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ABSTRACT
STRUCTURE OF THE SOUTHERN SKAGIT GNEISS COMPLEX,
NORTH CASCADES, WASHINGTON
Erin Shea

The crystalline core of the North Cascades is part of a thick
Cretaceous-Eocene continental magmatic arc. The Skagit Gneiss Complex (SGC).
composed of NW-striking, partially migmatitic ortho- and paragneisses, comprises
the highest grade rocks of the arc. Geological mapping and U-Pb zircon
geochronology from this study indicate that the southern SGC can be subdivided
into five sub-units ranging in age from at least 76 Ma to 60 Ma. Foliation in the
southern SGC is NW-striking and dips moderately to steeply NE or SW. Lineation
is SE-trending and has gentle to moderate plunge. Two periods of non-coaxial
deformation are recorded in the study arca: a period of high-temperature shear
(> 450 °C) and a later period of low-temperature shear (< 450 °C). At least four
phases of folds are evident in the study arca and range in age from mid-Cretaccous
or older to ~49 Ma. The first two phases are relatively small (centimeter- to
meter-wavelength) and constrained to specific rock units. The final two phases are

relatively large (kilometer-wavelength) and affect most rocks older than 49 Ma.
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INTRODUCTION

The study of exhumed crust in magmatic arcs is often overlooked in comparison
to collisional orogens such as the Himalayas; in particular, models of lateral and
vertical crustal low have been developed almost exclusively for collisional orogens.
The behavior of the lower crust in contractional magmatic arcs is significantly less
well-understood. The exhumed crust from ancient magmatic arcs provides an
opportunity to examine this region of the crust. This study investigated how models
of crustal flow apply to the exhumed remnants of a very thick (>55 km)
Cretaceous- to-Eocene contractional magmatic arc in the North Cascades of
Washington (Miller and Paterson, 2001).

In particular, this study focused on the southern part of the Skagit Gneiss
Complex (SGC), which is composed of the highest grade, and possibly the most
deeply exhumed, metamorphic rocks within the Cascades arc (Whitney, 1992a).
The ultimate goal of research in the SGC is to understand the dynamics of
mid-to-deep crustal flow in continental arcs during orogenesis. The structures,
contacts, and ages of the southern SGC are of particular interest due to the
juxtaposition of the complex with older orthogneisses and metasupracrustal rocks.
Additionally, the SGC is composed of ortho- and paragneiss bodies of varying ages

that aid in the determination of the timing of specific deformational stages.

Regional Geology

The North Cascades were divided by Misch (1966, 1968) into three
fault-bounded belts: a western belt of Paleozoic and Mesozoic oceanic and
arc-derived accreted rocks (Western domain), an eastern belt composed of

unmetamorphosed Jurassic and Cretaceous strata (Methow basin), and a central



belt of extensively intruded, highly metamorphosed schist and gneiss (Cascades
crystalline core domain) (Fig. 1). This study concentrated on the crystalline core of
the North Cascades (Cascades core).

The Cascades core is the southernmost extension of the ~1500-km-long Coast
Plutonic Complex that stretches from southeast Alaska to northern Washington
(e.g., Rubin et al., 1990). The crystalline core is bounded by two faults, the Straight
Creek fault to the west and the Ross Lake fault zone to the east (Figs. 1 and 2)
(Misch, 1966; Miller, 1994). The North Cascades region records a history of
pre-Late Cretaceous accretion, mid-Cretaceous deformation, metamorphism, and
plutonism, and Eocene transtension and plutonism (e.g., Tabor et al., 1989). The
early (96-85 Ma) history of the Cascades core was marked by intrusion,
amphibolite-facies metamorphism, regional shortening, and crustal thickening to
>55 km (Miller and Paterson, 2001). This mid-Cretaceous shortening and crustal
thickening resulted from the final suturing of the Wrangellia terrane to the North
American continent (Monger et al., 1982; McGroder, 1991). Shortening was
expressed at shallow levels (<10 km) as southwest-directed thrusting (Brandon et
al., 1988) and at deeper levels (10-40 km) as folds, associated axial-planar foliation
and southwest-vergent reverse shear zones (Miller et al., 2006).

Later magmatism, metamorphism, and deformation were concentrated in the
northeastern part of the Cascades core. The post-metamorphic, high-angle Entiat
fault divides the Cascades core into two regions: the Wentachee block to the
southwest and the Chelan block to the northeast (Fig. 1) (Tabor et al., 1989).
Radiometric cooling ages in the Wenatchee block are largely Late Cretaceous,
whereas cooling ages in the Chelan block are early Tertiary (e.g., Haugerud et al.,
1991). Eocene transtension produced dextral strike-slip faulting along the

continental margin, non-marine sedimentary basin development, and magmatism
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Fig. 1. Northwestern part of Washington State, showing fault-bounded domains of
the North Cascades. Modified from Tabor et al. (1989).



Chelan Complex

Dinketman
Oecollement

Fig. 2. Northwestern part of the crystalline core of the North Cascades. Patterned
rocks are plutons and crystallization ages are numbers within each unit. BPB-
Black Peak batholith, BR- Bearcat Ridge Orthoneiss, CH- Chaval pluton, CS-
Chiwaukum Schist, DF- Dirtyface pluton, HP- High Pass pluton, LJ-Little Jack
unit, MC- Marble Creek pluton, NQ- Napeequa unit, RLFZ- Ross Lake fault zone,
RP- Riddle Peaks pluton, RRC- Railroad Creek pluton, RM- Ruby Mountain, SC-
Sloan Creek plutons, SM- Sulphur Mountain pluton, WPT- Windy Pass thrust,
WRG- Wenatchee Ridge Gneiss. Study area outlined with a striped pattern.
Modified from Miller et al. (2006) and Tabor et al. (2003).



(Johnson, 1985). Eocene transtensional basins contain thick sections of non-marine
strata of the Swauk, Chuckanut, and Chumstick formations (Johnson, 1985). These
units are deformed by N-to-NW trending folds that have wavelengths of a kilometer
or more (Tabor et al., 1984). Intermediate to mafic Eocene dike swarms generally
record arc-parallel extension (Haugerud et al., 1991; Doran et al., 2007). This
extension direction is variable, possibly due to complex spatial and/or temporal
variations in the strain field (Doran et al., 2007). Ductile deformation in the Eocene
is recorded by a NW-trending stretching lineation in the SGC, movement along the
Dinkelman decollement (Fig. 2), and distributed shear in the Swakane Gneiss
(Haugerud et al., 1991; Paterson et al., 2004; Miller et al., 2007). Long wavelength
folds as young as 49 Ma in the SGC and surrounding units suggest that

transpression was also important during the Eocene (Shea et al., 2007).

Skagit Gneiss Complex

The SGC is an ~150-km-long and ~20-30-km-wide, northwest-striking unit in
the Cascades core with a broadly antiformal structure (Fig. 2). Units adjacent to
the SGC include non-migmatitic meta-supracrustal rocks, discrete plutons, and
orthogneisses generally not associated with the SGC. The SGC is composed of both
ortho- and paragneisses that are in places migmatitic (Misch, 1968). Paragneiss is
an important constituent in the northern half of the complex, and orthogneiss
makes up most of the southern half (Haugerud et al., 1991; Miller et al., 1994).
These orthogneisses vary in composition from leucogranodiorite to diorite (Misch,
1966) and overall are more felsic than the tonalitic orthogneisses found elsewhere in
the Cascades core (Miller et al., 1994). Foliation in the gneiss complex generally
strikes NW. Dip direction is NE or SW and ranges from gentle to steep (Haugerud

et al., 1991). Foliation describes a large antiform that is present along the length of

S



the complex (Misch, 1966; Tabor et al., 1989). Lineations are NW- or SE- to NNE-
or SSW-trending with subhorizontal to moderate plunges. Work by Whitney
(1992a, b) and Gordon et al. (2008) have determined that migmatitic rocks of the
SGC reached pressures of at least 8 kbar at peak temperatures between 650 and
800°C. These pressures suggest that protoliths of the SGC were buried to a depth of
at least 25 km, with the highest recorded pressures towards the center of the

antiform (Whitney, 1992a).



ROCK UNITS

The southern SGC is bounded in the study area by the Bearcat Ridge
Orthogneiss (89-69 Ma) on the southwest and the Cooper Mountain batholith (48
Ma) on the southeast (Fig. 3; Plate 1). To the east, the complex is intruded by the
Sunrise Lake pluton (49 Ma) (McLean et al., 2006) and in the northwestern corner
of the study area, the Railroad Creek pluton intrudes both the Bearcat Ridge
Orthogneiss and the SGC (Fig. 3; Plate 1). Additionally, xenoliths and bodies of
the Cascade River-Holden assemblage are present in all plutons and orthogneiss
bodies in the study area. Late dikes of mainly intermediate composition are
observed throughout the area and cross-cut all units but the Sunrise Lake pluton,

Cooper Mountain batholith, and Railroad Creek pluton.

Cascade River-Holden Assemblage

The Triassic Cascade River-Holden assemblage is defined by Cater and Wright
(1967) as consisting mainly of hornblende schist and gneiss with significant amounts
of calc-silicate rock and biotite schist. Based on mineral modes, the protoliths of
this unit are interpreted as mafic volcanic rocks, calc-silicates, and greywackes
(Cater and Wright, 1967; Miller et al., 1994). In the eastern part of the field area
(east of Lake Chelan), the Cascade River-Holden assemblage crops out as isolated
rafts and xenoliths (1-10 m long) in the SGC, Sunrise Lake pluton, and Cooper
Mountain batholith. To the west, the unit forms map-scale bodies and one- to
three-meter-thick layers bodies concordantly intruded by the Bearcat Ridge
Orthogneiss (Fig. 4). An elongate septum of the assemblage is present on the
eastern margin of the migmatite unit of the SGC (discussed below). Many outcfops

of the assemblage along the shore of Lake Chelan are partially migmatitic and
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Fig. 3. Simplified map of the study area. Plus pattern signifies units with a
magmatic foliation. “X”s indicate geochronology sample sites.



Fig. 4. Contact between the Bearcat Ridge Orthogneiss (lower) and amphibolite of
the Cascade River-Holden assemblage (upper). Note the isoclinal folds in the upper
right of the photo (outlined by black dashes). Pencil for scale



contain concordant veinlets of leucocratic intrusive rocks.

Contacts of the Cascade River-Holden assemblage with adjacent units are
sharp. In the western part of the study area (west of Lake Chelan), contacts are
concordant to foliation and have a northwest strike and moderate southwest dip. In
the eastern part of the study area, xenolith foliations are broadly parallel to
foliation in the host rocks of the SGC. Foliation in the assemblage is defined by
aligned biotite, elongate quartz, and compositional layering. Lineation is
distinguished by aligned biotite and hornblende, and by elongate quartz aggregates.

In the study area, the Cascade River-Holden assemblage mainly consists of
biotite and hornblende schists. Many outcrops display less-abundant interlayered
calc-silicate rocks. Biotite schist of the Cascade River-Holden assemblage is fine- to
medium-grained and compositionally layered at a sub-centimeter scale.
Compositional layering is also evident at a centimeter-scale as biotite- and
hornblende-rich layers alternating with more leucocratic bands. Typical assemblages
consist of biotite, quartz, hornblende, plagioclase, & garnet. Biotite is deformed into
mica fish and commonly forms tails on more resistant plagioclase and garnet
porphyroblasts. Quartz is present as elongate ribbons that contain blocky subgrains
and recrystallized grains. Hornblende is anhedral and fractured. Plagioclase is
anhedral to subhedral and typically contains bent deformation twins. Large
plagioclase porphyroclasts are commonly fractured. Mosaics of recrystallized
plagioclase are evident in many samples. Garnet ranges in diameter from 120 pm to
500 pym and is generally anhedral with inclusions of biotite and quartz.

Amphibolite of the Cascade River-Holden assemblage is fine-grained,
equigranular, and marked by millimeter-scale layering of plagioclase- and
hornblende-rich material. Typical assemblages consist of hornblende, plagioclase,

biotite, sphene, quartz, & clinopyroxene. Calc-silicate minerals occur in specific

10



layers within the amphibolite. Recrystallization is common in plagioclase,
hornblende, quartz, and clinopyroxene, forming a mosaic texture. Hornblende is
subhedral and is present as recrystallized mosaics and elongate grains. Plagioclase is
subhedral and contains lamellar twins, deformation twins, and normal zoning. Bent
grains of plagioclase are common. Biotite is deformed into fish and commonly wraps
around more resistant grains. Quartz forms both recrystallized and elongate grains.
Non-recrystallized grains contain bulging grain boundaries and subgrains. Sphene
grains range from anhedral to euhedral and are <300 pm in length. Clinopyroxene
crystals are small (<300 ym) and subhedral.

Calc-silicate rocks were observed in two outcrops in the study area. These rocks
have recrystallized mosaics of plagioclase, diopside, and minor quartz, biotite,
hornblende, and sphene. Several distinct zones in the rocks are defined by variations
in grain sizes, which range from fine- to coarse-grained. Minor compositional
layering of felsic and mafic minerals is highly localized. Plagioclase is characterized
by lamellar twins, minor bent grains, and microfractures. Diopside is weakly
elongate and microfractured. Quartz is largely present as late veins composed of
elongate grains. Biotite is almost entirely altered to chlorite. Rare hornblende is

small and anhedral. Sphene is subhedral and occurs in concentrated layers.

Bearcat Ridge Orthogneiss

The Late Cretaceous (89-69 Ma) Bearcat Ridge Orthogneiss was described by
Cater (1982) as a series of roughly concordant, northwest-striking deformed plutons
that extended from Bearcat Ridge, 10 km NW of the study area, to the shore of
Lake Chelan. The unit is present in the western-most part of the study area as a
series of elongate bodies that range in thickness from 1 to 100 m. These bodies vary

in composition from granodioritic gneiss to muscovite-bearing tonalitic leucogneiss.
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More mafic hornblende-bearing gneisses described by Cater (1982) are not present.
Rare sheets containing large (up to 1.5 x 0.5 cm) euhedral muscovite crystals are
found in the unit. These sheets are at least 5 m wide, and possibly much wider, as
it was not possible to determine an upper limit due to cover. As described above,
the unit concordantly intrudes the Cascade River-Holden assemblage with sharp
contacts (Fig. 4). The eastern contact of the Bearcat Ridge Orthogneiss with
migmatite of the SGC is obscured by Lake Chelan. To the north, the unit is
intruded by the Railroad Creek pluton. Foliation strength varies from well-foliated
to mylonitic; S=L and S>L fabrics are most common. Any magmatic fabric present
in the initial intrusions has been overprinted by later solid-state fabrics.

The most common mode of the Bearcat Ridge Orthogneiss is plagioclase (40%),
quartz (30%), biotite (156%), potassium feldspar (15%), £garnet, & muscovite,
+sphene. Thin section analysis shows an assemblage of recrystallized biotite,
quartz, potassium feldspar, and plagioclase. Foliation within the gneiss is
distinguished by aligned plagioclase, biotite, and quartz. Lineation is defined by
elongate quartz and biotite. Some plagioclase forms sigma and delta porphyroclasts
that are ~1 cm long. These grains vary between anhedral and subhedral.
Myrmekite is common. Plagioclase contains deformation twins and subgrains,
indicating deformation at temperatures of >600 °C (Passchier and Trouw, 2005).
Quartz is present as both recrystallized and deformed grains that contain bulging
grain boundaries and subgrains. Biotite forms elongate stringers and small “fish”.
Alteration of biotite to chlorite is common. Garnet in the Bearcat Ridge
Orthogneiss is small (<1 mm) and sub-idiomorphic to xenomorphic, and has biotite
and muscovite tails. Muscovite is highly elongate and, in places, boudinaged.
Aligned muscovite is included in plagioclase and potassium feldspar. Accessory

sphene is typically small and xenomorphic.
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Skagit Gneiss Complex

A major aspect of this study was the subdivision of the southern SGC into
individual paragneiss and orthogneiss units. From oldest to youngest, these units
are: migmatite, Ferry Peak Orthogneiss, Old Maid Orthogneiss, Cub Lake
Orthogneiss, and Gray Gneiss. Additionally, the western part of the SGC in the
study area is composed of many gneisses that are difficult to assign to a specific
sub-unit. These rocks are grouped into a unit referred to as the heterogeneous
gneisses. One of the units described above, the Ferry Peak Orthogneiss, was

previously defined by R.B. Miller (pers. comm.).

Migmatite

Several types of migmatite are present in the southern SGC, but stromatic
(layered), opthalmitic (augen), and schollen (raft) migmatites are the most
common. Schlieren migmatite is also present in isolated outcrops. The migmatite
outcrops are grouped into a northwest-striking, ~3-km-wide unit that is bounded by
a septa of Cascade River-Holden assemblage to the northeast and Bearcat Ridge
Orthogneiss to the southwest (Fig. 3; Plate 1). The contact between the migmatite
and Cascade River-Holden assembage is sharp. Heterogeneous gneisses intrude some
migmatite outcrops that contain both sharp and gradational contacts (Figs. 5 and
6). The contact of the migmatite with the Bearcat Ridge Orthogneiss is covered,
but occurs over <100 m across strike.

Migmatites of the southern SGC are commonly cut by concordant to discordant
plagioclase- and quartz-dominated pegmatite intrusions (Fig. 6). These intrusions
have contacts that vary from sharp to gradational. Layers in the stromatic

migmatite range between 0.5 m and 1.0 m in thickness and are generally concordant
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Fig. 6. Quartz diorite member of the heterogeneous gneiss unit and migmatite.
Note the interdigitations of fine-grained gneiss into the heterogeneous gneiss. Also,
note gradation of diorite to migmatite in lower right corner.
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to foliation. The melanosome is composed of medium-grained biotite, hornblende,
quartz, and plagioclase. The leucosome is composed of plagioclase, quartz, and
minor biotite. Both the leucosome and melanosome display elongate quartz parallel
to layering and foliation. Rare outcrops contain garnets that vary from millimeter to

centimeter scale. Solid-state deformation is evident throughout the SGC migmatite.

Heterogeneous Gneisses

The heterogeneous gneisses are a northwest-striking assemblage of tonalitic to
quartz dioritic gneisses found along and above the eastern shore of Lake Chelan
(Fig. 3; Plate 1). Rocks of the heterogeneous gneiss are in both sharp (Fig. 5) and
gradational (Fig. 6) contact with the migmatite unit and Ferry Peak Orthogneiss.
The main body of heterogeneous gneiss is separated from the migmatite by a thin
septa of Cascade River-Holden assemblage. This septa is heavily intruded by the
heterogeneous gneisses. Xenoliths of the Cascade River-Holden assemblage are
common throughout the heterogeneous gneisses (Fig. 7).

The heterogeneous gneisses can be divided into two main sub-groups; felsic
gneisses and intermediate-composition gneisses. Both sub-groups occur in sheets
that range from meters to tens of meters in thickness. Felsic gneisses are generally
fine- to medium-grained and have a tonalitic protolith. Of the samples studied, the
mode was generally plagioclase (50%), biotite (10%), and quartz (40%), Epotassium
feldspar, +garnet. Intermediate-composition gneisses are medium- to coarse-grained
and have a quartz diorite protolith. Of the samples studied, the mode was generally
plagioclase (50%), quartz (20%), and biotite/hornblende (30%). Both felsic and
mafic gneisses range from equigranular to porphyritic and contain subhedral to
anhedral grains. Plagioclase displays lamellar twins, deformation twins, and bent

grains. Recrystallization of plagioclase into mosaics is common. Biotite grains are
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Fig. 7. Cascade River-Holden assemblage xenolith in tonalitic member of the
heterogeneous gneisses along the eastern shore of Lake Chelan. Field notebook for
scale.
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typically elongate and show evidence for recrystallization. Quartz grains are
elongate, contain blocky subgrains, and are recrystallized into mosaics. Rare
potassium feldspar is typically perthitic and microfractured. Myrmekite is also

common. Garnet is subhedral and several millimeters in diameter.

Ferry Peak Orthogneiss

The Ferry Peak Orthogneiss (~76 Ma) is a northwest-striking body of tonalitic
orthogneiss centrally located in the study area (Fig. 3; Plate 1). The unit is several
kilometers wide and at least 6 km long. Xenoliths of Cascade River-Holden
assemblage aligned parallel to foliation in the gneiss are common. The Ferry Peak
Orthogneiss is intimately intruded in many outcrops by leucocratic pegmatite that
ranges in thickness from 10 cm to 50 ¢cm and has a foliation concordant to that of
the main gneiss. Contacts between the pegmatite and the main orthogneiss are
commonly gradational and difficult to distinguish. The pegmatite is considered part
of the Ferry Peak Orthogneiss because of its abundance within the orthogneiss and
because its fabric and deformation so strongly resemble that of the orthogneiss. In
the southern part of the orthogneiss, meter-thick dikes of granodiorite similar to the
Cooper Mountain batholith intrude the orthogneiss with sharp contacts. These
dikes become progressively more common and increase in thickness with proximity
to the batholith. The Ferry Peak Orthogneiss is well-lineated and foliated in the
solid-state throughout the field area; L > S or L=S fabrics are most common.

The Ferry Peak Orthogneiss varies from medium- to coarse-grained and is
composed of plagioclase (40%), quartz (30%), biotite (20%), potassium feldspar
(10%) and extremely rare hornblende, garnet, and sillimanite. Accessory minerals
are sphene, zircon, and Fe-Ti oxides. In hand sample, foliation and lineation are

apparent in long biotite stringers that typifiy the unit. In thin section, plagioclase is

18



typified by quartz intergrowths, deformation twins, bent grains, and local
recrystallization. Quartz grains are large, have subgrains and bulging grain
boundaries, and are recrystallized through subgrain rotation. Biotite is elongate and
is commonly altered to chlorite. Potassium feldspar grains are relatively large (~0.5
cm), display undulose extinction, and are microfractured. Hornblende and garnet
occur in rare, isolated outcrops. Garnet is 3-4 cm in diameter and idioblastic.
Foliation wraps around the crystals, implying pre- or syn-tectonic formation

(Fig. 8). Hornblende, found in garnet-bearning outcrops, is anhedral to subhedral;
grains measure up to 1.5 mm across. Similarly, sillimanite, present as fibrolite,
forms deformed mats in outcrops that also contain garnet and hornblende. There is
no evidence that this fibrolite is the result of muscovite breakdown. The source
(metamorphic or igneous) of the garnet and sillimanite is uncertain.

The pegmatite of the Ferry Peak Orthogneiss is trondhjemitic to tonalitic and is
composed of quartz, plagioclase, potassium feldspar, and biotite. The pegmatite is
well-foliated and -lineated. In thin section, pegmatite shows recrystallized biotite,
quartz, and plagioclase. Quartz and plagioclase both form recrystallized mosaics.
Plagioclase displays bent grains, deformation twins, relict oscillatory zoning, and
core and mantle structure. Quartz intergrowths in plagioclase are common but have
no specific orientation. Quartz has blocky subgrains, grain boundary bulging, and
evidence for subgrain rotation. Potassium feldspar is microfractured and poikilitic,
containing biotite and quartz inclusions.

The relationship of the Ferry Peak Orthogneiss to most of the surrounding rock
units, excepting the Cooper Mountian batholith, is difficult to determine due to a
lack of exposed contacts. However, a transect along Prince Creek provides insight
into the relationship between the orthogneiss and the heterogeneous gneiss and

migmatite units (Plate 2). The contact between the heterogeneous gneisses and
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Fig. 8. Ferry Peak Orthogneiss with large, sub-idioblastic garnet. Note the strong
foliation defined by elongate biotite and plagioclase.

20



Ferry Peak Orthogneiss appears gradational; nearer the orthogneiss, outcrops of
heterogeneous gneisses more strongly resemble the Ferry Peak rocks. In particular,
the heterogeneous gneisses increase in grain size and feldspars take on an augen-like
appearance. The heterogeneous gneisses also are less mafic closer to the Ferry Peak
Orthogneiss.

A particularly interesting outcrop between the two gneisses consists of
hornblende-garnet tonalite. Garnets in this tonalite are large (~2 cm) and are
mantled by hornblende, intergrown biotite and plagioclase, and intergrown
hornblende and garnet. A complete study of samples from this outcrop is beyond

the scope of this paper, and is left as an enticement to future workers.

0Old Maid Orthogneiss

The Old Maid Orthogneiss is exposed in the far eastern part of the field area
(Fig. 3; Plate 1), and is a fine- to medium-grained granodioritic leucogneiss intruded
by many 4- to 5-cm-thick pegmatitic dikelets that cross-cut the foliation (Fig. 9).
The unit is homogeneous and is distinguishable from the adjacent Cub Lake
Orthogneiss to the northwest based on modal mineralogy: the Cub Lake
Orthogneiss has a higher fraction of potassium feldspar. The contact between these
units is obscured by soil, but is no more than 30 m wide. To the east, the contact is
similarly obscured where the unit is adjacent to garnet-bearing biotite paragneiss.
To the west, the orthogneiss intrudes the Ferry Peak Orthogneiss, as evidenced by
Ferry Peak xenoliths in the Old Maid Orthogneiss. The Old Maid Orthogneiss is
cut by the Gray Gneiss, but in places the two are mingled (Fig. 9). The Old Maid
Orthogneiss is truncated on the south by the Sunrise Lake pluton. Foliation and
lineation in the Old Maid Orthogneiss are moderately developed and defined by

aligned biotite, elongate quartz, and deformed plagioclase grains. Overall, L=S and
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Fig. 9. Outcrop of Old Maid Orthogneiss and Gray Gneiss in which the two are
mingled. Note the thin, leucocratic dikes, that cross-cut the Old Maid Orthogneiss.
Notebook (18 cm long) for scale.



fabrics are dominantly solid-state.

The approximate modal mineralogy of the Old Maid Orthogneiss is biotite
(10%), quartz (30%), plagioclase (40%), and potassium feldspar (20%). The rock is
roughly equigranular and has subhedral to anhedral grains. In thin section, elongate
biotite wraps around plagioclase. Quartz forms long blocky grains containing
subgrains and having aspect ratios of ~3:1. Plagioclase is bent, has deformation
twins, and commonly includes biotite. Potassium feldspar is large, blocky, and
microfractured. These grains have plagioclase and biotite inclusions and are altered
to sericite. Myrmekite is common. Recrystallized minerals in the Old Maid
Orthogneiss are quartz, biotite, plagioclase, and potassium feldspar, indicating

temperatures of >450 °C (Passchier and Trouw, 2005).

Cub Lake Orthogneiss

The Cub Lake Orthogneiss is a deformed, pink-colored granodioritic leucogneiss
exposed in the northern part of the study area between the Ferry Peak Orthogneiss
and Old Maid Orthogneiss (Fig. 3; Plate 1). Similar to most bodies in the SGC, the
Cub Lake Orthogneiss strikes northwest. Xenoliths of plagioclase-quartz pegmatite,
interpreted as part of the Old Maid Orthogneiss based on composition, are scattered
throughout the Cub Lake Orthogneiss and range in size from centimeter to meter
scale. The contact of the Cub Lake Orthogneiss with the Old Maid Orthogneiss to
the east is covered, but is less than 30 m thick. Composite fabric in the Cub Lake
Orthogneiss consists of a magmatic fabric overprinted by a moderate to weak
solid-state fabric that is discernable in thin section. Foliation and lineation in the
Cub Lake Orthogneiss are moderately developed and foliation is stronger than
lineation (S>L) throughout.

The Cub Lake Orthogneiss is medium-grained and has a color index varying
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between 15 and 20. The gneiss is composed of plagioclase (35%), quartz (30%),
potassium feldspar (20%), and biotite (15%), + sillimanite. In thin section,
plagioclase is weakly deformed and has bent grains, deformation twins, and lamellar
twins. Relict oscillatory zoning indicates an igneous protolith. Small biotite
inclusions are common. Elongate quartz grains have blocky subgrains and bulging
grain boundaries, and show evidence for grain boundary migration recrystallization
(serrated grain boundaries). Potassium feldspar is large and subhedral, and contains
biotite and quartz inclusions. Microfractures and alteration to sericite are common.
Biotite is tabular and weakly deformed. Sillimanite is present as deformed fibrolite
mats and rare acicular grains, but the origin (igneous or metamorphic) of this
mineral is not clear. However, there is no evidence that this fibrolite is the result of

muscovite breakdown.

Gray Gneiss

The Gray Gneiss consists of a series of fine-grained, well-foliated and -lineated
tonalitic sills and dikes of dark gray gneiss that are present throughout the SGC,
but does not comprise a mappable unit. The Gray Gneiss intrudes the Ferry Peak
Orthogneiss, Cub Lake Orthogneiss, Old Maid Orthogneiss, and Sunrise Lake
pluton. Intrusions of the Gray Gneiss vary in thickness from 0.5 to 10.0 m and have
sharp contacts with the host rock. These contacts are concordant to the
northwest-striking foliation within the Gray Gneiss and are subparallel to the
host-rock foliation. Small (<40 ¢m long) xenoliths of host rocks are common near
the sill margins (Fig. 10). Fabrics in the Gray Gneiss are dominantly solid-state and
range from S>L to S<L.

The Gray Gneiss is composed of plagioclase (50%), quartz (30%), and biotite

(20%). Accessory minerals include allanite, sphene, zircon, and apatite. In thin
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Fig. 10. Xenoliths of a Ferry Peak Orthogneiss in a dike of Gray Gneiss. Note the
sharp, straight boundaries of xenoliths



section, the gneiss is distinguished by zoned plagioclase surrounded by highly
deformed quartz. Quartz occurs as discrete lenses and displays core and mantle
structure, subgrains, and sutured grain boundaries. Large plagioclase grains are
subhedral and characterized by relict zoning, deformation twins, and lamellar twins.
Most large plagioclases are microfractured, whereas small grains are euhedral and
not fractured. Bent and elongate biotite wraps around more resistant plagioclase,

and large biotite grains are commonly kinked.

Sunrise Lake Pluton

First described by McLean et al. (2006), the Sunrise Lake pluton is a young (49
Ma) tonalitic to dioritic body that crops out as an approximately 2-km-wide finger
at the eastern edge of the study area (Fig. 3; Plate 1). Where studied for this
project, the Sunrise Lake pluton is dominantly quartz diorite, but also contains
tonalite. Mingling of Sunrise Lake pluton quartz diorite and tonalite is seen in some
outcrops; enclaves of tonalite mix down to the grain scale with the more mafic
Sunrise Lake rocks, producing several different rock types depending on the degree
of mingling (Fig. 11). Xenoliths (10 cm-10 m) of Cascade River-Holden amphibolite
are intruded by millimeter- to centimeter-thick sills similar in composition to the
surrounding pluton. Foliation is dominantly magmatic within the pluton and has a
weak solid-state overprint. Foliation and lineation are defined by aligned
plagioclase, hornblende, and biotite.

In the study area, the Sunrise Lake pluton has a color index of ~45. Mafic
minerals are dominantly hornblende and biotite. Felsic minerals include plagioclase
(40%) and quartz (10%). Accessory phases are zircon and iron-titanium oxides.
Plagioclase is generally subhedral and contains simple twins. Oscillatory zoning is

apparent in most plagioclase grains. Aspect ratios of plagioclase are approximately
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Fig. 11. Mingling of quartz diorite and leuco-tonalite in the Sunrise Lake pluton.



2:1. Quartz is anhedral, has rare subgrains, and occurs as disconnected lenses or
pods. Biotite is tabular and subhedral, and is commonly intergrown with
hornblende. Biotite also replaces hornblende along cleavage planes. Hornblende is

recrystallized into mosaics. Many hornblende grains are cored by small augite grains.

Cooper Mountian Batholith

The Cooper Mountain batholith intrudes the southernmost part of the SGC in
the study area. Unlike units in the SGC, the Cooper Mountain batholith does not
strike northwest. The northwestern part of the batholith forms a pronounced
protrusion in map view (Fig. 3; Plate 1). Contacts of the Cooper Mountain
batholith with the Ferry Peak Orthogneiss are irregularly shaped, and many
xenoliths of the gneiss occur in the margin of the batholith (Fig. 12). Xenoliths
range in scale from 10 to 50 cm. The best exposure of the contact of the Cooper
Mountain batholith is along the eastern shoreline of Lake Chelan, where the
batholith intrudes heterogeneous gneisses and SGC migmatite and encloses
abundant, 5- to 10-m-long xenoliths of the Cascade River-Holden assemblage. The
contact between the batholith and heterogeneous gneisses/migmatite is sharp and
marked by chilled margins in the batholith ranging up to several centimeters thick.
Working towards the contact from the north, the heterogeneous gneisses/migmatite
are increasingly intruded by “fingers” of granodiorite that eventually merge into the
larger plutonic body. These fingers occur as meter-thick dikes ~3 km from the
pluton and become progressively thicker with proximity to the batholith.

The Cooper Mountain batholith in the study area ranges from fine- to
medium-grained and equigranular to porphyritic granodiorite. Modal mineralogy is
plagioclase (30%), biotite (20%), potassium feldspar (30%), and quartz (20%).

Plagioclase and potassium feldspar range from subhedral to euhedral. Plagioclase
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Fig. 12. Xenoliths of the Ferry Peak Orthogneiss in fine-grained equigranular Cooper
Mountain batholith.
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contains oscillatory zoning, and some grains are cored by aligned inclusions of
biotite. Potassium feldspar is poikilitic and has inclusions of biotite, plagioclase,
and quartz that are aligned parallel to zone boundaries. Minor perthite and
myrmekite are also present. Quartz is anhedral and has rare subgrains, but no
recrystallization. Magmatic foliation in the Cooper Mountain batholith is
moderately to weakly developed and is defined by aligned biotite and plagioclase.

Lineation is weak to absent. Quartz shows a very weak solid-state fabric.

Railroad Creek Pluton

The Railroad Creek pluton is a medium- to fine-grained, hypidiomorphic
granodiorite-tonalite with a color index of 10-15. Within the field area, the pluton
intrudes the Bearcat Ridge Orthogneiss and SGC migmatite to the south and
Cascade River-Holden assemblage to the north. Both contacts are obscured by soil,
but are interpreted as sharp due to an abrupt change in rock type over a distance of
50 m for the southern contact and 5 m for the northern one. A few xenoliths of
Cascade River-Holden assemblage lie in the pluton close to the contact with the
assemblage. In the study area, the pluton is tonalitic. Composition is plagioclase,
quartz, biotite, and rare hornblende. The lack of potassium feldspar differentiates
these outcrops from those described by Cater (1982), who studied a much larger
part of the pluton. Subhedral plagioclase phenocrysts occur in some outcrops.
Foliation and lineation are weak to absent except near pluton margins. Where

present, fabrics are defined by aligned biotite, plagioclase, and hornblende.

Dikes Of Intermediate Composition

Throughout the map area, rock units are cut by late, one- to two-meter thick

andesitic-basaltic dikes. These dikes generally have a fine-grained, equigranular
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texture, but plagioclase-phyric dikes are also present. Plagioclase phenocrysts range
from 0.5 to 2.0 cm in length. Dikes generally consist of pyroxene, plagioclase, and
iron-titanium oxides. Host rock xenoliths, ranging in length from 1 to 30 c¢m, are
common near dike margins (Fig. 13). Similar dikes can be found throughout the
SGC and may be related to the Eocene dike swarms found to the south [e.g.,
Teanaway Dike swarm (Doran and Miller, 2006; Doran et al., 2007). These dikes cut
the Bearcat Ride Orthogneiss and sub-units of the SGC, but were not observed in

the Sunrise Lake pluton, Cooper Mountain batholith, or Railroad Creek pluton.
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Fig. 13. Xenolith of leucocratic heterogeneous gne
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GEOCHRONOLOGY

No high-precision radiometric ages were available for rocks in the study area.
To remedy this problem, zircons of varying sizes and shapes were obtained from four
of the rock units described above: the Ferry Peak Orthogneiss (ES-32), Bearcat
Ridge Orthogneiss (ES-19), Cooper Mountain batholith (BNC-326-1), and Gray
Gneiss (ES-02) (Fig. 3). Isotopic dates were determined by single- and partial-grain
zircon U-Pb isotope dilution thermal ionization mass spectrometry (ID-TIMS) at
the MIT Geochronology Laboratory. Data are summarized in Table 1.

Grains chosen for analysis were extracted using standard crushing, Wilfley
table, heavy liquid, and magnetic separation. Following extraction, a representative
array of zircons was selected from each sample and processed according to the
chemical abrasion techniques described in Mattinson (2005). Selected grains were
annealed by heating for 60 hours at 900 °C. CL images of grains were taken using a
JEOL JXA-733 electron microprobe. Grains for analysis were selected using these
images; primary importance was placed on finding grains with oscillatory zoning,
lack of an inherited core, and little or no metamorphic rim. Large grains were
broken into smaller pieces.

Selected grains were then transferred to Teflon microcapsules, placed in a Parr
vessel and leached in HF for 14 hours at 180 °C to remove radiation-damaged areas.
The acid solution was removed, and fractions were rinsed in ultrapure HoO and
fluxed on a hotplate at ~80 °C for an hour each in concentrated HNO; and in 6 M
HCI. The fractions were then ultrasonically cleaned for 5 minutes, then placed back
on the hotplate for an additional 30 min. The HCI solution was removed and the
zircon fractions were rinsed three times in ultrapure HoO and placed in cleaned

Teflon microcapsules. Fractions were spiked with a 3¥U-25U-205Pb tracer (ET535)



with 29 M HF and 30% HNOj. These capsules were placed in Parr vessels at ~210
°C for 48 hours. After this 48 hour period, samples were dried to fluorides. Samples
were then re-dissolved in 6 M HCI for 12 h at 180 °C. U and Pb were isolated using
HCl-based, single-column, anion exchange chemistry (Krogh, 1973) and loaded
together in a silica gel-HsPO,4 emitter solution onto Re filaments.

U and Pb isotopic measurements were performed on the MIT VG Sector-54
multicollector thermal-ionization mass spectrometer. Pb was measured by

peak-hopping on the Daly detector. U was measured using static Faraday detectors.
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Ferry Peak Orthogneiss (ES-32)

Sample ES-32 was collected from an area of deformed Ferry Peak Orthogneiss
on a ridge west of Ferry Peak (Fig. 3). Field relationships indicate that the gneiss is
one of the oldest rocks in the study area (described above). The sample is a
medium- to coarse-grained tonalite leucogneiss and has elongate biotite stringers
typical of the orthogneiss. Thin section analysis found zircons in biotite, plagioclase,
and less commonly quartz.

Zircons from the Ferry Peak Orthogneiss are euhedral, colorless, clear, and have
aspect ratios of 5:2. Zircons commonly contained oscillatory zoning, and many
contained inherited cores with significant overgrowths. Seven zircon fractions gave
ages that range from 84 Ma to 75 Ma. The youngest date (75.2 Ma) is likely the
crystallization age of the orthogneiss. However, the crystallization age of the
orthogneiss is taken as ~76 Ma due to the broad spread of dates centered around 76
Ma (Figs. 14 and 15). The span of dates suggest inheritance of older zircons, since

chemical abrasion likely removed the parts of zircon that experienced Pb-loss.

Bearcat Ridge Orthogneiss (ES-19)

Sample ES-19 was collected approximately 1000 m above the western shore of
Lake Chelan (Fig. 3). The sample was collected from a >2 m thick sheet of
fine-grained biotite-tonalite leucogneiss that intruded rocks of the Cascade
River-Holden assemblage. Zircons are chiefly found in plagioclase, but also in biotite
and quartz.

Zircons in the Bearcat Ridge Orthogneiss are euhedral, colorless, clear, and
have aspect ratios of 5:2. Obvious cores with oscillatory-zoned overgrowths are

common. Seven grains from the Bearcat Ridge Orthogneiss were analyzed. These
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Fig. 14. Concordia plot of all analyzed zircons from the Ferry Peak Orthogneiss
(ES-32).
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Fig. 15. Magnified concordia plot of analyzed zircons from the Ferry Peak
Orthogneiss (ES-32). Plot is focused on zircons near the inferred crystallization age.
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zircons gave ages that ranged from 88 Ma to 68 Ma (Fig. 16). All of the fractions
were concordant to slightly discordant within 2o uncertainty. Two fractions gave
ages of approximately 68 Ma, which is interpreted as the crystallization age of the
tonalite protolith. Given the textural observations noted above, the older fractions

are likely to contain inherited zircon.

Gray Gneiss (ES-02)

Sample ES-02 was collected ~50 m from the Prince Creek Campground along
the eastern shore of Lake Chelan (Fig. 3). The outcrop contained several xenoliths
of banded gneiss that are associated with the heterogeneous gneiss found along Lake
Chelan. The sample included part of a late-forming leucocratic veinlet that was cut
off using a rock saw prior to crushing. The sample is a fine-grained, biotite-tonalite
with minor granophyric texture. Zircons in thin section are distributed in biotite,
plagioclase, and less commonly quartz.

Zircons from the Gray Gneiss are subhedral to euhedral, colorless, and clear.
Many grains contained obvious cores with oscillatory-zoned overgrowths. Average
zircon aspect ratio was 5:2, but wider, more rounded grains were also present
(aspect ratio 3:2). Six fractions were analyzed and ages ranged from 83 Ma to 47
Ma (Fig. 17). All of the fractions gave ages that were concordant or slightly
discordant. Two distinct populations can be distinguished; one at ~62-60 Ma and
another at ~47 Ma (Fig. 18). It is possible that some of the leucocratic veinlet was
analyzed along with the gray gneiss, giving the two age populations. Further zircon

analysis of the veinlet is pending.
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Fig. 16. Concordia plot for zircons from the Bearcat Ridge Orthogneiss (ES-19).
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Fig. 17. Concordia plot of all analyzed zircons from the Gray Gneiss (ES-02).
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Fig. 18. Magnified concordia plot of the Gray Gneiss (ES-02). Plot is focused on the
youngest zircon ages.
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Cooper Mountain Batholith (BNC-326-1)

Sample NC-326-1 was collected by R.B. Miller and E. Shea along a ridge of Uno
Peak ~800 m from the contact with the Ferry Peak Orthogneiss (Fig. 3). Xenoliths
of the gneiss are seen in the Cooper Mountain batholith near the contact, but were
not present at this outcrop. The sample is a medium-grained granodiorite. Zircons
are present as inclusions in biotite and plagioclase.

Zircons from the sample are euhedral, colorless, and clear. Inherited cores with
overgrowths were present in most grains. Aspect ratios were generally 5:2, but more
elongate and rounder grains were also observed. Seven zircon fractions were
analyzed and ages ranged from 63 Ma to 47.8 Ma (Fig. 19). Most fractions gave
concordant to slightly discordant ages that are within 20 uncertainty. Three
fractions gave ages of approximately 47.9 Ma, which are interpreted as the final
crystallization age of the pluton (Figs. 19 and 20). Other ages likely reflect

inheritance of older zircon grains.
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Fig. 19. Concordia plot for all analyzed zircons from the Cooper Mountain
batholith (BNC-326-1).
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(BNC-326-1). Plot is focused on zircons near the inferred crystallization age.
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METAMORPHISM

The temperature and pressure of metamorphism in the study area can be
broadly constrained by mineral assemblages and deformation mechanisms present in
rocks of the SGC, Bearcat Ridge Orthogneiss, and Cascade-River Holden
assemblage. Overall, assemblages indicate amphibolite-facies metamorphism.
Specifically, recrystallized hornblende and plagioclase in amphibolites, recrystallized
calc-silicate minerals in the Cascade River-Holden assemblage, and sillimanite mats
in samples of the Ferry Peak Orthogneiss may indicate high-temperature conditions.
Within the Ferry Peak Orthogneiss, the sillimanite-bearing rocks are in élose
proximity to garnet-hornblende-bearing rocks. Some samples of the Bearcat Ridge
Orthogneiss contain biotite-muscovite-garnet assemblages. Cascade River-Holden
assemblage rocks vary from garnet-bearing biotite schist to amphibolite. Using the
garnet-hornblende-plagioclase assemblage in the Ferry Peak Orthogneiss, minimum

temperature is estimated at ~500 °C.



STRUCTURE

This chapter describes the foliations, lineations, kinematic indicators, folds, and
dike orientations observed and measured during seven weeks of field work.
Orientations are expressed using the “right-hand rule.” Structural analysis was
performed at a total of 267 stations. Oriented hand samples were collected
throughout the field area; preference was given to the rocks of the SGC.
Microstructural analysis was conducted on thin sections cut from 60 of these
samples.

The southern SGC shows evidence for a complex history of deformation,
including multiple phases of folding and non-coaxial shear. Map-scale folding is seen
throughout the SGC and is particularly well-developed in the Cascade River-Holden
assemblage and Ferry Peak Orthogneiss. However, outcrop-scale folds are absent in
much of the complex. Non-coaxial deformation is subdivided into high-temperature
and low-temperature deformation based on the relative temperatures inferred from

microstructures.

Foliation

Foliation in the SGC and adjacent units is dominantly northwest-striking and
moderately to gently dipping (Figs. 21 and 22; Plate 1). In general, rocks west of
Lake Chelan dip southwest and rocks east of Lake Chelan dip northeast (Fig. 21;
Plate 1). However, dip reversals in both areas are common. In both regions,
foliation is generally stronger than lineation (S>L).

Solid-state foliation, seen in rocks older than 49 Ma, is defined by alignment of
biotite, plagioclase, and quartz. Foliation is also defined by compositional layering

in the Cascade River-Holden assemblage, rare layered gneiss, and banded
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Fig. 21. Simplified map of foliations in the southern Skagit Gneiss Complex and
adjacent units. Units with a “+” pattern have magmatic fabric. Color-coding of
foliation dip: green, 0-30°, yellow, 31-60°, red from 61-90°.
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Fig. 22. Lower hemisphere stereographic projection of poles to solid-state foliations
in the study area.
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migmatite. Foliation intensity across the SGC is moderate, with local areas of
intense deformation marked by mylonites.

At a microscopic scale, solid-state foliation in orthogneisses is defined by
elongate quartz grains, aggregates of quartz grains, and elongate biotite and
plagioclase. Quartz deformation mechanisms include dislocation glide and
dislocation creep. Evidence for recovery in quartz includes subgrain rotation
recrystallization and recrystallization into mosaics. Plagioclase deformation includes
mechanical twinning, brittle fracturing, and dislocation glide. Recrystallization of
plagioclase into mosaics is common. Quartz-plagioclase intergrowths can be seen in
many plagioclase grains. Biotite grains are tabular, are commonly bent or kinked,
and rarely deformed into “fish,” indicating dislocation glide. Brittle fracturing in
potassium feldspar is evidenced by microfractures.

A weak, northwest-striking, northeast- or southwest-dipping magmatic foliation
is evident in the Railroad Creek pluton, Cooper Mountain batholith, and Sunrise
Lake pluton (Fig. 23; Plate 1). These foliations are defined by aligned subhedral to
euhedral igneous biotite, plagioclase, and potassium feldspar grains. A minor
solid-state overprint is present in the Sunrise Lake pluton and in some samples of
the Cooper Mountain batholith, but is absent in the Railroad Creek pluton. This
overprint is marked by weakly elongate quartz and evidence for dislocation glide

(undulose extinction, elongate grains).

Lineations in the SGC, Bearcat Ridge Orthogneiss, and Cascade River-Holden
assemblage are broadly southeast-trending and have plunges that range from
moderate to gentle (Figs. 24 and 25; Plate 1). Mineral lineations are most

commonly defined by elongate biotite, quartz, and quartz aggregates. Alignment of
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Fig. 23. Lower hemisphere stereographic projection of poles to magmatic foliations
in the study area. Red stars = Sunrise Lake pluton, blue squares = Cooper
Mountain batholith, green circles = Railroad Creek pluton.
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Fig. 24. Simplified map of lineations in the southern Skagit Gneiss Complex and
adjacent units. Units with a “+” pattern have magmatic fabric. Color-coding of
lineation plunge: green, 0-30°, yellow, 31-60°.
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Fig. 25. Stereographic projection of lineations in the Cascade River-Holden
assemblage, SGC, and Bearcat Ridge Orthogneiss.
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plagioclase and/or potassium feldspar phenocrysts and porphyroclasts defines the
lineation in some outcrops. Lineation intensity ranges from weak to strong. In some
instances, the Ferry Peak Orthogneiss and the Gray Gneiss display moderate to
strong fabrics marked by L>S.

Magmatic lineation is SE-trending and moderately plunging and is best
exhibited within the 49 Ma Sunrise Lake pluton. A weak lineation is distinguished
in some outcrops of the Railroad Creek pluton and Cooper Mountain batholith.
Lineation is commonly defined by acicular hornblende and, in some places, by

weakly aligned plagioclase and potassium feldspar phenocrysts.

Non-Coaxial Shear

Non-coaxial shear is represented throughout the study area by mylonites in
ductile shear zones and asymmetric porphyroclasts. This deformation predates
large-scale folding (F4 and F5, discussed below) within the region. Non-coaxial
deformation can be sub-divided into two groups depending on the relative
temperature during deformation, which is inferred from microstructures. Moderate
to high-temperature deformation, marked by recrystallization of plagioclase and
hornblende, is largely restricted to the Cascade River-Holden assemblage, Ferry
Peak Orthogneiss, and Bearcat Ridge Orthogneiss. Lower-temperature non-coaxial
deformation, which does not involve the recrystallization of plagioclase, is present in

all units older than 49 Ma.

High-Temperature Non-Coaxial Shear

Evidence for moderate- to high-temperature (>450 °C) ductile deformation is
present throughout the 76 Ma Ferry Peak Orthogneiss and 69 Ma Bearcat Ridge

Orthogneiss in the form of dextral and sinistral ductile shear zones and mylonites.

=
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Mylonites range in intensity from protomylonitic to ultramylonitic. Additionally,
xenoliths and septa of Cascade River-Holden assemblage rocks record similar
relatively high-temperature deformation.

The Ferry Peak Orthogneiss is cut by distinctive swarms of W- to NW-striking
and steeply NE-dipping “melt-filled” ductile shear zones (Fig. 26). These shear
zones cut well-foliated and lineated medium-grained Ferry Peak Orthogneiss, are 2
to 3 cm thick, and have diffuse boundaries. Kinematic indicators from the shear
zones record dextral strike-slip with a small normal-slip component. Shear zones are
filled with a tonalitic “melt” composed of fine-grained plagioclase, biotite, and
quartz (Fig. 26). Foliation in the tonalite “melt” is weak and largely magmatic.
Based on the curvature of foliation into the shear zones, displacement on individual
zones is estimated to be <10 cm. Melt-filled ductile shear zones occur in swarms of
fifty or more in isolated regions (<100 m?) of the orthogneiss.

High-temperature deformation is similarly well-recorded in the Bearcat Ridge
Orthogneiss in mylonite zones that range up to 6 m thick; in some locations, these
zones are surrounded by protomylonites that are over 50 m thick. These shear zones
strike southeast, dip moderately southwest, and record sinistral strike-slip motion.
Shear zones contain gently plunging, southeast-trending lineations. Kinematic
indicators in the mylonites include sigma- and delta-porphyroclasts and biotite and
muscovite fish.

In thin sections of the Bearcat Ridge Orthogneiss, Ferry Peak Orthogneiss, and
Cascade River-Holden assemblage, non-coaxial deformation is exhibited by S-C
fabric, asymmetric quartz fabric, and porphyroclast tails. Quartz is elongate, and
contains subgrains and bulging grain boundaries, suggesting dislocation creep.
Quartz recovery is exhibited by subgrains, grain boundary bulging, and subgrain

rotation recrystallization. Plagioclase grains are elongate and have deformation
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Fig. 26. View of horizontal surface containing dextral (top-to-southeast)
“melt-filled” ductile shear zones in the Ferry Peak Orthogneiss. Note the curvature
of foliation into the shear zone.
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twins and microfractures. Deformation mechanisms in plagioclase include
dislocation glide and brittle fracturing. Bent biotite grains provide evidence for
dislocation glide. Recrystallization of quartz and plagioclase into medium-grained
mosaics is common. S-C fabric is defined by deflected foliation and finely
recrystallized biotite, quartz, and muscovite along C-surfaces. Biotite in C-surfaces
is lighter in color than that in S-surfaces. S-surfaces are defined by quartz ribbons
with aspect ratios of up to 4:1, elongate muscovite and biotite, and plagioclase
porphyroclasts. Mica fish are commonly boudinaged and wrap around pre- or
syn-tectonic garnets that are <300 um in diameter. Anastomosing foliation occurs

in most mylonites.

Low-Temperature Non-Coaxial Shear

Low-temperature ductile deformation is evident in all rock units in the study
area except the Sunrise Lake pluton, Cooper Mountain batholith, and Railroad
Creek pluton. Like the higher-temperature deformation, low-temperature ductile
deformation is recorded by sinistral and dextral shear zones and mylonites.

Low-temperature ductile deformation is characterized by the lack of
recrystallized plagioclase, extensive micro-fracturing of plagioclase (Fig. 27), and
sharply defined, narrow (3-5 cm wide) ductile shear zones. These low-temperature
shear zones are generally northwest-striking and steeply northeast dipping.
Displacement is between five and ten centimeters, based on the offset of gneissic
layers and leucocratic veins (Fig. 28). Ductile shear zones occur in sets of several
(up to 5) shear zones (Fig. 28), but are not as numerous as the swarms of
high-temperature, melt-filled ductile shear zones in the Ferry Peak Orthogneiss.
Additionally, fine-grained mylonite zones up to two meters thick have both

asymmetric porphyroclasts and S-C fabrics.
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Fig. 27. Antithetically faulted plagioclase in a thin section of the Gray Gneiss. “T”
indicates up (top) and “S” indicates south.
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Fig. 28. Lower-temperature ductile shear zones in a medium-grained biotite tonalite
leucogneiss of the Old Maid Orthogneiss. Note the relative lack of curvature of the
foliation compared to the ductile shear zone of Fig. 26.
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In thin section, low-temperature deformation is typified by ductilely deformed
quartz and biotite, but most notably by brittlely deformed plagioclase (Fig. 27) and
potassium feldspar. Plagioclase grains commonly have relict zoning, deformation
twins, and microfractures. Deformation mechanisms include dislocation glide and
brittle fracturing. Aggregates of quartz grains form ribbons that commonly wrap
around plagioclase porphyroclasts. Quartz is deformed by dislocation creep.
Recovery is evident in the form of subgrains, and subgrain rotation recrystallization
is widespread in many quartz grains. Deformation in biotite occurred by translation
glide, as evidenced by stretched grains.

S-C fabrics are defined by deflected foliation, with finely recrystallized biotite
and quartz in C-surfaces. Biotite along the C-surfaces is lighter in color in plane
light than biotite defining S-surfaces. Small, fractured, plagioclase grains are also
present in C-surfaces. S-surfaces are characterized by aligned and fractured
plagioclase, elongate biotite, and quartz ribbons. Late quartz fills large (up to 1 mm

wide) fractures in plagioclase and potassium feldspar grains.

Folds

Four generations of folding have been distinguished in the study area: F2 folds
are centimeter- to meter-scale structures within the Cascade River-Holden
assemblage; F'3 folds are centimeter- to meter-scale structures in the SGC and
Cascade River-Holden assemblage; and F4 and F5 folds are large-scale folds that

involve the SGC and adjacent units.

F2 Folds

The earliest phase of folding recognized in the field area (F2) consists of open to

isoclinal, broadly symmetric folds in outcrops, xenoliths, and the main outcrop belt
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of the Cascade River-Holden assemblage. These folds deform both compositional
layering and foliation in the assemblage, but do not deform surrounding orthogneiss
(Fig. 29). F2 folds have wavelengths that vary from several centimeters to one
meter. Axial planes and hinge lines are highly variable in orientation. In places, two

generations of folds with broadly parallel hinge lines are distinguished (Fig. 29).

F3 Folds

The second phase of folding (F3) is marked by deformation of the SGC and
Cascade River-Holden assemblage. These folds are open to isoclinal, symmetric, and
involve compositional layering and foliation (Fig. 30). F3 folds are interpreted as
the earliest phase of folding in the SGC based on their relationship with F2 and F4
folds; F2 folds are deformed by F3 and F3 hinge lines are deformed by F4. F3 hinge
lines are generally parallel to lineation, have gentle plunges, and vary from east- to
southeast-trending. Axial planes vary from east- to southeast-striking and have
gentle to moderate dips to the south or southwest. Wavelength is generally a few
meters and ranges up to 10 m, but rare outcrops contain crenulated foliation with

cm-scale wavelengths (Fig. 31).

F4 Folds

The third phase of folding (F4) involves kilometer-scale, symmetric, gently
northwest-plunging folds. Axial planes strike northwest and dip steeply to the
northeast. F4 folds range from open to gentle, and have wavelengths mostly between
3 km and 8 km (Plates 2-4). The westernmost and largest of these folds is a
northwest-trending antiform that has a hinge line parallel to the dominant lineation
(Plates 1-4). This large antiform continues at least 20 km along trend to the

northwest and terminates in the south at the Cooper Mountain batholith (Fig. 21;
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Fig. 29. F2 folds (arrows) in a xenolith of the Cascade River-Holden assemblage cut
by a dike of fine-grained leucogneiss of the heterogeneous gneisses.
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Fig. 30. Openly folded xenolith of the Cascade River-Holden assemblage and
intrusive veinlets in the Ferry Peak Orthogneiss (F3). Intrusive veinlets are also
boudinaged. Note the Ferry Peak Orthogneiss pegmatite above the xenolith that is
also folded.
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Plate 1). The fold is defined by foliation in rocks on both sides of Lake Chelan,
including the Bearcat Ridge Orthogneiss, Ferry Peak Orthogneiss, heterogeneous
gneisses, and migmatite. The smaller (3-5 km wavelength) F4 folds to the east of
the antiform involve rocks of the SGC older than 49 Ma and the Sunrise Lake pluton

(Plates 2-4). Assuming flexural slip, shortening based on line length is at least 25%.

F5 Folds

The final phase of folding, F5, involves foliation and lineation in rocks older
than 48 Ma and the hinge lines of older folds. Evidence for this fold is present in
data from this study, but is more clearly evident when data east of the field area are
incorporated (Miller, 1987; Miller and Bowring, 1990; R.B. Miller, unpublished
data). These data reveal a major swing in the foliation strike and lineation trend
throughout the length of the central and southern SGC (Figs. 32 and 33). Foliation
changes from northwest-striking to east-striking over ~10 km from north to south
(Fig. 32). Similarly, lineation changes from southeast- to east-trending (Fig. 33).
This large-scale shift in foliation and lineation defines a steeply plunging, map-scale

fold in the southern half of the SGC.

Dikes of Intermediate Composition

The orientations of 33 late dikes of intermediate composition were measured
throughout the field area. These dikes strike SW (mean orientation of 211/85 SE)
and dip steeply SE or NW (Fig. 34). The extension direction inferred from these
dikes is NW-SE (301-121), which is subparallel to the orogen. The age of these dikes
has not been determined using geochronology, but similar dikes described by

Michels (in press) and N. McLean (pers. comm.) are dated at around 49 Ma.
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Fig. 32. Simplified map of foliations in the study area combined with foliation data
from Miller (1987) and unpublished data of R.B. Miller (pers. comm.). Note the
distinct swing in foliation in the SGC that is not present in the Cooper Mountain
batholith. Color-coding of foliation dip: green, 0-30°, yellow, 31-60°, red from
61-90°.
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Fig. 33. Simplified map of lineations in the study area combined with data from
Miller (1987) and unpublished data (R.B. Miller). Color-coding of lineation plunge:
green, 0-30°, yellow, 31-60°.

67



Fig. 34. Lower hemisphere stereographic projection of poles to dikes in the study
area.
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DISCUSSION

The crystalline core of the North Cascades records a complex history of
intrusion, metamorphism, and deformation that spans the Triassic to the Eocene.
The range of rock types and ages in the southern SGC has enabled the timing of
many events in the field area, and throughout the SGC, to be constrained from
cross-cutting relationships. These relationships provide a better understanding of

the larger tectonic picture in the region, specifically from 76 Ma to 46 Ma.

Intrusive History

The intrusive history of the southern SGC can be determined using both
cross-cutting relationships and geochronology. The oldest unit in the study area, the
Triassic Cascade River-Holden assemblage, is generally interpreted as
metasupracrustal rocks of volcanic and sedimentary origin (Cater and Wright, 1967;
Cater, 1982; Miller et al., 1994). In the study area, the assemblage serves as the
host rock to the Bearcat Ridge Orthogneiss and intrusions belonging to the
southern SGC.

The migmatite of the SGC lies structurally beneath the heterogeneous gneiss
unit, and is intruded in places by well-foliated, discordant sheets of the
heterogeneous gneiss. The main body of the migmatite is separated from the main
belt of heterogeneous gneisses by a thin mantle of the Cascade River-Holden
assemblage (Fig. 3; Plates 2-4). Based on the structural level of SGC migmatite and
cross-cutting relationships, the migmatite is interpreted as the next oldest unit in
the study area after the Cascade River-Holden assemblage. The origin of the
migmatite is difficult to determine. However, the intermixing of the SGC migmatite

with partially migmatitic Cascade River-Holden assemblage suggests the SGC



migmatite may be a combination of a small amount of partially melted Cascade
River-Holden assemblage combined with a larger volume of later igneous intrusions.
However, the overall modal mineralogy of the migmatite and the relatively small
volume of Cascade River-Holden assemblage available for migmatization make it
unlikely that the SGC migmatite originated entirely from the partial melting of
metasupracrustal rocks.

The heterogeneous gneisses, which lie structurally above the SGC migmatite,
are composed of tonalitic to quartz dioritic sheets and are dominated by solid-state
fabric. In some outcrops, the heterogeneous gneisses cut SGC migmatite and
overlying Cascade River-Holden assemblage. Xenoliths of SGC migmatite up to ~1
m across (Fig. 5) are also present in the heterogeneous gneisses, and are rotated
with respect to foliation of the host gneiss. This relationship suggests intrusion of
the heterogeneous gneisses into the migmatite. However, contacts between the
heterogeneous gneiss and the migmatite vary from sharp to gradational. At
gradational contacts, the heterogeneous gneisses become more felsic as the rock
grades into intrusive veinlets (Fig. 6). The gradational contacts between these two
units suggests that some of the migmatitic melt was contemporaneous with the
heterogeneous gneisses. The variation in contacts between the heterogeneous
gneisses and migmatite implies that intrusion of heterogeneous gneisses continued
after the end of migmatization.

Sheets of Bearcat Ridge Orthogneiss were dated by Miller et al. (1993) at
~89 Ma and in this study at 69 Ma. These ages, and field relations, suggest that
the orthogneiss protoliths were intruded over ~20 Ma. Alternatively, the part of the
Bearcat Ridge Orthogneiss studied along Lake Chelan may be a separate gneiss unit
from that studied by Miller et al. (1993). In the study area, the Bearcat Ridge

Orthogneiss is mostly homogeneous and varies in composition from
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garnet-muscovite tonalite to granodiorite. To the west of the study area, the
orthogneiss contains abundant tonalite and diorite (Cater, 1982). The range of rock
types is compatible with a non-uniform source region for the igneous protolith
and/or fractionation. Unfolding F'4 folds suggests that the Bearcat Ridge
Orthogneiss was intruded a set of as subhorizontal sills. These sills may have
incorporated pelitic material from the Cascade River-Holden assemblage to produce
garnet and muscovite-bearing layers. More study of the Bearcat Ridge Orthogneiss
would provide further insight into the variable nature of this unit.

The Ferry Peak Orthogneiss is the oldest part of the SGC in the study area.
The orthogneiss has a relatively homogenous composition, making internal intrusive
contacts difficult to discern. However, subtle differences in composition and grain
size may indicate separate intrusive bodies with diffuse contacts. Unfolding the
upright F4 folds suggests that the Ferry Peak Orthogneiss was intruded as a set of
subhorizontal tonalitic sills, similar to the intrusion of the Bearcat Ridge
Orthogneiss. The pegmatite of the Ferry Peak Orthogneiss (described earlier) was
likely intruded as the final stage of intrusion of the tonalite. The Ferry Peak
Orthogneiss grades into structurally underlying heterogeneous gneiss and migmatite
over a distance of approximately 100 m. At the contact, the heterogeneous gneiss
grades into garnet- and fibrolite-bearing leucogneiss (rare) that grades into the
Ferry Peak Orthogneiss. This gradation suggests that formation of at least part of
the Ferry Peak Orthogneiss was contemporaneous with formation of the
heterogeneous gneiss. Highly localized areas of garnet- and sillimanite-rich rock in
the Ferry Peak Orthogneiss are interpreted as melted xenoliths due to their size
(less than 3 m across), isolation, and unique mineralogy.

The age of the Old Maid Orthogneiss has not been determined by U-Pb

geochronology, but a relative age can be determined for the unit based on xenoliths
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of the the Ferry Peak Orthogneiss within the unit. Mingling (Fig. 9) of the Gray
Gneiss with the Old Maid Orthogneiss suggests that intrusion of some of the Gray
Gneiss was contemporaneous with intrusion of the Old Maid Orthogneiss. Similar to
most orthogneisses in the SGC, the Old Maid Orthogneiss shows some minor
variability in grain size and composition. Foliation is concordant to that of
surrounding units, suggesting that the gneiss was intruded as a set of sills. However,
the unit’s compositional variability may indicate that intrusion occurred in several
temporally discrete pulses.

The Cub Lake Orthogneiss was emplaced after the Old Maid Orthogneiss was
intruded, judging from xenoliths of the latter within the former. This relative age is
further supported by the greater magnitude of deformation in the Old Maid
Orthogneiss, implying a longer history of deformation. Alternatively, strain may
have been partitioned into the Old Maid Orthogneiss. The magnitude of
deformation and the composition of the Cub Lake Orthogneiss differ distinctly from
those of older units in the SGC. Older units are more tonalitic than the Cub Lake
Orthogneiss, which is granodioritic and has a more aluminous character. However,
concordant contacts of the Cub Lake Orthogneiss with adjacent units suggests that
the orthogneiss was intruded as a sill.

The Gray Gneiss forms tonalitic sills that do not intrude the Bearcat Ridge
Orthogneiss, but intrude all units in the southern SGC. The Gray Gneiss cuts the
Cub Lake Orthogneiss, but mingles with the older Old Maid Orthogneiss. These
relationships suggest that intrusion of the Gray Gneiss spanned the ages of these
two units. The Gray Gneiss was not seen in the Cooper Mountain batholith or the
Railroad Creek pluton, indicating that intrusion likely ended by 48 Ma.

The broad range of zircon ages obtained within individual samples (Table 1)

suggests that inherited zircons are important constituents of many of the studied
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orthogneisses. These orthogneiss bodies likely assimilated older plutonic and/or
metasupracrustal rocks as they were emplaced, releasing xenocrystic zircons. These
xenocrysts are surrounded by younger zircon, producing a range of ages depending
on the amount of overgrowth. This is most evident in the Gray Gneiss (ES-02),
where zircon ages range from 83 Ma to 47 Ma, and the Bearcat Ridge Orthogneiss
(ES-19), where ages range from 88 Ma to 68 Ma. Small amounts of sillimanite
(fibrolite) in the Cub Lake Orthogneiss, rare garnet in the heterogeneous gneiss, and
isolated garnet- and sillimanite-bearing rocks in the Ferry Peak Orthogneiss support
the idea that metasupracrustal material was incorporated into many orthogneiss
protoliths.

The highly felsic composition of the SGC and Bearcat Ridge Orthogneiss
suggests that during the main period of magmatism, which lasted until ~49 Ma, the
southern SGC and Bearcat Ridge Orthogneiss had very little interaction with mafic
intrusive material. Neither unit shows evidence for physical mixing (e.g. enclaves)
with more mafic (e.g. dioritic) material. However, dioritic material is present in the
heterogeneous gneisses and migmatite, which are presumed to be broadly
contemporaneous with the SGC and Bearcat Ridge Orthogneiss, based on
cross-cutting relationships with the Gray Gneiss. A proposed explanation for the
felsic nature of these bodies is modified from the ideas of Hogan and Gilbert (1995)
and Hogan et al. (1998). These authors propose that strength anisotropies in the
crust may serve as “barriers” to mafic intrusions. The location of such a barrier in
the study area may have been located between the base of heterogeneous gneisses
and the base of the Ferry Peak Orthogneiss (Fig. 35), resulting in felsic rocks above
and relatively more mafic rocks below. Further study of the heterogeneous gneisses
would allow this hypothesis to be tested further.

The youngest plutonic bodies in the study area, the Sunrise Lake pluton (49
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Cascade River-Holden assemblage

Fig. 35. Schematic sketch of the southern SGC, based on a diagram for the eastern
Transverse Ranges by A. Barth and S. Paterson (pers. comm.). Diagram is based
on the unfolding of F4 folds and shows the stratification of the SGC: upper SGC
rocks (Ferry Peak Orthogneiss, Old Maid Orthogneiss, Cub Lake Orthogneiss),
heterogeneous gneisses, and SGC migmatite. All SGC-rocks are intruded into the
Cascade River-Holden assemblage. The felsic nature of the upper SGC rocks may
be due to a subhorizontal strength anisotropy located between the heterogeneous
gneisses and Ferry Peak Orthogneiss (represented by dotted area above). This
anisotropy may have served as a barrier to mafic intrusions, resulting in relatively
felsic rocks above the barrier and relatively mafic rocks below.
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Ma; McLean et al., 2006), Cooper Mountain batholith (48 Ma), and Railroad Creek
pluton (~46 Ma; N. McLean, pers. comm.) have all been dated using U-Pb
geochronology. These plutons are compositionally and structurally different from
the dominantly tonalitic gneisses of the SGC. The Sunrise Lake pluton is
dominantly quartz dioritic in the study area, whereas the Cooper Mountain
batholith and Railroad Creek pluton are granitic and granodioritic, respectively.
The range in compositions of these relatively late-forming plutons may be
related to contemperaneous ridge subduction that probably occurred at the latitude
of northern Washington at ~50 Ma (Cowan, 2003; Madsen et al., 2006). In some
interpretations, this ridge subduction formed a slab window beneath the North
Cascades (Madsen et al., 2006). This postulated slab window, caused by the
separation of the Resurrection and Farallon plates beneath the North American
crust, would have produced significant magmatic and structural changes in the
region. Each slab window environment is unique, but most are characterized by
alkalic to tholeiitic and calc-alkalic magmatism, and extensional or transtensional
structures in the overriding plate (Thorkelson et al., 1996). In the southern SGC, a
change from tonalite-dominated magmatism (e.g., Ferry Peak Orthogneiss) to more
potassium-feldspar-rich (Cub Lake Orthogneiss) and finally to more mafic (Sunrise
Lake pluton) and granitic/granodioritic-dominated magmatism (Cooper Mountain
batholith and Railroad Creek pluton) occurred at this time. Additionally,
transtension in the region was roughly coeval with ridge subduction, providing
additional support for this hypothesis. Other interpretations (e.g. Dostal et al.,
2003) place the slab window north of the Cascades core, requiring a different source

for the late plutons in the study area (Matzel et al., 2006).

75



Deformation History

The study area preserves a complex structural history. Multiple phases of
non-coaxial shear and folding are seen in the SGC and adjacent units and span from
the Cretaceous to Eocene. Determining the absolute timing of events is difficult
without more geochronologic work; however, relative timing for some events can be
determined.

Foliation in the study area is dominantly northwest-striking and steeply
dipping. A large antiform (~8 km wavelength) and several smaller folds (~3 km)
defined by foliation are considered part of the F4 phase of folding (Plates 2-4). In
the southern SGC, foliation can be restored to a subhorizontal configuration by the
removal of the upright F4 folds. Based on their presence in the 49 Ma Sunrise Lake
pluton, these folds in part formed coevally with or shortly after emplacement of the
pluton. This timing suggests that foliation and contacts in the study area may have
had an initially gentler dip that can be crudely restored through the unfolding of F4
folds. This inferred subhorizontal arrangement suggests that most of the gneisses in
the study area were intruded as sills and were underlain by migmatite and partially
migmatitic paragneiss (Fig. 35). The majority of rocks in the study area show
evidence for stronger foliation than lineation; thus implying an oblate-flattening
strain ellipsoid.

The subhorizontal orientation and shape of the flattening-type ellipsoid may be
explained by several tectonic scenarios. In one speculative hypothesis, the structures
result from the buildup and collapse of a thick orogenic plateau in the North
Cascades between the Early and Late Cretaceous (Whitney et al., 2004). This
hypothetical plateau presumably formed as the result of crustal thickening

associated with Cretaceous contraction and the accretion of Wrangellia to the North
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American continent. In the thickened region of the plateau, the mid- to lower-crust
would have experienced high temperatures and pressures, promoting anatexis, as
evidenced in the southern SGC by migmatite and partially melted Cascade
River-Holden assemblage. The gravitational force acting on the deep crust would
have promoted vertical shortening and horizontal extension, resulting in a
subhorizontal foliation (Rey et al., 2001). Over-thickening or changes in regional
strain, such as a transition from transpression to transtension, caused divergent
gravitational collapse of the thickened crust, which served to reduce the energy
stored in the thickened region through thinning and crustal flow. Alternatively, the
strain ellipsoid may have been caused by distributed thrusting throughout the
region. Ductile shear zones in the SGC may be evidence for this thrusting.

The overall southeast trend and gentle plunge of lineation suggests that
orogen-parallel flow occurred in the southern SGC. Lineation is interpreted as an
indicator of the direction of flow of material, but at least two explanations for flow
exist. The first explanation is that lineation development was contemporaneous
with foliation development, but preceded F4 folding. In this scenario, lineation may
have formed as a result of crustal thickening and orogenic collapse. The lineation
then would indicate the direction of the flow of lower crustal material away from the
plateau. The second explanation is that the lineation development was
contemporaneous with F4 folding and represents extension (NW-SE) parallel to the
fold axes and perpendicular to the regional shortening direction. The parallel trends
of lineation and F4 fold hinges make determining the timing of lineation formation
relative to F4 folding and foliation development difficult; with parallel trends, F4
folds do not affect the lineation orientation to any great extent.

Non-coaxial deformation in the region is difficult to decipher, owing to the

variety of shear senses that are recorded by both high- and low-temperature
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deformation. As currently oriented, non-coaxial shear zones in the study area
indicate dominantly strike-slip motion with either sinistral or dextral shear senses.
High-temperature deformation in the study area is evident in the Ferry Peak
Orthogneiss (76 Ma), Bearcat Ridge Orthogneiss (69 Ma), and Triassic Cascade
River-Holden assemblage. As noted above, microstructures in these units indicate
temperatures were >450 °C during deformation. Restoration of F4 folds orients
shear zones and mylonites to a subhorizontal configuration. In this orientation,
high-temperature non-coaxial deformation gives subhorizontal southeast-vergent
thrust- or normal-sense shear (Fig. 36). Uncertainties in the original dips of these
structures make it difficult to determine if they record thrust- or normal-kinematics.
The timing of this deformation is difficult to constrain and may have continued until
the initiation of low-temperature non-coaxial deformation prior to 49 Ma.

Low-temperature, non-coaxial deformation is present in all rock units older
than 49 Ma. This deformation is not associated with recrystallized plagioclase,
indicating temperatures <450 °C. However, quartz deformation occurs by
dislocation glide and dislocation creep, suggesting temperatures >300 °C (Passchier
and Trouw, 2005). After unfolding F4 folds, low-temperature shear zones indicate
northwest-vergent, thrust- or normal-sense deformation (Fig. 36).

The change from dominantly southeast-vergent, relatively high-temperature
deformation to northwest-vergent, relatively low-temperature deformation is
constrained by the age of the 69 Ma Bearcat Ridge Orthogneiss, which has
southeast-vergent mylonites, and the 49 Ma Sunrise Lake pluton, which shows no
evidence for strong non-coaxial deformation. The Bearcat Ridge and Sunrise Lake
ages provide a 20 m.y. window during which deformation changed from
southeast-vergent and relatively warm (>450 °C) to northwest-vergent and

relatively cool (300 °C — 450 °C). This change in kinematics is interpreted as
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Fig. 36. Simplified map of non-coaxial deformation in the study area. Arrows
indicate direction of upper plate. Red arrows indicate high-temperature
deformation, green arrows indicate low-temperature deformation.
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evidence for a significant shift in the direction of non-coaxial deformation and flow
of crustal material in the southern SGC and Bearcat Ridge Orthogneiss. The
driving mechanism for this kinematic reversal is uncertain and there is no obvious
reason why flow should be top-to-the-SE. The reversal may be linked to the change
in regional strain from transpression to transtension, which is interpreted to have
occurred at ~55 Ma (e.g., Miller and Bowring, 1990; Cowan, 2003).
Northwest-vergent deformation in the southern SGC may be linked to exhumation
to the south that occurred at least in part by north-vergent shear on subhorizontal
surfaces during regional transtension (Paterson et al., 2004). This link is compatible
with the relatively lower-temperature deformation of the mylonites and shear zones.

Large-scale folding in the study area occurred after non-coaxial deformation. As
stated above, non-coaxial deformation is absent in the Sunrise Lake pluton, but F4
and F5 folds involve the pluton. Smaller wavelength folds (F2, F3) in the Cascade
River-Holden assemblage and Ferry Peak Orthogneiss are interpreted to have
occurred prior to or contemporaneous with non-coaxial deformation.

F2 folds in xenoliths of the Cascade River-Holden assemblage have variably
trending and plunging hinge lines and variably striking and dipping axial planes.
The inconsistent orientation and lack of involvement of later gneissic units suggest
that F2 folds formed prior to intrusion of the Skagit orthogneisses. As xenoliths of
the assemblage were incorporated into intruded bodies, they likely rotated, leading
to variation in fold orientations.

F3 folds are typified by variably oriented hinge lines and axial planes. The
scattered orientations and isolated occurances of F'3 folds suggests that these folds
are local perturbations in the Ferry Peak Orthogneiss, making them difficult to
relate to the larger tectonic picture.

F4 folds provide evidence for orogen-perpendicular shortening that lasted until
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approximately 49 Ma. Intrusion of the late intermediate dikes is interpreted to have
occurred contemporaneously with or shortly following this folding, based on the
similar strain fields (NW-SE extension) and lack of folded dikes. The onset of
folding is difficult to determine but may have followed intrusion of the Cub Lake
Orthogneiss or Gray Gneiss, as these units are relatively young but are folded.
These folds are unlikely to be the result of wrench strain caused by the Ross Lake
fault zone, as they trend nearly parallel to the strike of the fault (<10 ° deviation).
This subparallel alignment is compatible with a transpressional relationship between
the folds and the fault zone. In this case, the fault zone and the folds partition
regional transpressional strain (e.g., Robin and Cruden, 1994; Tikoff and Teyssier,
1994).

The folding of lineation, foliation, and earlier fold hinge lines by the F5 fold
signifies the end of significant orogen-parallel low in the SGC. The steeply plunging
F5 fold is tightly constrained by the ages of the Sunrise Lake pluton (49 Ma), which
is folded, and the Cooper Mountain batholith (47.9 Ma), which is not. The F5 fold
is most obvious in the southern SGC, and more data are needed to determine
whether the fold involves the Bearcat Ridge Orthogneiss to the west. It is not
obvious how far north the F5 fold affects the SGC, but evidence for the fold is found
at least 30 km north of the study area in the central SGC. In this region, a wide
swing in foliation from NW-striking to NNE-striking and in lineation from
SE-trending to NE-trending is present (Adams, 1961; Michels et al., 2007) and is
interpreted as part of the F5 fold.

The late-forming dikes of intermediate composition may also have been
influenced by the F5 fold; the extension direction derived from these dikes shows a
similar swing from the southern to the central SGC. In the central SGC, the dike

extension direction is parallel to the lineation in the area, suggesting that the
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NNE-SSW extension lasted through the emplacement of the dikes (Michels et al.,
2007). Based on cross-cutting relationships, dikes were emplaced prior to 48 Ma in
the southern SGC and after 48 Ma in the central SGC. The regional nature of the
F'5 fold raises several important questions: How was space accomodated for the
fold? Why does the fold not deform the contacts between units in the SGC? What
drove the folding? The fold may be broadly related to movement on the Ross Lake
fault zone, but this fault zone is relatively far away and folds associated with

strike-slip are generally gently plunging.
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CONCLUSIONS

The southern Skagit Gniess Complex (SGC) is an important example of the
exhumed core of a continental magmatic arc. This study has shown that:

(1) The southern SGC can be broken up into six sub-units: Ferry Peak Orthogneiss,
Old Maid Orthogneiss, Gray Gneiss, Cub Lake Orthogneiss, and heterogeneous
gneisses and migmatite concentrated on the western edge of the complex.

(2) U-Pb dating of zircon indicates crystallization of the Ferry Peak Orthogneiss at
~T6 Ma, Bearcat Ridge Orthogneiss at ~68 Ma, Gray Gneiss at 60 Ma, and the
Cooper Mountain batholith at 47.9 Ma.

(3) Foliation in the southern SGC strikes NW with moderate to steep NE or SW dip.
(4) Lineation in the southern SGC is SE-trending with gentle to moderate plunge.
(5) Solid-state lineation and foliation, which can be restored to a subhorizontal
orientation after unfolding F4, are interpreted as evidence for orogen-parallel flow in
the southern SGC.

(6) Two periods of non-coaxial deformation are recorded in the southern SGC.

(7) High-temperature deformation is seen only in the Cascade River-Holden
assemblage, Ferry Peak Orthogneiss, and Bearcat Ridge Orthogneiss and records
southeast-vergent shear.

(8) Low-temperature deformation is present in all rock units older than 49 Ma and
records northwest-vergent shear.

(9) Four phases of folding are recorded in the study area. The extent of the first
phase (F2) is difficult to determine while folds of the second phase (F3) are likely
due to local effects. The last two phases (F4-F5) are due to regional strain.

(10) F4 folds are NW-striking, large-wavelength (3-8 km) structures with

subhorizontal hinge lines, indicating orogen-perpendicular shortening.
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(11) The F5 fold is a large, steeply plunging structure that signifies the end of major

orogen-parallel flow. Timing of this event is constrained between 49 and 48 Ma.
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