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Magmatic arcs are the primary locations where continental crust is distilled to an intermediate, calc-alkaline
composition. The root zones of continental arcs are thought to be the primary sites of magmatic differentiation,
yet fewdeeply exhumed arc sections are available for direct study. The Coast Ridge Belt of central coastal California
provides an exceptional opportunity to directly observe the cumulative effects ofmelting,mixing, assimilation, and
homogenization related to construction of the Latest Cretaceous California arc. We present newmajor and trace
element chemistry, aswell as radiogenic isotopic ratios determined onCoast Ridge Belt assemblages representative
of 20 to 30 km crustal levels. Late Cretaceous (ca. 93 to 81 Ma) gabbro, diorite, tonalite, and granodiorite of the
Coast Ridge Belt are calc-alkaline, some exhibit cumulate characteristics, and all show enriched isotopic composi-
tions (Sri = 0.7061 to 0.7092 and εNd =+1.4 to−5.9). Rare earth element patterns in igneous and metaigneous
rocks of the Coast Ridge Belt suggest that they are sourced deeper than the ~25 kmpaleodepth of the exposed sec-
tion, but probably not significantly below 40 km. Underplating of basaltic melts derived from evolved lithospheric
mantle provides the most satisfactory mechanism explaining geochemical and field evidence for partial melting
and assimilation of metasedimentary framework rocks to yield gabbroic to dioritic magmas, followed soon there-
after by remelting to producemore silicicmagmas.We suggest that basaltic underplating provided a source of heat
to the base of the Salinian crust, leading to thermal weakening and downward flow of melt-fertile intra-arc
supracrustal assemblages, thereby igniting the magmatic pulse that formed the Salinian arc.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The upper 20–30 km of mature continental arcs found along the
western margin of the Americas is characterized by intermediate com-
positions comparable to that of average continental crust (e.g., Cecil
et al., 2012; Christensen and Mooney, 1995; Ducea, 2002; Gaschnig
et al., 2011; Girardi et al., 2012; Gromet and Silver, 1987; Holland
et al., 2013; Mamani et al., 2010; Matzel et al., 2006; Rudnick and Gao,
2003; Silver and Chappell, 1988; Wetmore and Ducea, 2011). The
tonalitic to granodioritic bulk composition of batholiths is thought to
result from interaction between basaltic mantle melts and more felsic
pre-existing crust within the deep crustal roots of arcs (Hildreth and
Moorbath, 1988; Rudnick, 1995; Wyllie, 1984). However, the nature of
howmantle and crustal components interact within arcs remains poor-
ly understood, due in part to the rarity of exhumed arc roots in the geo-
logic record. Such exposures are rare in the Andes (Otamendi et al.,
2012) and few examples exist in the North American Cordillera, and
cal Sciences and Engineering,
, USA. Tel.: +1 573 341 4100.
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are limited to the North Cascades core (e.g., Miller et al., 2009;
Paterson et al., 2011), the Coast Mountains batholith (Barker and Arth,
1984; Girardi et al., 2012), and the southern Sierra Nevada batholith
and adjacent areas (Barth and May, 1992; Chapman et al., 2012;
Kidder et al., 2003; Pickett and Saleeby, 1993; Saleeby et al., 2007).

Investigations of arc root zones are also important for understanding
episodes of high-flux magmatism (Coleman and Glazner, 1998;
DeCelles et al., 2009; Ducea, 2001; Ducea and Barton, 2007). High-
magmatic flux events apparently correspond with periods of crustal
thickening (e.g., DeCelles, 2004). Furthermore, isotopic studies
(e.g., Ducea, 2001; Ducea and Barton, 2007) indicate that more than
half of the magmatic mass added to arcs in flare-up mode must be
crust- (i.e., not mantle) derived. Therefore, simultaneous crustal thick-
ening and delivery of supracrustal material to the arc magma source
provide an elegant explanation for magmatic flare-ups.What processes
are capable of thickening the crust while also transferring supracrustal
assemblages into the roots of continental arcs? End-member possibili-
ties include: downward flow of upper crustal sections (Babeyko et al.,
2002; Paterson and Farris, 2008; Saleeby, 1990), subduction erosion
and tectonic underplating from the trench side (Ducea et al., 2009;
Kay et al., 2005; Stern, 1991; von Huene and Scholl, 1991), retroarc
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thrusting from the foreland (e.g., Chin et al., 2013; DeCelles et al., 2009;
Ducea, 2001), and detachment and buoyant ascent from the downgoing
plate (Behn et al., 2011; Chapman et al., 2013; Hacker et al., 2011). The
California arc (Fig. 1), comprising Salinia, the Mojave Desert, and Sierra
Nevada and Peninsular Ranges batholiths, provides an excellent oppor-
tunity to test between the mechanisms listed above, given the well-
Fig. 1. Geologic map of the northern Santa Lucia Range draped over a DEM and showing geoch
(1966, 1970), Ross (1972, 1975, 1978, 1979), Nutt (1977), Bush (1981), and Hall (1991). Pressu
(2012). Magmatic and solid state foliations are not distinguished for simplicity; foliations in C
Sierra de Salinas, and Coast Ridge belt are generally solid state. Abbreviations of small Salinian
PR, Pine Ridge. Inset shows location of Salinian terrane and related elements of the California
Garlock; Nf, Nacimiento; PCf, Palo Colorado; RRf, Reliz-Rinconada; Sf, Sur; SAf, San Andreas; SG
Ranges batholith; SCI, Santa Catalina Island; SNB; Sierra Nevada batholith; SSN, southern Sierr
exposed and understood relationships between plutons, pre-intrusive
framework rocks, and subduction accretion assemblages.

We present new major and trace element chemistry, as well as
Sr and Nd isotopic ratios of 18 intrusive rocks, four framework
metasedimentary rocks, and four mafic bodies from the Coast Ridge
Belt (CRB), a deep exposure of the Late Cretaceous California arc in the
emical sample locations. Geologic and structural data from Compton (1960, 1966), Wiebe
re determinations from Kidder et al. (2003), Kidder and Ducea (2006), and Chapman et al.
entral block plutons are generally magmatic and those shown for the Sur Series, schist of
ultramafic-mafic bodies: BRR, Blue Rock Ridge; CR, Chews Ridge; EC, Escondido complex;
arc (shown in purple and pink). Fault abbreviations: BPf, Big Pine; CRf, Coast Ridge; Gf,
Hf; San Gregorio-Hosgri; SNf, Sur-Nacimiento. Other inset abbreviations: PRB, Peninsular
a Nevada.



Fig. 2. Orthocumulate textures in rocks of the (A) Escondido body (layering defined
by weathered olivine-rich and relatively resistant orthopyroxene, clinopyroxene,
and amphibole-rich bands) and (B) Group 2B (layering defined by hornblende- and
plagioclase-rich bands) and (C) Group 1A (note dark hornblende and light plagioclase
phenocrysts) of the CRB.
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Santa Lucia Range (Compton, 1960, 1966; Ducea et al., 2003a; Kidder
et al., 2003; Kistler and Champion, 2001; Mattinson, 1978, 1990;
Wiebe, 1970). This effort builds upon previously published geologic,
geochemical, geochronologic, and thermobarometric data sets, thereby
providing a new framework for understanding the petrogenetic and
tectonic processes that built the roots of the Salinian arc. The purpose
of this investigation is two-fold: 1) to provide geochemical constraints
on how the magma depths and sources evolved during construction of
the Coast Ridge belt and to compare these results with other batholithic
root zones exposed in the North American Cordillera and 2) to better
understand how supracrustal rocks are incorporated into continental
arcs and how the input of these materials may influence magma pro-
ductivity and composition.

2. Geologic background

2.1. Salinia and the Coast Ridge Belt

The Salinian block of central coastal California (e.g., Vedder et al.,
1982) is a NW-trending composite terrane bounded to the east by the
San Andreas fault, to the west by the Sur-Nacimiento fault, and to the
south by the Big Pine fault (Fig. 1). These faults juxtapose the Salinian
block to the west and east with Mesozoic subduction accretion assem-
blages of the Franciscan complex (Fig. 1). The Salinian terrane traveled
northward N300 km during the Neogene along the San Andreas fault
system (Dickinson et al., 2005; Hall, 1991; Hall and Saleeby, 2013;
Huffman, 1972; Jacobson et al., 2011; Matthews, 1976; Page, 1982;
Schott and Johnson, 1998; Sharman et al., 2013; Fig. 1). Petrologic, iso-
topic, geochronologic, structural, and sedimentologic evidence places
Salinia near the southern end of the Sierra Nevada batholith in Late Cre-
taceous time (Barbeau et al., 2005; Chapman et al., 2012; Hall, 1991;
Hall and Saleeby, 2013; James, 1992; Kistler and Peterman, 1978;
Sharman et al., 2013; Wood and Saleeby, 1997; Fig. 1 inset). When
slip along the San Andreas fault is removed, plutonic rocks of the Sierra
Nevada, Salinian, Mojave, and Peninsular Ranges blocks form a contigu-
ous ~1500 km long, NNW-trendingMesozoic batholith, referred to here
as the California arc.

Three main rock packages underlie the Santa Lucia Range of central
Salinia, discussed in the following order below: Paleozoic metamorphic
framework rocks, Late Cretaceous plutonic rocks, and subduction accre-
tion assemblages. First, Paleozoic upper amphibolite to granulite grade
assemblages of the “Sur Series” (Barbeau et al., 2005; Compton, 1960,
1966; James and Mattinson, 1988; Trask, 1926; Wiebe, 1970) form the
framework for Cretaceous intrusives of the Salinian arc. The Sur Series
comprises interlayered graphitic quartzofeldspathic gneiss and schist,
psammite, marble, amphibolite, calc-silicate, and silicic metavolcanic
rocks (Ross, 1978), interpreted as highly metamorphosed and de-
formed clastic strata of the Cordilleran passive margin (Barbeau et al.,
2005; Chapman et al., 2012; Compton, 1960, 1966; Kidder et al., 2003;
Mattinson, 1978). At least fifty small (b1 km diameter), mafic to ultra-
mafic bodies crop out entirely within Sur Series meta-sedimentary
rocks (Fig. 1; Bush, 1981; Nutt, 1977; Wiebe, 1966, 1970); Chews
Ridge, Pine Ridge, and Escondido bodies are among those least altered.
Chews Ridge and Pine Ridge bodies are variably serpentinized and
elongated parallel to the foliation of Sur Series assemblages. In con-
trast, the Escondido body exhibits primary igneous characteristics,
including orthocumulate textures (Fig. 2A), and crosscuts Sur Series
fabrics.

The Sur Series is intruded by Late Cretaceous intermediate to mafic
plutons of the Salinian magmatic arc (Compton, 1960; Hansen and
Harlov, 2009; Hansen and Stuk, 1993; Kidder et al., 2003; Mattinson,
1978, 1990; Wiebe, 1970). Magmatism began in the Salinian arc at ca.
100 Ma and continued until ca. 80 Ma (Kistler and Champion, 2001;
Mattinson, 1978, 1990). The bulk of the section was constructed be-
tween ca. 93 and 81 Ma (Kidder et al., 2003) during an episode of high
flux magmatism that produced N80% of the California arc (Coleman
and Glazner, 1998; DeCelles et al., 2009; Ducea, 2001; Ducea and
Barton, 2007). Plutonic assemblages of the Salinian arc range in compo-
sitions from quartz monzonite and granodiorite to tonalite, quartz dio-
rite, diorite, and gabbro (Mattinson, 1978; Ross, 1972). The depth of
exposure increases from east to west in the Salinian arc frommesozonal
in the Gabilan and eastern Santa Lucia ranges (~3 to 6 kbar; Chapman
et al., 2012; John, 1981; Wiebe, 1970) to ~7.5 kbar levels (Hansen and
Stuk, 1993; Kidder et al., 2003) in the CRB west of the Coast Ridge and
Palo Colorado faults along the western flank of the Santa Lucia Moun-
tains (Fig. 1). Shallower-level Salinian arc assemblages east of the CRB
are referred to as the Central block (Ross, 1978).

Compositional and structural observations (Ducea et al., 2003a;
Kidder et al., 2003) suggest that the CRB represents a window into the
root of a continental arc (Hildreth and Moorbath, 1988). The amount
of mafic material in the CRB is significantly higher than that in the
Central block, suggesting that the CRB was an accumulation site for
Late Cretaceous mafic magmas ascending from the mantle. Further-
more, tilt-corrected (Kidder et al., 2003) plutonic andmetamorphic fab-
rics exhibit a gradual transition from subvertical in the Central block, to
subhorizontal in the CRB. This observation has been interpreted previ-
ously (Kidder et al., 2003) to reflect vertical transport of upper crustal
material into the lower crust, where it spread laterally as a gravity
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current. Therefore, the CRB may represent a zone of mixing of mantle-
derived magmas and downward flowing supracrustal assemblages.

Mid-crustal plutons of the Central block structurally overlie the Late
Cretaceous schist of Sierra de Salinas along the Salinas shear zone, a Late
Cretaceous low angle normal fault responsible for the exhumation of
the schist (Barth et al., 2003; Chapman et al., 2010; 2011; 2013; Kidder
and Ducea, 2006; Kidder et al., 2013; Fig. 1). The schist of Sierra de Salinas
and related schists of southern California (e.g., Jacobson et al., 2011 and
references therein) are trench-related subduction accretion assemblages
thatwere deposited in the Late Cretaceous trench andunderplateddirect-
ly beneath the California arc during an episode of shallow subduction
related to the Laramide orogeny (Ducea et al., 2009).

2.2. Sample petrography

Basement samples were collected throughout the CRB, from which
twenty-two relatively unaltered samples from Cone Peak, Grimes
Canyon, and Torre Canyon areas were selected for whole rock major,
trace element, rare-earth element, and isotopic analyses (Fig. 1). Sam-
ples from the Cone Peak vicinity were collected along Hare Creek and
Vicente Flat trails and from near Cone Peak. All rock types found in the
CRB are represented in the samples identified here; therefore, the data
presented herein is thought to adequately represent the geochemistry
of the CRB as a whole. Care was taken to avoid sampling centimeter-
Table 1
Sample locations and descriptions.

Sample Field name Latitude (°N)a Longitude (

Coast Ridge belt plutons and orthogneisses — Late Cretaceous plutons of the Salinian magma

Group 1A — medium- to coarse-grained granoblastic cumulate gabbro
8 814.9 36.0173 121.5033
9 802.6 36.0430 121.5012

Group 1B — fine-grained non-cumulate gabbro containing more hbl than Group 1A ± cpx ± gr
10 709.2 36.0493 121.4891
11 813.1 36.0558 121.4964

Group 1C — Cone Peak migmatitic banded gneiss
12 814.2 36.0151 121.5076
13 817.1 36.0374 121.4839
14 730.3 36.0156 121.4967
15 813.2 36.0417 121.4950
16 814.12 36.0127 121.5131

Group 2A — mafic granulite with allotriomorphic texture containing opx + kfs ± grt ± hb
1 99BS2/2 36.2036 121.7299
2 718.3 36.0291 121.4852

Group 2B — felsic granulite associated with group 2A rocks, exhibiting similar textures but lackin
3 99BS1/8B 36.1950 121.7150
4 99BS2/1A 36.2052 121.7354

Group 2C — felsic gneiss showing deformed cumulate textures
5 808.7 36.0498 121.4930
6 630.4 36.0133 121.5104
7 814.11 36.0127 121.5131

Late intrusive rocks— non-deformed cross-cutting quartzofeldspathic dikes
17 99BS1/4A 36.0337 121.4689
18 99BS1/7A 36.0528 121.4897

Framework metasedimentary rocks — quartzite, marble, and grt-bearing quartzofeldspathic schi
19 711.3 36.0622 121.4986
20 815.3B 36.0475 121.4834
21 99BS1/7C 36.0528 121.4897
22 99BS1/4C 36.0337 121.4689

Ultramafic-mafic bodies — small lozenges within Sur Series meta-sedimentary rocks
23H 1010-7 hbd 36.1300 121.4750
23C 1010-7 cpx 36.1300 121.4750
24H bs3 36.1300 121.4750
25C 1008-5 cpx 36.3130 121.5720
26C 31001-3 cpx 36.2770 121.6470

Mineral abbreviations: bt, biotite; cpx, clinopyroxene; grt, garnet; hb, hornblende; kfs, k-feldsp
a Locations approximate.
scale leucocratic veins and biotite rich zones, interpreted by Hansen
and Stuk (1993) as the products of local partial melting of the Sur Series
metamorphic framework. Clinopyroxene and hornblende grains from
an additional four samples ofmafic and ultramafic rock from Escondido,
Chews Ridge, and Pine Ridge bodies (Fig. 1) were separated fromwhole
rock crushes using standard magnetic, heavy liquid, and handpicking
techniques and analyzed for Sr and Nd isotopes. Whole rock analyses
were not attempted for this suite given the high degree of alteration
of these rocks. Escondido and Chews Ridge separates are mostly
inclusion-free, whereas clinopyroxene grains from the Pine Ridge
body contain inclusions of ilmenite.

The reader is referred to Compton (1960, 1966), Ross (1979),
Hansen and Stuk (1993), Kidder et al. (2003), and Hansen and Harlov
(2009) for detailed petrographic descriptions of rocks from Cone Peak
and Grimes-Torre canyons areas and to Wiebe (1966, 1970), Nutt
(1977), and Bush (1981) for descriptions of mafic-ultramafic bodies
east of the Coast Ridge fault. Brief descriptions and approximate sample
locations are given in Table 1. The basement rocks of theCRB are broadly
divided into four groups: Group 1, Late Cretaceous mafic intrusions of
quartz diorite and gabbro; Group 2, Late Cretaceous orthogneiss, includ-
ing granulite and “charnockitic rocks” of Compton (1960); a third group
of quartzite, marble, and garnet-bearing quartzofeldspathic schist
belonging to the Sur Series; and a fourth group of late, cross-cutting
quartzofeldspathic dikes. Geochronologic data and intrusive relationships
°W)a Location Rock type

tic arc

Cone Peak Hb mafic cumulate
Cone Peak Hb + cpx mafic cumulate

t
Cone Peak Hb + bt + grt quartz diorite
Cone Peak Hb + bt + cpx quartz diorite

Cone Peak Hb + cpx gabbro
Cone Peak Hb + grt gabbro
Cone Peak Hb + grt amphibolite
Cone Peak Hb + bt amphibolite
Cone Peak Hb + cpx + bt amphibolite

Grimes Canyon Opx + cpx + grt tonalite
Cone Peak Opx + bt + grt tonalite gneiss

g opx and grt
Torre Canyon Hb + cpx tonalite
Grimes Canyon Hb + cpx tonalite

Cone Peak Hb + bt quartz diorite
Cone Peak Cpx granulite gneiss
Cone Peak Cpx granulite gneiss

Cone Peak Cpx + opx tonalite dike
Cone Peak Trondhjemite dike

st
Cone Peak Bt + grt psammite
Cone Peak Bt + grt psammite
Cone Peak Bt + grt psammite
Cone Peak Marble

Escondido complex Hb + cpx gabbro
Escondido complex Hb + cpx gabbro
Escondido complex Hb peridotite
Chews Ridge Clinopyroxenite
Pine Ridge Clinopyroxenite

ar; opx, orthopyroxene.



Table 2
Major and trace element data for Coast Ridge belt samples.

Group Group 2A Group 2B Group 2C Group 1A Group 1B Group 1C Metamorphic

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20

Rock
type

Pyroxene
tonalite

Tonalite
gneiss

Pyroxene
tonalite

Pyroxene
tonalite

Quartz
diorite

Granulite
gneiss

Granulite
gneiss

Mafic
cumulate

Mafic
cumulate

Quartz
diorite

Quartz
diorite

Gabbro
cumulate

Gabbro Amphibolite Amphibolite Amphibolite Quartzite Quartzite

SiO2 59.94 61.46 60.27 69.09 56.15 61.27 60.91 43.78 47.84 50.51 50.25 48.18 50.16 45.42 45.67 53.65 83.37 83.89
Al2O3 16.36 17.14 17.29 14.42 19.16 16.89 18.29 19.54 26.23 19.69 19.19 13.76 20.56 19.88 18.77 15.45 6.59 7.19
FeO* 9.63 7.81 7.59 3.45 4.91 8.92 5.40 11.08 3.50 10.10 10.36 9.91 9.97 11.33 11.05 8.98 6.39 3.04
MnO 0.31 0.20 0.17 0.05 0.13 0.06 0.10 0.10 0.10 0.10 0.10 0.21 0.21 0.21 0.21 0.10 0.10 0.10
MgO 2.71 2.03 2.96 0.91 4.17 2.29 3.22 6.90 5.25 3.37 3.65 8.13 3.95 7.00 6.78 7.31 1.62 1.22
CaO 5.45 5.38 5.22 7.90 7.92 5.08 5.93 13.38 14.30 8.27 7.82 15.85 8.31 11.33 10.22 9.50 0.41 0.61
Na2O 3.37 2.84 3.89 3.40 5.05 4.17 4.14 2.30 1.44 3.88 3.86 1.88 3.22 2.16 2.61 3.03 1.01 0.61
K2O 0.80 1.12 1.37 0.12 0.53 0.37 0.61 0.52 1.13 1.63 2.23 0.52 0.93 0.82 1.46 0.52 0.30 2.94
TiO2 1.15 1.62 1.04 0.53 1.66 0.74 1.06 2.30 0.21 1.84 2.13 1.56 2.18 1.65 3.02 1.04 0.20 0.30
P2O5 0.27 0.41 0.20 0.13 0.31 0.21 0.35 0.10 0.00 0.61 0.41 0.00 0.52 0.21 0.21 0.42 0.00 0.10
A/CNK 1.00 1.10 0.99 0.72 0.82 1.02 1.00 0.68 0.89 0.85 0.84 0.42 0.96 0.79 0.77 0.68 2.41 1.36
Mg# 36 34 44 34 63 34 54 55 75 40 41 62 44 55 55 62 33 44
Sc 34.8 13.3 17.6 9.8 14.1 4.9 5.2 36.2 15.7 19.4 16.6 42.5 18.0 32.7 29.0 29.8 15.1 10.4
V 128 65 112 48 178 83 115 457 66 55 131 366 183 260 434 205 26 50
Cr 14 156 9 4 4 37 20 19 140 100 42 33 65 139 41 152 1020 342
Co 15 10 18 7 21 12 9 38 15 16 19 32 21 35 40 26 10 9
Ni 6 3 4 1 16.5 1 1.1 9 10 2 1 11 9 7 4 22 27 36
Cu 13 7 11 5 10 11.5 20.2 19 13 13 12 16 15 13 3 34 23 21
Zn 147 111 129 60 119.7 122.6 177.5 49 34 133 141 75 100 106 90 156 51 59
Rb 15.0 20.1 66.1 3.0 10.0 17.0 16.0 9.8 29.3 66.5 50.7 6.1 16.7 8.7 47.0 17.9 10.0 51.0
Sr 411.0 299.6 501.2 102.3 619.0 889.0 833.0 675.6 448.5 557.6 472.0 475.8 715.6 495.6 550.0 477.0 61.0 116.0
Y 85 33 12 13 6 3 5 13 2 41 30 17 21 26 19 18 50 17
Zr 346 227 140 120 15 202 146 34 17 461 220 62 230 65 75 119 166 80
Ba 449 799 547 90 438 270 507 277 625 839 1096 226 406 281 521 434 51 3522
La 16.9 26.4 14.5 13.3 13.6 9.2 9.8 4.3 1.9 40.3 19.2 5.6 13.3 6.8 6.9 19.4 16.0 17.9
Ce 36 52 26 22 23 13 16 10 4 85 45 15 32 19 18 45 38 30
Nd 21.0 28.0 18.1 12.0 11.0 10.0 8.0 6.8 3.0 62.9 41.3 12.6 20.0 15.6 14.0 30.0 13.0 12.0
Sm 6.5 7.2 4.0 3.1 2.1 1.4 1.7 2.1 0.6 14.2 9.7 3.6 5.0 4.4 3.9 6.5 2.7 2.8
Eu 1.3 1.9 0.9 1.0 1.4 1.4 1.3 1.1 0.4 3.0 2.2 1.1 1.5 1.5 1.4 1.5 0.4 1.0
Tb 1.5 0.9 0.1 0.2 0.1 0.2 0.2 0.2 0.2 1.5 1.0 0.6 0.2 0.6 0.7 0.6 0.7 0.1
Yb 9.2 2.9 1.0 1.0 0.4 0.3 0.3 1.2 0.3 2.8 2.1 1.8 2.1 2.8 1.5 1.6 8.9 2.1
Lu 1.32 0.44 0.15 0.15 0.06 0.05 0.05 0.18 0.05 0.40 0.31 0.27 0.31 0.43 0.23 0.24 1.24 0.33
Hf 7.6 5.8 3.6 4.0 0.1 5.5 2.6 0.3 0.2 10.0 5.7 2.4 4.9 2.2 2.2 2.6 4.5 2.5
Th 0.5 2.0 0.1 0.1 0.5 0.5 0.5 0.2 0.5 1.6 0.6 0.6 0.4 0.3 1.1 0.3 8.2 6.0
U 0.3 0.3 0.5 0.3 0.5 0.5 0.3 0.3 0.6 1.0 0.2 0.7 0.5 0.4 0.1 0.3 0.8 0.2
Sr/Y 4.84 9.08 41.77 7.87 103.17 296.33 166.60 51.97 224.25 13.60 15.73 27.99 34.08 19.06 28.95 26.50 1.22 6.82
La/Yb 1.84 9.10 14.50 13.30 34.00 30.67 32.67 3.58 6.33 14.39 9.14 3.11 6.33 2.43 4.60 12.13 1.80 8.52
La/Sm 2.60 3.67 3.62 4.29 6.48 6.57 5.76 2.06 3.17 2.84 1.97 1.56 2.66 1.54 1.77 3.00 5.93 6.39
Sm/Yb 0.71 2.48 4.01 3.10 5.25 4.67 5.67 1.74 2.00 5.07 4.64 1.99 2.38 1.58 2.60 4.05 0.30 1.33
Eu/Eu* 0.53 0.91 1.07 1.31 2.93 3.29 2.69 1.98 1.46 0.77 0.83 0.95 1.35 1.14 1.08 0.88 0.37 1.64

Notes: Major elements in wt.%, normalized to 100. Trace elements in ppm. FeO* is total iron as FeO. LOI not determined.
A/CNK, Al2O3/(CaO+Na2O+K2O); Mg#, molecular MgO/MgO+FeO; Eu/Eu*, Eu divided by (Sm+Tb)/2.
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indicate that Groups 1 and 2 assemblages are a broadly coeval intrusive
suite (Kidder et al., 2003). Groups 1 and 2 are further subdivided below.

Six distinct subsets of igneous and metaigneous samples are appar-
ent based on textures and geochemistry. Group 2 is subdivided
as follows: A) mafic granulite with allotriomorphic texture containing
orthopyroxene + K-feldspar ± garnet ± hornblende; B) felsic granu-
lite associated with (A), exhibiting similar textures but lacking
orthopyroxene and garnet; and C) felsic gneiss showing deformed
orthocumulate textures (Fig. 2B), interlayered with metamorphic
framework rocks of the Sur Series, and ranging in composition from
tonalite to diorite. Group 1 plutons are more mafic in composition
than those of Group 2 and preserve hypidiomorphic granular (igneous)
textures. Group 1 includes two (b200 m) texturally and compositional-
ly heterogeneous hornblende gabbro sills south of Cone Peak. Two prin-
cipal endmembers comprise these sills: Group 1A, amedium- to coarse-
grained granoblastic orthocumulate gabbro (Fig. 2C) and Group 1B, a
fine-grained non-cumulate variety containing a higher proportion of
hornblende and in some cases clinopyroxene and/or garnet. A final sub-
group, Group 1C, is exposed at Cone Peak and consists of migmatitic
banded gneiss characterized by leucocratic veins, vein-parallel biotite-
rich zones, and quartz diorite host rock (Hansen and Harlov, 2009;
Hansen and Stuk, 1993). Five samples (Table 1) are characterized
by coarse (~1 cm) garnet porphyroblasts that overgrow primary
igneous textures. Cumulate rocks (Fig. 2) are not considered in petroge-
netic interpretations presented here because they do not reflect melt
compositions.

3. Analytical techniques

Whole rock samples were analyzed for major element chemistry
by wavelength dispersive X-ray fluorescence and for trace element
chemistry by quadrupole ICP-MS using standard techniques at Activa-
tion Laboratories. The reported uncertainties are less than 1% for the
major elements and ~5% for trace elements.

Approximately 100 to 300 mg of representative whole rock (CRB
suite) and mineral separate (ultramafic suite) powders were spiked
with mixed 85Rb–84Sr and 149Sm–150Nd tracers. Dissolution of the
spiked samples for isotopic analyseswas performed in screw-cap Teflon
beakers using HF–HNO3 (on hot plates) and HF–HClO4 mixtures
(in open beakers at room temperature). Undissolved residues, when
present, were attacked using mixtures of HF and HClO4. Separation of
Rb, Sr, and the bulk of the REE was achieved via HCl elution in standard
cation columns (Otamendi et al., 2009; Patchett and Ruiz, 1987). Sepa-
ration of Sm and Nd was carried out using LNSpec® resin following
the procedures outlined in Ducea et al. (2003b) and Otamendi et al.
(2009).

Mass spectrometric analyses were carried out on two VG Sector
multicollector instruments (VG54 and VG354) fitted with adjustable
1011 Ω Faraday collectors and Daly photomultipliers (Patchett and
Ruiz, 1987). Concentrations of Rb, Sr, Sm, and Nd were determined by
isotope dilution, with isotopic compositions of Sr and Nd determined
on the same spiked runs. An off-line manipulation program was used
for isotope dilution calculations. Typical runs consisted of acquisition
of 100 isotopic ratios. Four analyses of the standard NRbAAA were
performed during this study, with mean 85Rb/87Rb = 2.61199 ± 20.
Fifteen analyses of standard Sr987 yielded mean ratios of 87Sr/86Sr =
0.710285 ± 7 and 84Sr/86Sr = 0.056316 ± 12. The mean results of
five analyses of the standard nSmβ performed during this study are
148Sm/147Sm= 0.74880±21, and 148Sm/152Sm= 0.42110±6. Fifteen
measurements of the LaJolla Nd standard yielded the following isotopic
ratios: 142Nd/144Nd = 1.14184 ± 2, 143Nd/144Nd = 0.511853 ± 2,
145Nd/144Nd = 0.348390 ± 2, and 150Nd/144Nd = 0.23638 ± 2. The
Sr and Nd isotopic ratios of standards and samples were normalized
to 86Sr/88Sr= 0.1194 and 146Nd/144Nd= 0.7219. The estimated analyt-
ical ±2σ uncertainties for samples analyzed here are 87Rb/86Sr =
0.55%, 87Sr/86Sr = 0.0014%, 147Nd/144Nd = 0.8%, and 143Nd/144Nd =
0.002%. Procedural blanks averaged from five determinations were
Rb: 10 pg, Sr: 150 pg, Sm: 2.7 pg, and Nd: 5.5 pg.

4. Results

4.1. Major elements

Whole rockmajor and trace element data are given in Table 2 for all
CRB sample groups except late intrusive dikes. The bulk-rock composi-
tion of igneous samples from the CRB varies continuously from 44 to
61 wt.% SiO2 with one outlier at 69 wt.% SiO2. Variation diagrams of
major oxides plotted against silica (Fig. 3) show three distinct clusters
corresponding to the two groups of the CRB and Late Cretaceous granit-
oids of the Central block. Both groups of the CRB are less silicic than
Central block plutons and show more scatter in major element oxide
values. This scatter is probably due to the effects of crystal accumulation
in Group 2C and Group 1A samples exhibiting cumulate textures,
causing the bulk compositions of these rocks to plot off the liquid line
of descent. Group 2 rocks are more silicic, overlap leucocratic vein com-
positions of Hansen and Stuk (1993), and show opposing trends in
Al2O3 and Na2O in Harker diagrams than Group 1, with the intersection
of these trends at ~50 wt.% SiO2. In both the CRB and the Central block,
with increasing silica: TiO2, FeO*, MgO, and CaO generally decrease and
are sharply defined, MnO and Mg# (100 × molecular MgO/(MgO+
FeO*)) decrease and are more scattered, K2O decreases slightly and is
dispersed, and Al2O3, Na2O, and P2O5 exhibit diffuse convex upward
shapes.

Both groups of the CRB are calcic to calc-alkalic, using the alkali-lime
index of Frost et al. (2001) with eight Group 1 samples, all from Cone
Peak, falling mostly within the alkali-calcic and alkali fields (Fig. 3).
Rocks of the CRB have alumina saturation indices ranging from 0.4 to
1.1 (metaluminous) and plot mostly within the calc-alkaline field on
an AFM diagram (Fig. 4). Rock compositions of the Central block are
also mostly calc-alkalic, but are more silicic than the CRB and have alu-
mina saturation indices extending into the peraluminous field (Fig. 3).
In aggregate, rocks of the CRB and the Central block define a tholeiitic
to calc-alkaline evolutionary trend with moderate iron enrichment
followed by iron depletion and alkali enrichment.

4.2. Trace elements

Normal mid-ocean ridge basalt (N-MORB)-normalized trace
element patterns (Fig. 5A) show similar trends for both groups of the
CRB. Both groups are strongly enriched in fluid-mobile light ion
lithophile elements (LILE) and have negative anomalies of high field
strength elements (HFSE). The overall trace element pattern features
prominent troughs in Th, peaks in Ba and K and highly variable HFSE
concentrations. Group 2C, 1A, and 1B samples show an additional
peak in Sr.

Plots of certain trace element concentrations versus silica content
are shown in Fig. 6 for both the CRB and the Central block. Inspection
of Fig. 6 reveals the following relationships: 1) compatible trace ele-
ments, including Sc, V, Co, Cr, and Ni, have higher abundances in assem-
blages of the CRB and show a strong negative correlation with SiO2;
2) incompatible trace elements such as Ba and Zr increase with SiO2;
and 3) Y does not vary significantly with silica.

4.3. Rare earth elements

Chondrite-normalized rare-earth element variation patterns for in-
trusive assemblages of the CRB are shown in Fig. 5B. All samples show
some enrichment in light rare earth elements (LREE) relative to heavy
rare earth elements (HREE), resulting in moderate to steep overall REE
patterns. Six distinct subsets of samples, corresponding to the subsets
defined above, are apparent based on REE patterns. Group 2A and 2B
granulites are more enriched in LREE than Group 1 rocks and show a
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Fig. 3. (A) Major element variation diagrams for Group 1 and Group 2 samples of the CRB (Compton, 1960; Ross, 1979; Hansen and Stuk, 1993; this study) and the Central block (CB;
Lawson, 1893; Compton, 1966; Ross, 1972, 1975, 1979). FeO* denotes total Fe as FeO. (B) Alkali-lime index (Na2O+K2O–CaO), alumina saturation index (molar Al2O3/(CaO+Na2O+
K2O), A/CNK), and Mg# (molecular MgO/MgO+FeO) versus wt.% SiO2. Gray CRB symbols denote samples exhibiting cumulate characteristics.
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wide range in HREE abundances. Two Group 2B samples exhibit nega-
tive Eu anomalies and are significantly more enriched in HREE than
samples that lack Eu anomalies. Group 2C gneisses are characterized
by large positive Eu anomalies and depletion in HREE relative to other
groups, resulting in a steeply sloping overall REE pattern. Gabbroic sam-
ples in Group 1 exhibit amoderately sloping (La to Tb) to somewhat flat
(Y to Lu) pattern. Two orthocumulate gabbro samples in Group 1A, one
of which is somewhat depleted relative to the rest of the group, show
positive Eu anomalies. Five samples in groups 1B and 1C display convex
upward patterns with apexes at Nd. Diorite gneisses of Group 1C are
enriched in LREE and MREE relative to other groups, and show small
negative Eu anomalies and a flat HREE pattern from Yb to Lu.
Light rare earth elements La to Sm show a positive correlation with
SiO2, whereas heavier REE Eu to Lu do not vary significantly with SiO2.
These relations are highlighted in Fig. 6 as plots of La, Ce, Eu, and Yb
versus SiO2.

4.4. Key elemental ratios

The elemental ratios Sr/Y, La/Yb, La/Sm, and Sm/Yb are commonly
used proxies for the minimum depth of melt fractionation and/or
melting in intermediate, arc-related rocks since they are sensitive to
the presence of fractionating garnet, which preferentially incorporates
the heavy REEs, and plagioclase, which strongly concentrates Sr and

image of Fig.�3


Fig. 4.AFM diagram showing that rocks of the CRB (Group 1 and Group 2) and the Central
block (CB) define a tholeiitic to calc-alkaline evolutionary trend. Gray CRB symbols denote
samples exhibiting cumulate characteristics. Sources as in Fig. 3.
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Eu (e.g., Defant and Drummond, 1990; Kay, 1978; Mamani et al., 2010).
High Sr/Y (Sr/Y N 40) and/or La/Yb (La/Yb N 20) rocks, loosely termed
“adakites,” are often interpreted to reflect melting of a garnet-rich and
plagioclase-absent (i.e., high-pressure) residue, originally thought to re-
flect slab melting, but more recently interpreted to reflect a pyroxene-
rich and garnet-rich residue (Defant and Drummond, 1990; Gao et al.,
2012; Moyen, 2009). Fig. 7 shows that all CRB samples except one
have non-adakitic signatures, with average Sr/Y and La/Yb of 21 and 8,
respectively. Group 2 samples show slightly higher La/Sm than Group
1 (~3.5 versus ~2.2), likely due to feldspar fractionation. Both groups
have low Sm/Yb, ranging from 0.7 to 5.1. The degree of Eu anomaly
A

Fig. 5. N-MORB–normalized trace element (A) and chondrite-normalized REE (B) diagrams com
Chondrite values from Sun and McDonough (1989).
[Eu/Eu* = EuN/(½*SmN+TbN) (N denotes chondrite-normalized, Sun
and McDonough, 1989)] does not appear to vary significantly with sili-
ca, with values ranging from 0.5 to 1.4 (Fig. 7).

4.5. Sr and Nd isotope geochemistry

Sr and Nd isotopic data are given in Table 3 for all sample groups ex-
cept 1C, which was not analyzed, and includes results from metamor-
phic framework rocks, late-stage pegmatitic dikes, and hornblende
and clinopyroxene separates from small Salinian mafic and ultramafic
bodies. Group 1 and 2 samples define two distinct and enriched arrays
in isotope plots (Fig. 8). Group 2 orthogneisses show elevated Sri from
0.7080 to 0.7092 at εNd values of −0.7 to−5.9. Group 1 intrusives ex-
tend to higher εNd (+1.4 to −3.0) and lower Sri (0.7061 to 0.7089).

The Nd and Sr isotopic values for framework metamorphic assem-
blages and pegmatite dikes span a wide range. Quartzites and quartzo-
feldspathic gneisses have Sri N 0.708 and εNd b −8, consistent with
derivation from old continental lithosphere. These values are similar
to those of late-stage pegmatitic dikes in the area, suggesting a possible
melting link between these lithologies. A sample ofmarble also has high
Sri (0.709) at extremely low εNd (−15.3), consistent with derivation
from a Paleozoic miogeoclinal source.

Isotopic values from Salinianmafic and ultramafic bodies vary over a
wide range from location to location. The tectonically emplaced and
likely related (Bush, 1981) Chews Ridge and Pine Ridge bodies show ex-
tremely enriched, and likely altered by metasomatism, isotopic values
(Sri = 0.7161 and 0.7085, and εNd = −9.5 and +4.5, respectively).
The igneous textured Escondido body yields Sr and Nd isotope ratios
(Sri of ~0.7077 and εNd b −3.5) that plot along the same trend as the
CRB, suggesting a possible petrogenetic relationship and further imply-
ing that the Escondido body is an intrusion of enriched lithospheric
upper mantle-derived melts.

A comparison of Salinian intrusives and the Escondido complexwith
other Cretaceous plutons of the California arc (Fig. 8) shows that Sr and
Nd isotope ratios in the former are slightly shifted toward higher Sri at a
B

paring sample groups of the CRB and the Central block (Ross, 1979, 1982). N-MORB and



Fig. 6. Trace element variation diagrams for Group 1 and Group 2 samples of the CRB (Ross, 1979; this study) and the Central block (CB; Ross, 1972, 1979, 1982). Gray CRB symbols denote
samples exhibiting cumulate characteristics.
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given εNd, exhibiting a trend similar to granitoids of the Mojave Desert
(Miller et al., 1996) and conglomerate clasts of the Gualala basin
(Schott et al., 2004).

5. Discussion

5.1. The Coast Ridge Belt — a titled exposure through an arc section

Geochemical and petrologic results presented here reveal several
similarities between intrusive suites of the Salinian arc. First, well-
defined linear variations of major elements, trace elements, and trace
element ratios with silica show significant overlap for samples from
both Groups 1 and 2 of the CRB and from the Central block (Figs. 2, 3,
and 5). Furthermore, both groups of the CRB and samples from the
Central block are metaluminous to mildly peraluminous, generally be-
long to the calc-alkaline series, exhibit weakly tomoderately fractionat-
ed REE patterns, show small Eu anomalies, and have Sri N 0.7061 and
εNd b +1.2 (James, 1992; Kistler and Champion, 2001; Mattinson,
1978, 1990; Ross, 1982, this study). These data corroborate earlier
field and geochronologic evidence (Kidder et al., 2003) that mafic
(Group 1) and felsic (Group 2) magmas of the CRB are petrogenetically
related. Geochemical data also support the interpretation that mafic arc
magmas of the CRB and differentiated bodies of Central block were
extracted from a similar source.

In the sections that follow, we evaluate the depth of magmagenesis
and the relative importance of crystal fractionation,magmamixing, and
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Fig. 7. Plot of Sr/Y (A), La/Yb (B), La/Sm (C), and Sm/Yb (D) versus wt.% SiO2, Sr/Y versus Y (E), and Eu/Eu* versus wt.% SiO2 (F) for Group 1 and Group 2 samples of the CRB (Ross, 1979;
this study) and the Central block (CB; Ross, 1972, 1979, 1982). Adakite field in (E) from Defant and Drummond (1990). Dashed lines in (A) and (B) show cutoff values above which
adakitic samples would plot. Dashed line in (E) represents trend expected for garnet- versus plagioclase-rich source. Europium anomaly (Eu/Eu*) in (F) denotes Eu divided by
(Sm+Tb)/2. Eu/Eu* = 1.0 shown as dashed line and 20% uncertainty (Girardi et al., 2012) of calculated Eu/Eu* values shown as gray envelope. Gray CRB symbols denote samples
exhibiting cumulate characteristics. Gray shaded fields with dotted outlines in A, B, and E show range of values in the southern Sierra Nevada batholith (Ross, 1989). Thick gray outlined
field in (E) shows field of partial melts of amphibole-bearing, garnet-absent residues (Holland et al., 2013; Ratajeski et al., 2005).

135A.D. Chapman et al. / Lithos 200–201 (2014) 126–141
partial melting processes in the petrogenesis of the CRB and compare
our findings to other arc segments in the North American Cordillera.

5.2. Residual mineralogy and depth of melting

Several geochemical parameters suggest that the CRB resulted from
melts in equilibrium with a plagioclase-stable and garnet-poor (or
absent) residual (restite or cumulate) assemblage. First, several non-
cumulate samples shownegative Eu anomalies, suggesting the presence
of plagioclase in the source. Second, samples from the CRB lack a “garnet
signature” characterized by high Sr/Y, La/Yb, and Sm/Yb, and show an
increase in La/Smwith silica,most likely due to plagioclase fractionation
(Fig. 7). Positive correlations between SiO2 and the LREE La to Sm and
the lack of variability between SiO2 and heavier REE further argue for
plagioclase and against garnet as major phases in the site of magma
generation.

Three geochemical relations suggest the presence of amphibole in
the low silica residual assemblage. First, all Group 1 and several Group
2 plutons of the CRB have low Y contents (b20 ppm) at low Sr/Y
(b40). A source containing plagioclase and amphibole and lacking
garnet provides an attractive explanation for melts with low Y and
low Sr/Y, given plagioclase/melt and amphibole/melt partition coeffi-
cients for Y (0.005 and 1.56, respectively) and Sr (1.84 and 0.72, respec-
tively; Foley, 2008). Experimental melts including plagioclase and
amphibole and lacking garnet in the source (Ratajeski et al., 2005)
provide a good match for plutons of the CRB (Fig. 7E). Second, rare-
earth element patterns for CRB plutons show enrichment in LILE, deple-
tion of HREE relative to LREE, and concave upward MREE depletion.
These features are consistent with partial melting in equilibrium with
residues containing appreciable amphibole, which preferentially incor-
porates MREE. Finally, K2O values decrease slightly with SiO2 (Fig. 3A)
and low K/Rb values (averaging ~375) do not vary significantly with
SiO2 (Fig. 9). These observations require that the residual mineral
assemblage is K-rich with a larger bulk distribution coefficient for K
than for Rb.

Experimental (e.g., Green and Ringwood, 1967; Ito and Kennedy,
1971; Rapp and Watson, 1995; Wolf and Wyllie, 1994; Wyllie and
Wolf, 1993), thermodynamic (e.g., DePaoli et al., 2012; Ducea, 2002),
and thermobarometric (e.g., Ducea and Saleeby, 1996; O’Brien and
Rötzler, 2003) studies indicate that the appearance of garnet and the
breakdown of plagioclase are critically dependent on pressure, temper-
ature, and bulk composition. For the average composition of the Sierra



Table 3
Sr and Nd isotope data.

Sample 87Rb/
86Sr

87Sr/
86Sr(0)

87Sr/
86Sr(90)

147Sm/
144Nd

143Nd/
144Nd(0)

εNd(90)

Group 2A
1 0.13402 0.512346 −4.7
2 0.19415 0.708835 0.708587

Group 2B
3 0.38173 0.709676 0.709188 0.13402 0.512288 −5.9
4 0.08458 0.708100 0.707992 0.13402 0.512551 −0.7

Group 1A
8 0.04173 0.707489 0.707436 0.184553 0.512538 −1.6
9 0.18886 0.708121 0.707880

Group 1B
10 0.345 0.707881 0.707440 0.136437 0.512478 −2.2
11 0.31046 0.706482 0.706085 0.142707 0.512663 1.4

Group 1C
12 0.03687 0.707232 0.707185 0.171519 0.512459 −3.0
13 0.06741 0.709002 0.708916
14 0.05062 0.706667 0.706602 0.17154 0.512642 0.6
16 0.10845 0.707299 0.707160 0.130271 0.512484 −2.0

Non-deformed (late) intrusive rocks
17 0.0838 0.710734 0.710627 0.124986 0.512182 −7.8
18 0.124986 0.512091 −9.6

Framework metasedimentary rocks
19 0.19415 0.708835 0.708587
21 0.66057 0.712832 0.711988 0.121998 0.512156 −8.3
22 0.05025 0.709024 0.708960 0.112928 0.511791 −15.3

Small ultramafic–mafic bodiesa

23H 0.047 0.707785 0.707725 0.183 0.512401 −4.2
23C 0.0467 0.707760 0.707700 0.183 0.512438 −3.5
24H 0.0108 0.707622 0.707608 0.183 0.512433 −3.6
25C 0.0177 0.716117 0.716094 0.099032 0.512082 −9.5
26C 0.0452 0.708493 0.708435 0.170447 0.512838 4.5

Estimated analytical ±2σ uncertainties: 87Rb/86Sr = 0.55%, 87Sr/86Sr = 0.0014%, 147Sm/
144Nd = 0.8%, and 143Nd/144Nd = 0.002%.

a C, clinopyroxene separate; H, hornblende separate.

Fig. 8. Sr and Nd isotopic compositions for Coast Ridge Belt (CRB) samples compared to
Cretaceous plutons of the Sierra Nevada batholith and the Central block andmetavolcanic
rocks of the Sierra Nevada batholith. Intersecting axes are “bulk earth” values. Epsilon
values and Sr ratios are initial values for granitoids; values for metamorphic framework
and ultramafic-mafic bodies are age-corrected for 90Ma. Tickmarks onmixing curves de-
note percent supracrustal component. Average Sierran metasedimentary framework “S”
(143Nd/144Nd = 0.51192, Sri = 0.71759, Nd = 24 ppm, Sr = 182 ppm) value averaged
from DePaolo (1981) and Pickett and Saleeby (1994). Mantle “M” (143Nd/144Nd =
0.51256, Sri = 0.7047, Nd = 24 ppm, Sr = 555 ppm) value from Kistler et al. (1986).
Mojave lower crustal basement “B” (143Nd/144Nd = 0.51163, Sri = 0.7136, Nd =
24 ppm, Sr = 412 ppm) value from Miller et al. (2000). Sample 21 metamorphic rock la-
beled as “21.” Pine Ridge (PR), Chews Ridge (CR), and Escondido complex (EC) ultramafic-
mafic bodies are labeled. Other abbreviations: CB, Central block; SNB, Sierra Nevada bath-
olith; S de S, Sierra de Salinas (Mattinson, 1990).

Fig. 9. Plot of K/Rb versus wt.% SiO2 for CRB rocks.
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Nevada batholith, this transition from garnet-in to plagioclase-out takes
place over a depth range of ~40 to 60 km at temperatures above 800 °C.
Therefore, based on geochemical evidence suggesting the presence of
plagioclase and absence of appreciable garnet in the source of the CRB,
it is likely that these assemblages underwent magmatic processing at
depths shallower than ~40 km. These results imply that the CRB was
emplaced into crust that had not experienced significant crustal thick-
ening due to tectonic shortening or magmatic additions when com-
pared to other segments of the California arc.

Peak metamorphic conditions of ~7 to 8 kbar and ~700 to 800 °C
were achieved in the CRB during and immediately following igneous
construction (Ducea et al., 2003a; Hansen and Stuk, 1993; Kidder
et al., 2003), requiring that the depth of magmagenesis exceeded
~25 km. Therefore, the depth ofmelting for the CRB is bracketed by geo-
chemical and thermobarometric data to between ~40 and 25 km, indi-
cating that CRB magmas did not ascend more than a few kilometers
before stalling and crystallizing. Furthermore, the calculated melting
paleodepth interval is consistent with our previous assertion (Ducea
et al., 2003a; Kidder et al., 2003) that the CRB represents a window
into the root zone for batholith-scale intrusions, locally exposed at
shallower levels in the Central block to the east of the CRB (John,
1981; Kistler and Champion, 2001; Wiebe, 1966, 1970).

Shallow depths of melting (b40 km) are also documented in the
west-central Sierra Nevada batholith (Holland et al., 2013), the western
Peninsular Ranges batholith (Gromet and Silver, 1987), the Chilliwack
batholith (North Cascades; Tepper et al., 1993) and can be inferred
for deep (N30 km; Pickett and Saleeby, 1993) exposures of the south-
western Sierra Nevada based on Sr/Y and La/Yb values of b35 and
b16, respectively (Ross, 1989). The inferred depth of magmagenesis
for the CRB is shallower than N40 km paleodepths inferred from the
central and eastern Sierra Nevada (Cecil et al., 2012; Ducea, 2001) and
Peninsular Ranges (Gromet and Silver, 1987) batholiths, the Idaho
(Gaschnig et al., 2011) and Coast Mountains (Girardi et al., 2012) bath-
oliths, and tonalitic plutons of the Cascades core (Miller et al., 2009).

5.3. Isotopic constraints on magma mixing and alteration

Initial 87Sr/86Sr (0.7061 to 0.7092) and εNd (+1.4 to−5.9) values of
the CRB and the majority of the Central block (Kistler and Champion,
2001; Mattinson, 1978, 1990; this study) require significant involve-
ment of ancient continental lithospheric material in the magmatic
source. These isotopic data define a mixing trend bracketed by low
Sri–high εNd and high Sri–low εNd end-members (Fig. 8), with Group 2
values extending to higher Sri and lower εNd than Group 1. A common
explanation for similar isotopic trends in Cordilleran batholiths is that
they represent mixtures of primitive mantle melts and supracrustal
end-member(s) (e.g., DePaolo, 1981; Gaschnig et al., 2011; Girardi
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et al., 2012; Lackey et al., 2005, 2008; Pickett and Saleeby, 1994). The
heterogeneity of Salinian plutons (e.g., Compton, 1966; Kidder et al.,
2003) and the presence of continuous linear trends of major elements,
trace elements, and trace element ratios with silica point to amixing or-
igin for these rocks.

To determine ifmixing of various crust andmantle reservoirs can ac-
count for the correlation between εNd and Sri, bulk mixing calculations
were done (Fig. 8). An ancient North American mantle lithosphere
(Kistler et al., 1986) reservoir was selected as the most likely low Sri–
high εNd endmember since the isotopic baselines ofmafic plutonswith-
in the CRB, western Mojave, and the southern Sierra Nevada batholith
are not consistent with a depleted mantle source (Pickett and Saleeby,
1994; Saleeby, 2011). Furthermore, the Escondido complex, an ultra-
mafic body likely derived from partial melting of lithospheric upper
mantle, provides evidence of enriched sub-batholithic mantle in the
Salinian arc. Crustal components, including representative samples
and averages of metasedimentary rocks (DePaolo, 1981; Pickett and
Saleeby, 1994; Zeng et al., 2005) and crystalline basement of theMojave
Desert (Miller et al., 2000), were adopted as potential high Sri–low εNd
end-members.

Mixing trends are shown in Fig. 8. In general, simple mixing models
between mantle and crustal end members reproduce the observed iso-
topic values. Data from the CRB lie in closer proximity to curves involv-
ing metasedimentary as opposed to basement end members. This
observation strongly suggests that CRB magmas were derived from a
source containing a higher proportion of metasedimentary material
than the bulk of the California arc (Ducea, 2001). Oxygen isotope values
of +8.5 to +9.8‰ relative to SMOW in the Salinian block sensu lato
(Kistler and Champion, 2001) are consistentwith a significant sedimen-
tary component in the source of CRB plutons.

Mixing curves (Fig. 8) suggest that the magmatic source for the CRB
contained at least 10–40% and 30–60% average Sierran meta-
sedimentarymaterial for Group 1 andGroup 2 assemblages, respectively.
Isotopic compositions of postkinematic leucrogranite dikes require
higher proportions, approaching puremelts of averagemetasedimentary
material in the source. The interpretation of a large metasedimentary
input intomagmas of the CRB is also consistentwith an evolved Pb signa-
ture in Salinian central belt plutons with well-defined arrays in 208Pb/
204Pb–206Pb/204Pb and 207Pb/204Pb–206Pb/204Pb spaces, overlapping
trends seen in the western Mojave Desert and Gualala Basin (Mattinson,
1990; Schott et al., 2004) and highly radiogenic “Area II-type Pb” of
Zartman (1974). The Salinian Pb signature is distinct fromLate Cretaceous
granitoids of the eastern Mojave Desert and central Sierra Nevada
batholith (Chen and Tilton, 1991; Mattinson, 1990; Wooden et al.,
1988). Furthermore, inherited zircon grains (Kidder et al., 2003;
Kistler and Champion, 2001; Mattinson, 1978) in CRB plutons show
similar pre-Mesozoic zircon age spectra to those of the Sur Series
(Barbeau et al., 2005), suggesting significant assimilation of framework
rocks during emplacement of the CRB.

One additional component and/or post-emplacement alteration
is/are required to explain elevated Sri at a given εNd with respect to
modeled mixing curves and to the isotopic field of the Sierra Nevada
batholith (Fig. 8). Similar enrichments in Sri at a given εNd are also
exhibited in granitoids from the Salinian Central block, western
Mojave Desert, Gualala Basin, and southern Sierra Nevada (Kistler
and Champion, 2001; Mattinson, 1990; Miller et al., 1996; Pickett
and Saleeby, 1994; Schott et al., 2004). One explanation for the isoto-
pic signature of the CRB is that significant amounts of downgoing
trench sediments and/or oceanic crust, perhaps altered by seawater
(e.g., McCulloch et al., 1980), were present within the magmatic
source (e.g., Chapman et al., 2013). Alternatively, a groundwater al-
teration process is also consistent with the data, as meteoric water
also has low concentrations in REE compared to Sr.

The distinct isotopic values from the southern Sierra Nevada–
Mojave–Salinia corridor (Fig. 1 inset) strongly suggest that they crystal-
lized from magmas derived from different source components than
those of the greater Sierra Nevada batholith. Kistler (1990) suggested,
based primarily on elevated Sri and δ18O values in plutons, that the
pre-intrusive basement of this western Mojave consisted of abyssal
and metasedimentary rocks, termed “Panthalassan lithosphere,” and
that a distinct “North American lithosphere” containing Proterozoic
crystalline basement was present to the east. Isotopic relations from
plutons of the southern Sierra Nevada–Mojave–Salinia corridor are
qualitatively most consistent with assimilation of high δ18O, Sri, and
208Pb/204Pb and low εNd material, a fingerprint most likely acquired
from Panthalassan sediments.

In summary, mixing of continental (North American) lithospheric
uppermantle- andmetasedimentary framework-derivedmelts (sourced
from Panthalassan basement and cover) provides the simplest explana-
tion for the isotopic values measured on igneous rocks of the CRB,
although a cryptic third sea/groundwater and/or trenchmaterial compo-
nent may be required as well.

5.4. Origin of Coast Ridge Belt plutons

The CRB was constructed by compositionally diverse magmatic ad-
ditions over a brief time interval, between ca. 93 and 80 Ma (Kidder
et al., 2003), and was extinguished as abruptly as it began, presumably
due to mechanical delamination of the Salinian lithospheric mantle
and lower crustal root associated with shallowing of the Farallon plate
(e.g., Saleeby, 2003). The CRB represents a rare window into a lower
crustal arc zone for batholith-forming intrusions, wherein meta-
sedimentary framework rocks were assimilated by mantle-derived
melts, thereby producing silicic hybridmagmas. This origin is supported
by the covariation between εNd and Sri values,which requiremixing of a
significant amount of supracrustal material of the former passive North
American margin with continental lithospheric mantle-derived melts.
The Sur Series and deeper crustal equivalents of the Panthalassa realm
are the most likely supracrustal contributors.

Melting experiments are consistent with a hybrid origin for plutons
of the CRB. Experimental reaction of basaltic melts with meta-
sedimentary rocks at low pressure (P b 10 kbar) produces compositions
overlapping those of the CRB (Fig. 10; Patino Douce, 1999).
Metaluminous to weakly peraluminous alumina saturation indices (0.4
to 1.1) further suggest, based on the discrimination scheme of Patino
Douce (1999), that the compositions of CRB plutons are best explained
by mafic additions of ~50% (for Group 1) and at least 50% (for Group 2).
This observation is consistent with our εNd–Sri bulk mixing calculations
suggesting additions of between10 to 60% averagemetasedimentaryma-
terial for CRB plutons. Central block plutons represent more pure crustal
melts than those of the CRB, with compositions similar to experimental
dehydration melts of various metasediments (Patino Douce, 1999).

Underplating of melts derived from evolved lithospheric mantle
provides a viable mechanism explaining geochemical (e.g., continuous
elemental and isotopic trends; Figs. 3,4, 6, 7, 8, 9, and 11) and field evi-
dence for crustal melting (e.g., migmatitic textures) in the CRB (Hansen
and Harlov, 2009; Hansen and Stuk, 1993; Kidder et al., 2003; this
study). We suggest that the thermal pulse provided by basaltic under-
plating (e.g., Tepper et al., 1993) to the base of the crust led to an initial
episode of metasediment assimilation by Group 1 plutons, followed
soon thereafter by remelting of these intrusions to produce more silicic
Group 2 magmas and migmatitic textures in Group 1 rocks. By this
model, the apparent higher proportion of metasedimentary material
in Group 2 plutons resulted through anatexis of Group 1 plutons and/
or previously unmelted Sur Series assemblages. However, our results
cannot rule out the possibility that Group 2 plutons crystallized from
an original melt.

5.5. Supracrustal input into an arc root zone

Field, petrographic, geochemical, and isotopic evidence presented
here strongly suggest that plutonic assemblages of the CRB represent
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Fig. 10. Comparison of major element compositions of the CRB and Central block plutons with experimental melts (Patino Douce, 1999). Curves represent high-pressure (HP; N12 kbar)
and low-pressure (LP; b5 kbar) melt and restite (R) compositions produced through hybridization of basaltic and metasedimentary melts. Note that CRB and Central block plutons
generally plot along low-pressure hybrid curves. Units in (A), (B), and (C) are wt.% oxide. Units in (D) are molar Al2O3/(CaO+Na2O+K2O) versus molar Al2O3+CaO+Na2O+K2O.
Note in (D) that peraluminous low pressure melts are possible with up to ~50% basaltic input (Patino Douce, 1999).
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hybrid magmas produced through interaction of basaltic underplate
with partially melted metasedimentary framework rocks at relatively
shallow levels (25–40 km). Emplacement of the Salinian arc occurred
at the peak of an episode of voluminous arc magmatism that affected
several Cordilleran arc segments (Coleman and Glazner, 1998;
DeCelles et al., 2009; Ducea, 2001). These high-flux events often corre-
spond with increased input of upper plate material in the source com-
pared to periods of low magmatic flux (Ducea and Barton, 2007). Our
results permit speculation about the most likely mechanism(s) by
A

B

Fig. 11. Generalized cross-section model for the Salinian arc. Note downward transport of Paleo
Farallonplate beneathNorth America prior to shallow subduction, downward host rock transpo
mantle and lowermost crust removal, arc shutoff, and underplating of the schist of Sierra de Sa
which supracrustal material was displaced downward into the magma
source of the CRB.

This study shows that metasedimentary assemblages of the
miogeocline, including the Sur Series, were important supracrustal con-
taminants into the Salinian arc and input of trench sediments and/or
altered oceanic crust was relatively minor (Fig. 11). We speculate that
displacement of miogeoclinal assemblages into the root zone of the
Salinian arc was achieved within a crustal-scale convection system
and that retroarc thrusting did not play a major role, for the following
C

zoic–Mesozoic host rocks in panels (A), enlarged in (C). (A) Ca. 100–80 Ma subduction of
rt, and ignition of the Salinian arc, (B) ca. 80–70Maflat subduction,mechanical lithospheric
linas, (C) enlarged view of (A), showing location of Coast Ridge Belt (CRB).



139A.D. Chapman et al. / Lithos 200–201 (2014) 126–141
reasons: 1)field evidence for the deflection of foliation trajectories from
subvertical to subhorizontal with increasing paleodepth (Kidder et al.,
2003) ismore consistentwith intra-arc downflow versus ductile thrust-
ing and 2) there is little evidence for major Late Cretaceous retroarc
thrusting in the pre-San Andreas position of Salinia (e.g., DeCelles,
2004; DeCelles and Coogan, 2006; Fig. 1 inset). A detailed structural
and geochronologic study of metavolcanic assemblages within the
CRB, which imply eruption at the surface and subsequent displacement
to 20–30 km paleodepths, may permit evaluation of this hypothesis.
However, to our knowledge, metavolcanic rocks are not recognized
in Salinia except within Central block plutons at Garrapata Beach
(D. Barbeau, unpublished data; Fig. 1).

Downward displacement of supracrustal assemblages during
plutonismhas been invoked to explain the incorporation of supracrustal
assemblages in several arc segments in North and South America
(Babeyko et al., 2002; Miller et al., 2009; Paterson and Farris, 2008;
Saleeby, 1990). The widespread recognition of evidence supporting
downward host rock transport suggests that it is an important process
controlling crustal growth and the formation of arc roots, such as the
CRB.

6. Conclusions

We report newmajor and trace element concentrations aswell as Sr
and Nd isotopic analyses from representative rocks of the CRB, an
exposure of a lower crustal batholithic root in the California arc. The en-
tire igneous section was built between 93 and 81 Ma, and intruded
supracrustal framework rocks of the Sur Series. REE patterns in igneous
and metaigneous rocks of the CRB suggest that they are sourced deeper
than the ~25 km paleodepths represented by the exposed section
(Hansen and Stuk, 1993; Kidder et al., 2003), but probably not below
40–50 km. Group 2 tonalites and Group 1 gabbroids of the CRB are pre-
dominantly calc-alkaline, one third of which exhibit cumulate charac-
teristics, and all show enriched isotopic compositions (Sri = 0.7061 to
0.7092 and εNd = +1.4 to −5.9). Mafic to ultramafic intrusions of the
Escondido complex yield enriched Sr and Nd isotope ratios that plot
along the same trend as the CRB, suggesting that the Escondido body
is an intrusion of enriched lithospheric upper mantle-derived melts.
We suggest that underplating of basaltic melts derived from evolved
lithosphericmantle provides themost satisfactorymechanismexplaining
geochemical and field evidence for melting and assimilation of the
metasedimentary framework. This mechanism is especially efficient
during the early periods of subduction-related arc magmatism, when
mantle-derivedmelts are emplaced into amelt-fertile thick accumulation
of passive margin-type sediments (Otamendi et al., 2009; Wetmore and
Ducea, 2011). Miogeoclinal assemblages most likely flowed downward
into the root zone of the Salinian arc within a crustal-scale convection
system.
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