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northwestern Nevada: Evidence for the continuity of the 
Mesozoic magmatic arc through the western Great Basin
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ABSTRACT

Granitoid magmatism in the Basin and Range Province of northwestern Nevada remains an important gap in our understanding of the 
along-strike variability of Mesozoic Cordilleran arc systems. We present a comprehensive investigation on a suite of intrusions within the 
Santa Rosa Range (SRR) and Bloody Run Hills (BRH) of northwestern Nevada. Petrography, whole-rock geochemistry, and zircon U-Pb 
geochronology indicate two distinct magmatic systems in the SRR: an older, mafic, and metaluminous pulse (Santa Rosa/Andorno [SRA] 
group—ca. 102–100 Ma) and a younger, felsic, and peraluminous pulse (Granite Peak/Sawtooth [GPS] group—ca. 94–92 Ma). Within the BRH 
to the south, the Flynn (ca. 105 Ma) and Bloody Run stocks (ca. 96 Ma) are compositionally similar to the SRA group. New Al-in-hornblende 
thermobarometry reveals emplacement paleodepths of ~5–10 km for the SRA group. Slightly deeper emplacement levels (~10.5–12 km) 
are inferred for the GPS group from structural relationships and metamorphic contact aureole assemblages. Elemental characteristics 
are correlated with whole-rock Sr and Nd isotope ratios, revealing higher εNd(t) (+0.8 to +2.5) and lower initial 87Sr/86Sr (0.7040–0.7054) in 
the older SRA group than the younger GPS group (εNd(t) = −3.2 to −1.5; 87Sr/86Sr(i) 0.7056–0.7061). New zircon εHf isotope analyses reveal 
that with the exception of the Bloody Run stock (−0.4 ± 2.1), the SRA group has more primitive zircon εHf(t) values (+2.9 to +5.3) than the 
GPS group (+0.4 to −3.7). The systematic shift in whole-rock Sr and Nd isotope and zircon εHf(t) values with time suggests fundamental 
changes in the relative contributions of mantle and crustal sources. A comparison of published geochronology and geochemistry from 
regional intrusive suites confirms that SRR-BRH magmatism was coeval and geochemically similar to the larger Cordilleran batholiths, 
providing evidence for the continuity of the Mesozoic magmatic arc through northwestern Nevada.
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INTRODUCTION

The Sierra Nevada and Idaho batholiths represent a substantial volume 
of the Mesozoic magmatic arc record in the western United States and much 
attention has been given to their formation and evolution (e.g., Kistler et 
al., 1971; Kistler and Peterman, 1978; Bateman and Chappell, 1979; Hynd-
man, 1983; Wiswall and Hyndman, 1987; Kistler, 1990; Bateman, 1992; 
Coleman and Glazner, 1997; Gaschnig et al., 2010, 2011, 2017). However, 
relatively little is known about magmatism generated in the ~400 km gap 
between these larger batholith segments, making it difficult to evaluate 
along-strike spatio-temporal trends in crustal growth and arc processes. 
Although the Mesozoic history in the western Great Basin is often obscured 
by Cenozoic volcanism and faulting, reconnaissance-level studies have 
documented the significance of the exposed Mesozoic intrusive suites as 
well as explored their potential links to the larger batholith systems (e.g., 
Smith et al., 1971; Barton et al., 1988; Stuck, 1993; Van Buer and Miller, 
2010; Brown et al., 2010, 2011; Brown and Hart, 2013). Despite these stud-
ies, the broader understanding for many of these intrusions remains limited 
to small numbers of samples aimed at identifying major crustal boundaries 
and economic mineral deposits (Zartman, 1974; Armstrong et al., 1977; 
Farmer and DePaolo, 1983; Solomon and Taylor, 1989; Elison et al., 1990; 
Wright and Wooden, 1991; Wooden et al., 1998, 1999; King et al., 2004; 

du Bray, 2007; Arehart et al., 2013). Many of the isolated intrusions within 
this region are emplaced in close proximity to important lithospheric bound-
aries that are interpreted to separate young accreted lithosphere from old 
Precambrian cratonic lithosphere (i.e., 0.706 isopleth). Therefore, detailed 
investigations of these isolated intrusive suites offer the potential to con-
strain the age, composition, and architecture of the underlying lithosphere.

This study focuses on one suite of isolated, but well-exposed, granit-
oid intrusions within the Santa Rosa Range (SRR) and Bloody Run Hills 
(BRH) of northwestern Nevada.

The SRR-BRH area is located at or near the convergence of several 
important regional geologic, geochemical, geophysical, and physiographic 
features within the North American Cordillera (Fig. 1). Specifically, it 
is located: (1) within the eastward-bend of the Mesozoic magmatic arc; 
(2) juxtaposed against the unextended volcanic plateaus of eastern Oregon 
along the northern boundary of the Great Basin; (3) within 100 km of 
major lithospheric boundaries identified using Sr, Nd, and Pb isotopes 
(e.g., Sr

i
 0.706 isopleth); (4) near the northwestern end of the Northern 

Nevada Rift and other spatially associated economic mineral belts (e.g., 
Battle Mountain-Eureka and Carlin mineral trends); and (5) immediately 
southeast of the hypothesized inception of the Yellowstone hotspot track 
(McDermitt Caldera—ca. 16.5 Ma) (Fig. 1). A detailed investigation of 
the granitoid intrusions found within this area, therefore, permits several 

© 2018 The Authors. Gold Open Access: This paper is published under the terms of the CC-BY-NC license.
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Figure 1. Shaded relief map of a portion of the western U.S. showing the distribution of granitoid intrusions (red shaded 
areas) as well as regional geologic, geochemical, and physiographic features: yellow shaded area—Great Basin physiographic 
province; IB—Idaho batholith; black dashed line—initial 87Sr/86Sr = 0.706 isopleth (after Kistler, 1990; Farmer and DePaolo, 
1983); LFTB—Luning-Fencemaker Thrust Belt (after Wyld, 2002); purple shaded area—Northern Nevada Rift (NNR) (after 
Grauch et al., 2003); SB—Sahwave batholith (Van Buer and Miller, 2010); SFTB—Sevier Fold and Thrust Belt; SNB—Sierra 
Nevada batholith; green shaded ellipses—Yellowstone hotspot track; MC—McDermit; BJ—Bruneau–Jarbidge; TF—Twin 
Falls; PC—Picabo; HS—Heise; and YS—Yellowstone (after Brueseke et al., 2007).
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key regional issues to be addressed that have important implications for 
the tectonomagmatic evolution and architecture of the North American 
Cordillera. These intrusions offer a more complete view of magmatism 
within the eastward-stepping portion of the Mesozoic magmatic arc and 
its continuity across the Basin and Range Province. Additionally, these 
intrusions also offer a unique window into the pre-Cenozoic history of 
this region, providing valuable constraints on the age, composition, and 
architecture of the underlying lithosphere prior to widespread Cenozoic 
volcanism (e.g., Steens flood basalts), the initiation of the hypothesized 
Yellowstone hotspot track, and Basin and Range extension. Therefore, to 
better characterize Mesozoic magmatism within this portion of Nevada, 
we present an integrated petrographic, geochemical, geochronologic, 
whole-rock Sr-Nd isotopic, and zircon Hf isotopic study.

GEOLOGIC BACKGROUND

Granitoid intrusions of Mesozoic age are common throughout western 
Nevada and are found along a general trend that extends from the northern 

Sierra Nevada Mountains to the Oregon-Idaho border. Although many of 
the granitoids are Middle to Late Cretaceous, older intrusions of Triassic 
and Jurassic age have also been identified (e.g., Stewart, 1980; Elison 
et al., 1990; Wyld and Wright, 2009). Located near the Idaho-Oregon-
Nevada border, the SRR-BRH forms the northeasternmost limit of this 
belt of magmatism (Figs. 1 and 2). The SRR-BRH form two north-south–
trending mountain ranges that are separated by a low pass (U.S. Highway 
95); the SRR to the north and the BRH to the south (black box, Fig. 2).

Three early Mesozoic terranes are present in northwestern Nevada 
(Ciavarella and Wyld, 2008). From east to west, these include: (1) a con-
tinental shelf terrane; (2) a deep marine back-arc basinal terrane; and 
(3) an oceanic volcanic-arc terrane (Black Rock terrane: Figure 2; Wyld, 
2002; Ciavarella and Wyld, 2008). Previous mapping and structural syn-
theses of the SRR-BRH area reveal that it is underlain by a deep marine 
back-arc basinal terrane, which is often referred to as the “Mudpile” 
(Lovelock assemblage of Oldow, 1984; Wyld, 2002) (Fig. 2). This basinal 
terrane, defined by Speed (1978), is a thick assemblage of Upper Triassic 
(Norian) deep-marine clastic strata (up to 6 km thick) consisting primarily 
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Figure 2. (A) Simplified geologic map of northwestern Nevada, showing the location of the Santa Rosa Range (SRR) and the 
Bloody Run Hills (BRH) (black box), terrane units, granitoid intrusions, undivided Cenozoic cover rocks, and Jurassic-Cretaceous 
thrust faults (after Compton, 1960; Stewart, 1980; Elison and Speed, 1989; Elison et al., 1990; Wyld and Wright, 2000; Wyld, 2002; 
Ciavarella and Wyld, 2008; Martin et al., 2010). A—Andorno stock; BR—Bloody Run stock; F—Flynn stock; GP—Granite Peak 
stock; S—Sawtooth stock; SH—Stone House stock; SR—Santa Rosa pluton. (B) Summary of major geologic events within this 
region (from Compton, 1960; Speed, 1978; Elison and Speed, 1989; Wyld et al., 1999; Wyld and Wright, 2001; Wyld, 2002; Wyld 
et al., 2003; Colgan et al., 2006; Brueseke et al., 2007; Brueseke and Hart, 2008; Martin et al., 2010).
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of mudstones interpreted to have been deposited within a Triassic back-arc 
basin (Compton, 1960; Speed, 1978; Oldow, 1984; Wyld, 2002). These 
basinal terrane rocks were metamorphosed to low-greenschist grade slates 
and phyllites during regional east-vergent thrusting in Jurassic time along 
the Luning-Fencemaker fold-and-thrust belt (Wyld, 2002) (Figs. 1 and 
2). Following regional metamorphism and thrusting, the basinal terrane 
was intruded by Cretaceous granitoids (ca. 116–93 Ma) (Colgan et al., 
2006; Ciavarella and Wyld, 2008).

The next magmatic episode preserved in the SRR is represented by 
a suite of 35–19 Ma basalt through dacite lava flows that unconform-
ably overlap the granitoid and metasedimentary basement (Brueseke et 
al., 2007, 2008; Brueseke and Hart, 2008). These relationships indicate 
that the granitoid intrusions and their surrounding host-rocks must have 
been exhumed prior to this period of regional volcanism (Brueseke and 
Hart, 2008).

Following a brief magmatic hiatus that marked a period of signifi-
cant tectonic change (McKee et al., 1970), major outpourings of basaltic 
magma (Columbia River Basalt Group) initiated from an array of vent 
locations extending for over 1000 km from SE Washington to central 
Nevada (e.g., Carlson and Hart, 1988; Brueseke et al., 2007; Camp et al., 
2013; Reidel et al., 2013). Accompanying the Steens Basalt component 
of this mafic magmatism in the Oregon-Idaho-Nevada region was sub-
stantial rhyolitic activity and local intermediate magma production, both 
well represented in the SRR (Brueseke et al., 2007, 2008; Brueseke and 
Hart, 2008; Brueseke and Hart, 2009). Commencing at ca. 10–12 Ma, the 
SRR was affected by modern Basin and Range faulting along its western 
and southern margins (Colgan et al., 2006).

FIELD OBSERVATIONS AND PETROGRAPHY

The four main intrusions in the SRR that were investigated as part of 
this study include: the Granite Peak stock, Sawtooth stock, Santa Rosa 
pluton, and the Andorno stock (Fig. 2). Smaller unnamed intrusive bod-
ies are also present around the Santa Rosa pluton and in the southeast 
SRR. These smaller intrusions along with the Stone House stock were not 
examined in this study. To the south, two additional large intrusions are 
found in the BRH: the Flynn stock, and the Bloody Run stock (Fig. 2).

These intrusions, and their wall-rock relations, were first studied in 
detail by Compton (1960), and later by Wyld et al. (2001) and Ciavarella 
and Wyld (2008). For structural and wall-rock metamorphic relations of 
the intrusions, the reader is referred to these earlier studies. In this sec-
tion, we focus on basic field observations and petrography of the six main 
intrusions named above. A comprehensive suite of samples was collected 
from each of the six intrusions. Sample locations are reported in Data 
Repository Table DR11. Modal mineralogy was determined from these 
samples by point counting of thin sections (1500 points counts per sec-
tion; Table 1; Fig. 3). The average modal mineralogy for each of the six 
intrusions is summarized in the following sections.

Granite Peak Stock

The Granite Peak stock is the northernmost intrusion exposed within 
the SRR. In plan view, it is broadly circular with an approximate diam-
eter of 2.5–3 km (Fig. 2). The stock is texturally heterogeneous, ranging 
from porphyritic biotite granite with conspicuous orthoclase feldspar 

1 GSA Data Repository Item 2018123, which contains complete data tables (Tables 
DR1–DR7) and additional supporting color figures (Figs. DR1–DR5), is available 
at http://www.geosociety.org /datarepository /2018, or on request from editing@
geosociety.org.

megacrysts (1–8 cm) to equigranular biotite granite with large quartz 
aggregates (~0.5 cm to 1 cm). Predominant minerals are plagioclase 
(~36%), quartz (~31%), and alkali feldspar (~25%). Minor phases are 
biotite (~6%) and muscovite (~1%) (Fig. 3; Table 1). Only one sample 
(RS91-1A) contains trace garnet (<1%). Amphibole and sphene are absent. 
Garnet and muscovite bearing aplite dikes, quartz and muscovite veins, 
and lenses of pegmatitic leucogranite are locally common within the stock, 
especially toward the eastern contact.

Sawtooth Stock

The Sawtooth stock is a prominent leucocratic intrusion exposed along 
the western side of the SRR, east of the town of Orovada, Nevada. In plan 
view, the intrusion is roughly circular with a mean diameter of ~2 km 
(Fig. 2). The stock ranges from biotite granodiorite to equigranular biotite 
granite. Sawtooth biotite granite-granodiorite is similar in composition to 
biotite granite of the Granite Peak stock, but contains more plagioclase 
(~43%), slightly less quartz (~27%) and alkali feldspar (~22%), and lacks 
garnet and an orthoclase feldspar megacrytic phase (Fig. 3, Table 1). Like 
the Granite Peak stock, the Sawtooth stock contains trace muscovite and 
lacks amphibole and sphene (Table 1). The stock is cut by fine-grained 
aplite dikes containing minor garnet as well as quartz veins similar to 
those observed within the Granite Peak stock. As noted by Ciavarella 
and Wyld (2008), the Sawtooth stock also contains a multitude of dikes 
and apophyses that intrude into the local wall rocks on the northern and 
southern sides, forming an irregular “sawtooth” contact pattern.

Santa Rosa Pluton

The Santa Rosa pluton occupies the core of the SRR and has an 
exposed area of ~90 km2 (Fig. 2). The pluton is generally elongate in a 
NE-SW direction, broadly paralleling the regional trend of the Triassic 
stratigraphy and Jurassic wall-rock structures (Compton, 1960; Ciavarella 
and Wyld, 2008). The predominant rock type within the Santa Rosa pluton 
is an equigranular hornblende biotite granodiorite with minor quartz mon-
zodiorite and biotite granite (Fig. 3; Table 1). Major phases in the grano-
diorite and quartz monzodiorite are plagioclase (~48%), quartz (~20%), 
alkali feldspar (~17%), and biotite (~11%). Most samples contain minor 
hornblende (~3%) and trace sphene (~1%). Muscovite is absent. Biotite 
granite contains a similar percent of biotite (~13%), but less plagioclase 
(~38%), slightly more quartz (~25%) and alkali feldspar (~23%), and 
lacks hornblende and sphene. Mafic enclaves rich in biotite, hornblende, 
and plagioclase, with generally circular or ellipsoidal shapes, are locally 
present, as are schlieren defined by an increase in the modal concentra-
tion of biotite (±hornblende).

The Santa Rosa pluton is crosscut by two generations of felsic dikes 
that appear to be broadly synplutonic (Compton, 1960; Stuck, 1993). 
These dikes include fine-grained aplite and fine-grained tonalite-granodi-
orite. Aplite dikes are primarily composed of quartz, alkali-feldspar, and 
plagioclase (±minor biotite). Tonalite-granodiorite dikes are texturally 
more complex, ranging from equigranular to porphyritic with phenocrysts 
of hornblende, plagioclase, and biotite. Both dike sets range from 1 cm 
to >1 m in thickness.

Andorno Stock

The Andorno stock is exposed in the southwest SRR. In plan view, the 
stock is broadly circular with a mean diameter of ~2 km (Fig. 2). The stock 
is predominantly composed of equigranular biotite hornblende granodiorite 
and granite (Fig. 3; Table 1). Major phases in the granodiorite and granite 
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are plagioclase (~43%), quartz (~24%), alkali feldspar (~19%), and biotite 
(~11%). Most samples contain minor hornblende (~2%) and trace sphene 
(~1%). Muscovite is absent. Like the Santa Rosa pluton, the Andorno stock 
contains mafic enclaves and is cut by aplitic and tonalite-granodiorite dikes.

Flynn Stock

The Flynn stock is the northernmost stock within the BRH and has 
an exposed area of ~28 km2 (Fig. 2). The stock has a broadly elliptical 
shape in the E-W direction and is located within the hinge of a megascopic 
Jurassic anticline that extends from the SRR through the BRH (Compton, 
1960; Ciavarella and Wyld, 2008). The stock is predominantly composed 
of hornblende biotite granodiorite (Fig. 3, Table 1). Major phases are 

plagioclase (~46%), quartz (~20%), alkali feldspar (~16%), and biotite 
(~12%). Minor phases include hornblende (~5%) and sphene (~1%). 
Muscovite is absent. The stock also contains fine-grained mafic enclaves 
and is cut by fine-grained aplite and tonalite-granodiorite dikes.

Bloody Run Stock

The Bloody Run stock is the southernmost intrusion within the BRH 
and has an exposed area of ~48 km2 (Fig. 2). It is located within the hinge 
region of the same megascopic Jurassic anticline as the Flynn stock (Cia-
varella and Wyld, 2008). The Bloody Run stock is composed predomi-
nantly of hornblende biotite granodiorite. Modal mineralogy of the stock 
is nearly identical to the Flynn stock (Table 1): plagioclase (~45%), quartz 

TABLE 1. SAMPLE INFORMATION AND MODAL MINERALOGY OF THE SANTA ROSA RANGE AND BLOODY RUN HILLS GRANITOIDS

Sample information* Modal mineralogy (vol%)

Sample number Rock name Plagioclase K-Feldspar Quartz Biotite Muscovite Amphibole Sphene Garnet Oxides Accessory†

Granite Peak stock

KB11-02 Bt. granite 34.5 26.1 31.8 7.0 0.2 0.0 0.0 0.0 0.2 0.2
KB11-03 Bt. granite 28.5 23.3 37.8 7.2 3.0 0.0 0.0 0.0 0.1 0.1
KB11-05 Bt. granite 41.0 23.8 28.3 5.6 0.8 0.0 0.0 0.0 0.3 0.2
KB11-12 Bt. granite 34.6 23.2 34.9 5.3 1.2 0.0 0.0 0.0 0.6 0.2
RS91-1A Bt. granite 32.5 26.5 34.6 4.2 1.8 0.0 0.0 0.1 0.2 0.1
RS91-4B Bt. granite 40.1 25.8 24.6 9.3 0.0 0.0 0.0 0.0 0.1 0.1
RS91-8A Bt. granite 41.8 23.5 28.2 6.1 0.0 0.0 0.0 0.0 0.2 0.2
RS91-10 Bt. granite 36.0 27.0 26.2 10.2 0.0 0.0 0.0 0.0 0.5 0.1

Sawtooth stock

KB11-14 Bt. granite 40.5 23.0 30.5 5.0 0.6 0.0 0.0 0.0 0.2 0.2
KB11-16 Bt. granite 46.6 21.3 24.5 6.8 0.3 0.0 0.0 0.0 0.3 0.2
RS91-33 Bt. granodiorite 44.5 20.2 25.2 9.5 0.0 0.0 0.0 0.0 0.5 0.1
RS91-37 Bt. granodiorite 43.5 21.5 28.5 3.3 2.5 0.0 0.0 0.0 0.5 0.2

Andorno stock

KB11-20 Hbl. Bt. granodiorite 47.0 11.5 21.8 12.7 0.0 5.3 1.0 0.0 0.4 0.3
KB11-21 Bt. granite 38.5 22.6 27.2 10.8 0.0 0.0 0.5 0.0 0.2 0.2
KB11-22 Hbl. Bt. granite 43.8 15.6 25.1 11.2 0.0 3.0 0.7 0.0 0.3 0.3
RS91-40B Hbl. Bt. granodiorite 41.5 20.2 22.5 12.6 0.0 1.5 0.5 0.0 1.0 0.2
RS91-41 Hbl. Bt. granite 40.3 22.5 24.8 9.5 0.0 1.5 0.2 0.0 1.0 0.2

Santa Rosa pluton

KB11-25 Hbl. Bt. granodiorite 44.5 18.6 24.3 7.8 0.0 3.3 0.8 0.0 0.5 0.2
RS91-19 Bt. granite 38.1 23.2 25.4 12.8 0.0 0.0 0.0 0.0 0.4 0.1
RS91-24A Quartz monzodiorite 56.3 12.3 13.1 10.0 0.0 6.0 1.0 0.0 1.0 0.3
RS91-28A Hbl. Bt. granodiorite 51.1 15.3 18.5 9.1 0.0 4.3 1.0 0.0 0.5 0.2
RS91-17A Hbl. Bt. granodiorite 48.2 16.3 20.0 13.5 0.0 1.2 0.0 0.0 0.5 0.3
RS91-22 Hbl. Bt. granodiorite 45.2 19.6 17.8 15.0 0.0 1.3 0.4 0.0 0.5 0.2
RS91-23 Quartz monzodiorite 46.8 17.5 16.1 17.2 0.0 1.0 0.5 0.0 0.6 0.3
RS91-27B Quartz monzodiorite 53.5 14.5 16.0 9.6 0.0 4.5 1.2 0.0 0.5 0.2
RS91-30 Hbl. Bt. granodiorite 46.8 14.5 23.0 6.2 0.0 8.0 0.8 0.0 0.5 0.2
RS91-38A Bt. granodiorite 55.9 12.7 17.9 12.3 0.0 0.0 0.0 0.0 1.0 0.2
RS91-12 Hbl. Bt. granodiorite 49.3 16.8 18.9 12.3 0.0 1.5 0.6 0.0 0.5 0.1
RS91-29A Hbl. Bt. granodiorite 44.9 20.7 24.1 8.1 0.0 1.0 0.5 0.0 0.5 0.2
RS91-44A Hbl. Bt. granodiorite 46.5 20.5 21.4 9.4 0.0 1.4 0.0 0.0 0.5 0.3

Bloody Run stock

RS91-32 Hbl. Bt. granodiorite 46.4 18.5 21.8 8.0 0.0 3.8 0.7 0.0 0.5 0.3
RS91-42 Hbl. Bt. granodiorite 46.3 17.8 21.2 9.8 0.0 3.5 0.8 0.0 0.5 0.1
RS91-43 Hbl. Bt. granodiorite 41.8 21.2 23.1 7.8 0.0 4.7 0.6 0.0 0.5 0.3

Flynn stock

KB11-09 Hbl. Bt. granodiorite 44.8 18.9 20.4 9.8 0.0 4.2 0.8 0.0 0.8 0.3
KB11-10 Hbl. Bt. granodiorite 45.2 15.2 20.3 9.5 0.0 7.8 1.2 0.0 0.5 0.3
KB11-28 Hbl. Bt. granodiorite 49.8 14.0 19.8 11.0 0.0 4.0 0.8 0.0 0.5 0.1
RS91-31B Hbl. Bt. granodiorite 45.3 16.2 17.3 17.2 0.0 2.5 0.8 0.0 0.5 0.2

Note: Bt.—biotite; Hbl.—hornblende.
*Table DR1 contains all sample locations (see text footnote 1).
†Accessory phases include zircon, apatite, monazite, and allanite.
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(~22%), alkali feldspar (~19%), biotite (~9%), hornblende (~4%), and 
sphene (~1%). Although no enclaves or crosscutting dikes were observed 
as part of this study, Ciavarella and Wyld (2008) indicate that the Bloody 
Run stock contains quartz dioritic enclaves and granodiorite dikes.

Synthesis of Field Observations and Petrography

Field and petrographic observations indicate the presence of two dis-
tinct granitoid groups within the SRR-BRH. The Granite Peak and Saw-
tooth stocks are characterized as biotite granite-granodiorite intrusions 
with minor mafic phases (only biotite, no hornblende or sphene), and 
contain trace muscovite and rare garnet. The Santa Rosa pluton, Andorno 
stock, Flynn stock, and Bloody Run stock are primarily hornblende biotite 
granodiorite intrusions that are characterized by a greater proportion of 
mafic phases (biotite and hornblende), contain sphene, and lack muscovite 
and garnet (Fig. 3; Table 1). Other important distinctions between the two 
granitoid groups are the presence of mafic enclaves, schlieren, and cross-
cutting dike compositions. The Granite Peak and Sawtooth stocks lack 
mafic enclaves and schlieren and are cut by garnet-bearing aplite dikes. 
The hornblende biotite granodiorite intrusions contain mafic enclaves 
and schlieren, and are cut by aplite (no observed garnet) and more mafic 
tonalite-granodiorite dikes.

Based on field and petrographic observations, we define the two gran-
itoid groups as: (1) the Santa Rosa/Andorno (SRA) group, which includes 
the Santa Rosa pluton, Andorno stock, Flynn stock, and Bloody Run stock; 
and (2) the Granite Peak/Sawtooth (GPS) group that includes the Granite 
Peak and the Sawtooth stocks. Stuck (1993) originally defined these two 
groups (SRA and GPS) in the SRR. Because the BRH intrusions (Flynn 
and Bloody Run stocks) immediately to the south share many similari-
ties to the SRA group in the SRR, we include the BRH intrusions in the 
SRA group. Age, chemical, and isotopic data presented in the following 
sections further support this twofold subdivision.

U-Pb ZIRCON GEOCHRONOLOGY

Eleven samples from the six SRR-BRH intrusions were selected for 
laser-ablation multi-collector inductively coupled plasma–mass spectrom-
etry (LA-MC-ICP-MS) U-Pb zircon geochronology. These include three 
samples from the Santa Rosa pluton, two samples from the Granite Peak, 
Sawtooth, and Andorno stocks, and one sample from the Flynn and Bloody 
Run stocks. Methods of zircon separation and analysis are presented in the 
Data Repository Item. New U-Pb zircon analytical results presented in this 
study are reported at 2σ uncertainty and are detailed in Data Repository 
Figures DR2a, DR2b, and DR2c, Table DR2, and summarized in Figure 4.

The results for each intrusion are presented separately, and within this 
discussion, the terminology of Miller et al. (2007) is used to help distin-
guish among (1) xenocrystic zircons—zircons that are clearly inherited 
from the host-rock or source, and (2) autocrystic zircons—zircons that are 
interpreted to have crystallized from the intrusion in which they reside. 
Only autocrystic rim analyses were used in the weighted mean age cal-
culations. While we recognize that magmatic systems such as these may 
be constructed incrementally with punctuated periods of melt replenish-
ment and zircon growth, the 2σ uncertainty of the U-Pb zircon method 
used in this study limits the ability to resolve the timing of short-lived 
events/processes operating within these intrusions (i.e., events <1.0 Ma). 
Thus, we do not use the term, antecryst, which is defined as a zircon that 
crystallized from an earlier pulse of magma that becomes incorporated 
into a later pulse (e.g., Miller et al., 2007). However, it is important to 
note that the consistency of concordant autocrystic rim ages (within 2σ 
uncertainty) reported for each intrusion suggests that the weighted mean 
U-Pb ages encompass the timing of potential short-lived magmatic events/
processes operating in these intrusions, and therefore, the final reported 
age likely reflects the average crystallization age for each intrusion. In 
subsequent discussions this simply is referred to as the crystallization 
age of a given intrusion.
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Figure 3. (A) International Union of Geological Sciences classification plot (Streckeisen, 1976) showing the compositional range of Santa Rosa 
Range and Bloody Run Hills (SRR-BRH) granitoids. Symbols used in this plot are used in all plots. (B) Dominant mineral phases present within 
the SRR-BRH granitoids relative to whole rock SiO2 (wt%) (after Stuck, 1993). Solid lines indicate that the mineral is present in all examined 
samples at that wt% SiO2. Dashed lines indicate that the mineral is present in some of the samples at that wt% SiO2. No line indicates that the 
mineral was not observed within any of the samples at that wt% SiO2. The modal mineralogy is reported in Table 1.
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Granite Peak Stock

No prior isotopic ages have been obtained from the Granite Peak stock, 
which is shown as of uncertain Jurassic-Tertiary age in the compilation of 
du Bray (2007). Two biotite granite samples from this stock were selected 
for U-Pb zircon analysis (KB11-05 and RS91-8A). Both samples yield 
abundant prismatic, euhedral zircons (Fig. DR1a). A majority of the zir-
cons (~82%) from both samples are interpreted as autocrystic, as their 
cores and rims yield a consistent U-Pb age within 2σ uncertainty and have 
continuous to nearly continuous core to rim oscillatory zoning. Cathodo-
luminescence (CL)-imaging and U-Pb analyses indicate that ~18% of 
the zircons have xenocrystic cores. These xenocrystic cores have much 
older U-Pb ages that range from ca. 164 to ca. 1665 Ma (Table DR2), 
and are identified by rounded and embayed core regions overgrown by 
rims with well-developed zoning. Autocrystic zircon rims from the two 
Granite Peak samples yield the following weighted mean ages (reported 
at 2σ uncertainty): KB11-05 = 93.7 ± 2.1 Ma; RS91-8A = 95.1 ± 1.5 
Ma (Fig. DR2a). Individual autocrystic rim ages were pooled from both 
biotite granite samples and yield a final weighted mean age of 94.4 ± 1.6 
Ma (2σ; n = 26; MSWD = 1.8) (Fig. 4). This pooled weighted mean age 
is the interpreted crystallization age of the Granite Peak stock.

Sawtooth Stock

No prior isotopic ages have been obtained from the Sawtooth stock, 
which is shown as of uncertain Jurassic-Tertiary age in the compilation 
of du Bray (2007). Two biotite granodiorite samples from the Sawtooth 
stock were selected for U-Pb zircon analysis (RS91-37 and RS91-33). 
Both samples contain abundant (~74%) euhedral, autocrystic zircons that 
display continuous to nearly-continuous core to rim oscillatory zoning 
and yield U-Pb ages that overlap within 2σ uncertainty. Approximately 
26% of the zircons have embayed and rounded xenocrystic core regions 
that yield much older U-Pb ages (ca. 129 to ca. 1395 Ma) (Table DR2). 
Autocrystic zircon rims from the two samples yield the following weighted 
mean ages (reported at 2σ uncertainty): RS91-37 = 91.3 ± 1.7 Ma; RS91-
33 = 93.6 ± 1.4 Ma (Fig. DR2a). Individual autocrystic zircon rims were 
pooled from both samples and yield a final weighted mean age of 92.5 
± 1.2 Ma (2σ; n = 26 of 30; 4 rejected; MSWD = 1.3) (Fig. 4). This age 
is the interpreted crystallization age of the Sawtooth stock.

Santa Rosa Pluton

Several prior studies have obtained isotopic age data for the Santa 
Rosa pluton. These include K/Ar hornblende/biotite (99.5 ± 5.0 Ma/97.8 
± 3.5 Ma, Smith et al., 1971; 102.0 ± 5.0 Ma/100.2 ± 3.5 Ma, Elison et al., 
1990) and U-Pb zircon ages (105.1 ± 1.1 Ma, Colgan et al., 2006). We have 
complemented the existing database with U-Pb zircon analyses from three 
new Santa Rosa pluton samples (RS91-24A, KB11-25, RS91-19) that span 
the full compositional range of the intrusion (~64, ~69, and ~71 wt% SiO

2
, 

respectively). All three samples contain abundant euhedral, autocrystic 
zircons (~88%) that contain well-developed core to rim oscillatory zon-
ing and yield U-Pb ages within 2σ uncertainty. Approximately 12% of 
the zircon grains from all three samples contain rounded and embayed 
xenocrystic core regions surrounded by well-developed oscillatory zoned 
rims. U-Pb ages for these xenocrystic cores range from ca. 188–1974 Ma 
(Table DR2). Autocrystic zircons from the three samples yield the fol-
lowing weighted mean ages (reported at 2σ uncertainty): RS91-24A = 
101.3 ± 1.3 Ma; KB11-25 = 102.8 ± 1.3 Ma; RS91-19 = 102.1 ± 1.5 Ma 
(Figs. DR1b, DR2b, and DR2c). Pooling individual autocrystic zircon rim 
ages from all three samples produces a final weighted mean age of 102.1 

± 1.2 Ma (2σ; n = 76; MSWD = 0.7) (Fig. 4). This age is the interpreted 
crystallization age of the Santa Rosa pluton, and is in good agreement 
with prior isotopic ages obtained for the pluton.

Andorno Stock

The only prior isotopic age analysis of the Andorno stock is a U-Pb 
zircon age of 102.4 ± 1.0 Ma presented by Wyld et al. (2001). We obtained 
two additional hornblende biotite granodiorite samples from the Andorno 
stock for U-Pb analyses (KB11-20 and RS91-40B). A majority of the zir-
cons (~65%) in both samples are interpreted as autocrystic, as their cores 
and rims yield the same age within 2σ uncertainty and have continuous core 
to rim oscillatory zoning. CL-imaging and U-Pb age analyses indicate that 
approximately ~35% of the zircons are xenocrystic, containing rounded and 
embayed core regions with much older U-Pb ages (e.g., ca. 250 to ca. 2164 
Ma; Fig. DR1b and Table DR2). Autocrystic zircons from the two samples 
yield the following weighted mean U-Pb ages (reported at 2σ uncertainty): 
RS91-40B = 100.3 ± 1.3 Ma; KB11-20 = 100.7 ± 1.2 Ma (Figs. DR1b and 
DR2b). Individual autocrystic rims were pooled from both samples and yield 
a final weighted mean age of 100.7 ± 1.1 Ma (2σ; n = 30; MSWD = 0.8) (Fig. 
4). This is the interpreted crystallization age of the Andorno stock, and is in 
close agreement with the U-Pb zircon age obtained by Wyld et al. (2001).

Flynn Stock

No prior isotopic ages have been obtained from the Flynn stock, which 
is shown simply as of uncertain Jurassic-Tertiary age in the compilation of 
du Bray (2007). Due to its limited compositional variability (hornblende 
biotite granodiorite), only one sample was selected from the Flynn stock 
(KB11-09). With the exception of one grain, all of the zircons from this 
sample are autocrystic, revealing continuous core to rim oscillatory zoning 
and yielding a consistent U-Pb age within 2σ uncertainty. The one excep-
tion contains a xenocrystic zircon core that yields an age of ca. 1124 Ma. 
The autocrystic zircon rims yield a weighted mean U-Pb age of 104.6 ± 
1.3 Ma (2σ; n = 23; MSWD = 0.5) (Fig. 4; Figs. DR1c and DR2c). This 
is the interpreted crystallization age of the Flynn stock.

Bloody Run Stock

The only prior isotopic age analysis of the Bloody Run stock is a U-Pb 
zircon age of 97.7 ± 0.7 Ma presented in Colgan et al. (2006). We obtained 
one additional hornblende biotite granodiorite sample (RS91-42) for U-Pb 
zircon analyses. Similar to the Flynn stock, all of the zircons except one 
grain are interpreted as autocrystic. These autocrystic zircons reveal con-
tinuous core to rim oscillatory zoning and yield a consistent U-Pb age 
within 2σ uncertainty. The one exception contains a xenocrystic zircon 
core that yields an age of ca. 269 Ma (Table DR2). Using only autocrystic 
rim analyses, this sample produced a weighted mean U-Pb age of 96.1 
± 1.3 Ma (2σ; n = 12; MSWD = 1.7) (Fig. 4; Figs. DR1c and DR2c). 
This is the interpreted crystallization age of the Bloody Run stock, and is 
in close agreement with the U-Pb age obtained by Colgan et al. (2006).

Synthesis of U-Pb Zircon Geochronology

New U-Pb zircon ages for the six SRR-BRH intrusions are summa-
rized as follows (reported at 2σ uncertainty): Granite Peak stock (94.4 
± 1.6 Ma); Sawtooth stock (92.5 ± 1.2 Ma); Santa Rosa pluton (102.1 
± 1.2 Ma); Andorno stock (100.7 ± 1.1 Ma); Flynn stock (104.6 ± 1.3 Ma); 
and Bloody Run stock (96.1 ± 1.3 Ma) (Fig. 4). These new ages comple-
ment and expand the available SRR-BRH granitoid chronology, and where 
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overlap exists, the new ages are in good agreement with existing informa-
tion (K/Ar hornblende/biotite, Smith et al., 1971; Elison et al., 1990; and 
U-Pb zircon ages, Wyld et al., 2001; Colgan et al., 2006).

Both new and prior isotopic age data support the presence of two dis-
tinct granitoid groups within the SRR-BRH. The older suite is defined 
by the SRA group (Santa Rosa pluton, 105–102 Ma; Andorno stock, 
102–100 Ma; Flynn stock, 104 Ma; Bloody Run stock, 98–96 Ma), while 
the younger suite is defined by the GPS group (Granite Peak stock, 94 
Ma; Sawtooth stock, 92.5 Ma) (Fig. 4). Xenocrystic zircon cores are also 
present in all of the SRR-BRH intrusions, and include early Mesozoic, 
Paleozoic, and Proterozoic ages (Table DR2).

INTRUSION THERMOMETRY AND BAROMETRY

Using hornblende and plagioclase mineral compositions, estimated 
solidus pressures and temperatures were determined for selected grano-
diorite samples from the Santa Rosa pluton, Flynn stock, and Bloody 
Run stock (SRA group granitoids). The other stocks were not analyzed 
because they lacked hornblende or did not contain a mineral assemblage 
appropriate for the Al-in-hornblende thermobarometer, as outlined by 
Anderson (1996) and Anderson et al. (2008). Al-in-hornblende analytical 
methods are detailed in the Data Repository Item.

Estimated solidus pressures and temperatures were simultaneously 
solved using the plagioclase–amphibole thermometer (reaction B) of Hol-
land and Blundy (1994) and the temperature dependent Al-in-hornblende 
barometer of Anderson and Smith (1995). Plagioclase and hornblende 
compositions used in these calculations are presented in Table 2. Indi-
vidual plagioclase compositions reported in Table DR4 correspond to spot 
numbers shown in Table 2. Estimated solidus pressures and temperatures 
for the intrusions (Santa Rosa pluton, Flynn stock, and Bloody Run stock) 
are reported in Table 2 and illustrated in Figure DR3.

The Santa Rosa pluton (n = 6 hornblende and plagioclase pairs) yielded 
an average estimated solidus temperature and pressure of 712 ± 14 °C and 
0.13 ± 0.05 GPa. The Flynn stock produced a nearly identical average tem-
perature and pressure (n = 6 pairs; 710 ± 16 °C and 0.12 ± 0.04 GPa). The 
Bloody Run stock, however, yielded a similar temperature (716 ± 26 °C) 
but a higher average pressure (0.28 ± 0.04 GPa). Because these tempera-
ture and pressure estimates are at or slightly above the granite and tonalite 
solidii (Fig. DR3; solidii from Anderson et al., 2008), they are interpreted 
to represent the final emplacement conditions for these intrusions.

Synthesis of Thermometry and Barometry

Using an average crustal density of ~2.7 g/cm3, these new pressure 
estimates correspond to emplacement depths of ~5–10 km. Field observa-
tions such as andalusite-bearing contact aureoles (Compton, 1960; Barton 
et al., 1988; Maffei, 1992; Rogers, 1999; Ciavarella and Wyld, 2008), low-
temperature microstructures (bulging recrystallization in quartz ≤300 °C, 
Purcell et al., 2012), slaty cleavage development (Amato, 1998), and relict 
sedimentary structures (ripples and cross bedding; Rogers, 1999; Wyld et 
al., 2001; Purcell et al., 2012) preserved within the Triassic metasedimen-
tary wall-rocks are consistent with these shallow crustal depths. Based 
on the presence of andalusite-bearing contact aureoles and the absence 
of caldera remnants and other shallow volcanic features, Colgan et al. 
(2006) argued that the SRR-BRH intrusions were emplaced at depths of 
~3–11 km. Similarly, Ciavarella and Wyld (2008) estimated emplace-
ment depths of 7–12 km for the SRR-BRH intrusions. The new Al-in-
hornblende thermobarometry results presented in this study are in good 
agreement with these prior depth estimates and indicate that the SRA 
group intrusions represent shallow crustal magmatic systems.

Emplacement depths have previously been estimated for the GPS 
group intrusions. Colgan et al. (2006) argued that the depth of exposure 
of the Mesozoic crustal column varies by ~4 km from the southeast to 
the northwest in the SRR. Thus, intrusions exposed in the northwest 
SRR are slightly deeper than intrusions in the southeast. Ciavarella and 
Wyld (2008) inferred the emplacement depths for the Granite Peak and 
Sawtooth stocks based on contact metamorphic mineral assemblages, 
wall-rock structural relationships, and emplacement mechanisms. Con-
tact metamorphic mineral assemblages around the Sawtooth stock indi-
cate emplacement depths of ~10.5–12 km (Maffei, 1992; Rogers, 1999; 
Ciavarella and Wyld, 2008). Similar mineral assemblages are observed 
in the contact aureoles surrounding the Granite Peak stock, suggesting 
a comparable emplacement depth (Ciavarella and Wyld, 2008). Collec-
tively, these observations suggest slightly deeper emplacement depths for 
the GPS group granitoids (~10.5–12 km), and agree with the presence of 
primary muscovite in these intrusions (e.g., Miller and Bradfish, 1980).

BULK ROCK MAJOR AND TRACE ELEMENT GEOCHEMISTRY

A representative suite of major and trace element analyses is provided 
in Table 3. All analyses are reported in Table DR5 and are displayed in 
Figs. 5–7. Bulk major and trace element analytical methods are detailed 
in the Data Repository Item.

All of the granitoid intrusions have calc-alkaline compositions char-
acteristic of granitoids emplaced in continental arc settings worldwide 
(Figs. 5A and 5B). With the exception of two Bloody Run stock samples 
(~66 wt% SiO

2
), all of the SRR-BRH granitoids plot within the “calc-alka-

lic” field of Frost et al. (2001). Additionally, all of the samples fall within 
the “volcanic arc granite” field of Pearce et al. (1984) (Figs. 5A and 5B).

Bulk chemical variation diagrams provide strong support for the two 
distinct groups established earlier (SRA and GPS groups). A plot of alumi-
num saturation index (A/CNK, after Shand, 1969) versus SiO

2
 highlights 

the presence of these two groups (Fig. 5C). The SRA granitoids form a 
low-silica group dominated by metaluminous to weakly peraluminous 
compositions. The GPS granitoids form a high-silica group restricted to 
peraluminous compositions. Similarly, a plot of Fe* (Fe* = FeO

tot
/(FeO

tot
 

+ MgO) after Frost et al. 2001) versus SiO
2
 clearly defines the two chemi-

cal groupings (Fig. 5D). Both groups are classified as “magnesian” (calc-
alkaline: Miyashiro, 1974) with the SRA group being characterized by 
lower silica and lower Fe* than the GPS group. These two chemical groups 
are clear in all major and trace element geochemical plots (Figs. 5–7).

With the exception of Na
2
O and K

2
O, all of the major element oxides 

decrease systematically with increasing silica (Fig. 6). However, in most 
cases, a break or inflection in the major element trends occurs at ~71–72 
wt% SiO

2
, coincident with the transition from the SRA to the GPS granit-

oids. These observed inflections are clear in the TiO
2
, Al

2
O

3
, CaO, Fe

2
O

3
*, 

and MgO plots (~71–72 wt% SiO
2
) (Fig. 6). In general, the SRA group 

has lower SiO
2
 and K

2
O, higher TiO

2
, Al

2
O

3
, MnO, MgO, Fe

2
O

3
*, P

2
O

5
, 

and similar Na
2
O concentrations compared to the GPS group (Fig. 6).

The presence of two distinct chemical groups is further emphasized 
when trace elements of differing behavior are plotted versus silica (Fig. 7). 
Strontium (Sr) shows a decrease with increasing silica in both the SRA and 
GPS groups. The least evolved GPS sample is nearly 150 ppm higher in 
Sr than the most evolved SRA sample at the same silica content (~71–72 
wt% SiO

2
) (Fig. 7). This relationship yields two sub-parallel trends of 

decreasing Sr with increasing silica. A similar situation is observed for 
the element Th (Fig. 7). These sub-parallel trends clearly distinguish the 
intrusions that define the SRA and GPS groups.

The two groups manifest differently in other LILE plots. For example, 
there is a nearly continuous trend from the low-Rb SRA granitoids to the 
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TABLE 3. REPRESENTATIVE MAJOR AND TRACE ELEMENT ANALYSES OF THE SANTA ROSA RANGE AND BLOODY RUN HILLS GRANITOIDS

Sample: KB11-02 KB11-05 RS91-8A RS91-10 CH-7 KB11-16 KB11-17 KB11-18 RS91-33 RS91-37
Rock name: Bt. granite Bt. granite Bt. granite Bt. granite Bt. granite Bt. granite Bt. granite Bt. granite Bt. granodiorite Bt. granodiorite

Intrusion: Granite Peak Granite Peak Granite Peak Granite Peak Granite Peak Sawtooth Sawtooth Sawtooth Sawtooth Sawtooth

Major elements* (wt%)

SiO2 73.21 72.39 73.37 72.24 73.71 70.51 71.81 72.02 71.06 72.60
TiO2 0.21 0.23 0.19 0.21 0.20 0.26 0.23 0.22 0.25 0.20
Al2O3 15.31 15.59 15.17 15.12 14.97 16.03 15.58 15.50 15.92 15.37
Fe2O3 (t) 1.36 1.41 1.29 1.47 1.10 1.74 1.49 1.48 1.63 1.40
MnO 0.03 0.03 0.03 0.04 0.02 0.04 0.04 0.04 0.04 0.04
MgO 0.35 0.34 0.30 0.33 0.13 0.42 0.37 0.35 0.42 0.34
CaO 1.93 2.00 1.82 1.86 1.54 2.37 2.22 2.15 2.31 1.89
Na2O 4.35 4.43 4.28 3.93 3.87 4.71 4.58 4.55 4.68 4.46
K2O 3.34 3.13 3.10 3.85 3.42 3.02 2.99 3.07 3.00 3.35
P2O5 0.07 0.07 0.07 0.09 0.04 0.07 0.08 0.06 0.08 0.06
LOI 0.45 0.57 0.61 0.49 0.22 0.56 0.46 0.54 0.58 0.58
Total 100.61 100.19 100.23 99.63 99.22 99.73 99.85 99.98 99.97 100.29
A/CNK 1.07 1.09 1.11 1.08 1.16 1.05 1.05 1.05 1.05 1.07
TZr (°C) 802.8 787.2 792.6 808.7 813.2 774.3 776.0 775.1 785.3 787.1

Trace elements† (ppm)

Ni 3.0 3.0 4.0 1.0 N.D.§ 3.0 3.0 3.0 4.0 4.0
Cr 1.8 1.9 3.7 1.6 4.1 3.1 2.6 2.3 4.1 3.4
Sc 3.0 3.0 4.0 2.0 2.0 3.0 3.0 3.0 5.0 4.0
V 10.8 14.2 13.6 11.0 12.3 23.6 16.5 15.8 23.7 15.4
Ba 1616 1240 1156 1469 1325 1491 1537 1484 1380 1563
Rb 96 106 136 140 132 94 90 85 87 110
Sr 481 460 477 521 521 554 524 509 605 536
Zr 133 111 115 141 136 103 102 100 115 112
Y 8.3 9.3 8.6 7.1 7.8 7.3 8.7 8.4 6.4 7.6
Nb 8.7 9.7 7.5 6.9 8.0 7.3 8.0 7.5 3.9 5.0
Ga 19.4 20.3 19.9 22.2 20.4 19.7 19.3 19.5 18.9 19.4
Cu 1.1 17.0 10.9 8.7 10.2 2.6 1.6 1.2 4.7 1.8
Co 1.2 1.3 1.2 1.2 1.1 1.9 1.5 1.4 1.8 1.4
Zn 37.3 66.1 51.5 75.2 48.4 31.0 23.7 23.4 51.0 50.4
Pb 22.8 19.8 21.5 22.2 24.0 20.0 20.1 20.1 18.5 21.6
U 1.4 1.6 1.6 1.9 4.6 1.0 0.7 0.7 1.2 1.6
Th 10.8 9.2 8.4 9.1 10.8 6.4 8.5 8.3 6.4 7.6
Cs 1.3 2.6 7.3 3.5 3.1 2.3 1.9 1.7 2.4 1.6
Hf 3.7 3.4 3.0 3.1 3.4 3.0 3.0 2.9 2.9 3.0
Ta 0.4 0.7 0.7 0.6 0.6 0.3 0.4 0.4 0.2 0.4
La 25.8 20.8 19.0 26.9 26.4 16.2 23.4 21.3 18.4 21.3
Ce 45.4 38.7 34.6 47.7 47.8 31.1 42.9 39.7 34.2 39.6
Yb 0.54 0.60 0.70 0.43 0.62 0.55 0.50 0.52 0.62 0.66

Sample: KB11-20 KB11-21 KB11-22 RS91-40B RS91-41 KB11-25 RS91-19 RS91-24A RS91-28A RS91-23

Rock name: Hbl. bt. 
granodiorite Bt. granite Hbl. bt. granite Hbl. bt. 

granodiorite Hbl. bt. granite Hbl. bt. 
granodiorite Bt. granite Quartz 

monzodiorite
Hbl. bt. 

granodiorite
Quartz 

monzodiorite
Intrusion: Andorno Andorno Andorno Andorno Andorno Santa Rosa Santa Rosa Santa Rosa Santa Rosa Santa Rosa

Major elements*(wt%)

SiO2 64.82 70.29 66.48 67.26 68.00 69.37 71.08 64.27 68.54 67.64
TiO2 0.58 0.32 0.48 0.44 0.44 0.36 0.26 0.59 0.41 0.43
Al2O3 17.33 15.79 17.02 16.43 16.55 15.95 15.61 17.24 16.24 16.76
Fe2O3 (t) 4.01 2.30 3.60 3.10 3.10 2.42 1.66 3.96 2.82 2.67
MnO 0.09 0.06 0.08 0.07 0.07 0.06 0.04 0.08 0.06 0.06
MgO 1.55 0.77 1.21 1.26 1.19 1.22 0.75 2.19 1.38 1.41
CaO 4.17 2.47 3.92 3.06 3.04 2.90 2.01 4.23 3.19 3.33
Na2O 4.85 4.37 4.74 4.37 4.40 4.73 4.42 4.70 4.88 4.86
K2O 2.30 3.20 2.47 2.91 2.95 2.72 3.69 1.93 2.41 2.33
P2O5 0.22 0.12 0.19 0.18 0.17 0.14 0.10 0.22 0.17 0.17
LOI 0.65 0.39 0.45 0.65 0.48 0.46 0.54 0.56 0.49 0.60
Total 100.57 100.08 100.64 99.73 100.39 100.33 100.16 99.97 100.59 100.26
A/CNK 0.96 1.04 0.97 1.03 1.04 1.00 1.05 0.98 0.99 1.01
TZr (°C) 787.2 774.7 784.3 799.0 807.6 755.7 791.8 792.7 795.3 808.2

Trace elements† (ppm)

Ni 6.0 4.0 6.0 6.0 3.0 7.0 5.0 13.0 11.0 7.0
Cr 7.1 4.0 4.6 8.0 6.1 9.7 6.6 20.2 12.8 12.6
Sc 10.0 6.0 8.0 7.0 8.0 6.0 4.0 11.0 8.0 7.0
V 76.9 37.7 62.3 65.8 60.5 51.1 34.7 97.9 62.3 60.0
Ba 1260 1601 1422 1487 1467 1226 1973 1118 1190 1229
Rb 67 101 64 80 81 60 112 52 64 54

(continued)
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TABLE 3. REPRESENTATIVE MAJOR AND TRACE ELEMENT ANALYSES OF THE SANTA ROSA RANGE AND BLOODY RUN HILLS GRANITOIDS (continued)

Sample: KB11-20 KB11-21 KB11-22 RS91-40B RS91-41 KB11-25 RS91-19 RS91-24A RS91-28A RS91-23

Rock name: Hbl. bt. 
granodiorite Bt. granite Hbl. bt. granite Hbl. bt. 

granodiorite Hbl. bt. granite Hbl. bt. 
granodiorite Bt. granite Quartz 

monzodiorite
Hbl. bt. 

granodiorite
Quartz 

monzodiorite
Intrusion: Andorno Andorno Andorno Andorno Andorno Santa Rosa Santa Rosa Santa Rosa Santa Rosa Santa Rosa

Trace elements† (ppm)

Sr 579 423 579 560 534 436 409 619 522 553
Zr 158 105 146 151 165 91 122 167 151 173
Y 16.3 8.8 13.9 9.4 11.6 9.7 6.3 13.9 10.8 15.5
Nb 10.8 9.1 9.9 5.4 6.0 8.1 4.2 6.0 7.8 6.8
Ga 20.8 18.9 19.9 19.1 20.2 18.8 17.8 19.3 19.3 20.3
Cu 3.8 2.6 10.1 8.1 18.0 8.0 6.9 22.5 9.6 18.3
Co 6.7 3.4 5.2 5.7 5.5 5.1 3.4 9.4 6.0 5.9
Zn 49.3 26.6 41.2 62.1 74.8 24.2 38.9 64.1 49.7 60.5
Pb 18.5 26.4 17.5 19.8 19.7 21.1 26.7 13.3 18.3 16.3
U 1.3 2.9 2.9 2.7 3.0 1.7 2.5 1.7 1.9 2.6
Th 7.1 9.9 8.4 11.0 8.6 10.5 10.9 7.8 9.9 12.3
Cs 2.5 2.9 2.1 1.6 2.5 1.5 1.7 0.8 1.0 0.9
Hf 4.1 3.1 3.9 3.7 3.6 2.8 3.0 3.9 4.0 3.7
Ta 0.5 0.6 0.6 0.3 0.6 0.6 0.3 0.4 0.6 0.7
La 22.4 20.5 23.4 21.6 20.6 17.7 25.2 23.6 18.6 27.3
Ce 44.1 38.8 45.9 40.3 38.9 34.6 44.2 46.5 37.2 52.4
Yb 1.21 0.76 1.18 0.88 0.89 0.93 0.54 1.29 1.00 1.20

Sample: RS91-27B RS91-30 RS91-38A KB11-09 KB11-10 KB11-28 RS91-31B RS91-32 RS91-42 RS91-43
Rock name: Quartz 

monzodiorite
Hbl. bt. 

granodiorite
Bt. granodiorite Hbl. bt. 

granodiorite
Hbl. bt. 

granodiorite
Hbl. bt. 

granodiorite
Hbl. bt. 

granodiorite
Hbl. bt. 

granodiorite
Hbl. bt. 

granodiorite
Hbl. bt. 

granodiorite
Intrusion: Santa Rosa Santa Rosa Santa Rosa Flynn Flynn Flynn Flynn Bloody Run Bloody Run Bloody Run

Major elements* (wt%)

SiO2 65.85 66.74 66.75 65.10 65.34 66.25 65.94 64.94 65.07 67.95
TiO2 0.51 0.47 0.49 0.55 0.57 0.58 0.56 0.47 0.45 0.38
Al2O3 17.10 16.41 16.44 16.66 16.64 16.15 16.44 16.77 16.83 16.10
Fe2O3 (t) 3.52 3.30 3.14 3.58 3.27 3.79 3.57 4.05 3.89 2.98
MnO 0.08 0.07 0.07 0.07 0.04 0.07 0.07 0.09 0.09 0.07
MgO 1.83 1.71 1.65 1.88 1.93 2.21 1.98 1.76 1.68 1.19
CaO 4.02 3.38 3.59 3.87 4.00 3.99 3.80 4.41 4.46 3.42
Na2O 4.77 4.65 4.75 4.62 4.52 4.32 4.50 3.73 3.82 3.75
K2O 1.96 2.54 2.13 2.36 2.84 2.28 2.44 2.48 2.55 3.22
P2O5 0.21 0.17 0.18 0.19 0.22 0.20 0.20 0.19 0.18 0.16
LOI 0.49 0.47 0.57 0.57 0.54 0.84 0.45 0.62 0.43 0.48
Total 100.34 99.91 99.76 99.45 99.91 100.68 99.95 99.51 99.45 99.70
A/CNK 0.99 0.99 0.99 0.97 0.94 0.96 0.97 1.00 0.98 1.01
TZr (°C) 801.2 802.7 817.3 793.6 790.3 785.6 810.6 781.0 786.5 806.1

Trace elements† (ppm)

Ni 10.0 10.0 11.0 14.0 19.0 17.0 17.0 7.0 6.0 5.0
Cr 13.3 13.2 16.0 21.0 35.5 34.6 29.1 7.8 7.3 6.4
Sc 10.0 8.0 8.0 10.0 10.0 9.0 10.0 11.0 10.0 9.0
V 77.8 71.1 67.9 78.0 80.4 88.5 81.9 85.1 80.6 60.5
Ba 1198 1348 1199 1302 1240 1197 1277 1024 1067 1055
Rb 44 61 52 58 59 58 77 82 83 119
Sr 637 513 537 464 522 465 497 629 625 532
Zr 176 169 202 164 165 153 197 145 157 170
Y 13.9 12.6 14.6 13.1 12.2 13.7 12.0 15.1 15.5 13.2
Nb 5.9 6.3 7.4 10.2 7.5 9.7 6.8 7.0 7.0 8.2
Ga 20.4 20.8 20.4 19.7 19.5 19.0 20.9 19.9 19.1 19.5
Cu 15.4 25.6 19.8 9.0 3.4 48.1 24.1 11.0 9.2 8.9
Co 7.9 7.6 6.8 8.7 7.9 9.3 9.5 8.1 7.5 5.7
Zn 66.9 75.0 70.2 30.4 3.1 33.4 70.2 74.1 66.4 67.0
Pb 13.6 16.5 13.5 15.4 10.4 12.1 15.5 15.2 16.0 22.0
U 2.3 1.8 2.5 1.6 2.0 1.5 2.6 3.0 2.4 4.1
Th 8.6 8.9 8.7 10.2 9.9 9.4 10.4 9.2 8.3 13.3
Cs 0.9 0.9 1.3 0.7 2.6 1.1 2.0 2.8 2.5 3.0
Hf 3.7 3.6 4.3 4.2 4.2 4.0 4.2 3.2 3.5 4.0
Ta 0.6 0.7 0.7 0.7 0.6 0.7 0.6 0.8 0.9 1.0
La 21.0 22.1 25.9 22.7 25.5 23.6 25.1 22.2 23.3 24.8
Ce 41.6 42.0 48.6 45.1 47.2 46.6 45.6 41.9 44.0 46.0
Yb 1.10 0.99 1.20 1.61 2.02 1.55 0.85 1.28 1.34 1.13

Note: Major element concentrations are reported as weight percent (wt%) oxides and expressed as raw data; TZr (°C)—zircon saturation temperature after Watson and 
Harrison (1983). Bt.—biotite; Hbl.—hornblende.

*Major element analyses, Ni, and Sc by XRF (X-ray fluorescence) at Franklin and Marshall College.
†Trace element analyses (ppm) by inductively coupled plasma–mass spectrometry (ICP-MS) at Miami University.
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high-Rb GPS granitoids. Upon closer examination, the bulk of the SRA 
group samples, notably the Santa Rosa pluton itself, display only a poorly 
defined positive relationship between Rb and silica, as compared to the 
well-defined and more rapid increase in Rb over a narrow range of silica 
for the GPS group. In the case of Ba, both groups display similar concen-
tration ranges (SRA group ~1000–1500 ppm; GPS group ~1100–1700 
ppm; Fig. 7) for the majority of samples, but the SRA group forms a 
cluster between ~65–70 wt% silica and the GPS group forms a separate 
cluster between 71 and 75 wt%. Only the most evolved samples from 
each group show distinct deviations in Ba concentrations.

Transition metal concentrations and their relationship with silica also 
define the SRA and GPS groups. The SRA granitoids contain a wide range 
of V concentrations that decrease with increasing silica (Fig. 7). The GPS 
granitoids show a similar pattern at much lower concentrations and over 
a more limited concentration range. The two groups are indicated by the 
offset/inflection in the V-silica arrays at ~71–72 wt% SiO

2
, akin to the 

patterns depicted by MgO and Fe
2
O

3
.

High-field strength element versus silica plots also contain distinct 
offsets in the overall data trend around ~71–72 wt% SiO

2
 and at the high-

est concentration of silica. In the Zr versus silica plot (Fig. 7), the SRA 
granitoids form a general trend of decreasing Zr with increasing silica, 
although an offset is noted between the main group of samples (~65–68 
wt% SiO

2
) and the highest silica samples that overlap with the GPS group. 

GPS granitoids maintain a fairly constant range of Zr (~100–150 ppm) 
until around ~74–76 wt% SiO

2
, at which point, the concentration drops 

to 50–100 ppm. This abrupt drop at the highest silica end of the composi-
tional spectrum is similar to that observed in other trace elements (e.g., Sr 
and Ba; Fig. 7). Both groups appear to form clusters rather than coherent 
trends in the Nb-silica plot. For example, when the high-silica samples 
(i.e., >70 wt% silica) in each of the SRA group intrusion are ignored, the 
majority of the SRA group samples form a cluster at ~65–68 wt% silica 
with a large range of Nb concentrations (~5–15 ppm). Similar groupings 
are also observed within individual intrusions of the GPS group, but are 
formed at higher silica concentrations (~72–74 wt% silica). The Sawtooth 
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Figure 5. Various igneous classification plots for the Santa Rosa Range and Bloody Run Hills (SRR-BRH) granitoids. (A) Modified 
alkali-lime index versus SiO2 (wt%) (after Frost et al., 2001). (B) Tectonic classification plot (Rb versus Yb + Ta) (after Pearce et al., 
1984). ORG—ocean ridge granite; syn-COLG—syn-collisional granite; WPG—within plate granite; VAG—volcanic arc granite. (C) 
Aluminum saturation index (A/CNK) versus SiO2 (wt%) (after Shand, 1969). Aluminum saturation index expressed as the molecular 
ratio of Al2O3/(CaO + Na2O + K2O). (D) Fe* versus SiO2 (wt%) (after Frost et al., 2001, and Miyashiro, 1974) [Fe* = (FeOtot/(FeOtot + 
MgO); FeOtot is total Fe]. All major and trace element analyses are reported in Table DR5.
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Figure 6. Major element chemical variation diagrams for the Santa Rosa Range and Bloody Run Hills (SRR-BRH) gran-
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Figure 7. Chemical variation diagrams showing concentrations (in ppm) of selected trace elements versus SiO2 (wt%) for 
the Santa Rosa Range and Bloody Run Hills (SRR-BRH) granitoids. All major and trace element analyses are reported Table 
DR5. SRA—Santa Rosa/Andorno group; GPS—Granite Peak/Sawtooth group.
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stock, for example, forms a cluster of Nb concentrations (~4–8 ppm) over 
a narrow silica range (~71–73 wt%). The Granite Peak samples form a 
similar cluster, but at higher Nb (~6–12 ppm) and silica (~72–75 wt%).

The yttrium versus silica plot also highlights the two distinct granitoid 
groups (Fig. 7). Although some or all samples from individual intrusions 
define coherent trends (e.g., Santa Rosa pluton, Andorno stock), the SRA 
and GPS groups tend to form distinct groupings when the high-silica outli-
ers are ignored. The majority of the SRA group samples form a cluster at 
~65–68 wt% silica, while the majority of the GPS group samples cluster 
around 72–74 wt% silica.

Synthesis of Bulk Rock Major and Trace Element Geochemistry

The SRR-BRH granitoids include compositions ranging from quartz 
monzodiorite to granite, spanning a range in SiO

2
 from ~64–76 wt% 

(Fig. 3). The observed mineralogies change systematically within this 
silica range. Hornblende and sphene are present in the lower silica com-
positions (<70 wt% SiO

2
), whereas trace muscovite and rare garnet are 

restricted to peraluminous, high-silica granitoids (Table 1; Fig. 3).
Bulk major and trace element data further emphasize the SRA and 

GPS granitoid groups. The observed chemical variations between the 
two groups suggest that they are not related to a common source or set 
of petrogenetic processes. In general, the older SRA granitoids are more 
mafic (~64–71 wt% SiO

2
), metaluminous, and dominated by hornblende-

bearing granodiorites (Figs. 5–7; Table 3). Comparatively, the younger 
GPS granitoids are more felsic (~71–76 wt% SiO

2
), peraluminous, and 

consist primarily of biotite granites-granodiorites. These data indicate a 
broad compositional shift from more mafic and metaluminous to felsic 
and peraluminous magmatism with time in the SRR-BRH region.

ISOTOPE GEOCHEMISTRY

Bulk Rock Sr and Nd Isotope Data

A suite of seventeen samples from the six SRR-BRH intrusions was 
selected for Sr and Nd isotope analyses. Analytical methods for these anal-
yses are described in the Data Repository Item. Elemental concentrations, 

measured isotope values, and age corrected isotope values are reported 
in Table 4. All reported initial 87Sr/86Sr ratios and εNd

(t)
 values are age 

corrected to the age of the intrusion (Fig. 4 and Table 4).
Initial 87Sr/86Sr ratios of the SRR-BRH granitoids show considerable 

variability, ranging from 0.7040 to 0.7061 (Fig. 8). Within this range, the 
two defined granitoid groups are clearly distinguished. The older, more 
mafic SRA group is characterized by less radiogenic initial 87Sr/86Sr ratios 
(0.7040–0.7054), and the younger, more felsic GPS group by higher initial 
87Sr/86Sr ratios (0.7056–0.7061).

Comparable variability in the εNd
(t)

 values is also observed, ranging 
from −3.2 to +2.5 (Fig. 8). With the exception of the Bloody Run stock, 
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TABLE 4. BULK ROCK Sr AND Nd ISOTOPE ANALYSES FOR THE SANTA ROSA RANGE AND BLOODY RUN HILLS GRANITOIDS

Sample Intrusion Age 
(Ma)*

Rb 
(ppm)†

Sr 
(ppm)†

Rb/Sr Sm 
(ppm)†

Nd 
(ppm)†

Sm/Nd 87Sr/86Sr§ 143Nd/144Nd§ εNd§ 87Sr/86Sr(i)
# 143Nd/144Nd(i)

# εNd(T)
#

KB11-05 Granite Peak 94.4 ± 1.6 106 460 0.23 2.88 15.7 0.18 0.706948 0.512428 –3.9 0.706054 0.512360 –2.9
RS91-8A Granite Peak 94.4 ± 1.6 136 477 0.28 2.45 13.5 0.18 0.707180 0.512455 –3.4 0.706074 0.512387 –2.4
RS91-1A Granite Peak 94.4 ± 1.6 164 305 0.54 2.32 11.7 0.20 0.708032 0.512436 –3.8 0.705945 0.512362 –2.9
CH-7 Granite Peak 94.4 ± 1.6 132 521 0.25 3.10 17.9 0.17 0.707120 0.512410 –4.3 0.706137 0.512345 –3.2
RS91-33 Sawtooth 92.5 ± 1.2 87 605 0.14 2.36 14.0 0.17 0.706170 0.512495 –2.6 0.705623 0.512433 –1.5
RS91-37 Sawtooth 92.5 ± 1.2 110 536 0.21 2.65 15.1 0.18 0.706607 0.512456 –3.4 0.705827 0.512392 –2.3
CH-15A Sawtooth 92.5 ± 1.2 105 634 0.17 2.63 15.2 0.17 0.706520 0.512498 –2.6 0.705890 0.512435 –1.8
RS91-40B Andorno 100.7 ± 1.1 80 560 0.14 3.05 16.1 0.19 0.705464 0.512617 –0.3 0.704873 0.512542 0.8
KB11-20 Andorno 100.7 ± 1.1 67 579 0.12 4.67 21.5 0.22 0.705301 0.512629 –0.2 0.704822 0.512543 0.8
KB11-25 Santa Rosa 102.1 ± 1.2 60 436 0.14 2.89 14.8 0.19 0.705058 0.512690 1.2 0.704480 0.512611 2.2
RS91-19 Santa Rosa 102.1 ± 1.2 112 409 0.27 2.78 16.6 0.17 0.705910 0.512664 0.7 0.704761 0.512596 1.9
RS91-24A Santa Rosa 102.1 ± 1.2 52 619 0.08 4.00 20.5 0.19 0.704530 0.512697 1.3 0.704177 0.512618 2.3
RS91-28A Santa Rosa 102.1 ± 1.2 64 522 0.12 3.16 16.8 0.19 0.704560 0.512696 1.3 0.704045 0.512620 2.4
RS91-42 Bloody Run 96.1 ± 1.3 83 625 0.13 4.49 18.0 0.25 0.705757 0.512495 –2.6 0.705232 0.512400 –2.1
RS91-43 Bloody Run 96.1 ± 1.3 119 532 0.22 4.03 18.8 0.21 0.706309 0.512462 –3.3 0.705425 0.512381 –2.5
KB11-09 Flynn 104.6 ± 1.3 58 464 0.12 4.06 18.9 0.21 0.704935 0.512712 1.6 0.704398 0.512623 2.5
KB11-28 Flynn 104.6 ± 1.3 58 465 0.13 4.45 20.6 0.22 0.705040 0.512675 0.9 0.704504 0.512586 1.8

*Weighted mean U-Pb age determined by laser-ablation inductively coupled plasma–mass spectrometry (LA-ICP-MS); (± 2σ uncertainty).
†Elemental concentrations were determined by ICP-MS; concentrations have a <2% error on all reported values.
§2σ external reproducibility - 87Sr/86Sr= 0.000017; 143Nd/144Nd = 0.000008; εNd = 0.3.
# 87Sr/86Sr(i), 

143Nd/144Nd(i), and εNd(T) are age corrected to the age of the intrusion.

Figure 8. Bulk Rock εNd(t) versus 87Sr/86Sr(i) isotope plot for the Santa Rosa 
Range and Bloody Run Hills (SRR-BRH) granitoids. εNd(t) and 87Sr/86Sr(i) 
values are age corrected to the U-Pb age of each intrusion (see Table 4; 
Fig. 4). Bulk rock Sr and Nd isotope data and elemental concentrations 
are reported in Table 4. 2σ external reproducibility: 87Sr/86Sr = 0.000017; 
143Nd/144Nd = 0.000008; εNd = 0.3. SRA—Santa Rosa/Andorno group; GPS—
Granite Peak/Sawtooth group.
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the older SRA group is characterized by more positive εNd
(t)

 values (+0.8 
to +2.5) than the younger GPS group (−3.2 to −1.5).

The Bloody Run stock has initial 87Sr/86Sr ratios (0.7052 and 0.7054) 
and εNd

(t)
 values (−2.1 and −2.5) more consistent with the GPS group, 

but is compositionally more similar to the SRA granitoids.

Zircon Hf Isotopic Data

Hafnium isotope compositions of zircons were measured on top of 
spots previously excavated for U-Pb analyses using LA-MC-ICP-MS. This 
directly ties the Hf isotope measurement to a zircon U-Pb age. Analytical 
methods for the Hf isotope analyses are described in the Data Repository 
Item. Approximately five to ten Hf isotope measurements were collected 
on autocrystic zircon rims for each of the eleven samples previously 
analyzed for U-Pb geochronology. Because autocrystic zircon grains are 
interpreted to crystallize from the surrounding melt, their rim compositions 
are interpreted to reflect the Hf isotope composition of the melt during 
the crystallization of the zircon. Using individual rim analyses, a single 
pooled weighted mean 176Hf/177Hf value was determined to characterize 
the Hf isotope composition of the melt for each intrusion. The weighted 
mean values are reported in Table 5 and individual Hf isotope analyses 
used to construct the pooled weighted mean values are presented in Table 
DR6. All Hf isotope compositions are age corrected to the U-Pb age of 
the intrusion and are reported as 176Hf/177Hf

(t)
 and εHf

(t)
 in Table 5. Fig. 9 

is a plot of age versus the weighted mean εHf
(t = age of intrusion)

 value for the 
six SRR-BRH granitoid intrusions.

Although a single bulk sample may display variability in its zircon 
εHf

(t)
 values (e.g., RS91-24A, εHf

(t)
 = +2.1 to +6.0, Table DR6), a con-

sistent pattern of decreasing εHf
(t)

 with time is observed among the SRR-
BRH intrusions. This pattern is also reflected in the pooled weighted mean 
values, revealing a nearly continuous trend that ranges from +5.4 to −3.7 
(Fig. 9). The granitoid groups are clearly evident within this overall trend. 
The older, more mafic SRA group is generally defined by higher initial εHf 
values (+2.9 to +5.4, excluding the Bloody Run stock) and the younger, 
more felsic GPS group is defined by granitoids with less radiogenic εHf 

values (−3.7 to +0.5). Despite having a similar bulk chemistry and modal 
mineralogy to the SRA group, the Bloody Run stock has an εHf

(t)
 value 

(−0.4) more consistent with the GPS group. Because the Bloody Run stock 
has an age intermediate between the two granitoid pulses, it may repre-
sent an important transitional magmatic pulse that shares characteristics 
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TABLE 5. WEIGHTED MEAN Hf ISOTOPE AND U-Pb DATA FOR THE SANTA ROSA RANGE AND BLOODY RUN HILLS GRANITOIDS

Sample ID* N Avg. (176Yb + 176Lu)/176Hf 
(%)

176Hf/177Hf * ± 
(2σ)

176Lu/177Hf * ± 
(2σ)

176Hf/177Hf(T)
† εHf(T)

† ± 
(2σ)

U-Pb age 
(Ma)§

± 
(2σ)§

Santa Rosa pluton

RS91-24A 10 9.4 0.282844 0.000025 0.0006 0.0002 0.282843 4.3 1.8 102.1 1.2
KB11-25 8 18.5 0.282862 0.000030 0.0014 0.0004 0.282859 4.9 2.0 102.1 1.2
RS91-19 8 18.3 0.282860 0.000025 0.0013 0.0003 0.282858 4.8 1.8 102.1 1.2

Andorno stock

RS91-40B 4 20.0 0.282826 0.000046 0.0015 0.0005 0.282823 3.6 3.3 100.7 1.1
KB11-20 6 19.9 0.282805 0.000036 0.0013 0.0005 0.282803 2.9 2.6 100.7 1.1

Granite Peak stock

RS91-8A 8 13.9 0.282664 0.000034 0.0009 0.0005 0.282662 –2.2 2.4 94.4 1.6
KB11-05 5 11.3 0.282623 0.000039 0.0007 0.0005 0.282622 –3.7 2.8 94.4 1.6

Sawtooth stock

RS91-33 8 19.7 0.282743 0.000027 0.0012 0.0005 0.282741 0.5 1.9 92.5 1.2
RS91-37 5 20.9 0.282713 0.000038 0.0013 0.0004 0.282711 –0.6 2.6 92.5 1.2

Flynn stock

KB11-09 8 9.5 0.282872 0.000030 0.0006 0.0002 0.282872 5.4 2.2 104.6 1.3

Bloody Run stock

RS91-42 6 10.6 0.282714 0.000029 0.0008 0.0004 0.282713 –0.4 2.0 96.1 1.3

*Individual zircon Hf isotope analyses are presented in Table DR6 (see text footnote 1).
†176Hf/177Hf(T) and εHf(T) values are age corrected to the intrusion U-Pb age reported in this table.
§Intrusion U-Pb age and 2σ uncertainty.

Figure 9. Plot showing zircon εHf(t) zircon values versus intrusion age (Ma) 
for the Santa Rosa Range and Bloody Run Hills (SRR-BRH) granitoids. All 
εHf(t) values shown are age corrected to the intrusion age (see Table 5; 
Fig. 4). Zircon rim Hf isotope analyses were pooled for each of the eleven 
SRR-BRH samples (Table DR6). A single weighted mean εHf(t) value was 
calculated for each sample using the pooled analyses (Table 5). Calcula-
tions were done using routines in Isoplot (Ludwig, 2008). Each symbol 
represents the calculated weighted mean εHf(t = age of intrusion) value for pooled 
analyses from each sample. Dashed horizontal line represents expected 
εHf(t) for CHUR (chondritic uniform reservoir). Error bars are shown at the 
2σ level. Insert (lower right) shows where zircon data plot on expanded 
εHf(t) versus age diagram relative to depleted mantle (DM) and CHUR.

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/10/2/327/4102815/327.pdf
by guest
on 16 April 2020

https://pubs.geoscienceworld.org/lithosphere
http://www.gsapubs.org


BROWN ET AL.

344 www.gsapubs.org | Volume 10 | Number 2 | LITHOSPHERE

common to both groups. The transitional character of the Bloody Run 
stock is also apparent in the bulk Sr and Nd isotope data (Fig. 8).

Xenocrystic zircon cores were analyzed in order to characterize poten-
tial source materials and assimilants. These data are summarized in Table 6 
and shown in Fig. DR4B. Populations of xenocrystic zircon cores with 
variable εHf

(t = U-Pb zircon age)
 isotope values (+8.6 to −22.2) and U-Pb ages (ca. 

250 Ma to >1 Ga) were identified in all of the SRR intrusions (Table 6). 
As stated earlier, BRH intrusions also have xenocrystic cores (i.e., U-Pb 
ages >100 Ma). However, Hf isotope compositions were not measured on 
these cores because the core regions are too small to precisely measure 
with the LA-MC-ICP-MS spot size (40 microns). Thus, we focus only 
on the U-Pb ages and Hf isotope compositions of the xenocrystic zircon 
cores from the SRR intrusions.

With the exception of one xenocrystic core (ca. 1942 Ma, εHf
(t)

 = −5.4), 
the Andorno stock generally forms a cluster (ca. 1000–1150 Ma; εHf

(t)
 = 

−0.4 to +8.6) (Table 6). Xenocrystic cores from the Sawtooth stock yield 
similar U-Pb ages and Hf isotope compositions (ca. 1043 Ma, εHf

(t)
 = 

−0.2; ca. 926 Ma, εHf
(t)

 = 0.7). The Santa Rosa pluton contains a diverse 
population of xenocrystic core U-Pb ages (ca. 249 Ma, ca. 1471 Ma, ca. 
1974 Ma) and εHf

(t)
 values (−1.6, +5.3, −22.2, respectively). A xenocrystic 

core from the Granite Peak stock yields a U-Pb age of ca. 447 Ma and has 
a εHf

(t)
 value of −12.1 (Table 6). The implications of these xenocrystic 

zircon cores are discussed in the following section.

Synthesis of Bulk Sr and Nd Isotopes and Zircon Hf Isotopes

Bulk Sr and Nd and zircon Hf isotope analyses provide a more com-
plete view of magmatism in this region. The older, more mafic SRA 
granitoids possess initial 87Sr/86Sr and εNd isotope values that reveal a 
significant mantle contribution (i.e., 0.7040–0.7048; +0.8 to +2.5). Juve-
nile zircon εHf

(t = age of intrusion)
 values (+2.9 to +5.4) and higher concentrations 

of TiO
2
, MgO, Fe

2
O

3
, CaO, and transition metals (V, Sc, Cr, Ni) support 

this interpretation. Other intrusions within western Nevada share simi-
lar bulk compositions and isotopic values. Van Buer and Miller (2010) 
reported a narrow range of initial 87Sr/86Sr values around 0.7047 and εNd 
values around −0.2 for a suite of nested intrusions within the Sahwave 
Range. These intrusions were interpreted to be generated from a rela-
tively homogeneous source dominated by a mantle component. Previous 
regional studies reported similar Sr and Nd isotope values, concluding 
that granitic intrusions west of the initial 87Sr/86Sr = 0.706 isopleth (Fig. 
1) are dominated by juvenile, mantle-derived materials that progressively 
exhibit greater contributions from evolved, presumably cratonic crustal 
sources toward the east (Farmer and DePaolo, 1983; Elison et al., 1990; 
Wright and Wooden, 1991; Wooden et al., 1999).

Comparatively, the younger, more felsic GPS intrusions preserve initial 
isotope values that indicate a greater crustal influence (initial 87Sr/86Sr = 
0.7056–0.7061; εNd

(t)
 values = −1.5 to −3.2; εHf

(t)
 = +0.5 to −3.7). This 

interpretation is supported by the peraluminous character, high K
2
O and 

Rb, and higher Rb/Sr ratio (0.2–0.6) than the SRA granitoids (<0.2). 
These isotope signatures are more consistent with intrusions formed along 
the North American continental margin (e.g., Tuolumne Intrusive Suite: 
87Sr/86Sr

(i)
 = 0.7056–0.7073, εNd

(t)
 = −3 to −8; Gray et al., 2008). Coinci-

dent with the change in bulk elemental compositions, the shift in isotope 
compositions (Sr, Nd, and Hf) indicates that the relative importance of 
mantle and crustal contributions changed systematically over the time 
span from ca. 105 to 92 Ma. The close spatial association of the two geo-
chemically and isotopically distinct granitoid groups is quite surprising and 
suggests that magmatism in this region contains previously undocumented 
temporal and compositional complexities. Although broad secular varia-
tions have been investigated for intrusions throughout the Basin and Range 
Province (e.g., Wright and Wooden, 1991), such variations have not been 
previously documented at this spatial scale within northwestern Nevada.

TABLE 6. ZIRCON Hf ISOTOPE ANALYSES—XENOCRYSTIC CORE AND AUTOCRYSTIC RIM PAIRS

Sample name Spot location (176Yb +176Lu)/176Hf 
(%)

176Hf/177Hf* 176Lu/177Hf 176Hf/177Hf (T)
† εHf(T)

† ± 
(2σ)

206Pb/238U 
(Ma)

± 
(2σ)

Granite Peak stock

RS91-8A-4-19R Rim 23.4 0.282711 (35) 0.001327 0.282708 –0.6 1.2 93.8 1.6
RS91-8A-4-18C Core 10.5 0.282167 (43) 0.000749 0.282160 –12.1 1.6 447.1 9.4

Sawtooth stock

RS91-33-3-5R Rim 15.4 0.282765 (49) 0.000880 0.282763 1.3 1.7 92.4 2.3
RS91-33-3-6C Core 13.5 0.282132 (71) 0.000742 0.282118 –0.2 2.5 1043.6 41.5
RS91-37-7-11R Rim 16.1 0.282724 (36) 0.001044 0.282722 –0.2 1.3 91.9 3.1
RS91-37-7-12C Core 6.5 0.282225 (38) 0.000347 0.282219 0.7 1.4 926.4 12.7

Andorno stock

KB11-20-1-1R Rim 9.6 0.282795 (48) 0.000605 0.282794 2.6 1.7 104.6 3.4
KB11-20-1-2C Core 5.5 0.282143 (37) 0.000286 0.282138 –0.4 1.3 1005.7 55.1
KB11-20-1-3R Rim 19.4 0.282765 (46) 0.001506 0.282762 1.5 1.6 102.3 1.2
KB11-20-1-4C Core 11.5 0.282317 (45) 0.000895 0.282297 8.6 1.6 1153.2 45.2
KB11-20-3-11R Rim 22.5 0.282816 (39) 0.001423 0.282813 3.2 1.4 100.5 1.7
KB11-20-3-12C Core 13.2 0.282283 (52) 0.000690 0.282269 5.4 1.9 1054.6 12.0
KB11-20-4-17R Rim 14.8 0.282836 (50) 0.000953 0.282834 4.0 1.8 101.7 0.9
KB11-20-4-18C Core 30.8 0.281455 (58) 0.001673 0.281393 –5.4 2.1 1942.0 35.1

Santa Rosa pluton

RS91-24A-2-10R Rim 5.0 0.282805 (39) 0.000335 0.282804 3.0 1.4 104.4 5.4
RS91-24A-2-9C Core 0.7 0.280899 (42) 0.000032 0.280897 –22.2 1.5 1974.0 23.0
RS91-24A-4-20C Core§ 17.0 0.282026 (93) 0.000971 0.281999 5.3 3.3 1471.1 26.6
RS91-19-11-43C Core§ 8.8 0.282587 (67) 0.000611 0.282584 –1.6 2.4 249.5 11.8

*Numbers in parentheses are 2σ analytical uncertainties.
†176Hf/177Hf(T) and εHf(T) values are age corrected to the 206Pb/238U zircon age (Ma) reported in this table.
§These cores are not associated with autocrystic rim analyses. 

Downloaded from https://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/10/2/327/4102815/327.pdf
by guest
on 16 April 2020

http://www.gsapubs.org
https://pubs.geoscienceworld.org/lithosphere


LITHOSPHERE | Volume 10 | Number 2 | www.gsapubs.org 345

Temporal and geochemical signatures in Santa Rosa Range granitoids, NW Nevada | RESEARCH

Variable Hf isotope compositions (εHf
(t = U-Pb zircon age)

 = +8.6 to −22) 
from xenocrystic zircon cores indicate that older crustal components were 
involved in the petrogenesis of all of the SRR magmas (Fig. 10; Brown and 
Hart, 2013); previous studies have not reported evidence of ancient crustal 
reservoirs in this region. A comparison of xenocrystic zircon U-Pb ages 
from the SRR-BRH intrusions (n = 64) to the ages of Cordilleran base-
ment provinces suggests diverse basement contributions, spanning much 
of the southwestern U.S. (Fig. 10A). Because there are no exposures of 
basement rocks in this region with comparable ages, the large variability 
of xenocrystic zircon U-Pb ages suggests that the origin is likely from a 
sedimentary source. To evaluate this hypothesis, xenocrystic zircon core 
U-Pb ages and εHf

(t = U-Pb zircon age)
 values are compared to detrital zircon 

data recently reported for sedimentary units in the Cordillera (Gehrels 
and Pecha, 2014). As shown in Figure 10B, the U-Pb ages and Hf isotope 
compositions of SRR xenocrystic zircon cores are strikingly similar to 
patterns of detrital zircons from Triassic sedimentary units within Nevada 
and Utah (Chinle and Osobb Formations; Gehrels and Pecha, 2014). The 
temporal and isotopic similarities suggest that local sedimentary units may 

be the origin of these xenocrystic zircon cores and a potential source of 
crustal contamination in the SRR magmas.

DISCUSSION

Continuity of the Cretaceous Magmatic Arc in Northwestern 
Nevada

Although widespread Cenozoic volcanism and faulting within the pres-
ent-day Basin and Range Province obscures much of the earlier Mesozoic 
relationships, several studies have argued that the Cretaceous magmatic 
arc was continuous throughout northwestern Nevada and southwestern 
Idaho (e.g., Smith et al., 1971; Barton et al., 1988. Van Buer et al., 2009; 
Van Buer and Miller, 2010; Benford et al., 2010). Based on petrography, 
bulk elemental analyses, and K/Ar ages, Smith et al. (1971) concluded 
that granitoid intrusions within northwestern Nevada (termed the Lovelock 
Intrusive epoch, ca. 105–85 Ma) are indistinguishable from granitic intru-
sive suites within the Sierra Nevada and Idaho batholiths. More recently, 
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Figure 10. (A) Probability density plot summa-
rizing all xenocrystic zircon U-Pb ages (n = 64) 
from the Santa Rosa Range and Bloody Run 
Hills (SRR-BRH) intrusions (thick red line, 
U-Pb ages reported in Table DR2). The U-Pb 
age distribution is compared to detrital zircon 
populations from Triassic sedimentary rocks 
within Nevada and Utah (Chinle and Osobb 
Formations, shaded gray regions; Gehrels 
and Pecha, 2014). Shaded vertical bars rep-
resent the age range of basement provinces 
in North America (after Gehrels and Pecha, 
2014). (B) Plot of εHf(t = U-Pb zircon age) values versus 
U-Pb zircon age for SRR xenocrystic zircon 
cores (n = 10, red symbols) and detrital zir-
cons from Triassic sedimentary rocks within 
Nevada and Utah (Chinle and Osobb Forma-
tions, gray stars; Gehrels and Pecha, 2014). 
SRR xenocrystic zircon core data is reported 
in Table 6 and Table DR7. All SRR xenocrys-
tic zircon core εHf(t) values are age corrected 
to their U-Pb zircon ages reported in Table 6. 
Error bars are shown at the 2σ level.
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Colgan et al. (2006) argued that the isolated intrusions of the western 
Basin and Range share similar compositions, ages, exposure levels, and 
metamorphic assemblages to the Sierra Nevada batholith, suggesting 
that this region was contiguous during the Late Cretaceous. Van Buer 
and Miller (2010) concluded that the Sahwave and Nightingale Ranges 
of northwestern Nevada share similar ages, petrology, and compositions 
to the large concentrically zoned Late Cretaceous intrusive suites of the 
Sierra Nevada batholith. A seismic refraction/reflection/teleseismic study 
across the northern Basin and Range Province also documented a nearly 
100-km-wide zone of low upper-crustal velocities, consistent with tonalitic 
to granitic rocks down to a depth of ~15 km (Lerch et al., 2007). A paleo-
geologic map reconstruction of northwestern Nevada also demonstrated 
that the Sierra Nevada batholith was continuous to the northeast across 
the Basin and Range (Van Buer et al., 2009). Additionally, Benford et al. 
(2010) examined several isolated intrusions within the Owyhee Mountains 
of southwestern Idaho. Geochronologic, structural, and isotopic analyses 
of these intrusions reveal similar ages, deformation histories, and initial 
87Sr/86Sr isotope gradients comparable to the western Idaho shear zone 
(WISZ) of the Idaho batholith. Based on these results, they interpreted 
these intrusions to be the southern continuation of the WISZ and the Idaho 
batholith south of the Snake River Plain (Benford et al., 2010).

Owing to the high density of exposed plutonic rocks (>50%) and per-
vasive low- to medium-grade metamorphism (greenschist to amphibolite) 

within the western Great Basin, Barton et al. (1988) argued that western 
Nevada resembles the plutonic terrane of the Sierra Nevada Mountains. 
Directly east, intrusion density decreases, giving way to isolated intrusions 
that characterize much of the basinal and shelf terranes of western Nevada 
(Fig. 2). As this study is the first detailed study of magmatism within this 
low-intrusion density region, it provides a more comprehensive view of 
magmatism near the initial 87Sr /86Sr = 0.706 isopleth in western Nevada 
(Fig. 1). In the following section, we focus on the broad similarities of 
magmatism in this region relative to the neighboring arc systems. Within 
this discussion, we emphasize the continuity of the Cretaceous magmatic 
arc in northwestern Nevada.

The SRR-BRH in Cordilleran Context

The timing of magmatism and the geochemical similarities of the SRR-
BRH intrusions to the neighboring arc segments argue that these isolated 
intrusions were associated with the Late Cretaceous flare-up event that 
impacted the large batholithic systems. A compilation of recently published 
geochronology confirms that the isolated intrusions of the SRR-BRH are 
broadly coeval with other Cretaceous magmatic suites/events (Fig. 11). The 
ca. 105–92 Ma SRR-BRH intrusions are temporally coincident with the 
following regional magmatic pulses: (1) the Sierra Crest Magmatic Event 
of the Sierra Nevada batholith (ca. 98–86 Ma, Coleman and Glazner, 1997); 
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Figure 11. Compilation of magmatic and tectonic events 
within the North American Cordillera. (Top) Summary 
of Farallon–North America convergence rates after 
DeCelles (2004). (Middle) Timing of Cordilleran tectonic 
regimes (Thin-Skinned Thrusting—Sevier Style; Thick-
skinned Thrusting—Laramide Style) after Gaschnig et 
al. (2010). (Bottom) Timing of Cordilleran magmatic 
pulses after Gaschnig et al. (2010). The SRR-BRH granit-
oids are shown in dark gray (SRA group) and light gray 
(GPS group). Ages compiled from Bateman (1992), Cole-
man and Glazner (1997), Ciavarella and Wyld (2008), 
Gehrels et al. (2009), Benford et al. (2010), Gaschnig et 
al. (2010), Van Buer and Miller (2010), Cecil et al. (2011, 
2012), and Gaschnig et al. (2017). The vertical gray bar 
highlights the timing of SRR-BRH magmatism with 
respect to other Cordilleran events. The Sierra Crest 
magmatic event of Coleman and Glazner (1997) is also 
shown for comparison.
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(2) the suture zone suite of the Salmon River suture zone (ca. 125–90 Ma, 
Giorgis et al., 2008; Gaschnig et al., 2010); (3) the early metaluminous 
suite of the Idaho batholith (ca. 100–85 Ma, Gaschnig et al., 2010, 2017); 
(4) intrusions of the Sahwave and Nightingale Ranges of northwestern 
Nevada (ca. 110–89 Ma, Van Buer and Miller, 2010); and (5) the isolated 
intrusions of the Owyhee Mountains (ca. 98–90 Ma, Benford et al., 2010).

Broad geochemical similarities between the SRR-BRH intrusions and 
the neighboring batholith systems suggest that the SRR-BRH intrusions 
were formed in a similar continental magmatic arc setting. As illustrated 
in Figure 12, the SRR-BRH intrusions have MORB-normalized trace ele-
ment patterns very similar to granitoid intrusions emplaced in California 
(e.g., Tuolumne, Gray et al., 2008; northern Sierra Nevada intrusions, 
Cecil et al., 2012), western Nevada (Sahwave intrusive suite, Van Buer 
and Miller, 2010), and Idaho (metaluminous and peraluminous suites 
of the Idaho batholith–Atlanta Lobe, Gaschnig et al., 2011). However, 
unlike the larger batholiths that were emplaced in or along thick North 
American lithosphere, the SRR-BRH granitoids were emplaced in thick 
metasedimentary packages, presumably underlain by transitional litho-
sphere (e.g., Van Buer and Miller, 2010). Therefore, these broad geo-
chemical similarities suggest that common processes or source regions 
were responsible for the formation of arc magmatism along a substantial 
portion of the Cretaceous arc system (ca. 110–85 Ma). This observation 
warrants a more thorough investigation, one that requires additional data 
sets beyond the scope of this paper.

Eastward migrations in arc magmatism have been documented in many 
of the Cordilleran arcs during Early to Late Cretaceous time (e.g., Cole-
man and Glazner, 1997; Lackey et al., 2005; Gehrels et al., 2009; Lackey 
et al., 2012; Morton et al., 2014; Ducea et al., 2015a, 2015b; Paterson and 
Ducea, 2015). Within the Sierra Nevada batholith, magmatism migrated 
eastward, leading to the construction and emplacement of the iconic zoned 
intrusions of the Sierra Crest magmatic event (e.g., Tuolumne Intrusive 
Suite, ca. 95–85 Ma; Coleman and Glazner, 1997; Coleman et al., 2004). 
To the north, intrusions of the Salmon River suture zone (ca. 110–100 Ma) 
along the west edge of the Idaho batholith formed a poorly defined west 
to east, mafic to felsic plutonic suite (Gaschnig et al., 2017). Between 
105 and 92 Ma, transpressional deformation transformed these intrusions 
into a suite of orthogneisses along the western Idaho shear zone (WISZ) 
(Giorgis et al., 2008; Gaschnig et al., 2017). Coincident with this period 
of deformation, Idaho batholith magmatism shifted eastward, forming 
the border zone and early metaluminous suites (ca. 98–85 Ma; Gaschnig 
et al., 2011; 2017). Gaschnig et al. (2011) argued that the age, geochem-
istry, and isotopic signatures of these magmatic phases are reminiscent 
of flare-up events recorded in the Sierra Nevada and Peninsular Ranges 
batholiths, and were likely continuous throughout northwestern Nevada.

Recent U-Pb zircon geochronology of intrusions within northwest-
ern Nevada has defined emplacement ages ranging from ca. 116–92 Ma 
(Wyld, 2000; Wyld et al., 2001; Wyld and Wright, 2005; Colgan et al., 
2006; this study). Ciavarella and Wyld (2008) indicate that the intrusions 
of the Black Rock arc terrane are somewhat older (ca. 114–103 Ma) than 
the isolated intrusions within the basinal terrane (i.e., SRR-BRH intru-
sions) to the east (ca. 105–97 Ma) (Fig. 2). As defined in this study, GPS 
group magmatism (ca. 94–92 Ma) extends this range to a younger interval 
(i.e., ca. 105–92 Ma). Thus, the slightly younger intrusion ages within 
the basinal terrane suggest that the focus of arc magmatism may have 
shifted eastward into the back-arc region of northwestern Nevada during 
Early to Late Cretaceous time, coincident with the eastward migration 
and arc flare-up observed in the neighboring batholithic arc segments (i.e., 
Sierra Nevada and Idaho batholiths). This eastward shift in arc magmatism 
was accompanied by a minor NE-SW shortening event, well-preserved 
within the contact aureoles of mid-Cretaceous plutons of the northern 

Luning-Fencemaker fold-and-thrust belt (Rogers, 1999; Wyld et al., 2001; 
Wyld, 2002; Ciavarella and Wyld, 2008). In the SRR, this shortening event 
is coeval with the timing of SRA group magmatism (Andorno stock, ca. 
102 Ma; Wyld, et al., 2001; Wyld, 2002). Therefore, we argue that the 
similar emplacement ages (Fig. 11) and geochemical trends between the 
SRR-BRH intrusions and other arc segments (Fig. 12) support the con-
tinuity of the Late Cretaceous magmatic arc flare-up through northwest-
ern Nevada and, in fact, bridge a gap between more westerly intrusions 
in northern Nevada and the Owyhee Mountains of southwestern Idaho.

CONCLUSIONS

The isolated intrusions of the SRR-BRH in northwestern Nevada are 
an excellent example of Cretaceous arc magmatism in the western Basin 
and Range Province. Field, petrographic, bulk geochemical, geochrono-
logic, Sr and Nd isotope, and zircon Hf isotopic observations presented 
in this study better characterize magmatism in this region, placing these 
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Figure 12. MORB-normalized trace element variation diagrams. Samples 
normalized to the values of Pearce (1983). (A) Comparison plot between the 
Santa Rosa Range and Bloody Run Hills (SRR-BRH) granitoids (dark gray 
shaded area) and the intrusive suites of California and western Nevada. 
The Sahwave Intrusive Suite (Van Buer and Miller, 2010); northern Sierra 
Nevada batholith (Cecil et al., 2012); Tuolumne Intrusive Suite (Gray et 
al., 2008). (B) Comparison plot between the SRR-BRH granitoids and Cre-
taceous intrusions of the Idaho batholith (Atlanta Lobe). The SRR-BRH 
granitoids are shown as the SRA (dark gray) and GPS (light gray) groups. 
Data for Idaho batholith from Gaschnig et al. (2011).
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intrusive suites into a broader regional context. The main conclusions 
identified within this study are as follows:

(1) The SRR-BRH contains two distinct granitoid suites/events: an 
older, more mafic and metaluminous suite (105–100 Ma, SRA group) and 
a younger, more felsic and peraluminous suite (94–92 Ma, GPS group). 
Although the SRA group is typical of granitoids emplaced in the basinal 
terrane of western and northwestern Nevada, the GPS group forms a 
small, but important, pulse of peraluminous magmatism not previously 
documented by earlier regional isotopic and structural studies.

(2) Al-in-hornblende thermobarometry reveal that the SRA group mag-
mas were emplaced at paleodepths of ~5–10 km. Primary muscovite 
combined with prior structural and metamorphic contact aureole obser-
vations suggest slightly deeper emplacement for the GPS group magmas 
(~10.5–12 km). Consistent with previous emplacement estimates, these 
results confirm that the SRR-BRH intrusions represent shallow crustal 
magmatic systems.

(3) All of the SRR-BRH granitoids have bulk chemical signatures 
typical of subduction-related continental arc magmas. These intrusions 
also have bulk compositions similar to other Late Cretaceous arc granitoid 
suites within the North American Cordillera, providing evidence for the 
continuity of the Mesozoic magmatic arc through northwestern Nevada.

(4) Coupled with petrographic and geochemical observations, new 
U-Pb zircon geochronology documents that arc magmatism within this 
region shifted from metaluminous, mafic-intermediate compositions to 
more peraluminous, felsic compositions during Cretaceous time.

(5) Coincident with the observed shift in bulk composition, whole-rock 
Sr and Nd isotope and zircon Hf isotope data demonstrate that the rela-
tive crust/mantle contributions varied systematically with time, revealing 
a progressive shift from mantle-dominated magmas to magmas requiring 
more input from aged crustal reservoirs.

(6) The observed range of zircon Hf isotope compositions and U-Pb 
ages within xenocrystic zircon cores are strikingly similar to the detri-
tal zircon record, namely the Triassic Osobb and Chinle Formations of 
Nevada and Utah. These data suggest that local metasedimentary units 
represent potential crustal inputs into the SRR-BRH magmatic systems.

Collectively, these observations and conclusions emphasize the impor-
tance of the isolated intrusions in northwestern Nevada in understanding 
the tectonomagmatic development and architecture of the Mesozoic con-
tinental margin. Despite being emplaced in fundamentally different litho-
spheric environments, the SRR-BRH intrusions share similar geochemical 
and isotopic patterns to the Sierra Nevada and Idaho batholiths, which 
were formed along and through thick North American lithosphere. This 
suggests some level of commonality in the sources and processes respon-
sible for magma genesis along the entire (ca. 110–85 Ma) Cretaceous arc.
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