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ABSTRACT 
This study addresses the question of how and where arc magmas obtain their chemical and 

isotopic characteristics. The Wooley Creek batholith and Slinkard pluton are a tilted, mid- to 

upper-crustal part of a vertically extensive, late-Jurassic, arc-related magmatic system in the 

Klamath Mountains, northern California. The main stage of the system is divided into an older 

lower zone (ca. 159 Ma) emplaced as multiple sheet-like bodies, a younger upper zone (ca. 158–

156 Ma) which is gradationally zoned upward from mafic tonalite to granite, and a complex 

central zone which represents the transition between the lower and upper zones. Xenoliths are 

common and locally abundant in the lower and central zones and preserve a ghost stratigraphy of 

the three host terranes. Bulk-rock Nd isotope data along with ages and Hf and oxygen isotope 

data on zircons were used to assess the location and timing of differentiation and assimilation. 

Xenoliths display a wide range of εNd (whole rock) and εHf (zircon), ranges that correlate with 

rocks in the host terranes. Among individual pluton samples, zircon Hf and oxygen isotope data 

display ranges too large to represent uniform magma compositions, and very few data are 

consistent with uncontaminated mantle-derived magma. In addition, zoning of Zr and Hf in 



augite and hornblende indicate that zircon crystallized at temperatures near or below 800°C; 

these temperatures are lower than emplacement temperatures. Therefore, the diversity of zircon 

isotope compositions reflects in-situ crystallization from heterogeneous magmas. On the basis of 

these and published data, the system is interpreted to reflect initial MASH-zone differentiation, 

which resulted in elevated δ18O and lowered εHf in the magmas (no zircon present). Further 

differentiation, and particularly assimilation-fractional crystallization, occurred at the level of 

emplacement on a piecemeal (local) basis as individual magma batches interacted with partial 

melts from host-rock xenoliths. This piecemeal assimilation was accompanied by zircon 

crystallization, resulting in the heterogeneous isotopic signatures. Magmatism ended with late-

stage emplacement of isotopically evolved granitic magmas (ca. 156 Ma) whose compositions 

primarily reflect reworking of the deep-crustal MASH environment. 
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INTRODUCTION 

Debate exists among workers who study the evolution of arc magmas: where and how do 

magmas obtain their chemical and isotopic characteristics? In addition to partial melting of 

variably-metasomatized mantle wedge to produce basaltic and high-Mg andesitic magmas, many 

workers call on deep crustal hybridization (MASH or hot-zone processes) as a principal cause of 

chemical and isotopic diversity (e.g., Hildreth & Moorbath, 1988; Annen et al., 2006; Schmidt & 

Grunder, 2011), whereas others invoke crystal-differentiation over much of the crustal column 

(see review in Jagoutz & Klein, 2018). Still other workers suggest that, depending on the 

plumbing system, magmas may undergo differentiation in middle and upper crustal reservoirs 

via crystal fractionation, mixing, and crustal assimilation (Humphreys et al., 2006, 2009; Singer 

et al., 2011; Ruprect et al., 2012; Spera & Bohrson, 2018; many others). There thus remains 

considerable debate concerning the vertical dimensions of magma interconnectivity in arc 

systems, the longevity of such systems, the time and length scales of intra-crustal reservoirs, and 

the efficacy of petrologic processes in each stage of magma transport and differentiation. 

A common problem in addressing the depths of magmatic processes is the fact that many arc 

plutons are exposed over a small range of paleodepths. However, some plutonic systems are 

exposed in tilted crustal sections, permitting detailed study across many km of original vertical 

extent (e.g., North Cascades, e.g., Matzel et al., 2006, Gordon et al., 2017; southern Sierra 



Nevada (Pickett & Saleeby, 1993, 1994; Klein & Jagoutz, 2021; Klein et al., 2021); Kohistan 

(Jagoutz et al., 2007, 2009; Sesia, Sinigoi et al., 2016; Karakas et al., 2019; Famatinian arc 

(Otamendi et al., 2009, 2012; Tibaldi et al., 2013; Walker et al., 2015). One such example is the 

Wooley Creek batholith (WCB) and Slinkard pluton (SP) (Fig. 1), which together are a 

composite plutonic sequence in the Klamath Mountain province of northern California (Barnes et 

al., 1986a). Post-magmatic tilting and erosion have exposed ca. 15 km of structural relief in this 

plutonic system (Barnes et al., 1986b; Coint et al., 2013b). Moreover, adjacent high-grade host 

rocks are exposed through an additional ca. 5–10 km of structural relief (Garlick et al., 2009). 

Because of this structural relief, we can demonstrate that in the middle crust, magma 

emplacement traversed three distinct, stacked tectonostratigraphic terranes (Fig. 1; Coint et al., 

2013b). 

Field and petrologic study of the WCB-SP system (Barnes, 1983; Barnes et al., 1986a, 1990, 

1992, 2016a; Coint et al., 2013a, b) recognized the following: (1) the system is zoned, with mafic 

and intermediate rocks in the deepest, northeastern, structural levels, and intermediate to felsic 

rocks at higher, southern and southwestern levels (Fig. 1), (2) the oldest rocks in the system crop 

out in the lower, more mafic zone, with a broad decrease in ages into the upper felsic zone, (3) 

upper and lower zones are separated by a central transition zone, which contains rocks with both 

old and young ages, (4) lower and central zone magmas were emplaced in relatively small 

batches, as exemplified by individual sheet-like intrusive units and corresponding variation in 

composition and texture, (5) magma mingling was widespread, (6) many rocks are cumulate in 

nature, with initial magma compositions that ranged from basaltic to dacitic, (7) bulk-rock Sr, 

Nd, and oxygen isotopes indicate that parental magmas were mixtures of mantle- and crust-

derived components. 

Xenoliths of varying lithology and degrees of partial melting and digestion are locally 

abundant in the system, which initially led to the interpretation that the crustal isotopic 

components in these plutons were the result of in situ assimilation (Barnes et al., 1987). 

However, later bulk-rock oxygen isotope data suggested that interaction with crustal rocks also 

occurred below the level of emplacement by interaction with deep-seated metasedimentary rocks 

(Barnes et al., 1990).  

This paper presents new age and geochemical data on zircon from the WCB-SP, xenoliths, 

and wall rocks, plus bulk-rock Nd isotope compositions on xenoliths, their plutonic hosts, and 



probable cognate host rocks. These data are integrated with published trace element 

compositions of clinopyroxene and amphibole to assess conditions of zircon stability. The 

combined data indicate that the WCB-SP is the exposed part of a crustal-scale magma column in 

which magma compositions evolved over a time interval of ca. 4 m.y. Hybridization with crustal 

rocks/magmas occurred both in the lower crust and at the level of emplacement, where a ghost 

stratigraphy of partially melted xenoliths is preserved. Emplacement-level assimilation resulted 

in isotopic heterogeneity at the hand sample, outcrop, and pluton scale. 

GEOLOGIC SETTING 

The WCB–SP constitutes a Late Jurassic plutonic complex in the Klamath Mountain 

accretionary province of northern California (Irwin, 1972, 1981; Snoke & Barnes, 2006). The 

complex intrudes three tectonostratigraphic terranes (Fig. 1) that were amalgamated during the 

ca. 170 Ma Middle Jurassic Siskiyou orogeny (Coleman et al., 1986; Barnes et al., 2006; Barnes 

& Barnes, 2020). In ascending structural order, the terranes are: (1) the Rattlesnake Creek terrane 

(RCt), an ophiolitic mélange overlain by a cover sequence of metavolcanic and metasedimentary 

rocks (Wright and Wyld, 1995; Gray, 1986; Frost et al., 2006). (2) The western Hayfork terrane 

(wHt), a Middle Jurassic, metamorphosed, volcanogenic, crystal-lithic arenite with intercalated 

argillite and lahar deposits (Wright & Fahan, 1988; Hacker et al., 1995; Donato et al., 1996; 

Barnes & Barnes, 2020). This terrane is in faulted depositional contact with the underlying 

Rattlesnake Creek terrane (Wright & Fahan, 1988; Donato et al., 1996). (3) The eastern Hayfork 

terrane (eHt), a chert-argillite mélange and broken formation composed mainly of 

metamorphosed chert, argillite, and quartzose wackes, with Proterozoic to Triassic blocks of 

ribbon chert, quartzite, marble, peridotite, metabasic rocks, and rare blueschist (Irwin, 1972; 

Wright, 1982; Ernst, 1990, 1998; Ernst et al., 2008, 2017). Intergranular calcite is common in the 

chert-argillite mélange rocks of the eHt. The eHt overlies the wHt along the Wilson Point thrust 

(Wright, 1982; Barnes et al., 2006). 

Post-amalgamation regional metamorphism affected all three terranes, with metamorphic 

grade increasing from greenschist facies in the southern part of the area to granulite facies in the 

north-central part (e.g., Coleman et al., 1988; Donato, 1989; Ernst, 1999; Garlick et al., 2009). 

Emplacement of the WCB–SP was originally interpreted to post-date peak metamorphism 

(Barnes, 1983). However, recent work suggests that regional metamorphism was on-going 



during WCB-SP magmatism (Dailey et al., 2019; Leib et al., 2019). During the Nevadan 

orogeny, the WCB–SP and host terranes were thrust westward (modern coordinates) over 

outboard terranes of the Western Jurassic belt (Fig. 1; Lanphere et al., 1968; Irwin, 1972; 

Jachens et al., 1986; Snoke & Barnes, 2006). Subsequent regional doming was centered on the 

present outcrop area of the Condrey Mountain Schist (Fig. 1; Mortimer & Coleman, 1985), 

tilting the overlying terranes and plutons, so that erosion has exposed significant structural relief 

in the complex (Barnes et al., 1986b). For example, on the basis of contact metamorphic mineral 

assemblages, the estimated pressure near the structurally highest (southwestern) part of the WCB 

was ca. 300 MPa (Barnes et al., 1986b), whereas estimated pressure near the base of the SP was 

ca. 600–800 MPa (Leib et al., 2020). This pressure difference leads to calculated structural relief 

in the WCB/SP of ca. 15 km. 

WCb–SP intrusive complex 

The WCb-SP ranges from gabbroic to granitic rocks, which are magnesian and calcic according 

to the Frost et al. (2001) classification. Except for mildly peraluminous late-stage granitic bodies, 

the rocks are metaluminous. Detailed discussion of bulk-rock major, trace, and isotopic 

compositions are presented in Barnes et al. (1986a, 1990, 2016a) and Coint et al. (2013a, b). On 

the basis of rock type, bulk-rock chemical compositions, cross-cutting relationships, and U-Pb 

(zircon) age data, the complex was divided into main (or early) and late stages (Fig. 1; Coint et 

al., 2013b). The voluminous main stage consists of three zones. The lower zone includes the 

lower WCB and gabbroic to tonalitic parts of the SP. It was emplaced as a series of sheet-like 

bodies whose individual thicknesses varied from a few cm to tens of meters. Some intrusive 

sheets mixed with pre-existing magmas, whereas others represent distinct intrusive units (Coint 

et al., 2013a). Synplutonic mafic dikes in various stages of disruption are widespread in the 

lower zone (Coint et al., 2013b; Barnes et al., 2016a). Chemical abrasion isotope dilution thermal 

ionization mass spectrometry (CA-ID-TIMS) U-Pb (zircon) analysis yielded weighted average 

ages of 159.69 ± 0.23 Ma to 158.81 ± 0.23 (all uncertainties cited are 2σ; Coint et al., 2013b; this 

work). Xenoliths are widespread and locally abundant; they are described in more detail below. 

The upper zone consists of the upper part of the WCB, which is crudely zoned from 

structurally lower tonalite to structurally higher granodiorite and granite (Fig. 1; Coint et al., 

2013b; Barnes et al., 2016a). This upward zonation is expressed as a decrease in mafic minerals 

and an increase in quartz and alkali-feldspar (Barnes, 1983; Coint et al., 2013b). Unlike the 



lower zone, individual sheet-like intrusions are absent. Instead, dense swarms and pillowed 

zones of mafic magmatic enclaves are present in basal parts of the upper zone; these give way to 

dispersed enclaves in structurally higher parts of the zone. Chemical abrasion-ID-TIMS U-Pb 

(zircon) dating yielded ages predominantly from 158.21 ± 0.17 to 157.68 ± 0.18 Ma (Coint et al., 

2013b; this work). In addition, one granitic sample that is texturally identical to the rest of the 

upper zone yielded a single-crystal ID-TIMS (zircon) age of 156.92 ± 0.54 (this work, see 

discussion below). Xenoliths are uncommon in the upper zone except near intrusive contacts. 

The upper and lower zones are locally separated by the transitional central zone (Fig.1) 

which is a plexus of sheet-like bodies that range in width from 1–10m, in composition from 

gabbro to tonalite, and in shape from planar sheets to intensely deformed (folded, boudinaged, 

disrupted) synplutonic dikes (Barnes et al., 1986a; Coint et al., 2013b). Five samples yielded 

CA-ID-TIMS (zircon) ages of 159.14 ± 0.23, 159.01 ± 0.20, 158.65 ± 0.41, 158.56 ± 0.17, and 

158.30 ± 0.16 Ma (Coint et al., 2013b; this work). These data indicate that the central zone 

formed over a prolonged interval that encompassed both upper and lower zone ages. Xenoliths 

are locally abundant in the central zone, particularly in the transition between central and lower 

zone rocks. 

Mafic selvages (mainly diorite and quartz diorite) are exposed along parts of the western and 

southern contacts of the upper zone (Fig. 1). Two samples from the largest western selvage were 

dated to 159.28 ± 0.17 Ma and 158.34 ± 0.65, spanning lower- and upper-zone ages, whereas the 

southern selvage yielded an age of 158.32 ± 0.32 Ma, equivalent to upper zone ages (Coint et al., 

2013b; this work). 

Late-stage magmatism in the WCB-SP consists of two granitic bodies (Fig. 1). The 

northwest side of the SP is underlain by a garnet-bearing two-mica granite with a CA-ID-TIMS 

(zircon) age of 156.0 ± 0.06 Ma (this work). A smaller hornblende-bearing biotite granite 

intrudes the upper zone of the WCB; zircon from this sample yielded a SHRIMP-RG (sensitive 

high-resolution ion microprobe-reverse geometry) age of 155.0 ± 1.7 Ma (this work). 

Xenoliths 

Xenoliths vary widely in distribution, rock type, size, and shape. Xenoliths are common and 

locally abundant along intrusive contacts, particularly along the eastern contact and within 

selvages in the west and south (Fig. 2). Xenoliths are widespread throughout the lower zone and 

in the transition between lower and central zones, where they range in shape from elongate, 



screen-like bodies to isolated, rounded to angular masses a few cm in length (Fig. 3). Screen-like 

bodies reach as much as 100 m in length and 20 m in width. 

Xenolith rock types vary from peridotite to quartz-rich meta-arenite (Fig. 2), with all but the 

most refractory (e.g., peridotite, skarn) showing textural evidence of partial melting. Peridotite is 

metamorphosed to Ol + Opx assemblages (mineral abbreviations from Whitney & Evans, 2010) 

and rare Fe-rich gabbroic xenoliths contain cm-scale garnet porphyroblasts. Many xenoliths, and 

particularly those in the lower and central zones and western selvage, are gneissic, display 

granoblastic textures, and contain prograde Cpx + Pl ± Opx ± Amp ± Bt ± Qz (Fig. 4). These 

latter xenolith types are migmatitic, with layer-parallel and cross-cutting leucosomes (Fig. 3A, B, 

C), which in many cases coalesce (Fig. 3B, C). Although the majority of migmatitic xenoliths are 

characterized by Aug ± Opx ± Amp + Plag assemblages, a few contain sillimanite ± cordierite ± 

Bt ± Opx (Fig. 4B). These pelitic to semipelitic xenoliths are typically mafic, with large 

proportions of Opx and Bt.  

In thin section, migmatitic xenoliths and some quartz-rich meta-arenite xenoliths display 

thin films and re-entrants of quartz and feldspars: textural evidence for the presence of an 

intergranular melt (Fig. 4; e.g., Sawyer, 1999; Holness & Sawyer, 2008). Some xenoliths are 

composite (Fig. 3D), in which granofels xenoliths were engulfed by a quartz gabbroic magma, 

which was then disrupted by a later gabbroic magma. Such examples illustrate the temporal 

development of the lower and central zones via episodic magma emplacement, accompanied by 

disruption of, and mingling with older plutonic material and xenoliths. 

Above the lower zone–central zone transition, large screen-like bodies are lacking, and with 

increasing structural height xenoliths become less abundant and smaller, generally no more than 

30 cm in diameter. Rock types range from migmatite to calc-silicate skarn, quartz-rich meta-

arenite (Fig. 3E) and amphibolite (Fig. 3F). In the upper zone, xenoliths are less common and are 

predominantly calc-silicates and metaquartzite. The metaquartzitic xenoliths display textural 

evidence such as pseudomorphosed melt films and reentrants indicative of partial melting (cf., 

Holness & Sawyer, 2008) 

The diversity of xenoliths and of host-rock lithologies would suggest that it should be 

possible to correlate xenoliths with their source host-rock terranes. Such distinctions are possible 

in the case of peridotite, amphibolite, and quartz-rich meta-arenite, with the first two correlative 

to the RCt and the third to the eHt. However, aside from xenoliths sampled in contact zones, 



metamorphism and partial melting obscured diagnostic lithologic and textural relationships. 

Therefore, correlation of xenoliths with potential host-rock lithologies utilized age and 

geochemical features, as presented in the Results and Discussion sections. 

ANALYTICAL METHODS 
Sample preparation 

Bulk-rock samples for Nd isotope analysis were crushed in steel-jaw mills and powdered in an 

alumina shatterbox. Zircon was separated by traditional heavy liquid and magnetic processes at 

Texas Tech or the University of Wyoming. Hand-picked crystals were embedded in 25 mm-

diameter epoxy rounds. Prior to oxygen isotope analysis, KIM-5 oxygen isotope standard 

(Valley, 2003, δ18O = 5.09‰ VSMOW) was added to the mount, and the mount was re-polished, 

taking extra care to achieve a smooth, flat, low-relief polish. Zircon mounts were gold coated 

prior to SHRIMP-RG and oxygen isotope analysis; these coatings were removed before Hf 

isotope analysis.  

In addition to zircon age data determined by CA-ID-TIMS, a total of 498 grains from the 

WCB-SP were analyzed, 232 by SHRIMP-RG and 266 by LA-MC-ICPMS (laser ablation-

multicollector-inductively coupled plasma mass spectrometry). The LA-MC-ICPMS was also 

used to analyze Hf isotope ratios. These methods were also used to determine ages of xenolith 

zircons (68 by SHRIMP-RG and 24 by LA-MC-ICPMS) and wall rock zircons (28 by SHRIMP-

RG and 48 by LA-MC-ICPMS). 

CA-ID-TIMS 

Chemical abrasion ID-TIMS dating was done at the University of Wyoming. Zircon crystals 

were picked based on the CL (cathodoluminescence) images. Both elongated grains (150–

200µm), unlikely to contain inherited cores, and more equant zircons were selected in an attempt 

to obtain ages from distinct zircon populations and date stages of crystallization. Zircons were 

annealed and chemically abraded to remove damaged parts of the crystals and reduce 

discordance (Mattinson, 2005). Details about the dissolution of zircon grains and the analytical 

procedure are available in Anderson et al. (2013). 

Secondary Ion Mass Spectrometry (SIMS) 

Oxygen isotope analysis was performed at the University of Wisconsin WiscSIMS laboratory 

using a CAMECA IMS-1280 ion microprobe following the procedures outlined in Kita et al., 

(2009) and Valley & Kita (2009). A focused, 10Kv Cs+ primary beam was used for analysis at 



1.9–2.2 nA and a corresponding spot size of 10–15 µm. A normal incidence electron gun was 

used for charge compensation. The secondary ion acceleration voltage was set at 10kV and 16O-, 
1H16O- and 18O- were collected in three Faraday cups simultaneously. Values of OH/O were 

corrected for background (Wang et al., 2014). Four consecutive measurements of zircon standard 

KIM-5 were made at the beginning and end of each session, and after every 10–20 unknowns 

throughout each session. The average values of the standard analyses that bracket each set of 

unknowns were used to correct for instrumental bias. The average precision (reproducibility) of 

the bracketing standards for this study ranged from ± 0.12 to ± 0.34 and averaged ± 0.19‰ (2 

standard deviations). Raw and corrected (‰ VSMOW) data for samples and standards are 

presented in sequential order of analysis in Database Table 7. 

SHRIMP-RG 

Mounted zircon crystals were imaged by cathodoluminescence on the JEOL JSM 5600 scanning 

electron microprobe at the USGS/Stanford Microanalytical laboratory. The zircons were then 

analyzed for both U-Pb isotopes and rare earth elements (REE) on the SHRIMP-RG following 

the method described by Mazdab & Wooden (2006). Analyzed spots are about 20 µm in 

diameter and 1–2 µm deep. 

Laser Ablation ICP-MS 

Zircon was analyzed by laser ablation multicollector (MC) ICP-MS at the University of 

California-Santa Barbara in three sessions. In the first session, untreated and annealed, 

chemically abraded zircons from sample WCB-4909, and annealed, chemically abraded zircons 

from samples WCB-6209 and WCB-10510 were analyzed. Annealed, chemically abraded grains 

were analyzed in an attempt to explain unrealistically young ages determined by SHRIMP-RG, 

as discussed in the Results section. In this and the second session, U-Pb ages were determined 

first, followed by analysis of Hf isotopes, all using a Photon Machines 193 nm excimer laser and 

Nu Instruments Plasma HR MC-ICPMS. In the third session, a subset of samples previously 

dated by SHRIMP-RG were analyzed for Hf isotopes and another set was analyzed by split-

stream, with U-Pb data collected on the Nu Instruments ATToM single collector ICP-MS and Hf 

on the multicollector instrument.  

Bulk-rock Nd isotope analysis 

Whole-rock Sm-Nd ID-TIMS isotope analyses were performed at the Research Laboratory 

(Radiogenic Isotopes) of the Geological Survey of Finland. From the powders prepared for 



elemental geochemistry, ~150–250 mg fractions were spiked with a 149Sm-150Nd tracer. Silicic (> 

65 wt.% SiO2) samples were dissolved, for a minimum of 48 hours, in a Teflon bomb at 180 oC 

in a 1:4 mixture of HNO3, mafic (<65 wt.% SiO2) samples, for a minimum of 48 hours, in 

Savillex® screw-cap Teflon beakers on hot plate. After evaporation, the samples were dissolved 

in HCl to obtain a clear solution. The light rare earth elements (LREE) were separated using 

standard cation exchange chromatography. Sm and Nd were purified on quartz columns 

according to the method of Richard et al. (1976). The total procedural blank was < 0.00003 g/g 

for Nd. Isotope ratios of Sm and Nd were measured using a VG Sector 54 multi-collector mass 

spectrometer (those of Nd in dynamic mode). The 143Nd/144Nd ratio was fractionation corrected 

for 146Nd/144Nd = 0.7219 and repeated analyses of the La Jolla Nd standard gave 143Nd/144Nd of 

0.511850 ± 0.000022 (mean and external 2 error of 122 measurements). The external 2 error 

on 143Nd/144Nd was thus 0.0035% and the Sm-Nd ratios are estimated to be accurate within 

0.5%. The maximum error in the Nd values is ± 0.4 -units. 

ZIRCON DESCRIPTIONS 

Six samples from the main-stage lower zone were analyzed, along with a single sample from the 

late-stage 2-mica granite of the SP (Fig. 1) and a sample collected adjacent to a metapelitic 

xenolith in the transition between lower- and central-zone rocks (MMB-219C). Zircon from 

lower zone dioritic samples is relatively large (broken crystals vary from 300–600 µm long) and 

prismatic, with well-developed {101} and {110} forms displaying homogeneous cores 

surrounded by broad oscillatory-zoned mantles and rims (Fig. 5A, sample WCB-9009). Many 

zircon grains occur at boundaries between pyroxene and plagioclase, suggesting relatively late 

crystallization. Zircon from tonalitic samples (WCB-1408, -2008, 8409) is smaller and prismatic. 

Many crystals contain dark inclusions in transmitted light and in CL (cathodoluminescence) 

some display sector zoning in addition to oscillatory zoning (Fig. 5A). 

Zircon from the SP two-mica-granite occurs as inclusions in quartz, is locally associated 

with sillimanite (after biotite), and displays various habits and sizes. A few crystals are prismatic, 

ca. 250 μm long, have length to width ratios of ca. 8:1, and display sharp concentric zoning in 

CL images (Fig. 5B). Other crystals are approximately equant, with {101} forms and pyramidal 

tips. CL imaging reveals homogenous cores surrounded by concentric, oscillatory-zoned rims. 

Crystal lengths vary between 100–250 μm. 



Four samples from the central zone were analyzed; they are Bt-Hbl quartz diorite and Bt-

Hbl tonalite with relict pyroxene cores in hornblende. Zircon displays various morphologies and 

sizes and can be found as inclusions in Pl, Hbl, Bt, and Qz. Samples from the central zone 

contain two main zircon populations (Fig. 5C). The first is composed of prismatic grains 150–

300 µm long, with well-developed {101} forms and length-to-width ratio of 2:1. The second 

population consists of equant crystals 70–150 µm in diameter that are concentrically zoned with 

thin, CL-bright rims (Fig. 5C). Some crystals have sector zoned cores surrounded by oscillatory 

zoned rims and in a few the core is truncated. One sample (WCB-6209) contains equant zircon 

from 100–200 µm in diameter with sector-zoned cores surrounded by a CL-bright ring and 

oscillatory zoned darker rims. 

Six upper zone samples were analyzed (Fig. 1; samples Z1, 2308, 7709, 7809, 7909, and 

8009); they vary from Bt-Hbl tonalite to Hbl-Bt granite. Zircon occurs as small inclusions in Hbl 

and Bt and as larger, prismatic to pyramidal grains along grain boundaries. As in the central 

zone, each of these samples contains two main zircon populations. One population is prismatic 

and elongate (100–200 µm), with length to width ratios of 3:1 to 5:1. These crystals tend to have 

darker cores and display relatively simple zoning patterns, except for a few crystals which have 

truncated cores surrounded by oscillatory-zoned rims. The other population is made of pyramidal 

to sub-equant crystals, <50 µm to 200 µm long, in which CL imaging reveals the presence of 

highly discordant core zones, generally darker in the image, surrounded by oscillatory zoned 

lighter rims (Fig. 5D). 

Two dioritic to quartz dioritic samples from the western mafic selvage were analyzed 

(WCB-105 and WCB-107). Both contain zircons similar to those found in lower zone tonalitic 

rocks. The sample from the southern mafic selvage (WCB-2408) is a weakly porphyritic two-

pyroxene diorite. Elongate prismatic zircon crystals occur as inclusions in anhedral hornblende 

and biotite, have moderately well-developed {101} forms, and display simple zoning patterns in 

CL images (Fig. 5E). 

The late-stage Hbl-bearing Bt granite intrusion that intrudes the upper zone (MMB-377; Fig. 

1) contains oscillatory-zoned zircon which occurs along feldspar-biotite-quartz grain boundaries 

and as inclusions in quartz. Zircon from this sample is divided into three groups: prismatic 

crystals with length to width ratio 2:1 to 4:1; pyramidal crystals (Fig. 5F), and equant crystals. 



Crystal lengths vary from 100–250 µm for prismatic and pyramidal populations, whereas equant 

crystals are >100 µm in diameter. 

Zircons from xenoliths MMB-219A and WCB-7009 are widely variable in habit and zoning 

(Fig. 5G), consistent with their origin as detrital grains in the original sedimentary protolith (see 

below). In contrast, zircons from xenoliths MMB-799B and WCB-5309 are prismatic to 

pyramidal, oscillatory zoned, and commonly display distinct core zones (Fig. 5H). 

RESULTS 
Results of CA-ID-TIMS dating are presented in Table 1. Complete data files for LA-ICPMS 

analyses (U-Pb, Hf), SHRIMP-RG U-Pb analyses, and SIMS oxygen isotope analyses, along 

with sample map and sample locations, are available in the Dryad Digital Repository, at 

https://datadryad.org/stash/share/w7B_xZH1wVx0Z6y8mE_YjjUufVzMjVPHs8UeREme4P4. A 

summary of oxygen isotope results is presented in Table 2 and Nd isotope data are given in 

Table 3. A summary of U-Pb ages determined by all three methods is presented in Supplemental 

File 1. 

U-Pb ages 

Plutonic rocks 

All CA-ID-TIMS U-Pb ages are plotted in Figure 6A, and all U-Pb dating results are plotted in 

Figure 6B. U-Pb ages determined using the SHRIMP-RG were collected over three rounds of 

analysis. The ages measured during the first two rounds agree with CA-ID-TIMS ages; however, 

ages measured during the third round are consistently younger than CA-ID-TIMS and LA-

ICPMS ages by as much as a few million years (Supplemental File 1). Therefore, in Figure 6B 

both SHRIMP-RG and LA-ICPMS spot ages that are within error or older than CA-ID-TIMS 

ages are plotted but ages younger than CA-ID-TIMS results are excluded.  

On the basis of the new high-precision CA-ID-TIMS ages, we modify the interpretation of 

Coint et al. (2013b) in outlining the sequence of assembly of the plutonic system. We interpret 

emplacement of the main stage lower zone from ca. 160–158.80 ± 0.18 Ma, whereas the upper 

zone ages are 158.50 ± 0.20 Ma to 157.68 ± 0.18 Ma, making the upper and lower zones 

seemingly temporally distinct from one another. The new single crystal  156.92 ± 0.54 Ma age of 

sample WCB-8009 indicates that parts of the upper zone remained in the magmatic state as much 

as 0.5 m.y. longer than the rest of the zone.  

https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdatadryad.org%2Fstash%2Fshare%2Fw7B_xZH1wVx0Z6y8mE_YjjUufVzMjVPHs8UeREme4P4&data=04%7C01%7Ccal.barnes%40ttu.edu%7C399ccab3e1c5491736cf08d91edffdaf%7C178a51bf8b2049ffb65556245d5c173c%7C0%7C0%7C637574769647259368%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=2X2JKCjmSuaHNYfO1lYWIQp7D9Fh19M%2Bnv8OhScxfz4%3D&reserved=0


Two samples from the central zone yielded ages identical to those from the lower zone, 

whereas three samples yielded ages identical to the upper zone (Supplemental File 1). These ages 

are consistent with the interpretation of the central zone as the transition between upper and 

lower units. It is noteworthy that sample Z5 (159.01 ± 0.20 Ma) was collected because field 

relations indicated it to be the youngest tonalitic sheet in the outcrop area—the same area from 

which sample WCB4909 (158.30 ± 0.16 Ma) was collected. These data, along with presence of 

abundant, variably disrupted synplutonic dikes and enclave swarms (Barnes et al., 1986; Coint et 

al., 2013b) indicate that in addition to marking the transition between upper and lower zones, the 

central zone was a focus of episodic magma emplacement, mixing, and mingling over most of 

the lifetime of the system. 

Two samples from the western selvage (WCB-10510 and -10710) yielded distinct ages of 

159.28 ± 0.17 and 158.34 ± 0.65 Ma, respectively, mirroring the difference in ages between 

lower and upper zones. These results indicate that rocks of the selvage initially crystallized from 

lower zone magmas and were then either intruded by or locally mingled with upper zone 

magmas. In contrast, the dated southern selvage sample (WCB-2408) gave an age identical to 

upper zone samples: 158.32 ± 0.32 Ma.  

With an age of 156.06 ± 0.25 Ma, the SP two-mica granite is significantly younger than the 

rest of the SP. This age difference is consistent with near-pervasive development of magmatic 

and sub-solidus fabrics in the older rocks of the SP, but the lack of such fabrics in the two-mica 

granite (Allen, 1981). The late-stage Bt granite body that intrudes the upper zone (Fig. 1) yielded 

an age of 155.0 ± 1.7 Ma from four concordant analyses by SHIRMP-RG (Supplemental File 1). 

This age contrasts with a single-crystal CA-ID-TIMS age of 159.01 ± 0.28 Ma. The latter age is 

inconsistent with geologic relationships and is considered to represent an antecryst, as discussed 

in the following section. 

In summary, the CA-ID-TIMS data indicate that the WCB-SP system represents 

approximately four m.y. (159.95 ± 0.38 to 156.06 ± 0.25 Ma) of magmatic activity. Because the 

oldest age from the western selvage is identical to that of the lower zone, the selvage is 

interpreted to mark the original western (upper) extent of lower zone magmas. The bulk of the 

upper zone was assembled in less than one m.y., but magmatic activity continued for at least an 

additional m.y. Evidently, upper zone magmas locally mixed/mingled with lower zone magmas, 

as indicated by the range of ages in the central zone and the western selvage.  



Older zircons in the plutons 

All three dating methods identified individual crystals whose ages are older than intrusive 

ages determined by CA-ID-TIMS. Concordant ages of these older zircons are primarily 170–161 

Ma, with a scattering of ages between 195–170 Ma (Fig. 6B). The majority of these older ages 

were determined on oscillatory zoned crystals, which suggests that they were magmatic in origin 

(e.g., Corfu et al., 2003). Among the 498 zircons dated by SHRIMP-RG and LA-ICPMS, ca. 38 

grains yielded ages statistically older than the lower zone. 

Xenoliths 

U-Pb ages of zircon from six xenoliths were determined by SHRIMP-RG. All reported ages are 
204Pb-corrected 206Pb/238U ages; the data are illustrated in Figure 7. Three xenoliths are from the 

lower zone (MMB-79, MMB-799b, and WCB-5309), one is from the lower–central zone 

transition (MMB-219a), one is from the central zone (WCB-7009), and one is from the western 

selvage (MMB-332b; Fig. 2). Only two zircons were recovered from MMB-79 and both gave 

discordant dates, 162.5±5.0 and 163.9±2.4 Ma.  Thirteen zircons from sample MMB-799B 

yielded ten concordant ages from 167.5–155.9 Ma (Fig. 7A). If the oldest four, high-U ages are 

excluded, the weighted average date for seven zircons <58% discordant is 158.0 ± 0.7 Ma 

(MSWD [mean square weighted deviation] = 1.2). Similarly, sample WCB-5309 yielded eight 

concordant to weakly discordant dates from 157.0 ± 2.2 to 160.3 ±3.0 Ma (Fig. 7B) and a 

weighted mean age of 158.4 ± 1.0 Ma (MSWD = 0.73). Three additional zircons yielded ages 

from 163.1 ± 3.2 to 164.3 ± 1.6 Ma.  

The transitional lower–central zone xenolith (MMB-219a) yielded a wide range of variably 

concordant ages: from 2403 ± 32 Ma (concordant) to 161.3 ± 5.4 Ma (discordant) (Fig. 7C). The 

xenolith from the western selvage (MMB-332B) contains zircons with ages from 1773 ± 17 Ma 

to 155.9 ± 3.2 Ma (Fig. 7D). Sample WCB-7009 is a quartzite xenolith from the central zone. 

Zircons from this sample yielded six concordant ages from 2559 ± 51 Ma to 1641 ± 24.4 Ma and 

five discordant ages from 1382 ± 14 Ma to 234.6 ± 2.0 Ma (Fig. 7E). It is noteworthy that 

samples MMB-219a and MMB-332B contained zircons with concordant ages ranging from 400–

494 Ma. This time interval is characteristic of some of the oldest magmatism in the Klamath 

Mountain province (see Discussion). 

Host rocks 



Zircons from three RCt para-amphibolites that are host to the SP (WCB-8209, 8509, and 

8609) were dated by SHRIMP-RG. Only two zircons were recovered from WCB-8209; they 

yielded 204Pb-corrected 206Pb/238U ages of 777.3 ± 5.8 Ma (discordant) and 2231. ± 3.4 Ma 

(concordant). Five discordant zircon ages from WCB-8509 vary from 1580–647 Ma (Fig. 7F). In 

contrast, 14 zircons from WCB-8609 yielded ages from 212–154 Ma (Fig. 7G). Many of these 

ages are concordant, although ages younger than ca. 195 Ma are too young to represent 

depositional ages of the RCt (e.g., Wright & Wyld, 1995). The weighted average of the oldest 

five grains is 211.2 ± 1.8 Ma (MSWD = 1.52). 

Two samples of the eHt (WCB-140 and 141) were collected along the southwestern WCb 

contact (Fig. 1) and detrital zircons were dated by LA-ICPMS. The pooled results of forty-eight 

analyses yielded ages from 2669 to 479 Ma, with a majority of Meso- and Paleoproterozoic ages 

(Fig. 7H). Two grains gave ages of 72.6 and 70.9 Ma and one gave an age of 158.7 Ma. 

Although the latter age could represent zircon growth during contact metamorphism, it is more 

likely that all three zircons are the result of laboratory contamination; they are excluded from 

later discussion.  

Hf isotopes, zircon 

The εHf values for WCb-SP zircons are plotted in Figure 8, along with tabulated weighted mean 

values. Some samples in each zone yielded zircons with statistically identical εHf values, whereas 

other samples contained zircons whose εHf values cannot be explained as a single population 

(e.g., compare sample WCB-10510, with MSWD = 1.0 to sample WCB-5109, with MSWD = 

8.3; Fig. 8A). Four samples contain zircons with negative εHf values, the two late-stage granites, 

Slinkard pluton gabbro-diorite sample WCB-9009, and central zone sample WCB-6209 (Figs. 

8A, B); these samples also have the lowest average εHf values (Fig. 8). 

Hf isotopes were also measured on zircon from four xenoliths (Fig. 8C). In sample WCB-

5309, εHf values are tightly clustered and all zircons yielded U-Pb ages identical to the magmatic 

age (158.4 ± 1.0 Ma). Zircons in the remaining three xenolith samples yield mainly negative εHf 

values. In samples MMB-332B (western selvage) and MMB-219A (central–lower zone 

transition), εHf (158 Ma) ranges widely, as is consistent with the range of concordant U-Pb ages 

in these samples, as old as ca. 1790 Ma in MMB-332B and ca. 2400 Ma in MMB-219A (Fig. 7). 

In contrast, although sample MMB-799B has zircons that yield low εHf values, the age of these 

zircons is the age of magmatism (ca. 158.0 ± 0.7 Ma).  



Oxygen isotopes 

Bulk-rock δ18O data for plutonic rocks, xenoliths, and two host-rock samples were presented by 

Barnes et al. (1990). All but two samples of the main stage varied from 7.8–9.9‰, with two 

Slinkard pluton samples at 10.7 and 12.2‰. These latter two samples probably reflect late-stage 

hydrothermal alteration. Late-stage granite samples ranged in δ18OWR from 11.2–12.2‰. One 

sample of eastern Hayfork terrane host rock yielded 15.0‰ and one sample from the western 

Hayfork terrane gave a value of 10.2‰. The δ18O values of three xenoliths, all of which will be 

shown below to have eastern Hayfork terrane protoliths, yielded values from 9.0–10.9‰.  

Individual δ18O values of zircon (δ18OZr) along with average values are plotted in Figure 9 and 

summarized in Table 2. Three mafic lower zone samples yield identical average δ18OZr values of 

ca. 7.49‰ (Fig. 9) and, similarly, three upper zone samples yield identical average values of ca. 

7.67‰. The δ18OZr values in gabbro sample WCB-9009 from the SP form a tight group with 

δ18OZr 7.45±0.09‰ (Table 2). In contrast, average δ18OZr values from the central zone range 

from 6.7–8.3‰ (Fig. 9; Table 2) and extend both below and above average values for lower and 

upper zones. Moreover, no correlation between sample age and δ18OZr is evident. 

The average δ18OZr value of zircon from the late-stage SP two-mica granite (9.5 ± 0.2‰; 

Table 2) is higher than all main-stage samples and is consistent with the higher bulk-rock δ18O 

values (see above). Individual analyses display greater dispersion than main-stage data (Fig. 9) 

and two grains display zoning, with rim values higher than core values (Fig. 9). One analysis 

(grain 12-1; Fig. 9) yielded a δ18OZr value of 12.1‰. This analysis is from a CL-dark core zone 

that lacks visible inclusions or cracks. 

The δ18OZr values of the late-stage Hbl-bearing Bt granite in the southern WCB are bimodal, 

in contrast to all other samples. Four grains yielded an average of 7.8 ± 0.6‰, which is identical 

to δ18OZr values of upper-zone zircons. These analyses are from crystal interiors. Five samples 

yielded an average of 9.6 ± 0.6‰. All but one of these analyses are of crystal rims (Fig. 9). 

Nd isotopes 

The new whole-rock Nd isotope data (Table 3) are compared to published data in Figure 10. All 

data are bulk analyses and εNd values are calculated to 158 Ma. All WCB-SP samples occupy a 

narrow range of εNd +2.1 – +4.5 except for one synplutonic dike, with εNd of +6.5. There is no 

obvious correlation between εNd and 1/Nd (Fig. 10). 



In contrast, εNd values of the three host rock terranes display considerable variation. Three 

samples of the wHt, a volcanic cobble, a crystal-lithic arenite, and an argillite are nearly identical 

(+5.5 – +6.9; Table 3; Barnes et al., 1992). These data are within the range of εNd values of 

metabasic rocks from the RCt (Wright & Wyld, 1995; Fig. 10). In contrast, clastic 

metasedimentary rocks from the cover sequence of the RCt display εNd from +4.2 to -8.9 (Frost 

et al., 2006; Fig. 10). Samples of the eHt are distinct in displaying negative εNd (-6.9 to -23.7; 

Table 3 and Barnes et al., 1992), and slightly overlap the field of RCt cover sequence 

metasedimentary rocks (Fig. 10). Xenoliths from the WCB span virtually the entire range of εNd 

values observed in the host rocks (Fig. 10; Table 3) but tend to display values less than -8 or 

greater than +1.9. 

DISCUSSION 

Timing and sequence of magma emplacement 

High-precision dating by CA-ID-TIMS indicates that emplacement of WCB-SP magmas ranged 

from 160 to 156 Ma, with the main volume of the system emplaced from 159.8 to 157.2 Ma. The 

final stages of pluton assembly occurred at ca. 156 Ma with emplacement of minor parts of the 

upper zone (sample WCB-8009) and the two late-stage granites. Magmas were emplaced into 

three stacked tectonostratigraphic terranes: the Rattlesnake Creek terrane, overlain by the 

western Hayfork terrane, in turn overlain by the eastern Hayfork terrane. Although we divide the 

plutonic system into an older lower zone, a transitional central, and a younger upper zone, two 

features are particularly noteworthy. First, the lower zone was emplaced across all three host 

terranes, whereas the upper zone intrudes only the upper two terranes (Fig. 1). Second, parts of 

the western mafic selvage are identical in age, mineral assemblage, and composition to the lower 

zone (Barnes, 1983, 1986, 1990; Coint et al., 2013a), although it is now separated from the lower 

zone by upper- and central-zone rocks (Fig. 1). Therefore, we infer that a large proportion of the 

existing plutonic system was initially occupied by lower-zone-type magmas, and that these 

rocks/magmas were displaced by, or recycled into upper zone magmas. Similar recycling was 

reported for the much larger Tuolumne Intrusive Complex (Paterson et al., 2016). 



Provenance of xenoliths—a ghost stratigraphy 

One of the goals of this research was to identify the origins of xenoliths. In some cases, the 

source is clear-cut. For example, amphibolite, metagabbro, and metaserpentinite are common 

only in the RCt mélange, quartz-rich rocks (metachert and quartzite) are most abundant in the 

eHt, and in the wHt, coarse clinopyroxene grains are characteristic of both metasandstone and 

metavolcanic rocks (Wright & Fahan, 1988; Donato et al., 1996; Barnes & Barnes, 2020). 

However, all three terranes contain metabasite and argillite, and marble is common in the RCt 

and eHt. Moreover, many metabasite and argillitic xenoliths are migmatitic (Fig. 3), having 

undergone partial melting during and after incorporation into the pluton, and are difficult to 

correlate with host rocks on the basis of mesoscopic features. 

Xenoliths of peridotite, metagabbro, and amphibolite are restricted to the parts of the lower 

zone which intrude the RCt (Fig. 2). They are thus interpreted as being derived from the 

ophiolitic mélange section of the RCt. Many xenoliths in the lower zone are schistose to gneissic 

migmatite and some display granofels texture. These xenoliths have positive εNd (+1.9 to +7.4; 

Table 3; Fig. 10), although only one displays εNd typical of RCt metabasite (WCB-5309, εNd 

+7.4). The slightly lower εNd values could reflect alternative sources (RCt metasedimentary rocks 

and/or the wHt) or could result from isotopic exchange between the xenolith and host magma. 

The potential for such exchange is evident in the fact that these xenoliths underwent partial 

melting after being surrounded by the host magmas. In some samples, partial melting was 

accompanied by crystallization of zircon, as illustrated by the 158.4 ± 1.0 Ma age of zircons 

from xenolith WCB-5309 (Fig. 7). Zircons in this sample yielded εHf (158 Ma) of +8.6 ± 0.7, 

which is lower than expected in a rock with bulk εNd of +7.4. Thus, as with Nd isotopes, it is 

possible that the zircon εHf values reflect hybridization of leucosome melts with melts from the 

surrounding magma. Migmatitic xenolith MMB-180 (Fig. 2) also yielded a positive εNd value 

(+4.9). However, this xenolith and others in the same area feature relict pyroxene phenocrysts, 

which indicate derivation from the western Hayfork terrane. 

Xenoliths collected from the central zone, from near the western contact of the lower zone, 

and from the southern selvage, are typically gneissic to granoblastic migmatite, but also include 

calc-silicates, metapelites and quartzite (Fig. 2). These migmatitic and quartzite xenoliths have 

εNd from -7.9 to -21.4 (Table 3). In most samples, zircons are detrital, with ages as old as 

Neoarchean, common Paleoproterozoic-age grains, and scant but characteristic Ordovician and 



Silurian dates (Fig. 7). These age and isotopic features indicate that most, if not all, of these 

xenoliths are from the eHt (Figs. 2, 7, 10; Table 3; see Ernst et al., 2017, for additional eHt 

zircon data). Several of these xenoliths yielded Jurassic zircon ages, although the depositional 

age of the eastern Hayfork terrane is Triassic (Ernst et al., 2017). Thus, we interpret the Jurassic-

age zircon as formed during partial melting. An extreme example is xenolith MMB-799B, in 

which all zircons yielded Jurassic dates, with a weighted mean age of 160.9 ± 1.9 Ma (Fig. 7A). 

The average εHf value of these zircons is -16.7 ± 1.3 (MSWD 3.5), indicating that the 

composition of the melt phase in this xenolith reflects the bulk composition of the xenolith. In 

contrast, detrital zircons from two other xenoliths with eHt-like features display εHf (158 Ma) 

values that span a range from -12 to -56 (Fig. 8C). 

In summary, the combination of lithologic features, zircon ages and Hf isotope ratios, and 

bulk-rock Nd isotope data allows us to interpret the provenance of xenoliths in the WCB (Fig. 2). 

Xenoliths from the RCt are restricted to the deepest structural levels and xenoliths from the wHt 

are located along the western selvage and in the southern parts of the lower zone. Xenoliths from 

the eHt are common in the central zone and the transition between lower and central zones, and 

are locally present near contacts with the eHt (Fig. 2). Thus, the distribution of xenoliths in the 

WCB preserves a ghost stratigraphy that accords with the stacking of host terranes, from lowest 

RCt to highest eHt. 

It is noteworthy that xenoliths are most abundant in the lower and central zones and are 

uncommon in the upper zone. This difference in relative abundance may be related to the fact 

that the lower and central zones were emplaced incrementally as intrusive sheets (Coint et al., 

2103a), a process that would permit entrapment of host rocks. In contrast, even if the upper zone 

were emplaced incrementally, the nearly identical compositions and zoning patterns of 

hornblende from the upper zone indicates that upper zone magmas underwent convective 

overturn (Coint et al., 2013; Barnes et al., 2016a), which would have erased evidence for 

incremental emplacement. 

Antecrysts and xenocrysts 

In what follows, the term autocryst refers to zircon whose U-Pb age is, within analytical 

uncertainty, the same as CA-ID-TIMS ages, antecrysts are grains whose ages indicate that they 

may be related to precursor magmatism, and xenocrysts are grains too old to be related to 



magmatic activity (e.g., Bacon & Lowenstern, 2005; Miller et al., 2007). Xenocrysts could be 

inherited from a deep crustal source region or be related to assimilation of host rocks.  

Each unit of the WCB-SP contains zircons in the age range 170–160 Ma, some of which 

overlap with emplacement ages (Fig. 6). In addition, each unit contains a few zircon grains older 

than ca. 170 Ma. The 170–160 Ma interval spans the time from the end of the tectonism 

associated with the Siskiyou orogeny at ca. 170 Ma (Barnes et al., 2006) to ca. 160 Ma initial 

emplacement of the WCB-SP. Siskiyou tectonic activity involved significant crustal thickening 

due to terrane imbrication along regional thrust faults (Coleman et al., 1988; Barnes & Allen, 

2006) and marked the end of Middle Jurassic wHt arc magmatism (Barnes & Barnes, 2020). 

Plutons emplaced after Siskiyou orogenesis, such as the WCB-SP, display isotopic evidence for 

a significant crustal component, particularly from oxygen isotope data (Barnes et al., 1990; Allen 

& Barnes, 2006), whereas older magmatic suites lack such evidence. These results were 

interpreted to indicate that, as a consequence of terrane imbrication during Siskiyou tectonism, 

metasedimentary rocks were accreted to the lower Klamath crust. Thus, the few zircons with 

ages older than ca. 170 Ma are thought to be inherited crystals from these lower crustal 

metasedimentary rocks. Although these zircons could be xenocrysts from the wHt; zircons are 

exceedingly rare in the wHt (two zircon grains found in >150 thin sections of the unit). Likewise, 

the 195–181 Ma age range is too young to be xenocrysts from the RCt or eHt.  

It is also noteworthy that despite the presence of Proterozoic and Paleozoic zircons in many 

xenoliths and two host terranes (Fig. 7), no such zircons were analyzed in any main- or late-stage 

sample. In order to understand the relative paucity of zircon antecrysts and xenocrysts (of any 

age) we investigated magmatic temperatures to determine the likelihood of zircon stability 

during pluton assembly. 

Liquidus temperatures of lower- and central-zone magmas were in the range 1168–1084°C 

(Barnes et al., 2016a) for magmas parental to quartz diorite and tonalite and were higher for 

magmas parental to (zircon-poor) diorite to gabbro. Trace element zoning patterns in augite from 

these rocks (Coint et al., 2013a) revealed that Zr was an incompatible element during augite 

crystallization. This relationship is illustrated in Supplemental Figure 1, in which increasing Zr is 

shown to be anticorrelated with the Eu anomaly in augite (panel A) and positively correlated 

with increasing total rare earth element abundances (panel B). We further tested conditions of 

zircon stability by analysis of trace element zoning patterns in hornblende (Supplemental Fig. 



1C; Barnes et al., 2016b, 2019). In this diagram, Ti is a proxy for temperature, with T decreasing 

with decreasing Ti (Otten, 1984; Pe-Piper, 1988; Ernst and Liu, 1998) and the Zr/Hf ratio as a 

marker for zircon fractionation (Bea et al. 2006; Claiborne et al., 2006). Zircon fractionation 

results in decreasing Zr/Hf, whereas fractionation of hornblende and plagioclase have a 

negligible effect on the ratio (Bea et al., 2006). At high TiWR contents, hornblende from all three 

zones displays constant Zr/Hf values, but at Ti contents of ca. 14,000 ppm, the Zr/Hf ratio begins 

to decrease in nearly all central and upper zone hornblende, as well as in some lower zone 

hornblende. This change in slope occurs at a temperature of ca. 800°C (cf. Putirka, 2016 

hornblende thermometer), thus indicating that zircon became stable at T much lower than 

emplacement T (Barnes et al., 2019). 

We conclude that virtually all zircon autocrysts from main-stage units of the WCB-SP 

crystallized at ≤ 800°C. This conclusion explains the small proportion of xenocrysts and of 

potential antecrysts, most of which would have dissolved in the host magma. It is also consistent 

with textural data: in lower-zone rocks zircon is intergranular among quartz and plagioclase and 

never included in pyroxene. In central and upper zone rocks zircon is interstitial and occurs as 

inclusions in hornblende and biotite. The most significant consequence of this conclusion is that 

it requires that the Hf and oxygen isotopic diversity displayed by autocrystic zircon in main-stage 

rocks reflects mainly in situ processes, not inheritance. 

These conclusions do not relate to the two late-stage granites, both of which contain 170–

160 Ma zircon grains (Fig. 6). There is scant major element variation within these two bodies 

(Barnes et al., 1990) and neither contains mafic enclaves. However, the southern Hbl-bearing Bt 

granite locally engulfed rocks of the upper zone, which may explain the bimodal distribution of 

δ18O, with lower δ18O zircons from the host upper zone rocks and higher δ18O zircons reflective 

of a lower-crustal source.  

Isotopic heterogeneity in the main stage 

Variation of Hf isotope ratios in main-stage magmatic zircon is too large to be explained by 

closed system differentiation (Fig. 8), because crystal fractionation should not change εHf values. 

Similarly, although bulk-rock δ18O values may change by 1.0–1.5‰ owing to crystal 

fractionation (e.g., Bucholz et al., 2017), closed-system changes in δ18OZr vary by a few tenths of 

a per mil (Valley, 2003; Lackey et al. 2008). Thus, the δ18OZr values in all WCB-SP samples are 



significantly higher than can be explained by crystal fractionation from a mantle-derived basaltic 

parent (c. 5.5‰; Valley et al., 1998; Lackey et al., 2005). Moreover, the range of oxygen isotope 

ratios in the central zone samples, all of which are tonalite (Fig. 9), is inconsistent with closed-

system processes. These observations lead to the questions: is the isotopic variability related to 

deep-seated MASH process such as crustal melting and mixing of crust-derived with mantle-

derived magmas (Allen & Barnes, 2006), or is the variability explained by open-system 

processes (assimilation and mafic recharge) at the level of emplacement (Barnes et al., 1986, 

1987, 1990), or were both processes important? Any explanation must accommodate several 

critical observations: (1) high magmatic temperatures preclude significant zircon inheritance 

from lower crustal sources and/or MASH zones, (2) variation of εHf and δ18OZr in many samples 

cannot represent zircon crystallization from a homogeneous melt (Figs. 8, 9), (3) no sample 

displays δ18OZr characteristic of crystallization from a mantle-derived melt (Fig. 9), (4) the most 

evolved Hf and O isotope values (lowest εHf and highest δ18O) characterize late-stage two-mica 

and Hbl-bearing Bt granite (Figs. 8, 9). 

We postulate that these observations are best explained by magma evolution in a vertically-

extensive magma column. Initially, mantle-derived basaltic magmas ponded in a lower-crustal 

MASH zone, where they mixed with crust-derived felsic magmas. The isotopic compositions of 

these basaltic magmas are hinted at by isotopic data from a few of the mafic enclaves and 

synplutonic dikes in the WCB and the nearby Grayback pluton, in which the lowest initial 
87Sr/86Sr values range from 0.7027–0.7036 and the highest εNd values range from 8.1–10.2 

(Barnes et al., 1990, 1992, 1995). These data indicate that basaltic magma entering the lower 

crust displayed depleted mantle-like isotopic compositions. However, the lowest δ18O (zircon) 

values measured in the WCB-SP are ca. +6.5‰, and most are > +7‰. Likewise, average εHf 

(zircon) values are lower than expected from Jurassic depleted mantle (e.g., Vervoort & Blichert-

Toft, 1999). We interpret the higher δ18OZr and lower εHf values as baseline values that resulted 

from lower-crustal MASH-zone interaction of mantle-derived basaltic magmas with melts 

derived from metasedimentary rocks (cf. Allen & Barnes, 2006). 

Magmas rising from the MASH zone were mainly intermediate in composition (Barnes et 

al., 2016a) and still at temperatures higher than zircon stability, as indicated by pyroxene 

thermometry (see above). Therefore, the magmas carried few or no entrained zircons to the 

emplacement level, which means that the intra-sample isotopic variability in zircon crystals must 



represent heterogeneity within individual melt increments (batches) from which zircon 

crystallized. This heterogeneity may be explained as (1) the melt phase within individual magma 

batches retained significant Hf and oxygen isotopic heterogeneity during transport from the 

lower to the middle crust, and this heterogeneity was recorded during in situ crystallization of 

magmatic zircon, or (2) individual magma batches underwent a combination of mixing with 

mafic recharge magmas and assimilation of melts derived from host-rock xenoliths at the level of 

emplacement.  

The first possibility is difficult to support because transport of magmas from a lower crustal 

MASH zone to the mid-crustal emplacement site, a distance of ca. 15 km (Barnes et al., 1986; 

Barnes & Allen, 2006) probably homogenized any isotopic heterogeneity inherited from the 

MASH zone. If so, then the isotopic heterogeneities must represent in situ mixing and 

assimilation. 

The effects of in situ open system behavior would depend on the level of emplacement in 

the system (ghost stratigraphy reflected in xenolith compositions), the isotopic leverage provided 

by xenoliths from each host-rock unit, the melt productivity of these xenoliths, the relative 

proportions of xenolith-derived melts, and, potentially, the amount of added mafic recharge 

magmas. An example of the latter possibility comes from comparison of samples WCB-4809 and 

WCB-4909, which were collected adjacent to one another. The former sample lacks mafic 

enclaves and contains zircon with average δ18OZr of 8.5‰; the latter sample contains mafic 

enclaves and contains zircon with average δ18OZr of 7.0‰ (Fig. 9). In the following section, 

these variables are discussed for the three main zones of the system, and then for the last-stage 

granites. 

 

Open system processes during pluton assembly 

Lower zone.  

Construction of the lower zone began via multiple injections of predominantly intermediate 

magmas (Coint et al., 2013b; Barnes et al., 2016a) with episodic intrusion of mafic magmas to 

form synplutonic dikes. We include the western selvage as part of lower-zone magmatism 

because of its overlapping U-Pb age and similarities in bulk-composition, mineral assemblages, 

and zircon isotope values. Inclusion of the western selvage in the lower zone means that the 

original volume of lower zone was significantly larger than would be inferred from the present 



outcrop area and that lower-zone magmas intruded all three host terranes (Fig. 1). Emplacement 

of lower zone magmas as sheets engulfed host rocks as large screens, which were repeatedly 

injected by later magma batches (e.g., Fig. 3A, D) and disrupted to form xenoliths and xenolith 

swarms. Many screens and xenoliths partially melted, as indicated by field and textural 

observations (Figs. 3A, B; 4) and zircon U-Pb ages identical to the ages of zircons in the plutonic 

rocks (Fig. 7A, B).  

Xenoliths from all three host terranes are present in the lower zone (Fig. 2). If bulk-rock εNd 

values (Fig. 10; Table 3) are a guide to zircon εHf values, as is typical, then assimilation of melts 

from xenoliths from the RCt and wHt would have little effect on magmatic εHf values. However, 

all three units contain metasedimentary rocks, assimilation of which could raise δ18O in the 

magma. Such assimilation is hinted at in the spread of δ18O values in samples WCB-1408 and -

2008 (Fig. 9). These samples were collected from a part of the lower zone that intrudes both RCt 

and eHt (Fig. 2). Nevertheless, lower zone zircons display the smallest amount of Hf and oxygen 

isotope variability in the system (Fig. 11). 

Central and upper zones. 

As lower-zone magmatism waned, magma emplacement shifted upward, into and above the 

structurally highest parts of the lower zone, to form a sill- or tongue-like body that extended 

south from what is now the central zone (Fig. 1; Barnes, 1983). These upper zone magmas were 

of intermediate composition, most were emplaced in less than 0.5 m.y. (ca. 158.6–158.2 Ma), 

and they were accompanied by intrusion of mafic dikes. We suggest that central zone geology 

preserves the state of the system during the transition from lower- to upper-zone activity. This 

state includes relatively abundant xenoliths, the majority of which are from the eHt (Fig. 2). 

Because of the low and variable εNd and εHf (Table 3 and Fig. 8, respectively) and the high δ18O 

of eHt xenoliths (9.0–10.9‰), in-situ assimilation and magma mixing resulted in the range of 

isotopic values seen in zircon from the central zone. 

In this model, we would expect most of what is now the upper zone to be similar to the 

central zone: characterized by intense mingling and mixing of intermediate and mafic magmas, a 

lack of temporal or spatial compositional zoning, and the greatest diversity in zircon Hf and 

oxygen isotopes. Instead, the upper zone grades upward in terms of increasing SiO2 and 

decreasing MgO and FeO (Barnes et al., 1986a; 2016a) and decreasing average εHf (zircon; Fig. 

8B), but uniform δ18OZr. 



Previous work (Barnes, 1983; Coint et al., 2013a; Barnes et al., 2016a) documented changes 

in mafic magmatic enclave abundances and geologic features in the upper zone. In structurally 

lower parts of the zone, dense enclave swarms and pillowed enclaves are common. With 

increasing structural height, enclave swarms are less abundant and enclaves in the swarms are 

more dispersed, until in the structurally highest regions only isolated enclaves are present. These 

authors also showed that hornblende compositions are nearly identical throughout the upper 

zone. 

These features can be explained as the result of (1) relatively rapid emplacement of crystal-

poor upper zone magmas, (2) influx and ponding of mafic magmas near the base of the upper 

zone, (3) convective circulation caused by emplacement of these mafic magmas (cf. Burgisser & 

Bergantz, 2011), (4) consequent homogenization of magma compositions. During and after 

convective mixing, melt-rich magmas migrated upward, leading to the upward transition from 

tonalite to granite (Fig. 1; Barnes et al., 2016a). 

A question remains:  what process explains the diversity of zircon εHf values in many 

samples (Fig. 8) compared to the relatively small intra-sample ranges of zircon δ18O? We suggest 

that mixing of host magmas with xenolith-derived melts was commonly chaotic (e.g., Perugini & 

Poli, 2004; Perugini et al., 2006, 2008). Such mixing involves intricate folding of the distinct 

magmas, resulting in alternating filaments of host- and xenolith-derived melts (Fig. 1 in Perugini 

& Poli, 2004). Diffusive exchange of oxygen between compositionally distinct filaments would 

be relatively fast in hydrous magmas (Zhang & Ni, 2010), whereas diffusion of quadrivalent ions 

such as Zr and Hf would be much slower (e.g., Perugini et al., 2008). We suggest that zircon 

crystallized during and after such mixing, so that rapid diffusion of oxygen resulted in relatively 

uniform δ18OZrn values in both types of melt, whereas slow diffusion of Hf resulted in a range of 

Hf isotope values that are reflected in the wide range of intrasample zircon εHf. 

This mixing process explains oxygen isotope features in both central and upper zone zircon. 

In the central zone, local mixing of numerous, isotopically variable xenolith melts would yield 

individual magma batches with a range of δ18OZrn values that were still internally homogeneous. 

In contrast, convection in the upper zone was at a much larger scale (e.g., Coint et al., 2013a; 

Barnes et al., 2016b) and led to overall uniform δ18OZrn values, yet still diverse εHf values, as 

zircon crystallized. 

 



Isotope models 

The emplacement scenario above calls on in situ contamination of MASH-zone-derived 

magmas by assimilation of melts from host-rock xenoliths. This process was modeled for Hf and 

oxygen isotope compositions using energy-constrained assimilation-fractional crystallization 

equations (Spera & Bohrson, 2001; Bohrson & Spera, 2007). Details of these models are 

provided in Supplemental File 2. The models indicate that isotopic compositions are reached at T 

> 830°C and as high as 960°C.  The ratio of mass of material assimilated relative to the mass of 

crystals formed (Ma/Mc) typically varies from ca. 0.07–0.25 

Although these models explain average zircon isotope data, they do not completely explain 

some intra-sample Hf isotope variability (Fig. 8). Two examples are central zone tonalite (Z5) 

and the sample from the southern selvage, both of which display high εHf values at relatively 

high δ18OZr (Fig. 11). It is likely that the array of zircon compositions in these two samples 

reflects mixing of magmas with primitive εHf and elevated δ18O, with magmas compositionally 

similar to the lower-zone. 

Late stage granites 

By 156 Ma, main-stage magmatism had ended, except for the portion of the upper zone where 

sample WCB-8009 was collected (Fig. 1). The similarity of this sample to the rest of the upper 

zone makes the age peculiar; an age we ascribe to localized rejuvenation of the upper zone, 

possibly due to deeper intrusion of mafic magmas. 

The two-mica granite in the Slinkard pluton and the Hbl-bearing Bt granite in the southern 

WCB yielded ca. 156 Ma ages, contain zircons with ages from ca. 166–162 Ma, and have 

comparatively low εHf and high δ18OZrn. The two-mica granite appears to display a unimodal set 

of δ18OZrn values (Fig. 9), which we interpret to reflect magma origin from the deep-crustal 

metasedimentary rocks in which the MASH zone developed. In contrast, the southern Hbl-

bearing Bt granite intruded and engulfed rocks of the host upper zone. We therefore suggest that 

the high-δ18O zircon rims in this granite crystallized from a crustal melt, but zircons with lower 

δ18O are xenocrysts from the adjacent main stage of the WCB.  

CONCLUSIONS 

The WCB-SP are two mid-crustal plutons in which magmatism lasted at least 4 m.y. (ca. 160–

156 Ma), and if some of the slightly older zircons are antecrysts, then magmatism spanned an 



even longer time, from ca. 164 Ma to 156 Ma (Fig. 12A). Bulk-rock and zircon isotope 

systematics are consistent with a model in which primary, mantle-derived magmas ponded and 

developed a MASH zone in the lower crust, which had been recently thickened during Middle 

Jurassic orogenesis. Hybridization of basaltic magma with partial melts from metasedimentary 

lower crustal rocks imposed elevated δ18O and lowered εHf and εNd compared to depleted mantle. 

Hybrid magmas from the MASH zone rose into the middle crust, where they formed the WCB-

SP (Fig. 12B). These magmas were emplaced at T higher than zircon saturation. 

The WCB-SP grew upward, beginning with a lower zone of sheet-like bodies emplaced 

across all three host terranes, but mainly in ophiolitic mélange of the RCt (Fig. 12B). 

Assimilation of RCt xenoliths had minimal isotopic leverage on lower zone magmas. As lower 

zone activity waned, upper zone magmas were emplaced through and above the lower zone, 

engulfing wHt and eHt xenoliths (Fig. 12C). Assimilation of these xenoliths resulted in local 

isotopic heterogeneity, as preserved in the central zone. However, ponding of mafic magma near 

the base of the upper zone caused convective mixing and homogenization, with consequent 

homogenization of isotopic compositions. Following convective mixing, upward migration of 

melt-rich magma, led to upward zoning from tonalite to granite.   

Magmatism ended with emplacement of late-stage granites: two-mica granite in structurally 

low levels and Hbl-bearing Bt granite in structurally high levels (Fig. 12D). In both, zircon 

isotopes indicate primary derivation by lower-crustal melting and, in the case of the Hbl-bearing 

Bt granite, probably mixing with adjacent main-stage rocks/mush.  

Many studies of magmatic systems ascribe the bulk of differentiation (crustal melting, 

magma mixing, assimilation, etc.) to the deepest part of the crustal section, with limited 

modification during transport through the middle crust (e.g., Annen et al., 2006, 2008; Solano et 

al., 2012). Other workers emphasize the potential for crustal assimilation at various levels 

(McBirney et al., 1987; Grunder, 1992; Bohrson & Spera, 2001, 2007; Lackey et al., 2005, 2012; 

Zeh et al., 2019, many others), leading to the concept of  crustal magma columns  with potential 

for differentiation at multiple levels (e.g., Saleeby, 1990; Hildreth, 2004; Walker et al., 2013; 

Ardill et al., 2018; many others) We conclude that the WCB-SP represents a crustal-scale magma 

system, with a MASH zone at ca. 40–50 km, and mid-crustal emplacement from ca. 25–10 km. 

Moreover, dikes above the WCB strongly indicate the presence of (now eroded) higher level 

plutons and/or volcanic strata (Barnes et al., 1986b; Coint, et al. 2013b). Partial melting and 



assimilation of crustal rocks was not restricted to the MASH zone, but was in fact prominent at 

the level of emplacement—over a period of more than two m.y. Whether clear-cut evidence for 

emplacement-level assimilation survives cooling and crystallization processes is dependent on 

the compositions of host rocks, the ability of host-rock xenoliths to be entrained in the magmas, 

and magmatic conditions which allow for preservation of isotopic diversity, such as seen in the 

central zone. Without this preservation, distinguishing between MASH zone versus 

emplacement-level magmatic processes would be difficult. 

We suggest that in relatively hot arc systems, and particularly ones repeatedly refreshed with 

fluxes of both basaltic and MASH-zone-derived intermediate magmas, mixing and assimilation 

should be expected through much of the crustal column. Identification of the sites of mixing and 

the nature of assimilated material clearly require detailed isotopic analysis of zircon and are 

greatly enhanced with application of petrologic information derived from major and trace 

element compositions and zoning patterns of the rock-forming minerals.  
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Figure Captions 

Fig. 1. Simplified geologic map of the Wooley Creek batholith-Slinkard pluton intrusive 

complex (modified from Wagner and Sauceedo, 1987 and Barnes, 1987) with the locations and 

ages of dated samples. Ages in black text were determined by CA-ID-TIMS, those shown in red 

text by SHRIMP-RG, and those shown in blue text by LA-ICP-MS. The lower zone 

encompasses the lower Wooley Creek batholith and the Slinkard pluton, except for the two-mica 

granite. Except for samples Z1, Z2, Z5, 377, and 219C, all sample numbers have the prefix 

WCB. Samples 377 and 219C have the prefix MMB. Specific locations are: DL, Deadman Lake; 

UL, Ukonom Lake; PL, Pleasant Lake.  

 

Fig. 2. Simplified geologic map of the Wooley Creek batholith illustrating the distribution of 

xenoliths and their interpreted relationships to the host metamorphic terranes. Labeled sample 



locations indicate the bulk-rock εNd (158 Ma) and the sample number. The thin black line in the 

upper zone separates structurally lower tonalitic to granodioritic rocks from structurally higher 

granodioritic to granitic rocks. The extensional fault that cuts the NW side of the pluton is a 

high-angle normal fault; the extensional fault east of the pluton is low angle. 

 

Fig. 3. Photos of xenoliths in the lower and central zones. A. Migmatitic semipelitic xenolith cut 

by a mafic syn-plutonic dike; Pleasant Lake basin (central–lower zone transition; Fig. 1). The 

dike is boudinaged in the xenolith and cut by leucosome veins derived from the xenolith. B. 

Migmatitic metasedimentary screen; Pleasant Lake basin, showing compositional layering and 

anastomosing leucosomes. C. Migmatitic xenolith of eastern Hayfork terrane protolith; western 

contact near lower zone-to-central zone transition. D. A composite xenolith composed of fine-

grained augite granofels brecciated by augite-hornblende quartz gabbro, all enclosed in two-

pyroxene gabbro; NW of Pleasant Lake. The knife is 6 cm long. E. Siliceous xenolith in quartz 

diorite, central zone. F. Amphibolitic xenolith in quartz diorite, central zone. The pen is 15 cm 

long.  

 

Fig. 4. Photomicrographs of xenoliths. Poikilitic habits, thin reentrants, and small dihedral angles 

(black arrows) all indicate that the xenoliths underwent partial melting after incorporation into 

the WCB. Samples illustrated in panels A and B have eastern Hayfork terrane protoliths and 

were sampled at locations J and K (Fig. 2). Sample WCB-5309 (panel C) has a probable 

Rattlesnake Creek terrane protolith and was sampled at location E (Fig. 2). Sample MMB-219F 

has an eastern Hayfork terrane protolith and was sampled at location G (Fig. 2). Mineral 

abbreviations from Whitney & Evans (2010). 

 

Fig. 5. Cathodoluminescence images of representative zircon crystals from each part of the 

WCB, SP and xenoliths. A. Lower zone: WCB and mafic part of the Slinkard pluton.  B. 

Slinkard pluton, late-stage two-mica granite. C. Central zone. D. Upper zone. Note the truncated 

oscillatory zoned cores. E. Southern selvage or ‘Roof zone’. F. Southern late-stage biotite 

granite. G. Detrital zircon in metasedimentary xenolith from Pleasant Lake (Fig. 2). H. Xenolith 

zircons that yielded U-Pb ages similar to the age of the WCB. 

 



Fig. 6. A. Plot of complete CA-ID-TIMS data (Coint et al., 2013b; this work). Broad brown 

fields indicate analyses used to calculate the U-Pb ages in Table 1.  B. Summary of U-Pb 

(zircon) ages for the WCB and Slinkard pluton. Unlabeled squares represent weighted average 

ages determined by CA-ID-TIMS (Fig. 6A). Uncertainties on CA-ID-TIMS are 95%. Labelled 

squares (s and L) are weighted averages of dates from SHRIMP-RG, and LA-MC-ICPMS, 

respectively, with 2σ uncertainties. Stars represent single-crystal ages of xenocrysts and 

antecrysts by SHRIMP (solid lines), LA-MC-ICMPS (dashed lines), and CA-ID-TIMS. The Ca-

ID-TIMS ages are labelled with a t for single analyses, 2t for two analyses, and 3t for three 

analyses (see the text for discussion). Horizontal gray bars indicate the approximate ranges of 

regional geologic events. The horizontal green bar represents the range of emplacement ages of 

the lower zone. The horizontal pink bar represents the range of emplacement ages of the upper 

zone. Red symbols represent late-stage granites. Shaded balloons enclose data from a single 

sample. 

 

Fig. 7. U-Pb (zircon) data on xenoliths and host rocks. A. Migmatitic xenolith from the lower 

zone. Two weighted average ages are shown, one for all concordant grains and one for the seven 

youngest concordant grains. Unfilled symbols indicate discordant dates. B. Weighted average 

age of an amphibolitic xenolith from the lower zone. C, D, and E. Concordia diagrams 

illustrating detrital zircon ages from xenoliths with eastern Hayfork terrane affinities. F. 

Concordia diagram of zircon-poor para-amphibolite from the Rattlesnake Creek terrane. G. Tera-

Wasserburg diagram of zircons from a para-amphibolite from the Rattlesnake Creek terrane. H. 

Concordia diagram of pooled detrital zircon samples from the eastern Hayfork terrane. 

 

Fig. 8: Zircon εHf values. Inset tables give weighted averages for each sample. For samples with 

highly variable εHf values, two additional averages show differences in split populations. In A 

and B, εHf was calculated for the age of the individual spot analysis. In C, εHf was calculated at 

158 Ma. Plotted uncertainties are 2σ, green bars indicate data not included in the weighted 

average, and red bars indicate zircons with discordant ages. A. Lower zone (Slinkard pluton and 

lower zone of the WCB) and western mafic selvage. B. Lower–central zone transition, central 

and upper zones, southern late-stage biotite granite, and southern mafic selvage. For upper zone 



samples, stars indicate average εHf, illustrating the decrease in εHf structurally upward. C. 

Xenoliths in the WCB.  

 

Fig. 9. Zircon oxygen isotope values measured by SIMS. Small symbols are individual spot 

analyses with error bars indicating two standard deviation precision. Large symbols are mean 

values with error bars that represent two standard deviations for the population (Table 2). Spot 

analyses with an adjacent tick mark (-) were not included in the mean. For two-mica granite 

sample WCB-2108, dashed arrows connect core to rim compositions and label ‘m’ indicates a 

crystal mantle composition. For late stage Hbl-bearing Bt granite sample MMB-377, two mean 

values were calculated, one for high δ18O values and one for lower values. Labels adjacent to 

MMB-377 spot analyses are t (prism tip), c (core), and oc (outer core). Horizontal bar 

representing zircon from mantle-derived magmas from Valley et al. (1998). 

 

Fig. 10. Bulk-rock εNd at 158 Ma plotted versus 1/Nd. Thirty-six new data for xenoliths, host 

rocks, and the WCB-SP combined with published data from Barnes et al. (1992), Wright and 

Wyld (1994), and Frost et al. (2006). The colored fields outline the range of values of the WCB-

SP and host terranes. Rocks of the Rattlesnake Creek terrane are divided in high-εNd metabasic 

rocks (Wright and Wyld, 1994; this work) and variable εNd metasedimentary rocks (cf. Frost et 

al., 2006). Xenolith εNd values encompass the entire range of host-rock values, whereas the 

plutonic rocks occupy a small range of εNd values. 

 

Fig. 11. Zircon oxygen isotope values plotted against εHf (158 Ma). Individual spot analyzes 

illustrate the range of isotope ratios in single samples. The colored outlines enclose samples from 

the lower zone (green), central zone (yellow), and upper zone (pink). 

 

Fig. 12. Schematic growth model for the WCB-SP crustal-scale magmatic system. A. Initiation 

of post-Siskiyou magmatism with basaltic magmas underplating and intruding lower crust 

thickened during the ca. 170 Ma Siskiyou orogeny. Orogenic activity emplaced metasedimentary 

rocks into the lower crust, below the RCt. Oldest post-Siskiyou plutons (e.g., Ironside Mountain 

batholith) evolved primarily by fractional crystallization, with increasing crustal influence 

through time. B. Development of a mature lower-crustal MASH zone and episodic upward 



emplacement of basaltic through dacitic magmas to form the lower zone (lz: SP and lower 

WCB). Sheet-like magma batches engulfed host rocks (xenoliths and screens) which partially 

melted; partial melts then mixed with surrounding magmas. Isotopic leverage during assimilation 

was primarily associated with eastern Hayfork xenoliths. Emplacement temperatures were higher 

than zircon saturation temperatures, so the few antecrystic zircons were probably armored. C. 

Central zone (cz) and upper zone (uz) of the WCB formed by emplacement of andesitic magmas 

from the MASH zone into and through the lower zone. The highest levels of lower-zone mushes 

were intruded by, and locally displaced by upper zone magmas. Renewed influx of basaltic 

magma resulted in intense mingling in the central zone (cz) and ponding at the base of the upper 

zone to form pillowed enclaves and enclave swarms. Heat from this basaltic influx resulted in 

convection and homogenization of upper zone (uz) magmas. Post-convection differentiation 

resulted in upward zonation from tonalite to granite and intrusion of uz magmas as roof-zone 

dikes (rzd). D. Late-stage magmatism, with emplacement of the Slinkard two-mica granite (a 

crustal melt) and southern Hbl-bearing Bt granite (primarily a crustal melt contaminated by 

assimilation of adjacent upper-zone rocks). 
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Fig. 3 

 

  



 

 
 

 

 

 

  



 

Fig. 5 

 
 

 



 



 



 



 



 
 

 

 

  



Fig. 9
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