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Abstract Zircon U–Pb geochronology results indicate
that the John Muir Intrusive Suite of the central Sierra
Nevada batholith, California, was assembled over a period
of at least 12 Ma between 96 and 84 Ma. Bulk mineral
thermochronology (U–Pb zircon and titanite, 40Ar/39Ar
hornblende and biotite) of rocks from multiple plutons
comprising the Muir suite indicates rapid cooling through
titanite and hornblende closure following intrusion and
subsequent slow cooling through biotite closure. Assembly
of intrusive suites in the Sierra Nevada and elsewhere over

millions of years favors growth by incremental intrusion.
Estimated long-term pluton assembly rates for the John
Muir Intrusive Suite are on the order of 0.001 km3 a-1
which is inconsistent with the rapid magma fluxes that are
necessary to form large-volume magma chambers capable
of producing caldera-forming eruptions. If large shallow
crustal magma chambers do not typically develop during
assembly of large zoned intrusive suites, it is doubtful that
the intrusive suites represent cumulates left behind following caldera-forming eruptions.
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Introduction
During the Mesozoic, the western boundary of North
America was an active continental magmatic arc. The
Sierra Nevada batholith, a dominant feature of the Cordilleran of the western United States, was assembled during
subduction of an oceanic plate beneath continental North
America. Today, the Sierra Nevada is exposed as a
mountain range that includes some of the highest topography in the contiguous United States.
The processes by which plutons amalgamate into
batholiths and are subsequently exhumed are important to
understanding continental crustal growth. Exposures of
Sierra Nevada batholithic rocks are the result of dynamic
processes that occurred at various crustal levels over hundreds of millions years. Fundamentally, pluton assembly
and batholith development are tectonic issues because they
are controlled by the ability of tectonic processes to produce magmas and the ability of the lithosphere to make
space to accommodate these magmas. Although significant
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research has focused on the timescales and mechanisms by
which batholiths grow, controversy remains. At the center
of this controversy is understanding the rates at which
plutons are assembled, and the control that assembly rates
have over the ability to sustain shallow crustal magma
bodies with significant ([50%) proportions of liquid
(Jellinek and DePaolo 2003; Glazner et al. 2004; Lipman
2007).
Models for caldera collapse and associated ignimbrite
eruptions (Lipman 2007) have led to the view that plutons
represent the remains of large-volume magma chambers
that are genetically linked to caldera-forming eruptions
(Hildreth 2004; Bachmann et al. 2007). In contrast, recent
studies indicate that some plutonic suites were emplaced
incrementally through amalgamation of intrusions over
millions of years and consequently were not formed by the
crystallization of large-volume magma chambers (Coleman
et al. 2004; Glazner et al. 2004). Seismic data are consistent with the long timescale of plutonic suite construction
because geophysical studies have failed to locate large
volumes of melt beneath active volcanic regions (Iyer
1984; Waite and Moran 2009; Chu et al. 2010).
Detailed field mapping, geochronology, thermochronology, and thermal modeling can be used to test competing hypotheses for pluton assembly processes and links
between zoned intrusive suites and eruption of highly
evolved magmas. Detailed mapping can be used to elucidate pluton emplacement mechanisms. By combining field
mapping with detailed geochronology, magma fluxes during pluton assembly can be calculated. Finally, thermochronologic data and modeling can be used to evaluate
whether large-volume magma chambers were sustained
during pluton assembly.
In order to investigate the development of zoned intrusive suites, the crystallization ages and thermal histories
(approximately 750–300C) are determined for multiple
plutons in the central Sierra Nevada batholith of California.
The zoned Cretaceous intrusive suites of the Sierra Nevada
provide an opportunity to examine the magma fluxes and
thermal histories of the large zoned suites that are conceptually linked to silicic ignimbrite eruptions (e.g., Hildreth 2004; Lipman 2007).
The John Muir Intrusive Suite (hereafter referred to as
the Muir suite) is chosen as a study area because it provides
excellent exposure of rock-types that contain minerals
useful for quantifying thermal histories (zircon, titanite,
hornblende, and biotite). Furthermore, the intrusive suite is
thoroughly mapped at large scale (Moore 1963; Bateman
et al. 1964; Bateman 1965; Bateman et al. 1965; Bateman
and Dodge 1970; Lockwood and Lydon 1975; Frost and
Mahood 1987; Bateman 1992), and some areas are well
mapped at much smaller scale (Hathaway 2002; Mahan
et al. 2003; Stearns and Bartley 2010). The following
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methodologies are conducted to meet the study’s
objectives:
•

•

•

Detailed field mapping of the southern Lamarck
Granodiorite in the Dusy Basin area is conducted to
investigate pluton emplacement mechanisms
Zircon U–Pb geochronology is combined with existing
geologic mapping to determine long-term magma
fluxes during the growth of the Muir suite
Zircon U–Pb geochronology is combined with U–Pb
titanite ages and 40Ar/39Ar thermochronology to evaluate the crystallization and thermal histories (T-t) of the
Muir suite

Geologic background
The geology of east-central California is dominated by the
Sierra Nevada batholith. The batholith includes over
40,000 km2 of exposed plutonic rocks and extends approximately 600 km along the western edge of the North
American craton (Kistler 1990; Bateman 1992). The
majority of the exposed Sierra Nevada batholith intruded at
depths around 4–15 km (Ague and Brimhall 1988). Batholithic rocks range in composition from gabbro to leucogranite, with tonalite, granodiorite, and granite being the most
abundant (Bateman 1992). Most plutons were emplaced
during three major magmatic episodes: 225–195 Ma,
180–165 Ma, and 102–85 Ma (Stern et al. 1981; Chen and
Moore 1982; Frost and Mattinson 1993; Saleeby et al. 1990,
2008; Coleman and Glazner 1998; Coleman et al. 2004).
In the eastern Sierra Nevada, the latest magmatic episode is characterized by intrusion of closely related plutons
with similar composition, texture, fabric, age, and
emplacement depth that Bateman (1992) assigned to different intrusive suites (Fig. 1 inset). From north to south,
these include the Tuolumne, Muir, and Whitney intrusive
suites. There is also an informally named suite north of the
Tuolumne Intrusive Suite (the Sonora pluton [Kistler et al.
1986]) and the Domelands Intrusive Suite (Saleeby et al.
2008) south of the Whitney suite.
The Muir suite (as originally defined) includes (from
approximately W to E) the Mount Givens pluton, the
Evolution Basin Alaskite, the Lamarck Granodiorite, the
Lake Edison Granodiorite, the Mono Creek Granite and
the Round Valley Peak Granodiorite (Fig. 1; Bateman and
Dodge 1970). The Mt. Givens pluton is excluded from
discussion of the Muir suite here because the pluton and
Muir suite are separated by a large mass of Jurassic and
older rocks. The Evolution Basin Alaskite was also included with the Muir suite; however, portions of what were
mapped as Evolution Basin Alaskite were recently
reassigned to the Lamarck Granodiorite on the basis of
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Fig. 1 Simplified geologic map of the John Muir Intrusive Suite after
Bateman (1992). Figure shows the nomenclature and approximate
locations of samples analyzed in this study and several from the
literature. Ages shown are determined from U–Pb zircon isotope data
and are reported in millions of years. The errors are reported at
2-sigma uncertainty. Lamarck Granodiorite (92TF105, MG-8, MG-5)
ages are from Coleman et al. (1995). Lake Edison age is from Tobisch

et al. (1995). McDoogle Quartz Monzodiorite (KMR, KM-11B) ages
are from Mahan et al. (2003). Black box indicates location of the Dusy
Basin region that is expanded in Fig. 2. Inset: zoned intrusive suites
that are associated with the Cretaceous Sierra Crest magmatic event
(Coleman and Glazner 1998). Outcrop pattern after Bateman (1992)
and Tikoff and Teyssier (1992)

field relations (Gracely 2006). Furthermore, preliminary
zircon U–Pb geochronology from the western portion of
the Evolution Basin Alaskite suggests a crystallization
age of approximately 150 Ma (J. Wenner, unpublished
data). Consequently, we suspect that the Evolution pluton
is composite with a Jurassic portion to the west and a
Cretaceous portion that we include with the discussion of
the Lamarck Granodiorite. Although we exclude the Mt.
Givens pluton and part of the Evolution pluton from
discussion of the Muir suite, zircon U–Pb geochronology
(Mahan et al. 2003; this study) and field relationships
(Mahan et al. 2003; Gracely 2006; this study) suggest
that the Inconsolable Quartz Monzodiorite and the
McDoogle Quartz Monzodiorite should be included in
the Muir suite (Fig. 1).
All of the plutons in the Muir suite have elongate map
patterns (Fig. 1). However, plutons exposed in the northern
portion of the suite (including the northern Lamarck
Granodiorite, Lake Edison Granodiorite, Mono Creek
Granite, and the Round Valley Peak Granodiorite) have
ages, textures, and compositional variations that mimic
those of concentrically zoned, nested intrusions, such as the
Tuolumne and Mount Whitney intrusive suites (Fig. 1;
Bateman 1992; Hirt 2007). Geobarometry data suggest that

the exposed surface of the Muir suite crystallized at depths
between 8–12 km (Ague and Brimhall 1988).
Several studies present zircon U–Pb isotope data that
define a Late Cretaceous age-span for the Muir suite plutons. Stern et al. (1981) contributed a significant amount of
age data throughout the Muir suite including discordant
ages of 89.8 Ma and 93.2 Ma for the Lake Edison
Granodiorite, a discordant age of 89.6 Ma for the Lamarck
Granodiorite, a discordant age of 88.4 Ma for the Mono
Creek Granite, a concordant age of 75.8 Ma for the Mono
Creek Granite, and a discordant age of 89.1 Ma for the
Round Valley Peak Granodiorite. Coleman et al. (1995)
presented several concordant zircon ages for rocks from to
the Lamarck Granodiorite, suggesting multiple intrusions
of approximately 92 Ma. Mahan et al. (2003) obtained ages
of 94 Ma from the central phase of the McDoogle Quartz
Monzodiorite and 94.8 Ma from the McDoogle’s border
phase. Tobisch et al. (1995) determined an age of 88 Ma
for the Lake Edison Granodiorite. Other studies focused on
the dating mafic plutons in the vicinity of the Muir suite.
Frost and Mattinson (1988) determined a discordant age of
97.5 Ma for the quartz diorite of Pine Lake. Gaschnig
(2005) presented an age of 95.0 Ma for the Rock Creek
Gabbro.
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Methods

Titanite common Pb correction

Field work

To help minimize uncertainty in the common Pb correction
for titanite samples, the composition of the common Pb
was determined from leached K-feldspar grains. K-feldspars were separated using the same procedures as for
zircon and titanite. Milligram-sized fractions of handpicked K-feldspar grains were progressively leached following the methods of Schmitz (2010). Residue and all
leachates were dried and redissolved in HBr for separation
of Pb by HBr-HCl anion exchange column chromatography. Separated Pb was analyzed by thermal ionization mass
spectrometry (TIMS) on the VG Sector 54 mass spectrometer at the University of North Carolina at Chapel Hill
in static multicollector mode using faraday detectors. Mass
fractionation for Pb in multicollector mode was determined
to be 0.12%/a.m.u over a wide temperature range based on
multiple analyses of the NBS-981 common Pb standard.
The isotopic composition of the residue was used as the
composition of the common Pb in order to calculate titanite
ages (e.g., Schmitz and Bowring 2001; Online Resource 1).
Decay constants, data processing, age calculations, and
error propagation were completed the same as zircon
analyses.

Detailed geologic mapping was conducted in the Dusy
Basin area of the Lamarck Granodiorite in order to obtain
samples for geochronology with well-documented field
relations. Mapping focused on: (1) determining petrographic variations of the Lamarck Granodiorite and
Inconsolable Quartz Monzodiorite, including determining
variations in composition, color index, phenocryst abundance, enclave aspect ratios and abundance, and foliation
type; (2) identification of internal contacts within the
Lamarck Granodiorite; and (3) establishing relative age
relationships between units flanking the Lamarck Granodiorite and units internal to the Lamarck Granodiorite.
U–Pb analyses
Zircon and titanite separates were obtained by mechanical
disaggregation (jaw crusher and disk mill), water table,
heavy liquids, and magnetic separator techniques. Zircon
grains were thermally annealed and subjected to chemical
abrasion in order to eliminate volumes affected by radiation damage and to remove any inclusions (Mundil et al.
2004; Mattinson 2005). Zircon and titanite fractions were
spiked using a 205Pb-233U-236U tracer (Parrish and Krogh
1987) and dissolved following a procedure modified after
Krogh (1973) and Parrish (1987). Uranium and Pb were
isolated using HCl (zircon) and two-stage HBr-HCl
(titanite) anion exchange column chromatography procedures modified after Krogh (1973). Isotope ratios of both U
and Pb were determined by thermal ionization mass spectrometry (TIMS) on the VG Sector 54 mass spectrometer at
the University of North Carolina at Chapel Hill (Online
Resource 1). Uranium was run as a metal after loading in
graphite and H3PO4 on single Re filaments. Lead was
loaded in silica gel on single Re filaments. All data were
collected using the Daly detector in peak switching mode.
Mass fractionation for Pb was determined to be 0.15%/
a.m.u (atomic mass unit) over a wide temperature range
based on multiple analyses of the NBS-981 common Pb
standard. Mass fractionation for U was calculated in real
time using the 233U/236U ratio (a known constant from the
205
Pb-233U-236U tracer) and assuming linear fractionation.
Data processing and age calculations were completed using
the algorithms of Ludwig (1980, 1998) and Isoplot v. 3.00
(Ludwig 2003). Decay constants used were 238U =
0.155125 9 10-9 ± 0.16598 9 10-14 a-1, and 235U =
0.98485 9 10-9 ± 0.13394 9 10-13 a-1 (Jaffey et al.
1971; Steiger and Jäger 1977). All errors are reported at
2-sigma uncertainty and consider analytical and decayconstant uncertainties.
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Ar/39Ar analyses

Hornblende and biotite separates were obtained from the
same samples that were used for U–Pb geochronology.
Mineral separates were washed, weighed, loaded into
Cu-foil, and placed into a machined aluminum disk for
irradiation. Separates were analyzed by the incrementalheating method using a double-vacuum molybdenum resistance furnace. Isotope ratios were measured on a MAP-215
50 mass spectrometer at the New Mexico Geochronology
Research Laboratory, New Mexico Bureau of Geology
(Online Resource 2). Irradiation, instrumentation, and analytical parameters are presented in Online Resources 2.
It is common to report apparent 40Ar/39Ar ages relative
to the Fish Canyon sanidine interlaboratory flux monitor
(FC-2; 28.02 Ma; Renne et al. 1998) using the 40Ktotal
decay constant of 5.543e-10 a-1 (Steiger and Jäger 1977).
However, Renne et al. (2010) determined a different Fish
Canyon sanidine age of 28.305 ± 0.036 Ma as well as
different 40Ke and 40Kb decay constants of 0.5755 ±
0.0016e-10a-1 and 4.9737 ± 0.0093e-10 a-1, respectively.
Ages for both standard models and decay constants are
presented (Table 1); however, the preferred ages are those
calculated using Renne et al. (2010).
In composite hornblende grains, fine-grained mica
inclusions or fluid infiltration can disturb Ar concentrations
and result in complex K/Ca release patterns and anomalously young ages during low-temperature heating steps
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Ar/39Ar age comparisons for the John Muir Intrusive Suite

Pluton

Sample ID

Mineral

Age (Ma)a

Age (Ma)b,c

Inconsolable

Dbk05-01

Hornblended

94.5 ± 0.6

95.4 ± 0.7f

86.6 ± 0.3

87.5 ± 0.5

93.1 ± 0.4

94.0 ± 0.6

d

Qtz-monzodiorite
Lamarck Granodiorite

Biotite
Db05-04

e

Hornblended
Biotite

84.8 ± 0.2

85.6 ± 0.4

Lamarck Granodiorite

Db04-05

Biotitee

83.2 ± 0.2

84.0 ± 0.4

McDoogle

Ms07-F8

Biotited

83.0 ± 0.2

83.8 ± 0.4

Kle07-05

Hornblended

88.2 ± 1.0

89.1 ± 1.1

Biotited

82.3 ± 0.4

83.1 ± 0.5

e

81.3 ± 0.2

82.1 ± 0.4

81.3 ± 0.2

82.1 ± 0.4

Qtz-monzodiorite
Lake Edison
Granodiorite
Mono Creek Granite

Km07-06

Biotite

Mono Creek Granite

Km07-08

Biotitee

a

40

Ages are calculated using Fish Canyon standard age of Renne et al. (1998) and k Ktotal of Steiger and Jäger (1977). Errors are reported at
2-sigma uncertainty. Errors incorporate analytical and J-value uncertainties

b

Ages are calculated using Fish Canyon standard age, k40Ke and k40Kb of Renne et al. (2010)

c

Ages and errors are recalculated using EARTHTIME Ar tool: http://www.earth-time.org/ar-ar.html

d

Ages from inverse isochrons

e

Ages from weighted average of all heating steps

f

Errors are reported at 2-sigma uncertainty. Errors incorporate analytical, J-value,
uncertainties

(Berger 1975; Sisson and Onstott 1986; Miller et al. 1991;
Wartho 1995). Heating steps from hornblende separates
displaying these complexities were excluded from plateau
and isochron determinations and only the intermediate and
high-temperature heating steps with uniform K/Ca ratios
(near 0.1) were used in determining plateaus and isochrons.
Similarly, a decrease in K/Ca ratio for biotite at hightemperature steps indicates degassing of mineral phases
other than biotite (Lo and Onstott 1989), and increments
that showed this behavior were excluded from plateau and
isochron determinations.
Plateau ages were compared to corresponding inverse
isochron ages in order to evaluate the impact of excess
40
Ar. Overlap of plateau and inverse isochron ages within
2-sigma uncertainty indicates that any excess 40Ar had
negligible effect on age determination (e.g., Singer and
Pringle 1996).
Thermochronology
Bulk mineral thermochronology was used to determine
high-temperature ([300C) T-t histories by correlating
temperatures to ages of coexisting mineral thermochronometers: zircon, titanite, hornblende, and biotite. Titanite,
hornblende, and biotite ages indicate the timing when
samples passed through respective closure temperatures
(Dodson 1973). Diffusion experiments were not conducted
during this study. Consequently, estimated closure temperature ranges of 700–660C for titanite ages (Scott and
St-Onge 1995), 580–490C for hornblende ages (Harrison

40

K decay constant, and Fish Canyon standard age

1981), and 345–280C for biotite ages (Harrison et al.
1985) were used.

Results
Field observations
Mapping in Dusy Basin at a scale of 1:10,000 (Fig. 2)
reveals nine laterally continuous bodies within the Lamarck Granodiorite and definitive contact relationships of
the Lamarck Granodiorite cutting the Inconsolable Quartz
Monzodiorite in the northeast. Internal contacts, distinguishable by variations in composition, color index, foliation, and enclave abundance and aspect ratio, are viewable
at all scales within the Lamarck Granodiorite in and around
Dusy Basin (Fig. 3). Internal contacts are both subtle and
obvious, and commonly grade from sharp to gradational to
cryptic along strike. Internal contacts have steep dips and
strike subparallel to contacts between the Lamarck
Granodiorite and adjacent plutons (Fig. 2).
In Dusy Basin, five informal units are distinguished
within the Lamarck Granodiorite (Fig. 2; Online Resource
3). A leucocratic granodiorite unit, Kl1, is characterized by
a low color index, high phenocryst abundance, and a
mineral-enclave foliation. In addition to continuous bodies
that define the eastern and western margins of the Lamarck
Granodiorite, isolated bodies of the leucocratic granodiorite occur throughout other units as irregularly shaped
screens. An enclave foliated granodiorite unit, Kl2, is
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Fig. 2 Geologic map of the Dusy Basin area, central Sierra Nevada
batholith, California. The symmetric pattern of map units about the
central axis is interpreted as the result of syntaxial incremental

intrusion (Bartley et al. 2008) rather than folding (Bateman and
Moore 1965) because the foliation is less prevalent in axial units and
there is no evidence for regional folding of older rocks

characterized by an intermediate color index, enclave
foliation, but no mineral foliation. A mineral-enclave
foliated granodiorite unit, Kl3, has an intermediate color
index. A hybridized granodiorite unit, Klh, is characterized
by an intermediate-to-high color index, which apparently
resulted from the hybridization of mafic and intermediate
magmas. A weakly foliated granodiorite unit, Kl4, with an
intermediate color index is distinguished by its rounded
enclaves, lack of internal contacts, and weak to absent
enclave and mineral foliations. Each map unit is characterized by multiple internal contacts that are often laterally
continuous for 10’s to 100’s of meters (Fig. 3). Foliation in
these units varies from steep (typically [60) along the
peripheral portions of the pluton to moderately steep
(typically 30–60) near the center (Fig. 2).

sample Km07-06 in which fractions spread significantly;
therefore, a weighted mean age is not determined. The
quartz diorite of Pine Lake is a wall rock unit of the Muir
suite and displays a number of discordant fractions (Online
Resource 1).
Samples of the two oldest Muir suite units yield similar
ages of 95.45 ± 0.32 Ma (MSWD = 0.6) for the Inconsolable Quartz Monzodiorite and 95.00 ± 0.13
(MSWD = 3.5) for the McDoogle Quartz Monzodiorite
(Fig. 4). New ages from the Lamarck Granodiorite range
between 94.26 ± 0.17 Ma (MSWD = 1.5) and 93.46 ±
0.07 Ma (MSWD = 0.72) (Fig. 4). Samples collected from
the northern Muir suite plutons (Round Valley Peak
Granodiorite, Lake Edison Granodiorite, and Mono Creek
Granite) are the youngest in the suite and are all younger
than 90 Ma (Fig. 4).

U–Pb Zircon analyses
U–Pb Titanite analyses
Zircon fractions from all samples contain few inclusions
and lack visible inherited cores. All fractions from the Muir
suite are concordant within uncertainty (considering decayconstant and analytical uncertainties; Online Resource 1).
Consequently, we report the weighted mean 206Pb/238U
ages as the interpreted crystallization age of the samples
(Fig. 4) with the exception of the Mono Creek Granite
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Data for individual titanite fractions are dispersed along a
line whose lower intercept with the Tera and Wasserburg
(1972) projection of the concordia curve defines the titanite
age of the sample (e.g., Ludwig 1998). Titanite ages from
the McDoogle Quartz Monzodiorite (Ms07-F8) and a
sample from the Lamarck Granodiorite (Db04-05) are
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Fig. 3 Internal contacts that are
located within the Lamarck
Granodiorite. Compasses are
oriented to the north. a Contact
between a unit with high
enclave aspect ratios and
abundance (left) and a unit with
moderate enclave aspect ratios
and abundance (right). b A
dramatic variation in the color
index (CI) defining an internal
contact; CI 25 on left and CI 10
on the right. Picture taken
looking NW with backpack in
the upper right for scale.
c Subtle variation in grain size
and phenocryst abundance;
upper unit has a smaller grain
size and fewer phenocrysts than
the lower unit. d Subtle
variation in CI delineating an
internal contact; CI 20 on the
left and CI 25 on the right. The
picture is taken looking to the
NW with pencil at the center for
scale

95.31 ± 0.46 Ma (MSWD = 0.01) and 93.47 ± 0.68 Ma
(MSWD = 1.06), respectively (Online Resource 1). Both
titanite ages overlap within uncertainty to their corresponding zircon ages (Fig. 4).
40

Ar/39Ar analyses

Hornblende
Hornblende samples yield age spectra with a variety of
complications (Fig. 5; Online Resource 2). A Lamarck
Granodiorite hornblende sample yields a simple age spectrum (Fig. 5b) and a plateau is assigned from contiguous
heating steps having apparent ages that overlap within
2-sigma uncertainty. Hornblende samples from the Inconsolable Quartz Monzodiorite and Lake Edison Granodiorite
yield age spectra that are characterized by high-temperature heating steps that include very small fractions of the
total gas, anomalously young ages, and anomalously high
uncertainties (Fig. 5a, c). Hornblende breakdown caused
by phase changes during in vacuo step heating likely led to

high-temperature age spectra complexities (e.g., Wartho
et al. 1991). The affected high-temperature heating steps
account for less than 4% of the 39Ar released per sample;
therefore, noncontiguous heating steps are used when
assigning plateaus for these samples.
Hornblendes from the Muir suite have plateau and
inverse isochron ages that overlap and thus are interpreted
to lack significant excess 40Ar. Generally, inverse isochron
ages are more robust than plateau ages (Renne 2006).
Consequently, inverse isochron ages are used to evaluate
T-t histories (Table 1). Hornblende ages from the Muir
suite overlap within uncertainty of their corresponding
U–Pb zircon ages (Table 2).
Biotite
The Lamarck Granodiorite, Lake Edison Granodiorite, and
McDoogle Quartz Monzodiorite biotites yield simple age
spectra (Fig. 6a, b, c; Online Resource 2), and plateaus are
determined for all contiguous heating steps with ages that
overlap within 2-sigma uncertainty. These biotite samples
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slightly hump-shaped age spectra. This pattern suggests
that chlorite alteration has affected argon release (Heizler
et al. 1988; Sanders et al. 2006). Integrated ages are used
to evaluate T-t histories for samples that have saddle
or hump-shaped spectra because they lack valid inverse
isochrons and do not yield plateaus (Table 1). For all
samples, the biotite age postdates the hornblende and
zircon ages by several Ma (Table 2).

Discussion
Assembly of the Lamarck Granodiorite in Dusy Basin

Fig. 4 Compilation of 206Pb/238U ages for individual zircon fractions
from John Muir Intrusive Suite indicating an intrusive age span ca.
12 Ma. Errors are reported at 2-sigma uncertainty and incorporate
analytical and decay constant uncertainties of Jaffey et al. (1971).
Black lines correspond to the sample’s 206Pb/238U weighted mean age.
Samples from this study are shown in black, and samples that are
from the literature are shown in grey {Lamarck Granodiorite: Mt.
Gilbert area, Hunchback area, and Lake Sabrina area (Coleman et al.
1995); McDoogle central and border phases (Mahan et al. 2003)}.
1
101 Ma fraction is not included. 296.4 Ma fraction is not included.
3
93.4 and 92.4 Ma fractions are not included. Weighted mean ages
are calculated using Isoplot v. 3.00 (Ludwig 2003)

do not show excess 40Ar; therefore (as for hornblende
ages), inverse isochron ages are used to evaluate their T-t
histories (Table 1).
Biotites from the Inconsolable Quartz Monzodiorite and
a Lamarck Granodiorite sample yield slightly saddleshaped age spectra (Fig. 6d, e) that are thought to be
caused by 39Ar recoil (e.g., Lo and Onstott 1989). Two
Mono Creek Granite biotite samples (Fig. 6f, g) yield
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Within the Dusy Basin area, relative age relationships
between pulses of felsic, intermediate, and mafic phases are
well documented by mapping (Fig. 2). The occurrence of
isolated leucocratic bodies intruded and partially dissected
by the intermediate phase of the Lamarck Granodiorite
suggests that the leucocratic phase was the earliest to intrude.
Mafic dikes cut foliation and sharp internal contacts within
intermediate units, indicating that locally these are the
youngest intrusions in the map area. However, preservation
of a variety of other mafic magma interactions suggests that
mafic magmas intruded throughout the assembly of the
Lamarck Granodiorite.
Preservation of map-scale and outcrop-scale internal
contacts within Lamarck Granodiorite in the Dusy Basin area
is suggestive of pluton assembly by multiple vertical to subvertical sheets. Subtle variations in phenocrysts, enclave
abundance, and modal mineralogy delineate many internal
contacts within the Lamarck Granodiorite. Such variations
are typically interpreted to result from in situ evolution
owing to mechanical crystal segregation (McBirney and
Nicolas 1996) or chemical segregation (McBirney 1995;
Boudreau and McBirney 1997). However, neither mechanical segregation indicators (e.g., sharp modal variations,
rhythmic grain size layering, grain imbrication) nor chemical
segregation indicators (e.g., centimeter to meter scale modal
layering) are observed in the study area. Consequently,
development of internal contacts through amalgamation of
discrete magma pulses is preferred.
Bateman and Moore (1965) first mapped the Lamarck
Granodiorite in Dusy Basin as a plutonic synform owing to
the steep foliation that dips toward the central part of the
basin. Mapping within the Dusy Basin area (Fig. 2) confirms a symmetrical distribution of map units about a
central axis and preservation of foliation within marginal
units that dips steeply toward the undeformed central unit,
reinforcing the observations made by Bateman and Moore
(1965). Two hypotheses to account for the map pattern are
folding of a sill or dike complex owing to regional shortening (Tikoff and Teyssier 1992; Tikoff and Saint Blanquat

Contrib Mineral Petrol (2012) 163:449–465

457

Fig. 5 Hornblende 40Ar/39Ar step heating spectra and inverse
isochrons from the John Muir Intrusive Suite. Argon ages are
calculated using Fish Canyon standard age, k40Ke and k40Kb of Renne
et al. (2010). Errors incorporate analytical, J-value, 40K decay
constant, and Fish Canyon standard age uncertainties. Errors are

reported at 2-sigma uncertainty. Gray heating steps on inverse
isochron are excluded from regressions and age calculations (see text
for ‘‘Discussion’’). The horizontal line on inverse isochrons indicates
40
Ar/36Ar = 295.5

1997) and bilateral symmetry of units resulting from
syntaxial crack-seal pluton growth (Bartley et al. 2008).
The lack of a well-defined foliation in the central unit
and the absence of axial planar foliation in marginal units
preclude the possibility of folding in response to regional
shortening. Furthermore, older plutons within the area
should have also recorded the shortening event within their
fabrics, and there is little evidence to support this (Bateman
1992).
More readily, crack-seal growth of a pluton allows
magma to ascend along narrow conduits to emplacement
levels resulting in dilation approximately perpendicular to
internal contacts (Mahan et al. 2003; Bartley et al. 2008).

Syntaxial growth can preserve older units along the margins of the pluton and progressively younger units inward,
as is observed within Dusy Basin. Furthermore, the overall
elongate outcrop pattern of the Lamarck Granodiorite with
internal contacts parallel to its long axis is suggestive of a
vertical sheet (dike-like) incremental intrusion emplacement model.
Zircon U–Pb crystallization ages
Most samples from this study yield tightly clustered U–Pb
data for which weighted mean 206Pb/238Pb ages are calculated, and those ages are accepted as crystallization ages for
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Table 2 Compilation of U–Pb and 40Ar/39Ar data used to determine
T-t histories for the John Muir Intrusive Suite
Pluton

Sample ID

Mineral

Age (Ma)a,b,c

Inconsolable

Dbk05-01

Zircon

95.5 ± 0.3

Qtz-monzodiorite
Lamarck Granodiorite

Db05-04

RLamarck Granodiorite

Db04-05

McDoogle

Ms07-F8

Qtz-monzodiorite
Lake Edison

Kle07-05

Granodiorite
Mono Creek Granite
Mono Creek Granite

Km07-06
Km07-08

Hornblende

95.4 ± 0.7

Biotite

87.5 ± 0.5

Zircon

94.1 ± 0.2

Hornblende

94.0 ± 0.6

Biotite

85.6 ± 0.4

Zircon
Biotite

94.3 ± 0.2
84.0 ± 0.4

Zircon

95.0 ± 0.1

Titanite

95.3 ± 0.5

Biotite

83.8 ± 0.4

Zircon

88.8 ± 0.1

Hornblende

89.1 ± 1.1

Biotite

83.1 ± 0.5

Zircon

83.5

Biotite

82.1 ± 0.4

Biotite

82.1 ± 0.4

a

Argon ages are calculated using Fish Canyon standard age, k40Ke
and k40Kb of Renne et al. (2010)
b

Argon errors are reported at 2-sigma uncertainty. Errors incorporate
analytical, J-value, 40K decay constant, and Fish Canyon standard age
uncertainties (Renne et al. 2010)

c
Zircon ages are 206Pb/238U weighted mean age of sample. Errors are
reported at 2-sigma uncertainty. Errors incorporate analytical and
decay constant uncertainty (Jaffey et al. 1971)

the samples. However, several samples yielded data that are
either discordant (quartz diorite of Pine Lake Pcp07-07), or
concordant, but spread along an interval of concordia and
do not overlap within uncertainty (McDoogle Quartz
monzodiorite Ms07-F8, Mono Creek Granite Km07-06,
Mono Creek Granite Mc-1).
The discordant data are likely the result of Pb-loss. The
quartz diorite of Pine Lake (Online Resource 1) was dated
as part of this study because earlier work suggested an age
(97.5 Ma) similar to the Muir suite (Frost and Mattinson
1988). Zircon fractions from this study for the quartz diorite spread along a discordia line and have 206Pb/238U ages
ranging from 181 to 132 Ma (Online Resource 1). Two
zircon fractions have indistinguishable 206Pb/238U ages of
180.6 Ma that is interpreted as the crystallization age.
Discordance in the other fractions is attributed to Pb-loss
because the quartz diorite is a small body (3 km2) that is
pervasively intruded by sheets of the Late Cretaceous
Mono Creek Granite that make up 40% of the outcrop area
at Pine Lake where samples for both studies were collected
(Frost and Mattinson 1988). The Mono Creek Granite
likely contributed enough heat and fluids to disturb zircon
systematics. Consequently, the Pine Lake body is
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interpreted to be Jurassic and the discordant 97.5 Ma age of
Frost and Mattinson (1988) to reflect Pb-loss caused by the
intrusion of the Muir suite.
The observation that zircon data for individual samples
are distributed along an interval of concordia and do not yield
ages that overlap within uncertainty is recognized with
increasing frequency as the precision of U–Pb data improves
(e.g., Miller and Wooden 2004; Miller et al. 2007). The age
dispersion along an interval of concordia indicates the
potential effects of Pb-loss, grain resorption and regrowth, or
extended intervals of zircon crystallization.
Age spread due to Pb-loss is possible in the McDoogle
Quartz Monzodiorite (Ms07-F8; Fig. 4) and the Mono
Creek Granite (Mc-1, Km07-06; Fig. 4) samples but is not
favored here for several reasons. Zircons from the units are
not characterized by anomalously high U and Th which can
lead to Pb-loss (e.g., Mattinson 2005). In addition, there is
nothing unusual about the morphology or the degree of
alteration of zircons from these samples in comparison to
other samples from this study (and in some cases, from the
same unit). There is also no obvious reason why thermal
annealing and chemical abrasion of only these samples
from the area would not minimize or eliminate Pb-loss.
Miller and Wooden (2004) suggest that zircon U–Pb age
dispersion along concordia outside of analytical uncertainty can result from high-temperature fluctuations
resulting in zircon resorption and subsequent regrowth in a
long-lived magma system. The general observation from
this study that U–Pb ages and 40Ar/39Ar hornblende ages
are concordant for all samples suggest reheating by
younger intrusions did not elevate temperatures above
hornblende closure (approximately 550C); however, calculated zircon saturation temperatures (Watson and Harrison 1983) for the samples are 725 ± 25C. Therefore, it is
unlikely that the nearly 4 Ma age dispersion in data from
one of the Mono Creek Granite samples (Km07-06; Fig. 4)
is caused by zircon grain resorption and regrowth. The
McDoogle Quartz Monzodiorite (Ms07-F8; Fig. 4) and a
second sample of the Mono Creek Granite (Mc-1; Fig. 4)
have much a much smaller spread in ages (approximately
0.5 Ma) which is within the uncertainty of determining
concordancy of zircon and hornblende ages. Thus,
resorption and regrowth is a plausible explanation for the
age dispersion exhibited by these samples.
The large spread in the concordant ages for the Mono
Creek Granite sample (Km07-06; Fig. 4) is consistent with
prolonged or episodic periods of zircon growth. This pattern
of zircon growth is most consistent with the presence of
antecrysts grains that were crystallized from earlier pulses of
magma that were incorporated into younger magma from the
same system (e.g., Miller et al. 2007). This interpretation
seems particularly likely in the case of the Mono Creek
sample, for which there are nearby dated samples spanning
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Fig. 6 Biotite 40Ar/39Ar step heating spectra and inverse isochrons
from the John Muir Intrusive Suite. Argon ages are calculated using
Fish Canyon standard age, k40Ke and k40Kb of Renne et al. (2010).
Errors incorporate analytical, J-value, 40K decay constant, and Fish

Canyon standard age uncertainties. Errors are reported at 2-sigma
uncertainty. Gray heating steps on inverse isochron are excluded from
regressions and age calculations (see text for ‘‘Discussion’’). The
horizontal line on inverse isochrons indicates 40Ar/36Ar = 295.5

the range of zircon ages from the sample. Schaltegger et al.
(2009) suggest using the youngest zircon fraction’s age as a
proxy for the crystallization age when a sample exhibits a
protracted zircon growth history. Consequently, we use an
age of 83.5 Ma for the crystallization age of sample Km0706. The same interpretation may be valid for both the
McDoogle Quartz Monzodiorite (Ms07-F8; Fig. 4) and the
second Mono Creek Granite sample (Mc-1; Fig. 4) but is not
distinguishable from the resorption/regrowth hypothesis.

Within the suite, individual plutons also record extended age
ranges: combining the results from this study with those
published by Coleman et al. (1995) requires that the Lamarck
Granodiorite was assembled over at least 3 Ma, and data for
the Mono Creek Granite suggest up to about 4 Ma for its
assembly. Plutons with crystallization ages spanning millions of years and intrusive suites with age ranges
approaching 12 Ma cannot be intruded as one (or just a few)
pulses of magma but must have been assembled incrementally (Coleman et al. 2004; Glazner et al. 2004; Matzel et al.
2006). This is consistent with field data from the Muir suite
and elsewhere, which require amalgamation of even texturally homogeneous plutons as incrementally assembled
sheeted bodies (Mahan et al. 2003; Bartley et al. 2008;

Incremental emplacement
Zircon U–Pb crystallization ages indicate that the Muir suite
assembled over about 12 Ma from 96 to 84 Ma (Fig. 4).
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Fig. 6 continued

Stearns and Bartley 2010). Even the relatively rapidly
assembled Torres del Paine pluton preserves evidence for
incremental assembly (Michel et al. 2008). The growing
body of data requiring million year age spans for the crystallization of plutons, supported by a growing body of field
evidence for incremental assembly, suggests that incremental pluton growth is the norm and not the exception.
Therefore, caution should be exercised when accepting a
single age as representative of any pluton. Additionally,
interpretation of the timing of structures by dating deformed
or cross cutting plutons must be restricted to samples
immediately adjacent to the structure of interest.
Interpretation of thermal histories
Zircon crystallization ages are concordant (within uncertainty) with titanite and hornblende ages for all samples in
this study, thereby indicating rapid cooling to approximately 550C immediately following intrusion. In addition,
this suggests that the hornblende ages were not reset by
younger intrusions in the suites. Following the initial
interval of rapid cooling immediately after intrusion, slow
cooling persisted for millions of years as indicated by the
2–11 Ma separation between hornblende and biotite ages
(Fig. 7). Together, the data suggest that temperatures
remained between hornblende and biotite closure temperatures for millions of years following intrusion.
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Two interpretations can account for rapid, followed by
slow, cooling: exhumation occurring millions of years after
emplacement, or cooling complicated by multiple reheating events during the approximately 12 Ma intrusive history of the rocks.
During the time of emplacement, if ambient temperatures were above biotite closure, the protracted cooling
through biotite closure temperatures could reflect cooling
during exhumation. In this case, biotite ages would be set
once rocks were exhumed through the biotite closure
temperature isotherm. In the absence of folding or faulting,
biotite ages reflecting regional exhumation cooling should
fall in a narrow range (e.g., Renne et al. 1993). The spread
of biotite ages throughout the Muir suite is inconsistent
with this view (Fig. 7). Although the spread in ages could
be the result of deformation yielding exhumation of some
areas prior to others, no such deformation is evident in the
region. Therefore, exhumation cooling is not favored as a
mechanism producing the T-t histories throughout the Muir
suite.
Thermal modeling shows that when plutons are assembled incrementally, as demonstrated for the Muir suite,
temperatures oscillate with the intrusion and cooling of each
magma pulse and remain above ambient background for
extended time periods (Annen et al. 2006). Thus, the gap
between hornblende and biotite ages for the Muir suite could
reflect temperature oscillations associated with multiple
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Fig. 7 Temperature-time (T-t) histories from plutons of the John
Muir Intrusive Suite indicating initial rapid cooling through titanite
and hornblende closure followed by protracted cooling through biotite
closure. Color shading indicates the following: estimated zircon
saturation temperatures (Watson and Harrison 1983) of 750–700C,
estimated titanite closure temperatures (700–660C) after Scott and

St-Onge (1995), estimated hornblende (580–490C) and biotite
(345–280C) closure temperatures after Harrison (1981) and Harrison
et al. (1985), respectively. Errors are reported at 2-sigma uncertainty
except for one Mono Creek Granite zircon sample for which only an
approximate age is given (see text for ‘‘Discussion’’)

intrusions of magma. The range of temperature oscillations
appears to be limited to being between biotite and hornblende closure because K-feldspar multiple-diffusiondomain modeling suggests a distinct time gap between
biotite closure (estimated to be 345–280C) and feldspar
cooling (models typically suggest temperatures of approximately 320C; Davis 2010). If temperatures during incremental assembly were dropping significantly below 320C,
and biotite was getting reset during a subsequent heating
event, high-temperature ages for the K-feldspar should be
similar to the biotite ages. Instead the data suggest very slow
cooling between biotite closure and the onset of high-temperature Ar retention in the K-feldspar (Davis 2010).
Throughout the Muir suite, the data indicate that there is
a greater time gap between crystallization and subsequent
passage through biotite closure for older plutons than for
younger plutons (Fig. 8). Older plutons such as the
Inconsolable Quartz Monzodiorite, McDoogle Quartz
Monzodiorite, and Lamarck Granodiorite record an
approximate 11–8 Ma gap; whereas, younger plutons such
as the Lake Edison Granodiorite and Mono Creek Granite
record an approximate 6–2 Ma gap between crystallization
and biotite closure. Resetting of biotite dates in the oldest
plutons by intrusion of the youngest plutons seems unlikely
because they are separated by nearly 80 km. Instead, more
protracted cooling in older plutons is consistent with
modeling that shows the thermal anomalies of younger
intrusions building across the decaying temperature profiles
of older intrusions (e.g., Barton and Hanson 1989; Hanson
and Barton 1989). Temperatures in the younger units likely
did not stay elevated as long because the regional magmatic activity waned shortly after they intruded (e.g., Chen

and Moore 1982). The regular SW to NE progression in the
biotite ages mirrors the zircon age progression; therefore,
we interpret the biotite ages to record the time–space
progression of the end of magmatism.
Incremental emplacement and volcanic-plutonic
connections
Detailed geochronology for the Lamarck Granodiorite and
field mapping permit the calculation of an average magma
flux during pluton growth. Estimating a thickness between
5–10 km using data from near-by plutons (McNulty et al.
2000; Hirt 2007) and an area of 600 km2 (Bateman 1992),
a long-term average magma flux between 0.001–0.002
km3 a-1 is needed to construct the Lamarck Granodiorite.
Expanding to the entire Muir suite, an estimated area of
1,700 km2 (Bateman 1992) and a thickness between
5–10 km yields a slightly slower flux. These fluxes are
consistent with those calculated for other plutons including
the Tuolumne Intrusive Suite and the Mount Stuart batholith (Annen 2009) and the Mount Whitney Intrusive Suite
(Davis 2010).
A growing body of geochronological data and numerical
models show that the rate of magma emplacement is an
important variable controlling whether a caldera-forming
eruption is possible (Jellinek and DePaolo 2003; Glazner
et al. 2004; Annen 2007, 2009; Crowley et al. 2007; Costa
2008). Numerical simulations show that magma fluxes
greater than 0.1 km3 a-1 are necessary to develop and
maintain magma chambers voluminous enough to feed
large ([400 km3) ignimbrite eruptions (Annen 2009).
Rapid magma fluxes are consistent with geochronologic
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Fig. 8 Summary of geo-thermochronology data from samples of the
John Muir Intrusive Suite for which both U–Pb and Ar ages are
determined. Errors are reported at 2-sigma uncertainty, and data are
arranged roughly from southwest (left) to northeast (right). Note that
as the crystallization ages of the plutons get younger, the time interval
between zircon and biotite ages decreases. Kmd, McDoogle Quartz
Monzodiorite; Kin, Inconsolable Quartz Monzodiorite; Klk, Lamarck
Granodiorite; Kle, Lake Edison Granodiorite; Kmc, Mono Creek
Granite

data from ignimbrites that suggest magma residence times
less than 1 Ma and likely less than 500 ka prior to eruption
(Schmitz and Bowring 2001; Bachmann et al. 2007;
Crowley et al. 2007; Costa 2008; Simon et al. 2008).
Recent calculations that assume rapid pluton assembly
times (103–105 years) suggest that growth rates of magma
bodies on the order of 0.1 to [1 km3 a-1 are necessary to
support ignimbrite eruptions (de Silva and Gosnold 2007).
However, no detailed geochronology for plutonic rocks
supports such rapid assembly rates. In contrast, a growing
number of geochronological studies indicate that pluton
emplacement fluxes are orders of magnitude too low to
develop large magma chambers (Glazner et al. 2004;
Matzel et al. 2006; Michel et al. 2008). Finally, Jellinek
and DePaolo (2003) predict the preferential storage of
magma as plutons (rather than eruption) in large, thermally
mature bodies for which the magma flux is low.
The low magma fluxes during assembly of the Lamarck
Granodiorite and the Muir suite likely precluded the
development of large, dominantly liquid magma chambers
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during construction. Modeling by Annen (2009) suggests
that such low fluxes are capable of maintaining a magma
chamber with only a few percent melt. This conclusion is
consistent with geophysical data from active volcanic
regions that never indicate the presence of significant melt
percentages ([50%) in sub-volcanic magma chambers
(Iyer 1984; Moran et al. 1999; Masturyono et al. 2001; Chu
et al. 2010). If large magma chambers typically do not
develop during pluton construction, then the genetic relationship hypothesized to exist between zoned plutons and
zoned ignimbrites is problematic and must be reevaluated
(e.g., Hildreth 2004; Bachmann et al. 2007; Lipman 2007).
Several lines of evidence suggest that the link between
plutonic and volcanic rocks may not be through huge
ignimbrite eruptions but rather through more typical arc
magmatism. Data from the Chilean Andes indicates that
volcanic centers record eruptive histories comparable to the
assembly time for zoned intrusive suites (e.g., Aucanquilcha 10 Ma; Grunder et al. 2008; Walker et al. 2010). These
centers are also similar in size to the zoned intrusive suites
(approximately 3,000 km2) and show similar patterns of
compositional evolution through time (Grunder et al.
2008). Finally, although it is difficult to compare time
scales, estimates of modern fill rates beneath Andean volcanoes made using InSAR are on the order of 0.05 km3 a-1
(Pritchard and Simons 2004). These rates are intermediate
between estimates necessary for ignimbrite formation and
estimates of pluton filling rates, but it seems likely that this
short-term measurement overestimates long-term rates.
Taken together, we hypothesize that ‘‘Sierran-type’’ zoned
intrusive suites are actively forming beneath modern arc
volcanoes and that suites such as the Muir hold information
about typical arc magmatism, rather than large, zoned
ignimbrite events.

Conclusions
Zircon U–Pb geochronology results indicate that the John
Muir Intrusive Suite was assembled over at least 12 Ma
from 96 and 84 Ma. Assembly over millions of years
favors the development of the intrusive suite, and the
individual plutons within it, as a series of incrementally
emplaced intrusions. Bulk mineral thermochronology
indicate complicated cooling histories that were typically
rapid immediately following intrusion, followed by slow
cooling as temperatures were maintained between hornblende and biotite closure throughout assembly of the Muir
suite.
The high density of U–Pb zircon geochronology for
rocks in the Muir suite permits reasonable estimates of
long-term magma flux during assembly. Estimated pluton
assembly rates for the Muir suite and one of its members,
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the Lamarck Granodiorite, are on the order of
0.001–0.002 km3 a-1, similar to independent estimates of
assembly rates from elsewhere. Thermal modeling reveals
that assembly of plutons at such slow rates results in a
persistently low melt fraction present. Therefore, it is
unlikely that the Muir suite or the Lamarck Granodiorite
ever existed as large, high-melt fraction magma chambers.
This result is consistent with geophysical data for magma
zones beneath active arcs, but is sharply at odds with
petrologic models that place heavy emphasis on processes
in high melt-fraction shallow magma chambers, and the
concept that zoned intrusive suites are genetically linked
with large silicic ignimbrite eruptions.
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