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Abstract 

The Great Unconformity beneath Paleozoic strata represents 100-1000 m.y. of missing 

rock record that formed through extensive weathering and erosion. Despite its global extent, the 

timing of Precambrian crystalline rock exhumation prior to Phanerozoic sediment deposition 

remains relatively unresolved in many locations. I utilized zircon (U-Th)/He (ZHe) 

thermochronology in order to constrain the long-term thermal history of Precambrian rocks in 

Colorado and New Mexico, and test my hypothesis that these units below the Great 

Unconformity experienced multiple cooling and reheating episodes resulting in a compound 

surface representing multiple unconformities. In addition to a synthesis of previously reported 

data in the area, three new samples have been collected within New Mexico and Colorado for 

ZHe analysis from Santa Fe, Los Pinos Mountains, and Tres Piedras. Results for the ZHe dates 

range from 31.6-835.06 Ma in Santa Fe, 79.62-863.86 Ma for Los Pinos Mountains, and 47.34-

364.73 Ma for Tres Piedras.  

HeFTy software was then utilized to create new forward and inverse thermal history 

models from the compiled ZHe data. Forward models for the samples resulted in ZHe date vs. 

eU curves that did not correspond to the data. Two inverse models were then completed for each 

sample and included a gradual cooling and reburial scenario in order to constrain the long-term 

thermal history of each location. For the Santa Fe, Tres Piedras, and Sandia Mountains samples 

the gradual cooling scenario is more likely to have occurred. For the Los Pinos Mountains and 

Front Range, CO locations both the reburial and gradual cooling model remain a possibility. The 

inverse model results indicate that two scenarios are possible for the five samples analyzed. 

Scenario one would be that the gradual cooling model occurred for all five locations. While 

scenario two would be that only the Santa Fe, Tres Piedras, and Sandia Mountains samples 



 vi 

experienced the gradual cooling model while the Los Pinos Mountains and Front Range 

locations underwent the reburial model. Overall the thermal histories recorded in the inverse 

models link the cooling to near-surface temperatures to the breakup of supercontinent Rodinia. 

These new data provide new and important insight into the timescales and processes of 

continental exhumation during assembly and break-up of supercontinents. 
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Chapter 1: Introduction 

The Great Unconformity (GU) is a globally significant feature in the rock record and is 

typically defined as the boundary between Precambrian igneous or metamorphic basement rocks 

and Phanerozoic sedimentary strata. This rock contact represents between 100 to >1000 m.y. of 

missing rock record and formed due to weathering and erosion processes (DeLucia et al. 2017). 

Although the GU represents a significant period in the rock record and is a global feature, there 

is still debate as to whether the formation of this unconformity occurred as one main event, or is 

a combination of multiple unconformities that culminated in a single composite erosion surface 

(e.g. Timmons et al. 2001).  

 Understanding the formation of the GU is pivotal to the entire geologic rock record not 

only due to the vast amount of time this unconformity encompasses, but also because the 

creation of the GU could have triggered multiple key events in Earth’s history. DeLucia et al. 

(2017) linked the weathering and erosion that formed the GU to either breakup of the 

supercontinent Rodinia or snowball Earth glaciations that occurred between ~ 750 to 550 Ma 

(Hoffman et al. 1998). Subsequently, the GU has also been suggested as a prime contributor to 

the Cambrian explosion that occurred shortly after (Peter and Gaines, 2012). Peters & Gaines 

(2012) state that the discovery of skeletonized crown-group animals in Cambrian sediments that 

lie above the GU is evidence supporting this relationship because this find adds to an incomplete 

record of early animal evolution due to a stratigraphic bias. Therefore, uncovering the exact 

processes that occurred during the formation of the GU is pertinent not only to furthering our 

understanding of possible tectonic events that resulted in widespread exhumation of basement 

rocks to Earth’s surface, but also for establishing whether this increased weathering and erosion 
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could have had important implications for early life on Earth. While the age of Phanerozoic 

strata overlying the GU is generally constrained in most cases, the timing of basement rock 

exhumation is less well known. In order to evaluate these relationships, the timing of basement 

exhumation must be refined in order to provide clear insight into the ambiguous history and 

significance of this feature.  

Low-temperature thermochronology offers the capability to record several key aspects of 

the upper ~8 km of the crust, including the magnitude, timing, and extent of exhumation, 

depending on the specific system utilized (e.g. Shaw et al. 2004; DeLucia et al. 2017). 

Specifically, we utilized new helium diffusion models in zircon, as described in more detail 

below, to provide new constraints on the timing of GU formation. A general goal of this project 

is to constrain when Precambrian basement rocks at different locations were exhumed to surface 

temperatures prior to deposition of Phanerozoic sediment. More specifically, these data are used 

to test the hypothesis that this erosional contact is a compound surface that represents multiple 

superimposed unconformities. Figure 1 highlights two possible scenarios that will be explored. 

Scenario one portrays the GU as a simple unconformity, where a pluton crystallizes at depth 

during the Precambrian and is overlain by Precambrian sediment. Uplift and erosion at a later 

time then strips the sedimentary cover, exposing the pluton to Earth’s surface. These basement 

rocks then reside at the surface until deposition of Phanerozoic strata to form the GU that is 

visible today.   

 Scenario two is the compound unconformity model. In this hypothesis the initial stages of 

the GU are similar to the simple unconformity model. The pluton crystallizes within the 

Precambrian basement, and is overlain by Precambrian sediment. These sediments are then  
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Figure 1: Time series description of the two hypotheses being tested that may have led to the 

formation of the Great Unconformity. Scenario one is the simple unconformity 

model while scenario two is the compound unconformity model. Alongside each 

time series box is an accompanying time-temperature graph that predicts what the 

thermal history models would be for each scenario.  
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 eroded away, exposing the pluton to the surface. This period of exhumation is then followed by 

another pulse of Precambrian sedimentation that is possibly fault controlled that reburies the 

rocks. For this model to be true, a second period of erosion and exhumation must occur to bring 

these crystalline rocks back to Earth’s surface prior to deposition of Paleozoic sediments.   

In order to test the compound unconformity hypothesis and to constrain the timing of 

Precambrian exhumation, a combination of new and existing zircon (U-Th)/He (ZHe) 

thermochronologic data from five samples is used to construct continuous time-temperature (t-T) 

paths from ~250 °C to surface temperatures. Samples were collected in New Mexico and 

Colorado near sites that contain existing 40Ar/39Ar data. These results are also interpreted within 

the context of a compilation of 40Ar/39Ar from Colorado and New Mexico, which bear important 

information on the higher temperature thermal history of this region.  
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Chapter 2: Background 

2.1 THE GREAT UNCONFORMITY WITHIN THE GRAND CANYON 

 Similar to much of the southwestern United States, the Cambrian Tapeats Sandstone 

overlies the basement unconformity within the Grand Canyon, representing up to 1.3 billion 

years of missing rock record. However, the Grand Canyon is different from other areas where the 

GU is visible because of the exceptional exposure of Precambrian rocks that have been exposed 

by recent incision of the Colorado River (Karlstrom & Timmons, 2012).   

 Previous studies have determined that within the Grand Canyon area the Paleoproterozoic 

basement rocks were at depths of 25 km at 1.7 Ga, and were then uplifted and exposed to the 

surface by 1.3 Ga (Dumond et al. 2007). At this point low basins began to form, initiating 

deposition of the Mesoproterozoic Unkar Group of the Grand Canyon Supergroup. This unit is 

composed predominantly of layered sedimentary rock along with minimal amounts of basaltic 

sills, dikes, and flows culminating in four distinct sequences of strata, each representing various 

depositional environments (Karlstrom & Timmons, 2012).  

The Pre-Unkar Group nonconformity encompasses the entire unroofing of the basement 

rock that occurred between 1.66 - 1.25 Ga (Fig. 2) (Timmons et al. 2005). Thermochronology of 

monazite crystals show that the basement rocks decompressed from a depth of 25 km to 10 km 

beginning at 1.7-1.66 Ga, and mica and K-feldspar 40Ar/39Ar thermochronology document 

cooling from 350 -200 °C by 1200 Ma (Timmons et al. 2005). Then follows the pre-Shinumo 

disconformity, which is of an unknown duration. However, the Dox Formation above the 

disconformity was deposited between 1150-1100 Ma and the Bass Formation below was 

deposited between 1250-1150 Ma, suggesting the disconformity could be minor or could 

represent as much as 50 Ma (Karlstrom & Timmons 2012).  
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Figure 2. The rock record of the Grand Canyon. Preserved as three major sets: 

(1) upper horizontal layers of Paleozoic sedimentary strata, (2) 

titled sedimentary strata of the Grand Canyon Supergroup, and (3) 

vertically foliated metamorphic and igneous rocks of the Vishnu 

basement rocks. At right is the time column, with black 

representing the unconformities (time gaps). The estimated 

durations of each of the unconformities are labeled in red in 

millions of years (Ma). SM- Sixtymile Formation; CG – Chuar 

Group; N – Nankoweap Formation; UG – Unkar Group. Figure is 

from Karlstrom et al. (2019). 
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The Grand Canyon Supergroup also contains a Neoproterozoic succession, the Chuar 

Group, which consists of the Galeros and Kwagunt formations (Karlstrom & Timmons 2012). 

The sub-Nankoweap unconformity is now known to represent about 325 m.y., between the 1.1 

Ga Cardenas Basalt and the 775 Ma Nankoweap Formation (Dehler et al. 2017).  Smaller 

disconformities are possible within both the Unkar and Chuar groups.  

 The Pre-Nankoweap angular unconformity is also poorly constrained, although new 

detrital zircon analysis suggest the age of the Nankoweap is <775 Ma, and it is known that the 

top of the Unkar Group is 1100 Ma (Karlstrom & Timmons 2012). Therefore this unconformity 

could represent as much as 300 Ma. Then follows the Intra-Nankoweap unconformity, which is 

suggested to have formed during a period of faulting and erosion during Nankoweap deposition 

(Karlstrom & Timmons 2012). This period of erosion is inferred from pebble deposits of 

Cardenas Basalt within the Nankoweap Formation (Elston and Scott 1973). The subsequent Pre-

Chuar disconformity is of minimal magnitude, as the Nankoweap Formation is now known to be 

similar in age and is included into the Chuar Group. 

 The sub-Sixtymile disconformity is another major unconformity of 200 Ma. The 

Sixtymile Formation is now known to be <530 Ma, and rests atop the uppermost Chuar Group 

which is constrained at 729 Ma (Karlstrom & Timmons 2012; Karlstrom et al. 2018). 

 Finally, the pre-Tapeats angular unconformity is evident due to the truncation of the 

Chuar syncline by the horizontal Tapeats Sandstone. The Tapeats Sandstone is a time 

transgressive formation that is dated at 505 Ma in the western end of the Grand Canyon, and at 

501 Ma in the eastern portion (Karlstrom et al. 2018). Therefore, due to its placement in relation 

to the Sixtymile Formation this unconformity could represent up to 140 Ma (Karlstrom & 

Timmons 2012). 
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 The Grand Canyon is one of the few places that exposes such a detailed record of 

deposition and erosion prior to formation of the GU. At this location, a total of seven individual 

unconformities are visible within the Grand Canyon Supergroup, suggesting that this embedded 

set of unconformities in combination creates the Great Unconformity. The exceptional exposure 

within the Grand Canyon provides strong motivation for investigating the erosional history of 

Precambrian rocks elsewhere to test the main hypothesis that the GU is a compound surface 

representing many unconformities.   

2.2 PAHRUMP GROUP, DEATH VALLEY, CALIFORNIA 

 The Pahrump Group in the Death Valley region of eastern California is another prime 

example of an area that records the missing history of the Precambrian-Cambrian boundary 

(Corsetti & Hagadorn 2000). Recent detrital zircon studies have provided new age constraints for 

units within the Pahrump Group and can now be precisely correlated with Proterozoic units 

regionally. Units within the Pahrump Group and the Grand Canyon Supergroup both bear striking 

similarities in age relations and tectonostratigraphic packages, indicating unconformities observed 

in both units can be correlated regionally (Mahon et al. 2014). 

 The Pahrump Group rests unconformably on 1700-1400 Ma crystalline basement and 

includes four formations. From oldest to youngest, these include the lower Crystal Spring 

Formation, Horse Thief Springs Formation, Beck Spring Dolomite, and the Kingston Peak 

Formation. Overlying this group is the Noonday Dolomite (Mahon et al. 2014).  

 A major unconformity separates the Crystal Spring Formation and the Horse Thief Springs 

Formation, and new detrital zircon studies have illuminated the magnitude of this unconformity. 

Zircon grains analyzed from the Horse Thief Springs Formation sampled directly above the 

unconformity yielded an average age of 787 ± 11 Ma (Mahon et al. 2014). This is roughly 300 
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million years younger than any of the ages that have been reported from the lower and upper 

members of the Crystal Spring Formation indicating that the unconformity separating these two 

formations must at least encompass a gap of 300 Ma (Mahon et al. 2014; Mahon et al. 2014). 

 This unconformity can be correlated to the one observed between the Unkar Group-Chuar 

Group unconformity recognized in the Grand Canyon (Fig. 3) (Mahon et al. 2014). Not only do 

the zircon grains analyzed from these units display similar ages, but the units from the Pahrump 

group and Grand Canyon group share similar stratigraphies as well. Both the Crystal Spring 

Formation and the Unkar Group rest above 1700-1400 Ma crystalline basement, are mixed 

siliciclastic-carbonate units, and contain intrusions by mafic bodies (Mahon et al. 2014). The 

Horse Thief Springs Formation, Beck Spring Dolomite, and Kingston Peak Formation are all 

correlated with the Chuar Group of the Grand Canyon as well (Fig. 3) (Mahon et al. 2014). 

 The Pahrump Group in Death Valley, California is another prime example of a detailed 

recording of the deposition and erosion that occurred prior to the formation of the GU. The 

unconformity between the Crystal Springs Formation and the Horse Thief Springs Formation can 

be directly correlated to the one observed between the Unkar and Chuar Group in the Grand 

Canyon, and the stratigraphies of both locations bear striking resemblances to one another.  

2.3 ADDITIONAL PROTEROZOIC SEDIMENTARY DEPOSITS 

 Additional evidence supporting the compound unconformity model is that there are still 

some Proterozoic sedimentary deposits exposed within and around New Mexico today. At these 

localities, Proterozoic sedimentary deposits overlie older crystalline rocks, and are themselves 

overlain by younger Paleozoic strata. The locations of these deposits are scattered within the 

area, but their existence raises the possibility that they may have originally covered a greater 

extent. 
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Figure 3: Updated correlation of Mesoproterozoic and Neoproterozoic sedimentary 

successions in southwestern Laurentia. Bold white asterisk indicates units 

containing 800-760 Ma detrital zircon grains. Cyn–Canyon; LS-Limestone; Red 

Crk. Qtzt-Red Creek Quartzite; Mbr-Member; Dol.-Dolomite; Spr.-Springs 

[Mahon et al. 2014]. 
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 The Apache Group is one of these Proterozoic sedimentary deposits that is exposed 

within central Arizona and is also one of the few that can be correlated to members of the Unkar 

Group in the Grand Canyon (Fig. 4). It has been suggested that the Mescal Limestone of the 

Apache Group correlates to the Bass Limestone of the Unkar Group (Shride 1967). Additionally, 

the Shinumo Sandstone of the Unkar Group contains similar features as to the Troy Quartzite of 

the Apache Group (Shride 1967). The lower part of the Apache Group contains the Pioneer 

Shale, which has been dated at 1328 ± 5 Ma, making this lower part of the group too old to 

correlate with any member of the Unkar Group rocks (Stewart et al. 2001). The erosional activity 

associated with the GU is the only geologic feature that can be correlated with the lower Apache 

Group, and it is postulated that the material eroded away from the Grand Canyon area during the 

exhumation period was deposited as part of the lower Apache Group (Timmons et al. 2012). 

 The Hazel Formation, exposed in west Texas, is composed of an orogenic clastic 

succession including immature boulder conglomerate and sandstone (Soegaard & Callahan 

1994). Based on the composition of the Hazel Formation and new detrital data from the younger 

Unkar Group, the 1140-1104 Ma Dox Formation is correlative with the Hazel Formation. The  

younger deposits of the Hazel Formation record the onset of large-scale mountain building as 

carbonate deposition came to a halt in this area (Timmons et al. 2012). 

 There are also exposures of Proterozoic sedimentary and volcanic units within the 

Franklin Mountains in west Texas (Thomann 1981). From oldest to youngest, the Precambrian 

succession is composed of the Castner Marble, the Mundy Breccia, the Lanoria Quartzite, and 

the Thunderbird Group (Thomann 1981). The Castner Marble contains an ash layer that yielded a 

zircon U-Pb age of 1260 ± 20 Ma (Pittenger et al. 1994). The relationship between limestone  
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Figure 4: Map showing the 1.25-1.1 Ga sedimentary basins (gray), and tectonic elements 

associated with the assembly of Rodinia and inboard stresses related to the 

Greenville convergence. Light gray area represents the hypothesized area of 

inferred intracratonic seaway at ca. 1250 Ma. Red stars are representative of the 

locations where new samples were collected for this study. Blue stars are 

representative of the locations where compiled data was collected for this study. 

All ages are in billions of years. Map modified from Timmons et al. (2005). 
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and igneous activity recorded within these units is also similar to what has been seen in the 

Apache Group in Arizona (Harbour 1960). 

 Additionally, the De Baca Group is exposed in New Mexico and the Las Animas 

Formation is located in Colorado (Fig. 4) (Timmons et al. 2012). Both are believed to be 

approximately the same age as the Unkar Group, indicating that these Proterozoic sedimentary 

basins located in the southwestern United States are a key piece of evidence in illuminating the 

cryptic history of the formation of the GU.   

 Overall, the existence of these Proterozoic sedimentary deposits and similarities in the 

timing of deposition raises the possibility that they originally covered a much larger spatial 

extent. The correlation between many of these deposits to members of the Grand Canyon 

Supergroup also strengthens the argument that the geologic interpretations gathered from the 

Grand Canyon area are not an isolated occurrence and can be applied on a much larger scale. The 

existence of these deposits provides strong motivation to test the hypothesis that the GU exposed 

in New Mexico and Colorado is a compound unconformity. 

2.4 PREVIOUS ZHE THERMOCHRONOLOGY STUDIES 

There are multiple published studies that utilize ZHe to focus on the formation of the GU, 

although most of the samples collected for these investigations are outside the intended study 

area. There are few studies that have focused their sample collection within New Mexico and 

Colorado that provide new insight into the exhumation history of the GU (Ault et al. 2018; Read 

2019; Biddle et al. 2018). 

 Ault et al. (2018) collected samples from the Sandia Mountains, New Mexico and the 

Boulder Creek granodiorite in the Front Range, Colorado, and analyzed 14 individual zircon 

crystals from these sites. Overall the results from both localities demonstrated a negative ZHe 



 14 

date-eU trend. The ZHe dates from the Sandia Mountains ranged from 555 ± 17 Ma to 19.5 ± 0.6 

Ma, and the Boulder Creek samples yielded dates that range from 122 ± 2 Ma to 31.5 ± 0.4 Ma 

(Ault et al. 2018).  

 The time-Temperature (t-T) forward models for the Sandia sample suggest rapid cooling 

starting at 1400 Ma, and then a period of residence at near-surface conditions until the 

Neoproterozoic. The sample was then reburied and exhumed during the Paleozoic and Cenozoic. 

The Boulder Creek sample experienced a similar history, although the initial cooling period was 

prolonged such that the duration at near-surface temperatures was much shorter (Ault et al. 

2018). 

 Read (2019) compiled 66 zircon (U-Th)/He dates from the Carrizo Mountains, Cookes 

Range, and Franklin Mountains within west Texas and southern New Mexico. The ZHe dates 

ranged from 6-731 Ma for the Carrizo Mountains, 44-446 Ma in the Cookes Range, and 19-649 

Ma in the Franklin Mountains (Read 2019). Both forward and inverse models were created 

utilizing the collected data and were able to successfully constrain the long-term thermal history 

of the samples. For the Carrizo Mountains the inverse models implied that a pulse of cooling 

occurred between ~1100-1000 Ma, and for the Franklin Mountains the models documented a 

period of Precambrian burial and uplift (Read 2019). Inverse modeling for the Cookes Range 

showed that the majority of cooling for the sample overlaps with the breakup of supercontinent 

Rodinia (Read 2019). 

 Finally, Biddle (2017) collected ZHe dates from southern New Mexico within the Little 

Hatchet Mountains, Cookes Range, and Franklin Mountains. The ZHe dates ranged from 648.99 

± 89.06 to 19.19 ± 2.46 for all the samples. Additionally, the ZHe dates displayed a distinct 

grouping when comparing samples collected within the Rio Grande rift and Basin and Range 
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Province. For example, the ZHe dates from the Rio Grande rift varied from 649-19 Ma, while the 

ZHe dates from the Basin and Range Province were constrained between 31-21 Ma. This 

possibly indicates that slightly different extensional magnitudes or processes within the rift 

compared to the Basin and Range Province (Biddle, 2017; Biddle et al., 2018). 
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Chapter 3: Methodology 

3.1 SUMMARY 

Previous ZHe and 40Ar/39Ar data within New Mexico, Colorado, and Texas have been 

compiled in order to provide a robust database from which new samples can be compared to. The 

existing ZHe data are located within central and southern New Mexico and north central 

Colorado (Biddle, 2017; Biddle et al., 2018; Ault et al. 2018;) (Fig. 5). Additionally, samples 

from Cookes Range, Franklin Mountains, and the Carrizo Mountains were compiled as well 

(Reade 2019). In order to add to the current ZHe and 40Ar/39Ar data three new samples have been 

collected. One of the samples was collected from Santa Fe, New Mexico. The remaining two 

samples were collected from Tres Piedras in northern New Mexico and the Los Pinos Mountains 

in central New Mexico (Fig. 6). All samples consist of Precambrian granitic rocks that lie 

directly below the GU. 

3.2 ZHE THERMOCHRONOLOGIC METHOD 

 Zircon (U-Th)/He (ZHe) thermochronology involves measuring the total accumulation of 

4He produced by the decay of the parent isotopes 238U, 235U, 232Th, and 147Sm. The total 

concentration is calculated using a two-step analytical procedure. First the crystal is degassed by 

heating and gas-source mass spectrometry to measure 4He. Then inductively coupled plasma 

mass spectrometry is utilized on the same crystal to measure U and Th (Reiners 2005). The rate 

at which radiogenic 4He diffuses out of the mineral is dependent upon the temperature and the 

He diffusivity of the specified mineral (Reiners & Brandon 2006). Therefore, once the amount of 

4He and parent isotopes is determined this can be used to calculate a He cooling age. 
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Figure 5: Geologic map of New Mexico and Colorado showing the compilation of ZHe 

data and 40Ar/39Ar data. ZHe data points are represented by the oldest age date 

for that sample site. [Shaw et al. (2005); Alrdich et al. (1958); Giffin and 

Kulp, 1960; Goldich et al. (1966); Hansen and Peterman (1968); Marvin and 

Dobson (1979); Muehlberger et al. (1966); Peterman et al. (1968); Rice et al. 

(1982); Shaw et al. (1999); Abitz et al. (1987); Aldrich et al. (1957); Alrdich 

et al. (1958); Brookins and Shafiqullah (1975); Brookins et al. (1975); Brown 

et al. (1999); Grambling and Dallmeyer (1993); Gresens (1975); Hedlund 

(1978a); Hedlund (1978b); Hedlund (1980); Karlstrom et al. (1997); Kirby et 

al. (1995); Marcoline et al. (1999); Muehlberger and Denison (1964); 

Muehlberger et al. (1966); Pedrick (1995); Marcoline et al. (1995); Thompson 

et al. (1991); Thompson et al. (1996); WoldeGabriel (1990); Sanders et al. 

(2006); Erslev et al. (2004); Amato et al. (2011); Ault et al. (2018); Biddle 

(2017); Johnson et al. (2015); Ault et al. (2018)] 
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Figure 6: Geologic map of New Mexico and Colorado showing the locations where samples 

were collected. Stars designate newly collected sample locations. Circles 

represent previously collected data from other sources.  
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In this dating method, the mineral being analyzed will reach a point where they no longer lose 

4He due to cooling to a low enough temperature, which is known as the closure temperature 

(Reiners 2005). However, prior to reaching this critical temperature there is a range of 

temperatures that minerals can partially retain He known as the partial retention zone (PRZ) 

(Reiners & Brandon 2006). For the ZHe dating method the PRZ can reach a value as high as 250 

°C, and recent estimates place the lower limit of the PRZ at ~50°C (Guenthner et al., 2013; 

Johnson et al. 2015). Utilizing a geothermal gradient of 25 °C/km and a surface temperature of 

15 °C this corresponds to depths of ~1.5-9.5 km making this method useful for studies involving 

upper crustal to near surface processes (Reiners 2005; Reiners & Ehlers 2018).  

 The effective uranium concentration (eU; [U] + 0.235 [Th]) is representative of the α 

productivity for the decay of U and Th concentrations (Flowers et al., 2009). In zircon grains the 

eU concentration can greatly affect the accumulation of radiation damage, which will lead to 

fluctuations in He diffusivities (Guenthner et al. 2013). If the radiation damage is less than 1.5 x 

1018 α/g the effective diffusivity of the grain is found to decrease. This decrease can be attributed 

to increasing disruption of diffusion fast-paths such as the c-axis parallel channels resulting in He 

being restricted to the less favorable c-axis orthogonal apertures (Guenthner et al. 2013). The 

end result is a positive trend between ZHe dates and eU, indicating a slow cooling period 

through the ZHe PRZ. Conversely, if radiation damage is above 1.5 x 1018 α/g then the He 

diffusivity is found to rapidly increase. Damaged zones within the grain become interconnected, 

and lead to rapid diffusion pathways for He to become available leading to surge in diffusivity. 

Ultimately, this would result in a negative correlation between ZHe dates and eU concentration if 

the sample resides within the PRZ for prolonged periods of time (Guenthner et al. 2013). 

Individual zircon crystals from a single sample typically have a range of eU values and related 
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ZHe dates. A spread in ZHe dates with either positive or negative relationships with eU values is 

necessary to investigate the thermal history of the sample. 

3.3 40AR/39AR THERMOCHRONOLOGIC METHOD 

Similar to ZHe thermochronology the Ar dating method utilizes a noble gas, and is 

controlled by thermally activated diffusion. The Ar dating method is based off the decay of 40K 

to radiogenic 40Ar (Reiners & Brandon 2006). Argon diffusion in common rock-forming 

minerals is sensitive to higher temperatures than He diffusion in zircon, so Ar cooling ages are 

typically older than He cooling ages. Gas source mass spectrometry is used to calculate the Ar 

ages, and involves converting a portion of 39K to 39Ar by neutron irradiation before degassing 

takes place. From this point the initial amount of the parent 40K can be determined by utilizing 

the production rate of 39Ar during the neutron irradiation and the 40K/39K ratio (Reiners & 

Brandon 2006). Finally, the Ar cooling age is calculated using the 40Ar/39Ar ratio.  

 As with the ZHe dating method the minerals used to calculate Ar dates are also sensitive 

to certain temperatures, and are associated with unique boundaries where they  

are able to partially retain the radioisotopic decay product. The four minerals that are commonly 

used to obtain Ar dates are hornblende, muscovite, biotite, and K-feldspar. Each mineral is 

associated with a unique PRZ, and the width of each PRZ is found to increase as temperatures 

increase (Reiners & Brandon 2006). Hornblende has the largest PRZ ranging from 575-425 °C 

(Fig. 7). Muscovite has an upper limit of 400 °C, and partially retains 40Ar until 250 °C. Biotite 

has a PRZ range from 350 °C to 250 °C. Finally, K-feldspar has the lowest PRZ with an upper 

limit of 225 °C, and a lower extent of 125 °C (Fig. 7) (Reiners & Brandon 2006).  
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Figure 7: Partial retention zones (PRZs) for Ar thermochronometers. The PRZ for 

each thermochronometer is defined by upper and lower boundaries, 

which corresponds to 90% and 10% retention respectively after being 

retained at a steady temperature for a specific amount of time. Figure 

is from Reiners & Brandon (2006). 
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3.4 MINERAL SEPARATION  

Sample processing involved standard rock crushing mineral separation techniques. The 

first step in this process is crushing the rocks using a Braun Chipmunk Jaw Crusher. The crushed 

rocks are then further reduced in size utilizing a Bico UA Pulverizer. Once this process is 

complete the pulverized samples are then sieved and panned in water to separate and collect 

dense minerals. Magnetic minerals were sorted out by first utilizing a hand magnet, and then a 

Frantz Magnetic Separator. Finally, the remaining material was processed using a heavy liquid 

separation process where the individual zircon crystals were collected for further analysis.  

 Individual zircon crystals were hand selected under a microscope for analysis. Suitable 

crystals must be euhedral, inclusion-free, and have a minimum width of 70 μm. Ideally, a total of 

ten zircon grains were to be collected from each sample, although in some cases less than ten 

suitable grains were found. In order to capture the widest range in eU values and ZHe ages, 

techniques outlined in Ault et al. (2018) were used. Ault et al. (2018) note a relationship between 

zircon appearance and eU, where higher eU values correspond to an increase in opacity and 

discoloration. During mineral selection, zircon grains with a wide range of appearances were 

selected, from clear and translucent to opaque and discolored, in order to capture a wide range of 

eU values. The length and widths of each zircon crystal were measured in order to apply an Ft 

age correction (Farley et al. 1996). These grains were then packaged in Nb tubes before being 

sent to the (U-Th)/He Thermochronology Lab at CU Boulder for analysis. 

3.5 THERMAL HISTORY MODELING 

New and compiled thermochronologic data were analyzed using HeFTy software 

(Ketcham 2005). This program allows a user to relate thermochronologic data to possible t-T 

histories. There are two main ways this program is currently utilized. In a forward model, the 
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user can specify a hypothetical t-T path, and HeFTy can be used to calculate the predicted zircon 

age-eU relationship using the diffusion parameters of Guenthner et al. (2013). Alternatively, the 

user can input ZHe information, including age, U and Th concentration, and grain size, to 

constrain possible t-T paths that yield statistically significant fits to the data. This inverse model 

approach can be used to narrow down the possible thermal histories that are permitted by the 

data. Both forward and inverse modeling approaches were used in this study in order to 

document the timing of formation of the GU and test the hypothesis that these Precambrian rocks 

experienced multiple burial and uplift events prior to deposition of Paleozoic strata. 

Forward Modeling 

 For this method predetermined time-temperature paths were input into the HeFTy 

software in order to calculate the corresponding thermochronometric age from each specific 

path. The resulting ZHe date-eU curves can then be compared to collected ZHe data in order to 

determine whether that path is viable for each sample (Guenthner et al. 2013). This method was 

utilized to constrain possible time-temperature paths for the three newly collected samples from 

Tres Piedras, Santa Fe, and Los Pinos Mountains. For each sample all available geologic 

constraints were applied in order to construct hypothetical t-T paths (Table 1). For each sample, 

twelve hypothetical time-temperature paths were tested in order to try and constrain the thermal 

history for each sample.  

Inverse Modeling 

 Inverse modeling calculates time-temperature paths that correspond to measured 

thermochronometric ages within a certain error percentage. HeFTy utilizes a Monte Carlo   
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Table 1: Thermal history model input table for forward and inverse simulation of zircon (U-

Th)/He data from Los Pinos, Tres Piedras, Santa Fe, Sandia Mountains, and Front 

Range. 

 



 25 

  



 26 

 

 

 

  



 27 

method to create various plausible time-temperature paths based on the grain data entered 

(Ketcham 2005). A maximum of seven grains can be entered into the program and the input 

information includes U and Th concentration, grain radius, measured age, and a percentage of 

uncertainty. For this study a 15% error was utilized for all grains. Additionally, if more than 

seven grains are available for a specific sample, then “synthetic grains” must be created. In this 

study synthetic grains were created for the Tres Piedras and Los Pinos Mountains samples. For 

both samples the ZHe dates were binned according to their eU content in intervals of 100 ppm 

(Table 1). 

Once the grain information is input, all available geologic constraints are then applied 

according to any known periods of burial or exhumation. These constraints are represented by 

boxes in the inverse model and the paths are forced to go through these rectangles. The same 

geologic constraints utilized for the forward modeling were used in inverse modeling (Table 1). 

Finally, HeFTy then constructs a certain number of paths according to the number entered by the 

user. For this project a total of 50,000-100,000 paths were run for each sample. HeFTy then 

separates paths into two groups based of goodness-of-fit parameters. “Acceptable” paths have 

goodness-of-fit parameters >0.05 and “good” paths have goodness-of-fit parameters of >0.5. The 

resulting paths that fall within one of these two categories will then be recorded on one time-

temperature plot. 

 Inverse modeling was utilized to examine all the new and compiled ZHe data from New 

Mexico and Colorado. In total, five samples were tested with this method, including the Sandia 

Mountains, Boulder Creek, Los Pinos Mountains, Tres Piedras, and Santa Fe. 
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Chapter 4: Results 

4.1 ROCK DESCRIPTIONS 

 All samples collected for analysis consisted of exposed Proterozoic basement starting 

with the ~1.65 billion-year-old pink foliated granite collected from Santa Fe, NM (Fig. 6) 

(Spiegel et al. 1963). Followed by the Tres Piedras granite, which is a pink, fine to medium 

grained, foliated quartz monzonite (Wobus 1984). The last newly collected sample was the 

Proterozoic gneiss from the Los Pinos Mountains. The Los Pinos granite is generally described 

as a phaneritic pink granite that is gneissic in certain areas (Fig. 6) (Muehlberger & Denison 

1964). The two compiled samples consisted of the Sandia granite of the Sandia Mountains and 

the Boulder Creek granodiorite of Front Range, CO. The Sandia granite is a grey to pink, 

medium to coarse grained, phaneritic rock (Brookins & Majumdar 1982). The Boulder Creek 

granodiorite is a gray, fine to medium grained, slightly foliated intrusive rock (Gable 1972). 

4.2 ZHE DATES 

 A total of 37 new individual grain ZHe dates were obtained for this project, including 

nine from Nuns Curve in Santa Fe, NM, 13 from Tres Piedras, NM, and 15 from the Los Pinos 

Mountains, NM (Fig. 6). Additionally, six ZHe dates from the Sandia Mountains, NM and eight 

ZHe dates from Front Range, CO collected by Ault et al. (2018) were incorporated for analysis. 

In total, this project uses 51 individual grain ZHe dates from five samples to investigate the 

timescales and processes associated with formation of the GU in Colorado and New Mexico 

(Table 2). 
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Table 2: Zircon (U-Th)/He Data 
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Los Pinos Mountains, New Mexico 

Fifteen ZHe dates were obtained from one Precambrian granite sample collected below the GU 

from the Los Pinos Mountains in New Mexico. The ZHe dates obtained from these grains show a 

large spread, ranging from 79.62 – 863.86 Ma. The eU concentration of these fifteen grains 

range from 112.8 – 745.5 ppm (Fig. 8). Overall, ZHe dates from this sample show a well-defined 

negative trend with eU. Additionally, no correlation is observed between the date and recorded 

radius of the grains (Fig. 8). 

Tres Piedras, New Mexico 

 Thirteen ZHe dates were obtained from one Precambrian granite sample collected 

directly below the GU from Tres Piedras New Mexico. The ZHe dates obtained from this sample 

display a moderate spread, ranging from 47.34 – 364.73 Ma (Fig. 8). The eU concentration of 

these grains did result in large spread, ranging from 318.2 – 1477 ppm. Overall, a negative trend 

between the ZHe dates and eU is observed and no correlation can be made between the ZHe 

dates and radius (Fig. 8).  

Santa Fe, New Mexico 

 Nine ZHe dates from one sample were obtained from the Precambrian granite just below 

the GU at the Nuns Curve outcrop in Santa Fe, NM. Of these nine dates, three have been 

removed due to anomalously low He, U, and Th (Table 2). This could have possibly been due to 

the grains falling out of the tube during the packaging process, or if a grain other than zircon was 

analyzed. The remaining six ZHe dates obtained from this sample show a large spread in ZHe 

date, ranging from 31.6 – 835.06 Ma. Additionally, the spread in eU also contained a large range  
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Figure 8: eU vs. zircon (U-Th)/He date and radius vs. zircon (U-Th)/He date plots for Los Pinos, 

Tres Piedras, and Santa Fe. Date uncertainties are 2. 
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from 0.7 – 1353.2 ppm (Fig. 6). A clear negative correlation between ZHe date and eU can be 

made, but no trend is observed between the ZHe date and radius (Fig. 8). 

Sandia Mountains, New Mexico 

 Six ZHe dates from one Precambrian granite sample from the Sandia Mountains were 

presented by Ault et al. (2018). The ZHe dates obtained from these six grains showed a wide 

spread in ZHe date with values ranging from a 67-555 Ma. The eU content of these grains 

resulted in a large spread as well with the concentration ranging from 100-1175 ppm (Fig. 9). 

Overall, ZHe dates from this sample show a well-defined negative trend with eU. Additionally, 

no correlation is observed between the date and recorded radius of the grains (Fig. 9). 

Front Range, Colorado 

 Eight ZHe dates obtained from the Precambrian granodiorite below the GU in the Front 

Range, CO were presented by Ault et al. (2018). The ZHe dates from this sample resulted in 

relatively young dates and fell within a narrow range with values spanning 55.2-122 Ma. The eU 

concentration of these grains displayed a larger range with values from 342-878 ppm (Fig. 9). A 

clear negative correlation between ZHe date and eU can be made, but no trend is observed 

between the ZHe date and radius (Fig. 9). 

4.3 FORWARD MODELS 

 Forward models constructed for the three newly collected samples were used to test the 

two different cooling scenarios displayed in Figure 1. For each scenario twelve individual time-

temperature paths were examined resulting in a total of 24 t-T paths modeled for Los Pinos, Tres  
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Figure 9: eU vs. zircon (U-Th)/He date and radius vs. zircon (U-Th)/He date plots for 

Sandia Mountains and Boulder Creek, CO. Date uncertainties are 2. Data 

are compiled from Ault et al. (2018). 
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Piedras, and Santa Fe samples. Scenario 1 tests the simple unconformity hypothesis, and includes 

three separate Precambrian cooling paths. In the first path (green in Fig. 10) the sample 

remains buried after crystallization and is rapidly cooled to the surface immediately prior to 

formation of the GU. The second path (blue path in Fig. 10) represents gradual cooling 

throughout the Precambrian until it reached surface temperatures. Finally, the third path (red path 

in Fig. 10) involves rapid exhumation after crystallization and then prolonged residence at 

surface temperatures until the formation of the GU. For all three paths in scenario 1 four 

different paths were tested that varied the depth of burial after the GU in intervals of 20 °C.  

 Additional forward model paths were constructed to test scenario 2, where the GU is a 

compound unconformity. For these paths the sample is cooled to surface temperatures at 1400 

Ma, and is then reheated to varying temperatures. Once again three distinct scenarios were tested 

with each varying the duration of burial and timing of exhumation prior to the formation of the 

GU. Within the three scenarios four paths were tested that varied the depth of burial in intervals 

of 10 °C.  

 These rough forward models can then be used to test viable thermal histories by 

comparing the calculated ZHe date-eU curve to the ZHe date results for each sample (Table 2). 

Below are the results of the forward models for Los Pinos, Tres Piedras, and Santa Fe. 

Los Pinos Mountains, New Mexico 

 For the first set of 12 paths three scenarios were examined for the Los Pinos Mountains. 

The first four paths tested whether the sample remained buried throughout the Precambrian and 

was rapidly exhumed right before the formation of the GU. For these four paths the 

crystallization age was set at 1660 Ma and was then held at 700 °C until 330 Ma at which point it  
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Figure 10: Hypothetical time-temperature paths and corresponding eU vs. ZHe data plots 

for Los Pinos Mountains, NM. A and B test whether the sample could have 

remained buried until the formation of the GU, a gradual uplift scenario, or 

whether the sample was rapidly exhumed to the surface and sat undisturbed. 

C and D test for possible reburial during the Precambrian and vary the timing 

of exhumation and depth of reburial. Yellow diamonds are the ZHe data 

points for the sample. Note that none of the paths tested yield ZHe date vs. eU 

curves that match the data.  
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was rapidly exhumed to the surface (Fig. 10) (Shastri & Bowring 1992). This was followed by a 

period of reburial at 180  to temperatures ranging between 170-110 °C and then exhumed to 120 

°C by 60 Ma, 60 °C by 40 Ma, and finally 15 °C at present day consistent with apatite  

fission track ages and thermal history modeling from that location (Kelley et al. 1992). The 

corresponding age-eU curves were very similar to one another, and the oldest predicted ZHe 

dates are no higher than 300 Ma (Fig. 10B). Additionally, all four curves remained consistent in 

ages across eU content resulting in very broad curves.  

The next four paths were designed to test whether the sample experienced a gradual 

cooling period from time of crystallization to the formation of the GU. Once again, the age of 

crystallization was set at 1660 Ma at 700 °C, but the sample was allowed to gradually cool to 

surface temperatures until 300 Ma (Fig. 10). The four paths in this scenario produced ZHe date-

eU curves that predict maximum ZHe dates that vary from ~300—600 Ma. All four curves 

include broad peaks until eU values of 600 ppm, at which point the ZHe dates drastically fell 

until all four became synchronous at eU values of 1200 ppm (Fig. 10).  

The final four paths in set one of the forward models for Los Pinos examined whether the 

sample could have resided at the surface for a prolonged period of time undisturbed. For this set 

of paths, the crystallization age was set at 1660 Ma at 700 °C. The sample was then exhumed to 

surface temperatures of 10 °C by 1630 Ma and then remained at this temperature until 300 Ma 

when it was reburied as in the previous two sets. The resulting ZHe date-eU curves predicted the 

oldest ZHe dates, ranging from ~650—1550 Ma (Fig. 10B). All four curves show a rapid drop in 

ZHe dates after they peak until they all reach the same ZHe ages at eU values of 500 ppm (Fig. 

10B).  



 38 

For the second set of forward models an additional 12 t-T paths were constructed to 

explore the possibility of a compound unconformity, including multiple periods of burial and 

exhumation prior to the formation of the GU. For all 12 paths the crystallization age was set to 

1660 Ma at 700 °C and was then rapidly exhumed to surface temperatures by 1400 Ma (Fig. 

10A). The sample is then immediately reburied to various temperatures. Three scenarios were 

then tested that varied the timing of exhumation by intervals of 200 Ma. The first set of paths 

was exhumed from 1000—900 Ma, the second set was exhumed from 800—700 Ma, and the 

third set was exhumed from 600—500 Ma (Fig. 10C). Additionally, for each set the depth of 

burial was varied and ranged from 130-160 °C. The age-eU curves produced by these t-T paths 

resulted in a maximum ZHe date of 550 Ma and a low of 300 Ma (Fig. 10D). All the curves 

show a steep drop in ZHe date after reaching their maximum until they all became synchronous 

at eU values of 300 ppm. None of the ZHe date-eU curves produced yield a good correlation 

with the observed ZHe data points for this sample (Fig. 10). 

Tres Piedras, New Mexico 

 For the first set of 12 paths tested for Tres Piedras three scenarios were examined. The 

first four paths examined whether the sample may have been buried for a prolonged period of 

time prior to formation of the GU. The crystallization age was set to 1650 Ma at 700 °C and the 

sample remained at high temperatures until 535 Ma at which point it was rapidly exhumed to 

surface temperatures of 15 °C by 515 Ma (Fig. 11). The sample was then reburied to 

temperatures ranging from 170-110 °C at 180 Ma and then exhumed to surface temperatures at 

present day. The ZHe date-eU curves produced from these four paths show a maximum ZHe date 

of 500 Ma and a low of 250 Ma. Additionally, all four paths remained relatively consistent in 

ZHe date across eU values producing very broad curves (Fig. 11). When compared to the 
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Figure 11: Hypothetical time-temperature paths and corresponding eU vs. ZHe data plots for 

Tres Piedras, NM. A and B test whether the sample could have remained buried 

until the formation of the GU, a gradual uplift scenario, or whether the sample 

was rapidly exhumed to the surface and sat undisturbed. C and D test for 

possible reburial during the Precambrian and vary the timing of exhumation 

and depth of reburial. Yellow diamonds are the ZHe data points for the sample. 

Note that none of the paths tested yield ZHe date vs. eU curves that match the 

data.  
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ZHe data obtained for this sample none of these eU curves could be correlated with the data (Fig. 

11).  

 The second four paths allowed for the sample to cool gradually through time until it 

reached surface temperatures of 15 °C at 515 Ma, consistent with the observed unconformity of 

the Cambrian Bliss Formation overlying the Precambrian Granite (Fig. 11) (Amato & Mack, 

2012). From this point the sample was then reburied to temperatures ranging from 170-110 °C at 

180 Ma and then exhumed to surface temperatures at present day. The corresponding ZHe date-

eU curves for these four paths reached a maximum ZHe date of 750 Ma and a low of 350 Ma 

(Fig. 11B). All four curves have broad peaks until they start to gradually decline in ZHe date up 

to eU values of 1400 ppm. From this point all four curves become relatively consistent with one 

another. When comparing the age-eU curves to the recorded ZHe data points for the sample none 

of the paths can be correlated with the data (Fig. 11B). 

 The final four paths in this set of forward models are rapidly exhumed to surface 

temperatures of 10 °C by 1620 Ma in order to test whether this sample was exhumed and then 

resided at surface temperatures for a prolonged period of time. All four paths remain at surface 

temperatures until 515 Ma. The resulting ZHe date-eU curves produced by these four paths yield  

maximum ZHe dates that range from 650—1600 Ma. All four paths show a steep negative slope 

as ZHe dates drastically fall until they all became synchronous at eU values of 900 ppm (Fig. 

11B).  

 The second set of 12 paths were constructed to test scenario 2, a compound 

unconformity. For all 12 paths the age of crystallization was set to 1650 Ma at 700 °C, and the 

paths are then forced to surface temperatures by 1400 Ma and then buried. Three scenarios were 

then tested that varied the timing of exhumation by intervals of 200 Ma. The first set of paths 
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was exhumed from 1000—900 Ma, the second set was exhumed from 800—700 Ma, and the 

third set was exhumed from 600—500 Ma (Fig. 11C). Additionally, for each scenario the depth 

of burial was varied from 130-160 °C in intervals of 10 °C. The age-eU curves produced by 

these 12 t-T paths were similar to one another and reached a maximum ZHe date of 550 Ma and 

a low of 350 Ma (Fig. 11D). After reaching maximum ZHe dates the curves rapidly drop, 

forming a narrow peak until all paths became synchronous at eU values of 300 ppm. When 

compared to the ZHe data obtained for this sample none of the age-eU curves produced can be 

correlated to the data (Fig. 11). 

Santa Fe, New Mexico 

 The first set of 12 paths constructed for the Santa Fe sample test variations of scenario 1, 

the simple unconformity model. The first set examines whether a prolonged period of burial was 

likely throughout the Precambrian. In this set the crystallization age was set to 1680 Ma at a 

temperature of 700 °C and then held at this temperature until 360 Ma where it was rapidly 

exhumed to 15 °C by 340 Ma (Fig. 12A). After this the sample was then reburied to temperatures 

ranging between 120-180 °C at 50 Ma, followed by cooling to  90 °C at 40 Ma, 30 °C by 10 Ma, 

and finally surface temperatures at present day. The 50-0 Ma thermal history constraints for this 

sample come from published apatite fission-track ages and thermal history modeling (Kelley et 

al. 1992). The ZHe date-eU curves produced by these four paths indicate maximum ZHe dates 

that range from 100—300 Ma (Fig. 12B). Additionally, all four curves remained consistent 

across all values of eU with respect to ZHe date, resulting in broad curves.  

 The second four paths tested gradual cooling throughout the Precambrian. For these paths 

the crystallization age was set to 1680 Ma at a temperature of 700 °C and then allowed to  
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Figure 12: Hypothetical time-temperature paths and corresponding eU vs. ZHe data plots for 

Santa Fe, NM. A and B test whether the sample could have remained buried 

until the formation of the GU, a gradual uplift scenario, or whether the sample 

was rapidly exhumed to the surface and sat undisturbed. C and D test for 

possible reburial during the Precambrian and vary the timing of exhumation and 

depth of reburial. Yellow diamonds are the ZHe data points for the sample. Note 

that none of the paths tested yield ZHe date vs. eU curves that match the data.  
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gradually cool to surface temperatures of 15 °C until 340 Ma. The ZHe date-eU curves produced 

by these four paths yield maximum ZHe dates that range from 100—600 Ma (Fig. 12B). All four 

curves gradually dropped in ZHe dates until they coincide with one another at eU values of 1300 

ppm (Fig. 12B).   

 The third set of paths in scenario 1 was created to examine whether the sample could 

have experience early cooling, followed by prolonged residence at the surface until the formation 

of the GU. For these four paths the crystallization age was set at 1680 Ma at a temperature of 700 

°C. The sample was then forced to rapidly exhume to the surface by 1660 Ma at surface 

temperatures of 15 °C and was allowed to reside at the surface until 340 Ma when it began to be 

reburied (Fig. 12A). As in the previous sets of paths after 340 Ma then same constraints were 

applied to the sample. The ZHe date-eU curves that correspond to these paths reach a maximum 

ZHe date of about 1600 Ma with a minimum value of 350 Ma (Fig. 12B). All four curves 

dropped in ZHe values immediately after reaching their peak until they became synchronous at 

eU values of 500 ppm.  

 The second set of 12 paths tested for the possibility of burial and exhumation prior to the 

formation of the GU. Three different scenarios were examined that varied the timing of 

exhumation after burial. For all 12 paths the timing of crystallization was at 1680 Ma at 700 °C 

followed by being rapidly exhumed to surface temperatures by 1400 Ma (Fig. 12). Three 

scenarios were then tested that varied the timing of exhumation by intervals of 200 Ma. The first 

set of paths was exhumed from 1000—900 Ma, the second set was exhumed from 800—700 Ma, 

and the third set was exhumed from 600—500 Ma (Fig. 12) Additionally, for each scenario the 

depth of burial was varied from 130-160 °C in intervals of 10 °C. The age-eU curves produced 

by these paths reached a maximum ZHe date of 1300 Ma with a low of about 600 Ma (Fig. 12). 
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Immediately after reaching their peak all eU curves dropped in ZHe date values, and all 12 

curves became synchronous at eU values of 600 ppm. When compared to the recorded ZHe data 

points for this sample none of the eU curves can be correlated to all of the data points (Fig. 12).  

4.4 INVERSE MODELS 

 Inverse modeling was utilized in this study due to its ability to easily test thousands of 

possible t-T paths compared to the tens of possible paths analyzed in the forward modeling. 

Additionally, inverse modeling can examine any possible t-T path that matches measured 

thermochronometric ages within a specific error compared to the overly simplistic t-T paths 

examined in the forward models. Overall the inverse models created are used to further refine the 

possible thermal histories of the samples.  

Inverse models are presented for Los Pinos Mountains, NM, Tres Piedras, NM, Santa Fe, 

NM, Sandia Mountains, NM, and Front Range, CO. For all five samples, inverse models were 

produced to test between the two main scenarios. The first inverse model was constructed to test 

scenario 1, where the sample cools after crystallization until formation of the GU. The second 

inverse model was constructed to test scenario 2, which includes a period of Precambrian 

reburial and exhumation prior to formation of the GU. Presented below are the inverse model 

results for each of the five locations.  

Los Pinos Mountains, New Mexico 

 Six synthetic grains from the Los Pinos Mountains sample 89LP08 were ran in HeFTy 

with a 15% age uncertainty (see table 1 for complete modeling assumptions and input data). The 

six synthetic grains were created by binning the ZHe data from the sample according to observed 

clusters of ZHe grains that plot in similar locations (Fig. 13). Along with the synthetic grain  
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Figure 13: A. Comparison between the synthetic vs. original ZHe data points for Los 

Pinos Mountains, NM. B. Comparison between the synthetic vs. original 

ZHe data points for Tres Piedras, NM. Yellow diamonds are the original 

ZHe data points and red triangles are the synthetic grains created for 

thermal modeling analysis. Date uncertainties for yellow ZHe dates are 

2. Date uncertainties for red ZHe dates are 15% error margin.  
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information the same geologic constraints utilized in the forward modeling were input into 

HeFTy to create the inverse models. Additional constraint boxes were applied in the reburial 

scenario in order to test for reburial during the Precambrian. This included a constraint box that 

allowed for rapid exhumation by 1600-1500 Ma between temperatures of 45-10 °C after 

crystallization (Fig. 14). This is followed by a large constraint box between 1500-320 Ma  

with temperatures ranging from 300-35 °C in order to allow for burial prior to the formation of 

the GU (Fig. 14).   

 For the gradual scenario the model resulted in 61 acceptable paths and 12 good paths. 

Four of the paths suggest that after crystallization the sample is rapidly exhumed to near-surface 

temperatures between 1400-1200 Ma, and then resides at low temperatures until the formation of 

the GU (Fig. 14). However, the remaining eight paths suggest that the sample reached 

temperatures of about 180 °C by 1200 Ma, and from this point gradually cooled until they reach 

surface temperatures between 600-400 Ma (Fig. 14).  

 Thermal modeling results for the Los Pinos Mountains reburial scenario produced 147 

acceptable paths and 10 good paths (Fig. 14). The model suggests that after rapid exhumation the 

sample begins to be buried starting at 1400 Ma and reaches a maximum reburial temperature of 

250 °C between 1000-900 Ma (Fig. 14). The model then suggests that most paths start to be  

exhumed by 800 Ma and reach surface temperatures between 600-400 Ma. Only one path 

reaches surface temperatures any earlier by 900 Ma (Fig. 14).  

Tres Piedras, New Mexico 

Six synthetic grains from the Tres Piedras sample 18TUS03 were ran in HeFTy with a 15% 

uncertainty. The six grains were created by binning the ZHe data from the sample according to 

observed clusters of ZHe grains that plotted in similar locations (Fig. 15). Once the synthetic 
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Figure 14: Inverse model results for Los Pinos Mountains, NM. Time-temperature windows 

in the left column show good time-temperature paths in blue with the best fit 

path highlighted in orange. eU vs. ZHe data plots on the right show data used in 

the thermal history modeling in yellow. Each blue curve represents the 

predicted eU-date correlation that corresponds to one of the good paths that 

resulted from the inverse model, where the orange curve highlights the best fit 

curve to the data. Red outlined boxes in the time-temperature windows 

represent the constraints that were applied to each scenario.  
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grain information was inputted into HeFTy the same geologic constraints used in the forward 

modeling were applied as well for both scenarios. Additional constraints were applied to the 

reburial scenario model in order to test for the possibility of burial and exhumation occurring 

prior to the formation of the GU. The first supplementary constraint was set from 1590-560 Ma 

between temperatures of 25-5 °C to bring the sample to surface temperatures after crystallization. 

This was followed by another constraint box from 1530-560 Ma between temperatures of 300-10 

°C in order to allow for the possibility of burial prior to the formation of the GU (Fig. 15).  

 The results for the gradual scenario resulted in 122 good paths and 39 good paths. The 

model suggests that after crystallization the sample gradually cools through a wide range of 

temperatures over time (Fig. 15). The earliest any paths reach surface temperatures begins at 800 

Ma. While the majority of the 39 paths reach surface temperatures between 600-500 Ma (Fig. 

15). 

 Thermal modeling results for the reburial scenario produced 31 acceptable paths and 3 

good paths. The model suggests that after being rapidly exhumed to the surface the sample 

begins to be buried by 1400 Ma and reaches a maximum burial temperature of about 300 °C by 

1300 Ma (Fig. 15). All paths then suggest that starting at 700 Ma the sample begins to be 

exhumed to the surface and reaches surface temperatures by 550 Ma (Fig. 15).  

Santa Fe, New Mexico 

Six grains were utilized from sample 18NC01 for the Santa Fe, NM sample. All grain 

information was inputted into HeFTy with a 15% age uncertainty along with the previously 

utilized geologic constraints for the sample. Additional constraints were applied to the reburial 

scenario in order to allow for the possibility of burial during the Precambrian. First, an additional 

constraint box was applied after crystallization between 1600-1500 Ma with temperatures 
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Figure 15: Inverse model results for Tres Piedras, NM. Time-temperature windows in the 

left column show good time-temperature paths in blue with the best fit path 

highlighted in orange. eU vs. ZHe data plots on the right show data used in the 

thermal history modeling in yellow. Each blue curve represents the predicted 

eU-date correlation that corresponds to one of the good paths that resulted from 

the inverse model, where the orange curve highlights the best fit curve to the 

data. Red outlined boxes in the time-temperature windows represent the 

constraints that were applied to each scenario.  
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ranging from 25-5 °C in order to exhume the sample to the surface (Fig. 16). Another constraint 

was then set between 1500-360 Ma between 300-50 °C in order to allow for burial prior to the 

formation of the Great Unconformity (Fig. 16).  

Results for the gradual scenario produced 30 acceptable paths and 7 good paths. Two of 

the paths gradually cool and reach surface temperatures at 950 Ma. While the remaining five 

good paths suggest that the sample does not reach surface temperatures until 600-500 Ma (Fig. 

16).  

The results for the reburial scenario thermal model produced 2 acceptable paths and 1 

good path. The sole good path suggests that after rapid exhumation to the surface the sample 

begins reburial at 1500 Ma and reaches a maximum reburial temperature of 250 °C at 1100 Ma 

(Fig. 16). After this the model suggests that begins to be exhumed at 950 Ma and reaches surface  

temperatures at 800 Ma (Fig. 16).   

Sandia Mountains, New Mexico 

 The Sandia Mountains inverse models utilized data originally collected by Ault et al. 

(2018) from sample MC14-s6. A total of six grains were ran in HeFTy with a 15% age 

uncertainty. In addition to the grain information that was collected additional parameters were 

applied to the model according to known geologic constraints. The crystallization age for the 

sample was set at >600 °C at 1400 Ma and then rapidly cooled to 10 °C by 1300 Ma to account 

for the unroofing event related to the Grenville orogeny (Ault et al. 2018). The next known 

constraint was at 550 Ma where it was known to be at surface temperatures of 10 °C due to 

Precambrian-Mississippian regional unconformity and then reburied at 400 Ma to 100 °C (Fig. 

17). The sample was then exhumed to the surface by 300 Ma in accordance with the observed 

Pennsylvanian San Andreas and Madera Formations unconformably overlying the Sandia 



 51 

  

Figure 16: Inverse model results for Santa Fe, NM. Time-temperature windows in the left 

column show good time-temperature paths in blue with the best fit path 

highlighted in orange. eU vs. ZHe data plots on the right show data used in the 

thermal history modeling in yellow. Each blue curve represents the predicted 

eU-date correlation that corresponds to one of the good paths that resulted from 

the inverse model, where the orange curve highlights the best fit curve to the 

data. Red outlined boxes in the time-temperature windows represent the 

constraints that were applied to each scenario.  
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  Figure 17: Inverse model results for Sandia Mountains, NM. Time-temperature windows in 

the left column show good time-temperature paths in blue with the best fit path 

highlighted in orange. eU vs. ZHe data plots on the right show data used in the 

thermal history modeling in yellow. Each blue curve represents the predicted 

eU-date correlation that corresponds to one of the good paths that resulted from 

the inverse model, where the orange curve highlights the best fit curve to the 

data. Red outlined boxes in the time-temperature windows represent the 

constraints that were applied to each scenario.  
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granite. Then reheated to 170 °C by 20 Ma and rapidly cooled to 20 °C by 10 Ma consistent with 

apatite He date-eU patterns (Ault et al. 2018). Finally, in order to test whether the sample could  

have experienced a period of reburial prior to the GU a large constraint was placed from 1300-

550 Ma between temperatures of 10-200 °C in the reburial scenario model (Fig. 17).  

The thermal modeling for the gradual scenario resulted in 362 acceptable paths and 53 

good paths. The model suggests that after crystallization the sample gradually cools to the 

surface and the earliest any paths reach surface temperatures occurring at 900 Ma (Fig. 17). 

Although the majority of paths in this model suggest that the sample does not reach surface 

temperatures until 700-550 Ma (Fig. 17).  

The reburial scenario model resulted in 110 acceptable paths and 12 good paths. The 

model suggests that after crystallization and rapid exhumation to the surface the sample begins to 

be reburied at 1200 Ma (Fig. 17). The model then suggests that the sample is buried to a 

maximum temperature of 200 °C by 900 Ma. After this the sample begins to be exhumed to the 

surface and reaches surface temperatures between 650-550 Ma (Fig. 17).  

Front Range, Colorado 

 The Front Range, CO inverse models utilized data originally collected by Ault et al. 

(2018) from sample A12-8. A total of seven grains were ran in HeFTy with a 15% age 

uncertainty. In addition to the grain information that was inputted additional parameters were 

applied to the model according to known geologic constraints. The crystallization age for the 

sample was set to >600 °C at 1700 Ma (Fig. 18). The following constraint forced the sample to 

cool to 300 °C by 1300 Ma in accordance with 40Ar/39Ar biotite thermochronology (Ault et al. 

2018). The next two constraints were applied only to the reburial scenario in order to test for the  
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Figure 18: Inverse model results for Front Range, CO. Time-temperature windows in the left 

column show good time-temperature paths in blue with the best fit path 

highlighted in orange. eU vs. ZHe data plots on the right show data used in the 

thermal history modeling in yellow. Each blue curve represents the predicted 

eU-date correlation that corresponds to one of the good paths that resulted from 

the inverse model, where the orange curve highlights the best fit curve to the 

data. Red outlined boxes in the time-temperature windows represent the 

constraints that were applied to each scenario.  
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possibility of reburial prior to the formation of the GU. The first constraint forced the sample to 

surface temperatures between 1280-1200 Ma. Followed by a large constraint box from 1200-600  

Ma from temperatures of 25-300 °C (Fig. 18). The constraints that follow are all known geologic 

constraints and were applied for both the gradual and reburial scenarios. These included cooling 

the sample to surface temperatures at ~550 Ma, and then reheating to 100 °C by ~400 Ma. The 

next constraint then cooled the sample to surface temperatures once again by ~300 Ma followed 

by reheating to temperatures of 150-175 °C at 60 Ma.  

The gradual scenario model resulted in 92 acceptable paths and 14 good paths. The 

model suggests that after reaching a temperature of 300 °C at 1300 Ma the sample then remains 

at this temperature until ~800 Ma (Fig. 18). After this point the model suggests that the sample is 

rapidly exhumed and reaches surface temperatures by 650 Ma (Fig. 18). 

 The reburial scenario model resulted in 115 acceptable paths and 17 good paths. The 

model suggests that after reaching surface temperatures between 1280-1200 Ma the sample 

begins to be reburied and reaches a maximum reburial temperature of 300 °C (Fig. 18). The 

model then implies that the sample begins to be exhumed by ~800 Ma and reaches surface 

temperatures by 700 Ma (Fig. 18) 
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Chapter 5: Discussion 

5.1 GRADUAL VS. REBURIAL SCENARIOS 

The forward model results for all three new samples indicate that the Precambrian history 

is much more complex than the simplistic scenarios tested. This is apparent in the modeled date-

eU curves produced from the t-T paths, where none of the curves yields a good match to the 

recorded ZHe dates from each sample (Fig. 10, 11, & 12). Due to these results, inverse modeling 

was then utilized in an attempt to further constrain the long-term thermal history of each sample. 

Inverse modeling for all five samples resulted in good paths for both the reburial and 

gradual scenarios, indicating that either scenario is possible for each sample (Fig. 19). Although, 

the depth of burial observed in many of the reburial scenarios imply that the basins required to 

drive the samples to the maximum temperature recorded would have been of considerable 

thickness. The Los Pinos location gets reburied to a maximum temperature range of 100-250 °C, 

and the Front Range, CO sample is reburied to temperatures between 50-300 °C. All paths in the 

Tres Piedras, Santa Fe, and Sandia Mountains locations get reburied to the same temperature of 

300 °C, 250 °C, and 200 °C respectively. When utilizing an assumed geothermal gradient of 25 

°C/km this corresponds to a depth of 3.5-9.5 km for Los Pinos, 1.5-11 km for Front Range, 11 km 

for Tres Piedras, 9.5 km for Santa Fe, and 7.5 km for the Sandia Mountains (Fig. 19). These 

calculated burial depths can then be compared to the thickness of preserved Proterozoic deposits 

(Fig. 20). The Unkar and Chuar Groups within the Grand Canyon have a combined thickness of 

~4 km (Timmons et al., 2012). In Death Valley, the Pahrump Group is ~3 km thick (Mahon et al. 

2014). The Apache Group in Arizona is ~0.5 km thick (Shride, 1967), and the Las Animas 

Formation in Colorado is ~1.3 km thick (Tweto 1983). None of these Proterozoic sedimentary  
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Figure 19: Comparison of the inverse model results for all samples. Left column 

showcases the results for the reburial scenario models and the right 

column showcases the results for the gradual scenario models. 

Highlighted in grey is the timing of the breakup of supercontinent 

Rodinia (ca. 0.78-0.55 Ga). Highlighted in red is the timing of assembly 

of Rodinia (ca. 1.3-0.78 Ga). The blue density plots show the number of 

t-T paths that cooled below 40 °C at a given time.  
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  Figure 20: Existing Proterozoic sedimentary deposit thicknesses vs. hypothetical 

thickness of sedimentary basins needed to bury analyzed samples to 

depths recorded in reburial inverse models. For the Los Pinos Mountains 

and Front Range, CO locations the blue corresponds to the minimum 

thickness and the orange corresponds to the maximum thickness recorded 

in the reburial inverse models. The Tres Piedras, Santa Fe, and Sandia 

Mountains locations all get reburied to the same depth so the blue 

represents the thickness of the corresponding hypothetical basin. Above 

each plot of the samples analyzed in this study is the temperature range 

for reburial and the number of good t-T paths used in this analysis. 
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deposits exceed a thickness of four kilometers. Figure 20 compares the thicknesses of existing 

Proterozoic sedimentary deposits to the calculated thicknesses of a basin necessary to bury each 

sample to the depths recorded in the reburial inverse models. For the Tres Piedras, Santa Fe, and 

Sandia Mountains samples, all t-T paths get reheated to approximately the same temperature in 

the inverse models, corresponding to thicknesses of 11 km, 9.5 km, and 7.5 km respectively (Fig. 

20). These calculated thicknesses are far greater than any existing Proterozoic sedimentary deposit, 

suggesting that for these samples, the gradual cooling scenario is more likely than the reburial 

scenario.  

 For the Los Pinos Mountains and Front Range, CO locations the maximum Precambrian 

temperatures during reburial varies when compared to the previous samples. For the Los Pinos 

Mountains sample the depth of reburial ranges from 3.5 km - 9.5 km and for the Front Range, CO 

sample the depth of reburial ranges from 1.5 km - 11 km (Fig. 20). The minimum thickness of 

each is consistent with the thicknesses recorded in the existing Proterozoic sedimentary deposits.  

Although, for the Front Range sample the ZHe date-eU curves in the reburial scenario do 

not actually match the recorded ZHe data that well compared to the ZHe date-eU curves produced 

in the gradual scenario model (Fig. 18). Only four of the curves actually fit all seven data points 

in the reburial scenario while the remaining thirteen curves only fall within the error percentage of 

two data points. When compared to the ZHe date-eU curves in the gradual scenario all fourteen 

curves are similar to one another and fall within the error percentage of all the data points (Fig. 

18). Therefore, the scenario that best fits the data is the t-T paths recorded in the gradual inverse 

scenario model.  

Overall good paths were found for both scenarios for all five samples. However, for the 

Tres Piedras, Santa Fe, and Sandia Mountains locations the depth of burial recoded in the reburial 
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inverse models suggests the presence of a sedimentary basin that is far too thick to have formed 

when compared to the Proterozoic sedimentary deposits that exist today (Fig. 20). Additionally, 

even though the Front Range, CO sample has certain t-T paths that would correspond to basins 

that are comparable in thickness to those recorded today the fit of the ZHe date-eU curves is not 

as coherent with the ZHe data points when compared to those produced in the gradual inverse 

models. Therefore, for the Tres Piedras, Santa Fe, Sandia Mountains, and Front Range samples 

the scenario that is more likely to have occurred is the gradual inverse model scenario. For all four 

samples the gradual inverse models imply that the samples gradually cooled after crystallization, 

were exhumed between 1000-800 Ma, and reached surface temperatures between 800-600 Ma 

(Fig. 19). The only sample where the reburial scenario remains a possibility is the Los Pinos 

Mountains. The ZHe date-eU curves produced fit the recorded data points, and the minimum 

thickness of the hypothetical basin necessary to bury the samples to the temperatures recorded is 

similar to the thickness of Proterozoic sedimentary deposits today. Therefore, for this sample the 

ZHe data are unable to distinguish between a reburial or gradual scenario. 

Additionally, compiled 40Ar/39Ar data from New Mexico provides further evidence that 

the thermal histories implied from the gradual inverse models are valid. A density plot created 

from the compiled K-spar data shows that a majority of the ages fall between 1000-800 Ma with 

only two data points falling outside that range (Fig. 21). The data obtained from this specific 

mineral is important because the partial retention zones of K-spar overlap with the ZHe retention 

temperatures. K-spar has an upper limit of 225 °C and lower limit of 175 °C (Reiners & Brandon 

2006) while the ZHe retention zone falls between 250-50 °C (Guenthner et al., 2013; Johnson et 

al. 2015). The ages obtained from this dating method correspond to many of the older ZHe  

dates obtained from the samples analyzed in this study. Additionally, the results of the compiled 
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Figure 21: Density plot of compiled K-spar 40Ar/39Ar data from New Mexico and 

Colorado. A total of 11 ages were obtained and shown on the plot.  
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K-spar 40Ar/39Ar data imply that these samples must have passed through a temperature range of  

225-175 °C between 1000-800 Ma, in agreement with many of the t-T paths observed in the 

gradual inverse models. Particularly in the Santa Fe, Tres Piedras, Sandia Mountains, and Front 

Range gradual inverse models t-T paths are recorded to have passed through the K-spar retention 

zone between 1000-800 Ma (Fig. 19). The only gradual inverse model that does not contain any 

paths that pass through this temperature zone between 1000-800 Ma is the Los Pinos location. 

For this sample the timing of exhumation seems to occur much earlier between 1400-1200 Ma 

(Fig. 19). With some t-T paths reaching surface temperatures by ~1200 Ma and others by ~500 

Ma (Fig. 19).  

 Finally, when comparing the results of the gradual vs. inverse model scenarios it is clear 

that the gradual scenario is more likely to have occurred for the Tres Piedras, Santa Fe, Sandia 

Mountains, and Front Range samples. Multiple forms of evidence support this conclusion and 

the models imply that exhumation occurred between 1000-800 Ma and samples reached surface 

temperatures between 800-600 Ma (Fig. 19). For the Los Pinos Mountains sample either scenario 

is likely. If the reburial scenario occurred then half of the t-T paths recorded in this model imply 

that exhumation to surface temperatures took place between ~800-500 Ma, while the remaining 

t-T paths indicate that cooling could have taken place between ~400-300 Ma.  However, if the 

gradual cooling scenario is correct, then exhumation occurred much earlier between 1400-1200 

Ma when compared to the other four samples (Fig. 19).  

5.2 IMPLICATIONS FOR SUPERCONTINENT CYCLES 

 Continent-continent collisions that took place between 1.3 to 0.9 Ga constituted the final 

assembly of supercontinent Rodinia. The breakup of this supercontinent occurred in two main 

phases. The first pulse began on the western margin of Laurentia between 780-680 Ma, and the 
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second main phase occurred on the eastern margin between 620-550 Ma (Whitmeyer and 

Karlstrom 2007). This timing seems to overlap with the timing of exhumation and when most of 

the samples analyzed in this study seem to reach surface temperatures. Specifically, the timing of 

breakup clearly overlaps with the timing of exhumation observed in the Tres Piedras, Santa Fe, 

Front Range, and Sandia Mountains gradual inverse models (Fig. 19). All four of these samples 

record t-T paths that reach surface temperatures between 800-600 Ma. Density plots created to 

showcase the distribution of when individual t-T paths cooled below 40 °C reinforce this idea. 

For the Tres Piedras sample the pulse occurs at 29 out of 39 paths cool to temperatures <40 °C 

between 780-550 Ma (Fig. 19). The Santa Fe, NM sample records the main pulse at ~650 Ma 

and 4 out of 7 total paths fall within the timing of breakup of Rodinia. Of the three paths that do 

not fall within the timing of breakup two show that cooling occurs much earlier at ~950 Ma and 

the third shows cooling occurred much later at ~350 Ma (Fig. 19). For Front Range, CO all 14 t-

T paths correlate with the breakup of Rodinia, and the main pulse of when these paths cooled 

below 40 °C takes place at ~600 Ma. Finally, for the Sandia Mountains the majority of paths 

cool at ~580 Ma and 49 out of 53 t-T paths fall between 780-550 Ma (Fig. 19). 

 The timing of exhumation observed in these inverse models overlaps with the deposition 

of certain units within the Grand Canyon Supergroup and the Pahrump Group in Death Valley. 

Within the Grand Canyon Supergroup, the Nankoweap Formation, Chuar Group, and Sixtymile 

Formation were all deposited between 800-600 Ma. Within the Pahrump Group the Horse Thief 

Spring Formation, Beck Spring Dolomite and Kingston Peak Formation were all also deposited 

between 800-600 Ma (Fig. 5). The timing of deposition of these units clearly overlaps with the 

main pulses of exhumation recorded in the Tres Piedras, Santa Fe, Front Range, and Sandia 
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Mountains samples. Further strengthening the argument that the implications gathered from these 

gradual inverse models are valid.  

Additionally, other studies analyzing samples from various locations have correlated 

Precambrian exhumation with the formation and breakup of Rodinia. Thermal history modeling 

for the Carrizo Mountains, western Texas and Cookes Range, southern New Mexico found a 

correlation between pulses of uplift and continental assembly and breakup of Rodinia (Reade 

2019). Results for the Carrizo Mountains imply that rapid uplift occurred between 1040 to 980 

Ma, where the sample was cooled to surface temperatures between 1000-950 Ma (Reade, 2019). 

This period of exhumation can be correlated to the final assembly of Rodinia which occurred 

between 1.3-0.95 Ga (Whitmeyer and Karlstrom 2007). The Cookes Range sample implies two 

periods of uplift may have occurred between 1200-980 Ma and 800-600 Ma, which can be 

correlated to the assembly and breakup of Rodinia (Reade 2019). A separate study focused on 

thermal history modeling from data collected in the Ozark Plateau of Missouri that also linked 

the timing of Proterozoic exhumation to Rodinia breakup (DeLucia et al. 2017). Inverse model 

results from this location imply that a period of reburial throughout the Precambrian is possible, 

and document exhumation between 850-680 Ma. DeLucia et al. (2017) state that this period of 

exhumation recorded in their data can be correlated to the final stages of breakup of Rodinia.  

Furthermore, a study from Flowers et al. (2020) found that exhumation observed in the 

Pikes Peak batholith from southern Colorado occurred sometime between ~1000 and 717 Ma. 

The inverse model results for this study found that the viable set of t-T paths showed rapid 

cooling after crystallization at ~1066 Ma and were then exhumed and reached surface 

temperatures between 1000-717 Ma. Flowers et al. (2020) link the recorded exhumation periods 

to either the assembly of supercontinent Rodinia or the breakup. Additionally, when comparing 
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the ZHe data collected from Pikes Peak to the compiled ZHe data points from all five samples a 

clear trend can be observed between the two data sets. Primarily a clear negative correlation 

between ZHe date and eU concentration is observed along with the inflection point where the 

highly negative slope begins to flatten occurring at an eU concentration of ~500 ppm (Fig. 22) 

The Pikes Peak data also contains maximum ZHe ages similar to those recorded in the Los Pinos 

Mountains, Santa Fe, and Sandia Mountains (Fig. 22). Overall the ZHe date and inverse model 

results obtained from this study are consistent and reinforce the results obtained from the five 

samples analyzed in this paper. 

 While the reburial scenario for the Los Pinos Mountains sample does contain t-T paths 

that show cooling that correlates with the breakup of Rodinia the gradual scenario for this sample 

is the only model that does not clearly correlate with the timing of breakup of this 

supercontinent. The gradual inverse scenario model for this sample implies that the timing of 

exhumation occurred much earlier between 1400-1200 Ma, with some t-T paths reaching surface 

temperatures by ~1200 Ma and others by ~500 Ma (Fig. 19). These recorded t-T paths could 

possibly be explained by Grenville-age extension that may have caused pulses of exhumation for 

basement rocks at depths of ~10 km between 1.45 and 1.35 Ga (Whitmeyer & Karlstrom 2007). 

This period of exhumation can be linked to erosion of a 1.4 Ga plateau, which also led to three 

pulses of uplift across extensional faults occurring at 1.25 Ga, 1.1 Ga, and 0.8 Ga (Timmons et 

al. 2001). Therefore, these t-T paths that show exhumation to the surface prior to Rodinia 

breakup in the Los Pinos models can still be explained and linked to supercontinent cycles.  

Multiple forms of evidence support the gradual cooling scenario and the subsequent 

linking of exhumation to supercontinent cycles. For the Tres Piedras, Front Range, Sandia 

Mountains, and Santa Fe samples the timing of when they reach surface temperatures clearly  
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Figure 22: eU vs. zircon (U-Th)/He date plot comparison of data from Pikes Peak, CO; 

Tres Piedras, NM; Los Pinos Mountains, NM; Santa Fe, NM; Sandia 

Mountains, NM; and Front Range, CO. Date uncertainties are 2. [Ault et al. 

(2018); Flowers et al. (2020)] 
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overlaps with the breakup of Rodinia. For the Los Pinos sample if the gradual scenario occurred 

the timing of exhumation transpired much earlier. However, the exhumation period observed in 

this sample can still be linked to the supercontinent cycle due to Grenville-age extension that 

resulted in exhumation of basement rocks (Whitmeyer & Karlstrom 2007). 

 Another mechanism that may have caused the exhumation recorded in the inverse models 

is Snowball Earth glaciations, which occurred from 717 to 635 Ma (Flowers et al. 2020). This 

event has been proposed to have caused a worldwide denudation episode that may have led to the 

formation of the Great Unconformity. Although, results from the inverse models show that the 

main pulses of exhumation occurred either before or after this event. Figure 19 shows that the 

majority of t-T paths cooled to surface temperatures at ~600 Ma or younger particularly in the 

Tres Piedras, Santa Fe, Sandia Mountains, and Front Range models. While the Los Pinos models 

records older exhumation between 1400-1200 Ma (Fig. 19). Additionally, the inverse model 

results from Flowers et al. (2020) support this conclusion as well with the majority of 

exhumation observed in the Pikes Peak sample occurring prior to the Snowball Earth glaciation 

event. Based off the inverse model results from this study this event is not the strongest signal to 

have caused the exhumation recorded and is more likely linked to the breakup of Rodinia.  

Overall the scenario that is likely to have occurred for the Santa Fe, Tres Piedras, and 

Sandia Mountains samples is the gradual cooling model. For the Los Pinos Mountains and Front 

Range, CO locations both the reburial and gradual cooling models are possible. Due to these 

results this indicates that two scenarios are possible for the five samples analyzed in this study. 

The first option would be that all five samples experienced a gradual cooling scenario. If this is 

true, then four out of the five samples modeled would have experienced exhumation that 

overlaps with the breakup of Rodinia. The only sample that does not overlap with the timing of 
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breakup is the Los Pinos Mountains location (Fig. 19). For this sample exhumation is recorded to 

have occurred much earlier compared to the other samples and could possibly be explained by 

Grenville-age extension that could have resulted in the exhumation of basement rocks. The 

second option would be that the Santa Fe, Tres Piedras, and Sandia Mountains experienced the 

gradual cooling scenario while the Los Pinos and Front Range samples experienced the reburial 

scenario. If this situation occurred, then all five samples record cooling to surface temperatures 

that overlaps with the breakup of Rodinia (Fig. 19).  
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Chapter 6: Conclusion 

In total 51 new and compiled zircon (U-Th)/He dates were utilized in this study in order to 

constrain the long-term thermal history of Precambrian rocks in New Mexico and Colorado. New 

zircon grains were collected from Santa Fe, Tres Piedras, and Los Pinos Mountains and compiled 

data was collected from the Sandia Mountains and Front Range, CO. ZHe analysis for all five 

samples resulted in dates that span millions of years over a wide range of eU values. Two sets of 

forward models that tested various Precambrian histories were run, but none of the corresponding 

ZHe date-eU curves matched the data. Inverse modeling was then utilized in order to test thousands 

of paths to further constrain the thermal history. Two inverse model scenarios were completed for 

each sample including a gradual cooling and reburial scenario. While good paths were found for 

both scenarios the gradual cooling model is more likely to have occurred for the Tres Piedras, 

Santa Fe, and Sandia Mountains locations. The gradual inverse models for these samples imply 

that after crystallization the samples gradually cool through time and begin to reach surface 

temperatures between 800-600 Ma. This timing directly overlaps with the breakup of 

supercontinent Rodinia. For the Front Range, CO location both the reburial and gradual scenarios 

remain a possibility and both scenarios record exhumation that overlaps with the breakup of 

Rodinia. For the Los Pinos Mountains location, both the reburial and gradual scenarios are possible 

as well. Although, if the gradual cooling scenario occurred for this sample then the timing of 

exhumation transpired much earlier between 1400-1200 Ma. This earlier period of exhumation can 

still be linked to supercontinent cycles due to Grenville-age extension that resulted in exhumation 

of basement rocks. Overall the results of the inverse models indicate that two scenarios are possible 

for the five samples analyzed. Scenario one would be that the gradual cooling model occurred for 

all five locations. In this situation four out of the five samples record cooling to surface 
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temperatures during the breakup of Rodinia. The second option would be that only the Santa Fe, 

Tres Piedras, and Sandia Mountains samples experienced the gradual cooling model while the Los 

Pinos Mountains and Front Range locations underwent the reburial model. If this option occurred, 

then all five samples show exhumation that overlaps with the breakup of Rodinia. Overall the 

thermal histories recorded in the inverse models link the cooling to near-surface temperatures to 

the breakup of supercontinent Rodinia. These new data provide new and important insight into the 

timescales and processes of continental exhumation during assembly and break-up of 

supercontinents. 
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