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[1] This study addresses the origin of granitic magmas in the Albion—Raft River—Grouse
Creek (ARG) metamorphic core complex and environs and how these inform us about the
deep crustal processes leading to crustal flow and the formation of the ARG. SHRIMP-RG
U-Pb zircon ages, whole-rock geochemical data (major and trace element data, as well as Sr
and Nd isotopes), and zircon geochemistry (in situ O-isotope, Hf-isotope, and trace element
compositions) from Eocene to Oligocene magmas now exposed at three structural levels of
the ARG show that the 41-32 Ma Emigrant Pass and the 32-25 Ma Cassia plutonic
complexes have a common origin, sharing a deep crustal “hot zone” that remained above
solidus temperatures for at least 16 Myr. This magmatism is part of the protracted
magmatism that swept southward across the western U.S. between ~42 and 21 Ma, inferred
to be the result of foundering of the shallow Farallon slab. Isotopic modeling of geochemical
data from these magmas suggests that between 41 and 32 Ma, the influx of mantle-derived
basalt into the lower crust triggered large-scale hybrid magmatism generating calc-alkaline
magmas that erupted and intruded the upper crust and significantly weakened the lower and
middle crust. Between 32 and 25 Ma, this “hot zone” incorporated large amounts of
continental crustal melts, resulting in greater mobility of the lower and middle crust, driving
middle crustal flow and the formation of granitic plutons that rose to shallower levels of the

crust forming the granite-cored gneiss domes of the ARG.

Citation: Konstantinou, A., A. Strickland, E. Miller, J. Vervoort, C. M. Fisher, J. Wooden, and J. Valley (2013),
Synextensional magmatism leading to crustal flow in the Albion—Raft River-Grouse Creek metamorphic core complex,
northeastern Basin and Range, Tectonics, 32, 1384-1403, doi:10.1002/tect.20085.

1. Introduction

[2] Metamorphic core complexes are dome-shaped struc-
tural culminations of middle crustal metamorphic and igne-
ous rocks that develop in extensional tectonic settings.
They were first described in the Cenozoic Basin and Range
province of the western U.S., where they occur in a sinuous
zone ~150-200 km west of the easternmost limit of the
Mesozoic thrust belt (Figure 1a). In general, metamorphic
core complexes of the Cordillera expose Cenozoic plutonic
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rocks, are characterized by zones of high-strain ductile exten-
sion, al deformation and are bound by low-angle normal
(detachment) faults [e.g., Coney, 1980; Wernicke, 1981;
Armstrong, 1982; Coney and Harms, 1984]. The origin of
core complexes, specifically the mechanisms involved in
the rise of deep rocks to the surface during extension and
the role of magmatism in their genesis, remains controversial.

[3] Recent studies throughout the globe have described
metamorphic core complexes as gneiss or migmatite domes
formed by extension-assisted diapiric ascent of partially
molten crust [e.g., Vanderhaeghe et al., 1999; Teyssier and
Whitney, 2002; Whitney et al., 2004; Kruckenberg et al.,
2008; Gordon et al., 2008; McFadden et al., 2010;
Kruckenberg et al., 2011]. Numerical modeling by Rey
etal.[2009a, 2009b, 2011] illustrates how extensional gneiss
domes can result from the collapse of overthickened crust,
localized by a point-like or a fault-like anomaly in the brittle
crust. In these models, the diapiric rise of deep crust is aided
by decompression partial melting that weakens the crust.
Anatectic melts crystallize as migmatites or coalesce to form
“granite-like” bodies in the case of large degrees of partial
melting. Tirel et al. [2004, 2008] demonstrated the impor-
tance of granitic plutons as density anomalies at the base of
the middle crust in the formation of extensional gneiss
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Figure 1. (a) Shaded relief map of the western United States highlighting the Basin and Range and exposures
of magmatic rocks of Mesozoic and Cenozoic age. Locations of metamorphic core complexes are shown in
dark grey, and the green lines indicate the southward propagation of early-middle Cenozoic magmatism.
Letters next and within the areas of Cenozoic magmatism correspond to the relative probability diagrams in
Figure 1b. (b) Relative probability diagrams of the ages of Cenozoic (60—18 Ma) igneous rocks from six major
magmatic fields in western U.S., compiled from the “NAVDAT” database, excluding altered rocks (based on
geochemistry) and excluding rocks with reported ages with more than 5% (1o) error (see Appendix I in the
supporting information). For graph A, the Colville igneous suite spans ~60—40 Ma, with most of the reported
ages concentrated between 45 and 52 Ma. In the region of the Bitterroot metamorphic core complex and
Boulder batholith (graph B), the ages of Cenozoic igneous rocks span 4555 Ma, similar to graphs A and
C. Ages of the igneous rocks in the Challis and Absaroka volcanic fields (graph C) [Bennett, 1986;
Kiilsgaard et al., 1986]. Between ~41°N and 39°N latitude (the approximate area of northeastern Nevada
volcanic field, graph D), magmatism was active from ~45 Ma until ~33 Ma, with most of the reported geo-
chronology results in the time interval 42-37 Ma. The reported ages for igneous rocks in central Nevada
(latitude 39—-37°N) range from 40 to 20 Ma (graph E). In southern Nevada (latitude 37-35°N), the reported
ages of igneous rocks range from 30 to 18 Ma, with most of the data falling between 27 and 20 Ma (graph F).

domes. None of these models, however, discuss the possibil-  extensional settings. In the Bering Strait region, mantle-de-
ity of mass transfer of magma from the mantle into the crust, rived magmatism resulted in both the thermomechanical
nor do they address the petrogenesis of the granitic bodies. weakening of the crust and the diapiric rise of magmas that
Studies that focus on magmatism in extensional provinces are enveloped in gneissic, high-strain metamorphic carapaces
like the northern Basin and Range [Gans et al., 1989] and  [Miller et al., 1992; Amato and Miller, 2004]. During this
in the Bering Strait region of Alaska [4mato et al., 1994, process, stretching and flow of the lower crust results in a
2002; Amato and Miller, 2004; Akinin et al., 2009] alterna-  sharp subhorizontal Moho and enhanced lower crustal reflec-
tively conclude that mantle-derived magmatism is essential tivity [Klemperer et al., 2002; Amato et al., 2002; Akinin
to partial melting, remobilization, and flow of crust in ef al., 2009]. The plutonic rocks both within and proximal
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to metamorphic core complex/gneiss domes described in
these two regions are the result of regional magmatism
ultimately related to mantle- and lithospheric-scale processes
(e.g., slab foundering and slab rollback) rather than just
crustal melting associated with overthickening of the crust.
Thus, a deeper knowledge of the origin of magmas associated
with metamorphic core complexes and gneiss domes is criti-
cal to understanding the role of deeper lithospheric processes
as drivers for their formation.

[4] This paper focuses on the Eocene to Oligocene
magmatic history of the Albion—Raft River—Grouse Creek
(ARG) metamorphic core complex as a case study to address
the role of magmatism in the structural evolution of a
Cordilleran metamorphic core complex. We present new geo-
chronologic data (U-Pb zircon ages), whole-rock geochemical
data (major and trace element data and Sr and Nd isotopes),
and zircon geochemistry (in situ O-isotope, Hf-isotope, and
trace element compositions) from Eocene and Oligocene
magmas exposed at three different structural levels, including
volcanic rocks erupted at the surface, plutonic rocks intruded
into the upper crust (5-8 km), and plutonic rocks intruded
at ~12—15 km depths. We evaluate the geochemical evolution
of these magmas through time and assess their temporal
and compositional links to magmatism, metamorphism, and
crustal melting at the more regional scale and their role in
the development of gneiss domes and implied lower and
middle crustal flow beneath the region of the ARG.

[5] Our results are consistent with Eocene mantle-derived
magmatism being the driving mechanism for deep crustal
melting with increasing assimilation of crust in the Cenozoic
magmas through time. By Oligocene times, this mantle-
derived magmatic event resulted in widespread deep crustal
melting that weakened the crust, causing it to flow and plutons
to rise, ultimately forming the extensional granite-cored gneiss
domes of the ARG.

2. Regional Geologic Setting

[6] The northern Basin and Range Province of the western
U.S. (Figure la) is a broad, active continental rift that is
characterized by northerly trending normal fault blocks
formed by E-W extension. It is the end product of a
protracted history of both magmatism and deformation
whose details remain controversial [e.g., Wernicke, 1992;
Dickinson, 2002; Henry et al., 2011]. Seismic studies of the
northern Basin and Range have shown that at depth, the mid-
dle and lower crust is characterized by subhorizontal seismic
reflectivity and a sharp and uniform Moho depth of 28-32
km [e.g., Klemperer et al., 1986; Hauser et al., 1987;
Hauge et al., 1987; Catchings and Mooney, 1991,
Holbrook et al., 1991; Catchings, 1992; Gashawbeza et al.,
2008]. Its rich history of Cenozoic magmatism has been the
subject of many studies. Following the end of regional
folding and thrust faulting in the Cretaceous through the ear-
liest Cenozoic (Sevier and Laramide orogenies) [e.g.,
Armstrong, 1982; Burchfiel et al., 1992; DeCelles, 1994;
DeCelles et al., 1995; DeCelles and Coogan, 2006],
Cenozoic volcanic rocks erupted across the region that was
to become the future Basin and Range province [e.g.,
Christiansen and Lipman, 1972; Stewart et al., 1977; Gans
et al., 1989; Armstrong and Ward, 1991; Best and
Christiansen, 1991; Christiansen and Yeats, 1992; Axen

et al., 1993; Christiansen and McCurry, 2008] (Figures la
and 1b). The initiation of magmatism began in southemn
Canada, northern Idaho, and Montana at ~60 Ma and migrated
to southern Nevada by ~21 Ma [4rmstrong and Ward, 1991;
Best and Christiansen, 1991; Christiansen and Yeats, 1992;
Axen et al., 1993] (Figures la and 1b) and has been called
the “ignimbrite flare-up” in central Nevada [Best and
Christiansen, 1991; Christiansen and Yeats, 1992].

[7] In order to compare the suite of igneous rock ages from
the ARG obtained by this study and by Strickland et al.
[2011a, 2011b] to magmatism at the regional scale, we uti-
lized data from North American Volcanic and Intrusive
Rock Database (NAVDAT), exported on 3 October 2011
[North American Volcanic and Intrusive Rock Database
(NAVDAT), 2011]. In order to produce the magmatic age
contours and age probability diagrams shown in Figure 1,
we incorporated data from both volcanic and plutonic rocks
from the Sevier thrust belt on the east to the Cascades and
Sierra Nevada on the west (longitude 121°W-110°W) and
from southern British Columbia to southern Nevada (latitude
48.5°N-35°N) across the time span 60—18 Ma (selection
criteria and methods are described in Appendix I in the
supporting information). The NAVDAT data illustrate the
southward migration of magmatism from northern Idaho to
southern Nevada, as first documented and discussed by
Christiansen and Lipman [1972], Stewart et al. [1977],
Armstrong and Ward [1991], Best and Christiansen [1991],
Christiansen and Yeats [1992], and Axen et al. [1993].

[8] In the region north of the Snake River Plain, Cenozoic
magmatism has been interpreted to reflect adakitic magmatism
above a slab window or a tear of the Farallon subducting slab
[Breitsprecher et al., 2003; Ickert et al., 2009] (Figure 1). In
the region south of the Snake River Plain, Cenozoic magmatism
has been attributed to the progressive removal of the Farallon
slab [e.g., Armstrong and Ward, 1991; Humphreys, 1995],
which resulted in upwelling of asthenosphere and melting of
subduction-hydrated lithospheric mantle [e.g., Humphreys
et al., 2003; Lee, 2005, 2006] (Figure 1).

3. The Albion—Raft River—Grouse Creek
Metamorphic Core Complex

3.1. Cenozoic Extensional Deformation in the ARG

[¢] The Albion—Raft River—Grouse Creek (ARG) metamor-
phic core complex is located in southern Idaho and northwest-
ern Utah, ~180 west of the eastern front of the Sevier thrust
belt and bound on the north by the Snake River Plain
(Figures 1 and 2). The structurally deepest and oldest rocks ex-
posed in the ARG are Archean crystalline rocks of the Green
Creek Complex composed primarily of augen orthogneiss
with lesser amphibolite, diorite, tonalite, and metasedimentary
rocks. These Archean rocks are unconformably overlain by
Neoproterozoic quartzites and metapelites that represent
the base of the passive margin succession deposited across
the northern Great Basin (Figure 2) [Armstrong, 1968a;
Compton, 1972, 1975; Compton et al., 1977; Stewart, 1980].
Higher stratigraphic units include Phanerozoic (Ordovician
through Cenozoic) unmetamorphosed to weakly metamor-
phosed sedimentary rocks [e.g., Compton et al., 1977]
(Figure 2). Based on stratigraphic considerations alone, the rel-
ative uplift of rocks in the ARG compared to surrounding re-
gions that expose supracrustal sedimentary and volcanic
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Figure 2. Generalized geologic map of the Albion—Grouse Creek—Raft River Mountains. Dashed line
indicates the location of Figure 3. Modified from Compton [1972, 1975], Miller [1978], Todd [1980],
Miller et al. [2008], Wells [2009], and Strickland et al. [2011b]. The inset map shows the location of the

ARG in the western Cordillera.

sequences is a minimum of ~10 km [Compton et al., 1977;
Stewart, 1980].

[10] The first detailed studies of the ARG metamorphic
core complex were those of Armstrong [1963, 1968b] and
Armstrong and Hills [1967], who suggested that it repre-
sented a series of mantled gneiss domes (Figure 2) that
formed partly in Oligocene times during the intrusion of gra-
nitic plutons, a view that was further elaborated upon by later
workers [Compton et al., 1977; Miller, 1980; Todd, 1980;
Miller, 1983]. The gneiss domes are defined by metamorphic
foliation, and their emplacement or formation has been in-
ferred to be the result of extreme strain, attenuation, and
stretching of the middle crust, which resulted in horizontal
to gently dipping foliations and NW-SE to E-W lineations

(L-S tectonites) that involve the tops and western borders of
Oligocene granitic plutons [Armstrong, 1968; Compton
et al., 1977; Todd, 1980; Armstrong, 1982; Saltzer and
Hodges, 1998; Sullivan, 2008; Strickland et al., 2011a,
2011b; Konstantinou et al., 2012]. Many studies have
demonstrated a Cretaceous history of metamorphism in the
ARG Je.g., Armstrong, 1968b; Wells et al., 2012], which
has been interpreted to reflect alternating episodes of contrac-
tion and extension in the western U.S. during the Mesozoic
[e.g., Wells et al., 2012, and references therein]. Cenozoic
fabrics have overprinted much of this Cretaceous fabric,
making the study and interpretation of the Cretaceous history
of the complex more difficult to decipher than its Cenozoic
history [e.g., Miller et al., 2012]
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[2003] are in italics. Modified from Egger et al. [2003].

[11] Recent geochronologic studies of metamorphic and
plutonic rocks from the Albion and Middle Mountains have
supported the conclusions of earlier workers in that much
of the Cenozoic deformation in the core complex may be
explained as related to the formation of a series of granite-
cored gneiss domes that formed episodically during late
Eocene and Oligocene times (~34-25 Ma; Figure 2)
[Strickland et al., 2011a, 2011b; Konstantinou et al., 2012].
These interpretations are supported by geologic mapping,
field relationships, structural and microstructural studies,
and the geochronology of igneous and metamorphic rocks.

[12] Strickland et al. [2011a] illustrated that extreme thin-
ning of the Paleozoic section from ~1500 m in the Raft
River Mountains to 350 m in the southern Middle
Mountain, and the development of subhorizontal high-strain
foliations and NW-SE stretching lineations at amphibolite
facies, is spatially associated with the intrusion of the
Vipoint pluton (Figure 2). This metamorphic fabric, which
overprints an earlier Cretaceous metamorphic event [e.g.,
Wells et al., 2012], was dated by U-Pb geochronology
of monazite from metamorphic rocks and pegmatites
boudinaged within the foliation as forming between 32 and
27 Ma. Approximately 20 km north of the Vipoint pluton,
subhorizontal foliation and NW-SE stretching lineation
deform the Middle Mountain orthogneiss, a calc-alkaline
pluton dated by U-Pb geochronology at 32.1£0.6 to
31.8+0.4 Ma (Figure 2) [Strickland et al., 2011b]. In the
Albion Mountains and the northern Middle Mountains, the
high-strain foliation and well-developed NW-SE stretching
lineation are defined in part by sillimanite growing in

asymmetric top-to-the-west shear bands, and a series of
strain-collapsed isograds have been mapped on top and
around the gneiss domes and the western and northern part
of the Almo pluton dated between 30.6+0.3 and 28.9+0.3
Ma wusing zircon U-Pb geochronology (Figure 2)
[Strickland et al., 2011b; Konstantinou et al., 2012].
This fabric and metamorphism is thought to reflect thinning
and flow at amphibolite facies conditions during the
development of the gneiss domes. Similar relationships have
been documented in the Grouse Creek Mountains, where
subhorizontal high-strain foliation and NW-SE stretching
lineations involve both the country rocks and the Red Butte
pluton, which is dated as ~25 Ma (Figure 2) [Egger et al.,
2003; this study].

[13] Collectively, the cross-cutting field relationships and
the geochronology of Cenozoic plutons and high-tempera-
ture metamorphic rocks illustrate that Oligocene ductile ex-
tensional flow and metamorphism accompanied plutonism
in the ARG. Deformation is focused along the top of the
western side of the Almo pluton and in the top-to-the-NW
Middle Mountain shear zone [e.g., Saltzer and Hodges,
1998; Sullivan, 2008; Strickland et al., 2011a, 2011b]
(Figure 2) and collectively occurred mostly between ~34
and 25 Ma. A more detailed account of the field relationships
in the lower plate of the ARG and their relationship to the
emplacement of the Cenozoic plutons can be found in
Egger et al. [2003], Strickland et al. [2011a, 2011b], and
Konstantinou et al. [2012]. Alternative views propose that
the 34-25 Ma magmatism is unrelated (and younger) than
the main extensional deformational and metamorphism in
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Figure 4. Diagram showing representative cathodoluminescence images of zircons from the igneous rocks
dated in this study. Samples: A=TEP-2; B=GC-5B; C=GC-1; D=TEP-9; E=TEP-1; F=TEP-7; G=TRB.
Red circles indicate the spots where 2°’Pb-corrected 2°°Pb/**8U ages were obtained from SHRIMP-RG
analyses, blue circles indicate the spots analyzed for O isotope ratios by SIMS, and green circles indicate spot

locations from Hf isotope analyses by LA-ICP-MS. The scale bar is 100 um for all the samples.

the complex, as constrained by the growth of monazite in gar-
nets and “’Ar/*?Ar thermal histories [e.g., Wells et al., 2000,
2012].

[14] The final exhumation of the granite-cored gneiss
domes of the ARG metamorphic core complex was accom-
plished by large-offset (~10 km) high-angle normal faults
and rolling-hinge-type extensional detachment faults (such as

the Raft River detachment) during the Miocene (15-7 Ma)
[Compton, 1983; Wells et al., 2000; Egger et al., 2003;
Konstantinou et al., 2012], with extreme transient geother-
mal gradient locally documented and inferred to be related
to convective flow of surface waters [Gottardi et al.,
2011]. These structures are significantly younger than the
gneiss dome phase of core complex development in the
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Figure 5. Relative probability diagram and histogram of
the zircon ages from Cenozoic plutons determined from
the ARG (including data from Egger et al. [2003] and
Strickland et al. [2011b]). Note the overlap in ages of the
Emigrant Pass plutonic complex (EPC) and the Cassia plu-
tonic complex (CPC). Red circles indicate the ages and 2c er-
rors of individual samples from the EPC, while blue circles
indicate the ages and 2c¢ errors of samples from the CPC.
The probability curve of the northern Nevada volcanic field
is also shown for comparison.

ARG and are partly coeval with Miocene Snake River Plain
magmatism [Konstantinou, 2011; Konstantinou et al., 2012].

3.2. Magmatism in the ARG

[15] Cenozoic igneous rocks are exposed both within and
flanking the ARG metamorphic core complex (Figure 2)
and were erupted or intruded during three distinct events in
the late Eocene, the Oligocene, and the late Miocene.
During the late Eocene (41-32 Ma), the calc-alkaline inter-
mediate to felsic Emigrant Pass plutonic complex (EPC)
was emplaced at shallow crustal levels (5—8 km), based on
the growth of metamorphic minerals that include andalusite
in the immediate contact aureole of the pluton [Compton,
1977; Egger et al., 2003; Figures 2 and 3]. The EPC is elon-
gated in an E-W direction and has an approximate aerial
extent of ~75 km? (Figure 3), but it is probably broader at
depth considering its inferred exposure beneath thin quater-
nary deposits and its gravity and magnetic anomalies
[Khattab, 1969; Langenheim et al., 2011]. The plutonic
complex is divided into a diorite phase with mafic dikes
along its southwestern edge (SW EPC) and a granitic phase
with garnet-bearing aplite dikes on its northeastern side
(NE EPC) [Egger et al., 2003; Compton, 1977; Baker,
1959] (Figure 3). Eocene volcanic rocks of dacitic-rhyolitic
composition—possibly volcanic counterparts to the plutonic
complex—were first mapped by Compton [1983]. A crystal-
rich vitric tuff near the base of the Cenozoic sedimentary sec-
tion along the western side of the Grouse Creek Mountains
(in fault contact with the plutonic rocks, Figure 3) yielded a
K-Ar biotite age of 36.4+1.1 Ma, and K-Ar analysis of
sanidine from an ashfall tuff slightly higher in the section
produced an average age of 33.4+1.0 Ma [Compton,

1983]. These volcanic rocks are within the age range of the
Emigrant Pass plutonic complex, and their link to the plu-
tonic complex is discussed in this study.

[16] During the Oligocene, magmatism in the ARG meta-
morphic core complex is represented by the Cassia plutonic
complex (CPC) [Strickland et al., 2011b]. The CPC appears
to have limited map extent (Figure 2) because it is dissected
by normal faults and covered by basin fill. Geologic cross
sections together with geochronology show that the complex
underlies an extensive region of the ARG (Figure 2, shown
by red line) [Egger et al., 2003; Strickland et al., 2011b].
The Oligocene plutonic complex intruded country rocks as
they experienced amphibolite facies conditions (~3.5—4 kbar;
650°C) [Egger et al., 2003; Strickland et al., 2011a, 2011b;
Konstantinou et al., 2012], and parts of it are involved in
the high-strain foliation and NW-SE extensional stretching
fabrics. The oldest pluton in the CPC is the Middle
Mountain orthogneiss, dated at 32 Ma [Strickland et al.,
2011b], and for the purpose of this study, we include the youn-
ger Red Butte pluton in the Grouse Creek Mountains dated at
~25 Ma as part of the CPC [Compton et al., 1977; Todd, 1980;
Egger et al., 2003; this study] (Figure 1). There is no evidence
that the studied plutons in the 32-25 Ma age range had volca-
nic equivalents. Miocene (14—8 Ma) volcanic rocks are present
adjacent to the metamorphic core complex (Figure 1) but are
not the subject of this paper.

4. Methods

[17] Single-grain zircon U-Pb analyses (n=168) from
seven samples were carried out using the sensitive high-
resolution ion microprobe reverse geometry (SHRIMP-RG)
at the Stanford-USGS facility. Five samples were collected
from the Emigrant Pass plutonic complex (two from the
SW phase and three from the NE phase), one sample from
a vitric tuff deposited unconformably above Triassic sedi-
mentary rocks in the hanging wall of the Miocene Grouse
Creek Fault [Martinez, 2000; Egger et al., 2003], and one
from the Red Butte pluton (Table 1 and Figures 4 and 5).
Detailed methods and description of the results are in
Appendix I in the supporting information.

[18] Sixteen samples were analyzed for whole-rock geo-
chemistry (see details and results in Appendix II in the
supporting information). Five samples are from the SW
phase of the Emigrant Pass plutonic complex, six samples
are from the NE phase, two samples are from the Oligocene
Cassia plutonic complex, and three samples are from
Archean crystalline rocks (Table 1 and Appendix II in the
supporting information).

[19] Nine samples were selected for whole-rock Sr and Nd
analyses performed at the Stanford MC-ICP-MS facility
(Table 1 and Appendix III in the supporting information).
Six samples are from the SW phase of the Emigrant Pass
plutonic complex, two are from the NE phase, one is from
the Oligocene Red Butte pluton, and one amphibolite is from
the Archean crystalline basement exposed in the ARG.
The procedures used are sample dissolution and mass spec-
trometry, and the results are found in Appendix III in the
supporting information.

[20] Zircon trace element compositions of the seven dated
samples described above were determined by in situ analyses
using the SHRIMP-RG. The description of the procedure and
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Figure 6. Whole-rock major element compositions of samples from the EPC, CPC, Precambrian igneous
rocks, and the northeastern Nevada volcanic field. Key is the same for Figures 6a—6c¢. (a) Total alkali versus
silica (TAS) diagram indicating the range of compositions of the Precambrian basement, the SW and NE
phases of the Emigrant Pass plutonic complex (EPC), the Cassia plutonic complex (CPC), and the
northeastern Nevada volcanic field. (b) Alumina/CaO +Na,O+K,O (A/CNK) versus K,O. (c¢) FeOt/
MgO versus SiO, diagrams of the same suite of rocks.

the results are found in Appendix IV in the supporting infor-
mation. The O-isotope composition of zircon from seven
Cenozoic samples (Table 1 and Figure 4; n=168) was
determined in situ using an IMS-1280 at the WiscSIMS
facility following the procedures described in Kita et al.
[2009] and Valley and Kita [2009], and §'%0 [Vienna
SMOW (VSMOW)] values were calculated at the 2o level
(see Appendix V in the supporting information for details of
the method and the results). For the purpose of this study,
we have used the 5'%0,, values to calculate §'%0,,, using the
equation rearranged from Lackey et al. [2008], i.c.,
0804, =0"80, +0.0612 (Wt %Si0,) — 2.5
[21] Hf-isotopic compositions were determined in situ on
zircon grains from nine Cenozoic samples (Table 1) at
Washington State University’s LA-MC-ICP-MS facility using
the procedure described in Fisher et al. [in review] (Table 1
and Figure 4). Five Oligocene samples with inherited cores

and Cenozoic rims were analyzed using a split-stream geome-
try (Appendix VI in the supporting information). The
76Hf/"""Hf and '"°Lw/!""Hf ratios and the SHRIMP-RG sam-
ple ages were used to calculate ey and epgy) values reported
in Appendix VI in the supporting information.

5. Results and Interpretation

5.1. In Situ Zircon SHRIMP-RG U-Pb Geochronology

[22] The geochronologic results from this study add to
those of Strickland et al. [2011b] from the igneous rocks of
the Cassia plutonic complex and those of Egger et al.
[2003] from the Emigrant Pass plutonic complex and are
summarized in Figure 5. The collective data from the EPC
reported in this study and by Egger et al. [2003] indicate that
magmatism spanned from 41 Ma to 32 Ma. The SW phase of
the complex is the oldest, as first documented by Compton
et al. [1977], and ranges in age from 41 to 36 Ma. Zircon
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Figure 7. Whole-rock chondrite-normalized spider dia-
gram of trace elements of samples from the Emigrant Pass
complex (EPC), the Cassia plutonic complex (CPC), and
the northeastern Nevada volcanic field.

from this phase lack inherited zircon cores (Figures 4a—4c).
The NE phase is younger, ranging from ~35 to 32 Ma, and
its zircon crystals have abundant inherited cores
(Figures 4d—4g). The data from the EPC and the Cassia plu-
tonic complex (CPC, including the Red Butte pluton) indi-
cate nearly continuous crystallization of magmatic zircon
from ~41 to 25 Ma, with a slight overlap in the ages of the
Emigrant Pass plutonic complex (EPC, 41-32 Ma) and the
Cassia plutonic Complex (CPC, 32-25 Ma; Figure 5).

[23] The age of crystallization of the EPC overlaps with the
reported ages of (mostly) volcanic rocks in the northeastern
Nevada volcanic field (Figures 1 and 5). The CPC postdates
the age of volcanism documented across northeast Nevada;
in fact, its intrusion spans a period of noted volcanic
quiescence across the northernmost Basin and Range
[e.g., Armstrong and Ward, 1991; Burton, 1997; this study]
(Figure 1b).

5.2. Major and Trace Element Geochemistry

[24] Major and trace eclement analyses performed in
this study together with results from 9 Archean and 12
Cenozoic igneous rock samples were included in the data
shown in Figures 6 and 7 (compiled from Egger et al.
[2003] and Strickland et al. [2011b]). Data from the north-
eastern Nevada volcanic field are from Brooks et al. [1995]
and NAVDAT [2011]. The Emigrant Pass plutonic complex
(EPC) ranges in composition from hornblende monzogabbro
(Si0, =53%) through granite (SiO,=75%), and the Cassia
plutonic complex (CPC) is composed of granodiorite through
high silica granite, but there is a significant overlap in compo-
sition between the EPC and the CPC, and the magmas follow
a common evolutionary trend (Figure 6). Cenozoic magmas
of the ARG are calc-alkaline (Figure 6¢) and evolve from
metaluminous (A/CNK < 1.0 for the SW phase of the EPC)
to weakly peraluminous (A/CNK ~1-1.1 for the NE phase
of EPC) and strongly peraluminous (A/CNK > 1.1 for the
CPC; Figure 6b). The three plutonic complexes have similar
trace element patterns (Figure 7). All samples analyzed have
strong enrichments in large-ion lithophile element (LILE)
incompatible elements and moderate enrichments in high

field strength (HFS) incompatible elements, with Nb and Ti
anomalies (Figure 7). The Cenozoic magmas of the ARG, in
terms of both their major and trace element compositions, are
similar to magmas from the northeastern Nevada volcanic field,
which are calc-alkaline and metaluminous to peraluminous
andesites to rhyolites, with strong LILE enrichments and Nb
and Ti anomalies (Figures 6 and 7).

[25] Previous work by Strickland et al. [2011Db] suggested
that the Archean augen gneiss now exposed in the ARG is
unlikely to represent the only crustal source for the CPC
because of its highly radiogenic Sr isotopic composition,
and they suggested that that intermediate Archean crustal
sources might exist at greater depth. In order to better under-
stand the compositional variability of rocks represented by
the Archean complex, more rock types from the Archean
basement in the Albion and Raft River Mountains were ana-
lyzed: a Precambrian tonalite and two amphibolite samples
(a metadiorite and a metagabbro). All three samples have
metaluminous bulk geochemistry (Figure 6).

5.3. 'Whole-Rock MC-ICP-MS Sr and Nd Isotope Analyses

[26] Our whole-rock Sr and Nd isotope results, together
with isotopic analyses reported in Strickland et al. [2011b]
and Wright and Wooden [1991], were used to calculate age-
corrected 87Sr/%°Sr; and endeiy values (Figure 8). Sr and Nd
isotopic values for the Precambrian basement samples were
calculated at 40 Ma, rather than the age of the rock, to estimate
their isotopic composition at the time of onset of Cenozoic
magmatism and to compare with the initial isotopic composi-
tions of the Emigrant Pass plutonic complex (EPC) and the
Cassia plutonic complex (CPC; Figure 8). The EPC has initial
isotopic compositions of *’Sr/*®Sr;=0.7089-0.7110 and exqg)
values from —16 to —24; the CPC has initial isotopic compo-
sitions of ¥7Sr/*°Sr;=0.7111-0.7156 and endc) values from
—26.3 to —36.1 (Figure 8). The Precambrian amphibolite
sample has a ¥’Sr/*®Sry va value of 0.717 and an ENA(40 Ma)
value of —24.8 (Figure 8). The Precambrian felsic rocks have
a range of isotopic compositions of 37St/*°Sryq \a=0.798—
1.044 and exguo ma) Of —282 to —43.4 (Figure 8)
[Strickland et al., 2011b].
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from the Precambrian basement, the SW and NE phases of
the Emigrant Pass complex (EPC), and the Cassia plutonic
complex (CPC) in the ARG metamorphic core complex.
Data were compiled from Wright and Wooden [1991],
Strickland et al. [2011D], and this study.
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(a) Trace element compositions (Eu/Eu* versus Th/U) of zircons from the SW phase of the

Emigrant Pass complex and the volcanic sample from the Grouse Creek Mountains (pink field) indicated
the overlap in composition in the two data sets. (b) Trace element compositions (Eu/Eu* versus Th/U) of
zircons from the Emigrant Pass complex (EPC) and the Cassia plutonic complex (CPC) showing the
decrease in Eu/Eu* and Th/U with fractionation and the “unfractionated” values of Eu/Eu*; (~0.85) and
Th/U; (~1.6). (c) Trace element composition [Ti versus log(Hf)] of zircons from the Emigrant Pass complex
(EPC) and the Cassia plutonic complex (CPC) showing the decrease of Ti with fractionation. The calcula-
tion of the Ti-in-zircon temperature (inset) [Ferry and Watson, 2007] assumes aSiO, =1, aTi=0.7, and 1

GPa pressure.

5.4. In Situ Zircon SHRIMP-RG Trace
Element Geochemistry

[27] The trace element geochemistry of zircon is a useful
petrogenetic indicator and reflects the evolution of the
magmas from which the zircons crystallized [e.g., Barth
and Wooden, 2010]. The europium anomaly (Eu/Eu*) in
magmas is an indicator of the fractionation of the melt due
to the crystallization of plagioclase feldspar and is also a
function of the fO, in magmas. The Th/U ratios of magmas
are also indicators of fractionation, controlled by the crystal-
lization of minor phases such as allanite and zircon.

[28] The 36.1 Ma vitric tuff (GC-1) has similar Eu/Eu* and
Th/U ratios to samples from the SW phase of the EPC
(Figure 9a). Figures 9b and 9c compare the zircon trace ele-
ment compositions of the SW phase (red triangles) of the
EPC, the NE phase of the EPC (red squares), and the CPC
(blue diamonds). The Eu/Eu* versus Th/U plot (Figure 9b)
for all dated zircons indicates that the least fractionated zir-
cons have a Eu/Eu*; of ~0.85 and a Th/U; of ~1.6, both of
which reflect the least fractionated (mafic) composition of
the magmatic system. The Ti versus Hf plot shows similar
fractionation trends for the magmas of the EPC and CPC,

indicating a record of similar initial elevated magma temper-
atures reflected by Ti-in-zircon temperatures (Figure 9c).

5.5. In Situ Zircon SIMS O Isotope Analyses

[29] The O-isotope composition of zircons from the seven
samples dated yielded weighted average 5'%0,, (VSMOW)
in the range 4.8-6.7%0 (Figure 10a, inset; Table 1 and
Appendix V in the supporting information). Zircons with
ages of 38-35 Ma have O-isotope compositions of §'%0,,
~5.6%o to ~6.8%o, which is higher than the weighted average
value measured on inherited Precambrian zircon cores
(8'%0,,=5.6£0.2%0; 20) [Strickland et al., 2011b; this
study]. Zircons with ages of 35-25 Ma have O-isotope
compositions of §'*0,, from ~5%o to 6%o requiring a fairly
homogeneous magma reservoir for a prolonged period of
time (~10 Ma) (Figure 10a). Moreover, when melt 3'%0,,,
values are calculated from the measured zircon values (using
the equation above) [Lackey et al., 2008], the calculated
3'80,,, values of both the EPC and CPC magmas have a
uniform range with ~88% of the calculated 3'%0,, being
between 6.5%o and 7.5%o, with a weighted average value of
81804, =7.15£0.05%0 (95% confidence level).
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Figure 10. Diagram summarizing the temporal zircon (a) oxygen-isotope (n=155) and (b) Hf-isotope
(n=114) compositions from igneous rocks from the ARG. The key in Figure 10b is for both graphs. The
inset in Figure 10a shows the weighted average 5'®0,, and U-Pb age of individual samples. Red symbols
are for the EPC, and blue symbols are for the CPC. Also shown for comparison are the O-isotope compo-
sitions for zircon in equilibrium with the mantle [Valley, 2003; Valley et al., 1998], the igneous zircon from
the Valhalla migmatite complex [Gordon et al., 2009], and the oxygen- and Hf-isotope compositions of
inherited zircon cores from the Cenozoic igneous rocks in the ARG [Strickland et al., 2011b; this study].

[30] When our results from Cenozoic zircon are compared  high §'®0,, values in the Valhalla complex have been
with reported 5'%0,, values of igneous zircon from Cenozoic  explained by Gordon et al. [2009] as recording the signature
leucogranites and leucosomes exposed in the Valhalla of fluids from the deep crust driven by metamorphic
migmatite complex (average 8'0,.=7.9+0.2%0) [Gordon devolatization and igneous crystallization. Cenozoic
et al., 2009], they are lower by ~1-3%o (Figure 10a). The metaluminous plutons and supracrustal volcanic rocks in
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Table 2. Parameters Used in AFC Modeling of the Different Crustal and Mantle Reservoirs in the Region of the ARG

. 8786
Reservoirs St/”"Sr

Srppm Bulk DSr  eng

Ndppm Bulk DNd ey Hfppm Bulk DHf §%0,, A

Stage I: Assimilation of Basalt and Mafic Lower Crust (r=0.7)

Average mantle (pristine magmaI)  0.7069 335 0.10 -2.5 13.0 0.18 -2.5 3.4 0.20 5.6 0.1
Lower crust 0.7170 140 0.10 -25.0 33.0 0.18 -32.0 3.8 0.20 9.5 0.1
Stage Ila: Assimilation of Mixed Magma and Middle Crust (r=0.56)

Mixed magma (F=0.76) 0.7088 440 22 —16.0 17.8 0.54 —14.6 4.0 0.65 7.4 0.1
Middle crust 0.7200 38 22 -35.0 15.0 0.54 —45.0 6.0 0.65 6.8 0.1

the region of the Valhalla complex were not studied. In
contrast to the results from the Valhalla complex, most of
our §'80,, results indicate zircon crystallization from a magma
that has a zircon oxygen isotopic composition similar to the
mantle (8'%0,,=5.3+0.6%0 20) [Valley et al., 1998, 2005;
Valley, 2003; Grimes et al., 2011] and a crustal source
represented by the inherited zircon cores in the Cenozoic
magmas (8'%0,,=5.6+0.2%o; Figure 3) [Strickland et al.,
2011b; this study].

5.6. In Situ Zircon LA-ICP-MS Hf Isotope Analyses

[31] The initial Hf-isotope compositions of the Cenozoic
zircon grains have epgy values ranging from —15 to —42
(Figure 10b). These zircons define a trend of decreasing epgy)
values through time (Figure 10b), with the oldest zircons
(~38 Ma) of the Emigrant Pass plutonic complex having the
most radiogenic values (—15 to —20) and the youngest
(28-25 Ma) phases of the Cassia plutonic complex having
the least radiogenic epy) values (=35 to —42). We calculated
the Hf isotopic compositions of Archean zircon cores at
40 Ma (engao)), rather than at their crystallization age, in
order to compare with the Hf isotopic compositions of the
Cenozoic zircon growth. These inherited Archean cores
have gyga0)= —60 (Figure 10b) and stand in stark contrast
to the Cenozoic rims (~20—45 ey units). This clearly indicates
that the zircon rims represent new zircon growth and not
simply reconstituted Archean zircon.

5.7. Geochemical Modeling and Evaluation
of Crustal Assimilation

5.7.1. Potential Crustal Sources

[32] For the purpose of modeling the petrogenesis of the
Cenozoic magmas studied here, we made a series of simplify-
ing assumptions (outlined below) about the composition of
two possible average crustal reservoirs (middle and lower
crust). We do not consider Proterozoic metapelites and quartz-
ites to have been a significant source for Eocene and
Oligocene magmas, despite their favorable bulk compositions
for dehydration melting. This is because these rocks are not
partially melted at the exposed levels of the crust, and they
were probably not present at greater depth (for instance, under-
thrust beneath the region) because their detrital zircon signa-
tures are not evident in the Cenozoic magmas studied (see
also discussion in Strickland et al. [2011b]). Furthermore,
the 8'%0,, of most of the Cenozoic zircon is inconsistent with
a metapelitic melt source with 5'%0,,, of >8%o.

[33] Archean granite, monzogranite, and tonalite exposed
in the Albion—Raft River—Grouse Creek (ARG) metamorphic
core complex today [Compton et al., 1977; Compton, 1972,
1975] also likely underlie part of the crustal section beneath
the ARG. The felsic rocks have highly evolved Sr and Nd
isotopic compositions [Strickland et al., 2011b]. If these
compositions (Figure 8) are representative of these felsic
rocks at depth, then they cannot be the only crustal source
for the Cenozoic magmas (see discussion in Strickland
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Figure 11.

Schematic crustal column showing a summary of the zircon and whole-rock geochemical and

geochronologic data from the igneous rocks of the ARG. Note that we present results from multiple crustal
reservoirs and from igneous rocks at three crustal levels (middle crust, upper crust, and supracrustal volca-
nism). Also shown is the range of isotopic values for the middle and lower crust used in isotopic modeling.
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Figure 12. (a) Diagram showing the results from AFC ®’St/*Sr; versus exqg;) isotopic modeling and the

relative crust versus mantle components represented

by the samples of this study (see the discussion in the

text). (b) 5'80,,, (calculated from zircon §'°0) versus €nfi) compositions determined from individual zircon
grains from samples of Cenozoic igneous rocks in the ARG metamorphic core complex. Also shown are the
results from AFC isotopic modeling showing the relative crust versus mantle components represented by
the samples in this study (see the discussion in the text). (c) Simplified pre-Cenozoic crustal column show-
ing the approximate level of present-day exposure of deep rocks within the ARG.

et al. [2011b]). To model the isotopic composition of the po-
tential middle crustal reservoir, we assumed that the most iso-
topically evolved samples of the Cenozoic plutons (Figure 8)
represent nearly crustal melts with the approximate average
composition of the middle crust. Thus, we estimate that the
potential middle crust reservoir has a bulk isotopic composi-
tion of ¥7Sr/*®Sr,,~0.720 and ENd@40 Ma)~ —35 (Table 2),
similar to values obtained from the most evolved Cenozoic
plutonic rocks. The 8'%0,, of this potential middle crust
reservoir was estimated to be §'%0,,, = 6.8%o based on isoto-
pic values measured on Archean cores in Cenozoic zircons
[Strickland et al., 2011b; this study] and a SiO, content of
~60-65%. The eyguoy of the middle crustal reservoir was

estimated as &pga0)=—45 [e.g., Vervoort et al., 2011]
(Table 2 and Figures 11 and 12). This estimated whole-rock
€40y value for the middle crust is consistent with the com-
position of inherited zircon cores from the Cenozoic magmas
(8]—“‘(40): —60; Figure 12)

[34] Rocks from the deeper parts of the crust are not ex-
posed in the ARG, but the potential lower crust reservoir
would be made up of granulites, representing depths of
>30km. The average Sr and Nd isotopic composition of the
potential lower crust reservoir was estimated to have a similar
isotopic composition to measured values from the amphi-
bolite sample collected from the ARG (RR-5a; Figure 8).
The lower crustal reservoir is estimated to have an average
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878r/*°Sry9=0.717 and enduo may=—25, (Table 2 and
Figure 12). The §'%0,,, of the potential lower crust reservoir
was estimated from the range of 5'%0,,, of Cenozoic magmas
(6.8-7.8%0) and the reasonable assumption that these
Cenozoic magmas represent mixtures between the lower crust
and the mantle (5'0y,, = 5.6%o) [Valley, 2003] (Figure 10a). To
generate the range of §'%0,,, in Cenozoic magmas (6.8—7.8%o),
the potential lower crustal reservoir must have a 5'*0,,, of about
9.5%o [e.g., Peck et al., 2010]. The eygao ma) Of the lower
crustal reservoir was estimated as €pgao may=—32 (Table 2
and Figures 11 and 12).

5.7.2. Isotopic Modeling

[35] To model and evaluate the relative roles and compo-
nents of mantle versus crustal material in Cenozoic magmas
of the ARG, we used the equations of simultaneous assimila-
tion and fractional crystallization (AFC) derived by DePaolo
[1981] and the equation for estimating the ratio of mass of
assimilated crust versus initial mass of magma by Aitcheson
and Forrest [1994]. We have modeled the isotopic data (Sr,
Nd, O, and Hf) together with the Sr, Nd, and Hf elemental
compositions and tried a variety of reasonable values for
the independent variables, including assimilation and frac-
tional crystallization rates (r value in DePaolo [1981]) and
bulk partition coefficients (all values used are reported in
Table 2). We used a two-stage assimilation model for magma
genesis [e.g., Grunder, 1993] that involves an initial high-
temperature interaction of mantle-derived basalts with partial
melts from a potential lower crust reservoir (Figures 11 and
12 and Table 2), with high assimilation and fractional crystal-
lization rates, as shown in Figures 12a and 12b. This mixed
magma assimilated variable amounts of partial melts from
the potential middle crust reservoir in its second stage of as-
similation (Figures 12a and 12b).

[36] The nature of potential asthenospheric or lithospheric
mantle reservoirs contributing melts to the lower crust during
the Cenozoic is not well constrained, primarily because of the
extensive contamination of mantle-derived magmas by varying
amounts of crustal melts. We estimated an isotopic composition
of mantle-derived basalts based on the average composition of
three mantle reservoirs (PREMA, EMI, and EMII; Figure 12)
using the range of values summarized in Rollinson [1993].
The isotopic composition for the average mantle-derived basalt
used for modeling is summarized in Table 2.

[37] The Sr-Nd-O-Hf isotopic compositions of magmas pre-
dicted from our AFC model [DePaolo, 1981] are compared to
the measured whole-rock values (*’St/*°Sr;-enqqiy; Figure 12a)
and the measured isotopic values of individual Cenozoic
zircon grains, corrected for whole-rock compositions
(8"%0r-&nisiy; Figure 12b). This comparison (Figure 12) indi-
cates that Cenozoic magmas analyzed in the ARG could have
assimilated variable amounts of partial melts from the lower
crust reservoir as well as partial melts from the potential
middle crust reservoir (Figure 12). More specifically, our
modeling indicates that the oldest (SW) phase of the EPC
could represent the result of first-stage mixing of 60-50%
mantle-derived melt with 40-50% partial melt of our assumed
potential mafic crust reservoir (Figure 12). The composition
and isotopic values of the younger NE phase of the EPC are
best explained by a second-stage assimilation of magmas
similar to those of the SW phase of the EPC, with partial melts
of the potential middle crust reservoir, representing hybrids of
55-40% mantle-derived melts and 45-60% total crustal melt

(from partial melts of two potential crustal reservoirs;
Figure 12b). Finally, the isotopic compositions of the magmas
from the CPC are best explained by assimilating hybrid
magmas (similar to those of the SW phase of the EPC), with
partial melts of potential lower and middle crust reservoirs
(Figure 12). Some samples from the CPC could represent
hybrid magmas composed of ~30% mantle-derived basalt
and ~70% crustal melt, and some samples that have very
negative eng() may represent simple mixtures between hybrid
Cenozoic magmas and Archean crustal melts (Figure 12).

8. Discussion

[38] The results of this study combined with data from
Egger et al. [2003] and Strickland et al. [2011b] offer
new constraints on the origin of Cenozoic magmatic rocks
of the ARG metamorphic core complex. The geochrono-
logic data indicate that the composite Emigrant Pass plu-
tonic complex (EPC) and its local volcanic equivalents
were the result of multiple periods of intrusion over a period
of ~9 Ma, from ~41 to 32 Ma (Figure 5). The O and Hf
isotopic results presented here illustrate that the Cassia
plutonic complex (CPC, blue symbols in Figures 8, 9, 10, and
12) and the Emigrant Pass plutonic complex (EPC, red
symbols in Figures 8, 9, 10, and 12) exhibit a continuous
range of overlapping isotopic values (Figures 10 and 11).
The 36.3 Ma volcanic sample (GC-1) hosts zircon has the
highest measured 8'0,, values (6.5-6.8%o; Figures 10a
and 11) and the least negative ep; values (—16 to —23),
but these values overlap the range of measured isotopic
values (both Hf and O) of zircon from the Emigrant Pass
plutonic complex (Figures 10b and 11). These data are com-
patible with the possibility that the vitric tuff represents the
erupted volcanic equivalent of the granodioritic SW phase
of the EPC.

[39] The good overlap in age and geochemical composi-
tion between the earliest phase of magmatism within the
ARG and regional volcanism across northeastern Nevada
(Figures 1, 5, 6, and 7) suggests that the Cenozoic magmas
of the ARG are part of this regional magmatic event. Thus,
it is reasonable to infer that Cenozoic magmatism in and
around the ARG may be also the product of crustal melting
by the addition of mafic magmas with a “subduction-like”
mantle source (high O, and high f'H,O) to the crust during
the removal of the Farallon slab (Figures 13a and 13b), as ini-
tially suggested by Armstrong and Ward [1991], Humphreys
[1995], and Humphreys et al. [2003].

[40] Our isotopic results indicate that decompression melt-
ing of metapelitic crust alone, as it has been proposed in other
core complexes [e.g., Teyssier and Whitney, 2002; Gordon
et al., 2008], is an unlikely mechanism of the formation of
the Cenozoic magmas in the ARG. This process would pro-
duce only smaller, more strongly peraluminous plutons with
no eruptive equivalents, highly variable evolved ’Sr'®®Sr;
(given the variable Proterozoic ages of the sedimentary
protoliths), and high (>8%o) §'30,,, values. None of these
specific properties characterize the Cenozoic magmas of the
ARG; however, some of the late and evolved phases of the
CPC may represent magmas that are crustal melts. We
acknowledge that melting and assimilation of the crust in
the Cenozoic may have been enhanced not only by the input
of basaltic magmas in the crust but also by the buildup
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ofradiogenic heat and the perturbation of geothermal
gradients following Mesozoic shortening (Figure 13a) [e.g.,
Thompson, 2000; Miller and Gans, 1989; Clark et al.,2011].

[41] The continuum of zircon ages ranging from ~41 to 25
Ma, between the EPC and the Cassia plutonic complex (CPC;
Figure 5), their whole-rock geochemistry (Figures 6-8), and
overlapping zircon trace element and isotopic compositions
(Figures 9 and 10) indicate that these two plutonic suites shared
a common deep magmatic source. This source was probably a
broader, more regionally developed, “hot zone” [Hildreth and
Moorbath, 1988] (Figures 11, 13b, and 13c) which evolved
with time and was active for at least ~16 Myr (from 41 to 25
Ma), giving rise to magmas that crystallized as plutons in the
middle (CPC) to upper crust (EPC). Based on modeling of the
existing isotopic data (whole-rock Sr-Nd and zircon O and Hf
isotopes) from the Cenozoic magmas of the ARG, this hot zone
is most likely the result of the interaction of mantle-derived
basalts with partial melts from heterogeneous Archean rocks
at depth in the crust that have a less variable Sr-Nd composition
than the exposed Archean crust in the region. This isotopic data
preclude in situ partial melting of the Archean crust to form all
the magmas in the ARG and require the rise of the magmas
from the deeper crust to their current level of intrusion
(Figures 11 and 13).

[42] The isotopic evolution of the Cenozoic magmas
through time, coupled with our modeling of this evolution
(Figures 10 and 12), suggests that this hot zone records
increasing amounts of hybridization of mantle-derived
basalts with crustal melts through time and that by Oligocene
times, large-scale crustal melting gave rise to plutons that have
large (~70%) crustal components, with some plutons constitut-
ing large degrees of crustal component (close to pure crustal
melts; Figure 12). The high assimilation and fractional crystal-
lization rates (»=0.56-0.7; Table 2) used in our modeling to
explain the observed isotopic compositions of the Cenozoic
magmas indicate that the middle and lower crust remained at
elevated temperatures (above the solidus of the crust) for a
long period of time, at least for the time interval 41-25 Ma.
This relatively long-lived magmatic system and the implied
presence of molten crust beneath the ARG have profound
effects on the strength and mobility of the deep crust during
the Oligocene.

[43] Many studies have documented that partially molten
crust is weaker and able to undergo crustal flow [e.g.,
Teyssier and Whitney, 2002; Whitney et al., 2004
Kruckenberg et al., 2008]. Here we infer that the prolonged
flux of mafic magmas into the lower crust (Figure 13), docu-
mented by the geochemical and isotopic data described in
this study, resulted in heating, melting, and weakening of
the lower and middle crust. This facilitated the mobilization
and rise of magmas with large crustal components from
~32 to 25 Ma which intruded during extension [Strickland
et al., 2011a, 2011b; Konstantinou et al., 2012]. It is these
younger magmas that are temporally and spatially associated
with high-strain thinning of cover and wall rocks during
the formation of the gneiss domes (see section 3.1 and
Figure 13c) [e.g., Armstrong, 1963, 1968b; Todd, 1980;
Saltzer and Hodges, 1998; Sullivan, 2008; Strickland et al.,
2011a, 2011b; Konstantinou et al., 2012]. The formation of
the synextensional gneiss domes was protracted and
diachronous in the ARG with high-strain ductile fabrics
and metamorphism developed adjacent to the individual

granitic plutons and plutonic complexes whose emplacement
spanned 32-25 Ma [e.g., Egger et al., 2003; Strickland et al.,
2011a, 2011b; Konstantinou et al., 2012] (Figure 13c).

[44] We propose that mantle-driven magmatism in the
ARG resulted in deep crustal melting, and the presence of
partially molten crust and the magmas may provide density
and viscosity anomalies that facilitated deep crustal flow
and relative rise of flowing rocks in a way similar to the di-
apiric processes modeled by Rey et al. [2009a, 2009b,
2011] and Tirel et al. [2004]. The rise and crystallization
of water-rich, peraluminous plutons to middle crustal
depths (12—15 km) in the Oligocene were not accompanied
by surface volcanism after ~32 Ma. The intrusive ages of
these granites, in fact, correspond in time to the regional
northern Basin and Range gap in volcanism (Figure 1b).
By decreasing the energy lost from the middle crust through
emplacement of shallow plutons and volcanic eruptions, the
observed decrease in volcanism after ~32 Ma may have
driven a positive feedback loop that enhanced crustal melting
deeper in the crust.

9. Conclusions

[45] This study provides evidence to support the idea that
the Cenozoic tectonic evolution of the ARG metamorphic
core complex is the result of protracted (at least ~16 Ma)
heating and partial melting of the deep crust, driven by
the input of mantle-derived magmas. Based on the age
and geochemistry of the oldest Cenozoic magmas studied,
it is reasonable to conclude that the geodynamic processes
driving the input of mantle-derived magmatism into the
crust were the same as those responsible for generating
the broader and more regional southward migration of
volcanism charted across the western Cordillera (Figure 1).
This magmatism has been attributed to the removal of the
shallowly dipping Farallon slab, accompanied by astheno-
spheric upwelling and melting of lithospheric mantle,
followed by heating and partial melting of the lower crust
[e.g., Armstrong and Ward, 1991; Humphreys, 1995;
Humphreys et al., 2003].

[46] Based on the similarity of their ages (Figure 5), whole-
rock major and trace elements (Figures 6 and 7), whole-rock
Sr-Nd isotopes (Figure 8) and zircon trace element
(Figure 9), and zircon oxygen and Hf-isotope compositions
(Figure 10), we have inferred that the 41-32 Ma Emigrant
Pass plutonic complex and the 32-25 Ma Cassia plutonic
complex (Figure 2) have a common origin and share a deep
crustal “hot-zone” (Figures 11 and 13). This large middle
crustal Eocene-Oligocene “hot-zone” played an important
role in the thermomechanical evolution of the deeper crust
beneath the ARG because it led to enhanced crustal flow at
depth and the development and rise of synextensional gran-
ite-cored gneiss domes during extensional thinning and
stretching of their roof and wall rocks. Specifically, our re-
sults suggest that mantle-derived magmatism plays a funda-
mental role in adding energy and mass to the lower crust,
leading to deep crustal melting, weakening, and flow. The
possibility of mantle-derived magmatic addition to the crust
should be taken to consideration in numerical modeling of
crustal flow in extensional tectonic settings, as well as in
modeling the results of thermochronologic studies in meta-
morphic core complexes.
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