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Abstract 
 

 The Central Gneiss Complex (CGC) exposes granulite facies equivalent 

migmatites from the middle and lower crust of a continental magmatic arc. Early 

Cenozoic high temperature metamorphism during isothermal exhumation overprinted 

much of the earlier history of the CGC and the protolith of the gneisses remains largely 

unconstrained. By studying a structurally higher exposure of the CGC, this study uses 

field methods, structural analysis, and U-Pb geochronology to better define the nature and 

origin of the protolith as well as the timing of deformation and magmatism within the 

CGC. Results suggest a correlation of the studied rocks to the lower and middle Hazelton 

groups exposed ~60 km to the east. Deformation along a shear zone and in kilometer-

scale recumbent folds is found to have a top to the east sense of shear that occurred 

contemporaneously with shortening within the Skeena fold-thrust belt. This correlation 

and new data require the underthrusting of retroarc material beneath the continental 

magmatic arc following the accretion of the Insular terrane. The addition of this new 

material to the lower and middle crust resulted in partial melting and an increase in 

crustally-derived magmas during an episode of high magmatic addition rate during 

middle and Late Cretaceous time. 
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1. Introduction 
 

 Although continental magmatic arcs are thought to be primary localities for 

formation of new continental crust, voluminous magmatism characterizing exhumed 

batholiths involves up to 50% partial melting of existing continental crust [Ducea and 

Barton, 2007]. However, evaluating the contribution of trench-side or retroarc 

underthrusting to partial melts in these batholiths is hindered by rare exposures of 

continental arc roots. The Central Gneiss Complex (CGC) of western British Columbia 

provides a deep window into the middle crust of a convergent orogenic system that was 

active during Jurassic to early Cenozoic formation of the Coast Mountains batholith 

[Gehrels et al., 2009]. However, despite the widespread exposure of granulite and 

amphibolite facies migmatites that record exhumation during Eocene collapse of the 

Coast Mountains [Hollister et al., 2006], there are limited data constraining its earlier 

history due to this high grade metamorphic overprint.  

 In spite of nearly 50 years of research in the region, the protolith of CGC rocks is 

unknown [Cecil et al., 2011]. The prevailing hypothesis explaining the mid-crustal burial 

of rocks within the CGC is that they were buried during collision of the Alexander-

Wrangellia terrane with Stikinia [Crawford et al., 1987; Hollister and Andronicos, 2006]. 

However, >160 km of retroarc underthrusting within the retroarc Skeena fold thrust belt 

has also been proposed as a burial mechanism for Coast belt rocks [Evenchick et al., 

2007]. Coupled with the mainly west vergent thrust belt that accommodated Alexander-

Wrangellia and Stikinia collision, this suggests material may have been underthrust from 

the west or the east beneath the magmatic arc. In an attempt to reduce the effects of the 

late-stage high temperature metamorphic overprint in deciphering the earlier history, this 
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study focuses upon a field locality located structurally higher in the CGC. This study 

strives to define the protolith age, origin, as well as the burial history of the CGC by 

examining age constraints on deformation styles in context with crustal-scale models for 

orogenesis, including mechanisms for west or east directed underthrusting of material 

into the middle and lower crust of a continental magmatic arc. 
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2. Geologic Background 
2.1. Mesozoic Tectonic Setting 
 

 The Coast Mountains, located in western British Columbia, preserve a complex 

history of terrane accretion beginning in Jurassic time, including major crustal shortening, 

regional metamorphism, as well as the emplacement of the composite Coast Mountains 

batholith between 180 and 50 Ma: a continuous complex of plutonic rocks exposed along 

most of the British Columbia coastline and into southern Alaska [Monger et al., 1982; 

van der Heyden, 1992; Gehrels et al., 2009]. The terranes involved include Alexander-

Wrangellia (“Insular” superterrane) exposed to the west of the Central Gneiss Complex 

as well as the Stikine terrane to the east (Figure 1) [Crawford et al., 1987]. Convergence 

resulted in two temporally separated magmatic arcs [Gehrels et al., 2009], and final 

amalgamation ended just after 85 Ma [e.g., Klepeis et al., 1998].  

 Stikinia to the east of the CGC contains an underlying sequence of Devonian to 

Triassic volcanic and plutonic rocks that are overlain by lower Hazelton Group volcanic 

rocks deposited during early Jurassic time [Gagnon et al., 2012]. The lower Hazelton 

Group consists of felsic volcanic strata and interbedded carbonate overlain by the 

sedimentary rocks of the middle and upper Hazelton Groups [Gagnon et al., 2012].  The 

lower Hazelton Group has an exposed width of approximately 450 km – a significant 

expanse that is difficult to justify as a single arc system. It was thus proposed by Marsden 

and Thorkelon [1992] that the lower Hazelton Group represents a sequence of volcanic 

rocks deposited by a duel arc system fed by two opposing subducting slabs prior to the 

accretion of the terrane with the North American margin. The group is calc-alkaline and 

characterized by a lack of variability in trace and major elements. The rocks are overlain 
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by a sequence of Jurassic marine sedimentary rocks deposited in the subsiding Bowser 

basin during accretion of the Alexander terrane [Evenchick et al., 2010; Gagnon et al., 

2012]. Orogenesis and the formation of the Skeena fold-thrust belt between 120 and 140 

Ma accompanied this event [Evenchick et al., 2007]. 

 Volcanism and sedimentation along the active margin occurred during terrane 

accretion from Jurassic to Late Cretaceous time [Evenchick et al., 2007]. This terrane 

accretion was followed by a period of dextral transpression that occurred from 85 to 60 

Ma, when a minimum of 1000 km northward translation is recorded across several major 

strike-slip faults [Wyld et al., 2006]. Paleomagnetic data suggest that at ~90 Ma, terranes 

may have been situated as far south as Baja California [Irving, 1996].  Magmatic addition 

rates in the batholith vary considerably over time, with lulls in magmatism beginning at 

140 and 78 Ma [Gehrels et al., 2009] (Figure 25). Girardi et al. (2012) correlated periods 

of increased magmatic addition rates to arc processes and magma generation using 

elemental data. High magmatic addition rates correlate with increased 87Sr/86Sr, which 

suggest increased lithospheric involvement. Girardi et al. [2012] also argues that the 

absence of an Eu-anomaly with La/Yb ratios, during the periods of high magmatic 

addition rates, indicate the magmas were derived from garnet-rich rocks below the depth 

of plagioclase stability. These variations provide a record for cyclicity in the magmatic 

addition rates, which is a similar pattern to that seen in other major continental magmatic 

arcs [DeCelles et al., 2009], and suggests the introduction of felsic material into the lower 

crust. The source of this material is not constrained, but may be related to retroarc or 

trench-side underthrusting [Ducea and Barton, 2007; Girardi et al., 2012]. Magmatism 

ceased around 48 Ma [Gehrels et al., 2009] with the end of rapid exhumation of the CGC 
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[Hollister, 1982].  

2.3. CGC structure and exhumation 
 

 The CGC is a >300 km northwest-trending belt of upper amphibolite to granulite 

facies gneisses and migmatites of both sedimentary and igneous origin [Roddick, 1970; 

Hollister and Andronicos, 2000]. At the latitude of Prince Rupert, the CGC is bounded to 

west by the Coast shear zone [Crawford and Hollister, 1982], and to the east by the low-

angle Shames River normal fault [Heah, 1991; Andronicos et al., 2003]. 

 The protolith of the CGC is thought to be of mixed volcanic, intrusive, and 

sedimentary origin, and was underthrust during accretion of the Insular and Intermontane 

terranes [Hollister & Andronicos, 2000]. Multi-grain U-Pb zircon geochronology of 

metasedimentary rocks from the core of the complex yielded age populations of 65-68 

Ma and 83 Ma, as well as discordant age populations of 105 – 171 Ma [Woodsworth et 

al., 1983]. 12 km to the NW, Permian or older crinoid fossils were also found preserved 

in granulite-facies equivalent calc-silicate boudins [Hill, 1985a], suggesting that at least 

part of the CGC is pre-Mesozoic in age. The protolith of the CGC could be composed of 

one or a number of the surrounding terranes (Figure 2), and will be discussed in section 5. 

Discussion.   

 Deformation within the CGC is preserved as multiple overprinting structures that 

suggest burial and shortening, formation of the gneissic foliation, followed by cm- to km-

scale recumbent folding, as well as extensional boudinage, shearing, and isothermal 

decompression related to later extension [Rusmore et al., 2005, Crawford et al., 1987, 

Crawford et al., 1982]. A broader scale folding of the meter scale recumbent folds has 

been documented in the CGC southwest of Kitimat [Rusmore et al, 2005]. Rocks within 
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the CGC are largely categorized into two units: a rusty weathering gneiss that is mostly 

sedimentary in composition and a gray weathering gneiss that is composed of 

metamorphosed intermediate volcanic or intrusive igneous rocks [Hollister & Andronicos, 

2000]. 

 Rocks in the CGC record isothermal decompression between 60 and 52 Ma from 

8 to 3 kbars at temperatures as high as 750°C, which requires a rapid exhumation rate of 

2 mm/year [Hollister, 1982; Rusmore et al., 2005]. A period of rapid extension and 

magmatism occurred from 53 to 48 Ma that is temporally concordant with metamorphic 

growth rims on zircon and slip along major extensional structures such as the Shames 

River fault [Andronicos et al., 2003]. 

Granulite-facies equivalent migmatites yield metamorphic pressures of ~4 kbar 

and attest to extensive melting in the core of the CGC in conjunction with the 

emplacement of dikes, sills, and plutons during exhumation [Crawford et al., 1987]. At 

structurally higher levels within the CGC to the east and west, rocks record metamorphic 

grades equivalent to the lower to middle amphibolite facies [Andronicos et al., 2003]. 

Metasedimentary rocks outside of the CGC to the east of the Shames River fault record 

little to no metamorphism, whereas exposed rocks of the Western metamorphic belt to the 

west of the Coast shear zone preserve greenschist- and amphibolite-facies conditions 

attributed to accretion of the Alexander-Wrangellia terrane [Crawford and Hollister, 1982; 

Gehrels et al., 1987].  

2.4. Lluvia Peak Area 
 

 The region of focus is located near Lluvia peak (Figure 1: and Figure 5:) and was 

selected for the prior documentation of sedimentary units and relatively lower grade of 
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overprinting metamorphism [Hill, 1985b] compared to the core of the CGC. These rocks 

present significant potential for constraining the protolith and early structural history. The 

field area exposes a rusty weathering pelitic gneiss overlying a gray weathering gneiss 

[Hill, 1985b]. The gray gneiss characterizes the most dominant lithology in the CGC, and 

is structurally overlain by areas of rusty gneiss in several other locations [Hutchison, 

1970; Hollister and Andronicos, 2000].  

Bulk geochemistry, 1-5 m-scale compositional layering, <1 m-scale carbonate 

beds, and a stretched pebble conglomerate provide evidence for a volcanic and 

sedimentary protolith of the gray gneiss [Hill, 1985b]. These observations suggest that 

the protolith of the gray gneiss was a package of felsic to intermediate calc-alkaline 

volcanic rocks with occasional layers of marine deposits, representing deposition in a 

coastal emergent arc setting [Hill, 1985b]. The overlying rusty weathering unit varies 

from calc-silicate to pelitic in composition and contains continuous layers of amphibolite 

that are 10s of meters thick, suggesting deposition in a shallow marine setting. Both units 

are highly folded and deformed [Hill, 1985b]. 
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3. Methods 
 

 This study utilized mapping, structural analysis, and sample collection in the field 

area with a focus on the contact between the Rusty and Gray weathering units. All field 

locations were documented with a handheld GPS and all oriented samples were measured 

in situ before collection. Stereonets (Figure 9) show collected structural data including 

foliations, fold axes, lineations, and faults. 

Samples were also collected for U-Pb geochronology in zircon. Samples were 

separated using standard crushing techniques. Igneous samples were handpicked under a 

binocular microscope and detrital samples were randomly poured, followed by imaging 

using cathodoluminescence at Idaho State University. U-Pb geochronology was 

performed at the University of Arizona’s Laserchron Center, using a Nu HR Laser 

Ablation Multicollector Inductively Coupled Plasma Mass Spectrometer (LA-MC-

ICPMS) coupled to a Photon Machines Analyte G2 Excimer laser. The data were then 

processed using data reduction methods outlined in Gehrels et al. [2008], followed by the 

Isoplot Excel plugin [Ludwig, 2001]. Individual analyses with greater than 20% 

discordance were discarded, as well as several that contained excessively large errors or 

evidence of inclusion interference. Spot sizes of 25 m were used for igneous cores, and 

spot sizes of 12 m were used for growth rims identified via the CL imaging. Please refer 

to 8.1. Methods for more detailed information.
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4. Results 
4.1. Rock units 
 

 Near Lluvia Peak, three primary rock units are exposed: 1) rusty gneiss; 2) gray 

gneiss; and a 3) diorite pluton. The structurally lowest unit is the gray gneiss, which is 

structurally overlain by the rusty-weathering gneiss. The rusty and gray gneisses are 

heterogeneously stratified on the outcrop scale. Both units are intruded by granodiorite 

and correlative dikes of the Lluvia Peak pluton.  

4.1.2. Gray gneiss 

 

 The gray gneiss is a thick undifferentiated sequence of stratified rocks of igneous 

origin with evidence for a partial sedimentary protolith [Hill, 1985b]. It is easily 

distinguished by its lack of rusty weathering textures in outcrop, and was initially thought 

to be separated from the rusty gneiss above it by an unconformable contact primarily 

based upon interpreted folding of the contact near Epidote Crag [Hill, 1985b] (Figure 5). 

The exposed thickness of gray gneiss is a minimum of 1500 m within the field area and is 

likely much thicker [Hutchison, 1982]. 

 The gray gneiss features 1-3 m scale laterally and compositionally continuous 

stratification in addition to the present gneissic foliation. Although deformed, the 

variation in composition is not metamorphic in origin, and must be sourced from initial 

compositional differences in deposition [Hill, 1985b]. Composition of much of the gray 

weathering gneiss is consistent with a mixed felsic volcanic and sedimentary protolith 

(detailed bulk chemistry of the gray gneiss is described by Hill, 1985b). It is primarily 

leucocratic metamorphosed volcanic rock containing quartz, feldspar, biotite and minor 

hornblende. Individual layering within the felsic units is visible texturally and varies from 
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fine-grained biotite rich layers (10-15%) to much coarser quartzofeldspathic layers with 

spaced biotite defining the major foliation (~5%). At one outcrop gradational changes in 

grain size and composition were observed over a distance of 10 cm in a 

quartzofeldspathic layer, which formed a repeating pattern across several meters. The 

hornblende documented mostly occurs in a few mafic compositional layers that vary 

between 0.5 and 1 m in thickness. 

 In addition to the felsic volcanic package, distinct 10-20 m thick mafic units are 

present. These units display a salt and pepper texture of hornblende + biotite and 

plagioclase + quartz. Calcareous units 10s of cm thick are also present in the gray gneiss 

and form thin, heavily boudinaged layers that are laterally continuous on the outcrop 

scale. In some larger boudins, epidote, pyroxenes, and garnet form resistant rinds around 

a crystalline calcite core. In addition to the primary layering, dikes ranging from 

intermediate to felsic in composition are visible throughout the gray gneiss and the rusty 

gneiss. These dikes also vary from undeformed to highly folded and boudinaged, 

suggesting multiple phases of intrusion. 

 The gray gneiss tends to form flat resistant outcrops where exposed, and generally 

breaks into blocky chunks along the foliation. Although not exposed within the field area 

above 4200 feet elevation, it tends to form large cliff faces along valley walls and ice-

rounded resistant ridges beneath peaks. The resistant outcrops are more common near the 

contact with the overlying rusty gneiss. 

4.1.1. Rusty gneiss 

 

 The rusty gneiss forms distinct 0.3 – 4 m thick compositionally distinct, stratified 

layers that vary from an uncommon garnet-biotite-sillimanite-quartz-plagioclase unit, to 
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calc-silicate and feldspar-rich fine-grained quartzites, and calc-silicate rich 

metamorphosed carbonates. Three thick, continuous layers of amphibolite up to 30 m 

thick are also exposed. These units are composed of amphibole, biotite, feldspars, and 

quartz with minor garnet. More than 700 m of this unit is exposed within the field area 

atop Lluvia and Niebla peaks, as well as Redcap Mountain [Hill, 1985b] 4 km to the 

northeast. 

 The major gneissic foliation throughout the unit is parallel to the compositional 

layering. Its expression is different in each compositional unit, but is primarily expressed 

by a 0.5-2 cm thick metamorphic layering. A finely spaced schistose foliation is present 

in the biotite rich units. In the pelitic units, the gneissic fabric is defined by distinct layers 

of biotite and sillimanite. In quartzofeldspathic and calc-silicate rich units, continuous 

quartz-rich layering and thin, discontinuous quartz lenses define the gneissic fabric. With 

the exception of some the quartz rich lithologies, the rusty weathering gneiss is fine-

grained. 

 The rusty weathering gneiss is most easily identified by its rusty color in outcrop, 

which is a result of an abundance of pyrite throughout the unit [Hill, 1985b]. It forms 

steep, blocky, and resistant faces where ice scoured and plucked pieces along bedding 

planes. Interlayered amphibolite units weather to resistant cliff faces where exposed and 

form distinct visible layers 10's of meters thick. 

4.1.3. Lluvia Peak pluton 

 

 The Lluvia Peak pluton is a sill-shaped granodiorite pluton found within the rusty-

weathering unit; it locally crosscuts the contact with the gray gneiss. It composes the top 

500 m of Lluvia Peak. Only the bottom portion of the pluton is exposed, so the original 
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spatial extent of the pluton is unknown. The pluton contains small variations in visible 

mineral phase distribution and grain size. Primary minerals are coarse and equigranular, 

and include quartz (~30%), plagioclase (~50%), biotite (~10%), hornblende (~5%), 

opaques (~5%). Biotite aggregates in the field vary in size from a few mm to several cm 

across. Potassium feldspar is locally uncommon and makes up less than 10% of the rock. 

Grain size coarsens locally. Detailed bulk chemistry was completed by Hill [1985b]. 

 The Lluvia Peak pluton produces pronounced ridges and cliffs where exposed. 

The pluton displays minor to no visible chemical weathering in outcrop. Physical 

surfaces are either angular or rounded along fractures. The pluton is undeformed and 

contains no visible foliations. 

4.2. Structural geology 

4.2.1. Outcrop scale observations 

 

 Structural measurements from the gray gneiss include foliations, lineations, fold 

axial surfaces, and fold axes, and were plotted on a stereonet (Figure 9, Figure 10). The 

measured foliations dip 10-25 degrees westward, and the poles form a loose cluster. 

Representative foliation dips at different locations on the map (Figure 5) show subtle 

variations across the field area. Foliations on the southeastern ridge dip westward at 15-

25 degrees, whereas to the north, and near Epidote Crag, foliations have shallower dips 

~10° and tend to be rotated more to the south. These measurements represent the visible 

elongation in the stereonet cluster. 

 The southeastern ridge off Niebla Peak (Figure 5) contains a well-exposed section 

of the gray-weathering gneiss and the lower part of the unit that forms the contact 

between it and the rusty-weathering gneiss. 

 In the structurally lowest gray gneiss exposed along the ridge rocks exhibit a 
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pervasive flattening fabric and biotite-defined foliation. Here, dikes commonly crosscut 

the foliation and are deformed by varying amounts; some are folded into cm-scale 

isoclinal folds with rootless limbs (Figure 7). Strain was partitioned into felsic layers.  

Less deformed dikes form meter-scale boudins that were elongated toward the east-west 

and north-south with rare asymmetry, whereas others were folded into meter-scale 

recumbent folds whose axes dip ~parallel to the measured streatching and mineral 

lineations. Fold limbs are often boudinaged when viewed on E-W facing outcrops. 

Asymmetric strain fabrics are rare in this section, but are found in occasional S-C fabrics 

and rare clast and boudin asymmetry. All of these asymmetric structures display a top to 

the east sense of shear (Figure 6). 

 Structurally above this lowest unit, meter-scale zones of higher shear strain are 

indicated by the presence of asymmetric boudins, S-C fabrics, and grain size reduction. 

Meter and centimeter scale recumbent folds as well as areas of extreme flattening become 

more common in the gray gneiss near the contact. In one location (station 26), a 30 cm 

thick granodiorite dike crosscuts a meter-scale recumbent fold and contains a distinct 

foliation-parallel tectonic fabric (Figure 6). This fabric is compositionally variable on a 1 

cm scale and exhibits dynamic recrystallization of quartz and up to 1 cm diameter relict 

plagioclase clasts.  

 Large felsic dikes and pegmatites are more abundant near the contact, the largest 

of which are on the scale of 0.5-1 m and largely undeformed. 50 m below the base of the 

contact with the overlying rusty gneiss is a 20-30 m thick section of amphibolite that 

displays salt and pepper (plagioclase + hornblende) texture with a strong hornblende-

defined foliation. Laterally continuous strings of carbonate boudins are common within 
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this layer as well as dramatic 10 cm scale folding of cm-thick, foliation-parallel, 

compositional layering and dikes. A 3 m thick section of intermediate composition gray 

gneiss within this unit is highly sheared with visible grain size reduction, rotated calc-

silicate boudins, and a visible C-fabric. The area structurally above this unit is 

characterized by areas of increased strain that suggest a top to the east sense of shear 

(Figure 7), but is mostly obscured by a permanent snow field. ~500 m along strike to the 

north, a sheared amphibolite unit defines the transition into the shear zone with increasing 

strain structurally upwards.  

 At the top of the snow field the contact layer between the rusty and gray gneisses 

forms a vertical cliff 20-30 m high that transitions to the rusty weathering gneiss near the 

top. This cliff forming unit continues along-strike beneath Lluvia Peak to Epidote Crag 

and is visible on Redcap Mountain 4 km to the northeast. In outcrop this unit is 

characterized by extreme grain size reduction, a pervasive S-C fabric defined by 

elongated quartz aggregates as well as relict 0.5-2 cm thick transposed layers of mafic 

composition that lay oblique to the c fabric (Figure 6). This unit was interpreted in the 

field as a thick zone of ultramylonite. The foliation in the shear zone is parallel to 

subparallel to the foliations measured structurally beneath it. Along-strike, the 

composition changes slightly with the absence of transposed mafic layers, an increase in 

the biotite phase, as well as the presence of garnet (Figure 7). Near Epidote Crag, the 

thick amphibolite unit is not present within the gray gneiss near the shear zone. The shear 

zone is crosscut by the undeformed Lluvia Peak pluton at this locality. 

 On the western edge of the field area near Epidote Crag, a stretched pebble 

conglomerate is locally exposed (station 48).  The pebbles are defined by a more felsic 
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composition than the more pelitic matrix around them. The pebbles are strained into L=S 

to L>S tectonites that are distinct from the flattening fabric described structurally lower 

in the section. 

 Above the shear zone contact, the rusty weathering gneiss forms a large km-scale 

recumbent fold preserved near Lluvia Peak where the rusty gneiss is exposed. The axial 

plane of this fold dips gently to the north, based on field observations and mapped units, 

and is oblique to the shear zone orientation (Figure 5). The geometry of the fold is visibly 

traceable from epidote crag via the folded amphibolite units. The shear zone obliquely 

truncates the units of the rusty weathering gneiss, including this major fold. The Lluvia 

Peak pluton, in turn, crosscuts the fold and the shear zone. 

 Smaller scale folding on the order of 10s of centimeters within the rusty unit that 

was most commonly preserved in calc-silicate and quartzofeldspathic layers (Figure 8). 

We observed little evidence of folding in the finer grained sillimanite-rich pelites. 

Evidence for ductile shear and mylonitization of the rusty weathering units is uncommon, 

and preserved shear fabrics are rarely observed. Major foliations and gneissic banding is 

parallel to compositional layering in the unit. A schematic E-W cross section of the area 

across Lluvia Peak and Epidote Crag can be found in Figure 23. 

4.2.2. Recumbent folding 

 

 The observed folding in the field area occurs at several different scales, 

orientations, and styles. In addition to the kilometer scale fold in the rusty gneiss, a set of 

large (200-300 m wavelength) recumbent folds within the gray gneiss are visible on the 

east face of Lluvia Peak below the shear zone, and have a similar orientation to the larger 

fold above them. 
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 Smaller scale folding is abundant throughout the field area, but is most visible in 

the gray gneiss where the visual contrast between the layers is more apparent. Axial 

surfaces to these folds are parallel to sub-parallel to the foliation (Figure 9). Fold axes are 

roughly parallel to the lineation in most cases, dipping gently to the west and southwest 

with some variability. Fold limbs are commonly boudinaged perpendicular to the 

flattening direction. In some localities, tightly folded quartz-rich dikes are heavily 

transposed such that it is not possible to trace individual hinges and limbs across the 

outcrop (Figure 7). Ptygmatic folds are rare within the gray weathering gneiss. 

4.2.3. Grain-scale crystal-plastic deformation mechanisms 

 

Deformation and microstructures in thin section are similar structurally across the 

field area. Both the gray and rusty weathering gneisses contain evidence for extensive 

dynamic recrystallization of quartz. In the gray gneiss, quartz exhibits subgrain formation, 

interlobate grain boundaries and widespread recovery to 120 degree triple junctions 

(Figure 12). Undulose extinction is also present in some grains.  High-grade crystal-

plastic deformation of quartz is thus interpreted to have primarily occurred through grain 

boundary migration (GBM) [Passchier and Trouw, 2005], and were later recrystallized to 

form polygonal grain boundaries.  

Feldspar is primarily defined by a polygonal granoblastic texture, but locally 

contains extensive formation of subgrains and rare interlobate boundaries between grains. 

Kink bands and undulose exctintion is rare, but present in some samples. The feldspar is 

interpreted to have deformed primarily through sub grain rotation (SGR) with local 

evidence for GBM, followed extensive grain recovery.  

Samples from the contact between the rusty and gray weathering gneisses exhibit 
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a few interlobate grain boundaries of quartz in a fine quartzofeldspathic matrix. The fine 

grain size is present only in the samples from the shear zone and is almost entirely 

annealed. Quartz also occurs in elongate ribbons with minor undulose extinction and 

lobate boundaries. 

In the rusty gneiss, recrystallization textures are similar, but are influenced by the 

mineral composition of the matrix, where biotite, pyroxene, sillimanite, or garnet is 

present. Biotite is found parallel to the foliation and defines the matrix in some of the 

more mafic units, and is commonly found around aggregates of quartz and plagioclase. 

Quartz forms symmetric pressure shadows around porphyroblastic garnet and hornblende 

that is visible both in thin section and hand sample. Quartz and feldspar both exhibit grain 

recovery to polygonal boundaries in the hinges of cm-scale folds.  

 See Figure 11 for phases documented in each sample. Sample locations can be 

found on the map and are labeled according to their field station. Descriptions for each 

thin section can be found in section 8.2. Thin section descriptions. 

4.2.4. Overprinting brittle deformation 

 

 On the ridge northeast of Lluvia peak, a zone of cataclasite occurs twenty meters 

above the shear zone, within a biotite-amphibolite layer of the rusty weathering gneiss 

(Figure 8). The cataclasite is characterized in outcrop by rotated plagioclase 

porphyroclasts mantled by anastomosing biotite. Transposed dike limbs exibit increasing 

simple shear toward the slip plane, suggesting semi-brittle failure. The cataclasite makes 

up several discrete layers separated by 5-20 cm thick layers of ductilely deformed quartz-

rich layers. Biotite is locally altered to chlorite and forms asymmetric fish that also yield 

a top to the west sense of shear. Across the zone of cataclasite, an otherwise undeformed 
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felsic dike is offset with a top to the west sense of shear. Increasing strain toward the 

deformed zone and S-C fabrics in thin section also agree with a top to the west sense of 

shear (Figure 13). 

 Several ~60°-dipping, primarily north-south striking normal faults crosscut the 

field area. These faults vary from several centimeters of displacement to hundreds of 

meters where the rusty unit is displaced against the zone of ultramylonite. Fault traces are 

correlated with fractured rock and areas of increased erosion. Epidote mineralization 

preferentially occurs along the fault faces and locally in the nearby host rock where 

fractures contain void-filling euhedral crystals up to 3 cm in length. Chlorite alteration is 

also common along the surfaces along and near fault surfaces 

4.3. U-Th-Pb zircon geochronology 
 

 Zircon age data for all four samples is compiled in appendix 8.6. Zircon data. See 

appendix 8.4. Geochronology for detailed descriptions of results, and appendix 8.3 CL 

descriptions for detailed descriptions of CL images for each sample. Peak temperature 

conditions are estimated to be 702 ± 50°C [Hill, 1985b], which is well below the range in 

which lead diffusion begins to play a significant role for 100 µm scale grains, which is 

~950°C at a cooling rate of 10°C per million years [Cherniak and Watson, 2000]. 

4.3.1 Igneous geochronology: 

 

 At station 26 in the gray gneiss, a foliated felsic dike crosscuts a meter scale 

recumbent fold. We sampled this dike (sample 26) as well as the Lluvia Peak pluton 

(sample 45) in order to better constrain the timing of prior deformation (Figure 14). The 

zircon grains from these samples are euhedral and elongate in form, and contain either a 

consistent oscillatory zonation pattern throughout, or contain an inner core mantled by a 
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oscillatory zoned outer rim. The cores tend to be rounded to elongate with irregular 

zoning patterns, and show evidence for dissolution around the edges. We used zoning 

patterns in the cathodoluminescence images to guide the location of the laser spot and 

date different portions of the grain. 

 Both rim and core ages from the two igneous samples are plotted in Figure 17. In 

both samples, two age distributions are recognized: ~200 Ma igneous cores, and ~80 Ma 

rims. Given the clear oscillatory-zoned rims surrounding irregular, relict cores, the rim 

ages are interpreted to represent pluton crystallization. Despite taking care to sample 

different age domains in the zircon crystals, following data acquisition several laser spots 

appear to have slightly overlapped adjacent CL domains. As such, these ages were 

interpreted to be mixed ages and were excluded from further age analysis. A weighted 

average for the crystallization age was conducted using only the younger rim ages 

(Figure 18). This resulted in a calculated age of 78.5±2.6 Ma (MSWD = 6.7) for sample 

26 and 80.2±1.0 Ma (MSWD = 0.98) for sample 45. The zircon ages are concordant for 

both samples and are statistically indistinguishable (Figure 19). 

4.3.2 Sedimentary geochronology: 

 

 Samples 48 and 54 were collected from the stretched pebble conglomerate and a 

quartz-rich calc-silicate layer in the overlying rusty gneiss (Figure 15 and Figure 16). 

Zircon grains are subhedral to rounded in shape, containing thin homogeneous rims 

separated from complexly zoned cores by irregular boundaries with evidence for 

dissolution or corrosion. 

 Age distributions from the sedimentary samples (Figure 20) show a dominant age 

population between 180 Ma and 210 Ma for sample 48, with a smaller distribution of 
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ages around 50 Ma. Sample 54 shows a similar pattern of ages, however it contains a 

handful of ages between 170 and 180 Ma whereas sample 48 does not. The single larger 

age peaks were plotted on a histogram to show the probability distributions of the grain 

cores (Figure 21). Both of these distributions have an approximately Gaussian 

distribution. The younger ages are all from the zircon rims and represents a late phase of 

metamorphism based on these visual constraints. The ages from both samples are 

concordant (Figure 22). 
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5. Discussion 
5.1. History and structural evolution of the field area 

5.1.1. Deposition and protolith constraints 

 

 In accordance with Hill [1985b], compositional layering, stretched pebble 

conglomerate, local carbonate interlayers, rare apparent primary sedimentary structures, 

and highly aluminous layers suggest a volcanic and sedimentary origin for the gray and 

rusty weathering gneisses. Interpreted as such, the gray weathering gneiss contains felsic 

volcanic layers, mafic volcanic rocks, rare carbonate beds, and a pebble conglomerate. 

This sequence points to a period of felsic volcanism in an aqueous to subaqueous 

environment. The pebble conglomerate suggests a higher energy episode of deposition 

during an eruptive event or decrease in sea level. In the Hazelton Group, both aqueous 

deposition of carbonate beds and subarial volcanics and flows are described [Gagnon et 

al., 2012].  

 Finer grained pelites in the rusty weathering unit represent a shift in depositional 

environment and a decrease in intensity of local volcanism. Lithologic changes from 

metapelites to carbonate to quartz-dominated lithologies are present over a scale of a 

couple meters, and are interrupted by the amphibolite units up to 10s of meters thick that 

sit parallel to composition of the metasediments. The rusty unit exposed at Lluvia Peak is 

thus interpreted as a sequence of carbonates and fine siliciclastic sediments deposited in a 

shallow marine environment, interrupted by periods of mafic volcanism or intruded by 

mafic sills prior to deformation and high grade metamorphism.  

 Metasedimentary samples collected from the gray weathering gneiss (sample 48) 

and overlying rusty weathering gneiss (sample 54) contain similar detrital zircon 

populations. The gray gneiss sample contains a spread of ages between 180 and 210 Ma, 
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whereas the rusty sample age distribution contains a spread of ages between 170 and 210 

Ma. The narrow distribution of detrital zircon ages for both samples may result from a 

locally derived source or a continuous supply of young zircons during ongoing 

magmatism.  

5.1.2. Structural history and magmatism 

 

 The earliest deformation preserved in the field area is a pervasive composition-

parallel foliation, which is crosscut by all other structures. Dikes and compositional 

layers show boudinage with the stretching direction parallel to this plane. Dikes 

throughout the field area are deformed to varying degrees and must have been intruded 

throughout progressive strain and folding in the area. Fold axial surfaces are parallel to 

the foliation (Figure 9, Figure 10), and highly deformed cm-scale recumbent folds also 

exhibit limbs transposed along the foliation plane. These structures provide evidence for 

major pure shear throughout the field area. 

 Large scale recumbent folding and shearing either postdates or occurred 

concurrently with the widespread flattening fabric. The kilometer-scale fold 

characterizing much of the rusty-weathering gneiss overturns both the compositional 

layering and the foliation. This folding event also produced the meter-scale recumbent 

folding present in both the rusty and the gray weathering gneiss. It is difficult to 

distinguish the timing of the smaller scale folding located in some of the highly strained 

rocks, which may represent progressive deformation during shearing. 

 The contact between the rusty and gray weathering units crosscuts the lower limb 

of the large recumbent fold in the rusty gneiss. This can be seen in map view where the 

amphibolite unites in the rusty gneiss are truncated by the contact. Below the unit contact, 
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asymmetric strain fabrics indicate an increasing component of top to the east shear strain 

upward toward the contact. Everywhere observed, the contact is defined by a ~20-30 m 

thick zone of fine-grained rock. These observations suggest that the contact is a shear 

zone with a major component of flattening and that shear occurred after the onset of 

folding. The presence of asymmetric pre-boudinage structures in some dikes also suggest 

that some amount of stretching or flattening occurred during the shearing event. Further 

microstructural analysis indicates that although grain size reduction and dynamic 

recrystallization of quartz in the form of grain boundary migration is evident, significant 

post-strain static recrystallization and recovery has overprinted most textures. Extensive 

strain within the shear zone is only evidenced in thin section by the presence of the 

elongated quartz ribbons and relict quartz grain boundary textures (Figure 12).  

 Given the apparent similar ages of units across the shear zone, the displacement 

magnitude is difficult to constrain. The pelitic and amphibolite layers in the hanging wall 

that are truncated by the shear have no corollary exposed elsewhere in the footwall, 

placing minimum constraints of several kilometers of eastward movement of the hanging 

wall relative to the footwall. One possibility is that the shear zone exploited the 

mechanical weakness near the boundary of the two units. Alternatively, the shear zone, 

which dips gently to the west, may have cut previously dipping units. In this particular 

case, the compositional layering in the gray gneiss dips 20° to the west on average, while 

the shear zone is nearly horizontal, such that it cuts down section to the west (Figure 23). 

During slip, this would place the younger rusty gneiss on top of the gray gneiss. Although 

the movement across the shear zone discussed here is significant, similarities in zircon 

populations across it place spatial constraints on deposition proximity and thus lateral 
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movement of the rusty and gray gneisses relative to each other. 

 The period of shearing and recumbent folding is temporally constrained by a 

78.5±2.6 Ma U-Pb zircon age of a foliated, fold-cutting dike (Figure 6). This sample 

contains some proportion of crustal melt based upon relict zircon cores. In addition, the 

Lluvia Peak pluton, located in the hinge of the large recumbent fold is undeformed and 

dated to be 80.2±1.0 Ma. The two ages of the igneous samples are statistically the same, 

however the dike contains a clear tectonic foliation while the pluton does not. Strain is 

unlikely to have been preferentially partitioned into the intermediate composition gray 

gneiss over a lithology dominated by pelites, carbonate, quartzite and a felsic pluton. This 

implies that the Lluvia peak pluton was emplaced after cooling and strain of the 

crosscutting dike had ceased. The very close ages of the two samples thus place particular 

constraints on when major ductile strain and shearing in the field area ended. Progressive 

shearing and folding would have occurred up until intrusion of the dike where it 

immediately ended prior to crystallization of the Lluvia peak pluton. Shearing is then 

constrained to have ended at approximately ~80 Ma. This predates the younger 

exhumation phase of the CGC between 60 and 48 Ma [Andronicos et al., 2003; Rusmore 

et al., 2005]. The movement along the shear zone coincides temporally with convergence 

within the Skeena fold-thrust belt to the west [Evenchick, 1991; Evenchick et al., 2007], 

and may represent a middle crustal expression of the same system. A significant 

proportion of crustal thickening and shearing may be accommodated in the middle crust 

through a combination of shear strain and folding [Betka et al, 2015]. This is expressed in 

the Lluvia Peak area through the presence of widespread recumbent folds in both units. In 

the gray gneiss, the number of small scale recumbent folds increases toward the shear 
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zone. 

 The presence of a crustal component in both the pluton and crosscutting dike, 

which were intruded near the end of deformation and shortening in the field area, suggest 

that peak metamorphism occurred during this time. Hill [1985b] also documented 

migmatites in the field area – although it is unclear whether they are related to this phase, 

or isothermal decompression of the CGC. The zircon cores preserved from the two 

igneous samples were found to be between 190 and 230 Ma and do not contain any of the 

younger ages between 170 and 190 Ma that are present in the surrounding metapelites. 

The age relationships and the presence of partial melts suggests that the rocks were near 

the solidus, and that the melt may have been derived from a nearby source – perhaps 

structurally lower in the section. 

 Pressure and temperature conditions are better constrained by examining 

metamorphic recrystallization textures. Most of the samples collected exhibit high-grade 

dynamic recrystallization of its components under strain, but have since been overprinted 

by late-stage grain recovery. Evidence for GBM is preserved for quartz in nearly all 

samples (Figure 12), but is only locally preserved in plagioclase in several samples. 

Although GBM is the primary deformation mechanism for quartz, the feldspar 

recrystallized by a mixture of GBM and SGR based upon both textures being preserved. 

The quartz microstructures are evidence for widespread strain and dynamic 

recrystallization to have occurred at temperatures greater than ~550°C [Stipp et al., 2002; 

Passchier and Trouw, 2005]. Plagioclase also exhibits grain boundary migration textures 

(Figure 13). Plagioclase generally requires higher temperatures than quartz for similar 

microstructures and increases the minimum temperature estimates for dynamic 
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recrystallization [Passchier and Trouw, 2005]. Cuspate boundaries between quartz and 

plagioclase, and between individual plagioclase grains suggest maximum deformation 

temperatures above 650°C [Rosenburg and Stünitz, 2003]. The static recrystallization and 

recovery suggests either a second influx of heat, or that metamorphism outlasted 

deformation. 

 Pelitic and calc-silicate samples of the rusty-weathering gneiss provide the best-

constrained phase equilibria and metamorphic textures. The rocks lie within the 

sillimanite stability field, as well as within the enstatite-diopside stability fields for calc-

silicates. Staurolite is only stable in the matrix near the peak of Redcap Mountain 4 km to 

the northeast. Given that quartz-staurolite is only stable to ~700°C, it is likely that the 

rocks in the Lluvia peak area that lack staurolite exceeded this temperature [Hill, 1985b]. 

Absence of muscovite may also indicate that metamorphic grade exceeded the muscovite 

+ quartz stability field [Day, 1973]. Hill [1985b] also used a garnet-biotite 

geothermometer and a garnet-plagioclase-sillimanite-quartz barometer to constrain peak 

metamorphic conditions to 702 ± 50°C and 7.6 ± 1 kbar. The conditions thus were near 

the solidus for these rocks, with a minimum burial depth of ~25 km. At Redcap Mountain 

4 km to the northeast within the CGC, kyanite was found preserved as garnet inclusions 

[Hill, 1985b], and gives evidence for a period of higher pressures during garnet growth 

where the kyanite is captured and preserved during later metamorphic events. 

5.1.3. Exhumation 

 

 In the field, cataclasite constrains a period of late top to the west deformation that 

is overprinted by high-angle faults. These are both interpreted to represent post ~80 Ma 

extension. Quartz microstructures in the cataclasite samples show several overprinting 
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textures from within the zone including the formation of subgrains and bulging 

recrystallization that overprints a relict GBM recrystallization texture (Figure 13: Thin 

section textures.). This places deformation temperatures to somewhere between 350 and 

500°C [Stipp et al., 2002]. Rotated plagioclase porphyroclasts contain limbs of 

recrystallized quartz. In addition to this are brittle textures and slip surfaces characterized 

by fine biotite grains. Thus, the transition from high to low temperature extension was 

partially accommodated by normal faulting. 

 This phase of deformation may also be connected to metamorphic overgrowths 

dated between 55 and 48 Ma that are present in both sedimentary samples. These ages, 

and the apparent dissolution of the relict detrital zircon grains, correlate well with the 

latest phase of exhumation documented through the CGC [Hollister et al., 1982, Heah et 

al., 1991] in which exhumation is found to have occurred between 60 and 48 Ma.  

Retrograde metamorphism is most commonly expressed by the partial replacement of 

biotite with chlorite. In the cataclasite, biotite has been nearly completely replaced by 

chlorite. Sericitic alteration of plagioclase is also common in the igneous samples 

14DM45 (Lluvia Peak pluton) and 14DM47 (shear zone cutting dike). Void-filling 

epidote mineralization relating to the late high angle normal faulting is also present in the 

field area. This block faulting is the latest phase of exhumation. 

5.2. Hazelton protolith interpretation 
 

 The Lluvia Peak field area contains Jurassic volcanic and sedimentary rocks that 

represent both a marine and subaerial environment in the gray gneiss and marine clastic 

sediments of rusty gneiss. While the amount of movement across the shear zone is poorly 

constrained, detrital zircons distributions from both units are similar and may represent 
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either a similar timing of deposition, or a progression from felsic volcanics to a marine 

clastic dominated lithology. 

 The exposed lithologic sequence within the Lluvia Peak area is strikingly similar 

to the Hazelton Group exposed ~60 km to the east. The lower Hazelton Group varies in 

form, but is generally a sequence of intermediate to felsic lava flows between 5 and 15 m 

in thickness with arc signatures [Marsden and Thorkelson, 1992]. The flows vary 

between calc-alkaline and tholeiitic, contain occasional layers of marine sediments, and 

represent an emerging arc system. The top of the lower Hazelton Group is a locally 

unconformable surface where a transition to marine clastic sediments occurred. [Gagnon 

et al., 2012 and sources within]. 

 U-Pb zircon data reported here for the Lluvia Peak area contain a unimodal 

normal distribution of ages between 210 and 180 Ma, which closely matches the ages 

compiled by Gagnon et al. [2012] for felsic volcanic and metasedimentary rocks of the 

lower Hazelton Group. These ages do not correlate nearly as well with the timing of 

magmatism in other nearby potential protoliths such as the Alexander terrane, where 

volcanism occurred during and prior to the Paleozoic with a smaller pulse in the 

Alexander terrane in the late Triassic [Gehrels et al., 1987]. Although the Wrangellia 

terrane contains Jurrasic volcanic rocks, it is unlikely to be the protolith due to its great 

distance from the Lluvia Peak area and the presence of the Alexander terrane between 

them. While transportation of young grains is possible, there is evidence for volcanism in 

the immediate area during sediment deposition. 

The Hazelton stratigraphy also correlates well with unit descriptions and protolith 

interpretations at Lluvia Peak including the contemporaneous deposition of volcanic 
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rocks and clastic sediments in both units where shallow marine sediments overly the 

volcanic package (Figure 4) Thick mafic flows in the clastic sediments of the exposed 

Hazelton group closely resemble the ~30 m thick layers of composition-parallel 

amphibolite located in the rusty gneiss. In addition to the observation and detrital ages 

from the Lluvia Peak areas, new ages obtained from the gray gneiss at a locality ~30 

kilometers south of the Lluvia Peak area yielded concordant ages of ~314 Ma [MacLeod 

and Pearson, 2014], which are similar to the documented Stikinia basement atop which 

the lower Hazelton Group was deposited.  

The presence of the Hazelton Group within the eastern extent of the Central 

Gneiss Complex places the known western boundary of the Stikine terrane and suture 

with the Insular terrane west of the field area and increases the width of the Hazelton 

basin by >60 km westward. Identification of the Hazelton Group within the Central 

Gneiss Complex also requires that these rocks were buried to middle and lower crustal 

depths of the orogen, undergoing top-to-the-east general shear concurrently with major 

crustal shortening accommodated by the east-vergent Skeena fold-thrust belt [Evenchick 

et al., 2007]. 

5.3. Tectonic model 
 

 DeCelles et al. [2009] put forth a simplified model of orogenic cyclicity that 

proposed retroarc burial beneath the magmatic arc, followed by extensive partial melting 

and voluminous arc magmatism (Figure 24). The model predicts an increased crustal 

component to magmatism, which should be observed in increased 87Sr/86Sr ratios in the 

melt. The model proposes that during major crustal melting and partial melting of the 

mantle wedge, an eclogitic root forms and becomes gravitiationally unstable, resulting in 
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an increase in accommodation space beneath the arc and increasing rates of 

underthrusting. According to the model, delamination and introduction of new material 

would coincide with a lull in magmatism which would reboot as the crustal material is 

reheated – creating a cycle of magmatic addition rates with increased crustal involvement 

following shortening in the thrust belt. 

 The variation in magmatic addition rates in the Coast Mountains batholith (Figure 

25) as well as the similar timing between it and the 87Sr/86Sr ratios points to a correlation 

between increased addition rates and an increased crustal component of the melt. This 

follows closely with what is predicted by the DeCelles [2009] orogenic cyclicity model 

where the high flux events are driven by melting of the crust beneath the magmatic arc.  

 In the study area, the Lluvia Peak pluton was intruded between 78 and 80 Ma, at 

the end of peak magmatic addition rates within the Coast Mountains batholith [Gehrels et 

al., 2009]. This followed major flattening and top-to-the-east shearing, likely related to 

the concurrent [Evenchick et al., 2007] Skeena fold-thrust belt, interpreted here to have 

buried rocks to mid-crustal levels. While pulses of deformation throughout the history of 

the fold thrust belt are not well constrained, the data presented here show that 

deformation, and therefore shortening, continued until at least 80 Ma. A causal 

relationship between underthrusting of material along a décollement into the middle and 

lower crust and partial melting is expected to occur due to the introduction of material 

into high temperature conditions. Zircon geochronology shows that many of the grains 

contain relict xenocrystic cores that suggest a crustal melting source, the timing of which 

matches an episode of increasingly isotopically evolved magmas within the Coast 

Mountains batholith [Girardi et al., 2012] (Figure 25).   
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 Using the data collected in the Lluvia Peak area, a model for retroarc 

underthrusting and burial of Stikinia can be constructed. A minimum of 160 km of 

shortening was accommodated by the Skeena fold-thrust belt during the Cretaceous, and 

involves underthrusting of supracrustal material beneath the active arc [Evenchick et al., 

2007]. Crustal thickening then triggered a period of high flux magmatism related to 

melting of the lower crust. The high 87Sr/86Sr was still present during the 60-50 Ma 

period of high magmatic addition rate, which coincides with major crustal extension and 

isothermal exhumation of the Central Gneiss Complex.  

 Retroarc underthrusting also allows for the progressive deformation seen in the 

field area. Burial of material beneath the main décollement of the fold thrust belt resulted 

in the initial period of widespread pure shear and the formation of the primary gneissic 

foliation. As the material was buried to deep levels in the crust, the main décollement 

would either step structurally downwards, or would be partially partitioned away from 

the primary structure and accommodated along smaller shear zones and kilometer-scale 

recumbent folds (Figure 26). The shear zone located within the field area closely 

resembles what would be expected of a hanging wall flat on footwall flat relationship in 

the middle crust, where strain was partitioned into the footwall of the primary 

décollement. 

 This suggests a tectonic setting in which accretion at the active convergent margin 

resulted in the burial of a portion of Stikinia beneath the fold-thrust belt and volcanic arc. 

Eventual heating of supracrustal material in the middle and lower crust resulted in partial 

melting of the underthrust material and emplacement of crustally derived plutons. The 

DeCelles et al. [2009] model for retroarc underthrusting is applicable to the Coast 
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Mountains batholith, but does not necessarily require cyclicity to have occurred. Only a 

single period of high flux magmatism is recorded and continues throughout deformation 

across the Skeena fold thrust belt. Ongoing deformation until 80 Ma in the Lluvia Peak 

area give further evidence that melts with a significant crustal component formed during 

ongoing shortening. Further investigation of the nature and timing of deformation is 

required before a more comprehensive model can be constructed. 
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6. Conclusions 
 

 This study contributes to our understanding of the timing and mechanism of burial 

of rocks of the Central Gneiss Complex, overcoming complications from an overprinting 

early Eocene granulite-facies metamorphism by focusing on an area structurally higher in 

the CGC and spatially controlled geochronology.  

 Results presented here document folded and sheared rocks of a mixed 

metasedimentry and metavolcanic origin that represent an emergent arc setting. Structural 

analysis of crosscutting relationships constrain progressive deformation and pure-shear-

dominated strain. The Lluvia Peak area records extensive flattening and shearing in the 

form of widespread boudinage, strain fabrics, and the formation of both centimeter and 

kilometer scale recumbent folds. A shear zone that forms the contact between the two 

primary units was crosscut by an undeformed crustally-derived pluton at 80 Ma. 

Lithologic descriptions and 170-210 Ma detrital zircon ages from metasedimentary units 

constrain a maximum age of sediment deposition, suggesting a correlation of these units 

with the lower Hazelton Group exposed on the eastern edge of the CGC. Metamorphic 

rims correlate in time to 60-48 Ma isothermal exhumation of the Central Gneiss Complex. 

Overall, results suggest that the western edge of Stikinia was underthrust beneath the 

continental magmatic arc in the hinterland of the Skeena fold-thrust belt, followed by 

partial crustal melting, which temporally coincides with an interval of high magmatic 

addition rates in the Coast Mountains batholith. 

 These events, including the correlation between high magmatic addition rates and 

isotopic ratios, are predicted by the DeCelles [2009] orogenic cyclicity model. Analysis 

of compiled isotopic data from volcanic arcs has shown that no more than 50% of the 
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material can be derived from the mantle [Ducea and Barton, 2007]. Retroarc 

underthrusting provides a mechanism for the introduction of material into the lower crust 

as well as a source for large volumes of crustal melts. The Central Gneiss Complex 

represents a rare and vast exposure of the middle and lower crust that provides a unique 

view into the process of retroarc underthrusting and melt generation at a convergent 

margin.
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8. Appendix 
8.1. Methods 

8.1.1. Field work 

 

 The field location is both remote and rugged such that it is only accessible via 

helicopter and with mountaineering equipment suitable for ascending or descending 

excessively steep terrain as well as completing traverses across glacial terrain. We 

completed all field work above the treeline in order to avoid outcrop-obscuring 

vegetables and other complications relating to the temperate rainforest. This includes 

preparing for and avoiding potentially hostile wildlife. All observations therefore are 

based on exposures above 3000 feet in elevation.  

 We undertook mapping, structural analysis, and sample collection in the field area 

with a focus on the contact between the Rusty and Gray weathering units. This included a 

detailed analysis of a section of the gray weathering gneiss from the lower elevations to 

the base of the contact. All field locations are numbered and documented with their GPS 

coordinates. We collected hand samples from 13 different locations for a mixture of U-Pb 

zircon geochronology, microstructure analysis, and phase composition. Oriented samples 

were measured and documented in situ before being removed.  

 All field measurements are displayed in strike and dip format and are documented 

in the attached table. We plotted structural data including foliation orientations, fold axis, 

lineations, and foliatons on a stereonet (Figure 9, Figure 10).  Planar measurements were 

converted to poles to assist interpretations and to reduce clutter. Representative 

measurements and unit boundaries are displayed on a map of the field area modified from 

Hill (1985) PhD (Figure 5). 
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8.1.2. Thin sections 

 

Thin sections were prepared from collected samples and used to document and confirm 

field identification and interpretations. Oriented samples for microstructural analysis 

were cut parallel to lineation and perpendicular to foliation in order to best assess shear 

structures and other fabrics. Arrows were etched onto the slides to preserve orientations. 

We estimated temperatures of deformation in quartz and feldspar using descriptions of 

solid-state deformation temperatures, documented in Passchier and Trouw, (1996) and 

Stipp et al. (2002), and compared mineral assemblages to previous research published by 

Hill (1985) PhD dissertation.  

9.1.3. U-Th-Pb geochronology 

 

We applied Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) 

to analyze the geochronology of four samples from the field area using methods 

described by Gehrels et al, (2008). These samples were obtained and documented in the 

field, as well as examined in thin section to aide in the interpretations. Zircons were 

separated from their host rocks at Idaho State University using a Braun Chipmunk jaw 

crusher and disc mill, Wilfley shaking table, Frantz magnetic separator, and methylene 

iodide. Zircons were hand picked and mounted for igneous samples and randomly 

selected for detrital mounts. We then used a Gatan miniCL Cathodoluminescence (CL) 

detector attached to a scanning electron microscope to produce detailed images of grain 

textures that were later used for spot placement and interpretations. We analyzed and 

displayed data using the Isoplot program developed by Ludwig (2001). We rejected 

analyses when laser pits were suspected to sample multiple age domains observed using 

CL imagery, or contains contamination from possible inclusions. Data from the clastic 
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sedimentary samples is displayed on probability density plots. Metamorphic and detrital 

ages are distinguished by plotting the laser ablated spot on the CL images and comparing 

them to both the measured age and the Uranium-Thorium ratio. The igneous sample 

results are displayed with the age and error bars from individual measurements as well as 

an age calculated from their distribution. We distinguished and removed mixed ages that 

included inherited cores or metamorphic rims by comparing the measured data with the 

CL images. 

8.1.4. Lead loss in zircons 

 

 The rocks in the Central Gneiss Complex underwent granulite facies equivalent 

conditions and thus the role of lead diffusion in zircon may be called into question. The 

rate of Pb loss in zircon is discussed in [Cherniak and Watson, 2000]. The diffusion rate 

of lead in zircon is dependent both on the length of the time certain conditions were 

observed and, to a greater extent, the temperatures those rocks underwent. Significant 

lead loss in zircon in the outer several microns of the grain, and with a time scale of tens 

of millions of years, begins somewhere between 800 and 850°C.  Below these 

temperatures, lead diffusion is zircon is negligible. While this may be a factor in a few 

select locations, the peak metamorphic conditions recorded in the before-mentioned 

samples is between 750 and 800°C. The significant variation between the samples is 

more likely caused by an undocumented stratigraphic or structural contact between the 

two localities. 

8.2. Thin section descriptions 
 

 See Figure 12 and Figure 13 for thin section textures. 

 

 Sample 03: (54.730733, -129.726017) We recovered this sample from a location 
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of the gray gneiss that we field identified to have a graded bed structure. Medium grained, 

equigranular, quartzo-feldspathic gneiss containing ~50% 0.2-0.5 mm quartz, 35-40% 

0.2-0.5 mm plagioclase, 5-10% biotite which defines the foliation, and <5% potassium 

feldspar. Quartz shows evidence of crystal-plastic deformation through Grain Boundary 

Migration (GBM) and is partially reset to 120 triple junctions. 

 Sample 26: (54.73155, -129.7332) This sample was collected from a foliated dike 

that visibly crosscuts a meter-scale recumbent fold. Quartzo-feldspathic gneiss with relict 

plagioclase porphyroclasts up to 5 mm in diameter with igneous zoning textures in a finer 

matrix of 40% quartz, 3-5% biotite, and 45-50% plagioclase. Biotite defines the foliation. 

Visible GBM of quartz suggests strain and recrystallization temperatures greater than 

550°C [Stipp et al., 2002] and is overprinted by a partial resetting texture. Biotite 

orientations within the finer matrix, undulose extinction of quartz, and dynamic 

recrystallization points to a tectonic origin of the fabric. 

 Sample 32: (54.72585, -129.74105) This sample was collected from the shear 

zone. Fine grained quartzofeldspathic gneiss with evidence for recrystallization and 

recovery to 120 degree triple junctions. Undulose extinction in quartz is seen in coarse, 

elongated ribbons that exhibit GBM. Some biotite is present in the matrix. The foliation 

orientation is identified through the quartz textures. 50% Quartz, 45-50% plagioclase, 1-

3%biotite, 1% > hornblende. 

 Sample 44A/B: (54.749567, -129.769983) This sample was collected from the 

cataclasite found in the amphibolite layer of the rusty-weathering gneiss. Deformed 

biotite – quartz, plagioclase, cataclasite containing 30% 0.01 – 3mm biotite, 45% 0.1-0.4 

mm quartz, 0.1 – 0.5 mm plagioclase, 2-8% chlorite. Quartz is found in 0.5-1 centimeter 
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thick layers that contain elongated coarse grained ribbons which exhibits Sub Grain 

Rotation (SGR) as the primary method of dynamic recrystallization. These layers contain 

biotite spaced throughout them that defines the foliation. Deformed biotite also mantles 

rotated plagioclase clasts, forming an S-C fabric and mica fish. In specific locations, 

discrete plains of very fine biotite form a continuous layer across the sample parallel to 

the foliation. In some locations, biotite is partially to completely altered to chlorite. The 

fabric points to a top the west sense of shear. Plagioclase has localized evidence of 

dynamic recrystallization. 

 Sample 45: (54.747417, -129.770133) This sample was collected from the 

eastern edge of the Lluvia Peak pluton. Coarse-grained granoblastic granodiorite with 

minor sericitic alteration of plagioclase (albite). 50-60% 1-3mm plagioclase, 20-30% 1-

2.5mm quartz, 5-10% 1-10mm biotite, 10% > potassium feldspar and hornblende. 

 Sample 47: (54.75005, -129.771617) This sample was callected from a felsic dike 

that crosscuts the shear zone. Medium grained granoblastic granodiorite containing 25% 

0.5-1.5mm quartz, 50% 0.5-1.5 mm plagioclase (albite), 5-10% 1-2mm hornblende. 

Biotite is present, but makes up less than 1% of the sample. Minor sericitic alteration of 

the plagioclase is present. 

 Sample 48: (54.737433, -129.8112) This sample was collected from a strained 

pebble conglomerate from the gray gneiss. Medium grained equigranular, Quartzo-

feldspathic metamorphosed pebbled conglomerate, containing ~ 10-15% biotite, ~70% 

quartz, ~10% plagioclase  in the matrix. The clasts are distinguished visibly by its larger 

grain size, and containing only ~5% biotite, but similar proportions of other phases. 

Quartz exhibits GBM and partial resetting to 120 triple junctions. 
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 Sample 50: (54.74265, -129.787133) This sample was collected from a garnet-

bearing section of the shear zone exposed on the north face of Lluvia Peak. Fine grained 

quartzo-feldspathic gneiss with 2-6mm garnet porphyroblasts and 5-10 mm thick coarse 

grained quartz ribbons. Contains 45% quartz, 3-5% biotite, 40-45% plagioclase, 4% > 

garnet. Biotite is fine-grained and aligned with the foliation. Minor pressure shadows are 

preserved on one edge of the garnet, but is otherwise recrystallized. 

 Sample 52: (54.747367, -129.76985) This sample was collected from the lower 

amphibolite unit in the rusty weathering gneiss.  Quartz-biotite-plagioclase gneiss with 

porphyroblastic garnets up to 10mm in diameter. Contains ~ 60% 0.5-1 mm quartz, 25% 

1-2mm biotite, 5-10% 0.5-1 mm plagioclase, 5% > garnet. The foliation is defined by 

aligned biotite up to 2 mm across. The quartz-feldspar matrix is partially to completely 

recovered to form a granoblastic texture. 

 Sample 53: (54.7454, -129.769667) We collected this sample from pelitic layer 

within the rusty weathering gneiss and contains a microprobe polish that may be utilized 

for future work. The sample is a medium grained porphyroblastic quartz – sillimanite - 

biotite, garnet gneiss with up to 5% plagioclase. Tabular sillimanite and biotite define the 

foliation and wrap 1-3mm inclusion – rich garnets. The sillimanite is not associated with 

any identifiable potassium feldspar, and there is no visual evidence for partial melting in 

the hand sample or in thin section. The sillimanite is not seen as inclusions in the garnet. 

 In reflected light, opaque minerals have a coppery core with a tan metamorphic 

rim of ilmenite. These rims are present within the garnet inclusions as well as the matrix. 

 Sample 54: (54.745567, -129.7693) This sample was collected from a coarse 

quartz-rich sample within the Rusty Gneiss. Medium-grained granoblastic calcareous 
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quartzite with gneissic banding defined by enstatite and diopside.  ~ 35% quartz, 20% 

plagioclase, 35% enstatite + diopside, and up to 3% titanite. Centimeter scale folds are 

present on the slide, but are not texturally distinguishable under magnification. The 

quartz and feldspar have been recovered with little to no metamorphic texture 

preservation. Grain size of each mineral varies from 1-3mm in diameter. 

8.3 CL descriptions 
 

 Sample 26: This sample was retrieved from a deformed felsic dike that crosscut a 

meter-scale recumbent fold. The grains are euhedral, with no evidence of fracturing or 

rounding. The images show a zoned igneous growth pattern that forms most of the grains 

interior (Figure 14).  Grain shape varies from squat zoned forms to elongate grains that 

contain a distinct linear zoning pattern at their center and a more homogeneous pattern at 

their tips and sides. Grain size is generally between 100 and 150 microns in length, with a 

few smaller outliers. 

 The igneous zoning is commonly split up into two distinct domains: the core and 

rims. The cores are distinguishable texturally from rims by brightness, changes in zoning 

pattern, and truncation of specific zones. I identified no distinguishing characteristics 

common across the cores. The cores make up some portion of the sample and are 

sometimes euhedral in shape, but often are rounded as if from dissolution prior to growth. 

The sample rims tend to be composed of a single outer zoned layer that distinctly defines 

the euhedral shape. The visibility of the igneous zones is limited by contrast changes 

between the layers and thickness of the rim. A few of them have no visible igneous 

zoning pattern at all. In some grains the boundary between the rim and core is difficult to 

identify, and in some of the smaller grains, is not present at all. 
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 Sample 45: We retrieved this sample from the Lluvia Peak pluton on the 

northeast dipping ridge ~ 20 m from the pluton edge. This sample is similar in 

appearance to sample 26, and contain large euhedral grains, each with a distinct igneous 

zoning pattern and have little evidence for rounding or dissolution of the outer grain 

boundaries. More elongate grains are common and contain visibly distinguishable core-

rim domains. The cores tend to be rounded in shape with more significant dissolution 

textures occurring on the ends of the grain and less dissolution or growth along the sides. 

Cores also tend to be smaller in relation to the rims, but vary significantly from grain to 

grain. In some grains the igneous growth pattern is continuous to the edges with no 

visible core-boundary relationship. Grain size varies from 100-150 microns in length. 

 Sample 48: We retrieved this sample from a stretched pebbled conglomerate unit 

directly beneath the shear zone of the rusty weathering gneiss. The zircon grains in this 

sample are immediately distinguishable by their complex irregular form and from their 

internal compositional structure. Grains tend to lack the elongate shape and distinct 

igneous zoning of samples 26 and 45, as well as contain a more varied grain size. The 

largest grains are on the order of 150 microns, but are wider than the elongate grains of 

the igneous samples, while the smallest are on the order of ~50 microns and sometimes 

contain a banded igneous zonation pattern that is otherwise overprinted and missing from 

the rest of the grains. 

 Complex dissolution, zoning, and growth can be seen in (Figure 14). In nearly all 

the samples, a clearly visible, but otherwise complex core is present. The grains 

commonly display sector zoning, patchy zoning, and extensive visible dissolution of 

grain boundaries. While interpretations on how exactly these textures form is debated 
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[Corfu et al., 2003], they are likely related to exposure and growth during high-grade 

metamorphic events or exposure to partial melts. In many of these grains, we observed up 

to three layers with truncated growth zones and dissolution. The cores with the pitted 

dissolution textures are almost always overprinted by a later domain of homogeneously 

textured growth that forms straight grain boundaries and edges. While the grains 

themselves tend not to be rounded in appearance, the shape and overall form of the grain 

is defined by extent and shape of the irregular core. 

 Sample 54: This sample was taken from a coarse grained, calc-silicate-rich 

quartzite within the rusty weathering gneiss. The zircon grains and form are very similar 

to that of sample 48 with largely variable grain size (50-150 um), odd shapes, complex 

zoning and common heavy dissolution patterns. The number of zircons we recovered, 

retrieved and measured was significantly more than that of the pebble conglomerate. 

While individual periods of growth and dissolution is difficult to identify within the cores 

of the grains, many of the grains exhibit a thin homogeneous rim that is distinct and 

otherwise unaltered. Sector zoning and patchy zoning is present throughout most of the 

grains and across various domains. 

8.4. Geochronology 

8.4.1 Mean Square Weighted Deviation 

 

The Mean Square Weighted Deviation (MSWD) is used to provide a numerical 

value for closeness of fit to a standardized unimodal distribution of ages and is based on 

the measured instrumental error for each sample. A MSWD of 1 represents a good fit 

within the calculated ages ranges. A MSWD of <1 means that the scatter of data points is 

small in relation to the analytical uncertainties, such that the error bars on each 

measurement are much larger than what the scatter of points may suggest. The 
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uncertainties of the measurements are likely to be overestimated. A MSWD of >1 means 

that the scatter of the data points is much larger than what would be possible within the 

individual error bars. This means that either the errors for each measurement were 

underestimated, or the data points do not represent the error scatter of a single value or 

age, but rather a distribution of ages themselves. The MSWD is therefore a method that 

assumes a unimodal distribution and can be used to assess error estimates or the 

applicability of an igneous origin to an uncertain protolith. 

8.4.2 Igneous statistics 

 

 For the igneous samples the data averages for the igneous samples were plotted 

using the Isoplot program plugin for Microsoft Excel 2003. All age ranges are drawn 

with a two standard deviation error sensitivity. Error bars range significantly for each age 

and is related to changes of elemental compositions both within and between samples. 

We chose each spot to receive the clearest result from each grain, and as previously 

mentioned, removed data points that contained significant measuring errors or impossible 

ages. 

 Sample 26: We plotted the zircon ages with their respective spot size and grain 

location for each analysis to aide in interpretations. For this sample, we imaged the cores 

using the 25um spot size. The zircon cores, were present, vary between 180 and 220 Ma 

in age and are significantly older than the zoned rims. This is evidence for the cores to be 

xenocrystic – and were derived from some form of crustal melt. The dissolution textures 

evidence by the rims of these grain boundaries provides further evidence for this process 

as existing grains interact with the surrounding melt. The rims with the igneous zonation 

pattern therefore reflect cooling of the dike. The smaller rim size in comparison to the 
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pluton may either be a result of cooling rates, or melt composition. Ages we retrieved for 

the rim domains of this sample tend to be between 76 and 83 Ma and likely reflect a 

crystallization age for the melt. 

 I plotted the ages for sample 26 using the Isoplot program (Figure 18) by 

separating out core and mixed ages from the data set in order to calculate an accurate 

value for the timing of melt crystallization. The age calculated from this sample is 78.5 ± 

2.6 Ma with a Mean Square Weighted Deviation (MSWD) of 6.7. This age represents the 

crystallization age of the grain rims, and therefore cooling of the melt - as is suggested by 

textural data from the CL images. The MSWD of 6.7 is much higher than expected and 

suggests that the calculated errors are either significantly underestimated, or that some of 

the ages may contain a small amount of domain mixing which would either increase or 

decrease the calculated age. This mixing will be magnified by the few ages measured (n = 

15), and may reflect previously unidentified growth domains. The presence of a 64.1 ± 

4.9 Ma mixed age from the very outer rim of one of the grains points to the presence of a 

very weak, late period of zircon growth. 48-52 Ma metamorphic rims are common in the 

metasedimentary samples (see the metasedimentary sample statistics section) and may be 

the culprit. Either way, the overall change in the calculated age is minimal, and the 

increased error is seen in the 2.6 Ma error bars. In addition, all of the ages used for the 

age calculation are concordant. 

 There were not enough core ages to produce an accurate probability density plot 

for sample 26, however most of the ages measured were found to form a normal 

distribution around 200 Ma. U/Th ratios of the different grains vary significantly when 

measured within the rims, and range from as low as 0.7 up to as high as 23.7. There is no 
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other obvious spatial relationship or correlation to this pattern. The cores, however, 

contain consistently low U/Th ratios of <2.0, with the exception of the upper age outlier 

of 276 Ma, at 3.6. This may represent fluctuations of uranium and thorium availability 

during melting of the host rock and crystallization of the grain. 

 Sample 45: Sample 45 cores provide a similar age distribution to those found in 

the felsic dike. Core ages vary between 170 and 260 Ma and likely represent relict 

xenocrystic cores that experienced early dissolution during melting of the sample, 

followed by a period of later crystallization. The rims were dated to be between 76 and 

86 ma. There are several ages that lie between the younger rim and older core age 

populations and are interpreted from analysis of the cl images to be mixed ages. The 

younger grain ages are attributed to mixing with a thin metamorphic rim where the 

ablation spot overlapped the two domains either spatially, or through the grain. 

 The age and error range for each data point was plotted using the Isoplot plugin. I 

omitted ages identified from the age data and from the CL images as being from the grain 

cores, mixed ages, or containing excessive error on the measurement. I then calculated 

the average age from these remaining grains in order to reflect the crystallization age of 

the zircon rims. The final age calculated is 80.2 ± 1.0 Ma, with a MSWD of 0.98. The 

MSWD of 0.98 means that the data points fit a distribution that agrees with the calculated 

errors for the sample. It provides a good fit for error distributions around a single age. 

The errors and measurements for both 26 and 45 were done concurrently and represent 

the same calibration and method for determining errors in measured ages. The errors of 

the two samples are therefore similar. For future work, collecting additional samples from 

the field for a more robust age of the dike may be useful, but the age and related error of 
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78.5 ± 2.6 Ma for sample 26 is sufficient for this discussion. It is important to note that 

the ages of 80.2 ± 1.0, and 78.5 ± 2.6 are indistinguishable from each other. 

 Zircon core ages for sample 45 follow a similar normal distribution to what we 

observed in sample 26, and their distribution lies between 180 and 230 Ma in age. It was 

likely sourced from a similar unit or lithology. U/Th ratios for this sample are generally 

higher in the rims and vary significantly from measurement to measurement. Most lie 

within the range of 5 to 15, with a few outliers above this. Core U/Th ratios are uniformly 

lower and vary between 0.4 and 2.5. The higher ratio may be a result of mineral growth 

and melting during migmatization and crystallization of the melt. 

8.4.3. Sedimentary statistics 

 

The cores of the individual grains were systematically analyzed to remove as 

much measurement bias as possible, however the complexity of the grains and domains 

therein force some amount of intrinsic bias related to choosing the spot location. For the 

purpose of the discussion, and from analysis of the spots, the grain cores are assumed to 

consist of a single domain and will represent grain age and interpreted sourcing. Other 

methods such as the concordia diagrams, and plots of the averages are used in the results 

and interpretations of the two samples. This includes the MSWD of the age distribution 

and comparison to unimodal igneous sources. 

 Sample 48: We dated sample 48 exclusively with the 12micron spot size for 

greater accuracy within the smaller domains. The homogeneous rims of the zircons gave 

us consistent ages of between 48 and 55 ma that lie within standard error of each other 

and can be compared to the 80 Ma rims seen in the igneous samples. These rims contrast 

with the cores which vary between 180 and 210 years of age. Individual measurements 
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within specific, complicated cores most commonly contain indistinguishable ages from 

each other, although some exceptions do occur. All of these exceptions, however, are 

older than the 170 Ma measurements and may either represent contamination of results 

due to minor inclusions, or an early event experienced by those grains prior to cooling 

and erosion into the conglomerate. 

 A histogram of the measured age distributions are plotted in (Figure 20) and 

contains all of the ages of the grains and the rims. The most significant peak of ages 

falling between the 180 and 210 range are the ones taken from the interior of the altered 

grains, while the secondary peak at 50 Ma represents the measurements from the 

homogenous rims. The few ages that fall between them are likely mixed ages, and closer 

examination of the CL images suggests that this is indeed the case. All of the ages with a 

few exceptions are concordant (Figure 22) and contain a reasonable uncertainty - giving 

no evidence for lead loss through diffusion due to high grade conditions. 

 I also plotted a probability density plot of the largest peak of ages from between 

180 and 210 Ma (Figure 21). First glance suggests that this is indeed a normal 

distribution of ages expected from a single grain age or source. However, a closer 

examination of individual errors shows that the unimodal spread of ages is much larger 

than the error bars would allow for a single age population. To further show this, the 

MSWD calculation for these ages provided a value of 13. This means that either the 

sample did not originate from a single population, or the errors for each measurement are 

greatly underestimated. Field observations of a stretched pebble conglomerate point to 

the former being correct.  It's more likely that the conglomerate was instead locally 

sourced (see protolith discussion section of manuscript) 
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 All of the rims give ages of 48-55 Ma, with ages of 80 Ma not present at all. U/Th 

ratios vary between 17.5 and 250 for these ages, while the cores contain ratios between 1 

and 5, and likely represent changes in element availability during growth. Further 

evidence for these as metamorphic rims stem from their anomalous, homogeneous form, 

and the overall subhedral appearance of the grains. 

 Sample 54: We also dated sample 54 exclusively with the 12 um spot size for 

more accurate positioning of the ablation spots. The zircons gave varying ages based on 

spot location, and similar to sample 48, can be broken up into the main core and the rim 

domains. The homogeneous rims gave ages between 48 and 55 Ma, and the grain cores 

gave ages that vary from 170 to 210. On several grains, multiple measurements were 

made of the same core where we observed textural variations within them. In all cases 

this textural differences resulted in the same age, with one exception where the center and 

outside of the grain yielded an age of 193 Ma, while the middle rim yielded an age of 

247.6. Unless the older age represents the skeletal husk of a mostly dissolved grain prior 

to the zoned zircon growth, the older age is likely a result of a small inclusion or other 

interference with the age – although the error range is still reasonable. 

 Figure 20 represents a histogram of the ages from each measurement. A single 

large peak is visible between 170 and 210 Ma, while the rest of the ages are spread 

between this and around 50 Ma were a second smaller peak is visible. The unimodal peak 

between 170 and 210 is similar in appearance to the one described in sample 48, but is 

distinctly shifted to the left (younger) by several million years. This is more evident in the 

probability distribution plot across the peak. This sample contains a small yet significant 

population of ages that lie between 170 and 180 ma not visible in the previous one. The 
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ages for this sample are mostly concordant (Figure 22), and are unlikely to have 

experienced significant lead loss through diffusion. 

 I plotted the probability density for the large peak of sample 54 in (Figure 21). 

This distribution follows a near-unimodal peak with a small secondary peak between 170 

and 185 Ma. This small increase in probability does not appear in the sample 48. This 

smaller peak may be dismissed to chance - as the main peak still follows a normal 

distribution - however the younger population does exist uniquely. The MSWD for this 

normal distribution is on the order of 15, such that it is unlikely that this sample 

represents a single age population, but a spread as would be expected from a deformed 

quartzite. There is a lack of older ages in this sample which gives some implication for its 

broader depositional environment. 

 Similar to sample 48, all of the rims give ages between 48 and 55 and are marked 

by an increase in their U/Th ratios. These ages, or rims, from the two samples are likely 

related to the same event. 
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8.5. Figures 

 

Figure 1: Index map of western British Columbia showing study area in 

the context of major terrane boundaries and faults [modified from Wheeler 

and McFeely, 1991 and Gehrels et al., 2009] 
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Stikinia 

Stikina is located to the east of the Central Gneiss 

Complex and is separated from the latter by the Shames 

River mylonite. Stikinia includes a composite of Paleozoic 

and early Mesozoic volcanic rocks that are overlain by 

Jurassic volcanic rocks of the lower Hazelton Group, 

siliciclastic rocks of the middle and upper Hazelton 

groups, and Cretaceous marine sediments of the Bowser 

basin [Marsden and Thorkelon, 1992]. Shortening in the 

Skeena fold-thrust belt in these sediments requires a 

minimum of 160 km of retroarc underthrusting beneath the 

batholith [Evenchick et al., 2007]. 

Alexander terrane 

The Alexander terrane is located directly to the west of the 

Central Gneiss Complex where the Coast shear zone forms 

the contact between the two near the latitude of Prince 

Rupert. The Alexander terrane consists of Proterozoic and 

Paleozoic rocks as well as Triassic-early Jurassic 

sediments [Gehrels et al., 1987]. Paleomagnetic data 

suggest that many of the rocks were deposited near the 

equator where it collided with Wrangellia during the late 

Paleozoic to form the Insular superterrane. This terrane 

comprises a large portion of western British Columbia and 

Alaska. Accretion of this terrane with western North 

America occurred during the Cretaceous. 

Yukon-Tanana 

terrane 

The Yukon-Tanana terrane is located in northern British 

Columbia, east-central Alaska, and western and central 

Yukon [Mortensen et al., 1992]. It is composed of 

continental volcanic arc sediments that were deposited in 

three pulses during the Devonian-Mississippian, Permian, 

and Triassic-early Jurassic. It also contains marine 

sedimentary rocks deposited at the margin. Triassic and 

Permian magmatism and deformation is correlated to 

terrane and collisional events at an active convergent 

margin. 

Figure 2: The context of each terrane is described in consideration as a 

possible protolith of the Central Gneiss Complex. See Figure 1: for terrane 

locations in map view. 
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Figure 3: Schematic W-E view showing terrane lithologies and ages. From 

Gehrels et al. [2009], this figure shows the lithologies of the Insular, 

Yukon-Tanana, and Stikine terranes and associated structures. See Figure 

2 for descriptions.  
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Figure 4: Schematic lower and middle Hazelton Group stratigraphy. The 

lower Hazelton Group is an isotopically homogeneous sequence of felsic 

volcanic rocks with thin carbonate interbeds and occasional mafic lava 

flows. The middle Hazelton Groups overly the lower Hazelton and consist 

of clastic sediments, thick mafic flows, and some carbonate units. The 

middle Hazelton Group is variable in timing and composition along-strike, 

and represents a trough between two volcanic arcs [Gagnon et al., 2012]. 
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Figure 5: Bedrock map showing foliations, normal faults, and large folds 

within the Lluvia Peak field area. The gray gneiss is undifferentiated in 

this area. The red line represents the boundary of the area described by this 

manuscript. Relevant field stations discussed in the text are labeled. 
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Figure 6: Examples of structures from the gray weathering gneiss on the 

eastern side of Lluvia Peak. A) Boudinage of a weakly foliated felsic dike. 

B) S-C shear bands in the lowest exposed portion of the gray gneiss. C) A 

foliated felsic dike crosscuts a tight recumbent fold at field station 26. D) 

S-C fabric visible in the shear zone.  
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Figure 7: Examples of common structures exposed in the gray gneiss 

include: A) deformed amphibolite unit 20 m beneath the shear zone; B) 

cm-scale isoclinal folds with transposed limbs; C) boudinage of thick 

felsic dikes and compositional layers; and D) parasitic folds commonly 

found near the hinge of the larger recumbent structures. 
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Figure 8: Field photographs from the rusty gneiss and epidote crag. A) 

Dextral (top to the west) slip within the cataclasite zone is evidenced by an 

offset felsic dike. B) Stretched pebble conglomerate from the base of the 

shear zone. C) Complex folding in a calcsilicate layer of the rusty 

weathering gneiss. D) Contact between the Lluvia Peak pluton and a 

biotite rich layer of the rusty gneiss. 
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Figure 9: Steronet showing poles to foliations and lineations. Foliations 

generally dip ~20° to the west, and flatten to a more south dipping 

orientation near Epidote Crag. In some locations, multiple sub parallel 

stretching and mineral lineations were documented on the same foliation 

parallel surface. 
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Figure 10: Stereonet of fold axes and axial planes. The axial planes of the 

measured folds are parallel to the foliation, with the only exception being 

some of the small parasitic folds documented in the hinge of the larger 

structures. The fold axes plunge to the south and west. The smaller 

wavelength folds with transposed limbs tend to dip more towards the west.  
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Sample# Qtz Ksp Pl Bt Cl Gt Hbl En Di Sil Other 

14DM03 x / x x /      apatite 

14DM26 x  x v       apatite, sericite, zircon 

14DM32 x / x v   /     

14DM44A x / x x /      sericite 

14DM44B x / x x x      sericite 

14DM45 x  x x   v    apatite, titanite, sericite 

14DM47 x / x / x  x     

14DM48B x v x x /      apatite, zircon 

14DM50 x / x x  v      

14DM52 x x x x        

14DM53 x  v x / x    x apatite, rutile 

14DM54 x / x     x x  titanite, zircon 

 

Figure 11: Table of mineral phases in thin section. Table of major rock-

forming minerals documented in thin section for each sample collected.  

Minor phases are only listed where they have been identified with 

confidence. Opaque minerals (not listed) show complex growth and 

reaction textures in reflected light, however ilmenite, magnetite, and pyrite 

are common. (Symbols:   ( x  > 10%),    (5% < v > 10%),   ( /  < 5%) 

 

 

 



65 

 

 

Figure 12: Quartz microstructures. A-B) Photomicrographs of the 

ultramylonite from exposures east and west of Lluvia Peak. Quartz shows 

significant grain recovery post deformation. C) Undulose extinction and 

bulging recrystallization overprints relict grain boundary migration fabric 

D) Quartz, plagioclase, and enstatite textures from sample 54, a calc-

silicate layer in the rusty gneiss. 
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Figure 13: Thin section textures. A) Plagioclase with asymmetric pressure 

shadows. B) Biotite, garnet, sillimanite, quartz textures from a metapelite 

unit in the rusty gneiss. No potassium feldspar or muscovite is present. C) 

Underformed Lluvia Peak pluton with minor sericitic alteration of 

plagioclase. D) A plane of ultra-fine biotite from within the zone of 

cataclasite. 
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Figure 14: Igneous cathodoluminescence images. 
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Figure 15: Sample 48 cathodoluminescence images and interpretations. 
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Figure 16: Sample 54 cathodoluminescence images and interpretations. 
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Figure 17: Distribution of igneous zircon analysis. Sample 26 from the 

crosscutting dike and sample 45 from the Lluvia Peak pluton show 

distributions around 80 Ma that represents the age of magma cooling as 

well as an older population of relict cores. 
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Figure 18: These plots show each age measurement from the zircon rims 

and their respective errors. The green line is the best calculated age for the 

sample. Sample 26 has a high MSWD, suggesting underestimated errors, 

or a small contribution from other domains in a few of the measurements.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
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Figure 19: Igneous Concordia plots. Sample 45 (top) and Sample 26 

(Bottom) are concordant around 80 Ma. The inherited cores appear 

concordant, but have larger associated error. 
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Figure 20: Sedimentary age histogram.The histograms above contain all of 

the different analysis obtained for samples 48 from the conglomerate, and 

sample 54 from the rusty gneiss. These graphs contain multiple ages from 

some grains and do not represent a probability distribution. 
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Figure 21: Probability distribution of sedimentary ages. Similar age 

distributions can be seen between the two samples. Sample 54, from the 

rusty gneiss, contains several grains between the ages of 170 and 180 Ma 

that are absent from sample 48 from the conglomerate unit. The peak of 54 

is skewed more towards the younger ages. 
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Figure 22: Concordia diagram for metasedimentary sample zircons. 
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Figure 23: Schematic cross section of Lluvia Peak area showing the 

different units and apparent foliation dip between points A and A’ labeled 

on the map (Figure 5:), and with no vertical exaggeration. The Lluvia Peak 

pluton is located above the shear zone at this location, but slopes down to 

intersect it to the northwest. 
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Figure 24: DeCelles orogenic cyclicity model. [Modified from DeCelles et 

al., 2009] 
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Figure 25: Sr, La/Yb, and magmatic flux (gray shading) [Girardi et al., 

2012]. The upper plot of La/Yb, magmatic flux, and age shows a 

correlation between high rates of magmatic addition and crustal thickness. 

The lower plot of Sr and magmatic flux suggests an increased crustal 

contribution to magmas during the high flux events. 
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Figure 26: Underthrusting of retroarc material beneath the magmatic arc 

leads to deformation and partial melting of the underthrust plate. Strain is 

partitioned into the weak lower crust beneath the main detachment in the 

form of ductile shear and kilometer scale recumbent folding. The 

formation of migmatites related to crustal thickening and the emplacement 

of melt-related plutons occurred contemporaneously with underthrusting. 
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8.6. Zircon data 

8.6.1. Sample 54 
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8.6.2. Sample 48 
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8.6.3. Sample 26 
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8.6.4. Sample 45 
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