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Abstract
The tectonic history of west Texas and southern New Mexico is well documented, however
existing geologic data only provide limited snapshots of the region’s prolonged and complex
tectonic evolution. Zircon (U-Th)/He (ZHe) thermochronology is used to examine the long-term
thermal history of Proterozoic rocks exposed in the southern Rio Grande rift. ZHe data were
collected from the Carrizo Mountains (10 dates), Cookes Range (16 dates), and Franklin
Mountains (30 dates) in order to constrain the long-term (>1 Ga) thermal history of rocks in this
region and relate this history to known tectonic or climatic events. Individual ZHe dates range
from 6-731 Ma in the Carrizo Mountains, 44-446 Ma in the Cookes Range, and 19-649 Ma in the
Franklin Mountains. Each of these datasets show negative correlations with effective uranium
concentrations.
Forward and inverse modeling of samples from each of these ranges successfully
constrains the >1 Ga thermal history of each of these ranges and documents periods of exhumation
and/or burial associated with Precambrian assembly of the North America, the Paleozoic Ancestral
Rocky Mountain event, Paleozoic-Mesozoic sedimentary burial, the Laramide orogenic event, and
formation of the Rio Grande rift. The final inverse model for the Carrizo Mountains suggest a large
pulse of cooling from ~1100-1000 Ma, likely associated with the collision of a microcontinent
with the southern margin of Laurentia at that time. Farther to the north, thermal history modeling
of the Franklin Mountains documents a previously unrecognized period of Precambrian burial and
subsequent uplift. This may have been associated with the formation of an orthogonal rift during
final assembly of Rodinia, or alternatively with the breakup of Rodinia. In the Cookes Range, the
Precambrian thermal history is somewhat unconstrained. However, exhumation likely occurred
during either final assembly or breakup of Rodinia. These times of exhumation in all three ranges
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are therefore likely a record of the assembly and breakup of supercontinents. The data do not
support models where Precambrian erosion was a result of Snowball Earth glaciations.
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Chapter 1: Introduction
Basement rocks exposed in fault block uplifts across the southern Rio Grande rift in west
Texas and southern New Mexico have experienced a lengthy thermal history, involving multiple
burial and exhumation events since their formation in the Proterozoic. This long period of time
since crystallization of Precambrian rocks is generally well documented, however specific
constraints of the time–temperature history remain largely unknown. Low temperature
thermochronology has previously been used to resolve more recent ( < 30 Ma) timing and
development of the Rio Grande rift (Ricketts et al., 2015, 2016; Biddle et al., 2018; Gavel et al.,
2019). However the timing and magnitude of earlier deformational events remains largely
undetected as many thermochronologic systems are sensitive to lower temperatures. As described
in more detail below, advancements in low temperature thermochronology, especially in the
understanding of differential radiation damage and helium (He) retention in the zircon (U-Th)/He
(ZHe) system (Guenthner et al., 2013, 2014) have made it possible to recover billion year thermal
histories preserved in Precambrian crystalline rocks. Additional work highlights that ZHe analysis
coupled with predictive models that incorporate radiation damage and He diffusion can constrain
long time-temperature (t-T) paths (Orme et al., 2016; De Lucia et al., 2017). These advances in
the ZHe system will allow for the unravelling of long (>1 Ga) and complex thermal histories of
rocks exposed in the southern Rio Grande rift in order to examine key periods of undocumented
uplift and burial related to the assemblage and breakup of Rodina and the subsequent period of
Snowball Earth. Understanding these periods will allow us to construct an integrated long term
thermal history model of the southern Rio Grande rift, were previous Precambrian thermal events
remain largely unconstrained.
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Chapter 2: Background
2.1 REGIONAL GEOLOGIC HISTORY
From 1.8 to 1.6 Ga, Paleoproterozoic growth of southwest Laurentia was due to the
progressive accretion of island arc terranes (Condie, 1982; Karlstrom and Bowring, 1988;
Whitmeyer and Karlstrom, 2007). Geochronologic and isotopic studies distinguish three
provinces, the Mojave province (1.78-1.68 Ga), the Yavapai province (1.8-1.7 Ga) and the
Mazatzal province (1.7-1.6 Ga) (Whitmeyer and Karlstrom, 2007). From 1.48 -1.38 Ga a broad
swath of magmatism covered most of the Yavapai and Mazatzal provinces known as the Southern
Granite-Rhyolite province (Van Schmus et al., 1996). Assemblage of Rodinia along with Grenville
tectonism in the late Mesoproterozoic marked the termination of the long lived (~800 Ma)
Proterozoic convergent margin of southwest Laurentia (Karlstrom et al., 2001). This tectonic event
records arc accretion and continent-continent collision between 1350 and 980 Ma (Davis and
Mosher, 2015). A portion of the Grenville orogeny foreland is exposed in west Texas near Van
Horn. This area records the westernmost metamorphism and deformation of the Grenville orogeny
between 1380 – 1035 Ma (Grimes and Mosher, 2003; Davis and Mosher, 2015). Final movement
along the frontal thrust of the southern Grenville orogen occurred at 1000 – 980 Ma (Davis and
Mosher, 2015). Existing models for the breakup of Rodinia suggest diachronous disassembly with
early rifting occurring between 780 – 680 Ma, followed by the main rifting phase between 620 –
550 Ma (Whitmeyer and Karlstrom, 2007). The contact between Pre-Cambrian igneous and
metamorphic rocks and the overlying sedimentary Paleozoic strata is commonly referred to as the
Great Unconformity (Karlstrom and Timmons, 2012). The 0.5 - >1 billion years of missing rock
record represents a time interval of significant crustal exhumation at different times between 1350
and 500 Ma (Karlstrom et al., 2004).
2

Late Paleozoic deformation in western North America disrupted the former passive margin
setting, resulting in the development of the Ancestral Rocky Mountains (Kues and Giles, 2004).
The Ancestral Rocky Mountains comprised a series of mostly NW-SE oriented block uplifts and
elongated, deep basins (Kues and Giles, 2004). The tectonic setting attributed to the formation of
the Ancestral Rocky Mountains has been interpreted as the suturing of Laurentia and Gondwana
and associated Ouachita-Marathon orogenies (Dickinson and Lawton, 2003). The earliest tectonic
pattern of uplifts and basins of the Ancestral Rocky Mountains began at 325 Ma, during the late
Mississippian (Kluth and Coney, 1981). Early deformation began in the mid-continent region
before spreading northwest as the Ouachita suture continued to close in the mid Pennsylvanian
(Kluth and Coney, 1981; Dickinson and Lawton, 2003). Late Pennsylvanian-early Permian
deformation swept southward as the Marathon segment of the Ouachita suture began to close
(Kluth and Coney, 1981; Dickinson and Lawton, 2003). Ancestral Rocky Mountain deformation
ceased about 285 Ma, with the closure of the Ouachita suture in the early Permian (Dickinson and
Lawton, 2003).
Middle Mesozoic extension along the present day United States-Mexico border formed the
Chihuahua Trough (Haeneggi, 2002). Extension began 165 Ma during the late Jurassic, and was
associated with the opening and formation of the Gulf of Mexico (Stern and Dickinson, 2010). By
159-156 Ma the Chihuahua Trough began forming as a right lateral pull-apart basin (Haeneggi,
2002). A broad zone of intersecting NW and N trending lineaments along the southwest North
American craton acted as structural weaknesses in the crust allowing for the development and
formation on the pull-apart basin (Haeneggi, 2002). Extension of the Gulf of the Mexico ceased
by 142 Ma (Stern and Dickinson, 2010), while extension and faulting of the Chihuahua Trough
may have continued until 115 Ma (Haeneggi, 2002).
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By late Cretaceous, steep subduction of the Farallon plate beneath North America had
created a magmatic arc along the western margin of North America (Dickinson, 2009). This period
of steep subduction continued until about 80 Ma when the dip of the Farallon plate shallowed
beneath North America, initiating the early stages of the Laramide orogeny (Coney and Reynolds,
1977). Magmatic and tectonic activity along the western margin of North America migrated some
1000 km eastward into the interior of North America (Coney and Reynolds, 1977; Humphreys,
1995; Ricketts et al., 2016). The Laramide orogeny continued until 45 Ma before eventually
terminating during slab roll back, fragmentation and subsequent sinking of the Farallon plate into
the asthenosphere (Coney and Reynolds, 1977). Sinking of the fragmented Farallon plate exposed
the hydrated North American lithosphere to the underlying asthenosphere (Humphreys et al.,
2003). Partial melting of the upper mantle, along with mantle driven uplift is thought to have
initiated widespread ignimbrite volcanism and Basin and Range extension in western North
America (Coney and Reynolds, 1977; Karlstrom et al., 2012).
Early extension of the Rio Grande rift is thought to have begun shortly after the Laramide
orogeny, 37-36 Ma, through westward directed extension, similar to that of the Basin and Range
(Kelly and Chamberlin, 2012). The Rio Grande rift is a narrow, N-S trending area of extension
with elongated basins that bisects southern Colorado and New Mexico (Kelly and Chamberlin,
2012) and continues into west Texas and northern Mexico. The Rio Grande rift, along with the
Basin and Range, are still actively deforming the western edge of the North America craton.
2.2 CARRIZO MOUNTAINS GEOLOGIC HISTORY
The Carrizo Mountains are a small mountain range situated just west of Van Horn in west
Texas (Fig. 1). Mesoproterozoic rocks in the Carrizo Mountains record a time interval of intense
metamorphism and deformation related to the Grenville Orogeny (Davidson, 1980; Mosher, 1998;
4

Bickford et al., 2000). Paleozoic rocks unconformably overly tilted Precambrian rocks (Davidson,
1980); this contact is commonly referred as the Great Unconformity. Extreme erosion and uplift,
associated with Ancestral Rocky Mountain uplift in the late Pennsylvanian, exposed Precambrian
rocks at the surface once again, where they were subsequently covered by early Permian rocks
(Davidson,1980). Laramide uplift of the region during the Cretaceous removed Permian rocks so
that Cretaceous rocks lie directly on Precambrian rocks (Davidson, 1980). Precambrian and
younger rocks disrupted by normal faults related to the formation of the Rio Grande rift (Davidson,
1980).
2.3 COOKES RANGE GEOLOGIC HISTORY
The Cookes Range is situated just north Deming in southern New Mexico (Fig. 1). The
oldest rocks preserved in the Cookes Range are Proterozoic Granite. Little is known of this
Proterozoic Granite as in many places it has been altered by younger volcanism, however it is
suggested to be between 1.7-1.6 billion years old (Amato and Mack, 2012; Kelly, 2017). The
Great Unconformity in the Cookes Range is defined where Cambrian rocks rest unconformably
on the Proterozoic basement (Kelly, 2017). There is a significant time gap between Mississippian
rocks and overlying Pennsylvanian rocks (Kelley, 2017), consistent with Ancestral Rocky
Mountain deformation and uplift in southern New Mexico( Kues and Giles, 2004). Early Mesozoic
rocks were either eroded or never deposited as the Cookes Range was a highland on the flank of
the Bisbee Basin (Kelley, 2017). Laramide compressional deformation during the Cretaceous
resulted in a series of uplifts and basins in southern New Mexico (Clemons and Mack, 1988). The
Laramide Burro uplift affected the Deming area and nearby mountain ranges. The Paleogene
marked a time of volcanic activity in the region as a series of volcanic intrusions affected the
Cookes Range and flows from the nearby Mogollon-Datil volcanic field reached the Cookes Range
5

(Clemons and Mack, 1982). The Cookes Range today is bounded by normal faults on three sides
associated with the Rio Grande rift.
2.4 FRANKLIN MOUNTAINS GEOLOGIC HISTORY
The Franklin Mountains are a north trending, west tilted mountain range that splits the city
of El Paso in far west Texas (Fig. 1). The oldest preserved rocks in the Franklin Mountains are the
Mesoproterozoic Castner Limestone (Harbour, 1972). Pittenger et al. (1994) suggest an age for the
Castner Marble of 1260 Ma based on

207Pb/206Pb

zircon ages from an interbedded volcanic tuff.

The Castner Limestone, and younger Mundy Breccia and Lanoria Quartzite were intruded by the
Red Bluff Granite approximately 1120 ± 35 Ma (Shannon et al., 1997). The Great Unconformity
is recorded in the Franklin Mountains as Cambrian rocks rest on the Precambrian granite (Harbour,
1972). Most of the Paleozoic and Mesozoic was quiet as sedimentary rocks accumulated due to
periods of transgression and regression of inland seas (Harbour, 1972). This quiet period was
interrupted as extension along the present day American-Mexican border began forming the
Chihuahua Trough in the late Jurassic (Harbour, 1972; Haeneggi, 2002). The Cretaceous marked
a new period of deformation as Laramide compression affected the Franklin Mountains (Harbour,
1972; Carciumaru and Ortega, 2008). Continued uplift of the Franklin Mountains is thought to
have occurred in the Miocene due to the Rio Grande rift (Harbour, 1972).
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Figure 1. Geographic map of the study area, showing the locations of samples collected.
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Chapter 3: Methodology
3.1 SUMMARY
Many of the Rio Grande rift uplifts expose Proterozoic crystalline basement rocks exhumed
to the surface in the footwalls of normal faults. Samples were collected from the following areas:
Carrizo Mountains, Cookes Range, and Franklin Mountains (Fig. 1). These samples were targeted
because they contain zircon, and they were likely not affected by younger Oligocene plutonism
that is pervasive throughout SW New Mexico.

3.2 ROCK DESCRIPTIONS
Samples collected from the Carrizo Mountains were from the Carrizo Mountain Group.
The Carrizo Mountain Group is characterized by polydeformed, mid-amphibolite to lower
greenschist facies metasedimentary and metaigneous rock (Bickford et al. 2000). Metaigneous
rocks include metarhyolite flows, welded ash flow tuffs, granodioritic intrusions, and rhyolitic
dikes (Mosher, 1998). Samples were collected from the Hackett Peak Formation of the Carrizo
Mountain Group. These reddish to light green rocks are 1380-1330 Ma metamorphosed volcanic
rocks preserved in the hanging wall of the Proterozoic Streeruwitz thrust fault (Bickford et al.,
2000).
Samples collected from the Cookes Range were from Proterozoic granite and Permian Abo
Sandstone. The Proterozoic granite is coarse-grained, reddish to light green rock with a gneissic
texture minerals include quartz, feldspar, chlorite, and iron oxides (Jicha, 1954).The suggested age
of this granite is 1.7-1.6 Ga (Amato and Mack, 2012; Kelly, 2017). The Abo sandstone of the
Manzano Group consists of dark red to purple sandstone and siltstone Conglomeratic beds contain
chert pebbles and limestone clasts that are as large as cobbles.
8

Samples collected from the Franklin Mountains were from the Proterozoic Red Bluff
granite and the Cambrian Bliss sandstone. Most of the Red Bluff granite in the Franklin Mountains
is a red, coarse-grained, biotite-amphibole-alkali feldspar granite. The Cambrian Bliss sandstone
is a fine-grained, fossiliferous, brown to light brown sandstone that unconformably overlies the
Red Bluff Granite.

3.3 ZHE THERMOCHRONOLOGY
The ZHe system uses the radioactive decay of a parent nuclide (U/Th) and the accumulation
of a corresponding daughter product (He) to calculate the cooling age of a zircon mineral (Peyton
and Carrapa, 2013). The relatively low temperature sensitivities of apatite and zircon (U-Th)/He
(AHe and ZHe, respectively) have made them valuable for constraining exhumation in Earth’s
upper crust (e.g. House et al., 2003; Ricketts et al., 2015, 2016). AHe’s temperature sensitivity or
partial retention zone (PRZ) exists between 30 – 90 °C (Flowers et al., 2009). ZHe is a little
different from AHe in that it has a wider zone of temperature sensitivity. ZHe’s PRZ can be as
high as 250 °C, depending on grain size and cooling rate (Reiners, 2005). Recent studies suggest
that ZHe’s PRZ can extends to temperatures <50 °C in highly damaged zircons, overlapping with
and even below the PRZ of the AHe system (Johnson et al., 2017). B measuring the U/Th and He
concentrations within the zircon, it is possible to calculate the time the crystal passed through the
PRZ and calculate the cooling age (Peyton and Carrapa, 2013).
ZHe ages from a single sample are dependent on differential radiation damage and helium
diffusion within the crystal. Varying amounts of radiation damage accumulate in single grains over
time with different effective uranium (eU; [U] + 0.235 [Th]) concentrations (Guenthner et al.,
2013; Orme et al., 2016). The retentively of He in zircon initially increases with progressive
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radiation damage accumulation until a critical threshold is reached and then retentively decreases
(Guenthner et al., 2013). Given the increase and then decrease in He retentively, the damage –
diffusivity relationship presents itself as a positive or negative correlation between single grain age
and their eU concentrations (Orme et al., 2017). Effective radiation variations produce a range of
He diffusivities and closure temperatures, such that each grain typically records a different ZHe
age (De Lucia et al., 2017). Because of this relationship, multiple zircon grains are selected from
a sample. A single sample is not expected to yield the same ZHe ages but rather a spread in ages.
These ZHe variations can be used to investigate correlations such as age-eU, age-grain size and
age-sample elevation. A spread in ZHe ages rather than a close cluster is key for investigating
long-term thermal histories.
3.4 GIS DEFORMATION MAPS
Geographical Information System (GIS) is a powerful framework for gathering, managing
and analyzing data. Geological and deformational maps showing times of exhumation and burial
related to the Ancestral Rocky Mountain, Laramide orogeny and Rio Grande rift were created
using published maps from the United States Geological Survey (USGS) of Arizona, New Mexico
and Texas. A simplified geologic map was constructed to only show Proterozoic, Paleozoic,
Mesozoic and Cenozoic intrusive units (Fig. 2). Other Cenozoic units were unnecessary to show,
as those were mainly unconsolidated sediments and basin fill. Maps showing the spatial extent of
uplifts and basins related to the Ancestral Rocky Mountains (Kues and Giles, 2004), the Laramide
orogeny and the Rio Grande rift (Seager and Mack, 2004) were used to construct a deformational
map of the region (Fig. 3). Different sequences of deformational events were calculated and a total
of eight different possible deformational sequences are presented for southern New Mexico. These
deformational events, along with the geologic map of the region, were intersected to produce a
10

final deformational map that can be used as a predictive model to constrain locations and times of
rock reheating and rock cooling during large-scale tectonic events (Fig. 4).
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Figure 2. Simplified geologic map of the study area.
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Figure 3. Deformational event overlays showing the extent of deformation during the Ancestral
Rocky Mountains, Laramide orogeny and Rio Grande rift. Ancestral Rocky Mountains polygons
are from Kues and Giles (2004). Laramide and Rio Grande rift polygons are from Seager and
Mack (2004).
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Figure 4. Regional deformation map constructed by combining simplified geologic map and
deformation event overlays. Each color represents a specific deformation history involving either
uplift or burial during the Ancestral Rocky Mountain, Laramide, and Rio Grande rift events.
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3.5 SAMPLE COLLECTION AND PROCESSING
Collected rock samples underwent a process of mineral separation to isolate zircon grains.
Whole rock was processed through a Braun Chipmunk Jaw Crusher and Bico UA Pulverizer to
reduce it to sand-sized particles. The sample was then sieved to remove coarse particles and dust.
From this sieved material, zircon was then further separated using water, magnetic and heavy
liquid separation techniques. Zircon separates are then inspected with a petrographic microscope
equipped with a digital camera used for measuring grains. Zircons ideal for data analysis must be
euhedral, preferably contain no inclusions and have a minimum width of 70 microns. Five to ten
zircons from each sample were then hand-picked. These zircons were then packaged in Niobium
(Nb) tubes and sent to the Thermochronology Research and Instrumentation Laboratory at CU
Boulder (CU TRaIL) were (U-Th)/He analyses and age calculations were performed.

3.6 FORWARD MODELING
Forward modeling allows for the calculation of a thermochronometric age from a
determined time-temperature path, using helium diffusion or annealing kinetics (Peyton and
Carrapa, 2013). This approach can be used to compare predictive time-temperature paths, based
on known geologic events, to observed ZHe dates.
This approach was taken to constrain possible time-temperature paths for the Carrizo
Mountains, Cookes Range and Franklin Mountains. Forward models were constructed using ZHe
code from HeFTy (He diffusion modeling with alpha ejection correction and ZrDAAM; Guenthner
et al. (2013) ran through a Matlab script provided by W. Guenthner). This allowed for the input of
multiple time-temperatures paths and more easily output model age-eU correlations. Model ageeU correlations were then compared to observed ZHe dates. If modeled age-eU curves did not
15

match the observed ZHe dates, the time-temperature paths were further adjusted to better constrain
the data. Once a best fit time-temperature path was found, an age-eU envelope made up of three
age-eU curves was created using the mean grain size and ± two standard deviations. The resulting
age- eU envelope shows the combined effects of grain size and radiation damage on the observed
age variation.

3.7 INVERSE MODELING
Inverse modeling allows for the calculation of time-temperature (t-T) paths that match
measured thermochronometric ages to within a specified amount of statistical error (Peyton and
Carrapa, 2013). Inverse modeling in HeFTy uses a Monte Carlo method to plot possible timetemperatures paths based on entered data. Data received from the CU TRaIL were used as inputs
into HeFTy. Input data into HeFTy included U, Th, Sm concentrations, grain radius, measured
age, and a percentage of uncertainty. HeFTy asks for a set of temperature-time parameters for
modeling, such as start and end times and temperatures. Next, any known geological constraints
are specified, such as known times of burial or exhumation. These are visualized as rectangles in
the time-temperature space in HeFTy. These constraints represent uncertainty in the model. Paths
generated are forced through these rectangles, exploring various time- temperature histories that
might fit the entered data. After all sample information is entered HeFTy generates a user specified
number of random paths. For this project, inverse models run a total of at least 10,000 paths that
were then compared to the input data. Resulting “acceptable” paths have goodness-of-fit
parameters >0.05, and “good” paths have goodness-of-fit criteria >0.5. Once all parameters are
set, HeFTy begins running the model and time- temperature paths are compared to the input data.
As each path is tested, HeFTy records all the paths on a time- temperature plot. These inverse plots
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use the forward model results as starting models, and then refine the results to produce a final
preferred time-temperature history for each range.
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Chapter 4: Results
4.1 ZHE DATES
A total of 48 new ZHe dates are presented, including 21 dates from the Franklin Mountains,
7 dates from the Cookes Range and 20 dates from the Carrizo Mountains. These are combined
with 18 ZHe dates from Biddle (2018), including 9 dates from the Franklin Mountains and 9 dates
from the Cookes Range (Fig. 5). In total, this project incorporates 66 individual grain ZHe dates
from 8 samples to investigate patterns in long-term thermal histories spanning hundreds of millions
of years (Table. 1).
Carrizo Mountains
Twenty ZHe dates from two samples were obtained from the Mesoproterozoic Hackett
Peak Formation in the northern Carrizo Mountains. Of these twenty ZHe dates, ten dates have been
removed from consideration due to anomalously low eU concentrations, possibly due to grains
falling out during packaging process or a grain other than zircon being analyzed. The remainder
of the data are plotted in Figure 5, and presented in Table 1. The ZHe dates from the Carrizo
Mountains show a large spread in age, ranging from 6 - 731 Ma. This corresponds to a large spread
in eU concentrations ranging from 53 - 1729 ppm.
Cookes Range
Seven ZHe dates from one sample were obtained from Proterozoic granite in the southern
Cookes Range (Fig. 5). ZHe dates from this sample show a large spread in age, ranging from 63 446 Ma. eU concentrations show a large spread as well, ranging from 232 - 925 ppm.
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These seven ZHe dates are combined with nine previously collected ZHe dates from Biddle
2018. Of these nine ZHe dates, three ZHe dates were obtained from the same Proterozoic granite
and ages ranged from 150 - 246 Ma and their eU concentrations ranged from 276 - 307 ppm. The
six other ZHe dates were obtained from the Permian Abo sandstone in the Cookes Range. ZHe
dates from these six ranged from 44-130 Ma. eU concentrations from these samples ranged from
56-351 ppm.
Franklin Mountains
Twenty-one ZHe dates from four samples were obtained from the Mesoproterozoic Red
Bluff granite and the Cambrian Bliss sandstone in the Franklin Mountains (Fig. 5). ZHe dates from
the Red Bluff granite show a large spread in age, ranging from 27 to 401 Ma. Their eU
concentrations show a large spread as well, ranging from 63 to 828 ppm. ZHe dates from the Bliss
sandstone show a spread in age as well, ranging from 289-486 Ma. eU concentrations from these
samples range from 115 - 342 ppm. From these 21 ZHe dates, one was omitted due to an
anomalously low eU concentration. Similar to the Carrizo dates that have been omitted, this grain
may have fallen out during packaging process or a grain other than zircon had been analyzed.
These twenty ZHe dates are combined with nine previously collected ZHe dates from
Biddle (2018). Of these nine, six ZHe dates were collected from the same Red Bluff granite. These
ZHe ages ranged from 19-260 Ma and their eU concentrations ranged from 95-640 ppm. The other
three ZHe dates were obtained from the same Bliss sandstone. These ZHe ages show a spread in
age from 62 - 649 Ma and their eU concentrations ranged from 91-374 ppm.
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Table 1: Zircon (U-Th)/He Data
Dim. Mass
(mg)

Spherical
Radius (mm)

4He
(nmol/g)

U
(ppm)

Th
(ppm)

Sm
(ppm)

eU

Raw Date
(Ma)

Ft

Corrected
Date (Ma)

Analytic
Unc. (Ma)2

Carrizo Mountains
18VH01: Precambrian metavolcanic, 31.0589°N -104.9611°W, Elev. 1419m
2.58

40.51

243.664

71.86

97.84

0.56

94.8

458.82

0.720

628.14

19.75

6.76

56.85

383.580

109.74

68.01

0.62

125.7

539.59

0.798

667.97

27.87

8.35

59.66

292.167

99.48

73.80

0.94

116.8

446.26

0.808

547.34

43.21

10.46

61.92

202.497

59.28

66.70

1.38

75.0

481.22

0.813

586.15

18.95

4.09

44.26

358.210

303.44

221.79

4.90

355.6

183.89

0.745

245.37

4.12

10.02

62.54

183.011

47.40

24.58

0.55

53.2

604.60

0.817

730.86

40.82

3.53

47.67

278.691

146.59

158.98

1.12

184.0

274.54

0.759

359.13

9.80

3.77

47.70

352.858

148.49

206.51

1.17

197.0

323.41

0.757

423.54

17.00

NRz1
NRz2
NRz4
NRz5
NRz7
NRz8
NRz9
NRz10

18VH02: Precambrian metavolcanic, 31.0393°N -104.8971°W, Elev. 1321m
NRz4
NRz5

4.23

44.58

224.764

323.29

442.12

2.56

427.2

96.72

0.745

129.49

4.06

8.73

61.83

43.521

1388.96

1447.52

2.31

1729.1

4.66

0.813

5.73

0.14

*Asterisk indicates samples from Biddle (2018)
Cookes Range
16CR01: Permian sandstone, 32.4466°N -107.6906°W, Elev. 1495 m
*z1
*z2
*z3
*z4
*z5
*z6

6.64

50.53

48.365

189.33

107.81

0.39

214.7

41.64

0.775

53.68

6.05

3.30

45.70

66.207

159.46

94.36

1.84

181.6

67.21

0.752

89.17

8.29

2.24

39.24

37.628

61.26

57.81

0.47

74.8

92.48

0.711

129.54

22.64

4.87

47.27

24.231

48.16

33.34

0.00

56.0

79.70

0.759

104.75

12.86

2.98

41.26

94.117

176.74

87.31

5.60

197.3

87.81

0.728

120.28

18.92

4.01

50.60

64.176

319.62

132.08

0.03

350.7

33.86

0.776

43.56

3.70

16CR02: Precambrian granite, 32.3919°N -107.7148°W, Elev. 1435 m
*z1
*z2
*z3

NRz1
NRz2
NRz3
NRz4
NRz5
NRz6
NRz7

1.81

39.11

297.308

286.10

86.97

1.97

306.5

177.14

0.716

245.67

33.02

2.04

39.05

222.478

280.75

81.09

14.88

299.8

135.99

0.716

189.00

31.09

2.33

41.04

164.542

255.46

85.36

4.53

275.5

109.73

0.728

150.08

21.59

2.47

42.53

203.974

289.12

61.30

4.24

303.5

123.33

0.738

166.32

7.72

3.16

42.18

321.908

219.75

50.99

2.92

231.7

251.93

0.738

338.56

9.36

2.57

43.25

318.384

819.14

448.93

34.94

924.6

63.50

0.740

85.66

2.61

5.00

48.78

254.920

217.03

96.75

2.75

239.8

193.88

0.770

250.60

6.82

5.25

51.03

264.519

225.45

88.20

7.48

246.2

195.87

0.780

249.93

6.11

8.31

62.12

217.995

772.23

55.49

14.08

785.3

51.29

0.818

62.61

2.23

5.43

54.51

555.635

261.03

81.16

16.59

280.1

356.21

0.792

445.80

11.02

*Asterisk indicates samples from Biddle (2018)
Franklin Mountains
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15FR02: Precambrian granite, 31.8340°N -106.4810°W, Elev. 1421 m
NRz1
NRz2
NRz3
NRz4
NRz5
NRz6
NRz7
NRz8
NRz9
NRz10

2.90

44.49

136.353

275.64

235.24

1.67

330.9

75.90

0.744

101.76

3.03

1.96

38.64

156.116

222.05

113.55

1.78

248.7

115.26

0.711

161.41

3.56

3.09

46.04

151.995

254.12

155.63

1.64

290.7

96.17

0.754

127.16

4.42

2.14

39.36

58.822

101.86

145.07

1.35

136.0

79.64

0.709

112.02

4.36

2.33

41.83

234.569

217.09

117.80

1.38

244.8

175.06

0.731

237.96

10.05

1.32

35.01

141.507

178.81

96.97

0.90

201.6

128.75

0.683

187.35

4.43

5.29

48.56

253.431

212.93

134.28

1.56

244.5

189.13

0.767

245.35

5.59

4.17

45.57

275.954

138.01

109.05

1.44

163.6

304.68

0.752

401.87

14.97

3.30

42.80

101.612

175.53

93.21

1.06

197.4

94.68

0.739

127.70

3.11

1.67

37.02

77.729

174.10

109.17

1.25

199.8

71.72

0.698

102.43

5.92

17FR02: Cambrian sandstone, 31.8006°N -106.4747°W, Elev. 1381 m
*z1
*z2
*z3

NRz1
NRz2
NRz3
NRz4
NRz5

4.45

48.66

247.584

122.55

87.25

7.79

143.1

312.33

0.765

404.65

38.43

5.28

51.23

97.848

302.70

304.02

14.85

374.1

48.26

0.775

62.18

5.70

3.21

44.31

249.788

77.07

57.80

0.00

90.7

489.80

0.744

648.99

89.06

17.91

79.29

357.717

118.11

152.76

8.27

154.0

416.07

0.851

486.09

9.00

8.82

64.29

425.139

175.74

181.33

8.61

218.4

350.49

0.819

425.31

15.09

11.36

67.75

151.107

87.09

116.43

3.34

114.5

239.94

0.826

289.17

7.96

6.97

60.22

521.017

286.21

237.05

3.93

341.9

276.00

0.808

339.64

7.25

2.27

40.45

0.055

0.00

1.68

0.00

0.4

25.65

0.677

37.52

33.85

17FR03: Precambrian granite, 31.8397°N -106.4859°W, Elev. 1434 m
*z1
*z2
*z3

NRz1
NRz2
NRz3
NRz4
NRz5

5.33

51.94

173.588

600.98

166.22

1.43

640.0

50.11

0.783

63.93

5.74

2.97

40.75

186.550

292.32

228.43

1.21

346.0

99.13

0.721

137.03

8.94

3.03

43.00

11.644

132.93

82.70

1.04

152.4

14.16

0.737

19.19

2.46

3.34

44.37

640.370

707.04

398.55

23.16

800.7

146.44

0.745

195.53

195.53

1.30

34.93

132.956

657.08

728.48

1.25

828.3

29.67

0.678

43.70

43.70

2.97

46.83

180.658

141.34

194.18

10.08

187.0

176.45

0.753

233.03

10.24

2.97

46.83

581.274

632.07

575.67

1.30

767.4

138.81

0.756

182.84

182.84

3.78

50.45

7.221

52.65

44.46

0.53

63.1

21.17

0.773

27.37

27.37

17FR04: Precambrian granite, 31.8931°N -106.4758°W, Elev. 1477 m
*z1
*z2
*z3

NZr1

1.95

34.78

92.779

138.8

79.948

7.0064

157.54

108.18

0.68

158.51

31.43

4.66

50.03

123.690

94.4

75.031

3.5539

112.03

201.21

0.77

259.55

24.29

5.55

50.92

46.577

81.1

57.195

0.0210

94.58

90.62

0.78

116.57

11.60

3.97

40.78

55.379

170.00

125.24

2.74

199.4

51.26

0.721

70.99

2.24

*Asterisk indicates samples from Biddle (2018)
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Figure 5. eU vs. zircon (U-Th)/He date plots for the Cookes Range, Franklin Mountains and
Carrizo Mountains. The size of each symbol corresponds to the individual zircon grain sizes.
Date uncertainties are 1σ.

22

4.2 FORWARD MODELS
Hypothetical time-temperature paths were constructed for each mountain range varying the
amount of burial or exhumation from deformational events in each mountain range’s geologic
history. The purpose of doing this is to reproduce the features of the age-eU correlation from each
mountain range shown in Figure 5. ZHe age-eU relationships that are calculated from these
hypothetical t-T paths can then be compared to the actual data to begin exploring the range of
viable thermal histories, and excluding thermal histories that are inconsistent with the data. Below
I present various forward model results for each of the ranges studied.
Carrizo Mountains
Four sets of representative paths were constructed for the Carrizo Mountains. The first set
of representative paths varies the timing of Precambrian exhumation prior to deposition of
Paleozoic strata. Three possible thermal histories are examined, including exhumation shortly after
crystallization and reaching the surface at 500 Ma, exhumation starting at 1200 Ma and rapidly
cooling to the surface at 700 Ma, and exhumation starting at 1070 Ma and rapidly cooling to the
surface at 1000 Ma (Fig. 6A). All paths cool through the range of 500 to 350 °C at 1035 Ma,
consistent with Ar/Ar hornblende and muscovite data (Bickford et al., 2000). The results of these
representative paths are compared to the Carrizo mountain data set (Fig. 6B). Of the three proposed
cooling scenarios, one model better matches the age-eU correlation, exhumation starting at 1075
Ma and rapidly cooling to surface at 1000 Ma. This possibly suggests that rapid cooling followed
by prolonged time at the surface may be a viable scenario.
The second set of representative paths was constructed to test varying depths of Paleozoic
burial after the Great Unconformity. Eight thermal histories are examined, varying the maximum
burial temperature between 190-120 °C at 325 Ma, signifying maximum burial before Ancestral
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Rocky Mountain uplift (Fig. 6C). From the eight proposed burial scenarios, two models match the
age-eU correlation better than the others, burial between 170-160 °C (Fig. 6D). Assuming surface
temperatures of 15°C and geothermal gradients of 25-35°C/km, maximum Paleozoic burial may
have been 4-6 km.
The third set of representative paths was constructed to test varying depths of Mesozoic
burial after Ancestral Rocky Mountain uplift. Eight thermal histories are examined, varying the
depth between 180-110 °C at 80 Ma, signifying maximum burial before Laramide uplift (Fig. 6E).
From the eight proposed burial scenarios, seven models match the observed age-eU correlation,
burial between 150-110 °C and burial at 170 °C (Fig. 6F). The proposed scenarios of burial
between 150-110 °C match the overall negative correlation of observed old ages with low eU
trending towards young ages with high eU. Burial at 170 °C also does a good job following this
overall negative correlation, however fails to reach the cluster of observed old ages with low eU
that burial between 150-110 °C reaches. This possibly suggests that maximum Mesozoic burial,
assuming surface temperatures of 15°C and geothermal gradients of 25-35°C/km, may have been
3-6 km.
The last set of representative paths was constructed to test of the total Laramide uplift.
Eight thermal histories are examined that vary the temperature between 130-60 °C at 40 Ma(Fig.
6G). From the eight proposed uplift scenarios, all eight of the models come close to matching the
height of the age-eU correlation (Fig. 6H). However, the difference between each of these eight
models is very minor, suggesting that the overall age-eU pattern is not very sensitive to this
younger deformational event in the Carrizo Mountains.
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Fig. 6. Hypothetical time-temperature paths and corresponding eU vs. ZHe date plots for the
Carrizo Mountains. Red circles are samples of Precambrian metavolcanic rock.A and B vary the
timing of Precambrian uplift.. C and D vary maximum Paleozoic burial. E and F vary maximum
Mesozoic, burial.. g and H vary the amount of Laramide uplift and Rio Grande rift uplift. Note
that none of the paths investigated yield ZHe age vs. eU patterns that match the data, although
some paths capture the general trends better than others.
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Cookes Range
Four sets of representative paths were constructed for Cookes Range. The first set of paths
was constructed to test various times of Precambrian exhumation . Five possible thermal histories
are examined, including rapid exhumation after crystallization and cooling to the surface at 1600
Ma, exhumation starting shortly after crystallization and gradually cooling to the surface by 500
Ma, exhumation starting shortly after crystallization and gradually cooling to the surface by 700
Ma, exhumation starting at 1100 Ma and gradual cooling to the surface by 500 Ma, and exhumation
starting at 700 Ma and rapidly cooling to the surface by 500 Ma (Fig. 7A). The results of these
representative paths are compared to the Cookes Range data set. Of the five proposed cooling
scenarios, one model best matches the age-eU correlation, exhumation starting shortly after
crystallization and gradually cooling till reaching the surface at 500 Ma (Fig. 7B). This suggests
that gradual cooling since crystallization and reaching the surface at 500 Ma may be a viable
scenario.
The second set of representative paths was constructed to vary the amount of Paleozoic
burial after the Great Unconformity. Eight thermal histories are examined that vary the depth
between 190-120°C at 325 Ma, signifying maximum burial before Ancestral Rocky Mountain
uplift (Fig. 7C). From the eight proposed burial scenarios, two models match the age-eU
correlation well, burial between 170-180°C (Fig. 7D). Assuming surface temperatures of 15°C and
geothermal gradients of 25-35°C/km, this suggests that maximum Paleozoic burial may have been
4.5-6.5 km in the Cookes Range.
The third set of representative paths was constructed that vary the amount of Mesozoic
burial after Ancestral Rocky Mountain uplift. Eight thermal histories are examined, varying the
depth between 190-120°C at 80 Ma, signifying maximum burial before Laramide uplift (Fig. 7E).

26

From the eight proposed burial scenarios, one model matches the age-eU correlation the best,
burial at 150°C (Fig. 7F), although none of the paths capture the oldest ZHe ages at relatively low
eU values. Assuming surface temperatures of 15°C and geothermal gradients of 25-35°C/km, this
suggests that maximum Mesozoic burial may have been 4-5 km in the Cookes Range.
The last set of representative paths vary the amount of Laramide uplift. Eight thermal
histories are examined that vary the depth between 140-70 °C at 40 Ma (Fig. 7G). All eight
proposed uplift scenarios yield nearly identical age-eU patterns (Fig. 7H). This suggests that
Laramide deformation may only have a small effect on the overall zircon age-eU pattern of the
Cookes Range.
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Figure 7. Hypothetical time-temperature paths and corresponding eU vs. ZHe date plots for the
Cookes Range.Red circles are samples of Precambrian granite. A and B vary the timing of
Precambrian uplift. C and D vary maximum Paleozoic burial. E and F vary maximum Mesozoic
burial. G and H vary Laramide and Rio Grande rift uplift. Note that none of the paths
investigated yield ZHe age vs. eU patterns that match the data, although some paths capture the
general trends better than others.
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Franklin Mountains
Neogene faulting and tilting of the Franklin Mountains exposed large amounts of
Precambrian granite. Precambrian samples from the Franklin Mountains were collected from
various locations along the range at different latitudes. Although collected from similar elevations,
the distance of each sample location from the unconformably overlaying Cambrian Bliss sandstone
or Great Unconformity contact, varied. This distance was used to calculate the depth of each
sample location under the Bliss sandstone before uplift and tilting of the mountain range. The
importance of doing so is to test if all sample locations were at similar depths and temperature. If
so, all sample locations could be treated as similar and data plotted together. If not, sample
locations would have to be treated as different and data plotted individually, as the varying
depths/temperature difference could affect the thermal history.
Resulting calculated depths of samples 15FR02, 17FR03, and 17FR04 below the Great
Unconformity are, 361m, 229m and 1587m (Fig. 8A). Samples 15FR02 and 17FR03 were buried
at similar depths. Sample 17FR04, however was buried a little over a 1km below than the other
two samples. Assuming surface temperatures of 15°C and geothermal gradients of 25-35°C/km,
samples 15FR02, 17FR03, and 17FR04, were at temperatures of 24-28°C, 21-23°C, and 55-71°C
respectively (Fig. 8B). Taking into consideration the differences in depth and a maximum
temperature difference of 50°C between the samples, it is believed these differences could have
had profound effects to vary the thermal history of samples. As a result, samples 15FR02, 17FR03,
from here on out will be combined and treated as one to better model and capture a wider range of
age and eU values. Sample 17FR04 will be modeled separately to take in consideration the
differences in temperature and depth.

29

Fig 8. The top plot shows the depth of the three samples collected from the Franklin Mountains
beneath the Great Unconformity. In the bottom plot, the temperature of each sample was
calculated based on its depth beneath the Great Unconformity, using assumed geothermal
gradients ranging from 25-35 °C and a surface temperature of 15 °C.
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Four sets of representative paths were constructed for the Franklin Mountains. The first set
of paths was constructed to vary the times of Precambrian uplift. Similar to the Cookes Range,
five possible thermal histories are examined, including rapid exhumation after crystallization and
cooling to the surface at 1000 Ma , exhumation starting shortly after crystallization and gradually
cooling till reaching the surface at 800 Ma, exhumation starting shortly after crystallization and
gradually cooling till reaching the surface at 500 Ma, exhumation starting at 800 Ma and gradual
cooling to the surface at 500 Ma and exhumation starting at 600 Ma and rapidly cooling to the surface
at 500 Ma (Fig. 9A). Of the five proposed cooling scenarios, none quite match the age-eU correlation
(Fig. 9B). An argument can be made for exhumation starting at 800 Ma and gradual cooling to the
surface at 500 Ma and exhumation starting at 600 Ma and rapidly cooling to the surface at 500 Ma as
they come the closest to matching any of data. Nothing definitive can be said but this suggests
exhumation starting between 800-600 Ma and either gradual cooling or rapidly cooling to the surface
at 500 Ma may be a viable scenario.

The second set of representative paths was constructed to vary the amount of Paleozoic
burial after the Great Unconformity. Eight thermal histories are examined that vary the depth
between 130-60°C at 250 Ma, signifying maximum burial before continued Mesozoic burial (Fig.
9C). From the eight proposed burial scenarios, the deepest burial at 130 °C gives the best match to
the age-eU correlation (Fig. 9D). Assuming surface temperatures of 15°C and geothermal
gradients of 25-35°C/km, this suggests that maximum Paleozoic burial may have been 3-5 km in
the Franklin Mountains.
The third set of representative paths was constructed to vary the amount of Mesozoic burial
after regional uplift ceased in the Cretaceous. Eight thermal histories are examined, that vary the
depth between 180-110°C at 80 Ma, signifying maximum burial before Laramide uplift (Fig. 9E).
From the eight proposed burial scenarios, one model matches the age-eU correlation the best,
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burial at 180°C (Fig. 9F). However, this depth seems unlikely as it would indicate a PaleozoicMesozoic section of strata thicker than what we observe in the present.
The fourth and last set of representative paths was constructed to vary the amount of
Laramide uplift. Eight thermal histories are examined varying the depth between 150-80°C at 40
Ma, signifying maximum Laramide uplift (Fig. 9G). From the eight proposed uplift scenarios, one of
the eights models, uplift to 150°C, give the best match to the age-eU correlation (Fig. 9H). This
suggests that Laramide uplift may have been minimal in the Franklin Mountains.
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Fig 9. Hypothetical time-temperature paths and corresponding eU vs. ZHe date plots for the
Franklin Mountains. Red circles are samples of Precambrian Red Bluff Granite.A and B vary the
timing of Precambrian uplift., C and D vary maximum Paleozoic burial temperatures. E and F
vary maximum Mesozoic burial. G and H vary Laramide and Rio Grande rift uplift. Note that
none of the paths investigated yield ZHe age vs. eU patterns that match the data, although some
paths capture the general trends better than others.
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4.3 Best Fit Forward Models
Best fit forward models were constructed for each mountain range using a combination of

representative paths presented above. The age-eU curve that best matched the data in each scenario
were used as a reference to construct a singular time - temperature path that would best fit the data for
each mountain range. Three age- eU curves were calculated, using the mean grain size ± two standard

deviations. Grain used sizes for the Carrizo Mountains, Cookes Range and Franklin Mountains
were, 53 ±17μm, 46 ±16μm and 47 ±20μm, respectively. The result is an age- eU envelope that
shows the combined effects of grain size and radiation damage on the observed age variation.
These best fit forward models represent the most favorable thermal history for each mountain
range since the Proterozoic.
The best fit model for the Carrizo mountains suggests that after crystallization at ~1380
Ma, the sample stayed at a deep depth until ~1050 Ma, when it was rapidly uplifted to the surface
at ~1000 Ma (Fig.10A). From there it stayed at or near the surface until burial started again near
~500 Ma. The model suggests that the sample was buried to a temperature of 160 °C before uplift
at 325 Ma, again returning the sample to or near the surface at 285 Ma. After returning to the surface,
the sample was again buried to or near a temperature of 160° C at ~80 Ma before uplift brought the

sample up to a temperature of 130°C. The sample stayed at that depth shortly before rapid uplift
at ~32 Ma brought the sample up to surface in the present. This best fit time – temperature path
produced an age – eU envelope that captured 80% of the observed ages for the Carrizo Mountains
(Fig. 10B).
The best fit model for the Cookes Range suggests that after crystallization at ~ 1700 Ma,
the sample gradually cooled until reaching the surface at ~500 Ma (Fig. 10 C). The model suggests
that the sample was buried shortly after to a temperature of 170°C at ~325 Ma before being uplifted
to or near the surface at 285 Ma. From there the model suggests that the sample was again buried
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to a temperature of 160°C at ~80 Ma before uplift brought the sample to a temperature of 100°C
at ~40 Ma. The sample stayed at that temperature shortly before rapid uplift brought the sample to
the surface in the present. This best fit time – temperature path produced an age – eU envelope
that captured 70% of the observed ages for the Cookes Range (Fig. 10D).
The best fit model for the Franklin Mountain’s suggest that after crystallization, ~ 1100
Ma, the sample was uplifted or rapidly cooled to surface temperatures at 1000 Ma (Fig. 10E). The
model then suggests that the sample stayed near or close to the surface until burial began again at
500 Ma. Next the model suggests the sample was buried to a temperature of 130°C at ~250 Ma
and stayed at that temperature until renewed burial increased the temperature to 180°C at 80 Ma.
Lastly the model suggests the sample was uplifted to a temperature of 100°C at 40 Ma, stayed at
the temperature for a short period of time, and then was rapidly uplifted to the surface. This best
fit time – temperature path produced an age – eU envelope that captured 77% of the observed ages
for the Franklin Mountains (Fig. 10F).
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Fig 10. Best fit time-temperature paths and corresponding eU vs. ZHe date envelopes for the
Carrizo Mountains, Cookes Range and Franklin Mountains. Each best-fit model was created by
varying each of the parameters in the forward models. The dashed lines use the average zircon
grain radius, and the upper and lower solid lines represent 2σ standard deviation.
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4.4 INVERSE MODELS
Carrizo Mountains
Seven grains selected from both Carrizo Mountain samples, 18VH01 and 18VH02, were
ran in HeFTy with 40% age uncertainty. In addition to grain information inputted into HeFTy,
known geologic constraints were included. The Mesoproterozoic Hackett Peak Formation that
these samples were collected from have zircon U-Pb ages of 1380-1330 Ma (Bickford et al., 2000).
The HeFTy model was set to start at this time interval at a temperature range of 650-500°C,
temperatures high enough for the rock to pass through the temperature range of 300-500°C during
metamorphism described by Bickford et al. (2000).

40Ar/39 Ar

data indicate these rocks cooled

below a temperature range of 300-500°C from 1075-975 Ma with, and this constraint was input
into HeFTy. The next constraint is set at 540-480 Ma at surface temperatures of 25 ±15°C, due to
the Hatchet peak Formation being unconformably overlain by Cambrian Van Horn Sandstone
along the Great Unconformity. A constraint is set from 480-300 Ma within a temperature range of
300-40°C allowing for burial before Ancestral Rocky Mountain uplift. The next constraint is set
at 300-280 Ma at surface temperature of 25 ± 15°C, as early Permian Hueco Limestone overlies
Precambrian rock in the area (Davidson 1980). The last constraint is set from 280-80 Ma with a
temperature range of 300-40°C to allow for burial before potential Laramide/Rio Grande rift uplift.
Thermal modeling for the Carrizo Mountains shows gradual cooling of the samples after
crystallization before rapidly cooling starting as early as 1050Ma and reaching near surface
temperatures by ~1000 Ma (Fig. 11A). From there the samples stay at near surface temperatures
before burial starts at 480 Ma. Modeling suggests that maximum burial of the samples reached
temperatures of 150°C before rapid uplift to the surface between 340-320 Ma. Lastly modeling
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suggests that the samples were buried again, reaching maximum burial temperatures of 170-150°C
before rapidly cooling to the surface at ~25Ma.
Cookes Range
Seven grains selected from Cookes Range sample 16CR02 were ran in HeFTy with 35%
age uncertainty. In addition to grain information input into HeFTy, known geologic constraints
were set. The Proterozoic granite that sample 16CR02 was collected from in the Cookes Range
has no known age, however it is suggested that it may be 1700-1600 Ma (Amato and Mack, 2012;
Kelly, 2017). The HeFTY model was set to start at this time interval at a temperature range of 650500°C, indicating the time of crystallization. The next constraint is set at 540-480 Ma at surface
temperatures of ~25 ± 15°C, as the Cambrian Bliss Formation unconformably overlies the
Precambrian granite, which marks the Great Unconformity in New Mexico (Amato and Mack,
2012). A constraint is set from 480-300 Ma with a temperature range of 300-40°C allowing for
burial before Ancestral Rocky Mountain uplift. The next constraint is set at 310-300 Ma at
temperatures ranging from of 40-150°C due to uplift from Ancestral Rocky Mountain deformation.
The final constraint is set from 280-80 Ma with a temperature range of 300-40°C to allow for
burial before potential Laramide/Rio Grande rift uplift.
Thermal modeling for the Cookes Range shows pulses of uplift immediately after
crystallization, between 1200-980 Ma, and 800-600 Ma before reaching the surface at 500 Ma
(Fig. 11C). Next the sample is buried to a potential maximum temperature of 250°C, before being
uplift to or near the surface at 300-285 Ma. After reaching the surface the thermal model shows
that the sample had to have been buried at least to a temperature of 170°C before gradual uplift,
related to Laramide Orogeny/Rio Grande began ~100 Ma.
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Franklin Mountains
Modeling for the Franklin Mountains was approached differently than that of the Carrizo
Mountains and Cookes Range. For the Carrizo Mountains and Cookes Range, there were only a
total of 10 grains available to use from each. Picking the seven best grains to input into HeFTy
was not hard as there was a good trend to choose from. In contrast, there are a total of 21 grains
from the Franklin Mountains from samples 15FR02, 17FR03 and17FR04. Based on calculations
of the depth of each of these samples beneath the Great Unconformity, samples 15FR02 and
17FR03 are at similar depths, and since there are no known large faults separating the two, they
should have similar thermal histories. Sample 17FR04 lies approximately 1 km deeper than the
other two, and most likely has a thermal history that is different. Since this sample only has a total
of 4 ZHe dates, with relatively minor spread in eU (100-200 ppm) (Fig. 5), no inverse model is
presented for this sample. We combine samples 15FR02 and 17FR03 into a single sample,
amounting to a total of 18 ZHe dates. Due to the amount of grains, the approach taken to introduce
the least amount of bias was to subdivide the 18 grains into seven bins based on their eU values.
We took the grain with the largest eU and divide that number by seven. The resulting number was
used as a divider to place the grains into the appropriate bin. Data in each bin were combined and
their mean values used as separate constraints in the inverse model. These combined and averaged
grains from here will be noted as synthetic grains.
The grain information from these seven synthetic grains were inputted into HeFTy and ran
with a 35% age uncertaninty. In addition known geologic constraints were set. The Precambrian
Red Bluff granite these samples were collected from have an age of ~1120 Ma (Shannon et al.,
1997). The HeFTY model was set to start at a time interval of 1150-1100 and at a temperature
range of 650-500°C, indicating the time of crystallization. Following crystallization, the next
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constraint is set at 1050 and at a temperature range of 100-15°C, indicating intrusion of the granite
close to or near the surface. Next, a large constraint is set from 1050-540 Ma with a temperature
range of 15-300 Ma allowing for reburial of the sample after reaching the surface. The next
constraint is set at 540-480 Ma at surface temperatures of 25-5°C, as the Cambrian Bliss Formation
unconformably overlies the Precambrian granite, which marks the Great Unconformity in the
Franklin Mountains. Last constraint is set from 480-80 Ma with a temperature range of 300-40°C
to allow for burial before potential Laramide/Rio Grande rift uplift.
Thermal modeling for the Franklin Mountains shows rapid cooling to the surface after
crystallization at ~1100 Ma (Fig. 11E). Next the model suggests the sample is reburied to some
depth before uplifted to surface again at the Great Unconformity, 500 Ma. Paleozoic and Mesozoic
burial then reburies the sample to a max temperature of 170°C. Following reburial, the sample is
then rapidly uplifted related to Laramide Orogeny followed by a short period of gradual cooling
until Rio Grande rift uplift bring to the sample to the surface in the present.

40

Fig. 11. Inverse model results for the Carrizo Mountains, Franklin Mountains and Cookes Range.
Time-temperature windows in the left column show viable time-temperature histories, where
green paths represent an acceptable fit and purple paths represent a good fit to the input data. eU
vs. ZHe data plots on the right show data used in thermal history modeling in red. Each purple
curve represents the predicted eU-date correlation from each of the good paths produced in the
inverse model.
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Chapter 5: Discussion
Rocks sampled and analyzed from the Carrizo Mountains, Cookes Range and Franklin
Mountains have all experienced a lengthy thermal history. However, forward model outputs
suggest that our data are sensitive to Precambrian tectonic events (Figs. 6, 7 & 9). Burial and uplift
events in the Precambrian overall have a larger effect on age-eU correlations than more recent
Mesozoic and Cenozoic tectonism. This suggests that Precambrian tectonism in the region largely
influenced the thermal histories of these samples. The timing and magnitude of Precambrian
tectonism in west Texas and New Mexico is explored, analyzing burial and uplift in each of the
mountain ranges.
From 1.3-0.9 Ga, tectonism took place in Laurentia and culminated in continentalcontinental collision and the final assembly of Rodinia (Fig. 12) (Whitmeyer and Karlstorm, 2007).
The Carrizo Mountains and Franklin Mountains of west Texas record more than 300 Ma of this
orogenic activity along the southern margin of Laurentia (Mosher 1998). From ~1400-1350 Ma,
rocks of the Carrizo Mountain Group record rifting of continental crust (Mosher 1998). The 13801330 Ma rocks exposed in the Carrizo Mountains suggest that they are a southern exposure of the
Southern Granite-Rhyolite Province (Van Schmus et al., 1993). Continued extension from 13501300 Ma suggests that continental rifting evolved into a completely rifted margin (Mosher 1998).
However, exposures in nearby mountains suggest rifting may have been in response to back arc
spreading, such that any extension should be viewed within the context of an overall convergent
margin setting (Mosher 1998). From ~1288- 1232 Ma deposition of the coeval Allamoore
Formation and Tumbledown Formation in the Carrizo Mountains and the Castner Marble-Mundy
Breccia in the Franklin Mountains record continued subduction and sedimentation within this back
arc basin environment north of the deposited Carrizo Mountain Group (Mosher, 1998).
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Fig 12. Good fit inverse model results for the Carrizo Mountains, Franklin Mountains and
Cookes overlaid on the timing of Proterozoic and Phanerozoic events. YO – Yavapai Orogeny;
MO = Mazatzal Orogeny.
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Subduction along southern Laurentia subsequently ceased as continental collision occurred from
~1150-1120 Ma (Mosher, 1998). Inverse modelling of the Carrizo Mountains supports this as
pulses of uplift can be seen as early as at 1200 Ma (Fig.12). North of the Grenville deformation
front, volcanism and plutonism initiated in the Franklin Mountains as represented by the 1120 Ma
Red Bluff granite (Mosher, 1998). Petrological and geochemical studies have determined the Red
Bluff granite to be a within-in plate, A-type granite, emplaced within a zone of regional extension
(Shannon et al., 1997). Inverse modeling of the Franklin Mountains supports this as samples are
brought to the surface at this same period (Fig. 12). Timmons et al. (2005) findings further support
the idea that the Red Bluff granite was emplaced in an extension setting as they have suggested
that far field stresses (NW shortening and orthogonal NE-SW extension) related to the Grenville
orogeny dominated the tectonic and sedimentary regime of southern western Laurentia from 12501100 Ma. The synorogenic Hazel Formation was deposited on top of Allamoore Formation and
Tumbledown Formation, between 1120-1035 Ma as 1120 Ma granite and rhyolite boulders, coeval
with the Red Bluff Granite are found in the Hazel Formation (Mosher, 1998 and Bickford et al.,
2000). The last Grenville event, and possible end of the deformation in west Texas, is movement
of the Streereuwitz thrust which deformed the Hazel Formation, Tumbledown and Allamoore
Formations and placed Carrizo Mountain Group structurally above the Hazel Formation (Bickford
et al., 2000). This thrusting event is clearly seen in the Carrizo Mountain modeling as rapid uplift
occurs from as early as 1040 to 980 Ma and brought these rocks close to surfaces temperatures at
1000-950 Ma (Fig. 12). Grenville deformation is not recorded in the Cookes Range. The Cookes
Range may have been too far away from the Grenville front to have experienced any deformation,
however general uplift of the region may have been recorded. Modeling of the Cookes range shows
that this may have been possible as pulses of uplift can be seen between 1300-900 Ma.
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The supercontinent of Rodina was long lived until early stages of breakup began 780-680
Ma and final breakup occurred between 620-550 Ma (Whitmeyer and Karlstorm, 2007). Modeling
of the Cookes Range and Carrizo Mountains show pulses of uplift that coincide with both of those
periods of continental breakup. Geologic patterns show Cyrogenian and Palezoic strata
unconformably overlying Precambrian basement rock across the North American craton, implying
continental weathering and erosion may have occurred during this time frame (DeLucia et al.,
2018). Kilometers of sedimentary strata and igneous rock derived from the Grenville orogenic belt
may have accumulated and been eroded away as a result of Rodina breakup. Another theory
suggests that 3-5 kilometers of Earth’s surface was scraped off due to the glaciation of Snow Ball
Earth (Keller et al., 2019). Our thermochronologic results do not support this model because the
timing of exhumation in each mountain range occurs before 700 Ma and is therefore more
consistent with the timing of the breakup of Rodinia (Fig. 12).

45

Chapter 6: Conclusion
A total of 66 new and compiled zircon (U-Th)/He dates are presented to constrain the long
term (>1 Ga) thermal history of Precambrian rocks in west Texas and southern New Mexico.
Individual grain dates from the Carrizo Mountains, Cookes Range, and Franklin Mountains span
hundreds of millions of years with wide spreads in eU. Thermal history modeling of samples from
these ranges are used to comment on Precambrian events which may be preserved in the data.
Rocks in the Carrizo Mountains were rapidly exhumed to near-surface temperatures from ~11001000 Ma, likely recording the collision of a microcontinent with Laurentia at that time. The
Franklin Mountains models suggest that after emplacement of the Red Bluff Granite at nearsurface crustal levels, these rocks were buried and subsequently exhumed back to the surface prior
to deposition of Paleozoic strata and formation of the Great Unconformity. This burial may have
been within a back arc setting during final assembly of Rodinia. In the Cookes Range, the timing
of Precambrian exhumation is somewhat unconstrained. However, cooling to near-surface
temperatures likely occurred during either final assembly or initial breakup of Rodinia. These data
suggest a majority of exhumation prior to global Snowball Earth glaciations, and therefore do not
support a model where Snowball Earth glaciations directly caused exhumation midcrustal rocks to
the surface prior to Paleozoic sedimentation. Instead, they likely record erosion during the
formation and breakup of Rodinia and the supercontinent cycle.
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