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ABSTRACT 

 

 Pressure and temperature estimates from phase diagram models indicate that the 

Wenatchee Ridge orthogneiss is the deepest exposed segment of the crust in the Nason terrane of 

the Cascades crystalline core, WA.  Peak metamorphic P-T conditions of  8-11.5 kbar and ~600-

700ºC exceed predictions for the Chiwaukum Schist and Mt. Stuart batholith to the west-

southwest and are compatible with a gradient of increasing P and T from the southernmost 

Nason terrane to the NRMG and WRO.  Wenatchee Ridge orthogneiss zircon U-Pb ages (88.9-

84.8 Ma) are identical to other zircon ages, interpreted as ages of intrusion, from the Pear Lake 

orthogneiss.  Additional similarities in external grain morphology and internal zoning suggest an 

igneous origin to the Wenatchee Ridge orthogneiss.  The P-T results and ages support the 

interpretation of the Wenatchee Ridge orthogneiss origin as one of many intrusive bodies within 

the Nason Ridge Migmatitic Gneiss, all of which intruded the Chiwaukum Schist.  In addition, 

the results are compatible with a proposed southwest oriented thrust loading resulting in 1) older 

metamorphic ages and 2) elevated pressure and temperature conditions in the northeastern Nason 

terrane. 
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1. INTRODUCTION 

 

 The North Cascades of Washington, the southern portion of the Coast Mountains 

orogen, are mid to lower crustal rocks of accreted magmatic arcs exhumed during the late 

Cretaceous to early Tertiary (Paterson et al., 2004).  The Cascades crystalline core 

(Figure 1), a complex region of interwoven lithologies and terranes such as the Nason 

(Figure 2), is a unique exposure of these lower crustal lithologies that underwent multiple 

episodes of metamorphism and deformation during crustal thickening, intrusion by 

numerous plutons, transpression, and transtension during collisional orogenesis.  The 

southern Cascades core is subdivided the Wenatchee and Chelan structural blocks by the 

Tertiary Entiat fault (Tabor et al., 1987).  The Wenatchee Block includes low to medium 

grade metamorphic rocks of the Ingalls ophiolite, Chiwaukum Schist, and Nason Ridge 

Migmatitic Gneiss which were intruded by numerous plutons such as the Dirtyface and 

Mt. Stuart (Figure 1).  A paleobarometric gradient defined by thermobarometry in these 

metamorphic rocks indicates that the northeastern part of this block experienced 

significantly higher pressures than rocks to the southwest (Brown and Walker, 1993; 

Evans and Davidson, 1999; Stowell et al., 2007) (Figure 2).  The Wenatchee Ridge 

Orthogneiss, part of the northeast Wenatchee block, is the structurally lowest part of the 

block and thus may be the lowermost part of the exposed crust in the North Cascades.  

  

 Regional tectonic models capable of explaining the barometric gradient have been 

previously constructed from metamorphic and structural studies of the surrounding rocks 

in the Chiwaukum Schist and Nason Ridge Migmatitic Gneiss (Magloughlin, 1993; 
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Tinkham, 2002; Patterson et al., 2004; Bulman, 2005; Stowell et al., 2007).  However, the 

Wenatchee Ridge Orthogneiss (henceforth referred to as the WRO) has yet to be properly 

characterized in order to test the hypothesis that it is the lowermost crust and to 

understand its role in this lithologic puzzle.  This lack of data leads to an array of 

questions spawning debate in areas such as the age of crystallization, lithologic 

homogeneity, peak metamorphic conditions and, perhaps the most critical question of all: 

Is the WRO the basement of the exposed Wenatchee block?  This study utilizes a multi-

disciplinary approach that includes construction of isochemical phase diagram sections 

calculated for the WRO and surrounding lithologies, observation of textures ranging from 

the microscopic to outcrop scale, determination of mineral compositions from electron 

probe microanalysis, and calculation of new U-Pb zircon ages from multicollector laser 

ablation inductively-coupled plasma mass spectrometry.  These new data help to 

constrain the depth during metamorphism and the age of emplacement for the WRO, 

which in turn helps to determine if 1) the WRO is the deepest exposed portion of the 

Nason terrane, and 2) if new data from the WRO can lend weight to tectonic models 

proposed for late Cretaceous shortening and tectonic loading of the Nason terrane.



 

 

 

 

 

 

 

 

 

 

Figure 1.  Simplified geologic maps of the North American Cordillera (A) and Cascades Crystalline core (B).  A.  Locations of 
batholiths, terranes, and the limits of deformation associated with compression and crustal thickening along the North American 

Cordillera.   B.  Geologic map of the Nason and Chelan Mountains terranes in the Cascades Crystalline core.  Note the position of the 
WRO (medium blue; surrounded by the Nason Ridge Migmatitic Gneiss, or NRMG).  From Stowell et al., 2007.
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Figure 2. Simplfied geologic map of the Wenatchee block.  Garnet ages (Ma) in black are 

from Stowell and Tinkham (2003).  Zircon ages in red are from Matzel (2004) and 
Tinkham (2002).  Cross sections are presented in Figure 41.  Isobars (dashed lines, kbar) 
for M3 metamorphism are from Evans and Davidson (1999), Brown and Walker (1993), 
and Stowell et al. (2007).  Sample locations for this study are added around the WRO.  

HL – Heather Lake; LA – Lake Augusta; LW – Lake Wenatchee; PLO – Pear Lake 
Orthogneiss; QA – Quaternary alluvium; SG – Swakane Gneiss; SK – Skykomish Peak.  

Modified from Stowell et al. (2007). 
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2. GEOLOGIC SETTING 

 

The Cascades crystalline core (Cascades core) in north-central Washington 

represents the southernmost portion of the over 1500 km Coast Plutonic Complex (Figure 

1).  This Cretaceous to Paleogene magmatic arc extends from Washington to Alaska 

exposing mid to lower crustal plutonic and medium to high-grade metamorphic 

lithologies (Paterson and Miller, 1998a; Paterson et al., 2004).  The Cascades core and 

Coast Plutonic Complex are situated between the Intermontane superterrane to the east 

and the Insular superterrane to the west (Monger et al., 1982).  Bounding the Cascades 

core are the Eocene Straight Creek fault to the west, distinguishing the core from the 

Canadian Coast Plutonic Complex, and the high-angle Ross Lake fault zone to the east 

(Umhoefer and Miller, 1996; Miller et al., 2006).   

 

The Wenatchee block is subdivided into several terranes including the Nason 

terrane, which is a complex geologic puzzle of igneous and metamorphic lithologies 

(Tabor et al., 1987; Tabor et al., 1993; Paterson et al., 1996).  The Nason terrane is 

separated from the nearby Napeequa Complex and Tenpeak Pluton by the White River 

shear zone, a reverse shear zone with southwest transport that juxtaposes rocks 

metamorphosed at >10 kbar in the Napeequa Complex with those metamorphosed at 

lower pressure, 6-8 kbar, to the south (Brown and Walker, 1993).  The southernmost 

portions of the Nason are bounded by the Ingalls Ophiolite complex and the Windy Pass 

thrust.  This fault juxtaposes rocks of the Jurassic Ingalls complex over the Chiwaukum 

schist of the Nason terrane (Miller, 1985; Stowell et al., 2007).  To the west the Straight 
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Creek fault defines the western boundary of the Wenatchee Block, separating it from 

Paleozoic and Mesozoic oceanic and arc rocks to the west (Miller et al., 2006). 

 

Late Cretaceous plutons in the Wenatchee block intruded medium to high-grade 

rocks south of the White River shear zone which were metamorphosed between 92 and 

86 Ma (Stowell et al, 2007).  North of the White River shear zone somewhat younger 

plutons intruded high-grade rocks that were metamorphosed ca. 64 Ma (Gatewood and 

Stowell, 2012).  Whereas, in the Chelan block, plutonic activity lasted until early Tertiary 

time (Miller et al., 1993) and metamorphism extended from about 94 to 73 Ma 

(Gatewood and Stowell, 2012).  Additionally, K-Ar cooling ages obtained from biotite 

and muscovite bearing rocks of the Wenatchee block south of the White River shear zone 

are late Cretaceous and do not show evidence of an early Tertiary event present in the 

neighboring Chelan block (Tabor et al., 1987; Magloughlin, 1993; Evans and Davidson, 

1999).  

 

The Nason terrane consists of multiple lithologies and is dominated by the 

Chiwaukum Schist (CS) and the Nason Ridge Migmatitic Gneiss (NRMG) a.k.a. the 

banded gneiss unit of Tabor et al. (1987) and Tabor et al. (1993).  Intrusions of 

granodioritic to tonalitic dikes and sills ranging in size from centimeter scale to larger 

pegmatitic bodies have been used as evidence that the NRMG is structurally lower than 

the surrounding CS (Tabor et al., 1993; Zuluaga, 2004).  These rocks surround the 

Wenatchee Ridge Gneiss and Dirtyface Pluton (DF) near the northeastern extent of the 

Nason terrane (Figure 2).  In the south-central Nason terrane the expansive, northwest-
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southeast trending tonalitic-to-granodioritic Mt. Stuart batholith intrudes the CS and 

NRMG and also cross cuts the Windy Pass thrust to the south to intrude the Ingalls 

complex. 

 The Nason terrane may have experienced three metamorphic events (M1-M3) of 

varying scale and duration (Evans and Davidson, 1999; Stowell et al., 2007).  The first 

proposed metamorphic event (M1) is a regional, pre-Mt. Stuart episode occurring 

approximately 143-103 Ma (Magloughlin, 1993; Paterson et al., 2004; Stowell et al., 

2007).  These estimates are based on garnet Sm-Nd ages derived from schist collected in 

the Icicle Creek area, situated in the southern Nason terrane between segments of the Mt. 

Stuart batholith.  M2 is a contact event that caused andalusite growth during amphibolite 

facies metamorphism between 96 and 90 Ma (Paterson et al., 2004; Stowell et al., 2007).  

Andalusite and cordierite observed in contact aureoles associated with the Mt. Stuart 

batholith indicate that this event occurred at 3-3.5 kbar pressure (Stowell et al., 2007).  

The last of these events, M3, is a regional metamorphic event ca. 88-86 Ma with medium 

to high-pressure mineral assemblages postdating the intrusion of the Mt. Stuart (Evans 

and Davidson, 1999; Stowell and Tinkham, 2003).  Associated with this event is a paleo 

pressure gradient increasing from the SW to the NE (Brown and Walker, 1993; Paterson 

et al., 1994; Evans and Davidson, 1999).  
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  3. METHODS 

 

3.1   Mineral Chemistry  

   Compositional analyses of minerals within thin sections were conducted at the 

University of Alabama Central Analytical Facility, utilizing a JEOL JXA-8600 electron 

probe microanalyzer (EPMA).  This instrument is equipped with five wavelength 

dispersive (WDS) spectrometers, one Bruker XFlash silicon drift detector, as well as a 

Gatan MiniCL detector.  Software programs dQuant and Probewin version 8.21 were 

used for WDS analysis while programs dPict and Esprit version 1.9 were used for 

backscattered electron (BSE) and cathodoluminescence (CL) image collection, energy 

dispersive spectroscopy (EDS) for inclusion and phase identification, as well as element 

X-ray mapping. 

     

Standard operating conditions for EPMA quantitative analyses and BSE imaging 

were 15 kV accelerating voltage and 20 nA current.  A 1 micron beam diameter was used 

for the majority of analyses and imaging, with the exception of minerals such as 

feldspars, where a defocused beam of 5-10 μm was used to ensure proper collection of 

alkali group elements.  Both natural and synthetic mineral standards were used for WDS 

calibration.  The PB ZAF matrix correction routine was used in the conversion of raw X-

ray counts to weight percent oxide data.  CL images were collected using lower beam 

currents, 3.5-7 nA, utilizing the Gatan MiniCL detector.    
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3.2   Bulk Rock Chemistry 

 Samples for bulk rock compositional analysis were selected focusing on two key 

features.  First, ideal samples contained a variety of phases including P-T-x sensitive 

solid solution minerals such as amphibole, feldspar, garnet, and in particular titanium rich 

phases in the form of ilmenite, rutile, and titanite.  Second, areas to be sampled needed to 

be as fresh and alteration free as possible (i.e. no weathering rinds).  Selected samples 

were slabbed from hand samples and any weathering rinds present were ground away.  

Thin sections of samples to be used for thermodynamic modeling and microprobe 

analysis were created from these slabs in order to ensure that bulk rock chemistries and 

mineral chemistries were taken from adjacent areas of each sample.  Approximately 1.2 

grams were used for bulk rock analysis via XRF.  Slabbed samples were crushed and then 

powdered in a tungsten-carbide shatter box in an effort to reduce possible contamination 

from Al or Fe found in other available ring and puck assemblies.  To ensure thorough 

homogenization each sample was powdered for five minutes.  Powdered samples were 

placed in cleaned and labeled glass vials prior to fused disc production.   

 

 Powdered samples were made into fused glass discs for obtaining the major 

element bulk rock composition via XRF.  Powders were weighed in a silica crucible and 

then dried in a low temperature (70-80°C) oven in order to evaporate any residual water 

in the sample.  Samples were then ashed in a high temperature oven at 900 - 1000°C for a 

period of three to five hours.  Ashed samples were allowed to cool and stored in a 

desiccator prior to weighing.  The difference in weight before and after ashing was used 

to calculate H2O loss on ignition (LOI) and the bound water content. 
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 LiBr flux was dried in a low temperature oven for a period of six hours prior to 

cooling.  A 4.5 ± 0.00005 g portion of dried flux was combined with 0.5 ± 0.00005 g of 

sample and thoroughly mixed in a porcelain crucible.  Prior to melting, two drops of a 

LiBr non-sticking agent were added to the mixture.  The mixture was then transferred 

into a platinum crucible and melted atop a Bunsen burner.  A platinum mold was also 

heated atop a Bunsen burner.  The mixture was then melted with constant agitation and 

swirling to ensure homogeneity, and once completed was poured into the pre-heated disc 

mold.  After cooling for approximately 15 minutes, fused discs for each sample were 

labeled and readied for bulk rock XRF analysis.  Prepared fused discs were analyzed at 

the University of Alabama using a Philips PW 2400 X-ray fluorescence spectrometer 

(XRF) equipped with a rhodium source.  Bulk rock compositions for selected samples are 

given in Table 3. 

 

3.3   Garnet Sm-Nd Geochronology 

 Garnet has proven to be a useful mineral for dating metamorphic activity 

throughout the Cascades core using the samarium-neodymium (Sm-Nd) isotopic system 

because of its tendency to preferentially incorporate and retain these rare earth elements 

during growth (Stowell et al., 2007).  Added benefits of using garnet stem from its 

relative abundance as a metamorphic mineral and slow rates of diffusion for major 

elements in addition to Sm and Nd.  This creates an opportunity to characterize prograde 

metamorphic conditions and timing through analysis of garnet cores.  These cores are 

expected to be in equilibrium with the whole rock during peak metamorphic conditions, 
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while garnet rims may be in equilibrium with the surrounding matrix (Vance and 

O’Nions, 1990; Thöni, 2002).  Realistic interpretations of these ages must include an 

understanding of metamorphic conditions.  With this in mind the ages derived from this 

study were interpreted in light of temperatures in order to understand metamorphic 

history.   This interpretation was then compared with studies of the surrounding region to 

obtain a more complete metamorphic and tectonic interpretation.   

  

Two garnet amphibolite samples, 04NC106 and NC247, were selected to 

constrain the timing of garnet growth in the area adjacent to the southeastern terminus of 

the WRO.  Samples were cut and slabbed to remove weathered portions and allow for 

better exposure of garnet grains.  Grains to be sampled and prepared for isotopic analysis 

were selected on the basis of grain size, morphology (large, single grains vs. garnet 

clusters) as well as visual inspection for the most euhedral and inclusion free grains.  The 

combination of relatively small garnet size (~3 mm or smaller) and the geometry of the 

cut samples presented a challenge in obtaining enough sample from individual grains for 

core to rim comparison.  One garnet core and a combination of multiple garnet grains 

were taken for each respective sample in addition to adjacent garnet free matrix and bulk 

rock material, resulting in four separates per sample.   

 

 Samples were hand picked using a binocular microscope in order to select 

optically “clean” garnet (i.e., free of inclusions or pieces of adjacent grains) and the 

separate fractions mentioned above, and weighed.  All garnet samples were a minimum 

of 100 mg.  These specifications are critically important as even microscopically small 
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inclusions of REE rich phases such as apatite, epidote, and in particular monazite (with 

large Nd concentrations compared to garnet) have the potential to greatly reduce Sm-Nd 

ratios and thus distort age calculations (Dewolfe et al., 1996).  Garnet samples were then 

crushed using a mortar and pestle with isopropanol and sieved using 100 and 200 micron 

mesh sieves.   

 

 Separates of garnet, matrix, and whole rock fractions were then placed on watch 

glasses and leached in acetone, triple rinsed with ultrapure H2O (>18 Mohm), and 

leached again with double distilled (i.e. 2X) HNO3 (2X 2M HNO3 for matrix and whole 

rock, 2X 7M HNO3 for garnet) prior to an ultrapure H2O rinse, drying, and weighing.  All 

samples were then transferred to individually numbered Savillex® Teflon® vials for 

additional leaning and dissolution.  Garnet samples slated for further leaching were 

moved to temporary vials to be used only in the leaching process and not for dissolution 

of samples.  Vials were weighed prior to and after the addition of sample.  Due to the 

garnet morphology of these samples and a lack of large grains yielding enough material 

for analysis, an additional more aggressive leaching step was employed for garnet 

separates.  A single grain sample from 04NC106 and a bulk sample from 07NC247 were 

selected for this process.  Weights of garnet samples pre and post leaching were recorded 

for comparison.   

 

 Three leaching steps were used in an attempt to remove mineral inclusions within 

garnet samples.  The first step involved the addition of 2.0 mL concentrated HNO3, 

weighing the sample plus acid mixture, and heating samples on a hotplate at 
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approximately 120º C for three hours.  Samples were removed from the heat and 

ultrasonicated for five minutes every hour in order to accelerate leaching and expose the 

entire sample to nitric acid.  Samples were then cooled and HNO3 was decanted, with 

adequate drying time prior to two repetitive additions of 2X 2M HCl and two sonications.  

Two additions of ultrapure H2O and two sonication steps were used to clean samples 

prior to the next round of leaching.   

 

 Following the HNO3 treatment, 2.0 mL of 2X 2M HCl were added to each sample 

in addition to 1 mL of HF to attack potential silicate inclusions.  Samples were then 

heated to approximately 120º C, covered, for one hour while being removed from the 

heat every ten minutes to ultrasonicate for five minutes.  The HF solution was then 

decanted, and the same HCl and ultrapure H2O cleaning steps described above were 

applied before a final perchloric acid leach.  For the third step, 1 mL of 1.5N HCl was 

added, in addition to 2 mL of HClO4, prior to samples being covered and heated to 150 

ºC for one hour.  At the end of this time samples were sonicated for approximately 10 

minutes and returned to the heat, uncapped, overnight until dry.  The same cleaning steps 

mentioned above were also used.  For each sample, the final weight was recorded prior to 

full sample dissolution.  The percent mass losses for leached samples were 16-19%. 

 

 After the leaching process both selected garnet leaching samples as well as non-

leached garnet, matrix, and whole rock samples were ready for dissolution.  Non-leached 

samples were first cleaned with acetone, triple rinsed with ultrapure water, put through a 

light overnight leaching with 2X 2M HNO3, and triple rinsed a second time before 
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transfer to vials.  As with the leaching steps, numbered 15 mL Sevillex® Teflon® vials 

were used for the dissolution process.  Cleaned samples were then weighed and a mixed 

isotopic spike from the University of North Carolina (UNC B basalt spike) was added.   

 

 Weighed samples were then dissolved in a mixture of 1 ml 2X HF and 2X 7M 

HNO3.  Each sample was heated to ~120 ºC for approximately three days, with samples 

periodically removed, cooled, and placed in an ultrasonic bath to promote dissolution of 

garnet/whole rock material and fluoride phases alike.  The HF and HNO3 mixture was 

then evaporated prior to the sequential addition, heating, and evaporation of 2X HCl in 

order to convert any remaining fluorides into chloride phases.  Four steps involving 2X 

6M HCl, 2X 12M HCl, 2X 2M HCl, and a final 0.5 ml of 2x 2M HCl were used to 

redissolve samples.  A final separation between any remaining solids and dissolved 

sample was accomplished with a centrifuge session at least ten minutes in duration.  

Dissolved samples were then decanted and stored prior to Sm-Nd separation. 

 

 Two steps of separation, one for bulk REE separation and a second for the elution 

of Sm and Nd, were used to prepare samples for isotopic analysis.  Approximately 0.2 ml 

was taken from each dissolved sample and loaded onto BIO-RAD AG 50W cation 

exchange columns rinsed with ultrapure water and 2X 6M HCl prior to conditioning with 

2X 2M HCl.  A series of 2X 2M HCl steps was used to set and wash samples through the 

columns before a final elution and collection using 2X 6M HCl.  Sm-Nd elution was 

performed at the University of North Carolina, Chapel Hill.  Silica columns were loaded 

with cation exchange resin and treated with 0.2 ml ultrapure H2O before 0.5 ml the of 
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collected samples were loaded, set with 0.2 ml ultrapure H2O, and eluted with additions 

of 0.150 M and 0.225 M methylactic acid (α-HIBA).  After elution samarium and 

neodymium separates were treated six times with aqua regia, a mixture of 2x 12M HCl 

and 2x 12M HNO3, to dissolve crystallized methylactic acid during heating and 

evaporation on hotplate.  

 

 Isotopic analyses for Sm and Nd were conducted using a VG Sector 54 Thermal 

Ionization Mass Spectrometer (TIMS).  Dried samples were treated with 0.5 M H3PO4, 

dried, and then dissolved in 0.2 of 2M HCl.  Samarium and neodymium samples were 

loaded onto single center Ta and Re filaments respectively.  Parafilm dams were used to 

concentrate samples to an approximately 1mm spot on each filament.  Filaments current 

was raised to approximately 1.1 A during loading to drive off excess H3PO4 while drying 

eluted samples to a bead no more than 1mm from the center of each filament.  Parafilm 

was subsequently burned off to prevent liquid samples from spreading too far from the 

center of each filament.  Dried filaments were then inserted into a turret block and loaded 

into the TIMS.      

 

 Neodymium samples were analyzed as oxides with oxygen gas bled into the 

chamber to promote the formation of NdO and improve Nd signal intensity.  Sm samples 

were run on Ta filaments under a separate, non oxide routine using the multi-collector 

static mode.  Microsoft Excel was used for plotting the collected data, specifically using 

the Isoplot 3.00 add-in from Ludwig (2003).  Neodymium fractionation was corrected 

using an assumed 146Nd/144Nd ratio of 0.7219 seen in both the Microsoft Excel add-in 
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Isoplot 3.00 Ludwig (2003) as well as O’Nions et al. (1977).  Sm isotope concentrations 

were normalized to 149Sm/152Sm of 0.51685 after Wasserburg et al. (1981). 

         

3.4   Zircon U-Pb Geochronology 

 Zircon and the U-Pb isotopic system is particularly useful for dating plutonic and 

metamorphosed plutonic rocks due to the presence of zircon in numerous varieties of 

crustal rocks, the tendency of zircon to incorporate uranium and thorium and little lead 

during crystallization, in addition to the resilience of zircon during moderate to high 

temperature metamorphism (Harley and Kelly, 2007; Gehrels et al., 2008).  These 

properties make zircon an ideal candidate for chronologic work in an area such as the 

Cascades core that has experienced multiple episodes of metamorphism due to intrusive 

activity and burial and loading via thrust faulting. 

 

   Samples to be dated through U-Pb geochronology were selected on the basis of 

lithology and cross cutting relationships.  Two samples, 07NC226 and 07NC215b, were 

selected with these criteria in mind.  Sample 07NC226 was taken from a 

quartzofeldspathic mylonitized shear zone in the WRO.  Sample 07NC215b is a quartz 

rich, non-foliated pegmatite cross cutting the dominant foliation of this shear zone. 

 

 Samples were slabbed prior to grinding away weathered rinds, after which the 

cleaned samples were coarsely crushed.  This was followed by a second, finer crush to 

reduce the size of samples to 2-4 mm.  Finely crushed samples were then reduced in size 

again with the use of a disc mill to achieve a uniform sample size < 1mm for the purposes 
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of separation with a Gemini water table.  Heavy and light fractions were separated and 

collected from each sample, dried, and labeled.  Light fractions were bagged and stored 

while heavy fractions were prepared for further separation via Franz magnetic separator. 

 

 In order to separate Fe-bearing heavy minerals, the magnetic fraction of each 

sample was removed with either a strong hand magnet or a Franz magnetic separator.  

Sample 07NC215b in particular had a very small heavy fraction, and as a result the hand 

magnet was used to avoid contaminating or losing a portion of this fraction with the 

Franz magnetic separator.  With the magnetic fraction removed, samples 07NC215b and 

07NC226 were suitable for separation via heavy liquids. 

 

 Approximately 250 mL of M.E.I. (methylene iodide) was used in a 500 mL 

separation flask for each sample.  A plastic stopcock assembly prevented leakage and 

allowed for easy removal of dense material from the bottom of the separation flask.  Each 

sample was then poured into the filled separation funnel, stirred thoroughly, and allowed 

to settle for 10 minutes.  Once a clear separation between heavy and light fractions was 

achieved, the stopcock was opened and shut rapidly to remove the heavy fraction from 

the bottom of the flask.  Additional heavy fraction was collected with extra separation 

time.  The combined heavy fraction was separated and cleaned with acetone in order to 

remove residual M.E.I.  After the removal of the M.E.I. from the separation flask the 

resiual light fraction was also collected, washed with acetone, and stored.  Each fraction 

was then bottled and labeled. 
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 The heavy fractions of each sample were then inspected visually with the aid of a 

microscope and tweezers to remove grains with similar morphologic and optical 

characteristics as zircon.  Picked samples were separated onto individual glass watch 

plates and stored in isopropyl alcohol until mount preparation. 

              

 Samples to be analyzed with laser-ablation ICP-MS were mounted in a 1” 

diameter epoxy plug.  A glass plate was used for the arrangement of prepared samples 

with an outline of the mount, affixed to the bottom of the plate, clearly visible.  Double 

stick tape was secured to the top of the plate and became the surface onto which the 

picked samples were deposited.  Mounts were prepared with a central group of Sri Lanka 

zircon used as an in-house standard by the Arizona LaserChron Center since 2005.These 

zircon have a concordant age of 563.5 ± 2.3 Ma and were used to constrain Pb/(U-Th) 

fractionation as discussed below.  Around the zircon standard each sample was arranged 

on a grain-by-grain basis close to the center of the mount.  This process, described by 

Gehrels and Ruiz (2008), is necessary for minimizing position-based variation in Pb/(U-

Th).  After the grains were arranged on tape, epoxy was mixed and poured over the 

samples to a thickness of 3/8 inch within a 1” interior diameter pipe.  The epoxy plug 

cured for a period of 20-24 hours prior to being removed from the glass plate, tape, and 

ground down using 1000 and 2500 grit paper to expose the interiors of the majority of the 

mounted grains.  Additional polishing steps using diamond pastes ranging in grit size 

from 15-1 μm helped to remove any scratches as well as cracks in the epoxy not removed 

through grinding.  Finished zircon mounts were imaged at the University of Alabama 

Central Analytical Facility using the JEOL 8600 EPMA, with an attached Gatan 
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cathodoluminenesence detector.  This was done to better understand zircon zoning prior 

to analysis. 

 

 Laser Ablation-Multicollector Inductively Coupled Plasma Mass Spectrometry 

(ICPMS) was conducted at the Arizona LaserChron Center at the University of Arizona.  

The laser ablation method was chosen on the basis of increased sample throughput with 

variable spatial resolution (~1-6 µm depth, 10-38 µm beam diameter), which is 

particularly useful for samples of magmatic origin.  In this instance, a 25 µm beam was 

selected to reduce uncertainties in analyses while maintaining a beam diameter small 

enough to produce multiple analyses per grain.  Instrument capability allowed collection 

of isotopic data for U, Pb, and Th in a single analysis.  These analyses were performed 

away from cracks in grains or epoxy to minimize variation in Pb/(U-Th) ratios, as the 

position of individual zircon grains and any nearby surface features may diminish the 

quality of detected isotopic ratios.   

 

 In dealing with the U-Pb isotopic system, there is an inherent uncertainty about 

the amount of common lead present.  To account for this, correction factors based on the 

normalization of observed 206Pb/204Pb to common lead (Stacey and Kramers, 1975) were 

applied.  Additionally, the process of acquiring robust isotopic ratios via mass 

spectrometry introduces another problem to account for:  mass fractionation of Pb 

relative to U and Th isotopes during collection.  206Pb/238U and 206Pb/207Pb ratios were 

compared to those collected from a concordant zircon standard of known age, reanalyzed 

after every five analyses of sampled unknown zircon.  The uncertainties calculated from 
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two-sigma standard deviations involved in these measurements, specifically in terms of 

radiogenic vs. common Pb, were calculated citing the above authors with a 1% 

uncertainty for the 206Pb/204Pb, a 0.3% uncertainty for 207Pb/204Pb, and a 2% uncertainty 

for 208Pb/204Pb assigned.  Ages of sampled zircons were calculated with the Microsoft 

Excel plug-in Isoplot 3.0 using the weighted mean of 206Pb/238U ages from concordant 

samples.    

 

3.5   Thermodynamic Modeling and P-T paths 

  Isochemical pressure-temperature phase diagram sections were produced using 

the program THERIAK DOMINO, version 20.03.074, written by Christian de Capitani.  

These diagrams are often reffered to as pseudosections and are subsequently referred to 

as phase diagram sections.  Bulk rock compositions for selected samples were converted 

from weight percent oxides to elemental cation proportions prior to modeling.  These 

compositions, held constant, were used as the basis for the modeling of multiple reactions 

occurring over a range of temperatures and pressures calculated using an internally 

consistent data set.  In order to verify the results of models calculated with this program, 

additional calculations were performed with the AVERAGEPT subroutine of the program 

Thermocalc, using the dataset of Holland and Powell (2003).      

 

 With consideration of the observed metamorphic assemblages, as well as repeated 

modeling attempts, two chemical systems were used for bulk rock modeling in this study.  

The bulk rock composition of garnet amphibolite samples 04NC106 and 07NC247 were 

modeled using the NCKFMASHT chemical system, while those for 07NC212 and 
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07NC236 were modeled using MnNCKFMASHT.  When Mn was included in the 

NCKFMASHT system, garnet stability extended to surface conditions.  This warrants 

exclusion of Mn from amphibolite models due to its perturbation of a peak metamorphic 

phase prone to Mn incorporation during growth, in addition to a lack of other observed 

phases of which Mn is a primary component.  A possible explanation for this apparent 

extended garnet stability may stem from the lack of Mn incorporation into the ilmenite 

(Ilm) activity model.  No mixing parameters between Fe, Mg, and Mn end members were 

present in this dataset version.  As a result, the assumption of a purely Fe-bearing Ilm 

phase during model predictions may have affected garnet stability by allowing additional 

Mn for garnet.  The presence of liquid/melt was not calculated in these models for 

samples 04NC106 and 07NC247 due to a lack of any signs of melting in these samples 

and conflicts with mineral activity models, specifically amphibole.  Activity models used 

in all calculations are presented in Appendix II.    

 

 Garnet and biotite rim analyses were used in Fe-Mg exchange thermometry to 

better understand P-T conditions near the end of garnet growth in samples 04NC106, 

07NC236, and 07NC247.  Using a spreadsheet provided for download by Dave Waters, 

University of Oxford, seven different calibrations of the garnet-biotite thermometers 

provided temperature calculations for a given pressure (9.5-10 kbar).  Pressures were 

chosen to intersect peak metamorphic assemblages predicted in THERIAK DOMINO 

models.  Calculations using lower assumed pressures (7-8 kbar) were also tested, with 

results lowering temperatures for all calibrations ~25ºC.  Prior to calculations, electron 

microprobe data were used in an effort to describe the extent of equilibrium in each 
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sample.  With no large (>5%) fluctuations present in oxide values in rim analyses for 

phases such as amphibole, feldspar, and biotite it was determined that equilibrium was 

present for at least the thin section scale.  Biotite rim analyses were collected from grains 

in contact with, or in very close proximity to, garnet.  Garnet analyses with the highest 

Mg# (the ratio of Mg to Fe, calculated as Mg/(Mg+Fe)), representing the peak of garnet 

growth, were chosen for these calculations.   

 

Calibrations used in this spreadsheet, and the associated colors and labels used on 

Figures 28, 33 and 35, are as follows: Thompson, 1976, (T76, yellow), Perchuk and 

Lavrent’eva, 1983, (PL83, orange), Ferry and Spear, 1978, (FS78, purple), Dasgupta et 

al., 1991, (Dasg91, light blue), Hodges and Spear, 1982 (HS82, black), Holdaway and 

Lee, 1977, (HL77, green).  Bhattacharya et al., 1992, used two different mixing 

parameters for the pyrope-almandine asymmetric regular solution model.  The first, from 

Ganguly and Saxena, 1984, is labeled B92-GS and colored red.  The second, from 

Hackler and Wood, 1984, is labeled B92-HW and colored blue. 

 
 The H2O content used for modeling was calculated by modeling xH2O content vs. 

T in THERIAK DOMINO.  A binary phase diagram was constructed using the whole 

rock weight percent oxide data from sample 04NC106 while varying the hydrogen cation 

value from 0 to 6, with a presumed unknown amount of oxygen.  The peak metamorphic 

assemblage is only predicted with ≥ 3.1 cations hydrogen.  Water is predicted to be in 

excess for the peak metamorphic assemblage and other assemblages to the right of the 

blue line.  Given these factors it was decided that modeling with excess H2O in the 
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system would not create problems with accurately plotting the peak metamorphic 

assemblage. 
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4.  PETROGRAPHY AND TEXTURES 

 

 To enable interpretation of the results of calculated phase diagram sections, the 

metamorphic textures preserved within selected rock samples were characterized via 

transmitted light microscopy.  Where necessary, EDS spectra and element mapping were 

used for further confirmation of phase identification.  The described samples all contain 

amphibolite facies minerals and lack lower pressure minerals (i.e., andalusite and 

cordierite) attributed to M2 contact metamorphism (Evans and Berti, 1986; Evans and 

Davidson, 1999). 

 

4.1  Sample 04NC106 

 Sample 04NC106 is a garnet amphibolite (Figure 3) collected near the eastern 

contact of the WRO and the NRMG (Table 1).  The full mineral assemblage consists of 

Grt+Pl+Bt+Am+Ilm+Ttn+Rt+Qtz+Chl.  Amphibole-biotite rich regions and 

quartzofeldspathic lenses define a strong fabric.  Garnet is euhedral to anhedral in shape 

and ranges in size from >1mm to ~6mm, yet also appears in larger, anhedral clusters of 

multiple grains.  Garnet grains bear a quartz and plagioclase rich corona with 

embayments of amphibole, biotite, and quartz.  Biotite is present as both subhedral 

porphyroblasts cut along a near basal orientation and a finer grained matrix constituent, 

specifically in leucocratic areas.  Anhedral amphibole is pervasive in the section sampled 

for study and often heavily fractured.  This created challenges for polishing (Figure 3) as 

many grains fell apart or were plucked to such an extent that imaging or EPMA work was 

not viable.  Garnet to be analyzed via EPMA was chosen based on Mn zoning (Figure 4).  
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Because garnet preferentially incorporates Mn during growth, observable high Mn 

contents in cores present an opportunity to better sample garnet core compositions. 

 

Ilmenite (Ilm), rutile (Rt), and titanite (Ttn) are present as inclusions within garnet 

and in the matrix of this sample (Figure 5 and Figure 6).  All of these phases are 

subhedral to anhedral within garnet, with numerous trails of Ttn clearly defined in X-ray 

maps (Figure 7).  Garnet analyzed with EPMA, with Ilm and Ttn present along the rim, 

can be seen in Figure 8.  Ttn was observed armoring and often in proximity to Rt and Ilm, 

both of which are minor components in the matrix.  For this sample, Ttn was observed 

armoring Ilm in the rim of the garnet chosen for EPMA analysis.  Rt grains are present in 

two distinct sizes ranging from ~20 microns in length to up to ~150 microns in length, yet 

this range in sizes may be due to the orientation of grains relative to the section sampled.  

Ilm grains free of Ttn armoring were also observed within the matrix. 
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Figure 3. A scanned thin section of sample 04NC106.  Clear quartzofeldspathic and Am + Bt ± Grt rich layers stand out in thin section 
and hand sample. 
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Figure 4.  Backscattered electron (top) and 

Mn X-ray mosaic images (bottom) for 

sample 04NC106.  The area circled in the 

lower image is the garnet grain analyzed 

via EPMA to find core and rim 

compositions, due to high the Mn content 

in the core.   
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Figure 5. Ilm armored by Ttn, at the rim of the garnet circled in Figure 4.  Ca X-ray map 
included to better display Ttn
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Figure 6.  BSE image from sample 04NC106 of Rt, Ilm, and Ttn inclusions in Grt. 
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Figure 7.  Inclusions of Ttn, Rt, and Ilm within a 

large, euhedral garnet in sample 04NC106.  Also 

note the trails of smaller Ttn grains (5-20 µm on 

average) seen in the Ca and Ti maps.  These 

grains, closer to the garnet core, lack the 

armoring textures seen in and around garnet 

rims. 
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Figure 8.  BEI image of garnet porphyroblast in sample 04NC106, with EPMA traverse indicated by the line labeled A-A'. 
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Figure 9. Compositional profile obtained from garnet porphyroblast in sample 04NC106.   
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4.2  Sample 07NC212 

 This dominantly quartzofeldspathic sample, collected in an area adjacent to the 

Wenatchee Ridge overlook  is characteristic of the surrounding lithologies, with the 

exception of serpentine-rich mafic pods and intermittent amphibolitic lenses.  The full 

mineral assemblage consists of Grt+Pl+Bt+Am+Ttn+Qtz+Chl.  Foliations for this sample 

follow a similar orientation to other measurements taken throughout the overlook (Figure 

10).  This sample is highly strained, which can be seen in the strong fabric present 

between Qtz+Pl+Bt and Am+Ttn rich layers (Figure 11) as well as lineations in 

porphyroblastic feldspars situated among biotite grains sharing a similar orientation.   

 

Relict sub-anhedral garnet grains  >1mm in diameter are present, often with cores 

consisting of the surrounding matrix assemblage of Qtz+Pl+Am+Bt+Ttn+Chl, leaving 

few clean grain boundaries and only rims in tact (Figure 12).  Garnet instability and 

possible resorption may have led to the creation of this pervasive atoll garnet texture.  

Chlorite, as in other samples, appears to be retrograde in nature and also may be 

replacing biotite or seen as radiating clusters lacking the strong foliation present in other 

phases.   
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Fig. 10. Outcrop map for the Wenatchee Ridge overlook.   Tan colored areas represent exposed outcrop, and white areas represent 
covered or overgrown areas.   Large hachured areas are steep cliffs, which were not sampled.  Dashed field lines representing local 
trends in orientation throughout the outcrop are shown, as well as numbered stations for measurement.  Structural data is given in 

Appendix A. 
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Figure 11. Scanned thin section of sample 07NC212.  Garnet displaying atoll rim structures can be seen, with Bt+Am+Pl+Ttn 
displaying foliation. 
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Figure 12.  BSE image of an atoll garnet from sample 07NC212.  Relict garnet rims left behind after garnet breakdown are labeled, as 
well as mineral phases replacing the core and surrounding the altered grain. 
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Figure 13.  BSE and X-ray maps of 

subhedral, atoll garnet in sample 

07NC212.  Am+Pl+Bt+Chl+Tt+Qtz have 

embayed and replaced the interior of the 

grain.    
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4.3  Sample 07NC236 

 This pelitic sample collected on the mountain slope near the Dirty Face Pluton 

presented a good contrast to the samples described thus far, in terms of both its distinct 

mineralogy as well as its distance from the WRO.  The observed mineral assemblage 

consists of Grt+Pl+Bt+Am+Rt+Qtz+Chl, with traces of apatite and tourmaline.  Anhedral 

to euhedral garnet porphyroblasts, 1.5 mm or less in diameter and lacking pronounced 

chemical zoning, are prominent throughout the collected hand sample and thin section 

(Figure 14).  These grains are found in various states of stability throughout the sample.  

Some are nearly intact and relatively free of inclusions and embayments (Figure 15).  Of 

these, one was chosen for X-ray mapping (Figure 16) and EPMA analysis via linescan 

(Figure 17).  Others appear to be in the process of breaking down (Figure 18) and 

demonstrate a nearly sieve-like texture.  Biotite and amphibole display a strong fabric, 

following regional NW/SE trends.  Subhedral feldspar and quartz are dominant matrix 

constituents and are the most prevalent in lenses up to and over 10 mm in size.  Rt is also 

present as a minor phase, both as inclusions within garnet and as subhedral grains within 

the matrix.  One grain of tourmaline, ~0.4 mm, was also observed in thin section.    
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Figure 14. Scanned thin section of sample 07NC236.  Garnet porphyroblasts are scattered throughout the sample, and aligned Bt, Pl, 
and Amp define the foliation. 
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Figure 15.  BSE image of garnet in sample 07NC236, later used for WDS analysis.  Inclusion and surrounding phases labeled. 
 



Figure 16. BSE and X-ray Kɑ intensity 

maps of garnet porphyroblast in sample 

07NC236.  This grain is relatively free of 

inclusions and lacks the sieve texture 

present in other garnet grains from this 

sample.
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Figure 17. Compositional profile from garnet porphyroblast in sample 07NC236.   
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Figure 18. Garnet porphyroblasts in sample 07NC236 demonstrating the sieve texture seen in many garnet grains.

 44 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.4 Sample 07NC247 

 This garnet amphibolite, collected in an area adjacent to sample 04NC106, bears a 

number of similarities in both mineralogy and texture to the aforementioned sample.  In 

similar fashion a strong fabric is defined by the orientation of biotite and anhedral 

amphibole (Figure 19).  As with sample 04NC106, the mineral assemblage consists of 

Grt+Pl+Bt+Am+Ilm+Ttn+Rt+Qtz+Chl.  One of the most interesting textures observed in 

this sample pertains to Ilm-Rt-Ttn growth.  Subhedral Rt within the matrix is in contact 

with, and surrounded by, anhedral Ilm which is in turn armored by Ttn (Figure 20 and 

Figure 21).  This would suggest a sequence of crystallization from higher pressure Rt, 

followed by Ilm, and finally by Ttn.  While these minerals lack a euhedral shape none 

appear to be breaking down into other phases.  Within garnet grains the boundaries 

between Ilm and Ttn in BSE are not pronounced and these sometimes occur in one 

subhedral grain (Figure 22).  Inclusions of both albite and anorthite are also present 

within garnet.    

 

Subhedral to anhedral garnet is surrounded by quartzofeldspathic coronas and most 

often found within leucocratic lenses, as opposed to the alternating biotite and amphibole 

rich lenses.  Biotite is abundant in leucocratic lenses.    
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Figure 19.  Scanned thin section of sample 07NC247.  Distinct layers of Grt porphyroblasts +Qtz+Pl+Bt and Am+Bt+Ttn mark the 
dominant foliation of the sample.   
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Figure 20.  BSE image taken from sample 07NC247, with mineral phases labeled for better identification in Figure 21. 
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Figure 21.  BSE and X-ray maps of Ttn observed 

armoring Ilm, which in turn surrounds Rt, 

observed in the matrix of sample 07NC247 

surrounding a large porphyroblastic garnet.  This 

garnet was selected for EPMA analysis. 
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Figure 22.  BSE image from garnet in sample 07NC247, displaying Rt, Ilm, and Ttn inclusions.  Additional inclusion phases, such as 
Qtz and Pl (darker in BSE)  have been labeled.  
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Figure 23. BSE and X-ray maps of mineral 

inclusions within a Grt grain in sample 

04NC247.  Three of the main Ti-bearing 

phases, Ttn, Ilm, and Rt, are observed in 

proximity with one another.  Ttn is seen 

armoring Ilm, which is best seen in the Ca 

element map.
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 Figure 24. Compositional profile obtained from garnet porphyroblast in sample 07NC247.  
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5. THERMOBAROMETRY AND PHASE DIAGRAM SECTIONS 

 

 Phase diagram sections consteucted using THERIAK-DOMINO and P at T 

calculations using AV PT V.2 are presented below.  For ease of viewing, fields colored 

light green designate areas of garnet stability and thus do not include garnet in the labeled 

assemblages.  The observed peak metamorphic assemblage is designated by a red color.  

Bulk rock compositions used in modeling are listed in addition to important boundaries 

signifying Ilm, Rt, and Ttn stability.  Mn was excluded from models for garnet 

amphibolite samples 04NC106 and 07NC247.  For these samples including Mn within 

the NCKFMASHT system extended the pressure and temperature stability fields of 

garnet to near surface conditions, indicating a problem with the incorporation of Mn in 

activity models for minerals in the amphibolites.  This is inferred to result from the 

complex nature of modeling garnet solid solution stability and the variations of Mn 

bearing activity models for amphibole, chlorite, and/or Fe-Ti oxides. 

 

 Peak metamorphic assemblages are predicted to be stable at pressures of 7.5-10 

kbar for all of the samples.  Temperatures estimated from the peak assemblage fields 

were 575-675 ºC.  These models predict the stability of titanium bearing phases such as 

Ilm, Rt, and/or Ttn.  Some or all of these phases were observed within thin sections and 

are thus crucial to understanding model results.  For the sake of compatibility and 

comparison all samples were modeled within the same P-T range of 400-800 ºC and 4-13 

kbar.  Fe-Mg exchange results are in Table 2.  Bulk rock compositions used for modeling 

are in Table 3. 

 52



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 53



 

 

 

 

 

 

 

 

 

 

 

 

 54



5.1 Sample 04NC106 

 The P-T phase diagram section predicts garnet stability above 525 ºC and 7 kbar 

(Figure 26).  Within this field, a variety of Ti-bearing phases such as Rt, Ttn, and Ilm are 

predicted.  All of these phases are observed within porphyroblastic garnet and in the 

matrix of sample 04NC106.  Textural observations of these phases suggest early rutile 

crystallization followed by Ilm, which is often seen surrounding Rt.  Narrow Ttn rims 

growing around Ilm also point to late Ttn stability.  The peak metamorphic assemblage, 

observed in visible light and EPMA BSE imaging, is predicted to be stable at ~650 ºC 

and 8-9.5 kbar and consists of Grt+Pl+Bt+Qtz+Am+Ilm+Ttn, with H2O in excess.  

Pressures and temperatures above this did not indicate Ttn stability.  All three Ti bearing 

phases were present in both porphyroblastic garnet grains and within the matrix.  This 

sample lacks evidence of significant melt generation.  When melt was incorporated into 

models the solidus predicted was very high, which may be attributed to a problem with 

the melt activity models in the dataset version used.  

 

 Garnet core composition isopleths constructed for this sample converge around 

the garnet in line at ~625-650 ºC and 7.5-8 kbar (Figure 27).  An increase in pressure of 

1-1.5 kbar would be needed to move from the area defined by these isopleths to the 

predicted P and T range of the peak metamrphic assemblage.  Retrograde chlorite 

replacing biotite and subhedral with embayments of Bt, Chl, Pl and Qtz indicate the 

possibility of a later shift towards lower P-T conditions outside of the predicted field of 

garnet stability.  Temperature estimates from garnet-biotite Fe-Mg exchange 

thermometry agree with the P-T span of the peak metamorphic assemblage, with four of 
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the seven calibrations falling inside the peak assemblage field and the others within 50ºC 

for calculations run at 9 kbar (Figure 28).  Temperature estimates from the 

THERMOCALC AVE-PT and T at P routines also overlap the peak assemblage field, but 

have large uncertainties.  This uncertainty is especially large for AVE-PT (see error 

ellipse in Figure 29).   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 25. Phase diagram section for H vs T.  The observed peak metamorphic assemblage, colored red, is predicted above 3.2 cations 
H (weight % H2O = 1.3%). 
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Figure 26. P vs. T phase diagram section for sample 04NC106.  Garnet-bearing assemblages are designated with light green.  
Assemblages around the peak metamorphic assemblage (red) are numbered and listed to the right of the section.  Solidus indicated 

with a red line.

1)Bt Ilm Am Qtz Rt Ttn Cz 
H2O 
2)Bt Ilm Am Qtz Rt Ttn H2O 
3) Pl Bt Ilm Am Qtz Rt Ttn 
H2O 
4) Pl Bt Ilm Am Qtz Ttn H2O 
5) Pl Bt Ilm Am Qtz H2O 
6) Pl Grt Bt Ilm Am Qtz H2O 
7) Pl Grt Bt Ilm Am Cpx Qtz 
H2O 
8) Pl Grt Bt Ilm Am Cpx Qtz 
Ttn H2O 
9) Pl Grt Bt Ilm Am Qtz Ttn 
H2O 
10) Pl Grt Bt Ilm Am Qtz Rt 
Ttn H2O 
11) Grt Bt Ilm Am Qtz Rt Ttn 
H2O 
12) Pl Grt Bt Am Qtz Rt Ttn 
H2O 
13) Grt Bt Am Qtz Rt Ttn H2O



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Garnet core composition isopleths for a sampled porphyroblast in 04NC106.  Almandine fraction is red, grossular is green, 
and pyrope is purple.  Isopleths do not overlap, but instead converge on an area near garnet stability of 625-650ºC and 7.5-8 kbar.
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Figure 28.  Temperature estimates from the garnet-biotite exchange thermometer at an assumed P of 9 kbar.  Results for various 

calibrations are shown as different colored squares (see section 3.5 for details). 
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Figure 29.  P-T predictions using Thermocalc.  White box (and error ellipse) were calculated using the AVE-PT function.  Black box 

(and error bars) were calculated using the T at P function, calculating temperature at a pressure of 9 kbar.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5.2 07NC212 

 Sample 07NC212, from the Wenatchee Ridge overlook, was modeled using the 

MnNCKFMASHT system.  As with other samples, the presence of Ttn and Ti-bearing 

phases in addition to Ti rich biotite made the inclusion of Ti in the chemical system a 

necessity.  The dominantly quartzofeldspathic nature of this sample precludes over 

prediction of garnet in the low temperature portion of the phase diagram section.  Garnet 

is predicted over a P-T field comparable to those calculated for other samples.   

 

 Garnet core composition isopleths were not constructed for this sample due to the 

lack of suitable grains for analysis.  As demonstrated in section 4, relic rims are often the 

only remnants of the garnet population in this sample.  Grains with cores present were too 

broken down and embayed by other minerals, specifically iron bearing phases like biotite 

and amphibole, to provide reliable compositions for isopleth construction.  The peak 

metamorphic assemblage is predicted to contain Grt+Pl+Prg+Bt+Ttn+Qtz, with H2O in 

excess.  Due to the specificity of this prediction, specifically Prg, verification was 

performed using WDS to confirm the presence of pargasite.  This peak field exists over a 

broad range of pressures, ~6.5-11.5 kbar, and ranges in temperature from ~575-700°C.
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1) Pl Grt Bt Zo Ttn Prg Qtz Rt H2O 
2) Pl Grt Bt Zo Ttn Prg Qtz H2O 
3)  Pl Grt Chl Bt Zo Ttn Prg Qtz H2O 
4) Pl Grt Chl Bt Zo Ttn Qtz H2O 
5) Pl Grt Chl Bt Ttn Qtz H2O 
6) Pl Grt Chl Bt Ttn Prg Qtz H2O 
7) Pl Grt Bt Ilm Ttn Prg Qtz H2O 
8) Pl Grt Bt Ilm Ttn Tr Qtz H2O 
9) Pl Grt Bt Ilm Ttn Di Qtz H2O 
10) Pl Grt Bt Ttn Tr Prg Qtz H2O 
11) Pl Grt Bt Ttn Di Prg Qtz H2O 
12) Pl Grt Bt Ttn Prg Qtz H2O  
13) Pl Grt Bt Ttn Di Qtz H2O 
14) Pl Grt Bt Ttn Qtz H2O 
15) Pl Grt Bt Zo Ttn Qtz H2O 
 

 

 

 

 

 
 

Figure 30. Phase diagram section for model 07NC212.  Assemblages including Grt are designated by the light green.  Assemblages 
around the peak metamorphic assemblage (red) are numbered and listed to the right of the section.  Solidus indicated with a red line.
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5.3 Sample 07NC236 

 The pelitic nature of this sample warranted the inclusion of Mn into the 

NCKFMASHT chemical system. This inclusion did not extend calculated garnet growth 

to unreasonable (i.e. surface) conditions like prior samples.  The observed peak 

metamorphic assemblage of Grt+Pl+Bt+Qtz+Am+Rt, with H2O in excess, is predicted to 

be stable at ~610-675ºC and 7.5-10 kbar (Figure 31).  This results, in part, from the lack 

of observed Ilm and Ttn within the sample, a feature which greatly reduces the peak P-T 

ranges in other models.  Despite being a pelitic sample no St was predicted for this 

model, an occurrence that agrees with thin section observations. 

 

 Garnet core composition isopleths constructed for this sample predict overlap at 

higher P and T than 04NC106 (Figure 32).  Isopleths for this sample plot within the 

predicted peak metamorphic field, at approximately 640 °C and just under 9 kbar.  Fe-Mg 

exchange results are in moderate agreement with the predicted peak metamorphic field, 

with three of the calibrations falling within this PT range (Figure 33).  Four of the 

calibrations fall within ~50 °C, while one plots high at ~725 °C. 
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1) Pl Grt Bt Chl Qtz Rt H2O 
2) Pl Grt Bt Chl Ilm Qtz Rt H2O 
3) Pl Grt Bt Chl Ilm Qtz H2O 
4) Pl Grt Bt Chl Ilm Am Qtz H2O 
5) Pl Grt Bt Ilm Am Qtz H2O 
6) Pl Grt Bt Ilm Am Qtz Rt H2O 
7) Pl Grt Bt Am Qtz Rt H2O 
8) Pl Grt Bt Am Am Qtz Rt H2O 
9) Pl Grt Bt Qtz Rt H2O 
10) Pl Grt Bt Am Qtz Rt H2O 
11) Pl Grt Bt Chl Am Qtz Rt H2O 
12) Pl Grt Bt Chl Wm Am Qtz Rt 
H2O 
13) Pl Grt Bt Wm Am Qtz Rt H2O 
14) Pl Grt Bt  Wm Am Qtz Rt H2O 
15) Pl Grt Bt Wm Am Qtz Rt H2O 
16) Pl Grt Bt Wm Qtz Rt H2O 

 

 

 

 

 

 

Figure 31. Phase diagram section for model 07NC236.  Assemblages including Grt are designated by the light green field.  
Assemblages around the peak metamorphic assemblage (red) are numbered and listed to the right of the section.  Solidus is indicated 

with a red line.
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Figure 32. Garnet core composition isopleths for sampled porphyroblast in 07NC236.  Almandine fraction is red, grossular is green, 
and pyrope is purple. 
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Figure 33.  Temperature estimates from the garnet-biotite exchange thermometer at an assumed P of 9 kbar.  Results for various 

calibrations are shown as different colored squares (see section 3.5 for details). 
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5.4 Sample 07NC247 

 07NC247 is a garnet amphibolite similar to 04NC106 described at the beginning 

of this section.  It is not suitable for inclusion of Mn in modeling and thus was calculated 

using the NCKFMASHT system.  Also similar is the concentration of TiO2, at 

approximately 2.33 weight percent oxide.  The peak metamorphic assemblage includes 

the Ti-bearing phases Ilm-Rt-Ttn and the observed textural relationships within and 

around larger garnet grains are similar to 04NC106.  A peak assemblage of 

Grt+Pl+Bt+Qtz+Amp+Ilm+Ttn spans a range of ~8.75-10 kbar and ~600-650 °C (Figure 

34).   Garnet core composition isopleths constructed for this sample do not intersect and 

were not used to infer pressure and temperature conditions for garnet core stability. 

 

 Results for Fe-Mg exchange thermometers were moderately successful.  Three of 

the calibrations available fall within the calculated peak assemblage field.  Three 

calibrations not within the peak field are close are close (within ~25 ºC), with only one 

plotting high at ~740 °C (Figure 35).  The span of temperatures from the majority of 

calibrations used are similar to sample 04NC106, falling between ~600-650 °C. 
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1)Bt Am Qtz ab Rt Ttn Cz H2O 
2) Pl Bt Am Qtz Rt Ttn Cz H2O 
3) Pl Bt Am Qtz Rt Ttn H2O 
4) Pl Bt Ilm Am Qtz Rt Ttn H2O 
5) Pl Bt Ilm Amp Qtz Ttn H2O 
6) Pl Bt Ilm Amp Ttn H2O 
7) Pl Bt Ilm Am Cpx Ttn H2O 
8) Pl Bt Ilm Am Cpx H2O 
9) Pl Grt Bt Ilm Am Cpx H2O 
10) Pl Grt Bt Ilm Am Cpx Ttn H2O 
11) Pl Grt Bt Ilm Am Ttn H2O 
12) Pl Grt Bt Ilm Am Qtz Ttn H2O 
13) Pl Grt Bt Ilm Am Qtz Rt Ttn 
H2O 
14) Pl Grt Bt Ilm Am Rt Ttn H2O 
15) Pl Grt Bt Am Qtz Rt Ttn H2O 
16) Pl Grt Bt Am Qtz Rt Ttn H2O  
17) Pl Grt Bt Am Qtz Rt Ttn Cz 
H2O 

 

 

 

 

Figure 34.  Phase diagram section for model 07NC247.  Assemblages including grt are designated by the light green field.  
Assemblages around the peak metamorphic assemblage (red) are numbered and listed to the right of the section.  Solidus is indicated 

with a red line. 
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Figure 35.  Temperature estimates from the garnet-biotite exchange thermometer at an assumed P of 9 kbar.  Results for various 

calibrations are shown as different colored squares (see section 3.5 for details). 
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6. GARNET GEOCHRONOLOGY 

 

Sm-Nd isotopic data obtained from garnet amphibolite samples 04NC196 and 

07NC247 was used to construct isochrons and calculate the timing of metamorphism near 

the southwest terminus of the Wenatchee Ridge Orthogenesis.  Four splits from each 

sample (individual garnet, bulk garnet from multiple grains, matrix, and whole rock) 

were used in the calculations.  

 

For both samples, observed concentrations of Sm and Nd (ppm) were significantly 

lower in the garnet fractions than matrix and whole rock.  In sample 04NC106, Sm 

concentrations ranged from 0.484 ppm in garnet 5 to 1.192 ppm in the bulk garnet 

fraction (Table 4).  Sample 07NC247 demonstrated an opposite trend for Sm with 0.315 

ppm in garnet 1 and 0.206 ppm in the bulk fraction.  Trends for Nd are similar in both 

samples: 1.016 ppm and 2.741 ppm for garnet 5 and bulk fractions in 04NC106, and 

0.520 ppm and 0.364 ppm in garnet 1 and bulk fractions of 07NC247.  Matrix and whole 

rock concentrations were notably higher, ranging from 4.201-9.576 ppm Sm and 11.587-

28.665 ppm Nd.  147Sm/144Nd ratios are all well below one and span a narrow 0.2-0.36 

range.  Individualy picked garnet separates, those subject to additional leaching, had the 

highest 147Sm/144Nd ratios.   

 

  Even with the distinctions between individual fractions of each sample, low 

concentrations of Sm are apparent.  Possible causes for this, as well as differences 

between single garnet and bulk garnet separates, may include 1) lattice diffusion during 
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metamorphism, 2) errors in TIMS data, in which improperly prepared or analyzed 

samples produced low Sm totals, and 3) error during REE separation and elution.  In case 

2, the possibility of improperly loading Sm onto filaments prior to analysis is always 

present and more likely than an error during an analysis.  Sm collection via TIMS was 

performed with an automated routine, effectively removing the possibility of operator 

error.  Case 3 presents a potential problem even prior to analysis, as an error in collection 

of Sm from elution, either collecting too soon or too late, would ruin the actual Sm-Nd 

ratio of samples from the start.   

 

 A scenario independent of analysis, collection, or separation must also be 

considered.  This study used a bulk garnet separate consisting of grains picked from one 

or more garnets within a sample.  Primarily based on the need to find sufficient volumes 

of optically clean garnet, this technique carries with it the potential for a large pitfall if 

more than one garnet age exists within a sample.  In the event that larger garnets (>2mm) 

are able to preserve an older metamorphic age (pre M3 in this instance), younger grains 

are grown in a bulk rock composition that has already sequestered Sm and Nd into stable 

phases.  This may be problematic for the isochron age of the bulk garnet separates if the 

net result diminishes the span of the Sm-Nd isochron.  Results from this study are not 

conclusive in this respect, as bulk garnet Sm contents for sample 04NC106 were higher 

than those hand picked from an individual garnet.  The opposite is true for sample 

07NC247, in which bulk Sm contents were lower than those from an individual grain.  In 

this instance both garnet Sm contents were low. 
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 Four point isochrons using all analyzed fractions were constructed for each 

sample (Figure 36), as calculations with three points tended to result in higher age 

uncertainties as well as higher MSWD (mean sum of squares of weighted deviates).  

Even with what appears to be a good fit, calculated age uncertainties for both samples 

range from 8.9-18 Ma.  Calculated ages for 04NC106 and 07NC247, 133 ± 18 Ma and 

104.8 ± 8.9 Ma respectively, place them in range of M1 and late M1 or possible early M2 

metamorphic activity.  Age uncertainties are caused by low Sm concentrations, as 

discussed above, which greatly reduce the span along calculated 143Nd/144Nd vs. 

147Sm/144Nd isochrons.    
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Figure 36. Sm-Nd isochrons for samples 04NC106 and 07NC247 (respectively).
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7. ZIRCON GEOCHRONOLOGY 
 

 
Zircons from sample 07NC226, collected adjacent to the Wenatchee Ridge 

overlook, were analyzed using LA-ICPMS for U-Pb geochronology to provide estimates 

on the timing of crystallization of the WRO.  Textural observations of sampled zircon 

and calculated 206Pb/238U ages are presented below. 

 

Average grain size falls between 300-500 µm, with the majority of sampled zircon 

demonstrating prismatic {100} and {110} forms.  These characteristics are similar to 

zircon collected from water-rich granites and pegmatites (Pupin, 1980; Corfu et al., 

2003).  External grain morphology ranges from subrounded to euhedral with the latter 

dominating the population.  Subrounded and “soccer ball” shapes are generally attributed 

to metamorphically grown or metamorphically modified zircon, while euhedral shapes 

may indicate fluid-rich systems such as amphibolite facies mica schists or migmatites 

(Corfu et al., 2003).  Cores are dominantly uniform and surrounded by oscillatory zoning.  

The width of bands decreases while the overall number of bands increases, often well 

preserved, towards the rims of most grains (Figure 39).  Such growth patterns may be 

caused by compositional variation between Zr, Si, Hf, assorted REE elements, and very 

importantly U and Th (Fowler et al., 2002; Corfu et al., 2003).  Oscillatory zoning may 

also be indicative of multiple growth events or changes in liquid/melt composition during 

zircon growth and is typical of igneous zircon.  When possible both cores and zones 

closer to the rims were sampled, with the exclusion of cracked or buried grain exposures.  

Due to the 25 µm diameter of analyzed points, analyses near rims often overlapped 

multiple bands.  
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Initial mean 206Pb/238U age calculation using the TuffZirc age extractor within 

Isoplot yields a result of 84.67 (+0.82, -0.998) Ma from a population of 15 of 24 grains 

(Figure 40).  The remainder of this group, dominantly core samples, fell outside of the 

previous weighted mean and displays an older trend in the 88-91 Ma range.  These ages 

appear very similar to ages from the Dirtyface pluton (91.1 ± 1.6 Ma) and Tenpeak 

pluton (91 Ma) (Hurlow, 1992; Walker and Brown, 1991).  To better characterize age 

populations within the sampled population an additional routine called Unmix Ages was 

used.  Two fractions of ages were calculated, one averaging around 88.9 Ma and a second 

around 84.8 Ma (Figure 37).  All ages considered in this calculation fell within ± 10% of 

100% 207Pb/206Pb concordance.  These ages are, within uncertainty, identical to those 

calculated for the Pear Lake Orthogneiss.  Results of two populations from the PLO, 

87.5±1.8 Ma and 84.0±2.4 Ma, match those from the WRO situated in the NRMG south-

southeast of the PLO (Stowell et al., 2011). 

 

 These calculations must be considered carefully as analyses performed were 1) 

taken from relative young zircon grains, and 2) done using LA-ICPMS with a large beam 

diameter relative to zoning seen within grains.  While the 25 µm beam diameter was used 

to reduce uncertainties of individual analyses, it was unavoidable that some grains were 

ablated across clear zones within the grains.  Additionally, a small portion of grains 

showed an inverted progression with younger cores mantled by older rims.  It is possible 

that these grains were not polished through to the core.  This would effectively remove 

these ages from consideration as true core ages and instead move them to the category of 

rim or even overgrowth ages from metamorphism.  An additional possibility, given that 
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the morphology is consistent with a fluid-rich system, is metamorphic recrystallization 

and perturbations to the U-Pb system due to hydrothermal influences in excess of  600ºC 

(Thöni, 2002). 
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Figure 37. Histogram of 206Pb/238U zircon ages and two age populations resulting 
from the UNMIX routine in ISOPLOT, sample 07NC236. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 80



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 38. A cathodoluminenesence image depicting grains sampled via LA-ICPMS 
analysis, sample 07NC226. 
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Figure 39. An expanded image for grains selected from sample 07NC226, depicting 
both oscillatory zoning habits and prismatic growth in addition to ablation pits from 

sampling locations. 

 



 
 
 

 
 

 
 

 
 
 

 
 
 

 
 
 
 

 
 
 
 
 

Figure 40. Weighted average 206Pb/238U ages from sample 07NC226.  Red bars indicate 2σ uncertainties (Ma).   
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8. DISCUSSION 

 

 Data collected around the southeastern terminus of the WRO and surrounding 

lithologies is integral to further insight into the timing and degree of trends in pressure 

and temperature during the metamorphism of this region of the Nason Terrane.  

Predictions of higher P-T conditions around the SW-terminus of the WRO combined with 

new garnet Sm-Nd and zircon U-Pb ages add new pieces to the geologic puzzle that is the 

Nason terrane.  These new data point to high-pressure metamorphism and an igneous 

origin for the WRO.  Through comparison of these data to previous regional studies, a 

scenario compatible with late Cretaceous thrust loading and subsequent metamorphism 

becomes increasingly probable. 

 

8.1 Petrography and Thermobarometry 

 All of the WRO and adjacent NRMG and CS samples contain amphibolite facies 

minerals and abundant titanium bearing phases (i.e. Ilm, Rt, and Ttn).  None of the 

samples studied contain aluminosilicates, most notably andalusite, which is common in 

the low pressure M2 mineral assemblages around late Cretaceous plutons such as the Mt. 

Stuart batholith.  This lack of aluminosilicates may be attributed to:  1) no M2 

metamorphism around the southwest terminus of the WRO due to fault juxtaposition of 

the Orthogneiss and NRMG, 2) complete overprinting/replacement of andalusite by later 

events, 3) a lack of adequate bulk compositions for stabilizing aluminosilicate minerals, 

or 4) inadequate sampling.   
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Phase diagram sections for samples 04NC106, 07NC236, and 07NC247 are 

compatible with the third scenario, lacking the prediction of any aluminosilicate phase 

over the P-T ranges modeled.  In addition, peak metamorphic conditions tend to overlap 

with P-T conditions in the range of 600-675 ºC and 8-10 kbar in the kyanite stability 

field, well above andalusite stability.  These conditions are higher P and T compared to 

those calculated from other studies within the Nason terrane (Tinkham 2002; Bulman, 

2005).  However, these estimates support a regional trend of increasing P-T estimates 

from the southwest to the northeast.  In particular, the new P estimates are approximately 

1-2 kbar higher than those predicted from regional paleo pressures of 7-8 kbar (Figure 

42).   

 

Garnet core compositions combined with peak P-T estimates for these samples 

indicate an increase in P and T during growth.  Sample 04NC106 demonstrated loosely 

overlapping core compositional isopleths in the range of ~600 ºC and 6.5-7.5 kbar, near 

the calculated line for garnet stability.  Sample 07NC236 demonstrated an elevated 

compositional overlap at ~640 ºC and just under 9 kbar.  While isopleths for both models 

plot in or near peak metamorphic fields, a 1-1.5 kbar increase in pressure would not move 

conditions outside of the predicted peak field stability.  This difference is in agreement 

with similar model calculations within the Nason terrane (Stowell et al., 2007).   Given 

this similarity in pressures, the calculated increase in pressure during metamorphism is 

reasonable.  One exception to this trend came from sample 07NC212, a tonalitic sample 

collected adjacent to a localized shear zone within the WRO.  With a peak metamorphic 

assemblage field at an elevated pressure extending to  11.5 kbar and 675 ºC, this sample 
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demonstrated a stark contrast in pressure to those studied in the surrounding area.  The 

garnet in this sample was thoroughly replaced with amphibole, biotite/chlorite, and 

plagioclase and thus unsuitable for analysis via EPMA.  If correct, the 11.5 kbar 

pressures would represent the highest to be calculated within the Nason terrane and holds 

the potential to mark the WRO as the most deeply buried section of the crust, suggesting 

an even steeper isobaric gradient in close proximity to the White River shear zone.   

 

 Garnet zoning in samples 04NC106 and 07NC236 display initial growth zoning 

and possible retrograde metamorphism and resorption of garnet due to cooling following 

the increases in P and T discussed above.  The Mg numbers of these samples begin to 

drop and Mn contents rise within 40-100 microns of the garnet rims.  This suggests the 

possibility of influence from the M3 metamorphic event in the Nason terrane.  Sm-Nd 

dating for these samples, despite uncertainties, points to pre-M3 ages for garnet growth.  

If this is true, zoning may be an imprint of later M3 activity at higher temperatures, 

followed by cooling and resorption of garnet.  A small increase in T and or decrease in P 

for sample 04NC106 moves P-T conditions out of the Rt+Ilm+Ttn stable field and into 

one in which only Ilm+Ttn, and then only Ilm, are predicted (Figure 26).  Textural 

observations within garnet agree with this trend.  In or near garnet cores, Rt+Ilm+Ttn are 

seen in close proximity but lack the overlapping/armoring seen in garnet rims and within 

the matrix.  Moving away from garnet cores, isolated Rt inclusions and trails of Ttn are 

present (Figure 7).  At the rim of the garnet studied from 04NC106 Ilm armored by Ttn is 

observed.  From this an interpretation could be drawn that these two phases, and not Rt, 

were stable during the final stages of metamorphism. 
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 In regards to garnet core isopleths, both samples 04NC106 and 07NC236 can 

accommodate an increase in P-T conditions within the predicted peak metamorphic 

assemblage.  This agrees with textural observations in garnet from 04NC106, as a P-T 

increase from garnet core isopleths (Figure 27) moves into predicted stability for all three 

Ti-bearing phases.  Additional P is conducive to Ttn stability without Imn, possibly the 

cause of Ttn trails around garnet cores.  Conversely, a decrease in P or an increase in T 

removes Rt stability and instead favors Ilm and Ttn.  This would be compatible with Ilm 

armored by Ttn in garnet rims and observations of unarmored Ilm within the matrix.  An 

interpretation of rising P-T from garnet growth, to peak metamorphic conditions, 

followed by an increase in T and/or a decrease in P can account for the textural 

observations already described.  This would be consistent with a thrust loading model due 

to tectonic thickening followed by thermal relaxation and rapid exhumation (Stowell et 

al., 2007). 

 

Fe and Mn contents begin to rise at garnet rims while the Mg# decreases (Figure 

9).   This suggests that an interpretation of zoning as a function of garnet resorption is 

plausible.  Garnet is prone to becoming enriched in Fe as opposed to Mg during 

resorption due to a decreasing distribution coefficient (KD, expressed as Mg/Fe in garnet 

versus Mg/Fe silicates) with decreasing T, specifically in minerals such as biotite (Evans, 

1965).  Preferential diffusion of Mn into garnet, as opposed to biotite or amphibole, could 

also account for increases in Mn contents near garnet rims.  Given the size of the garnets 

sample (>2mm), it is possible that garnet core compositions still reflect growth zoning in 
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the form of high Mn contents during the onset of growth versus the increase in Fe and 

Mn and decrease in Mg at the rim, indicating resorption (Florence and Spear, 1991). 

 

8.2 Timing of Metamorphism 

Timing of metamorphism in and around the WRO is critical for comparison to the 

surrounding Nasone terrane and for constructing plausible tectonic models.  Consistency 

between zircon U-Pb ages and garnet Sm-Nd ages from the surrounding NRMG could 

provide information not only on the timing of metamorphism but also on a potential 

cause.  Given the pegmatitic nature of the tonalitic WRO, similar orientations, foliation, 

and lineation of individual phases (i.e. feldspar, amphibole) between the Mt. Stuart 

batholith and the WRO, similar intrusive and contact metamorphic relations might be 

present.  However, uncertainties in the calculated garnet Sm-Nd ages preclude definitive 

interpretations. 

 

Sm-Nd garnet ages for amphibolite samples 04NC106 and 07NC247, 133±18 and 

104± 8.9 Ma, respectively, have much greater uncertainties and a broader range than the 

majority of previously published ages.  The large range for garnet growth ages fall within 

the documented range of M1, M2, and M3  metamorphism.  As previously mentioned, the 

low Sm-Nd ratios for garnet undoubtedly play a role in the large uncertainties and the 

garnets do not provide meaningful ages for metamorphism.  The garnet age range shows 

no consistency with the younger U-Pb ages of WRO zircons, which demonstrated two 

age populations of 88.8±0.5 and 84.8±0.4 Ma.  However, the WRO zircon ages overlap 

with ages for nearby plutonic bodies such as the Dirtyface and Tenpeak plutons at up to 
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91 Ma (Hurlow, 1992; Walker and Brown, 1991).  Furthermore, these ages are a match 

for zircon ages from the orthogneiss near Pear Lake (87.5±1.8 Ma and 84.0±2.4 Ma), 

which are indistinguishable from garnet Sm-Nd ages for the Cascade Crest, Heather 

Lake, and Rapid River areas (Figure 42) (Stowell et al., 2011). 

 

Little can be determined about the timing or duration of metamorphism within the 

amphibolites surrounding the southeastern terminus of the WRO without adequate Sm-

Nd garnet ages to constrain the duration of metamorphism.  However, based on:  1) 

observations of clearly defined oscillatory zoning from zircon cores to rims, 2) a lack of 

signs of truncation, and 3) a prismatic crystal habit consistent with growth in water-rich 

granite and pegmatite (as opposed to a rounded,  ovoid, or “soccer ball” habit 

characteristic of metamorphic petrogenesis), the U-Pb zircon ages are interpreted as an 

approximate timing for intrusion of the WRO during the third proposed metamorphic 

event to affect the Nason terrane.  Onset of zircon growth recorded in core ages trend 

toward the older 88.8 Ma group, whereas rims trend toward the younger 84.8 Ma group.  

Late M3 retrograde conditions may account for minor overgrowths around zircon rims. 

  

8.3 Intrusion, deformation, and metamorphism of the WRO 

 The primary goal of this study was to estimate the pressures, temperatures, and 

timing of metamorphism within the WRO.   These data help provide constraints on 

tectonic models for the Nason terrane during the late Cretaceous.  Schematic cross 

sections constructed on the basis of three competing hypotheses (Tabor et al., 1982, 

1987a, 2002; Paterson et al., 1994; and Miller et al., 2000, 2003) from Stowell et al. 
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(2007) are presented below (Figure 41 and 42).  Each cross section presents its own 

interpretation of the origin and role of the WRO in the structural evolution of the Nason 

terrane.  A simplified geologic map illustrating the orientation of these cross sections, 

regional metamorphic isobars for M3 metamorphism, Sm-Nd garnet ages, and zircon U-

Pb ages is shown in Figure 42. 

 

 Three distinct roles for the WRO are described in these models: 1) a rootless 

antiform containing a thin intrusive sheet of WRO with overlying NRMG and CS, all of 

which lie above a detachment fault and are folded and deformed during late stage 

shortening; 2) a horst block uplifted along ductile faults, in which the majority of strain is 

constrained to shear along  lithologic contacts; 3) an intrusive body within the CS which 

was subsequently folded and sheared, with the intrusive WRO creating a contact aureole 

seen today as the NRMG.  For the sake of simplicity in discussion the rootless antiform 

model is called model A, the horst block model B, and the rooted antiform intrusive 

model C. 

 

 Based on textural descriptions of WRO zircons described in section 6, the WRO 

is igneous in origin and has an age of 88.8-84.8 Ma.  This is inferred from the strongly 

prismatic {100} and {110} forms displayed in the majority of zircon grains observed, a 

habit associated with hydrous granites and pegmatites (Pupin, 1980; Corfu et al., 2003).  

These large (300-500µm on average), sub/euhedral grains and their multitude of 

numerous oscillatory zones are compatible with a complex growth history of high 

temperature igneous origin (Fowler et al., 2002; Corfu et al., 2003).  These grains, with 
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two distinct populations between 88-84 Ma and ranging up to 91 Ma, given calculated 

uncertainties, demonstrate some of the youngest zircon ages within the Nason terrane.  

These ages are distinct from those within the Mt. Stuart ranging from 93-96 Ma (Matzal, 

2004; Tinkham, 2002), yet closer to those calculated by Bulman (2005) of ~91 Ma.  This 

distinction could point to a long-lived melt that was among the last to cool and 

crystallize. 

 

 However, there is a strong parallel between zircon ages from the WRO and those 

from the Pear Lake Orthogneiss, situated in the NRMG north of the Mt. Stuart batholith.  

Zircon ages from samples 03NC214 and 03NC223 were calculated at 87.5±1.8 and 

84.0±2.4 Ma respectively (Stowell et al., 2011).  Within uncertainty these ages are similar 

to the two age populations seen within the WRO.  Both the PLO and WRO zircon 

populations have an average of ca. 86 Ma.   

 

 An additional requirement for model C is a similarity in high-pressure minerals 

present within the WRO and surrounding NRMG; specifically, a similarity in high-

pressure phases found within each lithology.  The dominant phases observed between 

samples chosen for the modeling of phase diagram sections are Rt, Ttn, and Ilm.  Of 

these Ti-rich phases, Ttn is a common phase in all samples while Rt and Ttn are present 

and predicted to be in higher pressure regions of phase diagram sections constructed for 

04NC106 and 07NC247.  This consistency is an indicator that both the WRO and NRMG 

samples were subject to high pressure metamorphism. 
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Figure 41.  Schematic cross sections constructed across the Nason terrane, depicting 
potential roles of the WRO during M3 regional metamorphism.  From Stowell et al. 

(2007). 
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Figure 42.  Geologic map for the Nason terrane.  Isobars represented by dashed lines.  
Garnet ages printed in black, and zircon ages printed in red.  From Stowell et al., 

(2007). 
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Model C is the preferred model for the origin of the WRO.  It is unlikely both 

Model A and Model B, with their associated premises of how the WRO evolved, would 

produce zircon ages indistinguishable from those of the Pear Lake orthogneiss, 

interpreted as an igneous body with direct correlation to garnet Sm-Nd ages in the 

NRMG and similar ages from the Heather Lake and Rapid River localities.  Additional 

questions also stem from models A and B.  Could the thin layer of WRO proposed in 

Model A retain a consistent orientation for hand sample-to-outcrop scale foliations and 

lineations, as seen in samples collected across the southeast terminus of the WRO and 

within the locally mapped Lake Wenatchee overlook?  Would the same be possible for a 

much larger horst block in which the strain of compression and uplift was partitioned to 

contacts between the WRO and surrounding lithologies, as in Model B?   

  
 Despite observations made from zircon analyses and mineral phase consistency 

and their correlations with model C, this line of reasoning must also agree with a cause 

for M3 metamorphism and loading leading to amphibolite conditions.  One of the key 

aspects of the thrust theory predicts that a trend of isotopic ages should exist along the 

southwest-directed trajectory, with older ages in the northeast and progressively younger 

ages to the southwest.  While garnet Sm-Nd ages calculated in this study are not robust, 

they are older than ages calculated for lithologies to the southwest.  Yet, as mentioned 

above, these ages fall just outside the upper bound for M3 metamorphism.  While not 

ideal or precise, these ages do agree with the proposed trend.  Unfortunately as these ages 

are >100 Ma they cannot effectively constrain the foliation seen in the WRO and sampled 

NRMG, a constraint that would have added considerable support to the assertion of a lag 
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between of upper-crustal loading and mid-crustal deformation from the southwest 

directed thrust sheet (Stowell et al., 2007). 

 

 The thrust model also provides potential to account for not only loading within 

the Nason terrane, but also the younger ages of zircon sampled within the WRO.  If the 

premise that the WRO was indeed the most deeply buried part of the crust exposed in this 

region, then being at the forefront of this thrust sheet could provide an opportunity for a 

magmatic WRO to stay buried, and subsequently retain heat through its position in an 

elevated geothermal gradient, for much longer.  This model also provides extended time 

for exposure to high temperature hydrothermal fluids, leading to the possibility that these 

fluids may have affected zircon chronology.  This possibility would be consistent with 

the textural observations of collected zircon as well as the younger ages for zircon 

crystallization.  It is the conclusion of this study that if the WRO was not a magmatic 

body, and was in turn a thin sheet or horst block, this trend would not hold true.  A less 

deeply buried WRO would have a greater opportunity for thermal relaxation given the 

steeper thermal gradient with the rocks surrounding it, creating a potential for faster 

cooling rates and more rapid crystallization of zircon.  Models A and B also lack the 

potential to explain observed zircon crystal habits.     

 

 One of the implications associated with Model C calls for the NRMG to be the 

result of contact metamorphism with an intrusive body, altering what was originally the 

CS.  A strong argument for this is the consistency in ages between zircons from the WRO 

and the PLO to the northwest.  Zircon ages obtained near Pear Lake, also a tonalitic 
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orthogneiss, are indistinguishable from those of the WRO.  Furthermore, zircon grains 

studied in both areas share crystallographic and textural similarities attributed to igneous 

origin.  This supports the concept of igneous intrusion within the NRMG.  These zircon 

ages were concluded by Stowell et al. (2011) to represent the timing of igneous intrusion.  

These ages also correlate with garnet Sm-Nd ages associated with widespread garnet 

growth at elevated temperatures in the CS during M3 metamorphism, adding weight to the 

plausibility of Model C.   Research conducted to the west of the WRO has relied on 

chronology and thermobarometry derived from garnet grown within the CS during peak 

metamorphic conditions associated with loading of the Nason terrane (Zuluaga, 2004).  

Garnet ages obtained from the southeast terminus of the WRO already agree with the 

hypothesis that a southwest-directed thrust sheet would lead to older ages in the northeast 

and younger ages to the southwest.  There exists a possibility that garnets sampled for 

this research may be older than and influenced by M3 thrust loading.  These garnets, by 

their nature, are notably resistant and resilient to the rigors of elevated P and T, and 

display less pronounced zoning than others collected in the Nason terrane (Tinkham, 

2002; Stowell et al., 2007).  If the zoning seen in samples 04NC106 and 07NC236 

indicates a later metamorphic event then Model C still holds weight as a valid possibility.  

What may be cores, recording an earlier period of growth, are surrounded by rims of a 

potentially later period of retrograde metamorphic activity.  This late metamorphic 

activity is most likely due to resorption from decrease in P and T associated with rapid 

exhumation following M3 metamorphism. 
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9. CONCLUSIONS 
 
 

 The agreement between pressures calculated for samples within/around the WRO 

and regionally observed isobars indicates that the WRO may be the lowermost exposed 

lithology within the Nason terrane.  The adjacent garnet amphibolites in the NRMG have 

peak metamorphic assemblages that grew at 7.5-10 kbar, indicating that this portion of 

the Nason experienced higher pressures and greater depths than the rest of the Nason 

terrane.  These pressures are similar to those estimated for the Tenpeak pluton (9-10 

kbar) and Dirtyface pluton (7-9 kbar).  The up to 11.5 kbar pressures estimated for WRO 

sample 07NC212 suggest that this is the lowermost part of the Nason and allow for 

possible shear juxtaposition of the WRO and NRMG.  

 

 Relating the WRO to the surrounding Nason terrane becomes more complex with 

the introduction of ages, and possibly methods, of emplacement.  Garnet ages from 

adjacent amphibolites, despite having 9-18 Ma uncertainties, are older than those to the 

southwest at 104-133 Ma.  These ages overlap with M1 and M2 ages derived in similar 

studies within the NRMG and CS, but not zircon ages from this study (88.9-84.8 Ma).  

These garnets appear to be older than many within the region and are more in line with 

M1 metamorphism.  This characteristic is consistent with the idea of southwest-directed 

thrust sheet of the nature described by Stowell et al. (2007). 

 

 Zircon ages, textures, and crystallographic habits provide valuable information for 

interpretation of contact relations between the WRO and surrounding lithologies.  The 

two populations of grains observed in this study (88.9 Ma and 84.8 Ma) bracket the last 
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proposed regional metamorphic event, which has been attributed to thermal relaxation 

and thrust loading circa 88-86 Ma (Stowell et al., 2007).  With clear examples of 

oscillatory zoning truncated by overgrowth at the rims of grains (Figure 26), there is a 

good possibility that these grains crystallized in an igneous environment.  These 

observations are also consistent with the {100} and {110} habits indicative of growth 

within water-rich granites or pegmatites.  For these reasons the WRO had an igneous 

origin, emplaced in a manner such as model C (Figure 41).  With previous discussions of 

this model in mind it stands out in comparison to the others as a simple and effective 

explanation for the emplacement of the WRO.   
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APPENDIX A 
 

 
Presented in the tables below are structural data points collected at the Wenatchee 

Ridge overlook, correlating to the grid map seen in Figure 7.  Foliations, fold axes, joints, 

and veins are noted in azimuth format, while lineations are noted in trend and plunge.  All 

measurements were taken with regard to the right hand rule.  Any miscellaneous 

information such as slicks, observations via hand lens, sheer sense, or mineral 

assemblages in observed veins was also noted.  Blank portions represent areas that were 

either unsuitable for data collection, such as steep cliffs, or areas where bedrock was not 

exposed.  
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APPENDIX B: ACTIVITY MODELS FOR KEY PHASES 

 

Phase diagram sections presented in this study were constructed using the NCKFMASHT 

and MnNCKFMASHT chemical systems.  Using the internally consistent Holland and Powell 

with modifications from D.K. Tinkham in 2012, activity models for key solid solution phases 

such as amphiboles, biotite, chlorite, feldspars, and garnet are presented below.   
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