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ABSTRACT   

 

The Easton metamorphic suite of the Northwest Cascades Thrust System (NWCS) is a 

well-preserved subduction accretion complex in Washington State. The regional blueschist units 

of the Easton metamorphic suite include the Mt. Josephine semi-schist, Darrington Phyllite, and 

Shuksan greenschist/blueschist and all are interpreted to have accreted after the onset of Jurassic 

subduction beneath North America. This study uses zircon U-Pb geochronology, structure, and 

field observations to test the regional correlations between units in the Easton metamorphic suite 

and address models for the timing of subduction accretion along the North American margin in 

the Late Jurassic – Early Cretaceous. The results suggest that previously correlative units in the 

Easton metamorphic suite are instead structurally distinct litho-tectonic units. The Mt. Josephine 

semi-schist has at least two distinct groups of maximum depositional ages at ~144 Ma and ~122 

Ma and suggests different sources within the same unit or that the Mt Josephine semi-schist 

consists of units accreted at separate times. The Lummi Formation in the NWCS yields similar 

maximum depositional ages as the older portions of the Mt Josephine semi-schist and may be 

correlative. The oldest portions of the Mt. Josephine appear to be ~8 m.y. younger than the 

Darrington phyllite and the youngest Mt. Josephine maximum depositional ages are younger than 

previously published white mica 40Ar/39Ar ages of the Darrington. The Shuksan greenschist has a 

protolith age of ~166 Ma but the structural and metamorphic history is different from the 

Darrington phyllite and the two units should be considered separately. The geochronology 

presented in this study documents an almost complete continuum of zircon ages from the Mid-

Jurassic up to ~120 Ma. Deposition and subsequent quick subduction accretion in the Easton 

metamorphic suite occurred ~30 m.y. earlier than the main accretionary phase in the Franciscan of 
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California and suggests that proposed changes in relative Pacific - North American plate motion 

did not solely drive changes from subduction erosion to subduction accretion. 
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1. INTRODUCTION 

The Northwest Cascades Thrust System (NWCS) in Washington state is a package of high-

pressure low-temperature nappes that preserves a prolonged record of subduction accretion along 

western North America from ~170 Ma to ~<95 Ma (Fig. 1) (Brown, 1987; Brandon et al., 1988; 

Brown, 2012; Cordova et al., 2019). The accretion of similar Jurassic-Cretaceous subduction units 

in North America has been linked to changes in plate motion (Dumitru et al., 2010) and 

understanding the formation and evolution of units in the NWCS can offer further insight into the 

processes that control subduction accretion and erosion on the Cordilleran margin. Within the 

NWCS, the Easton Metamorphic Suite (EMS) is a structurally high nappe (Fig. 1) that preserves 

the earliest record of subduction initiation and subsequent accretion (Brown et al., 1982, Brown et 

al., 1986, Cordova et al., 2019). Despite the importance of the EMS to the early subduction history 

of the NWCS, the spatial extent, age, and structural relationships of the units within the EMS are 

debated.  

The Easton metamorphic suite contains several litho-tectonic units of varied protolith, age, 

and metamorphic conditions (Fig. 2). The oldest and highest-grade rocks consist of garnet 

amphibolite, Na-amphibole schist, and serpentinite. Together, these rocks are interpreted to record 

subduction initiation and subsequent metamorphism between >167-157 Ma (Brown et al., 1982; 

Cordova et al., 2019). Younger and lower grade regional blueschist units were metamorphosed 

between 149-137 Ma and occur structurally beneath the older high-grade assemblages (Haugerud 

et al., 1981; Brown et al., 1982; Cordova et al., 2019). Individual units within the regional 

blueschist have been separated largely based on different protoliths and include the Mt. Josephine 

semi-schist, Darrington phyllite, and Shuksan greenschist (Misch, 1966; Haugerud et al., 1981; 

Brown, 1986; Tabor et al., 2003). Most workers consider the Mt. Josephine semi-schist to be a 
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coarser-grained equivalent of the Darrington phyllite (e.g., Misch, 1966; Brown et al., 1987; and 

Tabor et al., 2003), however there are different interpretations for the relationship between the 

Darrington phyllite and Shuksan greenschist. The first interpretation posits that the regional 

blueschist facies rocks are a single unit and the Darrington phyllite was deposited as a mudstone 

on the volcanic protolith of the Shuksan greenschist prior to subduction. This interpretation 

suggests that the Shuksan is older than the Darrington (Haugerud et al., 1981; Brown et al., 1982). 

The second interpretation argues that the regional blueschist contains distinct units accreted at 

different times. This theory argues that the contacts between units are structural and that the 

Shuksan is younger than the Darrington phyllite (Cordova et al., 2019). Though the southwestern 

extent of the Easton metamorphic suite already has a well-constrained record of metamorphic ages 

(e.g. Cordova et al., 2019), a determination of protolith and depositional ages for the Mt. Josephine 

semi-schist, Darrington phyllite, and Shuksan greenschist is necessary to further understand the 

subduction history of the region.  

In this work, I combine structural analysis and U-Pb zircon geochronology from the Mt. 

Josephine semi-schist, Darrington phyllite, and Shuksan greenschist in the Easton metamorphic 

suite to evaluate existing interpretations of the Shuksan greenschist and Darrington phyllite 

contact, as well as the assumption that the Mt. Josephine semi-schist and the Darrington phyllite 

are one unit. The new data confirm that the Shuksan greenschist and Darrington phyllite are distinct 

units and are likely separated by a structural contact. In addition, maximum depositional ages of 

the Mt. Josephine semi-schist are younger than the depositional age and metamorphic ages of the 

Darrington phyllite, and likely do not support interpretations that they are the same unit. The results 

from this work also imply that subduction accretion along the North American margin probably 
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started earlier than suggested by previous studies that examined correlative subduction complexes 

south of the NWCS like the Franciscan Complex of California (Brown and Blake, 1987).  

  

2. THE EASTON METAMORPHIC SUITE 

2.1 Regional Geology 

The Northwest Cascades Thrust System (NWCS) of western Washington (Fig. 1) is a series 

of northwest verging structural nappes that were thrust over the Coast Plutonic Complex (CPC) 

and Wrangellia terrane (Brown, 2012). The stacked nappes of the NWCS are composed of 

Paleozoic to Late-Cretaceous ocean floor, island-arc, and trench deposits (Misch, 1966; Brown et 

al., 1982; Brown, 2012) that experienced high-pressure, low-temperature metamorphism (Brown 

et al., 1986). The Easton metamorphic suite (formerly Shuksan nappe or Shuksan terrane), one of 

the nappes within the NWCS, sits at a high structural position within the nappe sequence and 

contains a Jurassic-Cretaceous subduction suite that formed during and after the beginning of 

Farallon plate subduction underneath North America (Cordova et al., 2019). The Easton is unique 

because it preserves high-grade amphibolite facies rocks interpreted as a metamorphic sole (Fig. 

2A) and the lower-grade regional blueschist facies rocks that formed during some of the earliest 

stages of subduction. Together, the units within the Easton record approximately 30 million years 

of subduction and accretion from ~167 Ma to ~137 Ma (Brown et al., 1982; Schermer et al., 2007; 

Cordova et al., 2019). Based on age brackets for the underlying thrust, the Easton Suite was 

emplaced into its current position within the NWCS after 95 Ma but before 87 Ma (Tabor, 1994; 

Brown, 2012).  
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2.2 Lithology of the Regional Blueschist Units 

The lithology of units within the EMS is variable; this study focuses on comparing the units 

in the study areas outlined in Figures 3 and 4. The western portion of the EMS is composed of the 

Darrington phyllite and the coarser Mt. Josephine semi-schist (blueschist facies meta-sediments) 

(Fig. 4A), but potentially includes diorite and gabbro of uncertain structural association located in 

the Blanchard Mountain area. Dragovich et al. (1998) argued that these metaigneous rocks 

constitute part of the Helena Haystack Mélange, whereas Gallagher et al. (1988) considered these 

rocks as part of the Shuksan Suite. In this westernmost region of the Easton, the rocks lack 

evidence of the higher-grade amphibolite facies metamorphism observed in the Iron Mountain 

area, and only record blueschist-facies metamorphism in the schist, phyllite, and associated low-

grade metabasalt and gabbro (Brown et al., 1982). In the southeastern exposures of the study area, 

between Iron Mountain and Gee Point/Finney Creek (Fig. 4B), serpentinite, amphibolite, and Na-

amphibole schist structurally lie above the lower-grade rocks of the regional blueschists that 

include the Shuksan greenschist/blueschist (blueschist facies metavolcanics) and the Darrington 

phyllite (blueschist facies pelites) (Fig. 2A-B). Metamorphic temperature decreases structurally 

downward from around >800˚C to 600-500˚C in the amphibolite and Na- amphibole schist down 

to ≤350-250˚C in low-temperature regional blueschist units (Brown et al., 1982; Cordova et al., 

2019) (Fig. 2A).  

 

 

2.2.1 Mt. Josephine semi-schist 

The Mt. Josephine semi-schist has historically been mapped as a co-eval, coarser-grained 

sub-unit of the Darrington phyllite within the Easton metamorphic suite (Dragovich et al., 1998; 

Dragovich et al., 2000; and Tabor et al., 2003). The Mt. Josephine semi-schist commonly occurs 
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as a semi-schistose metagraywacke that is gray to dark gray to beige in color. The unit varies from 

fine- to medium- grained and primarily contains varying amounts of quartz, albite, and phengitic 

to sericitic white-mica as the most abundant minerals, with minor amounts of actinolite, chlorite, 

and epidote in addition to lithic fragments. According to Gallagher et al. (1988) the lithic clasts 

consist of intermediate to felsic volcanic rocks, metachert, and gabbro/diorite in decreasing order, 

with some attenuated clasts up to 60 cm in length. In contrast, Dragovich et al. (1998) argued that 

meta-chert clasts were more common in the Mt. Josephine semi-schist, not volcanic clasts like 

Gallagher et al. (1988) first suggested. However, Gallagher primarily focused on the rocks adjacent 

to the mafic rocks on Blanchard Mountain, whereas Dragovich worked on a larger extent of the 

semi-schist.  

The differences outlined between the Mt. Josephine semi-schist and the Darrington phyllite 

are based predominantly upon grain size and lithology of the clasts. The contacts between the two 

units have often been described as gradational and intercalated. Because of the general similarities, 

some researchers do not classify the Darrington and the Mt. Josephine as separate rock units (e.g., 

Dragovich et al., 1998, Dragovich et al., 2000). For the purposes of this study, however, I classify 

the Mt. Josephine semi-schist and the Darrington phyllite as separate rock units, albeit units that 

may be related and often similar in composition, structure, and mineralogy. A single K-Ar whole 

rock analysis for the Mt. Josephine semi-schist yielded a 113 ± 3 Ma metamorphic age (Misch, 

1963; Misch, 1964; Tabor et al., 2003) but no prior protolith ages exist.  

 

 

2.2.2 Darrington phyllite 

The Darrington phyllite (Vance, 1957; Misch, 1966) is also one of the regional blueschist 

facies units of the Easton metamorphic suite. This unit mainly consists of graphitic 
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metasedimentary phyllite (described and mapped as the Silver phyllite in some locales by Tabor 

et al., 2002) or a siliceous argillite, with lesser metachert, Fe-Mn rocks, and psammite (Misch, 

1996; Brown et al., 1982). The mineralogy of the phyllite consists of quartz, white mica, albite, 

graphite, pyrite, epidote, chlorite, with lesser amounts of oxides, lawsonite, spessartine garnet, and 

titanite. Dark gray to silver in color, the Darrington phyllite is a fine-grained unit that 

predominantly has a higher mica content than that of the Mt. Josephine unit. In some instances, at 

the contact between the Shuksan and the Darrington, Fe-Mn rich transitional rocks occur but are 

only a few meters in width (Haugerud et al., 1981, Dungan et al., 1983, Cordova et al., 2019). 

Recent white mica 39Ar/40Ar ages for the Darrington phyllite yielded metamorphic ages from 148 

Ma to 142 Ma (Cordova et. al., 2019).  

 

2.2.3 Shuksan greenschist 

The Shuksan greenschist/blueschist unit (typically referred to as the Shuksan greenschist) 

is locally abundant throughout parts of western Washington state and makes up one of the main 

units of the Easton metamorphic suite (Fig 1). The Shuksan is composed of metabasaltic and 

metatuffaceous units of MORB affinity (Street-Martin, 1981; Dungan et al., 1983) and consists of 

finely interlayered greenschist and blueschist and local pillow basalts (Brown et al., 1982; 

Haugerud et al., 1981; Brown, 1986). The mineralogy typically consists of white mica, albite, 

epidote, actinolite and/or glaucophane with lesser amounts of garnet, stilpnomelane, titanite, 

pyrite, and calcite. Both the blueschist and the greenschist members of the Shuksan have the same 

mineralogy, except the blueschist rocks have sodic, not calcic amphiboles (Brown et al., 1982). 

The differences between the interlayered blueschist and greenschist appear to be from slight 

differences in protolith composition and Fe valence, rather than differences in metamorphic grade 
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(Haugerud et al., 1981; Dungan et al., 1983). White mica 39Ar/40Ar metamorphic ages from the 

Shuksan greenschist/blueschist unit range from approximately 140 to 136 Ma (Cordova et. al., 

2019).  

 

 

2.3 Previous U-Pb Zircon Constraints on Protolith Ages in the Easton metamorphic suite 

Despite the well-documented metamorphic ages for various units in the Easton 

metamorphic suite, little information about protolith age and maximum depositional age of the 

regional blueschist units exist. Only four U-Pb zircon ages have been published regarding the 

Easton prior to this study (Fig. 1). Brown and Gehrels (2007) obtained a detrital U-Pb zircon age 

from the Mt. Josephine semi-schist (metagraywacke) in the Mount Josephine area of the Easton 

complex, with a 155 Ma peak (no maximum depositional age was calculated for that sample, 

only the peak age was reported). Zircon ages from metaigneous rocks in the western portion of 

the Easton complex range from 163-164 Ma (Brown and Gehrels, 2007; Gallagher et al., 1988; 

Dragovich et al., 1998), but the structural setting of these igneous rocks is contested. Gallagher et 

al. (1988) included the metaigneous rocks within the Easton nappe, but Dragovich et al. (1998) 

considered them to be in the Haystack nappe (Fig. 1). This study did not resolve the setting of 

these igneous units and instead focuses on samples that are definitively within the Easton 

metamorphic suite.  

  

2.4 Competing Early Subduction Accretion Models  

Existing studies in the Easton metamorphic suite have led to competing interpretations for 

the correlation and timing of accretion of individual units within the lower-grade regional 

blueschists. Two end-member models explain how the Easton was accreted and subducted in the 
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Jurassic. Brown et al. (1982) recognized that the regional blueschists (Mt. Josephine semi-schist, 

Darrington phyllite and Shuksan greenschist) were accreted later than the higher-grade 

amphibolite and blueschist but interpreted the regional blueschist as a single unit with the 

Darrington phyllite originally in depositional contact on the Shuksan greenschist prior to 

subduction (Haugerud et al., 1981). This model predicts that unit boundaries between the Shuksan 

greenschist and Darrington phyllite are primary depositional contacts and the units have a shared 

structural history. Previous researchers (Misch, 1966; Haugerud et al., 1981) also suggested that 

the contacts within the regional blueschist units were depositional in nature, rather than tectonic. 

Misch (1966) proposed that the Shuksan greenschist was above the Darrington phyllite with a 

depositional contact, whereas Haugerud et al. (1981) suggested that the Darrington phyllite 

overlaid the Shuksan greenschist, and still suggested the contact between units were primary. 

Based on the MORB-like signature of the Shuksan greenschist, Dungan et al. (1983) argued that 

an oceanic origin of the Shuksan protolith was not compatible with the interpretation of Misch 

(1966) (e.g., Shuksan stratigraphically overlying the Darrington) and recognized the need to better 

understand the structural history of the units. 

In contrast, Cordova et al. (2019) combined microstructural analysis and 40Ar/39Ar dating 

(Fig. 2C) to show that the Darrington phyllite preserves an older metamorphic history not 

recognized in the Shuksan greenschist and suggested the two units have different subduction-

accretion histories. Cordova et al. (2019) recognized two metamorphic events in the Darrington 

phyllite: 1) a S1
P event older than 148 Ma and 2) a S2

P event as young as 142 Ma. In contrast, the 

Shuksan greenschist preserves a 141 Ma S1
G event that overlaps with the youngest Darrington 

ages, as well as a later S2
G event at 136 Ma. From these metamorphic age estimates, this contrasting 
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model posits that the Darrington was subducted and metamorphosed earlier than the Shuksan 

greenschist, and that the units are separated by a structural (tectonic) contact. 

 

3. METHODS  

This study presents a combination of field and petrographic observations and new zircon 

U-Pb geochronology to reconstruct the accretion history and provenance of the regional blueschist 

units of the Easton metamorphic suite in the Jurassic. The results from this work are compared to 

previous U-Pb zircon geochronology in comparable units in the Northwest Cascades Thrust 

System (NWCS) and 40Ar/39Ar geochronology in the Easton metamorphic suite.  

  

3.1 Field, Structural, and Petrographic Methods  

To understand the structural histories of units in the Easton metamorphic suite, I conducted 

structural analysis of outcrops north and south of the Skagit river (Figs. 3, 4). At each of the 31 

sampling sites in the study area (Fig. 3), I described and measured rock type, primary and 

secondary structures, metamorphic grade, and structural information to see if the units had shared 

or different deformation histories. In the field, the lithology of each sample was determined by 

color, mineralogy, grain size, texture, and weathering of the rocks. Additionally, I gathered a total 

of 40 oriented samples for petrographic and geochronology analyses. 

I utilized the combination of a traditional Brunton compass and an iPhone 10XR with the 

field application FieldMove Clino to record structural measurements such as orientation of 

foliations, folds, lineations, original bedding indicators, shear zones, and boudins. Both the 

Brunton and the iPhone were calibrated at each outcrop to ensure that both methods produced 

similar measurements within one to three degrees of one another for strike, dip, and lineation data. 
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Calibration of the iPhone with the Brunton compass was necessary because smartphone devices 

and traditional compass measurements should be used together to ensure the quality and integrity 

of the field measurements, as the internal operating systems within smartphone devices can be 

susceptible to magnetic signals (Allmendinger et al., 2017). Once the calibration was completed, 

I took several measurements with the iPhone for greater efficiency and a higher number of 

measurements per outcrop. I then plotted the structural measurement data using Python and 

Stereonet (Version 10.0) to create stereographic representations of the orientation of foliation, 

folds, axial planes, and hinge lines.  

Due to the general fine-grained nature of the low temperature blueschist samples in the 

Easton, petrographic analysis was necessary to determine the mineralogy and observe 

microstructures not visible in outcrops. I analyzed each individual thin section first for mineralogy, 

texture, and shape of minerals. Microstructures such as inclusion trails, relict and transposing 

fabrics, deformation intensity, and microlithon spacing were noted for each sample to infer 

deformation intensity and kinematics of the units. Microstructural observations such as crenulation 

spacing and transposition of older fabrics by younger fabrics offered insights into strain intensity 

and sense of shear.  

  

3.2 U-Pb Zircon Geochronology Methods  

For this study, I gathered twelve potential detrital U-Pb zircon samples. Due to the fine-

grained nature of the units, I collected approximately 50 pounds of fresh, unweathered rock for 

each geochronology sample to try to ensure a sizable zircon yield during later-stage analysis. After 

the samples were crushed, the zircons were separated using a water table, Frantz Magnetic 

separator, and heavy liquid separation using diiodomethane to prepare for in-situ U-Pb analysis.  
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I analyzed six of the twelve samples for U-Pb detrital zircon and U-Pb igneous zircon 

geochronology to better understand the depositional ages of the Easton units (Fig. 3; Table 1). The 

five metasedimentary samples (four from the Mt. Josephine, one from the Darrington) were 

analyzed for detrital zircons (to yield a detrital, maximum depositional age) and one sample from 

the Shuksan greenschist unit was analyzed for igneous zircons (to yield an igneous crystallization 

or protolith age) (sample 192-30). I selected the samples based on two main criteria: 1) a relatively 

coarse grain size at the outcrop so that the zircon crystals would be larger and easier to analyze 

during U-Pb geochronology, and 2) overall location within the research area to ensure as 

representative a data set as possible.  

Zircon U-Pb geochronology was performed at the University of Arizona LaserChron 

Center using a Thermo Element2 HR ICP-MS, coupled to Photon Machines Analyte G2 excimer 

lasers equipped with HelEX low-volume cells. Lab analyses and data reduction follow the methods 

outlined in Gehrels et al. (2008) and Gehrels and Pecha (2014), using spot sizes ranging from ~25 

to 35 um and targeting cores of the detrital zircons and cores and rims for the igneous zircons (see 

supplemental tables). I outline the detailed zircon analysis techniques in Section 4.2 (Detrital 

Zircon U-Pb Geochronology Results) and I offer the context on how I use the maximum 

depositional age, accretion age, and protolith age in Section 5 (Discussion).   

 

4. RESULTS 

4.1 Lithologic Units, Mineralogy, and Structural Fabrics 

For this study, I followed the naming convention outlined by Cordova et al. (2019) to 

identify fabrics and folds within the Easton units. Foliations are represented by the capital letter S 

and folds are represented by the capital letter F, followed by a number to indicate the generation 
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of the event in subscript, and another letter to indicate the rock unit in superscript (P = Darrington 

phyllite, J = Mt. Josephine semi-schist, G = Shuksan greenschist/blueschist). For example, S1
J 

represents the first generation of foliation in the Mt. Josephine semi-schist, and F2
P represents the 

second generation of folding in the Darrington phyllite.  

  

4.1.1 Mt. Josephine semi-schist 

The Mt. Josephine semi-schist usually occurs as a tan to gray, coarse-grained semi-

schistose metagraywacke that in some locales does have a schist-like appearance with distinctive 

layers at both the outcrop and micro-scales (Figs. 5A and 6A-C). The unit varies from medium to 

coarse-grained, with weathering producing a rough sandpaper-like texture not seen in the 

Darrington phyllite (Fig. 5B). Locally, the Mt. Josephine semi-schist can have highly graphitic 

layers (Figs. 5C and 6A), but even those are often coarser grained when compared to the 

Darrington phyllite. Metachert can occur as clasts or thin layers within the semi-schist (Fig. 5B) 

and is more abundant in the westernmost outcrops of the semi-schist in the Blanchard Mountain 

area. The semi-schist is more common in the west (Mt. Blanchard study area) and at the type 

locality, the Mt. Josephine study area (Fig. 3, Table 1).  

The Mt. Josephine semi-schist has two main fabrics, S1
J and S2

J, however, rare relict 

bedding (S0
J) exists defined by grain size and composition changes (Fig. 5B, 6A). Quartz veins up 

to a few cm thick are also parallel to S1
J (Fig. 5A, 6C). The S1

J fabric is well-developed and defined 

by varying thicknesses of quartz-rich zones separated by mica-rich areas (Fig. 7A-B). The S1
J 

fabric is the dominant fabric and anastomoses around larger grains of quartz and chert lithics that 

have been deformed and sheared (Fig. 8A-B). The second fabric (S2
J) is poorly developed and 

defined by the crenulation cleavage in the semi-schist (Figs. 5A, 6D). Flattening strain and 
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dissolution indicators in the cleavage are present in both fabrics (Figs. 7B, 7D, 8B).  In addition to 

quartz and white mica, graphite, chlorite, actinolite, epidote, stilpnomelane, pyrite, titanite, and 

oxides are also present mostly in the S1
J fabric (Fig. 7A-D). Sample 192-27 from Mt. Josephine 

(Figs. 7C, 8C) is highly graphitic and has complex textures that could reflect either primary 

sedimentary structures or later deformation.  

The Mt. Josephine semi-schist has two generations of folds, F1
J and F2

J. The rare F1
J folds 

are isoclinal, the axial planes form the S1
J, transpose bedding, and occur on the cm-scale, ranging 

from 25 to 40 cm in length (Figs. 5B, 6A). The second generation of folds (F2
J) deform the S1

J 

foliation and vary in scale from cm to meters and have symmetric parasitic folds in the hinges 

(Figs. 5A, 5D, 6B-C). The S2
J fabric is axial planar to the F2

J folds but is variably developed. The 

F2
J folds are cylindrical, gently ESE plunging, upright to steeply inclined, NNE vergent, 

subangular, similar, close to tight, and harmonic (Figs. 5A, 5D, 6B, 10). Boudinaged and folded 

quartz veins are also common in the Mt. Josephine unit, especially near the hinges of the F2
J folds 

(Figs. 5A, 6C). 

 

4.1.2 Darrington phyllite 

The Darrington phyllite generally occurs as a fine-grained graphitic phyllite with local 

interbeds of silt and fine sands, and prominent quartz veins (Figs. 5E, 6D-E). In rare cases, original 

bedding indicators (S0
P) reflect differences in grain size within the phyllite (Figs. 5E and 6D). 

However, the original bedding layers are often overprinted by a foliation that is more prominent 

in the outcrop and identifying right way-up indicators is difficult due to the structural complexity 

of the units.  
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The Darrington phyllite unit has two main foliations, S1
P and S2

P, with S2
P being the 

prominent foliation observed within the unit.  The first fabric (S1
P) is identifiable in thin section 

but often overprinted by the S2
P fabric (Figs. 7E, 8D). The S1

P foliation is locally preserved in 

albite porphyroblasts and in crenulation hinges (Fig. 8E-F), especially in the Iron Mountain study 

area. The axial planar S2
P fabric overprints the S1

P with varying intensity (Fig. 8D, G). Locally 

bedding layers are preserved (S0
P), defined by finer and slightly coarser grains and graphite content 

(Fig. 8H). In most of the samples, there is evidence of undulose extinction of quartz and subgrain 

rotation (Fig. 8I). Like the Mt. Josephine semi-schist, the Darrington phyllite experienced pressure 

solution and volume loss during metamorphism and deformation.  

The Darrington phyllite is dominantly folded by F2
P folds that fold the S1

P foliation on a 

scale ranging from mm to meters (Fig. 4). The F2
P folds are cylindrical, gently NW plunging, 

steeply inclined, subangular, similar, tight to isoclinal, and harmonic (Figs. 6D-E, 10). The S2
P 

fabric is axial planar to the F2
P folds (Fig. 6D).  

 

4.1.3 Observed differences between the Mt. Josephine semi-schist and Darrington phyllite  

The Mt. Josephine semi-schist is a coarse- to medium-grained metagraywacke locally 

interlayered with phyllite that previous workers have presumed to be equivalent to the Darrington 

phyllite. This led to the interpretation that the two units are related and/or interlayered. For this 

work, I classify the two units separately from one another based on outcrop features, structure, 

grain size, and geochronological evidence (as discussed in Section 4.2 and Section 5.1).  

When contrasting the Mt. Josephine semi-schist and the Darrington phyllite at any scale, 

the differences between the two units are subtle, but important. While the mineralogy of the units 

is similar, the Mt Josephine unit is coarser (Fig. 7A-D) and less micaceous. The degree of strain 
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in the Mt. Josephine appears to be less than the Darrington phyllite (Fig. 8). The semi-schist often 

has meta-chert clasts or layers that the Darrington does not have and lacks the folding typical of 

the phyllite (i.e. the F2
J folds are not as common at the microscale and the semi-schist often is not 

as tightly folded as the Darrington). The variations in grain size seems to have resulted in a 

difference in fold style/tightness. Thus, separating these two units based on just the structural 

history or fold style might be problematic, and likely requires further analysis.   

In direct contrast to the Darrington phyllite, the Mt. Josephine semi-schist lacks the 

presence of large albite porphyroblasts with an older fabric defined by graphite inclusions 

preserved in the core (Fig. 8E-F). Darrington phyllite from the Iron Mountain study area contains 

large, texturally zoned albites that the other exposures of the Darrington in the western study areas 

lack, and this albite porphyroblast-bearing assemblage is what Tabor et al. (2002) refer to as the 

Silver phyllite. The albite porphyroblasts preserve  the S1
P fabric at a low angle to the later, more 

pervasive S2
P fabric. The white mica in the matrix also shows the two different generations of the 

fabrics and the S1
P fabric in the Darrington is only preserved in the microlithons between the more 

dominant S2
P fabric (Fig. 8E-F). The presence of the albites in the Darrington phyllite suggest that 

there could be an older metamorphic history that is not recorded in the Mt. Josephine unit, offering 

further evidence of why these units should not continue to be considered equivalent. 

 

4.1.4 Shuksan greenschist  

In the Iron Mountain study area (Figs. 3, 4B), the Shuksan greenschist dominantly occurs 

as an interlayered greenschist/blueschist unit with the compositional difference between the two 

varieties observed at the outcrop and thin-section scale (Fig. 9A). The Shuksan greenschist is not 
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exposed in the Blanchard Mountain area and the Mt. Josephine area (Fig. 3) and is mostly present 

in the Iron Mountain study area. 

         The Shuksan greenschist/blueschist has two fabrics S1
G and S2

G observed in outcrop and 

thin section. The first fabric of the Shuksan (S1
G) is a pervasive foliation of aligned metamorphic 

mica and amphibole as well as compositional layering (Figs. 5F, 7F, 9B). The small-scale 

interlayering of the greenschist and blueschist layers are defined by a change from actinolite to 

glaucophane (Fig. 9A). The S1
G foliation is folded by the dominant second-generation folds (F2

G, 

described below) (Figs. 5F, 6F-H) that commonly have an axial planar foliation (S2
G) (Figs. 6G, 

7F) defined by aligned actinolite/glaucophane, muscovite, chlorite, and epidote with minor oxides 

(Fig. 9A-B). The development of the S2
G foliation is variable but regularly observed in F2

G fold 

hinges (Fig. 6G). In the Iron Mountain location, small shear zones (~1 to 2 m wide) occur in the 

Shuksan greenschist. These zones are characterized by finely crystalline mylonites with garnet 

porphyroblasts, epidote porphyroclasts, and zones of both blue and green amphiboles (Fig. 9C).  

The Shuksan S1
G is pervasively folded by F2

G folds on a scale that ranges from cm to meters 

(Fig. 4B). The F2
G folds are cylindrical, gently SE plunging, steeply inclined, NE vergent, 

subrounded, similar, tight to isoclinal, and harmonic (Figs. 5F, 6F-H, 10).  

 

4.2 Zircon U-Pb geochronology results 

Of the six samples collected for geochronology, only four samples (192-15, 192-21, 192-

27, and 192-30) had a sizable enough zircon yield to interpret. The two low zircon yield samples 

(192-10 and 192-20) are still included below for comparison. The results are presented as 

Wetherell-concordia plots (Fig. 11), kernel density estimate (KDE) plots (Fig. 12), cumulative age 
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distributions (CAD) plots (Figs. 13, 14), radial plots (Fig. 13), YC2σ(3+) age diagrams (Fig.15), 

weighted mean plots (Figs. 16-17), and a TuffZirc plot (Fig. 17).  

For analysis of the U-Pb zircon results, I used both Isoplot-R and Python scripts (detritalpy 

version 1.3.26) to create the plots presented in this study, following the methods by Vermeesch 

(2018) and Sharman et al. (2018), respectively. I considered grains that were concordant within a 

2σ uncertainty for the age calculations. I calculated maximum depositional ages using the 

YSC2σ(3+) age as a conservative estimate, which sorts all analyses by their U-Pb age plus 2σ 

uncertainty, and identifies the youngest cluster of 3 or more analyses with overlapping 2σ error 

(Dickinson and Gehrels, 2009; Sharman et al., 2018). For the two detrital analyses that had a low 

zircon yield, I used a combination of the YSC2σ(3+) age and weighted mean calculations to 

estimate the probable maximum depositional age for those units to compare with the higher N 

analyses. For the Shuksan greenschist analysis, I used a combination of a weighted mean age and 

the TuffZirc age to infer protolith age. The TuffZirc model attempts to present the best age from a 

set of analyses by identifying the tightest cluster of ages and calculates the weighted mean from 

that cluster of ages. This method also assumes that some of the younger ages are likely affected by 

Pb loss and takes that into account (Gehrels et al., 2008; Gehrels and Pecha, 2014).  

  

4.2.1 Mt Josephine semi-schist  

Samples 192-10, 192-15, 192-21, and 192-27 (Fig. 5A-D) were collected for their coarse 

grain size and location within the study areas to ensure a sizable zircon yield for geochronology 

analysis (Fig. 3, Table 2).  

Sample 192-15 (semi-schist of Mt. Josephine from Blanchard Mountain) was collected 

towards the western extent of the Easton metamorphic suite and was one of the coarsest-grained 
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samples taken for detrital zircon analysis (see Fig. 3, Table 1 for location). This sample had a total 

zircon yield of 239 grains (N = 239) (Fig. 11A; gray curve on Fig. 12A-B). Of those 239 grains 

analyzed, 227 were concordant (n = 227) (black curve on Fig. 12A-B). The kernel density estimate 

of this sample has a prominent peak at 153 Ma, with small, scattered peaks at ~200 Ma and ~229 

Ma (Fig. 12A-B). The sample has populations of concordant grains around 1.0 Ga and 1.5 Ga. The 

cumulative age distributions (CAD) plots show ~80% of grains  ≤153 Ma (the peak age, red line 

on Figs. 13A, 14). The radial plot shows a similar prominent peak with ~89% of analyses falling 

near 158.2 Ma, and a smaller percentage pointing toward an older peak at 1.1 Ga (Fig. 13A). The 

YC2σ(3+) age is 144.1 ± 1.16 Ma (Fig. 15A). This age is interpreted to represent the maximum 

depositional age of Mt. Josephine sample 192-15.  

Sample 192-21 (Mt. Josephine semi-schist east of Blanchard and Colony Mountain) was 

collected in the western extent of the Easton metamorphic suite but is located east of sample 192-

15 (Fig. 3, Table 1). This sample had a total zircon yield of 282 grains (N = 282) (Fig. 11B, gray 

curve on Fig. 12C-D). Of the 282 grains analyzed, 266 were concordant (n = 266) (black curve on 

Fig. 12C-D). When all grains are plotted with no discordance filter, the max peak age of the kernel 

density estimate is 147 Ma. Additional smaller, scattered peaks on the KDE occur around 191 - 

196 Ma, 400 Ma, and older populations at 1.0 Ga, 1.4 Ga, and 1.75 Ga (Fig. 12C-D). The CAD 

plots show ~75% of grains younger than the max peak age of 147 Ma (red line on Fig. 13B, Fig. 

14). The radial plot shows a prominent peak with ~74% of analyses plotting near the 151.6 Ma 

zone (Fig. 13B). The YC2σ(3+) age is 121.3 ± 2.32 Ma (Fig. 15B) and is interpreted to represent 

the maximum depositional age of Mt. Josephine sample 192-21.  

Sample 192-27 (semi-schist of Mt. Josephine near Mt. Josephine) was collected in the 

eastern extent of the study area, north of both the Skagit River and the Iron Mountain study area 
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(see Fig. 3, Table 1 for location). This sample had a total zircon yield of 243 grains (N = 243) (Fig. 

11C, gray curve on Fig. 12E-F). Of the 243 grains analyzed, 150 were concordant (n = 150) (black 

curve on Fig. 12E-F).  When all grains are included with no discordance filter, the youngest peaks 

on the KDE plot have a bimodal distribution with a 123 Ma peak and a 170 Ma peak (Fig 12E-F, 

Fig. 14). Slightly older grains occur between ~200 to 280 Ma, but there are lots of scattered 

Precambrian grains between ~1.0 Ga and 2.7 Ga (Fig. 11). The CAD plots show two subsets of 

distributions: 20% of grains are younger than the peak age of 123 Ma (1st red line on Fig. 13C, 

Fig. 14) and the second shows 50-55% of grains are younger than the peak age of 170 Ma (2nd 

red line on Fig. 13C, Fig. 14). The radial plot shows a prominent peak with ~56% of analyses 

around 160 Ma and ~20% smaller grouping around the 1.9 Ga (Fig 13C). The YC2σ(3+) age is 

122.9 ± 0.84 Ma (Fig. 15C) and is interpreted to represent the maximum depositional age of Mt. 

Josephine sample 192-27.  

Sample 192-10, a Mt. Josephine semi-schist from Blanchard Mountain, had a low zircon 

yield, like Darrington phyllite sample 192-20 (Fig. 3, Table 2). Because of the low N for this Mt. 

Josephine sample (N = 8) the kernel density estimate was not plotted. The YC2σ(3+) age is 157.2 

± 3.82 Ma and the weighted mean of the youngest population of concordant grains was 154 ± 11 

Ma (Fig. 16A). The YC2σ(3+) age represents the best estimate for the maximum depositional age 

of sample 192-10 within the Mt. Josephine semi-schist. 

 

4.2.2 Darrington phyllite 

Darrington phyllite sample 192-20 (from Lake Samish) (Fig. 5E) was collected from the 

westernmost extent of the Easton Suite in the Blanchard Mountain study area for the relatively 

coarse grain size (Fig. 3, Table 2). Because of the low N for this sample (N = 14) the kernel density 
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estimate was not plotted. The YC2σ(3+) age is 151.9 ± 2.54 Ma and the weighted mean of the 

youngest population of concordant grains is 152 Ma ± 1.33 Ma for sample 192-20 (Fig. 16B). The 

YC2σ(3+) age represents the best estimate for the maximum depositional age of the Darrington 

phyllite sample 192-20.  

 

4.2.3 Shuksan greenschist  

Sample 192-30 is a Shuksan greenschist/metatuff from Iron Mountain and was the only 

geochronology sample of the six analyzed that was collected in the Shuksan greenschist unit (see 

Fig. 3, Table 1 for location). The Shuksan greenschist Sample 192-30 (Fig. 5F) was sampled to 

determine the igneous crystallization (protolith) age. (Fig. 3, Table 2). 

This sample had a total zircon yield of 42 grains (N = 42) (Fig. 11D, gray curve on Fig. 

12G-H). Of the 42 grains analyzed, 37 grains were concordant (n = 37) (black curve on Fig. 12G-

H). With no discordance filter applied, the largest peak on the KDE plot occurs at 159 Ma (Fig. 

12G-H). Scattered concordant grains occur approximately near 600 Ma and 1.0-1.6 Ga (Fig. 11D, 

12G-H). The CAD plot shows ~40% of grains are younger than the max peak age of 159 Ma (red 

line on Fig. 13D). The radial plot shows a prominent peak with ~43% of analyses at 166.8 Ma 

(Fig. 13D). The TuffZirc age of the coherent group of 6 grains is ~166 Ma with a confidence of 

96.9% and the weighted mean is also 166.31 ± 1.37 Ma (Fig. 17). The weighted mean age likely 

represents the protolith age of Sample 192-30. The younger ages around 116 ± 9 Ma and ~50 Ma 

(Fig. 13D) are high in U (see supplemental table) and are likely affected by Pb loss. 
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5. DISCUSSION  

The primary purpose of this study was to better understand relationships between regional 

blueschist facies units of the Easton metamorphic suite using structural analysis and U-Pb zircon 

geochronology. In what follows, I use the data above to: 1) constrain the protolith and maximum 

depositional ages of the units; 2) evaluate the correlations and extent of metasedimentary units; 

and 3) estimate the duration of the Easton accretion in the Northwest Cascades Thrust System 

(NWCS). Previous studies working in the Easton nappe have provided metamorphic white mica 

and 40Ar/39Ar ages and metamorphic temperature estimates, but limited U-Pb zircon age data. 

Additionally, I discuss the different depositional environments of the regional blueschist units, 

their possible sources, and the tectonic implications of the maximum depositional ages (MDAs) 

within the Easton and adjacent units for subduction accretion along the North American margin. 

In order to use and compare the new U-Pb zircon ages presented in this study, I offer the 

following context on how I interpret the different age estimates. The maximum depositional age 

(MDA) is a minimum estimate of when the unit could have been deposited and places an upper 

age estimate on the sample since it must predate the time of true deposition (e.g. an MDA of ~144 

Ma means that it is likely it was deposited at most 144 Ma or a time younger than that age). 

Meaningful maximum depositional ages have an N > 100 grains, but ages with N > 300 are best 

(Coutts et al., 2019). Previous research has indicated that sediments at accretionary margins often 

get subducted soon after deposition (Cawood et al., 2012; Dumitru et al., 2018), indicating that 

maximum depositional age estimates can approximate accretion ages (Apen et al., 2021, Dumitru 

et al., 2015; 2010; Snow et al., 2010). The protolith age in this study is used as an estimate for 

when the Shuksan unit was first erupted or crystallized because the protolith for the unit is 

interpreted to be volcanic. By estimating the maximum depositional ages (and by inference the 
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depositional age and accretionary age) of the metasediments in tandem with the protolith age of 

the Shuksan, I attempt to compare the provenance history of the blueschist units within the Easton.  

 

5.1 Age Relationships of the Mt. Josephine, Darrington, and Shuksan units 

The maximum depositional ages of the metasedimentary units sampled in the Easton 

metamorphic suite support the hypotheses that the Darrington phyllite and Mt. Josephine semi-

schist are not the same unit, have different depositional histories, that the Mt. Josephine semi-

schist may have two sub-units, and that the Darrington phyllite is likely older than the Mt. 

Josephine semi-schist. This work obtained five new detrital ages, with four of the five detrital 

samples coming from the Mt. Josephine semi-schist, and the remaining sample coming from the 

Darrington phyllite (Table 1). Two of the five samples had a low zircon yield (samples 192-10 of 

the Mt. Josephine and 192-20 of the Darrington, black stars on Fig. 3). For the three Mt. Josephine 

samples that had a high return of zircon grains (yellow stars on Fig. 3), Sample 192-15 yielded a 

maximum depositional age of 144.1 ± 1.16 Ma, Sample 192-21 yielded a maximum depositional 

age of 121.3 ± 2.32 Ma, and Sample 192-27 yielded a maximum depositional age of 122.9 ± 0.84 

Ma (Fig. 15). From the data, there are two probable sets of maximum depositional ages within the 

meta-sedimentary Mt. Josephine unit: the first ~144 Ma and the second ~122 Ma. The sample from 

the Mt. Josephine study area (192-27) was the only semi-schist sample to have a distinctly bimodal 

distribution for its KDE plots, with the two main peak ages of 170 Ma and 123 Ma, and a third, 

smaller intermediate peak around 146 Ma (Figs. 12F, 14). This is notable because it records the 

two MDAs established for the other semi-schist samples (~122 Ma and ~144 Ma) but shows an 

almost complete continuum of ages from 170 to 122 Ma.  
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The greater than 20 m.y. difference in maximum depositional ages between samples of the 

Mt. Josephine semi-schist could be attributed to episodic accretion, different depositional 

environments, and/or sediment source during deposition. For the two samples (192-21 and 192-

27) with the MDA at ~122 Ma, the samples also contain grains near 144 Ma, indicating the source 

area could be somewhat like the sample with the ~144 Ma MDA, but just with fewer grains of that 

age included in the sample. Alternatively, there could be different aged units in what is collectively 

considered the Mt. Josephine semi-schist. The ~144 Ma MDA sample (192-15) did not have any 

grains near 120 Ma like the samples in the younger portion of the Mt. Josephine do. The two ~122 

Ma MDA samples from the Mt. Josephine have a subset of grains younger than the those in the 

older MDA sample, which suggests that the sample with the ~144 Ma MDA is truly different than 

the two samples with the calculated MDA of ~122 Ma (i.e. Sample 192-21 had 10 grains near the 

MDA and Sample 192-27 had 19 grains near the MDA). Upon comparing all three high-N Mt. 

Josephine samples, the samples all have different detrital zircon signatures, suggesting that the Mt. 

Josephine is internally complex. Whether the Mt. Josephine semi-schist is truly a different unit 

than the Darrington phyllite is a critical question to consider when evaluating the relationship 

between the regional blueschist units.  

Though the single Darrington phyllite geochronology sample had a low zircon yield, the 

151.9 ± 2.54 Ma YC2σ(3+) age represents the best estimate for the maximum depositional age of 

the Darrington phyllite and lends insight into the differences between the Darrington phyllite and 

Mt. Josephine semi-schist units (Fig. 18). Upon comparing the MDAs of the Mt. Josephine 

samples and the Darrington sample, the results posit that all high-N Mt. Josephine MDAs are 

younger than the 152 Ma MDA age of the Darrington phyllite (Fig. 16B). Because of the low 

number of zircons from this Darrington geochronology sample, the 152 Ma MDA age presented 
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in this study carries a higher degree of uncertainty than the Mt. Josephine semi-schist ages. The 

weighted mean age of the Darrington sample is 152 ± 1.33 Ma, and further confirms the similar 

YC2σ(3+) MDA age. The next closest age to the Darrington MDA of ~152 Ma is the other low N 

sample from the Mt. Josephine (Fig. 16A) that yielded a 157.2 ± 3.82 Ma YC2σ(3+) MDA age. 

Both the YC2σ(3+) MDA ages and the weighted mean ages of samples 192-10 (Mt. Josephine) 

and 192-20 (Darrington) do have some overlap at their 2σ uncertainties. These two westernmost 

geochronology samples are closest to one another spatially (Figs. 3, 4A) but are low N samples, 

so it is possible that the youngest grains might not have been captured in the analysis of each 

sample. The ~152 Ma MDA of the Darrington also is consistent with the metamorphic ages 

presented by Cordova et al. (2019) which places metamorphism of the unit from ~148 - 142 Ma. 

Thus, the time between the estimated maximum deposition and metamorphism in the Darrington 

is relatively quick at only ~ 4 m.y.. Because of the uncertainty of the ~152 Ma age from the 

Darrington phyllite, additional detrital zircon geochronology in the Darrington phyllite is needed 

to confirm the results presented here.  

Based on the lithological, structural, and geochronological factors presented in this study, 

I argue that the Darrington phyllite and the Mt. Josephine semi-schist are not equivalent units. The 

two units have varied grain sizes and some lithologic differences, with the Darrington occurring 

as a finer-grained phyllite and the Mt. Josephine occurring as a coarser-grained metagraywacke. 

While both the Mt. Josephine and Darrington have fold sets that are gently plunging and steeply 

inclined, their orientations are slightly different (Fig. 10) and the Darrington phyllite folds are 

tighter and had shorter wavelengths when compared to the semi-schist. While minor, this could 

reflect a difference in competency of the different sediments during metamorphism and 

deformation. The difference in structural history could also be the result of varying strain gradients 
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combined with the behavior of the rocks as they deformed depending on how thick the clastic 

versus pelitic layers are. On the microscale, the semi-schist commonly has meta-chert clasts and 

layers that the Darrington lacks (Fig. 5B). However, the exposures of Darrington mineralogy in 

the east (Iron Mountain study area) notably have large, zoned albite porphyroblasts that preserve 

an earlier S1
P fabric in the cores (Fig. 8E-F) and that are absent in the Mt Josephine semi-schist. 

This is an important distinction because it appears that the Mt. Josephine does not have the earlier 

fabric that is recorded in the S1
P of the Darrington phyllite. Since the main fabric in the Darrington 

is S2
P, whereas the main fabric for the Mt. Josephine is S1

J, this difference could be the result of 

rheology but also could be due to a different number of metamorphic events. It is possible there is 

an older metamorphic component to the Darrington phyllite, perhaps the one with the albite 

porphyroblasts, but without more geochronology ages it is difficult to know for certain.  

These small, but important, differences between the Darrington phyllite and Mt. Josephine 

semi-schist further reinforce that they are not the same unit, nor should they continue to be 

classified as such (Fig. 18).  If we use maximum depositional ages to differentiate the Darrington 

and Mt. Josephine, then the grain size factors that have historically been the dominant way used 

to separate them may not be the most accurate method to distinguish the two regional units. 

Splitting the Darrington and Mt. Josephine units in the field seems to be the prevailing challenge, 

which is also affected by the scale at which the units might be structurally interlayered or faulted. 

Thus, there is a possibility that some of what we have classified as the Darrington phyllite could 

be grouped into the Mt. Josephine semi-schist, and perhaps the Darrington phyllite could be split 

into more units than it is currently. It is clear there is a need for future detrital zircon geochronology 

and detailed mapping within the Darrington phyllite and Mt. Josephine semi-schist units to resolve 

these lingering problems.  
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The maximum depositional ages of the Darrington and Mt. Josephine units compared to 

the protolith age from the Shuksan greenschist supports models that argue the Darrington phyllite 

is younger and “depositional” on the Shuksan greenschist. Previous researchers proposed that the 

age of the oceanic protolith of the Easton metamorphic suite was Late Jurassic (Armstrong, 1980; 

Brown et al., 1982). A probable Mid-Jurassic protolith age for the Easton was indicated by a U-Pb 

zircon age of 163 Ma from a diorite on Bowman Mountain (Fig. 1), that was interpreted by 

Gallagher et al. (1988) to form the basement and sub-arc plumbing to the volcanic clast-bearing 

Mt. Josephine semi-schist (Dragovich et al., 1998; Brown, 1986). The mid-Jurassic weighted mean 

age of 166.31 ± 1.37 Ma (Fig. 17) from the Shuksan sample in this study supports the models 

which argue for the Darrington sediment being deposited upon the older, volcanic Shuksan unit 

on the seafloor (Fig. 18) (Haugerud et al., 1981; Brown et al., 1982). The spread of Precambrian 

grains from the Shuksan sample points towards a more complex source for the protolith (Fig. 11). 

There seems to be a certain degree of inheritance for this sample as the data do not necessarily 

reflect a clear igneous zircon signature, but perhaps could reflect more of a clastic rock with 

reworked zircons. Yet, previous geochemical analyses of the Shuksan have argued that these rocks 

have a standard tholeiitic basalt chemistry and mid-ocean ridge basalt affinity (Street-Martin, 

1981; Dungan et al., 1983). Perhaps an explanation for the inheritance of older grains in the 

Shuksan sample has to do with some sedimentary component included within the tuffaceous 

material, and could point towards the portions of the Shuksan protolith having an eruption nearby 

the continental margin. Additional protolith ages of the Shuksan could help confirm or deny this 

hypothesis.  

The interpretation that the Darrington phyllite was deposited on the Shuksan greenschist 

contrasts with the most recent metamorphic ages and model proposed by Cordova et al. (2019). 
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The youngest fabric in the Darrington phyllite (S2
P) was dated at 148-142 Ma (Fig. 2) and overlaps 

with the age of the oldest fabric within the Shuksan greenschist (S1
G), dated at 140 Ma. Thus, the 

Darrington phyllite appears to record an older metamorphic history and was accreted earlier than 

the Shuksan greenschist. The two Shuksan greenschist fabrics (S1
G and S2

G at ~140 and 136 Ma, 

respectively) were formed > 25 m.y. after the Shuksan protolith was created around 166 Ma, which 

is a much longer gap in time compared to the other regional blueschist units. 

 

5.2 Correlations Within the Northwest Cascades System  

I offer a comparison with three other units in the Northwest Cascades Thrust System to highlight 

that the new detrital zircon record I present in this work has nearby analogues, based on similar 

maximum depositional ages, similar structural position in the nappe sequence, and similar 

lithologies. Brown (2012) maps two separate nappes structurally below the Easton, the Lummi and 

the Constitution (Fig. 1), both of which are composed of siltstone, shale, and greywacke (Vance, 

1975). Like the Easton, both the Lummi and Constitution Formations have oceanic and arc 

components and were affected by high-pressure/low-temperature metamorphism (Vance, 1975; 

Brandon et al., 1988; Burmester et al., 2000; Lamb, 2000). The Fidalgo Complex is made up of 

slightly metamorphosed igneous and sedimentary rocks typically included within an ophiolite 

sequence (Brown, 1977; Gusey, 1978). The sedimentary cover sequence of the Fidalgo Complex 

is in a higher structural position within the Haystack nappe and does not record high pressure/low-

temperature metamorphism, but still offers another useful MDA comparison within the NWCS 

(Fig. 19).  

Analyzing the data of Brown and Gehrels (2007) using the same methods as in the current 

study shows that the Constitution and Lummi Formations and Fidalgo Complex within the 
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Northwest Cascades System nappes have similar kernel density estimates, cumulative age 

distributions, and maximum depositional ages to the metasedimentary units of the Easton 

metamorphic suite (Fig. 20).The sedimentary rocks from the Constitution, Fidalgo, Lummi, and 

Easton metamorphic suite (Brown and Gehrels, 2007; this study) dominantly show unimodal 

detrital zircon populations between ~160-140 Ma (Fig. 20) with their associated YC2σ(3+) ages 

(maximum depositional ages) between ~145-130 Ma (Fig. 21). When comparing the units based 

on their ranked ages, the Mt. Josephine and Lummi Formation samples from Brown and Gehrels 

(2007) are the most similar with respect to their MDA range, from ~ 145 to 143 Ma (Fig. 20). The 

Mt. Josephine sample yielded a peak age of 154 Ma and an MDA of 145.6 ± 1.48 Ma (Figs. 20, 

21), and the Lummi sample yielded a peak age of 148 Ma and an MDA of 143.5 ± 1.06 Ma. While 

the Mt. Josephine sample from Brown and Gehrels (2007) recorded the oldest MDA for the semi-

schist unit at ~145 Ma, this age is nearly equivalent to the MDA for the older Mt. Josephine sample 

from this study (192-15), which yielded a 144.1 ± 1.16 Ma MDA and peak age of 152 Ma (Figs. 

14-15). The next most similar units with respect to their MDAs are the Fidalgo and Constitution 

samples from Brown and Gehrels (2007). The Fidalgo sample yielded a peak age of 149 Ma and 

an MDA of 139.3 ± 1.42 Ma and the Constitution sample yielded a peak age of 150 Ma and an 

MDA of 130.7 ± 2.12 Ma (Figs. 20-21). The youngest maximum depositional ages from these four 

similar metasedimentary NWCS units were two Mt. Josephine semi-schist samples from thus 

study, 192-27 and 192-21, which yielded 122.9 ± 0.84 Ma and 121.3 ± 2.32 Ma, respectively (Figs. 

14-15).  

The Lummi Formation and the certain parts of the Mt. Josephine semi-schist in the Easton 

metamorphic suite could be correlative based on their structure, lithology, and maximum 

depositional ages. When compared to the Constitution Formation, the Lummi Formation has at 
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least two fabrics, has isoclinal folds, is coarser in grain size, and is separated by fault contacts 

(Lamb, 2000; Vance, 1975) much like the Mt. Josephine semi-schist. Previous researchers have 

noted the similarities between the Lummi Formation and the Easton (e.g. Brown, 2012) and these 

two units have been further likened to portions of the Klamath Mountains in California (Brown 

and Gehrels, 2007). The sedimentary cover sequence of the Fidalgo Complex is only younger than 

the Mt. Josephine and Lummi units by <5 m.y. and is older than the Constitution by nearly 9 m.y. 

(Figs. 20-21). However, the Constitution Formation’s ~130 Ma MDA is more like the younger 

subset of the Mt. Josephine ages presented in this study at ~122 Ma. When viewed together, these 

depositional ages of other comparable units within the NWCS help confirm the new detrital record 

I present in this work.  

 

5.3 Depositional Environments and Provenance of the Regional Blueschist Units of the EMS  

Interpretations of the depositional environments of protoliths of the Easton metamorphic 

suite can be made by comparing the regional blueschist units from west to east. From the nature 

of the lithologic differences, the units have had related, but not identical, depositional 

environments. The western portion of the Easton metamorphic suite is dominated by 

metasedimentary rocks, with more of the Mt. Josephine semi-schist and less Darrington phyllite, 

but is mostly clastic in nature (i.e., mud, sand, and gravel protoliths). The eastern portion of the 

Easton in my study area is mostly composed of the metavolcanic rocks of MORB affinity, with 

smaller amounts of oceanic metasediments, as well as the metamorphic sole units near Iron 

Mountain. A near-arc setting was one of the first hypotheses for the western part of the Easton 

suite (Gallagher et al., 1988). As a large part of the western portion is the Mt. Josephine semi-

schist, these areas likely could represent sedimentation near an island or continental arc (Dragovich 
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et al., 1998). The areas that are coarser-grained, not fully recrystallized probably were the proximal 

facies of a submarine turbidite, whereas the phyllite-rich areas (Darrington phyllite) probably were 

more distal facies of a submarine fan. The smaller amounts of chert and lesser volcanic detritus 

presumably contributed to the clastic material for the meta-sandstones in the Easton (Dragovich et 

al., 1998). Yet, when comparing the three coarse Mt. Josephine samples with a high-N, the variable 

peak distributions and differing MDA values perhaps suggest that using a field criteria like grain 

size and appearance to separate the Mt. Josephine and Darrington phyllite units alone is 

problematic. 

An evaluation of clast lithologies within the metasedimentary units of the Easton helps 

refine the probable depositional environments of the Darrington and Mt. Josephine units. Listed 

by increasing order of abundance, the main lithology of clasts in the metasediments in the Mt. 

Blanchard study area as outlined by Gallagher et al. (1988) include: intermediate to felsic volcanic 

rock, monocrystalline quartz (metachert), quartz, plagioclase, gabbro/diorite, basalt/andesite, 

shale, epidote, and chromite. Some of the semi-schists were noted to be composed of almost 

entirely volcanic lithic fragments with extreme attenuation of up to 60 cm in length (Gallagher et 

al., 1988). These findings led Gallagher to the conclusion that the semi-schists contained detritus 

from meta-igneous rocks and “a virtual continuum of lithologies”, further cementing the idea that 

these regional rocks likely accumulated in the same depositional basin, that the volcanic rocks 

were deposited with the sediments of the Darrington phyllite, and that the nearby mafic to 

intermediate plutonic rocks shed detritus into the basin (Gallagher et al., 1988). However, the term 

Mt. Josephine semi-schist was not in use while Gallagher was conducting his work and was only 

coined about a decade later by Dragovich et al. (1998).  
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 Some researchers argue that it is relict chert clasts, not volcanic clasts, that comprise the 

major detrital clast component in the metasedimentary units, making their provenance more 

complicated. For the semi-schist and the phyllite, a mafic volcanic arc to quartzose provenance 

suggests a near-island or continental volcanic arc origin (Dragovich et al., 2000), since evidence 

for Easton near-arc deposition, rare tuffaceous greenschist layers in the semi-schist, and the 

presence of the volcanic clasts exists. A quartz-rich source of granitic erosion could also explain 

the relict quartz clasts (Roser and Korsch, 1986), meaning the Easton could be sourced by an arc 

and a continental basement (Dragovich et al., 1998; Dragovich et al., 2000). Yet, Dragovich noted 

that the volcanic relict clasts are an important aspect of the semi-schists but not the dominant 

component. Rather, the chert-rich source with minor elements of the volcanic arc detritus points 

towards a potential recycling of basin sediments during erosion of chert-rich basement rocks 

(Dragovich et al., 2000) from accreted terranes on the North American margin. Mineralogic 

observations also do not support the idea that the metasediments derived from the erosion of the 

greenstone only but were likely derived from a combination of uplifted sea-floor chert, quartzose 

basement rock, and highland volcanic rock (Brown, 1987; Dragovich et al., 1998; 2000). For the 

post-Gallagher classification of the western exposures of the Mt. Josephine, the semi-schist is 

different than the Darrington, which is one of the reasons why Dragovich separated the two while 

mapping, though it was more on a gradational scale (e.g. 20% Darrington, 80% Mt. Josephine). 

From the field observations of my study, when I observed clasts, I mainly found chert clasts, were 

the dominant clast type in the metasediments of the Mt. Josephine semi-schist in the Blanchard 

Mountain study area.  

While the Easton metamorphic suite’s possible depositional environments has remained 

the subject of debate for decades, two prevailing models exist for explaining the types of settings 
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the Easton was deposited into: 1) a back-arc model; or 2) subduction of a large ocean basin 

outboard of a continental margin. The back-arc model suggests that volcanic detritus in the western 

portion of the Easton is evidence of an arc to the west of the depositional basin with North America 

to the east (Gallagher et al., 1988; McDonald and Dragovich, 2015). This idea is further supported 

by the presence of meta-igneous rocks found in the westernmost extent of the Mt. Josephine semi-

schist in the Blanchard Mountain study area. These gabbros, diorites, and metatuffs are all 

interpreted as arc-derived lithologies (Gallagher et al., 1988). The Darrington phyllite is also 

considered to be similar in composition to modern back-arc basin turbidites (McDonald and 

Dragovich, 2015). The highly graphitic component of the Darrington and parts of the Mt. 

Josephine semi-schist further lends credence to the hypothesis that the metasediments could have 

been deposited in a back-arc basin (Haugerud et al., 1981).  

In contrast to the back-arc basin hypothesis, a large ocean basin is another likely 

depositional environment for the Easton based on the thermal history and duration of subduction 

metamorphism. By using typical rates of convergence at ~4cm/yr for 31 m.y. of subduction, 

Cordova et al. (2019) argued that a minimum of 1,200 km of ocean floor would have to be 

subducted to explain the duration of metamorphic and cooling ages within Easton metamorphic 

suite. That is not consistent with the typical widths of back arc basins, which are often on the 

smaller size range of at least 200 km. Based on the minimum duration of subduction coupled with 

the thermal history of the Easton, Cordova argued that a back arc basin was not as likely a 

depositional environment as a large ocean basin. However, if the back-arc closed via highly 

oblique subduction, the convergence would take a longer amount of time, and would not as 

strongly support the ocean basin model. Yet the presence of carbonaceous sediments within the 

Darrington and Mt. Josephine further corroborates that these metasedimentary units were probably 
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deposited in a basin without circulation from the open ocean (Gallagher et al., 2000; Haugerud et 

al., 1981). Therefore, the Easton was most likely deposited in an oceanic basin bordered to the 

west by an arc. 

Though the Late Jurassic - Early Cretaceous zircons dominate the Easton samples 

presented in this work, there is a small signature of pre-Mesozoic and Precambrian grains. The 

pre-Mesozoic grains point towards a central North American source that has been recognized in 

nearby areas, like the Great Valley forearc basin between the Franciscan Complex and the Sierra 

Nevada magmatic arc (Orme and Surpless, 2019). Similarly, the small signature and inclusion of 

the Precambrian detrital zircons in the eastern Shuksan first noted by Tabor et al. (1988) and 

documented within this study hints at the proximity of the North American Craton or sediments 

derived from it to the east.  

Precambrian zircons found in Shuksan-related rocks within the central Washington 

Cascades have long been argued to reflect a North American craton detrital component (Tabor et 

al., 1988). The eastern most sample in the Mt. Josephine semi-schist (192-27) had significantly 

more Precambrian grains than the other more westward Mt. Josephine samples from the Mt. 

Blanchard study area. The older zircon grains in the Easton samples from this study have relatively 

distinct populations around 1.0 Ga, 1.4 Ga, and 1.6 Ga (Figs. 11-12). While rocks in the Franciscan 

Complex also record the ~1.4 Ga zircon cluster, arguments based on the Franciscan and the Easton 

having similar tectonic histories or similar sources are potentially warranted, even though recent 

geochronologic data (Cordova et al., 2019; this study) has proven they are not necessarily a direct 

comparison for one another. Researchers working on rocks in a similar position within the 

Franciscan Complex do not believe these rocks were deposited into a back-arc basin, rather, they 

record long-lived E-dipping subduction (Saleeby, 1996; Shervais, 2001). Other researchers have 
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postulated that some of this older zircon material (>1.0 Ga) could be sourced from anorogenic 

granites, or the even older Belt supergroup based on their kernel density estimate peaks (Sauer et 

al., 2017).  

One of the most important findings of this study has been the documentation of near 

continuous Late Jurassic - Early Cretaceous zircons from ~170 - 122 Ma. Interestingly, most 

zircons in the Easton samples fall in the ~155 to ~120 Ma age range, which spans most of the 

magmatic lull in the Sierras (Fig. 22). This magmatic lull is an important feature in the tectonic 

development of the Cordillera and has been well-constrained and well-documented in the Sierra 

Nevada batholith (e.g., Armstrong and Ward, 1993; DeGraaff-Surpless et al., 2002). The nearby 

Wrangellia terrane and its associated back arc basin (Kahiltna) lack zircons ~144 and 125 Ma 

(Kalbas et al., 2007; Hampton et al., 2010), as do many other possible sources. Thus, this magmatic 

lull necessitates that sources for these Late-Jurassic to Early Cretaceous grains recorded in the 

Easton regional blueschists were somewhat limited.  

The Klamath and Blue Mountains of Oregon and California (Brandon et al., 1988) could 

be correlative to the rocks of the Easton and the other nappes of the NWCS (Brown, 2012) as rocks 

from the Sierra Nevada-Klamath regions have long been thought to be a potential provenance for 

the Easton zircons (Brown and Gehrels, 2007; Brown, 2012). Maximum depositional ages from 

the blueschists of the South Fork Mountain Schist in the Franciscan Complex (shown on Fig. 22) 

show similar ages to the older subset of the Mt. Josephine MDA estimate from this study (Dumitru 

et al., 2010), potentially reflecting a similar source area or provenance for both units in the Easton 

and Franciscan systems.  

The magmatic arc of the Coast Plutonic Complex (also named the Coast Mountain 

Batholith) in Alaska and British Columbia (Gehrels et al., 2009; Cecil et al., 2021) could also be 
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a likely provenance for many of the Late-Jurassic-Early Cretaceous zircon grains from the Easton. 

The Coast Mountain Batholith in north-central BC has been split into two belts, an older western 

belt and a slightly younger eastern belt. Magmatism occurred in the western belt in 3 stages, from 

~177 – 162 Ma, ~157 – 142 Ma, and ~118 – 100 Ma, with a recognizable magmatic lull from ~142 

- 123 Ma (Gehrels et al., 2009). Magmatism in the eastern belt of the CPC has a similar signature 

to the western belt with the notable exception that there is a record of continuous magmatism from 

~140 to ~120 Ma (Gehrels et al., 2009; Cecil et al., 2021). Similar Late Jurassic zircons in the 

Chugach accretionary complex have also been attributed to being sourced from the Coast Plutonic 

Complex (Amato et al., 2013). Because the eastern belt of the Coast Plutonic Complex has a 

continuity of zircon ages in the same age ranges recorded in the metasedimentary units in the 

Easton (Fig. 22), it is perhaps the most likely source arc for the detrital zircons analyzed in this 

study. 

 

5.4 Causes of Subduction Accretion along the North American Margin 

Subduction and accretion of metasedimentary units along the margin of western North 

America in the Jurassic and Cretaceous has been linked to changes in relative plate motion with 

implications for Cordilleran-wide tectonic events (Fig. 22). The metamorphic and detrital ages of 

subducted rocks from the Franciscan complex in California have been used to argue that the 

Franciscan subduction complex changed from a period of prolonged subduction erosion to 

subduction accretion circa 123 Ma (Dumitru et al., 2010). This time coincides with a proposed 

change in the direction and velocities of the North American and Pacific/Farallon plates (e.g., 

Engebretson et al., 1985), increased shortening in the Cordilleran forearc and retroarc (e.g., 

DeCelles et al., 2009), and transition from a magmatic lull to voluminous arc magmatism in the 
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Sierran batholith (Armstrong and Ward, 1993; DeGraaff-Surpless et al., 2002) (Fig. 22). Dumitru 

et al. (2010) postulated that the change in Pacific plate motions at ~123 Ma may have driven a 

transition from subduction erosion to subduction accretion, or conversely, that subduction 

accretion was driven by increased sediment supply from the continental margin. 

The geochronology from the Easton metamorphic suite in this study suggests that 

subduction accretion began nearly 30 m.y. earlier than within the Franciscan complex further south 

along the Cordilleran margin (Fig. 22). The maximum depositional ages of the Darrington phyllite 

and Mt. Josephine semi-schist indicate that deposition of the sedimentary units likely occurred 

from at least 152 - 122 Ma, with subduction accretion following soon thereafter. Based on the 

youngest metamorphic constraints on the Mt. Josephine semi-schist (Misch, 1963) and fossil 

constraints from the rocks in San Juan Islands that have also undergone HP/LT metamorphism 

(Brown et al., 2005), continued subduction accretion of metasedimentary units within the NWCS 

persisted until at least ~115-112 Ma (Brown, 2012). 

 The earlier record of subduction accretion in the Easton metamorphic suite compared to 

the Franciscan suggests local tectonic settings and sediment supply more likely contributed to the 

onset of subduction accretion. If a change in plate motion were the primary driving mechanism, 

then one would expect to see synchronous changes along the continental margin, assuming a 

simple plate boundary geometry. In addition, for modern plate margins, the dominant control on 

whether a subduction zone experiences subduction erosion or subduction accretion is the amount 

of sediment supply with high amounts of sedimentation leading to subduction accretion (e.g., 

Scholl and von Huene, 2007). 
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6. CONCLUSIONS 

Field mapping, structural analysis, and zircon U-Pb geochronology show that previously correlated 

units within the Easton metamorphic suite are instead distinct structural litho-tectonic units. From 

youngest to oldest these include the Mt Josephine semi-schist, the Darrington phyllite, and 

Shuksan greenschist. Based on the zircon results, it is possible that the Mt. Josephine semi-schist 

has at least two sets of maximum depositional ages at ~144 Ma and ~122 Ma and suggests different 

sources within the same unit or that the Mt Josephine semi-schist consists of units accreted at 

separate times. The Lummi formation in the NWCS yields similar maximum depositional ages as 

the older portions of the Mt Josephine semi-schist and may be correlative. In contrast, the 

Darrington phyllite could potentially be as much as 8 m.y. older than the oldest portion of the Mt. 

Josephine semi-schist and the youngest Mt. Josephine maximum depositional ages are younger 

than white mica 40Ar/39Ar ages of the Darrington phyllite. The Shuksan greenschist has a protolith 

age of 166 Ma but the structural and metamorphic history is different from the Darrington phyllite 

and the two units should be considered separately. Subduction accretion in the Easton 

metamorphic suite occurred ~30 m.y. earlier than the main accretionary phase in the Franciscan, 

suggesting that proposed changes in the relative Pacific and North American plate motion did not 

solely drive changes from subduction erosion to subduction accretion.  

 

7. FUTURE WORK  

Future work could involve gathering more U-Pb zircon samples from other outcrops of the 

Darrington phyllite, Mt. Josephine semi-schist, and Shuksan greenschist within the study area to 

fill in possible age gaps within the results. Preliminary work to find zircons within the amphibolite 

units of the metamorphic sole has already been accomplished; zircon ages from these earlier, high-
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grade units near the Iron Mountain (Finney Creek) area could further contextualize the ages 

reported in this study. An examination of trace and Rare Earth Elements  and Lu/Hf isotopes within 

Easton zircons could likely provide additional information on provenance and sourcing of the units 

to an even more refined extent. Pressure and temperature pseudosection modeling of rocks 

sampled at unit boundaries within the high grade metamorphic sole and the regional blueschist 

units would supplement the existing geochronological framework to confirm the structural 

relationship of contacts within the Easton units. Further sampling and detailed mapping of the 

differences between the Darrington phyllite and the Mt. Josephine semi-schist is needed to 

highlight the growing distinctions between these once correlated units. No published 40Ar/39Ar 

ages are currently available for the Mt. Josephine unit; to further constrain the outstanding 

differences of the Mt. Josephine and Darrington units identified in this work, gathering samples 

for 40Ar/39Ar geochronology from the study areas would be a logical next target for future research.  
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FIGURES  

 

 
 

Figure 1. Geologic map and cross section of the Northwest Cascades Thrust System (NWCS) nappe 

sequence including the subduction zone rocks of the Easton metamorphic suite (EA) in green. Study areas 

outlined by dashed boxes and represent the extent of Figures 2C and 3. Map from Schermer et al. (2018). 

Previous U-Pb geochronology in the Easton metamorphic suite includes ages from Dragovich et al. (1998), 

Gallagher et al. (1988), and Brown and Gehrels (2007). Black squares are igneous U-Pb ages, and the black 

oval is the single U-Pb detrital zircon age for the Mt. Josephine before this study.  
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Figure 2. A) Composite inverted metamorphic sequence in the Easton metamorphic suite, showing 

decreasing temperature with depth and possible fault relationships between units. B) Schematic cross-

section of the Easton metamorphic suite during subduction, circa 140 Ma. C) Geologic map of the Easton 

metamorphic suite near Iron Mountain and Gee Point, Washington, with 40Ar/39Ar ages from Cordova et 

al. (2018). Abbreviations: amp, amphibole; wm, white mica. Modified from Cordova et al. (2018). 
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Figure 3. Geologic map of the Easton metamorphic suite, with sample locations for this study in white 

circles and U-Pb zircon geochronology samples in yellow squares. Dashed boxes show the extent of Fig. 

4A and B. The three main study areas discussed in the text are labeled. All GIS data obtained from the 

Washington state Department of Natural Resources geology portal (find here: 

https://fortress.wa.gov/dnr/geologydata/publications/data_download/ger_portal_surface_geology_100k.zi

p).  

  

https://fortress.wa.gov/dnr/geologydata/publications/data_download/ger_portal_surface_geology_100k.zip
https://fortress.wa.gov/dnr/geologydata/publications/data_download/ger_portal_surface_geology_100k.zip
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Figure 4. A) Stereograms of foliation planes in the Blanchard Mountain study area. B) Stereograms of 

foliation planes in the Iron Mountain study area from Figure 3.   
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Figure 5. Field photographs of all U-Pb zircon geochronology samples in this study. Structural features of 

note are outlined in white, with geologic unit and sample number labeled. Sense of scale is shown using a 

pencil, pen, or hammer. A) A coarse Mt. Josephine semi-schist from the Blanchard Mountain study area 

with second generation folds (F2
J), an S1

J fabric folded by the F2
J event, and a weak axial planar fabric (S2

J) 

more easily identified in thin section indicated by the dotted white lines. Boudinaged quartz veins are 

parallel to the S1
J fabric and commonly are associated with the F2

J folds. B) A rare F1
J fold and the axial 
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planar S1
J fabric in the Mt. Josephine semi-schist. Meta-chert clasts and layers that are sub-parallel to the 

F1
J fold and the S1

J fabric are also labelled. C) A graphitic version of the Mt. Josephine semi-schist unit 

from the Mt. Josephine study area. D) The S1
P fabric is folded by the F2

P folds in the Mt. Josephine semi-

schist. E) Relict bedding (S0
P) in the Darrington phyllite that is parallel to S1

P. F) Tuffaceous layers in the 

Shuksan greenschist from the Iron Mountain study area. The S1
G fabric is folded by the F2

G.  
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Figure 6. Field photos of outcrops with folds from sample localities in this study. Structural features of 

note are outlined in white, with geologic unit and sample number labeled. Sense of scale is shown using a 

pencil, pen, or field notebook. A) A rare F1
J fold in the Mt. Josephine semi-schist is visible in the dark-gray 

layer and folds the relict bedding. B) The S1
J fabric in the semi-schist is folded by F2

J. C) Boudinaged quartz 

veins parallel the S1
J fabric and are folded by F2

J folds. D) The S1
J fabric in the semi-schist is folded by F2

J 

and is crosscut by an axial planar fabric (S2
J) (white dashed lines). E) The S1

P in the Darrington phyllite is 

folded by the dominant F2
P folds. Approximate field of view is 6 meters. F) The S1

G fabric of the Shuksan 

greenschist is folded by the F2
G folds, which are the most dominant and common folds. G) The S1

G fabric 

is folded by the second generation of folds (F2
G) that have an axial planar fabric (S2

G). H) An oblique 

outcrop view of the F2
G folds and the folded S1

G fabric in the Shuksan greenschist.  
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Figure 7. Thin section photomicrographs of the rocks sampled for U-Pb geochronology under cross-

polarized light. Green lines represent Mt. Josephine semi-schist fabrics, brown lines represent Darrington 
phyllite fabrics, and purple lines represent Shuksan greenschist/blueschist fabrics. Qtz - quartz, Wm - white 

mica, Ab - albite, Chl- chlorite. A and B) Elongated chert clasts parallel to the S1
J fabric in the Mt. Josephine 
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semi-schist. Note, these samples are coarser than that of the Darrington phyllite in photo E. C) Sample 192-

27 with graphitic layers that surround chert clasts/layers. D) A poorly developed S2
J axial planar crenulation 

cleavage weakly overprints an S1
J fabric, that is parallel to S0

J indicated by the finely crystalline white mica, 

coarser quartz, and graphite layering. E) A folded quartz vein (S1
P) is overprinted by the axial planar S2

P 

fabric in the Darrington phyllite, with much of the mineralogy being quartz and white mica. F) The S1
G 

fabric from the Shuksan greenschist meta-tuff is weakly crosscut by the S2
G axial planar fabric. 
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Figure 8. Thin section photomicrographs of the Mt. Josephine semi-schist samples on the left and 

Darrington phyllite samples on the right under cross-polarized light. Fabrics of the Mt. Josephine and 

Darrington delineated by dashed lines; green represents Mt. Josephine semi-schist, brown represents the 

Darrington phyllite. A, B) The S1
J fabric in the Mt. Josephine semi-schist. C) The semi-schist from the Mt. 

Josephine study area is highly graphitic, has minor calcite, but does not have a well-developed fabric. D) 

The S1
P fabric in the Darrington phyllite folded by the F2

P folds and overprinted by the axial planar S2
P 

fabric. E, F) Large, texturally zoned albites from the eastern exposures of the Darrington phyllite. The S1
P 

fabric is preserved in the interior of the albite crystals and the S2
P fabric in the surrounding matrix. G) The 

S2
P fabric overprints the S1

P fabric which is folded by F2
P. H) Internal grain size difference within the 

Darrington in a graphitic area. I) A large quartz grain from the Darrington in the Iron Mountain study area 

showing undulose extinction and sub-grain recrystallization.   
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Figure 9. Thin section photomicrographs of the Shuksan greenschist/blueschist unit under cross-polarized 

light (A, C) and plane polarized light (B). Dashed purple lines represent the S1
G fabric, and dashed white 

lines represent the S2
G fabric. Minerals indicated by the abbreviations: Chl - chlorite, Gln - Glaucophane, 
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Wm - white mica, Ep - epidote. A) Greenschist and blueschist layering outlined by S1
G is the dominant 

fabric in this sample, defined by chlorite and glaucophane. B) From the tuffaceous Shuksan sample, the S1
G 

fabric (purple) is still preserved but is partially overprinted by the S2
G fabric (white). C) The S1

G fabric from 

the Shuksan in the Iron Mountain study area wraps around a large epidote crystal.  
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Figure 10. Stereonet plot of F2 fold axial planes throughout the field area (great circles). Fold axes are 

plotted as the dots on each great circle and are divided by unit lithology (Shuksan, purple; Darrington, 

brown; Mt. Josephine, green).   
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Figure 11. Wetherill-concordia plots for the four samples with a high zircon yield from this study. All 

grains plotted as green ellipses, including discordant grains. Analyses that are within 2σ uncertainty of the 

concordia line are considered concordant grains (A-C: Mt. Josephine samples 192-15, 192-21, 192-27, 

respectively; D) Shuksan greenschist sample 192-30). A) Mt. Josephine semi-schist (192-15) yielded a total 

of 239 grains, with 227 grains falling on the concordia line. B) Mt. Josephine semi-schist sample (192-21) 

yielded a total of 282 grains, with 266 falling on the concordia line. C) A highly graphitic Mt. Josephine 

semi-schist sample (192-27) yielded a total of 243 grains, with only 150 grains falling on the concordia 

line. D) The only Shuksan greenschist sample shows a total of 42 zircon grains, with 37 grains falling on 

the concordia line.  
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Figure 12. U-Pb zircon age distributions of samples from this study plotted as kernel density estimates 

(KDE) ranging from west to east as sample numbers increase. A-B) Mt. Josephine sample 192-15; C-D) 

Mt. Josephine sample 192-21; E-F) Mt. Josephine sample 192-27; G-H) Shuksan greenschist sample 192-

30. The left column shows samples of this study from a 0 to 3000 Ma extent and the right column shows 

the same samples enlarged to show the extent from a 0 to 500 Ma. The dotted vertical line at 500 Ma 

indicates the extent for the KDE on the right column. For each sample, the KDE curve is plotted for all 

analyses (N, gray curve) and for analyses that are concordant within 2σ uncertainty (n, black curve). Small 

vertical ticks on X-axis represent each individual age analysis within the samples. Age peaks have been 

rounded to the nearest whole number.  
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Figure 13. Cumulative age distribution (CAD) plots on the left and radial plots on the right. Red lines on 

the CAD plot show the peak age for largest young peak in each sample, with the age also in red. A-C) Mt. 

Josephine samples 192-15, 192-21, 192-27, respectively. D) Shuksan greenschist sample 192-30.  
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Figure 14. A stacked cumulative age distribution (CAD) plot and kernel density estimates (KDE) of the 

Mt. Josephine detrital samples with a high N using the detritalpy program. Sample number is to the right 

of each plot. Peak ages are labeled for the KDE plots.  
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Figure 15. YC2σ(3+) plots showing the calculated maximum depositional ages (MDAs) from detritalpy of 

the three detrital samples in the Easton. Uncertainties reported at the 1σ level. YSG is the youngest single 

grain (light orange bar); YC1σ(2+) sorts all analyses by their U-Pb age plus 1σ uncertainty, and identifies 

the youngest cluster of analyses with overlapping 1σ error (orange bar); YC2σ(3+) sorts all analyses by 

their U-Pb age plus 2σ uncertainty, and identifies the youngest cluster of 3 or more analyses with 

overlapping 2σ error (red bar) (Sharman et al., 2018). Vertical black bars show 1σ uncertainty, gray bars 

show 2σ uncertainty. 
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Figure 16. YC2σ(3+) plots showing the calculated maximum depositional ages (MDAs) from detritalpy 

and weighted mean plots of A) 192-10 (Mt. Josephine semi-schist, N=8) and B) 192-20 (Darrington 

phyllite, N=14), the two samples from this study with low zircon yields. For the weighted mean plots, the 

gray bar represents the weighted mean range, and is included for comparison to the YC2σ(3+) plots. The 

results at the top of the plot are reported as t ± x | y where t is the weighted mean age, x is the standard 

error, y is the 95% confidence interval (following Vermeesch, 2018). Individual ages plotted with 2σ errors. 
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Figure 17. A TuffZirc plot and weighted mean plot of 192-30, the Shuksan greenschist sample. For the 

TuffZirc plots, methods follow Gehrels et al. (2008) and Gehrels and Pecha (2014). Red bars are analyses 

that are accepted, blue analyses are rejected; the TuffZirc age (green line) comes from the coherent group 

of red bars. 
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Figure 18. Stratigraphic columns of the current interpretations of the Easton metamorphic suite’s regional 

blueschist units and the one proposed in this study. Metamorphic geochronology ages are from Misch 

(1963) and Cordova et al. (2019).  
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Figure 19. Geologic map and cross section of the Northwest Cascades Thrust System (NWCS) nappe 

sequence with U-Pb geochronology outlined. Yellow stars represent the Mt. Josephine maximum 

depositional ages (this study), the black stars represent Mt. Josephine and Darrington phyllite ages with low 

N (this study), the purple hexagon represents the Shuksan greenschist protolith age (this study), and the 

white stars represent previous U-Pb detrital zircon ages from comparable NWCS units in similar structural 

position (Brown and Gehrels, 2007). Bottom right shows a stacked age representation of the maximum 

depositional ages interpreted in text. Map modified from Brown and Gehrels (2007) and Schermer et al. 

(2018).  
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Figure 20. A stacked Cumulative Age Distribution (CAD) plot and Kernel Density Estimates (KDE) plot 

of the Constitution and Lummi Formations, Fidalgo Complex, and Mt. Josephine semi-schist within the 

Northwest Cascades System (NWCS), using the detritalpy program. Formation name is to the right of each 

plot. Peak ages are labeled for the KDE plots. Unit colors for Constitution, Fidalgo, and Lummi match those 

in Figure 19.  Data from this study (192- samples) are from the Mt. Josephine semi-schist unit. All other 

NWCS data from Brown and Gehrels (2007).  
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Figure 21. YC2σ(3+) weighted mean plots showing the maximum depositional ages (MDAs) from 

detritalpy of the Constitution and Lummi Formations, Fidalgo Complex, and Mt. Josephine semi-schist 

within the Northwest Cascades System (NWCS). Data from Brown and Gehrels (2007). Vertical black bars 

show 1σ uncertainty, gray bars show 2σ uncertainty. Calculated uncertainties on the plot are reported at the 

1σ level.  
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Figure 22. Comparison of timing of events in the Franciscan subduction complex and the Easton 

metamorphic suite. Modified from Dumitru et al. (2010) to add the geochronology from this study into the 

regional subduction framework. Geochronologic data used in the Easton – NWCS section from this study, 

Misch (1963), Lamb (2000), Brown and Gehrels (2007), and Cordova et al. (2019). Note the ca. 123 Ma 

events in all diagrams (blue bar).  
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TABLES.  

 

Table 1. Sample locations, unit names, and lithologies for geochronology samples.    

Sample Latitude Longitude Unit Lithology 

192-10 48.61425896 -122.441978 Mt. Josephine semi-schist 

192-15 48.61754802 -122.419904 Mt. Josephine semi-schist 

192-20 48.66593599  -122.412255 Darrington phyllite 

192-21 48.60687702 -122.35734 Mt. Josephine semi-schist 

192-27 48.57564798 -121.970637 Mt. Josephine graphitic semi-schist 

192-30 48.48114897 -121.935403 Shuksan meta-tuff 

 

 

 

Table 2. Geochronology samples, zircon yields, reported age types, and ages from this study.    

Sample Unit High/Low N Geochronology Reported Age Type Age 

192-10 Mt. Josephine Low N Detrital Zircon YC2σ(3+) 157.2 ± 3.82 Ma MDA 

192-15 Mt. Josephine High N Detrital Zircon YC2σ(3+) 144.1 ± 1.16 Ma MDA 

192-20 Darrington Low N Detrital Zircon YC2σ(3+) 151.9 ± 2.54 Ma MDA 

192-21 Mt. Josephine High N Detrital Zircon YC2σ(3+) 121.3 ± 2.32 Ma MDA 

192-27 Mt. Josephine High N Detrital Zircon YC2σ(3+) 122.9 ± 0.84 Ma MDA 

192-30 Shuksan High N Igneous Zircon Weighted Mean 166.31 ± 1.37 Ma 
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