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ABSTRACT
The erogenic histoiy of the Cascades Crystalline Core is addressed in the study of a
small, central region that straddles the Entiat fault on the southwest flank of the Skagit Gneiss.
This region contains an arc-derived terrane with a preserved stratigraphy of volcanic, clastic
and politic petrofacies of the Cascade River unit on a basement of sub-arc plutonics, the
Marblemount Meta-Quartz Diorite. The Magic Mountain Gneiss, derived from the
Marblemount arc, is inferred to have formed as a sub-volcanic siU-like pluton that intmded the
protolith of the Cascade River unit In contact with the Cascade River unit is the Napeequa
unit, which contains politic schist, chert, mafic schist, marble and rare meta-peridotite. This
unit is inferred to be a disrupted ophiolitic terrane thrust emplaced on the Cascade River unit,
or a package of interlayered sediments and igneous rocks that are stratigraphically below the
Cascade River unit and exposed in the core of an anticline.
Metamorphic grade, pressure, and temperature northeast of the Entiat fault increase
from southwest to northeast. Metamorphic isograds are parallel to and culminate in the Skagit
migmatitic belt to the east.
Metamorphic isograds overprint aU of the macroscopic structures and lithologic
contacts. From this it is inferred that major tectonism, which produced the macroscopic
structures, predates and is separate from the peak metamorphic event that created the
overprinting relations. Peak metamorphism was accompanied by flattening on steep northwest
striking foliation, and by northwest-southeast dextral strike-slip translation. The fabric within
the Magic Mountain Gneiss and at the contact between the Magic Mountain Gneiss and the
Cascade River unit does not fit this trend. This fabric is parallel to the folded contact. The
folding of the fabric may be a result of a northeast-southwest shortening that formed
northwest-southeast-trending open folds after the regional transpressive deformation, or the
fabric may represent an older event and was preserved in a low strain region due to strain
partitioning.
These findings indicate that syn-metamorphic deformation was transpressive and do
not support a thrust-loading model for the peak metamorphism in this area of the Cascade
Crystalline Core.
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FRONTISPIECE

View looking northwest from Cache Col (7000’) at
Johannesburg Mountain (left, 8200’) and Mix-Up Peak (7400’).

7 have determined..jo long as the life divinely granted to me shall continue, each
year to ascend a few mountains, or at least one, when the vegetation is flourishing, partly for
the sake of suitable bodily exercise and the delight cf spirit. For how great the pleasure, how
great think you are the joys of spirit touched as is fit it should be in wondering at the mighty
mass of mountains while gazing upon their immensity and as it were in lifting ones’s head
among the clouds...! say therefore that he is an enemy of nature whosoever has not deemed
lofty mountains to be worthy of great contemplation.. And so of all the elements in the variety
of nature the supreme wonder resides in the mountains. In these it is possible to see ’the
burden of the mighty earth’ Just as if nature were vaunting herself and making trial of her
strength by lifting to such height so great a weight."

"On the Admiration of Mountains"
Konrad Gesner
16th Century

xi

INTRODUCTION
General Statement
Magic Mountain and Johannesburg Mountain are located in the Cascade River area
which is within the Cascades Crystalline Core of the North Cascades (Misch, 1966) of
Washington (Fig. 1). The Crystalline Core is divided into the Chelan and Wenatchee blocks,
separated by the Entiat Fault (Fig. 2)(Haugerud et al., 1991). The study area lies astride the
Entiat Fault and thus contains rocks in both the Chelan and Wenatchee blocks. A major
oroleny with diachronous metamoiphism, plutonism and uplift affected the Crystaline Core in
the Late Cretaceous. The cause of orogeny

is an unsolved problem addressed by this study.

Regional Geology
Cretaceous orogeny formed the Cordillera along the northwest coast of North America.
The litho-tectonic elements that comprise the Cordillera include: (1) an allocthonous terrane,
Wrangellia, (2) the Coast Plutonic Complex, (3) the Northwest Cascades System, (4) the
Cascades Crystalline Core, and (5) the Intemiontane superterrane, representing the western
edge of Cretaceous North America (Fig. 1).
The Coast Plutonic Complex (CPC)(Fig. 1) is a magmatic-metamoiphic erogenic belt
that extends from southeast Alaska through British Columbia. The Cascades Crystalline Core
(Figs. 1 and 3) is continuous with the plutonic and metamoiphic rocks of the CPC when the
dextral strike-slip offset ob the Eocene Straight Creek/Fraser River fault is restored. Estimates
for the offset range from 105 kilometers (Vance, 1992) to 175 kilometers (Misch, 1977).

East of the Cascade Crystalline Core are the pre-Late Cretaceous Hozameen and
Methow terranes (Figs. 1 and 3)(Misch, 1966; Tabor et al., 1989) and the Intermontane
superterrane of Monger et al. (1982). The Mesozoic Methow terrane consists mostly of marine
sedimentary rocks and minor volcanic strata constituting a coherent stratigraphic sequence
(Barksdale, 1975; Coates, 1974). The late Paleozoic to middle Mesozoic Hozameen terrane
consists of deep ocean basalts and sediments (McTaggart and Thompson, 1967; Haugemd,
1985; Ray, 1986).
West of the Straight Creek/Fraser River fault are rocks of the Northwest Cascades
System of Misch (1966)(Fig. 1). These pre-Late Cretaceous rocks are a tectonically imbricated
stack of predominantly oceanic lithologies. Farther west is Wrangellia, part of the Insular
superterrane of Monger et al. (1982).
1

Figure 1. Location of Cascade River area in the Cascades Crystalline Core (CQ, and other
litho-tectonic elements of northwest Washington and southwest British Columbia. Stippled
pattern outlines plutonic rocks, and blank areas indicate metamoiphic rocks within the CC and
the Coast Plutonic Complex. NWCS = Northwest Cascades System; HZ = Hozameen terrane;
MT = Methow terrane; BR = Bridge River terrane; Cz = Cenozoic; SC-FR = Straight CreekFraser River. Adapted from Brown (pers. comm., 1989).
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Figure 2. Sketch map of the Cascades Crystalline Core of the North Cascade Range.
Complied from Haugerud et al. (1991) and Tabor et al. (1989). The Chelan Mountain terrane
includes the Chelan block and the ruled area of the Wenatchee block. The Skagit Gneiss
complex crops out in the northern part of the Chelan block. HZ = Hozameen terrane;
MT = Methow terrane.

Cascade
River area
Figure 5

Figure 3. Geology of the Cascades Crystalline Core (Fig. 1). Adapted from Brown (pers.
comm., 1989). A = Alma Creek pluton; BL = Bench Lake pluton; BP = Black Peak batholith;
CH = Chaval pluton; CHL = Chelan pluton; CL = Cyclone Peak pluton; DC = Downey Creek
pluton; EL = Eldorado pluton; EN = Entiat pluton; H = Haystack pluton; HL = Hidden t
pluton; JL = Jorden Lake pluton; MC = Marble Creek pluton; MMQD = Marblemount MetaQuartz Diorite; MS = Mount Stuart batholith; MT = Methow terrane; SC = Sloan Creek
pluton; SM = Sulpher Mountain pluton; Tg = Tertiary granite; TP = Ten Peaks pluton; TVS =
Twisp Valley schist; YGRH = younger Gneissic rocks of the Holden area.
4

Metamorphism varies greatly in grade and age throughout the region. The Hozameen
and Methow terranes to the east have experienced little or no metamorphism. In the
Crystalline Core, metamoiphism ranges from gieenschist to upper-amphibolite facies. Separate
metamorphic culminations occur in the Crystalline Core, centered around the Chiwaukiun
Schist in the Wenatchee block and centered arotmd the Skagit Gneiss in the Chelan block
(Fig. 3). The Northwest Cascades System is characterized by an Early Cretaceous blueschist
metamorphism (Misch, 1966; Brown et al., 1982). Metamorphism of the Crystalline Core has
been documented as kyanite-sillimanite-grade (Magloughlin, 1986; Whitney and Evans, 1987;
Whitney and McGroder, 1989).
The origin of the Coast Plutonic Complex/CrystaUine Core (CPC/CO is the subject of
controversy for geologists working in this area Two different models have been proposed
recently. In the first, the magmatic-metamorphic welt of the CPC/CC is related to the collision
accompanying terrane accretion onto the Mesozoic edge of North America (Fig. 4A)
(Monger et al., 1982; Whitney and McGroder, 1989; McGroder, 1991). This model invokes
contractional east vergent thrusting and bulk shortening to place rocks of the Methow and
Hozameen terranes above the rocks of the Cascades Crystalline Core, including the Skagit
Gneiss. The stacking of these terranes produced two phases of high-pressure metamoiphism,
which occurred first in the Chiwaukum Schist and then in the Skagit Complex, and also
accounts for the emplacement of the Northwest Cascades System. In the second model, the
CPC/CC formed as a magmatic arc that developed after terrane accretion (Nelson, 1979;
Armstrong, 1988). Supporting evidence includes Late Jurassic intmsions that cross terrane
boundaries (Nelson, 1979). Brown and Walker (manuscript) and Brown and Walker (1991)
suggested that metamorphic gradients in the Wenatchee block are a result of loading due to
the emplacement of batholiths in a transpressional magmatic arc (Fig. 4B).
The Cascade River area (Figs. 3 and 5) is on the southwest flank of the Skagit
Complex and contains macroscopic structures, regional fabric and a metamorphic gradient.
Any orogenic mechanism that successfully explains the origin of these features will be
applicable to understanding the evolution of the Cascades Crystalline Core as a whole.
The geology of the Cascade River area was described by Bryant (1955), Tabor (1961)
and Misch (1966). Dragovich (1989) and Cary (1990) have made detailed descriptions of the
lithologies, structures and metamoiphism in the Sibley Creek and Lookout Mountain areas.

5

A

B
Early Plutonic Phase
j

PRESENT DAY
B^OSKMSURPACE

\'y.''i'.y'j^:«<'>y.''\

Maximum Plutonic Phase

Present Day
Paleopressures in kilobars at present surface

0

L3

3

578753

10

20

30 I
Kyanite
Schist

Andalustte

I Schist

A- Arxlalusite

K- Kyanite

6

Figure 4. Orogenic models for
the Cascades Crystalline Core
(CC) and adjacent parts of the
Coast Plutonic Complex.
(A) contractional thrusting
from Whimey and McGroder
(1989). IN = Insular
superterrane, IM =
Intermontane superterrane,
SK = Skagit Gneiss. Other
abbreviations as in Figure 3.
(B) magmatic loading from
Brown and Walker (in press).

48'30’

Figures. Sketch map of the Cascade River area. Compiled from Tabor et al. (1988),
Dragovich (1989) SCA = Sibley Creek area, Cary (1990) LMA = Lookout Mountain area, and
this study. Map location shown in Figure 3. Boxes indicate recent work in the Cascade River
valley. Not indicated is recent work by McShane (1992) along the southwest margin of the
Eldorado Pluton and within the pluton, and Fluke (1992) on the southeast side of the Entiat
fault
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respectively (Fig. 5). The present study area (Fig. 6) lies on strike with the geologic units of
the Sibley Creek and Lookout Mountain areas (Fig. 5).
Previous Work in the Cascade River Area

The Cascade River area contains four mappable units: the Cascade River unit and the
Napeequa unit of the Cascade River Schist, the Marblemount Meta-Quartz Diorite and the
Magic Mountain Gneiss. These units are offset by or occur on both sides of the Entiat fault,
which has been described as a high-angje Eocene fault (Tabor et al., 1989).
Tabor (1961) and Misch (1966) described the Cascade River Schist as an assemblage
of clastic rock ranging from conglomerates to politic sediments and cherts. Tabor (1961)
described several lithologies within the Cascade River Schist but distinguished only the
conglomerates as a mappable subunit More recently, Tabor et al. (1989) divided the Cascade
River Schist into the Napeequa unit and Cascade River unit of the Chelan Mountain terrane
(Figs. 2 and 3). The Chelan Mountain terrane occupies aU of the Chelan block and is also
represented by the Napeequa unit and surrounding rocks in the northern part of the Wenatchee
block west of the Entiat fault.
The Cascade River unit is a clastic-rich package that includes metaconglomerates,
metasandstones, metapelites, and basaltic to dacitic metavolcanic rocks. The Napeequa unit is
mostly quartz-rich mica schist, quartzite, fine-grained amphibolite, quartz-rich phyllite, very
rare Al-rich schist, amphibole-bearing mica schist, metagabbro, and rare marble. Ultramafite
pods and lenses, probably meta-peridotite, are scattered throughout the unit (Tabor et al.,
1988).
The Napeequa unit is regionally extensive outside the study area and is correlated with
the Twisp Valley Schist (Fig. 3)(Tabor et al., 1989; MiUer et al., 1992). Both of these rock
units may be the metamorphosed equivalents of the older part of the Hozameen Group on the
eastern flank of the North Cascades (Fig. l)(Tabor et al., 1989). The relationship of the
Napeequa unit to the Cascade River Schist is one of the problems addressed in this thesis.
The Marblemount Meta-Quaitz Diorite of Misch (1966) is part of a Triassic
(Mattinson, 1972) belt of metamorphosed and deformed plutons within the Crystalline Core.
The Magic Mountain Gneiss is a leucogneiss with a dioritic to tonalitic protolith that Tabor
(1961) proposed was derived from the Marblemount Meta-Quartz Diorite by thmsting into the
greenschist facies conditions above the Cascade River Schist of Misch (1966).
8

from Tabor et al. (1988) and this study.
topogn^hic base and more geologic detail.
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location shown in Figure 5. See Plate 1 for

Tabor (1961) and Misch (1966 and 1977) recognized igneous clasts derived from the
Marblemount in metaconglomerates of the Cascade River unit and used this relationship to
infer that the Cascade River unit was deposited unconfonnably on the Marblemount.
However, to the southeast of the Cascade River area, near Holden (Fig. 3), the Dumbell
Mountain Pluton (correlative with the Marblemount) intmdes the "younger gneissic rocks of
the Holden area" (Cater, 1982) which are thought by Misch (1966) and Cater (1982) to be
correlative with the Cascade River Schist. To reconcile these contradictory observations,
Tabor et al. (1988) suggested that "younger gneissic rocks of the Holden area" are actually
parts of the Napeequa unit. If so, the protolith of the Cascade River unit unconformably
overlies the protolith of the Napeequa unit as well as the Marblemount
In the Lookout Mountain area (Fig. 5), Cary (1990) mapped an intact stratigraphic
section in the Cascade River unit (Fig. 7A) based on the recognition of three petrofacies: (1) a
pelitic petrofacies derived from fine-grained sediments with pelitic mineralogy; (2) a clastic
petrofacies derived from graywackes and conglomerates with plutonic and volcanic sources;
(3) a volcanic petrofacies derived from basaltic to dacitic volcanic flows, occurring with minor
limestone. Contacts between the petrofacies are steep and the section is inferred to be a nearly
vertical homoclinal sequence.
Brown (in Fugro, 1979) and Cary (1990) suggested that the volcanic petrofacies of the
Cascade River unit is comagmatic with the Marblemount Meta-Quartz Diorite (MMQD). This
relationship was based on the following evidence; (1) mutually gradational textures between
the MMQD and the Cascade River volcanic petrofacies, and (2) the same zircon age for the
MMQD and Cascade River volcanic petrofacies (220 Ma)(Mattinson, 1972; Cary, 1990). The
MMQD is interpreted to represent sub-arc plutonic rocks and the Cascade River unit supra-arc
volcanics and elastics (Cary, 1990). This relationship and the fining of the Cascade River unit
sediments to the northeast suggest that the section in the Lookout Mountain area has a present
orientation of top to the northeast.
Dragovich (1989) mapped in an area southeast and along strike of the Lookout
Mountain area. He described a stratigraphic and lithologic pattern west of the Entiat fault that
matches the pattern in the Lookout Mountain area. In the Sibley Creek area east of the Entiat
fault (Fig. 5), he described a package of rocks with a protolith stratigraphy (Fig. 7B)
comparable to the stratigraphy described in the Lookout Mountain area, but lacking the
volcanic petrofacies.
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Figure 7. Stratigraphic columns for the Cascade River unit in (A) the Lookout Mountain area
from Cary (1990) and (B) the Sibley Creek area from Dragovich (1989), and (O correlation of
petrofacies and subunits in the study area with these areas. Map locations shown in Figure S.
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Dragovich (1989) and McShane (1992) recognized that several outcrops of Cascade
River unit in the Sibley Creek area northeast of the Entiat fault preserved graded bedding
(assumed to be normal grading), which indicate top to the southwest for this stratigraphic
section. The Napeequa unit in this area contains mostly quartz-biotite schist with rare slivers
of meta-ultramafic rock and meta-gabbro. Outcrops are discontinuous and dismpted and occur
on top of the Cascade River unit relative to the inferred stratigraphy for the Cascade River unit
(Dragovich, 1989; Dougan and Brown, 1991). This outcrop pattern and the mantle-derived
lithologies were used to infer (Dragovich, 1989; Dougan and Brown, 1991) that the Napeequa
unit is a melange faulted over the Cascade River unit.
Metamorphic grade in the two areas described above is highly variable. Cary (1990)
documented greenschist grade rocks west of the Entiat fault A short distance east of the fault,
Dragovich (1989) documented lower to middle amphibolite grade rocks. The grade increases
to the northeast continuously into the high grade rocks of the Skagit Core (Whitney and Evans,
1987).
Previous wo±ers have presented two models for the juxtaposition of the Cascade
River unit and Napeequa unit and structures in the two units. In model 1, the opposite facing
stratigraphy of the Cascade River unit in the Lookout Mountain and Sibley Creek areas
delineates a northwest trending syncline in the vicinity of the Cascade River valley (Fig. 5).
The Ntqjeequa unit exposed in the center of the syncline is inferred to have been thrust onto
the Cascade River unit prior to folding (Dragovich, 1989; Dougan and Brown, 1991). In
model 2, the Cascade River unit was deposited unconformably on the protoliths of the
Marblemount Meta-Quartz Diorite and the Napeequa unit. Then, the whole package of rocks
was deformed into a series of folds with the Napeequa unit exposed in the core of a northwest
trending anticline in the Cascade River valley (Tabor et al., 1988; R.W. Tabor, U.S.G.S., pers.
comm., 1991). Determination of which model is represented in the study area is one of the
problems addressed in this thesis.
The contact between the Magic Mountain Gneiss (MMG) and the Cascade River unit
has been described as a syn-metamorphic thrust which placed the MMG on the Cascade River
unit (Tabor, 1961). In an alternative model, this contaa has been inferred to be an intrasive
and overturned plutonic-volcanic contact (Dougan and Brown, 1991).

Purpose of Study
The objectives of this study in the Magic Mountain-Johannesburg Mountain area are
to; (1) describe the stratign^hy, contacts and structures; (2) determine the metamorphic
conditions and the timing of the metamorphism relative to development of the macroscopic
stmctures of the area; and (3) contribute to solving problems of regional tectonics.
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LITHOLOGIES
The study area (Fig. 6) is divided into two regions by the Entiat fault. The main units
east of the Entiat fault are the Cascade River unit, the Magic Mountain Gneiss and the
Napeequa unit. The main units west of the fault are the Napeequa unit and the Bench
Lake/Napeequa migmatite.
The Cascade River unit and Magic Mountain Gneiss have been divided into the
following seven lithologic subunits; (1) quartzo-feldspathic schist, (2) mafic quartzo-feldspathic
schist, (3) mica schist, (4) leucogneiss, (5) mafic schist, (6) epidote-chlorite schist and
(7) chlorite schist. Correlation of these subunits with the Cascade River unit stratigraphy
described by Cary (1990)(Fig. 7A) and their respective units is shown in Figure 7C.
Correlation of the epidote-chlorite schist and chlorite schist is uncertain and will be discussed
below.

The Napeequa unit has been divided into the following subunits; (1) pelitic schist,
(2) chert, (3) marble, (4) mafic schist, and (5) ultramafite.
Lithologic data have been obtained from rocks that Dr. Edwin H. Brown and I have
collected throughout the study area and from a collection of Dr. Rowland W. Tabor s (USGS)
thin sections on loan to Dr. Edwin H. Browa

Rocks East of the Entiat fault
Subunits of the Cascade River unit and Magic Mountain Gneiss
Quartzo-feldspathic schist The quartzo-feldspathic schist is the main constituent of
the clastic petrofacies of the Cascade River unit In the field, this rock is light gray, has a
weak foliation and contains relict clastic grains ranging in size from fine-grained sand to
boulders. Massive conglomerates crop out at various place throughout the areal extent of the
clastic petrofacies. In the Mix-Up Peak area (Fig. 6) conglomerate beds are interlayered with
sandy and pelitic beds which are 0.2 to 3.0 m thick.
The mineral assemblage is approximately 40% quartz, 30% plagioclase, and 25% Mgchlorite and biotite. There are minor amounts of epidote, opaques, and calcite as vein
material. Relict, rounded quartz sand grains (0.5 to 1.5 mm), and relict plagioclase
phenocrysts make up 5% to 30% of the rock with the rest being a very-fine grained matrix of
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quartz, plagioclase and chlorite. A sedimentary protolith, with a plutonic and volcanic source
area, is inferred from the relia sand grains and the abundance of plagioclase.

Mafic ouartzo-feldspathic schist

The mafic quartzo-feldspathic schist occurs in the

clastic petrofacies of the Cascade River unit The rock varies from gray to daik green
depending on the relative amount of mafic and felsic material. The rock is massive to weakly
foliated with a foliation defined by hornblende crystals. Felsic material occurs as lineated,
discontinuous light colored lenses that contain 40-50% plagioclase, 30-40% quartz, and a
minor amount of epidote, muscovite, chlorite and hornblende. The mafic material contains
approximate 35% hornblende, 30% Mg-chlorite, 30% fine grained quartz and plagioclase, and
minor garnet and epidote. Garnets are broken into clusters of fragments (0.2 to 0.5 mm) that
are embayed and replaced by chlorite and epidote. Porphyroclasts of subhedral, twirmed
plagioclase indicate that the sediments were derived from an igneous protolith. The mafic
material contains fine-grain hornblende, quartz and plagioclase. This rock is inferred to be
derived from a coarse-grained protolith, either conglomerate or pyroclastic rock. The felsic
lenses could represent clasts of dacite composition and the mafic material may be
recrystaUized andesitic matrix.
At Yang Yang Lakes (Fig. 6) the mafic quartzo-feldspathic schist is a matrix-rich
(60-70%) conglomerate with meta-quartz diorite clasts ranging to boulder size. Its protolith
possibly was a mudflow deposit. The rock is well foliated and lineated; clasts are flattened
and stretched with their long axes aligned parallel to to each other and to elongate minerals.

Mica schist The mica schist occurs interlayered within the clastic petrofacies of the
Cascade River unit In the field, the mica schist appears black with garnet porphyroblasts
(2 to 3 mm). The mineral assemblage seen in thin section is approximately 40-50%
muscovite, 20-30% Mg-chlorite, 5-15% garnet 5% graphite, 5% biotite and a minor amount of
late Fe-chloiite and tourmaline. One sample (164-60) contains chloritoid (30%) and late
andalusite (3%). The garnets are subidioblastic to idioblastic and do not contain an internal
foliatioit Some garnets are cracked. Chloritization (Fe-chlorite) of biotite has occurred in the
strain shadows around the garnets. Fe-chlorite has grown across the gap of pulled apart
chloritoid crystals. The protolith is inferred to have been a carbonaceous shale.
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Leucogneiss The leucogneiss is the main constituent (>80%) of the Magic Mountain
Gneiss. The bulk of the rock consists of fine- to coarse-grained quartz and plagioclase (6070%), muscovite (10-40%), chlorite (5-10%), and epidote (5-10%). There is a minor amount
of hornblende and garnet. Epidote occurs as stubby broken grains some of which are zoned
with iron-rich rims (Tabor, 1961). The epidote replaces plagioclase.
The rock has a gneissic foliation defined by white lenses composed of quartz and
plagioclase alternating with green lenses composed of epidote and chlorite. The lenses are
1 to 5 millimeters thick (Fig. 8). The lineation is defined by the elongated lenses and
individual epidote and chlorite grains. The fabric varies from well developed gneissic foliation
with homogeneous grain size (Fig. 9A) to a relict igneous texture with an incipient foliation
wrapping around feldspar grains up to 3 millimeters in size (Fig. 9B). Muscovite-rich samples
have a planer foliation.
In thin section, the foliation ^)pears mylonitic with large deformed quartz grains which
have imdulatory extinction, and tectonically eroded feldspar grains in a matrix of fine-grain
recrystaUized quartz. Epidote grains are broken and aligned in the foliation. In less deformed
rocks, twinned feldspar grains are subeuhedral, occurring as single grains and in clusters in a
mosaic of quartz and plagiocl^ grains.
This leucogneiss is an orthogneiss with a dominantly tonalitic protolith. The Magic
Moimtain Gneiss (MMG) is thought to be derived from the Marblemount Meta-Quartz Diorite
(Tabor, 1961) but the MMG is more felsic and lacks the meta-igneous fabric which is
preserved in most of the Marblemount Meta-Quartz Diorite. The MMG has experienced much
greater deformation than the Marblemount Meta-Quartz Diorite.

Mafic schist The mafic schist occurs in the Cascade River unit, as part of the
volcanic petrofacies, and in the Magic Mountain Gneiss. The mafic schist is a light to dark
green rock with a weak foliation visible on the weathered surface. It occurs as thick, massive
layers within the Cascade River unit and also as thinner, sill/dike-like layers (0.25 to 1.0 m
thick) within the Magic Mountain Gneiss and the Marblemount Meta-Quartz Diorite.
Hornblende crystals are the distinguishing feature of this rock, and define the foliation and
lineation. The mineral assemblage is approximately 30% quartz and plagioclase constituting a
fine-grained matrix, 20% Mg-chlorite and biotite, 30-40% blue-green hornblende crystals, 20%
epidote, and minor garnet (2%). The epidote occurs as broken prisms and also as inclusions
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Rpire 8. Hand sample of the Magic Mountain Gneiss (171-46) cut peipendicular to the
principal strain axes. Fabric shows a strong foliation and lineation.
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3 mm
Hgure 9. Leucogneiss of the Magic Mountain Gneiss (cross-polarized light). (A) Sample
(171-156a) with the strongest tectonic fabric; strongly birefiingent grain are epidote.
(B) Sample (171-147) with least tectonic fabric. Note garnets.
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within poikiloblastic hornblende. Hornblende crystals are typically 0.5 to 3.0 millimeters in
length but broken and embayed. A basaltic or andesitic protolith is inferred from the
composition of the rock and its occurrence as sills or dikes within the Magic Mountain Gneiss.

Chlorite schist The chlorite schist is bright to dark green and occurs as layers (0.05
to 1.0 m thick) within the Magic Moimtain Gneiss. The rock is predominately
Mg-chlorite (50%) in a fine grained quartz and plagioclase matrix (40%) with minor amounts
of muscovite, rutile, calcite and pyrite, the last two of which are probably caused by late
metamoiphic-hydrothermal alteration. Due to the abundance of chlorite and the fine grained
nature of the rock, the fabric appears weak in handsample, although some samples have a
wavy mylonitic foliation. In thin section, the wavy foliation is seen to be formed by the
chlorite wrapping around polycrystalline quartz pods 3 millimeters in length.
The protolith of this rock is uncertain. The dike-like outcrop pattern suggests that it is
an intrusive rock within the Magic Mountain Gneiss (see Contact Relations). The lack of
hornblende or a relict igneous texture, and the apparent similarities to the calcic mica-schist of
the Napeequa unit and/or Cascade River unit (described below) imply that a sedimentary
protolith carmot be ruled out The layers, some of which are broken and discontinuous, may
be country rock screens in the Magic Mountain Gneiss.

Epidote-chlorite schist The epidote-chlorite schist occurs as layers (0.05 to 1.0 m
thick) within the Magic Mountain Gneiss and the Cascade River unit near the contact between
these two units. The epidote-chlorite schist is gray to light green, and unfoliated to wealky
foliated. The weathered surface appears porous as a result of weathering out of carbonate
clots. It is similar in composition to the chlorite schist subunit but has slightly higher quartzplagioclase content (40-50%) and slightly lower chlorite content (40-45%). There is also 510% epidote and some magnetite. This rock lacks pyrite, which helps distinguish it from the
chlorite schist.
Like the chlorite schist, this rock also occurs as sheets within the Magic Mountain
Gneiss. It is thus inferred to be derived from dikes or countiyrock screens.
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Other Units East of the Entiat fault
Spider Mountain schist

I have not visited the Spider Mountain schist but have

included a description ftom Tabor (1961) because he correlated this unit with the Cascade
River unit. The Spider Mountain schist is not continuous with the Cascade River unit and is
structurally above the Magic Mountain Gneiss and the Cascade River unit
The typically brown and friable Spider Mountain schist consists of black phyUite and
phyUitic schist with some calcareous mica schist, marble, and rare silicic meta-porphyries. All
lithologies are intimately interbedded even at a microscopic scale. In outcrop, compositional
laminae 1 to 2 millimeters thick are conspicuous. Alternations of micaceous and quartz-rich
layers, and micaceous and carbonate rich layers suggest bedding. The rock is characterized by
the paucity of plagioclase and the abundance of quartz (40-70%); varying amounts of sericite,
muscovite, biotite, chlorite, calcite and opaques are present. The overall composition, the
compositional layering, and the relict clastic textures indicate a sedimentary origin.
The silicic meta-porphyry occurs as apparently conformable layers less than 0.5 meters
thick. In thin section, plagioclase porphyoclasts (up to 1.5 mm) are seen set in a extremely
fine-grained schistose matrix of quartz, plagioclase and minor biotite; this texture indicates an
igneous origin. The silicic meta-porphyry layers may have been flows.

Napeequa unit The Napeequa unit on the south face of Johannesburg Mountain
(Rgs. 6 and 10) is characterized by abundant layered quartz-biotite schist (meta-chert) with
minor interbeds of marble, grossularite-tremolite schist and basic schist, and blocky metaultramafite outcrops. On the southwest shoulder of the mountain (Rgs. 6 and 10) pelitic rocks
are most abundant and are mixed with minor amounts of meta-chert, marble, basic schist and
slivers of meta-ultramafite rock.
I have recognized five lithologic subunits within the Napeequa unit. These, described
below, are; (1) peltic schist, (2) quartz-biotite schist, (3) marble, (4) mafic schist and (5) metaultramafite.
1) The pelitic subunit contains gamet-biotite schist, calcic-mica schist, white-mica
schist and quartzo-feldspathic schist.
The gamet-biotite schist is a medium-grained rock with foliation defined by visible
biotite crystals. Biotite (30-50%) and garnet (0-5%) are in a matrix of quartz, plagioclase and
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Figure 10. View looking WNW at Johannesbuig Mountain and its southwest shoulder and
south face. Lithology symbols indicate outcrop locations. Dashed lines are the inferred
contact between the Napeequa unit (Nap) and the Cascade River unit clastic petrofacies (CRc).
p = pelitic schist, 1ms = marble, c = meta-chert, um = meta-ultramafite rock,
ms = mafic schist.
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epidote (40%) with minor Mg-chlorite and opaques. Garnet porphyoblasts contain an internal
fabric and appear rotated.
The calcic-mica schist is similar to the gamet-biotite schist but lacks garnet and is
characterized by solution weathering of carbonate clots.
The white-mica schist is a fine grained rock, gray on the fresh surface and dark gray to
black where weathered. White mica and graphite are most abimdant; biotite, Mg-chlorite, and
rare garnets with internal fabric discordant to the external fabric are also present.
In close proximity and interlayered with the white-mica schist is a fine-grained, dark
gray quartzo-feldspathic schist (171-87), which contains rare polycrystalline quartz grains and
plagioclase porphyroclasts. These appear to be relict sand grains and plagioclase from a tuff,
indicating an arc-derived sediment source.
2) The quartz-biotite schist subunit, which ranges from brown to black and gray,
consists of thin (0.5 to 3.0 cm) quartzose and biotite-rich layers. Quartz-rich layers are
commonly boudined, disrupted, and ^pear suspended in a biotite matrix giving a false
impression that they are conglomerate clasts. Some rocks contain rare relict plagioclase clasts
and garnets. The protolith for this lithology is interpreted to be bedded chert, the pseudo
conglomerate appearance being the result of intense boudining of chert beds.
3) Marble occurs as beds (~1 m thick) with distinctive banding (~2 cm) and as
massive-homogeneous blocks 2 to 3 meters thick.
4) Mafic schists are rare and occur as localized outcrops on the southwest shoulder and
south face of Johannesburg Mountain (Figs. 6 and 10). Composition of the mafic schist is
variable: hornblende and actinolite (40-65%), quartz and feldspar (25-60%), and minor
amounts of calcite, epidote, Mg-chlorite and biotite. Actinolite and calcite occur as late
metamorphic minerals which crosscut the fabric and are undeformed. Fabric varies finom
pronounced to incipient foliation, with one centimeter scale compositional layering.
On the south face of Joharmesburg Mountain, marble, grossularite-tremolite schist, and
mafic schist are interlayered on scale of 0.5 to 1.0 meter. On the southwest shoulder of
Johannesburg Mountain, the mafic schist is a mafic quartzo-feldspathic schist interlayered with
carbonate and mica rich rocks. The protolith is uncertain due to the extent of recrystaUization.
A sedimentary protolith is probable based on outcrop associations, but a tuffaceous protolith is
possible.
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5) An meta-ultramafite subunit contains massive, partially metamoiphosed peridotite,
and minor talc schist and seipentinite that occur as discontinuous slivers (0.5 to 2.0 m long)
and blocks (3 to 8 m wide). Meta-peridotite (171-95) from the southwest shoulder of
Johannesbuig Mountain (Figs. 6 and 10) has a weak fabric (Fig. 11 A) and occurs as a sliver in
a high angle fault zone. Minerals typically include: 50-70% tremolite and 10-30% serpentine
forming at the expense of forsterite (20%). Minor amounts of talc and Mg-chlorite are
present. Sample 171-182b, from a massive, blocky outcrop on the south face of Johannesburg
Mountain (Rgs. 6 and 10), is less altered and lacks foliation (Fig. IIB). Forsterite grains
(50-90%) have interlocking recrystallized grain boundaries. Minor talc and tremolite (10-40%)
have grown in embayments in the forsterite crystals.

Marblemount Meta-Quartz Diorite

Within the study area, the Marblemount Meta-

Quartz Diorite of Misch (1966) (formerly the Le Conte Gneiss of Tabor, 1961) is
predominantly a hornblende meta-quartz diorite with local tonalitic to homblende-tonalitic
variations. Texturally, it varies widely from unfoliated and unlineated meta-igneous, to
mylonitic gneiss (Figs. 12A and B). The hornblende meta-quartz diorite contains
approximately 40-60% feldspar, 10-25% quartz and 10-30% hornblende with minor amounts
of epidote and chlorite.
Foliated bodies of mafic diorite in more felsic diorite on the northeast margin of the
outcrop belt, north of Le Conte Mountain, look like dikes. They contain fine-grained quartz
and plagioclase (10%), anhedral epidote (20%), Fe-chlorite formed by the chloritization of
biotite (20%), and brown to green hornblende with blue-green edges (50%). This rock is
similar in assemblage and foliated texture to the mafic schist subunit of the Cascade River unit
described above.

Cascade Pass Dike The Cascade Pass Dike is a Tertiary (18 Ma)(Engals et al.,
1976), shallow level pluton of tonalitic composition (Misch, 1952; Tabor, 1963; Tabor et al.,
1988).

V
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4 mm
Figure 11. Meta-ultramafite from the Napeequa unit (cross-polarized light). (A) This sample
(171-95) was collected from the southwest shoulder of Johannesburg Mountain and crops out
as a sliver in a hi^ angle fault (B) This sample (171-182b) was collected from a blocky
outcrop on the south face of Johaimesburg Mountain (see Fig. 10 for location) and has a
equilibrium metamorphic fabric.
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Figure 12. Hand samples of the Maiblemount Meta-Quartz Dioiite. (A) Sample (171-415)
with relict igneous texture. (B) A mylonitized sample (171-39) collected near the contact
between the Maiblemount Meta-Quartz Dioiite and the Cascade River unit.
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Rocks West of the Entiat fault
Napeequa unit The Napeequa unit west of the Entiat fault in the South Cascade
Glacier area (Tabor et al., 1988) (Fig. 6) is a layered (2 to 10 mm thick) quartz-biotite schist
with thicker gray, quartz-rich layers and thinner brown, biotite-rich layers. The rock exhibits
small-scale open folds (wavelength of 20-30 mm) and isoclinal folds. The rock contains 75%
quartz and 25% biotite. The protolith of this rock is probably a ribbon chert. A marble bed
(0.5 m thick) crops out at tlK Entiat fault on the northwest ridge of Le Conte Mountain.
Tabor (1961) described fine-grained mafic schist in this part of the Napeequa unit.
Layers in this rock commonly are thin (5 to 10 mm thick), but range up to 1 meter thick in the
quartz-biotite schist. The layers vary in composition, but typically contain 40-80% hornblende,
15-40% plagioclase, 10-15% quartz, and minor biotite and sphene. Tabor inferred the mafic
schist may have been derived from impure dolomitic sediments or have an igneous origin,
especially those layers with little quartz and abundant sphene.

Bench Lake/Napeequa migmatite This rock is informally named the Bench Lake
banded gneiss (Tabor et al., 1988). The migmatite is strongly layered and composed of a
mafic host rock, which is now a fine grained homblende-biotite schist, and apparently injected
igneous sills, which are now leucocratic biotite-tonalite orthogneiss and pegmatite (Figs. 13A
and B). The foliated complex is cross-cut by many imdeformed pegmatite and aplite dikes.
The mafic schist host rock varies somewhat in composition, with typical mineral content being
in the range of 5-20% quartz, 25-55% plagioclase, 0-5% potassium feldspar*, 5-35%
hornblende, 0-15% biotite, and minor amounts of sphene, garnet, apatite, zircon and chlorite.
The mineral content of the biotite-tonalite gneiss is in the range of 15-55% quartz, 15-60%
plagioclase, 2-40% potassium feldspar*, 5-30% biotite with minor amounts of sphene, garnet,
apatite, muscovite, zircon and chlorite.
Garnets in the host schist vary from 2 to 30 millimeters in diameter. The external
fabric wraps around the garnets. The larger garnets contain internal foliation (Rg. 14),
discordant with external foliation.

^ Potassitim feldspar, determined by staining, reported
in Tabor (1961).
26

Figure 13. Riotogr^hs of outcrops of the Bench Lake/Njq)eequa migmatite on the ridge west
of the South Cascade Glacier (Rg. 6). (A) Biotite-tonalite orthogneiss interiayered with mafic
schist (171-55). (B) Crosscutting tonalite and concordant pegmatite in the mafic schist
(171-54).
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50 mm

Figure 14. Sketch of an outcrop of the Bench Lake/Napeequa migmatite on the ridge west of
the South Cascade Glacier. These are single, highly deformed and foliated garnets in the
mafic schist g = garnet, and btg = biotite-tonalite orthogneiss.
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Texture in the host mafic schist and tonalite orthogneiss layers is crystalloblastic to
granoblastic with a range of grain size. The tonalite orthogneiss layers contain a foliation
defined by biotite. Some plagioclase grains in the tonalitic gneiss have faint relict zoning,
suggesting an igneous protolith.
The Bench Lake/Napeequa migmatite is inferred to have formed by the intrusion of the
Bench Lake pluton into the Njqjeequa unit partly because of the similarity in composition
between the felsic layers and the Bench Lake pluton, and partly because the felsic layers
become more dominant toward the pluton (Fluke, 1992). The mafic host rock is apparently
related to the mafic schist of the Napeequa unit.
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CONTACT RELATIONS
Contacts within the Cascade River unit
The contact between the pelitic and clastic petrofacies of the Cascade River unit
(Rg. 7A) is both gradational and in some places sharp. The gradation from sandy to pelitic
layers typically occurs over 10 to 20 centimeters (Fig. 15). The pelitic petrofacies is
inteilayeied (0.3 to 4.0 m thick) between sandy and conglomeratic layers. These layers are
exposed on the east and west slopes of Mix-Up Peak (Fig. 6).
I have placed the contact between the clastic and volcanic petrofacies in the Yang
Yang Lakes area (Fig. 6) where the mafic quartzo-feldspathic schist appears to grade into the
mafic schist of the volcanic petrofacies. This gradation is marked by the reduction in the
number of clasts. The contact is placed at the limit of the clast occurrence. At this contact
the volcanic petrofacies has a similar lithology to the mafic matrix of the conglomerate. This
relationship has been observed elsewhere in the study area (see below).
The contact described above continues to the northwest and is exposed on the east side
of the valley of the South Fork of the Cascade River. The contact between the volcanic and
the clastic petrofacies is marked by the change from meta-dacites and mafic schist to mafic
quartzo-feldspathic schist, which had a protolith of conglomeratic or pyroclastic rock. This
contact in the Cascade River unit has also been recognized by Dr. E.H. Brown and M.A.
Hettinga (W.W.U., pers. comm., 1991) farther along strike to the northwest, across the South
Fork of the Cascade River, and high on the ridge adjacent to the Sormy Boy Lakes area
(Fig. 6). The transition from clastic to volcanic petrofacies is characterized by an increase in
the proportion of matrix and change in matrix composition from felsic to mafic. Within the
volcanic petrofacies, the rock becomes more mafic going down in the section (to the
southwest), and changes from mafic quartzo-feldspathic schist into mafic schist.
Mafic schist and epidote-chlorite schist occur below the contact between the Magic
Mountain Gneiss and the Cascade River unit at a number of localities, including: west of MixUp Peak and below Kool Aid Lake (Rg. 6); at the Middle Cascade Glacier; at the Middle
Cascade Glacier; and on the north ridge of Mount Formidable (Fig. 16). These lithologies are
interpreted to represent the Cascade River unit volcanic petrofacies, although a sedimentary
protolith is possible for the epidote-chlorite schist (see Lithologies). The contact between the
volcanic and clastic petrofacies has not been observed but its presence is inferred based on the
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Figure 15. Looking west at an outcrop of Cascade River unit on the east side of Mix-Up Peak
showing lithologies within the clastic petrofacies. The black layer is garnet-mica schist, which
grades downward into a sandy layer that continues to grade into tiiinly layered pelitic and
quartz rich sediments.
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Figure 16. Photograph (A) and sketch (B) of southeast view of Spider Mountain and Mount
Formidable which have approximately 4500’ of relief. SMs = Spider Mountain schist,
MMG = Magic Mountain Gneiss, CRv = Cascade River unit: volcanic petrofacies, CRc =
clastic petrofacies. Locations of Figures 17-21 also shown.
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occurrence of mafic quartzo-feldspathic schist and quartzo-feldspathic schist below the
volcanic petrofacies (Fig. 16).
Contacts within the Magic Mountain Gneiss
The Magic Mountain Gneiss is a layered complex (Figs. 17 and 18). The layers are
defined by leucogneiss and various mafic schists described in the Lithology section ("greencolored schist" of Tabor, 1961). The chlorite schist subunit is predominant in the mafic rocks
(Figs. 19-21) and occurs in sharp lithologic contact with the leucogneiss as layers that are 0.1
to 1.5 meters thick. These contacts appear to be primary, not stmctural; therefore if their
protolith is igneous the mafic layers are inferred to be either dikes, or sills. If the protolith is
sedimentary, the rocks could be screens or roof pendants in the Magic Moimtain protolith.
However, now the mafic schist and leucogneiss layers are discontinuous and broken.
Vein quartz occurs between the chlorite schist and the leucogneiss at several localities.
The vein quartz appears to be as highly deformed as the chlorite schist The mafic schist
subunit is less abundant within the leucogneiss (171-6) and also appears to have formed as
dikes. The lithologic layers and the foliation within the Magic Mountain Gneiss are parallel.

Contacts within the Napeequa unit
Contacts between the meta-sedimentary subunits of the Napeequa unit are common at
the outcrop scale but have not been recognized at a mappable scale. The rock on the
southwest shoulder of Johannesburg Mountain is predominantly politic schist with minor
interlayering of fine-grained quartzofeldspathic schist and chert. On the south face of
Johannesburg Mountain (Figs. 6 and 10), marble, grossularite-tremolite schist and mafic schist
are interlayered with non-dismpted contacts. The contact between the laigest meta-ultramafite
block and a mafic schist layer is a distinct shear zone -0.5 meters wide.

Contact between the Magic Mountain Gneiss and the Cascade River unit
The contact between the Magic Mountain Gneiss and Cascade River unit was observed
at several locations: the headwaters of the Middle Fork of the Cascade River, east face of
Mix-Up Peak; northwest ridge of Mount Formidable (Fig. 10); and in the Yang Yang Lakes
area (Fig. 6). A schematic cross section of the contact is shown in Figure 22. This sketch
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Figure 17. Photograph (A) and sketch (B) of an outcrop of Magic Mountain Gneiss east of
the Middle Cascade Glacier at -6400’. View to the east. Ig = leucogneiss, cs = chlorite
schist. Photo is 2 m across. See Figure 16 for location.
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Figure 18. Qose up photograph (A) and sketch (B) of Magic Mountain Gneiss outcrop in
Figure 17. Chlorite schist (cs) is gradational with leucogneiss (Ig). 3 cm wide hammer handle
for scale. See Figure 16 for location.
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Figure 19. Riotograph looking northeast at an outcrop of Magic Mountain Gneiss showing
thick chlorite schist (cs) layers with sharp lithologic contacts with the leucogneiss Gg)Foliation strikes northeast and dips to the southeast. Located east of the Middle Cascade
Glacier at -6400’. See Figure 16 for location.
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Figure 20. Photograph of a leucogneiss Gg) layer bordered by mafic schist (ms) near the
contact between the Magic Moimtain Gneiss and the Cascade River unit, at the Middle
Cascade Glacier -5400*. See Rgure 16 for location. Hammer with 50 cm long handle for
scale.
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Figure 21. Photograph (A) and sketch (B) of leucogneiss Gg) deformed in epidote-chlorite
schist ecs) at the contact between the Magic Mountain Gneiss and the Cascade River unit near
the Middle Cascade Glacier -5400’. 3 cm wide hammer handle for scale. See Figure 16 for
location.
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Figure 22. Schematic vertical structural section through the contact between the Magic
Mountain Gneiss and the Cascade River unit. Interpretation of how this layered outcrop
formed is problematic. See page 82 for possible explanation.

39

I

shows a simplified representation of the inteilayering of lithologies that appears at aU the
locations where I saw the contact.
Greenschist occurs on both sides of the contact. Above the contact, the leucogneiss is
the predominant lithology and the greenschist layers are less abundant and discontinuous.
Below the contact the greenschist is the only lithology.
The mafic schist is assigned to the volcanic petrofacies of the Cascade River unit The
epidote-chlorite schist and chlorite schist subunits are tentatively assigned to the volcanic
petrofacies but a sedimentary origin caimot be ruled out.
On the crest south of Cache Col (Figs. 6 and 10), the contact is mapped within a zone
of mafic volcanics which, appear to have been intruded by leucocratic material (Figs. 23A
and B).
On the northwest ridge of Moimt Formidable (Rg. 10), the contact is mailced by a
massive muscovite-rich leucogneiss (171-61a), which overlies a 1 meter thick epidote-chlorite
schist (171-61b) layer. This layer grades downward into a felsic-rich intermediate layer (17161c), then into another epidote-chlorite schist layer inferred to represent the Cascade River unit
volcanic petrofacies.
North of Yang Yang Lakes (Figs. 6 and 24), the contact is steeply dipping and parallel
to the regional foliation (Rgs. 25 and 26). Here the Cascade River unit rocks are metavolcanic and mafic, matrix-rich meta-conglomerate, within the conglomerate there are sheared
and broken felsic sills 3 to 15 centimeters thick (Fig. 27). Sills and pebbles both have the
same metamorphic mineral assemblages and fabric orientation as the nearby Magic Mountain
Gneiss and Marblemount Meta-Quartz Diorite.

Contact between the Marblemount Meta-Quartz Diorite and the Cascade River unit
The contact zone (Fig. 28) of the Marblemount Meta-Quartz Diorite (MMQD) and the
Cascade River unit in the Yang Yang Lakes area (Figs. 6 and 24) has a strong contact-parallel
foliation with a northwest-southeast strike, southwest dip, and a strike-parallel sub-horizontal
stretching lineation. The MMQD is mostly massive (Fig. 11 A) to the southwest of the contact,
but, as the contact is approached, the massive MMQD is cut by shear zones that are 2.5 to 5.0
meters wide. Porphyroclasts of quartz and plagioclase in shear zones show offsets and have
asymmetric strain shadows indicative of right lateral shear (see Stmcture Section). The actual
contact is obscured by the deformation. A well-foliated green rock (Fig. IIB), mostly too
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Figure 23. (A) Photograph of outcrop at the contact between the Magic Mountain Gneiss and
the Cascade River unit south of Cache Col. Light colored material is leucogneiss and green
material is mafic schist. (B) Gose-up photograi^ of (A) showing the more competent
leucogneiss in the highly deformed mafic schist.
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Figure 24. Geologic map of the Yang Yang Lakes area. See Plate 1 for topographic base and
more geologic detail. Numbered boxes are location for Figures 25-28.
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Figure 25. Photograph (A) and sketch (B) of an outcrop at the contact between the Magic
Mountain Gneiss (MMG) and the Cascade River unit (CRu) above Yang Yang Lakes, oo g
north. Outcrop is approximately 100’ high. Ig = leucogneiss, mqs = mafic quartzo- e spa c
schist. See Figure 24 for locatioa Location of Figure 47 is indicated by box at the end of the
arrow.

43

sw

NE

Figure 26. Photograph (A) and sketch (B) of a view looking northwest at the contact between
the Magic Mountain Gneiss and the Cascade River unit up the ridge -1500’ from Figure 24.
Foliation and contact have NNW strike and steep southwest dip. Contact is marked by a
quartz vein, cs = chlorite schist. See Figure 24 for location.
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Figure 27. Photograph (A) and sketch (B) of a leucogneiss sill intrusive into the Cascade
River unit (CRu) above Yang Yang Lakes. View to the southwest, mqs = mafic quartzofeldspathic schist, ms = mafic schist. Top bar of scale card is 10 cm. See Figure 24 for
location.
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Figure 28. Sketch
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Diorite (MMQD) and the Cascade River unit (CRu) west of Yang Yang Lakes. Both units are
progressively more sheared from the southwest to the northeast ms = mafic schist
See Figure 24 for location.
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fine-grained for mineral identification even in thin section, is in the contact zone. This rock
could be either highly mylonitized Marblemount Meta-Quartz Diorite or the meta-volcanic
rocks of the Cascade River unit.

Contact between the Napeequa unit and the Cascade River unit
Due to limited exposure and the occunence of lithologies common to both the Cascade
River imit and the Napeeqtia unit the nature of this contact remains an unresolved problem.
Within the study area the contact is best exposed on the southwest shoulder and south face of
Johannesburg Mountain (Fig. 6).
On the southwest shotilder of Johannesburg Mountain (Figs. 6 and 10) the eastern
contact is placed where conglomeratic quartzo-feldspathic schist passes southwestwaid into
inteiiayered matic schist, calcic-mica schist, marble and pelitic schist (Brown and Dragovich,
WWU, pers. comm., 1989; this study). These lithologies are traceable for approximately
1 kilometer along strike. The interlayering aj^ars to be continuous across strike and into the
pelitic schist, the most abundant lithology on the southwest shoulder of Joharmesburg
Moimtain. There are rare occurrences of inteiiayered quartzo-feldspathic schist and meta-chert
within the pelitic schist At the western contact on the southwest shoulder of Johannesburg
Mountain, lithologies have a similar but reversed sequence; pelitic schist gives way, to the
southwest, to mafic schist and gamet-biotite schist, then to quartzo-feldspathic and
conglomeratic quartzo-feldspathic schist of the Cascade River unit clastic petrofacies.
Low on the south face of Joharmesburg Mountain (Fig. 10) massive meta-chert beds of
the Napeequa unit occur below fine-grained quartzo-feldspathic schist of the Cascade River
unit At this location lithologic layers and foliation dip to the northeast.
The observation that lithologies common two both units are interlayered makes the
contact between the Cascade River unit and Napeequa unit difficult to distinguish. The
contacts are drawn to differentiate between rock that contains meta-ultramafite or meta-chert,
assumed to be definitive Napeequa unit lithologies, and rock that does not contain these
lithologies.
Interpretations of the contacts between the Cascade River unit and Napeequa unit and
the internal structure of each unit will be discussed in the Structure Section.
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METAMORPfflSM
Introduction
Metamoiphic events recorded in the study area include regional metamoiphism,
retrogressive metamoiphism, and localized thermal metamorphism. The topics addressed with
the study of these metamoiphic events are: the timing of metamoiphism in adjacent units; the
timing of metamorjAiism relative to the fabric; the range of metamoiphic conditions; the effect
and timing of retrograde metamoiphism; the extent and effect of thermal metamoiphism; and
the break in metamoiphic facies along the Entiat fault. A description of metamoiphism in the
area surrounding the smdy area is presented in the Previous Woik section.
In the study area, mineral zones and metamoiphic isograds are offset by the Entiat
fault East of the Entiat fault, metamoiphic grade increases to the northeast from greenschist
facies through the epidote-amphibolite facies and into the middle-amphibolite facies.
Occurrences of selected metamoiphic minerals are plotted on maps (see Figs. 33-37
and 39), and used to define the metamoiphic zones and facies. Additional data collected by
Dr. Edwin H. Brown, from east and west of the study area, has been used for further control
of the isograds. Identification of plagioclase and amphibole type is based on microprobe
analyses. The distribution of index minerals and the significance of the metamoiphic events
will be discussed below.

Thermal Metamorphism Related to the Cascade Pass dike
Tlie Cascade Pass dike intraded at a shallow level after regional metamoiphism, yet
the intrusion is interpreted to have caused alteration in a wide zone. Tabor (1961 and 1963)
presented a possible intrusion scenario and documents the resulting contact and thermal
metamoiphism. Figures 29A and B show samples with mineral alterations related to the
intmsion. The zone affected by the dike is plotted on Figure 30 and represents the
approximate extent of the theimal metamoiphic effect
The most significant effect of the intrasion is the great abundance of actinolite and Fechlorite in the clastic and volcanic petrofacies of the Cascade River unit Actinolite commonly
appears as glomeroblastic mats with swirling, radiating and undeformed crystals that cross-cut
the foliation (Figs. 29A and B). The actinolite probably formed at the expense of the
hornblende and Ca-plagioclase of the original peak metamoiphic mineral assemblage. Fechlorite occurs only in the zone affected by the thermal metamoiphism (Figs. 30 and 31). At
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Figure 29. Riotomicrographs in plane light of samples from the thermal aureole around the
Cascade Pass dike showing actinolitic mats. (A) Quartzo-feldspathic schist of the Cascade
River unit (171-104). (B) Mafic schist of the Napeequa unit (171-183).
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Figure 30. Map of the area west of the Entiat fault affected by the thennal metamorphism
related to the Cascade Pass dike. Thermal effects decrease outward from the dike in the
stippled area. BL = Bench Lake; H = Hidden Lake Pluton; MMG = Magic Mountain Gneiss;
MMQD = Marblemount Meta-Quartz Diorite; Tg = Tertiary granite.
50
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all occurrences, Fe-chlorite cross-cuts the fabric, replaces minerals and occurs in cracks.
Large, undeformed biotite crystals (described below) may have developed during this thermal
metamorphism, although late-metamorphic growth in a static environment cannot be ruled out
(see Discussion). These effects make distinction of the regional-metamorphic isograds, in the
central portion of the study area, difficult because much of the rock has been altered.

Retrogresaon
Rock showing at least some retrogressive metamorphism are found throughout the
study area. Retrogression is characterized by the chloritization of biotite and garnet, the
growth of chlorite between broken garnet and chloritoid grains, and amphibole crystals with
hornblende cores and actinolitic rims. The hornblende cores and the garnets (Fig. 14) of the
mafic schist in the Bench Lake/Napeequa migmatite (described above) are inferred to represent
a regional high-grade Barrovian metamorphism, and the actinolitic rims (Fig. 32) are
interpreted to be a result of retrogression. The large, undefoimed biotite crystals (mentioned
above) may also be attributed to this retrogressive metamoiphism or to metamorphism in a
static environment following the regional metamorphism (see Discussion).

Metamorphic Facies and Zones East of the Entiat Fault and Associated with Regional
Metamorphism
Greenschist Facies
Chlorite zone The chlorite zone is characterized by the assemblage of chlorite +
actinolite + epidote + albite + quartz (Figs. 31-34). Relict igneous and sedimentary textures
are common. The zone is drawn entirely on the presence of chlorite and the absence of
biotite, as actinolite and albite were seen only near the Cascade Pass dike and may be related
to its local effect (see below).

Biotite zone Biotite appears in the transition zone (Fig. 35) in two crystalline habits:
(1) crystals that are concordant with the foliation and are deformed with it; and (2) large,
undeformed and unaltered crystals that are discordant with the foliation. Both crystal habits
occur in some rocks.
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Figure 32. Riotomicrograph in plane light of mafic schist of the Bench Lake/Napeequa
migmatite (171-23d) on the ridge west of the South Cascade Glacier. Note the blue-green
actinolitic rim on the brown hornblende core.

Figure 33. Albite and oligoclase isograds drawn at the first and last occurrence both minerals.
Abbreviation same as in Figure 30.
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Figure 35. Biotite isograd drawn at the first appearance of biotite. Abbreviation same as in
Figure 30.
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Greenschist-Amphibolite Facies Transition
In this transition, oligoclase replaces albite with increasing grade (Fig. 33); however
there is a sizeable overlap area where both plagioclase compositions are found.
Also within the transition, amphibole of hornblende composition appears (Rg. 34).
The absence of hornblende to the west of the hornblende isograd may be a result of
retrogression or thermal metamorphic alteration of primary hornblende (see below).

Garnet zone The gamet-in isograd (Fig. 36) cuts diagonally across the transition
zone. Garnets occur in the pelitic schist and gamet-biotite schist of the Napeequa umt, the
mafic quartzo-feldspathic schist and mica schist of the Cascade River umt, and mica schist of
the Spider Mountain schist (RT-72-58).
Garnet porphyroblasts exhibit a variety of relations with the external fabric. Some
garnets have an internal fabric that is discordant to the external fabric (Fig. 37A) while others
have a sigmoidal fabric (e.g., snowball) that is continuous with the external fabric (Fig. 37B).
Both garnets are inferred to have grown during the formation of the fabric. Other garnets
contain no internal fabric, some are wrapped by the external fabric (Fig. 37C), or broken apart
and extended parallel to the mineral lineation (Fig. 37D), and others have grown over
chloritoid and garnet porphyroblasts (Fig. 37E)(see Discussion below and Structure section).

Amphibolite Facies
Staurolite zone The amphibolite facies is represented by two metamorphic zones:
the oligoclase-only/no-albite zone (Fig. 33), and the staurolite zone (Fig. 38). The highest
grade assemblage is contained in the quartzo-feldspathic schist of the Cascade River umt in
ffidden Lake Creek area (164-143)(Fig. 35). These rocks contains the assemblage staurolite +
garnet + biotite + muscovite + quartz with rare kyanite.

Metamorphic Facies West of the Entiat Fault
West of the Entiat fault the rocks are in the amphibolite facies (Figs. 33 and 34).
These rocks are juxtaposed against greenschist facies rocks to the east by post-metamorphic
motion on the Entiat fault Amphibole crystals in the mafic schist layers of the Bench
Lake/Napeequa migmatite (Fig. 32) have a polymetamorphic crystallization history. Election
microprobe results verify that the brown cores are hornblende and the blue-green rims are
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Figure 36. Garnet isograd drawn at the first appearance of garnet. Abbreviation same as in
Figure 30.
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Figure 37. Garnet porphyroblasts from the study area showing various development relative to
the fabric, bio = biotite, cht = chloritoid, epi = epidote, g = garnet, qtz = quartz.
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Figure 38. Combined staurolite and kyanite isograd drawn at the first appearance of staurolite.
Data from McShane (1992) and E. H. Brown (W.W.U., pers. comm., 1991). Abbreviation
same as in Figure 30.
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actinolite.

Geothermobarometry
Geothennobarometry based on electron microprobe analyses of critical minerals was
carried out on a number of samples. The sample localities and derived temperatures and
pressures are plotted on Figure 39. Microprobe analyses were performed by Dr. Edwin. H.
Brown at the University of Washington. Calibrations used for pressure include: GAMI =
garnet + biotite + muscovite + plagioclase (Berman, 1991), and GAHP = garnet + hornblende
+ plagioclase (Kohn and Spear, 1990). Calibrations used for temperature include: GABI =
garnet + biotite Fe-Mg exchange (Berman, 1991), and GARB = garnet + hornblende Fe-Mg
exchange (Graham and Powell, 1984),
Few samples with the appropriate mineral assemblage were found on the east side of
the Entiat fault This lack of samples may be due to lithology types, alteration due to
retrogression and thermal metamorphism, and/or the rapid decrease in metamorphic grade.
Northeast of the Entiat fault, pressures obtained range fiom 6.9 to 8.5 kilobars and
temperatures range from 450 to 567 °C. These pressures require an approximate depth of
burial of 20 to 30 kilometers. West of the Entiat fault two mafic schist samples from the
Bench Lake/Napeequa migmatite gave high pressures (7-11 kbars) and temperatures
(660-740 °C) that are within the range of upper amphibolite facies conditions of pressure and
temperature. The range of pressures reported for these samples arises from the uncertainty in
the calcium content of the plagioclase during the high-grade regional metamorphism. The
higher pressures were obtained based on a measured value of 0.28 for An content of
plagioclase. This plagioclase composition may represent retrogression, as evidenced by
actinolite overgrowths on hornblende (see above). The lower pressure values are derived using
a plagioclase An content of 0.50, which is in the range of the highest Ca-plagioclase values for
rocks in the area that may not have experienced the same retrogression (Dr. E.H. Brown,
W.W.U., pers. comm., 1991).

Discussion
A compilation of the metamoiphic isograds in the study area is shown in Figure 40.
East of the Entiat fault the grade increases sharply from the southwest to the northeast, and the
isograds have a northwest-southeast trend. Definition of the isograds is uncertain due to the
61

Figure 39. Location and results of geothennobarometiy samples in the study area, a from
McShane (1992). Abbreviation same as in Figure 30.
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Figure 40. Compilation of the metamorphic isograds for the study area. Abbreviation same as
in Figure 30.
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thermal metamorphism related to the Cascade Pass dike, and the abundance of lithologies that
lack appropriate mineral assemblages, e.g., the Magic Mountain Gneiss. The isograds cross
cut all lithologic contacts. In the southwest of the study area the gradient is cut off by the
Entiat fault, and greenschist facies rocks are juxtaposed with amphibolite facies rocks on the
west side of the fault
The regional metamorphism in all units east of the Entiat fault appears to be
synchronous. Thus the metamorphic isograds indicate that the conditions of high-grade
metamorphism arose after the juxtaposition of the Magic Mountain Gneiss and Cascade River
unit, and were not likely to have been the result of that juxtaposition, e.g., the Magic Mountain
Gneiss being thrust on top of the Cascade River unit.
The fact that some biotite, garnet and chloritoid porphyroblasts cross-cut and overprint
fabric, show no rotation and have random orientations, yet other porphyroblasts contain an
internal fabric (Fig. 37; described above), indicates two possibilities for timing of fabric
development relative to the metamorphism. First, the metamorphic conditions that produced
these minerals lasted longer than the motion that created the fabric; or strain partitioning
occurred during the metamorphic event and therefore some porphyroblasts grew in a static
envirorunent while others grew in a strained environment.
The metamorphic gradient for the study area is derived from mineral assemblages
(Figs. 33-37 and 39), and the pressure and temperature data (Rg. 39) that correlate with the
high-grade portion of the gradient. The gradient indicates a southwest to northeast increase of
metamorphic grade for the area east of the Entiat fault. This trend is similar to the regional
trend (Fig. 41). West of the Entiat fault pressures fiom the Bench Lake/Napeequa migmatite
combined with data from the area to the northwest (Cary, 1990; Fluke, 1992) indicate that the
grade decreases to the northwest. Isograds are nearly perpendicular to the Entiat fault and to
the isograds on the east side of the fault (Fig. 41).
Although the thermal metamorphism related to the Cascade Pass dike obscures the
high-grade mineral assemblages in the center of the study area, the regional trend appears to
be continuous through the area.
Within the study area, the post-metamorphic, high-angle Entiat fault has placed
amphibolite grade rocks on the west side next to greenschist grade rocks on the east side (See
Structure Section). For example, the rocks immediately west of the fault contain oligoclase
whereas rocks 4 kilometers east of the fault (Fig. 30) contain oligoclase. To the northwest of
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Figure 41. Compilation of pressure data in the Cascades Crystalline Core. Data compiled by
Dr. E. H. Brown (W.W.U., pers. comm. 1991). Figure from Brown and Walker (in press).
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the study area and along strike of the Entiat Fault (2 km) the relationship is reversed; lowgrade rocks are found to the west of the fault and high-grade rocks are found to the east
(Dragovich, 1989; Cary, 1990).
Structural offset along the Entiat fault may be responsible for all the difference in
metamorphic grade. Alternatively, the emplacement of Cretaceous plutons south of the Entiat
fault may be responsible for part of the local increase in grade of metamoiphism (Brown and
Walker, in press). The Bench Lake Pluton (Fig. 3) may be part of that Cretaceous magmatic
belt. This observation seems consistent with the documentation of lower grade rocks along
strike to the northwest and on the same side of the fault. These low-grade rocks are not in
close proximity to the Cretaceous age plutons that make up the magmatic belt.
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STRUCTURE
Introduction
Significant stnictural features in the study area include: foliation and lineation; the
contact between the Napeequa unit and the Cascade River unit; the contact between the Magic
Mountain Gneiss and the Cascade River unit; folds ranging from isoclinal to macroscopic-open
folds; and the Entiat fault

Metamorphic Fabric
The main metamorphic fabric element is a well developed foliation defined by aligned
hornblende, biotite, muscovite and actinolite, or by clots of epidote and chlorite (Fig. 42).
Many rocks contain a lineation defined by aligned metamorphic minerals, stretched clasts and
broken minerals. The metamorphic minerals have grown syn- to late- fabric development
Mineral growth outlasts fabric development locally (Fig. 37).
There is a continuum of fabric development in all the metamorphic rocks of the study
area. The fabric of the Marblemount Meta-Quartz Diorite (MMQD) ranges from a relict
igneous texture in many places to a highly mylonitized fabric at the contact between the
MMQD and the Cascade River unit (Fig. 12). The conglomerates sf the Cascade River unit
vary fiom being little deformed to being strongly deformed L-tectonite (Rg. 43). This
variation in the development reflects significant variation in strain throughout the area.
The foliation and lineation attitudes vary about well defined modes (Figs. 44, 45, 46A
and 46B). The foliation in the Cascade River unit and the Napeequa unit has a predominantly
northwest strike and dips steeply southwest (Fig. 46C). Exceptions to this trend occur within
the Cascade River unit in the Yang Yang Lakes area (Fig. 6) where the foliation is folded into
open folds with a shallow southeast plunge (Fig. 47), at the headwaters of the Middle Fork of
the Cascade River where there is an east-west strike and a steep dip to the south, and in the
Sonny Boy ridge area where the steep foliation has a consistent northeast dip. Foliation in the
Magic Mountain Gneiss defines open folds (Figs. 46D and 48) with axes that plunge
moderately to the southeast
The age range of the foliation development is not weU constrained within the period of
metamorphism. No overprinting relations were observed, but the northeast and southwest
limits of the Magic Mountain Gneiss outcrop area are bordered by narrow zones with a fabric
that has a strong northwest strike and a steep-southwest dip (Fig. 44). To the northeast this
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Figure 42. Photomicrographs in cross-polarized light of samples from the Cascade River unit.
Samples are cut perpendicular to the foliation and parallel to the lineation. (A) Metamoiphic
muscovite and strained quartz grains define an s/c fabric in a quartzo-feldspathic schist of the
clastic petrofacies (171-141). Fabric shows dextral motion. (B) Meta-dacite of the volcanic
petrofacies (171-140) showing relict plagioclase phenocrysts and metamorphic foliation defined
by deformed igneous grains and metamorphic chlorite.
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Figure 43. Meta-conglomerates of the clastic petrofacies of the Cascade River unit (A) Lowstram conglomerate from the base of the north face of Mount Formidable. Strain is low in this
rock as orthogonal faces of this rock show similar round shapes. (B) High-stain conglomerate
from on the east side of Mix-Up Peak. Compass string is aligned with the long axis of strain.
Clast lineation: trend = 130°, plunge = 10°.
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Brown (W.W.U., pers. comm. 1991), and this study. Abbreviation same as in Figure 30.
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Figure 45. Stretching and mineral lineations for the study area. Data compiled from Tabor
(1961), Dr. E. H. Brown (W.W.U., pers. comm. 1991), and this study. Abbreviation same as
in Figure 30.
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Figure 46. Lower hemisphere, sterographic plots (Schimdt), of fabric elements. Data
compiled from Tabor (1961), Dr. E. H. Brown (W.W.U., pers. comm. 1991), and this study.
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Figure 47. Outcrop of the mafic quartzo-feldspathic schist of the clastic petrofacies of the
Cascade River unit (see Figure 24 for location). Note the sub-horizontal and folded attitude of
the foliation. Fold axes:-’ trend 125°, plunge = 35°.

(0

<
Figure 48. Photograph (A) and sketch (B) of the transition zone between the Magic Mountain
Gneiss and the Cascade River unit south of Cache Col. View looking east (bearing 80®).
Foliation and lithologic contacts are concordant. Fohation: strike 312°, dip 43° northeast
Ig = leucogneiss, gs = greenschist.
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fabric is exposed on the north ridge of Mix-Up Peak (Figs. 6 and 49) and to the southwest this
fabric is exposed in the Yang Yang Lakes area (Fig. 6) at the contact between the Cascade
River unit and the Marbleinount Meta-Quartz Diorite. Rock in both of these areas is highly
mylonitized, fine-grained, with Mg-chlorite the dominant mineral, and a subhorizontal lineation
with right lateral offsets of plagioclase crystals (described below). The foliation between these
areas (Fig. 48) is characterized by a shallow dip to the southeast and open folds with axes
plunging to the southeast (described below). Although relative age of these fabrics can not be
determined it seems possible that the difference in orientation indicates two different periods of
deformation.
Measurement of kinematic indicators (Fig. 50) produced seven dextral strike-slip
indicators and three sinistral-slip indicators in the steep fabric of the Cascade River umt and
the N^)ee(iua unit, and one top-to-the-south indicator in gently dipping foliation of the Magic
Mountain Gneiss.

Large-Scale Structures
Introduction
Stratigraphy in the Cascade River unit has been used to define structures in the
Cascade River area (Dragovich, 1989; Cary, 1990)(see Previous Work section). Correlation of
the study area with the rest of the Cascade River area is based on the stratigraphy in the Sonny
Boy ridge area and on the southwest shoulder of Johannesburg Mountain (see Contact
Relations section). The presence of the Napeequa unit in the study area is also used for
correlation with the Sibley Creek area.
In the Soimy Boy ridge area (Figs. 6 and 51) the contacts within the Cascade River
unit and the contact between the Marblemount Meta-fjuartz Diorite and the Cascade River
unit have nearly straight traces across the steep topography in the valley of the South Fork of
the Cascade River. Therefore, these contacts are inferred to be steep. The foliation (Fig. 44)
on the Sonny Boy ridge strikes northwest-southeast, parallel to the contacts, and dips
consistently northeast. The outcrop pattern represents a nearly vertical homoclinal sequence.
The sequence is inferred to represent a stratigraphy (Fig. 52A) with a basal plutonic rock, the
Marblemount Meta-Quartz Diorite, mafic schist of the Cascade River unit volcanic petrofacies
and conglomerates and graywackes of the Cascade River unit clastic petrofacies. The

75

Figure 49. North ridge of Mix-Up Peak. White rock on the left is leucogneiss of the Magic
Mountain Gneiss (MMG) and daik rock is greenschist of the Cascade River unit (CRu).
Fabric becomes steeper from the leucogneiss to the greenschist
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Figure 50. Shear indicators aligned with foliation. Sample numbers arc given. Abbrcviation
same as in Figure 30.
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MMQD - Marblemount Meta-Quartz Diorite
MMG - Magic Mountain Gneiss
Cascade River unit
CRc
CRv

- clastic petrofacies
- volcanic petrofacies

Naoeeaua unit
r3-if::-cl - pelitic schist
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- meta-chert
- meta-ultramafite
m
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- mafic schist
- calc-silicate schist
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- Cascade Pass dike (Tertiary)

Figure 51. Cross section for the Sonny Boy ridge and Johannesburg Mountain area. Other
abbreviations same as in Figure 30.
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stratign^hy, the contact traces, and the top-to-the northeast orientation, correlate with the
Lookout Moimtain section (Fig. 7A) on the west side of the Entiat fault (Fig. 5).
The clastic petrofacies in the Sonny Boy ridge area is approximately three times
thicker (-2 km) than in the Lookout Mountain area (-700 m; Cary, 1990). This thickness
may be a result of increased stratigrai^c thickness or structural replication due to faulting,
folding or both.
The pelitic petrofacies, present in the Lookout Mountain area, is apparently absent in
the Sonny Boy ridge area. Directly across strike from the Sormy Boy ridge area pelitic rocks
mapped as the Napeequa unit (Tabor et al., 1989; this study) crop out on the southwest
shoulder of Johannesburg Mountain. These pelitic rocks resemble the pelitic petrofacies in the
Lookout Mountain area.
The pelitic rocks on the southwest shoulder of Johannesburg Mountain contain metaultamafite and therefore are correlated with the Napeequa unit in the Sibley Creek area as
described by Dragovich (1989). Correlation of these pelitic rocks with rocks outside the study
area remains problematic (see Discussion).
On the southwest shoulder of Johannesburg Mountain, layering within the Cascade
River unit and the Napeequa unit, and layering within both units, are on strike with similar
rocks in the Sibley Creek area. Dragovich (1989) correlated these areas and inferred that they
are continuous and part of the same stratigraphic sectiotL

Contact between the Naoeeaua unit and the Cascade River unit
Direct stmctural evidence of faulting at the contact between the Napeequa unit and the
Cascade River unit was not recognized in the study area. The presence of meta-peridotite
within the supracrastal rocks of the Napeequa unit probably records tectonic mixing within this
unit (Tabor et al., 1989). Meta-peridotite does not occur in the Cascade River unit Both units
contain a coeval metamorphic fabric; therefore, the tectonic mixing is inferred to have
occurred only in the Napeequa unit and prior to the formation of the metamorphic fabric.
In the cross section of Figure 51 the contact between the Napeequa unit and the
Cascade River unit is cut off by the Cascade Pass dike. The Napeequa unit is not mapped to
the southeast of the Cascade Pass dike (Fig. 6), yet an unusual amount of pelitic schist occurs
on the north face of Mount Formidable (Plate 1). These rocks are not considered part of the
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Napeequa unit because meta-ultramafite or meta-chert have not been found in the pelitic schist
on Mount Formidable.
This contact was previously drawn as a synformal thrust contact on the south face
Johannesburg Mountain (Dougan and Brown, 1991). This interpretation was partly based on
the misidentification of certain parts of the Napeequa unit, on the south face of Johannesburg
Mountain, as meta-conglomerates of the Cascade River unit. Further mapping (this study)
showed that the Napeequa rocks are, in fact, not meta-conglomerates but boudined meta-cherts.
The synfonnal position of the Napeequa unit, including the meta-ultramafite, above the
Cascade River unit, requires a thrust contact. Further mapping makes the synform and thrust
interpretation uncertain.
Recent work by McShane (1992) in the upper Sibley Creek area may also have
implications for this contact. He stated that the contact between the Cascade River unit and
the Napeequa unit, inferred by Dragovich (1989) to be a thrust fault, is a steep contact and is
definitely a fault (D.S. McShane, W.W.U., pers. comm., 1992). Farther to the east, he
observed non-disrupted Napeequa unit (which contains meta-chert but not meta-ultramafite) in
depositional contact with the Cascade River unit (McShane, 1992; Figure 37). To the east of
the depositional contact the non-disrupted Napeequa unit was intruded by the Late-Cretaceous
Eldorado pluton (Mattinson, 1972; Haugerud et al., 1988). Farther east, the Eldorado pluton
contains screens of chert, mafic schist and marble, lithologies associated with the Napeequa
unit. These observations do not solve the structural problems but do indicate that a
depositional contact between the Napeequa imit and the Cascade River imit is possible, and the
requirement for a thrust contact between the N^reequa unit and the Cascade River unit is
diminished. This high-angle contact in the upper Sibley Creek area may have formed as a
high-angle fault which caused the disruption, and thickening or replication of the Napeequa
unit in this area.
Structural interpretation of the contact between the Napeequa unit and the Cascade
River unit remains uncertain. The lack of structural evidence at the contact and the disrupted
nature of the Napeequa unit has led workers in the area to propose two different hypotheses
that address the nature of these units and the contact between them.
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1) The contact is inferred to represent a thrust of Napeequa unit over the Cascade River unit.
Both units were folded into a single macroscopic synform with the Ntqreequa unit above the
Cascade River unit in the center of the synform (Dragovich, 1989; Dougan and Brown, 1991).
The basis for this hypothesis is the disruption of the Napeequa unit and graded
bedding in the Cascade River unit of the Sibley Creek area. The disruption is inferred from
the discontinuous outcrop pattern and the presence of meta-peridotite in the Napeequa unit.
The Nj^jeequa unit is interpreted to be a disrupted-ophiolitic terrane thrust over the Cascade
River unit. Graded bedding, interpreted to be normal grading, fines to the southwest in the
steeply-southwest dipping section of the Cascade River unit of the Sibley Creek area. The
section is inferred to have a top-to-the-southwest orientation. If this orientation is correct the
meta-peridotite of the Napeequa unit is at the top of the stratigraphic sectioa If the peridotite
was derived from the mantle, a tectonic contact would be necessary to explain its present
position above the section. When this stratigraphic orientation is combined with the top-to-the
northeast orientation of the Cascade River unit in the Lookout Mountain area (Fig. 5), a
macroscopic syncline can be inferred (Dragovich, 1989). The Ntpeequa unit was thrust
emplaced on the Cascade River imit and both xmits were folded into a synform.
Arguments against this hypothesis are the following. The present orientation of the
contact between the Napeequa unit and the Cascade River unit in the Sibley Creek area is
high-angle (Dr. R. W. Tabor, U.S.G.G., pers. comm., 1991; and D. S. McShane, W.W.U.,
pers. comm., 1992). This contact may have formed as a high-angle fault or as a thrust fault
which was then rotated into its present high-angle positioa If this contact was a high-angle
fault it may have been responsible for localized disruption that was confined to the Napeequa
unit and did not extend into the Cascade River unit. Possible pre-Tertiary motion along the
trace of the Entiat fault may be responsible for some of the disruption of the Napeequa unit
during an earlier phase of deformation in an area parallel to the Entiat fault. An alternative
interpretation for the graded bedding is that the graded bedding represents reverse grading
formed in a turbidity current (Boggs, 1986) and therefore giving the opposite stratigraphic
orientation.

2) In the anticline hypothesis, the contact between the Napeequa unit and the Cascade River
unit is interpreted to be depositional and the Napeequa unit is stratigraphically below the
Cascade River unit (Tabor et aL, 1987; Tabor et al., 1988; Haugerud et al., 1991). Subsequent
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deformation of the Cascade River area produced a series of folds with the Napeequa umt
exposed in the core of an anticline (Tabor et al., 1988; and Dr. R. W. Tabor, U.S.G.S., pers.
comm., 1991).
The basis for this hypothesis is the layering common to both the Napeequa unit and
the Cascade River unit, and the range of disruption of the Napeequa unit in the Johannesburg
Mountain area. The layering of the Cascade River unit is continuous with layering in the
Napeequa unit on the southwest shoulder of Johannesburg Mountain and both units contain the
same lithologies in this area. This layering is used to suggest that the Cascade River unit was
deposited on the Napeequa unit The disruption of the Napeequa unit is less on the southwest
shoulder of Johannesburg Mountain than it is low on the mountain in the area of the south
face (Fig. 5). The meta-peridotite on the southwest shoulder is less abundant and more
defonned (e.g., slivers along high-angle faults) than the meta-peridotite low on the south face
(e.g., blocky outcrops with weak fabric)(see Lithologies). This pattern suggests that tectonic
intermixing has occurred in the Napeequa unit This intermixing was confined to the lower
portion of the Napeequa unit Later motion along high-angle faults is inferred to have
distributed the meta-peridotite farther upward into the Napeequa unit but not as far as the
Cascade River unit. Therefore, tectonic intermixing from below eliminates the need for a
thrust fault, and the layering common to both units supports the deposition interpretation and
the occurrence of the Napeequa unit in the core of an anticline.
Mapping around the structural closure in the Johannesburg Mountain area did not
provide data useful in distinguishing between an anticline or syncline there. In the study area
and the Sibley Creek area there is no structural evidence for the Napeequa unit being above
the Cascade River unit.
My preferred interpretation of the contact between the Napeequa unit and the Cascade
River unit on Joharmesburg Mountain is that it is depositional and the layered rocks are part of
a stratigraphic sequence with the Napeequa unit at the base (Fig. 52B). The meta-ultramafite
slivers within the Napeequa unit (see Contact Relations) are inferred to be fault emplaced from
below along high-angle faults. The lack of meta-ultramafite in the Cascade River unit and the
increase in the amount of deformation of meta-ultramafite higher on Joharmesburg Mountain
(Fig. 10) may indicate that the slivers ascended along high-angle faults but not past the
Napeequa unit.
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Contact between the Magic Mountain Gneiss and the Cascade River unit
The trace of this contact is shown in the cross section in Figure 53. The sequence of
rock in the Magic Mountain and Mount Formidable area is represented in Figure 52C. The
origin of this sequence of units, and the structural juxtaposition is uncertaia Three
possibilities are considered here.

1) The Magic Mountain Gneiss (MMG) and the underlying Cascade River unit are similar to
the plutonic-volcanic-sedimentary stratigraphy of the Maiblemount Meta-Quartz Diorite and
the Cascade River unit (Figs. 7A and 52A) but overturned (Dougan and Brown, 1991). The
leucogneiss of the Magic Motmtain Gneiss (MMG) is considered to be the basal plutonic unit;
the greenschist of the MMG and the Cascade River unit volcanic petrofacies represent the
volcanic part of the section; and the conglomerates and graywackes of the Cascade River unit
clastic petrofacies represent the supra-arc sediments. Resting on the MMG is the Spider
Movmtain schist of Tabor (1961)(Figs. 6 and 53), composed of supra-arc sediments and
volcanics and correlated with but not continuous with the Cascade River unit (Tabor, 1961). If
the stratigraphic section described above is overturned, the Spider Mountain schist would have
to be thrust emplaced.

2) The contact between the Magic Mountain Gneiss (MMG) and the Cascade River unit is a
primary intrusive contact. The MMG was intruded as a sub-volcanic sill-like pluton similar to
ones associated with the Mesozoic volcanic arc of the Sierra Nevada (Tobisch et al., 1986) or
as a sheeted dike complex analogous with the Fidalgo Island complex (Brown et al., 1979).
The lithologic relations described in the first possibility would be the same but the subvolcanic siU-like pluton would not require being overturned. The sheeted dike complex would
require a rotation of -90". The Spider Mountain schist, correlated with the Cascade River
unit, would be in its original position relative to the MMG and Cascade River unit and
represent part of the same sediment package.

3) The sequence is a result of tectonic juxtaposition by thmsting of the Magic Mountain
Gneiss (MMG) and the Spider Mountain schist over the Cascade River unit. Although a
distinctive, thrust related fabric has not been recognized at the contact between the MMG and
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Figure 53. Cross section for the Magic Mountain and Mount Fonnidable area. Other
abbreviations same as in Figure 30.
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the Cascade River unit, differences in the orientation of the metamorphic fabric in the units as
a whole suggest structural discordance (see Metamorphic Fabric).
My preferred interpretation for the contact between the Magic Mountain Gneiss and
the Cascade River unit is that it is a primary intrusive contact Inclusions of epidote-chlorite
schist and the chlorite schist of the MMG, epidote-chlorite schist, quartzo-feldspathic schist
and mica schist of the Cascade River unit, are interpreted as screens and xenoliths within the
leucogneiss of the MMG. Because there is a lack of large-scale cross-cutting relations
between igneous and sedimentary rocks along the contact between the MMG and the Cascade
River unit, especially in the Spider Mountain schist (Tabor, 1961), I favor the sill-like pluton
for the intrusive interpretation.

Folds
Folds in the study area include isoclinal folds axial planar to the foliation, and
mesoscopic and macroscopic open folds that fold the foliation. The orientations of these folds
are plotted in Figure 54. A mesoscopic fold of a foliated conglomerate is shown in Figure 55.
Isoclirud folds are rare but have been observed in the mafic-host rock of the Bench
Lake/Napeequa migmatite west of the South Cascade Glacier (Fig. 6).
In the Magic Mountain-Mount Formidable areas (Rg. 6), the contact between the
Magic Mountain Gneiss and the Cascade River unit is inferred to be folded into a series of
five northwest-southeast trending open folds, which span ~8 kilometers, and plunge
moderately to the southeast (Hg. 53)(Tabor, 1961; and U.S.G.S, pers. comm., 1991; this
study). The enveloping surface of the macroscopic folds dips at a moderate angle to the
southeast. Parasitic folds on the limbs of the macroscopic folds, on the north ridge of Mount
Formidable, and macroscopic folds on the south ridge of Mix-Up Peak (Fig. 6) match this
trend.

V

Entiat fault
The Entiat fault cuts all other stractures and metamorphic isograds. The Entiat fault is
a high-angle fault striking northwest-southeast with a steep southwest dip (Fig. 6). Regionally
the fault has been described as a strike-slip feature of considerable displacement (Laravie,
1976; Whetten and Laravie, 1976). Maximum dextral offset as measured by the displacement
of major fold axes in metamorphic units to the southeast is about 30-40 km (Tabor et al..
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Figure 55. Late fold in the Cascade River unit conglomerate (float). Out crop fold axis; trend
265®, plunge 50°. From the southwest shoulder of Johannesburg Mountain. (See Figure 10 for
location).
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1987). The trace of the fault terminates at the Straight Creek fault to the north, and is buried
by the Columbia Flood Basalts to the south (Fig. 2).
The fault has poor exposure in the study area because it is generally covered by forest
or scree. The fault zone was observed in two locations: on the west ridge of Le Conte
Mountain; and in the notch between Old Guard Peak and Sentinel Peak (Plate 1). Brittle
deformation is indicated by the nature of the outcrops at both locations with no indication of
brittle offset direction.
On Le Conte Mountain, the Napeequa unit is faulted against the Marblemount MetaQuartz Diorite. Marble in the N^reequa unit is plastically deformed and has what appear to be
drag folds whose limbs are cut by the fault plane, and whose sub-horizontal fold axes parallel
the fault strike. If strike slip motion is responsible for these folds, they must be sheath folds
and of little use in documenting relative motion. However, if the folds are interpreted as
simple drag folds, they indicate reverse faulting with the southwest side up.
The age of displacement on the Entiat fault in the Cascade River area is not well
constrained. The Cascade Pass dike and the Mount Buckindy pluton, west of the fault, may
give a minimum age for some of the strike-slip motion. Both bodies are of Miocene age
(Tabor et al., 1988) and are linear with the same northeast-southwest elongation, but off line
by ~2 km. If it is assumed that both bodies intruded along the same trend and their present
offset is tectonic, there has been less than 2 km of right-lateral motion since the Miocene.
Apparent offset of the stratigrapbic sequence between the Marblemount Meta-Quartz Diorite
and the Cascade River unit (Fig. 5) suggests a greater amount horizontal offset (~ 10-30 km).
Metamorphic grade in both offset portions of the sequence are of equivalent greenschist grade,
therefore, significant post-metamorphic dip-slip offset is not evident
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DISCUSSION
Macroscopic structures in the Magic Mountain, Johannesburg Mountain and Sibley
Creek areas are difficult to understand. The large-scale structural geometry of the Cascade
River area, and its relation to metamorphism, is discussed below in the context of several
models.
The outcrop pattern of the Magic Mountain Gneiss (MMG) and the Napeequa unit are
of central importance to this problem. The outcrop pattern of the MMG defines a folded, sub
horizontal slab that dips to the southeast and is contiguous with the Marblemount Meta-Quartz
Diorite to the south of the study area (Fig. 5)(Tabor, 1961). The folds deform the contaa
between the MMG and the Cascade River unit into multiple open, macroscopic folds that
plunge to the southeast. The Magic Mountain Gneiss occurs topographically and structurally
higher than the Cascade River unit and the Napeequa unit throughout the Cascade River area.
The Napeequa unit is assumed to pinch out in the Johannesburg Mountain area because meta
chert or meta-ultramafite were not found in the pelitic schist to the south.
Two tectonic models, presented in Figures 56 and 57, attempt to integrate the cross
sections for the study area (Figs. 52 and 54) with the Sibley Creek and Lookout Mountain
areas. The models are simplified post-tectonic and pre-erosional composite sections.
The first model (Fig. 56) incorporates the thrust and syncline hypothesis (see Structure
Section) first described for the Sibley Creek area (Dragovich, 1989). If the contact between
the Magic Mountain Gneiss (MMG) and Cascade River unit is inferred to be a thrust and the
MMG has a higher structural position than other units in the area, the Magic Mountaqn first
would have occurred after the Napeequa unit was thrust on the Cascade River unit (Fig. 56A).
Therefore, the fabric at the contact between the MMG and the Cascade River unit formed after
the fabric common to both the Cascade River unit and Napeequa unit. If the contact between
the MMG and Cascade River unit formed by intrusion (Fig. 56B) then two possibilities exist;
the thrust sheet carrying the Napeequa unit stopped short of the Magic Mountain area because
the Napeequa unit does not occur above the MMG; or the protolith of the MMG was intruded
after the Napeequa unit was thrust on the Cascade River unit. Neither intrusion scenario
provides an adequate explanation for the anomalous fabric in the Magic Mountain Gneiss.
The second model (Fig. 57) incorporates the anticline hypothesis (see Structure
section) invoked for the Magic Mountain and Johannesburg Mountain area (this study). In this
model the Cascade River unit is inferred to lie unconformably above the Napeequa unit and
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Figure 56. Tectonic models for the study area in the form of a cross section. (A) Thrust and
syncline model with the Magic Mountain Gneiss (MMG) thrust emplaced. (B) thrust and
syncline model with the Magic Mountain Gneiss protolith formed as an intrusion. See text for
explanation. MMQD = Marblemount Meta-Quartz Diorite; Cascade River unit, CRp = pelitic
petrofacies, CRc = clastic petrofacies, CRv = volcanic petrofacies.
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Figure 57. Tectonic models for the smdy area in the fomi of a cross section. (A) Anticline
model with the Magic Mountain Gneiss (MMG) protolith formed as an intrusion. (B)
Anticline model with the Magic Mountain Gneiss thrust emplaced. See text for explanation.
MMQD = Marblemount Meta-Quartz Diorite; Cascade River unit, CRp = pelitic petrofacies,
CRc = clastic petrofacies, CRv = volcanic petrofacies.
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the Marblemount Meta-Quartz Diorite. The interpretation that the contact between the Cascade
River unit and the Napeequa unit is depositional is consistent with observations by Cater
(1982) and Tabor et al. (1987, 1988) outside the study area (see Previous Work Section).
The contact between the Magic Mountain Gneiss and the Cascade River unit can be
either intrusive (Fig. 57A) or a thrust contact (Fig. 57B) in this model. If intrusive, the
protolith of the Magic Mountain Gneiss is inferred to have intruded as a siU-like pluton into
the flat lying protolith of the Cascade River unit because there is a lack of large-scale cross
cutting features. If the contact is a thrust the thrust must be older than the metamoiphic
gradient documented in the study area (Fig.40) and younger than the protolith age (220 Ma) of
the Marblemoimt Meta-Quartz Diorite.
My preferred model is the anticline model with the contact between the Magic
Mountain Gneiss and the Cascade River unit formed as a primary intrusive contact. I favor
this model for the following reasons. First, the intrusive contact is favored because of the
interlayered leucogneiss and greenschist throughout the unit, and the lack of a thrust fabric at
the contact between the Magic Mountain Gneiss and the Cascade River unit My observation
that lithologic layers at the contact between the Napeequa unit and the Cascade River unit are
common to both units and appear to have formed as protolith layering supports the
interpretation that this contact is depositional.
Additionally, an anticline in the Johannesburg Mountain area allows for at least three
open-macroscopic folds between the Sonny Boy ridge area and the Eldorado pluton (Fig. 52),
and correlation of these macroscopic folds with folds in the Magic Mountain and Mount
Formidable area (Fig. 54). To the northeast in the Sibley Creek area these multiple folds
better explain the repetition of units, including the screens of Napeequa unit in the Eldorado
pluton (see Structure Section). This multiple fold hypothesis for the Cascade River area is
shown in Figure 58.
None of the models provides an adequate explanation for the relationship between the
metamorphic fabric in the Magic Mountain Gneiss and the fabric which is common to the
Cascade River unit and the Napeequa unit (Brown and Talbot, 1989; Dragovich, 1989; Dougan
and Brown, 1991). Three questions about this fabric remain. Was a thrust fabric at the
contact between the Magic Mountain Gneiss and the Cascade River unit destroyed by later
metamorphism? Is the greater foliation development in the Magic Mountain Gneiss as
compared with the Marblemount Meta-Quartz Diorite a result of thrusting? When did the
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fabric development in the Magic Mountain Gneiss occur relative to the fabrics of other rocks
in the Cascade River area? Answers to these questions are not certain but I would suggest that
there are two distinct fabrics present in the study area: (1) a shallow-folded fabric,
(2) consistently steeply dipping regional fabric. Several explanation for the origin of the two
fabrics exist: the strains that produced each fabric were different; the fabrics were produced
simultaneously, then partially reoriented; the strains were locally different due to rheologic
differences; or that the strains were not simultaneous.
My preferred interpretation of the timing between the metamorphic fabric and
metamorphism is that the metamorfiiic gradient in the study area (Fig. 40) overprints the
shallow-folded fabric and may be associated with the formation of the consistently steeply
dipping regional fabric. The shaUow-folded fabric within the Magic Mountain Gneiss and at
the contact between the Magic Mountain Gneiss and the Cascade River unit is older than the
metamorphism that produced the gradient and the associated steep fabric, or the fabric formed
during the early stage of this metamor^sm. This older relative age is assigned because there
are no documented tectonic events in the Crystalline Core yoimger than the one that formed
the regional fabric described by Brown and Talbot (1989).
Additionally, the steep regional fabric, associated with transpressive deformation
(Brown and Talbot, 1989), has been dociunented as cross-cutting a compressional fabric in the
Sibley Creek area (Dragovich, 1989) and the Holden area (Fig. 3)(Hurban, 1991). The steep
regional fabric is best developed in the study area as discrete and narrow shear zones that
border the southwest contact of the Eldorado pluton and along the contact between the
Marblemount Meta-Quartz Diorite and the Cascade River unit (see Stmcture Section). A
similar development of fabric was found in the Sibley Creek area where Dragovich (1989)
described the older compressional fabric overprinted by "localized to broad shear zones" of the
steep fabric. I suggest that the shaUow-folded fabric at the contact between the Magic
Mountain Gneiss and the Cascade River unit may have formed during this older compressional
event
The older fabric, present in the Magic Mountain Gneiss, may also be present in parts
of the Cascade River unit and the Napeequa unit It seems possible that the fabric in these
units is an older fabric reorientated into parallelism with the steep regional trend along the
steep limbs of macroscopic folds with northwest trending axes.
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No direct evidence was found for the origin of the metamorphic gradient in the study
area east of the Entiat fault Several further uncertainties remain. These include the duration
of metamorphism, the age of loading and uplift, and the amount of shortening across the
metamorphic gradient or post-metamorphic removal of material by faulting. The metamorphic
gradient appears to be correlative with a regional metamorphic pattern centered around the
core of the Skagit metamorphic complex (Ftg. 41), The symmetrical decrease of metamorphic
grade and pressure away from the center (Fig. 41), as well as similar lithologies on both sides
of the Skagit metamorphic complex (e.g. the Napeequa unit and the Twisp Valley schist)
(Fig. 3), has led some workers to interpret the Skagit metamorphic complex as a regional
antifonn (Misch 1968; Haugerud et al., 1988). Whitney and McGroder (1989) and McGroder
(1991) proposed that thrust loading due to cmstal shortening created the high pressure
metamorphism in the Skagit Gneiss. Subsequent uplift of the Skagit metamorphic complex
created the antiformal distribution metamorphic rocks and similar lithologies.
Alternatively, Brown and Talbot (1989) stress the orogen-parallel extension in the
tectonic evolution of the Crystalline Core, and Brown and Walker (in press) mterpret the
symmetrical distribution of metamorphic grade and pressure along the core of the Skagit
metamorphic complex to be a result of magmatic loading of this region. Subsequent uplrft and
erosion have removed all but the roots of the pluton that loaded this area of the North
Cascades.
Within the study area it is not possible to distinguish between the two hypothesized
loading mechanisms. Due to the range in orientation of fabrics in the smdy area it seems
likely that there was an compressional event followed by a transpressive event or both
occurring simultaneously. The high-pressure metamorphism is not well constrained to either
event.

CONCLUSIONS
In the study area, the Cascade River unit has a stratigraj^y of volcanic, clastic and
pelitic rocks that is similar to the stratigraphy in the Lookout Mountain area. However, the
pelitic petrofacies is not a distinct stratigraphic layer above the clastic petrofacies as in the
Lookout Mountain area. Rather, it crops out as relatively thin layers in the quartzo-feldspathic
schist of the clastic petrofacies. The malic schist of the volcamc petrofacies occurs along the
contact of the Cascade River unit with Marblemount Meta-Quartz Diorite and with the Magic
Mountain Gneiss which suggests that these two units have a similar igneous origin. Outcrop
patterns within the Magic Mountain Gneiss and at the contact between the Magic Mountain
Gneiss and the Cascade River unit indicate primary intrusive relations. Fabric that could be
related to thrusting was not observed at the contact
The nature of the contact between the Napeequa unit and the Cascade River unit is
unresolved. I think the weight of evidence supports the interpretation of Tabor et al. (1988)
that the Cascade River unit was deposited on the protoliths of the Napeequa umt and the
Marblemount Meta-Quartz Diorite, and that in the Johannesburg Mountain area the Napeequa
unit crops out in the core of an anticline. An alternative interpretation is that the Napeequa
unit was thrust on the Cascade River unit and both units were folded into a synform.
Evidence compatible with this interpretation is the meta-ultramafite within the Napeequa umt.
Middle-amphibolite grade metamorphism affected a narrow zone along the northeast
margin of the study area that is paraUel to the Eldorado pluton. Metamorphic grade decreases
rapidly from there to the southwest. Isograds defining metamorphic zones crosscut all
lithologic and structural contacts of the metamorphic rocks. The isograd patterns suggests that
all the lithologic units were juxtaposed prior to the metamorj^c event that resulted in the
isograds. Evidence that might link the metamorphic gradient with the formation of the
metamorphic fabric of the study area is not conclusive. The fabric within the Magic Mountain
Gneiss and at the contact between the Cascade River unit and the Magic Mountain Gneiss is
parallel to the contact, which defines a folded, sub-horizontal surface. Two possible
explanation for this fabric arei (1) the fabric formed during a tectonic event prior to the
transpressive event that formed the regional northwest-southeast striking, steeply dipping
fabric, and was preserved by strain partitioning during the latter event; or (2) the fabric
resulted from a tectonic event not recognized regionally, which followed the formation of the
regional northwest-southeast fabric.
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The most significant regional question is the cause of the high-pressure and
temperature metamorphism in the Crystalline Core. In the study area high-grade
metamoiphism affected an area parallel to the Skagit metamorphic suite and down gradient
from the highest grade rock in the Skagit metamorphic suite. Metamorphic grade continues to
decrease to the southwest, away from the Skagit. The Magic Mountain Thrust of Tabor (1961)
and other thrust faults in the Cascade River area were suggested by McGroder (1988) as
evidence that the Crystalline Core formed as a result of loading by thrust sheets that produce
high-grade metamorphic conditions. McShane (1992) demonstrated that the contact between
the Eldorado pluton and the Skagit Gneiss was an intrasive contact and not a thrust as
previously thought. This study foimd no evidence that the contact between the Cascade River
unit and the Magic Moimtain unit is a thrast fault. Moreover, because metamorphic isograds
cross cut the contact, if thrusting had occurred it had to have been before the high-grade
metamorphism and would not have contributed to the loading. There is no direct evidence
within the study area for the origin of the metamorphic gradient or a cause of loading for the
Crystalline Core.
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APPENDIX 1

Mine(dlAs$embiage$
The loc^ion of each sample is given in Plate 2 (Sample Ske Map).
Abbeviafons- quailz (qtz), plagiodase (pig). epkJote (epd), muscovite (musco), chbite
(cN; Mg-magnesium, Fe-kon), biotite (bio), actinofite (act), hornblencie (hbl), garnet (gar),
opaque (opq). ^aurite (stais).
X,}c s greater or less than 10%, respectively. An - microprobe determined anortNte compon^
of plagioclase. AM « mictoprobe determined amphbole composition.
Colection numbers: 171 =B. E. Doug3n;1G4 = E. H. Brown; RT = R. W. Tabor.
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Chemical Composition of Minerals
Sample
#
Rock unit
Mineral
SiO
A120
TiO
FeO
MnO
MgO
CaO
Na20
K20

171-88
Napeequa unit: garnet- biotite schist
Plaqioclase
Garnet (c) Garnet (r) Biotite
37.939
21.26
0.118
26.889
7.342
1.561
5.973
NA
NA
101.08

37.822
21.403
0.107
28.713
5.101
1.724
6.151
NA
NA
101.02

36.188
18.197
1 . 883
19.292
0.115
10.231
NA
0.075
8.673
94.654

63.128
22.986
NA
NA
NA
NA
4.397
9.102
0.091
99.704

Mineral Formula
Si
A14
A16
Ti
Fe
Mg
Mn
Ca
Na
K

•

6.03
NA
3.98
NA
3.57
0.37
0.99
1.02
NA
NA
n=l

6.01
1.44
1.58
0.24
2.68
2.53
0.02
NA
0.03
1.84

6
NA
4.01
NA
3.63
0.41
0.68
1.04
NA
NA
n=2

n=3

(c) garnet cor©
(r) garnet rim
NA
not analyzed
n
number of analyse
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NA
NA
NA
NA
NA
NA
NA
0.21
0.78
NA
n=3

Chemical Composition of Minerals
Sample #
Rock unit
Mineral
SiO
A120
TiO
FeO
MnO
MgO
CaO
Na20
K20

171-20 B
Bench Lake/Napeequa miqmatite: mafic schist
Biotite
Garnet (r) Garnet (c) Hornblende
37 . 197
0.093
20.978
25.303
2.964
1.804
11.016
NA
NA
99.36

36 . 601
0.166
20.613
19.877
11 . 682
0.808
9.410
NA
NA
97.66

41 . 122
1 . 553
11 . 750
18 . 829
0 . 367
7 . 876
11 . 733
1 . 466
1 . 684
96;. 38

36.208
2.124
15.067
21.408
0.251
10.695
NA
0.103
9.187
95.04

6.380
1.620
0.528
0.181
2.440
1.820
0.048
1.950
0.441
0.334

NA
NA
NA
NA
NA
NA
NA
282
692
030

6.108
1.892
1.103
0.269
3.020
2.690
0.036
NA
0.034
1.977

Mineral Formula
Si
A14
A16
Ti
Fe
Mg
Mn
Ca
Na
K

5.960
NA
3.960
NA
3.390
0.431
0.402
1.890
NA
NA
n=3

n=l

(c) garnet core
(r) garnet rim
NA
not analyzed
n
number of analyse
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0
0
0

,.
.
.

n=3

n=3

Sample #
Rock unit
Mineral
SiO
A120
TiO
FeO
MnO
MgO
CaO
Na20
K20

171-23 B
Bench LakeXNapeequa mi gamtite: mafic schist
Garnet (r) Hornblende Plaqioclase
37.436
0.075
20.921
24.891
1.349
1.582
13.132
NA
NA
99.38

40.654
1.000
13.649
20.153
0.177
6.324
11.664
1.277
1.825
96.91

60.562
NA
25.388
NA
NA
NA
6.809
7.426
0.356
100.52

6.290
1.710
0.760
0.140
2.610
1.460
0.023
1.930
0.383
0.360

NA
NA
NA
NA
NA
NA
NA
0.332
0.640
0.017

Mineral Formula
Si
A14
A16
Ti
Fe
Mg
Mn
Ca
Na
K

5.980
NA
3.940
NA
NA
0.377
0.182
2.250
NA
NA
n=2

n=2

n=2

(r) garnet rim
NA
not analyzed
n
number of analyse
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Chemical Composition of Minerals
Sample #
Rock unit
Mineral
SiO
A120
TiO
FeO
MnO
MgO
CaO
Na20
K20

RT 48~A-58
Cascade River unit ;
Garnet (r) Biotite
37 . 283
20.996
0 . Ill
32.543
0.803
1.713
6 . 498
NA
NA
99.947

35.298
19.580
2.232
19.410
0.031
9.054
NA
0.263
8.866
94.734

mica schist
Muscovite
46.010
35.270
0.436
1.379
0.001
NA
0.999
0.488
8 . 474
93.057

Plaqiociase
61.243
23.509
NA
NA
NA
NA
5.370
8.591
0.068
98.781

Mineral Formula
Si
A14
A16
Ti
Fe
Mg
Mn
Ca
Na
K

6.00
NA
3.98
NA
4.38
0.41
0.11
1.12
NA
NA
n=4

(r) garnet rim
NA
not analyzed
n
number of analyse

5.87
2.13
1.71
0
2.7
2.25
0.01
NA
0.08
1.88
n=2

6.75
1.25
4.85
0.05
0.22
NA
NA
0.14
1.59
NA
n=l

NA
NA
NA
NA
NA
NA
NA
0.27
0.74
NA
n=4

Chemical Composition of Minerals
Sample #
Rock unit
Mineral
SiO
A120
TiO
FeO
MnO
MgO
CaO
Na20
K20

RT 99~B-58
Cascade River unit:
mica schist
Garnet (r) Hornblende Biotite
36.399
20.760
0.059
28.464
4 . 226
1.573
6.939
NA
NA
98.42

Plaqioclase

40.514
17.164
0.356
18.755
0.181
6.311
10.980
1.640
0.482
96.383

33.962
16.658
1 . 763
20.688
0.058
10.131
NA
0.080
8.547
91.887

62.698
22.726
NA
NA
NA
NA
NA
9.153
0.063
94.64

6.18
1.82
1.26
NA
2.39
1.44
0.02
1.79
0.48
0.09

5.91
2.09
1.32
0.23
3.00
2.62
0.01
NA
0.02
1.90

NA
NA
NA
NA
NA
NA
NA
0.21
0.79
NA

Mineral Formula
Si
A14
A16
Ti
Fe
Mg
Mn
Ca
Na
K

5.95
NA
4.00
NA
3.89
0.38
0.58
1 . 21
NA
NA
n=2

(r)
NA
n

garnet rim
not analyzed
number of analyse

n=2

n=2

n=4

