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ABSTRACT 

 
Despite numerous studies of Laramide-style (i.e., basement-cored) structures, 

their 4-dimensional structural evolution and relationship to adjacent sedimentary basins 

are not well understood. Analysis and correlation of growth strata along the eastern 

Colorado Front Range (CFR) help decipher the along-strike linkage of thrust structures 

and their affect on sediment dispersal. Growth strata, and the syntectonic 

unconformities within them, record the relative roles of uplift and deposition through 

time; when mapped along-strike, they provide insight into the location and geometry of 

structures through time. This paper presents an integrated structural- stratigraphic 

analysis and correlation of three growth-strata assemblages within the fluvial and fluvial 

megafan deposits of the lowermost Cretaceous to Paleocene Dawson Formation on the 

eastern CFR between Colorado Springs, CO and Sedalia, CO. Structural attitudes from 

12 stratigraphic profiles at the three locales record dip discordances that highlight 

syntectonic unconformities within the growth strata packages. Eight traditional-type 

syntectonic unconformities were correlated along-strike of the eastern CFR distinguish 

six phases of uplift in the central portion of the CFR. The correlation of the syntectonic 

unconformities shows diachronous development of emerging structures that formed the 

CFR. The structures first developed in the South, then propagated in a northward 

direction along the eastern side of the CFR. Lithofacies and paleocurrent analysis within 

the growth strata record the transition from fluvial (confined) deposition to unconfined 

fluvial/megafan deposition. Sediment entry points for the fluvial (confined) and 

unconfined fluvial/megafan depositional systems were controlled by the lateral linking of 

along strike thrust faults (i.e., transverse or transfer zones) that bound the CFR.  
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Provenance analysis supports the linkage of thrust structures controlling the 

provenance and sediment entry points to the Denver Basin. Petrographic analysis of 

twelve thin sections within the lower Dawson Formation shows two distinct petrofacies 

indicative of two fluvial megafan systems when considered with lithofacies and 

paleocurrent analysis. An unroofing signal was also identified that developed in 

response to the removal of Phanerozoic cover and Precambrian basement that covered 

the CFR due to emerging Laramide structures. The study has implication for predicting 

clastic sediment distribution in punctuated foreland basins, which ultimately controls 

reservoir presence for conventional plays and clay content for unconventional shale 

plays.  
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Figure 2.41  Palynomorph photos from Kluth and Nelson (1988) all at 630x 

magnification. (A) Wodenhouseia spinata. (B) Aquilapollenites conatus. 
(C) Aquilapollenites delicates. (D) Libopollis. (E) Kurtsipites 
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Figure 2.42  Paleogeographic maps of the diachronous development of Laramide 
structures along the CFR and the development of the synorogenic 
sediment of the lower Dawson Formation through time. (A) Gravelly, 
braided fluvial (confined) deposits of the lower Dawson Formation/D1 
sequence (Arapahoe Formation) begin to flow toward the Denver Basin 
near the Air Force Academy. Paleocurrent rose diagram is from 
measurements taken from the Arapahoe Formation and indicate 
paleocurrent to the Northeast and the East.  (B) Two periods of major 
uplift on emerging Laramide structures (red hill symbol) near the Air Force 
Academy. This interpretation is based on identified major (both traditional-
type and subtle-type) SU’s in outcrop. The lower Dawson Formation 
depositional system is still fluvial (confined) but it is a combination of 
meandering and braided-type channels. The paleocurrent rose diagram 
are from measurements take from the fluvial (confined) lithofacies and has 
paleocurrent dominantly to the West. (C) The next major uplift on 
Laramide structures near the Air Force Academy has propagated 
northward (from AFB1 to AFB3). The depositional system of the lower 
Dawson Formation is a unconfined fluvial/megafan with radiating pattern 
of paleocurrents to the Northeast and Southeast collected from the 
unconfined fluvial/megafan lithofacies.  (D) Structures begin to uplift in the 
Perry Park/Statter Ranch area. The depositional system here is 
unconfined fluvial/megafan with no precursor fluvial (confined) deposition 
recognized. Paleocurrent has a radiating pattern from the Northeast to the 
Southeast and are collected from the unconfined fluvial/megafan 
lithofacies.  (E) Fluvial (confined) systems begin to emerge from the CFR 
and flow towards the Northeast at Wildcat Tail and Wildcat Mountain. At 
this time Laramide structure begin to propagate into the Wildcat 
Mountain/Wildcat Tail area and uplift near Wildcat Tail. The paleocurrent 
rose diagram show paleocurrent to the Northeast and paleocurrent 
measurements were collected from the fluvial (confined) lithofacies. (F) 
Laramide structures propagate northward from Wildcat Tail to Wildcat 
Mountain (WM1). Two major uplift events are identified based on SU’s at 
the Wildcat Mountain  outcrop (red hill symbol). The depositional system 
of the lower Dawson Formation at this time is an unconfined 
fluvial/megafan. Paleocurrent measurements indicate a radiating pattern 
of paleocurrent with flow radiating from Northwest to Southeast. The 
paleocurrent measurements were collected from unconfined 
fluvial/megafan lithofacies. (G) Laramide structures further propagate 
northward at Wildcat Mountain. The depositional system of the lower 
Dawson Formation is a unconfined fluvial/megafan. Paleocurrent 
measurements indicate a radiating pattern to paleoflow radiating from 
Northwest to Southeast. Paleocurrent measurements were collected from 
the unconfined fluvial/megafan 
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Figure 3.1  Distrubution of key Laramide sedimentary basins and intervening uplifts in 
the Rocky Mountain region between central Montana and central New 
Mexico.(A) Map of the Western United States with the Franciscan 
subduction complex, Colorado Plateau, and Frontal flank of the overthrust 
belt lablled. Saleeby (2003). Laramide-style structures and basins from 
Dickinson et al. (1988) are also shown. (B) Enlargement of Rocky 
Mountain region with key Laramide-style structures and basins labeled. 
Dickinson et al. (1988). Abbreviation FRU denotes the Front Range Uplift. 
Uplifts (U): BiU-Big Horn; BtU-Beartooth; GMU-Granite Mountains; HaU-
Hartville; OCU-Owl Creek; RaU-Rawlins; RSU-Rock Springs; SaU-
Sawatch; SCU-Sangre de Cristo; WiU-Wind River; WMU-Wet Mountains. 
Basins (B): BHB-Bighorn; GRB-Green River; PiB-Piceance; PRB-Powder 
River; RaB-Raton; WaB-Washakie; WRB-Wind River.  Modified from 
Dickinson et al. (1988)............................................................................202 

 
Figure 3.2  Stratigraphic column of Maastrichtian to Eocene units deposited during the 

Laramide Orogeny in the Denver Basin adjacent to the central CFR. 
Stratigraphic zone of interest is highlighted by red parentheses. Identified 
SU’s from three field locations (Wildcat Mtn., Perry Park/Statter Ranch, and 
Air Force Academy) are also marked within the stratigraphic zone of 
interest. (Aschoff, 2010 personal communication)...................................204 

 
Figure 3.3  Diagram of unroofing of the southern Front Range in Colorado. (A) A time 

of relative tectonic stability in central Colorado, (B) During early phases of 
Laramide deformation, grains were recycled out of Phanerozoic section, 
(C) Also during early Laramide deformation volcanism from the Colorado 
Mineral Belt contributed material to the Denver Basin, (D) By later stages 
of Laramide Deformation, most volcanic and sedimentary cover had been 
removed by earlier erosion, and synorogenic sediments in the basin were 
derived mainly from basement. Kelley (2002).........................................205 

 
Figure 3.4  Chronostratigraphic chart of Upper Cretaceous to Paleogene rocks in 

northeastern Utah and southwestern Wyoming. The focus of DeCelles and 
Cavazza (1999) is highlighted in red. DeCelles and Cavazza (1999).....207 

 
Figure 3.5  (A) Conglomerate clast-count data from Hams Fork Conglomerate. Note 

the relatively greater abundance of Paleozoic sandstone and carbonate 
clasts and lesser abundance of Proterozoic and lower Cambrian (Tintic) 
quartzite and Precambrian basement clasts in sections Northeast of 
Evanston, Wyoming. The bold dash line indicates the approximate 
boundary between the two petrofacies. (B) Paleogeographic map of the 
latest Cretaceous in the proximal part of the Cordilleran foreland basin 
system in northeastern Utah and southwestern Wyoming. The stippled 
areas represent fluvial megafans of the Hams Fork Conglomerate. The 
three principal source terranes for the Hams Fork Conglomerate are 
labeled-Willard thrust sheet, Wasatch anticlinorium, and the frontal ridges 
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of the Crawford and Absaroka thrust faults. The Cottonwood arch(~25 km 
South)  may have also supplied detritus to the Hams Fork Conglomerate 
in the southwestern most part of the study area. Modified from DeCelles 
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Figure 3.6  Map of study areas in the Denver Basin. Map showing the basin extent, 

geology, study sites (red circles), core locations (red stars), 
paleomagnetism sample locations (purple triangles) from Hicks et al. 
(2003), and palynology sample locations (blue square) from this paper and 
Kluth and Nelson (1988). Geologic terminology is from Raynolds (2002). 
The formation of interest for this paper is the D1 sequence or lower 
Dawson Formation (Late Cretaceous to Paleogene (TKd)). Basemap from 
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Figure 3.7  QFL triplot diagram (Modified from Folk, 1968) of data from Wilson (2002).  

The D1 sequence is highlighted in red. Modified from Wilson (2002).....213 
 
Figure 3.8   (A)Chart of two major sedimentary components-chert and dolomite within 

the Kiowa core. Note the three major spikes in total chert within the D1. 
(B) Chart of major feldspathic components- plagioclase, potassium 
feldspar, and granitic fragments. Potassium feldspar is the most abundant 
in the samples from the D1 sequence. (C) Chart of volcanic components- 
silicic volcanics and basic volcanics. The largest pulse of silicic volcanic is 
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Figure 3.10  (A) Chart of the four main provenance grain type categories illustrating 
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removed.  Again a pulse or spike in plutonic/high-grade metamorphics can 
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Figure 3.12  Triplot of quartzose components- plutonic/volcanic, bladed mineral 
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Figure 3.13  (A) Photo of typical metamorphic quartz in plain light (40x magnification) 

(field of view ~ 0.5 mm) with characteristic bladed mineral inclusions. Red 
arrow highlights bladed mineral inclusion. (B) Photo of typical 
metamorphic grain in cross-polarized light (40x magnification) (field of 
view ~ 0.5 mm) with characteristic bladed mineral inclusions. Red arrow 
highlights bladed mineral inclusion. (C) Photo of typical plutonic/volcanic 
quartz in plain light (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the quartz grain. (D) Photo of plutonic/volcanic quartz in cross-
polarized light (10x magnification) (field of view ~ 3 mm) with characteristic 
“light to dark” or “quick” extinction. Red arrow highlights the quartz 
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Figure 3.15  Photos of the two typical type feldspars grains- alkali feldspar and 

plagioclase feldspar. (A) Photo of an alkali feldspar grain in cross-
polarized light with distinct “tartan plaid” or grid twinning from sample CP 
15 of the Castle Pines core (10x magnification) (field of view ~ 3 mm). Red 
arrow highlights the alkali feldspar grain. (B) Photo of a plagioclase 
feldspar grain in cross-polarized light with distinct albite twinning from 
sample CP 8 of the Castle Pines core (10x magnification) (field of view ~ 3 
mm). Red arrow highlights the plagioclase feldspar grain......................226 
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Figure 3.17  Photos of example lithic-type grains (A) Photo of an igneous lithic grain 

with visible phenocrysts in plain light from sample KC 16A from the Kiowa 
core (10x magnification) (field of view ~ 3 mm). Red arrow highlights the 
igneous grain. (B) Photo of the same igneous grain as photo (A) in cross-
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magnification) (field of view ~ 3 mm). Red arrow highlights grain. (C) 
Photo of a metamorphic lithic grain in plain light from sample CP 10 of the 
Castle Pines core (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the metamorphic grain. (D) Photo of the same metamorphic 
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Pines core (10x magnification) (field of view ~ 3 mm). Red arrow highlights 
grain. (G) Photo of unidentified heavy mineral lithic grain in plain light from 
sample CP5 of the Castle Pines core (10x magnification) (field of view ~ 3 
mm). Red arrow highlights grain. (H) Photo of unidentified heavy mineral 
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same five quartz grains as photo (C) but in cross-polarized light (10x 
magnification) (field of view ~ 3 mm). Red arrows highlight the five quartz 
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polarized light (10x magnification) (field of view ~ 3 mm). Red arrow 
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sample S1 in cross-polarized light showing abundant bladed mineral 
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Red arrow highlights quartz grain. (D) Photo of polycrystalline quartz (Qp) 
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magnification) (field of view ~ 5 mm). Red arrow highlights the 
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arrow highlights quartz grain. (B) Photo of euhedral quartz grain in cross-
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highlights quartz grain.............................................................................234 
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microcrystalline quartz in plain light from sample WM 1 (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (B) Photo of the 
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(field of view ~ 5 mm). Red arrow highlights grain. (B) Photo the same 
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KC 38A (4x magnification) (field of view ~ 3 mm). Red arrows highlight the 
grains. (F) Photo of the same two alkali feldspar grains as photo (E) from 
sample KC 38A in cross-polarized light (4x magnification) (field of view ~ 5 
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magnification) (field of view ~ 3 mm).  (B) Photo of plagioclase feldspar 
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same alkali feldspar grain as photo (A) from sample WM 1 in cross-
polarized light with visible “tartan plaid” or grid twinning (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (C) Photo of an 
alkali feldspar grain in plain light from sample WM 1 (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (D) Photo of the 
same alkali feldspar grain as photo (C) from sample WM 1 in cross-
polarized light with visible “tartan plaid” or grid twinning (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (E) Photo of alkali 
feldspar grain from sample WM 3 in cross-polarized light with visible 
“tartan plaid” or grid twinning (10x magnification) (field of view ~ 3 mm). 
Red arrow highlights the grain. (F) Photo of plagioclase feldspar grain 
from sample WM 3 in cross-polarized light (4x magnification) (field of view 
~ 5 mm). Red arrow highlights the grain.................................................247 

 
Figure 3.30  Stratigraphic column of the Wildcat Mountain growth strata outcrop with 

QFL triplot data of each sample. Two key sequence stratigraphic surfaces 
are also labeled- KaFS1 (Arapahoe Conglomerate flooding surface) and 
KaSB1 (Arapahoe Conglomerate Sequence Boundary)..........................248 

 
Figure 3.31  Photos of lithic grains from samples of the Kiowa core. (A) Photo of 

igneous lithic grain from sample KC 38A in plain light (4x magnification) 
(field of view ~ 5 mm). Red arrow highlights the grain. (B) Photo of the 
same igneous lithic grain as photo (A) from sample KC 38A in cross-
polarized light with visible phenocrysts (4x magnification) (field of view ~ 5 
mm). Red arrow highlights the grain. (C) Photo of an igneous lithic grain 
from sample KC 16A in plain light (10x magnification) ((field of view ~ 3 
mm). Red arrow highlights the grain. (D) Photo of the same igneous lithic 
grain as photo (C) from sample KC 16A in cross-polarized light with visible 
phenocrysts (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the grain. (E) Photo of a metamorphic lithic grain from sample 
KC 16A in plain light (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the grain. (F) Photo of the same metamorphic lithic grain as 
photo (E) from sample KC 16A in cross-polarized light (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain............................250 



 xxiv 

 
Figure 3.32  Photos of lithic grains from samples of the Castle Pines core. (A) Photo of 

a zircon grain from sample CP 11 in plain light (10x magnification) (field of 
view ~ 3 mm). Red arrow highlights the grain. (B) Photo of the same 
zircon grain from photo (A) from sample CP 11 in cross-polarized light 
(10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain. 
(C) Photo of sedimentary lithic grain from sample CP 15 in plain light (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights the grain. (D) 
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Figure 4.6  Paleogeographic maps of the diachronous development of Laramide 

structures along the CFR and the development of the synorogenic 
sediment of the lower Dawson Formation through time. (A) Gravelly, 
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CHAPTER 1 

INTRODUCTION 

 This chapter focuses on providing the context and reasoning behind this thesis. 

The purpose of this work is presented and its importance is supported by the lack of 

agreement on kinematic models for the Laramide Orogeny along the central Colorado 

Front Range (CFR), and the need for an integrated stratigraphic approach to this 

problem.  

1.1 PURPOSE OF STUDY 

Growth strata can provide valuable information that can unlock the timing and 

development of structures along strike of the CFR. The number of syntectonic 

unconformities and their amount of discordance within growth strata indicate the 

number of phases when uplift exceeded sedimentation. Growth-strata sequences and 

their constituent unconformities on the eastern CFR will decipher the location and 

relative timing of local uplifts that composed the eastern CFR front during the Laramide 

Orogeny (sensu Riba (1978), Verges et al. (2002), Patton (2004), Aschoff and Schmitt 

(2008)).  Along-strike correlation of the syntectonic unconformities supplemented by 

published chronostratigraphic data provides the relative timing of uplift at each location, 

and reveals the linking of uplifts through time.  Understanding how these basinward 

thrust structures developed along the eastern, central CFR provides insight to the over 

mechanism of Laramide-style uplift, and can provide clarity to the four models proposed 

for the CFR (Figure 1.1).  The development of thrust faulting in narrow bands on each 
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side of the CFR and how significant these faults are compared to strike-slip motion is 

still contested (Kelley and Chapin 1997).  

Prior to this paper, only one growth strata outcrops had been documented along 

the eastern CFR due to their low preservation potential, and only one of these has been 

reported (Kluth and Nelson 1988). This paper highlights two additional exposures that 

were identified at the Air Force Academy in Colorado Springs, CO. Other well-exposed 

outcrops are located near Perry Park, CO and at Wildcat Mountain in Sedalia, CO 

(Figure 1.2).  This paper evaluates whether (1) basinward-directed thrust faults develop 

as a series of isolated fault related structures that parallel the main S-N proto-Colorado 

Front Range (2) did the linking of basinward-directed thrust faults laterally (i.e., transfer 

or transverse zones) control the position of coarse-grained, locally distinct clastic 

tongues within the lower Dawson Formation (D1 sequence)? 

1.2 PREVIOUS CFR MODELS OF LARAMIDE UPLIFT 

The CFR is one of the most striking features in Western North America, forming 

the sharp boundary between the highest peaks of the Rockies and the Great Plains. 

Loading of the crust by the CFR uplift caused crustal flexure that formed the adjacent 

Denver Basin, where important oil/gas reservoirs and water aquifers form part of the 

basin-fill (Figure 1.1).  Despite the importance of the CFR and its associated basin for 

natural resources, there were just a handful of studies that have interrogated the close 

relationship between structural development and basin formation.  One of the key 

remaining questions regarding the CFR is what is how frontal thrust developed along 

strike and through time during the Laramide Orogeny, and how frontal thrust along the 

eastern CFR effected sediment dispersal in the Denver Basin.   
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1.2.1 GEOLOGICAL CONTEXT 

The term “Laramide” traditionally refers to tectonic movements of the latest 

Cretaceous and early Tertiary time in the western Cordillera Foreland Basin (Dickinson 

et al. 1988). Laramide-style uplifts are thick-skinned, basement-cored uplifts with 

intervening sediment-filled foreland basins that formed during the time-transgressive 

Laramide Orogeny (Dickinson et al. 1988). The Laramie Orogeny is the result of 

deformation caused by the subduction of the shallow Farallon plate and its North-

Northeast (oblique) trajectory beneath the craton from Southwest Arizona through 

Wyoming (Saleeby 2003).  In the central Rocky Mountain region, Laramide-style uplifts 

segregated the foreland basin into discrete local basins. These emerging basement-

cored uplifts eventually became the source of orogenic sediment within the localized 

basins (Figure 1.1) (Dickinson et al. 1988).  

 The Laramide Orogeny occurred during the Late Cretaceous-Early Tertiary on 

the site of the Late Paleozoic basement-cored uplift (Kluth 1997).  The CFR is one of 

the Laramide-style uplifts in the Rocky Mountain region, and is 180 miles long and 40 

miles wide (Sonnenberg and Boylard 1997). The basic tectonic framework set forth in 

the central CFR area during the Precambrian  effected later structural features such as 

Laramide uplift (sensu Badgley 1960). The dominant trend of the three fault trends 

contained in the Precambrian rocks is North-Northwest, and the influence of this 

dominant trend within the Precambrian rocks can be seen on younger structures 

(Sonnenberg and Boylard 1997).  

Raynolds (1997) states that uplift of the central Front Range was a subset of the 

regional basement-involved compressive and transpressive orogenic forces responsible 
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for the deformation of much of the uplift in Montana, Wyoming, Utah, and Colorado.  

The Laramide uplift or deformation on the eastern side of the Front Range in Colorado 

is composed of West-Southwest and East-Northeast dipping thrust and reverse faults 

(Erslev and Selvig 1997). The along-strike style of deformation changes along the 

length of basement-cored uplifts despite relatively uniform basement rock (Erslev and 

Selvig 1997).    

 In cross-sectional view, the basin is asymmetric, with its deeper portion to the 

West suggesting a flexural subsidence mechanism for the Denver Basin (Sonnenberg 

and Boylard 1997). The sedimentary record of the Laramide Orogeny is contained 

within the Arapahoe (~68-67 Ma), Denver (~67-63.5 Ma), and Dawson Formation (~67-

63.5 Ma) (Figure 1.3). The Dawson Formation is predominantly alluvial arkosic 

conglomerates indicating a nearby western highland with enough relief and erosion to 

shed abundant Precambrian granitic debris (Grose 1960). Adjacent to the fault contact, 

the Dawson Formation is locally folded and overturned (Grose 1960). Raynolds (1997) 

postulated that strata deposited during the Laramide Orogeny record two discrete 

episodes of uplift on the Front Range bounding thrust faults.   

1.2.2 ORIGINS OF THE LARAMIDE OROGENY 

Prucha et al. (1965) first investigated the origin of basement-cored uplifts in the 

Rocky Mountain region using examples from Montana, Wyoming, Colorado, and New 

Mexico. Based on experimental rock deformation data, Prucha et al. (1965) suggested 

that Laramide deformation was due to basement block faulting bounded by upthrust 

faults. Later, Dickinson and Synder (1978) suggested that the dynamic effects of 

overlapping plate scraping beneath the Cordillera Foreland Basin caused the Laramide 
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Orogeny based on the correlation in both space and time between the magmatic null in 

the western Cordillera and the classic Laramide Orogeny in the eastern Cordillera. 

Moreover, Dickinson and Snyder (1978) noted that orogenies are classified as arc, 

collision, or transform orogenies, but the Laramide Orogeny does not fit into any of 

these models. Comparing foreland flow speed and direction with the known motion of 

the Kula and Farallon plates confirms that the Laramide Orogeny had a different 

mechanism than the Sevier Orogeny: it was driven by basal traction during an interval of 

horizontal subduction (i.e., flat-slab) not by edge forces due to coastal subduction or 

spreading of the western Cordillera or by accretion of terranes to the coast (Bird 1998).  

 Research by Maxson and Tikoff (1996), Tikoff and Maxson (2001), and Saleeby 

(2003) provided alternative models for Laramide-style deformation in the Rocky 

Mountain region. The first suggested model by Maxson and Tikoff (1996) is a “hit-and-

run” model for the Laramide Orogeny.  Maxson and Tikoff (1996) argue that the scale of 

the tectonic style resembles a collision-type, but the collider is not preserved at this 

latitude. They provide the terranes of western British Columbia and Southeast Alaska as 

the collider (the “hit”).  The western British Columbia and Southeast Alaska collider 

subsequently translated northward during oblique convergence (the “run”) to its present 

latitude (94 Ma and ca. 40 Ma.)(Figure 1.4) (Maxson and Tikoff 1996). The “hit-and-run” 

movement of these terranes are spatially and temporally coincident with the 

development of the Laramide Orogeny (80 to 45 Ma) (Maxson and Tikoff 1996).  The 

next model suggested by Tikoff and Maxson (2001) is lithospheric buckling as the 

primary cause of the Laramide-style uplifts; theirs is consistent with the wavelength of 

arches in the Western United States but does not explain the wide range of structural 
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styles observed in the Laramide province. Saleeby (2003) states that the subduction of 

a shallow slab portion of the Farallon plate can be correlated to plate edge and interior 

Laramide deformation. Saleeby (2003) provides a modern analogue of this shallow slab 

subduction causing interior deformation is the Juan Fernandez Rise subduction beneath 

the southern Andes and the adjacent Sierra Pampeanas foreland thrust belt.  

1.2.3 KINEMATIC MODELS OF THE COLORADO FRONT RANGE 

Three kinematic models were proposed for the Laramide Orogeny in the central 

CFR (Figure 1.6). The first model is vertical uplift with large vertical faults bounding the 

western and eastern sides of the central CFR (Figure 1.6 (A)). Tweto (1980c) argues 

that arching and up faulting are the mechanism of Laramide-style uplift along the CFR, 

because the opposing reverse and thrust faults on each side of the CFR can be 

interpreted as near-surface expressions of steep faults (Figure 1.6 (A)) (Sonnenberg 

and Boylard 1997). The second model is horizontal/lateral compression. The 

horizontal/lateral compression kinematic hypothesis is supported by evidence of 

bounding thrust faults that bound both the western and eastern edges of the central 

CFR. An upthrust and strike-slip flower structure model has also been used to support 

the horizontal/lateral compression hypothesis (Figure 1.6 (B)) (Erslev et. al 2004, Kelley 

and Chapin 1997). The theory of horizontal compression gained ground with advances 

in seismic imaging in the 1980’s, which supports shortening of the CFR (sensu 

Sonnenberg and Boylard 1997).  The third kinematic model is low-angle, symmetric 

thrust faulting (Figure 1.6 (C)) (Raynolds 1997). The third model has the low-angle, 

symmetric thrust bounding both the western and eastern sides of the central CFR as the 

main mechanism for uplift. The extent of thrust faulting versus strike-slip is still presently 
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debated (Erslev 1991, Erslev et al. 2004, Erslev 2005, Kelley and Chapin 1997, and 

Raynolds 1997).   

1.3 LARAMIDE-STRUCTURES AND GROWTH STRATA 

Growth strata associated with Laramide structures can provide insight on the 

timing and the development and propagation of thrust-bounding faults. Laramide-style 

structures and their development were documented, but the use of growth strata has 

been under utilized throughout the literature. Often growth strata sequences are 

identified but never analyzed in detail.  An example of this under utilization is the 

identification of growth strata packages within a Paleocene synorogenic conglomerate 

juxtaposed to the Beartooth Range, Wyoming (DeCelles et. al 1989). The Beartooth 

Range is the result of the Laramide Orogeny and contains Laramide-style structures.  

Facies and provenance analysis was conducted on the Paleocene conglomerate, but no 

analysis of the growth strata geometries, syntectonic unconformities, or analysis of 

lateral linking of those syntectonic unconformities (DeCelles et al. 1989). Provenance 

analysis showed the presence of an unroofing signal produced from the removal of 

Upper Cretaceous through Precambrian section of the eastern Beartooth Range 

(DeCelles et. al 1989). If the facies analysis and provenance analysis were combined 

with growth strata analysis then a more detailed development of the Laramide 

structures within the Beartooth Range could be produced. This paper integrates both 

examination of external growth strata geometries with detailed growth strata 

architecture analysis including facies, paleocurrent, and syntectonic unconformities data. 
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1.4 UNROOFING SIGNALS IN THE DENVER BASIN 

 Variations in provenance within the lower Dawson Formation in the Denver Basin 

have implications on fluvial megafan development during the Laramide Orogeny.  

Variations, like grain-type, can be used to establish petrofacies for the emerging fluvial 

megafans within the lower Dawson Formation.  Identification of trends within the grain-

type constituents can also reveal an unroofing signal that developed in response to the 

removal of Phanerozoic cover and Precambrian basement due to emerging Laramide 

structures.   

 Unroofing sequences show provenance variations through the section as an 

uplift or tectonic event occurs during the deposition.  The first “source” deposited would 

be the first unit to be exposed during an uplift or the youngest unit in the sequence, 

resulting in an inverted stratigraphy of the source (Figure 1.7) (Wilson 2002). The 

stages of unroofing during the Laramide Orogeny started with the Phanerozoic cover 

and ended with the Precambrian basement (Figure 1.7). The synorogenic deposits of 

the Laramide Orogeny include the Arapahoe, Dawson (D1 and D2 sequences 

(Raynolds 1997, 2002)), and the Denver Formations (Figure 1.3). Identifying unroofing 

sequences along strike and comparing the development of the unroofing sequence 

between outcrops of the lower Dawson Formation (D1 sequence) can support whether 

the development was synchronous or diachronous along strike. The data along strike 

(near the CFR) can also be compared to the unroofing sequence within the basin.  

 The sequence of source material before Laramide uplift is generally well known 

due to the sequence still being exposed in the hogbacks along the southeastern margin 

of the CFR.  Sedimentary sequences from Ordovician to Cretaceous or Pennsylvanian 
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to Cretaceous overlie Proterozoic metamorphic and plutonic rocks in central CFR. 

Volcanic material was sourced from the Paleocene intrusive centers in the Colorado 

Mineral Belt and probably covered the CFR before Laramide-style deformation (Kelley 

2002).  Wilson (2002) provided detailed petrographic provenance analysis of the Kiowa 

core samples, and identified an unroofing signal in the D1 synorogenic packages.  

Fission-track (FT) thermochronology of detrital zircon and apatite was also used to 

identify an unroofing signal in the Denver Basin (Kelley 2002). Kelley (2002) also 

concluded that an unroofing signal was present in the D1 (lower Dawson Formation) 

synorogenic sequence.  

1.5 METHODS AND DATA 

 Stratigraphic, structural, and petrographic data were collected from three study 

sites along the eastern front of the CFR adjacent to Denver, CO (Figure 1.2). These 

outcrop sites were supplemented with well-log data provided by Colorado Geological 

Survey (CGS) and the Colorado Department of Water Resources (CDWR). Thins 

sections from the Kiowa core and Castle Pines core were provided by the Denver 

Museum of Nature and Science for analysis. 

Outcrop data collection of growth strata within the lower Dawson Formation 

included 12 total stratigraphic profiles from the three study sites, structural 

measurements, paleocurrent analysis, and facies analysis. The 12 stratigraphic profiles 

(2806 m (9206 ft) total) were collected using a Jacob staff, adjusting for dip change 

every 2-3 m. Detailed structural measurements of strike and dip were collected every 2-

3 m. Paleocurrent measurements were collected wherever possible along the measured 

stratigraphic profiles from cross-beds, imbricated clasts, or ripple cross-lamination; 
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quality of paleocurrent measurements varies greatly based on the type of sedimentary 

structures available. Facies descriptions were developed based on grain size, texture, 

lithology, sedimentary structures, bed thickness, and bed geometries. Samples for 

palynology analysis were also collected at the locations of the measured stratigraphic 

profiles.  

 A sequence-stratigraphic correlation was created using measured stratigraphic 

profiles and well-log data along strike (S-N) of the CFR. Well-log data was acquired 

from the CGS and CDWR. A total of 15 well- logs were used in the PETRA software for 

the along strike correlation parallel to the trend of the CFR. Gamma-ray curves and 

resistivity curves were used where available for each well in the correlation. 

 Petrographic analysis was completed on 12 thin section samples from growth 

strata outcrops and two continuous cores (Kiowa core and Castle Pines core) in the 

Denver Basin. The field samples from the growth strata outcrops were etched for 

potassium feldspar on half of the thin section and impregnated with blue epoxy to show 

porosity.  The samples obtained from the Kiowa and Castle Pines cores were 

impregnated with blue epoxy, but only the Castle Pines core thin sections were stained 

for potassium feldspar on half of the thin section.  A total of 4 thin sections from each 

core were chosen from within D1 sequence for analysis, and 2 thin sections from each 

outcrop (Wildcat Mountain and the Air Force Academy) of growth strata within the D1 

sequence.  

The Gazzi-Dickinson Point Counting Method (Dickinson 1970) was applied to the 

thin sections, except only 300 point counts were used so that the data could be 

comparable to previous studies on the petrology of the synorogenic sediments within 
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the Denver Basin. The Gazzi-Dickinson Method was chosen because of its emphasis 

on tectonic setting and its effect on the source area of detrital sandstones. One section 

was point counted to 400 point-counts (AFB-2) so that the data could be checked for 

statistical reliability to 300 counts. Using point count data, the rock was then classified 

and descriptions were developed recording its textural and mineralogical maturity. The 

Folk Method (Folk 1968) of rock classification was chosen and the Folk QFL plot was 

used to classify each sample from this paper. The results (classification, maturity, 

porosity, and compaction) were used to identify an unroofing sequence and develop the 

sequence of events for lower Dawson Formation in the Denver Basin. 

1.6 ORGANIZATION OF THESIS 

 The objective of this thesis is to better understand the development of Laramide-

style structures and the tectonic history of the CFR. This objective is achieved through 

stratigraphic and petrographic analysis of growth strata in the lower Dawson Formation. 

The thesis is organized as two stand-alone papers (Chapter 2 and Chapter 3).  

Chapter 2 focuses on the stratigraphic analysis and correlation of growth strata 

and well-log data along-strike of the CFR. External geometries and internal architecture 

of growth strata are examined and interpreted to provide insight into the timing and 

development of Laramide structures along the eastern side of the CFR. Correlation of 

identified syntectonic unconformities within the growth packages show the location of 

the main area of uplift and the development through time along-strike.  

 Chapter 3 presents the petrographic analysis of thin sections from both core and 

outcrop samples from the lower Dawson Formation. Variation in provenance between 

each sample location distinguishes petrofacies within the lower Dawson Formation that 



 12 

can be tied to the facies analysis and depositional environment interpretation of a 

unconfined fluvial/megafan system. The variation of provenance within a single sample 

location shows an unroofing pattern that elucidates the uplift history of the CFR.  

 Chapter 4 summarized the results and conclusions presented in Chapter 2 and 

Chapter 3, and suggest future work along the central CFR and Denver Basin. 

All figures and tables will be at the end of each associated chapter and will 

appear in order as references. 
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Figure 1.1 (below) Distrubution of key Laramide sedimentary basins and intervening 
uplifts in the Rocky Mountain region between central Montana and central New 
Mexico.(A) Map of the Western United States with the Franciscan subduction complex, 
Colorado Plateau, and Frontal flank of the overthrust belt lablled. Saleeby (2003). 
Laramide-style structures and basins from Dickinson et al. (1988) are also shown. (B) 
Enlargement of Rocky Mountain region with key Laramide-style structures and basins 
labeled. Dickinson et al. (1988). Abbreviation FRU denotes the Front Range Uplift. 
Uplifts (U): BiU-Big Horn; BtU-Beartooth; GMU-Granite Mountains; HaU-Hartville; OCU-
Owl Creek; RaU-Rawlins; RSU-Rock Springs; SaU-Sawatch; SCU-Sangre de Cristo; 
WiU-Wind River; WMU-Wet Mountains. Basins (B): BHB-Bighorn; GRB-Green River; 
PiB-Piceance; PRB-Powder River; RaB-Raton; WaB-Washakie; WRB-Wind River.  
Modified from Dickinson et al. (1988).  
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Figure 1.2 Map of study areas in the Denver Basin. Map showing the basin extent, 
geology, study sites (red circles), core locations (red stars), paleomagnetism sample 
locations (purple triangles) from Hicks et al. (2003), and palynology sample locations 
(blue square) from this paper and Kluth and Nelson (1988). Geologic terminology is 
from Raynolds (2002). The formation of interest is the D1 sequence or lower Dawson 
Formation (Late Cretaceous to Paleogene (TKd)). Basemap from Raynolds (2002). 
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Figure 1.3 Stratigraphic column of Maastrichtian to Eocene units deposited during the 
Laramide Orogeny in the Denver Basin adjacent to the central CFR. Stratigraphic zone 
of interest is highlighted by red parentheses. Identified SU’s from three field locations 
(Wildcat Mtn., Perry Park/Statter Ranch, and Air Force Academy) are also marked 
within the stratigraphic zone of interest. (Aschoff 2010, personal communication). 
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Figure 1.4 Paleogeographic configuration of dextral transpressional collision (“run”) of 
Baja BC micro plate and North America, resulting in the Laramide orogeny. From 
Maxson and Tikoff (1996).  
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Figure 1.5 Schematic cross-section at approximately 40° N latitude of lithospheric-scale 
buckling formed during the Laramide Orogeny. Wavelength of folding is about 190 km. 
Tikoff and Maxson (2001).  
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Figure 1.6 (below) Simplified cross-sections of tectonic models for the Front Range 
based on (A) vertical uplift, with gravity sliding of the western flank (Tweto (1980 (c)), 
(B) symmetric up-thrusts and positive strike-slip flower structures (Kelley and Chapin 
1997), (C) low-angle, symmetric thrust faulting in the central Front Range (Raynolds 
1997). Modified from Erslev et al. (2004). 
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Figure 1.7 (below) Diagram of unroofing of the southern Front Range in Colorado. (A) A 
time of relative tectonic stability in central Colorado, (B) During early phases of 
Laramide deformation, grains were recycled out of Phanerozoic section, (C) Also during 
early Laramide deformation volcanism from the Colorado Mineral Belt contributed 
material to the Denver Basin, (D) By later stages of Laramide Deformation, most 
volcanic and sedimentary cover had been removed by earlier erosion, and synorogenic 
sediments in the basin were derived mainly from basement. Kelley (2002). 
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CHAPTER 2 
 

ADDING THE 4TH DIMENSION: A RECORD OF LATERAL FAULT LINKING ALONG 
THE COLORADO FRONT RANGE USING GROWTH STRATA ANALYSIS AND 

STRATIGRAPHIC CORRELATION 
 
 Analysis of growth strata within the lower Dawson Formation in the Denver Basin 

constrains the relative timing and location of developing structures along the eastern 

Colorado Front Range (CFR) during the Laramide Orogeny. The facies stacking 

patterns, key flooding surfaces, and regional unconformities were used to correlate 

along-strike of the CFR, which provided evidence for the interpretation of diachronous 

development of Laramide-style structures from South to North. 

2.1 INTRODUCTION 
 Growth strata are fanning upward successions of sediments or sedimentary rock 

that can be used to unravel the structural development of an uplifted area (Figure 2.1) 

(Verges et al. 2002). Riba (1978) first described growth strata in the Spanish Pyrenees 

as “syntectonicas discordencias,” or progressive syntectonic unconformities. The 

concept was later refined by a number of workers (Ford et al. (1997), Giles and Lawton 

(2002), Verges et al. (2002), Patton (2004), Aschoff and Schmitt (2008)). Patton (2004) 

describes growth strata as syntectonic-sedimentary units deposited adjacent to or 

across an emerging structure. Growth strata, and the syntectonic unconformities within 

the growth packages, record the ratio of uplift to deposition through time (Patton 2004). 

Growth strata sequences generally have low preservation potential because they form 

very proximal features to the structure or uplift (Giles and Lawton 2002). Growth strata 

deposits are often cannibalized by the uplifting or propagating fault structure (DeCelles 
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et al. 1989). When present, however, these growth strata sequences provide 

considerable insight into the structural development of an area.  

For example Giles and Lawton (2002) documented “halokinetic sequences” or 

salt-related growth strata sequences within less than a kilometer of several salt diapirs 

in northeastern Mexico.  The key revelation made by Giles and Lawton (2002) was that 

there are systematic, unconformity-bound packages adjacent to the salt and the 

architecture of these packages highlights the relative roles of uplift and sediment supply.  

The systematic, unconformity-bound packages adjacent to the salt structure show how 

proximal growth strata are to the uplift or emerging structure (Giles and Lawton 2002). 

Ford et al. (1997) discuss how preserved growth strata adjacent to associated fold 

structures record the kinematics and timing of these structures. Kinematic models of 

fault-propagation folds include both kink-band migration and limb rotation models 

(Figure 2.2) (Ford et al. 1997).  Growth strata within growth triangles associated with 

kink-band migration show no variation in dip or thickness up –section (Ford et al. 1997). 

Growth strata associated with the limb-rotation model for fault-propagation folds do 

show changes in growth strata dip and thickness in the up-dip and up-section portions 

on the steep forelimb (Ford et al. 1997). Growth strata are tectonic signatures with 

notable characteristics in their internal and external geometries (Aschoff and Schmitt 

2008). The main characteristic is the presence of syntectonic unconformities and their 

degree of angular discordance (Aschoff and Schmitt 2008). As growth strata are 

deposited, a syntectonic unconformity will occur within the wedge sequence if the uplift 

outpaces the deposition (Patton 2004). Note, that not all synorogenic strata are growth 

strata but all growth strata are synorogenic.  
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The Colorado Front Range (CFR) is one of the most striking features in Western 

North America, forming the sharp boundary between the highest peaks of the Rockies 

and the Great Plains (Figure 2.3). The CFR uplift and associated flexure formed the 

adjacent Denver Basin, where Cretaceous to Paleogene synorogenic sediments form 

deep important oil/gas reservoirs and water aquifers from part of the basin-fill (Figure 

2.4).  Despite the importance of the CFR and its associated basin for natural resources, 

there are a handful of studies that have interrogate the close relationship between 

structural development and basin formation. Raynolds (1997, 2002) has contributed to 

the understanding of the relationship between tectonics and sedimentation within the 

Denver Basin, and has spurred further research with his interpretations of the 

synorogenic stratigraphy and the development history of the Denver Basin. One of the 

key remaining questions regarding the CFR is what is how frontal thrust developed 

along strike and through time during the Laramide Orogeny, and how the developing 

frontal thrust along the eastern CFR effected sediment dispersal in the Denver Basin.   

 Each syntectonic unconformity records a period of time when the rate of uplift 

exceeded the rate of sedimentation. If sedimentation rates are assumed to be constant, 

we interpret each syntectonic unconformity as a phase of uplift. These angular 

discordances become more concordant with increased distance from the structure. 

Using the number of syntectonic unconformities and their amount of discordance within 

growth strata sequences, it is possible to discern the location, relative timing, and linking 

of local uplifts that constitute the larger CFR uplift during the Laramide Orogeny.  

Synthesis of published chronostratigraphic data and along-strike correlation of the 

syntectonic unconformities provide the timing of uplift at each location, and reveal the 
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linking of uplifts through time.  Understanding how these structures developed along 

strike provides insight to the over mechanism of Laramide-style uplift, and can provide 

clarity to the four models proposed for the CFR (i.e., Erslev 1991, Erslev et al. 2004, 

Erslev 2005, Kelley and Chapin 1997, and Raynolds 1997).  

 In addition to previously reported growth-strata outcrops near Colorado Springs, 

CO (i.e., Kluth and Nelson 1988), this paper integrates analysis from two recently 

recognized exposures near Perry Park and Sedalia, CO (Figure 2.4). 

This study will utilize the three growth-strata study sites to evaluate whether (1) 

basinward-directed thrust faults develop as a series of isolated fault related structures 

that parallel the main S-N proto-Colorado Front Range (2) did the linking of basinward-

directed thrust faults laterally (i.e., transfer or transverse zones) control the position of 

coarse-grained, locally distinct clastic tongues within the lower Dawson Formation (D1)? 

2.2 USE OF GROWTH-STRATA ANALYSIS TO UNRAVEL COMPLEX 

STRUCTURAL HISTORIES 

 Riba (1976) first realized the utility of syntectonic unconformities within growth 

strata in the Spanish Pyrenees: because the unconformities and associated strata 

flattened up-section he termed the wedge of growth strata “progressive unconformities”. 

Riba (1976) applied this term to identified surfaces with connections to tectonics and 

sedimentation within conglomeratic units in the Catalonian area of the Pyrenees. The 

model developed in this work explained how variations in uplift rates relative to 

sediment supply produced either onlapping or offlapping patterns in the growth strata 

(i.e., cumulative wedge sequences)- more offlapping indicated higher uplift and 

onlapping indicated reduced uplift (Figure 2.5) (Riba 1976). Riba’s early work 
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galvanized additional research in growth strata, and showed their importance as a 

record of the tectonic and sedimentary history of an area.  

 More recent research on growth strata by Giles and Lawton in 2002 identified 

“halokinetic sequences” adjacent to the El Papalote diapir, Mexico. These “halokinetic 

sequences” were less than 1 kilometer from the El Papalote diapir, which shows that the 

unconformity-bound packages adjacent to the salt structure are tied to the relative uplift 

of the salt structure and to sediment supply (Figure 2.6) (Giles and Lawton 2002).  

Other studies done in 2002 by Verges et al. examined growth strata in foreland settings.  

In a landmark review paper, Verges et.al (2002), noted that growth strata are linked to 

emerging structures in both compressional and extensional settings, and can unravel 

fold kinematics and timing of deformation in each of these settings. Utilizing numerical 

models, Patton (2004) described three types of growth strata preservation states due to 

constant rates of base level change and rate of accommodation. Patton (2004) used 

numerical modeling in an active monocline setting and looked at factors for growth 

strata development like erosion, deposition, and deformation.   The three types of 

preservation states are base-level falls greater than the accommodation created by 

uplift in a basin (no growth strata are deposited and the preexisting units are eroded), 

base level falls less than the rate of accommodation created in the basin (growth strata 

will be deposited as off-structure wedge), and base level rises in the basin (growth 

strata will cover the emerging structure as on-structure wedge) (Figure 2.7) (Patton 

2004).  

Aschoff and Schmitt (2008) documented growth strata at the front of the 

southernmost segment of the Sevier Fold-Thrust belt in southeastern Nevada; here they 
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distinguished a second type of syntectonic unconformity that helped identify uplift during 

times of higher sediment supply when angular discordances at unconformities is lower. 

The first syntectonic unconformity type is the “traditional” syntectonic unconformity with 

a large angular discordance (6-90) and occurs when uplift outpaces sedimentation 

(Figure 2.8). The second syntectonic unconformity type is the “subtle” syntectonic 

unconformity with a smaller angular discordance (2-5) and occurs when sedimentation 

nearly keeps pace with the uplift (Figure 2.8). In most cases, the traditional-type 

unconformities change laterally and down-dip into subtle-type unconformities. Hence, 

distinguishing both types of unconformities can help identify additional phases of motion 

when the most proximal parts of the growth strata are eroded, or when sediment supply 

keeps pace with uplift.  

2.3 METHODS 

 Outcrop data collection of growth strata within the lower Dawson Formation 

includes 12 stratigraphic profiles (2806 m (9206 ft) total at three locations, structural 

measurements, paleocurrent analysis, and facies analysis. Paleocurrent measurements 

were collected whenever possible, along the stratigraphic profiles. The paleocurrent 

measurements were collected from cross-beds, imbricated clasts, or ripple laminations 

and were plotted in OSXStereonet  (Cardoza 2012) as rose diagrams. The paleocurrent 

data were first rotated to account for the current structural dip of the beds within the 

outcrops. Facies descriptions were developed based on grain size, texture, sedimentary 

structures, bed thickness, and bed geometries at all study sites.  These facies 

descriptions were then used to make two facies associations within the lower Dawson 

Formation. Samples for palynology analysis were also collected at the locations of the 
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measured stratigraphic profiles. Analysis of the pollen within the collected samples was 

used for age-control, and to support the correlation of identified syntectonic 

unconformities within the outcrop measured stratigraphic profiles.  

 Two sequence-stratigraphic correlations were made using stratigraphic profiles 

from the three study sites and one using well-log data along strike (N-S) of the CFR. 

Twenty-one well logs were used in the PETRA software for the along strike correlation 

adjacent to the CFR. Gamma-ray curves and resistivity curves were used where 

available for each well in the correlation.   

2.4 GEOLOGICAL CONTEXT 

 The basic tectonic framework set forth in the area of the central CFR during the 

Precambrian had considerable effect on later structural features such as Laramide uplift 

features (sensu Badgley 1960). The dominant trend of the three fault trends contained 

in the Precambrian rocks is North-Northwest, and is influential on younger structures 

(Sonnenberg and Boylard 1997). The CFR is the result of deformation caused by the 

subduction of the shallow Farallon plate and its North-Northeast (oblique) trajectory 

beneath the craton from Southwest Arizona through Wyoming (Saleeby 2003).  

The Laramide Orogeny formed during the Late Cretaceous-Early Tertiary on the 

site of the Late Paleozoic basement-cored uplift (Kluth 1997).  The Laramide Orogeny 

was a tectonic regime in Colorado with block-fault mountain building that lasted 70-65 

Ma (Sonnenberg and Boylard 1997). The Late Paleozoic (Pennsylvanian time) uplift of 

the Front Range was part of the Ancestral Rocky Mountain uplift that was intracratonic 

block uplifts (Kluth 1986).  The Late Paleozoic uplift of the Front Range formed 1500 km 

from any active margin and was caused by progressive collision suturing of North 
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America and South America-Africa (Kluth 1986). The northern part of the Late Paleozoic 

uplift is also a part of the Transcontinental Arch, which has Paleozoic shelf sediments in 

the southern portion of the early Paleozoic Front Range, also known as the Colorado 

Sag (Sonnenberg and Boylard 1997). The Late Paleozoic uplift is described as a broad 

block uplifts bounded by narrow, complex fault zones and is termed FrontRange (Kluth 

1997) to distinguish it from the Laramide uplift. The FrontRange uplift remained a 

positive feature until the late Jurassic and was subsequently buried with 8000 ft of 

Mesozoic sediment (Sonnenberg and Boylard 1997). Both the FrontRange and 

Laramide uplift of the Front Range were coincident but have differences in geometry 

and location of large, uplift-bounding structures. Overall reactivations of FrontRange 

structures are not common by the later Laramide uplift, except for the Ute Pass Fault 

(Kluth 1997). According to Raynolds (1997) uplift of the central Front Range was a 

subset of the regional basement-involved compressive and transpressive orogenic 

forces responsible for the deformation of much of the uplift in Montana, Wyoming, Utah, 

and Colorado.  The Laramide uplift or deformation on the eastern side of the Front 

Range in Colorado is composed of West-Southwest and East-Northeast dipping thrust 

and reverse faults (Erslev and Selvig 1997). The style of deformation along strike 

changes even though basement-cored uplift is fairly continuous (Erslev and Selvig 

1997).   

 Igneous intrusion occurred during the Laramide Orogeny, but “lagged behind” the 

first major uplifts in CFR region (sensu Sonnenberg and Boylard 1997). This “lag” of 

igneous intrusion is typically of Laramide-style deformation (Dickinson et al. 1988). 

Three episodes on batholitic intrusion have occurred during the Front Range’s history. 
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The first period of intrusion began at 1700 Ma, which includes the Boulder Creek 

Granite, West of Boulder (Sonnenberg and Boylard 1997). The next episode was at 

1400 Ma with a prime example being the Silver Plume Granite (Sonnenberg and 

Boylard 1997). The last period of intrusion was 1000 Ma, which is the group that 

includes the Pike Peak batholith (Sonnenberg and Boylard 1997).  

2.4.1 ORIGINS OF THE LARAMIDE OROGENY 

 The genesis of Laramide-style uplift began with Prucha et al. (1965), Dickinson 

and Synder (1978), and Bird (1988), and was later followed by Maxson and Tikoff 

(1996), Tikoff and Maxson (2001), Humphreys et al. (2003), and Saleeby (2003). 

Prucha et al. (1965) suggested that deformation in the Laramide foreland basin of the 

Rocky Mountain region was due to basement block uplifts bounded by upthrust using 

experimental rock deformation data. The Dickinson and Synder (1978) suggest the 

dynamic effects of the subducting plate scraping beneath the Cordillera Foreland Basin 

as a cause for the Laramide Orogeny was based on correlation in both space and time 

between the magmatic null in the western Cordillera and the classic Laramide Orogeny 

in the eastern Cordillera. Orogenies are classified as arc, collision, or transform 

orogenies, but Dickinson and Synder (1978) suggest that the Laramide Orogeny fits into 

none of these models. Comparing foreland flow speed and direction with the known 

motion of the Kula and Farallon plates confirms that the Laramide Orogeny had a 

different mechanism than the Sevier Orogeny: it was driven by basal traction during an 

interval of horizontal (i.e., flat-slab) subduction, not by edge forces due to coastal 

subduction or spreading of the western Cordillera or by accretion of terranes to the 

coast (Bird 1998).  
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Later research by Maxson and Tikoff (1996) provided a “hit-and-run” model for 

the Laramide Orogeny. The “hit-and-run” model explains Laramide-style deformation in 

the Western United States as being caused by a collider (the “hit”) and subsequent 

deformation being caused by the collider moving northward obliquely (the “run”) 

(Maxson and Tikoff 1996). Maxson and Tikoff (1996) provide the terranes of western 

British Columbia and Southeast Alaska as the collider (the “hit”), and the collider 

subsequently translated northward during oblique convergence (the “run”) to its present 

latitude (94 Ma and ca. 40 Ma.) (Figure 2.9). This “hit-and-run” movement is spatially 

and temporally coincident with the development of the Laramide Orogeny (80 to 45 Ma). 

Tikoff and Maxson (2001) suggested a model of lithospheric buckling to account for the 

foreland deformation or arches of the Laramide Orogeny (Figure 2.10). The lithosphere 

buckling model is supported by the wavelength of arches in the Western United States, 

which are consistent with lithospheric buckling models (Tikoff and Maxson 2001). 

Humphreys et al. (2003) revisited the Farallon slab controlling the Laramide uplift 

hypothesis and used new teleseismic tomography evidence for a thickness of modified 

North America lithosphere 200 km beneath Colorado and >100 km beneath New 

Mexico.  Other models for the Laramide Orogeny do not take this thickness into account 

or explain it.  The Farallon slab being in contact with the lithosphere and its de-watering 

are suggested as an explanation of the steady regional uplift of the Laramide Orogeny 

(Humphreys et. al 2003). Saleeby (2003) also suggests that the shallow slab subduction 

of the Farallon plate can be correlated to plate edge and interior Laramide deformation. 

This flattening of the Farallon slab is not well understood, but seems to provide the 

special circumstances relative to much of the Cordilleran tectonic history for 
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intracratonic deformation inboard of the Cordilleran (Sevier) foreland fold-thrust belt 

(Saleeby 2003).  A modern analogue of shallow slab subduction causing interior 

deformation is the Juan Fernandez Rise subduction beneath the southern Andes and 

the adjacent Sierra Pampeanas foreland thrust belt (Saleeby 2003).  

 Three overarching hypotheses were proposed to explain the CFR (Figure 2.11). 

Early work was strongly divided into two hypotheses: horizontal/lateral compression and 

vertical uplift.  Evidence of horizontal/lateral compression is supported by opposing 

reverse and thrust faults on each side of the CFR (Figure 2.11 (A)). (Sonnenberg and 

Boylard 1997). Tweto (1980c) argues that arching and up faulting are the mechanism of 

uplift because the opposing reverse and thrust faults on each side of the CFR can be 

interpreted as near-surface expressions of steep faults (Sonnenberg and Boylard 1997). 

Wrench faulting is also suggested as a possible model for right lateral motion for the 

current CFR, but does not account for left lateral motion of some features (Sonnenberg 

and Boylard 1997). Upthrust and strike-slip flower structure models are also used to 

account for the hypotheses for Laramide movement along the CFR (Figure 2.11 (B)) 

(Erslev et. al 2004, Kelley and Chapin 1997). The theory of horizontal compression 

gained ground with advances in seismic imaging in the 1980’s, which supports 

shortening of the CFR (sensu Sonnenberg and Boylard 1997). Later, a third model was 

introduced invoking a low-angle, symmetric thrust faulting mechanism based on new 

seismic data along the CFR in Denver Basin (Figure 2.11 (C)) (Raynolds 1997). Erslev 

et al. (2004), Erslev (2005) also suggest vertical models for the CFR that provide 

vertical or normal faults as evidence are falsified by the presence of Laramide thrusts 

faults with NE-SW to E-W lateral shortening. Erslev et al. (2004) evidence fault 
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kinematic data taken from 5,000 slickenside faults within the Mesozoic strata flanking 

the CFR with a dominance of thrust faults and minor strike-slip faulting with low angle 

slickenline plunges. New seismic tomography also provides the data for identification of 

Laramide thrust faults and falsification of vertical models (Erslev 2005). The extent of 

thrust faulting versus strike-slip is still presently debated (Erslev 1991, Erslev et al. 2004, 

Erslev 2005, Kelley and Chapin 1997, and Raynolds 1997).   

2.4.2 SYNOROGENIC STRATA, TERMINOLOGY, AND USAGE IN THE DENVER 

BASIN 

 Laramide synorogenic strata within the Denver Basin includes the Arapahoe 

(~68-67 Ma), Denver (~67-63.5 Ma), and Dawson Formations (~67-63.5 Ma) (Figure 

2.12).  The Arapahoe Conglomerate or Formation consists of a basal conglomeratic 

facies (Raynolds 2002). The Arapahoe Formation is also described to encompass both 

the basal conglomerate and lower sandstones of the overlying basin fill to make it a 

more mappable unit (Reichert 1956). Raynolds (2002) argues that the term Arapahoe 

should be used to describe only the basal conglomerate and not given formational 

status. This basal conglomerate consists of quartzose and arkosic material, limestone, 

and other sedimentary rock types derived from the Paleozoic and Mesozoic formations 

that covered the central CFR (Soister 1978). Granitic and gneissic clasts recognized 

within the Arapahoe Conglomerate are sourced from the Precambrian bedrock of the 

CFR (Raynolds 2002). The Arapahoe Conglomerate outcrops intermittently around the 

edges of the Denver Basin (Soister 1978) and has been identified in core in the eastern 

part of the basin (Kiowa core) (Raynolds 2002). The Arapahoe Conglomerate 

unconformable lies over the Laramie Formation and is distinguished in the subsurface 
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from the Laramie Formation by the appearance of sandstones and conglomerates 

overlying the Laramie shales (Soister 1978). The Arapahoe Conglomerate is included 

as the lowest portion in Raynolds (1997, 2002) D1 sequence and is dated between 68 

and 64 Ma based on fossil mammals, plants, pollen, and radiometric dating (Figure 

2.12) (Eberle (2003), Kluth and Nelson (1988), Nichols and Fleming (2002), Raynolds 

and Johnson (2003), Obradovich (2002), and Hicks et al. (2003)). 

 The Denver Formation is also Late Cretaceous to Paleocene in age and is 

unconformably underlain by the Arapahoe Conglomerate and unconformable overlain 

by the Dawson Arkose/Formation (Soister 1978). The Denver and Dawson Formation 

are documented as interfingering in some locations (Raynolds 2002). The Denver 

Formation consist of typically claystone, siltstone, and very fine- to fine-grained 

calcerous sandstone (Soister 1978). These rock types within the Denver Formation are 

composed of andesistic sediment (Soister 1978). Lignites are also present in this 

formation but are absent along the CFR (Soister 1978). Conglomerates are found in the 

Denver Formation along the CFR particularly near the Golden, CO area (Green 

Mountain), and also consist of andesistic material (Soister 1978). The Denver Formation 

is best exposed at Green Mountain near Golden, CO and ultimately thins to the East 

within the Denver Basin (Soister 1978).  Later work by Raynolds (2002) describes the 

Denver Formation as fluvial strata composed of significant andesitic volcanic material. 

The Denver Formation is predominantly conglomeratic at Green Mountain (Golden, CO) 

and becomes finer grained to the South and East (Raynolds 2002).  

 The Dawson Formation or Dawson Arkose is divided into two distinct members- 

a lower and upper portion (Figure 2.12) (Soister 1978). Soister (1978) recognizes a 
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lower and upper member of the Dawson Formation based on changes in lithology. The 

lower portion is characterized as having a mixed lithology of both andesitic and arkosic 

material, and grain sizes ranging from silt to cobble (Soister 1978).  Carbonaceous 

shale and impure lignites have also been recognized at the base of the lower member in 

some locations (Soister 1978). The lower member thins to only a few meters in the 

eastern portion of the Denver Basin with some carbonaceous shale in the upper portion 

of the unit (Soister 1978). Palynology data from this member indicate a Late Paleocene 

age (Soister and Tchudy 1978). The lower member of the Dawson Formation is overlain 

by paleosol and deeply altered claystones and sandstones (Soister 1978). The paleosol 

is up to 20 m in thickness in some areas and exposed in the northern, eastern, and 

southeastern portions of the basin (Soister 1978). Soister and Tschudy (1978) suggest 

that this paleosol formed in the Late Paleocene and Early Eocene. Above the paleosol 

or where it is not present the upper portion of the Dawson Formation is arkose and 

conglomerate with minor amounts of sandy claystone (Sositer 1978).  

The terminology and usage that surrounds the synorogenic strata of the 

Laramide Orogeny in the Denver Basin is contentious and confusing. The nomenclature 

and age for the Late Cretaceous to Paleocene rock units in the Denver Basin was 

adjusted several times since the definition of the Arapahoe, Denver, and Monument 

Creek Formations by Emmons et al. (1896).  The Monument Creek Formation is now 

called the Dawson Arkose or Dawson Formation (Emmons et al. 1896). The Dawson 

Arkose is typically described as alternating arkosic sandstone and mudstone beds with 

its type locality being Dawson Butte (Richardson 1915). The Dawson Arkose overlies 

the Denver Formation but is documented to interfinger (Scott 1962) and for the Denver 
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Formation to vary in thickness or to not be present at all in some locations within the 

Denver Basin. The most recent of these debates has included the definition of two 

unconformity bound units within the Dawson Formation (Raynolds 1997, 2002) and the 

purposed formations and usage in the Colorado Springs, CO area by Thorson (2011) 

(Figure 2.13, 2.14).   

 The Dawson Formation is subdivided into two sequences-the D1 and D2 by 

Raynolds (1997, 2002). The division is based on recognition of a paleosol that divides 

the two sequences into unconformity bound units with distinct implications on the uplift 

history of the CFR (Raynolds 1997) (Figure 2.13). The top of the D1 is defined by the 

base of a prominent regional paleosol series and represents 5-8 million years of hiatus 

(Raynolds 2002). The D1 sequence represents the first episode of sedimentation due to 

the uplift of the CFR by the Laramide Orogeny.  The sediment is derived from the 

andesitic volcanic rock that covered the CFR during this period (Raynolds 2002).  The 

uplift during this time is interpreted by Raynolds (2002) to represent uplift due to the 

Golden and Rampart Range faults. The D2 sequence is due to sedimentation caused 

by the second episode of uplift on the CFR (Raynolds 2002). The D2 sequence 

sediment is sourced from the mountains West of Colorado Springs, CO (Pikes Peak 

area) and is interpreted to be due to uplift along the Ute Pass fault (Raynolds 2002). 

The D1 sequence also includes the Arapahoe Conglomerate or Arapahoe Formation, 

which is a lenticular conglomeratic unit at the base of the D1 sequence (Raynolds 2002).  

The Arapahoe conglomerate can be up to 10 m in thickness or not present in some 

areas (Raynolds 2002).  
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 Thorson (2011) uses the term “Denver Basin Group” for all of the synorogenic 

strata that overlies the Laramie Formation unconformable and is overlain unconformably 

by Eocene units within the Denver Basin.  The Denver Basin Group includes the 

Arapahoe Formation, Denver Formation, and Dawson Arkose (in ascending order) in 

the Denver area (Figure 2.16) (Thorson 2011). In the Southwest portion of the Denver 

Basin near Colorado Springs, CO, the Denver Basin Group includes the Pikeview 

Formation, Pulpit Rock Formation, Jimmy Camp Formation, Black Squirrel Formation, 

and the Dawson Arkose (in ascending order) (Figure 2.14) (Thorson 2011). The 

Pikeview Formation (Kpv) is equivalent to the Arapahoe Formation in the northern part 

of the basin as defined by Thorson (2011) and by Raynolds (1997, 2002) (Figure 2.15). 

The Pulpit Rock Formation (TKpr) is equivalent to the D1 sequence defined by 

Raynolds (2002) and is very proximal to the CFR (Figure 2.15). The Black Squirrel 

Formation (Tbs) and the Jimmy Camp Formation (TKjc) are also apart of the D1 

sequence but are more distal within the Denver Basin (Figure 2.15). The Dawson 

Arkose (Tda) is the D2 sequence defined by Raynolds (2002) (Figure 2.14).  Thorson 

(2011) argues that the Raynolds (2002) use of the D1 and D2 sequence classification 

system for the Dawson Formation or Dawson Arkose oversimplifies the issue of 

classification and this division  is more useful for identification in well-log data. Raynolds 

(1997, 2002) believes that the Thorson (2011) interpretation makes facies variations 

within the Dawson Formation in separate formations that have no implications regionally 

and are terminology for local identification only.  

 A set of terminology developed by the Colorado Geological Survey (CGS)/ Dr. 

Peter Barkmann is used to describe “subunits” within the lower Dawson Formation or 
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D1 sequence. These terms are the D1 I, D1 II, and D1 III (Barkmann et al. 2011). These 

“sub-units” are based on patterns recognized in the resistivity well-logs of the lower 

Dawson Formation and on aquifer studies within the Denver Basin (Barkmann et al. 

2011).  

 Here, I follow the stratigraphic nomenclature of Raynolds (1997, 2002). For this 

paper, the units of interest are part of what Raynolds (1997, 2002) defines as the D1 

sequence. These rock units are considered, by some authors, as part of the Denver 

Formation in the outcrops at Denver, CO, and part of the Pikeview Formation and Pulpit 

Rock Formation as defined by Thorson (2011) at Colorado Springs, CO. The 

terminology used in this paper refers to the rock units as the “lower Dawson Formation”, 

the “lower Dawson Arkose”, and the “D1 sequence.” The terminology for the sub-units 

within the lower Dawson Formation developed by Dr. Peter Barkmann and the CGS 

(Barkmann et al. 2011) are used in a correlation along the CFR in this paper. 

2.4.3 GROWTH STRATA IN THE DENVER BASIN 

 Early work on eastern central CFR and the growth strata exposures within the 

Denver Basin took place in the 1980’s to 1990’s. Kluth and Nelson (1988) age dated an 

outcrop using palynology from overbank facies, and discussed the implications of the 

age dating on the uplift history of the Front Range along the latitude of the Air Force 

Academy at Colorado Springs, CO. Of the samples collected, four could be used in age 

dating because they were procured from of a muddy overbank facies that contained the 

fossilized pollen. The samples were age dated to the Upper Cretaceous (Maastrichtian), 

which is approximately 67 Ma.  Using the age date and documenting the amount of dip 
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discordance throughout the outcrop, the rate of uplift can be determined as rapid- 

happening within 1-2 Ma (Figure 2.16).  

  Raynolds (1997) described two discrete events of active thrusting recorded 

within the synorogenic strata of the Pikes Peak region or central eastern CFR based on 

two unconformity bound sequences of strata. The Denver Basin synorogenic strata 

were divided into the D1 and D2 sequences (Figure 2.13) (Raynolds 1997, 2002). The 

D1 consist of portions of the Arapahoe, Denver, and the lower Dawson Formations and 

is latest Cretaceous (Masstrichitian) to Early Paleocene (Puercan) in age (Raynolds 

1997). These age dates are based on fauna, flora, and radiometric dating (Raynolds 

1997). The D1 contains progressive unconformities and predominantly gravely clastic 

facies (Raynolds 2002). The D2 sequence contains only the upper Dawson Arkose and 

is more uniform in facies distribution than the D1 sequence (Raynolds 2002). Raynolds 

(2002) states that two distinct pulses of synorogenic sedimentation took place; the first 

occurring during the Cretaceous–Tertiary boundary and the second during the latest 

Paleocene and to early Eocene. 

2.5 EXTERNAL GROWTH STRATA GEOMETRY 

 Growth strata are well developed in the D1 of the lower Dawson Formation. The 

external growth strata geometries of the growth strata outcrops within the lower Dawson 

Formation have characteristic tapered geometry (Aschoff and Schmitt 2008).  Locally, 

the flattening-up geometry is defined by a progressive decrease in dip, which Riba 

(1978) described as a “progressive unconformity”; within the overall flattening-upward 

succession of strata there are local but mappable angular dip discordances that 

accommodate the up-section decrease in dip; these are syntectonic unconformities 
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(Table 2.1, 2.2, and 2.3). Angular discordance along a syntectonic unconformity 

decreases with distance away from the formerly uplifted areas- along strike and down-

dip. Because of the incremental decrease in discordance with increasing distance away 

from the structure there is a decrease in dip discordance along a single syntectonic 

unconformity, that can be used to track the location of coeval uplifts (Figure 2.17). 

Variations in external geometry can be seen between all three outcrops of growth strata 

along the CFR, and these variations highlight the changes along-strike in developmental 

history during the Laramide Orogeny. 

 The three growth strata exposures within the lower Dawson Formation are 

located between Denver and Colorado Springs, CO (Figure 2.4). The study sites 

include: 1) southern-most locale is located at the Air Force Academy (Figure 2.4 (D)), 2) 

North of the Air Force Academy in the Perry Park area on a privately owned ranch 

(Statter Ranch) (Figure 2.4 (C)), and 3) the northern-most exposure is Wildcat Mountain 

and Wildcat Tail in Sedalia, CO (Figure 2.4 (B)). All three exposures of the growth strata 

are locally good but not extensive. The best-exposed outcrop is at the Air Force 

Academy. 

 The Air Force Academy contains two outcrops of growth strata. Both exposures 

have an overall tapering geometry. The first exposure (stratigraphic profile AFB1 and 

AFB2) has an overall tapering geometry that varies in dip discordance from bed to bed 

(Figure 2.18) (Table 2.1). The next exposure at the Air Force Academy (measured 

stratigraphic profile AFB3) also has a tapering external geometry (Figure 2.19).  

At the Perry Park/Statter Ranch locale exposures are less clear. There is visible 

up-section decrease in bedding dip that also decreases along strike, as seen in the 
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aerial photo shown in Figure 2.20 The growth- strata dip discordance becomes more 

concordant (10 to 7) toward the South (Figure 2.20) (Figure 2.17). The geometry is 

steepest or increasing in dip discordance to the North. This 3D geometry elucidates the 

location of paleostructures during deposition of the lower Dawson Formation.  

 The external geometry of the growth strata at Wildcat Mountain and Wildcat Tail 

(Figure 2.21) is also an example of this flattening that is 3D in nature when view in an 

aerial photo (Figure 2.22) (Figure 2.17). The dip discordance increases to the North into 

Wildcat Mountain (Figure 2.22). The beds are flattening to the South into Wildcat Tail 

(Figure 2.22). The 3D in nature geometry indicates the location of paleostructure with 

the steepest portion of the geometry being the closest the paleo-uplift.  Characteristic 

tapering geometry can be seen in the southern Wildcat Mountain exposure (Figure 

2.21).  

2.6 INTERNAL GROWTH STRATA ARCHITECTURE 

 The internal growth strata architecture for the three outcrop exposures within the 

lower Dawson Formation was defined by bedding geometry, syntectonic unconformities, 

facies, and facies stacking patterns.  

2.6.1 FACIES ANALYSIS AND ASSOCIATIONS OF THE LOWER DAWSON 

FORMATION 

 Facies analysis provides detailed descriptions of bed geometries, sedimentary 

structures, grain size, and grain composition. These descriptions support facies 

associations and interpretation of depositional process and environment. 
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2.6.1a DEPOSITONAL ENVIRONMENT OF THE LOWER DAWSON FORMATION-

FLUVIAL DISTRIBUTARY SYSTEM VS. UNCONFINED FLUVIAL/MEGAFAN 

 Terminology surrounding fan systems as a depositional environment is confusing 

and misleading; this section aims to provide terminology definitions in the context of this 

paper, and state the problems and assumptions with each term. Friend (1978) 

introduced the first term for fans systems by describing the “terminal fan.”  The 

implication for this term- “terminal fan” is that climate is the main controlling factor for 

the fan deposit. Friend (1978) discussed how fans are tied to arid environments, but we 

know today that fans can be found in a multitude of environments. The term “alluvial fan” 

or “fluvial fan” (Blair and McPherson 1994) is used to describe fan systems with 1°-4° 

slopes, with depositional areas greater than 10 km2, and are dominated by sheetflood 

and debris flow processes (Figure 2.23 (A)). North and Warwick (2007) define a fluvial 

fan as, “a composite sediment body resulting from frequent nodal avulsions in a setting 

without horizontal constraints.”   

Additionally, the term “distributive fluvial system” (DFS) (Weissmann et al. 2010) 

or “fluvial distributary system” (sensu Nichols and Hirst 1998) were used to describe fan 

systems. This term is strongly based on the morphology of fans with little implication for 

genetics or sedimentary and stratigraphic criteria. Many argue (Smith et al. 2010, North 

and Warwick 2007) that the term “distributary” is misleading and redundant. North and 

Warwick (2007) argue that the term distributary is only based on the plan-form 

morphology of a fan and does not account for the time and processes that form a fan 

system or deposit (Figure 2.23 (B)).  Smith et al. (2010) comments that Weissman et al. 

(2010) give diagnostic criteria for DFS that are not unique to a DFS system. Criteria for 
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DFS identification, especially in the ancient, is problematic. Weismann et al. (2010) 

suggest that the diagnostic feature is the “radial pattern of channels from the DFS apex,” 

but the radial pattern of channels criteria does not make the term “distributive fluvial 

system” any different than the criteria set forth for the term “alluvial fan”, “fluvial fan”, or 

“fluvial megafan.” (Smith et al. 2010).  

The term “fluvial megafan” is used to describe a “large (103-105 km2), fan-shaped 

(in plan-view), mass of sediment deposited by a laterally mobile river system that 

emanates from the mouth of a gorge at the topographic front of a mountain range”  

(Figure 2.23 (C)) (DeCelles and Cavazza 1999). The terms “fluvial fan”, “terminal fan”, 

“fluvial distributary system”, and “humid or wet alluvial fans” were used to describe 

fluvial megafans (DeCelles and Cavazza 1999). Fluvial megafans are distinct from 

sediment-gravity flow-dominated and stream-dominated alluvial fans in their size, slopes, 

and depositional processes (DeCelles and Cavazza 1999). Fluvial megafans typically 

have geomorphic and sedimentologic characteristics of large fluvial systems, such as 

water-laid facies, large aerial distribution of those facies, and low slopes (DeCelles and 

Cavazza 1999).  DeCelles and Cavazza (1999) state that fluvial megafans are a 

paramount depositional element in the proximal parts of most modern, nonmarine 

foreland basins.  

 The lower Dawson Formation (D1 sequence) has been interpreted as fluvial, 

alluvial fan, and fluvial megafan. Raynolds and Johnson (2003) interpret the D1 

sequence as made of “alluvial fans.” They suggest that the Arapahoe Formation is an 

alluvial fan and that the rest of the D1 sequence is multiple alluvial fans (Raynolds and 

Johnson 2003). Raynolds (2004) reports the Wildcat Mountain deposit as a “fluvial 
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distributary fan” as defined by Blair and McPherson (1994). Dechesne et al. (2011) 

suggest that the Arapahoe Conglomerate is a “low relief fan” and the rest of the D1 

sequence is composed of “broad, fluvial distributary fans.” This paper discusses the 

lower Dawson Formation (D1 sequence) as a fluvial megafan based on facies analysis 

and paleocurrent analysis presented in this paper that support this interpretation. 

2.6.1b ASSOCIATION 1: FLUVIAL (CONFINED) FACIES-MUDSTONES TO PEBBLY 

SANDSTONES 

 Facies Association 1 contains six distinct lithofacies that vary in grain size but 

have similar bed geometry (Table 2.4). Lithofacies A is a polymict conglomerate (Table 

2.5). Lithofacies B is a gravely sandstone (Table 2.5). Lithofacies C is an interbedded 

mudstone and sandstone  (Table 2.5). Lithofacies D is a lenticular silt to fine-grained 

sandstone (Table 2.5).  Lithofacies E is a silt to pebble grain-sized sandstone (Table 

2.5). Lithofacies F is a medium-grained sandstone with silt grained-size rip-up clasts 

(Table 2.5). 

 Association 1 represents proximal fluvial (confined) deposits that formed parallel 

to subparallel to the CFR. These units were deposited coeval with nascent uplift during 

the onset of the Laramide Orogeny (Figure 2.24 (A)). This association was defined  by 

the lenticular bed geometry of the constituent units and the unidirectional paleoflow 

(Figure 2.25) (Miall 1996). Paleocurrent data collected from these lithofacies indicate an 

overall flow direction to the Northeast. 

Lithofacies A- Polymict comglomerate: 

 Description- Lithofacies A consist of discontinuous lenses of trough cross-

stratified (Figure 2.26 (D)) clast-supported, well-sorted, well-rounded, polymict 
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conglomerate that is locally interbedded with sandstone and mudstone; conglomerate 

units tend to fine up-section into sandstone (Figure 2.27 (A)). The thickness of this unit 

ranges between 0.5 m-1 m. Iron oxide staining is present and an orange color is locally 

pervasive. Clasts compositions consist of quartzite, chert, sandstone, and cherty 

limestone. Sandstone clasts also contain local chert and intraformational clasts. 

 Interpretation- The depositional process is traction transport in subaqueous 3D 

dunes by fluctuating flows between the upper part of the lower flow regime and the 

lower part of the lower flow regime (Simons and Richardson 1981) (Pettijohn and Potter 

1964). The trough cross-stratification and the rounded clasts provide evidence for the 

unidirectional, traction transport in subaqueous 3D dunes (Harms et al. 1982).  The 

depositional environment was most likely a gravelly, braided channel deposit, which is 

supported by the grain-size, channel depth less than 1 m, hard to identify channel 

margins or the absence of channel margins, and the gravel traction-current deposits  

(Miall 1996).  The predominance of large, well-rounded clasts and limited fine-grained 

constituents may also support that this unit was a reworking surface in a low 

accommodation environment (Postmentier and Allen 1999). 

Lithofacies B- Very coarse-grained sandstone with outsized clasts: 

 Description- Lithofacies B consist of discontinuous lenses of planar-tabular cross-

stratified (Figure 2.26 (C)) medium-grained sandstone to gravely sandstone (Figure 

2.27 (B)). Granules are contained within a medium-grained matrix. The bed thickness 

ranges from 0.5 m to 1 m. Iron-staining is locally pervasive and causes a red to orange 

color in outcrop. The granules are rounded to well-rounded. Granule composition is 

predominantly quartz or quartzite. 
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 Interpretation- The depositional process is channelized, traction transport in 

subaqueous 2D dunes in the lower flow regime, evidenced by planar-tabular cross-

stratification (Harms et al. 1982) (Pettijohn and Potter 1964). The depositional 

environment is a gravelly channel deposit due to the lenticular bed geometry, grain-size, 

rounded grains, and planar-tabular cross-stratification (Miall 1996). 

Lithofacies C- Interbedded mudstone and sandstone: 

 Description- Lithofacies C is a horizontally laminated (Figure 2.26 (A), 

interbedded mudstone and sandstone with no parting lineations (Figure 2.27 (C). 

Individual bed thicknesses range from 0.01-0.02 m. Total bed thickness ranges from 2-

2.5 m.  Grain size ranges from clay to silt for the mudstone beds, and very-fine sand to 

fine sand for sandstone beds. This lithofacies is gray to white in color. Carbonaceous 

material is present in the mudstone beds. Plant matter is also present in the mudstone 

units. 

 Interpretation- The depositional process is suspension settling (Pizzuto 1987). 

This is supported by the horizontal laminations and the grain sizes being clay to fine 

sand  (Pizzuto 1987).  The depositional environment is a flood plain (Miall 1996). The 

presence of plant material and horizontal laminations due to suspension settling provide 

evidence for this environment (Miall 1996). 

Lithofacies D- Lenticular very fine to fine-grained sandstone: 

 Description- Lithofacies D is a planar-tabular cross-stratified (Figure 2.26 (C)) to 

unidirectional ripple-laminated (Figure 2.26 (B)) silt-grained to fine- grained sandstone 

encased in a mudstone lithofacies (Figure 2.27 (D)). The bed geometry is lenticular to 

sheet-like towards the top of the bed.  Low angle inclined bedsets are present internally 
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towards the upper part of the bed.  Bed thickness ranges from 0.5 m-1.0 m. Overall, this 

unit fines upward and is well-sorted throughout.  Iron concretions are locally present in 

the upper portion of the beds. Non-marine trace fossils (i.e., insect burrows) are also 

locally present in the top of the low angle accretion sets. 

 Interpretation- The depositional process is subaqueous traction transport in the 

upper par of the lower flow regime 2D dunes and lower flow regime ripples (Harms et al. 

1982) (Pettijohn and Potter 1964). This interpretation is supported by the planar-tabular 

cross-stratification in the lower portion of the bed and the ripple laminations in the upper 

portion of the bed. The depositional environment is a meandering channel deposit due 

to the overall fining-upward in grain size trend, presence of lateral accretion sets and 

the lenticular nature of the bed (Miall 1996). 

Lithofacies E- Amalgamated, lenticular medium-grained sandstone: 

 Description- Lithofacies E is a discontinuous, lenticular bed of medium -grained 

sandstone with planar-tabular cross-stratification (Figure 2.26 (C)) (Figure 2.27 (E)).  

Lenticular beds are amalgamated and some can be sharp-based (Figure 2.26 (E)) with 

coarse-grained material. Bed thickness ranges from 0.2-0.7 m. Grain size ranges from 

silt to pebbles with some pebbles being oriented with the planar-tabular cross-

stratification. The beds are overall fining upward from some pebbles near the base to 

silt near the top. Pebble clasts are well-rounded. Unidirectional ripple laminations 

(Figure 2.26 (B)) are present in the siltstone/upper portion of the bed.  Some iron 

staining is present in coarser grained material or near the sharp base of the lenticular 

bed, and causes orange coloration. Perpendicular fracturing is present but not 
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systematic and it often hinders the determination of bed geometry and sedimentary 

structures. Grain composition is predominantly quartz and lithic grains. 

 Interpretation- The depositional process is subaqueous traction transport in the 

upper flow regime 2D dunes and lower flow regime ripples (Harms et al. 1982). This 

interpretation is supported by the presence of planar-tabular cross-stratification and 

ripples laminations. The depositional environment is a meandering channel environment 

(Miall 1996).  This is supported by the lenticular geometry of the beds and the overall 

fining upward trend (Miall 1996). The amalgamation of the beds and the presences of 

sharp-based beds may indicate a low accommodation environment that allowed for 

scour and staking of channels (Postmentier and Allen 1999). 

Lithofacies F- Medium-grained sandstone with siltstone rip-up clasts: 

 Description- Lithofacies F is a medium-grained sandstone with ripple laminations 

(Figure 2.26 (B)) in the lower portion of the unit and siltstone rip-up clasts near the base 

(Figure 2.27 (F)). Bed geometry is hard to determine due to the lack of exposure of this 

lithofacies, but is somewhat lenticular. Bed thickness is approximately 2 m. Iron staining 

in this lithofacies has caused a deep orange color. The grain composition is 

predominantly quartz and lithic grains. 

 Interpretation- The depositional process alternated between upper flow regime 

and lower flow regime traction transport (Simons and Richardson 1981) (Pettijohn and 

Potter 1964). The evidence for the high energy/upper flow regime deposition is the 

presence of siltstone rip-up clasts, and the evidence for the lower flow regime is the 

presence of ripple laminations in the lower portion of the bed (Harms et al. 1982).  The 

depositional environment is an fluvial (confined) channel but it is unclear what channel 
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determination it should belong to--either meandering or braided channel type (Miall 

1996). 

2.6.1c ASSOCIATION 2: UNCONFINED FLUVIAL/MEGAFAN FACIES-MUDSTONES 

TO CONGLOMERATE 

 Facies Association 2 contains four distinct lithofacies that vary in grain size but 

have similar bed geometry (Table 2.4). Lithofacies G is a tabular, medium-grained 

sandstone (Table 2.5). Lithofacies H is a tabular pebble conglomerate (Table 2.5). 

Lithofacies I is a tabular, granule-grained sandstone. Lithofacies J is horizontally 

laminated mudstone (Table 2.5). 

 Association 2 represents unconfined fluvial/megafan deposits along the CFR 

(Table 2.4). The unconfined fluvial/megafan sediments were deposited coeval with 

motion on bounding thrust faults began to link laterally (Figure 2.24 (B)). This 

association was defined by the overall tabular nature of the lithofacies and the 

paleocurrent directions (Figure 2.28) (DeCelles and Cavazza 1999). The paleocurrent 

data collected from these lithofacies have a radiating nature or vary in direction of 

paleoflow from the Southeast to the Northwest. 

 Lithofacies G- Tabular, medium-grained sandstone: 

 Description- Lithofacies G is a planar-tabular cross-stratified (Figure 2.26 (C)), 

medium-grained sandstone that has a tabular bed geometry (Figure 2.29 (G)). The bed 

thickness for this lithofacies is 3 m. Overall it has a quartz-rich composition, but has 

more lithics and feldspar grains than previously described in other lithofacies.  Some of 

the feldspar grains have obvious clay-alteration. 
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 Interpretation- The depositional process is upper flow regime subaqueous 2D 

dunes (Simons and Richardson 1981) (Pettijohn and Potter 1964). This interpretation is 

supported by the presences of planar-tabular cross-stratification (Harms et al. 1982). 

The depositional environment is a braided fluvial channel deposits within the unconfined 

fluvial/megafan (Figure 2.30) (DeCelles and Cavazza 1999). This is supported by the 

tabular bed geometry (DeCelles and Cavazza 1999).    

Lithofacies H- Tabular, pebble conglomerate: 

 Description- Lithofacies H is a trough cross-stratified (Figure 2.26 (D)) and 

planar-tabular cross-stratified (Figure 2.26 (C)) pebble conglomerate with subordinate 

granules and cobble grains (Figure 2.29 (H)). The bed geometry is tabular.  Some of the 

beds in this lithofacies are sharp-based with siltstone or conglomerate in the fill. The 

bed thickness ranges from 2-5 m. Most of the planar-tabular cross-stratification is 

bounded. Some mudstone to siltstone rip-up clasts are present and range from 0.05- 

0.12 m in diameter, approximately. Iron staining is also present causing orange to red 

coloration.  Grain composition ranges from quartz, quartzite, feldspar, and lithic 

fragments. 

 Interpretation-The depositional process is traction transport in subaqueous 2D 

and 3D dunes within a channelized flow (Harms et al. 1982).  The traction flow process 

was part of an overall braided-fluvial channel-like process (Miall 1996) (DeCelles and 

Cavazza 1999).  This interpretation is supported by the planar-tabular cross-

stratification, the trough cross-stratification, and the sharp-based bed deposits that are 

channel scour surfaces with lag fills (Miall 1996) (Boggs 1987). The depositional 
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environment is an unconfined fluvial/megafan. This is supported by the course grain-

sizes and the tabular geometry of the deposit (DeCelles and Cavazza 1999).  

Lithofacies I- Tabular, very coarse-grained sandstone: 

 Description- Lithofacies I is a very coarse-grained sandstone to pebbly 

sandstone with an overall upward decrease in grain size trend (Figure 2.29 (I)). This 

lithofacies is thinly bedded. The bed thickness is approximately 0.5 m.  There is a 0.01 

m mudstone bed on top of the granulitic to pebbly sandstone unit below. This mudstone 

unit has horizontal laminations. Overall bed geometry is tabular. Iron staining has 

caused an orange color. Granules are predominantly quartz in composition. 

 Interpretation- The depositional process is traction flow in a channel for the lower 

portion of this lithofacies (Simons and Richardson 1981) (Pettijohn and Potter 1964). 

The upper portion of this lithofacies is deposited by suspension settling (Pizzuto 1987). 

The depositional environment is the upper portion of a unconfined fluvial/megafan. This 

interpretation is supported by the tabular nature of the bed geometry and the 

preservation of the upward fining trend in the grain size/mudstone unit at the top of the 

lithofacies (DeCelles and Cavazza 1999). 

Lithofacies J- Horizontally laminated mudstone: 

 Description- Lithofacies J is a horizontally- laminated (Figure 2.26 (A)) mudstone 

that is gray to brown in color (Figure 2.29 (J)). Some large concretions are present 

throughout the unit.  The bed thickness is about 2 m. It is often unexposed due to 

vegetation cover. 

 Interpretation- The depositional process is interpreted to be suspension settling 

(Pizzuto 1987). This interpretation is supported by the horizontal laminations throughout 
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the lithofacies and the grain size being clay to silt in size (Pizzuto 1987). The 

depositional environment is an off-axis floodplain on the surface of a unconfined 

fluvial/megafan (sensu DeCelles and Cavazza 1999). The off-axis floodplain is the area 

on the unconfined fluvial/megafan not currently occupied by the unconfined 

fluvial/megafan channel or channel system (DeCelles and Cavazza 1999). 

2.6.1d DEPOSITIONAL SYSTEMS OF THE LOWER DAWSON FORMATION 

SUMMARY 

 The depositional systems within the lower Dawson Formation are fluvial 

(confined) and unconfined fluvial/megafan systems. The fluvial (confined) depositional 

system is supported by the facies analysis in facies association 1. The fluvial (confined) 

lithofacies are lenticular in bed geometry and range from fine to coarse in grain size. 

The unconfined fluvial/megafan depositional system within the lower Dawson Formation 

is supported by the facies analysis in facies association 2. The unconfined 

fluvial/megafan lithofacies are tabular in bed geometry and are relatively coarse in grain 

size. The two distinct depositional systems represented by the facies associations are 

also supported by paleocurrent analysis. The paleocurrent measurements indicate 

paleoflow and show either unidirectional paleoflow for fluvial (confined) deposition or a 

radiating pattern to the unidirectional paleoflow that is indicative to unconfined 

fluvial/megafan deposition.  

2.6.2 PALEOCURRENT ANALYSIS 

 Paleocurrent data was collected at all stratigraphic profiles at the three growth 

strata outcrop locations (Table 2.7). Paleocurrent analysis coupled with facies analysis 

allowed for the interpretation or designation of the fluvial (confined) depositional 
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environment and unconfined fluvial/megafan depositional environment. Paleocurrent 

data was plotted as rose diagrams to show the dominant direction(s) of paleoflow 

(Figure 2.31, 2.32, 2.33, 2.34). All data points were corrected for current strike and dip 

of the rock unit from which it was collected. A total of 51 paleocurrent measurements 

were collected from the lower Dawson Formation. The data was collected where 

available and they were collected from either ripple laminations, planar-tabular cross-

stratification and trough cross-stratification.  Fluvial (confined) deposits have 

unidirectional paleoflow predominantly to the Northeast within the lower D1 sequence in 

the Denver Basin. Unconfined fluvial/megafan deposits have a radiating paleoflow with 

multiple directions (DeCelles and Cavazza 1999).  

2.6.2a AIR FORCE ACADEMY  

 Paleocurrents collected from the Air Force Academy show both simple 

unidirectional paleocurrent and radiating unidirectional paleocurrent (Figure 2.4). The 

first set of data points were collected at stratigraphic profile AFB1 at 24 m (78 ft) and 

have two dominate flow directions to the Southwest and Northwest (Figure 2.35 (A)). 

These data points were collected from lithofacies D from ripple-laminations (Figure 2.26 

(A)). The paleocurrent data points at AFB1 24 m (78 ft)  paleoflow directions are 

probably the result of sediment deposition as ripples on a meandering type bar, which 

can have flow directions in multiple directions on the bar that differ from the main stream 

or channel flow (Miall 1996) (Pettijohn and Potter 1997). These paleocurrents represent 

fluvial (confined) deposition (Miall 1996). Paleocurrent directions were also collected at 

48-50 m (158-164 ft) at AFB1 with two dominant flow directions to the Northeast and 

Southwest (Figure 2.35 (B)).  These data points are located in lithofacies E and were 
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collected from trough cross-stratification (Figure 2.26 (D)).  The paleocurrents at AFB1 

48-50 m (158-164 ft) represent fluvial (confined) flow when considered with the facies 

analysis (Miall 1996).  The last set of paleocurrents collected at AFB1 was collected 

from lithofacies H at 120-134 m (394-440 ft).  These paleocurrent data points were 

collected from either planar-tabular cross-stratification (Figure 2.26 (C)) or trough cross-

stratification (Figure 2.26 (D)). The rose diagrams of these paleocurrents show an 

overall radiating pattern of the paleoflow from Northeast to Southeast, when considered 

collectively (Figure 2.35 (C), (D), (E), and (F)). The paleocurrent data points at AFB1 

120-134 m (394-440 ft) represent unconfined fluvial/megafan deposition with its multiple 

paleoflow directions in a radiating pattern and facies analysis (DeCelles and Cavazza 

1999).  Two paleocurrent measurements were taken from stratigraphic profile AFB2 at 

34 m (112 ft) in lithofacies E. These measurements are from planar-tabular cross-

stratification (Figure 2.26 (C)). The rose diagram of the two data points at AFB2 34 m 

(112 ft) shows paleoflow to the Northeast (Figure 2.35 (G)). These paleoflow directions 

in conjunction with facies analysis represent fluvial (confined) deposition (Miall 1996, 

Pettijohn and Potter 1997).  

2.6.2b PERRY PARK/STATTER RANCH  

 Paleocurrent analysis at Perry Park/Statter Ranch shows radiating paleoflow 

indicative of unconfined fluvial/megafan deposition (Figure 2.4) (Figure 2.31, 2.33) 

(DeCelles and Cavazza 1999). The first set of paleocurrents was collected at 

stratigraphic profile SR1 at 3 m (10 ft). These data points are from lithofacies H and 

were collected from trough cross-stratification where trough axes were measured 

(Figure 2.26 (D)).  The rose diagram shows paleoflow to the Northeast with a wide rose 
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“petal” representing a slight radiating pattern in the paleoflow (Figure 2.36 (A)). The 

radiating pattern of paleoflow along with the facies analysis supports unconfined 

fluvial/megafan deposition (DeCelles and Cavazza 1999). The next set of paleocurrents 

collected from SR1 was at 10 m (32 ft). These data points are located in lithofacies H 

and collected from trough cross-stratification (Figure 2.26 (D)). The rose diagram shows 

a paleoflow direction to the West with a wide rose “petal” representing a slight radiating 

pattern in the paleoflow (Figure 2.36 (B)).  The set of data points from SR1 10 m (32 ft) 

along with facies analysis also represents unconfined fluvial/megafan deposition. 

Paleocurrent measurements were also taken at stratigraphic profile SR2 at 4 m (13 ft) 

(Figure 2.36 (C)). These data points were collected from planar- tabular cross-

stratification in lithofacies H (Figure 2.26 (C)). The rose diagram shows paleoflow to the 

Northeast and Southeast with wide or radiating petals of the rose diagram (Figure 2.36 

(C)). The paleocurrent data from SR2 4 m (13 ft) along with the facies analysis supports 

unconfined fluvial/megafan deposition (DeCelles and Cavazza 1999).  

2.6.2c WILDCAT MOUNTAIN AND WILDCAT TAIL  

 Paleocurrent analysis at Wildcat Tail shows both unidirectional simple paleoflow 

and radiating paleoflow (Figure 2.4) (Figure 2.31, 2.34). Paleocurrent measurements 

were taken at stratigraphic profile WT1 at 2 m (7 ft). These measurements were taken 

from both planar-tabular cross-stratification (Figure 2.26 (C)) and trough cross-

stratification (Figure 2.26 (D)) in lithofacies H.  The rose diagram for the WT1 2 m (7 ft) 

paleocurrent measurements show a wide, radiating pattern of paleoflow from West to 

Northeast (Figure 2.37 (A)). The most dominant direction is to the North. The radiating 

pattern of the paleocurrent directions and the facies analysis support unconfined 
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fluvial/megafan deposition (DeCelles and Cavazza 1999).  Paleocurrent measurements 

collected from WT1 at 8 m (26 ft) were taken from planar-tabular cross-stratification in 

lithofacies H (Figure 2.26 (C)).  The rose diagram shows paleoflow to the Northeast 

(Figure 2.37 (B)). This rose diagram in conjunction with the rose diagram from 

paleocurrents collected at WT1 2 m (7 ft) support unconfined fluvial/megafan deposition 

with an overall radiating nature of paleoflow (DeCelles and Cavazza 1999).  

Paleocurrent measurements at stratigraphic profile WT2 were taken from both 

planar-tabular cross-stratification (Figure 2.26 (C)) and trough cross-stratification 

(Figure 2.26 (D)) at 3 m (10 ft) and 40 m (131 ft) from lithofacies E. The rose diagram 

for these measurements shows paleoflow to the Southwest with only a minor paleoflow 

direction to the Northeast (Figure 2.37 (C)) Paleocurrent measurements were also 

collected from WT2 at 40 m in lithofacies E from planar-tabular cross-stratification 

(Figure 2.26 (C)). Paleoflow is to the Northwest (Figure 2.37 (D)).  These two 

measurements from WT2 of unidirectional paleoflow with the facies analysis support 

fluvial (confined) deposition (Miall 1996). Paleocurrent measurements at WT2 also show 

a shift from traverse paleoflow to axial paleoflow at an identified SU (Figure 2.31, 2.34). 

This shift from traverse to axial paleoflow is significant because it shows emerging 

Laramide-style structures influencing the drainage into the basin. One set of 

paleocurrent measurements was taken from stratigraphic profile WT4 between 16-18 m 

(52-59 ft) in lithofacies G. These measurements were taken from planar-tabular cross-

stratification (Figure 2.26 (C)). The rose diagram shows two dominant paleoflow 

directions to the Northwest, which is indicative of a radiating pattern of paleoflows of 

unconfined fluvial/megafan deposits (DeCelles and Cavazza 1999) (Figure 2.37 (E)). 
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Paleocurrent measurements at stratigraphic profile WT6 at 16 m (52 ft) in lithofacies H 

were taken from planar-tabular cross-stratification (Figure 2.26 (C)). The rose diagram 

shows two directions of paleoflow to the West and East (Figure 2.37 (F)). The radiating 

pattern or multiple directions of paleoflow is indicative of unconfined fluvial/megafan 

deposition (DeCelles and Cavazza 1999).   

 Four sets of paleocurrent measurements were taken from stratigraphic profile 

WM1 at 2 m (7 ft), 50 m (164 ft), and 116 m (380 ft) within lithofacies H (Figure 2.31, 

2.34). Each rose diagram from these sets of measurements show one dominant 

direction of paleoflow but vary in direction from one set to another.  The measurement 

at 2 m (7 ft) has a paleoflow direction to the Northwest (Figure 2.38 (A)) and was 

collected from planar-tabular cross-stratification (Figure 2.26 (C)). The measurement at 

50 m (164 ft) shows paleoflow to the West (Figure 2.38 (B)) and was collected from 

planar-tabular cross-stratification (Figure 2.26 (C)). The measurements at 116 m (380 ft) 

show paleoflow to the Southeast (Figure 2.38 (C)) and was collected from planar-

tabular cross-stratification (Figure 2.26 (C)). Collectively, these paleocurrent 

measurements show an overall radiating pattern of paleoflow indicative of a unconfined 

fluvial/megafan depositional environment (DeCelles and Cavazza 1999).  

 Stratigraphic profile WM2 at Wildcat Mountain has paleocurrent measurements 

that also support a unconfined fluvial/megafan environment. Paleocurrent 

measurements were collected at 20 m (67 ft), 95 m (312 ft), and 128 m (420 ft) in 

lithofacies H (Figure 2.31, 2.34). These measurements were collected from both planar-

tabular cross-stratification (Figure 2.26 (C)) and trough cross-stratification (Figure 2.26 

(D)). Paleoflow for the measurement at 20 m (67 ft) is to the Northeast (Figure 2.38 (D)). 
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Paleoflow for the measurement at 95 m (312 ft) is to the East-Northeast (Figure 2.36 

(E)). Paleoflow for the measurement at 128 m (420 ft) is also to the Northeast (Figure 

2.38 (F)). Collectively these paleoflow directions indicate an overall radiating pattern to 

the Northeast indicative of unconfined fluvial/megafan deposition (DeCelles and 

Cavazza 1999).  

2.6.3 SYNTECTONIC UNCONFORMITIES WITHIN THE GROWTH STRATA 

 Syntectonic unconformities form when the rate of uplift exceeds the rate of 

sediment supply. Consequently, these unconformities provide a marker for phases of 

uplift in the stratigraphy. Along-strike correlation of syntectonic unconformities (SU’s) is 

key for understanding the relative timing of thrust-bound structures and their linkage 

through time. Lawton et al. (1994) noted that the cross-strike linking zones in the thrust-

belts form weak points that introduce sediment into the basin. Hence, understanding the 

along-strike linkage of thrust faults (transfer or transverse zones) of the CFR elucidates 

the structural controls on sedimentation in the Denver Basin.  SU’s in outcrop are 

recognized by their dip discordance or the change in structural dip. Two types of SU’s 

can be identified in outcrop exposures-traditional-type and subtle- type (Figure 2.39). 

Traditional-type SU’s have recognizable angular dip discordance greater than 2-5 and 

are usually more extensive (Aschoff and Schmitt 2008). Subtle-type SU’s have smaller 

values of dip discordance, are less laterally extensive, and are harder to recognize in 

the field (Aschoff and Schmitt 2008). Both traditional-type and subtle-type SU’s were 

identified at three outcrops of the lower Dawson Formation with careful measurement of 

structural attitudes and consideration of depositional context. 
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2.6.3a AIR FORCE ACADEMY 

Description- Fourteen total SU’s were identified at the Air Force Academy 

location near Colorado Springs, CO (Figure 2.4). Both traditional-type and subtle-type 

SU’s are present with varying amount of dip discordance () and lateral (along-strike) 

extent or length (Table 2.1). The location, amount of dip discordance, and extent are 

illustrated in figure (2.21). 

 1) SU-1 is located in a covered portion of the outcrop between lithofacies A and 

lithofacies B and has a 10(Figure 2.19). This SU is only recognized in stratigraphic 

profile AFB1 (Figure 2.31, 2.32).  

 2) SU-2 is located in lithofacies B and has a 16 (Figure 2.19, 2.20). This SU is 

recognized in all three stratigraphic profiles at the Air Force Academy but decreases in 

dip discordance in AFB3 and AFB2 (Figure 2.31, 2.32). It has a 16 in AFB1 and 

decreases to the North to a 5 in AFB2. It increases slightly in AFB3 to a 10. SU-2 is 

the first significant SU in the along strike correlation of the CFR, and illustrates 

significant uplift occurred first in the southern portion of the CFR near the Air Force 

Academy. 

 3) SU-3 is located between lithofacies B and lithofacies C and has a 3 (Figure 

2.19).  This SU is only recognized in stratigraphic profile AFB2 (Figure 2.31, 2.32).  SU-

3 is also a subtle-type SU. 

 4) SU-4 is located in lithofacies D with a 3 (Figure 2.19). This is a subtle-type 

SU and is only identified in stratigraphic profile AFB2 (Figure 2.31, 2.32).  

 5) SU-5 is located between lithofacies D and lithofacies E with a 15 (Figure 

2.19). This SU is identified in stratigraphic profile AFB1 (Figure 2.31, 2.32). 
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 6) SU-6 is located in lithofacies E with a 3 (Figure 2.19). This is a subtle-type 

SU and is only identified in stratigraphic profile AFB1 (Figure 2.31, 2.32). 

 7) SU-7 is located in lithofacies E with a 3 (Figure 2.19). This is a subtle-type 

SU and is only identified in stratigraphic profile AFB1 (Figure 2.31, 2.32). 

 8) SU-8 is located in lithofacies E with a 18 (Figure 2.19). This SU is only 

identified in stratigraphic profile AFB1 (Figure 2.31, 2.32). 

 9) SU-9 is located in a covered portion of the outcrop between lithofacies F and 

lithofacies G with a 19 (Figure 2.19). This SU is only identified in stratigraphic profile 

AFB1 (Figure 2.31, 2.32).  

 10) SU-10 is located in lithofacies E with a 15 (Figure 2.19). This SU is only 

identified in stratigraphic profile AFB2 (Figure 2.31, 2.32). 

 11) SU-11 is located in lithofacies E with a 14 (Figure 2.19). This SU is only 

identified in stratigraphic profile AFB2 (Figure 2.31, 2.32). 

 12) SU-12 is located in lithofacies G with a 4 (Figure 2.19). This SU is only 

identified in stratigraphic profile AFB3 (Figure 2.31, 2.32) 

 13) SU-13 is identified in all three stratigraphic profiles at the Air Force Academy 

(Figure 2.19). SU-13 is located in a covered portion of the outcrop between lithofacies G 

and lithofacies H in stratigraphic profile AFB1, in lithofacies E in stratigraphic profile 

AFB2, and in a covered portion of lithofacies G in AFB3 (Figure 2.19, 2.20).  SU-13 has 

a 39 in AFB1 and decreases to the North to a 26 at AFB2 and a 15 at AFB3 

(Figure 2.31, 2.32).   SU-13 represents the second traditional-type SU or uplift event 

along the CFR near the Air Force Academy.   



 65 

 14) SU-14 is located in lithofacies H with a 4 (Figure 2.19). This SU is only 

identified in stratigraphic profile AFB3 and is a subtle-type SU (Figure 2.31, 2.32). SU-

14 also represents the third major uplift event along the southern portion of the CFR.  

 Interpretation- The outcrops of growth strata of the lower Dawson Formation at 

the Air Force Academy have thirteen identified SU’s (Table 2.1), and allow for 

interpretation of overall growth-strata geometries and development of the SU’s along 

strike of the CFR.  The identified SU’s highlight tapering-upward geometries or an 

overall decrease in dip discordance, and stratigraphic thinning onto paleo-structures. 

Figure (2.21) shows fanning-upward of the identified SU’s to the East and stratigraphic 

thinning to the West.  Figure (2.31) and (2.32) also show fanning upward of the growth 

strata to the East and stratigraphic thinning to the West.  Both traditional-type (greater 

than 5 dip discordance) and subtle-type (2-5 dip discordance) SU’s are present at the 

Air Force Academy outcrops. Identification of the subtle-type SU’s may indicate steady 

sediment supply during active uplift (Aschoff and Schmitt 2008). The decrease in dip 

discordance from a traditional-type to a subtle-type SU along strike of the CFR indicates 

the area of more active uplift where the dip discordance is highest.  An example of this 

decrease in dip discordance from a traditional- to subtle-type SU is SU-2 decreasing 

from 16 in stratigraphic profile AFB1 to 10 in AFB3 (Figure 2.19, 2.20).  All but one 

of the significant SU’s (SU-2 and SU-13) thin toward AFB1 and increase in dip 

discordance (Figure 2.31, 2.32). The thinning toward AFB1 and increase in dip 

discordance are interpreted as being the location of the uplifting structure during 

deposition of SU-2 and SU-13. The last SU, SU-14, is only identified in stratigraphic 

profile AFB3 and is a subtle-type SU (Figure 2.31, 2.32). The slight shift in the location 
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of the uplifting structure is interpreted as the traverse or transfer zone structure along 

the CFR propagating northward.  

2.6.3b PERRY PARK/STATTER RANCH 

 Description- Two SU’s were identified at the outcrop on Statter Ranch in the 

Perry Park area of Colorado (Figure 2.4). This outcrop is approximately 35 km North of 

the Air Force Academy.  One subtle-type and one traditional-type SU’s are present at 

the outcrop of growth strata (Table 2.2). These identified SU’s vary in dip discordance 

along strike and in lateral extent or length (Figure 2.21).  

 1) SU-15 is located at outcrop SR1 in lithofacies H with a 4 (Figure 2.21). This 

SU is only identified in stratigraphic profile SR1 and is a subtle-type SU (Figure 2.31, 

2.33). 

 2) SU-16 is located at both outcrops, SR1 and SR2, in lithofacies H with varying 

dip discordance (Figure 2.21). SU-16 has a 7 at stratigraphic profile SR2 and 

increases in dip discordance to 10 at stratigraphic profile SR1 (Figure 2.21). This SU 

also represents a significant uplift event along the CFR, and how movement had 

propagated northward from the Air Force Academy (Figure 2.31, 2.33). 

 Interpretation- The growth strata outcrops of the lower Dawson Formation on 

Statter Ranch in Perry Park have two identified SU’s, and allow for interpretation of 

growth strata geometries and how structures developed along strike of the CFR.  The 

increase of dip discordance to the North or from SR2 to SR1 and the presences of more 

SU’s in SR1 indicate the paleo-structure or uplift was centered near the SR1 

stratigraphic profile (Figure 2.21, 2.31, 2.33) (sensu Aschoff and Schmitt 2008).  The 

stratigraphic thickness also increases towards the North from SR2 to SR1 during the 
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time of SU-15 (Figure 2.31, 2.33). This increase in thickness is probably due to it being 

a subtle-type SU where sediment supply was generally higher during uplift (Aschoff and 

Schmitt 2008). SU-16 thins towards the North indicating uplift outpacing deposition in 

the area of SR1 (Figure 2.31, 2.33) (Aschoff and Schmitt 2008).  

2.6.3c WILDCAT MOUNTAIN AND WILDCAT TAIL 

 Description- Thirteen SU’s were identified at Wildcat Mountain (WM) and Wildcat 

Tail (WT) near Sedalia, CO (Figure 2.4). The growth strata exposures at Wildcat 

Mountain and Wildcat Tail are located approximately 15 km North of the Statter Ranch 

outcrops in Perry Park. Both traditional-type and subtle-type SU’s are present (Table 

2.3). These SU’s vary in type, dip discordance, and lateral extent or length along strike 

of the CFR (Figure 2.22,2.23). 

 1) SU-17 is located in stratigraphic profile WM2 with a 11 (Figure 2.23). It is 

found in a covered portion of outcrop in lithofacies H (Figure 2.31, 2.34) 

 2) SU-18 is located in stratigraphic profiles WT2 and WT3 in lithofacies E (Figure 

2.22,2.23). SU-18 has a 5 at WT2 and decreases toward the North to a 3 in WT3 

(Figure 2.31, 2.34). This is a subtle-type SU and is only identified in WT2 and WT3 

(Figure 2.22). SU-18 is also a traditional-type SU indicating the first evidence of uplift 

along the CFR in the Wildcat Tail area. 

 3) SU-19 is located in stratigraphic profile WT6 with a 5 (Figure 2.23) It is 

found between lithofacies G and lithofacies H (Figure 2.31, 2.34). It is a subtle-type SU.  

 4) SU-20 is located in stratigraphic profile WT1, WT6, WT4, WM1, and WM2 

(Figure 2.23).  It is located in both lithofacies H and lithofacies G (WT4 only). The dip 

discordance increases towards the North and is highest at Wildcat Mountain (Figure 
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2.31, 2.34).  SU-20 has a 8 at WT1, a 10 at WT6, and a 13 at WT4. SU-20 at 

WM1 has a 25 and a 27 at WM2 (Figure 2.31, 2.34). SU-20 is also another 

significant uplift event along the CFR in the Wildcat Mountain/ Wildcat Tail area.  

 5) SU-21 is located in a covered portion of outcrop between two sandstone 

bodies in lithofacies H (Figure 2.23).  It has a dip discordance of 23 and is only 

identified in stratigraphic profile WM1 (Figure 2.31, 2.34). 

 6) SU-22 is identified at stratigraphic profiles WM1 and WM2 (Figure 2.23). It is 

also interpreted to be in a covered portion of outcrop at WT4 with a 7 (Figure 2.31, 

2.34).  It is found in lithofacies H in all sections. SU-22 has the highest dip discordance 

at WM1 with a 29 (Figure 2.31, 2.34). It decreases to the North into WM2 with a 21 

(Figure 2.31, 2.34). This is the next significant SU representing uplift along the CFR in 

the Wildcat Mountain area.  

 7) SU-23 is only identified in WM2 with a 3(Figure 2.23) It is located in a 

covered portion of outcrop between two lithofacies H sandstone bodies (Figure 2.31, 

2.34).  This is a subtle-type SU.  

 8) SU-24 is only identified in WM2 and has a 3(Figure 2.23). It is also located 

in a covered portion of outcrop between two lithofacies H sandstone bodies (Figure 2.31, 

2.34). It is a subtle-type SU.   

 9) SU-25 is only identified in WM2 and has a 3 (Figure 2.23). It is also located 

in lithofacies H in a covered portion of outcrop between two sandstone bodies (Figure 

2.31, 2.34). It is a subtle-type SU. 

 10) SU-26 is located in stratigraphic profiles WT4, WM1, and WM2 (Figure 2.23).  

It is found in lithofacies H and varies in dip discordance. SU-26 has the lowest dip 
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discordance in WT4 with a 12 (Figure 2.31, 2.34). The discordance increases to the 

North into Wildcat Mountain with SU-26 having a 19 in both WM1 and WM2 (Figure 

2.31, 2.34). SU-26 is the last significant SU that represents uplift along the CFR in the 

Wildcat Mountain/Wildcat Tail area.  

 11) SU-27 is only identified in stratigraphic profile WM2 with a 12 (Figure 2.23). 

It is located in lithofacies H in a covered portion of the outcrop between two sandstone 

bodies (Figure 2.31, 2.34).  

 12) SU-28 is only identified in stratigraphic profile WM2 with a 5 (Figure 2.23). 

It is found in lithofacies H and is a subtle-type SU (Figure 2.31, 2.34). 

 13) SU-29 is located near the top of stratigraphic profile WT6 with a 7 (Figure 

2.23). It is found in lithofacies H (Figure 2.31, 2.34). 

 Interpretation- The growth strata outcrops of the lower Dawson Formation at 

Wildcat Mountain and Wildcat Tail have thirteen identified SU’s (Figure 2.23).  These 

identified SU’s can be used to interpret CFR development along strike and through time 

in the Wildcat Mountain/Wildcat Tail area.  There is an overall propagation to the North 

of uplift/structures through time (Figure 2.31, 2.34). The center of uplift is first near 

stratigraphic profile WT2 and WT3 (Figure 2.31). The next two phases of uplift move 

near stratigraphic profile WM1 (Figure 2.31, 2.34). The last phase of uplift was centered 

near stratigraphic profile WM2 (Figure 2.31, 2.34). These interpretations are based on 

the overall increase in dip discordance and density of SU’s within a stratigraphic profile.  

2.7 CORRELATION OF THE LOWER DAWSON FORMATION  

 Sequence stratigraphic correlation of growth strata in the lower Dawson 

Formation (D1 sequence) show diachronous development of Laramide structures from 
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South to North through time along the CFR. Stratigraphic profiles were correlated from 

the Air Force Academy exposure in the South to Perry Park/Statter Ranch and to 

Wildcat Mountain and Wildcat Tail in the North (Figure 2.4).  Well-log data from the 

Colorado Geological Survey (CGS) and the Colorado Department of Water Resources 

(CDWR) were also used in a cross-section correlation from South to North along the 

CFR.  

2.7.1 IDENTIFICATION OF SEQUENCE STRATIGRAPHIC SURFACES 

Three sequence- stratigraphic surfaces were correlated along with outcrop 

identified SU’s (1) KaSB, (2) KaFS1 and (3) KdFS2 (Figure 2.31). The lowermost 

surface is a basin-wide unconformity at the base of the chert-pebble conglomerates of 

the Arapahoe Formation (Ka), herein referred to as the KaSB (Figure 2.31). The KaSB 

represents an abrupt base-level fall at the top of a progradational sequence set in the 

Fox Hills to Laramie succession.  The super-mature composition of the conglomerates 

(i.e., nearly 100% durable clast-types) suggests a long residence time, which is 

compatible with a surface of erosion/nondeposition at its base.  Super-mature, chert-

pebble conglomerates are important markers in basin dynamics; Heller et al. (2013) 

suggested that similar conglomerates signal the initiation of uplift on the margins of 

sedimentary basins such as the Cordilleran Foreland Basin. A widespread 

conglomerate is found in most Laramide basins of the Southern Rockies during the 

latest Cretaceous-Paleocene, but each conglomerate is derived from a separate source 

(Heller et al. 2013).  Heller et al. (2013) states that the conglomerates are initiated within 

~ 8 m.y. of each other and after local initiation of the Laramide Orogeny, suggesting that 

these conglomerate deposits represent a “transient mantle-derived tectonic effect 
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traversing the Rocky Mountain region.” Local tectonic activity, climate change, and sea-

level changes do not explain this widespread spatiotemporal pattern of these 

conglomerates, which demonstrates the utility of stratigraphic analysis in the Rocky 

Mountain region as a record of subtle tectonic events (Heller et al. 2013). It is possible 

that the conglomerates of the Arapahoe Formation are the first “pulse” of conglomeratic 

material into the Denver basin, which may signal the initiation of the Colorado Front 

Range uplift and it’s associated basin.  In most cases, the KaSB was identified at 

outcrop; however, when the Arapahoe Conglomerate (Ka) was not exposed it’s 

stratigraphic position was measured from detailed geological maps (Raynolds 2002).  

Next, a flooding surface at the top of the Arapahoe Formation (Ka) was used to 

correlate, herein called the KaFS1. The KaFS1 surface was identified based on a sharp 

grain-size shift from high-energy conglomeratic-sediment to mud-dominated sediment 

just above the chert-pebble conglomerates of the Arapahoe Formation.  The regional 

change in grain size reflects a change in accommodation (Postmentier and Allen 1999). 

KaFS1 is the datum for both the stratigraphic profile correlation. KaFS1 is identified at 

outcrop or interpreted from geological maps at all three locations (Raynolds 2002).   

Finally, a flooding surface near the top of the lower Dawson Formation (Kd) was 

recognized.  The KdFS2 surface was identified in outcrop using a shift from coarse-

grained, unconfined fluvial/megafan sediment to finer-grain unconfined fluvial/megafan 

sediment.  The KdFS2 likely represents an increase in accommodation as subsidence 

increased, trapping coarse-grained material very close to the uplift (Postmentier and 

Allen 1999). 
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Unfortunately, the Arapahoe Formation (Ka) sequence boundary (KaSB), the 

Arapahoe Formation Flooding Surface (KaFS1), and the lower Dawson Formation (Kd) 

flooding surface (KsFS2) were not identified in the CGS-CDWR well-log data because 

they do not produce a systematic well-log response.  However, surfaces used in the 

well-log correlation include the base of the D1 (Dawson Arkose), the base of the D1 II, 

and the base of the D2 (Figure 2.40). Also used in the subsurface correlation were 

surfaces identified by Dr. Peter Barkmann and the CGS; these surfaces include the 

base of the D1 I, the base of the D1 II, and the base of the D1 III (Figure 2.40) 

(Barkmann et al. 2011). The base of the D1 was identified by a sharp increase in the 

resistivity curve or the change from a lower resistivity to a higher “bell-shaped” curve. 

The base of the D1 can also be seen in a change in the gamma-ray log, as well.  

The D1 base is picked at the base of another sharp increase in the gamma-ray 

curve (well 10 and 13) (Figure 2.40).  The base of the D1 was identified in only two 

wells and interpreted in all the other wells in the correlation.  The base of the D1 II was 

picked based on a spike in the gamma-ray curve (Figure 2.40). These spikes in the 

gamma-ray curve appear to be in the value range of a “hot” or organic-rich shale but are 

actually very arkosic sandstones in the lower Dawson Formation (well 7) (Figure 2.40). 

The spikes are usually above a very fine-grained gamma-ray signature, so the base of 

the D1 II is picked at the base of the large spikes or the point of change from fine-

grained gamma-ray signature to a coarser-grained gamma-ray signature. This surface 

is seen in most of the wells except for well 5 and 6, in which it is interpreted (Figure 

2.40).  
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The base of D2 or the upper portion of the Dawson Formation is picked based on 

a change from a fine-grained to coarse-grained mixture of gamma-ray signatures to a 

sharp, blocky sandstone signature in the gamma-ray log (well 1-10) (Figure 2.40). Three 

surfaces picked by Dr. Peter Barkmann (CGS) were also included in this correlation for 

comparison. Dr. Barkmann (CGS) has picked the base of the D1 I, the base of D1 II, 

and the base of the D1 III (Figure 2.40). These surfaces represent the sub-units present 

in the D1 sequence that are often used to distinguish different aquifer systems 

(Barkmann et al. 2011). The sequence stratigraphic surfaces picked within the lower 

Dawson Formation in the gamma-ray and resistivity curves do not directly relate to the 

sequence stratigraphic surfaces picked at outcrop. The surfaces picked at the growth 

strata outcrops along the eastern, central CFR are likely within the lowest subunit (base 

of the D1 surface - base of the D1 I surface) of the subsurface correlation.  

2.7.2 IDENTIFIED SYTECTONIC UNCONFORMITIES 

 SU’s were identified on the presence of dip discordance or a change in structural 

dip from one bed to another. Major SU’s were distinguished based on the amount of dip 

discordance relative to the surrounding SU’s in the stratigraphic profile, and on their 

lateral continuity.  Major SU’s represent major or recognizable uplift events along the 

developing CFR.  Paleocurrent analysis and facies analysis were also used to support 

correlation from South to North.  

2.7.3 OUTCROP CORRELATION 

Correlation of the measured stratigraphic profiles (outcrop data) used both a 

regional and local horizontal scale. The local horizontal scale for the outcrop correlation 

is 1 cm equals 36 m (Figure 2.31). The regional horizontal scale for the outcrop 
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correlation is 1 cm equals 485 m (Figure 2.31). The vertical scale for the outcrop 

correlation is 1 cm equals 1.5 m (Figure 2.31).  Each stratigraphic profile was labeled 

with the corresponding facies, and paleocurrent rose diagrams were also included and 

placed next to the location sampled within the section. Correlation of the well-log data 

has a horizontal scale of 1 cm equals 1280 m. The vertical scale for correlation (A) is 1 

cm equals 60 m. The vertical scale for correlation (B) is 1 cm equals 37.4 m (Figure 

2.40). 

Along-strike, outcrop-based correlation of the CFR growth-strata section 

highlights systematic, along-strike (i.e., geographic) variation in the stratigraphic position 

of SU’s, stratigraphic clustering of SU’s, and the timing of uplift that the SU’s record 

(Figure 2.31). The outcrop-based, along-strike correlation extends from the southern 

study site  (Air Force Academy) to the northernmost study site (Wildcat Mountain).  The 

datum for the outcrop correlation is the flooding surface (KaFS1) at the top of the 

Arapahoe Formation (Ka) at the base of the stratigraphic profiles (Figure 2.40). KaFS1 

is identified within the stratigraphic profiles as a change from coarse-grain material to 

fine-grain material within the Arapahoe Conglomerate. The SU’s are identified and 

labeled and often so the amount of relief or erosion within that unconformity surface.  

The Air Force Academy correlation of SU’s shows overall stratigraphic thinning to 

the South towards stratigraphic profile AFB1 (Figure 2.31). SU’s are also more 

abundant in AFB1, and also have some of the highest dip discordance values (highest 

value is 39°) (Figure 2.31). Correlation of two major SU’s (SU-2, SU-13) across all three 

stratigraphic profiles indicates that those events were locally extensive through the 

outcrop (Figure 2.31). The Air Force Academy growth strata exposure also has subtle-
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type SU’s that often progressively in-fill an area after a major SU. An example of this 

progressive in-filling can be seen in stratigraphic profile AFB2 (6-18 m) with SU-2 being 

followed or in-filled by two subtle-type unconformities (SU-3, SU-4) both with 3° dip 

discordance (Figure 2.31).  

The correlation at Perry Park/Statter Ranch shows an increase in dip 

discordance and SU abundance to the North.  One major SU (SU-15) was correlated 

along-strike from stratigraphic profile SR1 to SR2 (Figure 2.31). This major SU 

increases in dip discordance from 7° to 10° to the North (Figure 2.31). A subtle-type 

unconformity was also identified at SR1 with a 4° dip discordance (Figure 2.31). The 

subtle-type SU (SU-15) is older than the major SU (SU-16) and represents an increase 

in SU abundance towards the emerging structure or uplift (Figure 2.31). The 

interpretation of the location of the emerging Laramide-style structure is also supported 

by the external, 3D growth-strata geometry (Figure 2.21).  

Correlation at Wildcat Tail and Wildcat Mountain show an increase in SU 

abundance and the overall amount of dip discordance to the North (Figure 2.31). Four 

major SU’s were identified and correlated across the two outcrops (Figure 2.31). SU-18 

was correlated through the lower portion of Wildcat Tail (WT2, WT3) and has a dip 

discordance of 3°-5° (Figure 2.31). The next major SU is SU-20 and is correlated across 

stratigraphic profiles WT1, WT4, WT6, WM1, and WM2 (Figure 2.31).  SU-20 is a major 

SU and has the highest dip discordance in the two Wildcat Mountain stratigraphic profile 

(WM1, WM2) with 25° and 27° dip discordance, respectively (Figure 2.31). The next 

major SU is SU-22 and is correlated through the end of Wildcat Tail (WT4) and into 

Wildcat Mountain (WM1, WM2) (Figure 2.31). SU-22 has a dip discordance of 7° at 
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WT4 and increases northward into Wildcat Mountain with a 29° and 21° dip discordance. 

The last major SU is SU-26 and it is correlated through WT4, WM1, and WM2 (Figure 

2.31). SU-26 also increases in dip discordance into Wildcat Mountain from 17° at WT4 

to 19° at both WM1 and WM2. Progressive infilling by subtle-type SU’s is identified at 

WM2 (Figure 2.31). SU-22 (106 m) is followed by three subtle-type SU’s, all with dip 

discordances of 3°, creating a progressive infill at WM2 (Figure 2.31). This is followed 

by another section of progressive infill- SU-26 (162 m) at WM2 (Figure 2.31).  

2.7.4 SUBSURFACE CORRELATION 

 Correlation using well-log data from the CGS-CDWR identified three sub-units 

within the lower Dawson Formation (Figure 2.40). Both gamma-ray and resistivity logs 

(where available) were used in this subsurface correlation.  The gamma-ray logs were 

colored based on a geoshading scale with the higher spikes in the gamma-ray curve 

being shades of yellow and with lower spikes in the gamma-ray curve being shades of 

gray. The color scale was modified for the large gamma-ray spikes that represent very 

arkosic sandstone. Increases gamma-ray responses in the logs can be misleading since 

they are in the gamma-ray value range of “hot” shale due to their high k-feldspar content. 

Three surfaces were interpreted from well-log data-the base of D2, the base of D1 II, 

and the base of D1 (Figure 2.40).  

The correlation is South to North from the area near the Air Force Academy (Well 

1) to the area of Wildcat Mountain (Well 15) (Figure 2.40). In the structural cross-section 

(Figure 2.40 (A)) the base of the D1 shows a possible thickening to the South of the D1 

sequence. The base of the D1 II is picked by this paper (KH) and by Barkmann et al. 

(2011) (CGS-PEB) (Figure 2.40). This paper picks the base of the D1 II within the lower 



 77 

Dawson Formation at the base of large arkosic spikes within the gamma-ray curve. The 

base of the D1 II shows a thickening towards the middle of the correlation and thinning 

in both the South and the North in the stratigraphic correlation (Figure 2.40 (B)). The 

base of the D1 II is similar to the pick of the D1 II as Barkmann et al. (2011) as seen in 

wells 9, 10, and 11 (Figure 2.40). The base of the D2 is present in wells 1-10 (Figure 

2.40).  This surface is missing to the North (wells 11-15), which may be due to erosion 

(Figure 2.40). The absence of the D2 due to erosion is supported by the surface pick 

(SURFACE [GEOL_MAP]) by the CGS in the wells 11-15 (Figure 2.40).  

2.7.5 PALYNOLOGY DATING 

 Four outcrop samples were submitted for palynology analysis to determine 

geologic age and paleoenvironment, but results were inconclusive. Palynology uses 

preserved pollen grains in the sedimentary rock record to determine the geological age 

and paleoenvironment. Palynomorph assemblages are usually tied to certain 

environments, and changes from one dominate palynomorph or pollen to another can 

represent a change in environment and a change in geologic age. Two samples were 

collected from fine-grained facies (mudstone and siltstone) at stratigraphic profile AFB1, 

and one sample at AFB2. One sample was also collected from a fine-grained facies 

exposure at WM2.  Results from the palynology analysis were very poor due to recent 

contamination, with pollen grains having a light yellow color indicative of never being 

buried deeply.  

 Both samples from AFB1 had undetermined ages but did have some “a 

combination of both modern and Late Tertiary” palynomorph specimen counts (Table 

2.8). Kerogen analysis indicates a terrestrial environment with no marine kerogen 
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observed. The sample from AFB2 also had an undetermined age with palynomorphs 

identified from both the modern and Late Tertiary (Table 2.8). The AFB2 sample also 

had pollen specimens with light yellow color indicative of modern contamination. 

Kerogen analysis was also indicative of a terrestrial environment with no marine 

kerogen observed; this is consistent with the depositional environment analysis 

presented here. The sample from Wildcat Mountain (WM2) had very limited recovery of 

palynomorph specimens as well as kerogen recovery.  The age for the WM2 sample 

was also undetermined with pollen specimens from “both the modern and Late Tertiary” 

(Table 2.8). Kerogen was terrestrial in origin with no marine kerogen observed.  Overall 

palynology analysis was inconclusive due to the lack of fine-grained facies to sample 

and the modern contamination.  

 Kluth and Nelson (1988) were able to obtain viable samples of fine-grained, 

mudstone facies within the lower Dawson Formation at the Air Force Academy and 

palynology analysis delineated a Late Maastrichtian age (Figure 2.4 (D)). The samples 

that had dateable pollen were from the Air Force Academy outcrop at the stratigraphic 

profile AFB3. The pollen assemblages identified all indicate latest Cretaceous or Late 

Maastrichtian age (Figure 2.41). The main identified palynomorphs with age implications 

are Wodenhouseia spinata, Aquilapollenites conatus, Aquilapollenites delicates, 

Libopollis, and Kurtsipites trispissatus (Figure 2.41). 

2.8 DISCUSSION 

 The correlation shows a lower relative stratigraphic position of clustered 

syntectonic unconformities in the southern part of the central CFR relative to the North; 

this alone suggests that the southern structures developed first but is supported by the 
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sequence-stratigraphic correlation of growth strata. However, there are numerous 

assumptions made while correlating proximal, nonmarine successions and this study 

was unable to garner chronostratigraphic, biostratigraphic, or magnetostratigraphic 

corroboration despite many attempts at all three. 

2.8.1 ASSUMPTIONS AND PROBLEMS 

The main challenges in this study were the lack of chronostratigraphic control 

and usable well-log data to constrain the along-strike the correlation of growth strata 

data. A pilot paleomagnetism study and palynology were attempted in this study with 

limited success.  Although the stratigraphic correlation and general stratigraphic 

clustering of unconformities shows a diachronous along –strike structural development 

from South to North , the exact timing of structures cannot be determined due to lack of 

age-control in these coarse-grained synorogenic successions.   

The disparate growth strata outcrops proved a challenge in correlating along 

strike because of their proximal facies assemblage, but several approaches were 

integrated to limit the uncertainty with correlation. Poor, along-strike preservation is a 

common problem in growth strata studies because of their proximal nature to the uplift 

and growth strata are often cannibalized by the propagating structure (DeCelles et al. 

1989).  Identification of SU’s within the growth strata packages relies on accurate 

measurement of strike and dip of the beds within a growth strata package. Error is 

always a possibility when collecting structure data like strike and dip so a margin of 

error of 2-3° was used for this study.  

The current correlation (Figure 2.31) shows diachronous development of the 

CFR and structures first emerging in the South near the Air Force Academy then 
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propagating northward to Wildcat Mountain. This interpretation of diachronous 

development from South to North could be stronger if paleomagnetism data could have 

been obtained to show magnetic reversal of different ages at different outcrops of the 

growth strata, and palynology analysis was more conclusive.  However, 

paleomagnetism analysis in the outcrop hindered by sample collection, and also 

alteration of minerals with “false” magnetism not associated with deposition.  Future 

paleomagnetic analyses will likely need to ascertain larger samples or take deeper 

cores from the outcrop. 

The limited water well-log data close to the CFR range and erratic well-log 

response due to immature (compositionally and texturally) strata made integration of 

subsurface data in lower Dawson Formation challenging. Figure (2.36) shows a general 

dearth of well-log data to the South at the Air Force Academy and to the North at 

Wildcat Mountain.  Good well-log data coverage in the Perry Park/Statter Ranch region 

of this study coupled with the correlation of lower-order (i.e., longer time-duration) 

synorogenic packages provided some corroboration of outcrop correlation.  However, 

more emphasis was placed on the outcrop correlation due to difficulties relating the 

outcrop to the subsurface and incomplete data coverage. Despite lack of age-control, a 

number of qualitative observations that highlight along-strike structural development 

were gleaned from detailed stratigraphic analysis.  First, unconfined fluvial/megafan 

deposits at the Air Force Academy are older and lower in the Dawson Formation than 

the unconfined fluvial/megafans present at Perry Park/Statter Ranch and Wildcat 

Mountain and Wildcat Tail. Second, Laramide structures first developed in the southern 

part of the central CFR. Laramide-style structures first emerging in the southern portion 
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of the CFR is supported by the presence of SU’s in the fluvial (confined) lithofacies at 

the Air Force Academy and the presence of SU’s in the unconfined fluvial/megafan 

facies at Wildcat Mountain. Regionally, the SU’s contained within growth-strata 

packages cluster in the older part of the lower Dawson Formation in the South, moving 

up-section towards the Perry Park area.   

Raynolds (2004) suggest that the Wildcat Mountain unconfined fluvial/megafan is 

older because it is at the base of the lower Dawson Formation when correlating well-log 

data from this interval in the Denver Basin. The rate of sedimentation for the Wildcat 

Mountain unconfined fluvial/megafan is derived by the analysis of Hicks et al. (2003) on 

the age-control of the Castel Pines core. Raynolds (2004) reports an average sediment 

accumulation rate of 137 m/million years, the 183 m (600 ft) of fan material accumulated 

in about 13 Ma, suggesting the age of the fan at Wildcat Mountain ranges from 68 Ma to 

66.7 Ma.  Raynolds (2004) interprets this age control to suggest that the Wildcat 

Mountain unconfined fluvial/megafan accumulated during the first third of the time 

represented by the D1 sequence. The correlation in this paper is supported by the 

presences of SU’s in the fluvial (confined) facies in the lower portion of the D1 sequence 

at the Air Force Academy. This clustering of SU’s within the fluvial (confined) followed 

by clustering within the overlying fluvial unconfined/megafan suggests that the outcrop 

at the Air Force Academy is lower in the D1 sequence because the fluvial (confined) 

facies pre-date the development of the unconfined fluvial/megafan facies in the upper 

portion of these outcrops.  
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2.8.2 STAGE-BY-STAGE ALONG-STRIKE EVOLUTION OF THE COLORADO 

FRONT RANGE 

 The stage-by-stage evolution along-strike of the CFR was diachronous during the 

deposition of the lower Dawson Formation. Structures first emerged in the southern 

portion (near the Air Force Academy) during the Laramide Orogeny, and propagated 

northward (Wildcat Mountain) (Figure 2.4). This diachronous development from South to 

North of Laramide-style structures is supported by correlation of growth strata outcrops 

in the lower Dawson Formation along-strike of the eastern, central CFR (Figure 2.31). 

SU’s identified within growth strata packages within the lower Dawson Formation along 

the CFR record episodes of uplift. These SU’s provide information on the relative timing 

and location of emerging structures during the Laramide Orogeny. SU’s are present in 

the fluvial (confined) lithofacies at the Air Force Academy (southern portion of the 

central CFR), which are lower in section or older than the unconfined fluvial/megafan 

lithofacies that overlie the fluvial (confined) units (Figure 2.31, 2.32). The SU’s at 

Wildcat Mountain (northern portion of the central CFR) are contained within the 

unconfined fluvial/megafan lithofacies (Figure 2.31, 2.33). Since the fluvial (confined) 

lithofacies precede the deposition of the unconfined fluvial/megafan lithofacies at the 

growth strata outcrops, the SU’s at the Air Force Academy represent movement of 

Laramide structures in this area earlier than the movement and development of 

Laramide structures in the Wildcat Mountain area.  

A series of paleogeographic map reconstructions based growth strata, facies, 

and paleocurrent analysis illustrate the stages of development along the CFR and the 

development of the lower Dawson Formation through time (Figure 2.42). The first part of 
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the lower Dawson Formation was a gravelly, braided, fluvial (confined) deposit 

(Arapahoe Formation) during a period of low accommodation within the proximal part of 

the Denver Basin (Figure 2.42 (A)).  

 The first sign of sign of basinwide change in dynamics in the Denver Basin is the 

deposition of the Arapahoe Conglomerate (lowest unit in the lower Dawson Formation). 

This unit marks the change from distal sedimentary deposition to more proximal 

deposition due to the first emergence of Laramide-style structures along the central 

CFR. The Arapahoe Conglomerate is identified at the Air Force Academy locale and is 

a discontinuous lense of gravelly conglomerate representing braided fluvial (confined) 

deposition (Figure 2.31, 2.32). This braided fluvial (confined) channel flowed into the 

Denver Basin (to the North/ Northeast base of paleocurrent analysis) due the onset of 

uplift in the southern portion of the central CFR (Figure 2.42 (A)). 

The first major uplift event (Phase 1) occurred at the Air Force Academy during 

major SU-2 (AFB1-Δ16, AFB2-Δ5,AFB3-Δ5) in the lowermost portion of the lower 

Dawson Formation (Figure 2.31, 2.32). The uplift was centralized near the Air Force 

Academy locale. The next major event is signified by SU-13 (AFB1-Δ39, AFB2-Δ26, 

AFB3-Δ15) at the Air Force Academy. AFB1 also has the highest abundance of SU’s 

(7 total) within the lowermost portion of the lower Dawson Formation and has SU’s with 

higher dip discordance than the two nearby stratigraphic profiles (AFB2, AFB3) (Figure 

2.31, 2.32). The higher dip discordances and the higher abundance also supports that 

the uplifts at the time of SU-2 and SU-13 were centralized near AFB1. Phase 1 is  

deposition of fluvial (confined) systems in the lowermost portion of the lower Dawson 

Formation and the beginning of structures emerging in the southern part of the CFR 
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near Colorado Springs, CO (Figure 2.42 (B)). The deposits in lowest portion of the 

Dawson Formation at the southern CFR are fluvial (confined) systems both braided and 

meandering type deposits. This interpretation of depositional process is supported by 

the uniform direction of the paleocurrents to the Northeast and facies analysis.  

Phase 2 is marked by SU-14 (AFB3-Δ4) (Figure 2.31, 2.32). This SU represents 

propagation northward along strike of the central CFR from the area near AFB1 to AFB3. 

SU-14 is the last major SU recognized near the Air Force Academy. Phase 2 of the 

evolution of structures along the CFR is the early uplift of the Laramide structures near 

the Air Force Academy, and the shift in depositional environment from fluvial (confined) 

systems to a unconfined fluvial/megafan in the lowermost portion of the lower Dawson 

Formation (Figure 2.42 (C)). The unconfined fluvial/megafan deposit has a radiating 

pattern from the North to the Southwest for its paleocurrents, and the facies become 

coarser grained with tabular bed geometries. These early uplift events are recorded in 

the growth strata SU’s and also show early propagation to the North of the Laramide 

structures (Figure 2.42 (C)). 

Phase 3 is marked by northward propagation of deformation to the Perry 

Park/Statter Ranch location following the emergence of Air Force Academy area 

structures. Although age-control is limited, more syntectonic unconformities are 

observed in the lowermost D1 sequence in the AFA region than in the northern study 

sites, suggesting that the southern site was active first.  One major SU (SU-16) (SR1-

Δ10, SR2-Δ7) was recognized at the Perry Park outcrop near the upper portion of the 

lower Dawson Formation and indicates that Laramide structures had began uplifting at 

the Perry Park region of the CFR (Figure 2.31, 2.33). The dip discordance on SU-16 
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increases towards the North (7° to 10°) indicating that the uplift was centralized near  

stratigraphic profile SR1 (Figure 2.31, 2.33). The SU abundance also increases to the 

North supporting the uplift being located near SR1. Phase 3 of the structural 

development of CFR and deposition of the upper portion of the lower Dawson 

Formation is the propagation northward to the Perry Park/Statter Ranch area of 

Laramide structures (Figure 2.42 (D)). The Perry Park area did not develop early fluvial 

(confined) systems like the Air Force Academy, but was an unconfined fluvial/megafan 

depositional system for the entire lower Dawson Formation in this area. Paleocurrents 

from the Perry Park/Statter Ranch outcrop have a radiating pattern from the North to 

Southwest, and have coarse-grained tabular deposits indicative of an unconfined 

fluvial/megafan system.  

Phase 4 is characterized by the emergence of structures near Wildcat Mountain 

and Wildcat Tail in the uppermost portion of the lower Dawson Formation.. The first 

event in the Wildcat Mountain/Wildcat Tail area. is recorded by SU-18 (WT2-Δ5,WT3-

Δ3) at Wildcat Tail  (Figure 2.31, 2.34). The uplift event was centralized near WT2 

because the dip discordance is highest for SU-18 at this location (Figure 2.31, 2.34).. 

Phase 4 of development is the emergence northward of propagating structures along 

the CFR in the Wildcat Mountain area. The first major uplift in the Wildcat 

Mountain/Wildcat Tail area was during fluvial (confined) deposition of the lower Dawson 

Formation and was recorded in a subtle-type SU (Figure 2.42 (E)). Paleocurrents from 

the lower portion of Wildcat Tail have paleoflow directions to the Northeast.   

The next major episode (Phase 5) of uplift is recorded by SU-20 (WT1-Δ8, WT6-

Δ10, WT4-Δ13, WM1-Δ25, WM2-Δ27), which was correlated through the upper 
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portion of Wildcat Tail and Wildcat Mountain and within the uppermost portion of the 

lower Dawson Formation (Figure 2.31, 2.34). Phase 5 of uplift was centralized near 

stratigraphic profile WM2 because the dip discordance was the highest at this location 

(27°). SU-20 also shows the propagation northward of the emerging structures from the 

lower portion of Wildcat Tail at SU-18 (Figure 2.31, 2.34).  The next identified uplift 

event (Phase 5) is recorded by SU-22, which was identified and correlated in WT4, 

WM1, and WM2 (Figure 2.31, 2.34). SU-22 (WT4-Δ7, WM1-Δ29, WM2-Δ21) has the 

highest dip discordance (29°) at WM1 indicating that the uplift recorded by this SU was 

located near WM1. Phase 5 of the structural development along-strike of the CFR in the 

Wildcat Mountain/Wildcat Tail area is the propagation northward of the Laramide 

structures near Wildcat Mountain (Figure 2.42 (F)). Two major events happened near 

the southern exposure of Wildcat Mountain and occurred during unconfined 

fluvial/megafan deposition. Paleocurrents from the Wildcat Mountain outcrop indicates a 

radiating pattern from the Northeast to the Southeast (Figure 2.42 (F)). 

The last major uplift event (Phase 6) along the central CFR is recorded by SU-26 

(WT4-Δ12, WM1-Δ19, WM2-19) (Figure 2.31, 2.34) at Wildcat Mountain within the 

uppermost portion of the lower Dawson Formation. This SU is correlated from WT4 to 

WM1 and WM2. The highest recorded dip discordance (19°) on SU-26 is at WM1 AND 

WM2 indicating that the uplift was centralized near Wildcat Mountain (Figure 2.31, 2.34). 

The along-strike increase in dip-discordances along this surface at from WT4 to WM2 

profile shows that the emerging structures had greater uplift relative to sedimentation.  

Moreover, the northward migration of high-discordance SU’s suggests that deformation 

was propagating northward through time. Phase 6 is the last phase of development 
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documented along-strike of the CFR and is centralized near the northern exposure of 

Wildcat Mountain (Figure 2.42 (G)). Phase 6 represents another propagation northward 

of Laramide structures in the Wildcat Mountain area. This propagation northward 

occurred during continued unconfined fluvial/megafan deposition in the lower Dawson 

Formation (Figure 2.42 (G)). Paleocurrents from the stratigraphic profile WM2 shows a 

radiating paleoflow pattern, which support the unconfined fluvial/megafan depositional 

system along with the coarse-grained, tabular nature of the deposit.   

2.9 CONCLUSIONS 

 Laramide structures along the CFR developed diachronously along-strike during 

the deposition of the lower Dawson Formation. Growth strata outcrops within the lower 

Dawson Formation correlated along-strike support the diachronous development of 

Laramide-style structures (Figure 2.31). The stacking patterns of the two identified 

lithofacies association indicate the relative timing of development of structures that 

make up the central CFR. SU’s within the growth strata packages with their amount of 

dip discordance and location indicate how the paleo-structures along the eastern, 

central CFR developed through time and their relative location. These structures first 

emerged in the southern portion of the CFR near Colorado Springs, CO and propagated 

northward toward Sedalia, CO (Figure 2.42). The movement of these thrust-structures 

along-strike also controlled the sedimentation of the lower Dawson Formation. 

Unconfined fluvial/megafan deposition within the lower Dawson Formation began with 

the emergence and uplift of structures in an area. The uplifting Laramide-style 

structures provided the conditions, like catchment size and exit canyons, for unconfined 

fluvial/megafan deposition within the lower Dawson Formation. The first unconfined 
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fluvial/megafans developed in the southern portion of the CFR and propagated 

northward with the thrust-bound structures along-strike the CFR (Figure 2.42).  

 The diachronous development of Laramide-structures agrees with the previous 

work on growth strata in this study area by Kluth and Nelson (1988). Results of 

stratigraphic and palynology analysis conclude that the eastern side of the CFR was 

deformed after the deposition of the lowest part of the lower Dawson Formation (Kluth 

and Nelson 1988). The age of the deformation was after approximately 69 Ma, with 

significant rotation before 67 Ma (Kluth and Nelson 1988).  Hoblitt and Larson (1975) 

state that the area North of Golden, CO was subject to igneous intrusion, and the 

sedimentary section with this igneous intrusion was rotated before 63 Ma. The timing of 

these two events (rotation at the Air Force Academy and intrusion and rotation near 

Golden, CO) indicates a diachronous development along-strike of thrust-bound 

structures from South to North. This diachronous development of Laramide-style 

structures interpretation is the same as the interpretation and correlation in this paper.  

The correlation along-strike of the CFR presented in this paper disagrees with 

Raynolds (2002, 2004). Raynolds (2004) indicates that the Wildcat Mountain Fan is at 

the base of the lower Dawson Formation or D1 sequence based on well-log data within 

the Denver Basin. Raynolds (2004) states that the “base of the Wildcat Mountain fan is 

usually quite clearly see on electric logs as a abrupt change from the coarse 

sandstones of the basal D1 sequence in the fine-grained mudstones and the isolated 

channel sandstones of the upper Laramie Formation.” Sedimentation rates were 

obtained from (Hicks et al. 2003) and the Wildcat Mountain Fan has a sedimentation 

rate of 137 m/ million years, suggesting that the 183 m (600 ft) of Wildcat Mountain Fan 
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accumulated in 13 Ma (Raynolds 2004). This sedimentation rate indicates an age of 68 

Ma to 66.7 Ma (Raynolds 2004). Raynolds (2002, 2004) interprets these data as 

indication of the Wildcat Mountain Fan being deposited in the first third of the time 

represented by the D1 sequence. The interpretation by Raynolds (2002, 2004) would 

suggest diachronous development of the Laramide structures from North to South 

along-strike of the CFR. The interpretation presented in this paper suggests 

development from South to North based on detailed growth strata analysis and the 

presence of SU’s fluvial (confined) facies before the unconfined fluvial/megafan facies in 

the lower Dawson Formation. SU’s are present in the lower most portion of the lower 

Dawson Formation within the fluvial (confined) lithofacies association in the southern, 

central CFR. The fluvial (confined) lithofacies are followed by deposition of the 

unconfined fluvial/megafan lithofacies within the lower Dawson Formation, indicating 

that the SU’s and deposition of the fluvial (confined) megafan facies is older. 

Unconfined fluvial/megafan deposition is tied to the development an location of 

Laramide structures and is evidenced in the major SU’s with large dip discordance (~25-

39°) that are precursors to unconfined fluvial/megafan deposition (Figure 2.42).  

Six phases of structural development during the Laramide Orogeny occurred 

along-strike of the eastern side of the CFR. Phase 1 marks the beginning of structures 

emerging in the southern portion of the CFR and fluvial (confined) deposition in the 

lower Dawson Formation (Figure 2.42 (B)). Phase 2 is the continued development of 

structures along the CFR near the Colorado Springs, CO, and the shift to unconfined 

fluvial/megafan deposition in the lower Dawson Formation (Figure 2.42 (C)). Phase 3 is 

the propagation of structures northward along-strike of the CFR to the Perry 
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Park/Statter Ranch area and continued unconfined fluvial/megafan deposition (Figure 

2.42 (D)). Phase 4 is the emergence of structures near Sedalia, CO and the fluvial 

(confined) deposition in the Wildcat Mountain/Wildcat Tail area of the lower Dawson 

Formation (Figure 2.42 (E)). Phase 5 is another phase of northward propagation 

towards Wildcat Mountain and the shift form fluvial (confined) deposition to unconfined 

fluvial/megafan deposition (Figure 2.42 (F)). Phase 6 is the last phase of structural 

development in the Sedalia, CO area and marks continued propagation northward to 

the northern portion of Wildcat Mountain and continued unconfined fluvial/megafan 

deposition (Figure 2.42 (G)).  
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Figure 2.1 Flow chart illustrating the use of growth strata to unravel the evolution of 
compressive and extensive sedimentary basins. Verges et al. (2002). 
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Figure 2.2 Models incorporating the two principal processes (limb lengthening and limb 
rotation), which can generate growth strata. (a) Limb lengthening is illustrated here by 
fixed-axis kink band migration model of Suppe and Medwedeff (1990). (b) The limb 
rotation model of Hardy and Poblet (1995) exhibits progressive stratal rotation and 
thinning. The growth strata packages within the lower Dawson Formation in the Denver 
Basin are the result of limb rotation (b) and exhibit stratal thinning towards the rotating 
limb or structure. Ford et al. (1997).   
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Figure 2.3 (below) Distrubution of key Laramide sedimentary basins and intervening 
uplifts in the Rocky Mountain region between central Montana and central New 
Mexico.(A) Map of the Western United States with the Franciscan subduction complex, 
Colorado Plateau, and Frontal flank of the overthrust belt lablled. Saleeby (2003). 
Laramide-style structures and basins from Dickinson et al. (1988) are also shown. (B) 
Enlargement of Rocky Mountain region with key Laramide-style structures and basins 
labeled. Dickinson et al. (1988). Abbreviation FRU denotes the Front Range Uplift. 
Uplifts (U): BiU-Big Horn; BtU-Beartooth; GMU-Granite Mountains; HaU-Hartville; OCU-
Owl Creek; RaU-Rawlins; RSU-Rock Springs; SaU-Sawatch; SCU-Sangre de Cristo; 
WiU-Wind River; WMU-Wet Mountains. Basins (B): BHB-Bighorn; GRB-Green River; 
PiB-Piceance; PRB-Powder River; RaB-Raton; WaB-Washakie; WRB-Wind River.  
Modified from Dickinson et al. (1988). 
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Figure 2.4 Map of study areas in the Denver Basin. Map showing the basin extent, 
geology, study sites (red circles), core locations (red stars), paleomagnetism sample 
locations (purple triangles) from Hicks et al. (2003), and palynology sample locations 
(blue square) from this paper and Kluth and Nelson (1988). Geologic terminology is 
from Raynolds (2002). The formation of interest is the D1 sequence or lower Dawson 
Formation (Late Cretaceous to Paleogene (TKd)). Basemap from Raynolds (2002).  
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Figure 2.5 (below) Sequence of cross-sections of the Alto Cardner. The numbers 1,2, 
and 3 (red) indicate the indentified angular unconformities. Structural dip data is also 
shown. Riba (1976).  
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Figure 2.6 Geologic cross-sections A-A’ and B-B’ of the El Papalote diapir. Cross-
section A-A’ highlights the halokinetic growth geometry. Giles and Lawton (2002). 
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Figure 2.7 Examples of syntectonic strata developed in association with monoclines. (a) 
An example of no preserved synorogenic strata across an eroded monocline from the 
Black Hills of the Western United States. (b) Syntectonic strata geometries on the 
downthrown side of an early, normal-fault-related fold later dismembered by a through-
going fault from the southern Rhine Graben. (c) An example from the eastern margin of 
the Gulf of Suez showing early syntectonic stratal relationships proposed for the normal-
fault related South Baba monocline. (d) Another example from the eastern margin of the 
Gulf of Suez showing syntectonic stratal relationships proposed for the normal-fault-
related North Baba, syntectonic fold. (e) An example from the Atacama Basin of 
Northern Chile showing the syntectonic relationships across a monocline associated 
with the Salar Fault.  Patton (2004). 
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Figure 2.8 (Top) Photomosaic of the growth strata assemblage from the Kaolin Wash 
study area from Aschoff and Schmitt (2008). Photomosaic highlights the decrease in 
bedding dip and location of key surfaces. (Bottom) Line sketch illustrates the geometry 
of the growth strata. 
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Figure 2.9 Paleogeographic configuration of dextral transpressional collision (“run”) of 
Baja BC micro plate and North America, resulting in the Laramide orogeny. Maxson and 
Tikoff (1996).  
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Figure 2.10 Schematic cross-section at approximately 40° N latitude of lithospheric-
scale buckling formed during the Laramide Orogeny. Wavelength of folding is about 190 
km. Tikoff and Maxson (2001).  
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Figure 2.11 (below) Simplified cross-sections of tectonic models for the Front Range 
based on (A) vertical uplift, with gravity sliding of the western flank (Tweto (1980 (c)), 
(B) symmetric up-thrusts and positive strike-slip flower structures (Kelley and Chapin 
(1997)), (C) low-angle, symmetric thrust faulting in the central Front Range (Raynolds 
(1997)). Modified from Erslev et al. (2004). 
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Figure 2.12 Stratigraphic column of Maastrichtian to Eocene units deposited during the 
Laramide Orogeny in the Denver Basin adjacent to  the central CFR. Stratigraphic zone 
of interest is highlighted by red parentheses. Identified SU’s from three field locations 
(Wildcat Mtn., Perry Park/Statter Ranch, and Air Force Academy) are also marked 
within the stratigraphic zone of interest. (Aschoff 2010, personal communication). 
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Figure 2.13 Cross-section between two continuously cored wells (Kiowa core and 
Castle Pines core) in the Denver Basin. Cross-section highlights the separation of the 
Dawson Formation (Late Cretaceous to Paleocene) into the D1 and D2 sequence by 
Raynolds (2002).  
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Figure 2.14 Chart from Thorson (2011) relating published nomenclature of the Denver 
Basin Group from Thorson (2011) and Raynolds (1997, 2002) to common nomenclature. 
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Figure 2.15 Facies diagram from Thorson (2011) for the Colorado Springs Area. This 
diagram illustrates the relationship of the new formations presented by Thorson (2011). 
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Figure 2.16 Cross-section A-A’ showing geologic relationship within the study area at 
the Air Force Academy from Kluth and Nelson (1988).  “Star” symbols indicate the 
location of palynology samples fro age dating. Wavy lines indicate identified angular 
unconformities. Kp- Pierre Shale, Kf- Fox Hill Sandstone, Kl- Laramie Formation, Tkd- 
Dawson Arkose. 
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Table 2.1 Table of identified SU’s (syntectonic unconformities) at all three stratigraphic 
profiles at the Air Force Academy. Table includes the location, dip discordance, and 
facies it was located. The SU’s highlighted in yellow are major (both traditional-type and 
subtle-type) SU’s representing uplift events during the Laramide Orogeny in the eastern, 
central CFR region. 
 

 
 
 
  

SU name Location(s) Dip Discordance Facies

SU-1 AFB1 10° A and B

SU-2
AFB1, AFB2, 

AFB3

AFB1- 16°; AFB2- 

5°; AFB3- 10° B

SU-3 AFB2 3° B and C

SU-4 AFB2 3° D

SU-5 AFB1 15° D and E

SU-6 AFB1 3° E

SU-7 AFB1 3° E

SU-8 AFB1 18° E

SU-9 AFB1 19° F and G

SU-10 AFB2 15° E

SU-11 AFB2 14° E

SU-12 AFB3 4° G

SU-13
AFB1, AFB2, 

AFB3

AFB1- 39°; AFB2- 

26°; AFB3- 15° G and H

SU-14 AFB3 4° H

Air Force Academy Syntectonic Unconformities (SU)
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Table 2.2 Table of identified SU’s (syntectonic unconformities) at two stratigraphic 
profiles at the Perry Park/Statter Ranch. Table includes the location, dip discordance, 
and facies it was located. The SU’s highlighted in yellow are major (both traditional-type 
and subtle-type) SU’s representing uplift events during the Laramide Orogeny in the 
eastern, central CFR region 
 

SU name Location(s) Dip Discordance Facies

SU-15 SR1 4° H

SU-16 SR1 and SR2 SR1- 10°; SR2- 7°
H

Perry Park/Statter Ranch Syntectonic Unconformities (SU)

 
 
. 
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Table 2.3 Table of identified SU’s (syntectonic unconformities) at all seven stratigraphic 
profiles at Wildcat Mountain and Wildcat Tail. Table includes the location, dip 
discordance, and facies it was located. The SU’s highlighted in yellow are major (both 
traditional-type and subtle-type) SU’s representing uplift events during the Laramide 
Orogeny in the eastern, central CFR region. 
 

SU name Location(s) Dip Discordance Facies

SU-17 WM2 11° H

SU-18 WT2, WT3 WT2- 5°; WT3- 3° E

SU-19 WT6 5° G and H

SU-20 WT1, WT6, 

WT4, WM1, 

WM2

WT1- 8°; WT6- 

10°; WT4- 13°; 

WM1- 25°, WM2-

27° G and H

SU-21 WM1 23° H

SU-22

WT4, WM1, 

WM2

WT4- 7°; WM1- 

29°; WM2- 21° H

SU-23 WM2 3° H

SU-24 WM2 3° H

SU-25 WM2 3° H

SU-26

WT4, WM1, 

WM2

WT4-12°; WM1- 

19°; WM2- 19° H

SU-27 WM2 12° H

SU-28 WM2 5° H

SU-29 WT6 7° H

Wildcat Tail and Wildcat Mountain Syntectonic Unconformities 

(SU)
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Figure 2.17 (A) Schematic drawing illustrating of the 3D growth-strata geometry of SU’s 
along strike. The 3D growth-strata geometry occurs when dip discordance decreases 
along strike within an SU. The green arrows highlight the “flat” portion of the geometry 
or the area with decreased dip discordance. The blue arrow highlights the “steeper” 
portion in the geometry or an increase in dip discordance. (B) Arial photo of the growth 
strata exposure within the lower Dawson Formation at Perry Park/Statter Ranch with 
typical 3D in nature geometry. The arrows again highlight the “flattening” (green) and 
“steeper” (blue) parts of the 3D growth strata geometry in outcrop. Inserted map from 
Raynolds (2002). Inserted photo from Dechesne et al. (2011).  
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Figure 2.18 (below) Photomosaic (A) and annotated photomosaic (B) of growth strata 
outcrop in the lower Dawson Formation at the Air Force Academy near Colorado 
Springs, CO.  This outcrop is the location of measured stratigraphic section AFB1 and 
AFB2.  Inserted map from Raynolds (2002). High-resolution pdf included in Appendix A.
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Figure 2.19 (below) Photomosaic (A) and annotated photomosaic (B) of growth strata 
outcrop at the Air Force Academy near Colorado Springs, CO. This is the location of 
stratigraphic profile AFB3. Inserted map from Raynolds (2002). High-resolution pdf 
included in Appendix A. 
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Figure 2.20 Annotated aerial photo of the growth strata exposure at Perry Park/ Statter 
Ranch. This is the location of measured stratigraphic profiles SR1 ad SR2. Inserted 
map from Raynolds (2002). 
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Figure 2.21 (below) Photomosaic (A) and annotated photomosaic (B) of Wildcat Tail 
and Wildcat Mountain. This photo pictures stratigraphic profiles WT1, WT2, WT6, and 
WM1. Photo from Dr. Bruce Trudgill. Inserted map from Raynolds (2002). High-
resolution pdf included in Appendix A.
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Figure 2.22 Annotated aerial photo of the growth strata exposures at Wildcat Tail and 
Wildcat Mountain. This is the location of measured stratigraphic profiles WT1, WT2, 
WT3, WT4, WT6, WM1, WM2. Inserted map from Raynolds (2002). 
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Figure 2.23 (below) (A) Schematic drawings from Blair and McPherson (1994) showing 
the features of the two types of alluvial fans. A- Fan Apex, FC- Drainage basin feeder 
channel, IC- Incised channel on fan, IP- Fan intersection point. (A) Debris-flow 
processes. (B) Sheet-flood processes. (B) Schematic drawing highlight the distinction 
between (A) truly distributary channels which are active simultaneously (the geomorphic 
definition), and (B) a radiating set of channels produced by sucessice nodal avulsions, 
but in which generally only one channel is active at one time (T1 then T2 then T3). 
Apparent channel bifurcations appear at the points of avulsion such as that labeled X, 
and at locations such as Y caused by the superposition of a channel over an older one. 
North and Warwick (2007). (C) Schematic drawing from DeCelles and Cavazza (1999) 
showing the main large-scale morphological and depositional elements of a typical of a 
nonmarine foreland basin system. Drawing depicts two large fluvial megafans exiting 
from a gorge and meeting an fluvial (confined) trunk system. 
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Table 2.4 (below) Table of facies associations with descriptions and interpretations. 
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Facies Association Description Interpretation 

Facies Association 1: 
Fluvial (confined) 

Includes Facies A, B, C, D, 
E, and F. Bed geometry is 

lenticular. Sedimentary 
structures include 

horizontal laminations, 
ripple laminations, planar-

tabular cross-
stratification, and trough 

cross-stratification. Grain 
size ranges from clay to 

pebbles. Grain 

composition consists of 
quartz, quartzite, chert, 

feldspar, and lithics.  

Fluvial (confined) 
channel fill that was 

deposited during the 
early development of 

structures along the 
Colorado Front Range. 

Facies Association 

2:Fluvial 
unconfined/megafan 

Includes Facies G, H, I, 
and J. Depositional 

processes are traction 
transport and suspension 

settling. Grain sizes range 
from clay size to pebble. 

Horizontal laminations are 

present in mudstone 
deposits. Planar tabular 

cross-stratification and 
trough cross-stratification 

is common in sandstone 
and conglomerate 

deposits. Geometry is 
tabular, sheet-like. Some 

lenticular bed geometry 
facies also present. Some 

trough cross-stratification 
is sharp based. 

Predominantly quartz and 
feldspar composition with 

some lithic constituents as 

well. 

Fluvial 

unconfined/megafan 
system being deposited 

as the Colorado Front 
Range Laramide-style 

structures are evolving. 

Some of the units are 
deposited by braided-

fluvial channel processes 
or suspension settling, 

but overall are part of a 
fluvial megafan 

complex. 
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Table 2.5 (below) Table of facies descriptions, depositional process, and depositional 
environment for the facies in association 2: fluvial (confined) deposit. 
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Depositional 

Process

Depositional 

Environment

E

 0.2-0.7 m thick, discontinuous lense of 

medium grain sanstone. Grain size ranges 

from silt to pebbles. Overall upward fining in 

grain size trend. Bed thickness ~0.5-1.0 m. 

Planar tabular cross-stratification with 

oriented grains. Clasts are rounded to well-

rounded. Some iron staining in coarse 

grained material. Perpendicular fractures 

present but not systematic. Ripple 

laminations in siltstone lenses. Mostly quartz 

and lithic grains composition.

Traction 

transport in 

subaqueous 2D 

dunes and 

lower flow 

regime ripples

Meandering channel 

deposit

F

2 m thick sandstone, but outcrop of this 

facies is small so geometry is hard to see. 

Grain size is  medium sand with silt size in 

rip-up clasts. Ripple laminations in lower half 

of outcrop. Compostion is mostly quartz with 

lithic grains.

Alternating 

upper flow 

regime (high 

energy) and 

lower flow 

regime (low 

energy)- flow 

expansion

Fluvial channel 

deposit

C

2- 2.5 m thick, interbedded mudstone and 

sandstone. Horizontal laminations present 

within sanstone layers with no parting 

lineations. Thinly bedded ~10-20 cm. Grain 

size ranges from clay/silt to very-fine sand to 

fine sand.  Gray in color. Carbonaceous 

material in mud. Plant matter also present.

Suspension 

settling

Proximal floodplain 

deposit

D

0.5-1.0 m thick,  sheet-like (upper 

portion)and lenticular geometry(lower 

portion) sandstone. Thick  beds with fining 

upward well sorted sandstone. Lower section 

is thicker with planar tabular cross-

stratification and the upper part has 

unidirectional ripples and low angle inclined 

bedsets internally. It is surrounded by 

mudstone facies. Paleocurrent parallel to dip-

direction of accretion sets. Iron concretions 

in upper portion. Trace fossils on top of low 

angle accretion sets.

Upper flow 

regime (2D 

dunes)- lower 

flow regime 

(ripple scale)

Meandering channel 

deposit

B

0.5-1.0 m thick, discontinuous lenses of 

planar-tablular cross-bedded, coarse sand to 

granular sandstone. The facies tends to be 

yellow and red colored due to iron oxide 

staining. Granules are mostly composed of 

quartz or quartzite.

Traction 

transport in 

subaqueous 2D 

dunes

Gravelly channel 

deposit

Description

A

0.5-1.0 m thick, discontinuous lenses of clast 

supported, trough cross-bedded, polymict 

conglomerate interbedded with sandstone 

and mudstone. Conglomeratic units fine 

upward from cobbles to pebbles.  Iron oxide 

staining-orange color is locally pervasive.  

Clasts are composed of quartzite, chert, 

sandstone, cherty limestone; iron rhines 

present; sandstone has local chert and rip up 

clasts

Traction 

transport in 

subaqueous 3D 

dunes by 

fluctuating 

flows between 

upper part of 

the lower flow 

regime and 

lower flow 

regime

 Gravelly channel 

deposit

Facies
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Table 2.6 (below) Table of facies descriptions, depositional process, and depositional 
environment for facies in association 1: unconfined fluvial/megafan deposit. 
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Depositional 

Process

Depositional 

EnvironmentFacies Description

G

3 m thick sandstone, with  

tabular- sheet like 

geometry. Grain size is 

medium sand with planar 

cross-stratification. Quartz-

rich but more lithics and 

feldspar grains than 

previously seen in other 

facies composition. Some 

feldspar has clay alteration.

Braided channel 

deposit on the 

surface of a 

fluvial megafan

H

2-5 m thick, pebbly 

sandstone with granules 

and cobbles present. Sharp 

based with mixed siltstone 

and conglomerates in base 

of channels.  Planar tabular 

cross-stratification with 

bounding surfaces and 

trough cross-stratification. 

Tabular/sheet-like 

geometry. Composition of 

quartz, quartzite, feldspar, 

and lithic fragments. Some 

discontinuous mudstone 

layers and mud rip-up 

clasts. Iron-staining also 

present.

Traction transport 

in subaqueous 2D 

and 3D dunes

Braided channel 

deposits within 

active channel 

of fluvial 

megafan

Traction transport 

in subaqueous 2D 

dunes

J

2 m thick, mudstone with 

large concretions. Gray 

brown color. Some 

horizontal laminations. 

Mixed with cover.

Suspension 

settling

Off axis 

floodplain of 

fluvial magefan

I

0.5 m thick sandstone with 

tabular geometry. Granulitic-

pebbly grain size. Thinnly 

bedded with orange red-

color.  Approximately 10 cm 

layer of mudstone/siltstone 

on top( fining upward). 

Quartz granules. 

Tranction 

transport in a 

channel

Channel in 

upper portion 

of fluvial 

megafan
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Figure 2.24 Schematic drawing showing unroofing of a foreland-type uplift and the 
resulting sedimentation into the adjacent basin during fault-propagation folding.  
Drawing (A) shows development first of fluvial (confined) or lacustrine facies followed by 
coarse fan accumulation (B). DeCelles et al. (1991).  
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Figure 2.25 Photos of lithofacies within Facies Association 1: Fluvial (confined). (A) 
Photo of lithofacies D with lenticular bed geometry (highlighted in blue) and ripple 
laminations and planar-tabular cross-stratification (highlighted in green). These 
characteristics are indicative of the fluvial (confined) facies association. (B) Photo of 
lithofacies B with characteristic lenticular bed geometry indicative of fluvial (confined) 
depositional systems.   
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Figure 2.26 Photos of key sedimentary structures in outcrop. (A) Photo of horizontal 
laminations from facies C at the Air Force Academy. Red arrow highlights the 
sedimentary structure. (B) Photo of ripple laminations from facies E at the Air Force 
Academy. Red arrow highlights the sedimentary structure. (C) Photo of planar-tabular 
cross-stratification from facies H at Perry Park/Statter Ranch. Red arrow highlights the 
sedimentary structure. (D) Photo of trough cross-stratification from facies H at Perry 
Park/Statter Ranch. Red arrow highlights the sedimentary structure. (E) Photo of scour 
surface in facies E at the Air Force Academy. Red arrow highlights the sedimentary 
structure.  
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Figure 2.27 (below) Photos of all lithofacies from the fluvial (confined) lithofacies 
association identified in outcrop of the lower Dawson Formation. Letter label indicates 
the lithofacies name and the color indicates the color used for that lithofacies within the 
stratigraphic profiles and correlation. 
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Figure 2.28 Photos of lithofacies within Facies Association 2: Unconfined 
fluvial/megafan. (A) Photo of lithofacies H with planar-tabular cross-stratification and 
trough cross-stratification highlighted in green. Large green line highlights a scour 
surface. (B) Photo of lithofacies H with tabular bed geometry highlighted in blue, 
indicative of the unconfined fluvial/megafan facies association.   
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Figure 2.29 (below) Photos of all lithofacies from the unconfined fluvial/megafan 
lithofacies association identified in outcrop of the lower Dawson Formation. Letter label 
indicates the lithofacies name and the color indicates the color used for that lithofacies 
within the stratigraphic profiles and correlation. 
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Figure 2.30 Model from Miall (1985) of a proximal alluvial fan. 
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Figure 2.31 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation along the CFR (S-N). High-resolution 
pdf included in Appendix A.
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Figure 2.32 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation at the Air Force Academy along the 
CFR (S-N). High-resolution pdf included in Appendix A. 
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Figure 2.33 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation at the Perry Park/Statter Ranch along 
the CFR (S-N). High-resolution pdf included in Appendix A. 
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Figure 2.34 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation at Wildcat Mountain along the CFR (S-
N). High-resolution pdf included in Appendix A. 
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Table 2.7 (below) Table of paleocurrent measurements collected from growth strata 
outcrops. 
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Section Label Height Strike/Dip Dip Dir. Dip Notes Facies

AFB1 24 m 341/60 120 53 ripple, SE D

AFB1 24 m 341/60 43 54 ripple, SE D

AFB1 24 m 341/60 54 50 ripple, SE D

AFB1 24 m 341/60 120 57 ripple, SE D

AFB1 48-50 m 326/51 85 41 t. x-bed E

AFB1 48-50 m 326/51 56 51 t. x-bed E

AFB1 120 m 330/31 100 33 p-t. x-bed H

AFB1 120 m 330/31 96 31 p-t. x-bed H

AFB1 120 m 330/31 87 38 p-t. x-bed H

AFB1 120 m 330/31 120 42 p-t. x-bed H

AFB1 120 m 330/31 138 20 p-t. x-bed H

AFB1 120 m 330/31 138 20 p-t. x-bed H

AFB1 120 m 330/31 138 15 p-t. x-bed H

AFB1 122 m 330/31 187 16 t. x-bed H

AFB1 122 m 330/31 196 31 t. x-bed H

AFB1 126 m 330/31 135 26 t. x-bed H

AFB1 134 m 330/31 21 22 t. x-bed H

AFB2 34 m 323/44 80 31 p-t. x-bed, NE G

AFB2 34 m 323/44 40 22 p-t. x-bed, NE G

WT1 2 m 320/12 325 19 p-t. x-bed H

WT1 2 m 320/12 300 32 p-t. x-bed H

WT1 3 m 320/12 341 40 p-t. x-bed H

WT1 3 m 320/12 320 3 t. x-bed H

WT1 3 m 320/12 254 24 p-t. x-bed H

WT1 3 m 320/12 314 36 p-t. x-bed H

WT1 3 m 320/12 343 24 p-t. x-bed H

WT1 8 m 37/4 39 13 p-t. x-bed H

WT2 3 m 17/72 290 25 p-t. x-bed E

WT2 3 m 17/72 351 30 p-t. x-bed E

WT2 3 m 17/72 93 4 t. x-bed E

WT2 40 m 194/67 342 30 p-t. x-bed E

WT2 40 m 194/67 340 50 p-t. x-bed H

WT4 18 m 347/47 332 38 p-t. x-bed H

WT4 20 m 347/47 347 26 p-t. x-bed H

WT6 16 m 333/54 93 32 p-t. x-bed H

WT6 16 m 333/54 90 45 p-t. x-bed H

WT6 16 m 333/54 90 38 p-t. x-bed H

WM1 2 m 329/52 290 56 p-t. x-bed H

WM1 50 m 005/49 109 48 p-t. x-bed H

WM1 116 m 359/59 151 47 p-t. x-bed H

WM1 118 m 359/59 160 47 p-t. x-bed H

WM2 20 m 343/41 358 22 p-t. x-bed H

WM2 95 m 359/34 350 14 t. x-bed H

WM2 128 m 358/56 3 41 t. x-bed H

SR1 3 m 349/36 10 16 t. x-bed H

SR1 3 m 349/36 35 13 t. x-bed H

SR1 3 m 349/36 100 16 t. x-bed H

SR1 3 m 349/36 70 15 t. x-bed H

SR2 4 m 328/30 135 40 p-t. x-bed, SE H

SR2 4 m 328/30 146 38 p-t. x-bed, SE H

SR2 4 m 328/30 49 20 t. x-bed, NE H
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Figure 2.35 Paleorose diagrams of paleocurrent data from the outcrops at the Air Force 
Academy. Aerial photo highlights the area of outcrop exposure. Number of 
measurements are marked (N=).  (A) AFB1 24 m (78 ft) (N=1). (B) AFB1 48 m (157 ft) 
(N=2). (C) AFB1 120 m (394 ft) (N=6). (D) AFB1 122 m (400 ft) (N=4). (E) AFB1 126 m 
(413 ft) (N=1). (F) AFB1 134 m (440 ft) (N=1). (G) AFB2 34 m (112 ft) (N=2). 
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Figure 2.36 Paleorose diagrams from paleocurrent measurements from the outcrops at 
Perry Park/Statter Ranch. Number of measurements are marked (N=). Aerial photo 
highlights the area of outcrop exposure. (A) SR1 3 m (10 ft) (N=2). (B) SR1 8 m (26 ft), 
(N=2). (C) SR2 4 m (13 ft) (N=3). 
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Figure 2.37 Paleorose diagrams of paleocurrent data from the outcrop at Wildcat Tail. 
Number of measurements are marked (N=). Aerial photo highlights the area of outcrop 
exposure. (A) WT1 3 m (10 ft) (N=7). (B) WT1 8 m (26 ft) (N=1). (C) WT2 3 m (10 ft) 
(N=3). (D) WT2 40 m (131 ft) (N=2). (E) WT4 18 m (59 ft) (N=2). (F) WT6 16 m (52 ft) 
(N=3). 
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Figure 2.38 Paleorose diagrams of paleocurrent measurements from the outcrop at 
Wildcat Mountain. Number of measurements are marked (N=). Aerial photo highlights 
the area of outcrop exposure. (A) WM1 2 m (7 ft) (N=1). (B) WM1 50 m (164 ft) (N=1). 
(C) WM1 116 m (381 ft) (N=2). (D) WM2 20 m (67 ft) (N=1). (E) WM2 95 m (312 ft) 
(N=1). (F) WM2 128 m (420 ft) (N=1).  
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Figure 2.39 Schematic illustration from Aschoff and Schmitt (2008) showing the 
differences between growth strata interpretations when (A) only traditional-type 
unconformities are identified and (B) when both traditional-type and subtle-type 
unconformities are identified. 
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Figure 2.40 (below) Correlation of well-log data (gamma-ray and resistivity curves) from 
the CGS-CDWR along the CFR (S-N). High resolution pdf included in Appendix A. The 
datum for the well-log correlation is the base of the D1. The base of the D1 was chosen 
as the datum because it marks a change from more proximal fan advancement to fans 
within the lower Dawson Formation reaching further eastward within the basin (Dr. Peter 
Barkmann, personal communication 2013). The base of the D1 could be “a slight 
unconformity at the active western basin boundary” (Dr. Peter Barkmann, personal 
communication 2013). The base of the D1 (datum) is identified in the resistivity logs as 
a shale break or low resistivity followed by a high in the resistivity log that marks the 
locations of the surface (Dr. Peter Barkmann, personal communication 2013).  
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Table 2.8 (below) Table of palynology analysis data from outcrop samples. 
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Sample	Name:

Palynology	

Specimen	Counts
10

1
2

1

5
3

1

2

1

14

53
20

12

1
Sample	Name:

Palynology	

Specimen	Counts

10+
10+

5

2

1
3

5

2
1

42
8
40

10
Sample	Name:

Palynology	
Specimen	Counts

10+

10+
2

2
5

5

1

5

42

8
40

10

Sample	Name:

Palynology	
Specimen	Counts

4

1

1

6

20
74

Monolete	spore	

(contamination)

AFB2-1,	Klf,	3	m

Age:	Undetermined-	Modern	to	Late	Tertiary	
palynomorphs

Type

Pinuspollenites	

Smooth	sphere	fungal	spore
Cheopodiaceae	(contamination)

Fungal	hyphae	(contamination)

Cupressaceae	(contamination)
Graminiae	(contamination)

Indet.	spore?

Thin	indet.	reticulate	sphere	of	

Cymatiosphaera-in-situ?

Tracheids	structured

Kerogen	Relative	Abundance	(%)

Charcoal/coal

Tracheids	equant

Piceapollenites	(contamination)

Larix?

Cuticle

Fungal
AFB1-1,	TKd,	Facies	C,	32	m

Age:	Undetermined-	Modern	to	Late	Tertiary	

palynomorphs

Type

Pinuspollenites	(contamination)

Graminiae	(contamination)

Quercus?	(contamination)

Tilia	americana	(modern	or	

Tertiary	contamination)
Cheopodiaceae	(contamination)

Cupressaceae	(contamination)

Quercus?	(contamination)

Sequoiapollenites	
(contamination)

Kerogen	Relative	Abundance	(%)

Charcoal
Tracheids	structured
Tracheids	equant

Cuticle
AFB1-2,	TKd,	Facies	E,	53	m

Age:	Undetermined-	Modern	to	Late	Tertiary	

Type

Pinuspollenites	(contamination)

Piceapollenites	(contamination)
Quercus?	(contamination)

Type

Cupressaceae	(contamination)

Graminiae	(contamination)

Tsugapollenites	

(contamination)

Cheopodiaceae	(contamination)
Kerogen	Relative	Abundance	(%)

Charcoal

Tracheids	structured
Tracheids	equant

Cuticle

WM2-1,	Facies	H,	173	m
Age:	Undetermined-	Modern	to	Late	Tertiary	

AOM?

Pinuspollenites	(contamination)

Taxodiaceaepollenites	hiatus	

(contamination)
	Indent	spore	fragment	3	in-
situ?

Kerogen	Relative	Abundance	(%)

Tracheids	structured

Tracheids	equant
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Figure 2.41 Palynomorph photos from Kluth and Nelson (1988) all at 630x magnification. 
(A) Wodenhouseia spinata. (B) Aquilapollenites conatus. (C) Aquilapollenites delicates. 
(D) Libopollis. (E) Kurtsipites trispissatus.  
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Figure 2.42 (below) Paleogeographic maps of the diachronous development of 
Laramide structures along the CFR and the development of the synorogenic sediment 
of the lower Dawson Formation through time. (A) Gravelly, braided fluvial (confined) 
deposits of the lower Dawson Formation/D1 sequence (Arapahoe Formation) begin to 
flow toward the Denver Basin near the Air Force Academy. Paleocurrent rose diagram 
is from measurements taken from the Arapahoe Formation and indicate paleocurrent to 
the Northeast and the East.  (B) Two periods of major uplift on emerging Laramide 
structures (red hill symbol) near the Air Force Academy. This interpretation  is based on 
identified major (both traditional-type and subtle-type) SU’s in outcrop. The lower 
Dawson Formation depositional system is still fluvial (confined) but it is a combination of 
meandering and braided-type channels. The paleocurrent rose diagram are from 
measurements take from the fluvial (confined) lithofacies and has paleocurrent 
dominantly to the West. (C) The next major uplift on Laramide structures near the Air 
Force Academy has propagated northward (from AFB1 to AFB3). The depositional 
system of the lower Dawson Formation is a unconfined fluvial/megafan with radiating 
pattern of paleocurrents to the Northeast and Southeast collected from the unconfined 
fluvial/megafan lithofacies.  (D) Structures begin to uplift in the Perry Park/Statter Ranch 
area. The depositional system here is unconfined fluvial/megafan with no precursor 
fluvial (confined) deposition recognized. Paleocurrent has a radiating pattern from the 
Northeast to the Southeast and are collected from the unconfined fluvial/megafan 
lithofacies.  (E) Fluvial (confined) systems begin to emerge from the CFR and flow 
towards the Northeast at Wildcat Tail and Wildcat Mountain. At this time Laramide 
structure begin to propagate into the Wildcat Mountain/Wildcat Tail area and uplift near 
Wildcat Tail. The paleocurrent rose diagram show paleocurrent to the Northeast and 
paleocurrent measurements were collected from the fluvial (confined) lithofacies. (F) 
Laramide structures propagate northward from Wildcat Tail to Wildcat Mountain (WM1). 
Two major uplift events are identified based on SU’s at the Wildcat Mountain outcrop 
(red hill symbol). The depositional system of the lower Dawson Formation at this time is 
an unconfined fluvial/megafan. Paleocurrent measurements indicate a radiating pattern 
of paleocurrent with flow radiating from Northwest to Southeast. The paleocurrent 
measurements were collected from unconfined fluvial/megafan lithofacies. (G) Laramide 
structures further propagate northward at Wildcat Mountain. The depositional system of 
the lower Dawson Formation is a unconfined fluvial/megafan. Paleocurrent 
measurements indicate a radiating pattern to paleoflow radiating from Northwest to 
Southeast. Paleocurrent measurements were collected from the unconfined 
fluvial/megafan lithofacies.  
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CHAPTER 3 
 

MULTIPLE FANS, MULTIPLE SOURCES: FLUVIAL MEGAFAN DEVELOPMENT 
WITHIN THE LOWER DAWSON FORMATION AND ALONG THE COLORADO 

FRONT RANGE 
  
 Variations in detrital composition can define coarse-grained lithosomes, and 

provide insight into the uplift and unroofing history of uplifts. This study applied 

petrographic inspection and provenance analysis to the lower Dawson Formation in the 

Denver Basin to highlight trends ingrain-type and unroofing that can be used to define 

fluvial megafan lithosomes and unroofing patterns 

3.1 INTRODUCTION 
 
 The Laramide Orogeny lasted 70-65 Ma in Colorado and was a tectonic regime 

with block-fault mountain building (Sonnenberg and Boylard 1997). According to 

Raynolds (1997) uplift of the central Front Range was a subset of the regional 

basement-involved compressive and transpressive orogenic forces responsible for the 

deformation of much of the uplift in Montana, Wyoming, Utah, and Colorado.  The 

Laramide uplift, which caused deformation on the eastern side of the Front Range in 

Colorado, is made of West-Southwest and East-Northeast dipping thrust and reverse 

faults (Erslev and Selvig 1997). The style of deformation along strike changes even 

though the basement-cored uplift is fairly continuous (Erslev and Selvig 1997). 

The term “Laramide” refers to a time-transgressive orogeny that affected the 

Rocky Mountains between the latest Cretaceous and early Tertiary coincident with 

flattening of the subducting Farallon Plate on the western margin of North America 

(Dickinson et al. 1988). Characteristic “Laramide-style” uplifts are thick-skinned, 
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basement-cored uplifts with intervening sediment-filled foreland basins that generally 

formed during the Laramide Orogeny (Dickinson et al. 1988). Because the Laramide 

Orogeny is time-transgressive, we reserve the term “Laramide” to refer to “Laramide-

style” uplifts.  In the central Rocky Mountain region, Laramide uplift began and 

segregated the foreland basin into discrete local basins (Dickinson et al. 1988). These 

emerging basement-cored uplifts were the source of orogenic sediment within the 

localized basins (Figure 3.1) (Dickinson et al. 1988).  

. Unroofing sequences show provenance variations through the section as an 

uplift or tectonic event occurs during the deposition (Wilson 2002).  The first sediment 

“source” deposited would be the first unit to be exposed during an uplift, resulting in an 

inverted stratigraphy of the sediment source (Wilson 2002). Unroofing patterns are 

changes in composition due to changes in sediment source caused by tectonic uplift 

and erosion (Colombo 1994). The unroofing or shedding of rock units into a basin 

provides insight into the relative timing and rates of development for a mountain belt, 

and the development and growth of drainage basins and relief in the uplifting area 

(Colombo 1994). The stages of unroofing during the Laramide Orogeny started with the 

Phanerozoic cover and ended with the Precambrian basement. The synorogenic 

deposits of the Laramide Orogeny include the Arapahoe (~68-67 Ma), the Denver (~67-

63.5 Ma), Dawson Formation (~67-63.5 Ma) (D1and D2 sequences (Raynolds 1997, 

2002)),  (Figure 3.2). Identifying unroofing sequences along strike and comparing the 

development of the unroofing sequence between outcrops of the lower Dawson 

Formation (D1 sequence) can support whether the development was synchronous or 
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diachronous along strike. The data along strike (near the CFR) can also be compared to 

the unroofing sequence within the more distal parts of the basin.  

 The vertical succession of source material before Laramide uplift is generally well 

known because it is exposed in the hogbacks along the southeastern margin of the CFR.  

Sedimentary sequences from Ordovician to Cretaceous or Pennsylvanian to 

Cretaceous overlie Proterozoic metamorphic and plutonic rocks in the central CFR area 

(Kelley 2002). Volcanic material was sourced from the Paleocene intrusive centers in 

the Colorado Mineral Belt and probably covered the CFR before Laramide-style 

deformation (Kelley 2002).  Wilson (2002) provided detailed petrographic provenance 

analysis of the Kiowa core samples, and identified an unroofing signal in the D1 

synorogenic packages.  Fission-track (FT) thermochronology of detrital zircon and 

apatite was also used to identify an unroofing signal in the Denver Basin (Kelley 2002). 

Kelley (2002) also concluded that an unroofing signal was present in the D1 

synorogenic sequence (Figure 3.3).  

  This paper focuses on determing if: (1) there a noticeable difference between 

the unroofing sequence in the South (Colorado Springs, CO) and the North (Sedalia, 

CO) of the D1 sequence (lower Dawson Formation) and (2) if there are variations in the 

unroofing sequence between the more proximal samples (near the CFR) and the more 

distal (Denver Basin). 

3.2 USE OF PETROGRAPHIC ANALYSIS TO IDENTIFY PROVENANCE AND 

DISTINGUISH FLUVIAL MEGAFAN LITHOSOMES 

 Identification of provenance using petrologic composition of outcrop data was 

used to establish two separate fluvial megafan lithosomes within the Campanian-
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Maastrichtian Hams Fork Conglomerate Member of the Evanston Formation in 

northeastern Utah and southwestern Wyoming (DeCelles and Cavazza 1999) (Figure 

3.4).  The Hams Fork Conglomerate is pebble to boulder in grain size and 

predominantly quartzitic in composition (DeCelles and Cavazza 1999). It was deposited 

in the foredeep of the Cordilleran foreland basin along the Sevier fold and thrust belt 

(DeCelles and Cavazza 1999). The Hams Fork Conglomerate is analogous to the lower 

Dawson Formation (D1) in the Denver Basin in that it has similar lithofacies, it is a 

synorogenic deposit, and fluvial megafans are the depositional environment.  DeCelles 

and Cavazza (1999) used petrologic composition of at least 100 clasts at 16 stations 

and 11 locations throughout the study area and the thickness of the Hams Fork 

Conglomerate.   

The Hams Fork Conglomerate clast composition data indicate an abundance of 

Proterozoic and Lower Cambrian quartzite with minor amounts of Pennsylvanian-

Permian quartz arenite and Permian and/or Mississippian chert (DeCelles and Cavazza 

1999).  Interpretation of these data indicates three sources for the Hams Fork 

Conglomerate- the Willard thrust sheet, Wasatch anticlinorium, and local, frontal thrust-

related topographic ridges (DeCelles and Cavazza 1999). The Willard thrust sheet was 

the main source of the detritus in the Hams Fork Conglomerate (DeCelles and Cavazza 

1999). The presences of Precambrian basement clasts indicate that the Wasatch 

anticlinorium must have actively supplied clasts, as well. DeCelles and Cavazza (1999) 

were also able to determine an abundance of Paleozoic quartz arenite clasts in the 

northeastern part of the study area (northeastern Utah and southwestern Wyoming), 

and abundant Lower Cambrian and Proterozoic clasts and small amounts of 
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Precambrian basement clasts in the southwestern part of the study area. This difference 

in clast-type abundance is interpreted as two distinct petrofacies and is supported by 

the paleocurrent analysis (DeCelles and Cavazza 1999). The results ultimately 

suggests that two different source areas or drainage basins fed two different fluvial 

megafans that make up the Hams Fork Conglomerate (Figure 3.5) (DeCelles and 

Cavazza 1999).   

3.3 PREVIOUS PETROGRAPHIC ANALYSIS ALONG THE CFR 

 Previous work using petrographic analysis in the Denver Basin has been 

conducted on the Kiowa Cored Well (Kiowa core) to determine provenance variations 

during the Late Cretaceous-Tertiary uplift along the CFR. Wilson (2002) examined 42 

samples from the Kiowa core, which is located in Elbert County near the center of the 

Denver Basin (Figure 3.6).  The 42 samples are from the Pierre Shale, Fox Hills 

Sandstone, Laramie Formation, D1 sequence of the Dawson Formation, and the D2 

sequence of the Dawson Formation (Wilson 2002) (Figure 3.2).  Thin sections were 

prepared from core chips and impregnated with blue epoxy, but were not stained for 

potassium feldspar.  Detailed analysis using 300 point-counts (PNT-COUNT, point 

counting program by A.P. Byrnes) for each thin section was used on all samples, and 

visual grain size values and sorting values were also collected (Wilson 2002).  

 The D1 sequence is the lower portion of the Dawson Formation and includes the 

Arapahoe Conglomerate/Formation (Raynolds 1997, 2002). Wilson (2002) presents a 

comprehensive study and QFL (Quartz, Feldspar, Lithics) percentages of the 

synorogenic strata within the Kiowa core, and documents QFL percentage variations 

and trends in abundance between each of the formations. QFL percentages for the D1 
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from Wilson (2002) analysis are 51%, 18%, and 30%, respectively (Table 3.1). The 51% 

quartzose component represents an increase from the Laramie Formation (20% 

quartzose components) that the D1 sequence lies unconformable above (Table 3.1) 

(Wilson 2002). The quartzose component of the D1 is also lower than the Pierre Shale 

(63%) and the Fox Hills Sandstone (74%) (Table 3.1) (Wilson 2002). The feldspathic 

component (18%) represents a significant increase from the Laramie Formation (8.2%) 

(Table 3.1) (Wilson 2002). Wilson (2002) includes feldspar, granitic fragments, and 

feldspathic gneiss for the total feldspathic component count. Total lithic count in the D1 

sequence (30%) is relatively high, but is lower than the previous Laramie Formation, 

which is extremely high at 72% (Table 3.1) (Wilson 2002). The D1 sequence is higher 

than the Pierre Shale (23.5%) and Fox Hills Sandstone (11.4%), as well (Table 3.1) 

(Wilson 2002). The lithic total includes all ductile grains, unstable accessory minerals, 

volcanic fragments, lithic sandstone and siltstone, and microschist fragments (Wilson 

2002). Sandstone classification was determined for the D1 sequence by plotting the 

QFL total data on a QFL Folk Diagram (modified Folk 1968).  Data from the Kiowa core 

analysis by Wilson (2002) shows the D1 sequence plotting as a spread between arkosic 

litharenite, lithic arkose, and arkose (Figure 3.7) (Wilson 2002).  

 Monocrystalline quartz (Qm) and polycrystalline quartz (Qp) are moderate (51 and 

46%, respectively) in total count compared to the other formations within the Kiowa core 

(Table 3.1) (Wilson 2002). Chert increases to 4% within the D1, and indicates either a 

stronger sedimentary source in the D1 than the Laramie Formation, or the dilution of 

Laramie Formation chert by the influx of volcanics (Wilson 2002). Chert in the D1 

sequence could be sourced either from clastics in the Mesozoic section overlying the 
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CFR or lower Paleozoic carbonates of the Pikes Peak region (Wilson 2002). Wilson 

(2002) also noted that the roundness of the quartz grains varied and become 

consistently angular to subangular in the upper D1 and D2 sequence. Rounded grains 

indicative of sedimentary source were found at and below 1,061 ft (323.4 m) (Wilson 

2002).   

 Plagioclase feldspar percentage in the D1 sequence is low (2.5%) and is absent 

in the Laramie Formation below the D1 sequence (Table 3.1) (Wilson 2002). This low 

percentage of plagioclase feldspar in the D1 sequence represents a lack of plagioclase 

feldspar phenocrysts or grains in the source area (Wilson 2002). Potassium feldspar 

percentages increase in the D1 sequence (12.1%) and represent an increase in input of 

potassium feldspar from locally sourced arkosic sandstone or plutonics (Table 3.1) 

(Wilson 2002). Granitic fragment percentage for the D1 is 2.7% (Table 3.1) (Wilson 

2002).  Also no gneissic fragments or mafic minerals (amphibole, pyroxene, etc.) were 

identified, indicating that high-grade metamorphics such as feldspathic gneiss (that 

covered most of the CFR, North of Castle Rock, CO) were not a source of debris 

(Wilson 2002). 

 Volcanic fragments are the most abundant in the D1 (17.3%) and upper portion 

of the Laramie Formation (Table 3.1) (Wilson 2002). This volcanic fragment percentage 

is the largest component of the lithic total. Ductile grains within the lithic grain count for 

the D1 sequence make up 12.1% and are predominantly micas and mud/clay pellets 

(Table 3.1) (Wilson 2002). Carbonate fragments are only an average 0.6% and 

ultimately just trace grains (Table 3.1) (Wilson 2002). 
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 Overall grain-type trends can be observed with the QFL analysis throughout the 

Kiowa core and within the D1 sequence. Chert constituents increase in abundance 

(from 6.58% to 7.54%) from the Pierre Shale into the Fox Hills Sandstone, but decrease 

(with minor fluctuations) into the Laramie Formation (1.33%) and the D1 sequence 

(4.00%) (Table 3.1) (Wilson 2002). Chert is almost completely absent in the D2 

sequence except for trace amounts (0.08%) in the upper portion. This decrease in chert 

content in the D2 sequence occurs while there is an increase in grain size, which is 

opposite the documented trend between chert and grain size. The documented trend is 

that chert content typically increases with increasing grain size, and Wilson (2002) notes 

examples of this chert and grain size trend from the Lower Jurassic Sandstones of the 

Alaska North Slope and the Lower Cretaceous conglomerates and sandstones in the 

Western Canada Sedimentary Basin.  This observation of a decrease in chert with an 

increase in grain size within the D2 sequence suggests that provenance is a more 

influential control than grain size in the sandstones within the Kiowa core (Wilson 2002).   

All of the trace amounts of carbonate observed within the samples in Wilson 

(2002) are detrital dolomite. In the middle part of the D1 sequence detrital dolomite 

grains are present along with an increase of chert content, suggesting unroofing or the 

removal of lower Paleozoic carbonates in the Pikes Peak area (Wilson 2002).  Dolomite 

is nearly absent in the lower portion of the D1 and the chert content is lower suggesting 

that the grains in the lower part of the unit were sourced from the overlying Mesozoic 

coarse clastics (Wilson 2002) (Figure 3.8 (A)).    

Plagioclase feldspar percentages range from 5-12% for the Kiowa core (Table 

3.1) (Wilson 2002). Plagioclase feldspar content increases in the middle portion of the 
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D1 and has slight increases in the base and upper portion of the sequence (Figure 3.8 

(B)) (Wilson 2002). This trend in plagioclase feldspar distribution has a strong 

correlation with volcanic-rich intervals in the middle and upper portions of the D1 

sequence (Wilson 2002). Granitic fragments are relatively low in abundance for the 

analyzed samples but have a slight increase in the medial D1 and the upper portion of 

the D1 (Figure 3.8 (B)) (Wilson 2002). The increase occurs at the same intervals as the 

plagioclase feldspar and potassium feldspar increase (Figure 3.8 (A)).  

 Both silicic and mafic volcanic fragments were identified within the Kiowa core 

thin section samples.  Silicic volcanic grains are most abundant in the Laramie 

Formation and the D1 sequence (range from 20-50%) (Table 3.1) (Wilson 2002).  The 

silicic volcanic grains are more dominant in the lower and upper portions of the D1, but 

are absent in any finer-grained units (0.06 to 0.15 mm average visible mean grain size), 

regardless of where they fall in the sequence (Figure 3.8 (C)) (Wilson 2002).  Mafic 

volcanic grains are overall absent in the D1 sequence (Wilson 2002) (Figure 3.8 (C)).  

 Wilson (2002) presented a provenance analysis of the Kiowa core was based on 

five main framework grain categories- (1) plutonic source, (2) volcanic source, (3) 

sedimentary source, (4) indigenous source, (5) low-grade metasedimentary source, and 

(6) unspecified source (Table 3.2). Results from the analysis on the Kiowa core were 

plotted on a Dickinson Tectonic Setting Plot and show the D1 in the transitional 

continental region (Figure 3.9) (Wilson 2002).  Wilson (2002) noted that the D1 

sequence shows a noticeable increase in plutonic type framework grains (30-50%) 

towards the upper portion of the sequence and into the D2 sequence (Figure 3.11) 

(Wilson 2002).   Wilson (2002) suggested that identification of plutonic type grains can 
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be hindered by grain size, i.e., they are easier to distinguish in larger grain sizes (Figure 

3.10). Volcanic type framework grains are high (20-75%) in the lower D1 and in the 

Laramie Formation below (Figure 3.10) (Wilson 2002). Wilson (2002) also documented 

high volcanic content in upper portions of the D1 (20-45%) (Figure 3.10).  Low-grade 

metamorphic category framework grains are very sparse overall in the D1, but are 

significant in the units below (Pierre Shale, Fox Hill Sandstone, and Laramie Formation) 

(Figure 3.10) (Wilson 2002).  There is a slight increase in micaceous quartzite in the 

middle portion of the D1, which Wilson (2002) interprets as reworking of low-grade 

metasediments from the lower Paleozoic clastic units.  Sedimentary category grains are 

predominantly chert and dolomite throughout the Kiowa core (Wilson 2002).  The 

sedimentary-type grains are overall less abundant (1-5%) in the D1 but have a 

noticeable increase in the middle portion (10-30%) of the sequence (Figure 3.10) 

(Wilson 2002).  

 Kelley (2002) presented provenance and unroofing analysis of Denver Basin fill 

using fission-track thermochronology of detrital apatite and zircon grains from 

synorogenic deposit samples of the Kiowa core and the Castle Pines core (near Castle 

Rock, Colorado). Fission-track thermochronology can be used to constrain exhumation 

history, especially in mid-crustal rocks in rapidly deforming orogenies (Kelley 2002). 

Apatite fission track work has been done in the basement of the southern Front Range, 

and an apatite partial annealing zone (PAZ) was recognized that separates apatite 

fission tracks cooling at >100Ma from those at 50 to 70 Ma (Kelley 2002). In typical, 

stable geological environments, where temperature is a function of depth are at a 

maximum, the apatite fission-track age and track lengths decrease systematically with 
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depth (Kelley 2002). When rock is exhumed or moved upward the rock cools through 

the closure isotherms for various mineral systems, which allows the fission-track “clock” 

to begin (Kelley 2002). According to Kelley (2002), along the Front Range apatite at 

temperatures above 110 degrees at the end of the Mesozoic time in rocks being 

exhumed retain fission tracks with cooling ages during the Laramide Orogeny. Kelley 

(2002) noted that if the temperature was less than 110 degrees prior to Mesozoic time 

the fission-track ages are mixed (>100 Ma).  These identified apatite fission tracks 

within the Front Range basement rock units can be used as stratigraphic markers for an 

unroofing sequence by analyzing detrital apatite and zircon grains within the 

synorogenic stratigraphic units in the Denver Basin (Figure 3.4).   

 Kelley (2002) use eleven samples from the Kiowa core and seven samples from 

the Castle Pines core within the D1 and D2 sequence. Prior to the Laramide Orogeny, 

deformation of the sequence of rocks that covered the southeastern and eastern Front 

Range were Ordovician to Cretaceous or Pennsylvanian to Cretaceous sedimentary 

rocks which lie above Proterozoic metamorphic and plutonic rocks (Kelley 2002).  With 

knowledge of the previous rock cover and the fission track cooling ages of the 

basement rocks, the following trends can be predicted up section in the D1 and D2 

sequences: (1) the Phanerozoic cover should contribute recycled zircon and apatite 

from within the apatite PAZ to the oldest sediments as Laramide deformation began; (2) 

a large influx of volcanic grains in both the detrital zircon and apatite fission-track age 

populations should be recorded as volcanoes dominated the landscape; (3) the middle 

part of the sequence should contain a mixture of volcanic grains, recycled grains from 

the Phanerozoic cover, and perhaps minor basement component; (4) the younger part 
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of the sequence should contain primarily metamict zircon grains and 50 to 70 Ma apatite 

grains derived from the Proterozoic basement below the base of the PAZ (Kelley 2002).  

 Kelley (2002) results from analysis of fission-track thermochronology of detrital 

apatite and zircons through the D1 and D2 sequence show an unroofing sequence from 

the Laramide Orogeny (Figure 3. 4).  The lower most section of the D1 sequence 

(including the Arapahoe Conglomerate) shows the initial unroofing of the Paleozoic and 

Mesozoic section (Kelley 2002).  Older recycled sedimentary grains and Mesozoic 

recycled ash grains with detrital zircons were fission-track dated to 80 to 90 Ma (Kelley 

2002).  Kelley (2002) suggests that the signal of dateable grains is eventually lost due to 

an influx of volcanic grains into the D1. Dateable zircons and apatite are present in the 

upper portion of the D1 and show both sources in the Paleozoic section and the 

basement (Kelley 2002).  Apatite grains are dated to >100 Ma indicating they are from 

the fossil PAZ (Kelley 2002).  The samples from the Castle Pines core are very similar 

to the Kiowa core except that the volcanic component is diminished and the amount of 

metamict grains increases up section (Figure 3.11) (Kelley 2002).  

 The fission-track thermochronology results presented by Kelley (2002) are 

consistent with the petrographic analysis of Wilson (2002).  In the Kiowa core both 

studies found: (1) basement grain percentages increase up section, (2) volcanic 

material is absent in the D2 sequence, (3) minor volcanic components are present in the 

Fox Hills-Pierre transitional sandstone.  The two main differences in Wilson (2002) and 

Kelley (2002) is the amount of volcanic grains identified in the Laramie Formation and 

Kelley (2002) found the opposite trend to Wilson (2002) of volcanic grains in the D1 

sequence.  Wilson (2002) identified a significant number (20-75%) of volcanic 
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components for both the lower Dawson Formation and the Laramie Formation, but no 

datable zircons were found in the study from Kelley (2002).  The reasons for this 

difference between Wilson (2002) and Kelley (2002) may be due to the fact each study 

examined different sandstone intervals within the Laramie Formation and/or the volcanic 

components contain trace amount of zircons (Kelley 2002). Kelley (2002) identified a 

pulse of volcanic constituents in the middle part of the D1 based on the fission-track 

analysis. Wilson (2002) did not identify any significant volcanic components in the 

medial part of the D1 but did find significant volcanics in the lower (20-75%) and upper 

portions of the D1 (20-45%). The reasons for this opposing trend of volcanic grain-type 

distribution may be due again to examining different sandstone units within the D1 or 

may be due to difficulty in identifying the volcanic components petrographically in the 

middle portion of the D1 because the grains are all zircons (Kelley 2002).  

 This study built on the pioneering work of Wilson (2002) and Kelly (2002) to 

determine if (1) there a noticeable difference between the unroofing sequence in the 

South (Colorado Springs, CO) and the North (Sedalia, CO) of the D1 sequence (lower 

Dawson Formation) and (2) if there are variations in the unroofing sequence between 

the more proximal samples (near the CFR) and the more distal (Denver Basin). 

3.4 PETROGRAPHIC ANALYSIS 

 Petrographic analysis allows for the determination of grain-type and grain-type 

abundance within each sample. This analysis is used to determine rock type and grain-

type trends within sample locations and within the lower Dawson Formation or D1 

sequence of the Denver Basin. 
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3.4.1 METHODS AND HYPOTHESIS TESTING 

 A total of 66 thin section samples from the Kiowa core and the Castle Pines core 

were provided by the Denver Museum of Nature and Science. Petrographic analysis 

was completed on 12 thin section samples from growth strata outcrops and cores. The 

growth strata samples are all from outcrops of the D1 sequence in Colorado Springs 

and Sedalia, CO (Figure 3.6). Two thin section samples were used from the Air Force 

Academy growth strata outcrop in Colorado Springs, CO, and were collected above a 

syntectonic unconformity (SU)- SU-13 in the fluvial unconfined/megafan lithofacies at 

stratigraphic profile AFB2. Two thin sections were also used from the growth strata 

exposure at Wildcat Mountain in Sedalia, CO, and were also collected from the fluvial 

unconfined/megafan lithofacies at stratigraphic profile WM1. Sample (WM-1) was 

collected above SU-22 and sample (WM-2) was collected above SU-26. Both SU-13, 

SU-22, and SU-26 are major SU’s representing phases of development of Laramide-

style structures along the eastern, central CFR. Samples were named based on location 

in the Denver Basin (KC-Kiowa core, CP-Castle Pines core, AFB- Air Force Academy, 

and WM-Wildcat Mountain) and by either the thin section location in the sample box 

(Kiowa core and Castle Pines core) or by the order it was sampled from the outcrop (Air 

Force Academy and Wildcat Mountain). The field samples from the growth strata 

outcrops were etched for potassium feldspar on half of the thin section and impregnated 

with blue epoxy to show porosity.  The samples obtained from the Kiowa and Castle 

Pines cores were impregnated with blue epoxy, but only the Castle Pines core thin 

sections were stained for potassium feldspar on half of the thin section.  A total of 4 thin 

sections from each core were chosen from within D1 sequence.  Analysis was 
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completed on 2 thin sections from each outcrop (Wildcat Mountain and the Air Force 

Academy) of growth strata within the D1.  

The Gazzi-Dickinson Point Counting Method (Dickinson 1970) was used with a 

reduced number of counts of 300counts because the samples are coarse-grained and 

to make the dataset comparable to Wilson (2002). The Gazzi-Dickinson Method was 

chosen because of its emphasis on tectonic setting and its effect on the source area of 

detrital sandstones. One section was point counted to 400 point-counts (AFB-2) so that 

the data could be checked for statistical reliability to 300 counts.  

Using point count data, the rock was then classified and descriptions were 

developed recording its textural and mineralogical maturity. The Folk Method (Folk 

1968) of rock classification was chosen and the Folk QFL plot was used to classify each 

sample for this paper. Primary and secondary porosity was also observed and 

calculated from the samples (Appendix A).  A compaction index was also calculated for 

each thin section sample (Appendix A).  These results (classification, maturity, porosity, 

and compaction) were then used to identify an unroofing sequence and develop the 

sequence of events for the D1 sequence of synorogenic strata in the Denver Basin.   

Petrographic analysis on the D1 sequence included 12 samples from the Kiowa 

core, the Castle Pines core, and outcrop exposures of growth strata within the D1 along 

the CFR (Figure 3.6). Four samples from the Kiowa core were taken from depths 

ranging from 565 ft -1635 ft.  Four samples from the Castle Pines core were used 

ranging in depths from 643 ft -2322 ft. Thin sections from the growth strata outcrops 

were taken from collected hand samples from two locales- Wildcat Mountain near 

Sedalia, Colorado and the Air Force Academy near Colorado Springs, Colorado.  The 
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petrographic analysis was conducted on both core samples and outcrop samples so 

that a possible unroofing sequence could be identified with the synorogenic D1 

sequence, and so possible distinct petrofacies could help identify distinct fluvial 

megafans within the D1. If variation in the unroofing sequence could be established 

between the fluvial megafan at Wildcat Mountain and the fluvial megafan at the Air 

Force Academy, it would support the hypothesis of diachronous development along the 

CFR and possibly have implications for timing or order of events for the development of 

Laramide-style structures along strike of the central CFR  (i.e., did fault-propagated 

structures first emerge in the South or in the North?). 

3.4.2 GRAIN-TYPES 

Quartz, feldspar, and lithic grains are the three categories used in analysis for 

this paper. The quartzose component of this paper includes both monocrystalline quartz 

(Qm) and polycrystalline or microcrystalline quartz (Qp). The monocrystalline quartz 

component is divided into four subgroups for identification- (1) plutonic/volcanic quartz, 

(2) lineated fluid inclusions/strained/fractured quartz, (3) fluid inclusions/undifferentiated 

quartz, and (4) bladed mineral inclusions (Figure 3.12).  The two groups that have 

implications for provenance are the plutonic/volcanic quartz grains and the quartz grains 

with bladed mineral inclusions.  Plutonic/volcanic quartz was identified by its “quick” 

extinction (Scholle 1979) (Figure 3.13 (C) and (D)). Quartz grains with bladed mineral 

inclusions like rutile, actinolite, etc. imply a metamorphic origin (Scholle 1979) (Figure 

3.13 (A) and (B)).  Both lineated fluid inclusions/strained/fractured quartz and fluid 

inclusions/undifferentiated are grouped together in percentage totals of quartz as 

“undifferentiated quartz” because they have no implications to provenance.  
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Feldspathic components of the point-count analysis include two end members- 

(1) alkali feldspar and (2) plagioclase feldspar. A third category of unassigned/altered 

feldspar is also included in the feldspathic component group (Figure 3.14).  Alkali 

feldspar is identified on its tartan plaid or spindle extinction (Figure 3.15 (A)). 

Plagioclase feldspar is identified on its twinning extinction (Figure 3.15 (B)).  Feldspar 

has no specific tie to provenance but can be used in conjunction with the quartzose and 

lithic components to determine provenance. 

The lithic components for this study were divided into five categories- (1) igneous, 

(2) volcanic, (3) metamorphic, (4) sedimentary, and (5) unidentified (Figure 3.17). 

Igneous type lithic grains include granitic fragments and grains with recognizable 

phenocrysts (3.19 (A) and (B)). Volcanic type grains include silicic volcanic fragments, 

mafic fragments, and undetermined volcanic fragments.  Metamorphic type lithic grains 

include micaceous-microschist and undetermined metamorphic fragments (Figure 3.17 

(C) and (D)).  Sedimentary type lithic grains include sandstone fragments, mudstone 

fragments, and siltstone fragments (Figure 3.17 (E) and (F)). Unidentified lithic grains 

are also classified into a lithic grain-type category (Figure 3.17 (G) and (H)).  

 The average QFL percentages for the Kiowa core are 31.1%, 3.6%, and 12.4% 

respectively based on total framework components including those not in the quartz, 

feldspar, or lithic categories (Table 3.3 (A)). Percentages based on total components 

only in the quartz, feldspar, and lithic categories are 69% (quartz), 6% (feldspar), and 

25% (lithics) for the Kiowa core (Table 3.3 (B)). The average QFL percentages based 

on total framework components counted in the petrographic analysis for the Castle 

Pines core are 38.4%, 13.5%, and 2.2%, respectively (Table 3.3 (A)). Percentages 
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based on only the quartz, feldspar, and lithic counts for the Castle Pines core are 72% 

(quartz), 25% (feldspar), and 4% (lithics) (Table 3.3 (B)). The average QFL percentages 

based on total framework grains for Wildcat Mountain are 48.1%, 21.3%, and 1%, 

respectively (Table 3.3 (A)). Percentages based on quartz, feldspar, and lithic count 

totals only for Wildcat Mountain are 70% (quartz), 29% (feldspar), and 1.5% (lithics) 

(Table 3.3 (B)).  The average QFL percentages based on total framework grains for the 

Air Force Academy are 32%, 27%, and 1.3%, respectively (Table 3.3 (A)). Percentages 

based solely on the totals of quartz, feldspar, and lithic counts for the Air Force 

Academy are 74% (quartz), 24% (feldspar), and 3% (lithics) (Table 3.3 (B)). Rock type 

was determined for each sample by plotting the individual QFL data on a QFL Folk 

diagram (modified Folk 1968). The data from this analysis has the D1 sequence plotted 

as subarkose, arkose, and litharenite rock types.  

3.4.2a QUARTZOSE COMPONENTS 

The Kiowa core has 10.7-36.7% plutonic/volcanic quartz grains and 6-13% 

metamorphic (bladed mineral inclusions within the quartz) (Figure 3.18) (Table 3.4).  

The percentage of plutonic/volcanic quartz is more abundant (36.7%) in sample KC 16A, 

which is from the upper portion (~565 ft) of the D1 sequence within the core, and 

steadily decreases 10.7% with depth to 1635 ft (deepest sample of study from Kiowa 

core) (Table 3.4). The metamorphic quartz percentages are low (0.7% average) but are 

present in the upper (~565 ft) and lower (~1,635 ft) portion of the samples and absent in 

the sample from the medial portion (~1,000 ft) of the D1 (Table 3.4).  The 

undifferentiated component of the monocrystalline quartz type is an average of 9% for 

the four samples (Table 3.4). There is minimal polycrystalline (Qp) and no 
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microcrystalline quartz (chert) grains within the four samples from the Kiowa core.  The 

polycrystalline quartz is more abundant in the upper (~565 ft) and lower (~1635 ft) 

portions of the D1 sequence with the most significant amount (7%) in the lower most 

sample (KC 38A) (Table 3.4).  

 The Castle Pines core samples have 37.3-45.7% undifferentiated quartzose 

grains, and have 6-13% plutonic/volcanic percentages (Figure 3.19) (Table 3.4). The 

undifferentiated quartz percentage is an average of 24.5% (Table 3.4). The 

plutonic/volcanic quartz percentages are highest in the two samples from the middle 

portion (~1,300 ft) of the D1 (14.4% and 16%), and decrease in the lower (~2,300 ft) 

sample (6%) (Table 3.4).  The metamorphic quartzose component is minimal but has a 

slight increase from 1.3% in the upper (~643 ft) samples (CP 5 and CP 11) to 3% in the 

lower-most (~2,300 ft) sample (CP 15) (Table 3.4).  Microcrystalline quartz (chert) is 

absent except for 1.3% in the lower-most sample (Table 3.4). The polycrystalline quartz 

(Qp) component is low overall with 0.7-1.3% (Table 3.4). The upper-most sample (CP 5, 

~643 ft) and the lower-most sample (CP 15, ~2322 ft) do have significantly higher 

percentages of polycrystalline quartz (1.3% and 0.7%) than the samples from the 

middle (~1,300 ft) portion of the D1 (Table 3.4).  

 Four samples were point-counted from growth strata outcrops along the CFR in 

the D1 sequence. Two samples are from the Air Force Academy (AFB S-1 and AFB S-

2) near Colorado Springs, CO. Two samples are from Wildcat Mountain (WM-1 and 

WM-3) near Sedalia, CO. Plutonic/volcanic quartz is low in AFB S-1 (1.3%) and high in 

AFB S-2 (16.8%) (Table 3.4).  Inversely, undifferentiated quartz is high in AFB S-1 

(33.6%) and low in AFB S-2 (9.5%) (Table 3.4) (Figure 3.20).  These results could be 
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related, and plutonic/volcanic quartz may be under identified in AFB S-1. 

Microcrystalline quartz (chert) is absent in both the Air Force Academy and Wildcat 

Mountain samples. Polycrystalline quartz is present in AFB S-1 but is only 1% (Table 

3.4). Overall metamorphic quartz is low averaging 1.4% between both samples (Table 

3.4).  The possible tie between plutonic/volcanic quartz and undifferentiated quartz is 

also present in the samples from Wildcat Mountain. Plutonic/volcanic quartz is high 

(36.9%) in WM-1 and low (5.7%) in WM-2 (Table 3.4), but euhedral quartz (Figure 3.22) 

was identified in WM-1 indicating plutonic origin.  Undifferentiated quartz is low in WM-1 

(4%) and high in WM-3 (27.7%) (Table 3.4).  Microcrystalline quartz (chert) is absent in 

the Wildcat Mountain samples, and polycrystalline quartz is nominal at 1% in sample 

WM-1 (Table 3.4). Metamorphic quartz is higher than the samples from the Air Force 

Academy (9%-13%) (Table 3.4) (Figure 3.22).   

3.4.2b FELDSPATHIC COMPONENTS 

The Kiowa core has low average percentage (3.58% of total framework grains, 

6.25% of total quartz, feldspar, and lithic grains) of feldspathic components (Table 3.3) 

(Figure 3.23).  Alkali feldspar is only present in significant percentages in the upper-

most (KC 16A, ~565 ft) sample (7.3%) and in the lower-most (KC 38A, ~1,635 ft) 

sample (4.3%) (Table 3.5) (Figure 3.24).  A similar trend is also present in the 

plagioclase percentages with trace amounts of plagioclase feldspar in the upper-most 

sample (KC 16A, ~565 ft) (0.3%) and lower-most sample (0.7%) (Table 3.5).  Some 

unassigned/altered feldspar grains are present in the upper (~565 ft) and lower (~1,635 

ft) portion of the D1.  
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 The Castle Pines core has higher feldspar percentages (13.55%, total framework 

grains, 24.50% total quartz, feldspar, and lithic grains) than Kiowa core samples (Table 

3.3) (Figure 3.25).  There are significantly higher percentages of feldspar in the upper 

(CP 5, ~565 ft) (14.3%) and lower (CP 15, ~2322 ft) (18.3%) samples of the D1 (Table 

3.5). The two middle samples (CP 8, CP 11) have percentages of 13.3% and 8.3%, 

respectively (Table 3.5) (Figure 3.26). Overall there is more alkali feldspar (12.3% total) 

than plagioclase feldspar (3% total) in all the Castle Pine core samples (Table 3.5). The 

alkali feldspar increases in the lower–most sample (CP 15, ~2322 ft) (14.7%) (Table 

3.5).  Plagioclase feldspar ranges from 0% to 1.3% and is the most abundant in the 

Castle Pines core samples (Table 3.5).  The unassigned/altered portion of feldspar 

ranges from 3% to 7.6% for the four samples (Table 3.5). 

The two samples from the growth strata outcrop of the Air Force Academy (AFB 

S-1, AFB S-2) have higher percentages of alkali feldspar (4.3% and 10.5%) than 

plagioclase feldspar (0% and 1.3) and unassigned/altered (0% and 2.7%) (Table 3.5) 

(Figure 3.28). Sample AFB S-2 has the higher percentage of alkali feldspar (10.5%) and 

is stratigraphically higher than sample AFB S-1 (Table 3.5) (Figure 3.29). The two 

samples from the outcrop of the D1 at Wildcat Mountain (WM-1, WM-2) have the 

highest percentages of alkali feldspar (10.7% and 28.9%), but have very low or zero 

percentages of plagioclase or unassigned/altered feldspar (Table 3.5) (Figure 3.29).  

There is an overall decrease in feldspar moving up the stratigraphic profile or as the 

sediment gets younger, when comparing the two samples from Wildcat Mountain 

(Figure 3.30). Sample WM-1 is below WM-3 and has 28.9% alkali feldspar, while 

sample WM-3 has 10.7% alkali feldspar (Table 3.5).  
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3.4.2c LITHIC COMPONENTS 

 The four samples from the Kiowa core have some of the highest percentages of 

lithics (average 12.4% total framework grains, 25.25% of total quartz, feldspar, and lithic 

grains) of all the samples from the D1 sequence (Table 3.3) (Figure 3.31). There are 

more lithics in the upper sample (KC 24A, ~977 ft) at 12.6% and in the lower sample 

(KC 38A, ~1,635 ft) at 21.3% (Table 3.3).  The igneous type lithic grains increase with 

depth from 0.35 to 6% (Table 3.6).  No volcanic type lithics are present in the Kiowa 

core samples. Metamorphic type grains are minimal but do show a decrease with depth 

through the D1 from 1.7% to 0.3% (Table 3.6). Sedimentary type grains are 

predominantly absent except for 0.7% in one sample (KC 24A) (Table 3.6).  Unidentified 

lithic grains are the most abundant component (up to 15.3%) of the lithic percentages 

for the four samples (Table 3.6). The unidentified type lithic grains also increase with 

depth from 0.3% to 15.3% (Table 3.6). 

 The Castle Pines core has lower percentages (average 2.18% total framework 

grains, 4% of total quartz, feldspar, and lithic grains) of lithics than the Kiowa core 

samples (Table 3.3) (Figure 3.32).  The Castle Pines samples also have an increase in 

total lithics percentage with depth from 0% to 4.7% (Table 3.6).  The igneous type lithic 

grains for the four samples show a possible increase with depth, as well. The 

percentages with respect to depth are 0%, 0.3%, 1.3%, and 0.67% (Table 3.6). Volcanic 

type lithics are absent from the samples. Metamorphic type lithic grains are minimal in 

percentage, but also show an increase with depth in the Castle Pines core.  The 

percentages range from 0% in the upper sample (CP 5, ~643 ft) to 1% in the lower 

sample (CP15, ~2,322 ft) (Table 3.6). Sedimentary lithic grains are absent in all four 
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samples. Unidentified lithic grains (Figure 3.33) are minimal but also increase with depth 

from 0% in the upper sample (CP5, ~643 ft) to 3% in the lowest sample (CP 15, ~2,322 

ft) (Table 3.6). 

 The lithic components for the four samples from the D1 growth strata outcrops 

are overall low (1.28% for the Air Force Academy total framework grains, 1% for Wildcat 

Mountain total framework grains, 2.85% for the Air Force Academy of total quartz, 

feldspar, and lithic grains, and 1.50% for Wildcat Mountain of total quartz, feldspar, and 

lithic grains) in percentage (Table 3.3). The two samples (AFB S-1, AFB S-2) from the 

Air Force Academy have lithic percentages of 0.3% and 2.25% (Table 3.6).  The two 

samples (WM-1, WM-3) from Wildcat Mountain have even lower lithic percentages, with 

values both at 0.9% (Table 3.6).  In both sets of samples there is a slight decrease with 

depth in lithic percentages. Sample AFB S-1 has 0.3% lithic grains and is 

stratigraphically lower than sample AFB S-2 with a lithic grain percentage of 2.25% 

(Table 3.6).  Sample WM-1 has a lithic percentage of 0.9% and is stratigraphically lower 

than sample WM-3 with 1% lithic grains (Table 3.6). The igneous percentages for the 

two samples from the Air Force Academy are 0% (AFB S-1) and 0.25% (AFB S-2) 

(Table 3.6).  The igneous percentages for the two samples from Wildcat Mountain are 

almost identical to the Air Force Academy at 0% (WM-1) and 0.3% (WM-3) (Table 3.6). 

Both sets of samples show a decrease in igneous type lithic grains with depth but may 

not be a true trend since the percentages are nominal. There are only volcanic type 

lithic grains in AFB S-2 at 2% (Table 3.6).  Sample AFB S-1 is the only sample with 

metamorphic type grains present at 0.3% (Table 3.6).  Sedimentary type lithic grains are 

only present in sample WM-3 at 0.3% (Table 3.6). There are no unidentified lithic grains 
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in either Air Force Academy samples. Both samples from Wildcat Mountain have 

unidentified lithic grains at 0.9% (WM-1) and 0.3% (WM-3) (Table 3.6).  

3.5 DISCUSSION 

Comparison of the QFL totals for each set of samples (Kiowa core, Castle Pines 

core, Air Force Academy, and Wildcat Mountain) shows interesting basin trends for the 

D1 sequence. The quartzose component of these samples is significantly high 

compared to the feldspathic and lithic components.  Percentages range from 

approximately 20-50% (Table 3.3). Feldspar percentage is lowest in the Kiowa core 

(3.58% of total framework grains, 6.25% of total quartz, feldspar, and lithic grains), but 

percentages are relatively high in the Castle Pines core (13.55%, total framework grains, 

24.50% total quartz, feldspar, and lithic grains), Air Force Academy (10.25% of total 

framework grains, 23.50% total quartz, feldspar, and lithic grains), and Wildcat Mountain 

(21.35% total framework grains, 29% total quartz, feldspar, and lithic grains) samples 

(Table 3.3).  The Kiowa core is the location farthest from the CFR in the more distal part 

of the D1 sequence (Figure 3.6). This lack of feldspar-type grains in the Kiowa core 

samples may indicate that the feldspar grains did not travel to the more distal part of the 

basin, but were deposited near the uplifting CFR. The Kiowa core does have the highest 

percentage of lithic constituents (5.6% to 21.3%) (Table 3.3). Percentages in the other 

three locales are significantly lower comparatively (ranging from 0% to 4.7%) (Table 

3.3).  This abundance of lithic constituents may indicate some kind of bypassing of lithic 

grains in the more proximal region to the CFR. Bypassing of the lithic grains may be due 

to two different sediment distribution systems/depositional systems or different drainage 

systems of the D1 sequence within the Denver Basin during this period.  This 
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interpretation of multiple distribution systems/depositional systems is only a possibility 

and more data is needed to provide a solid interpretation.   

 Quartz is the most abundant grain-type (average of 38.69% of total framework 

grains of all samples; average of 79.81% of total quartz, feldspar, and lithic counts of all 

samples) within the D1 sequence, but there is variation in the abundance of each type 

of quartz (plutonic/volcanic, metamorphic, and undifferentiated) at each sample location 

(Table 3.3). Of the two types that have provenance implications-plutonic/volcanic and 

metamorphic, the most dominant quartz type is plutonic/volcanic. This dominance of 

plutonic/volcanic quartz type indicates that a plutonic/volcanic source was available 

during most of the deposition of D1. The metamorphic type quartz is most abundant in 

the samples from Wildcat Mountain at 9% (WM-1) and 13% (WM-3) (Table 3.4).  There 

are also significant percentages of metamorphic type quartz in the Castle Pines core 

samples and the Kiowa core samples.  Metamorphic quartz is lowest overall in the Air 

Force Academy samples (1%-1.75%) (Table 3.4). The metamorphic type quartz was 

sourced from the Idaho Springs metamorphic suite or formation in the northern portion 

of the central CFR. The presences of metamorphic type quartz in these three locations- 

Wildcat Mountain, Castle Pines core, and Kiowa core, supports these areas being part 

of the same petrofacies. The lack of metamorphic type quartz and the dominance of 

feldspar in the region Air Force Academy give evidence to the Pikes Peak batholith 

being the main source rock for the sediment in the southern, central CFR and being a 

separate petrofacies within the D1 sequence. This lack of metamorphic-type quartz and 

abundance of feldspar grains in conjunction with the distribution of lithic components 

provides evidence for two distinct petrofacies within the D1 sequence.  
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 Chert grains (Qp) also vary in abundance and distribution.  Chert is present in 

both the Kiowa core samples and the Castle Pines core samples, but practically absent 

in both the Air Force Academy samples and Wildcat Mountain samples. The chert is 

derived from the Paleozoic to Mesozoic sedimentary cover along the CFR. This is 

evidenced in dolomite and chert relationship within the D1 sequence documented by 

Wilson (2002). Chert and dolomite are most abundant in the middle portion of the D1 

sequence and likely from the Paleozoic cover near the Pikes Peak region (Wilson 2002). 

Dolomite is absent and chert is lower in the lowest portion of the D1 sequence, making 

the chert likely from the Mesozoic cover according to Wilson (2002). The lack of chert in 

the more proximal samples indicates that the sedimentary grains/chert bypassed these 

areas and were deposited in the distal portion of the Denver Basin.  

 The feldspathic components of the twelve samples of this paper also vary in 

abundance from each sample location and within the samples at each location. 

Feldspar is most abundant (average 10.25-21.35% of the total framework grains; 

average 23.5-29% of quartz, feldspar, and lithic counts) in the samples from the 

proximal growth strata outcrops (Air Force Academy and Wildcat Mountain) of the D1 

(Table 3.3).  Feldspar percentages get as high as 28.9% (WM-1) (Table 3.5).  There is 

also variation in abundance of feldspar within each sample site of the growth strata 

outcrops. Feldspar significantly decreases with depth or increases up the stratigraphic 

profile at the Air Force Academy (Table 3.5). Conversely, feldspar increases with depth 

or decreases up the stratigraphic profile at Wildcat Mountain (Table 3.5).  This variation 

of feldspar abundance with depth may be tied to variations in sediment source area or 

where the sediment enters the basin. Sediment entry points are ultimately tied to the 
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location of emerging Laramide structures along the CFR, the location of stream 

catchments, or variations in source rock lithology.  This variation in feldspar total 

percentages may also support the idea of two petrofacies within the D1 or the presence 

of two distinct fluvial megafans.  Feldspar percentages in the Kiowa core samples and 

Castle Pines core are lower than that of the samples from the growth strata outcrop 

locales.  Both the Kiowa core and Castle Pines core have significant spikes in feldspar 

percentages in the samples in the upper and lower portion of the D1 (Table 3.3). This 

may indicate sediment pulses into the basin.  Alkali Feldspar is the most dominant type 

of feldspar within the D1 feldspar, in terms of total percentages.  Plagioclase is either 

absent or minimal in all the samples. There is slightly more plagioclase in both the 

Kiowa core and Castle Pines samples (Table 3.5).  

 The lithic components are the overall least abundant in the samples from the D1 

sequence. There are variations in abundance between sample locations and within 

each location. The Kiowa core has the highest percentages of lithics, and there is a 

noticeable trend of an increase of lithics with an increase in depth. The percentages 

increase from 5.6% (KC 16A, ~565 ft) to 21.3% (KC 38A, ~1,635 ft) (Table 3.3 (A)).  

The Castle Pines core samples also show an increase in lithic components with depth. 

The percentages increase from 0% (CP 5, ~643 ft) to 4.7% (CP 15, ~2,322 ft) (Table 

3.3).  The samples from the growth strata outcrops (AFB S-1, AFB S-2, WM-1, WM-3) 

have the lowest percentages ranging from 0.3% to 2.25% (Table 3.3).  All the samples 

have significantly higher igneous type lithic grains in the lower- most sample of each 

location, which indicates a pulse of igneous material that was basin wide within the D1 

or the survivability of the igneous grains.  Metamorphic type grains are more abundant 
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in the Kiowa core and Castle Pines core (2.7% and 2.4%, respectively) samples than in 

the more proximal Air Force Academy and Wildcat Mountain samples (0% and 3%, 

respectively) (Table 3.6).  

 Wilson (2002) conducted petrographic analysis on the Kiowa core that included 

the D1, and when compared to the results of this study (both the Kiowa core and the D1 

as a whole) similarities and differences come to light. Wilson (2002) has average QFL 

values for the D1 sequence at 51% (Quartz), 18% (Feldspar), and 30% (Lithics). This 

study has an average QFL for the D1 at 72% (Quartz), 21% (Feldspar), and 8% (Lithics) 

(Table 3.3). The differences in percentages may be due to the Wilson (2002) study only 

looking at samples from the D1 in the Kiowa core and this paper examined samples 

from the Kiowa core, Castle Pines core, and two growth strata outcrops of the D1 at the 

Air Force Academy and Wildcat Mountain.   

Both Wilson (2002) and this paper have the highest percentage of framework 

grains as quartz. This paper differentiated the quartz into three types- (1) igneous 

plutonic, (2) metamorphic, (3) undifferentiated based on implications of provenance. 

Wilson (2002) also distinguishes the quartz grains in a similar fashion, and noted the 

abundance variations of chert grains within the D1 (Table 3.2).  Chert grains are most 

abundant in the middle portion of the D1 indicating the unroofing of the 

Paleozoic/Mesozoic sedimentary cover along the CFR (Wilson 2002). This paper also 

documented changes in chert abundance through the Kiowa core and at the other three 

locales. Chert is most abundant in the two distal sample locations- Kiowa and Castle 

Pines cores (Table 3.4).  Chert also increases with depth in the Kiowa core from 0.7% 

(KC 16A) to 7% (KC 38A) (Table 3.4). This increase in chert with depth is different than 
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the trend seen in the Wilson (2002) data of a spike in chert in the middle portion of the 

D1 (Figure 3.8 (A)).  Chert is most abundant in the upper-most sample (CP 5, ~643 ft) of 

the Castle Pines core and in the lower-most sample (CP 15, ~2,322 ft).  This variation in 

chert abundance within the Castle Pines core samples also varies from the trend seen 

in Wilson (2002) data from the Kiowa core.   

Another difference between this paper and Wilson (2002) is the documenting of 

volcanics in the D1 by Wilson (2002).  Volcanic grains were more abundant in both the 

lower and upper portion of the D1 in the samples analyzed from the Kiowa core by 

Wilson (2002).  The opposite trend was documented by fission-track thermochronology 

of the D1 in both the Kiowa and Castle Pines cores (Kelley 2002).  A pulse of volcanics 

was documented in middle portion of the D1 instead of the lower and upper portions like 

Wilson (2002). Volcanic grains were not recognized in any abundance within any of the 

samples used in this paper.  The lack of volcanic grains within the D1 could be 

attributed to this study looking at different samples in the Kiowa core than Wilson (2002).   

Wilson (2002) also documented variations in detrital dolomite within the D1.  

Dolomite grains increase in abundance in the middle portion of the D1 similar to the 

chert abundance (Wilson 2002).  Dolomite is absent in the lower portion of the D1 in 

Wilson (2002).  This paper did not document any dolomite grains within the Kiowa core 

samples or any other samples. Again, this absence of dolomite may be due to Wilson 

(2002) and this paper using different samples from the D1.   

This paper and Wilson (2002) both found a predominance of alkali feldspar and a 

lack of plagioclase feldspar. Wilson (2002) noted an increase in plutonic type framework 

grains towards the top if the D1 that was also documented in this paper. An increase in 
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plutonic type quartz towards the upper part of D1 is present in the Kiowa core samples, 

Castle Pines core samples, and possibly the Air Force Academy samples.   

 Wilson (2002) data plot in the arkosic litharenite, lithic arkose, and arkose regions 

on a QFL Folk Plot (modified Folk 1968) (Figure 3.7).  This paper’s data was plotted 

against these data and is found to be significantly higher up the QFL Plot in the regions 

of arkose, subarkose, and litharenite (Figure 3.34).  The differences in plots are due to 

the differences in quartz values (this paper is higher in percentages) and the amount of 

lithics documented in the Kiowa core samples (this paper is also higher in percentages).  

The Kiowa core data from the D1 in Wilson (2002), when plotted on a Dickinson QtFL 

Tectonic Setting Plot, plots in the transitional continental region (Figure 3.10). When the 

data from this paper are plotted with the data from Wilson (2002) on the Dickinson QtFL 

Tectonic Setting Plot, the data from the study for the Kiowa core samples plot in the 

recycled orogenic region, not with the data from Wilson (2002) in the transitional 

continental (Figure 3.35).  Data from the Castle Pines core, Air Force Academy, and 

Wildcat Mountain all plot within the transitional continental region of the Dickinson QtFL 

plot (Figure 3.35).  The main reason for the difference between the Kiowa core samples 

of this paper and Wilson (2002) is the higher percentages of lithics documented by this 

paper. These higher percentages of lithics from this paper caused the Kiowa core data 

to plot in the recycled orogenic region of the Dickinson QtFL plot.  The difference 

between this paper and Wilson (2002) may be ultimately due to how grains were 

classified.  What Wilson (2002) constitutes as a lithic may not be a lithic in this study 

and vice versa. Both data sets- Wilson (2002) and this paper do not plot in the 

basement uplift region of the Dickinson QtFL plot. The Laramide Orogeny of the CFR 
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would be considered a basement uplift, but these results from the D1 plot in the 

transitional continental and recycled orogenic due to the high amount of lithic grains 

within the D1 sequence. The high amount of lithics may be due to pulses of volcanic 

type lithic grains from magmatism associated with the Laramide uplift in the central CFR 

region (Wilson 2002).  

3.6 CONCLUSIONS 

 Petrographic analysis of thin section samples, from both proximal and distal 

locales to the CFR within the D1 sequence, show evidence of unroofing due to the uplift 

of structures along the CFR during the Laramide Orogeny.  The unroofing signal varies 

from location to location, but distinct differences between the proximal and distal sample 

location is evident.  The Kiowa core and Castle Pines core samples have more 

abundant chert, igneous, and metamorphic lithic percentages than the Air Force 

Academy and Wildcat Mountain. The presences of chert, igneous, and metamorphic 

lithic  grains record the unroofing of the Paleozoic/Mesozoic sedimentary cover and the 

Proterozoic metamorphic and plutonic suites that lie under the Paleozoic/Mesozoic 

sedimentary cover.  

Wilson (2002) and the results presented in this paper both identify an unroofing 

sequence within the lower Dawson Formation of D1 sequence. Wilson (2002) suggest 

five unroofing events interpreted from the framework mineralogy- stripping of the chert 

bearing Mesozoic sandstones from the CFR, stripping of the Fountain Formation, 

stripping of the Lower Paleozoic carbonates, incision into the basement plutonics of the 

CFR, and volcanic input from events in the source area. The difference between Wilson 

(2002) and the petrographic analysis in this paper is examination of more proximal 
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samples of the D1 sequence (Air Force Academy and Wildcat Mountain) and the 

recognition of provenance implications within the quartzose component of the D1 

sequence. By examining proximal and distal samples in relation to the CFR, petrofacies 

indicative of two distinct clastic fans within the lower Dawson Formation were identified 

based on variations in grain-type and grain-type abundance that have implications on 

provenance (Figure 3.36).  

The distribution of the unroofing signal within the D1 sequence highlights the 

presence of two distinct fluvial megafans. Wildcat Mountain, Castle Pines core, and 

Kiowa core are both rich in grain- types associated with the metamorphic and plutonic 

suite that makes up the CFR. These three locations roughly define the extent of the 

Wildcat Mountain fluvial megafan (Raynolds 2004) (Figure 3.36). The samples from the 

Air Force Academy notably lack grain types associated with plutonic or metamorphic 

origin.  This lack of grain-types associated with plutonic or metamorphic origin supports 

the idea of the Air Force Academy or the Pulpit Rock Fan (Thorson 2011) being a 

separate fluvial megafan from the Wildcat Fan fluvial megafan (Figure 3.36).  
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Figure 3.1(below) Distrubution of key Laramide sedimentary basins and intervening 
uplifts in the Rocky Mountain region between central Montana and central New 
Mexico.(A) Map of the Western United States with the Franciscan subduction complex, 
Colorado Plateau, and Frontal flank of the overthrust belt lablled. Saleeby (2003). 
Laramide-style structures and basins from Dickinson et al. (1988) are also shown. (B) 
Enlargement of Rocky Mountain region with key Laramide-style structures and basins 
labeled. Dickinson et al. (1988). Abbreviation FRU denotes the Front Range Uplift. 
Uplifts (U): BiU-Big Horn; BtU-Beartooth; GMU-Granite Mountains; HaU-Hartville; OCU-
Owl Creek; RaU-Rawlins; RSU-Rock Springs; SaU-Sawatch; SCU-Sangre de Cristo; 
WiU-Wind River; WMU-Wet Mountains. Basins (B): BHB-Bighorn; GRB-Green River; 
PiB-Piceance; PRB-Powder River; RaB-Raton; WaB-Washakie; WRB-Wind River.  
Modified from Dickinson et al. (1988). 
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Figure 3.2 Stratigraphic column of Maastrichtian to Eocene units deposited during the 
Laramide Orogeny in the Denver Basin adjacent to the central CFR. Stratigraphic zone 
of interest is highlighted by red parentheses. Identified SU’s from three field locations 
(Wildcat Mtn., Perry Park/Statter Ranch, and Air Force Academy) are also marked 
within the stratigraphic zone of interest. (Aschoff 2010, personal communication). 
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Figure 3.3 (below) Diagram of unroofing of the southern Front Range in Colorado. (A) A 
time of relative tectonic stability in central Colorado, (B) During early phases of 
Laramide deformation, grains were recycled out of Phanerozoic section, (C) Also during 
early Laramide deformation volcanism from the Colorado Mineral Belt contributed 
material to the Denver Basin, (D) By later stages of Laramide Deformation, most 
volcanic and sedimentary cover had been removed by earlier erosion, and synorogenic 
sediments in the basin were derived mainly from basement. Kelley (2002). 
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Figure 3.4 Chronostratigraphic chart of Upper Cretaceous to Paleogene rocks in 
northeastern Utah and southwestern Wyoming. The focus of this study (DeCelles and 
Cavazza 1999) is highlighted in red. Modified from DeCelles and Cavazza (1999). 
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Figure 3.5  (below) (A) Conglomerate clast-count data from Hams Fork Conglomerate. 
Note the relatively greater abundance of Paleozoic sandstone and carbonate clasts and 
lesser abundance of Proterozoic and lower Cambrian (Tintic) quartzite and Precambrian 
basement clasts in sections Northeast of Evanston, Wyoming. The bold dash line 
indicates the approximate boundary between the two petrofacies. (B) Paleogeographic 
map of the latest Cretaceous in the proximal part of the Cordilleran foreland basin 
system in northeastern Utah and southwestern Wyoming. The stippled areas represent 
fluvial megafans of the Hams Fork Conglomerate. The three principal source terranes 
for the Hams Fork Conglomerate are labeled-Willard thrust sheet, Wasatch 
anticlinorium, and the frontal ridges of the Crawford and Absaroka thrust faults. The 
Cottonwood arch(~25 km South)  may have also supplied detritus to the Hams Fork 
Conglomerate in the southwestern-most part of the study area. Modified from DeCelles 
and Cavazza (1999).  
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Figure 3.6 Map of study areas in the Denver Basin. Map showing the basin extent, 
geology, study sites (red circles), core locations (red stars), paleomagnetism sample 
locations (purple triangles) from Hicks et al. (2003), and palynology sample locations 
(blue square) from this paper and Kluth and Nelson (1988). Geologic terminology is 
from Raynolds (2002). The formation of interest is the D1 sequence or lower Dawson 
Formation (Late Cretaceous to Paleogene (TKd)). Basemap from Raynolds (2002). 
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Table 3.1 (below) Table of QFL percentages from samples of the Kiowa core for the D2 
sequence, D1 sequence, Laramie Formation, Fox Hill Sandstone, and Pierre Shale. 
Wilson (2002). 
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Figure 3.7 QFL triplot diagram (Modified from Folk, 1968) of data from Wilson (2002).  
The D1 sequence is highlighted in red. Modified from Wilson (2002). 
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Figure 3.8 (A) Chart of two major sedimentary components-chert and dolomite within 
the Kiowa core. Note the three major spikes in total chert within the D1. (B) Chart of 
major feldspathic components- plagioclase, potassium feldspar, and granitic fragments. 
Potassium feldspar is the most abundant in the samples from the D1 sequence. Wilson 
(2002). (C) Chart of volcanic components- silicic volcanics and basic volcanics. The 
largest pulse of silicic volcanic is in the upper portion of the D1 sequence. Wilson (2002). 
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Table 3.2 (below) Table of provenance components with five major categories for the 
Kiowa core. Wilson (2002). 
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Provenance Category Designations for Framework Grains, Kiowa Core (Wilson 2002) 

Plutonic Source           
Quartz, Plagioclase, and Potassium Feldspar-Dominated Granitic Rock Fragments 
Muscovite 

     
  

Biotite 
     

  
Chlorite 

     
  

Altered Micas 
    

  
Orthoclase 

     
  

Microcline 
     

  
Plagioclase (in samples with low volcanic content only) 

 
  

Perthite and Antiperthite 
    

  
Myrmekite and Graphic Granite         

Volcanic Source           
Volcanic Glass/ Altered Volcanic Glass 

   
  

Interdeterminate, Silicic, and Mafic Volcanic Fragments 
 

  
Amphibole 

     
  

Volcanic Quartz 
    

  
Opaque Accessory Minerals (volcanic-rich sandstones only) 

 
  

Zoned Plagioclase 
    

  
Plagioclase (in samples with high volcanic content only)     

Sedimentary Source           
Chert 

     
  

Dolomite 
     

  
Quartzose Sandstone/ Siltstone Fragments 

  
  

Quartz with Abraded Overgrowths 
   

  
Lithic Sandstone/Siltstone Fragments 

   
  

Clay/Mud/Shale/Mudstone Fragments         

Indigenous Source           
Clay Pellets 

     
  

Organic Fragments           

Low-Grade Metasedimentary Source         
Argillite/Phyllite 

    
  

Illitic/Micaceous Metaquartzite Fragments 
  

  
Polyquartz with greater than 5 subunits 

  
  

Stretched Polyquartz 
    

  

Quartz-Muscovite Microschist         

Unspecified Source           
All quartz not included in categories above 

  
  

Stable and Unstable Accessory Minerals (garnet, epidote, sphene, zircon, tourmaline, 
rutile) 
Nondescript, Argillaceous Fragments         
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Figure 3.9 Dickinson QtFl Tectonic Setting Plot of Kiowa core samples data. The D1 
sequence is highlighted in red. All of the samples from the D1 sequence plot in the 
transitional continental region of the plot. Modified from Wilson (2002). 
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Figure 3.10 (below) (A) Chart of the four main provenance grain type categories 
illustrating trends within the samples from the Kiowa core. Note the pulse of 
plutonic/high-grade metamorphics at the base of D1, the spike in sedimentary type 
grains in the medial portion of D1, and the large spike in volcanic type grains in the 
lower and upper portions of D1. (B) Chart of the three major provenance grain type 
categories with the volcanic category removed.  Again a pulse or spike in plutonic/high-
grade metamorphics can be recognized at the base of D1, and a spike in sedimentary 
type grains within the medial portion of D1. Modified from Wilson (2002).  
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Figure 3.11 Chart of percentage of metamict, volcanic, and other as a function of depth 
in both the Castle Pines core and the Kiowa core. Kelley (2002). 
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Table 3.3 (A) Table of average quartz, feldspar, and lithic percentages for the four 
sample locations and an average for the D1 sequence. Percentages based on total 
amount of framework grains. Table on the left is modified from Wilson (2002) and 
includes QFL data for the D1 sequence from the Kiowa core. 
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Table 3.3 (continued) (B) Table of average quartz, feldspar, and lithic percentages and 
an average percentage for the D1 sequence. Percentages based on total quartz, 
feldspar, and lithic grains. Table on the left is modified from Wilson (2002) and includes 
QFL data for the D1 sequence from the Kiowa core. 
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Figure 3.12 Triplot of quartzose components (this study)- plutonic/volcanic, bladed 
mineral inclusions, and chert. Quartz data from all four sample locations are plotted. 
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Figure 3.13 (A) Photo of typical metamorphic quartz in plain light (40x magnification) 
(field of view ~ 0.5 mm) with characteristic bladed mineral inclusions. Red arrow 
highlights bladed mineral inclusion. (B) Photo of typical metamorphic grain in cross-
polarized light (40x magnification) (field of view ~ 0.5 mm) with characteristic bladed 
mineral inclusions. Red arrow highlights bladed mineral inclusion. (C) Photo of typical 
plutonic/volcanic quartz in plain light (10x magnification) (field of view ~ 3 mm). Red 
arrow highlights the quartz grain. (D) Photo of plutonic/volcanic quartz in cross-polarized 
light (10x magnification) (field of view ~ 3 mm) with characteristic “light to dark” or “quick” 
extinction. Red arrow highlights the quartz grain. 
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Figure 3.14 Triplot of plagioclase, alkali feldspar, and unassigned/altered feldspar data 
from all samples.  
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Figure 3.15 (below) Photos of the two typical type feldspars grains- alkali feldspar and 
plagioclase feldspar. (A) Photo of an alkali feldspar grain in cross-polarized light with 
distinct “tartan plaid” or grid twinning from sample CP 15 of the Castle Pines core (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights the alkali feldspar grain. (B) 
Photo of a plagioclase feldspar grain in cross-polarized light with distinct albite twinning 
from sample CP 8 of the Castle Pines core (10x magnification) (field of view ~ 3 mm). 
Red arrow highlights the plagioclase feldspar grain. 
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Figure 3.16 Triplot of plutonic/volcanic, metamorphic, and sedimentary lithic grains for 
all samples. 
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Figure 3.17 Photos of example lithic-type grains (A) Photo of an igneous lithic grain with 
visible phenocrysts in plain light from sample KC 16A from the Kiowa core (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights the igneous grain. (B) Photo 
of the same igneous grain as photo (A) in cross-polarized light from sample KC 16A 
from the Kiowa core (10x magnification) (field of view ~ 3 mm). Red arrow highlights 
grain. (C) Photo of a metamorphic lithic grain in plain light from sample CP 10 of the 
Castle Pines core (10x magnification) (field of view ~ 3 mm). Red arrow highlights the 
metamorphic grain. (D) Photo of the same metamorphic lithic grain as photo (C) in 
cross-polarized light from sample CP 10 of the Castle Pines core (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights grains. (E) Photo of a sedimentary lithic 
grain in plain light from sample CP 15 of the Castle Pines core (10x magnification) (field 
of view ~ 3 mm). Red arrow highlights grain. (F) Photo of the same sedimentary grain 
as photo (E) in cross-polarized from sample CP15 of the Castle Pines core (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights grain. (G) Photo of 
unidentified heavy mineral lithic grain in plain light from sample CP5 of the Castle Pines 
core (10x magnification) (field of view ~ 3 mm). Red arrow highlights grain. (H)  Photo of 
unidentified heavy mineral lithic grain in plain light from sample CP5 of the Castle Pines 
core (10x magnification) (field of view ~ 3 mm). Red arrow highlights grain. 
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Figure 3.18 Photos of quartz grains from samples of the Kiowa core. (A) Photo of 
sample 16A showing four quartz grains in plain light (10x magnification) (field of view ~ 
3 mm). Red arrows highlight the quartz grains (B) Photo of sample 16A showing the 
same four quartz grains as photo (A) in cross-polarized light (10x magnification) (field of 
view ~ 3 mm). The “white” grain in the photo is a typical plutonic/volcanic category 
quartz grain. Red arrows highlight the quartz grains (C) Photo of sample 24A showing 
five quartz grains in plain light (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the quartz grains (D) Photo of sample 24A showing the same five quartz 
grains as photo (C) but in cross-polarized light (10x magnification) (field of view ~ 3 mm). 
Red arrows highlight the five quartz grains. 
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Table 3.4 Percentages of each Qm type and each Q p type for each sample. 

 
 
  

Sample 
Name 

Quartz (Qm) Type % Quartz (Qp) Type % 

plutonic/volcanic metamorphic undifferentiated polycrystalline microcrystalline 

KC 16A 
(565.1-
565.9 ft) 36.7 0.7 7.9 0.7 0 
KC 24 A 
(976.3-
977.5 ft) 22.3 0.7 11.3 3 0 
KC 36A 
(1562.1-
1563 ft) 16.6 0 7.7 1 0 
KC 38A 
(1634.9-
1635.8 
ft) 10.7 0.7 9.3 7 0 

CP 5 
(643 ft) 13 1.3 21.7 1.3 0 
CP 8 
(1205.2 
ft) 14.4 0.3 21.9 0.3 0 
CP 11 
(1450.5 
ft) 16 1.3 20 0.3 0 
CP 15 
(2322 ft) 6 3.3 34.4 0.7 1.3 

AFB S-1 
(surface) 1.3 1 33.6 1 0 
AFB S-2 
(surface) 16.75 1.75 9.5 0 0 

WM-1 
(surface) 36.9 9 4 1 0 
WM-3 
(surface) 5.7 13 27.7 0 0 
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Figure 3.19 Photos of quartz grains from samples of the Castle Pines core. (A) Photo of 
rutilated quartz (Qm) grain from sample CP15 in plain light (10x magnification) (field of 
view ~ 3 mm). This is a typical metamorphic type quartz grain. Red arrow highlights the 
quartz grain. (B) Photo of same rutilated quartz (Qm) grain of photo (A) from sample 
CP15 in cross-polarized light (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the quartz grain (C) Photo of large quartz (Qm) grain from sample CP15 with 
large mineral inclusion or “negative crystal” in cross-polarized light (10x magnification) 
(field of view ~ 3 mm). Red arrow indicates the quartz grain. (D) Photo of a 
microcrystalline quartz grain (Qp) from CP15 in cross-polarized light (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the microcrystalline quartz grain. (E) Photo 
of a lineated included quartz (Qm) grain from sample CP11 in cross-polarized light (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights lineated included quartz 
grain. (F) Photo of quartz grain with abundant fluid inclusions in cross-polarized light 
(40x magnification) (field of view ~ 0.5 mm). Red arrow highlights quartz grain with the 
abundant fluid inclusions. 
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Figure 3.20 Photos of quartz grains from sample of a growth strata outcrop located at 
the Air Force Academy (A) Photo of quartz grain from sample S1 in cross-polarized light 
with some fracturing and fluid inclusions (10x magnification) (field of view ~ 3 mm). Red 
arrow highlights quartz grain. (B) Photo of quartz (Qm) grain from sample S1 in plain 
light (10x magnification) (field of view ~ 3 mm). This grain has notable fractures and 
lineated inclusions. Red arrow highlights the quartz grain. (C) Photo of quartz (Qm) grain 
from sample S1 in cross-polarized light showing abundant bladed mineral inclusions 
that are possibly mica (10x magnification) (field of view ~ 3 mm). Red arrow highlights 
quartz grain. (D) Photo of polycrystalline quartz (Qp) grain from sample S1 in cross-
polarized light (10x magnification) (field of view ~ 3 mm). Red arrow highlights the 
quartz grain. (E) Photo of polycrystalline quartz (Qp) grain from sample S2 in plain light 
(4x magnification) (field of view ~ 5 mm). Red arrow highlights the polycrystalline quartz 
grain. (F) Photo of same polycrystalline quartz grain from photo (E) of sample S2 in 
cross-polarized light (4x magnification) (field of view ~ 5 mm). Red arrow highlights the 
polycrystalline quartz grain.  
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Figure 3.21 (below) Photos of a euhedral quartz grain from sample WM-1 taken from an 
outcrop of growth strata at Wildcat Mountain. (A) Photo of euhedral quartz (Qm) grain in 
plain light (4x magnification). Red arrow highlights quartz grain. (B) Photo of euhedral 
quartz grain in cross-polarized light (4x magnification). Red arrow highlights quartz grain. 
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Figure 3.22 Photos of quartz grains from samples of Wildcat Mountain. (A) Photo of 
microcrystalline quartz in plain light from sample WM 1 (10x magnification) (field of view 
~ 3 mm). Red arrow highlights the grain. (B) Photo of the same microcrystalline (Qm ) 
quartz grain from photo (A) of sample WM 1 in cross-polarized light (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (C) Photo of monocrystalline 
quartz (Qm ) in plain light from sample WM 3 (10x magnification). Red arrow highlights 
the grain. (D) Photo of the same monocrystalline quartz (Qm ) grain from photo (C) from 
sample WM 3 (10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain. 
(E) Photo of monocrystalline quartz (Qm ) in plain light from sample WM 3 (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights grain. (F) Photo of the same 
monocrystalline quartz (Qm ) grain as photo (E) in cross-polarized light from sample WM 
3 (10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain.   
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Figure 3.23 Photos of feldspar grains from samples of the Kiowa core. (A) Photo of an 
alkali feldspar grain in plain light from sample KC 16A (4x magnification) (field of view ~ 
5 mm). Red arrow highlights grain. (B) Photo the same alkali feldspar grain as photo (A) 
from KC 16A in cross-polarized light with visible “tartan plaid” or grid twinning (4x 
magnification) (field of view ~ 5 mm). Red arrow highlights the grain. (C) Photo of alkali 
feldspar grain in plain light from sample KC 38A (10x magnification) (field of view ~ 3 
mm). Red arrow highlights the grain. (D) Photo of the same alkali feldspar grain as 
photo (C) from KC 38A in cross-polarized light with visible “spindle” twinning (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights the grain. (E) Photo of two 
alkali feldspar grains in plain light from sample KC 38A (4x magnification) (field of view 
~ 5 mm). Red arrows highlight the grains. (F) Photo of the same two alkali feldspar 
grains as photo (E) from sample KC 38A in cross-polarized light (4x magnification) (field 
of view ~ 5 mm).  
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Table 3.5 Percentages of feldspar type for each sample. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Sample Name Feldspar Type % 

alkali plagioclase unidentified 

KC 16A (565.1-565.9 ft) 7.3 0.3 0.6 
KC 24 A (976.3-977.5 ft) 0.7 0 0 
KC 36A (1562.1-1563 ft) 0 0 0 
KC 38A (1634.9-1635.8 ft) 4.3 0.7 0.3 

CP 5 (643 ft) 5.3 1 7 
CP 8 (1205.2 ft) 2.6 1.3 7.6 
CP 11 (1450.5 ft) 3.3 0 4.7 
CP 15 (2322 ft) 14.7 0.7 3 

AFB S-1 (surface) 4.3 1.3 2.7 
AFB S-2 (surface) 10.5 0 0 

WM-1 (surface) 28.9 0 0 
WM-3 (surface) 10.7 0 3 
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Figure 3.24 (below) Schematic stratigraphic column of the Kiowa core (Raynolds, verbal 
communication, 2012) with QFL triplot data from this paper. Two key sequence 
stratigraphic surfaces are also labeled- KaFS1 (Arapahoe Conglomerate flooding 
surface) and KaSB1 (Arapahoe Conglomerate Sequence Boundary). 
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Figure 3.25 Photos of feldspar grains from samples of the Castle Pines core. (A) Photo 
of alkali feldspar grain from sample CP8 in plain light (10x magnification) (field of view ~ 
3 mm).  (B) Photo of plagioclase feldspar grain from sample CP8 in cross-polarized light 
(10x magnification) (field of view ~ 3 mm). Red arrow highlights the feldspar grain with 
visible twinning. (C) Photo of alkali feldspar grain from sample CP11 in cross-polarized 
light (10x magnification) (field of view ~ 3 mm) with visible “spindle” extinction. Red 
arrow highlights feldspar grain. (D) (E) Photo of alkali feldspar grain from sample CP15 
in plain light (10x magnification) (field of view ~ 3 mm). Red arrow highlights the feldspar 
grain. (F) Photo of same alkali feldspar grain from sample CP15 in cross-polarized light 
(10x magnification) (field of view ~ 3 mm). “Tartan plaid” or grid twinning visible. Red 
arrow highlights feldspar grain.   
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Figure 3.26 (below) Schematic stratigraphic column of the Castle Pines core (Raynolds 
et. al 2001) with QFL triplot data of each sample from this paper. Two key sequence 
stratigraphic surfaces are also labeled- KaFS1 (Arapahoe Conglomerate flooding 
surface) and KaSB1 (Arapahoe Conglomerate Sequence Boundary).  
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Figure 3.27 (below)  Photos of feldspar grains from samples of the Air Force Academy 
outcrops with the three classification types shown- alkali feldspar, plagioclase feldspar, 
and unassigned altered. (A)  Photo of an alkali feldspar grain from sample S 1 in plain 
light (10x magnification) (field of view ~ 3 mm). Red arrow highlights the alkali feldspar 
grain. (B) Photo of the same alkali feldspar grain as photo (A) from sample S 1 in cross-
polarized light (10x magnification) (field of view ~ 3 mm). “Tartan plaid” or grid twinning 
visible. Red arrow highlights alkali feldspar grain. (C) Photo of an alkali feldspar grain 
from sample S 1 in plain light (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights alkali feldspar grain. (D) Photo of the same alkali feldspar grain as photo (C) 
from sample S 1 in cross-polarized light (10x magnification) (field of view ~ 3 mm). 
Visible “spindle” twinning. Red arrow highlights the alkali feldspar grain. (E) Photo of 
altered feldspar grain from sample S 1 in cross-polarized light with visible clay alteration 
(5x magnification) (field of view ~ 4 mm). Red arrow highlights the altered feldspar grain. 
(F) Photo of alkali feldspar grain from sample S 2 in cross-polarized light (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights the alkali feldspar grain. 
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Figure 3.28 (below) Stratigraphic column of the Air Force Academy growth strata 
outcrop with QFL triplot data of each sample from this paper. Red lines indicated 
syntectonic unconformities and each is labeled with the dip discordance. Two key 
sequence stratigraphic surfaces are also labeled- KaFS1 (Arapahoe Conglomerate 
flooding surface) and KaSB1 (Arapahoe Conglomerate Sequence Boundary). 
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Figure 3.29 Photos of feldspar grains from samples of Wildcat Mountain. (A) Photo of 
an alkali feldspar grain in plain light from sample WM 1 (10x magnification) (field of view 
~ 3 mm). Red arrow highlights the grain. (B) Photo of the same alkali feldspar grain as 
photo (A) from sample WM 1 in cross-polarized light with visible “tartan plaid” or grid 
twinning (10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain. (C) 
Photo of an alkali feldspar grain in plain light from sample WM 1 (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (D) Photo of the same alkali 
feldspar grain as photo (C) from sample WM 1 in cross-polarized light with visible 
“tartan plaid” or grid twinning (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights the grain. (E) Photo of alkali feldspar grain from sample WM 3 in cross-
polarized light with visible “tartan plaid” or grid twinning (10x magnification) (field of view 
~ 3 mm). Red arrow highlights the grain. (F) Photo of plagioclase feldspar grain from 
sample WM 3 in cross-polarized light (4x magnification) (field of view ~ 5 mm). Red 
arrow highlights the grain.  
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Figure 3.30 (below) Stratigraphic column of the Wildcat Mountain growth strata outcrop 
with QFL triplot data of each sample from this paper. Red lines indicated syntectonic 
unconformities and each is labeled with the dip discordance. Two key sequence 
stratigraphic surfaces are also labeled- KaFS1 (Arapahoe Conglomerate flooding 
surface) and KaSB1 (Arapahoe Conglomerate Sequence Boundary). 
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Figure 3.31 Photos of lithic grains from samples of the Kiowa core. (A) Photo of igneous 
lithic grain from sample KC 38A in plain light (4x magnification) (field of view ~ 5 mm). 
Red arrow highlights the grain. (B) Photo of the same igneous lithic grain as photo (A) 
from sample KC 38A in cross-polarized light with visible phenocrysts (4x magnification) 
(field of view ~ 5 mm). Red arrow highlights the grain. (C) Photo of an igneous lithic 
grain from sample KC 16A in plain light (10x magnification) (field of view ~ 3 mm). Red 
arrow highlights the grain. (D) Photo of the same igneous lithic grain as photo (C) from 
sample KC 16A in cross-polarized light with visible phenocrysts (10x magnification) 
(field of view ~ 3 mm). Red arrow highlights the grain. (E) Photo of a metamorphic lithic 
grain from sample KC 16A in plain light (10x magnification) (field of view ~ 3 mm). Red 
arrow highlights the grain. (F) Photo of the same metamorphic lithic grain as photo (E) 
from sample KC 16A in cross-polarized light (10x magnification) (field of view ~ 3 mm). 
Red arrow highlights the grain.  
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Table 3.6 Percentages of each type of lithic grain- igneous, volcanic, metamorphic, 
sedimentary, and unidentified for each sample. 
 

Sample 
Name 

Lithic Type % 

igneous volcanic metamorphic sedimentary unidentified 

KC 16A 
(565.1-565.9 
ft) 0.3 0 0 0 0.3 
KC 24 A 
(976.3-977.5 
ft) 1.3 0 1.7 0.7 7.6 
KC 36A 
(1562.1-1563 
ft) 0.3 0 0.7 0 7 
KC 38A 
(1634.9-
1635.8 ft) 6 0 0.3 0 15.3 

CP 5 (643 ft) 0 0 0 0 0 
CP 8 (1205.2 
ft) 0.3 0 0.7 0 0.3 
CP 11 
(1450.5 ft) 1.3 0 0.7 0 0.7 
CP 15 (2322 
ft) 0.67 0 1 0 3 

AFB S-1 
(surface) 0 0 0.3 0 0 
AFB S-2 
(surface) 0.25 2 0 0 0 

WM-1 
(surface) 0 0 0 0 0.9 
WM-3 
(surface) 0.3 0 0 0.3 0.3 
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Figure 3.32 Photos of lithic grains from samples of the Castle Pines core. (A) Photo of a 
zircon grain from sample CP 11 in plain light (10x magnification) (field of view ~ 3 mm). 
Red arrow highlights the grain. (B) Photo of the same zircon grain from photo (A) from 
sample CP 11 in cross-polarized light (10x magnification) (field of view ~ 3 mm). Red 
arrow highlights the grain. (C) Photo of sedimentary lithic grain from sample CP 15 in 
plain light (10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain. (D) 
Photo of the same sedimentary lithic grain as photo (C) from sample CP 15 in cross-
polarized light (10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain. 
(E) Photo of unidentified heavy mineral lithic grain from sample CP 5 in plain light (10x 
magnification) (field of view ~ 3 mm). Red arrow highlights the grain. (F) Photo of the 
same unidentified heavy mineral grain as photo (E) from sample CP 5 in cross-polarized 
light (10x magnification) (field of view ~ 3 mm). Red arrow highlights the grain. 
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Figure 3.33 (below) Photos of examples of unidentified lithic type grains.  (A) Photo of 
an unidentified grain from sample CP 15 of the Castle Pines core in plain light with 
visible alteration rim (10x magnification) (field of view ~ 3 mm).  Red arrow highlights the 
unidentified grain. (B) Photo of the same unidentified grain from photo (A) from sample 
CP 15 of the Castle Pines core in cross-polarized light (10x magnification) (field of view 
~ 3 mm). Visible alteration rim with dark center.  Red arrow highlights unidentified grain. 
(C) Photo of an unidentified lithic grain or heavy mineral grain from sample CP 5 of the 
Castle Pines core in plain light (10x magnification) (field of view ~ 3 mm). Red arrow 
highlights unidentified grain. 
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Figure 3.34 Modified Folk (1968) triplot diagram of QFL data from both Wilson (2002) 
and this paper. Wilson (2002) D1 data points are highlighted in red. Data points from 
this paper are explained in the table to the right. 
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Figure 3.35 Dickinson QtFL triplot for Tectonic Setting with data from both Wilson (2002) 
and this paper. Wilson (2002) data points for the D1 are highlighted in red and data 
points from this paper are explained to the left. 
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Figure 3.36 Map of Denver Basin with noted sample sites of this study. Extent of fluvial 
megafans within the D1 are dashed in orange, and are based on two distinct petrofacies 
identified in this study. Basemap from Raynolds (2002). 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

 Stratigraphic and petrographic analysis of the lower Dawson Formation in the 

Denver Basin provides insight into the development and relative timing of Laramide-

style structures along-strike of the Colorado Front Range (CFR). Stratigraphic analysis 

of growth strata exposures in the lower Dawson Formation provides the relative timing 

and relative location of these structures. Identification of growth strata geometries and 

architecture, specifically syntectonic unconformities (SU) within the growth strata 

packages, offers valuable data on the relationship between the uplifting CFR and 

sedimentation within the Denver Basin. Laramide-style structures along the central CFR 

propagated South to North from the Air Force Academy to Wildcat Mountain.  The 

diachronous development of Laramide-style structures along strike of the eastern, 

central CFR is supported by the presence of the fluvial (confined) lithofacies in the 

lowest portion of the lower Dawson Formation followed by fluvial unconfined/megafan 

deposition. The transition from fluvial (confined) lithofacies to fluvial 

unconfined/megafan is marked by the presence of a major SU.  Petrographic analysis 

supports the stratigraphic analysis through recognition of an unroofing signal within the 

lower Dawson Formation. Variations in this unroofing signal also provide data for 

petrofacies within the lower Dawson Formation and supports unconfined fluvial/megafan 

deposition. The unroofing signal preserved in the lower Dawson Formation varies along-

strike of the central CFR, which provides evidence for two distinct petrofacies with 



 261 

different source terrains. The variation of source terrains between the South (Air Force 

Academy) and the North (Wildcat Mountain) also provides evidence for different timing 

in unroofing in the central CFR. 

4.1 SUMMARY OF STRATIGRAPHIC ANALYSIS OF GROWTH STRATA IN THE 

LOWER DAWSON FORMATION 

 The evolution of the CFR was diachronous along-strike during the deposition of 

the lower Dawson Formation. Six phases of movement were identified by correlation of 

SU’s along-strike of the eastern CFR.  Structures first emerged in the southern portion 

(near the Air Force Academy) (Figure 4.1) during the Laramide Orogeny, and 

propagated northward towards Wildcat Mountain (Figure 4.2). Major SU’s identified 

within growth strata packages within the lower Dawson Formation record episodes of 

uplift. Traditional type SU’s are major angular discordances that represent  uplift events 

were defined by  angular discordances of >5 degrees with lateral extents of about 1 km 

kilometer or more..  Subtle-type SU’s were defined by smaller angular discordances (<5 

degrees) with lateral extents of less than <1 kilometer. Both types of SU’s provide 

information on the relative timing and location of emerging structures during the 

Laramide Orogeny. Traditional-type SU’s are abundant in the fluvial (confined) facies 

association at the Air Force Academy and abundant in the unconfined fluvial/megafan 

facies association at Wildcat Mountain (Figure 4.2, 4.3, 4.5). The variation of SU 

abundance indicates that Laramide structures first emerged near the Air Force 

Academy in the southern central CFR, because the fluvial (confined) lithofacies are in 

the lowest portion of the lower Dawson Formation (Figure 4.3). The development of 

Laramide-style structures near Wildcat Mountain in the northern CFR followed after the 
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development at the Air Force Academy, because the unconfined fluvial/megafan 

lithofacies overlie the fluvial (confined) lithofacies thus are younger (Figure 4.5). The 

location of these structures also controlled sedimentation within the lower Dawson 

Formation in the Denver Basin. 

 Laramide structures along the CFR first emerged near the Air Force Academy 

outside Colorado Springs, CO (Figure 4.1). Phase 1 and Phase 2 are recorded in the 

identified traditional-type SU’s at this outcrop in the lowest portion of the lower Dawson 

Formation (Figure 4.2, 4.3). The first two events, representing Phase 1, are centralized 

near stratigraphic profile AFB1 (Figure 4.6 (B)), but the last event in the southern, 

central CFR area, Phase 2, propagated northward towards AFB3 (Figure 4.6 (C)). 

Laramide-style structures then emerged and developed near Perry Park/Statter Ranch 

(Figure 4.1). One major uplift event is recorded in the identified SU’s in this growth 

strata package at Perry Park in the upper portion of the lower Dawson Formation 

(Figure 4.2, 4.4), representing Phase 3 (Figure 4.6 (D)). The last stage of development 

along-strike of the CFR is near Wildcat Mountain and Wildcat Tail in Sedalia, CO 

(Figure 4.1). Four significant uplift events are recorded in the growth strata exposure at 

Wildcat Mountain/Wildcat Tail in the uppermost portion of the lower Dawson Formation 

(Figure 4.2, 4.5). Phase 4 is centralized near the fluvial (confined) deposits (Figure 4.6 

(E)) in the lower portion of Wildcat Tail (WT2) (Figure 4.2, 4.5). Phase 5 is centralized 

near the South side of Wildcat Mountain (WM1) (Figure 4.2). This shift in centralization 

between Phase 4 and Phase 5 shows that the active area of the structure in Wildcat 

Mountain/Wildcat Tail area propagated northward (Figure 4.6 (F)). The final major event, 

Phase 6, is recorded in this growth strata exposure near the North side of Wildcat 
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Mountain (WM1) (Figure 4.2, 4.5). Again, this shift indicates movement northward of the 

active or uplifting area of the structure near Wildcat Mountain (Figure 4.6 (G)).  

 The link between the emerging Laramide structures and the deposition of the 

lower Dawson Formation is apparent in the tie between coarse-grained unconfined 

fluvial/megafan sedimentation and traditional-type SU’s within the growth strata 

packages. Significant unconfined fluvial/megafan deposition follows a major SU with 

large amount of dip discordance (~25-39) within the growth strata package. The large 

coarse-grained unconfined fluvial/megafan deposits result from the uplifting structure 

providing a source of coarse-grained sediment. The location of these structures also 

controlled the location of deposition within the lower Dawson Formation. Fluvial 

(confined) and unconfined fluvial/megafan deposition first began in the southern portion 

of the CFR near the Air Force Academy, where the first Laramide structures emerged 

(Figure 4.6 (A), (B), and (C)). Deposition of the lower Dawson Formation then began in 

the Perry Park/Statter Ranch area after structures began to develop along-strike of the 

CFR in the Perry Park area (Figure 4.6 (D)). The last area of deposition was the Wildcat 

Mountain and Wildcat Tail area near the CFR (Figure 4.6 (E), (F), and (G)). Facies and 

paleocurrent analysis data support this interpretation of relative timing of deposition of 

the lower Dawson Formation. Facies analysis indicates lenticular bed geometries with 

fine to coarse-grained sediment deposition in the lower part of the lower Dawson 

Formation (Figure 4.6 (A), (B), and (E)). This was followed by deposition of tabular bed 

geometries with coarse to very coarse-grained sediment (Figure 4.6 (C),(D),(F), and 

(G)). Paleocurrent analysis results show unidirectional paleoflow (Figure 4.6 (A), (B), 
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and (E)) into the basin followed by a radiating pattern of unidirectional paleoflow, 

indicative of unconfined fluvial/megafan deposition (Figure 4.6 (C), (D), (F), (G)).  

4.2 SUMMARY OF PETROGRAPHIC ANALYSIS OF THE LOWER DAWSON 

FORMATION 

 Variations in provenance within the lower Dawson Formation in the Denver Basin 

have implications on unconfined fluvial/megafan development during the Laramide 

Orogeny. These variations, like grain-type, can be used to establish petrofacies for the 

emerging unconfined fluvial/megafans within the lower Dawson Formation or D1 

sequence.  Identification of trends within the grain-type constituents revealed an 

unroofing signal that developed in response to the removal of Phanerozoic cover and 

Precambrian basement due to emerging Laramide structures.   

Comparison of the QFL totals for each set of samples (Kiowa core, Castle Pines 

core, Air Force Academy, and Wildcat Mountain) shows basin-wide trends in framework 

grains for the lower Dawson Formation or the D1 sequence. The quartzose component 

of the samples is significantly high compared to the feldspathic and lithic components.  

Quartzose component percentages range from approximately 20-50% (Table 4.1). 

Feldspar percentage is lowest in the Kiowa core (3.58% of total framework grains, 

6.25% of total quartz, feldspar, and lithic grains), but percentages are relatively high in 

the Castle Pines core (13.55%, total framework grains, 24.50% total quartz, feldspar, 

and lithic grains), Air Force Academy (10.25% of total framework grains, 23.50% total 

quartz, feldspar, and lithic grains), and Wildcat Mountain (21.35% total framework 

grains, 29% total quartz, feldspar, and lithic grains) samples (Table 4.1).  The Kiowa 

core is the location farthest from the CFR in the more distal part of the D1 sequence 



 265 

(Figure 4.1), which may indicate that the feldspar grains did not travel to the more distal 

part of the basin but were deposited near the uplifting CFR. The Kiowa core does have 

the highest percentage of lithic constituents (5.6% to 21.3%) (Table 4.1). Percentages in 

the other three locales are significantly lower comparatively (ranging from 0% to 4.7%) 

(Table 4.1).  This abundance of lithic-type grains in the Kiowa core samples may 

indicate some kind of bypassing of lithic grains in the more proximal region to the CFR. 

Quartz is the most dominant grain-type (average of 38.69% total framework 

grains; 79.81% total quartz, feldspar, and lithic grains) within the D1 sequence, and 

when categorized based on quartz-type (plutonic/volcanic, metamorphic, and 

undifferentiated) an unroofing pattern can be identified within the D1 sequence in the 

Denver Basin (Table 4.1). The two types that have provenance implications-

plutonic/volcanic and metamorphic, and the most dominant quartz type is 

plutonic/volcanic (Table 4.1). This abundance of plutonic/volcanics type quartz grains 

indicates that a plutonic/volcanic source was available during most of the deposition of 

the D1 sequence. The feldspathic components of the twelve samples of this paper also 

vary in abundance from each sample location and within the samples at each location. 

Feldspar is most abundant (13.55% (CP), 10.25% (AFB), and 21.35% (WM) total 

framework grains; 24.5% (CP), 23.5% (AFB), and 29.00% (WM) total quartz, feldspar, 

and lithic grains) in the samples from the proximal growth strata outcrops (Castle Pines 

core, Air Force Academy, and Wildcat Mountain) of the D1 sequence. The lithic 

components are the overall least abundant (average 4.21% total framework grains; 

8.40% total quartz, feldspar, and lithics grains) in the samples from the D1 sequence. 

There are variations in abundance between sample locations and within each location.  
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 The variation in grain-type abundance at each sample site provides evidence for 

two distinct petrofacies within the D1 sequence. Kiowa core, Castle Pines core, and 

Wildcat Mountain have similar grain-types associated with metamorphic and plutonic 

suite that makes up the CFR.  The three sites overall have more alkali feldspar, 

plutonic/volcanic quartz, metamorphic quartz, and lithic grains than the samples from 

the Air Force Academy.  The similarity between Kiowa core, Castle Pines core, and 

Wildcat Mountain in grain-type abundance suggests that these samples were part of the 

same petrofacies and the same megafan (Figure 4.7). The Air Force Academy samples 

are from a separate petrofacies to the South of the other three sample locations, and 

part of a separate megafan in the lower Dawson Formation (Figure 4.7) 

4.3 CONCLUSIONS FROM STRATIGRAPHIC ANALYSIS OF GROWTH STRATA IN 

THE LOWER DAWSON FORMATION 

 Laramide-style structures along the CFR developed diachronously along-strike 

during the deposition of the lower Dawson Formation with five phases of uplift identified 

in the eastern, central CFR. Thrust-related Front Range structures first emerged in the 

southern portion of the CFR near Colorado Springs, CO and propagated northward 

toward Sedalia, CO (Figure 4.6). The movement of the thrust-structures along-strike of 

the eastern, central CFR also controlled the sedimentation of the lower Dawson 

Formation. Unconfined fluvial/megafan deposition within the lower Dawson began with 

the emergence and uplift of structures in an area. The uplifting structures provided the 

conditions, like catchment size and exit canyons, for unconfined fluvial/megafan 

deposition within the lower Dawson Formation. The first unconfined fluvial/megafans 
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developed in the southern portion of the CFR and propagated northward with the thrust-

bound structures along-strike the CFR.  

 The diachronous development of Laramide-structures agrees with the previous 

work on growth strata in this study area by Kluth and Nelson (1988) that suggested the 

eastern side of the CFR was deformed after the deposition of the lowest part of the 

lower Dawson Formation (Kluth and Nelson 1988). The age of the deformation was 

after approximately 69 Ma, with significant rotation before 67 Ma (Kluth and Nelson 

1988).  Hoblitt and Larson (1975) state that the area North of Golden, CO was subject 

to igneous intrusion and the sedimentary section with this igneous intrusion was rotated 

before 63 Ma. The timing of these two events (rotation at the Air Force Academy and 

intrusion and rotation near Golden, CO) indicates a diachronous development along-

strike of thrust-bound structures from South to North. This interpretation of diachronous 

development of Laramide-structures by Kluth and Nelson (1988) is the same as the 

interpretation and correlation in this paper.  

The correlation along-strike of the CFR presented in this paper disagrees with 

Raynolds (2002, 2004). Raynolds (2004) suggests that the Wildcat Mountain Fan is at 

the base of the lower Dawson Formation or D1 sequence based on well-log data within 

the Denver Basin. Raynolds (2004) states that the “base of the Wildcat Mountain fan is 

usually quite clearly seen on electric logs as a abrupt change from the coarse 

sandstones of the basal D1 sequence in the fine-grained mudstones and the isolated 

channel sandstones of the upper Laramie Formation.” Sedimentation rates were 

obtained from age-control analysis of the Castle Pines core (Hicks et al. 2003) and the 

Wildcat Mountain Fan has a sedimentation rate of 137 m/ million years suggesting that 
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the 183 m (600 ft) of Wildcat Mountain Fan accumulated in 1.3 Ma (Raynolds 2004). 

This sedimentation rate indicates an age of 68 Ma to 66.7 Ma (Raynolds 2004). 

Raynolds (2002, 2004) interprets these data as indications of the Wildcat Mountain Fan 

being deposited in the first third of the time represented by the D1 sequence.  The 

interpretation by Raynolds (2002, 2004) would suggest diachronous development of the 

Laramide structures from North to South along-strike of the CFR, or that the Wildcat 

Mountain megafan is at the base of the lower Dawson Formation in the distal part of the 

Denver Basin but not in the more proximal part of the basin near the central CFR. The 

interpretation presented in this paper suggests development from South to North based 

on detailed growth strata analysis and the presence of SU’s in the fluvial (confined) 

lithofacies before the unconfined fluvial/megafan lithofacies in the lower Dawson 

Formation. The fluvial (confined) lithofacies are present in the lowest portion of the 

lower Dawson Formation with identified SU’s at both the Air Force Academy and 

Wildcat Mountain. The confined fluvial facies lithofacies are overlain by the unconfined 

fluvial/megafan lithofacies indicating that the fluvial (confined) lithofacies and the Su’s 

therein are older than the SU’s and deposition of the unconfined fluvial/megafan 

lithofacies within the lower Dawson Formation. Unconfined fluvial/megafan deposition is 

tied to the development an location of Laramide structures and is evidenced in the 

traditional-type SU’s with large dip discordance (~25-39°) that are precursors to 

unconfined fluvial/megafan deposition (Figure 4.2).  
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4.4 CONCLUSIONS FROM PETROGRAPHIC ANALYSIS OF THE LOWER DAWSON 

FORMATION 

Petrographic analysis and the identification of variations in provenance, 

specifically variations in grain-type abundance, provides evidence for two distinct 

petrofacies within the lower Dawson Formation (Figure 4.7). The unroofing signal varies 

from location to location, but distinct differences between the proximal and distal sample 

location is evident (Figure 4.1).  The Kiowa core and Castle Pines core samples have 

more abundant chert, igneous, and metamorphic lithic percentages than the Air Force 

Academy and Wildcat Mountain. The presences of these grains records the unroofing of 

the Paleozoic/Mesozoic sedimentary cover and the Proterozoic metamorphic and 

plutonic suites that lie under the Paleozoic/Mesozoic sedimentary cover.  

Identification of two different petrofacies supports the facies analysis and 

recognition of two separate fluvial megafans within the lower Dawson Formation. The 

Kiowa core, Castle Pines core, and Wildcat Mountain locations roughly define the extent 

of the Wildcat Mountain fluvial megafan (Raynolds 2004) (Figure 4.7). The Air Force 

Academy samples notably lack grain- types associated with plutonic or metamorphic 

origin.  The lack of grain-types associated with plutonic or metamorphic origin supports 

the idea of the Air Force Academy or the Pulpit Rock Fan (Thorson 2011) being a 

separate fluvial megafan from the Wildcat Mountain Fan  (Figure 4.7). The 

predominance of metamorphic and plutonic suite type grains to the North and the lack 

of them in the South supports the interpretation that unroofing of the central CFR 

occurred at different stages preserved along-strike. Moreover, the diachroneity of 
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unroofing  supports of diachronous development of Laramide-style structures along-

strike of the CFR as interpreted from growth strata correlation.  

Wilson (2002) and the results presented in this paper both identify an unroofing 

sequence within the lower Dawson Formation of D1 sequence. The difference between 

Wilson (2002) and the petrographic analysis in this paper is examination of more 

proximal samples of the D1 sequence (Air Force Academy and Wildcat Mountain) and 

the recognition of provenance implications within the quartzose component of the D1 

sequence. By examining proximal and distal samples in relation to the CFR, petrofacies 

indicative of two distinct clastic fans within the lower Dawson Formation were identified 

based on variations in grain-type and grain-type abundance.  

4.5. FUTURE WORK 

 Two areas of study provide potential for future work in the Denver Basin near the 

CFR.  One potential is paleomagnetism analysis. This study was unsuccessful in 

procuring adequate samples from outcrop for paleomagnetism analysis. Future work 

could find better exposures of growth strata outcrops to sample or find a usable core of 

the lower Dawson Formation. Paleomagnetism analysis would allow for interpretation of 

the timing of deposition along-strike of the CFR. Paleomagnetism analysis would either 

support or refute this paper’s correlation along-strike and interpretation of the evolution 

of the eastern, central CFR. Another potential for future work would be to continue 

growth strata analysis in the Perry Park/Statter Ranch area. Access to a limited 

exposure was obtained by this study, but more detailed work could be done in this area 

if land-access issues could be resolved.  
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Figure 4.1 Map of study areas in the Denver Basin. Map showing the basin extent, 
geology, study sites (red circles), core locations (red stars), paleomagnetism sample 
locations (purple triangles) from Hicks et al. (2003), and palynology sample locations 
(blue square) from this paper and Kluth and Nelson (1988). Geologic terminology is 
from Raynolds (2002). The formation of interest is the D1 sequence or lower Dawson 
Formation (Late Cretaceous to Paleogene (TKd)). Basemap from Raynolds (2002).  
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Figure 4.2 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation along the CFR (S-N). High-resolution 
pdf included in Appendix A.
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Figure 4.3 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation at the Air Force Academy along the 
CFR (S-N). High-resolution pdf included in Appendix A. 
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Figure 4.4 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation at Perry Park/Statter Ranch along the 
CFR (S-N). High-resolution pdf included in Appendix A. 
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Figure 4.5 (below) Correlation of outcrop measured stratigraphic profiles of growth 
strata exposures in the lower Dawson Formation at Wildcat Mountain along the CFR (S-
N). High-resolution pdf included in Appendix A. 
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Figure 4.6 (below) Paleogeographic maps of the diachronous development of Laramide 
structures along the CFR and the development of the synorogenic sediment of the lower 
Dawson Formation through time. (A) Gravelly, braided fluvial (confined) deposits of the 
lower Dawson Formation/D1 sequence (Arapahoe Formation) begin to flow toward the 
Denver Basin near the Air Force Academy. Paleocurrent rose diagram is from 
measurements taken from the Arapahoe Formation and indicate paleocurrent to the 
Northeast and the East.  (B) Two periods of major uplift on emerging Laramide 
structures (red hill symbol) near the Air Force Academy. This interpretation is based on 
identified major (both traditional-type and subtle-type) SU’s in outcrop. The lower 
Dawson Formation depositional system is still fluvial (confined) but it is a combination of 
meandering and braided-type channels. The paleocurrent rose diagram are from 
measurements take from the fluvial (confined) lithofacies and has paleocurrent 
dominantly to the West. (C) The next major uplift on Laramide structures near the Air 
Force Academy has propagated northward (from AFB1 to AFB3). The depositional 
system of the lower Dawson Formation is an unconfined fluvial/megafan with radiating 
pattern of paleocurrents to the Northeast and Southeast collected from the unconfined 
fluvial/megafan lithofacies.  (D) Structures begin to uplift in the Perry Park/Statter Ranch 
area. The depositional system here is unconfined fluvial/megafan with no precursor 
fluvial (confined) deposition recognized. Paleocurrent has a radiating pattern from the 
Northeast to the Southeast and are collected from the unconfined fluvial/megafan 
lithofacies.  (E) Fluvial (confined) systems begin to emerge from the CFR and flow 
towards the Northeast at Wildcat Tail and Wildcat Mountain. At this time Laramide 
structure begin to propagate into the Wildcat Mountain/Wildcat Tail area and uplift near 
Wildcat Tail. The paleocurrent rose diagram show paleocurrent to the Northeast and 
paleocurrent measurements were collected from the fluvial (confined) lithofacies. (F) 
Laramide structures propagate northward from Wildcat Tail to Wildcat Mountain (WM1). 
Two major uplift events are identified based on SU’s Wildcat Mountain (red hill symbol). 
The depositional system of the lower Dawson Formation at this time is an unconfined 
fluvial/megafan. Paleocurrent measurements indicate a radiating pattern of paleocurrent 
with flow radiating from Northwest to Southeast. The paleocurrent measurements were 
collected from unconfined fluvial/megafan lithofacies. (G) Laramide structures further 
propagate northward at Wildcat Mountain. The depositional system of the lower Dawson 
Formation is an unconfined fluvial/megafan. Paleocurrent measurements indicate a 
radiating pattern to paleoflow radiating from Northwest to Southeast. Paleocurrent 
measurements were collected from the unconfined fluvial/megafan lithofacies.
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Table 4.1 (A) Table of average quartz, feldspar, and lithic percentages for the four 
sample locations and an average for the D1 sequence. Percentages based on total 
amount of framework grains. Table on the right is modified from Wilson (2002) and 
includes QFL data for the D1 sequence from the Kiowa core. 
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Table 4.1 (continued) (B) Table of average quartz, feldspar, and lithic percentages and 
an average percentage for the D1 sequence. Percentages based on total quartz, 
feldspar, and lithic grains. Table on the right is modified from Wilson (2002) and 
includes QFL data for the D1 sequence from the Kiowa core. 
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Figure 4.7 Map of Denver Basin with noted sample sites of this study. Extent of fluvial 
megafans within the D1 are dashed in orange, and are based on two distinct petrofacies 
identified in this study. Basemap from Raynolds (2002). 
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APPENDIX A SUPPLEMENTAL FILES 

 
The following is a table of supplemental data to be submitted electronically with 

this thesis. 
 

 


