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Abstract

In this thesis the problem of the timing and mechanism of orogeny in
the Skagit Gneiss of the North Cascades, Washington, is addressed by
investigating plutonism and metamorphism in the vicinity of Eldorado
Peak.
The primary finding of this project is that the 88-90 Ma Eldorado
pluton was intruded, not faulted, into the Cascade River Schist and
Skagit Gneiss.

Intrusion is indicated by cross-cutting of foliations in

country rock by the pluton, apophyses of Eldorado pluton in the country
rock, and xenoliths of local country rock in the pluton.

Detailed

mapping shows that the Eldorado pluton does not cross-cut younger
internal contacts within the Skagit Gneiss as previous reconnaissance
mapping had indicated.
Shallow emplacement of the Eldorado pluton is indicated by several
features:

1) presence of andalusite (now pseudomorphed) in a contact

aureole (P < 3.7 kb); 2) garnet - alumino silicate - plagioclase (GASP)
barometry on garnet cores indicates low pressure (3-4 kb) in the contact
aureole; 3) lack of magmatic epidote in the pluton (P < 6 kb); and 4)
aluminum content of magmatic hornblende in the pluton (P = 4-5 kb).
Subsidence of the Eldorado Peak area and the subsequent highpressure metamorphism of the Skagit Gneiss and Cascade River Schist
occurred after intrusion of the Eldorado pluton.
includes:

Evidence for this

1) overprinting of andalusite by kyanite in the Eldorado

pluton contact aureole; 2) GASP barometry on garnets in the contact
aureole indicates that the rims grew under high pressure conditions (P =
7.2 kb); and 3) intrusion at deep level of the adjacent Marble Creek
pluton at 75 Ma and the Haystack pluton at 71 Ma, both of which are
epidote bearing.
These findings constrain the timing of subsidence in this part of
the Skagit Gneiss belt to a period between 90 and 75 Ma.

This event is

later than subsidence of high-grade rocks south of the Entiat fault, 30-

iv

50 km to the southwest, which contain 93-96 Ma epidote-bearing plutons
and was uplifted by 70-80 Ma.

This study indicates that the subsidence

and uplift of the North Cascades Crystalline Core are localized and
diachronous and therefore cannot be explained by a single regional over
thrust event.
Mapping of the Cascade River Schist shows that it is gradational
with the Skagit paragneiss.

This finding is in agreement with the view

of Misch (1966) that the Skagit paragneiss is a higher metamorphic grade
equivalent of the Cascade River Schist.

Lithologic units in the Cascade

River Schist are interpreted to be part of a submarine fan complex with
lithologic units in the Cascade Pass area representing a proximal
portion of the fan and lithologic units along the Marble Creek Newhalem Creek divide representing a more distal portion of the fan.
Foliations in the area are predominantly northwest-striking and dip
steeply to the southwest.

Lineations are not common, but where they are

present they are subhorizontal and southeast-northwest trending.
Conglomerate clasts indicate a strong flattening fabric in the highgrade schists.

This flattening fabric is overprinted by discrete

dextral shear zones of both high and low metamorphic grade.
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INTRODUCTION

The Eldorado Peak area lies along the northeastern side of the
Cascade River drainage in the Crystalline Core of the North Cascades
Mountains of Washington State (fig. 1).

The Crystalline Core is a

fault-bounded wedge of schists and gneisses that have been intruded by
granitic plutons in the mid-Cretaceous to early Tertiary.

Several

terranes make up the Crystalline Core (Tabor et al., 1987).

The

protoliths of these terranes are mostly oceanic and are at least in part
Triassic (Mattinson, 1972; Dragovich et al., 1989).
ranges from greenschist to amphibolite facies.

Metamorphic grade

Pressures and

temperatures as high as 8-9 kbar and 720° C have been reported for the
metamorphism in parts of the Crystalline Core (Whitney and McGroder,
1989; Dragovich, 1989). This high pressure-temperature metamorphism
occurred during mid to late Cretaceous time.

Misch (1977) identified

premetamorphic, synmetamorphic and post-metamorphic plutons in the
Crystalline Core.
The Crystalline Core is separated from the Methow basin and the
Hozameen terrane to the east by the Ross Lake fault.

The Methow basin

contains a thick sequence of Jurassic to Tertiary sediments.

McGroder

(1989) interpreted folds and thrusts in the Methow to be of midCretaceous age.
To the west, the Crystalline Core is separated from the rocks of the
Northwest Cascades System by the Straight Creek - Fraser River fault, an
Eocene dextral strike-slip fault.

If the 110 - 190 Jem of offset along

the Straight Creek - Fraser River fault is removed, it is apparent that
the Crystalline Core is an extension of the Coast Plutonic Complex of
British Columbia which continues for 1500 Jem to the northwest.

The

Northwest Cascades System is a tectonically imbricated thrust stack of
late Paleozoic and Mesozoic intraoceanic terranes (Misch, 1966; Brown,

1

Figure 1. Regional tectonic map showing the major tectonic elements
of northwest Washington and southwest British Columbia. CPC = Coast
Plutonic Con^lex, CC = Cascades Crystalline Core, C2 = Cenozoic, NWCS =
Northwest Cascades System, WR = Wrangellia, N = Naniamo, PR = Pacific
Rim, BR — Bridge River, HZ = Hozameen, MT = Methow, QN = Quesnellia, RLF
= Ross Lake Fault, OCB = Omenica Crystalline Belt, SCF = Straight
Creek - Fraser River Fault.
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1987).

Parts of this thrust stack have undergone blueschist

metamorphism.

Imbrication of the Northwest Cascades System post-dates

the blueschist metamorphism and is thought to be mostly mid-Cretaceous
(Misch, 1966; Brown, 1987).

Two interpretations have been given for the

direction of thrusting in the Northwest Cascades System: 1) west to
southwestward, normal to the orogen with a root to the northeast
(Brandon and Cowan, 1985;
1989;

Whitney and McGroder, 1989; Rubin et al,

McGroder, 1991), and 2) northwestward, parallel to the orogen

(Brown, 1987; Maekawa and Brown, 1991).
The orogenic mechanism that caused the deformation of rocks, highpressure metamorphism and plutonism in the Crystalline Core and Coast
Plutonic Complex has been variously interpreted (Fig. 2).

In one model,

it is viewed as a contractional orogen caused by the collision of
Wrangellia with North America (Misch, 1966; Monger et al., 1982; Whitney
and McGroder, 1989; Rubin et al., 1989; McGroder, 1991).

According to

this hypothesis, the Crystalline Core represents a large contractional
welt, with high pressure-tenperature metamorphism produced by tectonic
crustal thickening.

McGroder and Whitney (1989) and McGroder (1991)

proposed that the Northwest Cascades System thrusts were rooted east of
the Crystalline Core, and the high pressures observed in the Crystalline
Core were caused by the Northwest Cascades System being thrust over the
rocks in the Crystalline Core.

As metamorphism was waning, the

collision zone was heavily intruded by granitic plutons.
An alternative model is that the high pressure metamorphism in the
Crystalline Core and Coast Plutonic Con^lex is related to magmatic
processes and may involve only minor tectonic activity.

In this model

the Northwest Cascades System thrusts and units are unrelated to
structures and units in the Crystalline Core or Methow.

In this view

the Coast Plutonic Complex - Crystalline Core represents an Andean-type
magmatic arc developed along an oblique convergent zone (Nelson, 1979;
Armstrong, 1988; Brown and Talbot, 1989; Brown and Walker, 1991).

3

Figure 2a. Tectonic model for the region during mid-Cretaceous
orogeny, from Maekawa and Brown (1991). F = Farallon plate, WR =
Wrangellia, SJ = San Juan Islands, and NW Cacades, CPC = Coast Plutonic
Complex, CC = Crystalline Core.

CASCADE MTS.
<IOU«< r«cbt
•t

Ot

Whitney and McGroder (1989
Cartoon crosssection showing location
w
ol our composite crustal
section and reconstructed
structure of Insular (IN)Intermontane (IM) suture
zone. NWCS - Northwest
Cascades thrust system; SK = Skagit Gneiss; MT = Methow basin; HZ = Hozameen terrane. In our
analysis, we assign Skagit to same structural block as Insular superterrane, but true nature ol
their association is uncertain.

Figure 2b. Contractional models for the mid- Cretaceous orogeny in the
Pacific Northwest.
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This thesis builds on previous work done in the Cascade River area
(Misch, 1966; Tabor, 1961; Tabor et al., 1989; Brown and Talbot, 1989;
Dragovich, 1989; Cary, 1990) and is part of a long-range objective of
faculty and students at Western Washington University to determine the
orogenic mechanism for the formation of the Crystalline Core and Coast
Plutonic Cortplex.
The geology of the Eldorado Peak area provides data critical for
evaluating the different models for the orogeny that formed the
Crystalline Core and Coast Plutonic Complex.

A large part of the study

area contains the Eldorado pluton, a hornblende-biotite tonalite to
granodiorite gneiss.

The Eldorado pluton has been U/Pb zircon dated at

two localities as 90 Ma (Mattinson, 1972) and 88 Ma (Haugerud et al,
1988).

The Eldorado pluton lies along the western flank of the high-

grade Skagit Gneiss and separates the Skagit Gneiss to the east from the
Cascade River Schist to the west (Fig. 3). The Skagit Gneiss is a
complex of metamorphosed plutons and migmatitic paragneisses intruded by
pegmatite dikes and sills. A maximum pressure of 8-9 kbars has been
reported for the metamorphism of the Skagit Gneiss (Whitney and
McGroder, 1989) .

The Cascade River Schist has been divided into two

units: the Cascade River unit and the Napeequa unit (Tabor et al.,
1989) .

The Napeequa unit is conposed of cjuartz-rich mica schist,

quartzite and fine grained amphibolite.

In the Cascade River area, the

Napeequa unit does not contain mappable stratigraphy but does include
characteristic scattered pods and lenses of ultramafic rock (Dragovich,
1989).

In contrast, the Cascade River unit does contain mappable

stratigraphy that includes a distinctive granitoid-clast
metaconglomerate along with pelites, metasandstones and raetavolcanic
rocks.

Pressures of 8-9 kbar have been reported for the Cascade River

Schist east of the Entiat fault (Dragovich, 1989).
The Eldorado pluton has previously been mapped as fault-bounded,
based on its gneissic margins and reconnaissance mapping that indicated

5

12:‘ 4'

Figure 3. Geology of the Eldorado Peak area after Misch (1966),
Tabor (1961), Tabor and others (1989), Dragovich (1989) and this study.
CRS = Cascade River unit of the Cascade River Schist, c = clastic
facies, p = pelitic facies, v = volcanic facies, MMG - Magic Mountain
Gneiss, MMQD = Marble Mount Meta-Quartz Diorite, Nap » Napeequa unit of
the Cascade River Schist, SO = Skagit orthogneiss, SP = Skagit
paragneiss, and Tg = Cascade Pass Dike.
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that the Eldorado pluton appears to truncate younger orthogneisses
(Misch, 1966; Misch, 1977; Tabor et al., 1989).

Two other plutons in

the area are the 75 Ma Marble Creek pluton and the 71 Ma Haystack
pluton.

Both plutons contain magmatic epidote indicating deep

emplacement.

Misch (1977) interpreted the Marble Creek pluton as being

prekinematic and the Haystack pluton as being late synkinematic.
This thesis dociaments the contact relations around the margins of
the Eldorado pluton and the intrusive relationship of the Eldorado
pluton with the Cascade River Schist and Skagit Gneiss.

In addition,

metamorphism in part of the Cascade River Schist is described and
related to the intrusion of the Eldorado, Marble Creek, and Haystack
plutons.
Fabrics in the Haystack, Eldorado, and Marble Creek plutons are
evaluated with regard to the regional fabric and metamorphism contained
in the host Cascade River Schist.

The age and depth of these plutons

along with other plutons in the Crystalline Core provides data that can
be used to construct a time-depth profile across the Crystalline Core.

ELDORADO PLUTON

Introduction

Most of my study was concentrated along the contacts of the Eldorado
pluton (EP) with the adjacent schists and gneisses.

These contact

relations were examined in order to determine the emplacement history of
the EP and its bearing on questions about orogenic mechanisms in the
Crystalline Core of the North Cascades.
The EP is an elongate body ranging in conposition from hornblendebiotite tonalite to granodiorite.

U-Pb zircon age determinations have

yielded dates of 90 Ma (Mattinson, 1972) and 88 Ma (Haugerud et al.,
1988).

The EP has previously been mapped as fault-bounded, based on its

7

gneissic margins and reconnaissance mapping that indicated its apparent
cross-cutting of younger contacts between Skagit orthogneiss and
paragneiss (Misch, 1966; Tabor and others, 1989).

This section

describes the EP and documents that the EP is intruded, not faulted,
into its present position.

Evidence for relatively shallow syntectonic

emplacement prior to high pressure metamorphism is presented, and an age
bracket for the high-pressure metamorphism of this part of the
Crystalline Core is proposed.

Evidence for intrusion

The contact of the EP with host rocks was directly observed at four
localities (Fig. 3):

1) at the head of the Newhalem Creek drainage, 2)

just northwest of the Triad, 3) near the Borealis Glacier, northeast of
Primus Peak, and 4) at the head of the Park Creek drainage.
At the head of Newhalem Creek the contact between the EP and host
Cascade River Schist is very well exposed for a distance of 250 meters.
The contact between the EP and the Cascade River schist is clearly
intrusive.

The EP cross-cuts the foliation in the host Cascade River

Schist (Fig. 4); large apophyses of EP are observed in the Cascade River
Schist (Fig, 5); and xenoliths of Cascade River Schist are observed in
the EP (Fig. 6).

There are no tectonic contacts or shear zones along

this outstanding exposure.
Northwest of the Triad, shear zones can be seen in the host Cascade
River Schist near the EP contact, but at the contact itself the same
intrusive relationships observed at the head of Newhalem Creek can be
seen (Fig. 7).

The exposure of the contact is more limited at this

location than at Newhalem Creek, but no tectonic contacts are present.
Near the Borealis Glacier, the contact is obscured by a large amount
of pegmatite which is associated with the EP contact on the north and
east sides of the pluton and by the Borealis Glacier which covers the

8
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Figure 6. Foliated xenolith of Cascade River Schist within the
Eldorado pluton at the headwaters of Newhalem Creek.

Figure 7. Dikes and apophyses of Eldorado pluton intruded into the
Cascade River Schist northwest of the Triad.
10

contact.

At this location, the EP, pegmatite, and Skagit paragneiss are

intrusively interlayered parallel to the foliation. The EP and Skagit
paragneiss were seen in direct contact at two locations.

At both

locations small apophyses of EP cross-cut foliation in the Skagit
paragneiss.

Although both the EP and the Skagit paragneiss are clearly

deformed, the contact between them is not sheared.

Post tectonic

garnets in skarns in the paragneiss also suggest an intrusive
relationship, but the development of the skarns may be related to the
injection of the pegmatites.
At the head of the Park Creek drainage, the EP is in direct contact
with Skagit orthogneiss.

Numerous cross-cutting intrusive relationships

are observed here, but some of the cross-cutting may be internal
contacts within the Skagit orthogneiss.

This uncertainty is due to the

difficulty in discerning EP from Skagit orthogneiss and a large number
of post-tectonic dikes which make up greater than 50% of the outcrop and
have caused extensive hydrothermal alteration of the host orthogneisses.
Reconnaissance mapping by Tabor et al.

(1989) indicated that the 88

Ma EP cross-cut younger Skagit orthogneiss-paragneiss contacts.
apparent cross-cutting of younger contacts led Tabor et al.
interpret the EP as being fault bound.

This

(1989) to

Detailed mapping for this

project of the Skagit orthogneiss-paragneiss contact in the Newhalem
Creek drainage and around the Borealis Glacier shows that the EP does
not cross-cut the Skagit orthogneiss-paragneiss contacts (Figs. 8 and
9) .
Along the southwest margin of the EP, in the vicinity of Cascade
Pass, the EP is clearly sheared and in places is mylonitic (Fig. 10).
In addition, along some of the screens of country rock within the
pluton, the EP is strongly foliated.

It is clear that this part of the

pluton has undergone strong deformation since emplacement.

The contact

is not exposed in this area so emplacement at this locality is
uncertain.

11
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Figure 8. Geologic map of the Borealis Glacier area northeast of
Primus Peak based on detailed mapping for this study.
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48" 35

Figure 9. Outcrop map of upper Newhalem Creek. Observed outcrops
are shovm by patterns. Blank area represents concealed or otherwise
unknown bedrock geology. H = metamorphosed hornblede diorite.
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Figure 10a. X-Z section of highly strained Eldorado pluton from the
southwest margin of the pluton near Cascade Pass. Rock is composed of
stretched cataclastic plagioclase and quartz in a mylonitic matrix of
chorite with remnant hornblende and biotite. Sample 169-1.
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The evidence cited above clearly indicates that most of the EP is
not fault bounded.

The mylonitic margin in the Cascade Pass area may

have been caused by the focussing of deformation along the cooler pluton
margin during or shortly after emplacement.

Lithology

The EP has been weakly to strongly recrystallized and is mostly an
orthogneiss.

In areas where recrystallization is weak, the EP is a

hornblende-biotite tonalite to granodiorite.

Weakly recrystallized and

relatively unfoliated rocks are found only in the internal parts of the
pluton at least 1/2 km from the contact with the country rock and make
up about 30% of the pluton.

These rocks display hypidiomorphic textures

with some subgrain development of quartz and feldspar and consist of
hornblende (10-15%), biotite (10-15%), plagioclase (30-50%), quartz (1525%), K-feldspar (2-15%) and sphene (2-5%)

(Figs. 11a and 11b).

The least deformed rocks do however contain a fabric.

Prismatic

hornblende and aggregates of biotite are commonly aligned in a
subhorizontal, northwest-southeast lineation. This lineation is also
defined by twinned plagioclase laths observed in thin section (Fig. 12).
Therefore, at least where aligned twins are observed, the fabric is
apparently due to igneous flow (Patterson et al., 1989).

The EP margins show a high degree of strain and are, except for the
northwest margin of the pluton, well foliated and recrystallized (Figs.
10 and 13).

Discrete zones of well foliated and recrystallized rock can

be seen in the internal parts of the pluton as well (Fig. 14).
The highly strained EP rocks are cataclastic to mylonitic.
Plagioclase and aggregates of recrystallized plagioclase can be seen as
augen in a mylonitic matrix of biotite, hornblende, epidote and finer
grained plagioclase and ribbon quartz.

In thin section the augen are

either original igneous plagioclase or recrystallized to a mosaic of
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Figure 11b. Undeformed Eldorado pluton. Sample 169-93 from the
internal part of the pluton 2 Km west of Eldorado Peak.

17

_ Figure 12. Aligned twinned plagioclase in Eldorado pluton indicating
igneous flow fabric. Saiiple 169-El from the Marble Creek - Newhalem
Creek divide.
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Figure 13a. X Z section of moderately deformed
the northeast margin of the pluton near Primus Peak Eldorado pluton from
. Sample 169-64b.

Figure 13b.

Photomicrograph of X-Z section of sample 169-64b.

plagioclase subgrains (Fig. 10b).

The augen are commonly stretched in a

subhorizontal northwest-southeast lineation (Fig. 10a).
Biotite and hornblende are recrystallized in the well foliated rock
and commonly are aligned in a subhorizontal, northwest-southeast
lineation.

Along the southwest margin of the pluton, chlorite can be

seen replacing biotite and hornblende and in some rocks is the only
mafic mineral.

All parts of the EP show at least some evidence of metamorphism.
Small grains (<lmm) of epidote can be seen replacing plagioclase
throughout the pluton.

This replacement varies from a few grains of

epidote to nearly 30% of the plagioclase crystal and often follows
compositional zones within the plagioclase.

Larger grains (up to 2mm)

of epidote replacing hornblende occur in well foliated EP.
Large screens of country rock, some partly digested, are found
within the pluton (Figs. 15 and 16).

These screens are hundreds of

meters long and up to 20 meters wide.

The screens are composed of

amphibolites, marbles, and cherts and trend parallel to the regional,
steeply dipping, northwest striking foliation found in the deformed
rocks of the EP and the Cascade River Schist.

The EP rocks immediately

adjacent to these screens are commonly mylonitic.
Nearly all foliations, both solid state and igneous, in the EP are
northwest striking and dip steeply to the southwest. Both solid-state
and magmatic lineations are subhorizontal and northwest-southeast
trending (Fig. 17).

S-c fabrics are common and indicate a dextral shear

sense (Fig. 18).

Emplacement

Depth of Emplacement
The EP was enplaced at a relatively shallow depth, as indicated by
three independent geologic features.
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First is the lack of magmatic

Figure 14. Discrete shear zone in otherwise unfoliated Eldorado
pluton 3 Km southeast of Eldorado Peak.

Figure 15. Screen of partially resorbed amphibolite and marble in
the Eldorado pluton near Eldorado Peak.
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Figure 16. Amphibolite screen of Skagit paragneiss within the
Eldorado pluton. Foliation within the an^hibolite is cross-cut by the
pluton.

Figure 17. Map showing showing the foliations and lineations in the
Peak area. Fabric within the pluton is concordant with the
regional fabric.
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Fi^re 18a. S-c fabric along the edge of a discrete mylonitic
shear
zone indicating dextral shear sense. Sample locality 169—219.

Figure 18b. Photomicrograph of above sample showing S-c fabric
indicating dextral shear sense. Larger clear grains are augens of
plagioclase. The mylonitic matrix is corr^sosed chiefly of hornblende,
biotite and quartz ribbons.
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epidote in the EP.

The EP has the mineral ingredients that would

produce magmatic epidote under high pressures:

hornblende, K-feldspar,

plagioclase, and magnetite (Zen and Hammarstrom, 1984) .

Epidote occurs

throughout the pluton as a metamorphic mineral replacing plagioclase or
hornblende, however this epidote does not meet the criteria put forth by
Zen and Hammarstrom (1984) for magmatic epidote.

In unfoliated EP roclcs

the epidote occurs only as tiny replacement grains in plagioclase.
Larger (l-2mm) epidote replacing hornblende occurs only in well-foliated
EP.

The lac)c of magmatic epidote in the EP indicates that the EP

crystallized at a pressure of less than 6 kbar (Zen and Hammarstrom,
1988).

This pressure is less than the 7-9 kbar pressures recorded in

the adjacent schists and gneisses (Whitney, 1989; Dragovich, 1989; this
study).
Hornblende barometry (Johnson and Rutherford, 1989) on undeformed
sart^'les of the EP provides a second indicator of relatively shallow
emplacement.

Six samples were analyzed (appendix 1).

Five samples

yield hornblende compositions indicative of pressures of 4.1-4.8 Icbar,
Two analyses of low-Al hornblende were eliminated as probably
metamorphic.

Because of the long metamorphic history of the EP, these

hornblendes may not represent conditions of igneous crystallization.
However, the pressures obtained are consistent with the lack of igneous
epidote.
A third indicator of shallow intrusion by the EP is the occurrence
of andalusite (pseudomorphed by later kyanite and muscovite) in a
garnet-staurolite schist contact rock (Fig. 19).

This occurrence is

within 30 meters of EP outcrop on the southwest side of the pluton near
the confluence of the North Fork of the Cascade River and Hidden Lake
Creek. This schist contains porphyroblasts of garnet, staurolite, and
pseudomorphed andalusite in a fine-grained, well-foliated matrix of
graphite, biotite, muscovite, plagioclase, and cjuartz.

The andalusite

porphyroblasts are 5mm across and have been replaced by kyanite.
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Figure 19. Photomicrograph of sample 169-HLa showing outline of
former andalusite pseudomorphed by later kyanite. Garnet cores yield
pressures of 2.9-4.4 Kbar (GASP). Garnet rims yield pressures of 7.2
Kbar (GASP). Sample was collected near the confluence of Hidden Lake
Peaks Creek and the North Fork of the Cascade River at the contact
between the Cascade River Schist and the Eldorado pluton.
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muscovite and staurolite.

The presence of andalusite in the contact

aureole indicates that these rocks were intruded at a pressure of less
than 3.7 kbar (Holdaway, 1971).
The garnets in this rock are strongly zoned, and have idioblastic
growth rims.

The matrix plagioclase and biotite are fine grained and

are homogenous in composition.

Thermobarometry using the following 2

exchange equilibria and calibrations was applied to the garnet and
matrix plagioclase and biotite:
1) grossularite + aluminum silicate + quartz = anorthite (GASP).

The

calibration used is that of Ghent (1976) and Ghent and others
(1979).
2) almandine + phlogopite = pyrope + annite (GABIOT).

The calibration

used is that of Ferry and Spear (1978)
Garnet core compositions (see appendix 1) yield P-T values of 2.9 4.7 kbar (GASP) and 540° C (GABIOT)

(Fig. 20).

The 4.7 kbar pressure is

derived by using the highest Ca analysis for a garnet core and matching
it with fine-grained matrix plagioclase.

A more anorthitic plagioclase

early in the metamorphic history is suggested by the argument of Spear
and others (1991) that the Ca-rich garnet rims would have grown at the
expense of the anorthite conponent of matrix plagioclase and thus
lowered the anorthite component to its present 32%.

If the early matrix

plagioclase is assumed to have had 40% anorthite composition, the
matching of the average Ca analysis for the garnet cores with this
projected anorthite content yields a pressure of 2.9 kbar.
The 2.9 - 4.7 )cbar pressure and 540°C temperature derived from the
garnet cores fits fairly well with the upper stability field of
andalusite of 3.0 - 3.7 kbar and 450°- 550°C.

These relatively low

metamorphic pressures are also in reasonable agreement with the lack of
magmatic epidote and low A1 in hornblende in the EP.

Taken together

this data provides solid evidence for a relatively shallow emplacement
(10-15 km) of the EP compared to the high pressure metamorphic
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Figure 20. P-T plot for garnet cores and rims for samples 169-HLa
and 169-HLf determined from the exchange equilibria grossularite +
aluminum silicate + quartz = anorthite (GASP) and almandine + phlogopite
= pyrope + annite (GABIOT). GASP calibration is that of Ghent (1976)
and Ghent and others (1979). GABIOT calibration is that of Ferry and
Spear (1978) .
GASP-A An=40
GASP-A An=32
GASP-K:

Aluminum silicate is andalusite, anorthite
content of plagioclase is 40, and Ca content of garnet
is the average of all the cores analysed.
Aluminum silicate is andalusite, anorthite content of
plagioclase is 32, and Ca content of garnet is the
highest of all the cores analysed.
Aluminum silicate is kyanite, anorthite content of
plagioclase is 32, and Ca content of garnet is the
average of all the rims analysed.
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conditions recorded in the schists adjacent to the pluton.
This schist records a high-pressure overprint.

Garnet rim

compositions matched with matrix plagioclase and biotite (see appendix 1
for mineral compositions) yield P-T values of 7.2 kbar (GASP) and 550°C
(GABIOT)

(Fig. 20).

This is consistent with the overprinting of

andalusite by kyanite.
Emplacement Tectonics
A syntectonic err5>lacement of the EP is supported by the following
observations:

1) the EP contains parallel magmatic and solid-state

foliations; 2) both the magmatic and solid-state foliations found in the
EP are parallel to the regional foliation (Fig. 20); 3) the long axis of
the intrusion is parallel to the regional foliation; 4) localized S-C
orthogneisses and mylonites that cross-cut a primary homogenous
foliation (Gaspais and Barbarin, 1986)

(Figs. 14 and 18); 5) at the

north end of the pluton foliations in the country rock paragneiss are
deflected toward the northeast indicating the possible existence of a
cleavage triple point; and 6) with the exception of discrete shear zones
most of the deformation in the EP is focused on its margins.
None of these criteria alone can be used as evidence for syntectonic
emplacement (Patterson et al., 1989; Patterson and Tobisch, 1988).

A

syntectonic interpretation is further complicated by the high pressure
metamorphism that took place after the intrusion and by the long lived
nature of deformation in the Crystalline Core.
The shallow enplacement of the EP provides a maximum age limit for
the loading of this part of the Crystalline Core. Several observations
indicate that the loading in the Eldorado Peak area occurred after the
intrusion of the EP.
aureole.
7.2 kbar.

Kyanite overprints andalusite in the EP contact

Geobarometry on garnet rims in this rock yields a pressure of
Another indicator that the loading of this part of the

Crystalline Core occurred after the eir^lacement of the EP is the
intrusion of the adjacent, deep-level, epidote-bearing Marble Creek,
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Haystack, and Hidden Lake Peaks plutons between 75 Ma and 71 Ma. The low
pressure intrusion of the EP at 88 Ma and the high pressure intrusion of
the Marble Creek pluton at 75 Ma constrains the loading of the CC in the
Eldorado Peak area between 88 Ma and 75 Ma (Fig. 21).

Summary

The primary findings in the Eldorado Peak area are that:

1) the 90

Ma Eldorado pluton (EP) is intrusive, not faulted, into the country
rock, 2) the EP was emplaced at mid-crustal levels (10-15 Jem) compared
to the lower crustal depths of 25-30 Jon that have been determined for
the metamorphism in the host Skagit Gneiss (Whitney, 1989) and Cascade
River Schist (Dragovich, 1989, this study) and 3) emplacement of the EP
occurred prior to high pressure metamorphism.

HAYSTACK PLUTON

Introduction

The Haystack Pluton (HP) discordantly intrudes the Cascade River
Schist in the Little Devil Peak area (Figs. 3).

A U-Pb zircon age of 71

Ma on sample 169-101 (see map for location) was obtained by Nick Walker
(1991, personal communication).

Misch (1979) described the HP as a

late-metamorphic, leucotrondjhemitic orthogneiss.

The pluton is

separated from the 75 Ma Marble Creek Pluton to the southwest by a 30-50
meter wide septum of Cascade River Schist amphibolite.

To the north,

the boundary of the pluton was not delineated by Misch (1979).

Babcock

(personal communication) has field notes indicating that the Haystack
pluton is separated by amphibolitic gneisses from two separate plutons
that crop out on Big Devil Peak and Tee-Bone Ridge.
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Figure 21. Map of the Eldorado, Marble Creek, Hidden Lake Peaks and
Haystack plutons showing ages and crystallization pressures. SO =
Skagit orthogneiss, SP = Skagit paragneiss, CRS = Cascade River Schist,
Nap = Napeequa unit of the Cascade River Schist. Zircon ages (z) are
from Haugerud and others (1988 and in press) except for the Haystack
pluton age determination for this study by N. Walker.
S = Al in hornblende (Johnson and Rutherford, 1989)
# = Garnet - Aluminum Silicate - Plagioclase (Ghent and others, 1979)
(9 =
zircon U-Pb
Ep
= igneous epidote (Zen and Hannnarstrom, 1984).
A-»K = Andalusite pseudomorphed by kyanite
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Lithology

The composition of the HP varies from a biotite-epidote tonalite in
the core to biotite leuco-tonalite at the margins.

Niamerous rafts

and/or septa of amphibolite, marble and ultramafic rock occur throughout
the pluton.

The pluton is generally more leucocratic along the contacts

with these rafts.
Except for a few narrow, discrete shear zones, foliations are rare
in the core of the pluton. Aligned magmatic epidote crystals and biotite
grain aggregates define a nearly vertical magmatic lineation (Fig. 22).
Weak foliations defined by biotite occur along the margins of the
pluton.

These foliations are steeply dipping and are parallel to the

pluton's margin.

A weak down-dip lineation defined by the biotite is

also present in some of the margin rocks.
The pluton contains plagioclase (30-50%), quartz (15-20%), biotite
(5-20%), muscovite (3-15%), epidote (2-10%), sphene (2-5%) and minor
amounts of apatite, K-feldspar, opaque, and secondary
biotite and muscovite.

chlorite after

In the unfoliated rocks, the texture is mediiam

grained and equigranular.

Most of the quartz has a mosaic texture and

rarely exhibits undulatory extinction. Plagioclase is calcic oligoclase
and commonly exhibits oscillatory zoning toward sodic oligioclase rims.
Along the margins of the pluton, plagioclase porphyroblasts (5 mm) are
surrounded by finer grained mosaics of plagioclase, quartz and strung
out ribbons of biotite.

Biotite, muscovite, epidote, and sphene occur

as large, sub- to euhedral grains. In the unfoliated rocks, the biotite
is commonly bent and exhibits undulatory extinction, whereas in the
foliated rocks along the pluton's margin the biotite is undeformed,
indicating recrystallization.
10 mm long.

Epidote occurs as euhedral crystals up to

Most of the larger epidote crystals have allanite cores.

The epidote is commonly in euhedral contact with mats of biotite (Fig.
23).

The overall igneous nature of this pluton and the euhedral
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Figure 23. Photomicrograph of an igneous epidote with a dark brown
allanite core in Haystack pluton. The epidote is in euhedral contact
with boitite indicating an igneous orgin. Sample 169-101.
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occurrence of the epidote with igneous micas and sphene indicates that
the epidote is magmatic.

Because the HP lacks hornblende it does not

have the mineral assemblage discussed by Hammarstrom and Zen (1986) for
the formation of igneous epidote, but it is clear from textural features
that the epidote in the HP is magmatic.

Perhaps all the hornblende that

crystallized in the HP was resorbed into epidote.

Emplacement

The findings of this study support Misch's (1979) view that the HP
was emplaced at a late stage of deformation.
evidence supporting this:

There are three lines of

1) the pluton is weakly recrystallized and

foliated; 2) the pluton clearly cross-cuts foliations in the host
Cascade River Schist; and 3) the regional northwest striking southwest
dipping foliations bend around the pluton's margin.
The presence of magmatic epidote in the HP suggests that the pluton
crystallized at a depth of greater than 6 Kbar (Zen and Hammarstom,
1988) .

In addition metamorphic pressures of 7.8 kbar are reported in

pelitic rocks from the Sibley Creek area just to the south (Dragovich,
1989) and 9.5 kbar just to the north near Alma Creek (Brown, unpublished
data).

Discussion

The deep en^jlacement of the Marble Creek pluton at 75 Ma and the
Haystack pluton at 71 Ma indicates that the Eldorado Peak area was
deeply buried between 75 Ma an 71 Ma.
the nearby Hidden Lake Peaks pluton.
been U/Pb dated by Haugerud et al.

This finding is contradicted by
The Hidden Lake Peaks pluton has

(1991) as 75 Ma, and Dragovich (1989)

reports a pressure of crystallization of less than 4 kbar determined
from one hornblende.

This problem is currently being further
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investigated.

A second hornblende analysis for this investigation also

indicated low pressure crystallization for the Hidden Lake Peaks pluton.
Hornblende is rare in the Hidden Lake Peaks pluton, and it occurs only
in the extreme margins of the pluton where there appears to be diffusion
of country rock elements into the pluton.

Because country rock

diffusion may be responsible for the formation of hornblende, I suspect
that these hornblendes do not give an accurate indication of the depth
of crystallization.

Garnet-hornblende barometry of contact rocks next

to the pluton may help clarify this apparent contradiction.
Both the Haystack pluton and the Hidden Lake Peaks pluton appear to
be late- to post-tectonic plutons, whereas the adjacent 75 Ma (Haugerud
et al, 1991) Marble Creek pluton is more deformed and is interpreted by
Misch (1979) and Cary (1990) as being syntectonic.

Thus the 71 Ma age

for the Haystack pluton supports the hypothesis that deformation in this
area ended shortly after the intrusion of the Marble Creek pluton.

An

alternative hypothesis is that deformation was limited to a narrow area
since the ages of the three plutons are so close as to be
indistinguishable.

CASCADE RIVER SCHIST

Introduction

The Cascade River Schist is a northwest-southeast trending belt of
metasedimentary and metavolcanic rocks that has recrystallized at
greenschist to middle amphibolite facies metamorphic grade (Misch,
1966).

Tabor et al.

(1989) divide the Cascade River Schist into two

units: the Cascade River unit and the Napeequa unit.

The Cascade River

unit contains a sequence of magmatic arc sediments and volcanics and is
interpreted by Dragovich (1989) and Cary (1990) as being coeval with the
Marblemount Metaquartz Diorite based on field relations and zircon ages.
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Misch (1966, 1977) interpreted the Marblemount Metaquartz Diorite as
basement to the Cascade River Schist.

The Napeequa unit is composed of

metacherts, siliceous schists, ultramafics, metabasites, and marbles,
indicating an oceanic protolith.

The structure of the Napeequa unit in

the Cascade River area is characterized as melange (Dragovich, 198 9) .
In the Cascade River area, Dragovich et al.

(1988) interpreted the

Cascade River unit to be folded into a large syncline with the Napeequa
unit lying along the hinge area of the fold structurally above the
Cascade River unit.

In order to explain a melange of ocean floor rocks

resting above coherent arc rocks, Dragovich et al.

(1988) proposed that

the Napeequa unit was thrust onto the Cascade River unit before folding.
Tabor and others (1989) interpret the Cascade River unit as being
deposited unconformably on the Napeequa unit and that the two units have
been folded into an anticline.
Cascade River Schist in this study area is on strike with and is
adjacent to Cascade River Schist mapped by Dragovich (1989) in the
Sibley Creek area and Cary (1990) around Monogram Lake.

In the Sibley

Creek area, the Cascade River Schist is made up of a sequence of
metasedimentary and metavolcanic rocks which strike to the northwest and
dip steeply to the southwest.

The mapped units described by Dragovich

(1989) are quartzo-feldspathic schists, mica schists, amphibolites,
minor marbles, and graphitic mica schists.
metamorphosed to middle amphibolite facies.

These units have been
To the southwest of these

units, Dragovich (1989) and Cary (1990) mapped rocks assigned to the
Napeequa unit.

These rocks are quartz biotite schist, metagabbros,

ultramafics, and amphibolite.
Two areas of Cascade River Schist were examined in this study: 1)
schists in the Cascade Pass area and 2) schists along the Marble Creek Newhalem Creek divide.
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Cascade River Schist in the Cascade Pass Area

In the Cascade Pass area the Cascade River unit is predominantly
quartzo-feldspathic schist, but volcanic, conglomeratic, and pelitic
layers are also found.
bedding.

These layers are strongly foliated parallel to

The foliation strikes to the northwest and dips steeply to the

southwest.

These units are on strike with rocks described by Dragovich

(1989) in the eastern part of the Sibley Creek area and appear to be the
same units.
The quartzo-feldspathic schist has a granoblastic texture of quartz
grains with lesser amounts of feldspar.

Coarse grained aggregates of

quartz and feldspar are interpreted as granite clasts.

The foliation

observed in the quartzo-feldspathic schist is defined by biotite and/or
chlorite.

Some samples contain calcite, epidote and clinozoisite.

These quartzo-feldspathic schists appear to be equivalent to the
quartzo-feldspathic schist described by Dragovich (1989) in the Sibley
Creek area on strike to the north.
Quartz-rich (quartz greater than 20%) amphibolites are found along
the ridge just north of Trapper Lake (Fig. 24).

These amphibolites

probably represent a dacitic volcanic protolith.
Metaconglomerate layers are found on the southwest side of Pelton
Basin and at the base of Mt. Johannesburg.

The metaconglomerate layers

are found in close proximity to mica schists that represent pelitic
protolith.

Strain measurements on the clasts indicate a flattening

strain (described more fully in the structure section).

Within the

pelitic layers, xenoblastic to idioblastic garnet porphyroblasts are
readily observed in a well foliated matrix of muscovite, quartz and
biotite. Important metamorphic index minerals observed in various
samples are garnet, staurolite, chloritoid, cordierite, andalusite,
pseudomorphed andalusite, and kyanite.
The quartzo-feldspathic schist, conglomerate, and pelite found in
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Figure 24. Outcrop map of the Cascade Pass area. Observed outcrops
are shown by patterns. Blank area represents concealed or otherwise
unknown bedrock geology. Tg = 18 Ma Cascade Pass Dike, CRSc =
predominantly clastic Cascade River Schist, CRSva = predominantly cruartz
rich amphibolite Cascade River Schist.
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the Cascade Pass area are on strike with the same units described by
Dragovich (1989) in the Sibley Creek area east of the Cascade River.
The general progression from metavolcanic rocks in the southeast part of
the Cascade Pass area to quartzo-feldspathic schist and conglomerate in
the west part of the pass area (Fig. 24) is the reverse of the trend
described by Dragovich (1989) west of the Cascade River and Cary (1990)
in the Lookout Mountain area.

This reversal of lithologic units

supports the hypothesis that the Cascade River Schist has been folded
into a syncline as proposed by Dragovich et al.

(1988).

The Cascade

Pass area lies on the northeast limb of this northwest plunging
syncline.

Newhalem Creek - Marble Creek Divide

Lithology
Along the Newhalem Creek - Marble Creek divide, the Cascade River
Schist is predominantly represented by mica schists and amphibolites
(Fig. 26).

Several distinct marble layers can be seen; the thickest

layer is 10 meters thick.

Between two of the marble layers there is a

10-meter thick chert layer (Fig. 27).

10 meters of mafic amphibolite

schist separates the chert layer from one of the marble layers.

These

layers are northwest-striking and steeply dipping to the southwest.

To

the west, the schists are intruded by the Haystack and Marble Creek
plutons.

Within these plutons rafts and screens of amphibolite, marble

and ultramafic rock are found.
the Eldorado pluton.

To the east, the schist is intruded by

To the northeast in the Newhalem Creek drainage,

the schists grade into the Skagit paragneiss and become progressively
migmatitic toward the northeast.
To the south, the schists are on strike with units mapped by
Dragovich (1989) in the northeast part of the Sibley Creek area.

A

marble bed within anphibolite and mica schist mapped by Dragovich (1989)
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Figure 26. Outcrop map of the divide between Marble Creek and
Newhalem Creek. Observed outcrops are shown by patterns. Blank areas
i^spJ^ssent unknown bedrock geology. Hd = metamorphosed hornblende—rich
diorite; relationship with the Haystack pluton and the Cascade River
Schist is not known.
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to the bottom of Marble Creek is on strike with marble beds that can be
traced up out of Marble Creek and across the divide.

The

conglomerates

and pelitic rocks that occur in the Sibley Creek area do not occur along
the divide.

Marble and chert layers are more common and thicker than in

the Sibley Creek area.

The amphibolites are for the most part quartz-

poor (quartz 0-10%) and are mafic, possibly metabasalt. They contain 05% quartz, 25-45% plagioclase, 30-60% hornblende, 5-30% biotite, 0-20%
chlorite, 5-25% epidote, opaques and rare garnet (Fig. 27).

The mica

schists are composed of 30-50% quartz, 20-30% plagioclase, 10-30%
biotite, 0-20% chlorite, opaques and rare garnet (Fig. 28).
Ultramafic rock is observed only in rafts and xenoliths within the
Marble Creek and Haystack plutons.

Therefore the relationship between

the ultramafic rocks and amphibolite layers to the east of the Haystack
pluton is unclear.

The ultramafic rock types include serpentinites,

tremolite schist, and talc schist and belong to the Napeequa unit of the
Cascade River Schist.

Discussion
It is unclear whether the schists between the Haystack and the
Eldorado pluton belong to the Cascade River unit or the Napeequa unit.
The schists here do not contain the distinctive ultramafic rocks of the
Napeequa unit or the distinctive metaconglomerate of the Cascade River
unit.

Dragovich (1989) mapped the entire upper part of Sibley Creek as

Cascade River unit.

The apparent continuity of the marble bed from the

Sibley Creek area to the marble beds along the divide supports the idea
that this area is part of the Cascade River unit.

The schists between

the Haystack and Eldorado plutons may represent a more distal part of
the Cascade River unit or a non-melange part of the Napeequa unit that
is gradational with the Cascade River unit.

This interpretation is

supported by the occurrence of marble, chert and mafic amphibolite in
screens within the Eldorado pluton east of the Cascade River unit mapped
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Figure 27. Photomicrograph of amphibolite from the Marble Creek Newhalem Creek divide. Sample 169-39.

Figure 28. Photomicrograph of quartz-mica schist from the Marble
Creek - Newhalem Creek divide. San^le 169-40.
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by Dragovich.

An alternative hypothesis is that these schists belong to

the Napeequa unit and that the conglomerates in the Sibley Creek area
have either folded or faulted into the Napeequa (Tabor, written comm.).
The contact between the Cascade River Schist and the Skagit
paragneiss is gradational.

The bedding that is observed along the

divide gradually becomes less distinctive to the northeast and the rock
becomes more migmatitic.

This finding is in agreement with the view of

Misch (1966) that the Skagit paragneiss is a higher grade equivalent of
the Cascade River Schist, and is consistent with grouping the Skagit
Gneiss and Cascade River Schist into a single terrane, the Chelan
Mountains Terrane of Tabor and others (1987).

The lithologic units in

the Skagit paragneiss of Newhalem Creek could be the higher grade
equivalent of Napeequa unit, without ultramafics.

SKAGIT GNEISS

Introduction

The Skagit Gneiss of Misch (1966) is exposed along the northern and
eastern sides of the Eldorado Pluton (Fig. 3).

The Skagit Gneiss is

composed of orthogneisses, paragneiss and migmatites.

The gneiss forms

a northwest trending belt along the northeast side of the Crystalline
Core.

Metamorphic grade is middle to upper-amphibolite facies with the

highest grades toward the interior of the belt (Misch, 1966, 1977) .

The

Eldorado Peak area is located along the southwestern side of the Skagit
Gneiss belt.

Both orthogneiss and paragneiss belonging to the Skagit

are found along the northern and eastern margins of the pluton.

A large

pegmatite dike complex is developed at the contact of the Eldorado
Pluton with paragneiss.

In this section the Skagit orthogneisses,

paragneiss and pegmatite observed in the Eldorado peak area are
described and the relationships of these units with each other and with
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the Eldorado Pluton is discussed.

Skagit Paragneiss

Paragneiss represented by metavolcanic rocks, marble and metachert
layers is found in the upper part of Newhalem Creek and along the north
side of the Borealis Glacier northeast of Primus peak (Figs. 8 and 9).
Most of the outcrops of paragneiss in Newhalem Creek are well
foliated amphibolites.
strike.

Foliations are generally steep but of variable

Minerals observed in thin section are dark green hornblende 50-

75%, plagioclase 10-15%, quartz 10-15%, epidote 5-20%, and sphene 0-5%.
One cm to 200 cm thick layers of quartzite are common within the
amphibolites (Fig. 29) and a few 1-10 cm thick layers of marble are
present.

The marble layers and quartzite layers are generally

discontinuous.

Pegmatite layers up to 2 meters wide occur both parallel

to and cross-cutting foliations in the amphibolite.
composed of 80-90% K-feldspar and 10-20% quartz.

The pegmatite is

The discontinuous

quartzite and marble layers, along with the pegmatite, give the
paragneiss an overall migmatitic appearance.
Near Stout Lake, the paragneiss grades into a large pegmatite dike
complex.

This gradation is marked by an increase in the amount of

pegmatite found in the paragneiss until the outcrops are composed almost
entirely of pegmatite.
In the Borealis Glacier area (Fig. 8), the paragneiss is composed of
well foliated amphibolites and thin (<2 meters) layers of skarn mineral
assemblages.
southwest.

Foliations strike to the northwest and dip steeply to the
The amphibolites are composed of tan to green hornblende 50-

70%, plagioclase 10-20%, epidote 5-15%, garnet 3-10%, quartz 5-20%, and
minor amounts of sphene, apatite, rutile, biotite, and chlorite.
Calcite-rich layers from 1 cm to 200 cm thick are common throughout
the area.

Garnet (some as large as 7 cm), epidote, actinolite, and
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diopside are associated with the calcite layers.
On its east side, paragneiss is intruded by Skagit orthogneiss in a
contact zone which is about 30 to 40 meters wide (Fig. 30).

The contact

is marked by sills of orthogneiss injected along foliation planes in the
paragneiess.

Both the paragneiss and the orthogneiss contain well

developed foliations that are northwest-striking and steeply dipping to
the southwest.
On its west side, the paragneiss is intruded by parallel sills of
pegmatite (Fig. 31).

Layers of paragneiss become fewer toward the west.

Sills of Eldorado Pluton occur in this area as well and are in contact
with paragneiss at two localities.

Both the Eldorado and the paragneiss

are well foliated, but close inspection of these contacts shows some of
the foliations in the paragneiss are cross-cut by the Eldorado sills and
small 3-5 cm. xenoliths of paragneiss are seen in the Eldorado sills.

Pegmatite

The pegmatite dike and sill complex that is found along the northern
and eastern margins of the Eldorado pluton (Fig. 3) is composed of Kfeldspar rich (40-80% K-feldspar, 10-30% quartz, 10-30% plagioclase and
minor amounts of garnet, biotite, amphibolite, and sphene) and
plagioclase - quartz pegmatites.

The K-feldspar samples were from

sample localities 169-204 and 169-205 in the Newhalem Creek drainage and
from sample 169-61c near the Borealis Glacier.

These K-feldspar rich

pegmatites are unusual for the pegmatites in the Skagit Gneiss and
should be considered a separate unit, not as part of the Skagit Gneiss
or the Eldorado pluton.

The plagioclase - quartz pegmatite from sample

locality 169-36 at the east margin of the Haystack pluton is more
typical of Skagit Gneiss pegmatites.

Not enough saitples of pegmatite

were collected to determine what percentage of the pegmatite complex is
composed of K-feldspar rich material.
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Figure 29. Migmatitic amphibolite and quartz layers in the Skagit
paragneiss from Newhalem Creek. Sample locality 169 -205.

Figure 30. Contact zone between migmatitic Skagit paragneiss and
Skagit orthogneiss on the north side of the Borealis Glacier northeast
of Primus Peak. Near sample locality 169-63.
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The map boundaries of this pegmatite body are defined by areas where
the pegmatite makes up greater than 50% of the outcrop.
observed boundaries of this pegmatite are gradational.

All the
Pegmatite dikes

and sills occur throughout the upper Newhalem Creek drainage.
Foliations of host paragneiss are cut by pegmatite dikes, but the
majority of the pegmatite is injected as sills along the foliation (Fig.
31).

These sills are commonly boudinaged and mylonitic indicating that

some of the fabric development took place after the injection of the
pegmatite.
The timing of pegmatite injection relative to the Eldorado intrusion
is not clear.

There are many cross-cutting dikes of pegmatite in the

Eldorado Pluton, but in the Stout Lake area the pegmatite and Eldorado
Pluton appear to be mutually intrusive (Babcock, personal communication,
1990; my own observations).

Some of the dikes in the upper Newhalem

Creek area appear to cause ductile deformation of porphyritic Eldorado,
perhaps indicating that the pluton was still very hot when some of the
pegmatite was injected (Fig. 32).

Along the eastern margin of the

Haystack Pluton in the upper Newhalem Creek area, pegmatite cross-cuts
the Haystack Pluton indicating that some of the pegmatite represents a
later period of injection (Fig. 33).
These observations indicate that at least some of the pegmatite was
intruded over a large time span.

The source of the pegmatite is

uncertain, but its close association with the Eldorado pluton and the
mutually intrusive relationship suggests that some of the pegmatite may
have been derived from the intrusion of the Eldorado pluton.

Orthogneiss

Orthogneiss was observed at one location in the upper part of
Newhalem Creek.

This orthogneiss is a weakly foliated biotite tonalite

gneiss. It is composed of biotite (5-10%), plagioclase (30-50%), quartz
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Figure 31. Pegmatite interlayered with Skagit paragneiss near the
contact with the Eldorado pluton in the Borealis Glacier area.

Figure 32. Pegmatite intruding Eldorado pluton at the headwaters of
Newhalem Creek. Note the ductile deformation of the Eldorado pluton
around the pegmatite injection.
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(15-25%), K-feldspar (10-30%) and minor amounts of euhedral epidote
(magmatic?), sphene, apatite and opaques.

Some relict zoning can be

seen in the plagioclase, and myrmelcite textures are present.
On the east side of the Eldorado Pluton the orthogneiss is a
hornblende-biotite tonalitic orthogneiss.

This orthogneiss is well

foliated and the quartz and feldspar have a granoblastic texture.

This

orthogneiss is composed of biotite (10-15%), hornblende (10-15%),
plagioclase (25-45%), quartz (20-30%), K-feldspar (5-15%) with accessory
sphene, chlorite after biotite and minor amounts of secondary epidote
after plagioclase and hornblende.

OTHER INTRUSIVE ROCUCS

Numerous dilces cross-cut the foliated Cascade River Schist, Eldorado
pluton and S)cagit Gneiss.
Di)ce of Tabor (1961)

The most notable of these is the Cascade Pass

(Fig. 3), an 18 Ma tonalite that is about 15 Km

long and up to 1.5 Km wide (Tabor et al., 198 9) .

In the Cascade Pass

area, a contact aureole is present for several hundred meters on either
side of the di)ce.

This contact aureole is characterized by hornfels

near the contact with the dilce and retrograde mineral assemblages
overprinting higher grade assemblages. In the Eldorado pluton most of
the hornblende and biotite has retrograded to chlorite.

In the pelitic

roclcs of the Cascade River Schist, garnet has retrograded to biotite and
chlorite; cordierite and andalusite are present as well.
Numerous 5 cm to 10 meter wide basaltic to andesitic di)ces occur
throughout the field area.

The vast majority of these di)ces are

vertical, strilce southwest-northeast and are unfoliated.

The

orientation of these dilces suggests that their emplacement was
facilitated by northwest-southeast extension.

In some localities in the

southern part of the field area, these dilces make up as much as 50% of
the rock outcrop.

Extensive hydrothermal alteration associated with
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these dikes has sericitized most of the plagioclase in the surrounding
country rock and is responsible for most of the mineralization of the
area.

Several abandoned mines are located in the glacial basins in the

southern end of the field area.

These mines are all within the Eldorado

pluton and are located on the lower slopes of Boston Basin, near
Doubtful Lake, in Horseshoe Basin, below Boston Glacier at the
headwaters of Thunder Creek, and at the headwaters of Park Creek.
A hornblende-rich diorite (Fig. 34) crops out just to the east of
the Haystack pluton (Figs. 10 and 26).

The contacts of this intrusive

rock are not exposed, therefore its relationship with the Cascade River
Schist and the Haystack pluton is uncertain.

The composition of this

intrusive is 50-60% hornblende, 20-30% plagioclase, 10-20% quartz, 5-15%
epidote, and 5-10% biotite.

The epidote and the biotite appear to be

metamorphic; the epidote occurs as small (less than 2 mm) grains in the
plagioclase and the biotite overgrows hornblende.

Even though this rock

is extensively recrystallized it contains no foliation.

STRUCTURES

Small Scale Structures

Foliations
The schists and gneisses have foliations which are predominantly
northwest striking and dip steeply to the southwest.
River Schist the foliation is parallel to bedding.

In the Cascade
Two notable

exceptions to this pattern are around the margins of the Haystack
pluton, where the foliation has been bent by the intrusion of the
pluton, and folds located along the northwest margin of the Eldorado
pluton at Newhalem Creek.
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Figure 33. Pegmatite dikes cross-cut the northeast margin of the
Haystack pluton at the headwaters of Newhalem Creek.

Figure 34. Photomicrograph of hornblende diorite from the divide
between Marble Creek and Newhalem Creek. Sairple 169-H19b
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Lineations
Subhorizontal stretching and mineral lineations are common
throughout the Eldorado pluton in both high and low grade assemblages.
These fabrics are prevalent along the margins of the pluton and along
discrete zones within the pluton.

Stretching and mineral lineations are

not common in the schists of the field area.

Pulled apart retrograded

garnets define a subhorizontal southeast-northwest lineation at locality
169-2 near Cascade Pass.

Weakly aligned amphiboles define strike-

parallel lineations at locality 169-29 south of Cascade Pass and at two
locations along the divide between Newhalem Creek and Marble Creek.
Steeply plunging mineral lineations are defined by amphiboles and
aggregates of biotite and occur in the schists between the Haystack and
Marble Creek plutons and within one of the amphibolite screens within
the Eldorado pluton.

Strain
Flattening fabrics are commonly found in the high grade schists.
Strain measurements on metaconglomerate clasts from two localities west
of the Triad and from two localities in the Cascade Pass area indicate a
flattening strain (Fig. 35).

In the mafic schists, hornblendes are

randomly oriented in the foliation plane and garbenschifer textures are
present in some of the mafic schists northwest of the Triad.
Porphyroblasts of staurolite and pseudomorphed andalusite from locality
169-HL are tightly wrapped by the foliation.

The timing of the

flattening fabric with regard to high grade metamorphism is not clear.
Near Cascade Pass some of the garnets are post flattening, having grown
across the foliation.

Other garnets in the Cascade Pass area contain

internal foliations that are not parallel to the external foliation, and
rotated garnets in high grade schists have been found in the Hidden Lake
Creek area (Dougan, pers. comm.).

These findings indicate that the

flattening fabric developed during the earlier stages of high grade
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metamorphism and that some localized shearing occurred during this high
grade event as well.

Shear sense
Discrete shear zones of both high and low metamorphic grade cross
cut the flattening fabric in the Cascade River Schist and also occur
within the Eldorado pluton (Figs. 14, 18, 25 and 36).
vertical and trend southeast-northwest.
determined for nine of these zones.

These zones are

A dextral shear sense was

One zone indicates a sinistral

sense of shear.

Small folds
The folds along the Marble Creek - Newhalem Creek divide appear to
be of relatively small scale (< 50 meters across).

This observation is

based on the size of the folds observed, the continuation of distinctive
marble beds along strike and lack of evidence for repeated beds.

Fold

axes trend southeast or northwest and rarely plunge more than 20.

These

folds appear to be at least in part the result of the intrusion of the
Eldorado pluton.

Folds first appear 700 meters west of the contact with

the Eldorado pluton and become more common towards the pluton.

Along

the contact of the pluton, apophyses of Eldorado injected along the
foliation in the country rock are folded (Fig. 5).

Structure of the Cascade River Schist

There is controversy as to the structure of the Cascade River Schist
in the Cascade River area.

Tabor et al.

(1989) and Haugerud et al.

(1991) propose that the Cascade River unit unconformably overlies the
Napeequa unit.

In this interpretation, the Cascade River unit and the

Napeequa unit have been folded into an anticline.
Dragovich et al.

Dragovich (1989) and

(1988) have proposed that the Cascade River
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Figure 35. Flinn plot of strain measurements on deformed
conglomerate clasts showing the development of a flattening fabric. A
minimum of 15 clasts were measured for each ratio. Numbers indicate
sample localities (see sample locality map). 2 and 29 are from near
Cascade Pass. 8 and 53 are from the upper Sibley Creek.

Figure 36. Microphotograph of stretched and pulled apart garnets
form a discrete shear zone within the Cascade River Schist near Cascade
Pass. Sample 169-2a
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unit is folded into a large syncline with the Napeequa unit lying along
the hinge area of the fold structurally above the Cascade River unit.
In this interpretation, the Napeequa unit was thrust over the Cascade
River unit.

The finding of local conglomeratic, quartzofeldspathic

schist in the upper Sibley Creek area led Dragovich (1989) to map the
schist in the in upper Sibley Creek as being part of the Cascade River
unit.

Tabor (personal communication, 1991) suggested that most of the

schists in the upper Sibley Creek area are Napeecjua and the
quartzofeldspathic schist may be folded or faulted into the upper Sibley
Creek area.
Close examination of the Cascade River Schist in the Cascade Pass
area, along the Newhalem Creek - Marble Creek divide and along the
uppermost part of Sibley Creek by no means solves this controversy, but
two lines of evidence support the syncline model:

1) lack of evidence

for large-scale folding or faulting in the Sibley Creek area, and 2)
younging directions determined for graded bedding in the conglomerates
at three localities in the upper Sibley Creek area (one by Dragovich
(1989); two for this study).
I propose that the rocks in the uppermost part of Sibley Creek area
represent a lithologically distal part of the Cascade River unit.
Evidence to support this hypothesis is the increase of marble and the
appearance of chert and more mafic schists on strike to the north and
the relatively smaller clast size and sparse distribution of
conglomerate in the Sibley creek area compared to areas on strike to the
south (Tabor, 1961; Dougan, work in progress).
A simplified cross-section from the Triad to the Hidden Lake Peaks
pluton illustrates this interpretation (Fig. 37).

In the west part of

this cross-section the Napeequa unit is thrust over the Cascade River
unit.

The Napeequa unit in this area is a melange and contains

ultramafic blocks.

In the east part of this section the Cascade River

unit is depositionally above the Napeequa unit.
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Napeequa lithologies

north are not melange and do not contain ultramafic blocks.
Whichever interpretation is correct, the stucture is cross-cut by
metamorphic isograds and therefore the structure predates the high-grade
metamorphism (Dougan and Brown, 1991).

Figure 37. Cross-section from the Triad to Hidden Lake Peaks pluton
showing my preferred interpretation of the structure of the Cascade
Kiver Scnist.
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METAMORPHISM

Introduction

A sharp metamorphic discontinuity in the Cascade River Schist across
the LeConte fault was recognized in the Sibley Creek area by Dragovich
(1989) and in the Lookout Mountain area by Cary (1990) .

On the west

side of the fault they reported greenschist facies assemblages and
pressures of 3 kbar.

On the east side of the fault Dragovich (1989)

reported pressures of 8 kbar and the occurrence of staurolite and
kyanite.
This study area is located on the east side of the LeConte fault and
occurs above the staurolite isograd.

This high grade schist represents

the southwest flank of the Skagit metamorphic belt.

Whitney (1988)

reports pressures as high as 9 kbar and temperatures of 720°C in the
core of this belt.

An early, relatively low pressure assemblage is

recognized for pelitic schist in the Eldorado contact aureole.

A high

pressure assemblage, including kyanite and staurolite, overprints this
low pressure assemblage (see Eldorado pluton section).

Retrograde

assemblages overprint the high grade rocks in discrete shear zones and
low pressure, contact metamorphic rocks occur around the Cascade Pass
Dike.

This section describes and discusses these occurrences.

Early Low Pressure Metamorphism

An early low pressure metamorphic event is recognized for samples
from the Eldorado pluton contact aureole near the confluence of the
North Fork of the Cascade River and Hidden Lake Peaks Creek.

This

finding was previously discussed in the Eldorado pluton section as it
appears to be related to the emplacement of the pluton.

In summary this

earlier metamorphism is marked by the occurrence of relict
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porphyroblasts of andalusite (Fig. 19) indicating pressures of less than
3.7 kbar.

Thermobarometry on garnet cores yield P-T values of 3-4 kbar

(GASP) and 540®C (GBIO)

(Fig. 20).

High Pressure Metamorphism

High grade metamorphic assemblages of the amphibolite facies are
found throughout the study area except where overprinted by retrograde
assemblages.

Staurolite is observed in pelitic rocks, and kyanite

occurs overprinting andalusite at locality 169-HL (Fig. 19) in the
Eldorado contact aureole and as a relict at locality 169-11 just south
of Cascade Pass.

This data allows extension of the staurolite-kyanite

zone recognized by Dragovich (1989) in the Sibley Creek area to be
extended southward to include the Cascade Pass area.

In metabasic rocks

the high grade metamorphism is expressed in the assemblage of blue-green
amphibole, plagioclase, epidote and rare garnet.

Many of the discrete

shear zones in the Eldorado pluton are of high grade; these deformed
Plutonic rocks contain a metamorphic fabric and are composed of
hornblende and biotite with epidote and relict igneous plagioclase
granoblastic quartz and sphene.
Thermobarometry (discussed in the Eldorado pluton section) on
garnet rims from the schist that contains early andalusite overprinted
by kyanite (samples 169-HLa and 169-HLf) yields P-T values for the high
grade metamorphism of 7.2 )cbar (GASP) and 550°C (GBIO).
A relict garnet from locality 169-2 near Cascade Pass appears to
indicate high pressure as well.

This relict garnet occurs with relict

staurolite within an equilibrium assemblages of biotite, muscovite,
plagioclase, andalusite and cordierite and has been partially replaced
by biotite and minor amounts of chlorite (Fig. 38).

This lower pressure

equilibrium assemblage overprinting the staurolite and garnet is due to
the intrusion of the 18 Ma Cascade Pass Dike of Tabor (1961) .
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The

Figure 38. Photomicrograph of retrograded garnets partialy replaced
by biotite from Cascade River Schist contact aureole with the 18 Ma
Cascade Pass Dike. Sait^le 169-2b.
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garnet yields a pressure of 6.8 kbar (GASP) if it was in equilibrium
with aluminum silicate and with anorthite 32 at a temperature of 550°C
(see appendix 1 for garnet composition).

The anorthite 32 composition

and 550°C temperature are reasonable estimates based on the temperature
and compositions for the schist at locality 169-HLa and 169-HLf (see
Eldorado pluton section).

169-HLa and 169-HLf are located approximately

two miles along strike from 169-2.

The presence of andalusite in 169-2

suggests that an aluminum silicate mineral was present during garnet
growth and allows for the use of the GASP barometer.
Metamorphic grade increases towards the northeast.

This increase in

grade is indicated by 1) the breakdown of recognizable bedding, 2)
increased grain size, 3) migmatization, 4) an epidote out isograd
recognized by Misch (1966), and 5) transition from 7.2 kbar and 550°C in
the Cascade River Schist for this study to 9 kbar and 720°C in the
Skagit Gneiss reported by Whitney (1988).

Retrograde Assemblages

Retrograde assemblages occur throughout the study area along
discrete shear zones. Hornblende and biotite are replaced by chlorite in
these zones and heavily embayed and pulled apart garnets are replaced by
biotite and chlorite.

The shear zones are 10-50 cm wide and contain a

subhorizontal southeast-northwest stretching lineation.

The lineation

is defined by stretched and pulled apart garnets and cataclastic
stringers of plagioclase and quartz.
In the Cascade Pass area, a late-stage overprint occurs for several
hundred meters on either side of the 18 Ma Cascade Pass dike.

Clots of

actinolite occur in the mafic schists, and andalusite and cordierite
have grown across the preexisting foliation.

Relict highly embayed

staurolite and garnet and one kyanite are found in this area.
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Discussion

A sequence of metamorphic events and a schematic P-T-t path can be
determined for the Eldorado peak area.

The sequence of metamorphic

events is as follows: 1) an early low pressure (3-4 kbar) event caused
by the emplacement of the Eldorado pluton; 2) subsidence of the area,
causing a pressure increase to 7 to 8 kbars; 3) development of discrete
shear zones during high pressure metamorphism with some of the shearing
taking place during lower metamorphic grade conditions; and 4) a low
pressure thermal effect due to the emplacement of the Cascade Pass dike.
A P-T-t path based on thermobaromtry, equilibrium assemblages and a
petrogenetic grid shows a prograde path from low pressure to high
pressure followed by unloading before a final localized thermal event
around the 18 Ma Cascade Pass Dike (Fig. 39).
The cause of the high pressure metamorphism and the development of a
flattening fabric in the Eldorado Peak area is unknown.

The high

pressure event must have taken place after the intrusion of the 90 to 88
Ma Eldorado pluton and before the intrusion of the 75 Ma Marble Creek
pluton.
The high pressures determined by this study and Dragovich (1989)
imply the existence of a pressure gradient of at least 4 kbar over a
distance of less than 5 )cms.

This gradient is too sharp to be explained

by a continuous metamorphic process and therefore a structural break,
most likely the Entiat fault, must lie between the high grade and low
grade metamorphic rocks.
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Figure^39. P-T-t plot for the metamorphism in the Eldorado Peak
area. 1 - initial low pressure metamorphism related to the intrusion of
the Eldorado pluton at 88 Ma. 2 = High pressure metamomhism after the
intrusion of the Eldorado pluton at 88 Ma and before the*intrusion of
the Marble Creek pluton at 75 Ma. A predominantly flattening strain is
developed at this time with isolated discrete shear zones. 3 =
Unloading of the Eldorado peak area between 71 Ma and 45 Ma. Some
discrete shearing takes place under lower grade conditions.
4 = FinaT
high temperature metamorphism in the vicinity of the Cascade Pass Dike
at 18 Ma. Phase stability limits from Yardley (1989) .
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CONCLUSIONS

The purpose of this study was to determine the emplacement history
of the Eldorado pluton and its bearing on questions regarding erogenic
mechanisms in the Crystalline Core of the North Cascades.

Of particular

interest to this study was whether the high-pressure metamorphism found
in the Crystalline Core was produced by tectonic crustal thickening due
to orogen-normal thrusting (Misch, 1966; Monger et al., 1982; Whitney
and McGroder, 1989; McGroder, 1991) .
There are four lines of evidence against the contractional model as a
mechanism for the cause of high-pressure metamorphism in the Crystalline
Core: 1) The Eldorado pluton is intruded, not faulted into its present
position.
CC.

This finding disproves one of the few mapped thrusts in the

2) Lineations and kinematics of tectonites indicate that

deformation was orogen parallel.

No fabric directly indicating orogen-

normal deformation is observed in the Eldorado Peak area.

3) Subsidence

of the Eldorado Peak area and the subsecpient high-pressure metamorphism
of the Skagit gneiss and the Cascade River Schist occurred after the 88
Ma intrusion of the Eldorado pluton and before the 75 Ma intrusion of
the Marble Creek pluton.

This age for high-pressure metamorphism in the

Skagit Gneiss and Cascade River Schist is younger than that of Schists
south of the Entiat fault which are intruded by 93-96 Ma epidote-bearing
plutons and were uplifted by 70-80 Ma.

These differing ages of uplift

and subsidence indicate that subsidence and uplift of the Crystalline
Core is localized and diachronous and therefore cannot be explained by a
single regional thrust event.

4) The Eldorado pluton intruded the

Cascade River Schist after terrane accretion.

The subsequent high-

pressure metamorphism in this part of the Crystalline Core therefore
postdates and overprints accretionary structures, possibly represented
by the folds and thrusts within the Cascade River Schist (Dougan and
Brown, 1991) .
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since the Crystalline Core is the offset southern extension of the
Coast Plutonic Complex, these conclusions imply that terrane accretion
was not responsible for the high-pressure metamorphism found in the
southern portion of the Coast Plutonic Corr^ilex.
The apparent syntectonic nature of the Eldorado pluton and the
metamorphic fabrics and kinematics in the Eldorado Peak and Cascade
River area suggest that the Crystalline Core represents an Andean-type
magmatic arc developed along an oblique convergence zone.

The cause of

the high pressure metamorphism in the Eldorado Peak area is not known.
The high pressure metamorphism may be the result of step-overs between
strike slip faults creating restraining bends within the Crystalline
Core (Fig. 40a) or the result of magmatic accretion involving only minor
tectonic activity (Fig. 40b).
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Figure 40a.
fault.

Figure 40b.

Loading due to restraining bends in a strike-slip

Loading due to magmatic accretion.
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APPENDIX

Chemical Ccanpositions of minerals
San^5le #
Mineral

HLf
Plag (g)

Hlf
Plag (c)

HLf
Plag (r)

HLf
Garnet (r)

Si02
A1203
Ti02
FeO
MnO
MgO
CaO
Na20
K20

60.369
25.508
NA
NA
NA
NA
6.589
7.949
0.138
100.56

62.767
24.171
NA
NA
NA
NA
5.237
8.952
0.055
101.18

60.048
25.782
NA
NA
NA
NA
7.106
7.784
0.068
100.79

38.122
21.652
0.096
31.327
0.995
2.997
5.988
NA

2.6729
1.3310
NA
NA
NA
NA
0.3216
0.6823
0.0078

2.7501
1.2481
NA
NA
NA
NA
0.2459
0.7604
0.0031

2.6559
1.3439
NA
NA
NA
NA
0.3367
0.6676
0.0038

5.9962
4.0135
0.0113
4.1203
0.1352
0.7026
1.0090
NA
NA

N=3

N=1

N=1

N=6

____
101.18

* total iron
Mineral Formula
Si
A1
Ti
Fe
Mn
Mg
Ca
Na
K

(g)
(c)
(r)
NA
N

groundmass
inclusion in garnet core
garnet rim
not analyzed
number of analyses
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Chemical Compositions ot minerals
Sample #
Mineral

HLf
Biotit e

HL-f
Muse

HLf
Gar (c)

HLf
Gar (2.

si 02;
A1203
Ti02
FeO
MnO
MqO
CaO
Na20
K20

36.754
19.887
1.830
16.819
0.021
11.515
NA
0.243
8.980
96.05

45.874
36.900
0.191
0.900
0.001
0. 685
NA
1.169
9.693
95.41

36.958
21.029
0.149
35.408
2. 301
2.994
1.219
NA
NA
100.24

37.006
21,029
0.153
36.230
1.859
n ETC."/
^ iJ O
1.264
NA
NA
100.10

5.9349
3.7844
0.2222
2.2790
0.0028
2.7719
NA
0.0761
1.8497

6.6182
6,2737
0.0207
0.1085
0.0001
0.1473
NA
0.3269
1.7838

5.9541
4.0279
0.0180
4.7714
0.3138
0.7184
0.2102
NA
NA

5.9829
4,0065
0.0185
4.8979
0.2546
0.6159
0.2190
NA
NA

N=4

N=1

N=^2

N=2

$ total iron
Mineral Formula
Si
A1
Ti
Fe
Mn
Mq
Ca
Na
K

(c)
(2/3)
NA
N

core
2/3 0+ the way towards core
Not Analyzed
Number o-f analyses
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Cheraical Compositions of minerals
Sample #
Mineral

HLf
Gar (1/3)

HLa
Gar (c)

HLa
Gar (1/4)

HLa
Gar (r)

Si 02
A1203
Ti02
FeO
MnO
MqO
CaO
Na20
K20

36.903
21.025
0.039
35.938
0.984
1.293
4.068
NA
NA
100.25

37,159
20.943
0.177
32.398
3.038
3,341
2. 334
NA
NA
99.36

36.362
20.933
0.106
33.100
3.430
3.435
1.837
NA
NA
99.20

37.414
21.330
0.057
32.171
0. 901
3.175
5.171
NA
NA
100.22

5.9761
4.0125
0,0048
4.8663
0.1349
0.132
0.706
NA
NA

5.9953
3.9821
0.0215
4,3709
0.4151
0.8036
0.4033
NA
NA

5.914
4.0124
0.0129
4.5016
0.4725
0.8329
0.3200
NA
NA

5.9640
4.0070
0.0068
4.2881
0.1216
0.7545
0.8830
NA
NA

N=3

N=1

N=1

N=3

t total iron
Mineral Formula
Si
A1
Ti
Fe
Mn
Hq
Ca
Na
K

(1/3)
(c)
(1/4)
(r)

1/3 of the way to the core
core
qar
i/4
of the way to the core
rim
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Chemical Compositions o+ minerals
Sample #
Mineral

HLa
Biotite

HLa
Muse

HLa
Flag

Si 02
A1203
Ti02
FeO
MnO
MqO
CaO
Na20
K20

36.373
20.184
1.789
17.251
0.001
10.788
NA
0.104
7.108
93.60

45.893
36.513
0.354
1.019
0.001
0.772
NA
0.768
9.458
94.78

59.988
25.460
NA
NA
NA
NA
6.567
7.979
0.0943
100.91

5.9461
3.8887
2.198
2.3637
0.0022
2.7097
NA
0.0448
1.4735

6.6492
6.2346
0.0386
0.1235
0.0001
0.1668
NA
0.2155
1.7479

2.6665
1.3336
NA
NA
NA
NA
0.3200
0.6875
0.0054

N=2

N=2

N=4

* total iron
Mineral Formula
Si
A1
Ti
Fe
Mn
Mq
Ca
Na
K
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Chemical Compositions of minerals
Sample ■#
Mineral

169-219
Hornblende

169-E4C
Hornblende

169-E4C
Hornblende

169-Bl
Hornblende

Si 02
A1203
Ti02
FeO
MnO
MqO
CaO
Na20
K20

44.853
10,315
0.542
16.477
0.397
11.329
11.220
1.828
1.339
98.30

44.332
11,177
0.664
16.134
0.365
11.042
11.975
1,201
1.295
98.19

43.868
11.452
0.711
16.360
0.332
10.650
11.702
1.369
1,425
97.37

44.108
10.362
0,594
18.362
0.433
10.068
11.708
1.363
1,212
98.21

6.5995
1.9608
0.0744
2.0084
0.0461
2,4505
1.9097
0.3464
0.2458

6.5661
2.0201
0.0800
2,0476
0,0421
2.3765
1,8765
0.3972
0.2721

6.6395
1.8382
0,0672
2.3112
0.0551
2.2594
1.8881
0.3976
0.2326

t total iron
Mineral Formula
Si
A1
Ti
Fe
Mn
Mq
Ca
Na
K

6,6811
1.8108
0.0670
2.0524
0,05041
2.5157
1.7905
0.5278
0.2545
N=2

N=1

N=1
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N=1

Chemical Compositions of minerals
Sample #
Mineral

169-Bl
Hornblende

Si02
A1203
Ti02
FeO
MnO
MqO
CaO
Na20
K20

48.049
7.36
0.396
16.119
0.422
12.208
11.810
1.013
0.674

* total iron
Mineral Formula
Si
A1
Ti
Fe
Mn
Mg
Ca
Na
K

7.1111
1.2445
0.0440
1.9948
0.0529
2.6935
1.8725
0.2906
0.1273
N=1
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