs of the 

Rangely anticline represents tide-dominated deposits and consists of three sequences.  

Sequence Boundary 1 places the Sego Sandstone Member on top of the Buck Tongue 

Shale and is overlain by a prograding delta lobe.  Sequence Boundary 2 is marked by 

thick (18 m) incised-valley-fill deposits composed of distributary channels, stacked tidal 

bars, and tidal flats.  Overlying these fill deposits, the depositional environment changes 

from a fluvio-deltaic system to a barrier-island and flood-tidal-delta system.  We propose 

that this change was driven by a large avulsion that displaced the distributary system.  

Subsequently the distributary system reoccupied the area and produced Sequence 

Boundary 3.   

 The documented stratigraphic variations, which we interpret as being the result of 

spatio-temporal changes in the paleogeography, also have important implications for 

reservoir quality and hydrocarbon exploration.  The evolution of the Sego Sandstone 

Member from deltaic to tide-dominated deltaic system to a barrier-island and flood-tidal-

delta system and back into a distributary system provides much stratigraphic 
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heterogeneity within only sixty to seventy meters of stratigraphy and fourteen kilometers 

laterally.  In Sequence 1, the delta-lobe complexes could be highly connective in nature. 

In Sequence 2, the flood-tidal-delta deposits have already been identified as a 

hydrocarbon reservoir resource (York et al. 2011); however, because of their relatively 

small volume and lateral discontinuity, these types of reservoirs would require a different 

development strategy.  Sequence 3 should be similar to Sequence 1 in terms of lateral 

connectivity.   
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Figure 1. The Sego Sandstone is a member of Mancos Shale of the Mesaverde Group and 

is the eastern equivalent of the Upper Castlegate Sandstone. (Modified from Fouch et al. 

1983 and Obradovich 1993) 

 

Figure 2. The study area is located on the western margin of the Cretaceous Interior 

Seaway, in what is now northwestern Colorado, indicated with the black rectangle. 

(Modified from Roberts and Kirshbaum 1995; Willis and Gabel 2003) 

 

Figure 3. The study area in relation to regional structural features. (Modified from 

Mederos et al. 2005) 

 

Figure 4. The geology of the study area overlying a digital elevation model.  Our study 

area is located just north of Rangely, Colorado.  The Sego Sandstone outcrops trend 

northwest along the northern limb of the Rangely anticline.  The line A – A’ indicates the 

area of the measured section and the cross section. 

 

Figure 5.  (Full sized cross section available in supplementary file 

Appendix_B_figure_5.pdf ) Stratigraphic cross section of the Sego Sandstone with the 
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associated facies labels.  Outcrop photos with their corresponding stratigraphic columns 

are seen for Amphitheater (Fig. 13), Nate Springs Draw (Fig. 12), and White River North 

(Fig. 14). 

 

Figure 6. The Sego Sandstone in contact with the underlying Buck Tongue Shale.  The 

contact is sharp, placing upper-fine-grained sand on black marine shale.  The Jacob’s 

Staff offers scale with 10 cm divisions. 

 

Figure 7. Cartoons that outline the evolution of the Sego Sandstone in our study area with 

paleocurrents shown for selected horizons. 

 

Figure 8. Photographs of A,B) facies prs-1, C) mcrss-2, D) lfrf-2, E) hcs-2, F) rooted tcs-

2, G) csh-c-2, H) tcs-dmd-2, and I,J) mtcs-3. 

 

Figure 9. Erosional base of facies lffc-2 in an area where it is ~ 1 m thick.  Photo taken 

northeast of section 28 (Figs. 4, 5). 

 

Figure 10. The white dashed line marks Sequence Boundary 3 and the base of facies 

mtcs-3.  This photo was taken across a draw to capture the erosional base of facies mtcs-

3.  Photo taken between sections 12 and 13 (Figs. 4, 5). 
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Figure 11. Incised-valley fill overlying Sequence Boundary 2.  Photo taken just east of 

section 28 (Figs. 4, 5). 

 

Figure 12. Detailed view of section 15 (Nate Springs Draw) (Figs. 4, 5) with a 

corresponding photo.  All three sequence boundaries are visible. 

 

Figure 13. Detailed view of section 9 (Amphitheater) with a corresponding photo.  

Sequence Boundaries 2 and 3 are visible.  Note the tidal bar between SB 2 and FS 2-1 

that pinches out into organic mudstone (om-2). 

 

Figure 14. Detailed view of section 34 (White River North) (Figs. 4, 5) with a 

corresponding photo.  Note that ssh-1 is no longer present between the sandstone units of 

Sequence 1 and Sequence 2.  Sequence Boundary 2 incised down to the lffc-1 facies unit, 

creating a sandstone-on-sandstone contact. 

 

Figure 15. Schematic stratigraphic architecture of the Sego Sandstone in the Book Cliffs 

area as presented by Willis (2000) compared to that of the Sego Sandstone north of 

Rangely,  Colorado.  Note the three sequence boundaries in both areas.  Also note the 

absence of flood-tidal-delta and barrier-island deposits in the Sego Sandstone in the Book 

Cliffs area. 
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Figure 16   Paleogeographic maps for three phases during Sego Sandstone deposition in 

Rangely, Colorado, extended to the Book Cliffs area to the west and southwest.  Phase I 

is located at the base of sequence 1 in this study area, Phase II at the top of sequence 2, 

and Phase III at the base of sequence 3.  The paleogeography of those three phases were 

extrapolated to the Book Cliffs using the interpretations of Wood (2004).  Active thrust 

faults during the late Campanian are shown (DeCelles et al. 1995; DeCelles 2004; 

Dickinson 2004; Dickinson and Gehrels 2008). 
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surface that caps the Sego Sandstone in
the study area.

A) Low stand results in prodelta progradation
with collapsing margins as they oversteepen.
Paleocurrents are dominated by waves
and shore-parallel currents.  
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Table 1   A brief description of the facies and the interpretation of those facies of the Sego Sandstone Member in the study area. 

Facies 

Name 

Brief Description (see text for a more detailed description) 

 

Interpretation 

 

Assemblage 

A 
 Prograding delta front 

lfrb-1 

Lower-fine-grained rippled and bioturbated sandstone – Upper-very-fine- to upper-fine-grained (predominantly-lower-fine-grained), tan to 

oxidized sandstone.  The total thickness of this unit is 2 to 4.5 meters with heavy bioturbation, making it difficult to identify sedimentary 

structures and individual beds.  Where sedimentary structures are identifiable, they are constituted by current ripples to wave-modified ripples 

with occasional, small trough cross beds. 

Margins of a delta front. 

lffc-1 
Lower-fine-grained sandstone with flaser bedding and current ripples near the base that grade into trough cross beds.  The degree of 

bioturbation is low, but there are occasional Ophiomorpha and Schaubcylindrichnus.  Its thickness is 4 to 5 meters, and its contact with the 

underlying Buck Tongue Shale is sharp and erosional 

Delta front. 

prs-1 
Bouma beds.  Stacked 0.5–1.5-meter-thick bedsets composed of lower-fine- to upper-very-fine-grained sandstones with intercalated shale and 

mud layers.  The sandstones within these bedsets grade normally from lower-fine- to upper-very-fine-grained sand and also grade from massive 

to subtly planar bedding into laminated bedding into wave-modified current ripples into wavy silty mudstone. 

Shallow-water turbidites 

(i.e., collapsing margin 

of prograding delta). 

ssh-1 Dark gray to variegated gray, silty to sandy shale 8 to 12 meters thick. Inner-shelf mudstones 
Assemblage B  Incised-valley fill 

csh-2 Laterally extensive carbonaceous shale to coaly shale.  

mcrss-2 
Massive to cross-bedded sandstone – Upper-fine-grained, massive to cross-bedded, tan to oxidized, sandstone 18 meters thick.  Individual 

bedsets are 3 to 10 meters thick. At the base of the cross beds there is ground organic material, wood, and large mud rip-ups. 

Incised valley filled with 

distributary channel 

lffc-2 Lower-fine-grained sandstone with flaser bedding and current ripples near the base and grade into trough cross beds up-section. Delta front 

lfrf-2 
Lower-fine-grained, rippled to lenticular to flaser-bedded sandstone with low to moderate degree of bioturbation (Planolites).  Synaeresis 

cracks are present, and the thickness of this facies varies from 1 to 5 meters with broad clinoforms and  an elongate and lobate geometry. 
Tidal bars 

om-2 Dark brown to black, slope-forming, organic rich mudstone. Estuarine muds 
Assemblage 

C 
 

Barrier islands and 

flood tidal deltas 

hcs-2 Slightly coarsening-upward, very-fine- to upper-very fine-grained, hummocky cross-stratified sandstone. 

Lower-shoreface 

deposits and lower 

shoreface in barrier-

island deposits. 

tcs-2 
Upper-very-fine- to lower-fine-grained trough cross-stratified sandstones with a low degree of bioturbation consisting of Ophimorpha and 

Skolithos. 
Upper shoreface 

pcs-2 
Upper-very-fine- to lower-fine-grained planar cross-stratified sandstones with a low degree of bioturbation consisting of Ophimorpha and 

Skolithos. 
Foreshore 

rb-2 
Rippled and bioturbated.  Thin-bedded, upper-very-fine- to lower-fine-grained, rippled to flaser shaly sandstone to sandstone with high degree 

of bioturbation and occasional root traces compose facies. 
Tidal flats 
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Table 1 continued 

csh-c-2 
Less than 5 cm to 10 cm carbonaceous shale to coal.  Where it is a coal, this facies is easily visible, whereas when it is composed of 

carbonaceous shale it is often poorly exposed. 

Swamp and coastal-plain 

deposits 

ssh-oys-2 
Silty shale with oysters.  1 to 5 meters of slope-forming, gray, silty, thin-bedded shale.  Finely ground and reworked organic matter is present 

throughout this facies, and isolated sandy ledges of oyster hash are found in several places within this facies. 
Lagoonal mudstones 

tcs-dmd-2 
Trough cross stratification with sporadic double mud drapes.  Lower-fine- to upper-fine-grained sandstone 3 to 6 meters thick.  The 

predominant sedimentary structure is trough cross-beds, but there are also rippled horizons and occasional mud drapes.  Furthermore, double 

mud drapes are present in this facies. 

Flood tidal delta 

ssh-2 Dark gray to variegated gray, silty to sandy shale 5 to 20 meters thick. Inner-shelf mudstones 

Assemblage 

D 
 Distributary channel 

mtcs-3 

Upper-fine- to lower-medium-grained, trough cross-bedded, to lenticular sandstone.  The lower portion contains ground organic woody 

material, mud rip ups, and occasionally oyster hash and bone fragments.  Its thickness varies from 8 to 16 meters, and its base is highly 

erosional. 

Distributary-mouth 

system 
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ABSTRACT 

New low temperature thermochronologic and geochronologic data from Upper 

Jurassic–Upper Cretaceous strata from the North America Cordilleran foreland basin in 

Utah, Colorado, Wyoming and South Dakota document rapid exhumation rates in the 

westward adjacent Cordilleran orogenic belt. Both zircon (U-Th-[Sm])/He (zircon He) 

and apatite fission track (AFT) thermochronology were performed in order to identify a 

thermochronometer suitable to record source exhumation during the North America 

Cordilleran orogeny.  AFT lag times are 0 to 5 Myr and indicate a relatively steady-state 

to slightly increasing exhumation rate between 118 Ma and 66 Ma.  These lag time 

measurements are consistent with active shortening and rapid exhumation rates of ~0.9–

>>1 km/Myr throughout the Cretaceous.   

Double dating of the detrital AFT samples was performed on apatites with young 

AFT cooling ages, in order to test whether or not the young cooling ages represent a 

signal related to exhumation rather than volcanic activity.  Maximum depositional ages 

using detrital zircon U-Pb (DZ U-Pb) geochronology overlap with existing ages on basin 

stratigraphy.  We found that AFT is the most effective thermochronometer to resolve 
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source exhumation from Lower to Upper Cretaceous foreland stratigraphy in the central 

Cordilleran foreland and indicates that source material was exhumed from 4–5 km depths 

but that it was never buried more than a few kilometers (<4km).  Zircon He dates indicate 

that the orogenic hinterland could not have been exhumed from depths >8–9 km.  Double 

dating of apatites (with AFT and U-Pb) shows that volcanic contamination is a significant 

issue, that can however be addressed by double dating.  

 

INTRODUCTION 

 Foreland basin deposits are an important archive of orogenic growth and tectonic 

processes (DeCelles, 2004; Miall, 2009).  Many researchers have used coarse-grained 

foreland basin deposits to date thrusting events, identify unroofing sequences and identify 

provenance. Examples of these techniques are clast-counting of synorogenic 

conglomerates and sandstone petrographic analysis (Dickinson W.R., 1985; Graham et 

al., 1986; Lawton, T.F., 1986; DeCelles, 1988; Steidtmann and Schmitt, 1988; Horton et 

al., 2004; among others). 

 Thermochronology of foreland basin deposits has also been useful to infer the 

timing of source cooling and exhumation (Bernet et al., 2001; Carrapa et al., 2003; 2006; 

Najman et al., 2005; Reiners and Brandon, 2006; Carrapa, 2010).  In particular, detrital 

thermochronology can be applied to measure lag time, which is the difference between 

the depositional age of material and its cooling age (Garver et al., Bernet et al., 2001; 

Carrapa, 2009).  This has been used to measure the long-term exhumation history over 

large catchment areas in basins around the world (Cerveny et al., 1988; Coutand et al., 
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2006; 2004; Spiegel et al., 2004).  However, to date, no detailed detrital 

thermochronological study had been applied in the retroarc foreland basin of the North 

American Cordillera.  We collected samples from Upper Jurassic–Upper Cretaceous 

coarse-grained foreland basin deposits in Utah, Colorado, Wyoming and South Dakota, 

applied zircon He and AFT analysis to resolve their cooling history, and used DZ U-Pb to 

further constrain their depositional ages and to measure lag times of Lower–Upper 

Cretaceous foreland basin deposits.  We also used apatite U-Pb thermochronology to 

assess whether the young cooling age populations were contaminated by young, 

Cordilleran arc-derived apatites, instead of containing exclusively exhumed apatites from 

the Cordilleran thrust belt.  These lag times and exhumation rate patterns are here 

compared to basin filling and orogenic growth models. 

 Coarse-grained deposits have been interpreted to represent contrasting tectonic 

processes.  For example, some researchers have asserted that proximal coarsening 

upward successions represent orogenic growth, but that distal coarsening upward 

successions represent periods of tectonic quiescence, flexural rebound and the reworking 

of proximal deposits into the distal foreland (Beck et al., 1988; Blair and Bilodeau, 1988; 

Heller et al., 1988).  This model has been called the two-phase stratigraphic model 

(Heller et al., 1988).  In contrast, others have linked distal coarse-grained deposits to 

times of active shortening and orogenic growth (Burbank et al., 1988; DeCelles and 

Giles, 1996; Horton et al., 2004).  We compare our exhumation rates based on lag time 

measurements to predictions made based on both of these basin filling models.  Active 

shortening and orogenic growth should produce short lag times and rapid exhumation 
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rates, whereas, flexural rebound and reworking of stored deposits into the distal foreland 

should produce longer lag times.  

Lag times have also being used to interpret trends in orogenic wedge behavior 

(Carrapa , 2009).  Decreasing lag times are predicted during a subcritical wedge state 

when the wedge is building internally, whereas, increasing lag times predicted during 

supercritical wedge state, when the wedge is rapidly propagating into the foreland basin 

(Carrapa, 2009).  We use this model to interpret our lag time trends and identify the 

overall Cordilleran orogenic wedge behavior during the Cretaceous. 

Our data indicate short lag times (~0–5 Myr) and rapid source exhumation rates 

(0.9–>>1 km/Myr) throughout the Cretaceous.  These data are inconsistent with tectonic 

quiescence, and instead suggest that these distal coarse-grained foreland basin deposits 

were deposited during times of active shortening and orogenic growth.  In terms of 

orogenic wedge models, our lag times cannot discriminate between different wedge 

stages suggesting that times of super- and subcritical wedge behavior span relatively 

short periods of time.  Apatite U-Pb ages indicate that Cordilleran foreland basin deposits 

of North America have significant amounts of young, arc-derived, volcanogenic apatite 

grains. 

 

GEOLOGIC BACKGROUND 

The development of the Cordilleran retroarc thrust belt initiated at ~155 Ma and 

continued until ~50 Ma (DeCelles, 2004) (Fig. 1).  Early in the history of the adjacent 

foreland basin, nonmarine sedimentation dominated and it included the Upper Jurassic 
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Morrison Formation and Lower Cretaceous Cedar Mountain–Cloverly–Kootenai 

Formations (Suttner, 1969; Furer, 1970; Currie, 1997).  Between ~110 Ma and ~71 Ma, 

marginal marine to fully marine deposition dominated the foreland basin while the 

epicontinental Western Interior Seaway extended from the Gulf of Mexico to the Arctic 

Ocean, north of Alaska. Isopach maps show that from ~155 Ma to ~88 Ma a classic 

flexural foreland basin persisted (Jordan, 1981; Roberts and Kirschbaum, 1995; 

DeCelles, 2004).  Although flexural subsidence continued to be influential past 88 Ma the 

isopach pattern becomes diffuse, suggesting that dynamic subsidence may have 

influenced the foreland’s geometry (Pang and Nummedal, 1995; Roberts and 

Kirschbaum, 1995; Mitrovica et al., 1989; DeCelles, 2004; Liu and Nummedal, 2004).  

By ~81 Ma dynamic subsidence appears to be a significant control on basin geometry 

(Roberts and Kirschbaum, 1995; Pang and Nummedal, 1995; Liu and Nummedal, 2004; 

Painter and Carrapa, in press).  Although the cause of dynamic subsidence remains 

ambiguous (Pang and Nummedal, 1995), some have modeled it as a result of a cold and 

shallowing subducting slab (Mitrovica et al., 1989; Gurnis, 1993).  Isopach thicknesses 

indicate that by the Maastrichtian, ~71– 65 Ma, Laramide-style, basement-cored uplifts 

had begun to divide the foreland and create isolated basins (Dickinson et al., 1988; 

DeCelles, 2004).  During uplift of basement-involved structures to the east, Cordilleran 

orogenic deformation continued in the west (DeCelles, 2004). 

During foreland basin development adjacent to the North America Cordilleran 

orogenic belt, coarse-grained deposits (i.e., sandstone to conglomerate) episodically 

prograded past the proximal foredeep and into the distal foreland, hundreds of kilometers 
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east of the contemporary thrust front.  The mechanism controlling deposition of these 

distal coarse-grained deposits has been debated over the years.  Some have proposed that 

whereas coarsening upward successions in the proximal foreland basin represent active 

shortening in the fold-thrust belt and are synorogenic, coarsening upward successions in 

the distal foreland represent reworking of coarse material from the proximal foreland 

following isostatic rebound and reworking during times of tectonic quiescence (Fig. 2) 

(Beck et al., 1988; Blair and Bilodeau, 1988; Heller et al., 1988).  The two-phase 

stratigraphic model (Heller et al., 1988) proposed that during times of active shortening 

and tectonic loading, flexural subsidence rates are high and coarse-grained deposits are 

trapped in the proximal foreland.  After active shortening ceases, flexural rebound 

replaces flexural subsidence, which leads to exhumation and reworking of coarse 

proximal deposits out into the distal foreland basin (Fig. 2).  In contrast, other researchers 

interpret coarse-grained deposits that prograde rapidly into foreland basins as being 

syntectonic (Burbank et al., 1988; DeCelles and Giles, 1996; Horton et al., 2004). These 

models make different predictions in terms of rates and pattern of orogenic exhumation 

and degree of reworking.  

 Relatively little thermochronological work has been done on the North American 

Cordillera in the western U.S.A.  Various thermochronological studies have focused on 

Laramide mountain ranges in the Rocky Mountains (Cerveny, 1990; Cerveny and 

Steidtmann, 1993; Omar et al., 1994; Crowley et al., 2002; Kelley, 2002; Peyton et al., 

2012).  Other studies have been done on the Colorado Plateau (e.g. Dumitru, et al., 1994; 

Flower et al., 2007; Flowers et al., 2008).  Burtner and Nigrini (1994), and Burtner et al. 
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(1994) used vitrinite reflectance and AFT thermochronology to study the Idaho-

Wyoming part of the Sevier fold-thrust belt and concluded that anomalously high 

geothermal gradients during the Late Jurassic–Early Cretaceous were caused by “gravity-

driven fluid flow.”  Work on the Upper Jurassic Morrison Formation and the Upper 

Cretaceous Cloverly Formation in Wyoming has included some zircon fission track 

analysis, producing upper Neocomian–early Albian ages (Heady, 1992; DeCelles and 

Burden, 1992; Swierc and Johnson, 1996; Chen and Lubin, 1997).  In addition, the 

experimental work of Guenthner et al. (2013) includes some zircon (U-Th-[Sm])/He 

work from the foreland basin and the Sevier fold-thrust belt in Utah.  However, to date, 

no detailed detrital thermochronological study of Cordilleran foreland basin strata is 

available.  

 

Existing stratigraphic age control 

Stratigraphic age control in the retroarc foreland basin of the North America 

Cordillera is based on radiometric dating and biostratigraphy.  Ammonite and inoceramid 

zones and 40Ar/39Ar ages of bentonite beds have been used in the past (Baadsgaard et al., 

1993; Obradovich, 1993; Obradovich et al., 2002; Izett, 1998; Gradstein and Ogg, 2004).  

Cobban et al. (2006) compiled these data and provided a biostratigraphic zonal data table 

for much of the Cretaceous.  In fluvial and alluvial-fan deposits, palynology was relied 

upon (e.g., Jacobson and Nichols, 1982; DeCelles and Burden, 1992; Kowallis et al., 

1992; Horton et al., 2004).  In some cases, nearby marine biozones were correlated with 

the fluvial deposits for age control (Martinsen et al., 1999) as well as 40Ar/39Ar and K/Ar 
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geochronology on tuffs within the fluvial deposits.  Below is a discussion on the existing 

age control for the Upper Jurassic–Upper Cretaceous stratigraphy in the Utah-Wyoming-

South Dakota part of the foreland basin.  The stratigraphic units discussed below are the 

horizons that were sampled for this study, and all the samples and sample locations are 

found in Table 1 and Fig. 3.  All these age data are also compiled and presented in Table 

2. 

 The Upper Jurassic Morrison Formation was sampled from three geographically 

distinct areas in eastern Utah, central Wyoming, and western South Dakota.  In eastern 

Utah the Morrison Formation spans 154.8 ± 0.6 Ma–135.2 ± 5.5 Ma (Kimmeridgian–

Berriasian) ages, which are based on both 40Ar/39Ar dating and K/Ar techniques 

(Kowallis et al., 1992, 1998; Peterson, 1992) (Table 1, 2; Fig. 3). 

 In central Wyoming, near Alcova Reservoir, the age of the Morrison Formation 

has been constrained to 154.8 ± 0.6–~145 Ma (DeCelles and Burden, 1992; Currie, 

1998).  The older control is based on stratigraphic ties to the age reported in the lower 

Morrison Formation by Kowallis et al. (1992) and the younger boundary is based on 

palynomorphs (DeCelles and Burden, 1992) (Table 2). For the far eastern extents of the 

Morrison Formation in eastern Colorado and Wyoming and western South Dakota and 

Oklahoma, its age has been constrained with biostratigraphy.  Litwin et al. (1998) 

reported palynomorphs in the Morrison Formation of that region that span latest 

Oxfordian–Tithonian ages.  Schudack et al. (1998) used ostracodes and charophytes and 

reported the same ages for the Morrison Formation as Litwin et al. (1998) (Table 2). 
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 The Kelvin Formation (a Cloverly Formation equivalent) in northeastern Utah 

near Rockport Reservoir, has been identified as Aptian–Albian, ~126–112 Ma 

(Crittenden, 1963; Hale and Van de Graaf, 1964; Kauffman, 1969; Ryer, 1977), based on 

lateral stratigraphic correlations that place the Kelvin Formation above the nearby Upper 

Jurassic Morrison Formation (Crittenden, 1963; Hale and Van de Graaf, 1964; Ryer, 

1977).  The age control on the upper boundary is from the overlying Mowry and Aspen 

Shale that contain the lower Cenomanian Neogastroplites cornutus (Kauffman, 1969; 

Ryer, 1977) (Table 2). 

  Multiple researchers have tried to date the Cloverly Formation (a Kelvin 

Formation equivalent) in Wyoming with a variety of methods. Zaleha (2006) reviewed 

existing age controls and determined that palynology has produced the most consistent 

and reliable results.  In Wyoming, the Cloverly spans the Early Cretaceous (Valanginain) 

to mid-Albian (DeCelles and Burden, 1992; DeCelles et al., 1993; Furer et al., 1997; 

O’Malley, 1994; Way, 1997; Currie, 1998; Burton et al., 2006).  The Buckhorn 

Conglomerate of the Cloverly Formation near Alcova Reservoir in central Wyoming is 

Lower Cretaceous (Valanginian–Barremian) based on palynomorphs reported in 

DeCelles and Burden (1992) (Table 2). 

 In western South Dakota, the Lakota Formation is the Cloverly Formation 

equivalent.  It spans Aptian to mid-Albian time (Waagé, 1959; Post and Bell, 1961; 

Dahlstrom and Fox, 1995; Way et al., 1998; Zaleha, 2006; Sames et al., 2010).  The 

lowest member of the Lakota Formation in the Black Hills is the Chilson Member, which 

is Aptian in age (Post and Bell, 1961; Sames et al., 2010), ~126–113 Ma (Table 2). 
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The Aptian–Albian Cedar Mountain Formation in northeastern Utah has been 

constrained with U-Pb dating of zircons to a maximum depositional age of 117–109 Ma 

(Burton et al., 2006) (Table 2).  In the Uinta Basin in Utah, the Cenomanian to Turonian 

Dakota Formation spans Acanthoceras granerosense to Dunveganoceras albertense 

biozones (~95–94 Ma) (Johnson, 2003; Cobban et al., 2006).  The Dakota Formation in 

south-central Utah, west of Glen Canyon City is ~95 Ma (Kirschbaum and McCabe, 

1992; Currie, pers. comm. 2013) (Table 2). 

 The Frontier Formation has been documented throughout Utah and Wyoming.  

North of Vernal, Utah and near Flaming Gorge Reservoir, the sandstone deposits of the 

Frontier Formation are Turonian in age and span Watinoceras devonense to Prionocyclus 

germari (~93.2–89 Ma) (Cobban and Reeside, 1952; Cobban et al., 2006).  In both the 

type locality of the Frontier Formation in western Wyoming, north of the city of Frontier, 

and in eastern Wyoming, just west of Kaycee, Wyoming, the Frontier Formation is 

Cenomanian to Turonian in age and spans Conlinoceras tarrantense to Prionocyclus 

germari (95.7 ± 0.6–89 Ma) (Cobban and Reeside, 1952; Merewether et al., 1976; 

Cobban, 1990; Cobban et al., 2006) (Table 2).  

 The Echo Canyon Conglomerate is Coniacian–Santonian in age.  Palynological 

studies have produced ages between ~87–85 Ma (Jacobson and Nichols, 1982; DeCelles, 

1994) (Table 2). 

 The Upper Cretaceous Adaville Formation, and the equivalent Blair Formation, 

has been dated in western Wyoming and south-central Wyoming, near the Rock Springs 

Uplift.  In western Wyoming, the Adaville Formation is ~82.5 Ma at its base, the Lazeart 
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Sandstone Member, based on Scaphites hippocrepis I, and 81.9 ± 0.4 Ma at its top, based 

on Scaphites hippocrepis II (Miller, 1977; Roehler, 1990; Devlin et al., 1993; Krystinik 

and Blakeney DeJarnett, 1995; Cobban et al., 2006).  Farther east, the Blair Formation 

near Rock Springs, Wyoming, is coeval with the Lazeart Sandstone Member, ~82.5 Ma 

(Scaphites hippocrepis I) (Smith, 1961; Gill et al., 1970; Roehler, 1990, Krystinik and 

Blakeney DeJarnett, 1995; Cobban et al., 2006) (Table 2). 

 Both the Chimney Rock Tongue Member and the Brooks Member of the Rock 

Springs Formation, near Rock Springs, Wyoming are early Campanian in age.  The 

Chimney Rock Tongue Member is ~81.5 Ma, constrained by Scaphites hippocrepis III, 

and the overlying Brooks Member is ~81 Ma, constrained by Baculites sp. (weak flank 

ribs) (Smith, 1961; Gill et al., 1970; Roehler, 1990, Krystinik and Blakeney DeJarnett, 

1995; Cobban et al., 2006) (Table 2). 

Chronostratigraphic analysis of the Sego Sandstone has been documented in the 

Book Cliffs area, Utah where it overlies Baculites perplexus and has Baculites scotti in 

the upper section (~78 Ma–75.56 ± 0.11 Ma) (Gill and Hail, 1975; Cobban et al., 2006).  

In northwest Colorado the age is less constrained.  Baculites perplexus has been 

identified below the Sego Sandstone Member in northwest Colorado, but no ammonite 

zone has been identified in the upper portions of the Sego Sandstone Member in 

northwest Colorado (Cullins, 1971; Molenaar and Wilson, 1993; Painter et al., 2013).  

However, in a detrital zircon U-Pb study, a single young zircon grain was dated at 76.6 ± 

1.5 Ma (York, 2010), suggesting a similar age to the Sego Sandstone Member in the 

Book Cliffs area in Utah (Table 2). 
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 The Upper Campanian Ericson Formation, near Rock Springs, Wyoming, where 

we sampled it (Table 1; Fig. 3), spans the biozones Baculites mclearni to Baculites 

reesidei (~80–72.94 ± 0.45 Ma) (Gill et al., 1970; Martinsen et al., 1999; Cobban et al., 

2006).  However, the Ericson Formation consists of fluvial to estuarine deposits and these 

biostratigraphic horizons are correlated in from nearby marine stratigraphy (Gill et al., 

1970; Martinsen et al., 1999; Leary et al., in review).  The Trail Member of the Ericson 

Formation, its stratigraphically lowest, is correlated to the Baculites asperiformis to 

Baculites sp. (smooth) zones (~79 Ma).  The overlying Rusty Member of the Ericson 

Formation has been correlated to the Baculites sp. (smooth) to Baculites perplexus zones 

(~78 Ma).  The uppermost member of the Ericson Formation is the Canyon Creek 

Member, which has been correlated to the Didymoceras cheyennese to Baculites reesidei 

zones (74.67 ± 0.15–72.94 ± 0.45 Ma) (Gill et al., 1970; Martinsen et al., 1999; Cobban 

et al., 2006) (Table 2). 

 In north-central Utah, Upper Cretaceous to Paleocene conglomerate deposits have 

been dated using palynology (Horton et al., 2004).  The Castlegate-Price River Formation 

in the Charleston-Nebo salient in north-central Utah is mid- to upper Campanian (~80–71 

Ma) (Horton et al., 2004).  The overlying North Horn Formation is Maastrichtian–early 

Paleocene (~70–61 Ma) (Horton et al., 2004) (Table 2).  The Upper Campanian to lower 

Maastrichtian Almond Formation, near Rock Springs, Wyoming is correlated to the 

Baculites jenseni to Baculites baculus zones (~72–71 Ma) (Gill et al., 1970; Martinsen et 

al., 1999; Cobban et al., 2006) (Table 2). 
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METHODS 

 Zircon (U-Th-[Sm])/He (zircon He), and apatite fission track (AFT) were applied.  

These thermochronometers measure the time of cooling through the 200-230	°C and 

110±10	°C temperature windows, i.e. partial annealing or retention zone (PAZ, PRZ) 

(Gleadow et al., 1983; Baldwin and Lister, 1998; Wolf et al., 1998).  At temperatures 

above the lower end of the PRZ, the mineral system becomes open and starts to lose the 

radiogenic daughter product.  In the case of (U-Th-[Sm])/He, with a PRZ in zircon of 

160–200 °C (Reiners et al, 2004), He diffuses out of the system.  In the case of AFT, with 

a PRZ of 110 ± 10 °C (Gleadow and Duddy, 1981; Laslett et al., 1987), ion disruption 

tracks that are the record from the spontaneous fission of 238U begin to anneal (i.e., 

shorten).  We use lag time to infer exhumation processes in the Cordilleran orogenic belt.  

Lag time is the difference between the cooling age of a mineral (tc) and its depositional 

age (td) (Brandon and Vance, 1992; Garver et al., 1999) (Fig. 4).  To constrain td, we use 

a combination of existing age control based on published biostratigraphic and 40Ar/39Ar 

age control and new detrital U-Pb geochronology. 

Different lag time patterns reveal different exhumation behavior in the source 

area.  If tc ≈ td, then tL ≈ 0, indicating a very short lag time (Garver et al., 1999) (Fig. 4).  

This means that for the AFT system, the mineral was exhumed from 4–5 km depth, 

assuming a 20 °C/km geothermal gradient, and deposited in the foreland basin very 

rapidly.  However, if tc > td, then tL > 0.  Short lag times represent rapid exhumation, 

whereas long lag times represent slow exhumation (Garver et al., 1999).  Constant lag 

times over a long period of time represent steady-state exhumation, whereas decreasing 
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lag times represent increasing exhumation rates and increasing lag times represent 

episodic or decreasing exhumation rates (Garver et al., 1999; Bernet et al., 2001; Carrapa 

et al., 2003) (Fig. 5).  If the lag time (tL) of distal coarse-grained foreland deposits 

approximates zero, then they can be assumed to be of syntectonic origin, implying no 

reworking from proximal foreland basin strata.  However, if tL of distal coarse-grained 

foreland deposits is high, it is plausible that the deposits were reworked from proximal 

parts of the foreland basin during flexural rebound, as predicted by the two-phase 

stratigraphic model of Heller et al. (1988) (Fig. 2).  This approach is valid only if the 

thermochronological ages are not reset or partially annealed after deposition.  In the case 

of this study, post-deposition partial annealing is unlikely because sediment burial during 

the Early Cretaceous to Cenozoic never exceeded 2–3 km in eastern Utah (DeCelles and 

Currie, 1996). 

 All thirty-seven samples presented in this paper were processed to separate both 

zircons and apatites.  Zircon and apatite crystals were extracted by standard mineral 

separation methods of crushing, followed by separation by Wilfley table, Frantz magnetic 

separator, and heavy liquids.  Every sample produced zircons; however, only eleven 

samples produced analyzable apatite.  The paucity of apatite could be a result of low 

apatite content in the miogeoclinal Paleozoic source strata, or it could indicate that apatite 

did not survive transport from the orogenic belt into the foreland basin because of 

mechanical and/or chemical weathering.  U-Pb analysis on detrital zircon and detrital 

apatite, zircon He analysis, and AFT methods are explained below.   

 



136 

Detrital zircon and apatite U-Pb geochronology and thermochronology 

U-Pb geochronology of zircons and apatite was conducted by laser ablation 

multicollector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at the 

Arizona LaserChron Center (Gehrels et al., 2006, 2008; Thomson et al., 2012).  We 

analyzed twenty-two new detrital zircon samples, producing 1,874 new U-Pb ages.  The 

analytical data are reported in the supplementary material (Appendix_C_DZ_Data.xls).  

Uncertainties shown in these tables are at the 1-sigma level, and include only 

measurement errors.  Analyses that are >20% discordant (by comparison of 206Pb/238U 

and 206Pb/207Pb ages) or >5% reverse discordant are not considered further.  

The resulting interpreted ages are shown on Pb/U concordia diagrams and relative 

age-probability diagrams using the routines in Isoplot (Ludwig, 2008).  The age-

probability diagrams show each age and its uncertainty (for measurement error only) as a 

normal distribution, and sum all ages from a sample into a single curve.  Composite age 

probability plots are made from an in-house Excel program (see Analysis Tools at 

www.laserchron.org for link) that normalizes each curve according to the number of 

constituent analyses, such that each curve contains the same area, and then stacks the 

probability curves.  Maximum deposition age (MDA) for detrital zircon U-Pb analyses 

were calculated using three methods;  1) the youngest grain was selected from each of the 

samples, 2) the average age of the youngest three zircons was calculated, and 3) the 

weighted mean of the youngest Gaussian distribution of three or more grains was 

calculated. All three of these calculations are presented in Table 2. 
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The closure temperature for U-Pb in apatite is 450–550 °C (Cherniak et al., 1991), 

classifying it as a medium-temperature thermochronometer.  In volcanic rocks this 

temperature records near-crystallization age, but it can also record metamorphic events 

and late-stage cooling in magmatic intrusions.  In contrast to zircon, apatite is more 

difficult to date using U-Pb because it has much lower amounts of U, generally <100 

ppm, and generally higher amounts of common lead.  However, recent advances have 

facilitated U-Pb thermochronology of apatites (Carrapa et al., 2009; Thomson et al., 

2012).  Even though the error is much higher in U-Pb analyses of apatite versus zircon, it 

can establish whether the crystallization and or metamorphic age of an apatite grain is 

near the AFT cooling age of the same apatite grain.  

We followed the procedure developed and outlined by Thomson et al. (2012) to 

analyze U-Pb ages of apatite in seven detrital samples, targeting ten apatite grains from 

each sample, and the complete analytical results can be found in the supplementary 

material (Appendix_C_U-Pb_apatite.xls).  Grains from the youngest age population were 

targeted in an effort to test whether their ages record exhumation or timing of 

crystallization in the case of volcanogenic apatites.  These apatites were mounted on 

slides next to 485 Ma apatite standards from Madagascar and NIST reference material 

glass, to correct for elemental fractionation. 

Although a large laser (> 65 µm) spot size is recommended for apatite (Thomson 

et al., 2012), the grain size of the available apatites did not allow this.  Instead, a 40 µm 

diameter laser was used on all but one of the samples analyzed; the remaining sample 

was analyzed with a 25 µm diameter laser because of its small apatite crystals. 
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Zircon (U-Th-[Sm])/He thermochronology 

 Zircon He analyses were conducted at the University of Arizona following the 

method described by Reiners (2005).  Seven samples were analyzed and are presented 

here (Table 1, Fig. 3).  Three zircons from each sample were handpicked and the 

dimensions of each crystal were measured to approximate crystal volume to ensure a 

tetragonal prism width of greater than 60 µm.  Each crystal was then packed in a Nb foil 

tube and heated with a focused 10 µm beam of a 1064-nm Nd: YAG laser for 15 minute 

intervals to degas the He content of the zircon.  Typically two to three intervals are 

required to sufficiently degas the zircon.  

The gas extracted from the zircon is then spiked with approximately 0.1–1.0 pmol 

3He cryogenically concentrated and purified.  This gas mixture is then expanded and 

measured with a quadrupole mass spectrometer.  The U and Th contents are then 

measured by isotope dilution and solution ICP-MS (Reiners, 2005). 

 

Apatite fission track (AFT) thermochronology 

Eleven samples were analyzed using AFT (Table 1; Fig. 3).  Here we present data 

from two different sample types; apatites from conglomerate cobble clasts and detrital 

apatite from sandstones.  Cobble clasts can be considered as basement samples and have 

a uniform time-temperature history, and for these samples 20 apatites per sample were 

analyzed and a mean age is presented (when χ2>5%).  100 grains were analyzed for 

sandstone samples in order to capture the different source cooling signals of the 
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catchment area; the software package BINOMFIT was used to identify different age 

populations (Galbraith and Green, 1990; Brandon, 2002); we considered only populations 

containing more than 5 grains as significant. Different populations, especially the 

youngest age population, are generally assumed to be a source exhumation signal, unless 

that population is contaminated by near-syndepositional volcanogenic apatites.   

 

RESULTS 

Detrital zircon U-Pb geochronology 

 The primary purpose of measuring the age of detrital zircons with U-Pb 

techniques was to further constrain the maximum depositional age (MDA) of the sampled 

strata.  Furthermore, because of the wide geographic area that these samples represent, 

detrital zircon (DZ) U-Pb analyses helped to assess whether the analyzed samples share a 

similar provenance history.  The samples that were analyzed using DZ U-Pb are found in 

Table 1, and the raw data can be found in the supplementary material 

(Appendix_C_DZ_Data.xls).  Two samples from previous work (York, 2010) with two 

hundred individual zircon ages are included here together with four zircon ages from 

Leary et al. (in review) (Appendix_C_DZ_Data.xls).  In Table 2 we present how these 

DZ U-Pb ages compare to the existing stratigraphic age control, based on biostratigraphy 

and 40Ar/39Ar ages of bentonites. 

  Three samples from the Morrison Formation in Utah (sample 051108), Wyoming 

(sample 051214), and South Dakota (sample 051103) were analyzed (Fig. 6).  In both 

Utah and Wyoming, the samples were taken from fluvial deposits.  In South Dakota, the 
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Morrison Formation is predominantly lacustrine.  In Utah, a weighted mean of the 

youngest statistically separable population of zircons produces an Upper Jurassic 

(Kimmeridgian) MDA of 155.3 ± 4.1 Ma.  Sample 051214 from Wyoming does not have 

a young population with the requisite number of more than three zircons; however, it 

does contain two young grains with an average MDA of 157 ± 3.2 Ma, which is 

consistent with sample 051108 from Utah.  Sample 051103 from South Dakota has a 

young population with a weighted mean and MDA of 161.8 ± 3.3 Ma.  In all cases, these 

samples produce an MDA of Late Jurassic (Oxfordian–Kimmeridgian) age. 

 Four samples from the Lower Cretaceous Cloverly Formation, and its equivalents, 

were analyzed from Utah (sample 051204), Wyoming (sample 051213), and South 

Dakota (samples 051101 and 051102) (Fig. 6).  Sample 051204 from Utah is from the 

Kelvin Formation, which is equivalent to the Cloverly Formation.  The weighted mean of 

the youngest statistically separable population of zircons in sample 051204 produces an 

Upper Cretaceous (Aptian) MDA of 121.3 ± 3.2 Ma.  A single young zircon in this 

sample is 117.2 ± 2.4 Ma, but this is not a statistically robust population.  Sample 051213 

from the Buckhorn Conglomerate of the Cloverly Formation in Wyoming contained no 

young, syndepositional zircons.  Two samples (051101 and 051102) from the Chilson 

Member of the Lakota Formation (Cloverly Formation equivalent) in South Dakota were 

analyzed; however, no syndepositional zircons are present. 

 One sample from the Lower Cretaceous Cedar Mountain Formation, also 

equivalent to the Cloverly Formation, was sampled in Utah (sample 051107).  The 
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weighted mean of the youngest population of zircons produced a Lower Cretaceous 

(Albian) MDA of 109.2 ± 2.5 Ma (Fig. 6). 

 Two samples (051218 and 051106) from the Upper Cretaceous Dakota Formation 

were collected in Utah: one from south-central Utah and the other from northeast Utah 

(Fig. 6).  Neither of these samples has a population of more than three young zircons to 

calculate a weighted mean.  However, the sample from south-central Utah contained one 

young zircon with an age of 94.5 ± 2.9 Ma, suggesting a Late Cretaceous (Cenomanian) 

MDA. 

 Three samples from the Upper Cretaceous Frontier Formation were collected and 

analyzed, one from Utah (sample 051105) and two from Wyoming (samples 051206 and 

051104).  In Wyoming, sample 051206 was collected from the western part of the state, 

and sample 051104 was collected from the eastern side in the Powder River Basin (Fig. 

6).  The weighted mean of the youngest zircon population in sample 051105, in Utah, is 

94.0 ± 2.9 Ma producing a Late Cretaceous (Cenomanian–Turonian) MDA.  However, 

there are younger grains in this population that do not form a statistically separable peak.  

The average of the three youngest grains is 91.5 ± 2.5 Ma, suggesting a Turonian MDA.  

Neither of the Wyoming samples yielded young, syndepositional aged zircons. 

 In Wyoming, two samples (051205 and 07.28.11) of the Upper Cretaceous 

Adaville Formation were analyzed; one from the Lazeart Sandstone Member and one in 

the upper Adaville Formation.  Both were collected in western Wyoming (Fig. 6).  The 

Lazeart Sandstone Member sample, 051205, has three young zircons with an average age 

of 87.2 ± 2.25 Ma, suggesting a Late Cretaceous (Coniacian–Santonian) MDA.  
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However, these three grains do not represent a statistically separable and robust 

population on which a weighted mean can be calculated.  The sample from the upper 

Adaville Formation did not yield any young, syndepositional age zircons. 

 Three samples from the Rock Springs Formation in Wyoming were analyzed, one 

from the basal Blair Sandstone Member (sample 051207), one from the Chimney Rock 

Tongue Member (sample 051212), and one from the Brooks Member (sample 051208) 

(Fig. 6).  The young zircons in the Blair Sandstone Member sample are overwhelmed by 

90–98 Ma zircons and do not produce a statistically separable peak.  However, three 

young zircons produce an average age of 85.6 ± 4.14 Ma giving a Late Cretaceous 

(Santonian) MDA.  The samples from the Chimney Rock Tongue Member and the 

Brooks Member did not yield young, syndepositional age zircons. 

 Three samples from the Upper Cretaceous (Campanian) Ericson Formation in 

Wyoming were analyzed.  Also, two samples from the Campanian Sego Sandstone 

Member of the Mesa Verde Group in northwest Colorado from York (2010) are 

presented here.  Out of the Trail Member, Rusty Member and Canyon Creek Member of 

the Ericson Formation, only the Canyon Creek Member yielded young, near 

syndepositional age zircons, and it yielded only one with an age of 73.3 ± 5.1 Ma.  

However, a sample presented in Leary et al. (in review) taken from the Canyon Creek 

Member of the Ericson Formation in the same general geographic area yielded five ~73 

Ma grains, which have been included in this dataset in order to calculate a weighted mean 

MDA; those grains have a suffix of “rl1–rl5” (Appendix_C_DZ_Data.xls).  The 

combined grains have a weighted mean of 72.9 ± 0.8 Ma, an Late Campanian MDA.   
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One of the Sego Sandstone Member samples (Sam 17) contained one young 

zircon of 76.6 ± 5.1 Ma.  However this is a single age and is not the more robust 

weighted mean of a population or the average of three young grains. 

 One sample from the Upper Cretaceous Almond Formation in Wyoming was 

analyzed (sample 051211).  However, this sample contained no young, syndepositional 

age zircons (Fig. 6).   

All of the calculated MDAs have been compared to the currently accepted 

depositional ages based on biostratigraphy and 40Ar/39Ar ages of bentonites (Table 2).  In 

an effort to compare provenance of all the samples analyzed, a second probability density 

plot is presented (Fig. 7).  In this probability density plot, all grains younger than 160 Ma, 

near the onset of the Sevier orogeny (DeCelles, 2004), are excluded in order to eliminate 

magmatic and volcanogenic synorogenic zircons and isolate zircons exhumed from the 

Paleozoic strata in the Sevier fold-thrust belt and its hinterland region (Dickinson and 

Gehrels, 2008; Gehrels et al., 2011).  The data were then renormalized and uniformly 

stretched vertically to make peak age differences more apparent (Fig. 7).  The amplitude 

of some of the peaks varies (e.g. the 1.6–1.8 Ga peak); however, the presence of peak age 

clusters is similar throughout the twenty-four samples (Fig. 7) and no significant trends 

are evident. 

 

Zircon (U-Th-[Sm])/He thermochronology 

 In order to identify the most effective thermochronometer able to record cooling 

related to source exhumation in the North American Cordillera, nine samples from the 
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Sevier fold-thrust belt and Cordilleran foreland were analyzed with zircon (U-Th-

[Sm])/He thermochronology (zircon He).  These samples include Paleozoic strata in the 

fold-thrust belt itself, conglomerate cobbles of wedge-top deposits, and detrital samples 

in proximal to distal foreland basin. Three zircons from each sample were picked and 

dated, except for Sam 11, from which only two zircons were dated.  Complete data from 

these analyses can be found in Table 3 and are plotted in the supplementary material and 

Figure 8. 

 Sample Sam 11 is from Proterozoic quartzite from the Canyon Range 

Culmination in the Canyon Range, Utah (DeCelles et al., 1995) (Table 1; Fig. 3).  The 

two zircon He ages are 22.8 ± 0.5 and 139.7 ± 3.1 Ma (Table 3; Fig. 8). 

 Samples Sam 19, Sam 16, and Sam 15 are detrital samples from the Upper 

Cretaceous Castlegate Formation in both Utah and northwest Colorado (Table 1; Fig. 3).  

Sample Sam 19 produced three zircon He ages, 348.7 ± 13.7, 396.3 ± 14.3, and 152.2 ± 

6.2 Ma.  Sample Sam 16 records three ages, 64.5 ± 5.1, 249.5 ± 9.5, and 357.2 ± 15.2 

Ma.  Sample Sam 15 records three ages, 96.0 ± 5.2, 125.8 ± 5.5, and 177.4 ± 6.7 Ma 

(Table 3; Fig. 8). 

 Sample Sam 17 is a sample from the Upper Cretaceous Sego Sandstone Member 

of the Mesaverde Group in northwest Colorado (Table 1; Fig. 3).  It produced three 

zircon He ages that are 84.0 ± 3.6, 347.6 ± 12.1, and 506.9 ± 20.7 Ma (Table 3; Fig. 8). 

 Two samples from the Upper Cretaceous Price River Formation were analyzed, 

one sandstone and one conglomerate cobble (Table 1; Fig. 3).  The sandstone sample, 

Sam 13, produced three zircon He ages that are 97.3 ± 3.8, 141.1 ± 4.8, and 272.4 ± 8.6 
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Ma.  The conglomerate cobble sample, Sam 3, recorded three ages that are 76.2 ± 2.6, 

231.1 ± 7.7, and 253.1 ± 8.4 Ma (Table 3; Fig. 8). 

 Two sandstone samples from the Upper Cretaceous North Horn Formation from 

Utah were analyzed, sample Sam 5 and Sam 7 (Table 1; Fig. 3).  Sample Sam 5 records 

three ages that are 56.7 ± 2.0, 99.9 ± 4.0, and 185.9 ± 8.1 Ma.  Sample Sam 7 records 

three ages that are 105.7 ± 3.8, 154.1 ± 5.6, and 184.6 ± 7.6.  All of the zircon He ages 

are plotted against their stratigraphic age in Figure 8 (Table 3). 

 

Apatite Fission Track thermochronology 

 Four samples, 051201, 060922, 060923, and Sam 8, are conglomerate cobbles and 

seven samples are sandstone samples from foreland basin strata, 051204, 051207, 

051208, 051212, 051218, Sam 17, and NSD4 B (Table 1, 4).  These data are presented in 

stratigraphic order below. 

Sample 051204 is a sandstone sample from the Lower Cretaceous Kelvin 

Formation in north-central Utah (near Rockport Reservoir) (Table 1, Fig. 3).  Because of 

poor apatite yield and quality, only thirty apatite grains were available to be analyzed for 

AFT in this sample, instead of the desired one hundred grains per detrital sample.  The 

individual grain cooling age distribution ranges from 34.0–247.2  Ma (Table 5).  Two 

populations are identified with BINOMFIT (Brandon, 2002), one of 52.1 ± 11.9/9.7 Ma 

and one of 122.9 ± 12.2/11.7 Ma (Table 5).  However, we reject the 52.1 Ma population 

(Table 5; Fig. 9, 10) because it is based on less than five grains, its distribution does not 

appear to be Gaussian in the probability-density plot, and it is younger than the 
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depositional age.  Another interpretation for the 52.1 Ma age population is that this 

sample has been partially reset by post-depositional burial; however, given the magnitude 

of subsidence and stratigraphic thickness for the area, we consider partial resetting 

unlikely.  We report 122.9 ± 12.2/11.7 Ma as the youngest population in Table 5. 

 One hundred grains from sample 051218, from the Dakota Formation, were 

analyzed.  Three binomial peak-fit ages are present, 88.8 ± 7.0/6.5 Ma, 155.6 ± 13.6/12.6 

Ma and 310.3 ± 35.5/32.0 Ma (Table 5; Fig. 9, 10). 

Twenty grains from a conglomerate cobble (sample 051201) from the Echo 

Canyon Conglomerate were analyzed, producing a central age of 90.5 ± 14.03 Ma.  The χ 

2 probability for this population is 99.98%, indicating that this sample is represented by a 

single age population, sharing the same cooling history (Table 4; Figs. 9, 10). 

One hundred grains from sample 051207, from the Blair Formation in Wyoming, 

were analyzed (Table 4).  Three binomial-fit peak ages were identified, 85.6 ± 9.7/8.7 

Ma, 162.1 ± 50.6/38.7 Ma, 271.9 ± 147.0/96.1 Ma.  These three ages are reported in 

Table 5 (Figs. 9, 10). 

One hundred grains from sample 051212 from the Chimney Rock Tongue 

Member of the Rock Springs Formation in Wyoming were analyzed.  They produced 

three binomial-fit peak ages, 90.3 ± 5.5/5.2 Ma, 172.0 ± 18.0/16.3 Ma, and 454.9 ± 

121.1/96.3 Ma (Table 5; Figs. 9, 10). 

One hundred grains from sample 051208 from the Brooks Member of the Rock 

Springs Formation in Wyoming, produced three binomial-fit peak ages, 33.9 ± 21.2/13.3 

Ma, 112.0 ± 6.2/5.9 Ma, and 327.7 ± 51.0/44.3 Ma.  The youngest peak age of 33.9 Ma 
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was rejected because it is based on three grain ages, which statistically are not enough to 

constitute a robust population (Table 4, Figs. 9, 10). 

Two conglomerate cobble samples from the Price River Formation were 

analyzed.  Twenty grains from sample 060922, from the lower Price River Formation 

have a central age of 79.8 ± 6.3 Ma.  This population has a χ2 probability of 79.2%. 

Twenty grains from sample 060923, from the upper Price River Formation, have a central 

age of 74.5 ± 6.3 Ma. This population has a χ 2 probability of 70.8%.  The high χ 2 

probability of both of these samples suggests that they are composed of single 

populations, sharing the same cooling history (Table 4; Figs. 9, 10). 

One hundred grains from the lower Sego Sandstone Member (sample NSD4 B) of 

the Mesaverde Group produced three binomial-fit peak ages of 66.6 ± 7.3/6.6 Ma, 111.9 

± 11.0/10.1 Ma, and 382.2 ± 46.4/41.5 Ma.  One hundred grains from the upper Sego 

Sandstone Member, sample Sam 17, produced three binomial-fit peak ages, 66.6 ± 

6.0/5.5 Ma, 110.7 ± 22.5/18.7 Ma, and 204.3 ± 47.3/38.6 Ma; however, the 204.3 Ma 

peak consisted of <5 grains and was rejected (Table 5; Figs. 9, 10). 

Twenty grains from a conglomerate cobble sample, Sam 8, from the North Horn 

Formation produced a central age of 66.1 ± 6.2 Ma.  This age population has a χ 2 

probability of 30.6%, which indicates it is a single population (Table 4; Figs. 9, 10). 

 

Detrital apatite U-Pb thermochronology 

 In order interpret the youngest cooling age population in detrital AFT analysis as 

a source exhumation signal, it is important to ensure that these apatites are not young 
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volcanogenic apatites derived as first-cycle grains from the Cordilleran magmatic arc.  To 

address this issue, apatite grains from the youngest age populations, P1, were targeted 

from each of the seven detrital AFT samples (Table 5) for apatite U-Pb 

thermochronology. At least ten grains were selected from the P1 population from each 

sample.  All of the data and Concordia diagrams from these U-Pb apatite ages can be 

found in the supplementary material (Appendix_C_U-Pb_apatite.xls, 

Appendix_C_Concordia.pdf).  We compare all of these apatite U-Pb ages to the sample’s 

depositional age, AFT P1 age, and the individual AFT grain ages (Table 6). 

Nine apatite grains from 051204, a sample from the Lower Cretaceous Kelvin 

Formation in Utah, were dated with U-Pb thermochronology.  The small grain size of 

these apatites required a 25 µm laser diameter, instead of the preferred 60 µm diameter 

laser used on all of the other samples.  This increased the error on each analysis and 

makes some grains plot off of Concordia.  Grain ages range from 134.3 ± 21.3–892.1 ± 

23.6 Ma; six of the nine apatites are >160 Ma, whereas the other three are <160 Ma 

(Table 6). 

Sample 051218 is from the Dakota Formation in south-central Utah.  Nine apatite 

grains produced reliable U-Pb ages ranging from 320.6 ± 6.7 – 1869.0 ± 159.5 Ma.  All 

nine apatites are older than the youngest AFT P1 of 160 Ma and most are Proterozoic in 

age (Table 6). 

Eight apatite grains from sample 051207, from the Cedar Mountain Formation in 

Utah, produced ages ranging from 89.0 ± 10.8–1869.0 ± 159.5 Ma.  Although one grain 
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is Proterozoic in age, the other seven are all approximately Jurassic and younger (Table 

6). 

Two samples from the Rock Spring Formation, near Rock Springs, Wyoming, 

were analyzed; one from the lower Chimney Rock Tongue Member (sample 051212) and 

the other from the overlying Brooks Member (sample 051208).  Ten grains from the 

Chimney Rock Tongue Member produced ages that range from 100.2 ± 10.7–1571.2 ± 

22.6 Ma.  Only one grain (1571.2 ± 22.6 Ma) is older than Late Jurassic age.  Eight 

grains from the Brooks Member produced a range of ages of 83.7 ± 6.0–143.3 ± 31.7 Ma, 

making them all Lower Cretaceous and younger in age (Table 6). 

Two samples, NSD4 B and Sam 17, from the Upper Cretaceous Sego Sandstone 

Member in northwest Colorado were analyzed.  Nine apatite grains from NSD4 B 

produced ages ranging from 89.2 ± 59.0–1687.38 ± 41.9 Ma.  Although two of the nine 

grains are >160 Ma, the rest are all <119 Ma.  Ten apatite grains from Sam 17 have U-Pb 

ages of 85.0 ± 7.5–867.2 ± 17.5 Ma.  Two of the ten grains are older than the young 

Cordilleran arc magmatic signal (i.e. >160 Ma); however, the other eight grain ages are 

all <160 Ma (Table 6).  

 

DISCUSSION 

Zircon U-Pb geochronology and biostratigraphy 

 Out of twenty-two samples analyzed using DZ U-Pb, ten show zircon U-Pb ages 

that are near-syndepositional age, thus producing an MDA that represents the 

stratigraphic age of the sampled strata.  The extent of biostratigraphic work conducted in 
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the Cretaceous Western U.S.A. is vast, and DZ analysis is an independent test of 

precision and accuracy of the biostratigraphic ages (Table 2, Fig. 11), thus testing the 

validity of stratigraphic correlations.  The MDAs presented in this study are mostly 

concordant with the stratigraphic ages derived from biotstratigraphy and 40Ar/39Ar age on 

bentonite beds (Table 2, Fig. 11).  When there is slight disagreement between the results 

of the different methods (e.g., an MDA that is younger than the accepted 

biostratigraphic), the ages are within error of one another (Table 2, Fig. 11).  For 

example, the youngest zircon in sample 051107, a sample from the Lower Cretaceous 

Cedar Mountain Formation in eastern Utah, is 106.3 ± 2.8 Ma, whereas the accepted 

biostratigraphic age is 117–109 Ma; however, 106.3 ± 2.8 Ma is within error of 109 Ma 

(Table 2, Fig. 11).  These results also indicate that DZ U-Pb analysis can be crucial in 

areas where a biostratigraphic framework is sparse.  Also, many stratigraphic units are 

time transgressive, and establishing a MDA with DZ U-Pb can indicate whether a sample 

is in the upper portions of a section.  Sample 051218 from the Dakota Formation in 

south-central Utah is a good example of this (Table 2, Fig. 11):  the age of the Dakota 

Formation ranges from ~97–93 Ma (Krystinik and Blakeney DeJarnett, 1995).  Sample 

051218 was collected from the base of a Dakota Formation outcrop in south-central Utah, 

however, the Dakota Formation is highly time transgressive and it was unclear whether 

the outcrop was old or young Dakota Formation.  The youngest zircon dated in sample 

051218 is 94.5 ± 2.9 Ma, suggesting that in south-central Utah the collected sample 

comes from the middle- to upper-Dakota Formation (Table 2).  Equally important, DZ U-

Pb can in some cases (e.g. highly time transgressive units) reduce statistical uncertainty 
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in the depositional age, which for purposes of measuring lag time produces a more 

precise and accurate measurement. 

 

Sediment provenance constrained by zircon U-Pb geochronology 

 In addition to trying to constrain the depositional age of foreland basin 

stratigraphy, there is the question of provenance.  Our study area covers ~600 km along 

strike of the Sevier fold-thrust belt and an area of ~400 km along depositional dip into the 

foreland basin.  Such a widespread geographical area includes multiple catchments.  

Despite this, the DZ signal is remarkably uniform (Fig. 7).  This indicates a well-

connected drainage system without large geographic barriers to act as filters to certain 

signals.  For example, distal deposits in South Dakota have similar amplitude peaks of 

Cordilleran magmatic zircons (Fig. 7), showing that the forebulge did not block a 

westerly sediment supply derived from the Cordilleran arc.  This suggests that the 

forebulge was an area of condensed deposition rather than erosion and that the foreland 

basin was overfilled (Flemings and Jordan, 1989).   All DZ curves contain populations of 

Trans-Hudson, Yavapai, Mazatzal, 1.48–1.34 Ga magmatic rocks, Grenville, and Peri-

cratonic orogenic age zircons.  Smaller amplitude populations include Wopmay and 

Archean age zircons.  This population distribution is consistent with zircon distributions 

in miogeoclinal Paleozoic stratigraphy exhumed in the Sevier fold-thrust belt (Dickinson, 

2004; Dickinson and Gehrels, 2008; Gehrels et al., 2011; Laskowski et al., 2013).  We 

interpret all of our DZ curves to represent recycled zircons from the Sevier fold-thrust 

belt with variable contributions of young volcanic zircons from the Cordilleran arc. 
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Source to sink exhumation history 

 Zircon He thermochronology was initially performed to identify the most 

effective thermochronometer to constrain exhumation of Paleozoic strata during 

Mesozoic Cordilleran tectonics.   Both sandstone and conglomerate cobbles produced a 

mix of ages ranging from 506.9 Ma to 22.8 Ma (Table 3, Fig. 8).  Ages from individual 

samples vary widely, with up to ~400 Myr of internal variation, indicating only partial 

resetting of the fold-thrust belt sources and suggesting that this material, once 

incorporated into the orogenic system and later deposited within syn-orogenic deposits, 

was never fully reset by subsequent basin burial.  This implies exhumation depths of <8–

9 km, assuming a 20 °C/km geothermal gradient and a partial retention zone for zircon 

He of 160-200 °C (Reiners et al., 2004).  A sample from the Proterozoic Inkom 

Formation in the Canyon Range duplex structure also produced mixed ages between 

139.7 Ma and 22.8 Ma (Table 3, Fig. 8).  Another possibility for non-uniform zircon He 

ages is that Paleozoic and Proterozoic strata were exhumed from temperatures > ~190 °C 

but that excess He was being retained in these zircons because of alpha-decay damage 

(Guenthner et al., 2013, among others).  Diffusion of He is impeded in crystals with large 

amounts of radiation damage (i.e., damage to the crystal caused by α decay and 

spontaneous fission) (Shuster et al., 2006; Flowers et al., 2009; among others).  

Guenthner et al. (2013) documented that He diffusion is impeded in zircons with 

moderate to high levels of radiation damage, but that in zircons that have very high 

amounts of radiation damage, He diffusion is accelerated. 
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 In contrast, we interpret all of our AFT samples to contain fully reset populations 

that record source exhumation (or volcanogenesis in the case of some of the detrital 

samples) related to Cordilleran tectonics.  The age populations in the conglomerate 

cobbles all have a χ 2 probability greater than 5%, suggesting a single population and full 

resetting of the conglomerate source during Cretaceous time (Table 4).  The individual 

populations in the detrital samples also have a χ 2 probability greater than 5%.  Burial 

after deposition of the conglomerate and sandstone may cause partial annealing. 

However, we do not think that the analyzed samples were buried and re-heated enough to 

initiate significant annealing because in general samples display an upward younging 

exhumation age trend.  If partially annealing was significant post-deposition, we should 

expect deeper samples to record younger ages and vice-versa.  BINOMFIT (Brandon, 

2002) identifies a young AFT population of ~52.1 Ma in the ~118 Ma Kelvin Formation 

(sample 051204) (Table 2), which could represent post-depositional partial annealing.  

However, this age population is based on fewer than 5 apatite grains, which are too few 

to determine an age population with confidence.  Also, sample 051204 was collected in 

northeastern Utah, where the Kelvin Formation is overlain by ~2 km of Cretaceous to 

Cenozoic stratigraphy (Royse, 1993; DeCelles and Currie, 1996), not enough to reach 

temperatures that could partially anneal fission tracks in apatite (Gleadow and Duddy, 

1981).  This evidence suggests that the sampled conglomerate cobbles and detrital 

sandstone populations represent sediment source cooling ages and imply that the 

Paleozoic miogeoclinal sources were exhumed during the Cretaceous from temperatures 

greater than 110 ± 10 °C (Gleadow and Duddy, 1981), corresponding to approximately 
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4–5 km depths assuming a 20 °C/km geothermal gradient.  Detrital samples produce 

populations that range from ~455–67 Ma (Table 5).  The youngest population, P1, has an 

age range from ~133 Ma (sample 051204 from the Lower Cretaceous Kelvin Formation) 

to ~67 Ma (sample Sam 17 from the Upper Cretaceous Sego Sandstone Member) (Tables 

5). This suggests that AFT, on both conglomerate cobbles and detrital foreland basin 

samples, is an effective thermochronometer to constrain cooling and exhumation related 

to development of the Cordilleran thrust belt. 

Lag time measurements (Fig. 4) are useful in identifying provenance (e.g., 

Hurford and Carter, 1991; Ireland, 1992; Carter, 1999; Garver et al., 1992).  Also, lag 

times can provide the long term exhumation record of an orogenic system (e.g., Zeitler et 

al., 1986; Bernet et al., 2001).  A decrease in lag time can be correlated to an increase in 

source region exhumation rates, and an increase in lag time to a decrease in exhumation 

rates (Bernet et al., 2001).  Constant lag times are associated with steady-state 

exhumation (Garver et al., 1999) (Fig. 5).  Lag time trends can also be associated to 

exhumation in response to different orogenic wedge dynamics (Davis et al., 1983; 

Dahlen, 1984; Suppe and Medwedeff, 1990; Carrapa, 2009) (Fig. 12).  Orogenic wedge 

theory treats the orogen as a wedge and associates its behavior to its taper angle (α+β), 

where β is the angle of the basal detachment and α is the angle of the topographic slope 

(Davis et al., 1983).  If α decreases because of erosion or other process, then the wedge 

will build internally to restore critical taper.  If the wedge builds too much, then it will 

collapse and propagate into the foreland (Davis et al., 1983; and Dahlen, 1984) (Fig. 12). 

Increased exhumation rates have been predicted for a wedge in a subcritical state (where 
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the wedge is building internally to achieve critical taper), whereas decreased exhumation 

trends have been predicted for a wedge that is in a supercritical state and propagating 

toward the foreland (Carrapa, 2009) (Fig. 12). Different orogenic states and trends of 

exhumation also correlate with the behavior of the rate of propagation of deformation 

through the foreland. When a wedge is deforming internally the rate of forelandward 

propagation of deformation is expected to decrease and vice versa (Davis et al., 1983; 

Carrapa, 2009).   

In detrital thermochronologic studies the youngest age is typically considered a 

source exhumation signal and used to measure lag time (Garver et al., 1999; Carrapa et 

al., 2004; Spiegel et al., 2004; van der Beek et al., 2006; Carrapa et al., 2006) (Fig. 14).  

However, this assumes that the youngest cooling age, P1, only includes minerals that 

represent source exhumation rather than volcanic contamination.  Our study shows that 

the youngest detrital AFT component in the Cordilleran foreland basin often includes 

volcanogenic grains (i.e., minerals that were erupted near the time of exhumation).  

Volcanic minerals should have a cooling age close to or the same as crystallization age.  

Our double dating results show that all but two of the P1 populations of all of our detrital 

samples are significantly contaminated with apatites that have U-Pb ages within error of 

the the youngest AFT age component (Table 6).  An alternative explanation is that P1 for 

all the samples represents rapidly exhumed plutonic apatites but the methodological error 

prevents the differentiation between these and volcanogenic apatites.   

In an attempt to calculate lag times for the distal foreland basin sandstone samples 

and to avoid misinterpretation of possible volcanogenic apatites we consider only P1 from 
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two samples:  051204 from the Lower Cretaceous Kelvin Formation, and 051218 from 

the Upper Cretaceous Dakota Formation (Table 5, Fig. 11).  This is because the apatite 

U-Pb ages for P1 in these two samples are significantly older than the associated AFT 

ages. Plotting the P1 AFT ages that are not contaminated with volcanogenic apatites and 

all the conglomerate cobble AFT ages versus depositional ages shows a lag time between 

~0 and 5 Myr from 118–66 Ma (Fig. 14).  The lag time trend (Fig. 14) appears to be 

relatively constant, or slightly decreasing, which suggests either steady-state or slightly 

increasing exhumation rate through time in the source region (Garver et al., 1999; Bernet 

et al., 2001).  Our lag times are consistent with rapid steady-state exhumation, suggesting 

that the Cordilleran orogenic wedge was at or near critical throughout the Cretaceous 

(Fig. 14). 

 Lag time measurements are also useful to approximate exhumation rates, and we 

use measured lag times to estimate exhumation rates in the Sevier fold-thrust belt using 

the following equation (Garver et al. 1999): 

 

where ε is the effective exhumation rate in km/Myr, Tc and Ts are the closure 

temperatures of apatite and the surface temperature respectively, and G is the geothermal 

gradient in °C/km and tL is the lag time in yrs.  We have already calculated tL as ~0–5 

Myr.  Given that a true lag time of 0 Myr is impossible an assumption of a ~1–5 Myr is 

more reasonable.  Assuming a closure temperature of ~110 °C (Gleadow and Duddy, 

1981) and a surface temperature of 20 °C, and a geothermal gradient of 20 °C/km results 
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in an average exhumation rate for the P1 source terrain of 0.9 km/Myr during the Early 

Cretaceous and >>1 km/Myr during the Late Cretaceous. 

 These exhumation rates of 0.9–>>1 km/Myr are relatively high for non-collisional 

systems such as the North America Cordillera, whereas they are more typical of rates 

recorded in collisional systems such as the Himalaya, Pyrenees and the Alps.  Lag times 

between 0-5 Myr have been recorded in Cenozoic foreland basin deposits of the western 

Alps (Carrapa et al., 2003).  Garver et al. (1999) calculated exhumation rates based on 

detrital thermochronology on modern sediments in the Indus River draining the foothills 

of the Himalaya to be 0.6–1 km/Myr, whereas Najman et al. (2003) measured much more 

rapid, up to 4.5 km/Myr, Miocene exhumation rates in the Pakistan Himalaya.  Thiede 

and Ehlers (2013) reported highly varied exhumation rates through space and time in the 

Himalaya, ranging from 0.5–3 km/Myr.  In the Pyrenees, Fitzgerald et al. (1999) 

measured exhumation rates to be ~0.2–>2 km/Myr depending on the location in the 

orogen and time during the orogeny.  In non-collisional systems such as the  central 

Andes, the modern counterpart to the North America Cordillera (Coney and Evenchick; 

1994; Dickinson, 2004), relatively low exhumation rates, 0.2 km/Myr, have been 

measured from Mio-Pliocene  deposits preserved on the southern Puna Plateau (Carrapa 

et al., 2006).  Similar exhumation rates to those presented in this study (>>1 km/Myr) 

have instead been recorded by Eocene-Oligocene deposits on the eastern side of the Puna 

Plateau (Carrapa and DeCelles, 2008) and in Miocene deposits of the Eastern Cordillera 

of NW Argentina (Coutand et al., 2006), suggesting that exhumation can be fast 

geographically focused during periods of tectonic activity. 
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 These high exhumation rates are not sustainable over the entire North America 

Cordillera for long periods of time.  That this is true is manifest by the fact that even low-

grade metamorphic rocks are not exposed in the Cordillera during the Cretaceous 

(DeCelles, 2004; Long, 2012).  Our AFT and zircon He thermochronology data suggest 

that material was exhumed from between 5 and 8 km depths, at exhumation rates of 0.9–

>>1 km/Myr from 118 Ma to 66 Ma; this could not have taken place over the entire 

orogen without exhuming deep-crustal material.  Instead, we propose that high rates of 

exhumation were concentrated in the frontal fold-thrust belt along the eastern margin of 

the North America Cordillera (Fig. 15).  DeCelles (2004) divided the retroarc side of the 

North America Cordillera into five zones: the Luning-Fencemaker thrust belt, central 

Nevada thrust belt, the Nevadaplano (a >3 km high plateau during the mid to Late 

Cretaceous), the frontal Sevier fold-thrust belt, and later the Laramide basement-cored 

uplifts.  This orogenic profile is similar to that of the central Andean arc, Puna-Altiplano, 

and eastern Cordillera zones (Dickinson, 2004; DeCelles, 2004).  Just as the high 

elevation Puna Plateau has been subject to low exhumation rates (0.2 km/Myr) since 

Eocene time (Deeken et al., 2006), it is likely that the Nevadaplano experienced low 

exhumation rates and that rapid exhumation was concentrated along eastward 

propagating Sevier fold-thrust belt (Long, 2012).  As the Sevier fold-thrust belt was 

active, new material was constantly being exhumed in the frontal part of orogenic wedge, 

allowing consistently fast but localized exhumation rates of >>1 km/Myr (Fig. 15).   

Multiple researchers have used subsidence histories to document initial thrusting 

and flexural loading of the Sevier fold-thrust belt, total subsidence, and flexural wave 
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migration (e.g. Heller et al., 1986; Pang and Nummedal, 1995; DeCelles and Currie, 

1996; Allen et al., 2000; Liu and Nummedal, 2004).  Focusing on the samples that are 

free of volcanic contamination (Fig. 14), all are from units deposited in proximal to distal 

foredeep depozones.  Subsidence histories show that these ~118–66 Ma samples come 

from strata deposited during active shortening and subsidence (Heller et al., 1986; 

DeCelles and Currie; 1996; Pang and Nummedal, 1995; Liu and Nummedal, 2004), and 

the consistent short lag times (i.e., rapid exhumation) supports this (Fig. 14).  Short lag 

times recorded in this study are inconsistent with significant reworking and do not 

support the hypothesis that coarse clastics are associated with tectonic quiescence and 

reworking of more proximal foreland basin material.  As of now, no agreement exists on 

the significance of distal coarsening upward deposits.  Horton et al. (2004) link distal 

coarse-grained sedimentary rocks, to active shortening and exhumation in the Charleston-

Nebo portion of the Sevier fold-thrust belt, but others (Willis, 2000) use the “two-phase 

stratigraphic model” as described by Heller et al. (1988) to explain the progradation of 

the Castlegate Formation and the Sego Sandstone Member as the result of periods of 

tectonic quiescence (Fig. 2).  Although, data resolution is an issue in detrital 

thermochronology studies, and higher vertical (stratigraphic) and spatial lag time 

resolution would be ideal, our lag time measurements do not suggest any tectonically 

quiescent periods between ~95 and 66 Ma and arguably between ~118 and 66 Ma (Fig. 

14), but instead, support active tectonics within the source region. 
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SUMMARY AND CONCLUSIONS 

 The combination of DZ U-Pb and detrital AFT and zircon (U-Th-[Sm])/He, 

provides a constraint on the depositional ages of synorogenic deposits. Our new data 

show good agreement between DZ U-Pb youngest signal and existing 40Ar/39Ar ages of 

ashes and biostratigraphic ages of ammonite zones, supporting and further refining the 

stratigraphic age of Upper Jurassic to Upper Cretaceous foreland basin deposits in 

western interior U.S.A. 

 Zircon He thermochronology on conglomerate cobbles produced mixed ages, 

which indicates maximum exhumation of source material from depths with temperatures 

<190 °C, and from no deeper than approximately 8–9 km assuming a 20 °C/km 

geothermal gradient, during the development of the Sevier thrust belt.  AFT ages of 

conglomerate cobbles in wedge-top deposits produce single ages of 76.2 Ma, 253.1 Ma, 

and 231.1 Ma.  This suggests that source material was exhumed from depths with 

temperatures >120 °C, approximately 4–5 km deep.  None of the detrital foreland basin 

samples appears to be significantly annealed following deposition and burial, so burial in 

these areas could not have exceeded 3–4 km as supported by independent stratigraphic 

information. 

 Even though AFT proves to be an effective thermochronometer in the North 

America Cordilleran foreland basin, measuring lag time is challenged by several factors, 

including:  1) low yield of apatite grains in foreland basin deposits; only eleven out of the 

more than thirty-seven samples processed for apatite yielded enough for AFT analysis, 

even with >10 kg sample size; 2) young volcanic or arc-derived contamination.  This also 
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illustrates the need to routinely use U-Pb thermochronology on detrital apatites to identify 

co-magmatic apatites versus older exhumed apatites particularly in retroarc setting. 

 Our measurements indicate lag times of only ~0–5 Myr throughout Cretaceous 

time.  This represents overall steady-state to slightly increasing source exhumation rates 

of 0.9 to >>1 km/Myr.  Lag times are similar in both synorogenic wedge-top 

conglomerates (e.g., the Price River Conglomerate and the North Horn Formation) and 

distal foredeep sandstones (e.g., the Kelvin and Dakota Formations).  Our results suggest 

that both proximal and distal foreland basin coarse-grained deposits represent periods of 

active tectonics and exhumation rather than tectonic quiescence. Our data indicate that 

apatites in distal sandstones in the Cordilleran foreland basin were not stored in the 

proximal part of the foreland for a measureable amount of time and then reworked into 

the distal foreland basin.  Furthermore, these consistently rapid exhumation rates indicate 

that exhumation was likely focused along the eastern flank of the Nevadaplano and the 

Sevier fold-thrust belt, but that the hinterland experienced much slower exhumation rates. 
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Figure 1.  Regional index map of the western U.S.A. including the Sevier fold-thrust belt, 

Laramide province, Cordilleran magmatic arc, and major basins.  Basins shown are the 

San Juan (SJB), Paradox (PB), Uinta-Piceance (U-PB), Denver-Julesburg (D-JB), Green 

River (GRB), Wind River Basin (WRB), Big Horn (BHB), and Powder River (PRB). 

(modified from DeCelles, 2004) 

 

Figure 2.  The two-phase stratigraphic model as proposed by Heller et al. (1988).  The 

model asserts that coarsening upward sequences in the proximal foredeep represent active 

shortening and tectonism in the thrust belt.  In contrast, it asserts that coarsening upward 

sequences in the distal foreland are “anti-tectonic,” formed during times of tectonic 

quiescence, flexural rebound and are reworked from proximal coarse-grained deposits. 

 

Figure 3.  Index map of the study area, including an inset of North America, showing 

Utah, Wyoming, Colorado, and western South Dakota in the western U.S.A.  Map shows 

sample distribution.  Sample information can be found in Table 1. 

 

Figure 4.  Stylized fold-thrust belt, foreland basin and geothermal gradient.  Lag time (tL) 

equals the difference between the cooling age (tc) and the depositional age (td) (Garver et 

al., 1999).  The white dashed lines show the approximate closure temperature of different 

thermochronologic systems.  The black dashed line represents a stylized exhumation 

pathway and the red dot represents apatite bearing sample passing through its closure 

temperature, being exhumed and then deposited in the foreland basin. 
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Figure 5.  Three hypothetical lag time trends and what they suggest about exhumation 

(Garver et al., 1999; Bernet et al., 2001).  Decreasing lag times indicate an increase in 

exhumation.  Constant lag times  indicate a steady-state exhumation rate, and increasing 

lag times indicate a decreasing exhumation rate. 

 

Figure 6.  Probability density plots (PDP) of all young DZ U-Pb analyses (0–200 Ma) 

presented here.  See Table 1 for a comprehensive list of all the samples with DZ U-Pb.  

All curves are normalized to one another.  Samples Sam 18 and Sam 17 come from York 

(2010).  All the other samples are new.  Where applicable MDA is given (see Table 2 for 

more detailed MDA information); n is the number of zircon grains analyzed from each 

whole sample (excluding those grains that have been filtered out given quality assurance 

standards).  All data can be found in the supplementary material 

(Appendix_C_DZ_Data.xls). 

 

Figure 7.  Probability density plots of pre-Sevier DZ U-Pb ages (>160 Ma) to assess 

provenance.  In these PDP curves, grains younger than 160 Ma (coeval with the Sevier 

orogeny) are excluded.  The curves were then re-normalized and then all of them were 

stretched uniformly vertically to make peaks more visible.  Orogenic province ages are 

from Whitmeyer and Karlstrom (2007) and Gehrels et al. (2011). 
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Figure 8.  Depositional age versus zircon (U-Th-[Sm])/He data plotted.  Detailed (U-Th-

[Sm])/He data is reported in table 3.  Note the discordant ages of the non-detrital samples 

(i.e. Sam 3 and Sam 11), which indicates that the zircon (U-Th-[Sm])/He system was not 

fully reset.  Also note that there is a break in the y axis to accommodate the plotting of 

the Proterozoic sample, Sam 11. 

 

Figure 9.  Probability density plots for all detrital AFT samples and  radial plots for all 

conglomerate cobble AFT samples (Table 5).  Dashed lines outline grain populations as 

chosen by BinomFit (Brandon, 2002).  Each PDP is labeled with its corresponding 

sample name.  Note that axis scales are variable. 

 

Figure 10.  Depositional age versus AFT cooling age of all samples analyzed with AFTT 

(both detrital and non-detrital samples).  See table 4 and 5 for details.  0 Myr, 5 Myr, and 

10 Myr lag times are shown with gray lines. 

 

Figure 11.  Depositional age from biostratigraphy and Ar/Ar versus MDA ages from DZ 

U-Pb.  Gray dashed line is where U-Pb = biostratigraphy.  Detailed data is included in 

Table 2. 

 

Figure 12.  Orogenic wedge theory applied to lag times and exhumation rates (from 

Carrapa, 2009). Orogenic wedge theory treats the orogen as a wedge and associates its 

behavior to the angle of the detachment (β), the angle of the topographic slope (α) and a 
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critical angle (Davis et al., 1983).  If the sum of both β and α is greater than θc then 

thrusting rapidly propagates into the foreland:  If the sum of both β and α is less than θc, 

then the orogen builds internally (Davis et al., 1983). Increased exhumation rates 

correspond to subcritical wedges, when the wedge is building internally, and decreased 

exhumation trends correspond to times when the orogenic wedge is supercritical 

(Carrapa, 2009) 

 

Figure 13.  All P1 ages plotted against depositional ages.  Note the scatter.  Typically this 

would be used to interpret lag time, but as stated this population is contaminated with 

volcanogenic apatites (Table 6).  Interpreting all of these as lag times would produce an 

erroneous exhumation interpretation. 

 

Figure 14.  Lag time plot.  All populations that have been contaminated with volcanic 

apatites have been removed from P1.  Gray arrows outline two possible exhumation 

interpretation; 1) constant lag time and steady-state exhumation; 2) Decreasing lag times 

and increasing exhumation rates. 

 

Figure 15. Schematic of the North America Cordillera during the Cretaceous, outlining 

the position of the arc, Nevadaplano, and Sevier fold-thrust belt and exhumation rates.  

Exhumation rates for the Nevadaplano are estimated using measurements from the Puna 

Plateau in Carrapa et al. (2006).  The dashed lines above the subducting slab represent the 

shallowing slab during the Late Cretaceous. (modified from DeCelles, 2004) 
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Figure 8
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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Table 1  Sample list, location, and analyses done 

 Location  Analysis Type 

Sample ID strat unit 
Lat 

Lon 
Sample Type 

DZ 

U-Pb 

zircon  

(U-Th)/He 
AFT 

DA 

U-Pb 

051101 Chilson Mbr. 
N43.44490° 

W103.77887° 
detrital x    

051102 Chilson Mbr. 
N43.44490° 

W103.83715° 
detrital x    

051103 Morrison Fm. 
N43.44717° 

W103.83905° 
detrital x    

051104 Frontier Fm. 
N43.69704° 

W106.69336° 
detrital x    

051105 Frontier Fm. 
N40.96244° 

W109.47128° 
detrital x    

051106 Dakota SS. 
N40.95719° 

W109.47023° 
detrital x    

051107 Cedar Mtn. Fm. 
N40.52022° 

W109.52075° 
detrital x    

051108 Morrison Fm. 
N40.54865° 

W109.52416° 
detrital x    

051201 Echo Cny. Cgl. 
N40.96344° 

W111.41634° 
cgl clast   x  

051204 Kelvin Fm. 
N40.76712° 

W111.40012° 
detrital x  x x 

051205 Lazeart SS. 
N41.58785° 

W110.63001° 
detrital x    

051206 Fronti er Fm. 
N41.87089° 

W110.52497° 
detrital x    

051207 Blair Fm. 
N41.48659° 

W108.96523° 
detrital x  x x 

051208 Brooks Mbr. 
N41.35810° 

W108.93082° 
detrital x  x x 

051209 Trail Mbr. 
N41.32461° 

W108.94299° 
detrital x    

051210 Canyon Creek Mbr. 
N41.31646° 

W108.92226° 
detrital x    

051211 Almond Fm. 
N41.31762° 

W108.90691° 
detrital x    

051212 
Chimney Rock 

Tongue Mbr. 

N41.39890° 

W108.93394° 
detrital x  x x 

051213 Buckhorn Cgl. 
N42.56673° 

W106.70624° 
detrital x    

051214 Morrison Fm. 
N42.52449° 

W106.74066° 
detrital x    

051218 Dakota SS. 
N37.11554° 

W111.85088° 
detrital x  x x 

051219 Ericson Fm. 
N41.31892° 

W108.93170° 
detrital x    

07.28.11 Adaville Fm. 
N42.23242° 

W110.31064° 
detrital x    

060922 Price River Fm. 
N39.96674° 

W111.47218° 
cgl. clast   x  

060923 Price River Fm. 
N39.96532° 

W111.47127° 
cgl. clast   x  

Sam 3 Price River Fm. 
N40.00208° 
W111.40743° 

cgl. clast  x   

Sam 5 North Horn Fm. 
N40.00193° 

W111.40824° 
detrital  x   

Sam 7 North Horn Fm. 
N40.00498° 

W111.40840° 
detrital  x   

Sam 8 North Horn Fm. 
N40.00193° 

W111.40945° 
cgl. clast   x  

Sam 11 Inkom Fm. 
N39.34931° 

W112.28324° 
PZ strata  x   
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Table 1 continued       

Sam 13 Price River Fm. 
N39.51203° 

W111.73695° 
detrital  x   

Sam 15 Castlegate Fm. 
N40.16784° 

W108.87477° 
detrital  x   

Sam 16 Castlegate Fm. 
N40.16843° 

W108.87371° 
detrital  x   

Sam 17 
Sego Sandstone 

Mbr. 

N40.20236° 

W108.86123° 
detrital x1 x x x 

Sam 18 
Sego Sandstone 

Mbr. 

N40.20167° 

W108.86312° 
detrital x1 x   

Sam 19 Castlegate Fm. 
N39.88097° 

W111.21610° 
detrital  x   

NSD4 B 
Sego Sandstone 

Mbr. 

N40.17529° 

W108.82601° 
detrital   x x 

Notes: This is a comprehensive list of all samples presented in this paper and the analytical work performed on each sample 

(see Fig. 5 for a visual location of the sample).  Except for two samples with DZ U-Pb all these analyses are new;  1 are 

samples DZ published by York [2010].  DZ (U-Pb) is detrital zircon U-Pb.  Zircon (U-Th)/He is zircon (U-Th)/He 

thermochronology.  AFT is apatite fission track thermochronology, and DA U-Pb is detrital apatite U-Pb thermochronology.  

Sample Type indicates whether the sample was a detrital sandstone foreland basin sample, or a conglomerate cobble from 

wedge-top deposits. 
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Table 2  Upper Jurassic to Upper Cretaceous stratigraphic ages  

       DZ young ages MDA (Ma)  

Fm./Mbr. 
equivalent 

stratigraphy 
Location Age (Ma) Age Data Type Source 

youngest 

grain 

Avg. young 

grains 

Youngest 

pop. 
Sam. 

Almond Fm.  
south-central 

Wyoming 
~72–71 

late Campanian–

Maastrichtian 
ammonites 35, 40 none none none 051211 

North Horn 

Fm. 
 

north-central 

Utah 
~70–61 

Maastrichtian–early 

Paleocene 
palynomorphs 41 N/A N/A N/A Sam 8 

Price River 

Cgl.  
north-central 

Utah 
~80–71 

mid–late 

Campanian 
palynomorphs 41 N/A N/A N/A 

060922 

& 

060923 

E
ri

cs
o

n
 F

m
. 

Canyon Creek 

Mbr. 

south-central 

Wyoming 

74.67 ± 0.15–

72.94 ± 0.45 
late Campanian 

stratigraphic 

correlations & 

ammonites & Ar/Ar 

35, 40 
a72.1 ± 

1.5 
N/A 

a72.9 ± 

4.8 
051210 

Rusty Mbr 
south-central 

Wyoming 
~78 Campanian 

stratigraphic 

correlations & 

ammonites 

35, 40 none none none 051219 

Trail Mbr. 
south-central 

Wyoming 
~79 Campanian 

stratigraphic 

correlations & 

ammonites 

35, 40 none none none 051209 

Sego 

Sandstone 

Mbr. 
 

northwest 

Colorado 
~78–76 Campanian 

stratigraphic 

correlations, 

ammonites, & DZ U-

Pb 

36, 37, 

38, 39 

b76.6 ± 

1.5 
none none Sam 17 

Rock 

Springs Fm. 

Brooks Mbr. 
south-central 

Wyoming 
~81 early Campanian ammonites 

30, 31, 

32, 33 
none none none 051208 

Chimney Rock 

Tongue Mbr. 

south-central 

Wyoming 
~81.5 early Campanian ammonites 

30, 31, 

32, 33 
none none none 051212 

Adaville Fm. 

upper Adaville 
western 

Wyoming 
81.86 ± 0.36 early Campanian ammonites & Ar/Ar 

30, 31, 

32, 33 
none none none 

07.28.1

1 

Lazeart SS 

Mbr. 

western 

Wyoming 
~82.5 early Campanian ammonites 

30, 31, 

32, 33 

85.3  ± 

1.3 
87.2 ± 4.8 96.9 ± 0.7 051205 

Blair Fm. 
south-central 

Wyoming 
~82.5 early Campanian ammonites 

31, 33, 

34, 35 
84.3 ± 4.8 85.6 ± 4.1 96.0 ± 0.8 051207 

Echo 

Canyon Cgl. 
 

north-central 

Utah 
~87–85 

Coniacian–

Santonian 
palynomorphs 28, 29 N/A N/A N/A 051201 

Frontier 

Fm. 

 eastern Utah ~93.2–89 Turonian ammonites 25 90.5 ± 2.0 91.5 ± 2.5 94.0 ± 0.8 051105 

 
western 

Wyoming 

95.73 ± 0.61–

89 

Cenomanian–

Turonian 
ammonites & Ar/Ar 

25, 26, 

27 
none none none 051206 

 
eastern 

Wyoming 

95.73 ± 0.61–

89 

Cenomanian–

Turonian 
ammonites & Ar/Ar 

25, 26, 

27 
none none none 051105 
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Table 2 continued         

       DZ young ages MDA (Ma)  

Fm./Mbr. 
equivalent 

stratigraphy 
Location Age (Ma) Age Data Type Source 

youngest 

grain 

Avg. young 

grains 

Youngest 

pop. 
Sam. 

Dakota Fm. 

 
south-central 

Utah 
~95 Cenomanian 

stratigraphic 

correlations & 

ammonites 

23, 24 94.5 ± 2.9 none none 051218 

 eastern Utah 95–94 Cenomanian 

stratigraphic 

correlations & 

ammonites 

22 none none none 051106 

Cedar Mtn. 

Fm. 
 eastern Utah 117–109 Ma Aptian–Albian U-Pb on zircons 15 

106.3 ± 

2.8 
107.3 ± 3.6 

109.2 ± 

2.5 
051107 

C
lo

v
er

ly
 F

m
. 

Kelvin Fm. eastern Utah ~126–112 Aptian–Albian 

stratigraphic 

correlations & 

ammonites 

7, 8, 

9,10 

117.2 ± 

3.2 
118.0 ± 4.5 

121.3 ± 

3.2 
051204 

Buckhorn 

Mbr. of the 

Cloverly 

central 

Wyoming 
~139–126 

Valanginian–

Barremian 
palynomorphs 

3, 11, 

12, 13, 

14, 15 

none none none 051213 

Chilson Mbr. 

of the Lakota 

Fm. 

western South 

Dakota 
~126–113 Aptian palynomorphs 

16, 17, 

18, 19, 

20, 21 

none none none 

051101 

& 

051102 

M
o

rr
is

o
n

 F
m

.  eastern Utah 
154.8 ± 0.6–

135.2 ± 5.5 

Kimmeridgian–

Berriasian 
Ar/Ar & K/Ar 4, 5, 6 

136.3 ± 

8.8 
147.6 ± 5.9 

155.3 ± 

4.1 
051108 

 
central 

Wyoming 

154.8 ± 0.6–

~145 

Kimmeridgian–

Tithonian 

Ar/Ar & 

palynomorphs 
3, 4 

154.2 ± 

3.8 
157.0 ± 3.2 none 051214 

 
western South 

Dakota 
~158–~145 

late Oxfordian–

Tithonian 

(predominantly 

Kimmeridgian) 

palynomorphs, 

ostracodes and 

charophytes 

1, 2 
157.8 ± 

6.6 
160.2 ± 4.2 

161.8 ± 

3.3 
051103 

 

Notes:  Stratigraphic ages of Late Jurassic–Paleocene sandstones to conglomerates that span Utah, Colorado, Wyoming and South Dakota.  Existing ages were gathered from existing 

literature and the sources are given below.  Absolute ages of certain biozones are all from Cobban et al. [2006], which is a compilation of previous biostratigraphic and Ar/Ar work.  New 

constraints from detrital zircon U-Pb dating, presented in this study, are shown also (a some DZ U-Pb grains included from Leary et al. [in press], b DZ age that comes from York [2010]).  In 

the DZ age columns “none” indicates that none were found during U-Pb analysis, and “N/A” indicates that these are conglomerate cobbles so no DZ analysis was done.  

 

Sources: 1 [Litwin et al., 1998]; 2 [Schudack et al.1998]; 3 [DeCelles and Burden, 1992]; 4 [Kowallis et al., 1992]; 5 [Kowallis et al., 1998]; 6 [Peterson, 1992]; 7[Crittenden, 1963]; 8 

[Hale and Van de Graaf, 1964]; 9 [Kauffman, 1969]; 10 [Ryer, 1977]; 11 [DeCelles et al., 1993]; 12 [Furer et al., 1997]; 13 [O’Malley, 1994]; 14 [Way, 1997]; 15 [Burton et al., 2006]; 16 

[Waagé, 1959]; 17 [Post and Bell, 1961]; 18 [Dahlstrom and Fox, 1995]; 19 [Way et al., 1998]; 20 [Zaleha, 2006]; 21 [Sames et al., 2010]; 22 [Johnson, 2003]; 23 [Kirschbaum and 

McCabe, 1992];  24 [Currie, pers. comm. 2013]; 25 [Cobban and Reeside, 1952]; 26 [Merewether et al., 1976]; 27 [Cobban, 1990]; 28 [Jacobson and Nichols, 1982]; 29 [DeCelles, 1994]; 

30 [Miller, 1977]; 31 [Roehler, 1990]; 32 [Devlin et al., 1992]; 33 [Krystinik and Blakeney DeJarnett, 1995]; 34 [Smith, 1961]; 35 [Gill et al., 1970]; 36 [Gill and Hail, 1975]; 37 [Cullins, 

1971]; 38 [Molenaar and Wilson, 1993]; 39 [Painter et al., 2013]; 40  [Martinsen et al., 1999]; 41 [Horton et al., 2004]. 
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Table 3  Zircon (U-Th)/He data 

Sample Name-zircon 

# 
Fm./Mbr. 

Sample 

Type 
Mass (ug) Halfwidth (um) U (ppm) Th (ppm) 

4He 

(nmol/g) 
Ft Corr Age (Ma) 

Analyt. 

± (2σ) 

Sam 7-z1 North Horn Fm. detrital 2.93 45.50 538.71 228.04 451.40 0.76 154.08 5.64 

Sam 7-z2 North Horn Fm. detrital 0.63 28.50 527.40 206.64 509.49 0.63 184.63 7.63 

Sam 7-z3 North Horn Fm. detrital 2.87 45.00 705.73 280.44 382.93 0.76 105.71 3.77 

Sam 5-z1 North Horn Fm. detrital 0.97 31.50 62.83 47.95 67.11 0.66 185.90 8.12 

Sam 5-z2 North Horn Fm. detrital 1.07 35.25 290.09 318.99 82.38 0.68 56.68 2.03 

Sam 5-z3 North Horn Fm. detrital 0.70 29.00 430.94 176.78 199.16 0.64 99.86 3.97 

Sam 17-z1 
Sego Sandstone 

Mbr.. 
detrital 2.56 43.50 209.77 191.51 469.66 0.75 347.55 12.14 

Sam 17-z2 
Sego Sandstone 

Mbr.. 
detrital 1.60 38.50 303.33 82.98 116.95 0.72 84.04 3.59 

Sam 17-z3 
Sego Sandstone 

Mbr... 
detrital 5.03 41.25 24.46 7.89 73.11 0.76 506.85 20.74 

Sam 3-z1 Price River cgl. cgl. cobble 2.10 41.25 99.32 59.38 34.57 0.74 76.18 2.58 

Sam 3-z2 Price River cgl. cgl. cobble 2.78 43.25 192.13 101.20 278.69 0.75 253.12 8.42 

Sam 3-z3 Price River cgl. cgl. cobble 3.39 44.25 293.47 117.50 376.27 0.76 231.14 7.73 

Sam 13-z1 Price River cgl. detrital 15.68 79.50 394.60 195.61 318.76 0.86 141.09 4.81 

Sam 13-z2 Price River cgl. detrital 1.75 34.25 261.95 159.46 129.00 0.70 97.32 3.79 

Sam 13-z3 Price River cgl. detrital 5.81 52.00 17.93 51.27 42.91 0.79 272.39 8.56 

Sam 15-z1 Castlegate Fm. detrital 0.39 23.75 211.81 63.03 85.70 0.57 95.95 5.15 

Sam 15-z2 Castlegate Fm. detrital 0.54 26.75 226.65 127.73 141.98 0.61 125.76 5.45 

Sam 15-z3 Castlegate Fm. detrital 0.46 24.75 172.01 149.86 171.85 0.58 177.35 6.71 

Sam 16-z1 Castlegate Fm. detrital 1.06 33.50 78.04 75.69 120.91 0.67 249.49 9.54 

Sam 16-z2 Castlegate Fm. detrital 0.95 32.25 297.05 88.29 594.94 0.67 357.16 15.20 

Sam 16-z3 Castlegate Fm. detrital 0.83 26.25 235.06 109.07 64.77 0.63 64.47 5.08 

Sam 19-z1 Castlegate Fm. detrital 2.51 42.25 165.95 106.45 405.53 0.75 396.34 14.27 

Sam 19-z2 Castlegate Fm. detrital 1.30 36.00 251.26 98.67 200.35 0.70 152.23 6.17 

Sam 19-z3 Castlegate Fm. detrital 1.75 37.00 113.72 76.20 241.61 0.69 348.72 13.65 

Sam 11-z1 Inkom Fm. PZ Strata 5.65 47.75 55.14 39.34 6.17 0.78 22.82 0.50 
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Table 3 continued          

Sam 11-z2 Inkom Fm. PZ Strata 6.46 45.50 117.77 59.46 78.16 0.78 139.69 3.14 

Notes: Sample Name and zircon grain number from individual sample. Fm./Mbr. is the Formation or Member that the sample came from.  Sample type identifies whether the sample was a 

sandstone (i.e., detrital), a conglomerate cobble (cgl. cobble), or Paleozoic strata in the thrust belt (PZ Strata).  Mass is the mass of the zircon, and halfwidth is the half width of the zircon 

(one dimension used to approximate volume).  Ft is the fraction of 4He retained within the crystal base on Farley et al. (1996).  Corr Age is the corrected age and Analyt. is the analytical 

error. 
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Table 4  Samples with apatite fission track data 

Sample Latitude Longitude Stratigraphic unit Sample type 
Number of 

grains (N) 

Spontaneous ρs  

106 cm-2 (Ns) 

Induced       

ρi  106 cm-

2 (Ni) 

Dosimeter   ρd  

106 cm-2 (Nd) 

P(χ2) 

(%) 

Central age ± 

1σ (Ma) 

Sam 8 N40.20167 W108.86312 North Horn Fm. cgl. cobble 20 1.58 (203) 4.66 (599) 1.31 30.6 66.1 ± 6.2 

Sam 17 N40.20236 W108.86123 Sego SS. Mbr. detrital 100 0.919 (3186) 2.70 (9374) 1.36 (9253) 0.0 80.2 ± 6.8 

NSD4 B N40.17529 W108.82601 Sego SS. Mbr. detrital 100 0.923 (2064) 2.43 (5442) 1.68 (9253) 0.0 119.3 ± 12.1 

060923 N39.96532 W111.47127 Price River Fm. cgl. cobble 20 1.52 (193) 5.17 (658) 1.73 70.8 74.5 ± 6.4 

060922 N39.96674 W111.47218 Price River Fm. cgl. cobble 20 2.06 (240) 6.46 (752) 1.71 79.2 79.8 ± 6.3 

051208 N41.35810 W108.93082 Brooks Mbr. detrital 100 0.686 (1521) 1.55 (3444) 1.50 (6202) 0.0 128.7 ± 8.8 

051212 N41.39890 W108.93394 
Chimney Rock 

Tongue Mbr. 
detrital 100 0.582 (1685) 1.50 (4354) 1.63 (6202) 0.0 123.4 ± 8.5 

051207 N41.48659 W108.96523 Blair Fm. detrital 100 0.643 (1122) 1.47 (2568) 1.46 (6202) 0.0 130.3 ± 9.8 

051201 N40.96344 W111.41634 Echo Canyon Cgl. cgl. cobble 20 0.640 (62) 1.641 (159) 1.27 99.98 90.5 ± 14.0 

051218 N37.11554 W111.85088 Dakota Fm. detrital 100 1.01 (2076) 2.38 (4925) 1.76 (6202) 0.0 149.2 ± 10.1 

051204 N40.76712 W111.40012 Kelvin Fm. detrital 30 0.759 (327) 1.87 (806) 1.37 (6202) 0.4 105.7 ± 10.2 

Notes:  All samples with AFTT.  In all conglomerate cobbles (cgl. cobble), twenty grains were analyzed.  In detrital samples one-hundred grains were analyzed except for in sample 051204 

where only thirty apatite grains were analyzed because of the low apatite yield.  ρs is the spontaneous track density and Ns is the number of spontaneous tracks counted. ρi is the induced 

track density on the external detector (muscovite) and Ni is the number of induced tracks counted.  Nd and ρd are the number of tracks and density of tracks calculated from the CN-5 

dosimeter glass.  P(χ 2) is the χ 2 probability.  Fission-track ages were calculated using a weighted mean zeta calibration factor [Hurford and Green, 1983] based on IUGS age standards 

(Durango and Fish Canyon Tuff apatites).  The ζ for C. S. Painter is 367.7 ± 14.1 (± 2σ). 
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   Table 5 Detailed AFT data—all populations 

Sample 

ID 
strat unit 

Stratigraphic 

age (Ma) 
N 

FTage 

range 

(Ma) 

P1 (Ma) P2 (Ma) P3 (Ma) P4 (Ma) 

Sam 8 
North 

Horn Fm. 
65.5 ± 4.5 20 

39.6–

143.0 

66.1 ± 6.2 

100% 
NA NA NA 

Sam 17 

Sego 

Sandstone 

Mbr. 

73 ± 1.5 100 
34.2–

268.4 

66.6 ± 

6.0/5.5 

72.0% 

110.7 ± 

22.5/18.7 

24.9% 

xx xx 

NSD4 B 

Sego 

Sandstone 

Mbr. 

76.6 ± 1.5 100 
40.9–

901.7 

66.6 ± 

7.3/6.6 

33.1% 

111.9 ± 

11.0/10.1 

52.2% 

xx 

382.2 ± 

46.4/41.5 

14.7% 

060923 
Price River 

Fm. 
77 ± 2 20 

43.9–

147.3 

74.5 ± 6.3 

100% 
NA NA NA 

060922 
Price River 

Fm. 
78 ± 2 20 

51.6–

161.6 

79.8 ± 6.3 

100% 
NA NA NA 

051208 
Brooks 

Mbr. 
81 ± 3 100 

25.0–

624.6 

112.0 ± 

6.2/5.9  

82.8% 

xx 

327.7 ± 

51.0/44.3 

13.9% 

xx 

051212 

Chimney 

Rock 

Tongue 

Mbr. 

81.5 ± 1 100 
39.6–

782.6 

90.3 ± 

5.5/5.2 

64.2% 

172.0 

18.0/16.3 

31.1% 

xx 

454.9 ± 

121.1/96.3 

4.7% 

051207 Blair Fm. 82.5 ± 1 100 
39.6–

1459.4 

85.6 ± 

9.7/8.7 

52.8% 

162.1 ± 

50.6/38.7 

37.4 

271.9 ± 

147.0/96.1 

8.8% 

xx 

051201 

Echo 

Canyon 

Cgl. 

86 ± 1 20 
58.1–

153.9 

90.5 ± 

14.03 

100% 

NA NA NA 

051218 
Dakota 

Fm. 
94.5 ± 2.9 100 

43.9–

579.0 

88.8 ± 

7.0/6.5 

35.2% 

155.6 ± 

13.6/12.6 

46.4% 

310.3 ± 

35.5/32.0 

18.4% 

xx 

051204 Kelvin Fm. 
117.2 94.5 ± 

3.2 
30 

34.0–

247.2 

122.9 ± 

12.2/11.7 

78.1% 

xx xx xx 

 Notes:  Binomial peak-fit ages (P1–P4) as determined with BinomFit [Brandon, 2002] and are indicated by their mean age ± 1σ 

(note that errors are asymmetrical).  The weighted mean of the non-detrital samples are listed here for reference, and NA is listed in 

the other population, given that there is only one population.  Where a population is absent in the detrital samples xx is listed. 
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Table 6 Double dates—AFT and U-Pb  age of single apatite grains 

Sample-

Grain 
strat unit 

Depositional age 

(Ma) 
AFT P1 age (Ma) AFT grain age (Ma) 

6/8 U-Pb age 

(Ma) 

Sam 17-10 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
70.5 ± 50.7 93.5 ± 5.1 

Sam 17-11 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
73.6 ± 48.6 142.1 ± 15.8 

Sam 17-12 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
76.1 ± 24.4 510.7 ± 59.7 

Sam 17-15 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
59.8 ± 26.3 100.6 ± 3.8 

Sam 17-16 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
48.3 ± 28.9 85.0 ± 7.5 

Sam 17-17 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
51.5 ± 28.9 95.2 ± 10.4 

Sam 17-19 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
68.9 ± 49.6 867.2 ± 17.5 

Sam 17-22 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
39.2 ± 22.2 150.9 ± 9.6 

Sam 17-24 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
73.2 ± 45.0 99.8 ± 9.0 

Sam 17-25 Sego Sandstone Mbr. 73 ± 1.5 
66.6 ± 6.0/5.5 

72.0% 
67.0 ± 51.4 131.0 ± 2.1 

NSD4 B-5 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
58.2 ± 30.8 89.2 ± 59.0 

NSD4 B-6 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
52.1 ± 19.3 101.7 ± 5.1 

NSD4 B-10 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
49.3 ± 22.2 1676.5 ± 80.0 

NSD4 B-13 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
67.4 ± 46.3 103.9 ± 3.7 

NSD4 B-15 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
53.0 ± 23.8 90.9 ± 8.7 

NSD4 B-21 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
48.8 ± 23.8 1687.38 ± 41.9 

NSD4 B-22 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
78.0 ± 54.7 116.8 ± 6.0 

NSD4 B-23 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
54.5 ± 13.2 98.0 ± 98.4 

NSD4 B-25 Sego Sandstone Mbr. 76.6 ± 1.5 
66.6 ± 7.3/6.6 

33.1% 
63.4 ± 36.8 119.4 ± 5.5 

051208-2 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
95.1 ± 49.0 92.6 ± 6.2 

051208-8 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
76.8 ± 47.6 83.7 ± 6.0 

051208-9 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
125.9 ± 34.0 132.5 ± 35.2 

051208-10 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
54.0 ± 15.8 89.6 ± 8.4 

051208-12 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
81.0 ± 29.1 143.9 ± 31.7 

051208-21 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
114.3 ± 58.0 125.1 ± 19.0 

051208-24 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
71.3 ± 29.8 108.7 ± 31.9 

051208-25 Brooks Mbr. 81 ± 3 
112.0 ± 6.2/5.9  

82.8% 
85.3 ± 33.0 98.4 ± 51.3 

051212-6 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
54.9 ± 9.9 161.4 ± 14.1 

051212-9 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
63.1 ± 31.6 138.4 ± 9.1 

051212-11 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
79.4 ± 55.0 100.2 ± 10.7 

051212-14 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
39.8 ± 4.2 156.6 ± 41.4 
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Table 6 continued     

051212-20 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
124.0 ± 78.2 106.2 ± 5.0 

051212-24 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
86.7 ± 42.7 140.4 ± 17.7 

051212-25 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
84.6 ± 24.1 135.6 ± 22.1 

051212-28 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
68.5 ± 25.1 127.2 ± 8.7 

051212-29 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
83.2 ± 66.9 1571.2 ± 22.6 

051212-30 
Chimney Rock Tongue 

Mbr. 
81.5 ± 1 

90.3 ± 5.5/5.2 

64.2% 
75.2 ± 37.3 148.7 ± 13.3 

051207-2 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
111.4 ± 10.2 213.3 ± 26.0 

051207-3 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
103.3 ± 17.2 102.8 ± 7.2 

051207-5 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
105.2 ± 36.8 89.0 ± 10.8 

051207-10 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
121.1 ± 78.3 171.1 ± 6.6 

051207-14 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
44.2 ± 8.0 128.8 ± 12.6 

051207-16 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
118.1 ± 40.8 100.8 ± 3.5 

051207-17 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
75.5 ± 47.2 96.0 ± 5.6 

051207-18 Cedar Mtn. Fm. 82.5 ± 1 
85.6 ± 9.7/8.7 

52.8% 
107.7 ± 45.9 1869.0 ± 159.5 

051218-1 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
125.0 ± 76.2 1558.4 ± 26.4 

051218-2 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
67.2 ± 37.8 1591.9 ± 40.9 

051218-13 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
110.7 ± 66.4 1327.9 ± 15.3 

051218-17 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
120.9 ± 74.6 1477.4 ± 30.0 

051218-19 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
84.9 ± 30.8 1477.4 ± 30.0 

051218-20 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
107.9 ± 79.6 320.6 ± 6.7 

051218-21 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
71.2 ± 38.5 1602.0 ± 17.0 

051218-23 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
107.1 ± 61.4 1578.1 ± 16.5 

051218-24 Dakota Fm. 94.5 ± 2.9 
88.8 ± 7.0/6.5 

35.2% 
86.8 ± 51.5 1594.3 ± 12.5 

051204-1 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
106.5 ± 40.1 227.4 ± 27.7 

051204-2 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
35.3 ± 0.7 303.0 ± 71.0 

051204-3 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
32.7 ± 12.3 141.8 ± 22.5 

051204-4 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
87.6 ± 8.3 283.9 ± 37.7 

051204-9 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
136.9 ± 61.7 333.5 ± 43.8 

051204-10 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
110.7 ± 38.2 134.3 ± 21.3 

051204-11 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
139.5 ± 57.5 892.1 ± 23.6 

051204-13 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
48.2 ± 22.6 140.3 ± 18.2 

051204-16 Kelvin Fm. 117.2 94.5 ± 3.2 
122.9 ± 12.2/11.7 

78.1% 
77.9 ± 13.4 184.2 ± 23.7 
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Table 6 continued 

Notes: Individual AFT population and  grain ages compared to the U-Pb age (see Fig. 9 for apatite U-Pb Concordia plots).  

Detailed apatite U-Pb data can be found in the auxiliary data (Table A2). 
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