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ABSTRACT 

The timing and processes of development of the high topography and high relief 

of the southern Rocky Mountains of Wyoming, Colorado and New Mexico has been 

controversial for over a hundred years. The Mesozoic and Paleozoic rocks in the region 

formed a 3-4 km thick sub-horizontal stratigraphy that resided at elevations of zero to 

minus 4 km at the end of the Cretaceous. These units have been differentially 

uplifted/subsided and are presently at elevations of -10 to 4 km elevations, and have 

been eroded from above the core of many Precambrian basement cored uplifts exposed 

in > 4 km peaks.  
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This study applies several different methodologies towards understanding the 

timing and relative importance of the events that uplifted and shaped the Rocky 

Mountains. These studies include incision studies (Chapter 1), detrital zircon analysis of 

Cenozoic fluvial deposits resting on the “Rocky Mountain Erosion Surface (Chapter 2), 

and low temperature apatite fission track (AFT) and U-Th/He (AHe) low temperature 

thermochronology to look at differential cooling histories across the Rockies (Chapter 

3). Chapter 4 investigates a project in which I designed and deployed a mobile device 

application for enhancing the traditional geoscience field education and research 

experience.  

Incision studies (Chapter 1) investigated the timing and rate of incision of the 

Black Canyon of the Gunnison by the Gunnison River. Canyon geometry is shaped by a 

headward-migrating knickzone presently located within the Painted Wall section of the 

Black Canyon. Average bedrock incision rates over the last 0.64 Ma surrounding the 

knickpoint vary from 150 m/Ma (downstream), to 400-550 m/Ma (within), to 90-95 

m/Ma (upstream), suggesting it is a transient feature. Lava Creek B ash constrains strath 

terraces along a paleo-profile of the river. Within the paleo-Bostwick River tributary, we 

determine an incision rate of 400-550 m/Ma, reflecting incision at 2-3 times regional 

incision rates. We interpret this to be incision response to a headward-migrating wave of 

transient incision, potentially initiated by downstream base level fall during 

abandonment of Unaweep Canyon at about 1 Ma. Rate extrapolation indicates that the 

~700 m depth of Black Canyon has been eroded since 1.3 – 1.75 Ma. The Black Canyon 

knickpoint overlies a strong gradient between low velocity mantle under the Colorado 

Rockies and higher velocity mantle of the Colorado Plateau. We interpret drainage 
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reorganization and transient incision of both the Gunnison and upper Colorado River 

systems to be responding to mantle-driven epeirogenic uplift of the southern Rockies in 

the last 10 Ma. 

This study (Chapter 2) investigates the timing of erosion and deposition of 

several fragmented and little-understood conglomerate and sedimentary units, which are 

then used to better understand the timing of formation of the enigmatic Rocky Mountain 

Erosion Surface. Detrital zircon studies reclassify the Telluride Conglomerate and 

Blanco Basin Formation as being of Oligocene age, with maximum depositional ages of 

30±3 Ma. This requires new understanding of the uplift of the San Juan Mountain 

regions, as we interpret these units to be the conglomeratic/sedimentary response to pre-

volcanic epeirogenic doming and unroofing. This study also expands into New Mexico 

to investigate the depositional timing of the Paleocene-Eocene age McDermott, Galisteo 

and Baca Formations, and the Oligocene-age El Rito Formation and Ritito 

Conglomerate; each of these units rests upon the diachronous Rocky Mountain Erosion 

Surface and grades upward into volcanic deposits; these units are interpreted to be a 

sedimentary record of the multi-stage uplift of the Rocky Mountains. At each age, these 

units record the repeated process of doming and unroofing of basement rocks 

accompanying magmatism, deposition of thin gravel-sand sheets above regional 

unconformities, deposition of voluminous volcaniclastic aprons. This study suggests that 

relief has increased through time as the Rocky Mountain headwater regions of the 

fluvial systems that deposited progressively younger units of this study have gained in 

absolute elevation, while the ultimate base levels have remained the same or very 

similar.  
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The third study (Chapter 3) moves to larger scales of both time and space in 

order to investigate uplift and exhumation histories on the regional scale. This study 

included a literature review and compilation of all published low-temperature 

thermochronology data (apatite fission track and apatite (U-Th)/He) (AHe) for the 

southern Rocky Mountain region and adds new apatite (U-Th)/He data on selected 

conglomeratic/sedimentary units to both add richness to the data base and to attempt to 

better constrain Oligocene burial histories. This study reinforces interpretations of a 

multi-stage uplift history to the Rocky Mountains by identifying regional episodes of 

rapid cooling that was driven by regional exhumation and differential uplift. Laramide 

cooling is investigated in compiled AFT and AHe data and age-elevation transects 

across the region. We notice spatial preservation of Laramide ages in Rocky Mountain 

thrust uplifts and elevation differences between the base of the Laramide-age AFT 

partial annealing zone, reinforcing models suggesting that Laramide cooling was driven 

by thrust uplifts that have not been reheated since uplift. New AHe data show that the 

Oligocene fluvial deposits were covered by ~1 km of volcaniclastic debris that likely 

extended westward onto the Colorado Plateau, refining understanding of the geometry 

and extent of the San Juan volcaniclastic apron. A delay of ~10 Ma between Oligocene 

magmatism and regional cooling through the 110-50ºC (AFT-AHe system) implies that 

post-Oligocene denudation was driven by erosional denudation following Oligocene 

surface uplift. Case studies highlight the semi-steady cooling of Oligocene plutons from 

~30-15 Ma, followed by a potential ~20-10 Ma acceleration in cooling perhaps due to 

local faulting and/or uplift associated with Rio Grande rifting. Post-10 Ma cooling in 

areas not associated with the Rio Grande rift is compatible with models that incorporate 
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regional integration of the Colorado River and Rio Grande to cause differential incision 

and localized rapid cooling.  

The fourth study highlights a project called Field Play. Our current human 

interaction with these landscapes is also of importance. The communication of science 

and education of Rockies both academic and public populations is of great importance 

as we have unprecedented access to information and rapidly evolving digital 

technologies. This project utilizes mobile technologies (smartphones, tablets) to 

augment the field experience. The goal of this project is to create a personalized, 

scalable and interactive educational learning environment which facilitates user 

exploration and access to robust geologic information. This project was featured in the 

New Mexico Geological Society’s 2014 Fall Field Conference, as well as being used in 

my own teaching of introductory environmental science classes. This project is ongoing. 
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INTRODUCTION 

This dissertation is divided into four chapters, each using a different analytical 

technique and methodology to understand the tectonic and geomorphic evolution of 

topography in the southern Rocky Mountains. The final chapter discusses an innovative 

project that incorporates mobile technology into to field-based geoscience education.  

Each of the first three chapters are intended to be coauthored journal articles. Each of 

these chapters is written to stand alone but each addresses topics of tectonics, 

geomorphology, and geochronology within the Rocky Mountains; thus, there is some 

minor - though necessary - redundancy in geologic background and associated reference 

materials between chapters. Major funding sources for each of these projects are noted 

in the chapter. 

The first chapter builds on work begun in my M.S. studies (University of New 

Mexico, 2007). This dissertation publication added significantly to the MS work by 

incorporating new geochronologic and tephrachronologic analytical work and revision 

of geophysical imaging. Field mapping and sampling was conducted with coauthors 

Karl Karlstrom and Andres Aslan. Cosmogenic burial geochronological work was 

conducted at the Purdue University PRIME laboratory under the direction of coauthor 

Darryl Granger and with the consultation of coauthor Andrew Darling. 

Tephrachronologic work was conducted at the United States Geological Survey 

laboratory under the guidance of coauthor Elmira Wan. Geophysical analysis was 

conducted by coauthor Steven Hansen (University of New Mexico).This paper was 

published in the journal Geosphere in 2013.  
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Chapter two, focusing on the timing of erosion and deposition of conglomeratic 

and sedimentary units in the San Juan Mountains and in north-central New Mexico, is a 

multi-disciplinary approach to better constraining erosion, deposition, and the timing of 

the formation of the regional Rocky Mountain Erosion Surface. The present draft of this 

manuscript is being reviewed by coauthors and will be submitted to journal Geosphere 

or Lithosphere this fall 2015, pending coauthor comments. This study builds on 

extensive work done in the San Juan Basin and Rio Grande rift areas, adding a new 

dataset: detrital zircon data done in the context of sedimentology analysis of units. As 

this work was evolving, I became aware of new paleo-botanical studies and 

paleoelevation interpretations and these were incorporated along with addition of 

Stephanie Zaborac-Reed as coauthor. This study involved extensive field sampling, 

done by Maria Magdalena Sandoval Donahue, her committee members, and coauthors. 

Original investigation of the Telluride Conglomerate was undertaken by coauthor David 

Gonzales (Fort Lewis College, CO), his colleagues and undergraduate students, 

especially the undergradiuate thesis of C. Harraden (2007). Assessment of Cretaceous to 

Eocene sedimentary units of the San Juan Basin builds on work begun by coauthor Mark 

Pecha (University of Arizona, AZ), and utilizes the extensive stratigraphic work done by 

previous workers, particularly Steven Cather (New Mexico Bureau of Geology). Steve 

Cather also provided one sample of the Baca Formation that is included in this study. 

Detrital zircon analyses were conducted by Maria Magdalena Sandoval Donahue at the 

University of Arizona LaserChron Center (University of Arizona, AZ), under the 

direction of Mark Pecha. Undergraduate mentee, Rachel Price (University of New 

Mexico) also assisted with analyses at the LaserChron Center. 
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Chapter three, focusing on large-scale spatio-temporal patterns in low-

temperature thermochronologic cooling histories of the Rocky Mountains, began with an 

extensive literature review and compilation of published low-temperature 

thermochronology data. This study builds upon this substantial collation of data by 

adding new data in areas of sparse thermochrnonologic data (e.g., the San Juan 

Mountains, northern New Mexico), and investigates large-scale patterns in Cenozoic 

cooling. Much of the apatite fission track data used in this study is the work of coauthor 

Shari Kelley (New Mexico Bureau of Geology). One of the important pieces of this 

study is the combined use of both apatite fission track and apatite (U-Th)/He in locations 

where both sample types exist. This allows a sample to be tracked from the AFT system 

at a depth of ~3 km (assuming a ~30ºC/km geotherm) to near-surface exposures using 

the AHe system to temperatures of~50 ºC, or 1-2 km dept. When then paired with local 

and regional incision rate data, this enables the tracking of cooling and exhumation of 

units from depth to surface exposure. This work discusses the important contributions of 

former students Rebecca Garcia and Joshua Feldman (New Mexico Institute of Mining 

and Technology (NM Tech)), Ryan McKeon (Lehigh University), and Jason Ricketts 

(UNM); all of whom were co-advised by Shari Kelley and are coauthors to this chapter. 

Apatite grains were separated at the University of Arizona LaserChron Center and then 

picked and packaged by Maria Magdalena Sandoval Donahue under the guidance of 

Shari Kelly at NM Tech. Samples were irradiated and original sample reports were 

generated at the University of Arizona’s Arizona Radiogenic Helium Dating Laboratory 

under the direction of Peter Reiners. Thermal modeling was done by Maria Magdalena 
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Sandoval Donahue using the HeFTY program. This manuscript will be submitted to 

Geosphere in 2015-2016 pending coauthor review and comments.  

Chapter four focuses on innovations in geoscience education in the project Field 

Play. The goal of this project is to create a unique and personal educational experience 

for users of all skills and backgrounds while they are immersed in the field. Field Play 

utilizes mobile technologies to incorporate audio tours, augmented reality, streams 

multiple data types, and makes them available and interactive on the mobile device. This 

project was created by John Donahue and myself. Programming and mobile device 

interface was done by John Donahue; content and user interface was done by myself. 

This project was partially funded by a research grant from the New Mexico Geological 

Society to fund the incorporation of this project into the 2014 Fall Field Conference. 

This app also served as topic for an invited talk at the National Academy of Sciences 

(2014) and participation in an EarthCube geoscience-computational field conference 

(2014). Work on this application is ongoing. 

Work presented in this dissertation contributes to a better understanding of 

timing, location, and driving mechanisms behind the elevation gain and shaping of 

topography of the southern Rocky Mountains, and to document my effort to improve 

geoscience education and communication via incorporating modern technologies. 
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CHAPTER 1 INCISION HISTORY OF THE BLACK CANYON OF THE 

GUNNISON, COLORADO, OVER THE PAST ~1 MA INFERRED FROM 

DATING OF FLUVIAL GRAVEL DEPOSITS 

Magdalena S. Donahue1, Karlstrom, K.E.1, Aslan, A. 2, Darling3, A., Granger, D.4, Wan, 

E.5, and Dickinson, R.6, Kirby, E.7 

(Published in Geosphere, 2013) 
1Department of Earth and Planetary Sciences, Northrop Hall, University of New Mexico, 

Albuquerque, New Mexico 87131, USA 
2 Physical and Environmental Sciences, 1100 North Avenue, Colorado Mesa University, 

Grand Junction, Colorado 81501, USA  
3 School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 

85287, USA 

4 Department of Earth and Atmospheric Sciences, Purdue University, West Lafayette, 

Indiana 47907, USA 
5 U.S. Geological Survey, MS 975, Menlo Park, California 94205, USA 
6 Department of Geosciences, University of Arizona, Tucson, Arizona 85718, USA 
7 Department of Geosciences, Pennsylvania State University, 336 Deike Building, 

University Park, PA, 16802, USA 

 

ABSTRACT 

Spatio-temporal variability in fluvial incision rates in bedrock channels provides 

data regarding uplift and denudation histories of landscapes. The longitudinal profile of 

the Gunnison River, tributary to the Colorado River, contains a prominent knickzone 

with 800 m of relief across it within the Black Canyon of the Gunnison. Average 

bedrock incision rates over the last 0.64 Ma surrounding the knickpoint vary from 150 

m/Ma (downstream), to 400-550 m/Ma (within), to 90-95 m/Ma (upstream), suggesting 

it is a transient feature.  Lava Creek B ash constrains strath terraces along a paleo-profile 

of the river. An isochron cosmogenic burial date in the Paleo Bostwick River of 

870±220 ka is consistent with the presence of 0.64 Ma Lava Creek B ash in locally 

derived, stratigraphically younger sediment. With 350 m of incision since deposition, we 

determine an incision rate of 400-550 m/Ma, reflecting incision through resistant 
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basement rock at 2-3 times regional incision rates. Such contrast is interpreted to a wave 

of transient incision, potentially initiated by downstream base level fall during 

abandonment of Unaweep Canyon at about 1 Ma. Rate extrapolation indicates that the 

~700 m depth of Black Canyon has been eroded since 1.3 – 1.75 Ma. The Black Canyon 

knickpoint overlies a strong gradient between low velocity mantle under the Colorado 

Rockies and higher velocity mantle of the Colorado Plateau. We interpret recent 

reorganization and transient incision of both the Gunnison and upper Colorado River 

systems to be a response to mantle-driven epeirogenic uplift of the southern Rockies in 

the last 10 Ma. 

INTRODUCTION 

Three major orogenic plateaus on Earth include the Tibetan Plateau, Altiplano- 

Puna Plateau of South America, and the Colorado Plateau of the western United States. 

In tectonically active regions such as Tibet and the Andes, the complex interactions 

between dynamically uplifting plateaus and geomorphic evolution are recorded in deep 

bedrock gorges commonly located at the edges of these uplifted plateaus (Schlidgen et 

al., 2007).  Rivers on the eastern margin of the Tibetan Plateau such as the Yalong, 

Dadu and Yangtze rivers and tributaries (Kirby et al., 2003, Ouimet et al., 2010; Kirby 

and Ouimet, 2011) and exiting the Altiplano (Schildgen et al., 2007) are interpreted to 

be adjusting to tectonic forcings because of the youthfulness of these mountain belts that 

give rise to the dramatic landscapes. Spectacular bedrock gorges also exist in the 

western U.S. associated with the Sierra Nevada (House et al., 2001; Ducea et al., 2003), 

Hells Canyon and associated Wallowa Mountains uplift (Hales et al., 2005), the edge of 

the Colorado Plateau in Grand Canyon (Karlstrom et al., 2008), and the Rocky 
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Mountains (Karlstrom et al., 2012). However, in the case of the western U.S., there is 

ongoing debate about the extent to which these rugged gorges and landscapes are due to 

active tectonics (Epis and Chapin, 1975; McMillan et al., 2002, 2006; Karlstrom et al., 

2008; 2012; Eaton 2009; Aslan et al., 2010) and/or influenced more by climatic forcing 

and isostatic adjustments to denudation (Gregory and Chase, 1992, 1994; Pederson et 

al., 2002; Molnar, 2004; Roy et al., 2004, 2009). 

 

Figure 1-Error! No text of specified style in document.-1 Canyon comparisons showing high depth:width ratio as 

compared to many of the world’s most iconic bedrock canyons. The Black Canyon of the Gunnison shows remarkable 

depth and narrowness when compared to other major canyons. 

Figure 1 shows comparative profiles of deep bedrock canyons from the areas 

mentioned above. Compared to other bedrock canyons in the western U.S. and other 

orogenic plateau, Black Canyon is not the widest or deepest, but its depth-to-width ratio 

is among the highest of the world’s bedrock gorges. In the western U.S., Grand Canyon 

and Hells Canyon, both carved mainly in the last 5-6 Ma due to mantle-driven uplift 

(Hales, et al., 2005; Karlstrom et al., 2008) are much wider overall, but their inner 

bedrock gorges are less deep and less steep-walled. Yosemite, primarily a glacial valley, 

is a much broader canyon. Incision rates are anomalously high on rivers that exit the 

three main orogenic plateaus of the world: Tibetan river gorges incise at rates of 300-
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500 m/Ma or more (Ouimet et al., 2010; Dortch et al., 2011) and incision in the Bolivian 

Andes has been measured at 1350 m/Ma (Safran et al., 2005). In the western U.S., Black 

Canyon incision rates are locally 400-550 m/Ma (Aslan et al., 2008; this paper). These 

are high incision rates in spite of the fact that the river is carving through resistant 

Precambrian basement rocks including the unfoliated and sparsely jointed Vernal Mesa 

granite (Hansen, 1965).  

The goals of this paper are to integrate new geomorphic, geochronologic, and 

geophysical data and methodologies to understand the incision history of Black Canyon 

of the Gunnison. This work builds on the work of Wallace Hansen (1965, 1967, 1971 

and 1987), who pioneered study of many of the geologic and geomorphic relationships 

explored here.  To this geologic context, we bring several new analyses including: 1) 

analysis of the Gunnison River system longitudinal profiles (e.g., Wobus et al., 2006; 

Aslan et al., 2008; Darling et al., 2009; Kirby and Whipple, 2012); 2) synthesis of new 

and previously published river incision rate data on the Gunnison River and its 

tributaries, 3) sampling and characterization of a key Lava Creek B ash locality for 

tephrochronologic or confirmation of ages, and 4) mapping and cosmogenic 26Al and 

10Be dating of terrace deposits associated with the Gunnison River. Collectively, these 

new observations and data allow us to evaluate possible driving mechanisms for incision 

of Black Canyon. 

BACKGROUND 

Pre-10 Ma origin and history of the Gunnison River system 

The Gunnison River follows the crest of the Laramide anticlinal Gunnison Uplift 

uplift as it flows to the west-northwest across the western slope of the Colorado Rockies 
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(Hansen, 1965). This Laramide uplift is within the broader Pennsylvanian-age 

Uncompahgre Uplift of the Ancestral Rockies. During the late Cretaceous, these 

Precambrian-cored uplifts were mantled by about 2 km of sedimentary rocks that 

became broadly flexed and uplifted into the Gunnison uplift starting about 70 Ma 

(Hansen, 1965). There is little record of the paths of early post-Laramide rivers, but 

modern river courses seem unaffected by Laramide structures (e.g. Uinta, 

Uncompahgre, Gunnison uplifts), suggesting that river courses meandered across low 

relief surfaces at higher stratigraphic levels and became superimposed on the uplifts 

during regional exhumation (e.g. Hansen, 1956; Hunt, 1969; Douglas et al., 2009). In 

contrast, modern rivers flow around Tertiary laccoliths, suggesting the influence of mid-

Tertiary volcanic constructional topography (e.g. San Juan volcanic field, Elk and West 

Elk laccoliths; Hunt, 1969). Hence, the modern drainage system likely initiated with 

magmatic and tectonic events associated with the Oligocene ignimbrite flare up 

(Lipman, 2007) resulting from the detachment of the Farallon flat slab from the base of 

North America (Humphreys, 2003).  
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Figure 1-Error! No text of specified style in document.-2 A. Simplified geologic map of the western slope of the 

Rocky Mountains showing dated sample (Lava Creek B or cosmogenic burial date) locations (letters), Quaternary 

faults, and other features discussed in text with letters corresponding to Table 1 and Fig. 3. Nested longitudinal profiles 

of the Gunnison River system with generalized rock type information (purple= basement along Gunnison river). 

A paleo-Gunnison River in about the same location as the modern river emerged 

in the Oligocene from ca. 35-29 Ma (Hansen, 1965), when drainage was constrained 
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between volcanic topography of the West Elk Mountains to the north and the San Juan 

volcanic field to the south (Fig. 2A; Lipman, 2007). Eruptive sheets from these two 

volcanic centers thicken into an E-W paleovalley in approximately the same location as 

the modern Gunnison River course, pinning drainage between the two constructional 

edifices (Hansen, 1965). In particular, of the thickening of the 28.5 Ma Blue Mesa Tuff 

in the paleovalley axis, with its base contoured by Hansen (1971), indicates the paleo-

Gunnison flowed into an E-W oriented valley between these volcanic edifices.  Figure 3 

shows two paleosurfaces for the Oligocene timeframe: the upper profile, modified from 

Hansen (1971) shows structure contours at the base of the Oligocene Blue Mesa Tuff 

dipping upstream (28.5 Ma; Lipman, 2007); the lower profile is created from the 

elevations of Oligocene West Elk Breccia (29-34 Ma; Coven et al., 1999) at their closest 

and lowest proximity to the current Gunnison River.  Both show that the Oligocene 

paleo-Gunnison was potentially incising into Precambrian bedrock at modern elevations 

of 7000- 9000 feet (2134-2744 m).  
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Figure 1-Error! No text of specified style in document.-3 The modern long profile of the Gunnison River from the 

confluence with the Colorado River at Grand Junction through the Black Canyon of the Gunnison and into its 

headwaters (thick blue line) upstream from the town of Gunnison with generalized geology and a composite (black 

line) of the highest points of the north and south rims of the Black Canyon.  Primary geologic units are the Precambrian 

basement (gray) and 1.4 Ga Vernal Mesa Granite (pink). Ten-to-eleven Ma basalts are shown in solid red, underlain by 

river gravels and 10-11 Ma paleo river strath (long orange dash).  Base of Oligocene volcanics are shown in small 

orange dash.  Black/red stars indicate locations of cosmogenic ages; black/red boxes indicate Lava Creek B locations.  

Letters correspond to incision data points whose locations are shown in Fig. 2.  Blue arrow shows 30km of upstream 

knickpoint migration in last 0.64 Ma 

GUNNISON RIVER PROFILE AND INCISION RATES 
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Longitudinal River Profiles 

The longitudinal profiles of the Gunnison River and its tributaries are shown in 

Fig. 2B. The modern profile, from headwaters to confluence with the Colorado River, 

displays a striking convexity associated with the Painted Wall-Chasm View reach of the 

Black Canyon (Fig. 3).  This knickzone is indicative of a disequilibrium river profile 

(Mackin, 1948) and separates two generally concave portions of the river that have 

different incision histories. The main features of the Gunnison profile relative to rock 

type are shown in Fig. 3: 1) a low gradient (1.25 m/km) western reach in erodible 

Cretaceous and Jurassic rocks, 2) a slight steepening of gradient within basement rocks 

for ~30 km until the Red Rocks fault zone, 3) a concave river profile inflection marking 

where the river leaves the trace of the Red Rocks fault zone and transitions into, 4) the 

high gradient (10 m/km) knickpoint in the Painted Wall reach which is partly within the 

resistant (sparsely jointed and unfoliated) Vernal Mesa Granite (red stripe in Fig. 3). 

Above this, the river returns to a lower gradient (5 m/km) above Blue Mesa reservoir 

while still in Precambrian basement. Finally, the river steepens into the basement-cored 

Sawatch Range in its high headwaters (as the East River).  In summary, while the 

shallowest reaches are floored by soft rocks (Mancos Shale) and the steepest partly in 

basement (Vernal Mesa granite), there are both steep and gentle reaches that do not 

correspond to these rock types. Thus, we infer that the profile geometry is only partly 

attributable to erodibility of the substrate, in keeping with incision rate evidence that the 

steepest reach is rapidly incising and hence likely a transient knickpoint.   

Modern tributaries to the Gunnison River include the Uncompahgre, North Fork 

of the Gunnison, Lake Fork of the Gunnison, and Cimarron Rivers and Cebolla Creek 
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(Figs. 2A, 2B). The Uncompahgre River drains the San Juan Mountains from the 

vicinity of Ouray, Colorado, and has formed a broad, low gradient canyon in the 

Cretaceous rocks flanking the Gunnison Uplift.  The North Fork of the Gunnison is the 

major northern tributary to the Gunnison River, and drains the West Elk Mountains. It is 

of similar slope to the Uncompahgre River; and upon exiting volcanic strata flows 

largely on Cretaceous bedrock. The Lake Fork of the Gunnison, Cimarron River, and 

Cebolla Creek are steep tributaries draining the San Juan Mountains. The the Paleo-

Bostwick River, also shown on  2A, is defined by a series of high, grass-covered, low-

relief parks underlain by fluvial gravels marking the location of this north-flowing 

paleo-tributary to the Gunnison River that had its confluence with the Black Canyon of 

the Gunnison in Red Rock Canyon (Hansen, 1987).  

Our conceptual framework for drainage evolution in the Black Canyon region 

utilizes modern drainages as analogs for past drainages. Paleo-tributaries document 

drainage reorganization due to tectonic (Hansen, 1965; Steven, 1975) and/or stream 

piracy geomorphic events (Pederson et al., 2002; Schneeflock et al., 2002; Aslan et al., 

2008). Here, stream piracy is considered to be the main mechanism for rapid 

abandonment of river reaches and drainage reorganization.  Grizzly Gulch Creek ( 2A) 

is presumed to have been abandoned after headwater capture by Iron Creek (Hansen, 

1965), while the Paleo-Bostwick River was captured by Cedar Creek of the 

Uncompahgre system (Figs. 2A, 4A). The modern Lake Fork of the Gunnison and 

Cimarron Rivers and Cebolla Creek (Fig. 2B), which drain the San Juan volcanic field 

and have confluences with the Gunnison River above the knickzone within Black 

Canyon, are used as proxies for pre-knickpoint gradients. We use these gradients to 
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project the paleo-Bostwick drainage and former gradient of the Gunnison River. 

 

Figure 1-Error! No text of specified style in document.-4. A. Generalized map of Black Canyon of the Gunnison 

region, highlighting Paleo Bostwick and Grizzly Creek rivers, B. River gravel quarry at Bostwick Park, showing 

gravels overlain by Lava Creek B ash and local fill. C. Cross-sectional view along Paleo Bostwick River through Red 

Rock Canyon into modern Black Canyon.  Possible projections of the tributary into Black Canyon before abandonment 

of Paleo Bostwick tributary are shown with resulting incision rates, bracketing the potential age of Black Canyon. 

Differential Incision Rate Data 
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Knickpoints and convexities in river profiles are often attributed to relative base-

level lowering within the stream system (Gardner, 1983; Burbank and Anderson, 2001; 

Whipple, 2004), and/or fluvial response to variable rock strengths or erodibility 

(Burbank and Anderson, 2001; Berlin and Anderson, 2007).  Incision rate data across 

knickpoints provide an avenue to evaluate the extent to which convexities and 

knickzones may be due to resistant bedrock versus transient incision pulses that may be 

impeded by hard bedrock. If knickpoints primarily a response of the fluvial profile to 

incise into resistant bedrock, incision rates should be broadly similar below, within, and 

above the knickpoint (Gilbert, 1877; Stock and Montgomery, 1999; Phillips et al., 2003; 

Duvall et al., 2004). Alternatively, in transient knickzones, rates are expected to be 

highest within the knickzone as the river adjusts and restores towards equilibrium after a 

change in local base level.  Such disequilibrium conditions may be prevalent at the 

edges of uplifted plateaus or following a change in uplift rate within an active region 

(Bishop et al., 2005; Goldrick and Bishop, 2007; Whipple, 2004), near a tectonic drop in 

base-level (Karlstrom et al., 2008), or due to drainage reorganization such as stream 

capture or even bedrock meander cutoff events at small scales (Finnegan and Dietrich, 

2011). 

Figure 3 shows the best-constrained Gunnison River region incision rates 

(vertical arrows) displayed on a longitudinal profile that extends from the confluence 

with the Colorado River at Grand Junction to the headwaters of the Gunnison River. A 

summary of incision rates used in paleo-profile reconstruction is listed in Table 1, 

including previously published as well as new data points (new data points in bold).    
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The best-constrained terrace ages are where the 0.64 Ma Lava Creek B ash has 

been found in association with strath terraces along the Gunnison River and tributaries 

(Figs 2 and 3). Below the Black Canyon knickzone in the downstream reaches of the 

Gunnison River, Lava Creek B ash is found on erosional pediments near Grand Junction 

(Figs. 2 and 3, points A, B), at Kelso Gulch (Figs. 2 and 3, point C) and near the modern 

river at Sawmill Mesa (Figs. 2 and 3, point D) over the last 0.64 Ma. Incision rates from 

strath terraces constrained by these ash locations are approximately 130-150 m/Ma, 

indicating relatively consistent incision throughout this section of the river since ~0.64 

Ma.   

In contrast, in the upstream portions of the Gunnison River and above the 

modern knickzone, Lava Creek B ash is found at the Blue Mesa Dam (Figs. 2 and 3, 

point H) and the Lake Fork of the Gunnison-Gunnison River confluence (Figs. 2 and 3, 

point I).  These two locations give relatively slower incision rates of ~95 m/Ma. The 

interpretation of these low incision rates is that these reaches of the Gunnison River 

upstream from the modern knickzone have not yet experienced the base-level fall 

associated with knickpoint migration. 
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Incision rates within the Black Canyon knickzone area have been inferred by 

previous workers (Hansen, 1987; Dethier, 2001; Aslan et al., 2008) to be among the 

highest rates in the Rockies (Dethier, 2001). Hansen (1987) quoted an incision rate 

based on projection of the Bostwick paleoriver to where it would have joined the 

Gunnison River near Red Rocks Canyon (400-500 m/Ma, Figs. 2 and 3, point G and Fig. 

4C).  His age constraints came from the presence of Lava Creek Bash beds overlying 

gravels of the Paleo-Bostwick tributary (Hansen, 1987). The combined data led him to 

infer that Black Canyon has been carved in the last 1-2 Ma. We concur with this 

conclusion and refine it based on new data presented below.  The elevation of the 

Chukar Ridge Lava Creek B locality (Table 1) provides the highest calculated incision 

rate in this study (640 m/Ma Figs. 2 and 3, point F). This site is associated with river 

gravels but is difficult to correlate with other terrace heights.  

New Tephrochonology 

One of the uncertainties in Hansen’s calculation of a 1-2 Ma age of Black 

Canyon stems from uncertainty of the age of post-abandonment deposits that overlie 

Bostwick paleo-river gravels in Bostwick Park (Fig. 4A). Dickinson (1956) reported two 

ashes at different stratigraphic levels in a road cut leading up to the south entrance to 

Black Canyon (Fig. 5). The upper one was identified as the 0.64 Ma (Lanphere et al., 

2002) Yellowstone Lava Creek B ash (Izett and Wilcox, 1985, Hansen, 1987). The 

lower ash (Fig. 5) was analyzed and reported by Izett (1982) as being similar to the 1.29 

Ma Mesa Falls Yellowstone ash (Lanphere et al., 2002), but the correlation was 

uncertain. Given Hansen’s argument that Bostwick paleo-river gravels graded to 

approximately 350 m down into the depth of the modern Black Canyon, use of the Mesa 
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Falls age as the minimum age on the gravels led to an inferred rate of 325 m/1.29 Ma=  

252 m/Ma necessitating ~2.5 Ma to carve the entire canyon; whereas use of the Lava 

Creek B age yielded a rate of 507 and a duration of ~1 Ma for carving Black Canyon, 

assuming steady rates.   

 

Figure Error! No text of specified style in document.-5. Photograph modified from Dickenson (1965) of Lava Creek B 

and refuted Mesa Falls ash locations at Bostwick Park. 

We revisited the site and attempted to resample from the location shown in Fig. 

5. Although an extensive excavation was conducted, no ash layer was found in the 

stratigraphic position of the lower ash noted by Dickinson (1965). Instead, we obtained 

the original sample (courtesy of Dickinson) and reanalyzed it.  Our reanalysis of the 

Dickinson ‘Mesa Falls (?)’ ash (Table 2) concludes that while the Mesa Falls correlation 

is still permissive, there is no positive direct match between the Dickinson ash sample 

and the Mesa Falls ash.  However, there is a positive (>0.95, similarity coefficient) 

correlation with multiple Lava Creek ash bed samples.  The Dickinson sample exhibited 

a lower iron concentration level that is more similar to Mesa Falls glass shards than 
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Lava Creek B, as well as the moderate hydration typically seen in older samples. Given 

that Yellowstone tephra (Huckleberry Ridge, Mesa Falls, and Lava Creek) have 

overlapping chemistries, the original identification as Mesa Falls ash was likely based 

on these latter characteristics. Although a Mesa Falls correlation remains possible from 

the geochemical analysis, new field mapping has failed to reveal a marked unconformity 

in the few meter thick section of fill between the ashes, therefore, the correlation to Lava 

Creek B ash is supported by stratigraphic context (Aslan et al., 2008).  Thus, based on 

the new analysis (Table 2) and detailed work on the geology at Bostwick Park that 

suggest post-abandonment deposits are likely close in age to the gravels (Sandoval, 

2007; Aslan et al., 2008), we prefer the 0.64 Ma age as the a minimum age on the Paleo-

Bostwick river gravels.  We suggest these ashes represent differential erosion and re-

deposition of reworked Lava Creek B tephra following abandonment of the Paleo-

Bostwick paleovalley.   

 

Cosmogenic nuclide dating  

To further constrain the age of Bostwick gravels and attain additional new 

incision rate data, we used cosmogenic nuclides (10Be and 26Al) to determine the 

depositional ages of gravels sampled from two locations: 1) Bostwick quarry and 2) 

terrace Qt7 (223 m above modern river level) at the North Fork of the Gunnison-

Gunnison River confluence (see Figs. 2 and 4 for locations). We used the isochron 
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burial dating method (Balco and Rovey, 2008) at Bostwick Quarry, and profile dating at 

terrace Qt7.   

Bostwick Quarry The depositional history of these gravels was described by 

Hansen (1987), Sandoval (2007) and Aslan et al. (2008). About 10 m of coarse gravel 

was deposited in this Gunnison River paleo-tributary, which had its confluence with the 

Gunnison through Red Rock Canyon (Fig. 4A). Headward cutting of Cedar Creek, a 

tributary to Uncompahgre River, then captured the paleo-Bostwick drainage, leaving a 

largely abandoned canyon with an underfit, ephemeral stream draining through Red 

Rock Canyon into the Black Canyon. Abandonment triggered the relatively rapid 

infilling of the canyon with 5-15 m of locally derived “yellow” alluvium that includes 

proximal deposits composed of reworked Mancos Shale from nearby hill slopes. As 

mentioned above, the locally derived sediment is interfingered with lenses of reworked 

Lava Creek B ash that directly overlie the gravel deposit at Bostwick Quarry (Fig. 4B), 

constraining Bostwick river gravels to older than 0.64 Ma (Aslan et al., 2008).    

Cosmogenic nuclide burial dating provides a more direct constraint on the age of 

these gravels. We obtained a sample from the base of a >10 m thick gravel exposure in 

the recently excavated Bostwick quarry (Fig. 4B), approximately 1 km east of the road 

outcrops shown in Fig. 5. Significant shielding here allows the burial age to be 

interpreted as an accurate (though imprecise) depositional age of the gravels.  

The cosmogenic burial analysis was from four quartzite clasts that were collected 

from the base of the Quarry face approximately 10 meters stratigraphically below Lava 

Creek B ash. Post-burial shielding from cosmic radiation was thus at least 10 m 

(thickness of the gravel) and post-abandonment deposits added an additional 3 m of 
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post-0.64 Ma shielding. Cosmogenic 10Be and 26Al were determined for each clast and 

analyzed using the isochron method for burial dating (Balco and Rovey, 2008). This 

method is best executed with clasts collected from the same stratigraphic horizon such 

that each clast has the same post-burial cosmogenic production history due to similar 

depth of burial. Each clast has a high probability of having experienced a different 

exhumation and transport history prior to deposition than the other clasts, such that the 

initial concentrations of 10Be and 26Al vary.  Evolution of these different initial ratios 

due to radioactive decay after deposition forms an isochron which has an age indicated 

by its slope and post-burial production indicated indirectly by the y-intercept. Since 

concentrations of 10Be and 26Al need to be corrected for the post-burial production 

experienced due to spallation reactions and muons at depth, age determination is 

necessarily an iterative process (Balco and Rovey, 2008). The isochron date for 

deposition of the gravel (Fig. 5) is constrained primarily by one data point, and could be 

improved with further analyses.  The best-fit line yielded an age of 870 ± 220 ka (Fig. 6; 

Darling et al., 2012), compatible stratigraphically with both the Lava Creek B ash 

minimum age for the gravels and field relationships that suggest the gravel to be older 

but close in age to the Lava Creek B ash. Thus, the time of major depositional activity of 

Bostwick paleoriver gravels is constrained to between ~0.87 and 0.64 Ma. 
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Figure Error! No text of specified style in document.-6.  Isochron plot of 26Al/10Be data from Darling, et al. 

(2009) of Bostwick Park quarry. 

North Fork of the Gunnison Strath Terraces The North Fork of the 

Gunnison River is the major northern tributary to the Gunnison River, and joins 

the Gunnison River below the Black Canyon (Figs. 2 and 7). This tributary 

junction has migrated down the dip-slope of the underlying Paleo/Mesozoic strata 

as it has incised, leaving abandoned river drainages (e.g., Smith Fork and Red 

Canyon) and eleven remnant river terraces abandoned above the present profile 

(Fig. 7B; Hansen, 1965; Sandoval, 2007).  These terrace deposits at the 

confluence are severely eroded (treads are poorly preserved) and relatively thin (< 

several meters) implying they represent strath terraces (Sandoval, 2007). The 

highest terraces are more than 300 m above the modern Gunnison River (Fig. 7B) 

in this locality. The confluence of the North Fork of the Gunnison with the 

Gunnison River has apparently maintained its general geometry while the North 

Fork and the confluence migrated down the dip of the underlying strata and the 

Cretaceous Dakota escarpment retreated northwards. This is similar to models for 
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streams “sliding down” the dip slopes of the Uncompahgre Uplift (Aslan, et al., 

2008; Darling et al., 2009) and differs from other locations where rivers become 

entrenched during superposition across basement cored uplifts, as was likely 

simultaneously occurring on to the east on the Gunnison Uplift (Hansen, 1987).  

The thickest and most widespread of these deposits, Qt7, with a strath at 223 m 

above the modern river (Fig. 7B) was chosen for trenching by backhoe and 

collection of a seven-part vertical profile for cosmogenic profile dating.  

 

Figure Error! No text of specified style in document.-7. A. Simplified geologic map with river terraces at the Gunnison 

River-North Fork of the Gunnison River confluence, showing Quaternary incision and confluence migration.  

Red/black star indicate cosmogenic isochron age location.  B. Cross sectional view of A-A’ through river terraces.  C. 

Depth vs. concentration plot from Qt7/223: 10Be (solid black line) 26Al (dashed line). 

The trench into Qt7/223m terrace was 6.1 m deep; sample depths ranged from 

1.4 to 5.6 m. The stratigraphy included an upper 1.1 m of local fine-grained fill 

overlying pedogenic carbonate atop the gravels.  The top of gravel was at 1.4 m depth, 
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and continued below the base of the excavation, which was limited by the reach of the 

backhoe.  Gravel exposures on the edge of the terrace nearby were approximately 6 m 

thick suggesting that the bottom of the trench was within 1-2 m of the base of the gravel.  

The overall stratigraphy seen in the excavation at the confluence is similar to that of 

Bostwick Quarry, where river gravels are abruptly overlain by fine-grained, yellowish, 

locally derived colluvium.  Five samples consisting of amalgamated gravels or sand 

were analyzed for 10Be; two of these also yielded meaningful 26Al results.  Cosmogenic 

data are given in Table 3 and Fig. 7C.   

 

The cosmogenic nuclide data for Qt7 were modeled assuming that the fine-

grained overburden has been stable or eroding through time, so that the collection depth 

of each sample is the shallowest that it has experienced (e.g., Wolkowinski and Granger, 

2004).  Because each sample was amalgamated from many clasts, they are all assumed 

to have an identical inherited component at the time of deposition consistent with a 

condition of steady-state erosion in the source area (Repka et al., 1997).  The 

concentration of cosmogenic nuclide i in each sample is calculated using equation (1), 

where Ni is the concentration of nuclide i, Pi is the local production rate, x is depth in 

cm, t is time since deposition, i is the mean-life of nuclide i, E is the terrace erosion 

rate,  is the density of the eroding material (g/cm3), and L is the penetration length of 
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secondary cosmic ray neutrons (160 g cm-2).  The model is simplified to ignore 

production by muons, which do not strongly influence the inferred age due to the 

shallow depth of the profile.  While a more complex model including production by 

muons could be performed (e.g., Granger and Smith, 2000; Hidy et al., 2010), it is not 

deemed necessary due to the much larger uncertainties in the model associated with 

terrace erosion..   

 

Ni  = Ni,inhe
-t/ti  + Pi e

-x/L (1/i  + E/L)-1 [1 – e-(1/ti + rE/L)t]   (1) 

 

The model fit to the data is shown in Fig. 7C.  The best-fit age is 0.98 (+0.38/-0.07) 

Ma for a local production rate of 12 at/g/yr (10Be) and 82  at/g/yr (26Al).  ).  The knee in 

the profile is due to the inherited component that dominates at depth but is overprinted 

by much higher postdepositional production near the surface.  The uncertainty in the fit 

is strongly asymmetric due to the possibility of terrace erosion which increases the 

model age.  The best-fit value for inheritance corresponds to an erosion rate in the 

source area of 60 m/Ma.  The model describes the data well, with a value for reduced 2 

of 0.85. 

 

DISCUSSION 

Knickpoints 

Using the model profile age of 980 ka for terrace Qt7 yields an incision rate of 

228 (+17/-64) m/Ma.  Assuming that the incision rate has been relatively steady, the 

lower terrace Qt5 (at an elevation of 190 m) probably correlates with the gravels at 
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Bostwick Quarry and deposition of the Lava Creek B ash at 0.64 Ma. An inferred paleo-

profile for this “Lava Creek B” age range is shown as the light purple swath in Fig. 3. 

This relatively well-constrained paleoprofile mimics the modern river profile and 

suggests that a steep knickzone existed at 0.64 Ma within but farther west in the Black 

Canyon, separating low gradient upstream and downstream reaches. 

An examination of the relationship of both the modern and the 0.64 Ma 

knickpoints to changes in bedrock substrate and to the fault-bound Gunnison Uplift 

supports the hypothesis that the knickpoint is transient, with an upstream propagation 

rate that has been slowed in the last 0.64 Ma as the knickzone entered basement rocks. 

The existence of the modern 10 km-long high-gradient reach may be partly explained by 

the presence of the Vernal Mesa Granite.  However, the knickzone extends across and 

through this resistant rock (Fig. 3), suggesting that bedrock is not the only controlling 

factor. At 0.64 Ma, the river was just beginning to incise through basement and the top 

of the steep knickpoint was likely near the Red Rock Canyon confluence. Prior to 0.64 

Ma, the knickzone is thought to have moved rapidly through Cretaceous rocks from the 

Unaweep Canyon area to the Gunnison Uplift (Aslan et al., 2008).  

A profile reconstructed from 10 Ma basalts at Grand Mesa and Flat Top 

Mountain near Almont, Colorado have ancient gravels beneath them (Fig. 3), and 

suggest that the late Miocene was characterized by  a low-relief landscape with an 

established westward-draining river system. River gravels containing volcanic and 

basement clasts are found below and incorporated with the basal basalt flows of Grand 

Mesa (Aslan et al., 2010). Gravels found beneath the ~ 10 Ma Flat Top (north of 

Gunnison) also contain basement clasts. Grand Mesa and Flat Top Mountain, while 
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similar in age and in their preservation of gravels from major paleorivers, have very 

different calculated long-term incision rates.  The Grand Mesa basalt flow is 1503 m 

above the modern Gunnison-Colorado River confluence, while the Flat Top gravels are 

639 m above the headwater regions of the Gunnison River. Post-10 Ma incision by the 

Gunnison and Colorado Rivers in the lower parts of these rivers has removed nearly 

three times the height of rock from the lower reaches of the Gunnison River, with a 

regional long term incision rate of 140 m/Ma (Fig. 3, point A; Aslan et al., 2008; 

Darling et al., 2009).  In contrast, the high elevation Rocky Mountain headwater regions 

of the Gunnison River have been incising through the action of small streams in steep, 

narrow canyons at 64 m/Ma (Fig. 3, point J) over the same timeframe.  The headwaters 

region is upstream from the modern knickpoint (Fig. 3) and is adjusted to a local base 

level of the low-gradient upper section of the Gunnison River. This river reach has yet to 

feel the effects of events that have modified the lower reaches of the river.   

Models for drainage evolution 

Abandonment of Unaweep Canyon instigating Black Canyon incision: 

Unaweep Canyon, a major bedrock gorge now hosting two divergent, underfit streams 

(Aslan et al., 2008), has been postulated as a possible early path for the Gunnison River 

as it flowed northwest downstream of the present Black Canyon (Hansen, 1965; Hansen, 

1967). The abandonment of Unaweep Canyon at about 1 Ma (Aslan et al., 2008) shows 

clear evidence of drainage re-organization, probably through stream piracy rerouting the 

Gunnison River through the Grand Valley. One possibility is that this piracy set-off an 

incision pulse that is now expressed as the Black Canyon knickzone. Darling et al. 

(2009) noted that such a transient would have passed rapidly upstream through the weak 
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Mancos Shale, then more slowly once it encountered Precambrian bedrock of the 

Gunnison uplift.  

Model for mantle processes driving forces driving both drainage 

reorganization and rapid bedrock incision of Black Canyon Recent tomographic 

images indicate complex patterns in mantle velocity structure below the Gunnison River 

(Fig. 8; Karlstrom et al., 2012).  Of particular interest, the transition from the low 

velocity mantle domain beneath the headwaters to higher velocities in the lower reaches 

of the Gunnison River suggests that buoyant mantle may be driving differential uplift in 

the Rocky Mountains, and may also be influencing the longitudinal profile of the 

Gunnison River (Karlstrom et al., 2012).  The hypothesis of young uplift in the 

headwater region of the Gunnison River is supported by apatite fission track and apatite 

helium cooling ages, which show < 10 Ma AHe cooling ages in the San Juan Mountains 

to the south (McKeon, 2009) and the West Elk and Elk Ranges to the north (Garcia, 

2011) of Black Canyon. This suggests that more than 1 km of material has been eroded 

off the headwater regions of the Gunnison River in the last 10 Ma. Our hypothesis is that 

low velocity mantle under these recently exhumed areas may have driven headwater 

uplift resulting in higher gradients for the Gunnison River, that then facilitated drainage 

reorganization and upstream knickpoint migration.  
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Figure 1-Error! No text of specified style in document.-8. Cross sectional view of tomography beneath the general 

trend of the Gunnison River (A-A’ on inset), showing possible influence of buoyant mantle (red areas) affecting 

topographic behavior in the Gunnison region. Blue line represents the Gunnison River longitudinal profile from 

headwaters to confluence with the Colorado River.  Thick black line is at the elevation of Grand Mesa (black oval on 

inset), hatched area indicates material removed through erosion since the eruption of Grand Mesa basalts. 

An important and often overlooked component of the uplift story involves 

flexural isostatic rebound driven by erosional denudation of the Rocky Mountain-

Colorado Plateau region. Lazear et al. (2013) present calculations of isostatically driven 

rebound applied to the Gunnison River region that suggest that independent of any 

tectonic surface uplift, there has been about 200 meters of differential isostatically 

driven rock uplift of the Gunnison knickpoint region relative to both the Colorado-

Gunnison confluence and the headwater regions, including Grand Mesa.  

CONCLUSIONS 
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Our data suggest a very young river system responding to multiple forcings, 

including downstream drainage reorganization, differential isostatic rock uplift, and 

possible mantle-driven headwater uplift. New data conclusions are as follows. 

1) Differential incision across a transient knickzone: Incision rates downstream 

of the modern knickpoint are higher (130-150 m/Ma over 0.64 Ma and 140m/Ma over 

10 Ma) in comparison to upstream rates (90-100 m/Ma over 0.64 Ma and ~60 m/Ma 

over 10 Ma). Incision rates within the 10 km-long Painted Wall knickzone are strikingly 

higher at ~500 m/Ma over 0.64 Ma (Fig. 3, Table 1).  This variation in incision rate 

within a relatively small lateral distance (100 km) and within the hardest rock in the 

region (Fig. 3) argues that this feature is the transient expression of a stream system 

adjusting to a downstream drainage reorganization and related regional base level fall/ 

headwater uplift. Our model also indicates approximately 30 km of upstream knickpoint 

migration through basement over the past 0.64 Ma, and about 30 km of knickpoint 

migration from 1.0-0.64 Ma through soft Cretaceous rock. This documents the 

importance of bedrock erodibility on knickpoint propagation rates.   

2) Incision history of Black Canyon of the Gunnison: Projection of the 0.64 Ma 

Lava Creek B-associated river gravels in the abandoned paleo-Bostwick tributary to its 

intersection with the Gunnison at Red Canyon is presently the best constraint on the age 

and rate of incision of Black Canyon. At this location, approximately 350 m of the 

roughly 700 m total depth of the Black Canyon has been incised in the last 0.64 – 0.87 

Ma. We use the Cimarron gradient as a proxy for the paleo-Bostwick to extrapolate 

preserved and dated straths to their inferred confluence with the river at 350 m above the 

river.  The result is that over the past 0.87-0.64 ka, incision has occurred at the high 
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average rate of 400-550 m/Ma. If one assumes steady incision rates, this implies the 

spectacular bedrock Black Canyon was carved within the last 1.3 – 1.75 Ma. However, 

given that these high rates are only likely to have been active in the Black Canyon reach 

once the incision transient from Unaweep abandonment arrived near Red Canyon after 1 

Ma, rates may have been higher and carving of the entire bedrock canyon in the last ~ 1 

Ma seems most likely.  

3) New tephrochronology and cosmogenic burial dating of gravels provide new 

incision rates:  

Our new data suggest that the previously reported 1.2 Ma Mesa Falls tuff locality 

in the Shinn-Bostwick drainages is likely to be the 0.64 Ma Lava Creek B. The new age 

of the paleo Bostwick gravels below the ash of 870 ±220 Ma precludes this ash being 

Mesa Falls. This reassignment is also supported by stratigraphic relations, indicating no 

major unconformity between the two exposed ashes.  Cosmogenic dating indicates that 

terrace Qt7/223 m at the North Fork of the Gunnison -Gunnison River confluence is 

0.98 (+0.38/-0.07) Ma, yielding an incision rate there of 228 (+17/-64)  m/Ma.  

4) Persistent differential incision in the early Gunnison River: Incision rates 

calculated from 10 Ma basalts show the same long term differential incision as the 

younger profiles and suggests that either (a) the knickpoint was already in existence at 

10 Ma or (b) that post- 3 Ma incision has created the differential incision rates (our 

favored hypothesis). The Oligocene profile is near the modern profile in the upper 

reaches of the Gunnison system, suggesting zero long-term incision—presumably due to 

a combination of aggradation and surface uplift following the construction of Oligocene-
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age volcanics. Erosionally driven isostatic rebound of the region may also have helped 

focus incision of the Black Canyon of the Gunnison. 
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ABSTRACT 

The earliest paleoriver deposits that record post-Laramide erosion of the 

Colorado/ New Mexico Rockies have been historically considered to be of Eocene age 

and to rest on a widespread Rocky Mountain Erosion Surface (RMES).  New detrital 

zircon dates indicate that these paleorivers range in age from Paleocene (65 Ma 

McDermott Formation), to Eocene (50-40 Ma Galisteo and Baca Formations), to 

Oligocene (30- 26 Ma; Telluride, Blanco Basin, El Rito/Ritito conglomerates). 

McDermott Formation yields age peaks of 1750-1650, 1450-1410, and 65 Ma and 

records a Paleocene paleoriver system (McDermott-Ojo Alamo-Animas-Nacimiento 

formations) that flowed south from the emerging Laramide San Juan-La Plata uplift to 

the San Juan Basin. The Eocene San Jose and Galisteo formations record paleorivers 

that flowed SE out of the San Juan Basin with prominent peaks at 1700, 1400, 1100, 

450, 250, and 95 Ma suggesting continued and more widespread unroofing of the 

basement- cored, sedimentary-draped San Juan Mountains. Baca Formation has peaks of 

1750-1650, 1500-1400, 220-180, and 570 Ma and represents an east-flowing river 

sourced in the Laramide Mogollon highlands. The Oligocene Telluride and Blanco 
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Basin paleorivers flowed west and south (respectively) from the uplifting San Juan 

Mountains. Both have detrital zircon spectra with youngest grain ages of  ~ 30 Ma 

probably derived from the 35-30 Ma calderas of the NE San Juans; Proterozoic grains 

(1750-1650 and 1,450-1,420 Ma) are similar to dated Proterozoic basement in the 

Needle Mountains. The dominantly pre-volcanic El Rito (29 Ma max depositional age) 

and Ritito (27 Ma max depositional age) of New Mexico also have ~ 30 Ma peaks as 

well as prominent quartzite clasts (from the Tusas Mountains). These Oligocene 

paleoriver systems are interpreted to have been part of an extensive Blanco Basin-

Conejos- El Rito- Ritito- Abiquiu distributed fluvial system with the Telluride as the 

ancestral San Miguel/Dolores River and the Blanco Basin/El Rito as the ancestral 

Chama River. The newly dated Oligocene river systems are interpreted to reflect 

epeirogenic doming and unroofing of the San Juan Mountains during mantle-driven 

surface uplift associated with early stages of the Oligocene ignimbrite flare-up.  

In each age system, pre-volcanic gravels transition upward to volcaniclastic 

deposits. We infer a common process involving: 1) doming and unroofing of basement 

rocks accompanying magmatism—Colorado Mineral belt volcanism in the Laramide 

and ignimbrite flare up in the Oligocene; 2) deposition of relatively thin and widespread 

gravel/sand sheets above regional unconformities; and 3) deposition of voluminous 

volcaniclastic aprons around volcanic edifices. This process repeated in the Paleocene, 

Eocene, and Oligocene, and these successions are interpreted to be syntectonic records 

of magmatism that accompanied mantle- driven epeirogenic uplift. The different age 

conglomerates and underlying unconformities resulted in several sub-regional Rocky 

Mountain erosion surfaces that spanned 70-25 Ma and preserve different components of 
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the multi-stage uplift of the southern Rocky Mountain region: Laramide, mid-Tertiary, 

and post 10 Ma.   

 

 

INTRODUCTION 

The topography of the modern southern Rocky Mountains (SRM) began to take 

shape in the Laramide orogeny (~70-45 Ma), which was characterized by fault-bounded, 

basement-cored uplifts and basins (Dickinson and Snyder, 1978; Coney and Reynolds, 

1977) (Fig.1). The Oligocene ignimbrite flare-up (38-25 Ma) which dramatically re-

shaped SRM topography due to voluminous ignimbrites erupted from dozens of calderas 

in Colorado and New Mexico (Lipman, 2007). Crustal extension associated with the Rio 

Grande rift (Ricketts et al., 2015), mantle-driven Neogene differential uplift (Karlstrom 

et al., 2012), and isostatic uplift driven by rebound following differential 

denudation(Lazear et al., 2013) have also played important roles in shaping the modern 

topography.Latest Cretaceous paleorivers flowed onto the Colorado Plateau from the 

south and west toward deltaic systems at the edge of the retreating Cretaceous seaway 

(Cather et al., 2012). Some Laramide drainages (Paleocene-Eocene) terminated in 

internally drained basins west of the uplifting Rockies (e.g. Uinta and Claron basins); 

others flowed east to the Gulf of Mexico (Galloway et al., 2011). The end of the 

Laramide orogeny was marked by erosional beveling of uplifts and formation of an 

“Eocene Erosion Surface” (Cross, 1894; Davis, 1911; Atwood and Mather, 1932; 

Steven, 1968, Epis and Chapin, 1975) that was later re-named the Rocky Mountain 
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Erosion surface (RMES; (Evanoff and Chapin, 1994; Chapin, C.E., Kelley, 1997; 

Pazzaglia and Kelley, 1998; Leonard, 2002)).  

 

Figure 2-Error! No text of specified style in document.-1 Location map for southern Rocky Mountain region of Colorado 

and New Mexico. Major geologic features shown include exposed basement rock, Laramide basins, the extent of the 

Southern Rocky Mountain Volcanic Field Apron, and conglomeratic/sedimentary units of this study. Detrital zircon 

sample locations are shown as black/yellow stars; sample location, show by letter in gray box, are keyed by to Table 1. 

Abbreviations are: LS = La Sal Mountains, LP = La Plata Mountains, SJVF = San Juan Volcanic Field, LVF = Latir 
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Volcanic Field, VC = Valles Caldera Complex, MDVF = Mogollon Datil Volcanic Field. Black box indicates area 

expanded in Fig. 4. 

 

This paper focuses on paleoriver systems in the southern Rocky Mountains of 

Colorado and New Mexico whose deposits unconformably overlie the RMES and have 

been referred to as the “Eocene” conglomerates. We applied  detrital zircon analyses to 

Tertiary fluvial deposits that have been noted to contain dominantly pre-volcanic clasts, 

and that have been previously interpreted to record post-Laramide but pre-Oligocene 

erosional unroofing of the Rockies (Steven and Epis 1968; Cather, et al., 2012).  To the 

extent possible from outcrop preservation and character of fluvial units, we attempt to 

make the distinction between major trunk rivers with far traveled (> 100 km) gravels 

versus more localized alluvial fans and distributed fluvial systems (Weissmann et al., 

2010) formed near the boundaries between localized uplifts and adjacent basins. 

Deposition of these widespread conglomerate deposits records a balance between 

progradation due to increased sediment supply from uplifted source areas and degree of 

subsidence of the basins (Heller, et al., 2013). We examine the concept that the thin and 

widespread post-Laramide gravel/sand sheets and underlying unconformities are 

syntectonic records of diverse styles of tectonism (Heller et al., 2013), not only foreland 

basins and rift settings, but also more subtle transient mantle- driven epeirogenic uplift ( 

Karlstrom et al., 2011; Cather et al., 2012;). 

The first goal of this paper is report 38 detrital zircon and sedimentary analyses 

of these conglomerate units to help elucidate the age, provenance, and flow path of early 

Tertiary paleoriver systems in southern Colorado and north-central New Mexico (Fig. 

1). Overall, we establish that these conglomerates and the underlying composite RMES 
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span 70-25 Ma, and preserve a record of the multi-stage uplift of the southern Rocky 

Mountain region. The second goal is to use the paleorivers to develop a model for 

changes in local base level, paleoelevation, and relief in the Rockies due to multi-stage 

Cenozoic surface uplift.   

 

BACKGROUND AND DEPOSITIONAL FRAMEWORK OF SEDIMENTARY 

UNITS 

The Rocky Mountain Erosion Surface 

Widespread surfaces of gentle topography and their overlying sedimentary 

deposits in the SRM region have been interpreted to record post-Laramide periods of 

extensive erosion (Epis & Chapin, 1975; Dickinson et al., 1988; Erslev, 1993; Pazzaglia 

& Kelley, 1998). Cross (1894) provided an early detailed geologic map of the San Juan 

region, and Davis, (1911) proposed this widespread area of gentle topography as a single 

peneplain, formed by lateral planation by streams at or near sea level.  Multiple surfaces 

were observed, two by Finlay (1916) and Lee (1917, 1922), and as many as eleven by 

van Tuyl and Lovering (1935).  Later workers returned to the idea of a single erosion 

surface that had undergone subsequent deformation (Mackin, 1947; Wahlstrom, 1947; 

Moore, 1960). The “late Eocene erosion surface” (Fig. 1) was defined in the classic Epis 

and Chapin (1975) paper that used geomorphic and geologic evidence (particularly the 

36.7 Ma overlying Wall Mountain Tuff) to correlate many of the poorly preserved, 

extensively faulted and isolated segments of low relief erosion surfaces spanning 

approximately 10,000km2 over the Front-, Rampart-, Sawatch-, Sangre de Cristo-, and 

Wet Mountain Ranges at elevations ranging from 2300-3800m (Pazzaglia and Kelley, 
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1998). Epis and Chapin (1975) used the overlying volcanics to bracket the age of “the 

surface” as being older than 38 Ma.  

A newer name, “Rocky Mountain Erosion Surface” (RMES), was used to 

emphasize a diachronous origin for what was still considered a regional erosion surface 

(Evanoff & Chapin, 1994; Chapin and Kelley, 1997; Cather et al., 2008). Pazzaglia and 

Kelley (1998) referred to the RMES as an “upland surface of low relief presumably 

formed by fluvial erosion following Laramide deformation.” They discussed whether the 

surface: 1) was created at near-modern elevations by progressive lowering and rounding 

of divides of Laramide highlands, 2) was created near sea level with fluvial erosion and 

rock uplift during Laramide deformation nearly balancing each other, or 3) was created 

at high elevation with a climate and hydrology favorable to reduction of relief. On the 

Great Plains, Leonard et al., (2002) described this erosion surface as a low-relief 

unconformity surface that cuts across mountain ranges as the result of erosion from early 

Eocene through Miocene, and, is locally still in development on the Great Plains.   

The age and paleo-elevation history of Rocky Mountain erosion surfaces remains 

in debate and is central to interpretations of Rocky Mountain uplift history. 

Paleobotanists using the late Eocene Florrissant, Oligocene Pitch-Pinnacle, and late 

Oligocene Creede floras have suggested that low-relief  surfaces could have formed 

either: A) at elevations close to sea level (Leopold, in prep.) requiring significant post-

Laramide surface uplift, or B) at elevations equal to or higher than modern elevation of 

2.5-2.6 km (Wolfe and Shorn, 1989; Wolfe, 1992; Gregory, et al.,1996; Meyer 2007), 

requiring no surface uplift since the Laramide. Gregory and Chase (1994) concluded that 

“the surface” formed in a humid climate characterized by small storm events at 
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elevations close to its modern elevation, and that regional dissection has resulted from 

late Cenozoic climate change. In contrast, recent paleobotanical work using the nearest 

living relative (NRL) method reinforces older interpretations (Axelrod, 1997)that the 

Florissant fauna, and hence the underlying RMES, formed at low elevations, followed 

by 2-4 km of post-38 Ma uplift of the region. Variations of this multi-stage uplift 

interpretation have been supported by geologic (Cather, et al., 2012) and stable isotope 

(Barton and Fricke, 2006) work. The newer interpretation is compatible with models 

that combine geomorphic and thermochronologic data and invoke significant mantle-

driven surface uplift of the region in the last 10 Ma (Karlstrom et al., 2011; Nereson, et 

al., 2013; Rosenberg, 2014). Overall, opposing interpretations of paleontological data do 

not provide resolution of paleoaltimetry and uplift history.   

Isostatic rebound studies ( Pederson et al., 2002; Roy et al., 2004; Lazear et al., 

 2013) are in general agreement that ~ 1 km of isostatic uplift due to erosional 

denudation of the southern Rocky Mountain region has taken place since the Laramide, 

and that the overall 2-3 km surface elevation gain since the Cretaceous was dominantly 

of tectonic origin. But models differ in the proposed timing of tectonic surface uplift and 

resulting erosional isostatic rebound to have been post-Laramide (Pederson, Mackley, et 

al., 2002), post-Oligocene (Roy et al., 2004), and/or in the last 10 Ma (Lazear et al., 

2013).  

The multi-stage surface uplift model proposed in this paper builds on the 

paleontological interpretation for dominantly Neogene surface uplift in the Rockies 

(Raynolds et al. 2007; Leopold and Zaborac-Reed, in prep., personal communication, 

2015). Figure 2 is a summary of the stratigraphic framework of the study region 
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(adapted from Cather, 2004). Positions of sub-regional erosion surfaces are labeled 

RMES 1, RMES-2, and RMES-3. Colors of the different ages of 

conglomerate/sedimentary sections are the same as in Figure 1.   
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Figure Error! No text of specified style in document.-2 Age of and post-Laramide stratigraphic units of the southern 

Rocky Mountains (adapted and expanded from Cather et al., 2012 and Heller et al., 2012). Green = Cretaceous marine 

sediments, Blue= Paleocene, Yellow= Eocene, Orange= Oligocene, and Pink= Miocene deposits that unconformably 

overlie older strata and/or diachronous components of the Rocky Mountain Erosion Surface (RMES-1 to RMES-3). 

Red= volcanic and volcaniclastic units that overlie and/or interfinger with dominantly pre-volcanic conglomerates. 

Stars= new detrital zircon data discussed in text; diagonal pattern= erosional episodes. 
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Cretaceous San Juan Basin underpinnings 

Cretaceous marine strata document early Laramide basin subsidence in the 

Denver, Piceance, San Juan and Raton Basins (Fig. 2). These strata formed at sea level 

(which was ~200 m higher than modern sea level; Cather et al., 2012), as basins 

subsided and mountains rose.  The Late Cretaceous Dakota Formation was deposited ~ 

90 Ma on a regional unconformity that beveled across progressively deeper Mesozoic 

levels to the south, toward the rising Mogollon highlands in southern New Mexico and 

Arizona (Dickinson, 2013). The thickness of post-Dakota strata reached ~ 3 km in the 

San Juan basin and rate of sediment accumulation records an early pulse of Laramide 

orogenic subsidence 75-65 Ma.  

Latest Cretaceous- Paleocene McDermott Member and Animas Formation   

Following less than ~5 Ma  oferosion following the Kirtland Formation 

(Williamson and Weil, 2008; Lucas et al., 2006), latest Cretaceous and Paleocene strata 

were deposited in the San Juan basin. The volcaniclastic McDermott Member is located 

on the northwestern margin of the San Juan Basin (Figs. 2, 3) and is composed of 

sandstones, shales, and volcaniclastic conglomerate (Gonzales and Gianniny, 2010; 

Wegert and Parker, 2011) that disconformably overlie the Cretaceous Kirtland Shale and 

underlie the volcanic-rich Animas Formation. Previous workers have interpreted the age 

of the McDermott to be Upper Cretaceous (Maastrichtian stage) based on fossils 

(Reeside and Knowlton, 1924). Suggestions for the depositional setting of this unit 

range from volcaniclastic (Reeside, J.B., Knowlton, 1924; Barnes, 1953; Kottlowski, 

1957; Sikkink, 1987a), a fluvial system intermixed with lahars (O’Shea, 2009), or lahar 

deposits emplaced during strong Laramide tectonism (Wegert and Parker, 2011). The 
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unit ranges in thickness from 9-122 m (Reeside, and Knowlton, 1924). Paleocurrent 

indicators indicate SE and SW-flowing streams (Sikkink, 1987a). Volcaniclastic 

material within the McDermott includes clasts of diorite, monzonite, and trachyandesite; 

the source of volcaniclastic material within the McDermott is petrologically and 

geochemically similar to the 75-65 Ma La Plata laccolithic complex (Lorraine and 

Gonzales, 2003; Gonzales and Gianniny, 2010; Wegert and Parker, 2011) located on the 

southwestern part of the Colorado Mineral Belt. Workers have proposed the 

volcaniclastic conglomerates within the McDermott Member were deposited by debris 

flows and hyperconcentrated flows perhaps incorporating volcaniclastic material from 

minor volcanic-flank eruptions and gravity slides associated with over steepening and 

southern flank-collapse due to the emplacement of extensive sills forming the intrusive 

complex of the modern La Plata Mountains (Lorraine and Gonzales, 2003). Gonzales 

and Gianniny (2010) proposed an alternative hypothesis for formation of the unit, 

suggesting that rapid exposure of the intrusive complex led to erosion of intrusive 

material, which was subsequently concentrated into S-SW-flowing debris flows and 

streams, depositing the McDermott Member just SSW of its La Plata source, but not 

requiring active magmatic activity to be involved in deposition of the unit.  This is based 

on a lack of definitive evidence for a volcanic source in the McDermott and, instead, 

that the igneous detritus resembles the intrusive rocks of the La Plata Mountains. 

McDermott is overlain by the volcaniclastic Animas Formation that reaches thicknesses 

of ~800 m.  

Paleocene (66-63 Ma) Ojo Alamo Sandstone and Nacimiento Formations 
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In the central San Juan basin, the Ojo Alamo Sandstone and overlying 

Nacimiento Formation represent drainage system reorganization related to continuing 

Laramide tectonism Cather, 2004). The Ojo Alamo is a thin (6-120 m thick) laterally 

continuous arkosic sand sheet with minor conglomerate and mudstones. Paleocurrent 

and lithologic indicators suggest that it was derived from the San Juan Mountains to the 

northwest (Sikkink, 1987b; Klute, 1986; Powell, 1973). New Ar-Ar detrital sanidine 

ages indicate it was deposited at 65.7 Ma (Heizler et al., 2013; Heizler, personal 

communication, 2016). The overlying Nacimiento Formation consists of up to 525 m of 

finer grained sandstone and mudstone (Smith, 1992b; Williamson, 1996) with numerous 

paleosol horizons (Hobbs and Fawcett, 2014). Detrital sanidines indicate an age of 65.7-

63.0 Ma for this unit (Heizler, personal communication, 2016). Workers have 

traditionally considered these deposits to be contemporaneous with the volcaniclastic 

rocks of the McDermott and Animas deposited on the northern edge of the basin ( 

Cather, 2004). 

55-40 Ma (Eocene) San Jose, Galisteo, and Baca Formations  

As shown in Figure 3, north-central New Mexico has three units of Eocene (55-

37 Ma) age as shown by fossil evidence. The San Jose Formation crops out in 

northwestern New Mexico and southwestern Colorado.  It contains the youngest 

sedimentary bedrock exposed in the San Juan Basin (Smith, 1992a).  The Baca 

Formation ( Cather, 2009) crops out in central/ eastern New Mexico, and the Galisteo 

Formation (Stearns, 1943) crops out in northern New Mexico. These units are both 

overlain by volcaniclastic strata, the Spears and Espinaso Formations, respectively.  
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Figure 2-Error! No text of specified style in document.-3 Stratigraphic columns adapted from previous workers and 

this study for Paleocene and Eocene-age units of McDermott Member, Baca Formation, and Galisteo Formation. 

Sample locations within the stratigraphic setting are indicated. 

55-48 Ma (Eocene) San Jose Formation 

The early Eocene San Jose Formation outcrops throughout the central San Juan 

Basin and preserves the last episode of Laramide basin sedimentation in northwestern 

New Mexico and southwestern Colorado.  It was deposited by rivers with a general 

southward paleocurrent direction, though significant variation exists within the 

formation (Smith, 1992a).  Intraformational angular unconformity and reverse faults in 

the eastern outcrop area show that the San Jose Formation was deposited simultaneous 
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to deformation along the basin-bounding Nacimiento fault (Smith, 1988; Woodward, 

1987).  Sedimentary source areas include the San Juan Uplift, Brazos-Sangre de Cristo 

Uplift, and Nacimiento Uplift (Smith, 1992a).  The formation consists of five named 

members consisting of siliciclastic mudstones, sandstones, and minor conglomerate 

(Smith, 1992a; Smith and Lucas, 1991).  These lithologically defined members represent 

at least three cycles of tectonically-driven changes in stream power, stream position, 

sediment supply, and regional slope (Smith, 1992a, 1988).   

40-37 Ma (Eocene) Galisteo Formation.  

The late Paleocene-Eocene Galisteo Formation contains 37-40 Ma fossils (Lucas 

and Ingersoll, 1981; Williamson and Lucas, 1992; Ingersoll et al., 1990) and has two 

main units (Fig. 3). It is concordantly overlain by the ~4 km-thick 36- 27 Ma 

volcaniclastic Espinaso Formation (Lisenbee, 1999; Connell and Lucas, 2001) or is 

locally unconformably overlain by Santa Fe Group sequences (Cather, 1992). The 

Galisteo Formation is thought to be widely sourced from the San Juan Basin region of 

the Colorado Plateau (Cather, 1992), Sangre de Cristo and Nacimiento uplifts, and sits 

unconformably on the Mesa Verde Group. The Galisteo consists of two unconformity-

bound tectonosequences (the lower Diamond Tail Formation and the upper Galisteo 

Formation) representing the sedimentary response to two tectonic episodes (Lucas et al., 

1982, 1997; Maynard, 2005).  

50-40 Ma Baca Formation:  

The Eocene-Oligocene fluvial-lacustrine Baca Formation of west-central New 

Mexico is discontinuously exposed and consists of conglomerate, sandstone, mudstone 

and claystone (Fig. 3) sourced from the Laramide-age Mogollon Highlands, Sierra, 
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Montosa, Defiance and Zuni Lucero uplifts (Cather and Johnson, 1984; Cather, 1986, 

2009). This unit averages 180 m in thickness (Prothero, et. al., 2004) and 

disconformably overlies a low-relief erosional surface developed on the late Cretaceous 

Crevasse Canyon Formation. It is overlain by the ~1 km-thick, ~38.0 Ma Spears 

Formation (lower part of the Datil Group; Cather et al., 1987; Prothero et al., 2004). The 

depositional age of the Baca Formation is bracketed between 46-50 Ma by Bridgerian 

fossils near its base and ~38 Ma volcanciclastic units that overly the unit ((Kelley et al., 

2009)). This unit has been interpreted to have been sourced from high topography of the 

Mogollon highlands to the south that was uplifted in the Laramide Orogeny (Cather, 

1982; Dickinson et al., 2012). In that sense, it is broadly correlative with the Mogollon 

Rim Formation (Potochnik, 1989), Rim Gravels, and Music Mountain Formation 

(Young and Hartman, 2014).  The Baca Formation (Baca Basin) has been linked to the 

Carthage basin and envisioned as a fluvial system that flowed east from the 

Springerville region of the Mogollon highlands to the Gulf of Mexico (Galloway et al., 

2011).   

The overlying Spears Formation is a several hundred meter thick volcaniclastic 

unit intercalated with Datil Group ignimbrites and lavas. Lower Spears Group was 

deposited 34-33.5 Ma (Cather and Johnson, 1984) and consists of fluvial and debris flow 

units in a volcaniclastic apron surrounding the Mogollon Datil volcanic field. In the 

Springerville area it is overlain by eolian sandstones correlated with the 34-27 Ma 

Chuska Sandstone (Cather et al., 2008). 

Oligocene Telluride and Blanco Basin paleoriver systems 
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An important contribution of this study is the detrital zircon evidence (presented 

below) that the Telluride Conglomerate and Blanco Basin Formation, previously 

considered to be Eocene conglomerates (Cross and Larsen, 1935; Larsen and Cross, 

1956; Bromfield and Bush, 1968; Cather, 2004) are Oligocene in age.  

~ 30 Ma Telluride Conglomerate.  

The Telluride Conglomerate is exposed at elevations ranging from ~9,000-

10,000 feet (2743 -3048 m) on the western slopes of the San Juan Mountains (Fig. 4). 

The Telluride Conglomerate lies unconformably on Precambrian to Mesozoic units and 

is overlain by the Miocene volcaniclastic San Juan Formation and ~27 Ma (Bove et al., 

2001) Silverton Volcanic Group (Burbank and Luedke, 1969).  Gradationally, overlying 

the Telluride Conglomerate, the 27.6-28.3 San Juan Formation (Lipman, 2007) exceeds 

1 km in thickness and is subsequently overlain by the 50 m-thick 27.6 Ma Crystal Lake 

tuff (Burbank and Luedke, 1969) associated with the Silverton caldera. These early pre-

caldera volcanicastics and Silverton caldera ignimbrites are subsequently overlain by the 



www.manaraa.com

56 

 

27.5 Ma Carpenter Ridge Tuff, 

which contributed an excess of 

1000 km3 volcaniclastic material 

and in places exceeded 100 m 

thickness (Lipman, 2007).  

The Telluride 

Conglomerate contains Paleozoic 

to Tertiary clasts recording 

unroofing of the nearby Needles 

Mountains block (Gonzales et al., 

2005). Previous workers have 

postulated that the Telluride 

Conglomerate was deposited in a 

lake (Cross and Purington, 1899) or 

by alluvial processes (Harraden, 

2007). We conclude a combination 

of fluvial processes formed this 

unit, building upon the previous work of Kray (2004), Gonzales et al., (2005) and 

Harraden (2007). 

The Telluride Conglomerate is a boulder-to-pebble conglomerate with 

interbedded sandstones and siltstones (Fig. 5) and preserves a regional unroofing 

sequence (Gonzales et al., 2005). Proximal debris flows in the unit contain poorly-

sorted, matrix supported conglomerates and moderately sorted, grain supported 

Figure 4-Error! No text of specified style in document.-4  Location 

map for southern San Juan Mountains and northwestern New 

Mexico. Major features shown include exposed basement rock 

(gray), the San Juan Basin (green), the extent of the Southern Rocky 

Mountain Volcanic Field Apron (pink), SJVF calderas (red l line), 

and conglomeratic/sedimentary units of this study (gold). Detrital 

zircon sample locations are shown as black/yellow stars. 

Abbreviations of modern rivers are: SMR = San Miguel River, DR = 

Dolores River, RG = Rio Grande, AR = Animas River, SJR = San 

Juan River, ER = El Rito. 
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sandstone lenses (Little Molas Lake, town of Telluride). Increasingly fine-grained 

fluvial characteristics with larger percentage of andesititc to rhyolitic clasts are found at 

more distal outcrops (Mt. Wilson; just north of town of Telluride). Upper sections of the 

Telluride Conglomerate at Mt. Wilson that are in contact with overlying volcanic units 

are metamorphosed. The overlying and widespread 32 Ma San Juan Formation (Lipman 

et al., 1970) is ~ 2,000 (615 m) in thickness, and consists largely of mudflow deposits, 

volcaniclastic rocks that interfinger with lava flows (Lipman et al., 1976). The Molas 

Lake section (Fig. 5) contains a poorly sorted and primarily matrix-supported 

conglomerate with subrounded to angular clasts of limestone, quartzite, granite, schist-

gneiss, siltstones, and sandstones; porphyritic granitic clasts. Limestones and Paleozoic 

clasts types dominate the lower portions of the conglomerate, and preserve local SE to 

NW scour channel paleoflow indicators. Upsection, the unit contains increasing 

proportions of Proterozoic lithologies eroded from the nearby Needle Mountains uplift.  

Proterozoic clasts exceed 1 m diameter in parts of the outcrop. Especially within the 

upper 2-5 m of the section, andesitic to rhyolitic volcanic clasts are present indicating 

temporal overlap of volcanism with fluvial deposition.  
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Figure 2-Error! No text of specified style in document.-5 Stratigraphic columns adapted from previous workers and 

this study for Oligocene-age units of Blanco Basin Formation, Telluride Conglomerate, El Rito Formation and Ritito 

Conglomerate. Sample locations within the stratigraphic setting are indicated. 

~ 30 Ma Oligocene Blanco Basin Formation.  

The Blanco Basin Formation is exposed at 9,000-10,000 ft. (2743 -3048 m) 

elevation on the southern slopes of the San Juan Mountains (Fig. 4). The thin (<~200 

m), mixed unit of conglomerate and sandstone lenses contains mainly of arkosic 

material sourced from basement rocks, with sedimentary Mesozoic and Tertiary 

volcaniclastic material intermixed (Brister, 1992). The unit unconformably overlies the 

Jurassic Morrison Formation, Cretaceous Mancos Shale (90-85 Ma), or Paleocene-

Cretaceous Animas Formations. It is overlain by the volcanic units of the~34 Ma 
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Conejos Formation (Brister, 1992; Lipman and McIntosh, 2008). The Conejos 

Formation contains early pre-caldera flows from the 28.3-27.8 Ma La Garita cluster; 

volcaniclastic units thin from ~1.3 km near the caldera center to ~600 m preserved in 

more distal locations (Lipman, 2000, 2007). The Blanco Basin Formation is locally 

overlain by reworked Quaternary landslide deposits and Oligocene volcanic units, taking 

the form of bedded conglomerates and breccias (Lipman and Hall, 1975).  

29-26 Ma El Rito Formation and Ritito Conglomerate  

The El Rito Formation is found at elevations of 6,000-10,000 ft. (1828-3048 m) 

in northern New Mexico (Fig. 4). The El Rito Formation is sandstone and conglomeratic 

(Fig. 5), dominated by Ortega Quartzite basement clasts, with lesser amounts of gneiss, 

schist and metavolcanics from the Tusas Mountains. It sits unconformably on 

Precambrian to Mesozoic rocks (Lee et al., 2013) and its upper contact locally 

interfingers with the Ritito Conglomerate, or is unconformably overlain by the ~400 m 

thick (Maldonado and Kelley, 2009), 26.0-25.5 Abiquiu Tuff Formation (Koning et al., 

2011; Logsdon, 1981).  Paleoflow studies indicate the unit was deposited by south-

flowing streams (May, 1980, 1984; Ekas et al., 1984; Ingersoll et al., 1990)May. 

Workers have suggested the El Rito was largely eolian-derived material perhaps sourced 

from a topographically high volcanic complex or basement rocks of the Tusas and 

Sangre de Cristo Mountains (Koning et al., 2011) and deposited on a south-sloping 

distal alluvial slope (Koning et al., 2005) with sediments later reworked by a fluvial 

system.  Several workers use the term Ritito Conglomerate for dominantly non-volcanic 

clast (basement –derived) conglomerates in the Tusas Mountain region (Maldonado and 

Kelley, 2009; Koning et al., 2011; Aby, S.B., Kempter, K., Koning, 2011) such that 
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there is little map or age distinction between El Rito and Ritito conglomerates in the 

Tusas Mountains. 

26 Ma (Latest Oligocene) Ritito Conglomerate.  

The Ritito Conglomerate (Fig. 4), a coarse, locally-preserved conglomerate 

deposited by south-flowing river systems sourced from the Laramide highlands of the 

Jemez Mountains, Tusas Mountains, and Sierra Nacimiento, overlies the El Rito 

Formation, Mesozoic or Permian sedimentary rocks or Proterozoic basement and is 

gradationally overlain by the volcanic Los Pinos Formation (Koning et al., 2011) or 

Abiquiu Formations (Maldonado and Kelley, 2009). The Ritito Conglomerate is 

dominated by Proterozoic basement clasts including quartzite, granite, metavolcanics, 

quartz schists and small amounts of Mesozoic sedimentary units (Fig. 5). Cenozoic 

volcanic clasts sourced from the San Juan and Latir volcanic fields to the north are 

minor and found in the uppermost parts of the unit (Kelley et al., 2013) where it 

transitions into the volcaniclastic dominated Los Pinos Formation (Aby, S.B., Kempter, 

K., Koning, 2011). The unit has a maximum thickness of 210 m and clasts range from 

granule to boulder size (Maldonado and Kelley, 2009). A K-Ar age of ca. 27 Ma 

(Lipman et al., 1970) on a basalt near the base of the Ritito Conglomerate and an 

assumed ca. 27 Ma age on altered basalt interbedded with the Ritito Conglomerate 

(Moore, 2000) bracket the Oligocene age of the unit. Paleocurrent directions are largely 

to the south, following a broad zone of subsidence (Smith et al., 2002). The sub-Ritito/ 

Abiququ erosion surface suggests an unconformity on top of a convoluted 

paleotopography (Smith et al., 2002).  

METHODS: U-PB DETRITAL ZIRCON GEOCHRONOLOGY 
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U-Pb detrital zircon geochronology was conducted by laser ablation 

multicollector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) 

following the methods of (Miller et al., 2006; Gehrels et al., 2008) and (Dickinson and 

Gehrels, 2009)(2009). U-Pb ages were determined for randomly selected detrital zircon 

grains. U-Pb data are reported in Appendix 1 and also shown in age-probability plots 

(Ludwig, 2008) where each grain age and its error is summed into curves with equal 

areas below the curves for each unit. We report inferred maximum depositional ages as 

peak ages for the youngest-age curves and discuss provenance ages reported as the ages 

of the main peaks.  

Probability (P) values were also calculated from Kolmogorov-Smirnoff (K-S) 

statistics (Press et al., 1987). K-S statistics test the null hypothesis that two detrital 

zircon age populations might have been selected at random from the same parent 

population (e.g., Dickinson, 2013). If P > 0.05, one cannot with 95% confidence reject 

the null hypothesis that 2 detrital zircon age populations were derived at random from 

the same parent population. P values > 0.05 give increasingly higher certainty that one 

can reject the null hypothesis. For example at P=0.4, one is 40% certain the distributions 

could have come from the same source population. At P = 1.0, there is statistical identity 

between populations.  This test is a statistically rigorous test, but we find many 

examples of fluvial samples from the same stratigraphic unit, and even the same 

stratigraphic horizon may not “pass the test” of being statistically indistinguishable. This 

is especially true for samples with high number of grains analyzed. Thus, we also 

compare and contrast samples using the presence and absence of the main age 
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probability peaks and we lump samples from the same unit even with low p values to 

help characterize overall variability in a given fluvial succession.    

RESULTS: U-PB DETRITAL ZIRCHON GEOCHRONOLOGY 

New detrital zircon ages are presented in Table 1 and discussed below from 

oldest to youngest units. Complete detrital zircon analyses are in Appendix 1. Statistical 

analyses of units are in Appendix 2. 

Table 1. Detrital Zircon Ages 

Unit 

Grp 

Lo

c. 

ID 

Unit 

Name  

Sample 

Number 

UT

M 

Eastin

g 

Northi

ng 

Longitu

de 

WSGS 

84 DD 

Latitu

de 

WSGS 

84 DD 

No. 

grai

ns 

Max. 

Depo. 

Peak 

Age 

(Ma) 

Unit 

Best 

Depo. 

Age 

[range] 

(Ma) 

Oligoce

ne 
A 

Ritito 

Formation 

(El Rito, 
NM - 

lower) 

MS-11-2 13S 363976 
400088

02 

-

106.511
9 

36.143

1 
92 1690 

29.72±0.

48 

Oligoce
ne 

A 

Ritito 
Formation 

(El Rito, 

NM - 
upper) 

MS-11-4 13S 363998 
400107

2 

-

106.511

7 

36.144
8 

91 
29.72±0.

48 

Oligoce
ne 

B 

El Rito 

Formation 

(near El 
Rito 

climbing 

area, NM) 

MS-11-5 13S 388820 
402813

6 

-

106.239

7 

36.391
9 

97 32.3±6.3 

32.3±6.3 

Oligoce

ne 
A 

El Rito 

Formation 

(Cerro 
Pedernal, 

NM) 

MS-11-1 13S 254112 
420342

6 

-

106.523
4 

36.143

4 
84 

187.3±3.

6 

Oligoce

ne 
C 

Telluride 
Conglome

rate (Little 

Molas 
Lake - 

basal) 

MS-10-7 13S  
026091

2 
482548 

-
107.714

0 

37.759

0 
98 

523.7±4.

0 

31.3±2.0 Oligoce

ne 
C 

Telluride 

Conglome

rate (Little 

Molas 
Lake - 

upper) 

MS-10-9 13S 
025399

9 

420316

4 

-
107.711

0 

37.759

0 
80 31.3±2.0 

Oligoce
ne 

D  

Telluride 
Conglome

rate (Mt. 

Wilson - 
upper) 

MSD-CO-
2011-17 

13S 
023632

8 
419157

9 

-

107.996

1 

37.833
6 

89 33.8±0.7 
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Unit 

Grp 

Lo

c. 

ID 

Unit 

Name  

Sample 

Number 

UT

M 

Eastin

g 

Northi

ng 

Longitu

de 

WSGS 

84 DD 

Latitu

de 

WSGS 

84 DD 

No. 

grai

ns 

Max. 

Depo. 

Peak 

Age 

(Ma) 

Unit 

Best 

Depo. 

Age 

[range] 

(Ma) 

Oligoce

ne 
D  

Telluride 

Conglome
rate (Mt. 

Wilson - 

basal) 

MSD-CO-

2011-18 
13S 

023631

3 

419162

7 

-
107.996

3 

37.834

0 
95 

34.05±0.

7 

Oligoce

ne 
C  

Telluride 
Conglome

rate 
(upper) 

WP42 13S 
025523

7 

420310

3 

-

107.785
4 

37.942

6 
85 

33.4 

±1.3  

Oligoce
ne 

C  

Telluride 

Conglome

rate (basal) 

WP43 13S  
025501

9 
420307

1 

-

107.787

8 

37.942
2 

87 
63.0 
±1.3 

Oligoce

ne 
C  

Telluride 

Conglome

rate 

WP52 13S  
025484

0 

420277

4 

-

107.789

8 

37.939

5 
100 

65.7 

±1.0 

Oligoce

ne 
E 

Blanco 
Basin 

Formation 

(Chama, 
NM - 

middle) 

MSD-CO-

2011-13 
13S 363024 

410202

4 

-
106.540

5 

37.054

5 
91 33.8±1.1 

33.8±1.1 

Oligoce

ne 
E 

Blanco 
Basin 

Formation 

(Chama, 
NM - 

lower) 

MSD-CO-

2011-14 
13S 363101 

410202

3 

-
106.539

7 

37.054

5 
57 450 

Oligoce
ne 

F 

Blanco 

Basin 
Formation 

(Pagosa 

Springs, 
CO - 

upper) 

DG-

BristerE-

PCA-2011 

13S 034729 
414113

4 

-

106.867

3 

37.402
2 

138 160 

Oligoce

ne 
F 

Blanco 
Basin 

Formation 

(Pagosa 
Springs, 

CO - 

basal) 

DG-
BristerE-

PC3b-

2011 

13S 034729 
414113

4 

-

106.867
3 

37.402

2 
83 227 

Oligoce

ne 
F 

Blanco 
Basin 

Formation 
(Pagosa 

Springs, 

CO - 
basal) 

DG-
BristerE-

PC5-2011 

13S 034729 
414113

4 

-
106.787

9 

37.403

3 
139 565 

Paleoce

ne-

Eocene 

G 

Galisteo 

Formation 

(South of 
La 

Cienega, 

NM) 

MSD-

NM-2011-

23 

13S 397607 
393572

6 

-

106.129

8 

35.559
9 

180 45 

45-95 

Paleoce

ne-
Eocene 

H 

Galisteo 

Formation 
(Galisteo 

Preserve, 

NM - 
upper) 

MSD-

NM-2011-
25 

13S 414654 
392657

6 

-

105.940
8 

35.479

0 
94 170 
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Unit 

Grp 

Lo

c. 

ID 

Unit 

Name  

Sample 

Number 

UT

M 

Eastin

g 

Northi

ng 

Longitu

de 

WSGS 

84 DD 

Latitu

de 

WSGS 

84 DD 

No. 

grai

ns 

Max. 

Depo. 

Peak 

Age 

(Ma) 

Unit 

Best 

Depo. 

Age 

[range] 

(Ma) 

Paleoce

ne-
Eocene 

H 

Galisteo 

Formation 
(Galisteo 

Preserve, 

NM - 
lower) 

MSD-

NM-2011-
26 

13S 414890 
392638

5 

-

105.938
1 

35.477

3 
283 95 

Paleoce

ne-

Eocene 

I 

Baca 
Formation 

(near Pie 

Town, 
NM) 

MSD-

NM-2012-

1 

12S 766715 
379837

0 

-

108.102

3 

34.292
3 

97 69.9±8.4 

74.4±2.5 

- 

69.9±8.4 
Paleoce

ne-
Eocene 

J 

Baca 

Formation 
(Jornada 

del 

Muerto, 
NM) 

SCATH20

12-1 
13S 334540 

378157

4 

-

106.795
0 

34.162

0 
99 74.4±2.5 

Paleoce

ne-

Eocene 

K 
San Jose 

Formation 
WP46 13S  

029495
18 

407758
1 

-

107.807

9 

36.811
0 

98 
71.9 
±3.1 

80.0 
±2.6 - 

71.9 

±3.1 
 

Paleoce

ne-

Eocene 

L 
San Jose 

Formation 
WP32 13S  

032264
7 

399036
6 

-

106.968

7 

36.041
7 

88 
80.0 
±2.6 

Paleoce
ne-

Eocene 

M 
Nacimient

o 

Formation 

WP26 13S  
031895

5 

398338

7 

-
107.008

1 

35.978

1 
84 

72.0 

±1.5 
72.0 

±1.5 - 

69.9 
±3.3 

Paleoce
ne-

Eocene 

N 
Nacimient

o 

Formation 

WP34 13S  
024514

7 

403325

9 

-
107.842

2 

36.410

7 
92 

69.9 

±3.3 

Paleoce

ne-

Eocene 

O 
Ojo Alamo 

Formation 
WP27 13S  

031110

5 

397842

8 

-

107.093

9 

35.932

0 
109 72.9±3.0 

72.9±3.0

- 66.9 
±4.9 

Paleoce

ne-
Eocene 

P 
Ojo Alamo 

Formation 
WP36 12S  

076876

8 

402329

6 

-

108.006
3 

36.317

2 
92 

69.9 

±2.4 

Paleoce

ne-

Eocene 

Q 
Ojo Alamo 
Formation 

WP63a 12S  
074723

5 
406543

2 

-

108.232

4 

36.702
4 

91 
66.9 
±4.9 

Paleoce

ne-

Eocene 

R 
Animas 

Formation 
WP44 13S  

025266
1 

412902
8 

-

107.789

6 

37.275
0 

93 
63.6 
±1.2 

68.1±1.6

- 63.6 

±1.2 

Paleoce

ne-

Eocene 

S 
Animas 

Formation 
WP45 13S  

026146
6 

413250
7 

-

107.691

5 

37.308
6 

84 
70.4 
±1.5 

Paleoce
ne-

Eocene 

T 
Animas 

Formation 

(basal) 

WP57 13S  
024594

9 

412322

9 

-
107.863

3 

37.221

0 
96 68.9±1.2 

Paleoce

ne-
Eocene 

T 

Animas 
Formation 

(basal 

conglomer
ate 

volcanic 

cobble) 

WP57vc 13S  
024594

9 

412322

9 

-

107.863
3 

37.221

0 
88 68.1±1.6 

Paleoce
ne-

Eocene 

T 

Animas 
Formation 

(basal 

conglomer
ate chert 

cobble) 

WP57cc 13S  
024594

9 

 
412322

9 

-
107.863

3 

37.221

0 
10 - 
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Unit 

Grp 

Lo

c. 

ID 

Unit 

Name  

Sample 

Number 

UT

M 

Eastin

g 

Northi

ng 

Longitu

de 

WSGS 

84 DD 

Latitu

de 

WSGS 

84 DD 

No. 

grai

ns 

Max. 

Depo. 

Peak 

Age 

(Ma) 

Unit 

Best 

Depo. 

Age 

[range] 

(Ma) 

Paleoce

ne-

Eocene 

T 

McDermot

t 

Formation 
(Durango, 

CO - 

upper) 

MS-10-2 13S 245834 
412329

6 

-

107.864

6 

37.221
6 

90 
68.36±0.

8 

68.3±0.7

7-

69.3±0.7 

Paleoce

ne-

Eocene 

T 

McDermot

t 

Formation 
(Durango, 

CO - 

basal) 

MS-10-4 13S 245834 
412329

6 

-

107.864

6 

37.221
6 

99 69.5±1.1 

Paleoce

ne-
Eocene 

T 

McDermot

t 

Formation 

(basal) 

WP53 13S 
024552

6  

412339

1 

-

107.868
1 

37.222

3 
94 69.7±1.1 

Paleoce

ne-
Eocene 

T 

McDermot

t 

Formation 
(single 

cobble) 

WP53b 13S 
024552

6 

 

412339
1 

-

107.868
1 

37.222

3 
55 69.3±0.7 

Paleoce

ne-
Eocene 

T 

McDermot
t 

Formation 

(upper) 

WP56 13S  
024593

7 

412322

9 

-

107.863
4 

37.221

0 
85 68.3±0.7 

 

Detrital zircon of the 68-63 Ma McDermott Member and Animas, Ojo Alamo, 

Nacimiento Formations 

Detrital zircon of McDermott Member and Animas Formation 

Detrital zircon samples (Fig. 6) were collected basal, middle, and upper parts of 

the McDermott Member exposed near Durango, Colorado (Fig. 4). The stratigraphic 

context of the samples is shown in Fig.3. The lower sample (location T) has a 66 Ma 

peak, with 48 % Proterozoic grains ranging from 1750-1400 Ma.  The upper sample has 

youngest peak at 65 Ma, with an age range of 71-65 Ma. This sample had relatively few 

Proterozoic grains (11%); those grains are dominated by a peak at 1694 Ma with an age 

range between 1748-1647 Ma. The McDermott Member has a youngest peak composite 

spectrum maximum depositional age of 68.3±0.77-69.3±0.7 Ma. We combine all 
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samples from the McDermott Member (Fig 6; n=426) to better characterize the diverse 

zircon populations in the provenance for this overall stratigraphic unit. The merged post-

100 Ma grain population (Fig 6; n=193) shows a dominant 68.3±0.7 (2σ) Ma peak.  

P-values for the four McDermott member samples show low values between 

samples with the exception of significant values between WP52 and MSD-10-04 (0.097) 

and WP56-MSD-10-02 (0.522). The Animas Formation shows low P-values between 

WP44 and all other samples. However, other sample pairs are significant and range 

between 0.368 and 0.761 (see Appendix 2). 
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Figure 2-Error! No text of specified style in document.-6 Detrital zircon spectra for McDermott Member and Animas 

Formation. 

Detrital zircon of Ojo Alamo Formation 

Detrital zircon analysis of this unit (n=202) reveals dominant Proterozoic age 

peaks of ~1730 and ~1400 Ma with 57% of grains between 1400-1750 Ma. Subordinate 

Jurassic and Cretaceous-age peaks occur at ~160 Ma (7% of grains at 150-170 Ma) and 

70-80 Ma (7% of grains).  We combine all samples from the Ojo Alamo Formation (Fig 

7; n=184) to better characterize the diverse zircon populations in the provenance for this 

overall stratigraphic unit. The merged post-100 Ma grain population (Fig 7; n=21) 

shows a dominant 72.9±3.0 (2σ) Ma peak. K-S statistic show P-values for the three Ojo 

Alamo Formation samples show significant P-values between all three samples: WP36-

WP27 (0.396), WP36-WP63A (0.509), and WP36A-WP27 (0.482).  

This DZ signature is compatible with reworking of older San Juan basin 

sedimentary units and a sedimentary source in Proterozoic crystalline basement, all of 

which were present up gradient from the Paleocene San Juan Basin.  The presence of 

Maastrichtian-aged detrital zircons in the Ojo Alamo Sandstone shows that San Juan 

Basin paleorivers were also sourcing young shallow magmatic or volcanic units in the 

earliest Paleocene. 
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Figure 2-Error! No text of specified style in document.-7 Detrital zircon spectra for Nacimiento, San Jose, and Ojo 

Alamo Formations. 

Detrital zircon of Nacimiento Formation 

Detrital zircon analysis of this unit (n=176) reveals dominant Proterozoic age 

peaks with 49% of grains between 1400-1750 Ma. We combine all samples from the 

Nacimiento Formation (Fig 7; n=176) to better characterize the diverse zircon 

populations in the provenance for this overall stratigraphic unit. The merged post-100 

Ma grain population (Fig 7; n=38) shows a dominant 69.9±3.3 (2σ) Ma peak. K-S statistic 

show P-values of 0.000 between the two samples. The Nacimiento Formation have low 

P-values between the two samples (0.000). 

This DZ signature is compatible with reworking of older San Juan basin 

sedimentary units and/or a sedimentary source in Proterozoic crystalline basement.  The 

presence of Maastrichtian-aged detrital zircons in the Nacimiento Formation shows that 

San Juan Basin paleorivers were also sourcing young shallow magmatic or volcanic 

units in the early to middle Paleocene. 

Detrital zircon of the San Jose Formation:  

The early Eocene (~55 Ma) San Jose Formation was deposited unconformably 

on the Nacimiento Formation and consists of fluvial siliciclastics derived predominantly 

from the north-northwest. Detrital zircon analysis of this unit (n=188) reveals dominant 

Proterozoic age peaks of ~1710 and ~1400 Ma and subordinate  Jurassic and Cretaceous 

age  peaks at 160, and 72. We combine all samples from the San Jose Formation (Fig 7; 

n=188) to better characterize the diverse zircon populations in the provenance for this 

overall stratigraphic unit. The merged post-100 Ma grain population (Fig 7; n=15) 
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shows a dominant 71.9±3.1 (2σ) Ma peak. This DZ signature is compatible with 

reworking of older San Juan basin units as well as a sedimentary source in in 

Proterozoic crystalline basement.  Its spectrum is, in turn, similar to the slightly younger 

Galisteo Formation and K-S statistic show P-values of 0.000. 

Detrital zircon of the 40-37 Ma (Eocene) Galisteo Formation.  

Samples were collected from the upper Galisteo Formation for detrital zircon 

analysis but did not sample the lower Diamondtail lithosequence (Fig. 3). Basal (directly 

above the Diamondtail Formation) and upper samples of the Galisteo Formation were 

collected in the Galisteo Preserve (Fig. 1). Another upper section sample was collected 

from the Galisteo Formation near La Cienega, NM. Figure 8 shows the youngest grains 

and hence the maximum depositional peak ages from detrital zircon analytical method 

are 94 Ma in the upper section and 170 in the basal portions of the same unit, while the 

youngest grains from the La Cienega section are 45 Ma. Stratigraphically, these are 

inconclusive with determining true maximum depositional age. Provenance also shows 

input from compiled ages (n=557) ranging between the minimum 45-163 Ma in the 

lower part of the unit while the upper portion of the unit shows a much more uniform 

source, with spectral peaks dominated by a single young peak at 283 Ma. Older portions 

of each of the Galisteo Formation sequences show minor but constant input from 

sources throughout the 1800-1300 Ma timeframe (Fig. 4E). K-S statistics for this sample 

show low P-values between MSD-NM-2011-25 and MSD-NM-2011-23 (0.001) and 

MSD-NM-2011-26 (0.046), but high between MSD-NM-2011-26 and MSD-NM-2011-

23 (0.358). 
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Figure 2-Error! No text of specified style in document.-8 Detrital zircon spectra for Galisteo and Baca Formations. 
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Detrital zircon of the 50-40 Ma Baca Formation:  

Detrital zircon analyses were conducted on two Baca Formation samples (Fig. 

8), an upper section sample from near Pie Town, NM, and a second sample collected 

from Jornada del Muerto by Steve Cather (pers. comm., 2012) (Fig. 1). Samples show 

youngest grains of 56-57 Ma compatible with its 40-50 Ma fossil age. We combine all 

samples from the San Jose Formation (Fig 8; n=196) to better characterize the diverse 

zircon populations in the provenance for this overall stratigraphic unit. Broad 70-100 

and 170-220 distributions suggest extensive sampling of Cordilleran arc magmatism. 

There are relatively few Paleozoic grains. Precambrian-age spectral peaks range from 

1.3-1.5 Ga and 1.65-1.75 Ga, with a general absence of 1.0 Ga grains. The merged post-

100 Ma grain population (Fig 8; n=15) shows a youngest peak at 57 Ma.  P values for 

the two Baca Formation samples contain low vales between SCATH2012-1 and MSD-

NM-2012-1 of 0.010. 

Detrital zircon of the ~ 30 Ma Telluride Conglomerate.  

We collected seven detrital zircon samples, from three locations: basal and upper 

section samples were collected from near Little Molas Lake and Mt. Wilson (Figs. 4, 9) 

and near the town of Telluride, CO..  These represent proximal and more distal fluvial 

sections, respectively. The upper section at Little Molas Lake (sample #MS-10-9, 

location B) yielded the youngest zircon grains at ~30 Ma (MDA = 31.3±2.0 Ma; 15% 

grains ≤40 Ma). The spectrum also includes peaks at 602 and strong Precambrian peaks 

at ~1750-1650 and 1400 Ma (63% grains 1400-1750 Ma).  Samples from the lower part 

of the section above Molas Lake (sample #MS-10-7) returned no young grains of < 200 

Ma. Instead, the spectrum is dominated by strong peaks at 1455-1427 and 520 as well as 
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less dominant but steady input of zircons from 1700-1750 Ma (83% grains 1400-1750 

Ma).  

The thick (nearly 400 m/1300 ft.) Mt. Wilson section of Telluride Conglomerate 

has been intruded and elevated by large sills including the 27 Ma Mt. Wilson Stock 

(Gonzales, 2015) and is overlain by thick succession of volcaniclastic rocks. There is 

minor contact metamorphism of the Telluride Conglomerate where it is in contact with 

overlying volcanic units.  

Samples were taken from unaltered Telluride Conglomerate. The upsection 

sample from Mt. Wilson (MSD-CO-2011-18) has youngest grains of 33.8±0.7 Ma (19% 

grains ≤40 Ma) while the basal sample from Mt. Wilson (MSD-CO-2011-18) has MDA 

= 34.05±0.7 Ma (8% grains ≤40 Ma). Both samples also show a steady but non-single-

peak-dominant input of grains ranging from 1750-1600 and 1475-1400 Ma. The 

combined Little Molas Lake and Mt. Wilson spectrum is dominated by a peak at 34 Ma, 

with secondary peaks at 65 Ma, and ~1700 Ma (Fig. 5B).  

Upper Telluride Conglomerate (WP42) has MDA = 33.4±1.3 Ma (6% grains ≤40 

Ma). Telluride Conglomerate samples WP43 and WP 52 return no grains younger than 

50 Ma, with MDAs = 63.0±1.3 Ma and 65.7±1.0 Ma, respectively. We combine all 

samples from the Telluride Conglomerate (Fig 8; n=637) to better characterize the 

diverse zircon populations in the provenance for this overall stratigraphic unit. The 

merged post-100 Ma grain population (Fig 7; n=109) shows a dominant 31.3±2.0 (2σ) Ma 

peak. 

P-values for samples used in K-S statistics for the Telluride Conglomerate 

samples range between 0.0.000-0.491 (Table 2).  
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Figure 2-Error! No text of specified style in document.-9 Detrital zircon spectra for Telluride Conglomerate. 

Detrital zircon of the ~ 30 Ma Oligocene Blanco Basin Formation.  

New detrital zircon data from two locations (Fig. 4) return a MDA = 33.8±1.1 

Ma (4% of grains ≤40 Ma) in the mid-section sample near Chama, NM (1, location E). 
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None of the other samples have young grain populations of note. The Chama section 

samples are dominated by peaks at 1690 and 1698 Ma, and notably lack input from the 

~1400 Ma grain population. In contrast, the Pagosa Springs samples (Fig. 1, location F) 

have signatures dominated by peaks in the 1450-1430 Ma range, but are nearly bereft of 

any of the ~1700 Ma grains so prevalent in the Chama section. We combine all samples 

from the Blanco Basin Formation (Fig 8; n=638) to better characterize the diverse zircon 

populations in the provenance for this overall stratigraphic unit. The merged post-100 

Ma grain population (Fig 8; n=7) shows a dominant 33 Ma peak. 

P-values from the five Blanco Basin samples show low values (0.000) between 

MSD-CO-2011-13 and the DG-BRISTERE-PC3A, PC3B, and PC5. High correlations 

exist between DG-BRISTERE-PC3B and DG-BRISTERE-PC5 (1.0), and DG-

BRISTERE-PC3B and DG-BRISTERE-PC3A (0.649) and DG-BRISTERE-PC3A and 

DG-BRISTERE-PC5 (0.311). 

Source material is likely similar to that found in the Telluride Conglomerate: the 

Needles Mountain basement rocks including the ~ 1.8-1.7 Ga Irving Formation and 

Twilight Gneiss (Gonzales and Van Schmus, 2007), ~1.8-1.4 Ga Uncompahgre Group 

and Vallecito Conglomerate (Jones et al., 2009), ~1.7 Ga Bakers Bridge and ~1.72 Ga 

Tenmile Granite the ~1.4 Ga Eolus Granite and Electra Lake Gabbro (Gonzales and Van 

Schmus, 2007).  

Detrital zircon of the 29-26 Ma El Rito Formation and Ritito Conglomerate  

This study includes two samples of the El Rito from two locations (Fig. 4): the 

El Rito climbing area north of Abiquiu (Fig. 1, location B) and near Cerro Pedernal (Fig. 

1, location A). Detrital zircon ages indicate the El Rito Formation sample from the El 
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Rito climbing area (location B, sample #MS-11-5) had 4 young grains: 37.6±2.5, 

34.1±2.4, 29.8±2.3, and 28.6±2.5Ma. The next peak ages are 1655+, 1092, 1006, and 

Ma. The age-probability plot shows a young peak of 29 Ma, with the spectrum 

otherwise dominated by a range of grains from ~1750-1650 Ma with peaks at 1710 

and1688 Ma.  The Cerro Pedernal El Rito sample (location A, sample #MS-11-1) lacks 

young grains otherwise dominated by a range of grains from ~1750-1650 Ma with age 

peaks at 1695 and 1691 Ma.  This syn-rift deposit is likely not long-traveled and sourced 

from local Precambrian exposures. P-values for the El Rito are low (0.002) between the 

two samples, suggesting these two sections of the El Rito contain divergent source 

material. 

Detrital zircon of the 26 Ma (Latest Oligocene) Ritito Conglomerate.  

Detrital samples from the Ritito Conglomerate in this study are from the basal 

and upper sections of one outcrop near Cerro Pedernal, NM.  The Ritito Conglomerate 

detrital zircon signature (MDA = 29.72±0.48) is similar to that of the El Rito Formation 

(MDS = 32.3±6.3, 4% of grains ≤40 Ma). The youngest grains include 5 grains of 26.9-

26.3 Ma grains and 21 <40 Ma grains (23% of grains) ~ from the upper part of the Ritito 

Conglomerate section with the remaining spectrum is dominated by clasts of 1710-1680 

Ma age. P-values for K-S statistics are 0.000-0.02 between the four samples from the 

two units. This is in agreement with evidence for a lobe of the 25 Ma Amalia tuff 

(Zimmerer and McIntosh, 2012) that overlies the Ritito in the Tusas Mountains.  

We combine all samples from the El Rito Formation and Ritito Conglomerate 

(Fig 10; n=364) to better characterize the diverse zircon populations in the provenance 
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for these overall stratigraphic unit. The merged post-100 Ma grain population (Fig 10; 

n=4) shows a dominant 28 Ma peak. 
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Figure 2-Error! No text of specified style in document.-10 Detrital zircon spectra for Blanco Basin, El Rito Formations 

and Ritito Conglomerate. 

REGIONAL SYNTHEISS & PROPOSED CORRELATIONS 

Figure 11 presents the DZ spectra determine in this study. Spectra for the young 

(< 100 Ma) grains are normalized to facilitate comparison of units and potential 

correlations. In each spectrum, the preferred depositional age is shown by a solid black 

line. We have taken the approach that even if two samples from different levels of the 

same stratigraphic unit are statistically different from each other, the merged results are 

nevertheless a better way to characterize the max depo age for chronostratigraphic 

comparison and potential correlation. In addition, the merged spectrum shows the 

different provenances available during deposition of the stratigraphic unit for 

paleogeographic interpretations. Comparison of the spectra for these units leads to 

several stratigraphic advances.  

1) San Juan Basin Cretaceous stratigraphic units have Jurassic and Cretaceous 

peaks indicating they were sourced from the Cordilleran magmatic arc (possibly the 

Sierra Nevada, southern Arizona and southwestern New Mexico) deposited by some 

combination of wind and river transport. Youngest zircon grains track the depositional 

age determined from fossils and ash bed dating(Peppe et al., 2013; Heizler et al., 2013).  

2) Paleocene conglomerates in the San Juan Basin represent a mix of local 

magmatic sources (La Plata Mountains or Rico complex) related to the southern 

Colorado Mineral Belt volcanism and continued sources from Cordilleran arc. The 65 

Ma McDermott Formation was locally sourced, from the La Plata Mountains, Rico area, 

or Sawatch Range. Ojo Alamo and Nacimiento Formations contain similar detrital 
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zircon populations and both contain a strong 65 Ma peak like the McDermott Formation 

and are considered to be unconformity bound Paleocene facies deposited during 

Laramide basin subsidence. Our data suggest both Cordilleran magmatic arc and local 

Colorado Mineral Belt magmatism source regions.  

3) Eocene conglomerates studied were the San Jose, Galisteo, and Baca 

Formations. Each had diverse age rocks exposed in the source regions and we support 

the view that they reflect deposition related to a widespread erosional episode from 60-

50 Ma that caused extensive erosional beveling of the Rocky Mountains and an 

important episode in formation of the Rocky Mountain erosion surface that we call 

RMES-1 (Fig. 2A). San Jose and Galisteo have similar age and detrital zircon spectra 

and may have been part of the same fluvial system. Baca and Galisteo Formations are 

directly overlain by a volcaniclastic deposits.  

4) Newly dated Oligocene conglomerates, previously thought to be Eocene, were 

deposited on a beveled surface that we call RMES-2 (Fig. 2). Telluride Conglomerate is 

now constrained to be 31.3±2.0-34.05±0.7 Ma, recording a local-regional unroofing 

sequence; Blanco Basin Formation is 33.8±1.1 Ma. El Rito Formation is 32.3±6.3 Ma 

and may be an early pulse of the same unit as the 29.72±0.48 Ma Ritito Conglomerate. 

Like the Eocene conglomerates, these units are directly overlain by volcaniclastic 

deposits that prograded over the pre-volcanic conglomerates.   

Analysis of Precambrian detrital zircons is difficult because of the nearly 

ubiquitous 1.7 and 1.4 Ga peaks in nearly all spectra. Figure 1 (light gray line) shows the 

southern boundary of pre-1.7 Ga crust of the Yavapai province that may be useful 

although younger 1.7-1.6 Ga crust (Mazatzal age) is present in both provinces. 1.45-1.35 
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Ga plutons are present in both provinces. 1.1 Ga grains (from recycling of Jurassic erg, 

Dickinson et al., 2012) often make a third Precambrian peak. Figure 11 shows a 

normalized plot of these grains.  
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Figure 2-Error! No text of specified style in document.-11 Normalized age-probability plots of compiled sample data 

for units of this study. Left-hand side shows an expansion of 0-100 Ma for each unit; right-hand side shows spectra 

from 0-4 Ga. 

MAGMATIC CONNECTIONS TO ROCKY MOUNTAIN EROSION SURFACE 

EPSODES 

One striking similarity of many of the Paleocene, Eocene, Oligocene and 

Miocene conglomerate deposits is that they are paired siliciclastic-volcanic successions. 

Generally pre-volcanic conglomerates containing basement clasts and unroofing 

successions that are overlain by thick volcaniclastic successions that form aprons around 

major volcanic centers. Timing of these transitions is as follows: McDermott Formation 

and Animas Formation at 65 Ma; Galisteo Formation to Espinaso Formation at 40 Ma; 

Baca Formation to Spears Formation at ~35 Ma; Telluride Conglomerate to San Juan 

Formation at 32-28 Ma; Blanco Basin to Conejos Formation at 34 Ma; Abiquiu and 

Lower Picuris Formations to Conejos Formation at 34 Ma; Ritito Conglomerate to 

Amalia Tuff at 25 Ma (Fig. 2). 

Our interpretation for this association at different times and places in the Rocky 

Mountains attempts to tie together mantle uplift (Heller et al., 2013; Karlstrom et al., 

2012) and multiple times of erosion on the RMES. For the Eocene conglomerates, 

evidence for a two pulses of Colorado Mineral Belt magmatism (~65-40 Ma) separated 

by a magmatic gap magmatic gap (~56-44 Ma; Feldman, 2010) may provide the best 

explanation for multiple periods of erosion on the RMES.  

 

PALEODRAINAGES AND PALEOELEVATIONS THROUGH TIME INFERRED  



www.manaraa.com

85 

 

Like numerous previous workers (Pazzaglia and Kelley, 1998; Cather et al., 

2012; Heller et al., 2013), this paper uses the stratigraphic record of basement-clast 

conglomerate and overlying volcaniclastic deposits sheets to evaluate the pre-Miocene 

history of erosion and associated river systems in the southern Rocky Mountains. We 

have integrated and synthesized data from preserved remnants of Eocene- Oligocene 

geomorphic features such as the Rocky Mountain erosion surface, caldera lakes with 

fossil data, and paleovalleys filled with volcanic deposits. These geomorphic and 

volcanic features suggest the modern drainage pattern of radial drainage away from the 

Colorado Rockies became established around Oligocene magmatic centers. 

Development of Miocene river systems and associated paleoriver deposits are poorly 

recorded (except in the Rio Grande rift and Ogallala Formation) due to the transition 

from aggradation to deep erosion (tectonic turn-around of McMillan et al., 2006) that we 

infer to be due to a Miocene pulse of surface uplift.   

Figure 12 describes a speculative model for drainage system evolution and 

elevation change through time. Paleoelevation history controversial, but we show the 

present elevation of various deposits and paleogeomorphic features relative to local base 

level elevations of paleoriver systems of the southern Rocky Mountains at different 

times. This uplift history is similar to a progressive uplift model proposed by Raynolds 

et al Raynolds et al. (2007) for the Denver basin.  It is also compatible with (calibrated 

by) interpretations of paleontological data that use comparisons to nearest living 

relatives (NLR; Axelrod and Bailey, 1976; Axelrod, 1987; Raynolds et al., 

2007;Leopold and Zaborac-Reed (personal communication, 2015). This model is an 

alternative to models for the major pulse of elevation gain in the Laramide followed by 
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persistent high elevation throughout the Cenozoic (Wolfe, 1992; Wolfe et al., 1998; 

Gregory et al., 1996).   
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Figure 2-Error! No text of specified style in document.-12 Current elevation (right axis) and inferred paleoelevation 

(left axis) of paleoriver deposits (local base level) show model for episodic regional surface uplift and increasing 

topographic relief through time. A. Paleocene (66-56 Ma) paleorivers were graded to the level of the retreating 



www.manaraa.com

89 

 

Cretaceous seaway (Cretaceous sea level was ~ 200 m above modern sea level; Cather et al., 2012). Paleocene 

highlands and relief need not have been higher than ~ 1 km. Abbreviations: DF = Denver Fm (67 Ma); AC = Arapahoe 

Cgl (68 Ma; OHC = Ohio Creek Cgl (60 Ma); WFF = Williams Fork Fm ; MDF = McDermott Fm (67 Ma); KF = 

Kirtland Fm (~74 Ma); AF= Animas Fm (64-61 Ma); OAF = Ojo Alamo Fm (65 Ma); PCF = Poison Cyn Fm (60-56 

Ma). B. Eocene (56-34 Ma) paleoriver deposits include the Castle Rock, San Jose, Cuchara/ Huerfano/Farisita, 

Galisteo/ Espinaso, Baca/ Spears;  preserved geomorphic features include paleovalleys filled with Wall Mountain tuff, 

volcaniclastics of Castle Rock, and Blue Ridge tuff; and the Eocene erosion surfaces in the Wet Mountains/ Front 

Range; this component of the Rocky Mountain erosion surface (RMES-1) may reflect syntectonic responses to ~0.5 km 

of tectonic uplift coincident with Eocene magmatism in the Colorado Mineral Belt (42-38 Ma Winfield/ Echo Canyon 

plutons of Feldman, 2010). Abbreviations: CRC = Castle Rock Cgl (36 Ma); WMT = Wall Mtn. Tuff (36.7 Ma); SJF = 

San Juan Fm (~55-28 Ma); GF = Galisteo Fm (54-38 Ma); EF = Espinaso Fm (36 Ma); CHF = Cuchara-Huerfano-

Farisita Fms (53-49 Ma); BF = Baca Fm (45-40 Ma); SF = Spears Fm (38 Ma). C. Oligocene (34-23 Ma) paleoriver 

systems have pre-volcanic gravels overlain by the prograding volcaniclastic apron of the San Juan volcanic field: 

Telluride/ San Juan; Blanco Basin/ Conejos, El Rito/Ritito/ Conejos. Preserved geomorphic features include caldera 

complexes, laccoliths, aggradational filling of paleovalleys, and an Oligocene component of erosion (RMES-2) due to 

epeirogenic (and constructional) uplift.  Caldera lakes preserve flora interpreted by Leopold and Axelrod to have been 

deposited at 1-2 km elevation based on Nearest Living Relative (NLR) analysis: F=Florissant, A= Antero, PP= Pitch 

Pinnacle, P= Platoro, C= Creede placed as paleoelevations of Leopold and Zaborac-Reed (in prep.). Abbreviations: 

CRC = Castle Rock Cgl (36 Ma); WMT = Wall Mtn. Tuff (36.7 Ma); BMT = Blue Mesa Tuff (28.5 Ma); SJF= San 

Juan Fm (28.3 Ma); TC= Telluride Cgl (30 Ma); CSS= Chuska Ss (33-29 Ma); CF = Creede Fm;  BBF = Blanco Basin 

Fm (~30 Ma); CF = Conejos Fm (24 Ma); SF = upper Santa Fe Gp; AF = Abiquiu Fm (30 Ma); P = Lower Picuris Fm 

(18-34 Ma); AT = Amalia Tuff (25 Ma); ER = El Rito (29 Ma); RC = Ritito Conglomerate (26 Ma); E = Espinaso Fm 

(36 Ma); G = Galisteo Fm (54-38 Ma). D. Miocene (23-10 Ma) paleoriver deposits are poorly preserved (except in the 

Rio Grande rift) due to ~0.5 km surface uplift and deep erosion documented by thermochronology and as inferred from 

Oligocene lake flora. Ogallala Formation represents diachronous aggradation by distributed fluvial systems onto a 

composite age high level erosion surface (RMES-3). Abbreviations: SF = upper Santa Fe Gp; CPB = Cerro Pedernal 

basalt (8 Ma); TF = Tesuque Fm (20-10 Ma); AF = Abiquiu Fm (30 Ma); P = Lower Picuris Fm (18-34 Ma); AT = 

Amalia Tuff (25 Ma); CF = Conejos Fm (24 Ma); ER = El Rito (29 Ma);  RC = Ritito Conglomerate (26 Ma); E = 

Espinaso Fm (36 Ma); G = Galisteo Fm (54-38 Ma). E. Late Miocene to Recent (last 10 Ma) records the incisional 

history of the modern river system of the Rocky Mountain region at rates of 100-150 m/Ma (Aslan et al., Karlstrom et 

al., 2011). Differential erosional isostatic rebound of several hundred meters (Lazear et al., 2013) accompanied 

differential uplift across faults to reverse the apparent gradient of Telluride and ancestral Gunnison paleoprofiles. 

Neogene and ongoing surface uplift elevate Cretaceous marine deposits to modern elevations of ~ 1.7 km. Location 

maps at upper-right hand show geographic maps and evolution of river systems during Paleocene (black arrows) and 

Eocene (gold arrows). Laramide basins (green) and uplifts (tan), RMES-1 (dark green) and Paleocene-Eocene-age 

detrital zircon samples (black/yellow stars) are indicated. Abbreviations are: GRB = Green River Basin, U-PB = Uinta-

Piceance Basin, DB = Denver Basin, RB = Raton Basin, LP = La Plata Mountains, SJB = San Juan Basin, GB = 

Galisteo Basin, BB = Baca Basin. Location maps at lower-right hand show geographic maps and evolution of river 

systems during Oligocene (orange arrows). San Juan Volcanic Field Apron extent (pink), flora samples (yellow-black 

circle symbol), Chuska erg extent (brown dashed line), and Oligocene-age detrital zircon samples (black/yellow stars) 

are indicated. Abbreviations are: LS=La Sal Mountains, LP = La Plata Mountains. 

Stratigraphic columns (Figs. 2, 12) show approximate thicknesses of the gravel 

sheets, thickness of overlying volcaniclastic sedimentary rocks, where present, and the 

time of transition from the dominantly pre-volcanic Precambrian clast conglomerates to 

the time of inundation by aggrading volcaniclastic aprons (e.g., Lipman et al. 2007). The 

gradients of the pre-volcanic gravels are generally unknown due to fragmentary 

preservation of river deposits due to subsequent deformation and differential uplift, but a 
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sense of the elevation of the local base levels is shown based on the lowest and highest 

present elevations of each units.  

We also show inferred paleoriver systems in the map at the right (Fig. 11D, 

11E), landscape and geologic features at their modern elevations (right scale of Fig 11), 

and speculative paleoelevations (left scale). Preserved paleogeomorphic features include 

paleovalleys, calderas and caldera lakes, shallowly emplaced laccolithic intrusions, and 

remnants of the underlying Rocky Mountain erosion surface. Modern trunk river 

systems and highest peaks (hence modern Rocky Mountain relief) are shown with the 

approximate elevation gradients and flow directions of rivers. Modern drainage flows 

radially away from central Colorado reflecting that this region is the highest mean 

elevation region in the conterminous US (Karlstrom et al., 2012). Because of this 

geometry, the continental divide is shown in the center of the diagram and columns to 

the left represent areas that presently drain north and west toward Wyoming and the 

Colorado Plateau and while features to the right drain south and east from the San Juan 

Mountains to the Great Plains and Gulf of Mexico. Elevations of highest exposed 

Cretaceous marine units are also shown for reference and to emphasize the overall ~ 2 

km scale of surface uplift since ~ 70 Ma.   

Paleocene: 66-56 M 

Laramide uplift and resulting erosion was dominated by thrust uplifts with 

relatively modest regional epeirogeny, and magmatic centers along the Colorado mineral 

belt. Final withdrawal of the Cretaceous seaway took place diachronously between 72 

and 64 Ma (Cather et al., 2012). Regional epeirogenic surface uplift (mean value of 

several hundred m shown in Fig. 12) is required to explain the sub-Dakota erosion 
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surface that dipped north off of the Mogollon highlands in southern Arizona and New 

Mexico, and to explain the regional change to non-marine deposition (Dickinson et al., 

1968). Mechanisms for such epeirogeny that accompanied thrust uplifts include some 

combination of: passage of relatively buoyant segments of the Farallon slab (Saleeby, 

2003; Liu and Gurnis, 2010; Heller et al., 2013) hydration of the lithosphere by fluids 

from the subducting Farallon slab (Humphreys et al., 2003), crustal thickening (Erslev, 

2005), and building of magmatic highlands of the Laramide component of the Colorado 

Mineral Belt (Feldman, 2010; this paper).  

Figures 12A shows that Paleocene magmatism is recorded along the northeast-

trending Colorado Mineral Belt. The Sawatch-Front Range areas have the ~70 Ma 

Whitehorn Stock and the 56-63 Ma plutons preserved in the Twin Lakes pluton. In the 

western San Juan Mountains, plutons range from 75-65 Ma (Gonzales, 2015).The 

expression of the magmatism in the Four Corners region is as shallow level intrusions as 

laccoliths: 67-75 Ma La Plata Mountains, 64-73 Ma Sleeping Ute Mountain, and 70-74 

Ma Carrizo Mountain (Gonzales, 2015). These plutons still preserve parts of their 

volcanic edifices in the southwest (e.g., present La Plata, Carrizo and Ute Mountain 

uplifts (Gonzales, 2015) that sourced the McDermott Formation. While there is no 

definitive evidence of volcanic edifices farther northeast along the CMB, volcanic and 

plutonic bodies likely existed in this location but these volcanic and plutonic rocks have 

been eroded by as much as 8 km of subsequent rock uplift due to erosion (Feldman, 

2010) and are only preserved in ash and volcaniclastic rocks in basinal deposits (e.g. 

Denver Basin; Raynolds et al., 2007). This Laramide magmatism along the CMB was 

followed by a magmatic gap from 54-44 Ma (Feldman, 2010). 
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Thin Paleocene gravel sheets present across the Colorado Plateau-Rocky 

Mountain region mark this period of epeirogenic differential uplift (Heller et al., 2013). 

The distribution and paleoflow indicators from preserved gravels and their inferred 

rivers from this time period are shown in Fig. 12and 13. Ohio Creek conglomerates were 

deposited by north-flowing paleorivers; Arapahoe and Raton conglomerates by east-

flowing paleorivers, Ojo Alamo and McDermott Formations by southeast-flowing 

paleorivers. The Galisteo and Baca Formations were deposited by southeast- and east-

flowing paleorivers, respectively. During the time of these units’ deposition, the 

continental divide was likely defined in central Colorado by the NE-trending magmatic 

uplifts of the CMB, with rivers flowing SE toward the Gulf of Mexico (Galloway et al., 

2011) and NW toward internally drained basins such as the Claron, Uinta, Piceance, and 

Green River basins (Fig. 12A). Relief may have been > 1 km, and basement rocks in the 

Front Range were exhumed from ~ 3 km depths (Kelley, 2002). Paleocene elevations 

and regional fluvial base level likely remained near Cretaceous sea level (+ 220 m 

modern sea level elevation; Cather et al., 2012) throughout the Paleocene as shown by 

warm, rain forest plant physiognomy with estimated mean annual temperatures of 18-

26ºC and annual precipitation of 118-233 cm/yr. (Johnson et al., 2003). The Rocky 

Mountain erosion surface continued to develop from 56-42 Ma during what Cather et 

al., Cather et al. (2012) propose as a regional erosion period in the southern Rockies. An 

8 Ma lacuna in the Denver Basin (64-56 Ma) is overlain by an arkose (D2 sequence of 

Raynolds et al., 2007), suggesting continued erosion of the Front Ranges with the 

RMES and associated rivers graded to still low-elevation basins.   
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Figure 2-Error! No text of specified style in document.-13 Major events in the southern Rocky Mountain region are 

indicated. These include periods of Cenozoic magmatism, major caldera eruptions, speculative elevation of highest 

peaks through time, regional erosion episodes, basin subsidence curves, andorogenic 

Eocene (55-34 Ma) 
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Figures 12B show that Eocene uplift, erosion, and deposition took place 55-34 

Ma. Cather et al. (2012) define an Eocene erosion episode from 42-37 Ma (centered in 

Wyoming, Montana, and Colorado) that they attribute to the post-Laramide isostatic 

rebound mechanism. Eocene magmatism includes the 43-39 plutonism of the Twin 

Lakes pluton that coincides temporally with the erosional event postulated by Cather et 

al. (2012).  Cather et al. (2012) suggest that ~40 Ma Galisteo and Baca gravels reflect 

deposition or landscape stability in this time window in New Mexico (as reinforced by 

fossil evidence). Our DZ data are consistent with earlier interpretations for the age, 

source areas, and paleoflow directions in these systems.  In our interpretation, these 

deposits reflect broad distributed fluvial systems on the flanks of broad uplifts, and view 

these deposits in terms of continued regional differential uplift following the Laramide 

due to a combination of mechanisms that added buoyancy, probably including 

magmatism associated with the Absaroka, Colorado Mineral Belt, and Mogollon 

highlands volcanic fields (Fig. 14A). The period (42-37 Ma) resulted in formation of the 

“Eocene” component of the Rocky Mountain erosion surface, although erosional 

beveling was likely diachronous and goes back earlier to the north (Cather et al., 2012). 

Several hundred meter deep paleovalleys (600 m in N Colorado, up to 1 km in Arizona) 

formed before 38 Ma that became filled with Eocene aggradational successions (White 

River, Castle Rock, Galisteo, Baca, Mogollon Rim Fms). Paleovalleys extended 

regionally across the northern and southern Rockies and Colorado Plateau, and provide 

evidence for a minimum headwater uplift of at least 600-1000 m above sea level, as 

shown in Fig. 12B. In some successions, valley filling and pre-volcanic clast 

conglomerate deposition foreshadowed deposition of voluminous volcanic-dominated 
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detritus starting at 38-34 Ma that is interbedded of the Mogollon Rim Formation (38 

Ma; (Potochnik, 1989), Baca Formation (38 Ma) and Galisteo Formation (36 Ma). A 

potential mechanism that may explain this transition is that early buoyancy addition via 

plutonism in the developing Mogollon Datil and San Juan magmatic centers caused 

doming, erosion, and pre-volcanic gravel deposition followed by aggradational 

successions dominated by volcaniclastic sediments that mark the progradation of the 

volcaniclastic apron of the San Juan and Mogollon Datil volcanic fields beginning about 

35 Ma (Ricketts et al., 2015).  A pulse of Colorado Mineral Belt plutonism of 44-38 Ma 

(Feldman, 2010) plausibly drove uplift in central Colorado such that the continental 

divide likely coincided with the NE-trending Colorado Mineral belt. A magmatic gap 

from 54-44 Ma based on U-Pb and Ar-Ar cooling data provide evidence that the region 

remained deep and hot and was affected by reheating events from additional plutonism 

until after 30 Ma demonstrating long-lived plutonism (~ 40 Ma) at some locations in the 

Colorado Mineral Belt. Depth of emplacement, constrained by Al in hornblende and 

metamorphic petrology, shows surprisingly deep emplacement of the Whitehorn 

batholiths at about 10 km (Feldman, 2010). Unroofing to the surface took place by 37 

Ma prior to re-burial by voluminous 37-25 Ma magmatism of the San Juan ignimbrite 

flare up. The voluminous and well-dated 36.7 ignimbrite Wall Mountain Tuff was 

erupted from Mt. Princeton (Lipman, 2007). 

As shown in Figure 12C, The Oligocene of the southern Rocky Mountain region 

was a time of culmination of voluminous caldera eruptions in the San Juan and 

Mogollon Datil volcanic fields (Fig.13). Magmatism began in the San Juan volcanic 

field from 35-25 Ma (Lipman, 2007; Ricketts et al., 2015). At the same time, 
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magmatism swept east to west in the Mogollon-Datil field from 38 at Sierra Blanca to 

25 Ma in the western Mogollon Datil field. These magmatic sweeps have been 

interpreted to be due to progressive foundering or delamination of the Farallon slab and 

asthenospheric result flow that resulted in both magmatism, buoyancy addition, and 

surface uplift (Karlstrom et al., 2012; Ricketts et al., 2015).  

The Telluride and Blanco Basin paleoriver systems, and the parts of the RMES 

they rest on, are Oligocene in age rather than Eocene. As discussed above, these river 

systems initially carried dominantly pre-volcanic clasts from unroofing basement cored 

uplifts of the San Juan Mountains. As pre-caldera stratovolcano edifices grew, early 

gravels were inundated with volcaniclastic debris of the San Juan and Conejos that were 

part of an extensive volcaniclastic apron that extended well beyond the present outcrop 

area of volcanic rocks (Steven and Eaton, 1975; Lipman, 2007).  The time of transition 

from unroofing sequence to volcaniclastic progradation took place 28-24 Ma during 

eruptions of the largest calderas with the La Garita calderas sourcing Blanco Basin 

Formation and San Juan-Silverton caldera sourcing the Telluride conglomerate. Uplift of 

about 0.5 km is inferred to have been driven by lithospheric delamination and 

asthenospheric return flow (Karlstrom et al., 2012) during this time period (Fig. 12C). 

Miocene paleorivers and paleo geomorphic features (32-8 Ma).  

Figure 12D shows Rio Grande rifting featured prominently during this time 

period. Relief increased throughout the region, and the deposition of sedimentary units 

was especially prevalent in the Rio Grande rift region. 

Modern geomorphic features (8-0 Ma) 
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Modern drainage patterns in the southern Rocky Mountains have emerged from a 

composite history that was strongly influenced by Oligocene magmatic centers (Fig 

12E). Tilted paleoprofiles of Oligocene units require additional differential tectonic 

uplift of several hundred meters by faulting (e.g., Telluride Conglomerate at Wilson 

Peak), and differential epeirogenic uplift (Rosenberg, 2014).  

CONCLUSIONS 

The gravels of this study range widely in age and reflect the evolution of river 

systems in a dynamic and differentially uplifting landscape. New U-Pb detrital zircon 

ages elucidate the erosional history of this region. New U-Pb ages constrain provenance 

and depositional setting for several Tertiary sedimentary units in southern CO and 

northern NM. Importantly, new ~30 Ma maximum ages for the Telluride Conglomerate 

and Blanco Basin redefine stratigraphic history for the region. The spatial distribution of 

these data confirm the composite, diachronous nature of the Rocky Mountain erosion 

surface. We suggest this feature formed in response to CMB, Laramide and Oligocene 

ignimbrite magmatism, and associated mantle- driven epeirogenic uplift from 70-25 Ma 

and this surface reflects the local-to-regional beveling of highlands.   

We recognize a repeated pattern of conglomerates overlying the RMES 

throughout the Cenozoic in southwestern CO and northern NM. We interpret the erosion 

and subsequent fluvial deposition of the units discussed above NOT to be a result of 

widespread tectonic quiescence, but rather to record tectono-magmatic driven headwater 

region uplift relative to basin subsidence. In our model, Oligocene volcanic centers 

established drainage patterns that persist today (e.g., the drainages of the Telluride 

Conglomerate and Blanco Basin-El Rito-Ritito Formation paleorivers).  Drainages 
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established around constructional volcanic edifices continue to be modified by young 

mantle upwelling, volcanism, and faulting. 
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ABSTRACT 

This paper uses low temperature apatite thermochronology to examine 

erosionally driven differential cooling of the southern Rocky Mountains. We add 29 new 

(U-Th)/He thermochronologic analyses to an existing database of 1190 AFT and 903 

AHe ages. Analysis of age-elevation transects, paired AFT and AHe data on some 

samples, and HeFTy modeling reveal striking spatial and temporal patterns in Cenozoic 

cooling. Most rocks resided for long periods in the partial annealing (AFT) and partial 

He retention (AHe) zone, with those time periods bracketed by times of more rapid 

cooling. Different regions preserve different components of a proposed regional episodic 

uplift and cooling history. Cooling (and inferred uplift) episodes were: 1) 75-45 Ma 

(Laramide orogeny), 2) 35-25 Ma (ignimbrite flare-up), 3) ~25-10 Ma (Rio Grande rift 

footwall uplifts), and 4) < 10 Ma (ongoing uplift and exhumation). Apparent 

exhumation rates (AER) are estimated for each episode using age-elevation transects; 

cooling rates are estimated from both offset of AFT- AHe ages and HeFTy thermal 

history models. Paleo geothermal gradients are estimated from the integrated paired 

AFT and AHe data. Laramide (75-45 Ma) AERs were ~ 70 m/Ma as preserved in 
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hangingwall blocks of Laramide uplifts. Isotherms were reset during the Late Eocene 

and Oligocene 45- 35 Ma, during broad epeirogenic uplift and erosion that pre-dated and 

accompanied 35-25 Ma magmatism. 35-25 Ma reheating associated with ignimbrite 

volcanism variably overprinted Laramide cooling histories, especially south of the 

Colorado Mineral Belt. Cooling following this episode had AER of 75-100 m/Ma. Rio 

Grande rift flank exhumation and cooling took place in rift-flank footwall blocks during 

a major pulse from 25-10 Ma along the entire length of the Rio Grande rift with AERs 

of  ~150 m/Ma. AHe data from ~ 30 Ma fluvial deposits west of the San Juan Mountains 

remained above 50ºC and in the AHe partial retention zone until after ~ 15 Ma 

indicating the presence of a thick (now eroded) volcaniclastic apron that extended onto 

the eastern Colorado Plateau. Post-10 Ma uplift has ongoing AER 150-300 m/Ma in 

areas of faulting and in areas overlying sharp mantle velocity transitions and/or where 

cooling is amplified by river integration and isostatic rebound due to differential erosion. 

Inferred uplift mechanisms that drove erosional cooling were: Laramide (70-45 Ma) = 

reverse fault uplift of hangingwalls; mid-Tertiary (35-20 Ma) = ignimbrite flare-up 

magmatism and long wavelength mantle-driven epeirogenic uplift; Rio Grande rift = 25-

10 Ma normal fault footwall uplift; post-10 Ma = continued faulting and mantle-driven 

magma flux and/or small scale convection. Thermochronologic data in the Rockies are 

best explained by episodic cooling during and outlasting episodic uplift events that 

increased both mean surface elevation and mean relief through time and were separated 

by times of re-equilibration of isotherms.  

INTRODUCTION  
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The Colorado Rocky Mountains form a large region with the highest mean 

elevation (> 3 km with 550 peaks exceeding 4 km) and highest relief (Karlstrom et al., 

2012)in the western United States. The origin and uplift history of this high elevation, 

high relief region is an ongoing debate. Recent papers have proposed a multi-stage 

Cenozoic uplift history for the Rocky Mountains based on geologic and 

thermochronologic arguments (Karlstrom et al., 2012; Cather et al., 2012).  

The goal of this paper is to analyze new and compiled low-temperature apatite 

fission-track (AFT) and apatite (U-Th)/He (AHe) data throughout southwestern 

Colorado and northern New Mexico (Fig. 1) to better understand variations in the burial 

and exhumation history from place to place, at different elevations, and through time in 

the Rockies. This “differential thermochronology” provides a regional dataset to help 

evaluate linkages between tectonic uplift, erosional denudation, cooling, and isostatic 

rebound.  

New data presented includes: 1) thermochronology of sedimentary units 

surrounding the San Juan Mountains to evaluate the depth and extent of burial of these 

units by Oligocene volcanic aprons, 2) comparison of age-elevation relationships and 

HeFTy models for post-Oligocene cooling of high peaks cored by 35-25 Ma plutons 

using both AFT and AHe data for selected areas in the West Elk Mountains (Garcia, 

2011), Sawatch (Feldman, 2010), and flanks of the Rio Grande rift (Ricketts et al., 

2015). We show that age-elevation thermochronologic data using both AFT and AHe 

data, combined with HeFTy modeling, can provide constraints on apparent exhumation 

rates (AER), paleo geothermal gradients, and paleo cooling rates.  
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This paper is organized as 

follows: The first section explores 

low-temperature methodologies, and 

compiles and summarizes all apatite 

AFT and AHe cooling ages in 

Colorado to see how well the age data 

alone support the hypothesis of a 

multi-stage cooling history. Second, 

each of the proposed episodes of 

cooling and inferred uplift are 

discussed, from oldest to youngest, 

using both age-elevation transects and 

HeFTy thermal history modeling to 

further analyze examples of areas that 

record one or more episodes well. 

New datasets are highlighted within 

each time period and are integrated 

with the regional compilation. 

Thirdly, the discussion section then 

uses the temporal and spatial 

variations in cooling and exhumation 

Figure 3-Error! No text of specified style in document.-1 Spatial 

distribution of compiled thermochronology data in southern 

Rocky Mountains. Apatite (U-Th)/He are shown as triangles, 

apatite fission-track as circles, colored by age: blue = 75-45 Ma, 

green = 45-35 Ma, yellow = 35-25 Ma, orange = 25-10 Ma, red = 

<10 Ma. Rocky Mountain Erosion Surface is pale green. The 

extent of San Juan Volcanic Field Apron (heavy orange line; 

Lipman, 2007), San Juan volcanic field calderas (orange),  Rio 

Grande rift outline (pale orange) are indicated. Place-name 

abbreviations in gray ovals: NS = Never Summer Range, GR = 

Gore Range, TL = Twin Lakes, EM = Elk and West Elk Ranges, 

MP = Mount Princeton, MW = Mount Wilson, SJVF = San Juan 

Volcanic Field. 
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histories to infer different driving mechanisms for the proposed three different uplift 

episodes in the Rocky Mountains. 

LOW-TEMPTERATURE THERMOCHRONOLOGY METHODS: APATITE 

FISSION-TRACK AND U(Th/He) 

Low-temperature thermochronology using apatite involves two methods: AFT 

and AHe. Together, these methods can reconstruct a constrained time-temperature 

history for rocks as they cool from 110ºC to near surface temperatures (15º ± 10ºC). 

AFT studies provide information on the 110º-60ºC cooling of rocks (Tagami and 

O’Sulllivan, 2005). At elevated temperatures, fission-tracks formed within a crystal are 

shortened and eventually erased through annealing (Fleischer et al., 1975). Annealing 

occurs within the partial annealing zone (PAZ), a temperature bracket of approximately 

60-110°C on geologic time scales, below which the system becomes ‘closed’ and all 

damage tracks are retained. Compiled AFT Data for this study is found in DR1. AHe 

analysis is well suited to investigating cooling from ~80º-50ºC.  Differential radiation 

damage in apatite crystals with different U and Th concentrations affects helium 

diffusion through the crystal lattice such that a  positive correlation between AHe ages 

and effective uranium (eU) suggests prolonged residence in the AHe partial retention 

zone (~30-90°C) (Flowers et al., 2009).  

New data collected as part of this study are from samples from the Telluride 

Conglomerate, Blanco Basin Formation, El Rito Formation, Ritito Conglomerate, 

Galisteo Formation and Baca Formation units in Colorado and New Mexico. Apatite 

separates were made at the University of Arizona LaserChron center, and from these, 

apatite crystals were selected for AHe dating using a polarizing microscope and chosen 



www.manaraa.com

113 

 

based on crystal size (if possible >70µm when measured perpendicular to the c-axis) and 

morphology (euhedral crystal shape, lacking inclusions).  Crystal lengths and widths 

were measured to apply an appropriate ejection correction (Ft) (Farley et al., 1996).  

Individual apatite crystals were then packed in platinum tubes and analyzed at the 

Arizona Radiogenic Helium Dating Laboratory at the University of Arizona. New AHe 

data (Appendix 3) were modeled with HeFTy (Ketcham, 2005) to inversely produce 

continuous time-temperature history paths. Complete AHe data for new samples can be 

found in DR2. AHe data input into HeFTY includes spherical grain radius and U, Th, 

and SM concentrations. Grain age uncertainties were all set at 20%, and each model 

used the radiation damage accumulation and annealing model (RDAAM) (Flowers et al., 

2009) and alpha particle stopping distances from Ketcham et al. ( 2011). In each 

simulation, 10,000 paths were tried, where resulting “acceptable” paths have a 

goodness-of-fit parameter >0.05 and “good” paths have a goodness-of-fit parameter of 

>0.5.  

We use HeFTy modeling as a way to generally assess inferred burial depth and 

subsequent cooling history. Our hypothesis is that each of these units each experienced 

~1-3 km burial by their late Eocene-Oligocene volcaniclastic materials shortly after 

deposition. We use AHe to test whether these units were indeed sufficiently buried (~1-

3 km) and heated (above ~ 50°C) to cause release of daughter He. Alternatively, these 

units may never have been heated above 50°C and hence apatite grains in the 

conglomerates may retain pre-depositional cooling ages. Our analysis of mid-Cenozoic 

sedimentary rocks in a later section is similar to the Flowers et al (2008) analysis of the 

Rim Gravels on the southern Colorado Plateau: as in that study, the depth of burial of 
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the units of this study is unknown. If the sediments were buried by >1-2 km of volcanic 

debris from the San Juan volcanic field, the apatites may record a post-30 Ma age and 

provide a constraint on the thickness of the volcaniclastic apron and the extent and 

timing of any post -30 Ma erosion. If units are buried too shallowly (<1-2 km), the 

analysis may reveal the cooling history of detrital grains and instead provide constraints 

on the pre-30 Ma unroofing of the region.  

Constraint boxes were imposed on models only when based on seemingly 

unequivocal geologic constraints. For Oligocene plutonic rocks, we input a constraint 

box for the age of emplacement and assign a paleotemperature based on 40Ar/39Ar 

cooling ages. When AFT and AHe data are both available, we modeled both in HeFTy 

using track length and angle data if such data were reported (e.g. Mt Princeton), or 

superimposed an AFT constraint box of 120-100ºC (e.g. West Elk Mountains).  

For Oligocene sedimentary rocks, models begin with a depositional constraint 

box of 30 ± 5 Ma. A 5 Ma depositional timeframe determined by detrital zircon 

geochronology (Donahue et al., Chapter 2) and a surface depositional temperature of 15º 

± 10ºC, reflecting likely average surface temperatures. Each model is also constrained to 

return to this surface temperature as each unit is currently exposed at the surface. 

Complete HeFTY modeling (Ketcham, 2005) procedures and results for each sample are 

presented in Figures 2, 3, 4, and 5.  

RESULTS 

Compilation of Regional-Scale Cooling Patterns and Apparent Exhumation 

Rates 
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Compiled new and published AFT and AHe data from the southern Rocky 

Mountain region is summarized Figure 1 (Appendices 3, 4 and 5, respectively). We 

combine appreciable age-elevation data with cooling models using all available data. 

Regional geologic constraints indicate a starting point for uplift studies with the region 

being at sea level at ca. 75 Ma with basement rocks covered by 0-2 km of Paleozoic 

rock (thickest in the Ancestral Rocky Mountain basins), and an additional ~ 2 km of 

Mesozoic rock (Painter and Carrapa, 2013). Underlying assumptions include: 1) 

regional isotherms were regionally subhorizontal and were re-established between uplift 

and erosional episodes; 2) differential cooling was due primarily to differential 

exhumation of the overlying ~ 3-4 km of strata; 3) magmatism perturbed (elevated) 

isotherms over identifiable large regions surrounding volcanic fields; 4) age-elevation 

surface transects give “apparent exhumation rates” (AER) in m/Ma if the data are 

bolstered by similar observations in data gathered from nearby boreholes and/or from 

modeled cooling paths. The term “apparent” is used in recognition of the complexities in 

samples suites with a horizontal distribution (e.g., were not collected from a drill hole). 

These complexities include that isotherms may not have been horizontal and 

temperatures not constant laterally over the sampling distance, and that both differences 

in depth of burial, structural complexities, and later heating may complicate cooling 

patterns. 

Figure 1 shows the spatial distribution of apatite thermochologic data in 

Colorado binned according to the proposed cooling/uplift episodes of earlier workers 

(Kelley et al., 1992; Kelley and Chapin, 1995; House et al., 2003a; Roy et al., 2004; 

Kelley and Chapin, 2004; Karlstrom et al., 2012; Cather et al., 2012) and as further 
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justified in Figure 2. This method of displaying historic compiled and new 

thermochronologic data includes inherent assumptions that include variable data quality, 

binning generalizations of potentially time- and location-transgressive geologic events, 

sample scarcity, and sample location bias due to issues including historical interest and 

available outcrop/drill core.  

AFT ages (Fig. 1) show a strong Laramide mode (75-45 Ma) as well as younger 

mode centered at ~15-20 Ma. The latter corresponds with the AHe histogram, which 

shows a strong mode at ~15 Ma.  Figure 2C shows a histogram of magmatic rock ages 

from Colorado (“NAVDAT,” 2015). A Laramide pulse of magmatism corresponds to 

the early Colorado Mineral belt magmatism from 50-75 Ma. The largest mode (Fig.2C) 

reflects the 35-25 Ma early andesitic stratovolcanos and includes the caldera-related 

volcanism of the San Juan and Never Summer volcanic fields as well as some laccolithic 
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intrusions on and bordering the Colorado 

Plateau. Although the binning needs 

further refinement, this composite figure 

provides initial support for an episodic 

cooling and justifies the binning of Fig. 

1.  

A 75-45 Ma cooling pulse 

(through 110ºC) corresponds in time to 

the early Laramide deformation and 

Colorado Mineral Belt magmatism. The 

45-35 Ma infrequency of AFT ages 

corresponds to a time of limited 

volcanism and also the time of 

deposition of Eocene conglomerates on 

the Eocene Rocky Mountain erosion 

surface (Chapter 2). 35-25 Ma was the 

time of large volume magmatism that 

presumably had a strong reheating effect 

on the Colorado-New Mexico 

lithosphere. We divide the post- 

magmatic cooling into 25-10 Ma, which 

encompasses both the strong AHe major 

mode, and the major rift-flank uplift of the Rio Grande rift (Kelley et al., 1992; Ricketts 

 Figure 3-Error! No text of specified style in document.-2 A. 

Histogram of compiled AFT data. B. Histogram of compiled 

AHe data. C. Histogram showing age distribution of 

volcanism in the southern Rocky Mountain region. 
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et al., 2015). Post-10 Ma cooling is evident in both AFT and AHe ages, suggesting 

young cooling that may reflect cooling from young and ongoing denudation caused by 

Neogene river incision and associated exhumation and tectonism (Kelley and Blackwell, 

1990; Karlstrom et al., 2012).   

Laramide Cooling 

Figure 3 shows age-elevation plots separately for the compiled AFT and AHe 

ages. Both graphs show samples from elevations that range from the > 4 km peaks to 

drill hole depths of ~ -4 km. The first-order observation from this plot is that surface 

rocks at any elevation (1-4 km) can have ages ranging from 0 Ma to > 100 Ma in both 

the AFT and AHe systems. The modern 110ºC isotherm (zero AFT age) is at depths of 

3-4 km below the surface in drill holes, in agreement with modern heat flow 

measurements for geothermal gradients of 30-40ºC/km (Decker et al., 1988; Kelley and 

Chapin, 2004). AFT ages older than 75 Ma are preserved in small areas at elevations of 

1-4 km compatible with highly variable Cenozoic rock uplift of generally less than ~ 5-6 

km in the Rockies. The base of the Laramide (75-45 Ma) AFT partial annealing zone 

(Laramide 110 ºC isotherm) has been identified in several places and at various 

elevations: above ~ 3.5-4 km in the Beartooth over thrust, Front Range and Wind River 

Range (Omar et al., 1994; Kelley and Chapin, 2004; Peyton et al., 2012); Laramie 

Range (Kelley, 2005); ~3.5 km at Mt Logan and the southern Wet Mountains (Kelley 

and Chapin, 2004); ~3 km in the Wind River Mountains (Steidtmann et al., 1989; 

Peyton et al., 2012), ~ 1 km to within the subsurface in drill holes in the MWX well, 

Wind River Range, Anadarko and Green River Basins (Kelley and Blackwell, 1990; 

Cerveny and Steidtmann, 1993; Carter et al., 1998; Peyton et al., 2012).These are shown 
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on Fig. 3 as the simplified kinks in age-elevation transects. The fossil PAZ can be used 

as a datum for understanding regional post-Laramide denudation of the Rockies, and 

variation in its current elevation has been interpreted to be due to faulting of pre-

Laramide isotherms by Laramide reverse faults (Kelley and Chapin, 2004).  
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Figure 3-Error! No text of specified style in document.-3 Age-elevation distribution of compiled AFT (red dots) and 

AHe (blue triangles) data from 0-500 Ma. Note scale change at 100 Ma. A. AFT Age-elevation regressions from 

published works highlight cooling rates from the Wet Mountains (modified from Kelley and Chapin, 2004, Fig.10), 

MWX well (Kelley and Blackwell, 1990); Anadarko Basin (Carter et al., 1998); Gore and Sawatch Ranges (Kelley and 

Blackwell, 1990; Karlstrom et al., 2012 Fig. 5), Air Force “A” well (Cerveny & Steidtmann, 1993), Gannet Peak and 

Green River Basin (Peyton and Carrapa, 2012). B. AHe regressions shown from West Elk Mountains (Garcia, 2011); 

MWX well  (Karlstrom et al., 2012 Fig. 5); Sawatch Range (Ricketts et al., 2015 (Fig 3.)). 
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AFT ages of 75-45 Ma reflect cooling through ~ 110ºC due to erosional removal, 

during the Laramide orogeny, of a major component of the 3-4 km Phanerozoic section 

that was present, at sea level, prior to Laramide orogeny (Chapin, C.E., Kelley, 1997; 

Kelley and Chapin, 2004). Laramide cooling ages are not necessarily spatially 

associated with magmatism except locally along the Colorado Mineral Belt (Chapin, 

C.E., Kelley, 1997), implying the erosional denudation was an important process in 

causing cooling.  

Spatial patterns of where Laramide cooling ages (blue dots) are preserved are 

shown in Fig. 1. Fig.4 shows that the Laramide ages are not (just) in high elevation 

regions, but are preserved in many regions that were not re-heated or further exhumed 

during later episodes. Laramide ages are especially common in the Front Range and 

Wyoming Rockies. Similar cool “sky islands” preserve Laramide AFT (and AHe) ages 

in hangingwall blocks throughout the Rockies at elevations that range from 2-4 km. 

Figure 3 summarizes published age –elevation transects (mainly AFT) that record post-

Laramide cooling; data is found in DR1 and DR2. The timing of the fast cooling ranges 

from 70 to 45 Ma, and apparent exhumation rates range from 70-80 m/Ma, with a mean 

value of about 75 m/Ma.   
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Figure 3-Error! No text of specified style in document.-4 The central southern Rocky Mountain Region with compiled 

thermochronologic data. A. Compiled thermochronologic data superimposed on vs/vp tomography at 100 km depth 

(Schmandt and Humphreys, 2010). Dotted square shows are of Fig. ZB. B. Area of Laramide cooling ages (blue dots) 

superimposed on crustal temperature (Hansen et al., 2013). White line shows Rocky Mountain outline; black dots 

represent CREST/TA seismic stations. 

Late Eocene (~45-35 Ma) Rocky Mountain Erosion Surface 

The Rocky Mountain erosion surface, initially called the Eocene erosion surface 

(Epis and Chapin, 1975) is a composite set of highland surfaces (Pazzaglia and Kelley, 

1998), often capped by thin conglomerate sheets of Late Eocene age such as the Ohio 

Creek conglomerate of the Piceance basin, Dawson conglomerate of the Denver basin, 

and Galisteo conglomerate of the Galisteo Basin of New Mexico. The importance for 

thermochronologic studies is that this was a time that followed a 55-45 Ma magmatic 

gap (Feldman, 2010) and has been alternately interpreted as a time of tectonic 
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quiescence (Epis and Chapin, 1975) or broad epeirogenic doming driven by large-scale 

tectonic events (Heller, et al., 2013; Donahue, Chapter 2) during which regional 

isotherms had a ~10 Ma time period to relax and restructure, presumably into 

topography sub-parallel and regionally sub-horizontal surfaces that crossed between 

Laramide fault block uplifts and basins. It has been proposed that geothermal gradients 

were relatively low during and after the Laramide (Fitzgerald, e, 2009) due to the 

presence of the underlying cool Farallon slab. Heat gradients were elevated locally 

(Decker et al., 1988) , although this would be unlikely to apply in the region of the 

Colorado Mineral Belt. We speculate that regions where the older RMES are preserved 

(pale green of Fig. 1) were underlain by normal to somewhat elevated ~25-35 C/km 

thermal gradients. Younger apatite ages on or near the RMES (yellow and red dots in 

Fig. 1) are interpreted to represent mid-Tertiary cooling following Oligocene magmatic 

reheating and/or post-Oligocene uplift/cooling episodes (Kelley and Chapin, 2004). 

These possibilities are explored in subsequent case by case studies in different regions.  

Oligocene (34-21 Ma) Magmatism and Miocene Cooling  

Figure 1 shows that Oligocene cooling ages in the AFT system are dominant in 

the western Gore Range (Naeser et al., 2002; Landman and Flowers, 2013), in the 

Sawatch and Elk Mountains at the northern end of the San Juan volcanic field (Feldman, 

2010; Garcia, 2011), and in some rift flanks of the Rio Grande rift (Ricketts et al., 2015; 

House et al., 2003b; Kelley and Duncan, 1986; Kelley et al., 1992). These ages are 

restricted to areas south of the Colorado Mineral Belt but are a surprisingly low 

percentage of the AFT and AHe histograms (Fig. 2) considering how voluminous the 

35-25 Ma magmatism was (Fig. 2C). Like others (House et al., 2003a; Kelley and 
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Chapin, 2004), we infer from this that the regional Oligocene ignimbrite flare up event 

elevated and reset regional geotherms in and south of the Colorado Mineral Belt 

(including the Colorado Plateau), causing regional epeirogenic uplift of the Rocky 

Mountains relative to both the Great Plains (e.g. Chapin et al., 2014) and Colorado 

Plateau, potentially due to lithospheric delamination (Karlstrom et al., 2012; Hansen et 

al., 2013).  

The Oligocene plutons are generally shallow level intrusions and include 

laccoliths of the Colorado Plateau and sills and plutons related to early intermediate 

composition and later rhyolite caldera volcanism in the San Juan Range. One might 

expect that thermochronology would show rapid cooling following pluton emplacement 

to ambient temperatures depending on depth of emplacement. However, 

thermochronologic data suggest that, in many places, there was a delay between 

Oligocene magmatism and AFT and AHe ages such that in many places the ages reflect 

variable amounts of time needed for sufficient post-plutonism denudation to cause rocks 

to cool through 110ºC AFT and 50ºC AHe temperatures. This is supported in Figure 2 

by both AFT and AHe cooling age peaks being “offset” to 20-15 Ma, about 10 Ma after 

the main 35-25 Ma magmatism. Thus, thermochronology of Oligocene plutons, as 

summarized below, is useful both for estimating depth of emplacement of plutons and 

for understanding post-Oligocene differential denudation following magmatism.  

Oligocene Plutons & Range-Specific AFT and AHe Results  

Sawatch Range, Twin Lakes batholith (Feldman, 2010): Located within the 

Sawatch Range, the Twin Lakes Pluton was studied by Feldman (2010). An AFT age-

elevation transect and HeFTy thermal models are shown in Figure 5. Zircon 
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crystallization ages are 42 and 44 Ma, biotite Ar ages are ~ 40 Ma, K-spar ages range 

from 35-30 Ma, and the highest elevation AFT age is 33 Ma. AFT thermal history 

models determined from track length distributions using HeFTy (Fig. 5A) show fairly 

rapid cooling from 42- 34 Ma following pluton emplacement for the high elevation 

sample (H07-HU-001, elevation 4268 m) followed by residence at about 70ºC from 30-

13 Ma, then cooling to near surface temperatures from 13-8 Ma. Both AFT age 

elevation transects and thermal history models using track lengths suggest that lower 

elevation Huron Peak samples (~ 3 km) show rapid cooling 32-30 Ma, then semi steady 

cooling 30-23 Ma, then residence at ~ 80ºC from 22-13 Ma and accelerated cooling 

post-13 Ma. (Fig. 5B). AHe age-elevation data also suggest rapid cooling 13-8 Ma at an 

apparent exhumation rate of 200 m/Ma. Grizzly Peak and Independence Pass areas have 

the lowest elevation AHe samples, and yield 8.6 and 16 Ma ages, respectively.  

The overall Cenozoic exhumation history of the Twin Lakes Batholith and the 

larger Sawatch Range region is shown in Fig. 5C. Whitehorn granite near Salida, CO 

was exhumed from its emplacement depth of ~ 10 km at 70 Ma (based on its 

metamorphic aureole) to the surface by 36 Ma (based on the depositionally overlying 

Wall Mountain Tuff). This 10 km of exhumation is compatible with removal of ~ 6 km 

of Ancestral Rockies sediment in the central Colorado Trough plus 2-3 km of Mesozoic 

sedimentary rocks between ~ 75-37 Ma at post-Laramide average exhumation rates of 

rates of 77 m/Ma.  

This exhumation reflects a combination of thrust uplift of the Rockies and 

epeirogenic surface uplift due to buoyancy added to the underlying North American 

plate via hydration and de-densification of North American lithosphere due to passage 
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of the Farallon slab (Humphreys et al., 2003). The Twin Lake area may have undergone 

a lesser degree of post-Laramide denudation and was reheated at 42 Ma during pluton 

emplacement, then exhumed and cooled ~34-12 Ma.  This region thus preserves an 

excellent record of Oligocene reheating and subsequent exhumation that overprinted 

(but did not completely obscure) the Laramide exhumation signal. This area also appears 

to record episodes of rapid cooling within an overall post-Oligocene progressive 

erosionally driven cooling history.  
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Figure 3-Error! No text of specified style in document.-5 Thermal models and regional cooling history for Twin Lakes 

region (Feldman, 2010). 

Miocene – Recent cooling: Mt. Princeton (Ricketts et al., 2015): Mount Princeton is on 

the eastern side of the Sawatch Range and also in the rift flank uplift of the northern Rio 

Grande rift. AFT ages increase westward and at high elevations and combined AFT and 

AHe constrained HeFTy models are shown in Fig. 3 of Ricketts et al., (2015) show that, 

following pluton emplacement at 36.6 Ma, high elevation samples (~ 4 km) cooled 

through AFT closure temperatures of ~ 110ºC at 23 Ma and cooled rapidly to near 

surface temperatures by 20 Ma. Lower elevation samples (~ 3 km) have AFT ages of 10-

20 Ma and AHe ages of < 10 Ma. Thermal models suggest rapid cooling 10-20 Ma, 

similar to many other footwall uplifts of the Rio Grande rift, was interpreted to record 

cooling due to exhumation in uplifted footwall blocks. The youngest AHe ages of 2-3 Ma 

and AFT results (Kelley et al., 1992) may indicate at least partial resetting of the 

AFT/AHe systems due to geothermal activity at Mt. Princeton hot springs associated with 

rift-bounding faults.  

West Elk Mountains (Garcia, 2011): Garcia (2011) conducted Ar-Ar, AFT, and AHe 

analyses, including age-elevation transects, on Oligocene plutons of the West Elk 

Mountains (Fig. 1). These plutons are felsic plutons that were emplaced as laccoliths into 

different levels of the Paleozoic and Mesozoic strata on the eastern edge of the Colorado 

Plateau/western edge of the Rocky Mountains. Northern plutons intrude Paleozoic strata 

and southern plutons intrude Mesozoic and early Tertiary strata. Figure 6 shows a N-S 

cross section that links the plutons; this shows that plutonism intruded across the 

Laramide Elk Range thrust fault, took advantage of and perhaps accentuated Laramide 
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anticlines in Paleozoic strata, and have sill-like or laccolith inflational geometries in the 

upper Cretaceous rocks.  

 

Figure 3-Error! No text of specified style in document.-6 Cross section of Elk and West Elk mountains and age-

elevation plot of AFT and AHe for these plutons (From Garcia, 2011). 

40Ar-39Ar ages show a systematic southwest decrease in age of plutons from 35 

to 30 Ma determined from combined U-Pb zircon (U-Pb), biotite Ar-Ar (b) and K-spar 

Ar-Ar (k) analyses. Mt. Sopris= 34.59 (b), Capitol Peak =  34.6 (U-Pb); 33.96 (b), 
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Snowmass Mountain= 33.78 (U-Pb), 33.82 (b), Ragged Mountain = 28.39 (K), 

Marcelina Mountain = 30.76 (b), East Mt. Beckwith= 29.62 (b), Mt. Gunnison= 29.78 

(b). Younger plutonism is also present in associated with ~12 Ma Crystal Pluton & 

Redwell intrusion (18-16 Ma). The near concordance of U-Pb, Ar biotite, and Ar- K-

spar ages shows rapid cooling of plutons from emplacement temperatures to < 175ºC 

within several million years in most cases, indicating that all plutons were emplaced into 

country rocks with ambient temperature < 175 º C, hence at depths shallower than 3.0-

4.5 km (using 35-50 C/km geotherms), in agreement with probable stratal thicknesses in 

this part of the Rockies. Cooling through 110 ºC is more variable, depending on depth of 

emplacement, as discussed below. 

Combined AFT and AHe analyses of elevation transects that span from summits 

(4-4.5 km) to lower elevations (3-3 km) are shown in Figs. 7-12. These show systematic 

decrease in both AFT and AHe ages with lower elevations. The slope of the regressed 

age-elevation line has units of m/Ma and is reported in Table 1 as an “apparent 

exhumation rate”. Some peaks (e.g. Snowmass Mountain) give excellent age-elevation 

trends in both the AFT and AHe systems, in support of steady, denudationally –driven 

cooling at an apparent denudation rate of 70-79 m/Ma from ca. 30-5 Ma. Other plutons 

(e.g., Mt. Sopris and Ragged Mountain) also show progressive cooling in the AFT 

system from 35-15 Ma at rates of ~60-65 m/Ma, and accelerated cooling in the AHe 

system from 10-5 Ma at apparent rates of 195-850 m/Ma. The most southerly peaks 

have less data, but AFT and AHe ages overlap, compatible with rapid post-emplacement 

cooling.  



www.manaraa.com

131 

 

The “offset” in AFT from AHe age at a given elevation can be considered a 

proxy for cooling rate. For example, at Mt Snowmass, cooling from 110º to 50ºC took 

about 10 Ma giving an “apparent cooling rate” of 4-5ºC/Ma. In this case, the combined 

data yield an apparent geothermal gradient of 55-65ºC/ km for this time interval.  

HeFTy models for the Elk and West Elk Mountains (Figs. 7-12) were run on all 

samples to test possible validity of age-elevation estimates of cooling rates and patterns. 

Most models have 3 aliquots each with 3 apatite grains; thus, the points are averages of 

3 grains. This method is non-ideal in terms of exploiting variations in eU to resolve 

cooling paths (Shuster and Farley, 2004). Rapidly cooled apatites from these Oligocene 

plutons have a narrow range of average eU (5-32 ppm overall, Fig. A), and the deeply 

emplaced northern plutons have an even narrower range of average eU (5-18 ppm). 

There is no observed eU-age relationship in these northern plutons. Southerly, shallower 

plutons have a wider range and somewhat higher eU and give older ages consistent with 

the RDAMM model. Northern plutons show no relationship of mean eU with mean 

radius; southern plutons show higher mean eU with smaller mean radius. Overall, our 

AHe models are preliminary and would be benefit from single grain aliquots in a future 

study.  
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Figure Error! No text of specified style in document.-7 HeFTy models for Snowmass Mountain. 
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Figure 3-Error! No text of specified style in document.-8 HeFTy models for Mt. Sopris. 
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Figure Error! No text of specified style in document.-9 HeFTy model for Mt. Ragged. 
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Figure 3-Error! No text of specified style in document.-10 HeFTy model for Capitol Peak. 
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Figure 3-Error! No text of specified style in document.-11 HeFTy models for East Mt. Beckwith. 
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Figure 3-Error! No text of specified style in document.-12 HeFTy models for Mt. Gunnison. 

Similarly, our treatment of AFT data is preliminary in that the AFT data are 

incorporated only using the AFT age and uncertainty as a constraint box (100-120ºC for 

the period of age and 2 σ error) for the HeFTy AHe models that had 2-3 aliquots each. 

Future models can be improved by incorporating track lengths and angles directly into 

HeFTy modeling. Other constraints boxes imposed on the models include: Ar biotite age 

(±1 Ma geologic uncertainty) was assigned a temperature range of 300-350ºC, typical of 

rapidly cooled biotite Ar closure temperatures. When Ar K-spar ages were available for 

samples within the Garcia (2011) transect (and within about 1 km vertically of the 

sample being modeled), that age (± 1 ma) was assigned an age of 250-175ºC, the range 

of closure temperatures associated with domains of different retentivity in K-spar. Even 
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for the deepest plutons (Mt. Sopris), these constraints show rapid cooling from 

emplacement temperatures (> 700ºC to < 175ºC) within a few million years of 

emplacement. 

Agreement between the age-elevation transects and HeFTy thermal models is 

reasonably good (Table 2). For samples from the deepest plutons (Snowmass and 

Sopris), models shows semi-steady cooling from 110º to 50ºC at rates of 3-5 ºC/Ma 

from 30 to 15 Ma. For a 30-50º C/km geothermal gradient, this would correspond to an 

exhumation rate of 100 m/Ma.  
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Table 2 Apparent exhumation rates, apparent cooling rates and apparent geothermal gradients for the Elk and West Elk 

Mountains. 

Locality 
Elevation 

(m) 

AFT 

age 

AHe 

Age 

Apparent 

AFT 

Exhumation 

rate 

Apparent 

AHe 

Exhumation 

rate 

AFT-

AHe 

offset 

Apparent 

cooling 

rate#1 

Apparent 

cooling 

rate #2 

ACR/AER 

Apparent 

geothermal 

gradient 

    

regressed 

elev-AFT 

age (from 

graph) 

regressed 

elev-AHe age 

(from graph) 

(column 

C-D) 

AFT-AHe 

offset = 60º 

C per Ma 

to get from 

AFT->AHe 

or [60 C/ x 

Ma] 

slope 

Hefty 

model 

(º 

C/Ma)/(m/Ma)= 

c/m 

(row 

J*1000) 

convert to 

ºC/km 

Units m Ma Ma m/Ma m/Ma Ma ºC/Ma (ºC/Ma) (Ma/km) (ºC/km) 

Mt Snowmass top 4295 28.8 14.8 79 71 14 4 6.5 0.054249548 54 

Mt Snowmass mid 4020 24.5 12.9 79 71 11.6 5  0.065473592 65 

Mt Snowmass base 3460 17.6 5.8 79 71 11.8 5 6.5 0.06436387 64 

Sopris top 3777 31.3 12.4 66 195 18.9 3 5 0.048100048 48 

Sopris mid 3523 30 10.2 66 195 19.8 3 5 0.045913682 46 

Sopris base 3107 21.4 9.9 66 195 11.5 5 5 0.079051383 79 

Ragged top 3640 31.1 10.7 62 85 20.4 3 5 0.034602076 35 

Ragged mid 3071 27.1 6.4  85 20.7 3 5   
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Locality 
Elevation 

(m) 

AFT 

age 

AHe 

Age 

Apparent 

AFT 

Exhumation 

rate 

Apparent 

AHe 

Exhumation 

rate 

AFT-

AHe 

offset 

Apparent 

cooling 

rate#1 

Apparent 

cooling 

rate #2 

ACR/AER 

Apparent 

geothermal 

gradient 

    

regressed 

elev-AFT 

age (from 

graph) 

regressed 

elev-AHe age 

(from graph) 

(column 

C-D) 

AFT-AHe 

offset = 60º 

C per Ma 

to get from 

AFT->AHe 

or [60 C/ x 

Ma] 

slope 

Hefty 

model 

(º 

C/Ma)/(m/Ma)= 

c/m 

(row 

J*1000) 

convert to 

ºC/km 

Ragged base 1882 15.4 5.6 848 85 9.8 6 5 0.072028812 72 

Gunnison top 3881 33.8 34.6 100 70 -0.8 -75 3 -1.071428571 -1071 

Gunnison mid 3698 32.5 32 100 70 0.5 120  1.714285714 1714 

Gunnison base 3503 30.1  100  30.1 2 3   

Capitol top 4151 23.2 11.2  255 12 5 0.3 0.019607843 20 

Capitol base 3386 23.8 8.2  255 15.6 4 0.3   

Beckwith top 3530 30.5 29.4 620 23 1.1 55 3 2.371541502 2372 

Beckwith base 3220 30 15.8 620 23 14.2 4 3   
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LOW-TEMPERATURE APATITE (U-TH)/HE ANALYSIS OF OLIGOCENE 

CONGLOMERATES: TELLURIDE CONGLOMERATE AND BLANCO BASIN 

FORMATION  

This section addresses the thermal history of newly age-reassigned Oligocene 

conglomerates of the Telluride and Blanco Basin Formation that were deposited by 

rivers draining the San Juan Volcanic field (Donahue, Chapter 2). Data from this study 

are important for understanding the potential extent of the proposed volcaniclastic apron 

around the San Juan Mountains (e.g. Fig. 1 of Lipman, 2007 and Fig. 2 of Steven, 1975). 

The locations of these sedimentary units are shown in Fig. 1. 

Background 

The topography of the modern southern Rocky Mountains (SRM) began to take 

shape in the Laramide Orogeny (~70-45 Ma), which was characterized by fault-

bounded, basement-cored uplifts and basins (Coney & Reynolds, 1978; Dickinson & 

Snyder, 1978) (Fig.1). The Oligocene ignimbrite flare-up (38-25 Ma), was characterized 

by large-volume volcanism ranging from Colorado to Mexico; these eruptions 

dramatically re-shaped SRM topography as the San Juan, Mogollon Datil, and Never 

Summer volcanic fields erupted voluminous ignimbrites from dozens of calderas in 

Colorado and New Mexico (Lipman, 2007).  

The suite of deposits (Fig. 1) investigated in this study were historically given 

Eocene ages, though these ages have largely been revised to be Oligocene (Donahue, 

Chapter 2). The RMES bevels into basement, Mesozoic or Paleozoic strata. In key 

locations, gravels lie unconformably upon this RM surfaces (Donahue, Chapter 2). Basal 
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gravels are dominated by nonvolcanic clasts, but transition upsection to increasing 

volcanic clast content, and are capped by Tertiary volcanic flows.  New AHe sample 

locations (Fig. 1) and dates are given in Table 1 and modeled cooling histories shown in 

Fig. 2, 3, 4, and 5 elucidate the burial and exhumation histories of these units. The 

samples that show post-depositional cooling ages are shown as stars and these were 

modeled and are discussed below in terms of their maximum post-depositional 

temperature and inferred depth of burial. Those samples containing solely detrital grains 

are shown with dots—these are discussed in term of the pre-30 Ma unroofing history of 

the San Juan Mountains. In the event of samples recording an exhumational history, we 

would expect to see ages reflecting post-volcanic material spanning some time as 

overlying insulating volcanics were gradually removed. The potential that young AHe 

ages are derived solely from reheating by overlying volcanics exists, in which case AHe 

cooling histories has very little to do with exhumation; in this scenario, we would expect 

to see AHe ages that cluster exclusively very near the age of volcanic material.  

Widespread surfaces of gentle topography developed diachronously in the SRM 

region due to post-Laramide erosion (Epis and Chapin, 1975; Dickinson et al., 1988; 

Erslev, 1993; Pazzaglia and Kelley, 1998). The “late Eocene erosion surface” (Fig. 1) 

was defined in the classic Epis and Chapin ( 1975) paper that used geomorphic and 

geologic evidence (particularly the 36.7 Ma overlying Wall Mountain Tuff) to correlate 

many of the poorly preserved, extensively faulted and isolated segments of low relief 

erosion surfaces spanning approximately 10,000km2 over the Front-, Rampart-, 

Sawatch-, Sangre de Cristo-, and Wet Mountain Ranges at elevations ranging from 

2300-3800m (Pazzaglia and Kelley, 1998). The newer name, “Rocky Mountain Erosion 
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Surface” (RMES), was used to emphasize a diachronous origin for what was still 

considered a regional erosion surface (Evanoff, 1990; Chapin, C.E., Kelley, 1997; 

Cather et al., 2008). Pazzaglia and Kelley (1998) refer to the RMES as an “upland 

surface of low relief presumably formed by fluvial erosion following Laramide 

deformation.” 

The Rocky Mountain erosion surface is a composite, diachronous surface that 

formed in response to CMB, Laramide and Oligocene ignimbrite magmatism and 

associated mantle- driven epeirogenic uplift from 70-25 Ma and reflects the local-to-

regional beveling of highlands (Chapter 2). Overlying conglomerates throughout 

southwestern CO and northern NM range in age from 70 to 26 Ma; thus, the RMES has 

different ages in different locations. Upon this diachronous surface, the Oligocene 

conglomerates of this study were deposited ca. 30 Ma, and were then quickly covered by 

volcaniclastic material.  

The Telluride Conglomerate is a boulder-to-pebble conglomerate with 

interbedded sandstones and siltstones and preserves a regional unroofing sequence 

(Gonzales et al., 2005). Proximal debris flows in the unit contain poorly-sorted, matrix 

supported conglomerates and moderately sorted, grain supported sandstone lenses (Little 

Molas Lake, town of Telluride). Increasingly fine-grained fluvial characteristics with 

larger percentage of andesitic to rhyolitic clasts are found at more distal outcrops (Mt. 

Wilson; just north of Telluride). Upper sections of the Telluride Conglomerate at Mt. 

Wilson that are in contact with overlying volcanic units are metamorphosed. The 

overlying and widespread 32 Ma San Juan Formation (Lipman et al., 1970) is ~ 2,000 

(615 m) in thickness, and consists largely of mudflow deposits, volcaniclastic rocks that 
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interfinger with lava flows (Luedke, 1968). The San Juan Formation is in turn overlain 

by volcanics of the 27.6-28.3 Ma Silverton and 29-35 Ma Uncompahgre calderas to an 

depth of >1 km.  

The Blanco Basin Formation is exposed at 9,000-10,000 ft. (2743 -3048 m) 

elevation on the southern slopes of the San Juan Mountains (Fig. 7). The unit 

unconformably overlies the Cretaceous Mancos (90-85 Ma) or Paleocene-Cretaceous 

Animas Formations or Morrison Formation and is overlain by the 34 Ma Conejos 

Formation. (Brister, 1992; Lipman and McIntosh, 2008). The Conejos Formation is one 

of the early pre-caldera flows from the 28.3-27.8 Ma La Garita cluster; volcaniclastic 

units thin from ~1.3 km near caldera center to a preserved ~600 m thickness in more 

distal locations (Lipman, 2000, 2007). 

The San Juan volcaniclastic apron of Lipman, 2007 (Fig. 1 – orange line), 

showed nearly all of the modern Colorado Rocky Mountains covered by voluminous 

ignimbrite material, a cover which perhaps extended westward onto the Colorado 

Plateau. The depth and true extent of this apron is unknown. One of the aspects of this 

study is to better constrain the depth of the San Juan volcanic field apron in the locations 

of these samples. The extent and volume of this volcaniclastic apron has important 

implications in better understanding post-depositional erosional history and regional 

isostatic rebound as the Rocky Mountain and Colorado Plateau regions have been 

denuded (e.g. Lazear et al., 2013). 

In New Mexico, the Ritito Conglomerate and Galisteo Formation were 

investigated. The Ritito Conglomerate lies on unconformably on the El Rito Formation, 

Mesozoic or Permian sedimentary rocks or Proterozoic basement and is gradationally 
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overlain by the volcanic Los Pinos Formation(Koning et al., 2011) or Abiquiu 

Formations (Maldonado and Kelley, 2009). The unit has a maximum thickness of 210 m 

and clasts range from granule to boulder size (Maldonado and Kelley, 2009). A K-Ar 

age of ca. 27 Ma (Lipman et al., 1970)on a basalt near the base of the Ritito 

Conglomerate and an assumed ca. 27 Ma age on altered basalt interbedded with the 

Ritito Conglomerate (Moore, 2000) bracket the Oligocene age of the unit. The Ritito 

Conglomerate is dominated by Proterozoic basement clasts including quartzite, granite, 

metavolcanics, quartz schists and small amounts of Mesozoic sedimentary units. 

Cenozoic volcanic clasts sourced from the San Juan and Latir volcanic fields to the 

north are minor and found in the uppermost parts of the unit (Kelley, et al., 2013) where 

it transitions into the volcaniclastic dominated Los Pinos Formation (Aby, S.B., et al., 

2011). 

The late Paleocene-Eocene Galisteo Formation contains 37-40 Ma fossils (Lucas 

and Ingersoll, 1981; Williamson and Lucas, 1992; Ingersoll et al., 1990) and consists of 

two unconformity-bound tectonosequences (the lower Diamondtail Formation and the 

upper Galisteo Formation) representing the sedimentary response to two tectonic events 

(Lucas et al., 1982; Maynard, 2005). It is concordantly overlain by the ~4 km-thick 36- 

27 Ma volcaniclastic Espinaso Formation (Lisenbee, 1999; Connell et al., 2001) or is 

locally unconformably overlain by Santa Fe Group sequences (Cather, 1992).  

New Low-Temperatures (U-Th)/He Results 

New AHe dates are given in Table 2 (full data in Appendix 3) and modeled 

cooling histories are shown in Fig. 14-17 elucidate the burial and exhumation histories 

of these units.  
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Table 3  New (U-Th)/He data from this study. 

Grain 

# 

Mass 

(µg) 

Radius 

(µm) 

Length 

(µm) 

U 

(ppm) 

Th 

(ppm) 

eU 

(ppm) 

4He 

(pmol/g) 

Ft 

Raw 

date 

(Ma) 

Corr 

date 

(Ma) 

Error 

(Ma) 

Telluride Conglomerate San Juan Mountains, CO 

Telluride Conglomerate – Mt. Wilson (MSD-CO-2011-17) UTM NAD83 13S E236328, N4191579 

a1 1.7 40.6 221.7 37.8 113.3 64.4 0.01 0.6 16.2 25.4 1.7 

a2 1.0 32.0 205.5 2.5 3.4 3.3 0.46 0.6 na na 0.0 

a3 1.1 33.0 220.2 22.5 69.5 38.8 0.00 0.6 10.8 19.1 9.5 

a4 0.4 25.7 107.3 38.9 88.3 59.7 0.00 0.5 7.5 15.8 4.4 

a5 0.9 36.9 104.7 23.1 60.7 37.4 0.00 0.6 17.7 29.1 4.4 

Telluride Conglomerate – Telluride (MS-10-10) UTM NAD83 13S E253999, N4203164 

a1 9.1 78.9 245.0 13.2 31.2 20.5 0.72 0.8 668.8 831.1 8.0 

a2 11.6 88.6 191.0 5.9 24.7 11.7 0.07 0.8 86.3 105.0 1.0 

a3 5.2 66.9 170.0 18.3 40.9 27.9 0.00 0.8 1.7 2.2 0.2 

a4 3.8 60.9 144.0 4.6 45.6 15.3 0.05 0.7 151.1 204.1 1.9 

a5 16.3 97.0 276.0 5.5 10.1 7.8 4.27 0.8 5608.0 6671.3 73.3 

Telluride Conglomerate – Little Molas Lake (MS-10-9) UTM NAD83 13S E260912, N4182548 

a1 0.8 35.7 97.0 41.9 59.1 55.8 0.89 0.8 2923.4 4851.5 45.5 

a2 1.0 38.7 94.0 5.7 8.2 7.7 0.00 0.8 8.5 13.6 0.7 

a3 2.6 51.8 161.0 1.8 6.2 3.2 0.01 0.8 211.3 298.4 3.8 

a4 3.6 58.5 166.0 4.3 17.4 8.4 0.00 0.7 21.1 28.6 0.6 

a5 0.6 32.9 72.0 4.0 8.1 5.9 0.02 0.8 1032.5 1812.0 37.2 

Blanco Basin Formation – North of Chama, NM (MSD-CO-2011-13) UTM NAD83 13S E363024, N4102024 

a1 0.6 27.1 190.0 7.2 26.7 13.5 0.89 0.5 1020.9 2095.3 1.6 

a2 0.3 25.0 100.0 124.7 220.8 176.6 0.00 0.5 25.7 55.6 8.3 

a3 0.5 28.8 130.0 27.6 24.1 33.3 0.01 0.5 20.2 38.4 1.8 

a4 0.4 26.0 130.0 28.6 84.2 48.4 0.00 0.5 40.8 86.3 2.6 

a5 0.8 30.3 200.0 15.5 32.6 23.2 0.02 0.5 46.3 85.8 3.6 

Blanco Basin Formation – North of Chama, NM (MSD-CO-2011-14) UTM NAD83 13S E363101, N4102023 

a1 2.3 51.7 122.0 7.2 8.0 9.0 1.96 0.7 na na 0.0 

a2 4.6 64.6 156.0 11.0 15.1 14.6 0.02 0.8 53.3 69.4 1.7 
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Grain 

# 

Mass 

(µg) 

Radius 

(µm) 

Length 

(µm) 

U 

(ppm) 

Th 

(ppm) 

eU 

(ppm) 

4He 

(pmol/g) 

Ft 

Raw 

date 

(Ma) 

Corr 

date 

(Ma) 

Error 

(Ma) 

a3 5.5 69.2 146.0 4.6 9.3 6.8 0.01 0.8 67.3 86.3 2.1 

a4 4.8 65.3 162.0 3.2 27.0 9.6 0.12 0.8 476.4 628.8 1.3 

a5 5.5 67.8 188.0 15.2 26.4 21.4 0.03 0.8 53.5 68.9 1.4 

Galisteo Formation – South of La Cienega, NM (MSD-NM-2011-23) UTM NAD83 13S E397607, N3935726 

a1 2.9 48.8 247.0 88.6 44.0 98.9 0.09 0.7 57.7 81.9 1.7 

a2 1.3 38.3 170.0 101.0 132.0 132.0 0.04 0.6 48.0 76.5 1.6 

a3 1.1 35.8 180.0 32.3 24.1 38.0 0.01 0.6 33.6 55.2 2.2 

a4 0.4 23.5 150.0 4.9 26.5 11.2 0.00 0.4 30.9 73.7 6.8 

a5 0.9 30.6 220.0 31.4 47.6 42.6 0.01 0.5 25.1 45.9 2.3 

Ritito Formation – El Rito, NM (MS-11-4) UTM NAD83 13S E363998, N4001072 

a1 0.6 28.8 150.2 19.4 47.0 30.4 0.01 0.5 60.3 114.8 1.9 

a2 0.3 22.0 139.7 218.4 97.2 241.3 0.03 0.4 83.0 202.8 1.4 

a3 0.4 22.9 175.1 4.5 43.8 14.8 0.01 0.4 153.9 364.7 3.0 

a4 0.5 28.1 130.9 95.0 59.2 108.9 0.05 0.5 150.0 305.5 1.6 

a5 0.3 22.5 143.5 142.4 142.2 175.8 0.23 0.4 691.6 1661.7 1.3 

 

Telluride Conglomerate. New (U-Th)/He indicate the upper section Little Molas 

Lake sample MS-10-9 shows AHe cooling ages of 13.58, 298.44, 28.63 Ma) (Fig. 2) , 

and the upsection sample from Mt. Wilson (MSD-CO-2011-17) (Fig. 3) returned 

cooling ages of 25.45, 19.06, 15.82, 29.06 Ma) (Table 2).  

Telluride Conglomerate sample MS-10-10 from the basal section of near Little 

Molas Lake returned only detrital ages of 831.11, 105.05, 204.08 Ma, indicating no (or 

incomplete)  resetting of the unit; this sample was not modeled in HeFTy.  

Modeled cooling history for MS-10-9 indicates the unit - deposited just prior to 

eruption of the San Juan volcanic field - remained buried or thermally insulated for4-6 
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Ma until exhumation initiating at ~24 Ma with a slight acceleration in exhumation rate 

at ~4-6 Ma brought the unit to the surface (Fig. 2).  
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Figure 3-Error! No text of specified style in document.-13 HeFTy models for Telluride Conglomerate at Little Molas 

Lake. 
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Figure 3-Error! No text of specified style in document.-14 HeFTy models for Telluride Conglomerate at Mt. Wilson. 
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Blanco Basin Formation. Two samples of the Blanco Basin Formation were run for AHe 

analysis. The upper section sample (MSD-CO-2011-14) yielded only detrital grain ages 

of 69.38, 86.33, 628.84, 68.94 Ma and HeFTy modeling was not conducted on this 

sample suite. The lower-mid section sample (MSD-CO-2011-13) yielded cooling ages of 

55.61, 38.38, 86.28, 85.77 Ma. Cooling models of this sample (Fig. 16) indicate that 

burial of the grain peaked at ~40-60º at ~25 Ma, after which the grain experienced 

gradual exhumation and cooling to present.  
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Figure 3-Error! No text of specified style in document.-15 HeFTy models for Blanco Basin Formation, Chama, NM. 
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Ritito Conglomerate. (U-Th)/He raw ages for this unit are all detrital (Table 1). Ages of 

114.81, 202.83, 364.74, 305.50, 1661.72 Ma were recorded; HeFTy models were run for 

this sample.  

Galisteo Formation. (U-Th)/He ages for the Galisteo Formation (MSD-NM-2011-23; La 

Cienega Creek) are 81.85, 76.44, 55.15, 73.65, 45.93 Ma (Table 1). HeFTy models run 

on this sample agree with only very slight temperature reheating to 20-60º.  
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Figure 3-Error! No text of specified style in document.-16 HeFTy model for the Galisteo Formation. 
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Miocene – Recent cooling: San Juan Mountains (McKeon, 2009) 

Cooling ranged from ca. 3-40 Ma as recorded in AFT and AHe data from 

McKeon (2009). The range sections cooled differentially: in the NW parts of San Juan’s 

cooling occurred between 3-10 Ma (AHe), and in the southern parts from 19-39 Ma. 

Erosion was driven by local tectonism rather than regional erosionally-induced isostatic 

rebound.  

Additional discussion of joint AFT and AHe models will be included here after 

consultation with coauthors.  

Interpretation of New Low-Temperatures (U-Th)/He Datasets 

Telluride Conglomerate. We interpret this cooling model to indicate that the sample 

from Little Molas Lake (MS-10-9; Fig. 14) was shallowly buried to depths sufficient 

enough to raise to 20º -100º C or approximately 1-3 km. The cooling history from Mt. 

Wilson sample (MSD-Co-2011-17; Fig. 15) suggests a potentially slightly more 

prolonged burial history. Uplift and observed tilting of this unit from its presumed source 

area near Silverton (~ 2,800 m/9,300 feet elevation) to the west at Mt. Wilson (4267 m/ 

14,000 feet elevation) requires several hundred meters of post-depositional and post-

burial modification. Thermal histories suggest uplift initiating at ca. 20 Ma and steady, 

continued unroofing over the last 10-20 Ma. This uplift is potentially associated with the 

emplacement of the 26-25 Ma Wilson stock as well as post-10 Ma regional isostatic 

rebound associated with regional erosion (Lazear et al., 2013).  

Blanco Basin Formation. Our interpretation is that the total original depth of 

volcaniclastic material ejected from the erupting San Juan volcanic vents in this region 
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was not significant enough to reset the thermal structure within the grains of the Blanco 

Basin and thus must have been less than 1-2 km of material likely buried by volcanic 

material from the Creede, La Garita, and/or the Summitville-Platoro caldera complexes at 

~28 Ma, much of which has since been removed by erosion. From this, we conclude that 

grain ages are completely detrital from this unit. 

El Rito Formation and Ritito Conglomerate Our interpretation is that both the El Rito 

Formation and Ritito Conglomerate underwent similar burial and exhumation histories 

and that neither unit has not been sufficiently reheated by burial to reset the inherited 

Laramide apatite signature of the grains of this unit.  

Galisteo Formation. We interpret this to indicate that the unit barely if at all buried 

sufficiently to o reset the Laramide detrital signature (Fig. 17). 

Additional discussion of joint AFT and AHe models will be included here after 

consultation with coauthors.  

DISCUSSION: TIMING, SPATIAL DISTRIBUTION, UPLIFT RATES, AND 

MECHANISMS OF UPLIFT 

The Cenozoic Rocky Mountain history is punctuated by periods of uplift and 

periods of slow cooling we interpret as periods of regional-scale tectonic quiescence or 

transition. This paper focuses on driving mechanisms and unique characteristics of each 

broad period within the SRM topographical history.  We step through the major stages 

of SRM formation below. 

Laramide (~70-45 Ma) 

Cooling during this time largely reflects the uplift and erosion of these Laramide 

blocks.  Sample ages are found in the hanging wall blocks in the WY Wind River, 
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Medicine Bow and Park, CO Front and Park, NM Nacimiento and Sangre de Cristo 

Ranges and some Colorado Plateau monoclines (Fig. 18). Laramide cooling is also 

observed in localized regions (“sky islands”) throughout NM. Regional AERs from 70-

45 Ma average at 70 m/Ma (r2= 0.37 averaged for 5 AERs) (Figure 3; and in DR1 and 

DR2). Notably, the AERs from the Wind River Range, WY are much higher as we see 

rapid thrusting recorded during this time frame in thrust-front ranges. The continental 

expression of the Farallon slabs’ collision with and subduction beneath North America 

(Ricketts et al., 2015; Humphreys and Coblentz, 2007), the Laramide Orogeny (~70-45 

Ma) was characterized by the formation of fault-bounded, basement-cored uplifts and 

basins.   
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Figure 3-17 Laramide cooling. A. Age-elevation cloud broken into >75 Ma, 75-65 Ma, 65-55 Ma, 55-45 Ma. B. 

Spatial distribution of Laramide ages. 
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Fig. 4 transposes Laramide cooling ages with mantle temperature at 73 km 

depth(Hansen et al., 2013). We observe that areas dominantly of Laramide cooling age 

overlie cold crust whereas areas with younger (35-25 Ma) cooling ages tend to overlie 

warmer crust. We do observe that Laramide cooling ages are preserved throughout the 

region where not completely overprinted by younger heating events. This is suggestive 

that these preserved Laramide cooling ages reflect the pre- or syn -Laramide 110ºC 

isotherm preserved in the landscape and also that todays’ crustal temperature structure 

has components inherited from ignimbrite flare up activity. 

Rocky Mountain Erosion Surface (45-35 Ma) 

Following the Laramide Orogeny, a period relative tectonic quiescence reigned 

in central North America. Regional isotherms were reset during this time to 

subhorizontal reflecting long-wavelength Laramide features (Jean Braun, 2005), by 40 

Ma. Following the Laramide, the diachronous Rocky Mountain erosion surface began to 

form (Fig. 1 and Donahue, Chapter 2). Currently, this surface is an extensively faulted, 

discontinuous, and composite surface inferred from isolated segments spanning much of 

the Colorado Rocky Mountain Ranges at elevations ranging from 2300-3800 m. A range 

of sample elevations of the RMES are shown as green horizontal bars in Fig. 3. 

Late Eocene-Oligocene (38-24 Ma) 

Late Eocene-Oligocene ignimbrite volcanism broadly reheated and reset regional 

geotherms (Fig 1). While some cooling was due to cooling of erupted volcanic material, 

regional exhumation associated with regional doming due to regional volcanism was 

extremely important, and is recorded in AHe ages younger than ages of volcanism (Fig 

6B). Ignimbrite volcanism from ~35-25 Ma is surficially expressed in the Never 
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Summer, San Juan, Mogollan-Datil volcanic fields, cooling of plutons (Lipman, 2007; 

Bryant and Naeser, 1980; Decker et al., 1988), and laccolithic intrusions in Elk Range, 

Colorado Plateau and eastern edge of the Great Plains.   

Modeled cooling histories from Snowmass Mountain (after Garcia, 2011) using 

both AFT and AHe constraints give AERs of ~70 m/Ma, ACRs of 4-5ºC/Ma, and an 

AGG of 55-65ºC/km. These models also show semi-steady cooling at these rates from 

30-5 Ma (Fig. 7). Within the same timeframe, the Sawatch Range (after Feldman, 2010) 

and Blanca Peak (Ricketts et al., 2015) show similar cooling histories, as do those of the 

western Gore Range (Landman and Flowers, 2013).  

Miocene (25-10 Ma) 

Thermochronology ages throughout the SRM region at ca. 20-10 Ma record a 

transition to Rio Grande rift activity (Landman and Flowers, 2013; Ricketts et al., 2015) 

and is also observed in non-rift cooling of plutons (Garcia, 2011) and distributed 

exhumation such as in the Needles Mountains of southern CO (Mckeon, 2009).  

Continued scouring of RMES and Oligocene volcanic deposits as well as surface uplift 

along rift flanks triggered a shift from regional inflation to one of extension during 

which we see the accumulation of large fluvial and eolian deposits into existing and 

forming basins (e.g. Cather et al., 2008). AERs during this interval are ~145 m/Ma 

(r2=0.68) 

Neogene (last 10 Ma) 

Neogene cooling ages recorded in disparate groups with limited locality (Fig 1) 

and record extremely fast AERs of excess of 300 m/Ma (r2 = 0.67).  Some of these 

points clearly record young rift-related activity (e.g., Gore Range, NM rift flanks); 
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however some points cannot be explained by rifting activity due to their non-rift 

associated location (e.g., San Juan Range (McKeon, 2008; this study) and the MWX 

well (Kelley and Blackwell, 1990)). One instance that must be considered is young 

cooling and subsequent young reheating. This is especially possible in areas such as the 

southern Rockies where high heat flow (Reiter, 2008) and hydrothermal fluids may 

result in reset (young) cooling ages.  

CONCLUSIONS: IMPLICATIONS FOR CENOZOIC LANDSCAPE 

EVOLUTION 

Cenozoic history of Rocky Mountain uplift is punctuated by periods of 

exhumation with a period of relative thermal stability. Cooling during the Laramide 

Orogeny (75-45 Ma) at AERs of ~ 70 m/Ma were concentrated in uplifted Laramide 

fault-blocks and records slow cooling associated with modest surface uplift and 

exhumation following crustal thickening as the Farallon slab begins to impact the SRM 

region. A decrease in recorded cooling followed during a period of relative tectonic 

quiescence from 45-35 Ma, during which regional, diachronous beveling throughout the 

SRM region occurred. Driven by continued Farallon subduction and perhaps the 

delamination of the Farallon slab (and part of NA lithosphere; Karlstrom et al., 2012; 

Ricketts et al., 2015) beneath the San Juan and Mogollon Datil volcanic fields, Eocene-

Oligocene ignimbrite volcanism (38-24 Ma), cooling occurred throughout the region 

both from regional inflation of landscape and associated erosion as well as cooling of 

plutons.  Oligocene cooling rates range from 60-125 m/Ma. Local instances of Neogene 

(last 10 Ma) cooling ages recorded in short-wavelength uplifts driven by both young 

rifting/faulting events (e.g., Gore Range, Landman and Flowers, 2013) and also by 
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small-scale mantle convection acting upon a heterogeneous SRM crust at exceptionally 

fast AERs in excess of 300 m/Ma.  These rates - faster than any others in Cenozoic SRM 

history – may be locally amplified by the integration of the Colorado and Rio Grande 

Rivers into the Gulf of California and ensuing accelerated incision, differential erosion 

due to isostatic rebound (Lazear et al., 2013), and an erosive late Cenozoic climate.  

Thus, throughout the Cenozoic, we see mountain building and associated cooling 

reflecting multiple uplift or transitional events, each of which is characterized by distinct 

spatial distribution of cooling data and apparent exhumation rates from which unique 

driving mechanisms are inferred. 

ACKNOWLEDGMENTS 

This work was supported by the Colorado Rockies Experiment and Seismic 

Transects (CREST) experiment funded by the National Science Foundation Continental 

Dynamics Program under award EAR-0607808. Special thanks to reviewers for editorial 

comments, and for support from the Alfred P. Sloan Minority Ph.D. Program, Colorado 

Scientific Society, New Mexico Geological Society, Geological Society of America, and 

University of New Mexico Graduate & Professional Student Association. 

 

REFERENCES CITED  

Aby, S.B., Kempter, K., Koning, D., 2011, Recent mapping of the Oligo-Miocene Los 

Pinos Formation and associated units in the Tusas Mountains, New Mexico Scott, in 

New Mexico Geological Society 62nd Annual Fall Field Conference Guidebook, v. 

62, p. 275–280. 

Brister, B.S., 1992, The Blanco Basin Formation (Eocene), San Juan Mountains region, 

Colorado and New Mexico, in New Mexico Geological Society 43rd Annual Field 

COnference Guidebook, v. 43, p. 321–331. 

Bryant, B., and Naeser, C.W., 1980, The significance of fission-track ages of apatite in 

relation to the tectonic history of the Front and Sawatch Ranges, Colorado: 



www.manaraa.com

163 

 

Geological Society of America Bulletin, v. 91, p. 156–164. 

Carter, L.S., Kelley, S.A., Blackwell, D.D., and Naeser, N.D., 1998, Heat Flow and 

Thermal History of the Anadarko Basin ,: v. 2, p. 291–316. 

Cather, S.M., 1992, Suggested revisions to the Tertiary tectonic history of North-central 

New Mexico: New Mexico Geological Society Guidebook, 43rd Field Conference, 

v. 43, p. 109–122. 

Cather, S.M., Chapin, C.E., and Kelley, S.A., 2012, Diachronous episodes of Cenozoic 

erosion in southwestern North America and their relationship to surface uplift, 

paleoclimate, paleodrainage, and paleoaltimetry: Geosphere, v. 8, p. 1177–1206, 

doi: 10.1130/GES00801.1. 

Cather, S.M., Connell, S.D., Chamberlin, R.M., McIntosh, W.C., Jones, G.E., Potochnik, 

A.R., Lucas, S.G., and Johnson, P.S., 2008, The Chuska erg: Paleogeomorphic and 

paleoclimatic implications of an Oligocene sand sea on the Colorado Plateau: 

Geological Society of America Bulletin, v. 120, p. 13–33, doi: 10.1130/1326081.1. 

Cerveny, P.F., and Steidtmann, J.R., 1993, Fission track thermochronology of the Wind 

River Range, Wyoming: Evidence for timing and magnitude of Laramide 

exhumation: Tectonics, v. 12, p. 77–91. 

Chapin, C.E., Kelley, S. a, and Cather, S.M., 2014, The Rocky Mountain Front , 

southwestern USA: Geosphere, v. 10, p. 1043–1060, doi: 10.1130/GES01003.1. 

Chapin, C.E., Kelley, S.A., 1997, The Rocky Mountain Erosion Surface in the Front 

Range of Colorado, in Colorado Front Range Guidebook, Rocky Mountain 

Association of Geologists, p. 101–113. 

Coney, P.J., and Reynolds, S.J. Cordilleran Benioff zones: Nature, v. 270. 

Connell, S.D., Lucas, S.G., Koning, D.J., Maynard, S.R., and Derrick, N.., 2001, First-

day, Santo Domingo sub-basin: Hagan Embayment and northern flank of the Sandia 

Mountains:. 

Decker, E.R., Heasler, H.P., Buelow, K.L., Baker, K.H., and James, S., 1988, 

Significance of past and recent heat-flow and radioactivity studies in the Southern 

Rocky Mountains region: Geological Society of America Bulletin, v. 100, p. 1851–

1885, doi: 10.1130/0016-7606(1988)100<1851. 

Dickinson, W.R., Klute, M.A., Hayes, M.J., Janecke, S.U., Lundin, E.R., McKittrick, 

M.A., and Olivares, M.D., 1988, Paleogeographic and paleotectonic setting of 

Laramide sedimentary basins in the central Rocky Mountain region: Geological 

Society of America Bulletin,. 

Dickinson, W.R., and Snyder, W.S., 1978, Plate tectonics of the Laramide orogeny, in p. 

355–366. 

Epis, R.C., and Chapin, C.E., 1975, Geomorphic and tectonic implications of the Post-

Laramide, Late Eocene Erosion Surface in the southern Rocky Mountains, in Curtis, 

G.F. ed., Cenozoic history of the southern Rocky Mountains, Geological Society of 

America Memoir 144, p. 45–74. 

Erslev, E., 1993, Thrusts, back-thrusts, and detachment of Rocky Mountain foreland 

arches: Geological Society of America Special Paper, v. 280, p. 339–358. 

Evanoff, E., 1990, Early Oligocene paleovalleys in southern and central Wyoming: 

Evindence of high local relief on the late Eocene unconformity: Geology, v. 18, p. 

443–446. 



www.manaraa.com

164 

 

Farley, K.A., Wolf, R.A., and Silver, L.T., 1996, The effects of long alpha-stopping 

distances on (U-Th)/He ages: Geochimica Cosmochimica Acta, v. 60, p. 4223–4229. 

Feldman, J.D., 2010, The Emplacement and Exhumation History of the Twin Lakes 

Batholith and Implications for the Laramide Orogeny and Flat Slab Subduction. 

Fitzgerald, P.G., Duebendorfer, E.M., Faulds, J.E., and O’Sullivan, P., 2009, South 

Virgin–White Hills detachment fault system of SE Nevada and NW Arizona: 

Applying apatite fission track thermochronology to constrain the tectonic evolution 

of a major continental detachment fault: Tectonics, v. 28, doi: 

10.1029/2007TC002194. 

Fleischer, R.L., Price, P.B., and Walker, R.M., 1975, Nuclear Tracks in Solids: Principles 

and Applications: University of California Press, Berkeley. 

Flowers, R.M., Ketcham, R. a., Shuster, D.L., and Farley, K. a., 2009, Apatite (U–Th)/He 

thermochronometry using a radiation damage accumulation and annealing model: 

Geochimica et Cosmochimica Acta, v. 73, p. 2347–2365, doi: 

10.1016/j.gca.2009.01.015. 

Garcia, R., 2011, Cenozoic intrusive and exhumation hisotry of the West Elk Mountains, 

southwestern Colorado: New Mexico Institute of Minning and Technology, 143 p. 

Gonzales, D.A., Kray, B., and Gianniny, G.L., 2005, Insight into the timing of the 

Cenozoic uplift in Southwestern Colorado from the Telluride Conglomerate: 

Geological Society of America Abstracts with Programs, v. 37, p. 16. 

Hansen, S.M., Dueker, K.G., Stachnik, J.C., Aster, R.C., and Karlstrom, K.E., 2013, A 

rootless rockies-Support and lithospheric structure of the Colorado Rocky 

Mountains inferred from CREST and TA seismic data: Geochemistry, Geophysics, 

Geosystems, v. 14, p. 2670–2695, doi: 10.1002/ggge.20143. 

Heller, P.L., Mathers, G., Dueker, K., and Foreman, B., 2013, Far-traveled latest 

Cretaceous-Paleocene conglomerates of the Southern Rocky Mountains, USA: 

Record of transient Laramide tectonism: Bulletin of the Geological Society of 

America, v. 125, p. 490–498, doi: 10.1130/B30699.1. 

House, M. a., Kelley, S. a., and Roy, M., 2003a, Refining the footwall cooling history of 

a rift flank uplift, Rio Grande rift, New Mexico: Tectonics, v. 22, p. n/a–n/a, doi: 

10.1029/2002TC001418. 

House, M.A., Kelley, S.A., and Roy, M., 2003b, Refining the footwall cooling history of 

a rift flank uplift, Rio Grande rift, New Mexico: Tectonics, v. 22, p. 1–18, doi: 1060 

10.1029/2002tc001418. 

Humphreys, E.D., and Coblentz, D.D., 2007, North American dynamics and Western US 

tectonics: Reviews of Geophysics, v. 45, doi: Rg3001 10.1029/2005rg000181. 

Humphreys, E.D., Hessler, E., Dueker, K., Farmer, C.L., Erslev, E., and Atwater, T., 

2003, How Laramide-age hydration of North American lithosphere by the Farallon 

slab controlled subsequent activity in the western United States: International 

Geology Review, v. 45, p. 575–595. 

Ingersoll, R. V., Cavazza, W., Baldridge, W.S., and Shafiqullah, M., 1990, Cenozoic 

sedimentation and paleotectonics of north-central New Mexico; Implications for 

initition and evolution of the Rio Grande rift: GSA Bulletin, v. 102, p. 1280–1296, 

doi: 10.1130/0016-7606(1990)102<1280:CSAPON>2.3.CO;2. 

Jean Braun, 2005, Quantitative constraints on the rate of landform evolution derived from 



www.manaraa.com

165 

 

low-temperature thermochronology, in Reiners, P.W. and Ehlers, T.A. eds., Low-

temperature thermochronoogy: techniques, interpretations, and applications, 

Reviews in Mineralogy & Geochemistry, p. 351–374. 

Karlstrom, K.E., Coblentz, D., Dueker, K., Ouimet, W., Kirby, E., Van Wijk, J., 

Schmandt, B., Kelley, S., Lazear, G., Crossey, L.J., Crow, R.S., Aslan, A., Darling, 

A., Aster, R., et al., 2012, Mantle-driven dynamic uplift of the Rocky Mountains and 

Colorado Plateau and its surface response: Toward a unified hypothesis: 

Lithosphere, v. 4, p. 3–22, doi: 10.1130/L150.1. 

Kelley, S.A., 2005, The Rocky Mountain region—An evolving lithosphere: Tectonics, 

geochemistry, and geophysics, in Karlstrom, K.E. and Keller, R.G. eds., The Rocky 

Mountain region—An evolving lithosphere: Tectonics, geochemistry, and 

geophysics, p. 154. 

Kelley, S.A., and Blackwell, D.D., 1990, Thermal history of the Multi-Well Experiment 

(MWX) site, Piceance Creek basin, northwestern Colorado, determined from apatite 

fission track analysis: Nuclear Tracks and Radiation Measurements, v. 17, p. 331–

337. 

Kelley, S.A., and Chapin, C.E., 2004, Denudation history and internal structure of the 

Front Range and Wet Moungains, Colorado, based on apatite-fission-track 

thermochonology: New Mexico Bureau of Geology & Mineral Resources, v. 160, p. 

41–78. 

Kelley, S.A., and Chapin, C.E., 1995, Fission-track thermochronology mapping in the 

Southern Rocky Mountains–Rio Grande Rift province: American Association of 

Petroleum Geologists Bulletin, v. 79, p. 920. 

Kelley, S.A., Chapin, C.E., and Corrigan, J., 1992, Late Mesozoic to Cenozoic cooling 

histories of the flanks of the Northern and central Rio Grande rift, Colorado and 

New Mexico: New Mexico Bureau of Mines and Mineral Resources, Bulletin1, v. 

145, p. 39. 

Kelley, A., and Duncan, I.A.N., 1986, Late Cretaceous to Middle Tertiary Tectonic 

History of the Northern Rio Grande Rift, New Mexico: v. 91, p. 6246–6262. 

Kelley, S.A., Kempter, K.A., McIntosh, W.C., Maldonado, F., Smith, G.A., Connell, 

S.D., Koning, D.J., and Whiteis, J., 2013, Syndepositional deformation and 

provenance of Oligocene to Lower Miocene sedimentary rocks along the western 

margin of the Rio Grande rift, Jemez Mountains, New Mexico, in Hudson, M.R., 

Grauch, V.J.S. ed., New Perspectives on Rio Grande Rift Basins: From Tectonics to 

Groundwater, Geological Society of America Special Paper 494, v. 494, p. 101–123, 

doi: 10.1130/2013.2494(05). 

Ketcham, R. a., 2005, Forward and Inverse Modeling of Low-Temperature 

Thermochronometry Data: Reviews in Mineralogy and Geochemistry, v. 58, p. 275–

314, doi: 10.2138/rmg.2005.58.11. 

Ketcham, R.A., Gautheron, C., and Tassangot, L., 2011, Accounting for long alpha-

particle 1388 stopping distances in (U-Th-Sm)/He geochronology: Refinement of 

the baseline case: Geochimica et Cosmochimica Acta, v. 75, p. 7779–7791. 

Koning, D.J., Kempter, K., Peters, L., Mciintosh, W.C., and May, S.J., 2011, Miocene-

Oligocene volcaniclastic deposits in the northern Abiquiu embayment and southern 

Tusas Mountains, New Mexico, in New Mexico Geological Society Guidebook 



www.manaraa.com

166 

 

62nd Field Conference, p. 251–274. 

Landman, R.L., and Flowers, R.M., 2013, ( U-Th )/ He thermochronologic constraints on 

the evolution of the northern Rio Grande Rift , Gore Range , Colorado , and 

implications for rift propagation models to explain late Cenozoic elevation gain of 

the: Geosphere, v. 9, p. 170–187, doi: 10.1130/GES00826.1. 

Lazear, G., Karlstrom, K., Aslan, A., and Kelley, S., 2013, Denudation and fl exural 

isostatic response of the Colorado Plateau and southern Rocky Mountains region 

since 10 Ma: Geosphere, v. 9, p. 792–814, doi: 10.1130/GES00836.1. 

Lipman, P.W., 2000, Central San Juan caldera cluster: regional volcanic framework: 

Geological Society of America Special Paper 346, v. 346, p. 9–69. 

Lipman, P., 2007, Incremental assembly and prolonged consolidation of Cordilleran 

magma chambers: Evidence from the Southern Rocky Mountain volcanic field: 

Geosphere2, v. 3, p. 42–70, doi: 10.1130/GES00061.1. 

Lipman, P.W., and McIntosh, W.C., 2008, Eruptive and noneruptive calderas, 

northeastern San Juan Mountains, Colorado: Where did the ignimbrites come from? 

Geological Society of America Bulletin, v. 120, p. 771–795, doi: 10.1130/B26330.1. 

Lipman, P.W., Steven, T.A., and Mehnert, H.H., 1970, Geological Society of America 

Bulletin Volcanic History of the San Juan Mountains , Colorado , as Indicated by 

Potassium − Argon Dating: Geological Society of America Bulletin, doi: 

10.1130/0016-7606(1970)81. 

Lisenbee, A.L., 1999, Preliminary Geologic Map of the Galisteo Quadrangle , Santa Fe 

County , New Mexico:. 

Lucas, S.G., and Ingersoll, R.V., 1981, Cenozoic continental deposits of New Mexico: 

An overview: Geological Society of America Bulletin,. 

Lucas, S.G., Wolberg, D.L., Hunt, A., and Schoch, R.M., 1982, A Middle Eocene 

Titanothere from the Baca Formation, South-Central new Mexico: Journal of 

Paleontology, v. 56, p. 542–545. 

Luedke, R.G., 1968, Volcanism and cauldron developmen in the western San Juan 

Mountains, Colorado: Colorado School of Mines Quarterly, v. 63, p. 175–208. 

Maldonado, F., and Kelley, S.A., 2009, Revisions to the stratigraphic nomenclature of the 

Abiquiu Formation , Abiquiu and contiguous areas , north-central New Mexico: 

New Mexico Geology, v. 31, p. 3–8. 

Maynard, S., 2005, Laccoliths of the Ortiz porphyry belt, Santa Fe County, New Mexico: 

New Mexico Geology, v. 27, p. 3–21. 

Mckeon, R.E., 2009, The interaction between tectonics, topography, and climate in the 

San Juan Mountains, southwestern Colorado: Montana State University, 77 p. 

Moore, J.D., 2000, Tectonics and volcanism during deposition of the Oligocene–lower 

Miocene Abiquiu Formation in northern New Mexico: University of New Mexico, 

147 p. 

Naeser, C.W., Bryant, B., Kunk, M.J., Kellogg, K., Donelick, R.A., and Perry, W.J., 

2002, Tertiary cooling and tectonic history of the White River uplift, Gore Range, 

and western Front Range, central Colorado: Evidence from fission-track and 

39Ar/40Ar ages: Geological Society of America Special Paper 366, p. 31–53 ST  – 

Tertiary cooling and tectonic history . 

NAVDAT, 2015. 



www.manaraa.com

167 

 

Omar, G.I., Lutz, T.M., and Giegengack, R., 1994, Apatite fission-track evidence for 

Laramide and post-Laramide uplift and anomalous thermal regime in the Beartooth 

overthrust, Montana-Wyoming: Geological Society of America Bulletin, v. 106, p. 

74–85. 

Painter, C.S., and Carrapa, B., 2013, Flexural versus dynamic processes of subsidence in 

the North American Cordillera foreland basin: Geophysical Research Letters, v. 40, 

p. 4249–4253, doi: 10.1002/grl.50831. 

Pazzaglia, F.J., and Kelley, S., 1998, Large-scale geomorphology and fission-track 

thermochronology in topographic and exhumation reconstructions of the Southern 

Rocky Mountains: Rocky Mountain Geology, v. 33, p. 229–257. 

Peyton, S.L., Reiners, P.W., Carrapa, B., and Celles, P.G.D., 2012, Low-temperature 

thermochronology of the northern Rocky Mountains, western U.S.A.: American 

Journal of Science, v. 312, p. 145–212, doi: 10.2475/02.2012.04. 

Reiter, M., 2008, Geothermal anomalies in the crust and upper mantle along Southern 

Rocky Mountain transitions: Geological Society of America Bulletin, v. 120, p. 

431–441, doi: 10.1130/B26198.1. 

Ricketts, J.W., Kelley, S.A., Karlstrom, K.E., Schmandt, B., Donahue, M.S., and van 

Wijk, J., 2015, Synchronous opening of the Rio Grande rift along its entire length at 

25–10 Ma supported by apatite (U-Th)/He and fission-track thermochronology, and 

evaluation of possible driving mechanisms: Geological Society of America Bulletin, 

p. B31223.1, doi: 10.1130/B31223.1. 

Roy, M., Kelley, S., Pazzaglia, F., Cather, S., and House, M., 2004, Middle Tertiary 

buoyancy modification and its relationship to rock exhumation, cooling, and 

subsequent extension at the eastern margin of the Colorado Plateau: Geology, v. 32, 

p. 925, doi: 10.1130/G20561.1. 

Shuster, D.L., and Farley, K.A., 2004, 4He/3He thermochronometry: Earth and Planetary 

Science Letters, v. 217, p. 1–17, doi: 10.1016/S0012-821X(03)00595-8. 

Steidtmann, J.R., Middleton, L.T., and Shuster, M.W., 1989, Post-Laramide (Oligocene) 

uplift in the Wind River Range, Wyoming: Geology, v. 17, p. 38–41. 

Steven, T.A., 1975, Middle Tertiary Volcanic Field in the Southern Rocky Mountains: 

Geological Society of America Memoir, v. 144, p. 75–94. 

Tagami, T., and O’Sulllivan, P.B., 2005, Fundamentals of Fission-Track 

Thermochronology, in Reiners, P.W. and Ehlers, T.A. eds., Reivews in Mineraology 

& Geochemistry v. 58: Low-Temperature Thermochronology: Techniques, 

Interpretations, and Applications, Mineralogical Society of America Geochemical 

Society, p. 19–41. 

Williamson, T.E., and Lucas, S.G., 1992, Stratigraphy and mammalian biostratigraphy of 

the Paleocene Nacimiento Formation, southern San Juan Basin: New Mexico 

Geological Society 43rd Annual Field COnference Guidebook, p. 265–296. 

 

 

  



www.manaraa.com

168 

 

CHAPTER 4 THE FIELD PLAY MOBILE APPLICATION: AUGMENTED 

REALITY, LOCATION-AWARE CONTENT, AND THE CREATION OF AN 

INTERACTIVE, DATA-RICH DIGITAL EDUCATIONAL AND RESEARCH 

TOOL  

Magdalena S. Donahue1 
1Department of Earth and Planetary Sciences, Northrop Hall, University of New Mexico, 

Albuquerque, New Mexico 87131, USA 

 

ABSTRACT 

Digital technologies – web-based, mobile and wearable – are becoming 

increasingly used in geoscience education. Increases in access to technology and 

computing power are paired with a growing recognition of the need to diversify methods 

of teaching, research, data collection and management, and scientific communication 

both within geoscience communities and world populations. As digital tools and student 

populations evolve and diversify, traditional educational methods need updating. Digital 

technology is making inroads into the geosciences, and, as topics such as climate 

change, natural resources exploration, and funding cuts to research and educational 

institutions become increasingly part of our national discourse, the need to communicate 

with and educate the communities that support geoscience and environmental research is 

increasingly critical. 

The Field Play project grew out of a recognized need to access multiple types of 

geologic information while in the field. The ongoing Field Play mobile device 

application seeks to create a data-rich and location-sensitive tool for geoscience 

education suitable for use by a range of audiences while in the field. The desire to create 

an educational tool suitable for use by an audience that ranges widely in skill mandates 
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the collection and streamlining of data from many sources and in many formats 

including maps, data tables, annotated photographs, etc. Field Play works to streamline 

the access to this range of tools using location, topic, and keyword search functions to 

direct a user through their educational experience. Field Play enhances the traditional 

field experience by enfolding tools such as location-triggered audio content, augmented 

reality-enhanced landscapes, multiple types of layered basemaps and location-specific 

data and references.  

Field Play was originally deployed in the Albuquerque, NM, area. The 

application was also featured in the 2014 New Mexico Geological Society Fall Field 

Conference, located in the Sacramento Mountains of southern New Mexico. 

Demonstration trips have been created throughout the western US and Canada. 

GEOSCIENCE EDUCATION: INTRODUCTION & BACKGROUND 

Traditional Geoscience Field Education 

Traditional undergraduate geoscience education seeks to introduce the broad 

fields of geoscience to the student, and traditional curriculums involve classroom, 

laboratory and field-based study (Whitmeyer et al., 2009). Students gain exposure to the 

major branches of geoscience (e.g., sedimentology, tectonics, hydrology, volcanology, 

mineralogy, etc.) through a structured classroom-based curriculum, while gaining skills 

such as map-making, rock and mineral identification, and mineral petrology in hands-on 

laboratories. Field-based education is an important component of geoscience education 

(Elkins and Elkins, 2007; Mgok and Goodwin, 2012; Petcovic et al., 2014). Field 

education expands upon classroom and laboratory work by placing students in the ‘real 
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world’ where they are able to implement their knowledge to solve real geologic 

problems.  

Multi-week field camps are often used as cap-stone courses for geoscience 

undergraduate degrees. Nearly 3,000 students attend field courses annually (Oleson, 

2013). The intensive immersion into field study challenges students academically, 

socially, and physically.  Participating in extensive field-based education can be 

problematic for many reasons: students’ time commitments, camp tuition and associated 

costs, and family obligations all pose significant barriers to many potential geoscience 

students (Whitmeyer and Mogk, 2009).  

Much of the work behind geologic field education is aimed at increasing the 

students’ ability to visualize their world – both the visible, and the invisible, whether it 

is underground or has been removed through geologic processes. Traditional tools used 

in geoscience field education include paper maps, compasses, rulers, and colored 

pencils. More recently, the use of GPS has become ubiquitous as a location tool. More 

advanced field education courses utilize tablets for mapping and geographic information 

software such as ArcGIS to facilitate geologic mapping for both individuals and groups. 

Tablets and ArcGIS software allow the use and layering of basemaps including 

topographic maps, photo imagery, satellite imagery, and LiDAR, increasing information 

access and precision. 

While many field-based courses are geared at general field skills, with the 

availability of technology and digital tools has come the interest in a more specific field 

education. As the branches of geoscience education require increasingly specific skill 

sets and background knowledge, many students desire to attend applied field education 
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courses that complement their career choices.  These range from and include field-

education courses dedicated to oil and gas exploration, geo-engineering, geothermal or 

alternative energy exploration and/or infrastructure, or environmental assessment. These 

opportunities allow for specialized training and job-skills cultivation with educators and 

working professionals.  

Digital innovations in geoscience field education 

Much of the interest in enfolding digital tools into geoscience education is to 

increase students’ ability to visualize, understand, and interact with their environment – 

past, present, and future. One of the approaches that has gained popularity is the creation 

of virtual field trips (Caliskan, 2011; Whitmeyer et al., 2009; Meezan and Cuffey, 

2012). The idea of creating a “virtual” trip is not a new one: geologists on early 

American scientific exploration parties, stunned by the amazing scenery and landscapes 

seen in the American West sought to express the new sceneries, geologic phenomena, 

and wildlife to people unfamiliar with and far from the remote wildernesses they 

explored. These expeditions accomplished this goal of transporting sceneries to the 

general population by bringing artists with them to capture the visual side of 

expeditions: the Hayden Geological survey of 1871 to what is now Yellowstone 

National Park included photographer William Henry Jackson and resulted in iconic 

paintings by Thomas Moran (Hayden, 1872), and the 1872 Powell expedition to the 

Grand Canyon included photographer John Hillers, artist Frederick Dellenbaugh, and 

again, Thomas Moran (Dutton, C.E., 1882).  Since the time of these initial surveyors, 

scientists have been seeking ways of communicating the phenomena they observe and 
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ideas they formulate to people of both scientific and nonscientific backgrounds by 

blending science, graphic design, and emerging technologies. 

The internet and digital field technologies have provided a phenomenal increase 

in ability to share and communicate scientific findings and have begun to be used to 

supplement traditional geoscience education (Whitmeyer, et al., 2011; Kelso and Brown 

2008). Recently, “electronic” or “virtual” trips have been created by entities ranging 

from the National Park Service (Geology of the National Parks, 2014; National Parks 

Service, 2014), media sources and nonprofit foundations (Discovery Education, 2014; 

Electronic Field Trip, 2014), and many academic institutions (Roberts, et al., 2013, 

Virtual Field Trips, 2014; Geology Central, 2013) as educators attempt to bring “the 

field” to students, fellow geologists, and interested users around the globe. These trips 

are frequently structured so they provide a curated selection of annotated photographs, 

maps, and instructional text to users, which the user navigates in a method similar to a 

statically illustrated e-book or any website.  Another approach to enhancing learning on 

geologic topics is the design of virtual environments. In this approach, high-resolution 

(usually LiDAR) data are used to create exceptionally detailed virtual environments that 

are accessed by users standing in a virtualization theater wearing 3D-glasses (Forte, et 

al., 2013). These environments allow for in-depth, immersive study of landscapes and 

geologic features in the section of data availability; however, drawbacks include very 

specific data collection, rarity of facilities supporting this visualization technique, the 

high amount of specialized equipment required, and an almost exclusively academic 

audience. Designers of these environments are working to increase their availability in 

widely-usable formats: Google Earth files and movies, some utilizing parts of data the 
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LiDAR data collection used in immersive environments, are increasingly available for 

public use as easily-accessible web-based virtual outcrops (Forte, et al., 2013; 

McCaffrey, et al., 2008) and the ability to collect georeferenced data and integrate with 

3D visualization and geospatial anaylsis is growing (Wawrzyniec, et al., 2007) as a tool 

for increasing geologic learning in classroom settings.  

Technological considerations for working in the field 

Presenting digital content in the field offers a challenge that has been seen in the 

design of many technologies. Donald Norman, a cognitive scientist, has dedicated 

several books to the concept of user-centered design (Norman, 1988). Norman presents 

the idea of using design to serve the user, proposing that the product should serve the 

user, not that the user should not be slave to the product. In the context of field geology, 

the user should ideally spend a minimal amount of time trying to find content and 

maximal time engaging with the environment. 

While Norman’s philosophies can be applied to any user interface from a 

doorknob to a cabinet door, his work becomes critical when it comes to interacting with 

complex devices such as smart phones. Limited input options and the complexity of the 

phone can easily result in a complicated and demanding user experience. Human-

Centered Computing aims to solve this problem by emphasizing the role the user takes 

as consumer of information (Sebe, 2010), and differs greatly from the process 

traditionally used in computer science whereby the algorithmic solution is often placed 

front and center. Location-aware applications help to improve the human-computer 

interface by allowing applications to become aware of human spaces. 
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Location aware educational applications are still in their infancy. Chen and Choi 

of Perdue University have experimented in creating a location aware application for the 

teaching of history (Chen, 2010). Their application incorporates 2D barcodes related to 

Google Earth locations and 3D models. Such tools are wonderful at creating an 

interactive educational experience, however, the interaction immerses users almost 

entirely in a virtual world as every bit of education takes place on the screen of the 

device. 

Augmented reality (AR) takes location aware a step further by putting data as 

close to the source as possible. There have been a few gestures towards this approach in 

the geology discipline. A group from the University of Manchester created the 

Discovery Geology AR field trip, a concept program to highlight the advantages of 

using AR in the field using the Junaio application. Another interesting approach 

Mathiesen (2012) uses is overlaying 3D models onto a camera display. 

Both of these approaches are wonderful demonstrations of the power of AR as an 

educational tool but each has significant limitations. Discovery Geology was 

implemented as demonstration project and is dependent on the Junaio application. 

Junaio is based on a streaming model that requires a constant connection to a network, 

which limits the use of Discovery Geology to locations with wireless connectivity. The 

Mathiesen approach shows great promise in enriching the AR experience, however, 

content creation is still dependent on knowledge of mobile application development. 

THE FIELD PLAY APPLICATION 

Introduction 
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The Field Play initiative has two themes: 1) AR field trips, and 2) geoscience 

outreach and education. The project works to address these themes by integrating field 

geology, geoscience education, and mobile device technology to create an interactive, 

data-rich, and user-friendly AR field trip experience available as a mobile device and 

web application.  

The overall goal of the Field Play application (“app”) is to provide accessible, 

personally interesting, interactive, and scientifically robust and relevant geoscience 

education to the public. Field Play provides users with AR field trips in which multiple 

data formats are streamlined into one interactive experience that enhances the traditional 

geological field trip. 

The question of how to integrate and effectively use technology into geoscience 

education is of increasing importance and assumes global importance in the context of 

funding cuts, academic institutions curtailing field experiences, the large demographic 

of underserved or overcommitted students lacking funds or time to participate in 

important field-based education, and – critically – the need for scientific communication 

allowing for the accurate conveyance and productive discussion of scientific principles 

and findings with a diverse general public population.   

Field Play was conceptualized as a means to help to alleviate some of the 

mystery and reduce the perceived difficulty and resulting intimidation many students 

associate with science education. By using familiar, widespread devices (e.g., 

smartphones, tablets) and navigational elements reminiscent to gaming controls, Field 

Play is designed to be a fluid, intuitive, engaging, and educational experience that fuses 

the best elements of field geology and with the added bonus of providing access to the 
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user to relevant background data (e.g., the vast font of published literature, photographs, 

and educational animations, etc.) to create an educational experience that is richer and 

more personally relevant than would be possible with either solely field or digital 

formats. The program is designed to offer a fluid scalability through ranges of users’ 

intellectual levels, vastly increases the population that can be reached as it allows 

‘students’ to interact with the information at their own educational and confidence 

levels. While previous digital education projects begin to bring images of the “field” to 

web users, no other project has attempted to achieve the level of personally-scalable 

interactive media, AR learning components, or data access that Field Play does.   

The integration of technology into education evolves as rapidly as new 

technologies and innovative ideas emerge. The app is dynamic: content will increase and 

reflect topics of national (National Parks), regional (Field Conferences, key New 

Mexico geology locations), and political (e.g., hydrology in the southwest, local natural 

resource) importance. The growth and affordability of hardware is key in the 

development of Field Play: the prevalence and proliferation of data-enabled mobile 

platforms (Pew Research Center, 2015) allows access of this app to a wide, diverse, and 

growing segment of the population. Users learn more deeply if they are able to delve 

deeply into topics of personal interest in real-world context (Kelso, et al. 2008; 

Karlstrom, et al., 2008); although Field Play trips are designed to have a specified route 

and topical theme, they are also built to be completely self-directed such that users are 

able to dwell on topics of personal interest exploring material of increasing complexity, 

while skipping topics of lesser interest. 
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Access to technology and high-quality education is often a barrier to minority or 

underserved populations.  Field Play is free and open-source, designed to run on any 

Android device or web browser. The code behind the field trip generator is available for 

download on the Field Play website (fieldplay.org, currently under construction), so that 

interested users can generate their own personal field trips using the Field Play code.  

With these open-access philosophies, I believe that Field Play will be able to provide 

quality geoscience education to a broader population than any other purely field or 

classroom format. Open access is especially critical in states such as New Mexico, 

where our population is diverse and our educational system can benefit from a flexible 

geoscience education model that will increase students’ identity and understanding of 

their surrounding environment. The scalability of Field Play is principal in providing 

scientific educational materials to minority and underserved populations. The lack of 

minorities in the geosciences is well documented (Stokes, et al., 2014) and recognition 

of the need to increase geoscience education to students with diverse physical and 

mental needs is growing (Gilley et al., 2015). This app provides a means of accessing 

scientific education for underserved groups by providing educational material in a 

format that is familiar, not intimidating, can be explored individually or socially, and 

can provide learning from basic to advanced levels. 

Role of Technology in Field Education Advances 

Technology is often seen as a virtual world completely separate from our own, 

which we users engage with by removing oneself from the physical, “real” world. This 

presents a unique challenge when it comes to introducing technology into education in 

the geosciences. Students believe they must make the decision to engage their 
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technological device - where information lives and is accessible - or else they choose to 

engage the world around them that inspired that collected knowledge. This daunting and 

seemingly unbridgeable divide turns out to be a solvable UI (user interface) problem that 

works to minimize the gap between interaction with the real world and digital content. 

Mark Rolston, chief creative officer at Frog, talks of taking the computers out of 

computing so that we users do not have to stop our lives to operate a computer terminal 

(Rolston, 2011). Field Play brings powerful content into the field without sacrificing the 

attention of the participants by embedding knowledge and device use into the 

environment. 

Many attempts to bring digital data into the field have relied on the user to 

discern, navigate and relate pertinent content into the context of the field experience.   

This requires the user to maintain a mental map of both the physical environment as well 

as the content layout. 

For example, if a student is standing at a scenic viewpoint with typical digital 

information access, they first have to know where they are standing; next they must pull 

up the appropriate map or diagram to relate their vantage point to the available data 

categories; finally, they navigate through menus and submenus to pin point the data they 

wish to retrieve. Throughout this entire experience, the student is expending needless 

mental energy and time simply trying to access information. Many beginning geology 

students are intimidated and feel unqualified to pursue further study since they do not 

understand how the content is arranged; because they do not comprehend the 

organizational data structure, they become frustrated and feel they cannot understand 

geology. It is key to realize that in these situations, the stumbling point lies not with the 
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student, but rather in faults of the technology and its human interface. Donald Norman, 

author of Design of Everyday Things (Norman, 1988), puts it this way: “When you have 

trouble with things, whether it’s figuring out whether to push or pull a door or the 

arbitrary vagaries of the modern computer and electronics industries, it’s not your fault. 

Don’t blame yourself: blame the designer.” 

The Field Play experience differs dramatically from the laborious process of data 

navigation. By pulling location and device orientation from a myriad of sensors, Field 

Play can deliver the necessary content when and where it is needed. As a user 

approaches a location, an audio file is played back that recites some of the more relevant 

features without user intervention. If the student wishes to view a map, they simply 

open the application where a map, automatically centered on their current location, is 

automatically displayed.  When the student spots a physical feature they wish to know 

more about they point their camera at the feature in question and labels are superimposed 

on the moving camera feed. In Field Play, the variable data sources a geologist uses, 

which may have previously distracted from the new students’ field experience, are now 

smoothly embedded into the environment, making content available as the students’ 

needs change. Rather than a virtual experience separate from reality, the student now 

experiences what is known as an augmented reality. 

While AR is not new, the solutions are often difficult to use and content 

generation is typically geared toward a more computer science oriented audience. In 

order for AR to be utilized for educational purposes, both the end user experience and the 

content generation must be simple and easy to use. The goal of Field Play is to make the 
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AR experience to enhance field geology, rather than to distract from the environment, the 

questions at hand, or the discussions that may be occurring between colleagues.  

METHODS: APPLICATION CREATION  

Field Play and the NMGS FFC: 

In this section, I describe the specific steps required for the creation of the three-

day Field Play trip used in the NMGS FFC from the perspectives of content and 

technological framework. This is an example of the process used for setting up a specific 

field trip. Apart from specific thematic and location information, the steps for an outside 

user to create a personalized field trip are streamlined within the Field Play 

programming, and advanced programming, troubleshooting, or other technical aspects 

are not required by the user.  

Creation of Content: 

Audio: Content to be included in audio portion of app will be selected from the 

NMGS 2014 FFC road log to highlight local and regionally important locations, ideas, 

concepts and debates with input from FFC trip coordinators. Content will be selected to 

highlight regional problems, topics of interest, and key points/locations. These will be 

georeferenced and will play automatically as users cross into the area. 

Augmented reality: Locations will be selected based on FFC stops. A total of 6-9 

AR stops are planned: 2-3 each day. AR will include relevant locations that will “float” 

during the “binoculars” feature of the Field Play app is and will include links to 

papers/abstracts and imagery including field photographs, figures, animations, and video.  

The accessible content during AR stops (and from the web/mobile searchable interface) 

can include papers, imagery, points of interest, and other relevant supplemental material 
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submitted by trip coordinators, NMGS staff, or NMGS FFC guidebook authors will be 

culled to ensure the learning experience is enhanced but does not overwhelm the user. 

Video: Currently, approximately 5 videos for the 2014 NMGS FFC are planned: 

one general video which will provide an overview of the region and topics central to the 

FFC (7-10 minutes), and 3-6 key topic or concept explanation videos (2-5 minutes). 

Videos will be accessible in the field during the FFC and from the web (YouTube link) at 

any time. Videos will be created with the expertise of Brent Hall, UNM EPS M.S. student 

and amateur videographer. Opportunities for undergraduate mentorship exist in this 

location. I would enjoy employing an undergraduate student (from UNM or NMT) with 

crossover interests in videography, scientific communication, and the geosciences to help 

with the filming and production of these video lessons. 

Content Submission: FFC road log content will need to be made available, as 

well as any supplementary content (e.g., photos, figures, etc.) authors choose to submit 

for inclusion in the digital format of the FFC. Content from authors will need to be 

submitted to app creators no later than June 30, 2014.  

Technical Framework  

Application Programming: Field Play is an Android application with a 

supporting website. All content is tailored to be network independent with the exception 

of video links. The Field Play application is currently in pre-prelease. Basic 

functionality has been implemented but not all features are in a usable state.   The main 

features that still need work are: Incorporating alternative map layers, user-friendly 

control of audio playback and a reworking of content layout. 
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Augmented reality: The AR portion of the application is currently functioning but 

will require updating and troubleshooting before release. The AR portion relies heavily 

on onboard hardware that differs between devices. Testing this feature on a range of 

devices will be required. 

Field testing: The Field Play app can largely be programmed in Albuquerque, but 

will require testing on several different Android devices and in locations throughout the 

FFC trip region. Troubleshooting will be conducted with content largely completely 

programmed. Field Play and the NMGS FFC trip will be tested by volunteer testers in 

addition to our troubleshooting prior to the FFC in September. 

Web interface: The web interface is still in the planning stages. The planned web 

interface is an easy to use site that allows for the creation of fieldtrips, browsing and 

viewing of premade fieldtrips, and the download of fieldtrips to the user’s device. 

Apple IOS: Development for IOS platform is dependent upon interest and 

potential future funding.   

FIELD DEPLOYMENT 

Field Play will be deployed at the 2014 New Mexico Geological Society Fall 

Field Conference (NMGS FFC). Partnering with the NMGS for this conference provides 

the opportunity to utilize the expertise of NMGS scientists as well as being an 

opportunity in which I will be able to receive feedback from a cross-section of 

geoscientists ranging from interested hobbyists to students to experts and academic 

scientists on their impressions of the app, providing important feedback to help guide 

future app development. The end goal of Field Play is to create a personally-scalable 

educational experience, so partnering with the NMGS FFC will provide an excellent test 
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case in discovering what portions of the app are utilized or helpful to which segment of 

the population (e.g., does the hobbyist enjoy the audio road log, does the student find the 

background figures illustrating the background of a geologic process during an AR stop 

helpful in understanding the current discussions?). As a student from and educated in 

New Mexico, I am invested in working with the NMGS to create a globally-cutting edge 

educational tool to the New Mexico education and geological communities. In practice, 

the embedded GPS within mobile devices triggers location-aware interactive content to 

become available when the user was within a set proximity of the feature (e.g., audio 

alert when approaching a fault zone). Additionally, users are given the option to 

interactively explore topical and location-based sub-modules that include AR 

binoculars, informational text, audio, topographic and geologic maps, and short 

YouTube lessons while in the field. 

Field Play content is both trip-specific and stand-alone. Content exists within the 

Field Play ecosystem at two levels: curated, scientific content created by Field Play, and 

crowd sourced data originated by users. Both of these data types are fully “mashable,” 

and can be combined by users to create personal topical or location-based trips using our 

trip creation tool. 

Field Play content can be accessed online as well as via mobile device. We are 

working to expand our curated and crowd-sourced content to provide the geologic and 

public communities with an up-to-date, easily accessible resource of reliable geologic 

and scientific information for recreational, educational or professional use.  

FIELD PLAY FUTURE 
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As the Field Play project continues, the multi-level education scaling feature and 

interactive data collection ability will grow increasingly comprehensive. Progressively 

more available GPS and hardware developments will continue to increase field 

opportunities, and work to provide users the ability to geo-tag and annotate field 

photographs/sample locations, to easily share and communicate their findings with 

collaborators, and, importantly, to have the ability for educators to use Field Play in field 

classes to ensure students’ confidence in collecting high-resolution, high-frequency, and 

in some cases real-time data (e.g., structural measurements, stream flow data, 

geophysical data, atmospheric monitoring, etc.) is planned. 

CONCLUSIONS 

Field Play is an augmented reality educational and experiential tool that 

integrates geoscience educational content with the physical world. Built to run on 

Android mobile devices, the Field Play system is based around the creation of a data-

rich landscape through which users engage in location-aware content to explore their 

environment through geologic field trips. Field Play has two goals: 1) Improving access 

to abundant scientific information while in the field, and 2) Promoting scientific 

education on a large scale, in a way that is personal, relevant, and interest-driven.   

Field Play was incorporated in the New Mexico Geological Society Fall Field 

Conference (Donahue and Donahue, 2014; September 2014). This three-day trip in 

southern New Mexico included AR stops, annotated photographs, audio content of 

critical features, and links to guidebook and other pertinent scientific publications. For 

this trip, Field Play created predetermined routes based off of conference road logs, as 

well as free-standing supplementary content. 
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Field Play is one attempt to bring evolving digital tools into a field-based 

science, and to do so in a way that benefits a range of audiences. As formal geoscience 

education grapples with the relevance and feasibility of field methods courses and as 

communication within and across an increasingly specific geoscience branches becomes 

increasingly critical in the world of large data sets and interdisciplinary science 

experiments, tools such as Field Play that facilitate exploration, learning, and 

communication are of vital importance.  
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Appendix 1: U-Pb Detrital Zircon Data for Southwestern Colorado and New Mexico 

Appendix 1 is available electronically in supplementary materials. 
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Appendix 2: K-S Statistics for units of this Study 

Table 2. K-S statistics by unit     

McDermott Member         

Analysis run on: Wednesday, Feb 10, 2016 @ 10:09:41 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  WP53 WP53B MSD-10-02 MSD-10-04 WP56  

WP53   0.002 0.000 0.097 0.000  

WP53B 0.002   0.000 0.001 0.000  

MSD-10-02 0.000 0.000   0.000 0.522  

MSD-10-04 0.097 0.001 0.000   0.000  

WP56 0.000 0.000 0.522 0.000    

              

Baca Formation           

Analysis run on: Monday, Feb 8, 2016 @ 10:59:32 AM.  Version: 1.0. 

  K-S P-values 

using error 

in the CDF 

     

  SCATH2012-

1 

MSD-NM-

2012-1 

      

Sample A   0.010      

Sample B 0.010        

              

Galisteo Formation           

Analysis run on: Wednesday, Feb 10, 2016 @ 10:14:21 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  MSD-NM-

2011-23 

MSD-NM-

2011-25 

MSD-NM-2011-

26 

     

MSD-NM-2011-

23 

  0.001 0.358     

MSD-NM-2011-

25 

0.001   0.046     

MSD-NM-2011-

26 
0.358 0.046      

              

San Jose Formation           

Analysis run on: Wednesday, Feb 10, 2016 @ 09:58:27 AM.  Version: 1.0. 

  K-S P-values using error in the CDF   

  WP46 WP32       

Sample A   0.000      
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Sample B 0.000        

              

Ojo Alamo Formation         

Analysis run on: Wednesday, Feb 10, 2016 @ 10:19:36 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  WP27 WP36 WP63A      

WP27   0.396 0.482     

WP36 0.396   0.509     

WP63A 0.482 0.509      

              

Nacimiento Formation         

Analysis run on: Wednesday, Feb 10, 2016 @ 10:22:08 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  WP26 WP34       

WP26   0.000      

WP34 0.000        

              

Animas Formation           

Analysis run on: Wednesday, Feb 10, 2016 @ 10:29:14 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  WP44 WP45 WP57 WP57vc WP57cc  

WP44   0.001 0.001 0.000 0.006  

WP45 0.001   0.761 0.476 0.368  

WP57 0.001 0.761   0.320 0.426  

WP57vc 0.000 0.476 0.320   0.764  

WP57cc 0.006 0.368 0.426 0.764    

              

Telluride Conglomerate         

Analysis run on: Monday, Feb 29, 2016 @ 11:38:59 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  MS-10-7 MS-10-9 MSD-CO-2011-
17 

MSD-CO-2011-
18 

WP42 WP43 

MS-10-7   0.044 0.000 0.022 0.058 0.000 

MS-10-9 0.044   0.422 0.491 0.433 0.000 

MSD-CO-2011-
17 

0.000 0.422   0.219 0.037 0.000 

MSD-CO-2011-

18 

0.022 0.491 0.219   0.065 0.000 
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WP42 0.058 0.433 0.037 0.065   0.000 

WP43 0.000 0.000 0.000 0.000 0.000   

Wp52 0.000 0.006 0.010 0.003 0.008 0.481 

              

Blanco Basin Formation         

Analysis run on: Monday, Feb 29, 2016 @ 11:43:52 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  MSD-Co-
2011-13 

MSD-CO-
2011-14 

DG-BristerE-
PCA-2011 

DG-BristerE-
PC3B-2011 

DG-BristerE-
PC5-2011 

 

MSD-Co-2011-

13 

  0.078 0.000 0.000 0.000  

MSD-CO-2011-
14 

0.078   0.000 0.000 0.000  

DG-BristerE-

PCA-2011 

0.000 0.000   0.649 0.311  

DG-BristerE-
PC3B-2011 

0.000 0.000 0.649   1.000  

DG-BristerE-

PC5-2011 

0.000 0.000 0.311 1.000    

              

El Rito-Ritito           

Analysis run on: Monday, Feb 29, 2016 @ 11:46:14 AM.  Version: 1.0. 

        

  K-S P-values using error in the CDF   

  MS-11-1 El 
Rito 

MS-11-5 El 
Rito 

MS-11-2 Ritito MS-11-4 Ritito   

MS-11-1 El Rito   0.002 0.000 0.002   

MS-11-5 El Rito 0.002   0.000 0.000   

MS-11-2 Ritito 0.000 0.000   0.000   

MS-11-4 Ritito 0.002 0.000 0.000       
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Appendix 3: New (U-Th)/He Data 
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Appendix 4: Compiled AFT Data for Wyoming, Colorado, and New Mexico 

 

Appendix 4 is available electronically in supplementary materials. 
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Appendix 5: Compiled (U-Th)/He Data for Wyoming, Colorado, and New Mexico 

 

Appendix 5 is available electronically in supplementary materials. 
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