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Abstract 

 Currently, little is known about the exact timings of brittle deformation present in the 

Rocky Mountain Front Range. U-Pb carbonate dating via laser ablation is an emerging field that 

greatly broadens the potential to date deformation features, especially fault-hosted carbonate 

deposits. We have tested the feasibility of dating carbonate veins on samples from three different 

locations in the Cañon City embayment of the Rocky Mountain Front Range.  

The results indicate that it is possible to date the carbonate veins crosscutting the Jurassic 

Morrison Fm. with low uncertainty, 110.4 ± 1.4 Ma, using this approach, which puts this in the 

timeframe of continuing sedimentation in the basin, prior to uplift of the Rocky Mountains. 

Fault-hosted carbonate veins in the Ordovician Harding Fm. yield scattered data interpreted as 

reflecting repeated precipitation of carbonate with the oldest event at ~100 Ma and the youngest 

between ~12 Ma and ~6 Ma. Ages range from early Cretaceous to Neogene and likely reflect the 

results of multiple fluid flow events associated with uplift in the area. Fluid events probably 

coincide with the different stages of uplift, which created the total current elevation (~2-3km) of 

the Colorado Plateau and Rocky Mountains. Major regional events include the flat slab 

subduction during the Laramide Orogeny and lithospheric delamination. However, the evidence 

of deformation occurring prior to the Laramide Orogeny poses new questions about the region. 

U-Pb carbonate dating using laser ablation - inductively coupled mass spectrometry (LA-ICP-

MS) is highly applicable to the Front Range and future work will use this method to create a 

detailed deformation history of the area. 

 

Keywords: Cañon City embayment, Rocky Mountain Front Range, laser ablation inductively 

coupled plasma mass spectrometry, geochronology, uranium lead dating of carbonate veins 
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Chapter 1: Introduction 

Tectonic processes on Earth play a major role in the dynamics that dictate the shape and 

terrain of continents as they are seen today. As lithospheric plates collide and subduct, they 

create new topography on land by uplifting the continental crust, in this case, the Rocky 

Mountains were formed through a series of uplift events driven by these processes starting with 

the Laramide orogeny from 80 Ma to 40 Ma (e.g., Karlstrom et al., 2012). The occurrence of 

some brittle deformation features in the area likely coincides with the timings of this orogenic 

event. To determine if this is true, LA-ICP-MS U-Pb geochronology techniques were applied to 

a variety of fault-hosted carbonates and veins to establish the exact timings of these features.  

 Geochronology is a critical part of gaining a full understanding of geologic history, 

providing the absolute timing of events, including deformation. Creating a more detailed account 

of the deformation history in the Colorado Front Range was initially limited to the relation of 

tilted and untitled strata summarized in a review of the state-of-knowledge by Cather (2004). 

This study will explore the hypothesis that U-Pb carbonate dating of brittle deformation features 

(fractures, faults) via laser ablation can directly date discrete deformation events.  This should 

contribute to a more detailed understanding of the formation of the Rocky Mountain front Range 

in general, and the complex geometry of the Canon City embayment in particular.  

Carbonate-forming fluid flowing along fault surfaces has the potential to precipitate 

calcite while incorporating uranium. Therefore, fault-hosted calcite deposits and calcite growth 

associated with slip events, seen as slickenfibers, have the potential to be used to date brittle 

deformation events by the U-Pb method (e.g., Roberts and Walker, 2016). This study aims to test 

the feasibility of this method for dating brittle deformation in the Cañon city embayment region. 
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To do this, carbonate samples from joints/faults were collected from Cañon City, CO and 

processed into ca. 100µm thick polished sections to be analyzed by LA-ICP-MS. 

 The Front Range, for the purpose of this work, is defined as the southern part of the 

Rocky Mountains in the state of Colorado. The Cañon City embayment is in part bounded by the 

Dakota Sandstone Fm. which forms steeply dipping ridges around the city. Samples were 

selected from a variety of host rocks with the aim of testing each one’s viability for dating. These 

include fault-hosted carbonates in the Ordovician Harding Fm and veins cross cutting the 

Jurassic Morrison Fm. Sample locations and overall research area can be seen in Figure 1.  

 

Figure 1. Google Earth satellite image map of the Cañon City Embayment, CO, and research area. Red squares 

indicate sample locations with accompanying labels including the location name and sample names. The embayment 

is outlined with the steeply dipping Dakota Fm. sandstone strata outlined in black. The upper extension of the city is 

outlined in green. To the southwest of the city is the Wet Mountains, shown here is the northern boundary of this 

feature labeled in white in the bottom left-hand corner. The smaller map in the inset provides an overview image of 

part of Colorado to place the research area in context with Denver and Colorado Springs. The research area is 

highlighted in red with a shaded area. 

 

 

 

Cañon City 

 

Northern Wet Mountains 
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Chapter 2: Geologic Setting 

Previous Work 2.1 

 Dating calcite (CaCO3) and other carbonate minerals by U-Pb or U-series geochronology 

initially focused on speleothems (Woodhead et al. 2006, 2010, 2012, 2019) and pedogenic 

carbonates (e.g., Richards et al., 1998), which show the most promise in terms of capturing 

uranium during crystallization. Reviews of the approach by Rasbury & Cole (2009) and Roberts 

et al. (2020) shows speleothems to have the highest U and lowest Pb and thus the best 

characteristics for highly precise dates. Diagenetic carbonates and terrestrial veins on the other 

hand show a wide range of U and Pb concentrations and therefore potentially require a larger 

number of samples to be tested. Aside from the use on speleothems, the technique has been 

applied to many other geological systems to determine the age of deposition, diagenesis, ore 

deposits and fossils (Jahn and Cuvellier, 1994; Rasbury et al., 1997; Richards et al., 1998; 

Rasbury and Cole, 2009; Li et al., 2014; Roberts and Walker, 2016; Roberts et al., 2017; Roberts 

et al., 2020; Rasbury et al., 2021; Smeraglia et al., 2021). Initially, carbonate dating was 

conducted using chemical dissolution and isotope dissolution to be analyzed through thermal 

ionization mass spectrometry (TIMS) (e.g., Richards et al., 1998). More recent efforts utilize 

laser ablation ICP-MS techniques; Roberts et al. (2020) and Rasbury et al. (2021) summarize the 

state-of-the-art of LA-ICP-MS U-Pb carbonate dating and contribute novel ideas on the U-Pb 

systematics of carbonates.  

Currently, there is no published information on the exact timing of brittle deformation 

features in the Cañon city embayment region. Work by Beaudoin et al. (2018) on the Bighorn 

Basin in Wyoming used U-Pb dating of calcite veins to examine the stress evolution of the area. 

Previous work by Erslev et al. (2004) has examined the minor faulting in the Colorado Front 
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Range and indicate that the majority of faulting in Cañon City Embayment is in the form of left 

and right-lateral strike slip faults with a minority of faults being thrust faults. There is also record 

of the orientation of faults that bound the Wet Mountains (surrounding the embayment on the 

south-west side) being dominantly northwest-striking thrust faults (Erslev et al., 2004). The Ilse 

fault system within the Wet Mountain arch exhibits similar attitudes as an interconnected series 

of faults. These systems propagate northward from the Wet Mountain arch to central CO. 

Overlying structure formations in the Cañon City Embayment are summarized in a review of 

faulting on the east side of the embayment by Marshall (1959). The synclinal formation of the 

embayment developed as a monocline during the upwarping of Cooper Mountain on the eastern 

side and down warping on the western side. The resulting tensional forces of the area then likely 

surpassed the limits of the tensile strength of the rocks, thus, creating the Fourmile Creek Thrust 

Fault and a system of tear faults. The new U-Pb carbonate geochronology work undertaken in 

this study plans to expand what is currently known about deformation and related fluid flow in 

the Rocky Mountain Front Range.  

Regional Stratigraphy 2.2  

The regional stratigraphy of the Cañon City embayment is made up of Phanerozoic 

sedimentary strata overlying a basement of mainly Paleoproterozoic granitic gneisses, exposed to 

the west and north of the city (Fig. 1). Descriptions of the regional strata here stem from field 

observations made at different sites including Twin Mountain, Temple Canyon, Marsh Quarry, 

and a log created while measuring bed thickness at Shelf Road. This study focuses on three main 

sites; Shelf Road, Marsh Quarry and Temple Canyon, (Figure 1) therefore, descriptions will be 

focused on exposures at these locations.  
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Outcrops along Shelf Road expose highly weathered basement directly below the contact 

that represents the Great Unconformity. Above the basement lies the Ordovician Manitou Fm. 

(Om) made up deep red carbonate limestone interbedded with greyish-whitish chert layers, it 

typically weathers as blocky and rounded outcrops and is a cliff-former. Resistant interbeds of 

chert protrude out of the outcrop face on the cm-scale. Overlying this is the Ordovician Harding 

Fm. (Oh) pertinent to this study as 2 of the samples were in the Harding Fm. The Harding Fm 

consists of three main packages with of interbedded sandstone with varying color and thickness 

ranging from red to white to yellow. The Ordovician Fremont Fm. (Of) overall is a greyish 

dolomitic limestone. While the lower Fremont Fm. is tan and contains fossil hash, the middle 

Fremont Fm. is tan to white and interbedded with chert nodules, typically smoother in texture 

than the lower Fremont Fm. Exposures at Shelf Rd outcrops of the upper Fremont Fm. show 

autobrecciation with carbonate subangular clasts on the centimeter to decimeter scale in a fine-

grained red stained carbonate matrix. Williams Canyon Fm tops this but no observations of it 

were made during this study. This is overlain by the Pennsylvanian/Permian Fountain Fm (Pf), a 

deep red sandstone conglomerate sequence with rounded quartzite clasts on the centimeter scale. 

Above this is the Jurassic Morrison Fm (Jm) with thick layers of silt and shale exhibiting colors 

ranging from grey to green to red. The Dakota Sandstone Fm that outlines the Canon City 

Embayment overlies the Morrison Fm and is made up of tan sandstone (Figure 1). A 

stratigraphic column representing the relative thickness and weather profiles for the local 

stratigraphy is shown in Figure 2 below.  
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Figure 2. Stratigraphic column showing the stratigraphy of Cañon City including the weathering pattern of the 

outcrops, texture, fossil composition, relative thickness, age, and unconformities from the area. Note that in this 

study units above the Morrison Fm were not examined. Figure originally created by Evanoff, (1996) and modified in 

2006 by the Royal Gorge Region organization. 

 Certain stratigraphic layers are not visible in the research areas (Temple canyon, Marsh 

Quarry, and Shelf Rd) or were not identifiable in the field, this includes the Bell Ranch Fm 

which should be between the Fountain Fm. and the Morrison Fm. It is also noteworthy that, 

while outside the scope of this work, the Cretaceous Pierre Shale Fm is an important unit in the 
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stratigraphy of the area as it provides fundamental timings of uplift and basin formation (Cather, 

2004). 

Geologic History 2.3 

The Colorado Plateau and Rocky Mountains, which are at an average elevation of ca. 2 

km and ca. 3.2 km respectively, reflect multiple periods of uplift (e.g., Aslan et al. 2010; 

Karlstrom et al., 2012). The underlying causes of uplift are a subject of debate, different 

hypotheses are summarized by Heitmann et al. (2021). To reiterate the review by Heitmann et al. 

(2021), suggested causes of uplift include lower-crustal flow, removal of the Farallon slab during 

the Laramide orogeny, lithospheric foundering, hydration during the mid-Cenozoic and mantle 

upwelling, or as an isostatic response from denudation during the late Cenozoic. The Laramide 

orogeny occurred during the time frame of approximately 70 Ma to 40 Ma (e.g., Karlstrom et al., 

2012), some studies propose that impacts of the Laramide orogeny were exhibited earlier, closer 

to 100 Ma, west of the Rocky Mountain belt (e.g., Carrapa et al., 2019). Synorogenic deposition 

and tilting is documented by Jacob and Albertus, (1985) who examined several angular 

unconformities in the region that supported the conclusion Laramide thrusting and deformation 

initiated in the late Cretaceous to early Paleocene. Constraints on Laramide timing were based on 

the synchronous deposition of sediments on the flanks of the Front Range during the Cretaceous 

(e.g., Erslev et al., 2004, 2006).  

During the time frame 70-40 Ma, the low angle of subduction was the main cause for 

uplift while also hydrating and removing parts of the lithospheric base underlying the area 

(Karlstrom et al., 2012). Hernández-Uribe and Palin, (2019) state that the shear-removal of the 

subcontinental lithospheric mantle was as much as ca. 80 km which caused asthenospheric 

upwelling and isostatic rebound during this period.   
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Examinations of paleo-elevation proxies conclude that the region reached half its current 

elevation at the end of the Laramide and achieved its current elevation by 16 million years before 

the present (Heitman et al., 2021). Post Laramide uplift occurred during the period of 35 Ma to 

25 Ma as an ignimbrite flare-up1 occurred resulting from the fragmentation of the Farallon slab 

(Karlstrom et al., 2022). From 20 Ma to the present, the ignimbrite flare-up stopped, and the 

region experienced basaltic volcanism occurring along with extensional strain (Karlstrom et al., 

2022). See Figure 3 below for a visual summary of this process from Karlstrom et al. (2022). 

 

Figure 3. Visual interpretation of the different series of uplift processes that contributed to the modern elevation of 

the Rocky Mountains and Colorado Plateau, figure from Karlstrom et al. 2022.  

                                                 
1 A type of arc volcanism that occurs following slab removal of the subducting slab 

underneath a thick crust, that is separate from arc volcanism in proximity of the trench 

(Karlstrom et al., 2022).   
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Several studies suggest significant portions of uplift are much younger, occurring at ca. 

10 Ma. This is evident by the incision rates of the Colorado River that became much more rapid 

around this time (e.g., Aslan et al. 2010). Karlstrom et al. (2012) suggest that uplift <10 Ma 

makes up 25 to 50 % of uplift after the late Cretaceous exhibited in the Colorado Plateau and 

Rocky Mountains. Evidence from a technique using the vesicles in vesicular basalts indicate that 

there was slower uplift between the period of 25 Ma and 5 Ma (ca. 40 m/m.y. i.e., meters per 

million years) after which there was an onset of rapid uplift ca. 220 m/m.y. (Sahagian et al., 

2002). This study aims to correlate the results of U-Pb dating of carbonates with hypothetical 

forces and timings of deformation/uplift in the region. 
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Chapter 3: Methods 

Field Methods 3.1 

Samples for this study were collected during field camp, a 6-week capstone course at the 

University of Kansas with the aim of introducing and teaching students how to conduct field 

work and map geologic structures. While visiting different areas including Marsh Quarry, 

Temple Canyon and Shelf Road, carbonate samples were collected along fault surfaces, which 

were identified in the field. Carbonates are abundant in the Earth’s crust across all regions and 

can form from fluid flows with signature element ratios (Rasbury et al., 2021). Calcite (CaCO3) 

and other carbonate minerals such as dolomite, aragonite, and magnesite etc. can form in many 

geologic settings. These environments include diagenetic, biogenetic, igneous, metamorphic, and 

hydrothermal environments (Roberts et al., 2020). Because calcite has the potential to 

incorporate uranium when it crystalizes, it also has the potential to be a useful chronometer for 

U-Pb and U-Th (Roberts et al., 2020).  

Samples were collected from the Shelf Road area, Marsh Quarry, and the Temple Canyon 

area. Samples SR1 and SR2 from Shelf Road which is north of Cañon City were taken from fault 

surfaces in the Harding Fm (Oh) along the roadside. From Marsh Quarry carbonate samples 

MQ3, MQ2, and MQ1 were taken along fault planes in the Jurassic Morrison Fm (Jm). In the 

Temple Canyon area samples TC1 and TC2 were taken from the Harding Fm (Oh). The sample 

location and research area are shown in Figure 1.  Faults in the Harding Fm were clearly visible 

by the slickensides and striations along the fault surfaces, due to the offsets being more visible 

because of the unit’s high level of competency. Fault surface orientations could not be tracked in 

situ within the Morrison Fm, due to the weathered exposures of the host rock. Samples were 

collected from ground material and loose specimens in outcrops near the Marsh Quarry.  
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Shelf Road (SR1, SR2) 

 While measuring the stratigraphic section along the outcrop exposed at Shelf Road, a 

fault surface was identified along the roadside. Here, slickenlines marked by striations along the 

fault surface were present in the form of carbonate precipitate. This precipitate was collected 

from the fault surface and put into a sample bag, the orientation of the fault and sample were 

recorded via field images and a measured attitude (Figure 4Figure 5,Figure 6).  

 

Figure 4. Outcrop image from Shelf Road of the fault surface with accompanying carbonate precipitates, example 

outlined in red. Fault surface is within the Harding Fm., an 11 cm long pocketknife is shown for scale.  
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Figure 5. Overview image of the fault surface in the Harding Fm. along Shelf Road, note the pocketknife for scale. 

There is no apparent vertical offset on the fault, it is likely a sinistral strike-slip fault. 

 

Figure 6. Image of the measured attitude of the fault striking NW and dipping relatively steeply at 75 degrees. 

Measurement was collected using a digital Brunton on a smartphone.  
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Marsh Quarry (MQ1, MQ2, MQ3) 

 During a hike along the Marsh Quarry area public trail, just north of Cañon City, pink 

and white carbonate pieces were found on the ground and in the outcrop. These samples 

exhibited striations; slickenfibers that were indicative of a fault surface. A scratch test and 

hydrochloric acid, that produced strong fizzing, was used to identify the material as carbonate. 

Layers of carbonate veins are present in the silty layers of the Morrison Fm. with thicknesses 

from a few mm to ca. 3 cm. Samples were collected from the outcrop and bagged up to be 

processed in the lab. Outcrop and sample images can be seen below (Figure 7Figure 8Figure 9).  

 

Figure 7. Outcrop image along the Marsh Quarry trail showing weathered surface of the Morrison Fm, carbonate 

vein is present as broken up pink layer. Note the rhombohedral shape of the fracturing. Quarter for scale.  
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Figure 8. Second outcrop image from along the Marsh Quarry trail showing exposures of the Morrison Fm shales 

and siltstones. The carbonate vein is a darker shade of pink and slightly thinner (ca. 2 mm) than the one in Fig. 7. 

Quarter for scale.  

 

Figure 9. Sample image of a broken off fault surface with evident striations on the surface of the carbonate vein. 

Note that the color of the carbonate is different across the surface ranging from dark pink to light pink to white, with 

evidence for the pink, younger, carbonate overgrowing the white, older, carbonate material. Quarter for scale. 
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Temple Canyon (TC1, TC2) 

 At the Temple Canyon site, southwest of Cañon City, there is a fault surface in the upper 

to middle Harding Fm. that shows slickensides. The slickensides consist of a white carbonate 

precipitate along the fault surface. The strike of the fault is roughly northwest with a high angle 

of dip to the southeast. A sledgehammer was used to break off a chunk of the sample, labeled 

TC1. A second sample (TC2) was collected using the same methods, from a highly brecciated, 

conglomeratic outcrop of the lowermost Harding Fm (Figure 10,Figure 11). 

 

Figure 10. Field image of the fault surface at Temple Canyon where sample TC1 was collected where the blue pen 

is resting. Carbonate precipitate is visible as the smooth white surface in the image above. 

 

Figure 11. Field image of a second fault surface in the Temple Canyon area found in the lowermost Harding Fm. 

where sample TC2 was collected. Blue pen for scale. Note the grey color of the sandstone and angular clasts of 

quartz visible in the image. 
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Lab Methods 3.2 

Sample Preparation 

After the samples were collected in the field, they were brought back to the isotope 

geochemistry laboratories at the University of Kansas where they were broken into smaller 

pieces to be made into polished thick sections. Samples were labeled and a line was drawn on 

their surfaces to orientate broken parts to the original body of the sample. Once the samples were 

broken down, they were cleaned in deionized water in an ultrasonic bath to remove any surface 

dust and debris that might contaminate the isotopic results in the mass spectrometer (see Figure 

12). Samples from Marsh Quarry were sorted based on color, with 3 distinct variations. Two of 

each were collected, this included two white samples with relatively thicker fiber growths, two 

pink samples with medium thickness, and two dark pink samples that were thinner (ca. 2-3 mm). 

These samples were named MQ3, MQ2 and MQ1 respectively (the two specimens for each type 

were labeled, e.g., MQ3-1 and MQ3-2). Afterwards, Marsh Quarry and Shelf Road samples were 

processed into thick sections by KU Geology technician Pike Holman after first embedding them 

in 1-inch blue epoxy discs. Samples TC1 and TC2 were processed by Holman into thick sections 

after having the pore space filled in with epoxy.  

 

Figure 12. Processed and cleaned samples from Marsh Quarry trail are visible in the center petri dish (??cm 

diameter), note the variations in color ranging from white, pink, and dark pink. In the upper dish contains the 

processed samples from Shelf Road. 
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 Polished thick sections (ca. 100µm) of each processed sample underwent petrographic 

and fluorescence analysis to determine the structural patterns and composition. Each sample was 

orientated such that the epoxy puck was cut perpendicular to the vein i.e., into the veins structure 

rather than along its surface. This meant all crystal fibers are visible to allow ablation across the 

width of the fault, and thereby detect potential age differences between episodes of mineral 

growth. Mechanisms for this growth likely evolve from the opening of fractures and space 

accommodation as the fracture widens. Samples were analyzed for microstructures such as 

fracturing and orientation of mineral growths, which could give clues to the overall orientation of 

the brittle deformation. Petrographic analysis was conducted using a microscope and imaged via 

microscope camera system (Figure 13,Figure 14,Figure 15,Figure 16,Figure 17,Figure 18).  

The composition of samples from the Marsh Quarry are dominantly calcite (CaCO₃) with 

no discernable mineral variations (Figure 14,Figure 15,Figure 16,Figure 17). Note the high order 

birefringence indicative of carbonate in the figures. The orientation of fibers and structures 

varied between samples which had a direct influence on the choice of traversal. To obtain a date 

that is most representative of the age of the entire specimen, traversals were set to cross 

individual fibers. MQ1 exhibits a fibrous growth pattern that extends in the direction of the 

center vein and has perfect cleavage at 95/85º (Fig. Figure 14). MQ2 samples were similar but 

there is a distinct change in fiber orientation in MQ2-2 while MQ2-1 remains the same although 

fibers appear to bend towards the center vein (Fig.Figure 15). 2 different traversals were created 

for MQ2-2, 1 traversal per 2 sessions of sample ablation, to see if there was a spatial correlation 

in terms of uranium concentration. Note the shearing fractures across the specimen MQ2-1 in 

figure Figure 15. MQ3-2 exhibited the same shearing fractures across the fibrous growth pattern 
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(Fig.Figure 17). MQ3-1 shows much larger fibrous growths (ca. ≥130µm) with very little 

fracturing.  

Specimens from Shelf Road contain visible white carbonate layers with varying 

thicknesses (ca. <140µm) that were the targets of traversals (Fig.Figure 18). The main body of 

SR1 and SR2 is a complex of an ultra-fine-grained quartz and presumed carbonate cement. Some 

round growths of carbonate are visible in the main body of each specimen, these growths were 

large enough in some cases to fit a single 130µm circular spot into them. Samples from Temple 

Canyon (TC1 & TC2) are chiefly made up of large, and highly fractured rounded quartz clasts on 

the millimeter scale cemented with carbonate seen as black material in figure 13. Ablation was 

not possible in this case due to the fineness of the carbonate cement.  

 

Figure 13. Two microscope images of TC1. left is the upper portion of TC1 and on the right is the lower portion of 

the same sample. Image created from mosaic function in Chromium 2.1 after inserting the samples into the laser for 
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analysis. Large, rounded grains are quartz, they are heavily fractured and vary in size from 200um to <30um. The 

black in the thick section is where the highest concentration of carbonate cement is present. On the left of both thick 

sections represents the fault surface where the carbonate was precipitated. 

 

Figure 14. Plain polarized light image of sample MQ1, the sample distinguished by its dark pink color. Note the 

fibrous growth pattern which extends towards a center vein. Cleavage is perfect at 95/85º. Sample exhibits high 

order birefringence indicative of carbonates. On left is sample MQ1-1 and on the right is sample MQ1-2. Center 

vein is parallel to the orientation of the fault plane. 
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Figure 15. Sample images (PPL) for MQ2 with the medium pink color. Upper piece of the sample (MQ2-2) exhibits 

fiber growths perpendicular to center vein until reaching the outer edges where there is a clear difference in 

orientation. The outer layers of fibers represent presumably the earliest growths of carbonate. Lower sample (MQ2-

1) has shearing fractures across prior fiber orientation. Center vein grows parallel to the orientation of the fault 

plane. 

 

 

Figure 16. Plain polarized light image of sample MQ3-2, it possesses the same shearing fractures across its structure 

and fiber growths in the direction of the center of the vein. This was the whitest hand sample. Center vein grows 

parallel to the orientation of the fault plane. 
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Figure 17. Plain polarized light image of MQ3-1 which is one of the white samples but with the largest grain size. 

Fibers are wider than 130µm and orientated without a center vein unlike the other samples. Towards the edges of the 

sample are different growth orientations for the fibers similar to observations in sample MQ2-2 (Figure 15). Fibers 

grow perpendicular to fault plane. 

 

Figure 18. Plain polarized light image of SR1, the center of the sample is mainly very fine grained quartz while the 

carbonate comprises the white layers seen on the edges of the sample and smaller spots throughout the body of it. 

Carbonate layers are parallel to fault plane. 

 

Example of 

carbonate layer 
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LA-ICP-MS U-Pb Methodology 

U-Pb geochronology was used in attempts to determine the age of each sample. U-Pb 

isotopes were determined in polished, approximately 100 µm thick sections and the unpolished 

surfaces on samples from Temple Canyon and Shelf Road. Isotope ratios were obtained from the 

carbonate veins using laser-ablation induced coupled plasma mass spectrometry (LA-ICP-MS) in 

the isotope geochemistry labs at the University of Kansas. The instrument used for this 

experiment was a Photon Machines Analyte.G2 193nm excimer laser and Thermo Scientific 

Element2 mass spectrometer. The correction of Pb-Pb ratios was done using a standard NIST614 

glass by creating a sequence of standard-sample bracketing in the task file. Reference material 

DBTL (Hill et al. 2016) was used to correct the U-Pb fractionation, and this calibration was 

checked for accuracy supported using the WC1 reference material (Roberts et al., 2017). 

Standard laser ablation parameters were used for the carbonate samples with a fluence of 2.7 

J/cm^-2, and a 130 µm circular spot ablated for 30 seconds at 10 Hz. Carrier gases included the 

use of He (1.01 l/min) and Ar (1.1 l/min). The program Chromium 2.4 was used to place spots on 

each sample and create a standard task file to gather the data. Data were processed using IOLITE 

2.5 (Paton et al. 2010, 2011) including editing of outliers.  Concordia plots and age calculations 

were produced in IsoplotR (Vermeesch, 2018).  

The unpolished surface samples underwent the same procedures, however, it required 

additional work to put in a sample mount and adjust the focus on the z-axis to properly ablate its 

more irregular surface. The SR_Surf sample was broken off from the same carbonate sample that 

produced SR1-2 and the TC_Surf sample was taken from TC2 along the edge where the thickest 

carbonate cement was visible. These samples were placed in a sample mount and held in place 

using museum wax, see Figure 19 below. 
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Figure 19. These images serve as an example for what the unpolished surface samples looked like after being 

prepared for ablation. A.) Image of SR_Surf in the sample mount held in place with museum wax, note the euhedral 

calcite crystals on its surface. B.) Close up of the space outlined in red on image A, the surface of the euhedral 

calcite is more evident, this is where ablation was targeted for this sample. 

 

 

 

 

A 

B 
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Chapter 4: Results 

 LA-ICP-MS U-Pb 

 LA-ICP-MS data produced from 2 sessions across 12 samples gave varying results, with 

some samples successfully producing dates with low uncertainties (ca. 1.5%) while others lacked 

sufficient radiogenic Pb to calculate a date. Sample ablation occurred successfully with all 

samples except for some portions of the surface samples where the relief of the unpolished 

surfaces made it too difficult to focus.  

Marsh Quarry Samples (MQ1, MQ2, MQ3) 

 

Figure 20. TW-concordia diagrams for U-Pb carbonate dating of brittle deformation features in the Cañon City 

embayment. A: limited spread in U-Pb gives an imprecise Laramide age for vein MQ2-2, consistent with field 

evidence (Figure 9). B: precise age for MQ3 coinciding with basin formation and sedimentation. Diagrams created 

using IsoplotR (Vermeesch, P., 2018).  

Sample MQ3-1, white vein carbonate from the Jurassic Morrison Fm. produced an 

intercept date of 110.4 ± 1.4 Ma for over 50 data points (Figure 20). The traverse across the 

sample using 130 µm ablation spots is shown in Figure 21. Overall, the sample showed no 

spatial correlation with regards to U and Pb distribution (Table 8).  

Pink White 

A B 
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Figure 21. Laser ablation traverse along sample MQ3 from the Morrison Fm., across the carbonate fibers.  The 

reflected light photo mosaic is overlain onto of a polarized transmitted light image of the sample. Note the larger 

fibers >150 µm in most cases, diameter of individual laser spots is 130 µm. 

The sample MQ2-2 produced an age of 61 ± 18 Ma from 85 data points. In this case the 

first analytical session (not shown) found that U concentrations were too low along the center 

where fibers grew perpendicular to the central part of the vein. A new traverse in a second 

analytical session was done along the edges of the vein where there is a notable variation in fiber 

orientation and U concentrations were slightly higher, high enough to obtain a date, although 

with high uncertainty (ca. 30%), see Figure 20. A reflected light photo mosaic of this traverse 

can be seen below in Figure 22. Samples MQ3-2, MQ2-1, MQ1-1, and MQ1-2 did not contain 

enough traces of U to produce a meaningful date (Table 4, Table 5, Table 6, Table 9). 
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Figure 22. Portion of sample MQ2-2 shown in reflected light. Note that only some of the traverse is shown here. 

Higher concentrations of U were found along the vein edges where fibers were orientated at an angle to the center of 

the sample. A zig-zag traverse path was analyzed on both sides of the vein to obtain as much data of this area as 

possible. An example of this pattern can be seen on the left (spots 57 through 71 are visible). 

Shelf Road Samples (SR1, SR2) 

 

Figure 23. TW-concordia diagrams for U-Pb carbonate dating of brittle deformation features in the Cañon City 

embayment. A: Scattered U-Pb data of SR1 indicates different events between >100 Ma and 12 Ma. B: surface 

analyses of SR sample yield a similar range to SR1, but youngest array indicates a ca. 6 Ma event. Diagrams created 

using IsoplotR (Vermeesch, P., 2018).  

 The samples from the Ordovician Harding Fm. along Shelf Road exhibited scattered data 

within each sample. As shown in the TW-concordia diagrams (Figure 23 A, B) two data trends 

can be interpreted from the scattered data. A trend delineating a maximum date, and a trend that 

defines a minimum date. Due to the scattered nature of the data for these samples there is no 

B A 
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single trend that fits all data. Instead, trends were estimated, and these are shown in the TW-

Concordia plots for SR1-2 and the SR_Surf samples (Fig. 23A, B). For both samples it is 

estimated that there are 2 projectable dates, the maximum at approximately 100 Ma, similar to 

the date obtained from MQ3-1, and the minimum either 6 Ma or 12 Ma, see Figure 23 A, B. No 

spatial correlation was found with regards to spot location and the estimated age group that the 

spots fell under. An example of the ablated spots from SR_Surf can be seen below in Figure 24 

where the difference in relief is obvious and ablation pit depths vary. 

 

Figure 24. Image of the ablated surface from sample SR_Surf in a transmitted light microscopic view. Spots 49 

through 54 are visible in this case to indicate the difference in relief seen by the varying levels of focus. The degree 

of ablation seems most complete in spot 52 but others appear too not have been fully ablated.  

Temple Canyon Samples (TC1, TC2) 

 Results from the carbonate vein samples from the Ordovician Harding Fm. at Temple 

Canyon were least successful of the three locations. The carbonate cement from each sample 

proved to be too fine grained to ablate, and the 130 µm ablation spots overlapped onto quartz 

grains from the sandstone. In most cases when a spot was ablated the sample would shatter at a 

microscopic scale and grains would break away. A new sample preparation method must be 

explored to ablate material where the carbonate cement is not very coarse. An example of the 

kind of data produced from the Temple Canyon samples can be seen below (Figure 25). 
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Additionally, an example of the surface of this fine-grained carbonate cement is visible in Figure 

26. 

 

Figure 25. TW-Concordia plot from the TC_surf sample from the Ordovician Harding Fm at the Temple Canyon 

site. Uranium concentrations were too low to produce a meaningful date with a low uncertainty. Diagram created 

with IsoplotR (Vermeesch, P., 2018).  

 

Figure 26. Example image from a binocular microscope of the surface ablation on TC_surf, the reddish pink 

matterial represents the extremely fine grained carbonate precipitate along a fault surface. The ablated pits have 130 

µm diameter for scale and are visible as small craters on the sample surface. 

Temple Canyon Surface Sample 
Intercept age: 261.0 ± 126.0 Ma 

207Pb/206Pb0 = 0.856 ± 0.002 
n=56, MSWD = 0.58, p = 0.99 

 



29 

 

Parameters and Reference Material Data 

 

Figure 27. TW-Concordia plots for age validation reference material WC1 data from analytical sessions 1 and 2.  

WC1 is 254.4 ± 6.4 Ma old (Roberts et al., 2017). 

 

Figure 28. TW-Concordia plots for calibration reference material DBTL data from session 1 and 2. The reference 

literature age of DBTL is 64.04 ± 0.67 Ma old (Hill et al., 2016) 

 

 The results from the reference materials DBTL Hill et al. (2016) and WC1 (Roberts et al., 

2017) were pooled from session 1 and 2 and plotted on a TW-concordia plot (Fig.Figure 

27Figure 28). Session 1 results for WC1 produced an age of 257.05 ± 5.04 Ma that is within the 

expected age range of 254.4 ± 6.4 Ma (Roberts et al., 2017). Session 2 results for WC1 produced 

WC1 Session 1 
Intercept age: 257.05 ± 5.04 Ma 

207Pb/206Pb0 = 0.73 ± 0.11 
n=30, MSWD = 0.85, p = 0.7 

 

WC1 Session 2  
Intercept age: 265.02 ± 6.17 Ma 

207Pb/206Pb0 = 0.92 ± 0.11 
n=39, MSWD = 2.1, p = 0.00012 

 

DBTL Session 1 
Intercept age: 64.22 ± 1.19 Ma 

207Pb/206Pb0 = 0.752 ± 0.012 
n=26, MSWD = 1.8, p = 0.0066 

 

DBTL Session 2 
Intercept age: 64.12 ± 1.25 Ma 

207Pb/206Pb0 = 0.761 ± 0.011 
n=33, MSWD = 0.99, p = 0.48 
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similar results (265.02 ± 6.17) within the expected maximum age range of 260.8 Ma. The ages 

from DBTL were 64.22 ± 1.19 Ma and 64.12 ± 1.25 Ma over sessions 1 and 2 respectively. The 

reference material is 64.04 ± 0.67 Ma old (Hill et al., 2016). A list of parameters used during 

data acquisition can be seen in table 1 below and for reference material data see Table 2Table 

3Table 10Table 11. 

Table 1. Data Reporting Table 

 

Laboratory & Sample Preparation

Laboratory name KU Isotope geochemistry laboratory

Sample type/mineral carbonate

Sample preparation Polished Thick Sections (ca. 100um) 

Imaging fluorescence

Laser ablation system

Make, Model & type Arf excimer 193 nm, Photon Machines Analyte G2, ATL

Ablation cell & volume Helex 2, two-volume cell

Laser wavelength (nm) 193

Pulse width (ns) 5

Fluence (J.cm-2) 2.7

Repetition rate (Hz) 10

Spot size (um) 130

Sampling mode / pattern spot

Carrier gas He, 1.01 l/min, Ar, 1.1 l/min

Ablation duration (secs) 30

Cell carrier gas flow (l/min)  Ar, 1.1 l/min

ICP-MS Instrument

Make, Model & type Thermo Element2 magnetic sector field ICP-MS

Sample introduction Meinhard mixing bulb

RF power (W) 1100

Make-up gas flow (l/min)  Ar, 1.1 l/min

sampling depth 4

Detection system single detector, counting & analog

Masses measured (integration time in ms) 206Pb (40), 207Pb (88), 208Pb (8), 232Th (8), 238U (40)

Total integration time per reading (ms) 184

Total method time (secs) 47

IC Dead time (ns) 4

ThO+/Th+ (%) U/UO <0.2

238+/232Th+ 1.0

Data Processing

Gas blank (secs) 17

Calibration strategy NIST 614 for Pb calibration, drift etc., DBTL for U-Pb

NIST 614 (Jochum et al. 2009)

DBTL (Hill et al. 2016)

Data processing package used / Correction for LIEF IGOR PRO, Iolite 2.5

Common-Pb correction, composition and uncertainty none

Quality control / Validation WC1 (Roberts et al. 2017)

Reference Material info
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Chapter 5: Discussion 

 The results of this study are consistent with the findings of several other studies that 

analyze fault-hosted carbonates as material for laser ablation dating e.g. (Roberts and Walker, 

2016; Smeraglia et al., 2021). It is feasible to date carbonate veins; however, few samples yield 

precise results (~25% for this study). LA-ICP-MS U-Pb dating of carbonate veins in the Cañon 

City embayment is a feasible way of constraining the age of brittle deformation provided more 

strenuous sample screening is applied in the future. This process might involve ablating samples 

with a few spots after sample imaging to test for areas with relatively high uranium 

concentration. This worked well for sample MQ2-2 where there was a spatial correlation in 

uranium concentration along fiber growths with a different orientation and is also outlined in 

reviews of the technique by Roberts et al. (2020). The examination of uranium concentrations 

from each spot across the traversal for MQ2-2 show that U was absent except for the edges 

where the fibers were orientated at an angle to the center vein. 

Results highlight a previously undocumented early onset of deformation in the Cañon 

City Embayment region, as early as 110 Ma. From the 12 samples analyzed, only 1 (MQ3) had a 

significant enough concentration of uranium to produce a date with low uncertainty (110.4 ± 1.4 

Ma). U-Pb carbonate dates vary from Cretaceous (ca. 110 Ma) to Neogene (ca. 12-6 Ma) and are 

likely correlated to different uplift episodes, which created the current topography of the Front 

Range. Contrary to the initial hypothesis that the brittle deformation was mainly attributable to 

the Laramide orogeny, results from MQ3 (110.4 ± 1.4 Ma) predate the event and are more in line 

with earlier Cretaceous basin formation. Dates from MQ2 (61 ± 18 Ma) fall within the timing of 

the Laramide orogeny but need to be refined to be geologically useful.  
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The difference in ages across the same sample location are likely due to different fluid 

flow events. Triggered by Laramide deformation, it is probable that later uplift events and 

associated fluid flow recrystallized carbonate along fault surfaces. This is also a likely 

explanation for the variation in color across the sample location ranging from white to pink to 

dark pink, see Figure 9. Each color represents different generations of crystallization caused by 

these carbonate-forming fluid events. This idea is supported by the data from Shelf Road in the 

Ordovician Harding Fm. where samples were interpreted to have experienced multiple different 

fluid events between early Cretaceous (~ 100 Ma) to Neogene (~ 6-12 Ma), see Figure 24. 

Younger ages may have been triggered by the rapid onset of uplift from 10 Ma to recent. These 

would then be attributed to the uplift caused by mantle upwelling following the removal of the 

Farallon slab and lithospheric delamination. See Figure 29 below for an illustration of this 

process with respect to lithospheric hydration during the Cenozoic. 

 

Figure 29. Illustrative cross section of the Colorado Plateau and Rocky Mountains to highlight potential uplifting 

forces with respect to water from Eocene to present. Note that the subducting slab shown in dark blue represents the 

Farallon Slab. Figure taken from Porter et al., (2017). 
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Carbonate is easily susceptible to diagenetic alteration, which must be recognized in 

order to produce geologically meaningful interpretations from the data. Relating petrographic 

analysis to characteristics expressed in the field should be employed to prevent misinterpretation 

(Rasbury et al., 2021). Samples from Marsh Quarry provide examples for deformation and 

diagenesis. This likely has an impact on the spatial correlation of uranium concentrations as seen 

in MQ2-2 (Figure 15). For comparison, sample MQ3 does not exhibit major deformation 

textures or different orientations of fiber growths. It is homogenous in color and fibers are wider 

than in other samples. It is assumed that the sample is relatively well preserved and unaffected 

by later diagenesis, so that the date obtained from it is reflects the original fracture fill event. In 

contrast, most of the other samples from the Marsh Quarry trail have evident deformation (MQ2-

1 and both MQ1 samples, see Figure 15 and Figure 14). MQ2-2 did not have as much visible 

fracturing, but there is evidence of recrystallization by the reorientation of the fibers. The outer 

portion of the sample is likely the first crystal growth, assuming the fault surface continues to 

slip and open slowly (evident by the fibrous growths as stated by Smeraglia et al. 2021) and the 

carbonate continues to crystallize towards the center.  

 The purpose of this study was to test the feasibility of U-Pb dating of carbonate via LA-

ICP-MS in the Cañon City Embayment.  While it proved partly successful, there are several 

limitations that must be addressed. The number of samples studied here is limited and the vein 

orientations were not fully documented, as the scope of this study was merely to determine 

whether the methodology would work on the area. It will be prudent to completely document all 

brittle deformation orientations, including the attitude of both the fault surface and slickenfibers 

to determine the stress regime. Most samples did not contain enough uranium to be dated and 

much time was spent on sample prep rather than sample screening. 
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Chapter 6: Conclusion 

The U-Pb dating of carbonate veins in the Cañon City embayment region yielded ages 

ranging from early Cretaceous to Neogene. A date with low uncertainty, 110.4 ± 1.4 Ma, has 

been obtained from ca. 2cm thick fibrous, white carbonate veins cross cutting the Jurassic 

Morrison Fm. This date coincides with basin formation and sedimentation, and with the timing 

of the Sevier Orogeny. This is contrary to the initial hypothesis that brittle deformation features 

would mainly coincide with the Laramide Orogeny and younger uplift events. A younger age of 

61 ± 18 Ma, with a higher uncertainty, has been determined on pink carbonate vein material from 

the Morrison Fm. consistent with macroscopic observations. Fault-hosted carbonate material 

from the Ordovician Harding Fm. at Shelf Road produced scattered results, interpreted to range 

from Early Cretaceous and Neogene (~100 Ma, ~12-6 Ma respectively).  This is interpreted as 

representing multiple fluid flow events. Most carbonate vein samples collected from the 

Morrison Fm. have too little uranium concentrations to be dated. In samples from Temple 

Canyon carbonate cement between quartz grains was too thin to ablate with the 130µm spot size 

necessary. These results are promising enough to warrant further, more detailed investigations. 

Future work will involve working with a much larger range of stratigraphic units and 

locations in the Front Range. Detailed field observations and petrographic observations must be 

done to correlate internal structures with ages to create meaningful geologic interpretations. Sr 

isotope measurement may help to identify possible fluid sources (e.g., basement vs. Phanerozoic 

sediments). Fluid inclusion work may be done to constrain the temperature and composition of 

the fluid. Cathodoluminescence will be used to map internal textures in samples before laser 

ablation ICP-MS analysis.  
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Appendix A: U-Pb Data Session 1 

Table 2. Laser ablation ICP-MS U-Th-Pb Data for reference material DBTL 
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Table 3. Laser ablation ICP-MS U-Th-Pb Data for reference material WC1 
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Table 4. Laser ablation ICP-MS U-Th-Pb Data for sample MQ1-1 
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Table 5. Laser ablation ICP-MS U-Th-Pb Data for sample MQ1-2 
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Table 6. Laser ablation ICP-MS U-Th-Pb Data for sample MQ2-1 
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Table 7. Laser ablation ICP-MS U-Th-Pb Data for sample MQ2-2 
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Table 8. Laser ablation ICP-MS U-Th-Pb Data for sample MQ3-1 
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Table 9. Laser ablation ICP-MS U-Th-Pb Data for sample MQ3-2 
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Appendix B: U-Pb Data Session 2 

Table 10. Laser ablation ICP-MS U-Th-Pb Data for reference material DBTL 
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Table 11. Laser ablation ICP-MS U-Th-Pb Data for reference material WC1 
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Table 12. Laser ablation ICP-MS U-Th-Pb Data for sample MQ2-2 
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Table 13. Laser ablation ICP-MS U-Th-Pb Data for sample MQ2-2 continued 
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Table 14. Laser ablation ICP-MS U-Th-Pb Data for sample SR1 
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Table 15. Laser ablation ICP-MS U-Th-Pb Data for sample SR2 
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Table 16. Laser ablation ICP-MS U-Th-Pb Data for sample SR2_surf 
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Table 17. Laser ablation ICP-MS U-Th-Pb Data for sample TC2_surf 

 


