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Statement of Purpose 

 The completion of a Senior Honors Thesis is one of the key components and goals for an 
Honors College student at the University of Arizona. Although students face challenges such as 

Honors courses and seminars along with working to maintain a GPA of 3.5 or higher, the 
Thesis/Capstone is one of the hardest obstacles to prepare for, research for, and complete. My 

personal motivations for compiling this Senior Honors Thesis are many. For one, I wanted to get 
involved in research opportunities being offered within the Geosciences Department at the 
University of Arizona. By simply taking the initiative to go and discuss research with Professor 

Carrapa, I was able to not only aid Emilia Caylor, one of her MS students, with a research 
project, but also found myself conducting research of my own in southeastern Arizona; a place of 

great geologic intrigue. Furthermore, I chose to work on a thesis because writing research papers 
is a crucial cornerstone of science and academia. Gaining experience with this style of writing 
early on in my career is of great importance and will certainly help me in the future. As well, 

getting to meet and discuss potential research findings with not only graduate students but also 
other professors and professional geologists was a goal of mine. As a result, I worked diligently 

to compile this thesis and share my results. Finally, I felt that facing the challenge of writing a 
thesis in my senior year was a worthy purpose to commit myself to in order to make myself a 
well-rounded scientist. Overall, I believe that this thesis has had a profound effect on developing 

my skills and strengths as a scientist.  

Statement of Relevance 

 This Senior Honors Thesis has relevant applications to the field of geosciences. The use 
of uranium-lead (U-Pb) geochronology is a major application described in this thesis. This 

geochronological method is standard for dating the time of mineral crystallization, which in turn 
provides information on the age of rock units and formations. In addition, the U-Pb dating 

methods used to collect age data for this thesis were conducted on zircon crystals. Zircon is one 
of the most widely used geochronometer minerals in geosciences for magmatic (igneous), 
metamorphic, and sedimentary rocks (Corfu, et. al., 2003). Much of the importance behind using 

zircon is that it is able to endure erosional or magmatic processes that would usually destroy 
other common minerals. Also, zircon minerals are common in igneous rocks; the dating of which 

forms the basis of the results for this thesis. Outside of age dating and geochronology research, 
this thesis furthers our understanding of the connections between Cretaceous sedimentary rocks 
deposited in SE Arizona and the Laramide Orogeny. The Laramide Orogeny is a major mountain 

building event significant not only for the tectonic evolution of southern Arizona (Dickinson and 
Snyder, 1978) but overall for western North America including the Rocky Mountains (Carrapa 

and Fan, 2014) during the late-Cretaceous/early-Cenozoic time. This study yields valuable new 
insight into the timing of the Laramide Orogeny in Arizona and this it is of great benefit to the 
geoscientific community. With these factors in mind, this thesis is altogether an investigation of 

geologic and tectonic concepts that have relevance in the field of geosciences. 

Abstract 

The Fort Crittenden Formation comprises a ~2.5 km thick sequence of fluvial-alluvial 

upper-Cretaceous sedimentary units of interest due to rich fossil record, and implications for 

Laramide tectonics in southeastern Arizona. Dating of the Fort Crittenden Formation is 

important for understanding geological evolution of Arizona and western North America. 
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Previous studies (Dickinson and Hayes, 1986) provided an age of ca. 75 Ma based on K-Ar 

geochronology for the age of deposition for the Fort Crittenden Formation. The Salero 

Formation, which is stratigraphically on top of the Fort Crittenden Formation was dated to ca. 74 

Ma (Inman, 1982) using K-Ar geochronology. Based on paleontological content, the Fort 

Crittenden Formation has been interpreted to be Campanian-Maastrichtian in age (84-67 Ma). 

This research aims at more precisely constraining the depositional age of this formation using 

zircon Uranium-Lead geochronology (LA-ICPMS) from four samples (Figure 1): a hypabyssal 

intrusion within the Fort Crittenden Formation, an andesite unit of the Salero Formation 

overlying the Fort Crittenden Formation near Mount Fagan, a dacite unit of the Salero Formation 

above the andesite unit, and a rhyolite unit of the Salero Formation. New zircon U-Pb data ages 

from the intrusion (75.8 Ma), dacite (75.4 Ma), and rhyolite (73.4 Ma) reveal an abundance of 

late-Cretaceous ages for these samples whereas U-Pb ages of the andesite sample reveal no late-

Cretaceous ages. Our results indicate the top of the Fort Crittenden Formation is 75 Ma (older 

than Maastrichtian), and the base is older than 75 Ma. This has implications for the timing and 

mechanism of Laramide tectonics and magmatism in southeastern Arizona. Deposition of the 

upper Fort Crittenden Formation marks changes in volcanism from andesitic-dacitic (75.4 Ma) to 

rhyolitic (73.4 Ma) over 2 million years, which may reflect changes in subduction dynamics.  

Introduction 

Geologic Units and Setting:  

 The Fort Crittenden Formation is a sedimentary formation characterized by fluvial-

alluvial lithologies and a thickness of up to ~2.5 km in localities throughout southeastern 
Arizona (Caylor, et. al., 2019, Drewes, 1971). Stratigraphically, this formation rests 

unconformably on top of the Bisbee Formation (Dickinson and Hayes, 1986). Figure 1 of this 
thesis contains a simplified stratigraphic column for late-Jurassic to late-Cretaceous strata of two 

localities in southeastern Arizona, including the Santa Rita Mountains based on the compiled 
work of Hayes (1970) Hayes and Drewes (1978) and Caylor, et. al. (2019). The Fort Crittenden 
Formation consists of (in stratigraphic order from bottom/older to top/younger) a lower shale 

member up to 170 meters in thickness, red conglomerates up to 300 meters thick and composed 
of Bisbee Group sedimentary rocks as well as lithologies typical of surrounding ranges, a brown 

conglomerate member 620 meters thick composed of mostly granite clasts, more red 
conglomerate as much as 425 meters thick with Bisbee Group clasts throughout, and an 
uppermost thin layer of rhyolitic tuff 20 meters thick (Hayes, 1970). The Fort Crittenden 

Formation has been the subject of paleontological study, with freshwater bivalve and gastropod 
fossils being found throughout the lower shale member (Heckert, et. al., 2003), as well as a new 

ceratopsid dinosaur species being discovered in this formation in 2018 (Dalman, et. al., 2018). 
Volcanic rocks belonging to the lower member of the Salero Formation comfortably overlie the 
Fort Crittenden Formation (Dickinson and Hayes, 1986).  

 The setting for the units previously described and being studied for this thesis is the 
eastern flank of the Santa Rita Mountains and the basin associated with it. Figure 2 is a geologic 

map which highlights the specific region of southeastern Arizona being studied and includes 
insets for local geologic maps used for sample collection. The geology and stratigraphy shown in 
Figure 1 can be extrapolated throughout the Santa Rita Mountains region (Hayes, 1970, 
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Dickinson and Hayes, 1986). The Santa Rita Mountains themselves are largely composed of 
Precambrian granite, Triassic-Jurassic sedimentary and volcanic rocks, and Jurassic granite 

(Rasmussen, et. al., 2012). The modern topography of the Santa Rita Mountains is mostly the 
result of Basin and Range tectonics that occurred in the late-Cenozoic period (Keith and Wilt, 

1985). The same extensional deformation associated with Basin and Range tectonics that led to 
the uplift of the Santa Rita Mountains and other ranges throughout southeastern Arizona also 
dismembered the older Laramide structures (Dickinson, 1991, Favorito and Seedorf, 2017).  

U-Pb Geochronology:  

 Uranium-lead (referred to as U-Pb) geochronology is an incredibly valuable radiometric 
dating technique used in the field of geosciences to obtain accurate age dates for the age of 
formation (crystallization) of magmatic rocks and for the maximum/minimum depositional ages 

of sedimentary rocks associated with them. In this method of absolute age dating, the decay of 
uranium-238 (238U) isotopes to lead-206 (206Pb) isotopess and uranium-235 (235U) isotopes to 

lead-207 (207Pb) isotopes is the main focus (Condon, et. al., 2015). The half-lives for 238U and 
235U to 206Pb and 207Pb, respectively, are 4.5 Ga and 0.7 Ga/700 Ma (Schoene, 2013). Zircon is a 
common mineral of choice for conducting U-Pb dating in Geosciences. This is mostly due to 

zircon having a higher abundance of uranium and other rare earth elements (REEs) than other 
minerals (Corfu, et. al., 2003). Also, zircon minerals are common in a variety of rock types and 

are very resistant to physical weathering processes. It is for this reason that collection and 
processing of all samples gathered for this thesis was geared towards obtaining zircon minerals 
for U-Pb geochronology.  

 The method of U-Pb geochronology used in this thesis was laser ablation inductively 

coupled plasma mass spectrometry (LA-ICPMS). In this method, the surface of zircon crystals 
are lased, ablating the crystal material into an aerosol form (Schoene, 2013). These ablated 

aerosols are then fed into a mass spectrometer using a carrier gas (typically He), where 
concentrations of 238U, 235U, 206Pb, and 207Pb atoms can be analyzed (Schoene, 2013). From this 
concentration data, parent and daughter isotope ratios can be established and ages of the zircon 

minerals from the samples can be calculated.  

Hypothesis: 

 The hypothesis of this thesis is that given the comformable stratigraphic contact between 
the upper Fort Crittenden Formation (below) and the lower Salero Formation (above) in the 

eastern Santa Rita Mountains region, U-Pb geochronological dating can be conducted on zircons 
gathered from the lower Salero Formation igneous rocks and rock samples in close contact to the 
Fort Crittenden Formation to constrain a minimum age of deposition for the Fort Crittenden 

Formation itself. Constraints of the age of deposition of the Fort Crittenden Formation will 
provide insights regarding the timing of Laramide tectonic events in southeastern Arizona as 

well as information on the timing and type of magmatism. Radiometric dating will also better 
constrain the age of fossils in the region. 

Background Research and Literature Review 

 The Fort Crittenden Formation has been the subject of several studies in the Santa Rita 

Mountains region, and it has been dated to between ~86 Ma to ~74 Ma (Late-Campanian) at this 
locality using K-Ar geochronology (Dickinson and Hayes, 1986). The deposition of the Fort 
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Crittenden Formation is interpreted to be syntectonic with early Laramide orogenic events 
(Dickinson and Hayes, 1986). A significant outcrop of the Fort Crittenden Formation is 

preserved in Abode Canyon in the Santa Rita Mountains (Figure 2) and has yielded several 
cerotopsid dinosaur specimens (Dalman, et. al., 2018). An ornithopod fossil specimen was also 

found in the Chaos/Upper Amole Formation, a formation analogous to the Fort Crittenden in 
terms of age, in the Tucson Mountains region (Lucas and Heckert, 2005). Some of the Fort 
Crittenden Formation deposits near Mount Fagan at the northern end of the Santa Rita Mountain 

range are heavily brecciated (Ferguson, et. al., 2001). The Fort Crittenden Formation is also 
present in southwestern New Mexico and northern Sonora, Mexico (Dickinson and Hayes, 

1986). In New Mexico, the Fort Crittenden Formation is seen as directly correlative to the 
Ringbone Formation in both lithology and stratigraphy (Lucas and Heckert, 2005).  

 The lower Salero Formation volcanic rocks which overlie the Fort Crittenden Formation 
consist of, in sequence (Figure 1), andesitic-dacitic lava showing evidence of subaqueous 

deposition, dacitic breccia, rhyodacitic ash-flow tuff deposits, then sedimentary and tuffaceous 
rocks at the top (Ferguson, et. al., 2001, Drewes, 1971). Rhyolite ash-flow tuff deposits that 

outcrop in the Mount Fagan region are collectively known as the Mount Fagan Rhyolite 
(Ferguson, et. al., 2001). The corrected biotite K-Ar age for the Salero Formation volcanics was 
found to be roughly 74 Ma (Dickinson and Hayes, 1986). However, the Salero Formation is also 

associated with lead-zinc-silver mineralization present in the Empire and Santa Rita Mountains, 
which has been interpreted to represent the early onset of Laramide orogenic events at ca. 75 Ma 

(Rasmussen, et. al., 2012). Regardless, the Salero Formation is reported to be older than 72 Ma 
in age, supporting previous K-Ar research (Barton and Mizer, 2018). Whereas the andesitic lava 
member of the Salero Formation does not appear to be present in the Rosemont mining district, 

the Mount Fagan Rhyolite does (Rasmussen, et. al., 2012, Johnson and Ferguson, 2007). The 
Mount Fagan Rhyolite is considered to be a member of the Salero Formation volcanic rocks 

(Dickinson, 2003).  

 Both the sedimentary Fort Critteden Formation and mostly volcanic Salero Formation are 
hypothesized to have been syntectonically deposited during the early onset of Laramide tectonic 
events in southern Arizona (Dickinson and Hayes, 1986, Rasmussen, et. al., 2012). However, the 

Laramide orogenic event has been associated with flat-slab subduction which results in the shut-
off of magmatism in the region above the flat-slab. The shallow angle of subduction resulted in 

migration of magmatism inboard (Terrien, 2012). Evidence of the migration of magmatism 
related to Laramide Orogeny and flat-slab tectonics are found as far east as the Red Hills of 
western Texas (Gilmer, et. al., 2003).  

Furthermore, the Laramide Orogeny is characterized by contractional thick-skinned 
deformation and broken retro-arc foreland basin systems linked to the subduction of the Farallon 
Plate beneath the North American Plate (Dickinson and Snyder, 1978; Bird, 1998; DeCelles, 

2004). Timing of the Laramide Orogeny is generally thought to be between ca. 80 Ma and 50 Ma 
(Carrapa and Fan, 2014), although older ages have been reported in Montana (Carrapa, et. al., 

2019). The Laramide Orogeny was responsible basement block uplift and disruption of the 
regional foreland basin in the western USA (Dickinson and Snyder, 1978; Peyton, et. al., 2012; 
Carrapa, et. al., 2019).  

The tectonic evolution of southern Arizona during the early Laramide Orogeny (80-70 

Ma) was dominated by shortening and thrust faulting (Barton and Mizer, 2018). Thrust and 
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reverse faults in southeastern Arizona were active at ca. 75 Ma (Drewes, 1981, Gehrels and 
Smith, 1991). Thrust faults also emplaced Paleozoic rock units on top of Jurassic-Cretaceous 

Bisbee Group rock units (Barton and Mizer, 2018). Furthermore, low-angle reverse faults created 
several basement core uplifts throughout the region (Barton and Mizer, 2018). The down-faulted 

blocks resulting from loading of thrust/reverse faulting became sedimentary basins (Dickinson, 
2003). The Fort Crittenden Formation was deposited in one such basin in a syntectonic fashion 
and is an important unit to study in regards to Laramide tectonics and sedimentation (Dickinson 

and Hayes, 1986). Deposition and deformation of the Fort Crittenden Formation was highly 
variable in the region during the early Laramide Orogeny, indicating a wide range and evolution 

of geographic and tectonic settings (Barton and Mizer, 2018). However, evidence of arc-related 
igneous activity is seen in prevalence throughout southeastern Arizona, dating to roughly 
between 75-70 Ma; suggesting a complex geometry and evolution of the slab (Dickinson and 

Snyder, 1978). 

 The style of magmatism and volcanism produced during Cordilleran-type orogeny can 
vary greatly depending on a variety of factors (de Silva, 2008). If low magmatic flux from the 

mantle is driving subduction arc volcanism at the surface, composite volcanoes which produce 
andesite magma should result (de Silva, 2008). Furthermore, should the magmatic flux increase 
over a period of time or in a more “sudden” flare-up event, the volcanic style is expected to be 

dominated by large calderas producing rhyolitic and dacitic magmas (de Silva, 2008). The angle 
of subduction also plays an important role in arc magmatic systems (Dickinson and Snyder, 

1978). Steeper angles of subduction for the subducting plate should results in traditional arc 
systems (Dickinson and Snyder, 1978). However, in a more shallow style of subduction, such as 
during the Laramide Orogeny, magmatism is more suppressed and batholiths deeper within the 

crust are much more prevalent (Chapman, et. al., 2018). Disruption of the foreland basin system 
by localized thick-skinned deformation is also expected during flat-slab subduction (DeCelles, 

2004). Back-arc (retro-arc) compression also results if the overriding plate in the subduction 
zone has an advancing motion towards the subducting plate (Heuret and Lallemand, 2005). 
Should the overriding plate have a retreating motion in relation to the subducting plate, back-arc 

extension and related volcanism is expected instead (Heuret and Lallemand, 2005). Roll-back of 
the subducting slab is also expected to produce extension and magmatism (Cassel, et. al., 2018, 

Liu, 2001). 

 Volcanic activity in the northern Santa Rita Mountains and throughout southern Arizona 
has been dated to roughly 80-70 Ma (Rasmussen, et. al., 2012). In other localities, such as the 
Empire Mountains and Tucson Mountains, volcanoes and caldera systems produced andesitic-

dacitic lava rock and rhyolite ash flows, respectively (Rasmussen, et. al., 2012). Hydrothermal 
solutions later mineralized in the caldera systems and deposited silver, lead, and zinc veins 

(Rasmussen, et. al., 2012). Overall, the magma composition in the volcanic centers of southern 
Arizona became more felsic with time (Favorito and Seedorf, 2017). The Santa Rita/Empire 
Mountain regions were directly influenced by Laramide-aged reverse faulting and compression 

during the Cretaceous (Favorito and Seedorf, 2017). Latest Cretaceous to earliest Cenozoic 
volcanism in southern Arizona is also interpreted to have occurred during Laramide Orogeny 

tectonic events; despite the presence of the flat-slab (Favorito and Seedorf, 2017). The abundant 
economic deposits of copper porphyry deposits seen today in southern Arizona, deposited 
between 67-55 Ma, are linked to volcanism that postdated most Laramide shortening 

(Rasmussen, et. al., 2012).   
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Methodology 

Sample Collection: 

 A total of four samples were collected based on previous research on the Fort Crittenden 

Formation in the Santa Rita Mountains (Dickinson and Hayes, 1986) and using geologic maps of 
the Mount Fagan quadrangle at the northern end of the Santa Rita Mountains (Ferguson, et. al., 
2001) and of the Rosemont Junction area (Johnson and Ferguson, 2007). Geologic maps and 

insets of the sample collection sites near Rosemont Junction and Mount Fagan are in Figures 3a, 
3b, 4a and 4b.  

 The first sample collected for analysis was hypabyssal rock with very fine-grained 

mineral texture that made initial identification difficult. Later analysis using petrologic 
microscopes revealed a mineral composition highly indicative of propylitic alteration. This 
sample is referred to as FC-CC18-3, hereafter. FC-CC18-3 was gathered near Cave Creek on the 

eastern side of Mount Wrightson at GPS coordinates 31.717183 N and 110.784133 W. Figure 2, 
the regional geologic map of the study area, highlights where sample FC-CC18-3 was obtained 

in relation to major local geographic features. An important field observation made at the sample 
collection site is that the rock body that FC-CC18-3 was collected from is in close contact not 
only to the modern fluvial system created by Cave Creek, but also intrudes outcrops of Fort 

Crittenden Formation (Figure 1). Work by Hayes in 1986 stated that early Cenozoic intrusive 
rocks are present in the Cave Creek area and are mapped close to Fort Crittenden Formation 

deposits (Dickinson and Hayes, 1986). Given that the goal of this study is to work towards 
constraining an age of deposition for the late-Cretaceous Fort Crittenden Formation, this age 
discrepancy will be important to consider. 

 Using surveying data from a 2007 Arizona Geological Survey geologic map of the 

Rosemont Junction area, a significant outcrop of Mount Fagan Rhyolite was found and organized 
as a sample collection site (Johnson and Ferguson, 2007). The Mount Fagan Rhyolite sample 

was named SF-RJ-1. The GPS coordinates for this sample are 31.83742 N and 110.7289 W. 
Figures 3a and 3b show a map and inset, respectively, for sample SF-RJ-1 collection site, close 
to the Rosemont district in the Santa Rita Mountains. Despite the collection site being roughly 5 

km away from the main body of Mount Fagan Rhyolite seen on Mount Fagan itself, a sizeable 
outcrop of the rhyolite was found. The characteristics of the rhyolite from this location were an 

ashy, tuff-like matrix for the overall rock and an overall welded texture. Although the Mount 
Fagan Rhyolite is not stated as being a cap unit for the Fort Crittenden Formation, it is still of 
late-Cretaceous age (Johnson and Ferguson, 2007). Also, it is hypothesized that Mount Fagan 

was the site of a major caldera complex, one of many that were present in southern Arizona 
during Cretaceous time (Dickinson, 2003). Studying the rhyolite from this caldera is important 

for discussions regarding Laramide volcanism and tectonics. 

 The final two sample collection sites were selected based on a 2001 Arizona Geological 
Survey geologic map of the Mount Fagan quadrangle (Ferguson, et. al., 2001). The map legend 
and accompanying paper suggests that in the Mount Fagan area, the Fort Crittenden Formation is 

overlain by andesitic lava flows, which are in turn overlain by dacitic lava flow units (Ferguson, 
et. al., 2001). These two rock units were, therefore, excellent candidates for volcanic capping 

units to the Fort Crittenden Formation and readily available for uranium-lead geochronology 
dating to determine maximum deposition age. The andesitic lava rock unit, named sample SF-
MF-1, was gathered in a ravine at GPS coordinates 31.90256 N and 110.6965 W. Sample SF-



  8 
 

MF-1 was andesitic in nature with small plagioclase phenocrysts in a grey-green colored, 
intermediate mineral matrix. In a later field expedition, the dacitic lava rock unit, sample name 

SF-MF-2, was gathered at GPS coordinates 31.896999 N and 110.694010 W. Sample SF-MF-2 
was dacitic in nature with small plagioclase feldspar phenocrysts in a grey-brown colored, 

intermediate mineral matrix. In the same field expedition that obtained sample SF-MF-2, an 
outcrop of upper Fort Crittenden Formation was marked at GPS coordinates 31.893012 N and 
110.687746 W; in close proximity (~1 to ~1.5 km) to the two volcanic samples. Figures 4a and 

4b show a map and inset, respectively, of the eastern flank of Mount Fagan and surrounding 
valley environs and marks where each volcanic sample was gathered and where an outcrop of the 

Fort Crittenden Formation was found.  

Sample Processing: 

 Several processing steps needed to be completed in order to obtain zircon crystals from 
the sample rock material for later analysis in the University of Arizona Geosciences LaserChron 

department. To begin the processing procedure, any sample rock material larger than the size of 
a fist was broken down into smaller pieces. Then, using a mechanical jaw crusher or manual 
hand crusher, the pieces were crushed into gravel and collections of finer dust (Gehrels, et. al., 

2011). Using a sieve, the gravel and dust were then separated in order to collect enough fine 
grained material to continue the processing steps. Repeated crushing of rock material and sieving 

procedures was conducted until about a couple of kilograms of fine grained (< 250 microns) 
material was collected. Safety equipment, such as eye and hearing protection, was worn at all 
times.  

 The next step in sample processing was using a Wilfley Table to separate the fine grained 

material collected during rock crushing based on the densities of the minerals found therein. The 
Table is sloped and shakes back and forth along with a steady flow of water in order to induce 

density separation. Fine grained material from the sample was first added to the top of the Table 
in tablespoon-sized additions. Ribs and trenches on the Table surface then catch denser minerals 
and carry them farther down the separation line while allowing less dense minerals to flow off 

the table and collect in separate bins (Gehrels, et. al., 2011). The densest minerals, including 
zircon crystals, are collected in an aluminum foil catchment bin at the end of the Table (Gehrels, 

et. al., 2011). The densest minerals are then dried out in preparation for magnetic separation. 
Once again, use of safety equipment is of the utmost importance. 

 Many of the densest minerals collected from the Wilfley Table separation are very 
magnetic. Due to this, they must be separated in order to effectively collect zircons for U-Pb 

analysis. This is accomplished through the use of handheld magnets as well as a Frantz Magnetic 
Separator (Gehrels et. al., 2012). The densest minerals from the Table separation first had a 

saran-wrapped handheld magnet passed over them to remove the most magnetic minerals from 
the collected sample (Gehrels, et. al., 2012). Then, the remaining sample was placed in a feeder 
tube for the Frantz magnetic Separator and the amperage set rather low to remove moderately 

magnetic minerals. The tube was then opened and the feed of minerals down the Separator path 
carefully monitored to ensure that Separation is not occurring too quickly. Once a round of 

magnetic separation had been completed, the separation process was repeated once more but at 
the maximum amperage allowed by the Separator to remove low level magnetic minerals and 
leave behind non-magnetic minerals such as zircon. Once this final separation step was 

completed, magnetic and non-magnetic mineral samples were collected and stored for later use. 
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The non-magnetic minerals, zircon especially, needed to undergo one final processing step 
before finally being mounted for U-Pb geochronology.  

 In order to finally get zircon crystals separated from the rest of the sample material still 

present thus far in the processing procedures, the use of heavy liquid separation is necessary. 
Methylene iodide (MI) is used as the heavy liquid for separation (Gehrels, et. al., 2012). MI is a 

toxic and carcinogenic chemical, so all separation work must be done wearing the maximum 
amount of lab safety equipment and in a fume hood (Gehrels, et. al., 2012). First, two suction 
beakers along with their respective funnels needed to be setup with filter papers placed inside the 

funnels. Air was run through the suction funnels and acetone added in order to press the filter 
papers to the funnel surfaces. Concurrently, a plastic vial with a volume of roughly 50 mL had to 

be placed in a plastic stand. Then, a glass separator was placed in the vial and a stir rod prepared 
as a “plug” for the separator. Roughly 35 mL of MI was then carefully poured into the vial 
containing the separator; which had to be lifted slightly during the pouring process in order to 

allow MI to settle in the bottom of the vial. The non-magnetic sample material was then poured 
into the separator in the vial and stirred with the stir rod. After stirring, the rod was used to plug 

the separator and allow for zircon crystals to sink. After several minutes, zircon crystals 
separated from the rest of the other non-magnetic minerals floating at the top of the MI in the 
vial and the stir rod was removed momentarily to allow these crystals to settle at the bottom of 

the vial. The separator was plugged once more with the stir rod and the non-magnetic float 
material was poured onto one of the filter papers while the minerals that sank were poured onto 

the other paper. Each collection of mineral material was washed thoroughly with acetone and 
dried off before finally being collected in weigh papers and the zircons prepared for the 
mounting procedure.  

 Mounting the zircon crystals for U-Pb geochronology is the final processing step that 

must be completed. Square ceramic tiles had each sample name written onto them and a piece of 
double-sided tape applied to the center of the tile. Two main types of mounting procedure were 

used in this study: detrital zircon mounting and igneous zircon mounting (Pullen and Pepper, 
2009). Samples FC-CC18-3 and SF-RJ-1 were mounted using detrital procedure while samples 
SF-MF-1 and SF-MF-2 were mounted using igneous procedure. In detrital procedure, an 

aluminum mounting tube was placed on the double sided tape on the tile and the weigh paper 
containing a single sample of zircon crystals is prepared. The crystals, zircon and other minerals, 

were then carefully poured into the tube and the tile was tapped on each side in order to get the 
crystals to adhere to the tape. Lab standard zircons were then placed in rows above and below the 
sample zircons with the aid of a microscope and using tweezers (Pullen and Pepper, 2009). The 

standards are necessary as they provide a control group of zircons whose age has been tested 
thoroughly and is well known. The zircon standards used alongside each samples’ zircons were 

R33, FC, and SLM/SL-Mix. Igneous zircon mounting procedure is somewhat different from 
detrital mounting. For this procedure, all zircon crystals, whether they are standards or sample 
material, are placed on the tape using tweezers and a microscope. First, a collection of standard 

zircons (typically SL-2) was placed in rows in the center of the tape (Pullen and Pepper, 2009). 
Then, ca. 50 or more sample zircons from one sample are placed in horizontal rows above the 

standard zircons. After one sample has been placed, the zircons from another sample were placed 
in vertical rows to the side of the standard zircons. Since only two samples, SF-MF-1 and SF-
MF-2, were mounted, only two sets of sample zircon rows were needed. Elsewhere on the 

mounting tape, rows of more zircon standards were placed. Regardless of what mounting 
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procedure was used, when all zircons were been poured/placed, a plastic ring form was then 
placed over all zircon crystals on the tape and epoxy poured in to the ring form at a later time by 

LaserChron staff to preserve the zircons in a medium that allows for later imaging (Pullen and 
Pepper, 2009).  

Imaging and U-Pb Analysis: 

 Once the epoxy dried in the ring forms, imaging could be done on each samples’ zircons. 

The two imaging procedures conducted on each sample were back-scatter electron (BSE) 
imaging and cathodoluminescence (CL) imaging. BSE imaging allowed for differentiation and 

identification of zircon minerals in the sample mounts, typically seen in BSE images as 
black/grey crystals, along with other minerals, imaged as white crystals. CL imaging was used to 
identify zonation and growth structures in zircon crystals. These zones and structures were 

important to image because older zircon “cores” are commonly surrounded by younger growth 
“rims” that give a more accurate igneous crystallization age (Gehrels, 2010). After imaging was 

completed, the sample mounts were analyzed in the LaserChron E2 Lab by laser ablation 
inductively coupled plasma mass spectrometry (LA-ICPMS). The ICPMS instrument used for 
this study was equipped with a Photon Machines Analyte G2 laser.  

To begin the U-Pb analysis process, the images of each sample of zircon material were 

matched up to real-time images of the mounted zircon material in the ICPMS instrument in order 
to select shooting spots for the laser. Typically, shooting spots on the cores and rims of zircon 

crystals was done in order to not only collect data regarding the age of rock crystallizatio n, but 
also the age of any older, inherited material that may be present in the samples (Gehrels, 2010). 
When the spots for laser shooting were selected, the ICPMS instrument was set to laser ablate 

each spot. The spot diameter for all laser ablation shots was set to 20 microns. The ablated zircon 
material was then carried via helium gas to the scanning electron microscope (SEM) unit of the 

ICPMS instrument. The SEM sequenced through U and Pb isotopes and isotope ratio data was 
collected. This resulting U-Pb isotope data was then uploaded into a Microsoft Excel program 
designed by the Arizona LaserChron Center named E2agecalc. This program automatically ran 

the calculations and data corrections necessary to obtain accurate U-Pb ages from the isotope 
ratio data and organized the age data into spreadsheets that could be further analyzed using 

Isoplot add-in programs designed by the Berkeley Geochronology Center (Ludwig, 2012). 
Figures 5-15 in the Results section of this thesis were created using the Isoplot programs from 
the U-Pb age data for each sample. 

Hafnium Analysis: 

 Conducting hafnium (Hf) isotope analysis on samples FC-CC18-3, SF-RJ-1, and SF-MF-

2 was done in a manner similar to U-Pb geochronology. Hf isotope analysis was conducted in the 
Arizona LaserChron Center Nu Lab and ICPMS instrument used also had a Photon Machines 

Analyte G2 laser. The spot diameter for laser ablations was set to 40 microns for Hf analysis. 
Instead of using Hf isotopes as a chronometer, as U-Pb isotopes are, they were used instead to 
study the crustal evolution of the region where the igneous rock samples were obtained and 

determine if the samples came either from depleted mantle sources or from more uniform, 
regular mantle sources (LaserChron). The decay system and isotope ratio that is being looked at 

it is also different: decay of 176Lu to 176Hf and the ratio of 176Hf to 177Hf (LaserChron). However, 
concentrations of Lu and Yb can interfere with Hf isotope analysis. To correct for this, 
measurements of 176Yb/171Yb and 176Lu/175Lu are taken and fractionation correction is conducted 
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to account for and eliminate interference and obtain accurate Hf data (Woodhead, et. al., 2004). 
For figures displaying Hf analysis data, the units are presented as epsilon Hf; the 176Hf/177Hf ratio 

value of the sample divided by the 176Hf/177Hf ratio value of bulk silicate earth then multiplied by 
104 (LaserChron). The spots selected for ablation were typically the same ones done for the 

previous U-Pb analysis, but some had to be moved in order to avoid burning through particularly 
thin zircon crystals. As well, different zircon lab standards had to be used for Hf work. While 
R33 and FC standards remained consistent, the standards Mud Tank, Temora-2, 91500, 

Plesovice, and SL2 were also used in a separate mount to provide a baseline for Hf isotope ratio 
analysis (LaserChron). The shooting and ablation process was overall similar to the U-Pb 

procedure and data was once again collected in a Microsoft Excel program designed by the 
Arizona LaserChron Center named Hfcalc. This data was compiled and used to make Figure 16 
in the Results section.  

Results and Interpretations 

Normalized Probability Plot: 

Results: 

Figure 5 is a Normalized Probability Plot for all four of the samples gathered from this 
study. The plot visualizes the best U-Pb age data as concentrations of relative probability, given 
all data points. The Mount Fagan rhyolite sample SF-RJ-1 has only one major relative 

probability peak in the late-Cretaceous timeframe (ca. 73.4 Ma). FC-CC18-3, the hypabyssal 
rock sample, has a late-Cretaceous probability peak (ca. 75.8 Ma). Further, SF-MF-2, the dacitic 

lava rock samples, also has a probability peak in late-Cretaceous time (ca. 75.4 Ma). SF-MF-1, 
the andesitic lave rock sample, had only three zircon grains available for analysis; all of which 
far off from a late-Cretaceous age (540.4 ± 5.3 Ma, 683.9 ± 6.6 Ma, and 1104.9 ± 11.7 Ma). 

Major relative probability peaks other than the late-Cretaceous mean ages for samples SF-MF-2 
and FC-CC18-3 are also given. For SF-MF-2, nine zircon ages between 1.07 Ga and 1.11 Ga 

were averaged to get a rough mean age of one of the major probability peaks (ca. 1.096 Ga). For 
FC-CC18-3, 11 zircon ages between ca. 1.62 Ga and ca. 1.66 Ga were averaged to find the one 
of its’ major probability peaks (ca. 1.646 Ga). 

Normalized Probability Plot Interpretations: 

The data suggests heavier inherited zircon influence on the overall sample age data set; 
especially for samples FC-CC18-3 and SF-MF-2. Potential correlations between the older zircon 
ages compiled from the four samples in this plot to other older crustal material in southern 

Arizona are discussed in each specific samples’ results and interpretations section. As seen in 
Figure 5, for the three samples (FC-CC18-3, SF-RJ-1, and SF-MF-2) that yielded a significant 

amount of U-Pb age data points, the relative probability of ages were all found in the late-
Cretaceous: between ca. 75.8 Ma to ca. 73.4 Ma, based on mean age data. Research on other 
volcanic and plutonic rocks in southern Arizona has found similar U-Pb dating results on 

analogous igneous rock localities; such as ca. 75.5 Ma granodiorite dikes in the Santa Rita 
Mountains region, Granite Peak in the Whetstone Mountains region (ca. 75 Ma), and volcanic 

rocks in Williamson Canyon dated to ca. 73.9 Ma (Barton and Mizer, 2018).  

Sample FC-CC18-3 (hypabyssal igneous sample): 

Results: 
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The Concordia diagram shown in Figure 6 suggests that sample FC-CC18-3 has a strong 
detrital zircon component. The diagram and the accompanying best U-Pb age data found for 

sample FC-CC18-3 in Appendix A suggests that there is a significant collection of age data 
points (n=16) dated to the late-Cretaceous between ca. 78.3 Ma and ca. 74 Ma. However, many 

other, older ages are recorded in this sample. For example, there are 11 ages between ca. 1.62 Ga 
and ca. 1.66 Ga. Figure 5 shows the Normalized Probability Plot and a high concentration of 
~1.7 Ga to ~1.6 Ga zircon ages; the Concordia diagram in Figure 6 confirms this. Zircon ages 

older than 1.7 Ga are also recorded in this sample. In addition, several zircon ages between ca. 
1.47 Ga and ca. 1.42 Ga are also present. 

The Tuff Zirc best age calculated for the late-Cretaceous zircons of sample FC-CC18-3 

can be seen in Figure 7. Of the 15 total zircon ages found for this sample, 11 were selected to 
produce a Tuff Zirc best age of 75.76 Ma with an error between +0.63 Ma or -0.57 Ma. The 
remaining four ages were outside the error range and were not counted in the final analysis. This 

age is similar to the best mean age of the dacitic lava rock sample SF-MF-σ, 75.46 ± 0.52 Ma. 

Figure 8 shows that the weighted best mean age for the late-Cretaceous zircons in sample 
FC-CC18-3 is 75.83 ± 0.59 Ma. Once again, this mean age value is very similar to the best mean 

age for the dacitic lava rock sample extracted from the Mount Fagan area, SF-MF-2, which is 
75.46 ± 0.52 Ma. 

Sample FC-CC18-3 Interpretations: 

With regards to the Concordia diagram shown in Figure 6, this sample is described as 

hypabyssal and intrusional in form, and it is therefore likely that while the late-Cretaceous aged 
zircons give a control on when crystallization of the parent rock body occurred, the older zircons 
found in the sample are likely inherited from older country rocks being melted and incorporated 

into the intrusion melt, resulting in the observed spread of ages. Inherited zircon cores dated to 
ca. 1.419 Ga, ca. 1.426 Ga and ca. 1.687 Ga have been recorded in granite and granitoid samples 

gathered from the Santa Catalina Mountains (Fornash, et. al., 2013), so a regional precedence for 
inherited zircons in igneous rocks can be seen in southern Arizona. The >1.7 Ga as well as the 
~1.7 Ga to ~1.6 Ga zircon ages correlate to the Yavapai-Mazatzal crustal provinces seen 

throughout Arizona (Shaw and Karlstrom, 1999). Furthermore, zircon ages of ~1.4 Ga correlate 
with the age of the Oracle Granite intrusion member that is significant in the structure of the 

mountain complexes of southern Arizona (Fornash, et. al., 2013). Sample FC-CC18-3 was 
gathered from Cave Creek, a locality very close to the eastern flank of the Santa Rita Mountains 
(Dickinson, 2003). Early to middle Proterozoic plutonic rocks are commonly found throughout 

the Santa Rita Mountains area (Rasmussen, et. al., 2012), and are therefore possible source 
material for the older zircons recorded in this sample. 

 The Tuff Zirc age constraint recorded in Figure 7 is consistent with a late-Cretaceous 

emplacement for the hypabyssal rocks that make up sample FC-CC18-3. Furthermore, while the 
modes of emplacement are different for samples FC-CC18-3 (hypabyssal) and SF-MF-2 (dacitic 
lava rock), the close relationship of the age values found (Tuff Zirc age of 75.76 Ma +0.63 Ma or 

-0.57 Ma and a mean age of 75.46 ± 0.52 Ma, respectively) is interesting and significant for 
constraining the timing of magmatism. As well, the Tuff Zirc age of sample FC-CC18-3 aligns 

quite well with ages found for granodiorite dikes in the Santa Rita Mountains region, which were 
dated at 75.5 ± 1.3 Ma (Barton and Mizer, 2018). Although the inherited, older aged zircon 
material in this hypabyssal sample is highly prevalent in the Concordia analysis, the Tuff Zirc 
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age shown in Figure 7 reflects a more likely age of emplacement. One result to consider that is 
not stated in Figure 7 is that a single grain age of 57.4 ± 0.5 Ma is present in the complete U-Pb 

age data set for sample FC-CC18-3, seen in Appendix B. While this age coincides with an early 
Cenozoic age of intrusion of magmatic rocks in the Cave Creek area of the Santa Rita Mountains 

(Dickinson and Hayes, 1986) and should be considered, the result is of probable disconcordance. 

 Other igneous rock localities in southern Arizona with similar ages to the weighted mean 
age shown in Figure 8 are from granodiorite dikes at Granite Peak in the Whetstone Mountains 
(75.0 ± 0.98 Ma) and dacite porphyry near Tombstone (75.0 ± 2.8 Ma) (Barton and Mizer, 

2018). However, since this study is focused on the Fort Crittenden Formation and igneous rocks 
in the Santa Rita Mountains and Mount Fagan, the most analogous unit in age and locality to 

sample FC-CC18-3 is the granodiorite dikes discussed previously with an age of 75.5 ± 1.3 Ma 
(Barton and Mizer, 2018). This age, however, may be complicated. As shown in Figure 8, two 
zircon age outliers at 74 Ma and 78.3 Ma are present at the youngest and oldest end of the 

Weighted Mean Age plot, respectively. While the results overall support a late-Cretaceous age of 
crystallization for sample FC-CC18-3, the Tuff Zirc Age Plot in Figure 7 should also be 

considered when discussing the age of crystallization. Given that the Tuff Zirc age is very close 
to the weighted mean age, this intrusion has a very constrained age of emplacement between 
75.76 Ma +0.63 Ma or -0.57 Ma and 75.83 Ma ± 0.59 Ma.  

Sample SF-RJ-1 (rhyolitic ash-flow tuff sample): 

Results: 

Sample SF-RJ-1 shows mostly concordant or near-concordant zircon ages, as seen in 
Figure 9. While many of the ages are late-Cretaceous in age, several potentially inherited ages 
were present in the Concordia diagram shown in Figure 9. This sample contains a few ages at ca. 

1.1 Ga, ca. 1.4 Ga and ca. 1.6 Ga. In particular, a recorded age of 1925.7 ± 9.4 Ma can be seen 
on the Concordia plot as the green ellipse close to the 1800 Ma marker. 

The Tuff Zirc algorithm age for sample SF-RJ-1 is shown in Figure 10. The algorithm 

analyzed 44 U-Pb zircon ages in the late-Cretaceous age range of ca. 77 Ma to ca. 70 Ma and 
ended up included 41 of them in the assessment for best age with the remaining three ages 
outside the error range indicated by the green bar and counted out of the age analysis. The Tuff 

Zirc best age was recorded as 73.6 Ma with an error of +0.22 Ma or -0.18 Ma. 

The mean best age for sample SF-RJ-1 is plotted on Figure 11. The results differ from the 
Tuff Zirc analysis slightly. In this analysis, all 44 U-Pb zircon data points of late-Cretaceous age 

were included in the calculation of the Weighted Mean Age (73.41 ± 0.34 Ma). 

Sample SF-RJ-1 Interpretations: 

 The 1925.7 ± 9.4 Ma age seen in Figure 9 is older than any crustal material found in 
Arizona belonging to the Yavapai province (1.7-1.8 Ga) or to the Mazatzal province (1.6-1.7 Ga) 

(Shaw and Karlstrom, 1999). Looking at this point on the Concordia diagram, it is below the 
predicted ratio curve for the 206Pb/238U to 207Pb/235U system. It is therefore likely that either the 
ratio of 206Pb/238U is too low or the ratio of 207Pb/235U is too high. Other points of interest on the 

Concordia plot shown in Figure 9 include two ages at ca. 1.4 Ga. These ages are temporally close 
in relation with the emplacement of the Oracle Granite that is present throughout not only the 

Santa Catalina Mountains but also much of southern Arizona (Fornash, et. al., 2013). With the 
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Santa Rita Mountains predicted to be similar to the Santa Catalina Mountains (Terrien, 2012), 
the possibility of this rhyolite sample containing inherited zircons from Oracle Granite country 

rock should be considered. 

 The Tuff Zirc age of 73.6 Ma with an error of +0.22 Ma or -0.18 Ma (Figure 10) is 
indicative of a late-Cretaceous emplacement period overall. This result agrees with previous 

AZGS surveying work done in the Rosemont Junction area (Johnson and Ferguson, 2007). While 
the samples SF-MF-1 (andesitic lava rock) and SF-MF-2 (dacitic lave rock) were interpreted as 
igneous capping units for the Fort Crittenden Formation, sample SF-RJ-1 is Mount Fagan 

Rhyolite, which is a member of the upper Salero Formation volcanic rocks that overlie the Fort 
Crittenden Formation (Ferguson, et. al., 2001). The rhyolitic nature of the sample indicates a 

possible caldera-type eruption mechanism (de Silva, 2008). Several Mesozoic caldera remnants 
are present throughout southern Arizona and many are associated with late-Cretaceous 
volcanism (Dickinson, 2003). With a sample Tuff Zirc age of ca. 73.6 Ma being obtained for 

sample SF-RJ-1, the Mount Fagan Rhyolite that makes up the sample should be considered as 
material from a late-Cretaceous caldera system.  

 The slightly younger mean age found in Figure 11 as compared to the Tuff Zirc age 

reported in Figure 10 is significant. With sample SF-RJ-1 being rhyolitic in composition, and 
likely produced by caldera-type systems seen throughout southern Arizona (Dickinson, 2003), 

comparisons to other systems can be made. The Tucson Mountains are composed of caldera-
origin volcanic rocks, as well (Lucas, et. al., 2005). Two of the volcanic rock units previously 
researched in the Tucson Mountains, the Cat Mountain Tuff and the Tuff of Confidence Peak, 

have both yielded ages of ca. 73.1 Ma and ca. 73 Ma, respectively (Lucas, et. al., 2005). The Cat 
Mountain Tuff age of ca. 73.1 Ma, while close in age to the Weighted Mean Age found for 
sample SF-RJ-1, was found as a single 40Ar/39Ar geochronology age (Lucas, et. al., 2005). The 

Tuff of Confidence Peak also has an analogous age (ca. 73 Ma) to sample SF-RJ-1; especially 
the Weighted Mean Age. Between Tuff Zirc and the Weighted Mean Average Plots, an age of 

between ca. 73.4-73.6 Ma is likely for the rhyolite sample SF-RJ-1.  

Sample SF-MF-1 (andesitic lava rock sample): 

Results: 

This sample is mapped as a late-Cretaceous andesitic lava rock emplaced as a capping 
unit for the Fort Crittenden Formation (Ferguson, et. al., 2001). With only three U-Pb zircon 

analyses able to be conducted on this sample, no effective Weighted Mean Age Plot or Tuff Zirc 
Age Plot could be compiled. During the processing of sample SF-MF-1, it was found to be 
overall lacking in zircon minerals. As well, the U-Pb analyses done on the few zircons obtained 

from the sample showed very inconsistent ages. According to the data in Appendix A, for this 
sample the three best ages are 540.4 ± 5.3 Ma, 683.9 ± 6.6 Ma, and 1104.9 ± 11.7 Ma or ca. 1.1 

Ga. 

Sample SF-MF-1 Interpretations: 

 The Proterozoic to Cambrian ages from this sample do not fit a late-Cretaceous 
emplacement age. As seen in Figure 12, however, the three ages recorded in this sample are all 

concordant. It is likely that the zircons found in this sample are inherited zircons from older 
crustal material that were included in the andesitic magma melt. Inherited zircons have been 
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recorded in other igneous rock units in the mountain ranges of southern Arizona (Terrien, 2012, 
Fornash, et. al., 2013). The ~1.1 Ga age is also significant. Diabase intrusions have been 

documented throughout the stratigraphic record in several areas in southern Arizona during this 
time (Barton and Mizer, 2018). The ~1.1 Ga age from sample SF-MF-1 is a possible record of 

these magmatic episodes. So, wheras the sample did not produce late-Cretaceous ages, it still has 
useful data for inferences regarding volcanic evolution of present-day southern Arizona.  

Sample SF-MF-2 (dacitic lava rock sample): 

Results: 

The rock units from which samples SF-MF-1 and SF-MF-2 were obtained are in direct 

sequence with each other, with the dacitic lava rock (SF-MF-2) stratigraphically overlying the 
andesitic lava rock (SF-MF-1) (Ferguson, et. al., 2001). Figure 13 shows the Concordia diagram 
for sample SF-MF-2. The Concordia diagram shows a large cluster of concordant ages at ca. 1.1 

Ga.  

The age obtained for Sample SF-MF-2 via the Tuff Zirc algorithm is shown in Figure 14. 
Of the 25 total late-Cretaceous zircon age data points obtained for the sample, 19 were included 

in the final analysis. Six of the points with an age greater than ~76 Ma were not counted in the 
analysis as their age fell outside the error range indicated by the green bar. Having the oldest six 
data points taken out of the total analysis of 25 data points returned a Tuff Zirc age that is 

younger than the age given by the weighted mean age in Figure 15. The Tuff Zirc algorithm age 
for this sample is stated as 74.79 Ma with an error of +0.38 Ma to -0.27 Ma.  

In addition to the Tuff Zirc age for sample SF-MF-2, Figure 15 gives the weighted best 

mean age for the sample. For this analysis, all 25 of the late-Cretaceous age data points were 
included. The mean age for the dacitic lava rock sample SF-MF-2 yielded from the data is 75.46 
± 0.52 Ma. This varies quite significantly from the Tuff Zirc age found in Figure 14. However, 

the mean age for this sample is within 1 Ma of the Tuff Zirc age. 

Sample SF-MF-2 Interpretations: 

 The ages at ca. 1.1 Ga reported in the Concordia diagram in Figure 13 are in line with 
ages reported from diabase intrusions in the area (Barton and Mizer, 2018). Furthermore, sample 

SF-MF-1, the andesitic lava rock sample discussed previously, had one of its’ three age data 
points centered on the ca. 1.1 Ga marker, as well. With both samples in stratigraphic sequence, 

exhibiting intermediate volcanic composition, and with ca. 1.1 Ga zircon ages, it is likely that 
these two samples are analogous in nature and that results obtained from sample SF-MF-2 can 
also provide insight into sample SF-MF-1, which yielded very few zircon ages (none of which 

were late-Cretaceous in age).  

 The Tuff Zirc age from sample SF-MF-2 is overall in agreement with previous surveying 
age data of the dacitic lava rock formation near Mount Fagan, which are considered to be late-

Cretaceous in age (Ferguson, et. al., 2001). With sample SF-MF-1 yielding very few zircon ages, 
none of which agree with a late-Cretaceous lava emplacement, sample SF-MF-2 can be 
interpreted as the next best capping rock unit for the Fort Crittenden Formation in the area 

around Mount Fagan (Ferguson, et. al., 2001). The Tuff Zirc and mean ages obtained for this 
sample are, therefore, important for discussion regarding the top of the Fort Crittenden 

Formation at this location. The 74.79 Ma Tuff Zirc age for SF-MF-2 is very close in age to the 
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age of dacite porphyry deposits reported near Tombstone (75.0 ± 2.8 Ma) (Barton and Mizer, 
2018).  

 The mean age for this sample also agrees with previous surveying that stated the dacitic 

lava rock in the Mount Fagan area was emplaced during the late-Cretaceous (Ferguson, et. al., 
2001). The age of emplacement for sample SF-MF-2 is between ca. 74.79 Ma and ca. 75.46 Ma. 

These ages are similar to other major Cretaceous volcanic units reported in southeastern Arizona, 
such as andesitic rocks in Williamson Canyon (73.9 ± 2.5 Ma) and dacitic porphryry deposits 
near Tombstone (75.0 ± 2.8 Ma) (Barton and Mizer, 2018). Overall, three of the four 

volcanic/intrusion rock samples studied to constrain the age of the top of the Fort Crittenden 
Formation produced late-Cretaceous ages.  

Hafnium Data: 

Results: 

Hafnium analyses for samples FC-CC18-3, SF-RJ-1, and SF-MF-2 are presented in 

Figure 16. Appendix C contains the specific epsilon hafnium (E-Hf) values and best age values 
of each data point for all samples. All E-Hf values of late-Cretaceous age for the three samples 

are within the chondritic uniform reservoir (CHUR) and a majority fall in within a range of 
between -6 E-Hf and -11 E-Hf. However, two ca. 1.1 Ga analyses from sample SF-MF-2, the 
dacitic lava rock sample, have E-Hf values of 14 and 16 which, according to Figure 16, is typical 

of depleted mantle (DM) compositions. The ca. 1.4 Ga and ca. 1.6 Ga analyses have E-Hf values 
ranging between 3 E-Hf and 9 E-Hf.  

Hafnium Interpretations:  

 The DM (depleted mantle) boundary 1.7 Ga age set for the 176Lu/177Hf crustal evolution 

models given in Figure 16 is concurrent with late-Yavapai/early-Mazatzal orogenic events that 
contributed to the formation of basement rocks seen in Arizona (Shaw and Karlstrom, 1999, 

Magnani et. al., 2004). In southeastern Arizona especially, the Mazatzal province (1.7-1.6 Ga) is 
the dominant crustal province and is relatively juvenile in age (Shaw and Karlstrom, 1999, 
Magnani et. al., 2004). Furthermore, the 1.4 Ga E-Hf analyses in Figure 16 fit the crustal 

evolution models well and are thus interpreted as Precambrian granitic pluton material that 
intruded and incorporated the older Yavapai-Mazatzal crust during melting, resulting in a more 

evolved E-Hf signature (Shaw and Karlstorm, 1999). The late-Cretaceous E-Hf data points also 
fall within the 176Lu/177Hf expected ratio crustal evolution models shown in Figure 16. Crustal 
magmatic source material is typically interpreted to be increasingly more evolved as 176Lu/177Hf 

models approach present time (Gehrels and Vervoort, 2015). The late-Cretaceous E-Hf data 
points are therefore interpreted to have highly negative E-Hf values due to late-Cretaceous 

igneous rocks sourcing their magmatic material from an older, more evolved Yavapai-Mazatzal 
(~1.7 Ga) crustal source (Gehrels and Vervoort, 2015). As well, with the late-Cretaceous E-Hf 
values fitting the crustal evolution models well, there appears to be no evidence for the input of 

very juvenile material to form the late-Cretaceous igneous rocks. Most hafnium analyses with 
ages between 80 Ma and 1.4 Ga in Figure 16 lie outside far the crustal evolution models, 

meaning that they are possibly discordant or that the ages were obtained via mixing of older and 
younger zircon material. Overall, the hafnium data suggests that the source material for late-
Cretaceous magmatic and volcanic events that produced the samples analyzed in this study was 
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from evolved crustal material that can be attributed to Yavapai-Mazatzal crystalline basement 
rock.  

(Data for Figures 6, 9, 12, and 13 is found in Appendix A. Data for Figures 5, 7, 8, 10, 11, 14 

and 15 is found in Appendix B. Data for Figure 16 is found in Appendix C) 

Discussion and Conclusions 

Stratigraphic Constraints for the Fort Crittenden Formation: 

 The best mean ages and TurfZirc ages for the three samples analyzed in this study which 
produced enough results constrain the minimum age of the Fort Crittenden Formation in the 

location of the Santa Rita Mountains to ca. 75 Ma. Sample FC-CC18-3, from a propylitically 
altered rock unit intruding Fort Crittenden Formation in the Cave Creek region shows a mean 

age and Tuff Zirc Age of ~75.8 Ma for its youngest component. This provides constraints on the 
timing of deposition of the Fort Crittenden Formation and indicated that by ca. 76 Ma 
magmatism was renewed in the region. The andesite sample SF-MF-1 directly capping the Fort 

Crittenden Formation in the Mount Fagan region unfortunately only yielded a few zircons which 
are pre-Cretaceous in age and are interpreted to represent an inherited signature from older host 

rock. The dacitic sample SF-MF-2 overlies the andesitic rock in the Mount Fagan region 
(Ferguson, et. al., 2001) and thus provides the best constraints for the time of deposition for the 
top of the Fort Crittenden Formation at this location. This sample shows a Tuff Zirc age of ~74.8 

Ma and a mean age of ~75.5 Ma, indicating emplacement of this rock unit (part of the Salero 
Formation) during the Campanian. This is in agreement with previous studies associating the 

Salero Formation with ~75 Ma lead-zinc-silver mineralization throughout the Santa Rita and 
Empire Mountains (Rasmussen, et. al., 2012). Overall, the top of the Fort Crittenden Formation 
is constrained by this study to have an age of deposition of ca. 75 Ma. These results imply that 

the bulk of the Fort Crittenden Formation is older than 75 Ma. This conflicts with previous K-Ar 
age dating of the Fort Crittenden Formation, which reported an age of deposition of ~74 Ma 

(Dickinson and Hayes, 1986) and with recent paleontological findings made by Dalman, et. al. 
(2018). The rhyolitic rock sample SF-RJ-1 (part of the Salero Formation), although is does not 
directly cap the Fort Crittenden Formation (Ferguson, et. al., 2001, Johnson and Ferguson, 2007) 

is from from the upper Salero Formation in the Santa Rita Mountains/Mount Fagan area 
(Dickinson, 2003), making it an important unit to study with regards to the evolution of 

volcanism in southeastern Arizona. With a Tuff Zirc Age of ~73.6 Ma and mean age of ~73.4 
Ma, the age of emplacement for this sample is well constrained. These results are in agreement 
with other studies and support active magmatism in the Campanian in southeastern Arizona 

(Dickinson and Snyder, 1978, Barton and Mizer, 2018, Rasmussen, et. al., 2012).  

Implications for Timing of Laramide Tectonics and Volcanism: 

 The U-Pb age dating of samples FC-CC18-3, SF-RJ-1, SF-MF-1, and SF-MF-2 as well as 
their lithologies contribute important information regarding Laramide tectonics in southeastern 

Arizona during the late-Cretaceous. Mean ages of these samples range from 75.83 ± 0.59 Ma for 
sample FC-CC18-3, 75.46 ± 0.52 Ma for sample SF-MF-2, and 73.41 ± 0.34 Ma for sample SF-

RJ-1. All three samples are also of a volcanic (SF-RJ-1, SF-MF-1, and SF-MF-2) or metasomatic 
(FC-CC18-3) genesis, with samples SF-MF-1 and SF-MF-2 represented by andesite and dacite, 
respectively. Such intermediate-style volcanic rocks are highly indicative of arc magmatism. As 

stated previously in the literature review, one of the defining features of Laramide tectonics in 
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North America was the apparent presence of a relatively horizontal (“flat”) subducting slab 
underneath the North American continental crust (Dickinson and Snyder, 1978). The coupling of 

the flat slab to the continental crust above it suppresses arc magmatism at the surface (Terrien, 
2012). The cause of the slab flattening out during the Laramide Orogeny is attributed to the 

subduction of a highly buoyant ocean crustal plateau; a conjugate piece of the ancient Shatsky 
Rise (Humphreys, et. al., 2015). The presence of the subducted ocean plateau underneath the 
continental crust in western-to-northern Arizona is inferred to have occurred between 85-80 Ma 

(Humphreys, et. al., 2015, Liu, et. al., 2010). This time of flat-slab subduction and suppressed 
magmatism therefore happened well before the emplacement of the volcanic and metasomatic 

rocks being studied in this thesis. It is furthermore important to note that during deposition of the 
bulk of the Fort Crittenden Formation (ca. 81-76 Ma) no active magmatism was observed in the 
area as supported by the lack of co-magnetic zircons, ashes and other volcanic material within 

this formation (Caylor, et. al., 2019). This is difficult to reconcile with a simple eastward trend 
migration of magmatism suggested between 80-40 Ma in southwestern North America 

(Chapman, et. al., 2018) and suggests that a more complex scenario was at play. The data 
suggests that by the late-Campanian, the study area was characterized by renewed magmatism. 
Studies of convergent margins in the Mediterranean region suggest that slab-rollback or slab 

tearing caused by structural weakness in subducting slabs can lead to upwelling of asthenosphere 
material and renewed generation of regional magmatism (Wortel and Spakman, 2000). Similar 

mechanisms should therefore be considered for southeastern Arizona in the late-Cretaceous. 

 Age dating of both the dacitic rock sample SF-MF-2 and the rhyolitic rock sample SF-RJ-
1 appear to show that the nature of volcanism in southeastern Arizona was in transition during 
the late-Cretaceous period. With a mean age of 75.46 ± 0.52 Ma recorded for the dacitic rock 

found in the Mount Fagan region and a mean age of 73.41 ± 0.34 Ma recorded for the rhyolite 
(part of the Mount Fagan Rhyolite unit), it appears as though volcanic activity became much 

more felsic with regards to lava composition. Andesitic and dacitic compositions characteristic 
of samples SF-MF-1 and SF-MF-2 respectively, are considered to be mostly associated with 
intermediate extrusive igneous rocks, with minerals typical of lavas produced by calc-alkaline 

magmatic arcs (Chapman, et. al., 2018). Rhyolite sample SF-RJ-1, is a highly felsic extrusive 
igneous rock commonly associated with caldera volcanoes (de Silva, 2008). The new Mean Age 

dates produced by this study, indicate that within a two million year timeframe volcanic activity 
in the Santa Rita Mountains region transitioned from a mostly intermediate, magmatic arc system 
to a felsic, caldera volcano system. Furthermore, U-Pb age dating of volcanic tuff deposits in the 

Whetstone Mountains, roughly 30 km to the east of the Santa Rita Mountains, yielded a Tuff 
Zirc age of 68.36 + 2.01 or – 1.58 Ma (Spencer, et. al., 2015). This further suggests a regional 

trend towards felsic volcanism during the late-Cretaceous. One potential cause for this 
significant and rather abrupt change in volcanism could be a change in mantle flux. Caldera 
forming eruptions (CFEs) are the result of “flare-ups”; large volumes of melted mantle material 

rising to the surface and forming volcanoes (de Silva, 2008). Such flare-ups are usually caused 
by high flux of magma material from the mantle (de Silva, 2008). Higher rates of mantle flux are 

often associated with a steepening of the subducting slab, as seen in the ignimbrite flare-ups of 
the Altiplano and Puna regions in South America (Kay and Coira, 2009). Similar tectonic 
evolution in southeastern Arizona during the late-Cretaceous should therefore be considered as a 

potential cause of the change in volcanic nature.  
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Hafnium isotope data from samples FC-CC18-3, SF-RJ-1, and SF-MF-2 provides insight 
on volcanism, as well. As shown in Figure 16, most of the late-Cretaceous E-Hf data values fall 

within the standard 176Lu/177Hf crustal evolution models predicted for a crustal age of 1.7 Ga; the 
age of the oldest crustal material in this region from the Yavapai-Mazatzal crustal province 

(Shaw and Karlstrom, 1999). This suggests that magmatic source for the igneous samples in this 
study was generated from evolved crustal material belonging to the Yavapai-Mazatzal province.  
Furthermore, if significant variation in epsilon Hf values for a particular volcanic or plutonic 

suite is recorded, the magma source is predicted to be of a heterogeneous nature (Bhattacharya 
and Janwari, 2016). In Figure 16, the respective epsilon Hf values for samples SF-MF-2 and SF-

RJ-1 in late-Cretaceous (ca. 75 Ma) time are shown to be rather consistent and ranging between -
6 and -11 epsilon Hf. Therefore, little mixing of juvenile or intermediate crustal material should 
be considered for the magmatic source of the late-Cretaceous samples in this study. Overall, the 

magma source for all samples can be inferred to have been mostly homogeneous in nature and is 
consistent with a mantle source from the chondritic uniform reservoir (CHUR).  

Paleontological Inferences: 

 This study constrains the age of the top of the Fort Crittenden Formation to ca. 75 Ma 

with implications for the paleontological content of the formation can be made. To begin with, 
the age constraint places the end of the Fort Crittenden Formation squarely within the late-

Campanian stage of the Cretaceous period. This supports previous findings made of the Fort 
Crittenden Formation and its’ analogous units in southern Arizona and southwestern New 
Mexico (Lucas and Heckert, 2005, Gradstein, et. al., 2004, Dalman, et. al., 2018). Indeed, as 

stated in the literature review, the Fort Crittenden Formation is considered a correlative member 
to the Ringbone Formation of southwestern New Mexico due to the similar lithology and fossils 
(Lucas and Heckert, 2005). However, the age of andesitic rocks capping the top of the Ringbone 

Formation is constrained to between 70.5-71.4 Ma via 40Ar/39Ar dating (Lucas and Heckert, 
2005). Whereas these two formations are similar in terms of lithology and fossil content, the gap 

in depositional end timing is quite significant; some four million years.  

Furthermore, with the top of the Fort Crittenden Formation being ~75 Ma in age, the bulk 
of this formation is older than, and was deposited before, the Maastrichtian stage of the 

Cretaceous period. The Maastrichtian stage started approximately 71.3 Ma and ended at the 
terminus of the Cretaceous period (Gradstein, et. al., 2004). The Fort Crittenden Formation in the 
Santa Rita Mountains region is therefore younger than the Maastrichtian and so is its fossil 

content.  

Recent paleontological work in the Adobe Canyon region of the Santa Rita Mountains 
has uncovered evidence of a new species of ceratopsid dinosaur, named Crittendenceratops 

krzyzanowskii (Dalman, et. al., 2018). Bones of this new species were found in the lower shale 
member of the Fort Crittenden Formation in mostly siltstone/sandstone rock lithologies (Dalman, 
et. al, 2018). The age of the specimens was stated to be ~73 Ma (Dalman, et. al., 2018). This age 

correlates well to the timing of emplacement for the Mount Fagan Rhyolite represented in 
sample SF-RJ-1. However, based on the ~75 Ma age date from this study and from Caylor et. al. 

(2019) for the top of the Fort Crittenden Formation in the Santa Rita Mountains, these specimens 
should be older than 76 Ma and close to ~81 Ma (Caylor, et. al., 2019).  
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Figures: 

 

Figure 1: Simplified Regional Stratigraphic Column of Late-Jurassic to Late-Cretaceous 

formations for the Santa Rita Mountains. Compiled by Caylor, Emilia, 2019. Based off of work 
by Hayes, 1970, Hayes and Drewes, 1978, and Caylor, et. al., 2019. 
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Figure 2: Regional southeastern Arizona Geologic Map with sample collection sites and 
important geographic features noted. Based on Digital Geologic Map of the Tucson and Nogales 
1˚ x 2˚ Quadrangles: A Digital Database for the 1990 Peterson and others’ Map. By G.P Oland 

and D.M. Hirschberg. Edited by G.J. Orris. USGS, 2001. Scale is 1:250,000. Map units and 
legend in Appendix D. 
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Figure 3a: Geologic Map of the Rosemont area, northern Santa Rita Mountains, Pima County, 
Arizona. Compiled by Johnson, Bradford J., and Ferguson, Charles A., AZGS, 2007. Scale is 
1:12,000. Red shaded box corresponds to map inset in Figure 3b. Map units in Appendix D. 
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Figure 3b: Map inset of the Geologic Map of the Rosemont area, northern Santa Rita Mountains, 

showing the collection site for sample SF-RJ-1 (green star, 31.83742 N and 110.7289 W). Map 
units and legend in Appendix D. 
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Figure 4a: Geologic Map of the Mount Fagan 7.5” Quadrangle, Eastern Pima County, Arizona. 

Compiled by Ferguson, Charles A., Youberg, Ann, Gilbert, Wyatt G., Orr, Tim R., Richard, 
Stephen M., and Spencer, Jon E., AZGS, 2001. Scale is 1:24,000. Red shaded box corresponds to 

map inset in Figure 4b. Map units and legend in Appendix D. 
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Figure 4b: Map inset of the Geologic Map of the Mount Fagan 7.5” Quadrangle, showing 
collection sites for sample SF-MF-1 (blue star, 31.90256 N and 110.6965 W), sample SF-MF-2 

(cyan star, 31.896999 N and 110.694010 W), and an outcrop of upper Fort Crittenden Formation 
(white star, 31.893012 N and 110.687746 W). Map units and legend in Appendix D. 

 

Figure 5: Normalized Probability Plot for all Samples with Best Mean Ages highlighted at 
highest probability peaks. 
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Figure 6: Concordia Plot for Sample FC-CC18-3 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Tuff Zirc Age Plot for Sample FC-CC18-3 
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Figure 8: Weighted Best Mean Age Plot for Late-Cretaceous zircons from Sample FC-CC18-3 

 

Figure 9: Concordia Plot for Sample SF-RJ-1 
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Figure 10: Tuff Zirc Age Plot for Sample SF-RJ-1 

 

Figure 11: Weighted Best Mean Age Plot for Late-Cretaceous zircons from Sample SF-RJ-1 
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Figure 12: Concordia Plot for Sample SF-MF-1 

 

Figure 13: Concordia Plot for Sample SF-MF-2 
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Figure 14: Tuff Zirc Age Plot for Sample SF-MF-2 

 

Figure 15: Weighted Best Mean Age Plot for Late-Cretaceous zircons from Sample SF-MF-2 
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Figure 16: Hafnium Isotope Analysis Plot for samples FC-CC18-3 (n=10), SF-RJ-1 (n=17), and 

SF-MF-2 (n=14), 176Lu/177Hf ratio DM Age set at 1.7 Ga. 
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Appendices 

Appendix A: U-Pb Isotope Ratio Data (Used for Concordia Plot Figures, crossed out values 
represent likely disconcordant analysis) 

Sample FC-CC18-3: 

 Isotope Ratios  Isotope Ratios   

Sample Spot  207Pb*235U* ± (%) 206Pb*238U* ± (%) Error corr. 

-F_CCC18-3 Spot 30 0.0592 1.5 0.0090 0.9 0.64 

-F_CCC18-3 Spot 8 0.0772 1.9 0.0115 1.0 0.54 

-F_CCC18-3 Spot 23 0.0759 1.9 0.0116 1.1 0.59 

-F_CCC18-3 Spot 19 0.0778 2.0 0.0117 1.2 0.60 

-F_CCC18-3 Spot 18 0.0847 3.3 0.0117 1.1 0.34 

-F_CCC18-3 Spot 13 0.0722 1.4 0.0117 1.1 0.79 

-F_CCC18-3 Spot 48 0.0770 1.6 0.0118 1.0 0.63 

-F_CCC18-3 Spot 42 0.0756 1.9 0.0118 0.9 0.48 

-F_CCC18-3 Spot 25 0.0779 2.2 0.0118 1.3 0.57 

-F_CCC18-3 Spot 16 0.0766 2.0 0.0118 1.1 0.57 

-F_CCC18-3 Spot 22 0.0842 1.8 0.0119 1.1 0.60 

-F_CCC18-3 Spot 46 0.0685 2.4 0.0119 1.1 0.44 

-F_CCC18-3 Spot 57 0.0782 1.9 0.0119 1.3 0.70 

-F_CCC18-3 Spot 44 0.0749 2.9 0.0120 1.8 0.62 

-F_CCC18-3 Spot 17 0.0746 1.8 0.0120 1.1 0.58 

-F_CCC18-3 Spot 41 0.0770 1.7 0.0120 0.9 0.52 

-F_CCC18-3 Spot 5 0.0828 1.8 0.0122 1.2 0.63 

-F_CCC18-3 Spot 10 0.3871 1.6 0.0355 1.5 0.90 

-F_CCC18-3 Spot 53 0.5667 5.9 0.0442 3.1 0.53 

-F_CCC18-3 Spot 20 0.7001 1.3 0.0878 0.9 0.71 

-F_CCC18-3 Spot 26 0.7091 1.0 0.0883 0.9 0.86 

-F_CCC18-3 Spot 6 0.7162 1.1 0.0885 0.9 0.81 

-F_CCC18-3 Spot 45 0.8393 1.1 0.1016 0.9 0.83 

-F_CCC18-3 Spot 55 0.8431 1.3 0.1025 0.7 0.58 

-F_CCC18-3 Spot 35 1.0897 1.4 0.1203 1.0 0.71 

-F_CCC18-3 Spot 49 1.1376 1.2 0.1266 0.9 0.75 

-F_CCC18-3 Spot 14 1.7775 1.2 0.1723 1.1 0.92 

-F_CCC18-3 Spot 58 1.7932 1.3 0.1476 1.0 0.80 

-F_CCC18-3 Spot 47 1.7183 1.7 0.1396 1.6 0.92 

-F_CCC18-3 Spot 11 3.0250 1.0 0.2449 0.9 0.87 

-F_CCC18-3 Spot 39 3.1593 1.1 0.2557 0.9 0.87 

-F_CCC18-3 Spot 34 3.2009 0.9 0.2571 0.8 0.88 

-F_CCC18-3 Spot 32 2.8636 1.7 0.2291 1.5 0.92 

-F_CCC18-3 Spot 59 2.9924 1.2 0.2392 1.0 0.82 

-F_CCC18-3 Spot 4 3.0592 1.1 0.2401 0.9 0.80 

-F_CCC18-3 Spot 51 2.2399 1.3 0.1733 1.2 0.92 

-F_CCC18-3 Spot 56 3.6262 1.5 0.2733 1.4 0.95 

-F_CCC18-3 Spot 27 3.2291 1.3 0.2423 1.2 0.90 

-F_CCC18-3 Spot 54 1.5065 1.7 0.1117 1.6 0.92 

-F_CCC18-3 Spot 21 1.9744 1.2 0.1456 1.1 0.91 

-F_CCC18-3 Spot 24 3.8295 1.2 0.2789 1.1 0.89 
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-F_CCC18-3 Spot 0 4.0027 1.1 0.2890 0.9 0.87 

-F_CCC18-3 Spot 31 3.9163 1.1 0.2824 1.0 0.86 

-F_CCC18-3 Spot 12 3.8345 1.0 0.2757 0.7 0.72 

-F_CCC18-3 Spot 50 3.9525 1.0 0.2832 0.9 0.89 

-F_CCC18-3 Spot 36 4.0541 1.0 0.2898 0.8 0.83 

-F_CCC18-3 Spot 40 4.0066 0.8 0.2863 0.7 0.85 

-F_CCC18-3 Spot 15 4.1199 1.0 0.2942 0.9 0.83 

-F_CCC18-3 Spot 52 3.8778 1.2 0.2767 1.1 0.91 

-F_CCC18-3 Spot 3 3.9243 1.3 0.2789 1.1 0.88 

-F_CCC18-3 Spot 2 4.0069 1.1 0.2843 0.8 0.76 

-F_CCC18-3 Spot 33 2.9266 1.5 0.2057 1.4 0.95 

-F_CCC18-3 Spot 29 4.4016 1.2 0.3076 1.1 0.91 

-F_CCC18-3 Spot 9 3.7655 3.2 0.2623 3.1 0.97 

-F_CCC18-3 Spot 38 4.2086 1.2 0.2904 1.0 0.85 

-F_CCC18-3 Spot 43 4.3492 1.2 0.2955 1.0 0.82 

-F_CCC18-3 Spot 7 4.0653 0.9 0.2759 0.8 0.87 

-F_CCC18-3 Spot 37 4.1298 1.0 0.2794 0.8 0.79 

-F_CCC18-3 Spot 1 4.5792 1.1 0.3082 1.0 0.88 

 

Sample SF-RJ-1: 

 Isotope Ratios  Isotope Ratios   

Sample Spot  207Pb*235U* ± (%) 206Pb*238U* ± (%) Error corr. 

-SF-RJ-1 Spot 57 0.0588 3.1 0.0109 1.0 0.33 

-SF-RJ-1 Spot 36 0.0722 1.6 0.0111 1.1 0.69 

-SF-RJ-1 Spot 53 0.0722 1.2 0.0112 0.9 0.76 

-SF-RJ-1 Spot 17 0.0692 4.1 0.0112 1.1 0.27 

-SF-RJ-1 Spot 58 0.0713 1.7 0.0112 1.0 0.60 

-SF-RJ-1 Spot 4 0.0727 1.4 0.0113 0.9 0.65 

-SF-RJ-1 Spot 44 0.0689 2.0 0.0113 0.9 0.46 

-SF-RJ-1 Spot 20 0.0748 1.7 0.0113 1.0 0.59 

-SF-RJ-1 Spot 34 0.0733 1.6 0.0113 1.1 0.66 

-SF-RJ-1 Spot 59 0.0724 2.2 0.0114 1.2 0.55 

-SF-RJ-1 Spot 40 0.0746 1.3 0.0114 0.9 0.69 

-SF-RJ-1 Spot 33 0.0672 2.0 0.0114 0.9 0.47 

-SF-RJ-1 Spot 1 0.0801 2.0 0.0114 1.0 0.51 

-SF-RJ-1 Spot 55 0.0740 1.3 0.0114 0.8 0.64 

-SF-RJ-1 Spot 11 0.0743 1.8 0.0115 0.8 0.46 

-SF-RJ-1 Spot 51 0.0740 1.7 0.0115 1.0 0.60 

-SF-RJ-1 Spot 25 0.0646 3.2 0.0115 1.2 0.38 

-SF-RJ-1 Spot 35 0.0725 1.5 0.0115 1.0 0.66 

-SF-RJ-1 Spot 13 0.0740 1.6 0.0115 1.0 0.67 

-SF-RJ-1 Spot 38 0.0748 1.7 0.0115 1.0 0.56 

-SF-RJ-1 Spot 21 0.0738 1.3 0.0115 0.8 0.66 

-SF-RJ-1 Spot 26 0.0742 1.6 0.0115 0.9 0.58 

-SF-RJ-1 Spot 28 0.0743 1.3 0.0115 0.9 0.68 

-SF-RJ-1 Spot 43 0.0854 8.8 0.0115 1.3 0.15 

-SF-RJ-1 Spot 48 0.0752 2.9 0.0115 1.2 0.40 

-SF-RJ-1 Spot 7 0.0670 2.2 0.0115 1.2 0.54 
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-SF-RJ-1 Spot 37 0.0738 2.3 0.0115 1.1 0.46 

-SF-RJ-1 Spot 32 0.0658 2.3 0.0115 1.1 0.49 

-SF-RJ-1 Spot 47 0.0757 1.6 0.0115 1.2 0.80 

-SF-RJ-1 Spot 24 0.0756 1.5 0.0115 1.1 0.70 

-SF-RJ-1 Spot 46 0.0741 1.7 0.0115 1.1 0.66 

-SF-RJ-1 Spot 42 0.0730 1.9 0.0116 1.4 0.76 

-SF-RJ-1 Spot 9 0.0753 1.8 0.0116 1.1 0.59 

-SF-RJ-1 Spot 49 0.0768 2.0 0.0116 1.3 0.63 

-SF-RJ-1 Spot 6 0.0755 1.7 0.0116 1.0 0.57 

-SF-RJ-1 Spot 52 0.0763 1.7 0.0116 0.8 0.48 

-SF-RJ-1 Spot 27 0.0748 2.3 0.0116 1.0 0.44 

-SF-RJ-1 Spot 22 0.0741 1.6 0.0116 1.1 0.71 

-SF-RJ-1 Spot 5 0.0731 2.8 0.0117 1.0 0.35 

-SF-RJ-1 Spot 3 0.0734 1.6 0.0117 1.0 0.64 

-SF-RJ-1 Spot 23 0.0758 2.2 0.0117 1.2 0.55 

-SF-RJ-1 Spot 16 0.0769 1.7 0.0117 1.2 0.71 

-SF-RJ-1 Spot 29 0.0748 1.4 0.0117 1.0 0.71 

-SF-RJ-1 Spot 10 0.0728 2.3 0.0118 1.0 0.42 

-SF-RJ-1 Spot 12 0.0777 1.5 0.0121 1.1 0.75 

-SF-RJ-1 Spot 8 0.1003 8.5 0.0144 5.9 0.69 

-SF-RJ-1 Spot 41 0.3787 3.3 0.0333 2.2 0.66 

-SF-RJ-1 Spot 31 0.2556 2.0 0.0371 1.7 0.83 

-SF-RJ-1 Spot 15 0.8425 2.3 0.0639 2.2 0.96 

-SF-RJ-1 Spot 39 1.8782 1.1 0.1807 0.9 0.88 

-SF-RJ-1 Spot 18 1.8742 1.3 0.1780 0.8 0.63 

-SF-RJ-1 Spot 2 2.6735 1.3 0.2171 1.2 0.92 

-SF-RJ-1 Spot 45 2.9505 1.1 0.2390 0.9 0.87 

-SF-RJ-1 Spot 14 3.6409 1.5 0.2567 1.3 0.90 

-SF-RJ-1 Spot 30 4.3630 1.0 0.2983 0.8 0.80 

-SF-RJ-1 Spot 19 1.1307 1.7 0.0756 1.3 0.81 

-SF-RJ-1 Spot 50 5.3600 1.2 0.3295 1.1 0.90 

 

Sample SF-MF-1: 

 Isotope Ratios  Isotope Ratios   

Sample Spot 207Pb*235U* ± (%) 206Pb*238U* ± (%) Error corr. 

-SF-MF-1 Spot 2 0.7068 1.3 0.0874 1.0 0.79 

-SF-MF-1 Spot 0 0.9792 1.4 0.1119 1.0 0.73 

-SF-MF-1 Spot 3 1.9587 1.0 0.1860 0.8 0.82 

 

Sample SF-MF-2: 

 Isotope Ratios  Isotope Ratios   

Sample Spot  207Pb*235U* ± (%) 206Pb*238U* ± (%) Error corr. 

-SF-MF-2 Spot 2 0.0748 2.5 0.0114 1.6 0.64 

-SF-MF-2 Spot 30 0.0720 2.1 0.0116 1.6 0.73 

-SF-MF-2 Spot 8 0.0631 4.7 0.0116 1.4 0.30 

-SF-MF-2 Spot 15 0.0754 2.4 0.0116 1.9 0.77 

-SF-MF-2 Spot 0 0.0823 2.5 0.0116 1.5 0.58 
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-SF-MF-2 Spot 19 0.0747 2.9 0.0116 1.3 0.44 

-SF-MF-2 Spot 12 0.0752 1.9 0.0116 1.3 0.67 

-SF-MF-2 Spot 14 0.0747 2.9 0.0117 1.8 0.63 

-SF-MF-2 Spot 7 0.0767 2.1 0.0117 1.6 0.73 

-SF-MF-2 Spot 22 0.0767 1.9 0.0117 1.5 0.81 

-SF-MF-2 Spot 20 0.0736 2.0 0.0117 1.4 0.71 

-SF-MF-2 Spot 18 0.0777 2.3 0.0117 1.8 0.76 

-SF-MF-2 Spot 34 0.0768 1.9 0.0117 1.3 0.67 

-SF-MF-2 Spot 27 0.0774 1.8 0.0117 1.6 0.84 

-SF-MF-2 Spot 6 0.0781 1.6 0.0117 1.4 0.87 

-SF-MF-2 Spot 16 0.0827 2.1 0.0118 1.3 0.61 

-SF-MF-2 Spot 3 0.0734 2.3 0.0118 1.0 0.43 

-SF-MF-2 Spot 10 0.0773 1.7 0.0118 1.3 0.82 

-SF-MF-2 Spot 28 0.0796 2.5 0.0119 1.7 0.67 

-SF-MF-2 Spot 4 0.0782 2.1 0.0120 1.4 0.67 

-SF-MF-2 Spot 24 0.0797 1.9 0.0120 1.6 0.85 

-SF-MF-2 Spot 35 0.1009 4.2 0.0121 1.6 0.38 

-SF-MF-2 Spot 32 0.0791 1.8 0.0121 1.5 0.83 

-SF-MF-2 Spot 31 0.0787 1.9 0.0121 1.6 0.81 

-SF-MF-2 Spot 38 0.0783 2.2 0.0122 1.3 0.57 

-SF-MF-2 Spot 26 0.0802 1.6 0.0127 1.0 0.61 

-SF-MF-2 Spot 11 0.1995 4.3 0.0133 1.3 0.31 

-SF-MF-2 Spot 36 0.0879 1.1 0.0134 0.9 0.82 

-SF-MF-2 Spot 17 0.1033 1.5 0.0156 1.1 0.75 

-SF-MF-2 Spot 23 0.1834 2.1 0.0262 1.3 0.63 

-SF-MF-2 Spot 39 0.5074 1.2 0.0671 0.7 0.63 

-SF-MF-2 Spot 29 1.9671 1.0 0.1894 0.8 0.77 

-SF-MF-2 Spot 37 1.9416 1.0 0.1866 0.9 0.88 

-SF-MF-2 Spot 1 1.8940 1.0 0.1813 0.8 0.88 

-SF-MF-2 Spot 33 1.9357 1.0 0.1850 0.9 0.84 

-SF-MF-2 Spot 9 1.8869 0.9 0.1802 0.8 0.82 

-SF-MF-2 Spot 21 1.9665 0.9 0.1871 0.8 0.81 

-SF-MF-2 Spot 13 1.9569 0.9 0.1860 0.7 0.75 

-SF-MF-2 Spot 25 2.0329 1.0 0.1923 0.8 0.79 

-SF-MF-2 Spot 5 1.9298 0.9 0.1823 0.8 0.87 

 

Appendix B: U-Pb Best Age Data (Used for Tuff Zirc, Mean Age, and Normalized Distribution 
Figures, crossed out values represent likely disconcordant analysis) 

Sample FC-CC18-3: 

Sample Spot  Best Age (Ma) ± (Ma) 

-F_CCC18-3 Spot 30 57.4 0.5 

-F_CCC18-3 Spot 8 74.0 0.8 

-F_CCC18-3 Spot 23 74.3 0.8 

-F_CCC18-3 Spot 19 74.7 0.9 

-F_CCC18-3 Spot 18 75.1 0.8 

-F_CCC18-3 Spot 13 75.2 0.8 

-F_CCC18-3 Spot 48 75.3 0.8 
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-F_CCC18-3 Spot 42 75.6 0.7 

-F_CCC18-3 Spot 25 75.8 1.0 

-F_CCC18-3 Spot 16 75.9 0.9 

-F_CCC18-3 Spot 22 76.4 0.8 

-F_CCC18-3 Spot 46 76.4 0.8 

-F_CCC18-3 Spot 57 76.4 1.0 

-F_CCC18-3 Spot 44 76.9 1.4 

-F_CCC18-3 Spot 17 76.9 0.8 

-F_CCC18-3 Spot 41 77.0 0.7 

-F_CCC18-3 Spot 5 78.3 0.9 

-F_CCC18-3 Spot 10 224.9 3.2 

-F_CCC18-3 Spot 53 279.1 8.5 

-F_CCC18-3 Spot 20 542.7 4.7 

-F_CCC18-3 Spot 26 545.3 4.6 

-F_CCC18-3 Spot 6 546.6 4.7 

-F_CCC18-3 Spot 45 624.0 5.6 

-F_CCC18-3 Spot 55 629.2 4.4 

-F_CCC18-3 Spot 35 732.2 6.8 

-F_CCC18-3 Spot 49 768.7 6.5 

-F_CCC18-3 Spot 14 1063.6 9.7 

-F_CCC18-3 Spot 58 1385.0 15.1 

-F_CCC18-3 Spot 47 1410.4 13.0 

-F_CCC18-3 Spot 11 1417.0 9.7 

-F_CCC18-3 Spot 39 1417.3 10.4 

-F_CCC18-3 Spot 34 1431.5 8.4 

-F_CCC18-3 Spot 32 1439.6 12.2 

-F_CCC18-3 Spot 59 1440.7 12.7 

-F_CCC18-3 Spot 4 1475.6 12.4 

-F_CCC18-3 Spot 51 1502.6 10.0 

-F_CCC18-3 Spot 56 1552.0 9.0 

-F_CCC18-3 Spot 27 1560.4 10.5 

-F_CCC18-3 Spot 54 1582.3 12.3 

-F_CCC18-3 Spot 21 1593.0 9.6 

-F_CCC18-3 Spot 24 1616.4 10.0 

-F_CCC18-3 Spot 0 1632.6 10.1 

-F_CCC18-3 Spot 31 1635.0 10.6 

-F_CCC18-3 Spot 12 1640.5 13.0 

-F_CCC18-3 Spot 50 1646.9 8.5 

-F_CCC18-3 Spot 36 1651.2 10.6 

-F_CCC18-3 Spot 40 1651.3 8.0 

-F_CCC18-3 Spot 15 1652.9 10.9 

-F_CCC18-3 Spot 52 1654.4 9.5 

-F_CCC18-3 Spot 3 1661.5 11.4 

-F_CCC18-3 Spot 2 1664.6 12.9 

-F_CCC18-3 Spot 33 1682.3 8.4 

-F_CCC18-3 Spot 29 1692.8 8.9 

-F_CCC18-3 Spot 9 1698.7 13.6 

-F_CCC18-3 Spot 38 1716.3 11.8 
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-F_CCC18-3 Spot 43 1744.4 13.0 

-F_CCC18-3 Spot 7 1746.8 8.1 

-F_CCC18-3 Spot 37 1752.1 10.6 

-F_CCC18-3 Spot 1 1761.9 10.1 

 

Sample SF-RJ-1: 

Sample Spot  Best Age (Ma) ± (Ma) 

-SF-RJ-1 Spot 57 69.9 0.7 

-SF-RJ-1 Spot 36 71.4 0.8 

-SF-RJ-1 Spot 53 71.8 0.7 

-SF-RJ-1 Spot 17 71.8 0.8 

-SF-RJ-1 Spot 58 71.9 0.7 

-SF-RJ-1 Spot 4 72.2 0.6 

-SF-RJ-1 Spot 44 72.3 0.7 

-SF-RJ-1 Spot 20 72.4 0.7 

-SF-RJ-1 Spot 34 72.7 0.8 

-SF-RJ-1 Spot 59 72.8 0.9 

-SF-RJ-1 Spot 40 72.8 0.6 

-SF-RJ-1 Spot 33 73.0 0.7 

-SF-RJ-1 Spot 1 73.1 0.7 

-SF-RJ-1 Spot 55 73.2 0.6 

-SF-RJ-1 Spot 11 73.4 0.6 

-SF-RJ-1 Spot 51 73.4 0.8 

-SF-RJ-1 Spot 25 73.4 0.9 

-SF-RJ-1 Spot 35 73.5 0.7 

-SF-RJ-1 Spot 13 73.5 0.8 

-SF-RJ-1 Spot 38 73.5 0.7 

-SF-RJ-1 Spot 21 73.5 0.6 

-SF-RJ-1 Spot 26 73.6 0.7 

-SF-RJ-1 Spot 28 73.6 0.6 

-SF-RJ-1 Spot 43 73.6 0.9 

-SF-RJ-1 Spot 48 73.7 0.8 

-SF-RJ-1 Spot 7 73.7 0.9 

-SF-RJ-1 Spot 37 73.8 0.8 

-SF-RJ-1 Spot 32 73.8 0.8 

-SF-RJ-1 Spot 47 73.8 0.9 

-SF-RJ-1 Spot 24 73.9 0.8 

-SF-RJ-1 Spot 46 74.0 0.8 

-SF-RJ-1 Spot 42 74.1 1.0 

-SF-RJ-1 Spot 9 74.2 0.8 

-SF-RJ-1 Spot 49 74.2 0.9 

-SF-RJ-1 Spot 6 74.2 0.7 

-SF-RJ-1 Spot 52 74.3 0.6 

-SF-RJ-1 Spot 27 74.6 0.8 

-SF-RJ-1 Spot 22 74.6 0.9 

-SF-RJ-1 Spot 5 74.7 0.7 

-SF-RJ-1 Spot 3 74.7 0.7 
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-SF-RJ-1 Spot 23 74.8 0.9 

-SF-RJ-1 Spot 16 75.1 0.9 

-SF-RJ-1 Spot 29 75.2 0.8 

-SF-RJ-1 Spot 10 75.8 0.7 

-SF-RJ-1 Spot 12 77.3 0.9 

-SF-RJ-1 Spot 8 92.4 5.4 

-SF-RJ-1 Spot 41 211.0 4.6 

-SF-RJ-1 Spot 31 234.9 3.8 

-SF-RJ-1 Spot 15 399.1 8.5 

-SF-RJ-1 Spot 39 1079.0 10.4 

-SF-RJ-1 Spot 18 1104.9 20.6 

-SF-RJ-1 Spot 2 1410.9 10.2 

-SF-RJ-1 Spot 45 1416.0 9.9 

-SF-RJ-1 Spot 14 1676.2 11.9 

-SF-RJ-1 Spot 30 1733.1 10.8 

-SF-RJ-1 Spot 19 1773.8 17.9 

-SF-RJ-1 Spot 50 1925.7 9.4 

 

Sample SF-MF-1: 

Sample Spot  Best Age (Ma) ± (Ma) 

-SF-MF-1 Spot 2 540.4 5.3 

-SF-MF-1 Spot 0 683.9 6.6 

-SF-MF-1 Spot 3 1104.9 11.7 

 

Sample SF-MF-2: 

Sample Spot  Best Age (Ma) ± (Ma) 
-SF-MF-2 Spot 2 73.3 1.2 

-SF-MF-2 Spot 30 74.1 1.2 

-SF-MF-2 Spot 8 74.1 1.0 

-SF-MF-2 Spot 15 74.5 1.4 

-SF-MF-2 Spot 0 74.5 1.1 

-SF-MF-2 Spot 19 74.5 1.0 

-SF-MF-2 Spot 12 74.5 0.9 

-SF-MF-2 Spot 14 74.7 1.4 

-SF-MF-2 Spot 7 74.8 1.2 

-SF-MF-2 Spot 22 74.8 1.1 

-SF-MF-2 Spot 20 74.9 1.1 

-SF-MF-2 Spot 18 75.0 1.3 

-SF-MF-2 Spot 34 75.0 0.9 

-SF-MF-2 Spot 27 75.2 1.2 

-SF-MF-2 Spot 6 75.2 1.0 

-SF-MF-2 Spot 16 75.6 1.0 

-SF-MF-2 Spot 3 75.7 0.8 

-SF-MF-2 Spot 10 75.7 1.0 

-SF-MF-2 Spot 28 76.3 1.3 

-SF-MF-2 Spot 4 76.9 1.1 
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-SF-MF-2 Spot 24 77.2 1.3 

-SF-MF-2 Spot 35 77.2 1.2 

-SF-MF-2 Spot 32 77.4 1.2 

-SF-MF-2 Spot 31 77.7 1.2 

-SF-MF-2 Spot 38 78.3 1.0 

-SF-MF-2 Spot 26 81.2 0.8 

-SF-MF-2 Spot 11 85.5 1.1 

-SF-MF-2 Spot 36 85.6 0.8 

-SF-MF-2 Spot 17 100.0 1.1 

-SF-MF-2 Spot 23 166.7 2.2 

-SF-MF-2 Spot 39 418.5 3.0 

-SF-MF-2 Spot 29 1076.7 12.7 

-SF-MF-2 Spot 37 1080.9 9.5 

-SF-MF-2 Spot 1 1089.5 9.2 

-SF-MF-2 Spot 33 1092.3 11.3 

-SF-MF-2 Spot 9 1093.9 10.9 

-SF-MF-2 Spot 21 1101.0 11.0 

-SF-MF-2 Spot 13 1102.6 12.2 

-SF-MF-2 Spot 25 1112.3 12.2 

-SF-MF-2 Spot 5 1115.8 9.0 

 

Appendix C: Hafnium Data (Used for Hafnium Figure) 

Sample FC-CC18-3: 

Sample Spot  E-Hf (T) Best Age (Ma) 

F-CCC18-3-18 
-6.5 75.1 

F-CCC18-3-42 -8.3 75.6 

F-CCC18-3-48 -8.4 75.3 

F-CCC18-3-57 
-21.7 76.4 

F-CCC18-3-55 
2.4 629.2 

F-CCC18-3-59 6.8 1440.7 

F-CCC18-3-50 5.6 1646.9 

F-CCC18-3-37 
22.3 1752.1(likely wrong age assignment) 

F-CCC18-3-38 
26.1 1716.3 (likely wrong age assignment) 

F-CCC18-3-15 
8.3 1652.9 

F-CCC18-3-0 
-37.7 1632.6 (likely burn though) 

F_CCC18-3-39 
4.4 1417.3 

F_CCC18-3-49 
-11.5 768.7 

 

Sample SF-RJ-1: 

Sample Spot  E-Hf (T) Best Age (Ma) 

SF-RJ-1-53 -8.4 71.8 

SF-RJ-1-51 
-9.6 73.4 

SF-RJ-1-24 
-8.0 73.9 

SF-RJ-1-29 -9.9 75.2 

SF-RJ-1-5 
-10.8 74.7 
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SF-RJ-1-43 -10.0 73.6 

SF-RJ-1-13 
-9.1 73.5 

SF-RJ-1-20 
-9.2 72.4 

SF-RJ-1-48 -17.1 73.7 

SF-RJ-1-21 
-10.1 73.5 

SF-RJ-1-37 
-45.3 73.8 (likely burn through) 

SF-RJ-1-40 -8.6 72.8 

SF-RJ-1-30 
6.7 1733.1 

SF-RJ-1-2 
2.7 1410.9 

SF-RJ-1-15 -6.1 399.1 

SF-RJ-1-41 
-2.8 211.0 

SF-RJ-1-18 
6.9 1104.9 

SF-RJ-1-45 8.5 1416.0 

 

Sample SF-MF-2: 

Sample Spot  E-Hf (T) Best Age (Ma) 

SF-MF-2-6 
-6.5 75.2 

SF-MF-2-14 -6.7 74.7 

SF-MF-2-15 -6.1 74.5 

SF-MF-2-28 -6.1 76.3 

SF-MF-2-32 -9.5 77.4 

SF-MF-2-20 
-7.7 74.9 

SF-MF-2-22 
-6.4 74.8 

SF-MF-2-30 -5.9 74.1 

SF-MF-2-34 
-8.3 75.0 

SF-MF-2-38 
-3.2 78.3 

SF-MF-2-9 13.9 1093.9 

SF-MF-2-37 
1.4 1080.9 

SF-MF-2-39 
-0.7 418.5 

SF-MF-2-5 16.0 1115.8 
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Appendix D: Geologic Map Units 

 

Map units corresponding to Figure 2: Regional southeastern Arizona Geologic Map Based on 
Digital Geologic Map of the Tucson and Nogales 1˚ x 2˚ Quadrangles: A Digital Database for 

the 1990 Peterson and others’ Map. 
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Map units corresponding to Figures 3a and 3b: Geologic Map of the Rosemont Area, northern 
Santa Rita Mountains, Pima County, Arizona. Compiled by Johnson, Bradford J., and Ferguson, 

Charles A., AZGS, 2007. 
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Map units and symbols corresponding to Figures 4a and 4b: Geologic Map of the Mount Fagan 
7.5” Quadrangle, Eastern Pima County, Arizona. Compiled by Ferguson, Charles A., Youberg, 
Ann, Gilbert, Wyatt G., Orr, Tim R., Richard, Stephen M., and Spencer, Jon E. AZGS. 2001. 


