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ABSTRACT
Thermochronology and Geobarometry of the Granite Mountains, southeast
California; Exhumation of a plutonic complex during collapse
of the Sevier Orogen
by
Joseph L. Kula
Dr. Terry L. Spell, Examination Committee Chair
Associate Professor of Geology
University of Nevada, Las Vegas

Thermochronologic data and geobarometry from the Granite Mountains indicate
exhumation of mid-crustal plutons during Late Cretaceous extensional tectonics. U/Pb
zircon and w&/39m hornblende ages indicate intrusion, crystallization, and geologically
instantaneous cooling through 500 °C at ~75 Ma. K-feldspar multi-diffusion domain
modeling indicates a cooling rate gradient from SW to NE of 63, 32, and 16 °C/Ma for
three samples spanning a transect across the range. NE K-feldspar cooled through ~252
°C by 73 Ma while other samples remained >375 °C suggesting a short lived down-to-
the-east normal faulting event at ~75 to 74 Ma. Faster cooling rates with later initial K-
feldspar recording (~71 Ma) suggest extension continued along a shallow down-to-the-
southwest detachment active from ~73 to 69 Ma. U-Th/He apatite ages suggest the Late
Cretaceous extensional event juxtaposed the deeper-seated Granite Mountains plutons

with the shallow-level southern Providence Mountains plutons and the two cooled

through 70 °C as a single block.
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CHAPTER 1

INTRODUCTION

In some areas of the North American Cordilleran interior evidence for rapid
exhumation of mid-crustal rocks during the late Cretaceous extensional collapse of the
Sevier Orogen is well documented (Foster et al., 1989; Wells et al., 1990; Hodges and
Walker, 1992; Miller et al., 1996). However, in many areas this event is neither
confirmed nor dated, partly because mid-Cenozoic extension (Basin and Range tectonics)
also took place in the region (Foster et al., 1990). This results in a lack of evidence for
north-south continuity of late Cretaceous extensional structures. This study focuses on
the Granite Mountains, located in the eastern Mojave Desert of California. The Granite
Mountains are situated at the southernmost extent of the Sevier Orogenic belt, an area in

which details of the Sevier Orogeny are incompletely understood (Fig. 1).

Purpose
The Granite Mountains are a mid to deep-crustal plutonic complex consisting of
Mesozoic granitoids that are also exposed to the northeast in the southern Providence
Mountains (Howard et al., 1987; Young and Wooden, 1988; Fox and Miller, 1990).
Previous geochronology in the Granite Mountains indicates preservation of Mesozoic
isotopic signatures, suggesting the cooling histories of plutons may record Late

Cretaceous exhumation and not Tertiary tectonic overprinting (Basin and Range
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Figure 1. Mesozoic Sevier thrust belt and Cenozoic Basin and
Range Province (gray). Modified from Lageson and Schmitt
(1994) and Burchfiel et al. (1992). Square represents study area.
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Extension). The purpose of this research project is to further document Late Cretaceous
extensional tectonics at the southern extremity of the Sevier Orogen by using isotopic
dating techniques and geobarometry to document the intrusion and exhumation history of
Granite Mountains plutons. Timing of exhumation for these plutons may then be related
to the known tectonic events that have affected the region, which include extensional

collapse of the Sevier Orogen (Mesozoic) and Basin and Range Extension (Miocene).

Significance of Study

Contraction and subsequent extension in the Sevier Orogen were significant
events in the geologic history of western North American. Although the Sevier Orogeny
has been intensively studied for decades, its tectonic history remains incomplete. In
Death Valley, the Mojave Desert, and adjacent terrains of the southern Sevier region,
understanding of the tectonic history is limited due to both insufficient geochronological
data and overprinting by Basin and Range extension. The results of this project provide
information on the timing and rates of Late Cretaceous Sevier extensional tectonics.
Information gained from this study not only adds to the growing body of knowledge of
the geologic evolution of the North American continent, but also may be applicable to
presently active orogens (e.g. Himalayan Mountains). A more complete understanding of
the timing and regional extent of past orogenic events may allow for better interpretation

and perhaps prediction of the tectonics of active orogenic terrains.
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Research Questions / Hypothesis

The hypothesis for this study is that the exhumation of Granite Mountains plutons
was a result of Late Cretaceous extensional collapse of the Sevier orogeny. Questions
formulated to test the hypothesis and meet project goals include (1) What were the timing
and rates of exhumation? and (2) What known tectonic event(s) led to the exhumation of
plutons of the Granite Mountains?

The main goals of this project are (1) to determine the depth and timing of
emplacement for plutons in the Granite Mountains, (2) construct the subsequent cooling
histories for these plutons, and (3) relate these results to known tectonic events that have
affected the region.

Field relations of rock units along with previous investigations in the Granite-
Providence Mountains region suggests that these ranges may represent parts of a
continuous crustal section. Exposures of shallow-to-mid-crustal rocks in the southern
Providence Mountains have been described as similar to the mid-to-deep-crustal rocks
found in the northern Granite Mountains (Miller et al., 1985; Young and Wooden, 1988;
Young et al., 1992). This may be a preliminary indication that the Granite and southern
Providence Mountains represent a tilted crustal section, or perhaps a crustal section with
its deeper and shallower sections juxtaposed at the surface following extensional
tectonics. This possibility may be resolved by answering several secondary research
questions. These questions include (1) Is this an intact crustal section? If so (2) did tilting
during exhumation expose deep plutons of the Granite Mountains adjacent to shallower
plutons of the Southern Providence Mountains, or was some other process responsible?,

and (3) What is the structural/ tectonic link between these two mountain ranges?
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rﬁ‘ Syenogranite of Quail Spring
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’Ag¢4 Granitoid rocks (undivided)
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Figure 2. Geologic map of Granite Mountains and southern Providence Mountains in the east Mojave Desert,
California (from Miller et al., 1985; Miller et al., 1991). Black circles indicate locations sampled. Arrows pointing
to open circles indicate sample locations for Calvin from monzogranite pluton, Floyd from a central granodiorite
pluton, Yoshi from a northeast quartz monzonite pluton, and Omar from the syenogranite of Quail Spring in the
southern Providence Mountains. Along the northern base of the range is the Bull Canyon Fault. Fault lines in the
eastern Providence Mountains represent the East Providence Fault Zone. Dotted line southwest of the Granite
Mountains indicates inferred location of the Bristol-Granite Mountains fault zone. The fault through Granite Pass
lies between Cretaceous rocks in the Granite Mountains and Jurassic rocks in the southern Providence Mountains.
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CHAPTER 2

REGIONAL GEOLOGY

Sevier Orogeny

The Sevier Orogen is defined by a series of contractional structures extending
north-south through western North America (Armstrong, 1968) (Fig. 1). Together, these
structures are referred to as the Sevier fold-thrust belt. Deformation and plutonism of the
Sevier Orogeny began in the Late Jurassic due to Farallon-North American plate
convergence (Burchfiel et al., 1992). An increasing rate in Farallon plate subduction
resulted in intensified arc magmatism, which heated and weakened overlying crust
allowing fold-thrust deformation. By about early Cretaceous time a continuous belt of
east-vergent thrust faults stretched from Canada to southeastern California (Livaccari,
1991; Burchfiel et al., 1992). To the west of this fold and thrust belt are associated Late
Jurassic plutons (~165 to 140 Ma) that cut earlier Mesozoic deformational fabrics, folds,
and thrust faults (Walker et al., 1995a; Burchfiel et al., 1992). The Sevier belt may be
entirely younger than these plutons since the time of initial thrust faulting of the Sevier
belt is unclear (Burchfiel et al., 1992). Evidence has been presented indicating
development of east-vergent allochthons in the latest Jurassic to early Cretaceous
(Armstrong and Oriel, 1965), whereas Heller et al. (1986) suggest the beginning of Sevier

thrust faulting at about early Cretaceous time.
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Overthickening of the continental crust resulting from convergent tectonics of the
Sevier Orogen led to extensional collapse in the Late Cretaceous (Foster et al., 1989;
Wells and Allmendinger, 1990; Wells, 1997). Extension in the Sevier hinterland has
been well documented in Utah (Wells et al., 1990; Wells, 1997) and parts of California
(Foster et al., 1989; Applegate et al., 1992; Miller et al., 1996). However, Mesozoic
extensional structures and isotopic signatures related to the Sevier Orogeny are

discontinuous due to subsequent overprinting by Cenozoic Basin and Range tectonics

(Fig. 1).

Southeast California

Basement rocks of the eastern Mojave Desert are granitoids and high-grade
gneisses and schists that were deformed and accreted to the North American craton in the
Early Proterozoic (Bennett and Depaolo, 1987; Wooden et al., 1988). Middle Proterozoic
anorogenic granitoids and diabases later intruded these rocks (Anderson, 1983;
Fitzgibbon and Howard, 1987). During episodes of marine transgression and regression,
the region was covered by 1-2 km of carbonate dominated sedimentary rocks during the
Paleozoic and early Mesozoic (Stone et al., 1983). Deformation, plutonism and
metamorphism during the Middle Jurassic occurred in the western and central Mojave
Desert with tectonism also documented to the east in the Marble, Ship, Clipper, Piute,
and Old Woman Mountains during the Late Jurassic to Cretaceous (Bishop, 1964;

DeWitt et al., 1984; Burchfiel and Davis, 1981; Foster et al., 1990; Howard et al., 1995)

(Fig. 3).
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Figure 3. Map showing several locations in the Sevier hinteriand that record
extension during the Late Cretaceous gravitational collapse of the Sevier
Orogen. FM=Funeral Mountains; RR=Raft River Mountains; NM=New-
foundland Mountains; BP=Black Pine Mountains; NYM=New York
Mountains; PM=Providence Mountains; OW/P=0ld Woman-Piute Mountains;
GM=Granite Mountains (study area). Also shown are the Clipper Mountains
(CM), Ship Mountains (SM), and Marble Mountains (MM). Adapted from
Applegate et al. (1992), Allmendinger and Jordan (1984), Beyene et al., (2000),
Miller et al., (1996), Foster et al., (1992), Wells et al. (1990), and Wells (1997).
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Jurassic and Cretaceous age plutons in the Mojave Desert are part of larger
magmatic arcs that extend throughout the U.S. Cordillera (Fox and Miller, 1992) (Fig. 4).
In the Mojave region, Cretaceous plutonic rocks have compositions ranging from
granodiorite to monzogranite, and are compositionally more homogeneous than Jurassic
plutonic rocks (Fox and Miller, 1992). Jurassic intrusive rocks are more compositionally
diverse and K,O-rich and mainly yield K/Ar and U/Pb ages of 160 to 150 Ma and 165 to
160 Ma, respectively (Fox and Miller, 1992), although Latest Jurassic (~145 Ma) plutons
have been dated north of the Granite Mountains in the Clark Mountains, Mescal Range,
Striped Mountain, and [vanpah Mountains. Cretaceous plutonic rocks are exposed as
large composite batholiths throughout the region (Fox and Miller, 1990). These include
the Teutonia batholith (Beckerman et al., 1982; Fox and Miller, 1990), the Cadiz valley
batholith (John, 1981; Fox and Miller, 1990), and the Old Woman-Piute batholith (Foster
etal.. 1990). Cretaceous plutons were emplaced during two intervals based on U-Pb

zircon geochronology; 99 to 95 Ma and 75 to 70 Ma (Wright et al., 1987; Fox and Miller,

1992).

Granite Mountains
The Granite Mountains expose rocks ranging in age from Paleozoic to Cenozoic,
but are dominated by Mesozoic plutonic rocks described above (Howard et al., 1987)
(Fig. 2). Metasedimentary rocks are exposed at higher elevations as small roof pendants
(Howard et al., 1987). These metamorphosed strata are dominantly marble and siliceous
marble, which may correlate lithologically with the Bird Spring Formation
(Pennsylvanian and Permian) and the Monte Cristo Limestone (Mississippian) that are

exposed in the northern Providence Mountains to the northeast (Howard et al., 1987).
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Previous U/Pb and K/Ar ages from the Granite Mountains (Chapter 3) indicate
preservation of original Mesozoic isotopic signatures and thus potential to provide
information about Late Cretaceous tectonics. Previous geobarometry (Chapter 3) in the
Granite Mountains region, indicating mid-to-deep crustal emplacement for Granite
Mountains plutons and shallow crustal emplacement for southern Providence Mountains
plutons, may have implications for a structural relationship between the Granite and
southern Providence Mountains.

In contrast with the heavily faulted Old Dad Mountains to the west, there are few
faults in the interior of the Granite Mountains; however, several faults are present on the
perimeter (Howard et al., 1987) (Fig. 2). The Bull Canyon fault, a late Tertiary low-angle
normal fault, traces around the northern margin of the Granite Mountains (Howard et al.,
1987). The fault dips outward from the range at 20-40° north and northwest, and exposes
a zone of red to tan breccia and gouge separating a chloritically altered footwall of
Jurassic plutonic rocks from a hanging wall of chloritized and brecciated equivalents and
Tertiary sedimentary breccia (Howard et al., 1987). Separating the Granite Mountains
from the Old Dad Mountains is the northwest-striking Bristol-Granite Mountains fault
zone (Gamble, 1959a,b; Howard et al., 1987; Howard and Miller, 1992) (Fig. 2). This
fault dips northeast 70-80° and places Mesozoic plutonic rocks in the northeast over
Tertiary supracrustal rocks in the southwest, indicating reverse motion (Howard et al.,
1987). This fault has been described as a potential southem continuation of dextral-
strike-slip faults in Death Valley, (Hamilton and Myers, 1966; Brady, 1988) and the
eastern limit of the eastern California shear zone (Howard and Miller, 1992; Dokka and

Travis, 1990) while Davis et al. (1974) suggest that the Bristol-Granite Mountains fault
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zone is older than the southern Death Valley fault zone. In the northeast, a normal fault
extends at least 3 km long striking northwest and dipping 45-50° to the northeast
(Howard et al., 1987) (Fig. 2). A north-northwest striking fault to the east in Granite Pass
places Cretaceous granite of the Granite Mountains against Jurassic syenogranite in the
southern Providence Mountains (Howard and Miller, 1992) (Fig.2). This fault is
interpreted as a down-to-the- east normal fault by Howard and Miller (1992), based on a
greater abundance and coarser grain size of the Cretaceous granite west of the fault

compared to that exposed to the east.

Providence Mountains

The Providence Mountains lie to the northeast of the Granite Mountains (Fig. 2).
The southern region of these mountains consists of Mesozoic granitic plutons similar to
those exposed in the Granite Mountains. Young and Wooden (1988) determined mid-to
shallow crustal emplacement depths for these plutons using aluminum-in-homblende
geobarometry (Chapter 3). Along the east side of this range is the East Providence fault
zone (Fig. 2), consisting of several steeply dipping (~65°-75°) down-to-the-west normal
faults (Miller et al., 1996). The East Providence fault zone has been correlated as a
segment of the East Mojave fault, which is a ~70 km long north-to northwest-striking

Cretaceous extensional structure spanning across the eastern Mojave Desert (Miller et al.,

1996).
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CHAPTER 3

PREVIOUS WORK

Granite and southern Providence Mountains

Previous geochronology has yielded U/Pb zircon ages of ~174 Ma for a large
Jurassic hornblende-quartz diorite (unit Jqd, Fig. 2) in the west-central region of the
Granite Mountains (Howard, 2000) and 155 Ma for an adjacent diorite pluton (unit Jd,
Fig. 2) (Young et al., 1992). A pluton described by Miller et al. (1991) as Cretaceous
porphyritic monzogranite (unit Kpm, Fig. 2) gave a U/Pb zircon age of ~70 Ma and a
K/Ar biotite age of 70.9 Ma (Howard, 2000). Other data include K/Ar ages for
hormblendes and biotites ranging from 64 to 74 Ma (Miller et al., 1991; Howard, 2000).
These ages indicate preservation of original Mesozoic isotopic signatures and thus
potential to provide information about Late Cretaceous tectonics.

Aluminum-in-homblende geobarometry indicates crystallization pressures of 6.0
to 7.5 kbar for Jurassic and Cretaceous granitoids in the northern Granite Mountains,
corresponding to emplacement depths of 19 to 25 km (Young and Wooden, 1988).
Lower crystallization pressures of ~3 kbar suggest mid to shallow crustal emplacement at
8-16 km depth for plutons exposed at the southern extent of the Providence Mountains
(Fox and Miller, 1990; Young and Wooden, 1988) (Fig. 2). This may indicate exposure

of deeper and shallower segments of a single crustal section.

14
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Mojave Desert Region

The Granite Mountains belong to a region of the East Mojave Desert that records
substantial contractional and extensional tectonics as well as plutonism in the Jurassic,
Cretaceous and Miocene (Howard et al., 1995). Late Cretaceous extension is recorded in
the East Providence fault zone along the east side of the Providence Mountains (Fig. 2) as
well as in the Piute and Old Woman Mountains, ~65 km to the southeast (Foster et al.
1990), the Funeral Mountains in Death Valley (Applegate et al., 1992), and the New
York Mountains, ~60 km northeast of the Granite Mountains (Beyene, 2000) (Fig. 3).
The Old Woman Mountains underwent rapid unroofing and denudation at the end of the
Cretaceous (~73-70 Ma), probably accommodated by a top-to-the-southwest shear zone
(Foster et al., 1992; Carl et al., 1991; Gerber et al., 1995). Unroofing of the Funeral
Mountains metamorphic core complex has been constrained by U/Pb zircon
geochronology between 72 and 70 Ma (Applegate et al., 1992) (Fig. 3). Late Cretaceous
extension (>70-65 Ma) was documented in the Pinto Shear Zone in the New York
Mountains (Beyene, 2000) (Fig. 3). The Pinto shear zone is a top-to-the-southwest
normal-sense shear zone active from ~71 to 65 Ma, based on “°Ar/*°Ar thermochronology
of K-feldspar, biotite, and muscovite (Beyene et al., 2000). Together, the Pinto, East
Providence, and Cima (also a down to the southwest normal shear zone) fault zones make
up the East Mojave fault, which shows evidence for widespread down to the southwest
Late Cretaceous extension stretching from the Old Woman Mountains to the south, north
to the Funeral Mountains in the Death Valley region.

Further north, extension in the hinterland of the Sevier belt is recorded in the

Newfoundland Mountains, Utah, (Allmendinger and Jordan, 1984) the Black Pine
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Mountains, Idaho, (Wells et al., 1990) and the Raft River Mountains, Utah (Wells et al.,
1990; Wells, 1997; Wells et al., 1998) (Fig. 3). Mesozoic normal faults in the
Newfoundland Mountains suggest extension following Sevier shortening (Allmendinger
and Jordan, 1984). “°Ar/°Ar geochronology on synkinematically-metamorphosed rocks
from the Raft River and Black Pine Mountains suggests east-west extension in the Sevier
hinterland occurred during the Late Cretaceous (Wells et al., 1990). These data support
the idea of widespread extensional collapse of the Sevier orogenic belt as a result of
crustal overthickening during earlier (Jurassic-Cretaceous) contractional tectonics

(Hodges and Walker, 1992; Livaccari, 1991).
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CHAPTER 4

SAMPLING STRATEGY AND ANALYTICAL METHODS

Sample Collection

Approximately 40 samples were collected across the Granite Mountains into the
southern Providence Mountains. Four samples; Omar, Yoshi, Calvin, and Floyd
(appendix a), were selected for analyses based on the criteria that they (1) contain the
appropriate mineral assemblages for isotopic dating techniques and geobarometry, (2)
were representative of their host pluton, and (3) formed a transect across the Granite
Mountains into the southern Providence Mountains. Calvin, Floyd, and Yoshi, from the
Granite Mountains, represent mapped units of monzogranite (Kpm), granodiorite (Kgd),
and quartz monzonite (Jsq/Ksq), respectively, of Miller et al. (1991) (Fig. 2). Omar was
collected from syenogranite (Jgo) in the Providence Mountains (Fig. 2). Throughout this

thesis, plutons will be referred to by the map unit names of Miller et al. (1991), whereas

corresponding sample names are quoted in the appendices.

Mineral Separation/Preparation Techniques
Prior to mineral separation. rock samples were crushed and sieved. Separation of
zircon, hornblende, and K-feldspar was done using heavy liquids. Methylene iodide (SG

= 3.32) was diluted with acetone to SG = ~2.60 to separate K-feldspar from quartz and

17
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plagioclase. Franz isodynamic magnetic separators, and hand picking were used in the
final stages of purification. Zircon was extracted from the 50 — 150 um fraction.
Hornblende and K- feldspar separates, purity >99%, were taken from 150 — 250 um
fractions.

Apatite separations were done by Donelick Analytical, Inc. Samples were
crushed and sieved below 300 um mesh and separated using SG = 3.0 lithium
metatungstate, SG = 3.3 diiodomethane, and a Franz magnetic separator. Apatites were

divided into two size fractions, >106 pm and <106 um of which the former was used for

final selection of crystals for analysis.

Aluminum-in-hormblende Geobarometry

Homblende is a common phase in hydrous calc-alkalic magmas crystallizing at
depth. The composition of homblende has been found to vary with rock composition,
pressure, and temperature (Hammerstrom and Zen, 1986; Hollister et al., 1987). Using
electron microprobe analyses on homblende from rocks with independently known
pressures of crystallization, Hammarstrom and Zen (1986) presented an initial empirical
correlation between the total Al (Alr: total number of cations of Al per formula unit
based on 23 oxygens) in hornblende and the estimated pressure of crystallization for calc-
alkaline granitoid rocks with the mineral assemblage plagioclase + K-feldspar + quartz +
hornblende + biotite + sphene + magnetite. This is now referred to as the aluminum-in-
hornblende geobarometer (Hammerstrom and Zen, 1986). Pressure estimates were made

on plutons crystallizing at shallow and deep crustal levels (1.5-3 kbar and 7-10 kbar)

resulting in a calibration with +3 kbar uncertainties.
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Hollister et al. (1987) subsequently confirmed and refined the correlation by
independently determining pressures for plutons crystallizing at mid-crustal depths (4-6
kbar), thus filling the gap in the Hammarstrom and Zen (1986) data. The results of
Hollister et al. (1987) included a reduction in error to +1 kbar. A number of studies have
subsequently refined the aluminum-in-hornblende geobarometer. These include Johnson
and Rutherford (1989), Rutter et al. (1989), Schmidt (1992), Anderson and Smith (1995),
and Ague (1997). All of these calibrations yield slightly different pressure estimates
although they essentially overlap within uncertainties.

Analyses for aluminum-in-hornblende geobarometry were done at the Electron
Microanalysis and Imaging Laboratory at UNLV using a JEOL 8900 Electron Probe
Microanalyzer. Instrument parameters were a lum spot size with a 2 x 10® A beam
intensity and an accelerating voltage of 15 kV. Kakanui hornblende (Harvard standard;
USNM 143965) was the standard used during the analysis (five unknowns were analyzed
between each standard analysis). The chemical composition for Kakanui hornblende
along with the other standards used to calibrate for weight percent A1,03, FeO, K,O,
N2a,0, SiO,, CaO, MgO, MnO, and TiO; are listed in appendix B. Analyses were
conducted as 5-point transects from rim to core to rim across single hornblende crystals
to identify any heterogeneity in distribution of aluminum within the crystals. Five
crystals were analyzed for each sample, however, only analyses from one crystal (5 data
points) were used from Omar (appendix B; Omar-7a-e), as the other four crystals define

compositions that are not typical horblende due either to alteration, or accidental

analysis on a phase other than hornblende.
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Following electron microprobe analysis, weight percent data was converted into
structural formulas by dividing the oxide values obtained for major elements by their
atomic weight and then converting to a molar proportion. From the molar proportions,
the oxygens are summed and divided by 23. This value is multiplied by the cations
yielding the total aluminum per 23 oxygens, which is used in a calibrated barometry

equation for estimating the pressure of emplacement. Errors at 16 represent quadratic

summation of microprobe and calibration uncertainties.

U/Pb Geochronology
Geochronology using the U/Pb isotopic system is probably the most accurate
method of dating for rocks older than a few tens of millions of years (Moser and Scott,
2000; Ludwig, 1998). This is in part due to the availability of three isotopic ratios for use
in age calculations: 2U/2%Pb, 2°U/7Pb, and **’Pb/’®Pb. For an ideal analysis, where

the sample is concordant and undisturbed (i.e. closed system), all three systems will yield

ages that are equal within analytical error (Ludwig, 1998).

Zircons have been widely used as a U/Pb geochronometer. Cherniak and Watson
(2000) found extremely slow diffusion rates for Pb, indicating that zircons will remain
closed systems under most crustal conditions. From this data the closure temperature for
zircons of standard analytical size (~100 pm) are in excess of 900 °C, whereas a typical
crystallization temperature for granitic magmas is lower at ~750 °C. Thus, for granitic
magmas such as those in this study, zircons are immediately closed to U and Pb diffusion
upon crystallization and are interpreted to record timing of crystallization for plutons.

The closure temperature for zircon in this study is thus taken as 750 °C.
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Two methods for determining U/Pb zircon ages are ion microprobe analysis and
what is referred to as ‘conventional’ U/Pb dating. Conventional U/Pb dating is done
using a thermal ionization mass spectrometer along with isotope dilution to determine
isotopic ratios. Results from this method tend to be very precise, however accuracy may
be compromised due to the presence of multiple U/Pb systems within single zircon
crystals such as older inherited cores with younger overgrowths (Fig. 5). Analysis on a
high-resolution secondary ion mass spectrometer has proven to be a more accurate
method in obtaining U/Pb zircon ages in such cases (Williams, 1992). Accuracy is
gained using this method because areas only tens of microns in diameter may be
analyzed, which allows for direct analysis of distinct age domains within individual
zircon crystals. Using the ion microprobe, accuracy is increased, although analyses tend
to be less precise than the conventional method as a result of the small amount of sample
being analyzed. Thus, for zircons with complex internal U/Pb systematics, relatively
imprecise ion microprobe analyses could be more useful than high precision conventional
analyses (e.g. Williams, 1992). The ion microprobe method was chosen for the U/Pb
analyses conducted in this research.

Zircons were analyzed at the National Ion Probe facility at UCLA using a
CAMECA ims 1270 high resolution, high sensitivity ion microprobe. The zircon
standard used for these analyses was AS-3 which yields a conventional U/Pb age of
1099.1 £ 0.5 Ma (Paces and Miller, 1993). Twenty-six analyses of AS-3 gave a Pb-U
calibration with slope = 0.34 £+ 0.07 (16), y-intercept = 7.66 + 0.49 (10), and an MSWD
of 12.58. Because the samples in this study are Mesozoic in age, the data are presented

using Tera-Wasserburg concordia U/Pb diagrams where the X-axis is Z2U/?%Pb and the
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Figure 5. Example of inherited core with multiple U/Pb systems
within a single zircon crystal. A. Cathodoluminesence image of
zircon crystal from granodiorite prior to ion microprobe analysis.
The crystal shows the presence of a distinct core within zoned
overgrowths. B. Post-analysis SEM image of the same crystal.
Analyses show an inherited core, yielding an age 50 Ma older
than the rims.
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Y-axis is *’Pb/*%Pb, allowing uncorrected **Pb/>2U points to define a linear array
representing a mixing line between common Pb (y-axis) and age (x-axis) (Tera and
Wasserburg, 1972). Tera-Wasserburg concordia diagrams have less correlated errors in
the X- and Y-axis values making relative scatter of data points more evident (Ludwig,
2001). Also, for Mesozoic and Cenozoic samples, discordance is difficult to detect on
conventional concordia plots due to the large uncertainties of 2>>U/?’Pb ages and the
relative linearity of concordia for young samples (few 100 Ma’s). Linear regressions
were done based on the MSWD criterion of Wendt and Carl (1991), where exclusion of
analyses (inherited cores) was based on failure to obtain a statistically valid regression.
The U/Pb zircon ages presented in this paper are uncorrected for common Pb and quoted

at 1o errors with decay constant errors included. Analytical data are presented in

Appendix C.

VA Ar Geochronology

O ArAr dating was developed as a variation of the K/Ar method, which is based
on the decay of “’K to “°Ar (1), = 1250 Ma), after it was found that during irradiation in a
nuclear reactor, neutron interactions with *°K produced **Ar (Merrihue, 1965; Merrihue
and Turner, 1966). Through calibration of this conversion rate, both parent and daughter
can be measured at the same time yielding more accurate and precise ages. Since this
discovery, the ®Ar/*’Ar method has become a widely applied technique for solving
geologic problems (McDougall and Harrison, 1999).

There are numerous advantages in using the **Ar/*’Ar method over the K/Ar

method. Among these is the ability to measure parent and daughter ratios accurately,
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precisely, and simultaneously using a mass spectrometer. This is in contrast with K/Ar
dating where these element abundances are measured on separate splits of the sample
using different analytical techniques (McDougall and Harrison, 1999). “°Ar/*’Ar dating
thus allows for a smaller amount of sample for analysis. Another advantage is the
incremental measurement of Ar released from the sample. Step heating yields several
(usually 10 to 15) analyses for each sample, which allows for determining chemical
information, argon distribution within the sample, and testing of the assumptions

involved in K/Ar dating (McDougall and Harrison, 1999).
Principal assumptions applied to the K/Ar and “°Ar/*?Ar methods include (1) the

decay rate for “’K is known accurately and precisely and is independent of temperature,
pressure, and composition; (2) the isotopic composition of K (“KIK) is constant in
nature, since it is never measured directly; (3) the ‘“°Ar measured in the sample has been
generated only by in situ “’K decay since the time of crystallization; or (4) corrections for
any nonradiogenic *’Ar initially present in a sample can be made; and (S) the sample
must have been a closed system with no loss or gain of K or radiogenic Ar (McDougall
and Harrison. 1999). These assumptions may be tested and (for some) assessed more
readily by the **Ar/*’Ar method than the K/Ar method, thus providing the basis for
determining the reliability and meaning of measured ages (McDougall and Harrison,
1999).

The closure temperature for argon in homblende is 500 + 50 °C (McDougall and
Harrison, 1999; Harrison, 1981). K-feldspar age spectra were modeled by the multi-
diffusion domain model technique (when possible) (Lovera et al., 1989) to record a

continuous cooling history from ~350 to ~150° C (Lovera et al.; 1991 Lovera, 1992).
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Closure temperatures for any K-feldspar sample unsuitable for multidiffusion domain
modeling were calculated using equations from Dodson (1973), and following Harrison
and McDougall (1982).

Analyses were done at the Nevada Isotope Geochronology Laboratory at the
University of Nevada, Las Vegas using a MAP 215-50 mass spectrometer. The
atmospheric *°’Ar/*®Ar ratio and corresponding mass discrimination (4 AMU) factors are
measured weekly and are recorded in data tables for individual samples (Appendix D).
Samples were irradiated for 7 hours in the Oregon State University Radiation Center
TRIGA type reactor. Analyses on K-glass and CaF, fragments were used to determine
correction factors for interfering neutron reactions on K and Ca. (*’Ar/*°Ar)x values were
0.0132 +0.012. Correction factors for Ca were (**Ar/’Ar)c, = 2.77 x 10™ (+ 2.28%) and
C’Ar/ Ar)e, = 7.44 x 107 (£ 0.37%). J-factors (assigned 0.5% errors) were calculated
using single crystal laser fusion of 3 to 5§ Fish Canyon Tuff sanidines from each level of
neutron flux throughout the irradiation package. Sample ages were calculated using an
age of 27.9 Ma (Steven et al., 1967; Cebula et al., 1986) for the Fish Canyon Tuff
sanidine. Plateaus are defined as three or more consecutive steps totaling at least 50% of
the *°Ar released with ages that overlap at 20 analytical errors (excluding J error).
Isochrons are defined by greater than three consecutive steps corresponding to at least
50% of the *°Ar released, and follow the MSWD criterion of Wendt and Carl (1991).

K-feldspar Modeling

Heating schedules of 49 to 50 steps were used for step heating of K-feldspars.

This allows for determination of argon diffusion parameters (frequency factor and

activation energy) intrinsic to each sample (Lovera et al., 1989; Lovera et al., 1991).
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Arrhenius plots of these data show a linear array for the low temperature steps of the
heating schedule followed by a departure from linearity, which can be explained by
multiple diffusion domain sizes within the sample (Lovera et al., 1989; Richter et al.,
1991). The linear portion of the plots is produced by the smaller diffusion domain sizes,
which are outgassed at low temperatures (L.overa et al., 1989). Multiple diffusion domain
theory assumes that argon loss follows an Arrhenius Law, that the *°Ar loss measured
during step heating is by the same mechanism responsible for diffusive loss in nature, and
implies that all domains have the same frequency factor (D,, which is expressed as a
combined parameter with the diffusion domain size, DJ/r?) and activation energy (E)
(Lovera et al., 1989; Lovera, 1992; Lovera et al., 1993). Experiments performed by
Lovera et al. (1993) have supported the assumption of the same activation energy in
multiple domains and Lovera et al. (2002) and Richter et al., (1991) showed that samples
with highly correlated age and diffusion properties exhibit laboratory argon release that
replicates natural diffusion mechanisms.

Computer programs were used to model Arrhenius data, log r/r,, age spectra,
thermal histories, and correlations between the laboratory results and modeled results
(Lovera et al., 1989; Lovera et al., 2002). Acceptability of models was based on
statistical criteria defined within the programs: only statistically valid models were
returned and used.

Arrhenius data are modeled by applying the laboratory step-heating schedule
(excluding steps above 1100 "C where K-feldspar melts and ceases to follow Arrhenius
Law diffusive loss) to model domain distributions with the purpose of creating a domain

distribution that will reproduce the Arrhenius data generated in the laboratory. Domain
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distributions, expressed as log t/r, vs. % Ar released plots, are also produced during this
modeling. A correlation between the log r/r, plots and age spectra is then determined to
quantify the applicability of laboratory diffusion parameters to those in nature, with
acceptable correlations of Cj;> 0.8 (Lovera et al., 2002). Since the age spectrum is a
function of natural diffusion during geologic cooling, and the log r/r, plot is generated in
the laboratory (during a much shorter time scale) during heating, a high correlation
indicates that laboratory diffusion is via the same mechanism as that in nature. When the
lab and model distributions are in good agreement, cooling histories may be modeled to
find those that produce an internal argon distribution that would reproduce the laboratory
age spectra when modeled. A minimum of 20 cooling histories was used to define an

acceptable cooling curve for a sample.

U-Th/He Geochronology

One of the first systems used by geochronologists to determine the ages of rocks
was the production of “He from the decay of 28y, B5Y, and **Th isotopes (*He is also
produced by decay of 147Sm to '**Nd, but this in insignificant amounts) (Rutherford,
1905; Strutt, 1905; Reiners, 2002). However, early studies yielded ages that were
unexpectedly young (Hurley, 1954), leading to limited application and near abandonment
of the U-Th/He method of dating. Renewed interest in the technique was inspired after
Durango fluorapatite (Zeitler et al., 1987) and apatites from multiple geochemical
environments (Lippolt et al., 1994) showed evidence suggesting *He ages may record
cooling through a lower closure temperature (~100 °C) rather than crystallization ages.

Further investigation by Wolf et al. (1996) found that He diffusion in apatite followed a
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linear Arrhenius relationship below 290 °C with an activation energy of ~150 kJ/mol,
indicating a closure temperature of ~75 °C. This temperature was thought to be
independent of chemical composition and grain size suggesting possible application of a
single closure temperature to a broad range of samples. Applicability of the U-Th/He
system to low temperature thermochronology (~70 to 200 °C) has presently been
demonstrated using several mineral phases including apatite, zircon, and titanite (House
et al., 1998; Reiners and Farley, 1999; Farley, 2000; Reiners et al., 2002).

Apatite U-Th/He analyses were done at the California Institute of Technology.
The “He is extracted by degassing crystals encased in a small foil packet with a CO; or
Nd-YAG laser. Measurements are made using a quadropole mass spectrometer (to ~1%
precision) following *He isotope dilution and cryogenic purification (Reiners, 2002).
Following degassing, crystals are retrieved, dissolved, and analyzed by isotope dilution
for U and Th using an ICP-MS with similar uncertainties. An additional step involved in
calculating He ages is determining the a-ejection correction (Farley et al., 1996).
Radiogenic *He is separated from parent U, Th, and decay chain isotopes with high
kinetic energies (~4-5 MeV), resulting in long stopping distances (~10 to ~30um
depending on density/ composition of stopping medium) (Farley et al., 1996; Reiners,
2002). The importance of o-stopping distances for He dating is the potential ejection of a
significant portion of the total ‘He produced from the crystal leading to underestimated
ages. The correction for a-ejection (known as F; correction) is based on the surface to
volume ratio of the crystal and the a-stopping distance where crystals with larger surface

to volume ratios require larger corrections (Farley et al., 1996).
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CHAPTER 5

GEOBAROMETRY RESULTS

Pressures were estimated using calibrations of Hollister et al. (1987) and Schmidt
(1992). The Hollister et al. (1987) calibration (P (x 1 kbar) = -4.76 + 5.64Alt) was used
for direct comparison with previous studies (Young and Wooden, 1988; Foster et al.,
1989) where their equation was demonstrated to be applicable. The Schmidt (1992)
calibration (P (£ 0.6 kbar) = -3.01 + 4.76AlT) represents an improvement to the Hollister
et al. (1987) calibration and was used to demonstrate any significant difference in
pressure estimates between the two. Although more recent calibrations have been
published, (Chapter 4), Schmidt (1992) was selected because other recent calibrations
(Anderson and Smith, 1995; and Ague, 1997) require plagioclase analyses, which were
not obtained in this study and the experimental calibration of Schmidt (1992) is
consistent with earlier empirical and experimental calibrations of the barometer. The
Johnson and Rutherford (1989) calibration focused on volcanic rocks (this study focuses
on plutonic rocks), whereas Rutter et al. (1989) applied barometry to igneous rocks at
pressures greater than 10 kbar, significantly deeper than the mid-crustal rocks exposed in
the Mojave Desert region (Young and Wooden, 1988).

All crystal rims represent conditions at the final stage of crystallization when all
required phases (plagioclase + K-feldspar + quartz + homblende + biotite + sphene +

magnetite) are most likely present, and are therefore most ideal for estimating pressures
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at emplacement. For plutons in the Granite Mountains, the mean Alr values from
all analyses and those found using only rim analyses are indistinguishable demonstrating
that nm Al values are representative. Mean rim Al values (16 errors) are 1.63 £ 0.04
for the SW monzogranite sample, 1.62 + 0.08 for the central granodiorite sample, and
1.56 + 0.09 for NE quartz monzonite sample (Table 1). Of 10 rim analyses, 9 were used
in calculating the mean value for the monzogranite. One analysis (Alr = 1.12) was
excluded because it is more than 20 lower than the mean. Hornblende from the
syenogranite in the southern Providence Mountains yielded Alr values ranging from 1.07
to 1.29 based on five analyses across one homblende from rim to rim. These data yield a
mean Alr of 1.14 £ 0.09 (1) (Table 1).

Using the Hollister et al. (1987) and Schmidt (1992) equations, these Alr values
yield pressures of ~4.0 to 4.8 kbar for the Granite Mountains samples and ~1.7 to 2.4
kbar for the southern Providence Mountains sample (Table 1). Pressures for the Granite
Mountains samples all overlap at 16 error, corresponding to mid-crustal depths of
emplacement (14.5 to 17.1 km) assuming a 3.6 kmv/kbar lithostatic gradient (Table 1). Of
these three samples, the northeastern quartz monzonite sample yields a slightly lower
mean Alr value. Although pressure/depth estimates overlap for all Granite Mountains
samples, the lower Alr value may be indicative of a slightly shallower emplacement
depth than the central granodiorite and SW monzogranite, which appear to have been
emplaced at equal depths (Table 1). The implications of these data are discussed in
Chapter 8. Mid-crustal emplacement depths are consistent with estimates for Cretaceous

plutons in this region based on previous studies (Foster et al., 1989; Young and Wooden,

1988).
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Table 1. Mean Al values from rim analyses for Granite and Providence Mountains samples, mean pressures with 16 total

uncertanties (quadratic summation of analytical and calibration errors), and depth ranges using calibrations by Hollister et al.
(1987) and Schmidt (1992). Depths were calculated using a 3.6 km/kbar lithostatic gradient. Both calibrations indicate mid-
crustal emplacement for Granite Mountains plutons and shallow crustal levels for the scuthern Providence Mountains pluton

Mean Pressure (kbar) Depth (3.6km/kbar)
Sample Mean Al; | Hollister et al. (1989) | Schmidt (1992) | Hollister et al. (1989) | Schmidt (1992)
SwW 1.63 £0.04 443 102 4.75 +0.63 15.95 + 3.67 17.10 £2.27
monzogranite
central 1.62 £ 0.08 440+ 1.04 4.72 £ 0.66 1584 £3.74 16.99 + 2.38
granodiorite
NE quartz 1.56 + 0.09 403103 441 +0.67 14.51 £3.71 15.88 £+ 241
monzonite
Providence 1.14 £ 0.09 1.68 = 1.02 242 +0.64 6.05 £3.67 8.71 £2.30
syenogranite
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Shallow crustal emplacement depths have been determined for Jurassic plutons in
the southern Providence Mountains by Young and Wooden (1988) and Fox and Miller
(1990). Five analyses from the syenogranite sample yield pressures of 1.68 + 1.02 kbar
(Hollister et al., 1987) and 2.42 £ 0.64 kbar (Schmidt, 1989) (Table 1). These data
correspond to emplacement depths ranging from 6.05 to 8.71 km, which is consistent

with the previous studies.
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CHAPTER 6

GEOCHRONOLOGY RESULTS

U/Pb Zircon

The following sections refer to data tables in Appendix C for ion microprobe
U/Pb analyses on zircons from the southwest monzogranite (Calvin), central granodiorite
(Floyd), northeast quartz monzonite (Yoshi), and southern Providence syenogranite
(Omar). All ages are uncorrected and errors are quoted at t 16.

Southwest monzogranite

Ten analyses were made from the SW monzogranite sample (Calvin). Two
zircons with inherited cores yielding Z*U/**Pb ages of 93.4 and 134.8 Ma (appendix C)
were discovered. These two analyses were excluded after statistically invalid linear
regressions were obtained. The remaining eight analyses ranging from 75 to 87 Ma
define a concordia intercept age of 71.6 + 2.7 Ma (1o, MSWD = 1.30) (Fig. 6). Based on
these data the age of intrusion and crystallization for the monzogranite pluton is 71.6 +
2.7 Ma.

Central granodiorite
Nine zircon spots were analyzed from the granodiorite sample (Floyd). An

inherited core with a Z®U/?%Pb age of 119.6 Ma (appendix C) was excluded after linear

regression of all 9 analyses resulted in a high MSWD of 5.6. The remaining 8 analyses
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Figure 6. Tera-Wasserburg U/Pb diagram for monzogranite zircons.
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Figure 7. Tera-Wasserburg U/Pb diagram for granodiorite zircons.
Four analyses yields a concordia intercept age of 73.0 £ 5.5 Ma. All

errors reported at | .
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ranging from ~73 to ~93 Ma, define a statistically valid intercept age of 67.5 + 2.4 Ma
(16) with an MSWD of 0.46. However, based on a “°Ar/*’Ar age of 74.8 + 0.4 Ma for
homblende from this sample (discussed in the next section) a crystallization age of 68 Ma
is unlikely. Within this eight-point data set are two subsets (4 analyses in each) with age
ranges of 73 to 76 Ma and 80 to 93 Ma. The younger subset consists of analyses with
higher and very similar radiogenic yields. The older set defines a wider range of
radiogenic yields and thus a better constrained line fit. The four younger analyses yield a
concordia intercept age of 71.2 + 4.5 Ma (10) with an MSWD of 0.24, which is
concordant with the *°’Ar/**Ar data. A linear regression using the older data points yields
an indistinguishable intercept age of 73.0 £ 5.5 Ma (16) with an MSWD of 0.08 (Fig. 7).
As this latter age is defined by a better-constrained linear regression because of the larger
spread of the data points, it is therefore interpreted as the age of crystallization for the

granodiorite.

Northeast quartz monzonite

Twelve spots were analyzed on zircons from the NE quartz monzonite sample
(Yoshi). Four inherited Jurassic cores were found (157, 164, and 179 Ma) along with a
young outlier yielding an age of ~61 Ma (appendix C). This anomalously young age is
most likely a result of Pb loss. The remaining eight analyses ranging from 76 to 93 Ma
yield a concordia intercept age of 76.0 £ 3.3 Ma (16) with an MSWD of 1.80 (Fig. 8).
This sample was collected from a pluton mapped as Jurassic spotted quartz monzonite

(Jsq) by Miller et al. (1985), however, these data indicate the pluton is Cretaceous. The

age of crystallization for this pluton is interpreted as 76.0 + 3.3 Ma.
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Figure 8. Tera-Wasserburg U/Pb diagram for quartz monzonite zircons.
Eight zircon analyses yield a concordia intercept age of 76.0 + 3.3 Ma.
All errors reported at lo.

Southern Providence syenogranite
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Figure 9. Tera-Wasserburg U/Pb diagram for quartz monzonite in
the southern Providence Mountains. Seven zircon analyses give a
linear regression with a concordia intercept age of 151 £ 7.5 Ma. All
errors reported at lo.
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Syenogranite

Seven analyses from the syenogranite sample (Omar) from the Providence
Mountains yield ages ranging from 163 to 212 Ma. These data define a concordia
intercept age of 151 + 7.5 Ma (1) with an MSWD of 0.64 (Fig. 9). This age is
consistent within errors of U/Pb zircon and K/Ar biotite ages (162 to 164 Maand 157 £ 4
respectively) reported by Miller et al. (1985) and is considered as the crystallization age
for this pluton.

The zircon ages presented for the Granite Mountains plutons are all concordant
with their *’Ar/*’ Ar homblende ages, which are reported in the following section. The
zircon age determined for the syenogranite in the southern Providence Mountains is

consistent with ages determined in previous studies of other Jurassic plutons in the

region.

“Ar/?Ar Results
Hornblende
The following sections refer to data tables in Appendix D for **Ar/*°Ar analyses
on hornblende and K-feldspar from the SW monzogranite (Calvin), granodiorite (Floyd),

NE quartz monzonite (Yoshi), and syenogranite of Quail Spring (Omar). All errors are

quoted at £ 1c.

Southwest monzogranite

Hommblende from the SW monzogranite sample gave an ideal flat age spectrum
after four slightly younger initial steps (Fig. 10). Steps 7 through 16 define a plateau age

of 74.80 + 0.42 Ma, accounting for 88.8% of *Ar released. This is indistinguishable
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Southwest monzogranite hornblende

10 0.0056
] Plateau Age = 74.80 £ 0.42 Ma ] Age=7535+0.40 Ma
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Figure 10. VA Ar age spectrum and isochron for hornblende from monzogranite.
Errors are quoted at lo.
Central granodiorite hornblende
10 Plateau Age = 76.46 + 0.53 Ma 0.0036 Age =76.54 = 0.50 Ma
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Figure 11. “®Ar/*?Ar age spectrum and isochron for homblende from granodiorite.
Errors are quoted at lo.
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from the total gas age of 74.65 * 0.42 Ma (appendix D). A valid isochron using steps 6
through 16 (92.3% of **Ar released) gave an age of 75.35 + 0.40 Ma with an MSWD of
1.3. Due to the high radiogenic yields for these steps, the initial “*Ar/*®Ar of 189 + 21.5
is poorly constrained and significantly below the atmospheric ratio of 295.5, indicating it
is clearly spurious. Because of the questionable ‘°Ar/*°Ar intercept of the isochron and
the high radiogenic yields indicating insensitivity to excess argon, the plateau age of
74.80 + 0.42 Ma is interpreted as the timing of cooling through ~500 °C for the pluton.
This age is nearly indistinguishable within 1o errors from the U/Pb crystallization age of
71.6 + 2.7 Ma which suggests intrusion and very rapid cooling through 500 °C.

Central granodiorite

After high initial ages of ~135 Ma and ~80 Ma, hornblende from the granodiorite
sample gave a concordant flat age spectrum (Fig. 11). A plateau using 92.8% of the PAr
released during steps 6 through 13 gave an age of 76.46 * 0.53 Ma, indistinguishable at
lo errors from the 77.35 + 0.53 Ma total gas age (appendix D). An isochron using the
same steps as the plateau, gave an age of 76.54 £ 0.50 Ma with an MSWD of 1.14.
Similar to hornblende from the southwest monzogranite pluton, the high radiogenic
yields result in a poorly constrained initial “°Ar/”°Ar of 287 + 38, but indicate no excess
argon is present. Although the plateau and isochron ages are identical, the plateau age of
76.46 + 0.53 Ma is taken as the best age for the pluton cooling through ~500 °C, because
of the high radiogenic yields. The homblende plateau age and the U/Pb zircon age of
73.0 £ 5.5 Ma are indistinguishable within 10 uncertainty suggesting cooling through 500

°C upon intrusion.
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Northeast quartz monzonite

A flat concordant age spectrum was obtained for hornblende from the quartz
monzonite sample after a high initial age of ~104 Ma (Fig. 12). Steps 7 through 14,
representing 77% of the YAr released, yield a plateau age of 77.38 £ 0.11 Ma, which is
slightly younger than the total gas age of 78.65 * 0.43 Ma (appendix D). An isochron
was obtained using steps 6 through 9, accounting for 39.5% of the I9Ar released, giving
an age of 76.57 + 0.90 Ma. The isochron “°Ar/**Ar intercept of 388 * 40 indicates the
presence of excess argon in this sample. The isochron for the sample is considered the
best estimate of the age because of the presence of excess argon. Within 1o errors the
isochron age and the U/Pb zircon age of 76.0 *+ 3.3 Ma are concordant. These ages
suggest that the quartz monzonite pluton intruded, crystallized, and rapidly cooled
through ~500 °C.

Southern Providence syenogranite

Hornblende from a syenogranite sample from the southem Providence Mountains
yielded a very discordant age spectrum with ages ranging from ~755 Ma to ~168 Ma
(Fig. 13). The total gas age for the sample is 286.23 + 1.42 Ma and there is no plateau
(appendix D). The “saddle-shape’ of the age spectrum may indicate the presence of
excess argon in the sample, however no valid isochron was obtained to verify this. For
samples such as this, the minimum age on the spectrum (168.3 + 1.5 Ma) is interpreted as
a maximum age for the sample. This interpretation is consistent with the younger U/Pb
zircon age of 151 £ 7.5 Ma. Since zircon has a higher closure temperature for Pb (>900
°C) than hornblende does for Ar (500 °C), the older ages recorded in the ‘“’Ar/*’Ar age

spectra are likely to be artifacts due to excess argon.
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Northeast quartz monzonite hornblende
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Figure 12. “°Ar/*%Ar age spectrum and isochron for homblende from NE
Granite Mountains quartz monzonite. Errors are quoted at lo.
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Figure 13. “°Ar/*%Ar age spectrum for homblende from quartz monzonite
in the southern Providence Mountains. Errors are quoted at 1o.
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K-feldspar

Southwest monzogranite

K-feldspar from the SW monzogranite sample gave a relatively flat age spectrum
(Fig. 14). The first 0.5% of the *Ar released showed an age variation from ~106 Ma to
~64 Ma (appendix D), which is probably a result of low temperature release of a very
small amount of fluid inclusion hosted excess argon. The second of the isothermal
duplicates (555 — 720 °C) gave lower ages (~1-2 Ma) than the first step ages (appendix
D). Apparent ages from the 761 °C step through melting and fusion (> 1100 °C) gave a
subtly increasing ages from ~70 to ~72 Ma for the remaining 90% of the *°Ar released.
The resulting flat age spectrum gave a total gas age of 71.01 + 0.35 Ma and is indicative
of fast cooling, which is further discussed in chapter 7.

Central granodiorite

After an initial ~98 Ma step (0.2% of *Ar), the apparent age spectrum exhibits
ages increasing in age from ~65 in low temperature steps to ~73 Ma in high temperature
steps (Fig. 15). Isothermal duplicates showed very little variation in apparent ages
indicating no excess argon (appendix D). The age spectrum yields a total gas age of
70.73 £ 0.35 Ma. Although this age spectrum is not as flat as the age spectrum for K-
feldspar from the SW monzogranite, it also suggests relatively rapid cooling.

Northeast quartz monzonite

A gradually increasing age spectrum from ~67 to ~75 Ma resulted after a high
initial step (~220 Ma) and minor variation in apparent ages during early isothermal
duplicates (473-596 °C; appendix D) (Fig. 16). Apparent ages for this pluton are slightly

older than those for the monzogranite and the granodiorite after step 25 (1002 °C)
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K-feldspar from granodiorite. Errors are 1c.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43
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Figure 17. The OarAr age spectrum for
K-feldspar from southern Providence Mts
quartz monzonite of Goldstone. Errors are lo.
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resulting in a steeper age gradient in the spectrum and an older total gas age; 72.32 £ 0.36
Ma. The slope of the age spectrum suggests somewhat slower cooling than the other
plutons.
Southern Providence syenogranite

K-feldspar from the syenogranite in the southern Providence Mcountains shows
ages ranging from 294 Ma to 75 Ma over the first 6% of *’Ar released (appendix D; Fig.
17). The highest ages are during the first of the isothermal duplicates and represent a
relatively large amount of excess argon being released from inclusions. After the varying
initial isothermal steps, apparent ages increase from ~77 to ~127 Ma over the next 35.5%
of Ar released (appendix D). The total gas age for the sample is 119.9 + 0.6 Ma.
Overall this age spectrum is very discordant compared to the Granite Mountains samples.
A weighted mean age of 86.49 + 0.24 Ma corresponding to a closure temperature of 210
* 40 °C was calculated using steps 2 through 5. This age is significantly older than those
from Granite Mountains K-feldspar samples. The relatively low radiogenic yields
obtained for steps 2 through 5 may indicate these ages are affected by excess Ar

(appendix D) (Chapter 7) and is discussed further in chapter 7.

U-Th/He Apatite
The ages determined using two single crystal analyses for each sample are: 23.6 +
0.8 Ma from the SW monzogranite pluton:, 40.2 + 3.3 Ma from the central granodiorite
pluton:, 21.2 £ 2.2 Ma from a NE quartz monzonite pluton:, and 35.1 + 2.3 Ma from
syenogranite in the southemn Providence Mountains: (all errors at 10; appendix E). These

data exhibit a positive correlation between age and elevation (Fig. 18), which may
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be explained by either very slow cooling following Late Cretaceous tectonics or a

prolonged residence in the He partial retention zone.
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CHAPTER 7

THERMAL HISTORIES

K-feldspar Multidomain Modeling
Southwest monzogranite

The initial low temperature linear array of the Arrhenius plot (steps 2 through 6)
gave an activation energy (E) and Do/r* of 168.6 kJ/mol and 755.4 s™', respectively (Fig.
19a). The model Arrhenius data, log r/r, (domain distribution plot), and age spectra all
show good agreement with the sample data (Fig 19 a-c). A high correlation coefficient of
0.87 between the log r/r, plot and age spectrum indicates the relevance of the laboratory
diffusion with that in nature (Lovera et al., 2002). The modeled age spectra (Fig. 19c)
corresponding to the 20 cooling histories are shown in Fig. 19d. The upper and lower
limits of model cooling curves are constrained by closure temperatures calculated for the
estimated diffusion domains (Table 2). The model cooling histories are highly
reproducible (Fig. 20a) and define a well-constrained cooling curve showing rapid
cooling from 303 to 183 °C between 71.0 and 69.1 Ma (Fig. 19d & 20a). This
corresponds to a cooling rate of 63.2 °C/Ma, and a denudation rate of 2.1 mm/yr

(assuming a 30 °C/km geothermal gradient) between 71.0 and 69.1 Ma.
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Figure 19. A: Arrhenius plot for K-feldspar from SW monzogranite showing sample data (diamonds)
and model (filled circles). B: Domain size distribution plot with sample data (black) and model (gray).
C: Sample age spectrum (black) with modeled age spectra overlying. D: 20 thermal histories

corresponding to the age spectra in C. Gray box indicates interval during which the sample was
recording.
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Table 2. Diffusion parameters and calculated closure temperatures for Granite Mountains
K-feldspars. E is activation energy, D is diffusion coefficient, p is volume fraction of
each domain, Tc is closure temperatures, r', %, r*....r° are relative domain sizes.

Diffusion Southwest Central Northeast

Parameters monzogranite Granodiorite quartz monzonite
E, kJ/mol 168.6 160.0 151.0
log (D/r") 5.2874870 5.1472083 4.2585685
o1 0.0289459 0.0481174 0.0094906
Tc, 183 °C 157 °C 145 °C
log (D/r?) 4.1555758 3.8883916 3.1323605
P2 0.0649949 0.0936750 0.1012080
Tc, 210 °C 185 °C 170 °C
log (D/r°) 3.5816602 3.2248793 2.7432369
03 0.1160971 0.0936750 0.1179123
Tcs 225 °C 201 °C 179 °C
log (D/r*) 2.5721137 2.1715751 1.8950039
Ps 0.1547621 0.1419780 0.2069467
Tes 253 °C 229 °C 201 °C
log (D/F°) 1.0089939 1.5257370 0.1865962
Ps 0.6352001 0.1721033 0.5644425
Tes 303 °C 248 °C 251 °C
log (D% 0.1352336
Ps 0.4651074
Tcs 293 °C
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Central granodiorite

An activation energy of 160.0 kJ/mol and DJ/r of 820.2 s! was determined from
steps 1 through 4 on the Arrhenius plot for K-feldspar from the central granodiorite (Fig.
21a). As with K-feldspar from the SW monzogranite pluton, modeled Arrhenius data,
log r/r, plot, and age spectra for the granodiorite show very good agreement with sample
data (Fig. 21a-c). Log r/r, and age spectra plots have a correlation coefficient of 0.93
supporting consistency between diffusion in the laboratory during step heating and
diffusion in nature. Thirty-three modeled cooling histories were produced along with
their corresponding age spectra (Fig. 21c,d). The cooling curves define a tightly
constrained thermal history (Figs. 21d & 20b) indicating cooling from 293 to 157 °C
between 71.6 and 67.3 Ma. This corresponds to a cooling rate of 31.6 °C/Ma or
denudation rate of 1.1 mm/yr.

Northeast quartz monzonite

Steps 2 through 12 of the Arrhenius plot for K-feldspar from the quartz monzonite
pluton yield an activation energy and Do/r* values of 151.0 kJ/mol and 46.3 s™*,
respectively (Fig. 22a). Laboratory and modeled Arrhenius data, log r/r, plot, and age
spectrum are in very good agreement (Fig. 22a-c). The log r/r, plot and age spectrum
have a correlation coefficient of 0.98, supporting confidence in the models and the
relevance of laboratory diffusion properties to nature. Along with their respective age
spectra, twenty-eight modeled cooling histories were obtained, defining a well-
constrained (Figs. 22d, 20c) thermal history from 251 to 145 °C between 72.9 and 66.2

Ma (Fig. 20d). A cooling rate of 15.8 °C/Ma and denudation rate of 0.5 mm/yr can be

interpreted from these cooling curves.
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Figure 21, A: Arrhenius plot for K-felspar from granodiorite showing sample data (diamonds) and
model (filled circles). B: Domain size distribution plot for sample (black) and model (gray). C: Sample
age spectrum (black) with modeled age spectra overlying. D: Thermal histories corresponding to the
age spectra in C, Gray box indicates interval during which the sample was recording.
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Figure 22, A: Arrhenius plot for K-feldspar from a NE quartz monzonite pluton showing sample
data (diamonds) and model (filled circles). B: Domain size distribution plot for sample (black) and
model (gray). C: Sample age spectrum (black) with modeled age spectra overlying. D: Thermal

histories corresponding to the 28 age spectra in C. Gray box indicates the interval during which the
sample was recording.
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Southern Providence syenogranite

K-feldspar from the syenogranite in the southern Providence Mountains was not
suitable for multi-domain modeling. The log r/r, and age spectra correlation was very
poor at 0.19 indicating this sample does not conform to the assumptions of the multi-
diffusion domain model (Fig. 23). However, the low temperature diffusion data do
provide for an interpretation of this sample. An activation energy of 150.6 kJ/mol and
Do/r* of 42.3 5™ was obtained from the steps 2 through 5 of the Arrhenius plot
corresponding to the second of the isothermal duplicates from 473 to 596 °C (Fig. 23a).
These diffusion parameters were used to calculate a closure temperature of 210 £ 41 °C
(Dodson. 1973; Harrison and McDougall, 1982). These steps yield a weighted mean age
of 86.5 + 0.2 Ma, which is associated with the calculated closure temperature. However,
due to the relatively low radiogenic yields of these steps, it is possible that this age is

affected by excess argon and thus, older than the actual age.

Construction of Thermal Histories
Isotopic ages combined with closure temperatures specific to the phases dated
allow reconstruction of the thermal histories for these samples. When used together, the
three isotopic systems; U/Pb, “Ar/*°Ar, and U-Th/He, yield a cooling history from
intrusion and crystallization at depth to cooling through 70 °C (near surface). Cooling
rates from sections of the cooling curves can be used to identify periods of rapid tectonic
denudation (rapid cooling) as well as slower regional erosional exhumation (slower

cooling), estimate the rates at which these events occur, and the timing of transitions
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Figure 23. Arrhenius plot (A) and domain size distribution diagram
(B) for K-feldspar from syenogranite in the southern Providence
Mountains. Poor agreement between model and sample is apparent.
The correlation coefficient of 0.19 between the age and log 1/t
spectra supports the inapplicability this K-feldspar for multi
diffusion domain modeling.
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between them. A description of the thermal histories obtained is presented here while
implications for these histories will be discussed in chapter 8.
Southwest monzogranite

The reconstructed thermal history for the SW monzogranite sample is presented
in Figure 24. Zircon and hornblende ages are indistinguishable, indicating intrusion and
geologically instantaneous cooling from 750 to 500 °C. From ~75 to 71.0 Ma the pluton
underwent rapid cooling at ~49 °C/Ma down through ~303 °C, where the K-feldspar
began recording. This was followed by an interval of cooling at ~63 °C/Ma from 71.0 to
69.1 Ma as defined by the K-feldspar (Fig. 24). Slow cooling through ~70 °C at ~1.8
°C/Ma is indicated by the ~23.6 Ma U-Th/He apatite age. These data define a signinicant
break in the cooling history at ~69 Ma from rapid cooling through K-feldspar closure to
very slow cooling (1.8 °C/Ma) over the interval of ~69 to ~24 Ma.

Central granodiorite

Figure 25 shows the reconstructed thermal history for the granodiorite pluton. As
for the southwest monzogranite pluton, emplacement, crystallization, and geologically
instantaneous cooling through 500 °C upon intrusion is suggested by the
indistinguishable zircon and hornblende ages. Cooling from 500 °C through 293 °C
between ~75 and 71.6 Ma occurred at a rate of ~60 °C/Ma K-feldspar models suggests a
rate of cooling from 71.6 to 67.3 Ma at ~32 °C/Ma over a temperature interval of 293 to
157 °C. An apatite age of ~40.2 Ma indicates cooling through 70 °C occurred following a

period of slow cooling (3.2 °C/Ma) from ~67 to ~40 Ma.
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Figure 24. Thermal history for a sample from the southwest Granite
Mountains. Error boxes for ages are 16. Dark gray region indicates
the path of cooling through data points for the pluton. Dashed light gray
region indicates most probable cooling path during emplacement. Initial
rapid cooling was followed by final slow cooling episode.
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Figure 25. Thermal history for a sample in the central Granite Mountains.

Error boxes for ages are 16. Dashed light gray region indicates the
most likely path of cooling for the pluton from intrusion through 500

°C. The rapid cooling recorded in the K-feldspar is followed by a break
to slow cooling through 70 °C.
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Northeast quartz monzonite

The thermal history for the NE quartz monzonite (Fig. 26) is similar to the other
Granite Mountains plutons, suggesting emplacement and instantaneous cooling through
500 °C at ~75 Ma. Following this initial cooling continued rapid cooling occurred (>100

°C/Ma) through ~251 °C for this sample. K-feldspar modeling indicates cooling from
~251 to ~145 °C occurred at a somewhat lower rate of ~16 °C/Ma from 72.9 to 66.3 Ma.
The ~21.2 Ma apatite age (indistinguishable from that of the SW monzogranite) indicates
an interval (~66 to 21 Ma) of slow cooling (1.7 °C/Ma) prior to cooling through ~70 °C.
Southern Providence syenogranite

The thermal history for the syenogranite from the southern Providence Mountains
is shown in figure 27. Intrusion occurred at 151 Ma as defined by the U/Pb zircon age.
Figure 27 shows a dark and light gray path for cooling down to 210 °C (K-feldspar
closure). The darker path is a simple connection of data points; the dashed light gray
path is a more probable path. The K-feldspar closure temperature of 210 °C corresponds
to 7 km depth (assuming 30 °C/ km geothermal gradient) and may define a lower
boundary for depth of emplacement whereas the upper boundary is defined by
geobarometry indicating intrusion at < 10 km (300 °C). Thus, a pluton intruded within
this temperature range would undergo geologically instantaneous thermal equilibration
with country rock, at ~300 to 210 °C (Chapter 8) and would remain isothermal or
continue cooling at an extremely slow rate (dependent upon regional surface erosion
rates). The syenogranite pluton underwent continued slow cooling at ~2.8 °C/Ma

following K-feldspar closure from 86 to 35 Ma when the pluton cooled through U-Th/He

apatite closure at ~70 °C.
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Figure 26. Thermal history for a sample from the northeast Granite
Mountains. Error boxes for ages are 1o. Dark gray region shows
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Figure 27. Thermal history for a sample from the southwest Providence
Mountains. Dark gray region is inferred cooling history by simply
connecting data points. Dashed light gray region is the more likely path,
due to shallow crustal emplacement depths. Minimum age of ~74 Ma for
K-feldspar likely indicates complete degassing of a domain due to reheating
by Granite Mountains plutons. Error boxes for ages are 1o.
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As mentioned in chapter 6, the 86 Ma age for the K-feldspar may be an
overestimate caused by excess argon. Another interpretation may be that the slope of the
age spectrum is indicative of argon loss during a younger reheating event. The second of
several isothermal duplicates yield Late Cretaceous ages with a minimum age of ~74 Ma,
which may represent resetting of small domains during this event which at 74 Ma,
corresponds with emplacement of Cretaceous plutons in the neighboring Granite
Mountains. In this case, the thermal history for this sample would most likely exhibit
slow cooling to ~200 °C until ~75 Ma where temperature would increase due to reheating

(Fig. 27) before continuing to cool slowly through 70 °C.

Granite Mountains plutons

Common to all three Granite Mountains samples is intrusion at ~75 Ma with
geologically instantaneous cooling through 500 °C, followed by continued rapid cooling
through ~150 °C at ~66-69 Ma. Geologically instantaneous cooling through ~500 °C
upon emplacement is expected for magma bodies intruded at mid-crustal levels
(assuming a 30 °C/km geothermal gradient, e.g., 13 km = 390 °C), as indicated by
geobarometry (Chapter 8). However, it should be noted that with a lower geothermal
gradient of 25 °C/km, cooling would still be interpreted as conductive, but with a slightly
higher geothermal gradient of 35 °C/km, cooling through homblende closure may be
interpreted as tectonic. The time interval between hornblende closure and initial K-
feldspar closure for the three Granite Mountains samples supports a geothermal gradient
>20 °C/Ma. Rapid cooling continues through ~150 °C following thermal equillibration
at intrusion. This continuation of rapid cooling is indicative of continued denudation

since the plutons continue to cool rapidly to well below mid-crustal temperatures.
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Denudation is interpreted as tectonic as opposed to erosional because juxtaposition of
different crustal levels (mid and shallow) is involved. This period of extremely fast
cooling in the Late Cretaceous was followed by a distinct break to a very slow cooling
interval lasting through the Oligocene. Slow cooling during the Tertiary is also seen in
the thermal history for the syenogranite in the southern Providence Mountains (Fig. 27),

suggesting regional slow cooling during tectonic quiescence.
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CHAPTER 8
DISCUSSION

Emplacement depths for plutons

Geobarometry (Chapter 5) indicates mid-crustal emplacement depths for Late
Cretaceous plutons of the Granite Mountains (~14 to 17 km) and shallow crustal depths
for a Late Jurassic pluton from the southern Providence Mountains (~6 to 9 km). These
estimates are similar to those of previous studies of Mesozoic plutons in the area (Young
and Wooden, 1988; Fox and Miller, 1990).

Young and Wooden (1988) determined mid-to-deep crustal emplacement depths
for both Jurassic and Cretacecus plutons in the Granite Mountains as well as Cretaceous
plutons in the nearby Old Woman Mountains (Figs. 2, 3). These estimates were derived
using the aluminum-in-hornblende geobarometer, phengite-muscovite, and plagioclase-
garnet- muscovite-biotite equilibria barometers, which all yielded pressures of 5 to 7 kbar
(19 to 25 km) for the Old Woman granodiorite (Young and Wooden, 1988). Jurassic and
Cretaceous plutons in the Granite Mountains yield crystallization pressures of 6.0 to 7.5
kbar based on aluminum-in-hornblende barometry (Young and Wooden, 1988). In this
study, analyses on hornblende from Late Cretaceous plutons in the Granite Mountains
yielded Alr values ranging from ~1.5 to ~1.6 (Table 1), which suggests slightly shallower

depths of emplacement (14 to 17 km) compared to those determined by Young and
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Wooden (1988) also using the aluminum-in-hornblende barometer. The
Cretaceous pluton studied by Young and Wooden (1988) yielded a U/Pb age of 136 + 6
Ma and may indicate the Jurassic plutons remained at or near their emplacement depth
into at least the Early Cretaceous before regional contractional tectonics occurred placing
these plutons at slightly shallower depths by the Late Cretaceous when the ~4.0 to 5.0
kbar plutons analyzed in this study intruded.

Young and Wooden (1988) reported emplacement pressures of ~3 kbar (10.8 km)
for plutons in the southern Providence Mountains, whereas emplacement depths of less
than 10 km were estimated by Fox and Miller (1990) using field relations and
mineralogic data. Emplacement depths determined for the syenogranite pluton in this
study (6 to 9 km) are consistent with these previous studies. The ‘°Ar/*°Ar K-feldspar
data for this pluton, which corresponds to a closure temperature of ~210 °C at 86.5 Ma
(Fig. 27), may also provide constraints on emplacement depth. Although the 86.5 Ma age
may be an artifact of excess Ar, the reconstructed thermal history (Fig. 27) suggests
emplacement at temperatures > 210 °C because K-feldspar closure (~210 °C) didn’t occur
until ~65 Ma after emplacement at 151 Ma. Foster et al. (1992) suggest a minimum
geothermal gradient of 25 °C/km in the nearby Old Woman and Piute Mountains area
prior to extensive Late Cretaceous magmatism. Assuming a 30 °C/km geothermal
gradient, this suggests emplacement depths greater than 7 km (210 °C). Therefore, the
syenogranite pluton in the southern Providence Mountains was likely emplaced between
7 and 9 km depth.

For the Granite Mountains, the Hollister et al. (1987) and Schmidt (1992) results

(Table 1) are indistinguishable within the resolution of their calibrations, and are
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consistent with previous studies. However, the slightly lower Aly value for the NE quartz
monzonite may be indicative of shallower emplacement relative to plutons to the SW.
Present elevations of samples argue against this, as the northeast sample was taken from
the lowest elevation (1217 m) and the central granodiorite sample from the highest (1847
m). Without faulting between them or tilting of the entire section, sample elevations
should reflect emplacement depth, however, the NE quartz monzonite is separated from
the other plutons by a north-to-northwest-striking down-to-the-northeast normal fault
(Fig. 2). Therefore, it is possible that the NE pluton was subsequently down dropped
from a higher elevation to its present elevation following emplacement. The age-
elevation correlation of the U-Th/He apatite ages indicates any displacement along this
fauit would have occurred before ~40 Ma. If the sample was emplaced shallower than
samples to the southwest, >0.6 km of displacement on the fault is necessary. However,
these small apparent differences in emplacement depths cannot be resolved with the
geobarometry due to uncertainties of + 1 kbar and + 0.6 kbar in the Hollister et al. (1987)
and Schmidt (1992) calibrations, respectively.

U/Pb zircon and “Ar/*?Ar homblende ages, along with geobarometry, may also
have implications for emplacement depths. The geobarometry suggests emplacement of
plutons at 14.5 to 17.1 km depth (Table 1) corresponding to country rock temperatures of
435 to 513 °C, assuming a 30 °C/km geothermal gradient. Emplacement at temperatures
less than 500 °C could explain the indistinguishable zircon and hornblende ages as rapid
cooling due to conductive heat loss. Conductive cooling models for magma bodies ~10
km in diameter with initial temperatures of 750 °C indicate crystallization and cooling

through 500 °C after only several 100 ka when emplaced in ~450 °C country rock, which

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

is within the uncertainties of the zircon and hornblende ages. Due to the uncertainties
associated with U/Pb and *°Ar/°Ar ages, such a rapid interval of cooling through 500 °C
is not resolvable, and thus interpreted as geologically instantaneous. The barometry
allows for the plutons to be emplaced at slightly greater than 500 °C (Table 1), in which
case denudation would be necessary to explain the rapid cooling through 500 °C.
However, the barometry generally suggests emplacement at ~500 °C or lower, thus
conductive heat loss upon intrusion is likely the best explanation for the rapid cooling

through hornblende closure (500 °C).

Intrusion and exhumation of the Granite Mountains plutons

The three Granite Mountains samples forming a transect from southwest to
northeast across the range (Fig. 2) were emplaced at 72 to 76 Ma as indicated by U/Pb
zircon ages. Geobarometry and conductive cooling models suggest the rate of cooling
through 500 °C following emplacement was very rapid, which is consistent with the
indistinguishable hornblende and zircon ages. As a result of the dating techniques, the
“*Ar/° Ar hornblende ages are significantly more precise than the U/Pb ion probe zircon
ages. Thus, these ages suggest intrusion, crystallization, and initial cooling through 500
°C likely occurred at ~75 Ma (74 to 76 Ma) (Figs. 24-26).

Conductive cooling models indicate very rapid cooling to mid-crustal country
rock temperatures where, in the absence of tectonic activity, the plutons would remain
isothermal. If this occurred, the cooling history would follow an exponential curve with
the cooling rate decreasing rapidly as thermal equilibration with country rock is

approached (Fig. 28). The continued rapid cooling from 500 °C to initial K-feldspar
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Figure 28. Comparison of reconstructed thermal histories with conductive cooling
models. SW=southwest monzogranite, CG=central granodiorite, NE=northeast quartz
monzonite. Red curves represent conductive cooling paths for plutons emplaced at
~75Ma at 17 km (510 °C) and 14.5 km (435 °C) with a geothermal gradient of 30
°C/km and green curves represent conductive cooling paths for plutons emplaced at

14.5 km assuming 20 °C/km (300 °C) and 25 °C/km (363 °C) geothermal gradients.
With a 30 °C/km gradient, continued rapid cooling following hornblende closure

(500 °C) clearly indicates tectonic denudation . The time interval between hornblende
closure and initial K-feldspar closure indicates the geothermal gradient was > 20 °C/km.
Continued denudation is still evident with a geothermal gradient lower than 30 °C/km.
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closure and the cooling intervals (~300 to 150 °C) recorded by the K-feldspar models (63
to 16 °C/Ma) is therefore indicative of exhumation. Tectonic exhumation is favored over
erosional exhumation due to the rapid cooling rates as well as the cooling rate gradient
across the range. Cooling rates recorded in K-feldspar models do not exceed observed
erosional rates. However, the significant change in cooling rate recorded in MDD
models (which includes crossing over of cooling curves) across only ~10 —15 km lateral
distance, indicates that climatic changes resulting in evolving erosion rates are unlikely.
It is therefore interpreted that the three Granite Mountains plutons were intruded
syntectonically in the Late Cretaceous at ~75 Ma. Tectonic activity probably ceased
around 66 Ma, at the time K-feldspars ceased recording (Fig. 24-26, 28). This interval of
rapid cooling was followed by a break to slow cooling (<3.2 °C/Ma) indicating a period
of tectonic quiescence through the late Eocene to the early Miocene, when plutons were
within a few km’s of the surface and beginning to cool through 70 °C (Figs. 24-26).

Rapid tectonic exhumation from ~75 to 66 Ma in the Granite Mountains
correlates well in the east Mojave Desert region with timing of rapid exhumation for the
Old Woman granodiorite due to movement on the Old Woman shear zone at 73 to 68 Ma
(Foster et al., 1989; Foster et al., 1992), extension and unroofing along the Pinto Shear
zone from 71 to 65 Ma (Beyene, 2000), movement on the East Providence fault zone at

~70 Ma (Miller et al., 1995), and unroofing in the Funeral Mountains of Death Valley

from 72 to 70 Ma (Applegate et al., 1992).
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Tectonic implications from K-feldspar multi-domain modeling

During extensional tectonism and normal faulting, footwall rocks are moved up
relative to hanging wall rocks. Normal faulting thus places deeper-seated rocks (hotter)
in the footwall against shallower rocks (cooler) in the hanging wall. This results in
heating of the hanging wall and refrigeration of the footwall due to the temperature
gradient between the juxtaposed rocks, a phenomenon that may explain the post-
intrusional cooling from 500 °C to ~150 °C in the Granite Mountains. Several possible
scenarios may explain the reconstructed thermal histories of the Granite Mountains
plutons including exhumation by a single normal fault, tilting of a crustal section, and

conjugate normal faulting.

Exhumation by a single normal fault

The extremely rapid K-feldspar cooling curve for the SW pluton suggests a single
fault model to be a down-to-the-southwest normal fault with the Granite Mountains in the
footwall. Exhumation by such a fauit would require the NE quartz monzonite pluton to
be emplaced at significantly shallower depths than the central and SW plutons to account
for the rapid cooling through initial K-feldspar closure (251 °C at 72.9 Ma) while other
samples were at >375 °C (Figs. 20, 24-26). However, the aluminum-in-hornblende
geobarometry does not suggest any significant differences in emplacement depth. If the
NE pluton was emplaced at 14.5 km (435 °C), which is the minimum depth based on
geobarometry (Table 1), with other plutons at deeper levels, proximity to a fault would be
necessary to explain the rapid cooling below 300 °C that was not recorded in the central
and southwest samples until ~ 2 Ma later (Fig. 24-26). A detachment fault exhibiting

flexural rotation of the footwall may accommodate earlier cooling of the NE if the
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samples were emplaced at progressively greater depths from NE to SW (Buck, 1988).
Upon rotation of the footwall, motion will cease along the low angle portion of the fault
accounting for the slow cooling in the NE (Buck, 1988). Isostatic rebound of the
footwall due to removal of the upper plate could provide a significant upward motion that
may account for the rapid cooling in the SW and also explain the present day sample
elevations. However, a single fault model does not seem to account for the juxtaposition
of the mid-crustal Granite Mountains and the shallow-crustal southern Providence
Mountains. Therefore, a second fault dipping northeast with the Granite Mountains in
the footwall appears to be necessary.
A tilted crustal section

Lateral exposure of rnid-crustal and shallow-crustal rocks at the surface may be
indicative of a tilted crustal section. The four samples used in this study are all located
laterally > 4.5 km from each other. Restoration of tilting would result in progressively
shallower crustal levels (lateral distances reflected as differences in depth) with the
southwest monzogranite sample deepest, and the southern Providence syenogranite
shallowest (Fig. 29). A problem with this model is that differences in emplacement
depths greater than 4.5 km should be resolvable by the geobarometry, however there is no
evidence for significant differences in emplacement depth from the data (Table 1).
Significant differences in emplacement depth may be inferred when using upper and
lower limits of the uncertainties, however this approach seems to demonstrate poor
confidence in the technique.

Alternatively, the plutons of the Granite Mountains could be emplaced next to and

progressively (but not significantly) deeper than those in the southern Providence
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Figure 29. Schematic representing a tilted crustal section with model
cooling rates shown. Red squares represent present elevation and map
distance between samples from SW to NE. Blue squares represent
paleodepth/temperature determined by geobarometry. Linear regression
through blue squares represents sample positions before tiling assuming

a linear depth profile between sampies based on apparent linear relationship
between present sample elevations/locations. Cooling rates for each sample
are based on interval from 75 to 68 Ma, when the southwest monzogranite
would have cooled through ~150 °C. Model cooling rates for the central
and northeast Granite Mountains samples are significantly higher than those
determined by K-feldspar modeling (Figs. 21, 29, 30). K-feldspar models
also suggest earlier cooling through 150 °C for the southwest Granite
Mountains, which is not apparent in the tilted section model.
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Mountains (Fig. 29). The present day sample locations/elevations allow for the
assumption of a linear spatial relationship relative to depth between the samples at the
time of emplacement (Fig. 29). Since only hydrothermal alteration has been described in
the Providence Mountains, an assumption is made for this model that the plutons are
slightly shallower than their original emplacement depth by Late Cretaceous time and
have not been significantly buried following intrusion. The U-Th/He ages also provide a
lower limit to the depth of the plutons at this time. Tilting, and thus exhumation, of the
samples up to ~5 km depth (end of K-feldspar models) over the interval 75 to 68 Ma
(timing of southwest sample to cool through 150 °C) suggests cooling rates significantly
higher than those indicated by the reconstructed thermal histories for the central and
northeast samples (Figs. 29, 30). Also, the southwest sample would be expected to cool
through lower temperatures later than samples to the northeast, however K-feldspar
models indicate the southwest sample cooled through ~180 °C while other samples were
at 200 °C or greater (Fig. 30). Overtilting followed by backtilting would be necessary to
accommodate this more rapid cooling through low temperatures in the SW and present
day sample elevations. The inconsistency of the reconstructed thermal histories with
those expected from the tilted section model suggests lateral juxtaposition of the deeper-
seated Granite Mountains with the shallow crustal southern Providence Mountains is
most likely a result of faulting between them, and not tilting of a crustal section.
Exhumation by conjugate faulting model

K-feldspar thermal models indicate a distinct cooling rate gradient across the

Granite Mountains. From southwest to northeast, samples record cooling rates of 63, 32

and 16 °C/Ma between ~300 and 150 °C (Figs. 2, 20, & 30). These correspond to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



400
350;
3) southwest
o_ 63 °C/Ma central
1 o)
| asa 300 F — 32 °C/Ma
©
@ 250;
e O\
e northeast
2 200 16 °C/Ma
1507
100 ——

60 62 64 66 68 70 72 74 76 78 80
Time (Ma)

Figure 30. Cooling curves from K-feldspar multidomain modeling for three
Granite Mountains plutons. Plot shows the changes in cooling rates across the
Granite Mountains from the southwest to the northeast. The northeast began
to cool through lower temperatures earlier than the others, whereas samples to
the southwest cooled later and faster.
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denudation rates of 2.1, 1.1, and 0.5 mm/yr assuming a 30 °C/km geothermal gradient.
Advection of geotherms is expected when denudation rates exceed ~1 mm/yr (Stuwe et
al., 1994). The implications of advection are that the cooling rates determined from
thermochronology may not reflect motion of the plutons to the surface, but rather cooling
during relaxation of compressed geotherms after rapid tectonic emplacement in the
shallow crust. However, a significant tectonic event is necessary to explain the rapid
cooling rates, regardless of which case they represent.

K-feldspar models show that cooling was fastest to the southwest (63 °C/Ma),
where K-feldspar recording began later (71.0) and ended earlier (69.1 Ma) than in the
northeast. The NE K-feldspar sample indicates the NE Granite Mountains began to cool
earlier than the southwest, more slowly, and over a longer period of time (72.9 to 66.2
Ma; 16 °C/Ma) (Figs. 20 & 30). A model in which two faulting events occurred may
explain this cooling pattern. It should be noted however, that the structures proposed
below that may have existed have since been removed by erosion, although a breccia
zone in Granite Pass may be a remnant of one of the proposed faults.

The northeast Granite Mountains cooled through ~250 °C while other samples to
the SW were still at >375 °C (Fig. 28). Proximity to a normal fault may explain this
earlier stage of cooling, as geobarometry indicates no significant difference in
emplacement depth for the three samples. This normal fault would most likely be north
to northwest striking with the Granite Mountains in the footwall and the Providence
Mountains in the hanging wall. The fault in Granite Pass (Fig. 2) (Howard and Miller,
1992) may represent this structure. Two-dimensional thermal modeling indicates a

normal fault dipping ~65 ° NE with a slip rate of 3.5 mm/yr from 76 to 74 Ma will
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accommodate juxtaposition of the Granite Mountains with the southern Providence

Mountains and reproduce the higher temperature segments (~500 to 350 °C) of the
reconstructed thermal histories (Figs. 31 and 32). The interval 76 to 74 Ma represents
cooling through 500 °C and initial K-feldspar closure for the NE sample. The inflection
to a slower rate of cooling for the NE quartz monzonite while rapid cooling continued in
the SW (Fig. 28) suggests motion probably stopped on this fault, and extension changed
to down-to-the-west on a separate fault. Flexural rotation and isostatic rebound of the
footwall of this second fault during exhumation (Buck, 1988) may explain the change in
cooling rate across the Granite Mountains that was recorded in the K-feldspars (Fig. 33).
The isostatic response of the footwall may result in an increase in exhumation rate and
accommodate the narrow interval between initial K-feldspar closure between the SW
monzogranite and central granodiorite samples (Figs. 28 and 30). Footwall refrigeration
due to displacement along this fault would only effect the SW and central Granite
Mountains samples, as the NE sample would be >10 km from the fault. Motion on this
fault may have lasted until ~66 Ma, when NE K-feldspar ceased recording (Figs. 28 and
30). Following exhumation along this top-to-the-southwest normal fault, the Granite
Mountains samples were likely in the upper 5 km of the crust where they remained while
slow erosional denudation proceeded through the Oligocene.

Figures 32 and 33 summarize this conjugate fault model for the exhumation of
Granite Mountains plutons. Faults are north-to northwest striking dipping outward from
the Granite Mountains at angles of 65 ° in the NE and 30 ° in the SW. The steeply
dipping fault in the NE is proposed to accommodate a significant amount of displacement

to juxtapose the Granite Mountains and southern Providence Mountains. Whereas a
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Figure 32. Two-dimensional numerical model for cooling of rocks during normal
faulting. a. Initial sample positions based on geobarometry and map distance with
a 30 °/km geothermal gradient. Fault is dipping 65° northeast. b. Post faulting
positioning of samples with compressed geotherms. Fault was modelled from 76
to 74 Ma with a slip rate of 3.5 mm/yr. This event may explain juxtaposition of
the mid-crustal Granite Mountains next to the shallow-crustal southern Providence

Mountains.
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Figure 33. Schematic of SW dipping detachment fault. a. Samples are in
positions following exhumation along the NE fault. At~74 Ma motion

ceases on the NE fault and begins on the SW fault. b and c. Samples are
exhumed along the SW fault. d. Following removal of the upper plate, the
footwall rebounds isostatically accounting for the increase in exhumation rate
and rapid cooling recorded in the SW and central K-feldspar samples. The fault
trace at the surface is proposed to be far enough to the SW so that the NE and
Providence Mountains samples decrease in cooling rate and are not affected by
the isostatic response of footwall unroofing.
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reverse fault with a similar geometry to the modeled NE normal fault would also
accommodate initial cooling and juxtaposition of the two complexes, the regional
extensional tectonism that is related both spatially and temporally to the data in this study
suggests extensional faulting is a more likely explanation. The SW dipping fault
accommodated more extension than the NE fault with a shallower dip (?), a longer
interval of activity, and more rapid cooling indicating faster exhumation.

For Late Cretaceous Granite Mountains plutons, intrusion and extensional
tectonics appear to be temporally related. Relationships between magmatismn and
extensional deformation have been suggested in the formation of many metamorphic core
complexes (Hill et al., 1995; Walker et al.. 1995; Foster and Fanning, 1997). Igneous
intrusions have been proposed to provide a heat source to thermally weaken overlying
crust and trigger rock failure, i.e. detachment faulting, which exhumes the metamorphic
core complex. Although the Granite Mountains may not represent a metamorphic core
complex (any structures that may have existed have been removed by erosion), they are
similar in that they represent mid-crustal rocks emplaced in the shallow crust due to
(most likely) low angle detachment faulting. The syntectonic intrusion of Granite
Mountains plutons, indicated by reconstructed thermal histories, suggests magmatism
may have been a driving force in initiating extensional faulting.

Exhumation dominantly by a top-to-the-southwest low angle fault is consistent
with Late Cretaceous low-angle shear zones in the region. Foliations in the Pinto shear
zone in the New York Mountains (Fig. 3) dip 20 to 65° south and southwest with top to
the SW motion and was active from ~71 to 65 Ma (Beyene et al., 2000). This interval of

tectonic activity is synchronous with the time intervals recorded in K-feldspar from the
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SW monzogranite and the central granodiorite. The proximity of this shear zone (~65-70
km) to the Granite Mountains and the similarity of K-feldspar models suggest a possible
link to the same top-to-the-southwest extensional structure. Motion on a low-angle top-
to-the-southwest shear zone also occurred ~65 km to the southwest of the Granite
Mountains in the Old Woman Mountains (Fig. 3) during the interval 73 to 68 Ma (Foster
et al., 1989). Extension occurring at 72 to 70 Ma in the Funeral Mountains of Death
Valley was also accommodated by a low-angle west dipping shear zone (Applegate et al.,
1992; Hodges and Walker, 1992). The East Providence fault zone, although steeply
dipping, was also a down-to-the-west structure active at ~70 Ma. Rapid cooling recorded
in K-feldspars from Granite Mountains plutons from 71 to 66 Ma (Fig. 20) further

supports regional top-to-the-southwest extensional deformation in this part of the

southern Sevier belt.

Implications from U-Th/He ages

Apatite U-Th/He ages indicate a period of very slow cooling through 70 °C from
the Late Cretaceous to the Tertiary (Fig. 24-27). Ages range from 40 to 21 Ma and are
correlative with elevation (Fig. 18). The central granodiorite pluton has the highest
elevation and the oldest age and was therefore cooled through 70 °C by erosional
denudation first, followed by samples at lower elevations.

Although at least one fault separates the syenogranite pluton in the southern
Providence Mountains from the Granite Mountains, the apatite age fits within the overall
age-elevation correlation (Fig. 18). This suggests a period of tectonic quiescence and

slow cooling from ~40 to 21 Ma during which the Granite Mountains and southern
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Providence Mountains were exhumed as a single block during slow erosional denudation.
Therefore, motion on the Granite Pass fault, which separates the Providence and Granite
Mountains and may be a remnant of the proposed NE fault in this study, likely occurred
pre-Oligocene. The apatite ages indicate the plutons were near the upper 2 km of the
crust prior to the onset of Basin and Range extension (~25 Ma), which may have supplied
the final movement upward through He closure temperature (70 °C) for the lower
elevation samples.

U-Th/He data may also help to constrain timing of faulting within the Granite
Mountains. The NE quartz monzonite pluton is separated from the other Granite
Mountains plutons by a north-northwest striking down-to-the-northeast normal fault
(Howard et al., 1987; Miller et al., 1991) (Fig. 2). If the age-elevation correlation is
indicative of slow cooling through 70 °C as a single tectonic block, movement on this
fault must have occurred pre-Oligocene. Although this is a short fault suggesting
minimal displacement, U-Th/He ages are sensitive to as little as ~100 m (Fig. 18)
indicating any significant movement on the fault likely predated passage through the He
closure temperature. If the pluton were down dropped subsequent to cooling through 70
°C, an older age (such as that of the central granodiorite or Providence syenogranite)
would have been recorded. No crystal size to age correlation exists in the apatite data,
which further supports the age relationships to be structurally controlled, and suggests
this fault may be Cretaceous.

Information on erosion rates may also be inferred from apatite ages. Figure 34 is
a plot of paleodepth/ temperature vs. age at 40 Ma, when the central granodiorite cooled

through 70 °C. Paleodepths are inferred from the present sample elevations and
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Figure 34. Paleodepth vs. age plot for Granite and Southern Providence Mountains
samples (boxes). Sample elevations are reflected as paleodepth with respective
temperature based on 30 °C/km geothermal gradient at 40 Ma when the central
granodiorite cooled through 70 °C. Exhumation rates due to erosional denudation
are shown for each interval between samples. Plot indicates erosion rates decreased

between 40 and 20 Ma.
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temperatures are based on 30 °C/km geothermal gradient. Erosion rates can be
determined based on the difference in depth and timing of He closure between each

sample. These data indicate that erosion rates decreased from 0.09 mm/yr at ~40 Ma to

0.005 mm/yr at ~20 Ma.

Relations between the Granite and southern Providence Mountains

One goal of this project was to determine if there was a structural or tectonic
relationship between the Granite Mountains and the southern Providence Mountains.
Any model must explain geobarometry data, which indicate that the Granite Mountains
plutons were emplaced at similar mid-crustal depths whereas the southern Providence
Mountains plutons were emplaced at shallow depths. One hypothesis of this study was
that the two mountains ranges might represent a single crstal section exposed at the
surface due to tilting during extension. Geobarometry results showing similar
emplacement depths for the three Granite Mountains plutons rather than (significantly)
progressively deeper depths to the southwest (reflecting surface distance between
samples) do not support a tilted a crustal section.

The tectonic model in figures 32 and 33 provides a more consistent explanation
for the data, and suggests the Granite Mountains plutons were emplaced at crustal levels
deeper than the southern Providence Mountains plutons. Their present-day juxtaposition
can be explained as a single crustal section cut by a normal fault during extensional
tectonism, which placed deep and shallow segments adjacent to each other at the surface.

The geobarometry for the syenogranite in the southern Providence Mountains

(Fig. 27) indicates that the pluton was quickly cooled as a result of emplacement into cool
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shallow crustal rocks. By 75 Ma the pluton had probably cooled below ~200 °C, whereas
the Granite Mountains plutons were just being emplaced. Following reheating, the
southern Providence Mountains likely underwent slow cooling similar in rate to the
interval from ~66 to ~20 Ma in the Granite Mountains. This implies that Late Cretaceous
exhumation juxtaposed the deeper-seated Granite Mountains and shallow southern
Providence Mountains and the two experienced slow erosional cooling as a single block

during a period of Early Tertiary tectonic quiescence.

Extensional collapse of the Sevier Orogen

Extensional collapse of overthickened crust during mountain building events is a
well-known phenomenon that has been documented in ancient as well as the active
orogens such as the Himalayan orogen. A significant body of evidence indicates
widespread extensional tectonics occurred during the Late Cretaceous within the Sevier
orogen as a result of gravity-driven collapse of overthickened crust.

Hodges and Walker (1992) suggest that mid-crustal detachment faults and
decollements accommodated extension in the Sevier hinterland. Motion on low-angle
normal faults in the Raft River Mountains (Utah) and Black Pine Mountains (Idaho) has
been constrained between ~100 and 82 Ma based on **Ar/*’Ar muscovite ages (Wells et
al., 1990). The Mahogany Peaks fault, juxtaposing Ordovician and Proterozoic rocks in
the Raft River Mountains is interpreted as a low-angle top-to-the-west normal fault active
in the Latest Cretaceous to Paleocene (90 to 47 Ma) and possibly synchronous with
“ArAr ages for cooling of the footwall (~70 to 60 Ma) (Wells et al., 1998). These

support low angle extensional tectonics in the central regions of the Sevier hinterland.
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In southeast California, low angle shear zones and detachment faults dominate the
Late Cretaceous extensional structures supporting Sevier orogenic collapse (Hodges and
Walker, 1992). Rapid cooling of plutonic rocks in the Old Woman Mountains (Fig. 3)
was accommodated along a west dipping, normal sense, ductile shear zone active from 73
to 68 Ma (Carl et al., 1991; Foster et al., 1992). Miller et al. (1996) correlated three down
to the west extensional structures to postulate the East Mojave Fault. This fault zone
extends mainly north south and is defined by the Cima fault zone, Pinto Shear zone, and
East Providence fault zone. Mylonite in the Cima fault zone suggests normal, down to
the west shear active in the Late Cretaceous based on cross cutting relationships (Miller
etal., 1996). The Pinto shear zone is a shallow dipping (20 tn 65°) down to the west
normal sense shear zone in the New York Mountains (Fig. 3) that was active from 71 to
65 Ma (Beyene et al., 2000). Motion on the East Providence fault zone took place
between the latest Cretaceous and early Miocene based on cross cutting relationships
with 76 to 80 Ma dikes and the Miocene Wildhorse Mesa tuff (Miller et al., 1996). The
East Mojave Fault may represent a link between southern extension in the Old Woman
Mountains and extension in the Funeral Mountains of Death Valley (Fig. 3) where top the
southwest shearing was occurring at 72 Ma, lasting until 70 Ma (Applegate et al., 1992).

The Granite Mountains are located west of the postulated East Mojave Fault.
Rapid cooling of Granite Mountains plutons at ~76 to 66 Ma correlates very well with the
timing of rapid cooling in the surrounding Cretaceous extensional terrains. Exhumation
dominated by a top to the southwest low angle normal fault is consistent with
surrounding extensional structures, especially the nearby Pinto Shear zone (71 to 65 Ma)

with K-feldspar models almost identical to the central and SW Granite Mountains plutons
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(~71 to 67 Ma). The matching time intervals recorded in K-feldspars along with the
close proximity (~50 to 60 km) of the Granite Mountains and Pinto Shear zone may be
indicative of a single large-scale Late Cretaceous extensional structure, which the
postulated East Mojave Fault of Miller et al. (1996) may represent the central portion of.
If so, this structure may be a single large-scale top-to-the-southwest extensional zone
linking Late Cretaceous extensional structures from the Old Woman Mountains in the
south to the Funeral Mountains in the north, accommodating gravitational collapse at the

southern extent of the overthickened Sevier Orogen.
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CHAPTER 9

CONCLUSIONS

Based on calibrations of the aluminum-in-homblende geobarometer by Hollister
et al. (1987) and Schmidt (1992), three Cretaceous plutons in the Granite Mountains
intruded at pressures of 4.0 to 4.8 kbar corresponding to mid-crustal depths of 14.5 to
17.1 km. A syenogranite pluton in the southern Providence Mountains intruded at 1.7 to
2.4 kbar suggesting shallow crustal emplacement levels of 7 to 9 km depth based on both
geobarometry and A Ar thermochronology.

Emplacement of the Cretaceous plutons in the Granite Mountains was
synchronous with Late Cretaceous extension during collapse of the overthickened Sevier
Orogen beginning at ~75 Ma. The syenogranite pluton in the southern Providence
Mountains was emplaced in the Jurassic at 151 + 8 Ma as part of earlier extensive arc
magmatism throughout the Cordillera.

Rapid cooling of Granite Mountains plutons through hornblende closure (~500
°C) was likely a result of conductive heat loss due to mid-crustal emplacement.
Continued rapid cooling can be explained by short-lived (76 to 74 Ma) movement along a
top-to-the-NE normal fault juxtaposing these plutons against cooler shallow crustal rocks
in the neighboring southern Providence Mountains. Numerical models indicate a fault

dipping 65 ° NE with a slip rate of 3.5 mm/yr from 76 to 74 Ma will reproduce the high

temperature (~500-300 °C) interval of the reconstructed thermal histories and may
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accommodate this juxtaposition. K-feldspar models suggest cooling rates of 63 to
16 °C/Ma from southwest to northeast in the Granite Mountains. This cooling interval
(~73 to 66 Ma) was probably accommodated by a top-to-the-southwest normal fault to
the southwest of the Granite Mountains, which would be the dominant structure in the
exhumation of the plutons. Flexural rotation with isostatic rebound of the footwall during
faulting and possibly an increase in exhumation rate may explain the change in cooling
rate from SW to NE. It is likely that exhumation dominated by the top-to-the-west fault
was similar to unroofing in many metamorphic core complexes where syntectonic
plutons provide a heat source to thermally weaken overlying rocks and initiate
detachment faulting. This rapid cooling event coincides temporally and spatially with the
nearby top-to-the-southwest Pinto Shear zone, which was active from 71 to 65 Ma
relating the Granite Mountains to a possible single large scale extensional structure in the
Mojave Desert region.

U-Th/He apatite ages indicate that following rapid Late Cretaceous exhumation,
Granite Mountains plutons underwent slow cooling lasting through the Oligocene. The
southern Providence Mountains also underwent similar slow cooling from Late
Cretaceous to ~35 Ma, indicating juxtaposition of the Granite Mountains and southern
Providence Mountains occurred during Late Cretaceous extensional tecionics. Apatite
ages also indicate the plutons were in the upper crust prior to Basin and Range extension,

which may have contributed to their final movement upward.
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