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ABSTPACT
The focus of this study is on the protolith types, rnetanorphism and

structure of the Cascade River Schist in the Sibley Creek area of the

ISforth Cascades, Washington. The two general lithologic packages are an

arc and ocean floor unit ternied the Cascade River and Napeequa units,

respectively, by Tabor and others (in press). The Cascade River unit has

a recognizable stratigraphy vhich is inverted and repeated across strike

from the southwestern to northeastern sides of the field area, apparently

as a result of macroscopic synclinal folding. The Napeequa unit lies on

top of the Cascade River unit, in the center of the sync line, probably as

a result of thrust faulting.

Metamorphic zones and facies in the field area increase from the

biotite zone of the greenschist facies, west of the Le Conte fault, to the

garnet and staurolite-kyanite zones of the epidote airphibolite facies east

of the fault. The greenschist facies is estimated to be metamorphosed at

pressures of 3-5 Kb, and tenperatures of 450-500 C and the amphibolite
facies at 8-10 kb and 600-700 C. Stuctural control of the greenschist- 

anphibolite facies transition by the Le Conte fault is suggested by the

first appearence of the garnet and oligoclase with the fault, as well as a

P-T differential across the fault, v\hich suggests considerable dip-slip

displacement across the fault.

The metamorphic structures in the field area consist of: 1) a syn- 

metamorphic first deformation characterized by steeply dipping S- 

tectonites containing weakly defined down-dip mineral lineations and

flattened conglomerate clasts, and 2) a lateHnetamorphic and cotnnonly

retrogressive second deformation characterized by steeply dipping L-S

tectonites containing a sub-horizontal stretching lineation, prolate

spheroidal conglomerate clasts, and dextral kinenatic indicators. Later



post-metamorphic structiares are folds and faults related to forceful

enplaceraent of the 73 Ma Hidden Lake pluton and Eocene strike-slip offset

along the Le Conte fault-
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INTRODUCTION
Regional Setting

The Sibley Creek area is part of the Crystalline Core of the Nbrthem

Cascades of Washington (Misch, 1966). This geologic province is a fault

bounded wedge, approximately 150 X 90 kilcmeters, consisting dcminantly of

schists, gneisses, migmatitic zones, and abundant plutons. Ages range

frcm Precambrian to Late Cenozoic, but the most significant orogenic

activity appears to be frcm Late Cretaceous to the Early Tertiary (90-60

Ma; Martinson, 1972). Prior to dextral Tertiary offset (80-180 km) on the

Straight Creek fault, the Crystalline Core resided next to, and is

probably a extension of, the Coast Plutonic Complex of British Columbia
(Fig. 1).

Tabor et al. (1987) divided the Crystalline Core into 5

tectonostratigraphic terranes (Fig. 2). The present study area is

situated within the Chelan Mountains terrane, vdiich is composed of tvo

northwest trending belts. The more southwesterly belt consists of

metaplutonic rocks, including the Dumbell-Marblemount plutons of Triassic

age and the Entiat pluton of Late Cretaceous age (Fig. 3). The more

northeasterly belt is ccrposed of schists vhich are variable in lithology

along the belt. The Cascade River Schist lies at the northwest end of the

belt; the younger gneissic rocks of the Holden Area are in the center; and

the southeast end are the migmatites of the Chelan Complex. Bordering the

Chelan Mountains terrane to the northeast is the Skagit Gneiss, whereas to

the southwest lies the Mad River terrane. The protoliths of the Chelan

Mountains terrane are similar to the adjacent Mad River terrane, although

the terranes are separated every^^here by faults (Tabor, et al., 1987; Fig.
3). Recently, Tabor et al. (in press) have expanded the Chelan Mountains

terrane (Fig. 2) to include the Neepequa Schists and plutons of the Mad



Figure 1. Regional setting of the Crystalling Core (CC). Surrounding

terranes and regional rock groups include the Northwest Cascade System

(NWCS), \diich is separated from the CC by the Straight Creek fault (SCF),

and the Methow (MT) by the Ross Lake fault (RLF). Other groups include

the Hozameen (HZ), Quesnellia (OT), Bridge River (BR), Coast Plutonic

Carplex (CPC), Nanaimo Group (N), Wrangellia (WR), Cmenica Crystalline

Belt (OCB) and Cenozoic lithologies (CZ). Location of the field area is

shown by the small box. Note that the removal of the 80-180 km of right- 

lateral offset of the Tertiary Straight Creek fault places the Crystalline

Core next to the Coast Plutonic Ccrplex.





Figiare 2. Location of possible major tectonostratigraphic terranes in the

[Skagit] Crystalline Core adapted from Tabor et al. (1987). Recently

Tabor (in press) has included the Mad River terrane in the Chelan

Mountains terrane due to the ccmpositional similarities of the schists in

both terranes. Field area is shown by the box. ST = Swakane terrane,

C.R.B. = Columbia River Basalts.
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Figure 3. Major rock types of the Crystalline Core. From south to the

north these rock types include the Mount Stuart pluton (MS), Tertiary

granites (Tg), Entiat pluton (EN), Chelan pluton (CHL), Ten Peak pluton

(TP), Sloan Creek plutons (SC), Sulfur Mountain pluton (SM), Downey Creek

pluton (DC), Bench Lake pluton (BL), Chaval pluton (CH), Cyclone Lake

pluton (CL), Jordan Lake pluton (JL), Cascade River Schist (CRS),

Marblemount Meta-Quartz Diorite (MMQD), Eldorado Orthogneiss (EL), Hidden

Lake pluton (HLP), Marble Creek pluton (MCP), Alma Creek pluton (A),

Haystack Creek pluton (H). Field area is shown by the box. Adapted frcm

E.H. Brown.
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of theFigure 4. Distribution of the Cascade River and Napeequa units 
Chelan Mountains terrane (revised from Tabor et al., in press). Hatched

line along the southern part of the Entiat fault and along the contact

between the MMQD and the schists is the former Chelan Mountains-Napeequa

terrane boudary. The boundary between the Cascade River and Napeequa
units has been rivised from Ibbor (et al., in press; see dashed line in
the study area box). Major rock units around the study area include the

Magic Mountain Gniess (MMG), Jordan Lake pluton (JLP), intrusives of the

Cascade Pass family (Cp), Cheval pluton (CP), Hidden Lake pluton (HLP),

Eldorade Qrthogneiss (EO), pegmatite associated with the Eldorado

Orthogneiss (Peo), Marbleraount Meta-Quartz Diorite (MMQD), Marble Creek

pluton (MCP), Alma Creek pluton (ACP), Chilliwack Batholith (CB), Skagit

Qrthogniess and Paragneiss (SGo and SGp), and the Straight Creek fault

(SCF). Study area is shown in the box.
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Figure 5. Major rock units in the field area. These include the Cascade

River Schist (CRS) of Misch (1966), Triassic Marblamount Meta-Quartz

Diorite (MMQD; 220 Ma, Mattinson, 1972), Eldorado pluton (EP; 92 Ma;

Mattinson, 1972), Marble Creek pluton (MCP; 75 Ma; Haugerud et al., 1987),

and the Hidden Lake pluton (HLP; 73 Ma; Haugerud et al., 1987).



River terrane (Fig. 3; Fig. 4). In this new scheme the Cascade River

Schist of Misch (1966, 1968, 1979) includes oceanic rock types assigned to

the Neepequa unit, as well as distinctive metaconglomerate and associated

metagraywackes, rare pelites, and a variety of metavolcanic rocks, which

are assigned to the Cascade River unit (Fig. 4).

The Sibley Creek Area

The study area is situated across the northwest trending Cascade

River Schist belt (Fig. 5). Plutonic bodies associated with the Cascade

River Schist in the study area are: the Eldorado Orthogneiss in the

northeastern area, the Marblemount Meta-Quartz Diorite in western area,
the Marble Creek pluton in the northwestern area, and the Hidden Lake

pluton in the southeastern area (Fig. 5). The Eldorado, Marblemount Meta-

Quartz Diorite and Marble Creek plutonic bodies are deformed, vvhereas the

Hidden Lake pluton is generally not deformed.

Marblemount Meta-Quartz Diorite

The Marblemount Meta-Quartz Diorite is tonalitic to dioritic in

composition, and is metamorphosed in the greenschist facies. Lead

isotopic ratios from a zircons of the Marblemount Meta-Quartz Diorite are

concordant and give an age of 220 Ma (Mattinson, 1972). The Marblemount

Meta-Quartz Diorite may be correlative with the Le Conte and Magic

Mountain Gneisses, v\hich are observed on strike 10 kilometers to the

southeast (Tabor, 1961), as well as the Dumbell Mountain plutons in the

Chelan aurea (Cater, 1982).

Cascade River Schist

The protoliths of the Cascade River Schist consist largely of arc- 

derived clastic deposits and minor volcanics. The elastics include

metamorphosed graywackes and arkosic arenites, and siltstones of similar



caiposition which are now mica- and quartzofeldspathic schists (Misch,

1966). The geochemistry of meta-sediments suggests an inmature

provenance, probably a magmatic arc (Babcock and Misch, 1988). The

protolith compositions of the volcanic rocks include tholeiitic basalts

and andesites with an oceanic affinity, v^ich are now amphibolites

(Babcock and Misch, 1988). Seme of the clastic rocks may have been

tuffaceous, others show dolcmitic admixtures, and seme qucirtzites possibly

represent cherty interbeds (Misch, 1966).

The similarity between the clasts in a conglcmerate unit of the

Cascade River Schist and the Marblemount Meta-Quartz Diorite led Misch

(1966) to postulate that the Marblemount Meta-Quartz Diorite is basement

to the adjacent Cascade River Schist. Cary (M.S. thesis in progress)
reports a U/Pb zircon date of 220 Ma (by Stacey) on a metatuff unit

located adjacent to the Marblemount Meta-Quartz Diorite, the same age as

that determined for the Marblemount Meta-Quartz Diorite. Using this date,

and field observations, Cary postulates that the Marblemount Meta-Quartz

Diorite and the adjacent metabasites and tuffs of the Cascade River Schist

represent cogenetic plutonic and volcanic members of a magmatic arc.

Metamorphism of the Crystalline Core, including the Cascade River
Schist, has been interpreted frem U/Pb dating of zircon and sphene to have

occurred between 60 and 90 Ma (Mattinson, 1972). This metamorphism was

generally of Barrovian type. Geothermometry and baremetry on the Skagit

Gneiss (Whitney, 1987), vhich borders the Cascade River Schist on the

northeast, suggests that this part of the Crystalline Core reached

tanperatures of approximately 650-720 C and pressures of 8-10 Kb. In the
Chiwaukum and Settler Schists, a Barrovian event was superimposed on a

Buchan type metamorphism associated with the syntectonic intrusion of the

Mount Stuart Batholith (Evans and Berti, 1986). In other areas of the



core the relationship between plutonism and metarnorphism is less clear.

The Cascade River Schist is in the greenschist facies along a narrow

zone along the southwestern side of the Cascade River, The grade rises

abruptly to the amphibolite facies to the northeast towards the Skagit

Gneiss, and slowly to the southeast along the Cascade River Schist belt

towards the Chelan Ccnplex (Misch, 1966). The northeasterly increase in

grade, vhich is evident in the study area, reaches the kyanite zone along

the boundary between the Cascade River Schist and the Skagit Gneiss

(Misch, 1966). In the Skagit &ieiss, late growth of sillimanite is

attributed to isothermal deccrpression following peak metamorphic

conditions in the kyanite zone (Whitney, 1987).

Structural trends within the Cascade River Schist defined by fold

axes, strike of the foliation, and post-orogenic faults are dcminantly

north to northwest, as they are throughout the Crystalline Core. Bedding,

vhere preserved, is ccntnonly parallel to foliation (Misch, 1966). A

strike-parallel mineral lineation is cctimonly found on the foliation

surface (Misch, 1966).

Syn and Post-Tectonic Plutons

Cretaceous syn-to post-metamorphic plutons are widespread, and appear

to be inportant in the orogenic history of the Crystalline Core. Pre-to

syn-tectonic plutons in the field area include the Marble Creek pluton and

the Eldorado pluton, both of vhich are foliated and are concordant with
the fabric in the Cascade River Schist. The U/Pb age of the defoimied

Marble Creek pluton is 75 Ma, and that of the deformed Eldorado pluton is

92 Ma (Mattinson, 1972; Haugerud, et al., 1987). The undeformed Hidden

Lake pluton gives a U/Pb age of 73 Ma (Haugerud, et al., 1987).

Faults in the Study Area



The Le Conte fault, as mapped by Tabor (1961), has recently been

correlated with the Entiat fault along strike to the southeast (Tabor, et

al., in press; Fig, 3). This fault appears be a significant tectonic

boundary within the field area. Tabor (1961) reports that the fault is

marked by contrasting lithologies and metamorphic grades on opposite sides

in the South Cascade River area seme 8 kilemeters south of the study area.
This indicates that movement has taken place after regional metamorphism

to bring rocks of contrasting facies together (Tabor, 1961). The partial

displacement of the Cloudy Pass quartz diorite and the apparent truncation

of the South Cascade Glacier stock indicate that seme Tertiary movement

has occiired along the fault.

Statement of the Problems

Many questions concerning the tectonic evolution of the Crystalline

Core remain unanswered. This study is focused upon the Cascade River

Schist and ccaritributes information concerning the protoliths of the

metamorphic rocks, metamorphic conditions, deformational events and

kinematics during and after metamorphism.

Problems investigated in this study are:

(1) The distribution, composition, and tectonic setting of the

protoliths of the Cascade River Schist.
(2) The pressure-temperature conditions of metamorphism.

(3) The number, sequence and kinematics of the deformational events

affecting the Cascade River Schist, as well as their relationship to

metamorphism.

These aspects will contribute to the understanding of the

depositional environment of the Cascade River Schist and the mechanics of

orogeny.



PETROGRAPHY, FIEU) REIATiaJS, AND ROCK UNITS OF THE CASCADE RIVER SCHIST

Introduct-ion

Ihe focus of this study is on the Cascade River Schist, v^ich

occupies the central part of the study area. The geologic and sanple site

maps are included in Plates 1 and 2 (pertinent saiiple numbers are given in

the text). Mineral assemblages and \Ahole rock geochemical data are given

in Appendix 1 and 2. The Cascade River Schist in the study area is

derived frcm a diverse assemblage of protolith rock types, it exhibits a
metamorphic grade ranging from the greenschist to the anphibolite facies,

and it contains several generations of structures. In the following, the

rock units are described from west to east across the study area (Fig. 6).
The grain size classification employed is: very fine-grained (less than

.25 irm), fine-grained (.25-1.0 itm), medium-grained (1-5 nm), and coarse­

grained (greater than 5 imi).

Rock Units West of the Le Conte Fault

The five rock layers west of the Le Conte fault include a

greenschist, brown phyllite, metaconglcmerate, metatuff, and metamarl- 

semipelite-pelite units (Fig. 7). These traceable units generally strike

to the northwest and dip steeply to the southwest (Fig. 6), and include
metasedimentary and metavolcanic lithologies assigned to the arc-related

Cascade River unit of Tabor et al. (in press; Fig. 4). These rock units

are similar in ccrposition to the northeastern Cascade River unit and

differ frcm the oceanic Napeequa unit in the central part of the field

area (Fig. 4).

Greenschist Unit

The greenschists are dcurk green, well-foliated raylonites vhich
contain sub-angular saussuritized relict plagioclase phenocrysts (1-5

irm)(20-30%) in a strongly sheared matrix of quartz and albite (30-40%).
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Figiore 6. General geologic map of the study cirea. Inset shows regions

referred to in the text. Details in the Ixjx are given in the more

detailed field map (Plate 1). The portion of the map east of the Le Conte

fault is cin outcrop map, vhereas the portion of the map west of the fault

disregards the alluvium distribution, except for along the Cascade River.
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The plagioclase phenocryst cores are more saussuritized than the rims

indicating that the plagioclase was originally normally zoned with calcium
rich cores. Other minerals include 1-2 irm in length aligned actinolite

(7-10%), epidote, and chlorite (10%). Accessory minerals include pyrite,

magnetite, and ilmenite. Biotite is present in all the units west of the

Le Conte fault but is partially to viiolly chloritized due to late shear

(see Structure Section).

The contact between the Marblemount Meta-Quartz Diorite and the

greenschists is defined by a gradational sheared border zone. The

Marblemount Meta-Quartz Diorite is semi-massive and medium-grained west of

the contact and beccmes increasingly fine-grained towards the mylonitized

greenschist unit. The possibility that these mylonitized greenschists are

sheared Mcirblemount Meta-Quartz Diorite can not be excluded. However, the

greenschist unit is continuous with less-sheared metavolcanics (Cary,

pers. ccrrm.) directly on strike to the northwest in the Lookout Mountain

area, suggesting a similar protolith ccmposition for the greenschists in

this study area. The extensive sausseriti2:ation of the plagioclase
phenocrysts indicates that the protolith contained calcic plagioclase, and

thus was probably basalt or andesite. Whole rock geochemistry of similar

rocks on Lookout Mountain suggests that the protoliths are tholeiitic

basalt, andesite, and minor rhyolite of an arc-affinity (Fig. 7; Table 1).

Brown Phyllite Unit
The brown phyllitic unit is thin (10-20 meters thick), mylonitic,

well-foliated, ccrmonly fissile, and contains abundant vyhite mica and

plagioclase clasts. In ccnparison to the greenschist unit, epidote and

actinolite are lacking, and vhite mica (30-40%) is abundant. The other

minerals are chlorite, opaque and sphene. The rock is apparently derived



Figiare 7. Geochemical descrimination diagrams (see Table 1 for synopsis).

Diagrams based on; A) MgO/FeO vs. Si02 (Miyashiro, 1974); B) Alkalies-FeO- 

MgO (Irvine and Baragar, 1971); C) Ti02 vs. Zr (Pearce and Gann, 1973); D)

V vs. Ti/1000 (Shervais, 1982); E) Ti02-Mn0 X IO-P2O5 X 10 (Mullen, 1983);

F) Ti/lOO-Zr-Sr/2 (Pearce and Gann, 1973); G) Al203/Ti02 vs. Ti02; H) Plot

of GPS anphibolites and other rock units in the Grystalline Gore (Babcock
and Misch, 1988).

Data frcm the western Gascade River unit (GPu) metavolcanics, MMQD

and felsic clasts frcm Gary (pers. ccmn-). Metavolcanic affinities

include GA (Gale-Alkaline), TH (Tholeiitic), Arc (basalt), MORB (Mid-

Oceanic Ridge Basalt), within plate (basalt), BAB (Back-Arc Basin Basalt),
OIA (Oceanic Island Arc basalt), lAT (Island Arc Tholeiite), GAB

(Gontinental Arc basalt), lAB (Island Arc Basalt), and Oceanic (basalt).
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T^ble 1. Geochemical Descrimination Diagram Results

Northeastern Cascade EUver Unit Metavolcanics

# A B C D E F G % Si02

6 CA CA _ 66.9
117 CA CA Arc BAB

MORB
— CAB Arc 56.2

173 TH CA MORB OIB OIA CAB Oceanic 50.1
Within Plate

188 CA CA - - - - - 60.9

Western Cascade River Unit Metavolcanics (Cary, Lookout Mtn. Area)

156 CA CA _ _ 79.7
14G TH TH - - - - 60.3
261 TH TH MORB

Arc
Arc LAT LAB Arc 49.9

26H TH TH MORB Arc - LAB Arc 55.5
^ferblemount Metaquartz Diorite (Cary, Lookout Mtn. Area)

26A CA CA _ _ 60.5
7B TH TH MORB Arc lAT LAB Arc 52.5

Arc BAB,MORB
Felsic Clasts in the Metaconglcmerate Unit (Cary, Lookout Mtn. Area)

33G CA CA — _ _ 78.8
33H CA CA - - - - - 62.2
31H CA CA - - - - - 78.8

Napeequa Metabasites

158 TH TH — MORB _ 60.9
240 CA CA - - - - Oceanic 49.1
44* CA CA — — — — Arc 54.6
(*metagabbro)

Diagrams based on: A) MgO/FeO vs. Si02 (Miyrashiro, 1974), B) Alkalies-
FeO-MgO (Irvine and Baragar, 1971), C) Ti02 vs. Zr (Pearce, 1973), D) V
vs. Ti/1000 (Shervais, 1982), E) Ti02 - MnQXlO - P205X10 (Mullen, 1983),
F) Ti/100 - Zr - Sr/2 (Pearce and Cann, 1973), G) A1203/Ti02 vs. Ti02.
Metavolcanic affinities include CA (Calc-Alkaline), TH (Tholeiitic), Arc
(basalt), MORB (Mid-Oceanic Ridge Basalt), within plate (basalt), BAB
(Back-Arc Basin Basalt), OIA (Oceanic Island Arc basalt), lAT (Island Arc
Tholeiite), CAB (Continental Arc Basalt), lAB (Island Arc Basalt), Oceanic
(basalt).



frcm a graywacke or tuff. Ifie minor amounts of saussurite in the

plagioclase clasts, characteristic of all the rock types in the Cascade

River unit, except in the greenschist unit, indicate that the proto liths

(or source environments) for these units contained less calcic plagioclase

than the greenschist unit.

The ccntact between the brown phyllitic and metaconglanerate units is
defined by a northwest trending linear swampish depression. This

depression is the result of differential weathering, faulting, and/or

shearing concentrated between these units. This zone also appeaurs to be

an area of hydrothermal alteration, as evidenced by abundant pyrite and
iron oxide stain observed in the rocks adjacent to this depression.

Metaconglcmerate Unit

The metaconglctnerate unit contains rounded and stretched clasts of

tonolitic to quartz diorite, dacite, minor fine-grained sedimentary rock,

with plagioclase grains and a quartzo-feldspathic, micaceous matrix (Fig.

8, 9, 10). The clasts range in size from pebbles to rare boulders. The
matrix and clasts are generally sub-equal in proportion, thus the rock is

matrix support,ed. Chanical analysis of three felsic clasts fron Lookout

Mountain (Cary, pers. coimu) indicates that they are dacitic to rhyolitic

in composition (Fig. 2).

The matrix contains sub-angular, medium-grained plagioclase clasts
(20-40%) and a fine-grained, sheared matrix of quartz and albite in sub­

equal proportions (20-30%), with 30% or less epidote, 30% or less

chlorite, and white mica (Fig. 8, 9, 10). Biotite is minor due to
pervasive late chloritization.



Figure 8. Metacxjnglcmerate containing dacite and granitic clasts. Note
the extreme stretching of the dacite clasts observed in the XZ plane (A)

in contrast to the Y-Z section (B)(see Structure Section) (95- numbers in

figure captions refer to sanple numbers). Microphotograph of sanple 95 is

shewn in Figure 9.
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Figure 9. Photcmicrograph of the matrix of a metaconglcmerate (95)

showing; (A) extreme granulation of the quartzo-feldspathic matrix and

boudinage of the plagioclase clasts; (B) dacite clast in the lower left-

hand corner.
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Dacite Clast

Figure 10. Photcmicrcagraph of a dacite clast in a matrix containing

plagioclase clasts, guartz and epidote. Hie abundant dacite clasts in the

metaconglcmerate unit are ccnposed plagioclase phenocrysts in a matrix of

sub-equal amounts of quartz and plagioclase.

i



Metatuff Bed

Directly northeast of the metaconglomeratic unit is a 5-10 meter

thick metatuff bed. This foliated rock is a distinctive brownish v\hite

and forms a prominent rib in the hillside. It is separated frctn the
adjacent units by sharp contacts. Probable lappilli occur locally (110).

The unit is ccmposed of approximately sub-equal amounts of fine-grained

quartz and albite (55%), non-saussuritized plagioclase phenocrysts (20%),

and minor v<hite mica and chlorite. This bed is ccmpositionally similar to

seme of the dacite clasts observed in the adjacent metaconglcmeratic unit.

Metamarl-sanipelite-peliteUnit

This unit cotmonly contains distinct bedding structures resulting

frem variations in the proportions of plagioclase clasts, carbonate, or

mica. These variations are observable on a scale of centimeters or, more

coTinonly, meters (Fig. 11). The rocks of this unit are moderately

fissile, tan to black phyllites (Fig. 12), and phyllitic schists, with

intercalated minor light-colored, carbonate-rich pods.

In general, the unit contains a matrix of fine-grained, mylonitized

quartz and albite (20-40%), and larger .5 mn long clasts of albite (0-

5%)(Fig. 481). White mica is ubiquitous within this unit, and comprises

up to 50% of the rock (Fig. 44). Chlorite is minor or absent (0-5%), and

biotite is rare. The metamarls contain up to 70% carbonate, and up to 10%

epidote (Fig 43). Nearly pure marble occurs, rarely, in pods. Minor

fine-grained .25 im Icaig chloritoid (10b, 103, 140, 209) and medium­

grained 3 nro in diameter almandine garnet (10b) occurs in the subordinate

pelitic varieties of this unit. Accessory minerals include graphite,
magnetite, ilmenite, sphene, honnatite, rutile, and tourmaline.

The deminant protolith of this unit is a marl, with a tuffaceous,

volcaniclastic, or clastic component. The abundance of white mica, quartz



Bedding 11 Foliation Inferred

Figtxre 11. Bedding observed in the metanarl-semipelite-pelite lonit west

of the Le Conte fault (10). This picture demonstrates the parallel nature

of bedding and foliation, and the cctnposite protolith influence of this

unit. This outcrop contains metamarl, semipelite (with minor pelitic

"tops" containing chloritoid + garnet + white mica) and a lappilli tuff

layer.
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Figure 12. Brown phyllitic schist containing plagioclase clasts (v\hite

streaks). The surface shown is slightly oblique to the XY plane, which is

sub-parallel to the bedding plane, and as a result shows bedding structure

defined by increased plagioclase clasts content. Note the planar calcite

filled extension veins formed perpendicular to the mineral lineation.



and graphite in the carbonate-poor interbeds suggests that these rocks are

senii-pelitic (semi-aluminous) fine-grained sediments. The presence of

chloritoid locally indicates that the sediments range to pelitic or

aluminous canpositions.

Rock Units in the Central Part of the Field Area

Rock units in the central part of the field area (Fig. 6) differ in

protolith, structure, and metamorphism from the rocks to the west of the

Le Conte fault just described. The rock units in the central part of the
field area are part of the Napeequa unit of Tabor et al. (in press). The

rock types include qucurtz biotite schists and variants, metagabbros,

ultramafics, and minor amphibolite (Fig. 6). The rocks are metamorphosed

to the amphibolite facies. These rocks are dominantly mylonitic like the
Cascade River Schist west of the fault, although they are more corplexly

folded and disrupted and are not traceable (Fig. 6).

Quartz Biotite Schists

Qucirtz biotite schists are the dcminant lithology of the Napeequa

unit observed in field area. These schists are tannish-gray to brown or

black, with the darker schists containing more biotite and graphite (Fig.
13). The rocks are strongly-aligned and well-foliated mylonites, vhich

are cormionly banded with thicker poorly fissile layers and thinner

strongly fissile layers (Fig. 13b).

These schists contain biotite (10-45%), cormonly in a graphitic

matrix of quartz (30-75%) and subordinate albite, or more cotnnonly

oligoclase (0-15%)(Fig. 13). Plagioclase clasts are rare, in contrast to

the metaclastites in the Cascade River units in the western and

northeastern parts of the field area. Plagioclase clasts were observed in

only two sanples, both of vhich are near the Le Conte fault and along the
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Figiare 13. A) Quartz biotite schist of the Napeequa unit with S-C surfaces

indicating dextral shear and the dark color characteristic of the schists

in the central part of the field area (60). B) Photomicrograph of a

quartz biotite schist showing the spaced mylonitic surfaces and the

abundance of biotite (150).
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western part of the Napeequa unit. Other constituents include white mica

(0-20%), chlorite (0-20%), .5-2 mm in diameter almandine garnet (0-5%) and

graphite (0-10%). The dominant chlorite is Mg chlorite, although Fe

chlorite is found in association with retrogressed biotite, particularly

next to cross-cutting C surfaces. Accessory minerals include calcite,

sphene, rutile, ilmenite, magnetite, apatite, tourmaline, and rare pyrite.

The biotite schists grade into calcareous interlayers and into

micacous quartzites or quartzite. Abundant white mica (20%) and garnet,

and rare clinozoiste, occur in the subordinate nore aluminous varieties of

these schists. These ccmpositional variations occur perpendicular to the

foliation over a scale of meters, and probably reflect bedding. The

relatively high quartz content in these schists together with associated

basic and ultrabasic rocks suggests the protolith was an inpure chert.

Amphibolites
Airphibolites cure a minor lithology in the central part of the field

area and comonly occur as discrete layers within the quartz biotite

schists. The amphibolites contain hornblende, plagioclase, and epidote.

Less commonly constituents include minor quartz, chlorite, sphene, and

opaques. Whole rock geochemical analysis of one thin amphibolite layer

(Fig. 45b) suggests that these rocks are calc-alkaline basalts of oceanic

affinity (Fig. 7, Table 1). One thick amphibolite layer is observed in

the Napeequa unit. Ihis unit differs from the thin layers by its greater

percentage of quartz (greater than 20%) and lack of biotite. Whole rock

geochemical analysis of one sample suggests that this layer is a

tholeiitic andesite (Fig. 7, Table 1). This layer may be a Cascade River
unit metavolccinic layer which has been imbricated into the Napeequa unit

along a shouldering zone adjacent to the northeastern margin of the Hidden

Lake pluton.



Ultraunafic Rocks

Ultramafic bodies range in size and shape from centimeter scale pods

or layers viiich line faults, to layers that are meters in thictoess (Fig.
6). Generally, the foliation and outline of the ultramafic bodies are

concordant with the foliation in the adjacent schists.

Ultramafic rock types include serpentinites, tramolite schists, and

forsterite becuring talc schist. The serpentinites are fine-grained and

vary frcm massive, or mat textured (Fig. 14a), to well-foliated (Fig.
14b). The antigorite-rich serpentinites are blue-green on fresh surfaces,

and brown on weathered surfaces (Fig. 15a). The serpentinites ccmnonly

contain antigorite (60-90%), veins or grains of magnesite (3-10%), and

accessory chrcmite (or magnetite)(Fig. 14). Ghosts of probable forsterite

grains are outlined by magnetite "dust". Just north of the Hidden Lake

pluton, cin extensive ultramafic layer contains a relict high-grade core

containing partially serpentinized forsterite (30%), talc (50%),

antigorite (12%), and opaque (8%) (Fig. 15). The forsterite is interpreted

to be metamorphic (see Metamorphic Section), although a primary origin

cannot be discounted without forsterite ccmposition data. The light

greenish blue ultramafites, vhich have a substantial tremolite and/or talc

content, are restricted to the foliated vcurieties, suggesting that silica

enrichment (metascmatism) predated or accompanied deformation. Thin talc- 

rich layers are ccrtmon along faults. Noteworthy are the talc-lined faults

inmediately to the northeast of the Hidden Lake pluton along a possible

shouldering zone. Tremolite commonly occurs as monominerallic layers
("Blackwall").

Metaqabbro
Two extensive bodies of foliated to semi-massive metagabbros occur in
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Figure 14. A) Microphotograph of a serpentinite containing mat-textured

antigorite, magnesite, and chrcmite (145). B) Well-foliated serpentinite

containing antigorite, talc, and opaque (225). Upgrade to the east the

serpentinites give way to forsterite-talc bearing ultramafite porbably due

to deserpentinization.
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Figure 15. A) Forsterite bearing ultramafite, displaying characteristic

brown weathering and forsterite porphyroblasts (25d). B) Photomicrograph

of the above handsaiiple showing talc and antigorite replacing forsterite.

j



Figure 16. A) Metagabbro in the Napeequa unit from just below the Cascade

River Road. Note the coarse grain size, except in small-scale shear zones

(top right)(44). B) Metagabbro in the Napeequa unit from just north of

the Hidden Lake pluton (157). This body occurs next to a possibly

cogenetic ultramafic layer (Fig. 15).
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the field area, one just below the Cascade River Road, and another just

north of the Hidden Lake pluton (Fig 6). These bodies are spatially
associated with, and are possibly genetically related to, ultramafic

bodies. A good example of this relationship is found along the

northeastern margin of the Hidden Lake pluton vhere a layer of 30 m thick

ultramafite and 30 meter thick metagabbro occur together (see Plate 1).

These lithologies may be cogenetic and of ophiolitic origin.

The metagabbros are light to dark green, and contain medium to
coarse-grained amphibole porphyroblasts in a plagioclase-rich matrix (C.I.

= 60-80)(Fig. 16). The dark green metagabbros, vhich lack visible grains,

cire strcaigly sheared. The pods and layers of coarser-grained material

attest to the once coarser-grained nature of this unit.
The metagabbroic body west of the Hidden Lake pluton (Fig. 6)

contains 2-4 ntn in length tremolitic hornblende (50-60%), with

interstitial plagioclase (10-20%), epidote (10%), and minor biotite,

prochlorite, sphene, and calcite (44; Fig. 16a). The body directly north

of the Hidden Lake pluton contains tremolitic hornblende (60%),

plagioclase (15%), and 2oisite (25%)(25c.l; Fig. 16b).

These two bodies are interpreted to be metamorphosed gabbros due to

the abundance of Ca-anphibole and plagioclase, lack of quartz, low silica

content (Fig. 7, Table 1), and medium- to coarse-grain size versus the

fine- to medium-grain size of the amphibolites. Whole rock geochemical

analysis of one metagabbro, although possibly ccmplicated by cumulate
origin, suggests a calc-alkaline arc-affinity (Fig. 7, Table 1).

Rock Units in the Northeastern Part of the Field Area

The northeastern part of the map area contains a hcmoclinally layered

sequence of metasedimentary and metavolcanic rock units which strike to

the northwest and dip steeply to the southwest (Fig. 6). These rock



units, in order of decreasing abundance are: locally conglomeratic

quartzo-feldspathic schists, mica schists, amphibolites, quartz mica

schists, calcareous schists, calcareous anphibolites, minor marbles and

graphitic mica schists (Fig. 6). These rock types conform to Tabor et al.

(in press) Cascade River unit (Fig. 4). These rocks generally contain a

granoblastic, medium- to coarse-grained fabric, with a strong foliation,

and a weakly developed mineral lineation. Garbenschiefer (Fig. 20b)

textures cure cannon in anphibolite, mica schist, and graphitic mica

schists. This contrasts with the finer-grained mylonitic rocks observed

in both the Neepequa cind Cascade River units in the central and western

part of the field aurea (see Structure Section). The rocks of this area

are in the kyanite-staurolite zone of the middle amphibolite facies (see

Metamorphic Section).

Quartzo-Feldspathic Schists

The extensive quartzo-feldspathic unit is distinguished by the

occurrence of plagioclase clasts. The unit is locally conglomeratic

containing cobble, piettole, and rare boulder sized clasts, with tonalite to

quartz diorite (Fig. 17b), dacite and minor black garnet-bearing

metasedimentary ccnpositions. Minor schist and quairtzite clasts are

reported by Tabor (1961) in a similar unit along strike. The unit is

coarse-grained, poorly sorted, and coipositional ly iimature. Graded

bedding structures are defined by the decreasing content and size of

plagioclase and conglomerate clasts, and increasing muscovite content,

towards the top (frcm quartzo-feldspathic schists to mica schists; Fig

18). These structures, assuming normal grading, suggests that younging is

to the southwest.
The matrix is ccnposed of granoblastic quartz (20-25%), calcic
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Figure 17. A) Photo showing stretched plagioclase clasts in a typical

quartzo-feldspathic schist of the Cascade River unit and biotite mineral

lineation (922b). B) Granitic clast in a mica schist (132). This mica

schist is a interbed within the quartzo-feldspathic unit.



YOUNGING?

Figure 18. Field Sketch showing graded bedding structures in the locally

conglctneratic quartzo-feldspathic unit. These primary structures eire

defined by the decreasing content and size of plagioclase and conglcmerate
f

clasts, and increasing muscovite content, towards the top.



oligoclase (20-25%), and subangular to angular plagioclase clasts (20-

30%). Other phases include muscovite (10-30%), biotite (0-20%), and 1 nni

in diameter almandine garnet (0-10%). Accessory phases include ilmenite,

magnetite, sphene and rutile. Retrogressed biotite, resulting in minor

pennite and K-spar, is cannon in cross-cutting shear zones in the

northeastern part of the field area (See Structure Section). Carbonate

and epidote are found in cross-cutting veins vyhich are spatially related

to retrogression of the biotites.

The protolith of this unit is a poorly sorted arkosic to volcanic

conglomerate. The unit is interbedded with 1) Thin to thick (cm to 1-2
meter) layers of micacous schists (below); 2) Thin (cm’s-meter) calcareous

an^ibolites (Fig. 22) and ortho-anphibolites (below); and 3) 1-3 meter

thick concordant foliated plagioclase-porphyry homblendic mafic dikes,

vAiich define an injection zone.

Mica Schists

These rocks are well-foliated and cctrmonly contain large

porphyroblasts of 2nm-3cm in length hornblende (0—30%), and lnm-3cm in

diameter garnet (0-30%). The matrix is caiposed of plagioclase (20-40%)

(An 20—49), and quartz (10—20%), with biotite (10—15%), less cctrmonly with

muscovite (0-30%) and chlorite (0-15%)(Fig 19, 48a,b,f,g). One occurrence

each of staurolite and kyanite occur in the garnet and muscovite bearing

aluminous varieties. Accessory minerals include epidote (0-5%), calcite,

rutile, sphene, magnetite, and ilmenite.

The mica schists are intermediate in ccnposition between the quartz

mica schists and the quartzo-feldspathic schists. These schists are
distinguished frcm quartzo-feldspathic schists by the lack of plagioclase

clasts. The mica schists occur as separate, thick, mappable layers, and

as interbeds, seme with kyanite and staurolite, within the extensive
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Figure 19. Photonicrograph of a mica schist (132) showing a typical SI

foliation (see Structure Section) defined by muscovite, biotite and

elongate, slightly undulose, quartz and oligoclase grains.



conglomerate bearing quartzo-feldspathic unit.

This unit enconpasses a relatively wide range of metasedimentary

protoliths. The lack of medium-grained plagioclase clasts suggests a

finer-grained feldspathic to pelitic protolith, varying frcm rare pelites

to irrmature siltstones. Ilie hornblende-rich varieties probably have a

mafic igneous component (metatuffaceous or volcaniclastic?).

Anphibolites
Anphibolite layers in the northeastern layered sequence are thick

(lO's of meters) cind are divided into quartz-rich (quartz greater than

20%) and quartz-poor (quartz 0-10%) varieties. Both varieties ccntnonly

contain dark and leucoratic layering on a centimeter to meter scale, viiich

reflect volcanic or volcaniclastic interbeds. These rocks are moderately- 
to well-foliated, and contain weak- to well-aligned, coarse-grained (2 itm

to 2 cm in length) hornblende prisms on the foliation surface (Fig. 20).

The quartz-poor unit contains quartz (0-7%), plagioclase (25-45%),

hornblende (30-55%), biotite (5-35%), chlorite, epidote (0-7%), and

opaques. The quartz-rich unit contains quartz (25-35%), plagioclase (5-

20%), and hornblende (30-50%). Biotite is absent eind epidote is abundant

(10-25%) in the quartz-poor unit. Tbe leucocratic layers, in the thicker

layers of both sub-units, ccntain more quartz and plagioclase and less

mafic phases (Fig 20a).

Whole rock geochemical analysis of four quartz-poor anphibolites

indicate that these metavolcanics are calc-alkaline basalts to andesites

with an arc-affinity (Fig. 7, Table 1). No quartz-rich anphibolites were

analyzed, but they presumably represent a more siliceous volcanic

protolith (e.g. dacites).

Quartz Mica Schists



Figure 20. A) Quartz-poor amphibolite (meta-dacite, 6) with

garbenschiefer texture. Note the poorly aligned nature of these samples
on the SI surface (see Structure Section). B) Photo of a leucocratic

quartz-rich amphibolite (meta-andesite, 188), and garbenschiefer in a mica

schist.
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Figure 21. Quartz mica schist showing the we 11-developed pure quartz

layers separated by dark, biotite-rich layers, vhich probably reflect

bedding.
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Figure 22. Thin calcareous anphibalite layer within a kyanite bearing

ndca schist interbed of the quartzo-feldspathic unit (183b).



The quartz mica schists are well-foliated, medium-grained, and show
segregation or primary layering (Fig. 21). The matrix is composed of

quartz (10-80%), oligoclase (An 20)(7-45%), biotite (10-35%), muscovite

(3-10%) and rare chlorite. Subordinate plagioclase and biotite-rich

interlayers occur between more quartz-rich, thicker layers. Cctmonly this

unit contains coarse-grained porphyroblasts (2nm-lcm) of almandine garnet.

Accessory minerals include magnetite, ilmenite, and rutile.

The inferred protolith for the quartz-rich varieties is an inpure

ribbon chert. The biotite-rich quartzo-feldspathic interlayers possibly

represent a more inmature protolith with a volcanic or volcaniclastic

detrital influence. These queurtz schists are similar in ccmposition to

the quartz biotite schists observed in the nearby Napeequa unit. The unit

is included in the northeastern Cascade River unit since: 1) the unit

dips to the southwest parallel to the other rock units in the northeastern

area; and 2) the unit is partially interbedded with the pelitic graphitic

schist unit and thus appears to be in stratigraphic continuity with the

hcmoclinal northeastern Cascade River sequence.

Calcareous Amphibolites, Calcic Mica Schists and Marble

This unit includes a calcareous amphibolite, calcic mica schist and a

thin marble layer. One marble bed occurs in this calcareous package on

the ridge south of Marble Creek and on the ridge between the two Sibley

Creeks. TVo beds occur at the headwaters of the southern fork of the
Sibley drainage. It is not clear viheather these represent two seperate

beds, or the same bed structurally repeated, since the second bed occurs

in an imbricated zone.

The calcic anphibolites contain carbonate and epidote-rich laminae
(l-5nm), between thicker, homblende-rich layers. The homblende-rich

layers contain hornblende (50%), calcic plagioclase and epidote (35%),



quartz (10%), and calcite (5%), llie hornblende—poor layers contain

hornblende (5%), calcic plagioclase and epidote (35%), quartz (20%), and

abundant calcite (25%). Less ccnrnon phases include muscovite, chlorite,

clinozoisite and plagioclase clasts. Accessory minerals include rutile,

opaque, and sphene. The calcic mica schists contain calcic plagioclase
(20-40%), biotite (25%), epidote (3-5%), quartz (20%), calcite (5-25%),

and opague.

The abundance of carbonate, epidote, and quartz suggests that the
protolith for the calcarTOus schist and aitphibolite is a calcareous
sediment with a probable volccinic or volcaniclastic ccnponent (marl), in

association with a thin limestone (marble) bed.

Graphitic Mica Schists

This unit is only observed along the western part of the northeastern

Cascade River unit. It is in part interbedded with the quartz mica
schists (Fig. 6). These distinctive rocks are black, well-foliated, and

strongly fissile (Fig. 23). These rocks contain quartz (15-30%),

oligoclase (10-20%)(An 28), \,hite mica (40-50%), biotite (0-7%), graphite

(0-7%)f and coarse-grained, euhedral, 2-5mn in diameter garnet

porphyroblasts (5-20%). Fine-grained (1 nri in diameter) staurolite occurs

in one sample. Biotite is ccnmon, although not abundant, and occurs as
discrete porphyroblasts, or as a replacement product in hornblende.

Hornblende (0-2%) is restricted to the more biotite- and oligoclase-rich

rocks. The coarse-grained (1-3 cm in length) and radiating nature of the

hornblende in garbenschiefer texture, observed in many of the hornblende

bearing units in the northeastern area, contrasts markedly with the well- 
aligned smaller porphyroblasts (less than 5 nm), observed in mylonites of

the central and western parts of the field area (see Structure Section).
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Figure 23. A) Graphitic mica schist cut parallel to the axial planar

cleavage and perpendicular to the previous penetrative micacous cleavage.

Pelitic rocks such as these are rare in the study area and constitute only

a small percentage of the Cascade River Unit (124). B) Sketch shovsdng the
orientation of the photo and the axial planar cleavage associated with

these schists (see Structure Section).



nie abundance of muscovite, graphite, garnet, and the one occurrence

of staurolite indicates that the protolith of this unit is a shale

(pelite). The graphitic mica schists, quartz mica schists, and a quartz- 

rich amphibolite layer occur in a transition zone between the western part

of the northeastern Cascade River unit and the Napeequa unit (Fig. 6, 38
B-B’).

Discussion

Possible Depositional Environment for the Cascade River Unit v\hich occurs
West of the Le Conte Fault

Many of the attributes of the Cascade River Schist suggest near-arc
eugeosynclinal deposition (Teibor, 1961; Misch, 1966). The Chanical

conpositions of the metavolcanic rocks in the Lookout Mountain area (Cary,

pers. ccniTu), directly north of the study area, are doninantly andesitic,

but range frcm basaltic to rhyolitic with a calc-alkaline, island arc
affinity (Table 1). An arc environment is also suggested by the

geochemistry of the Cascade River Schist metasediments (Babcock and Misch,
1988).

The metaconglcmerate unit appears to be derived frcm a volcanic and

Plutonic provenance (Fig. 24). Rapid deposition in a high energy

environment, proximal to the source region, is suggested by the relatively

angular plagioclase clasts, poor sorting, compositional inmaturity, and

the occurrence of boulder sized clasts reported elsevhere (Cary, pers.

comm.; Tabor, 1961).

The metamarl-semipelite-pelite unit is interpreted to represent a

more distal, lower energy depositional environment (Fig. 25), as suggested
by its inferred protolith v\hich is finer-grained, better sorted, and

ccrrmonly carbonate rich. The occurrence of plagioclase clasts in seme of

the layers of this distal facies suggests seme of these rocks recieved the
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Figure 24. Possible depositional environment for the rock units west of

the Le Conte fault. The overall metasedimentary package next to the

Marblanount Meta-Queirtz Diorite appears to be a fining outward sequence

with proximal conglcmerates, tuffs, and flows, grading to more distal

semipelites, marls and minor limestone pods and pelites.



Figure 25. Principal facies variations in the volcanic rocks related to a

central vent volcano (from Williams and McBimey, 1979). Proximal facies

contain broad thick lavas, lahars with angular blocks up to approximately

10 meters in diameter, tephra (lapilli to coarse ash range), zones of

weathering and soil development between lava flows, clastic debris

reworked by water, and ignimbrites. Distal facies contain volcanic and

VO 1 canid astic rocks inter layered with shallow water sediments and organic

debris (marls) and conforms more closely to conventional stratigraphic

relationships than the proximal facies.



same plagioclase clast input as did the metaconglcmerate unit. The

plagioclase clasts may be volcanic (tuffaceous) or detrital (clastic or

volcaniclastic) in origin. Tuffaceous debris sporadically influenced the

distal facies as indicated by the occurrence of the metatuff bed along the

western margin of the metamarl-semipelite unit and the occurrence of thin

metatuffaceous interbeds (Fig. 11).

Relationship Between the Western Cascade River Ifriit and the Marblemount
Meta-Quartz Diorite

The contact between the Marblanount Meta-Quartz Diorite (MMQD) and

the Cascade River Schist (CRS) in the field area is strongly sheared,

vthich has masked the primary nature of the contact (see Structure

Section). There are three hypotheses concerning the nature of the MMQD- 

CRS contact; (1) The MMQD is older than, and basement for, the CRS, and

thus the MMQD-CRS contact is unconformable (Misch, 1966). This is

suggested by the similcurity of the plutonic clasts in the metaconglcmerate

unit to the MMQD. (2) The MMQD is younger and intrudes the CRS (Cater,

1982). This hypothesis is suggested by outcrop features in the the Holden

area to the southwest. (3) The MMQD-CRS represents a coeval volcanic arc

package, ccmplete with si±>-arc plutonics (MMQD) and supra-arc sediments

and volcanics (CRS). Cary (pers. cotrm.) and Fugro Inc. (1979) reported

intermixing of greenschist and MMQD along the contact, and suggest that

the MMQD and the basal CRS represent a coeval magmatic suite.

The most recent evidence supports the third hypothesis. The age of

the Cascade River Schist appears to be about 220 Ma based on recent a U-Pb
analysis (by J.S. Stacey) of zircon collected by Jeff Cary (Cary, pers.

ccniu.) frcm a metarhyolite bed adjacent to the Marblemount Meta-Quartz

Diorite This is the same age obtained for the adjacent Mcurblemount Meta-

Quartz Diorite (Mattinson, 1972). This age, taken with arc-related



aspects of the western Cascade River unit metasediments and volcanics, and

the proximity of the MMQD to these lithologies, suggests a coeval

parentage, i^parently the volcanism was active vhile the MMQD was exposed

and being eroded, and the MMQD clasts were intermixed with the volcanic

clasts (Fig. 24). Possibly the sub-arc plutonic body intruded to a

shallow level of the arc. It is also conceivable that the contact between

the sub-arc plutonics and supra-arc volcanics and sediments could be both

unconformable and intrusive at different sites along the arc.

Correlation of the Rock Units in the Western Cascade River Unit

Cary (pers. conn.) has mapped a tuff, conglonerate, and pelite

petrofacies directly to north in the Lookout Mountain area (Fig. 26).

These rock units are on strike and correlative, respectively, with the

greenschist, metaconglcmerate, and metamarl-semipelite-pelite units

observed west of the Le Conte fault in my study area. Tabor (1961) also

describes rock types along strike to the southeast of my study area, vhich

appear to correlate with the rock units in the western part of the study

area (Fig. 27). The greenschist, metaconglcmerate, and metamarl- 

sendpelite units in the western part of the field area correlate with the

"transitional", metaconglcmerate, and calcic mica schist units mapped by

Tabor (1961) to the south along the western side of the Cascade River

Schist belt (Fig. 27). Tabor (1961) describes the calcic mica schists and

phyllitic schists as being rich in calcite, epidote, plagioclase clasts,

and graphite, in association with marble intercalations. This rock is

very similar to the metamarl-sordpelite unit in composition, the

occurrence of marble pods, and lithologic positioning relative to the
metaconglcmerate unit. The units in both Cary's and Tabor's areas are 50-
100% thicker than in the study area (Fig. 26, 27). Possible explanations

include tectonic thinning resulting from dextral subhori2X3natal shear.



Figure 26. Ccrnbined geological maps of the Lookout Mountain (Cary, in

progress)—Sibley Creek area (this study). Symbols are the same as in

Figure 6. The Napeequa unit (Nu) west of the Le Conte fault contains

distinctive ultramafite and quartz biotite schist, vhich are not clearly

traceable versus the Cascade River unit (CRu). Cary does not report any
metagabbro within his study area. Cary's area is delineated by the fine

line in the index. X = ultramafite too small to be mapped





transpressive offset along the Le Conte fault (see Structure Section),

and/or to primary depositional differences along strike.

Correlation of the Rock Units in the Northeastern Cascade River Unit

The hcmoclinal Cascade River unit in the northeast part of the field

area is on strike with, and bears a strong resemblence to, the lithologies

described by Thbor (1961), and observed by the author and E.H. Brown in

the vicinity of Mount Johannesburg. In this area a stratigraphy can be

recognized where locally conglcmeratic quartzo-feldspathic schist passes
southwestward into inter layered anphibolite, metaniarl, marble, and

metapelites. This sequence correlates with the northeastern homoclinal

Cascade River sequence in the study area (Fig. 27). Tabor (1961) reports

that a calcic mica schist layer occurs along the western side of Mount

Johannesburg, southeast of the metaconglctnerate unit, cind that a few thick

beds of marble are associated with the northeastern part of this
calccireous unit. One, or possibly tvo, norble beds occur in the

northeastern part of the study cirea, thus correlative units appear to have

the same relative positions on a regional scale. Other probable

correlative units described by Tabor (1961) in the Mount Johannesburg area

include an5:Jiibolite layers and black, fine-grained mica schist.
Correlation of the Central Napeequa Ifriit

The Napeequa unit within the field area consists of quartz biotite
schists (and variants), ultramafite, minor anphibolite, and two

metagabbroic bodies, vviiich, in ccxitrast to the rocks of the Cascade River

unit, are not mappable. Ibe inability to trace these units in the study

area is due to limited exposure, cind discontinuity resulting from intense
faulting and folding. Ceiry (pers. ccntn.) and Tabor et al. (in press)

indicate that rock types of the Napeequa unit are continuous beyond the



Figure 27. Regional geologic map showing the distribution of the Cascade

River and Napeequa units of the Chelan Moimtains terrane. The map is

modified from Tabor, et al. (in press) to include the generalized and

traceable metavolcanic, metaconglomerate, and metamarl-semipelite-pelite

layers in the Cascade River unit.
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study area (Fig. 27). The rock types to the north of my study area

include amphibolite, quartzo-feldspathic schist, quartzite, and

subordinate ultramafite, calc-silicate and marble, with the ultramafite

ccrmonly occuring as roof pendants in the Marble Creek pluton (Cary, pers.

ccnnu). Tabor et al. (in press) indicate that the Napeequa unit continues

to the south of my study area, where it terminates as a plunging fold,

around vhich the western and northeastern Cascade River units probably
merge (see Structure Section; Hypothetical Macroscopic Fold to the South

of the Field Area).

Canparison of the Western and Northeastern Cascade River Units

The western and northeastern Cascade River units in the study area
are similar in lithology and stratigraphy (Fig. 28), although the facing

direction appears to be reversed. Both areas contain metaconglcmerate

dominated by felsic and granitic clasts, metamarl, metavolcanic layers,

metasemipelite and metapelites. Metamorphic differences obscure the

ccnparison. However, the overall similarities, and convergence of the

distal lithologies to the south, stongly suggest that these parts of the

Cascade River unit are structurally related (see Structure Section).

Another possibility is that the separate areas represent two parts of the
same basin (e.g. failed marginal basin between ein arc and remnant arc).
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Figure 28. Generalized stratigraphic columns for the western and

northeastern Cascade River units.



METAMORPHIC SECTICN

Introduc-tion
Metamorpiiic mineral assemblages and geothermobarcmetry of the Cascade

River Schist (CRS) indicate that the metamorphic grade in the field area

increases to the northeast across the structural trend. The same pattern

is observed along the Skagit River (Misch, 1966, 1968, 1971), vvhere the

metamorphic grade increases northeastward frcm the greenschist facies,

through the albite epidote and epidote airphibolite facies, culminating in

epidote-free sillimanite bearing Skagit Paragneisses. Mapped metamorphic

zones and facies in the study area include the biotite zone of the

greenschist facies, the garnet zone of the uppermost greenschist and lower

airphibolite facies, and the staurolite-kyanite zone of the middle

an^ibolite facies. These three facies correspond approximately to the

western, central, and northeastern parts of the field area described in

the rock units section.

Mineral Assemblages

Introduction

Mineral assentolages in metamorphosed semipelites, pelites and basites

demonstrate that the CRS west of the Le Conte fault is in the greenschist

facies. The CRS directly east of the fault is in the lower epidote

amphibolite facies, and increases to middle epidote amphibolite facies in

the northeastern part of the area (Fig. 29). Critical mineral assemblages

are given in Table 2. A ccciplete listing of the mineral assemblages cire

given in Appendix 1.

Greenschist Facies Mineral Assemblages
The meta-semipelites west of the Le Conte fault contain the

assemblage quartz + albite + white mica, ccmmonly with chlorite and

biotite (Table 2). The rare pelites contain quartz, albite, white mica



Table 2. Typle Sample Mineral Assemblages (locations given in Figure 29)

Greenschist Facies
Type Sanple- 12 15 10b 103 140 209
Protolith- SP SP P P P P
quartz X X X X X X
plagioclase 00 X X X X Xepidote X X X Xclinozoisite
chlorite X X r rbiotite X X Xwhite mica X X X X X X
chloritoid X X X Xgarnet X
actinolite
hornblende
tourmaline X X X X Xmagnetite Xilmenite Xrutile X Xsphene X X X
opaque X X Xcalcite X Xgraphite X Xantigorite
magnesite

Lower Artphibolite Facies
98 60 *30 137 72 131 179 225
B SP SP SP B B UM
X X X X X
X 16 00 20 X 00 15
X

X
X X

r r r R
X X X X X XX X X

X XX

X
X X

X
X

X X X
X

X X X X
X X X X

X
X

Middle Amphibolite Facies

Protolith- SP SP SP SP SP SP SP SP p p p p B
quartz X X X X X X X X X X X X Xk-spar r rplagioclase 21 32 49 28 32 23 30 27 30
epidote X X X X X Xclinozoisite Xchlorite X r X R X R r Xbiotite X X X X X X X X X X X
muscovite X X X X X X X X X X
garnet X X X X X X X
kyanite X
staurolite X X Xhornblende X X X X X X
tourmaline X X X Xilmenite X X X X X X X X Xrutile X X X X X X X Xsphene
opaque
calcite
graphite
antigorite
forsterite
talc

X
X

UM

r
X
X

Protoliths- semipelite (SP), pelite (P), basite (B), ultramafite (UM).
X,x = greater and less than approximately 10% (respectively)(R,r =
retrogressive products). * = geothermobarcmetry saitple.



Figure 29. Map showing the locations of the critical asseinblages and
metamorphic facies. Abbreviations- vhite mica (van), muscovite (mus),

chloritoid (ctd), albite (alb), oligoclase (olg), andesine (and),

labradorite (lab), epidote (epd), biotite (bio), chlorite (chi), garnet

(gnt), actinolite (act), hornblende (hbl), staurolite (str), kyanite

(kyn), antigorite (antg) and forsterite (fors). The garnet isograd occurs

along or just west of the Le Conte fault. The oligoclase isograd occurs

along, or just east of, the Le Conte fault. The staurolite isograd could

be drawn at the boundary between the lower and middle aitphibolite facies.

The general lack of strongly aluminous metasediirents in the lower
anphibolite facies (Napeequa imit) may result in the displacanent of this

isograd to the east.





(muscovite?), with three occurrences of chloritoid, and one chloritiod +

almandine (#10b) suggesting proximity to the garnet zone at that locality

(Fig. 29). The metabasites contain actinolite to actinolitic hornblende +

albite + epidote + quartz + biotite + chlorite and vhite mica reflecting

biotite zone conditions (Fig. 29, Table 2).

Lower Amphibolite Facies Mineral Assemblages

The meta-semipelites directly east of the Le Conte fault contain

quartz + albite (or oligoclase) + biotite, minor vhite mica (probably

muscovite), and carmonly almandine. The Le Conte fault is interpreted to

mark the boundary between the greenschist and lower anphibolite facies in
the field area. This structure marks the begining of abundant non- 

retrogressed biotite, almandine, and oligoclase + epidote within the field

area (see Structure Section; Timing of Metamorphism and Deformation). A

possible reaction leading to the production of almandine is (Thorpson and
Norton, 1968):

6 Chlorite + Muscovite + 15 Quartz = 13 Almandine + Biotite + 36 H20

The abundance of almandine and biotite, and the paucity of chlorite and

muscovite in these saitples, relative to the semi-pelites across the fault

in the greenschist facies, may be evidence for this type of reaction;
and/or, the abundance of biotite over other micas reflects the relatively

lew aluminum and high ferremagnesium content of these oceanic

metasediments (See Rock Units Section). The first appearence of key

minerals such as staurolite and kyanite may be displaced to the northeast

due to the low A1 bulk composition of the Napeequa metasediments (Fig. 29,
Table 2). These minerals first appear in the metapelites of the

northeastern Cascade River unit.



Middle Arrphibolite Facies Mineral Asseirblages

Mineral assemblages in metapelitic units in the east-northeastem

part of the field area are indicative of the staurolite-kyanite zone of

the middle amphibolite facies. The pelites contain quartz + oligoclase to

andesine + muscovite + garnet, ccmnonly biotite, one occurrence of

kyanite, and two occurrences of staurolite. The metabasites contain

hornblende, epidote, oligoclase, and carnonly biotite (Fig. 29; Table 2).

A northeasterly directed metamorphic gradient is also suggested by the
increase in porphyroblasts and matrix average grain-size frcm the
greenschist to the middle amphibolite facies (Table 3).

Table 3. Upgrade Grain Size Variations

Greenschist-Lower Amphibolite Facies Middle Amphibolite Facies
Garnet 1 - 2 mtn (diameter) 2 mm - 1 cm (diameter)
Ca-Amphibole 1 - 2 nim (length) 2 irm - 2 cm (length)
Matrix fine- to medium-grained medium- to coarse-grained

Petrogenetic Grid

Introduction

The index minerals in the study area include garnet, actinolite- 

homblende, talc + forsterite, albite-oligoclase, staurolite + quartz,

staurolite + hornblende, kyanite + hornblende, and kyanite. The stability

fields of these ndnerals, and mineral assemblages, have been investigated

by many workers and are surnitiarized in a petrogenetic grid (Fig. 30).

Upper Greenschist Facies Equilibria

Garnet Stability- The stability field of almandine garnet was

estimated by Brown (1978) using the relative order of appearance of

minerals in terranes crystallized along different P-T paths, published
work on O 18/16 fractionation, Mg/Fe distribution coefficients, sphalerite

composition, experimentally studied reactions, and thermodynamic

calculations. The one garnet observed west of the Le Conte fault is



Figure 30. Petrcgenetic grid containing published reaction lines for the

key equilibria in the field area. Reaction lines were derived from Brown,
1978 (1, 2A, 3A), Maruyama (et al., 1983)(2B, 3B), Pigage and Greenwood

(1982)(5), Holdaway (1971){8), Piwinski and Wyllie (1970)(6), Huang and

Vtyllie (1975)(7). Reaction line 4 was determined using the PTXss program

of Berman (unpublished). The stippled pattern corresponds to the P-T

region estimated for the greenschist facies, using the single occurence of

garnet, the homblendic nature of the actinolite, and the occurence of
albite, vvhich suggest proximity to reaction lines 1, 2A, and 3B,

respectively. The crossed pattern corresponds to the P-T region estimated

for the middle anphibolite facies, using the occurence of oligoclase to

bytownite + epidote, kyanite, hornblende, talc + forsterite, and

staurolite + quartz. The different slopes and intercepts of the
tenperature axis reactions 3A and 3B demonstrate the ambiguities involved

with the P-T estimates using the petrogenetic grid approuch.
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almandine-rich (#10b; ^pendix 3) and therefore crystallized at or above

the stability limit of almandine (greater than 450-500 C). This one

occurrence adjacent to the Le Conte fault, together with the lack of

garnet in the other metapelites and metasemipelites west of the Le Conte

fault, and the abundance of garnet east of the fault suggests: 1) the Le

Conte fault is in part a post-metamorphic structure; and 2) the rocks west

of the Le Conte fault were metamorposed to P-T conditions proximal to the

garnet reaction line (Fig. 30). These conclusions are also supported by

■the Ca-anphibole and plagioclase ccmpositions bordering the fault.

Greenschist-Anphibolite Facies Transitional Equilibria

The boundary between the greenschist and anphibolite facies is
traditionally drawn vhere actinolite and albite + epidote are eliminated

in favor of hornblende and oligoclase + epidote. This boundary is defined

by reactions vhich form more calcic plagioclase and homblende-rich

amphibole at the expense of epidote, albite, and chlorite. The transition

between these facies is ccnplicated by the occurrence of a peristerite gap

between albite and oligoclase and imniscibility between actinolite and

hornblende.

Actino 1 ite-Homblende Transition- The Ca-amphiboles west of the

fault vary frcm actinolite to hornblende, with most being actinolitic

hornblende (Fig. 31, i^>pendix 3). Misch and Rice (1975) report a probable

imniscibility gap (based on A1 content) between tremolite and hornblende

at or near the oligoclase isograd in the Skagit section. No such gap
(based on Si or Al) is evident in the present study area. The

coipositions also span the proposed conpositional gap of Maruyama et al.
(1983) vho attributes the lack of such a gap to a low FeO/MgO vhole rock

ratio. Ca-amphiboles just east of the fault are hornblende (Si less than
7.25), and indicate that the greenschist—anphibolite boundary occurs along
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the Le Conte fault.
Albite-Oligoclase Transition- Albite (An less than 5%) + epidote

occurs west of the Le Conte fault (Table 1, Figure 29), v^hereas oligoclase

+ epidote (#137 & 179), and albite + epidote + hornblende (#131) coexist

east of the fault. The oligoclase isograd is interpreted to occur at, or

just east of, the Le Conte fault, or a narrow belt of albite amphibolite

facies is possible just east of the fault (Fig. 29). Misch (1979) states

that a narrow belt of albite-epidote aiiphibolite facies occurs along the

western boundary of the artphibolite facies along strike to the north- 

northwest in the Skagit section.

Middle Anphibolite Facies Equilibria

The stability of hornblende, oligoclase, staurolite + quartz, talc +

forsterite, kyanite, and staurolite + hornblende places semi-quantitative

constraints on the P-T region occupied by the middle anphibolite facies
(Table 2, Fig. 29). The stability limits of several of these minerals and

minerals pairs are exceeded in the Skagit Gneiss, indicating that

tenperature increases to the northeast (Misch, 1971).

Staurolite + Quartz Stability- The upper tenperature stability limit

of staurolite + quartz is 650 C at 8-10 kb, assuming a high Fe/Mg ratio in

staurolite (Pigage and Greenwcod, 1982), and that Fe and Mg are not

fractionated between staurolite and garnet (Brown and Forbes, 1986) (Fig.

30). The stability of staurolite + quartz is exceeded upgrade in the

Skagit Qieiss vhere staurolite is only found as inclusions in garnet

(Misch, 1968; Whitney, 1987).

Thlc + Forsterite Stability- Ultramafic assemblages in the field
area include antigorite + magnesite in the lower anphibolite facies and
forsterite + talc + antigorite in the ndddle amphiolite facies, with



antigorite being a retrogressive product of forsterite. Reactions

constraining these asseinblages include:

(1) Antigorite = 18 Forsterite + 4 Talc + 27 H20 (steep positive

slope and intercepts 600 C at 9 Kb).
(2) Talc + Forsterite = 5 Enstatite + H20 (steep negative slope and

intercepts 650 C at 9 Kb.).

The assemblage forsterite + talc suggests terperatures between 600-

650 C for the middle amphibolite facies (assuming a low Fe content), vhich

is in agreement with the temperatures suggested by the stability of

staurolite + quartz. Higher grade assemblages in the Skagit Gneiss

include: forsterite + anthophyllite; anthophyllite + tremolite + chlorite

+ talc; forsterite + talc + chlorite; and forsterite + enstatite +

chlorite (Whitney, 1987).

Kyanite and Staurolite + Hornblende Stability- The presence of

kyanite in the middle amphibolite facies suggests that pressures were

greater than 6-8 kb, assuming temperatures of 600-700 C for this facies
(Holdaway, 1971)(Fig. 30). Also, the coexistence of staurolite +

hornblende (#3; Fig. 48a), and hornblende + kyanite (#183b), are

indicative of high pressure metamorphism (Selverstone, et al., 1984).
Whitney (1987) also reports that staurolite + hornblende coexist in the

Cascade River Schist directly to the north of the these samples in the

Marble Creek Area.

Geothermobarcmetry
The Therimcmeter used in this study is based on the distribution of Mg

and Fe between garnet and biotite (Ferry and Spear, 1978). The barometer
used in this study is based on the distribution of Ca and Fe in the GRIPS

assem±)lage (Garnet, Rutile, Ilmenite, Plagioclase, Silica; Bohlen and

Liotta, 1986), and the total aliminum content of magmatic hornblende
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Geotheimonetry

Gamet-Biotite Temperatures- The Fe-Mg distribution coefficient (Kd)

between garnet and biotite is dcminantly tenperature sensitive and thus

valuable for geothermcmety (Ferry and Spear, 1978). The temperature (T)

and distribution coefficient (Kd) are related by:

T(K) = -12,454 - .057 P(Kb) - 3RT LN(Kd) / -4.662

Temperatures in the range of 494 to 653 C (+/- 50 C) are obtained

using garnet rim-biotite ccnpositions in rocks of the middle airphibolite

facies, assuming an ideal solution model and pressures of 8 kb. An ideal

solution model ignores the effects of Ca and Mn substitutions in garnet,

and Ti and Al(4) substitutions in biotite. Ferry and Spear state that

gamet-biotite geothermcmetry may be useful without correction for

additional ccnponents if the mole fraction of Ca + Mn is less than .20.

Significant amounts of Ca and Mn in garnet result in an underestimation of

the metamorphic temperatures. Newton and Haselton (1981) reccmmend that
only garnets with Mn less than 1/3 Mg be used, with the assumption that Mn

mixes ideally with all other ccnponents. Samples #184 and 220 contain the

largest molar fractions of Ca and Mn, and highest Mn/Mg ratio and give the

lowest and most unreasonable temperatures (Table 4).

Table 4. Ferry and Spear Temperatures Uncorrected for Ca and Mn
X CaMn = (Ca + Mn)/(Ca + Mn + Fe + Mg) less than .20 and Mn/^^ less than .33

(Hairmarstrcm and Zen, 1986; Hollister, et al„ 1987). Mineral

cctnpositions (Appendix 3) were determined by E.H. Brown using the electron

microprobe at the University of Washington.

# X CaMn Mn/Mg Temperature (C)(8Kb)
#194 .17 .55 573 (+/- 50 C)
#93b .18 .06 559
#134 .18 .37 646
#118b .20 .32 653
#184 .30 1.04 520
#220 .35 1.40 494



The relatively high amounts of Ca and Mn in all these garnets

indicate that nonideal solution models are needed. Exceptions may include

sanples 134 and 118. These sairples meet the stipulated requirements, give
reasonable ideal solution model tenperatures (Fig. 30), and unreasonably

high non-ideal solution model temperatures (Fig. 32). This study has

applied the nonideal solution models of Ganguly and Saxena (1984) and
Berman (unpublished) for garnet, and were plotted using the P-T-Xss

program of Bejnnan (unpublished). Both garnet models result in similar

upward revisions frcm the tenperatures estimated using the ideal solution

model of Ferry and Spear (Table 5). The "preferred" column in Table 5

gives the average of: 1) the three reasonable ideal Ferry and Spear ideal

solution tenperatures (Table 4; #93, 134, 118); 2) the two reasonable

nonideal Ganguly and Saxena tenperatures (Table 5; #220, 194); and 3)

drops the retrogressed sanple (#184). This "preferred" tenperature agrees

with the tenperature estimated using the petrogenetic grid (Fig. 32).

Table 5. Gamet-biotite Tenperatures (C)

....... Nbnideal.................Ideal.....
Sanple £ Ganguly and Saxena Berman Ferry and Spear "Preferred"
93b 693 691 559 +7^ 50 C 559
220 678 620 494 " tl 678
194 647 675 573 " II 647
184 583 528 520 " II

-

134 770 770 646 " II 646
118b 800 760 653 " II 653

637

Geobarcmetry
GRIPS- The GRIPS barometer (Bohlen and Liotta, 1986) is based can the

reaction: Garnet (Grl,Alm2) + 2 Rutile = 2 Ilmenite + Anorthite + Quartz.

All sanples contain ilmenite in the matrix and as inclusions in the garnet

(#194, 134, 118b, 93b and 121). Rutile occurs in the matrix of sanples

184, 134, 118b, and occurs as inclusions in garnet in sanples 184 and



Figure 32. Geothermobarcmetric results for the middle amphibolite facies

using the gamet-biotite thermcmeter of Ferry and Spear (1978) and the

GRIPS barometer of Bohlen and Liotta (1986). These results were obtained

usng the computer program "P-T-Xxx88" frcm Berman (personal cctmunication)

and based on the non-ideal solution model of Ganguly and Saxena (1984) for
garnet (Gamet-biotite and GRIPS), and Berman (unpublished) for

plagioclase (GRIPS). The pattern of crosses is the P-T region estimated

for the middle amphibolite facies using the petrogenetic grid approach.

Circles represent the intercepts of the non-ideal GRIPS and gamet-biotite

lines. No gamet-biotite temperatures were estimated for samples 30 and

121. Temperatures are +/- 50 C and pressures are +/- 1 kb.
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Figure 33. Location and P-T estimates for the geothermobarcmetric

saiiples, and the high pressure assentolages of hornblende + staurolite (4)

and hornblende + kyanite (183). Abbreviations next to the temperatures

refer to the calibrations of Ferry and Spear (FS) and Ganguly and Saxena
(GS). Assuming reasonable temperatures for the amphibolite facies samples

30 and 121 also suggest pressures of 8-10 kb.



118b. Ilmenite and rutile were considered to be pure. Maximum and

minimum pressures can be inferred frcm rutile and ilmenite absent

assentolages, respectivley. Sairple #184 lacks ilmenite and gives a low and

ancmalous pressure estimate (Fig. 32). Pressures of 8-10 kb +/- 1 Kb were

obtained for the other 7 sanples using both an ideal and non-ideal (Fig.

32) solution model for garnet (Ganguly and Saxena, 1984; Berman,

unpublished) and plagioclase (Riurman and Lindsley, 1988).

Aluminum in Hornblende- The aluminum content of magmatic hornblende

is pressure sensitive in granitic rocks (Hanmarstrom and Zen, 1986;

Hollister et al., 1987). Hollister et al. (1987) conclude that the

pressure of solidification of calc-alkaline plutons containing the

buffering assemblage of quartz, plagioclase, orthoclase, biotite,

magnetite and sphene can be estimated to +/- 1 kb using hornblende rims.

The Marble Creek pluton contains this buffering assemblage, and yields
pressure of 9-10 (+/- 1) kb using rim ccnpositions (Table 6; Appendix 3).

Table 6. Pressure Results for the Marble Creek pluton (#139b)
Hbld Rim Hbld Core

Pressure (Zen, et al.)- 9.3 Kb 6.7 Kb
Pressure (Hollister et al.)- 10.0 Kb 7.1 Kb
Total Aluminum (mole %)- 2.77 2.11

Sunmary of the P-T Estimates

Greenschist Facies

The one occurence of almandine garnet and the abundance of
actinolitic hornblende in the greenschist facies suggests proximity to the

gamet-in and homblende-in reaction lines, and thus pressures of 3-6 kb

and 400-475 C for this facies (Fig. 30). The abundance of albite +

epidote indicates tenperatures below the oligoclase-in reactions line.
Cary (pers. ccrm.) using the crossite corponent (Na M4) of actinolite
(Brown, 1977) obtained pressures of 3-4 Kb for the greenschist facies,

vhich is in agreement with the pressures inferred using the petrogenetic



grid approach.

Lower Amphi'boli'be Facies

Geobaronetry and mineral assemblage data suggest, that, a substantial

increase in pressure and tenperature occurs along the Le Conte fault or at
the greenschist-amphibolite break. The occurrence of hornblende (Fig.

31), garnet and the proximity to the oligoclase isograd, suggests

terperatures above 500 C (Fig. 30). The fact that garnet, oligoclase +

epidote, and hornblende all appear at the boundary between the greenschist

and amphibolite facies may suggest pressures of 4-6 Kb for the lower
amphibolite facies (Fig. 30). However, the coincident first appearence of

these key index minerals is probably the result of late-to-post

metamorphic offset along the Le Conte fault, vhich has truncated the

original gradient and structurally juxtaposed the first appearence of

these minerals. The one occurrence of almandine garnet just west of the
fault in the field area, and the existence of an albite amphibolite facies

along Skagit River (Misch, 1979), suggest that the paragenetic sequence is

garnet, hornblende, and then oligoclase. This paragenetic sequence
suggests pressures higher than 5 Kb for the lower amphibolite facies (Fig.

30). The high pressures of solidification for the Marble Creek pluton

suggests that the high pressure metamorphism extents to the Le Conte
fault. The pluton intrudes and contains roof pendants of lower

amphibolite facies rock types (Cary, pers. ccmm-; see Rock Units)(Fig.

29), and is interpreted to reflect the peak metamorphic pressures of this

facies. These pressures contrast with the moderate pressures estimated

for the greenschist facies and suggests that a pressure differential of 3-

6 kb exists across the Le Conte fault.



Middle Amphibolite Facies

llie occurrence of hornblende, oligoclase (to labradorite) + epidote,

kyanite, staurolite + hornblende, staurolite + quartz, and forsterite +

talc suggests pressures of 8-10 kb and tenperatiares of 575-675 C for the
naddle anphibolite facies (Fig. 30). The agreement between the mineral

equilibria (kyanite, staurolite + hornblende) and the GRIPS barcmeter

pressure estimates is strong evidence for high pressure metamorphism.

However, temperatures estimated for this facies are poorly constrained due

to: 1) uncertainties in the positioning of the staurolite + quartz and

talc + forsterite stability fields due to imcontrolled chemical variables;

and 2) the generally scattered gamet-biotite tenperatures. The preferred

P-T region is given in Figure 30, although tenperatures as high as 700 C

and as low as 550 C cannot be ruled out. The tenperatures are constrained

to be between 575-675 C (at 9 kb), assuming the oligoclase-in (Maruyama,

et al., 1983) and staurolite-out (Pigage and Greenwood, 1982) reaction

lines are essentially correct, vhich is in agreement with the "preferred"

(Table 5) average gamet-biotite temperature of 630 +/- 50 C (Fig. 32).

Comparison with the Amphibo 1 ite Facies in the Skagit Gieiss- Whitney

(1987) reports tenperatures of 720 C and pressures of 9 Kb for the

sillmanite bearing Skagit paragneisses. These upper anphibolite facies

rocks are above the stability field of staurolite + quartz since

staurolite is only found as inclusions in garnet (Yardley, 1978). Whitney

reports tenperatures of 650 and pressures of 9 Kb for the staurolite

bearing Skagit paragneisses, vhich suggests that the upper stability limit

of staurolite + quartz of Pigage and Greenwood (1982) is essentially
correct (650 C at pressures of 8-10 kilobars; Fig. 30). The Skagit Qieiss

is also evidenced to be metamorphosed at higher tenperatures by the
absence of epidote (Misch, 1971) and muscovite (Yardley, 1978; Fig. 30



Figure 34. The stability ranges of key index minerals from the

greenschist facies in the western Cascade River Schist belt, through the

lower, middle, and upper amphibolite facies in the eastern Cascade River
Schist belt and into the central part of the Skagit Gneiss. The data are

ccrnpiled from: albite + epidote (this study; Misch and Rice, 1975),

oligoclase + epidote (this study; Misch and Rice, 1975), epidote (Misch,

1968), chloritoid (this study), actinolite and hornblende (this study;

Cary, pers. caim; Misch and Rice, 1975), vihite mica (Yardley, 1978),
garnet (Misch, 1968; this study), staurolite + quartz (Misch, 1968;

Yardley, 1978; this study), kyanite (Misch, 1968; this study), biotite

(Misch, 1968; this study), sillimanite (Misch, 1968; Yardley 1978).
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line #7), and the occurrence of enstatite (greater than 650 C at 9 Kb) and

anthophyllite bearing ultramafic rocks (Fig. 34). Misch (1979) maps a

northwest trending epidote-out isograd to the northeast of the study area,

vhich separates the middle anphibolite facies of the CRS and western

Skagit Gieiss frcm the upper anphibolite facies in the central Skagit

Gneiss.
Misch proposed (1968) that the migmatitic gneisses formed in the core

of a "thermal anticline"; a northwest trending cotplex antiform defined by

gross metamorphic pattern and foliation (Haugerud et al., 1987). Evidence

presented by Misch (1979, 1975, 1971), Whitney (1987), and this study

indicates that the central part of the Skagit Gneiss reached the highest

temperatures. Whitney (1987) states that, "there is not enough data to

evaluate Misch's proposal that the metamorphism of the Skagit Gneiss was

regionally isobaric, but the presence of coexisting staurolite and

hornblende in the CRS suggests that high pressures were attained there as

well." Barcmetric and mineral assemblage data presented in this study
support the interpretation that the aiiphibolite facies metamorphism in the

CPS and the Skagit Gneiss was approximately regionally isobaric to the Le

Conte fault (in the study area).

Age of Metamorphism

Little constraint can be placed upon the upper time limit of

metamorphism, although the metamorphism is presumably not much older than
the abundant 90 Ma plutons (i.e. 92 Ma Eldorado Qrthogneiss; Mattinson,

1972). The minimum age of metamorphism in the field area is constrained

by the K-Ar biotite ages of 38-48 Ma on the Hidden Lake pluton, Eldorado

Qrthogneiss and Cascade River Schist (Haugerud et al., 1987; Mattinson,
1972), vhich are evidence for cooling through the 280-300 C (+/- 50)



isotherm (Hunziker, et al., 1984). K-Ar biotite ages determined

throughout the Crystalline Core indicate that the orogen vas uplifted

progressively later towards the Skagit Gniess (Brown and Talbot,

manuscript).



structure Section

Introduction

The structural gecmetry of the study area is cctnplex, containing two

major, syn-to-late metamorphic, penetrative phases of deformation (D1 and

D2), and three minor localized deformations.

Dcmain Analysis

The various phases of deformation are differentially developed in

different parts of the area, so for ease of analysis the area has been
divided into three dcmains (A, B and C), with domain C being sub-divided

into two sub-dorains (donains Cl and C2)(Fig. 35). Each dcmain shows a

relatively hcmogeneous structural style, history, metamorphic grade and

general protolith composition (Table 7). The foliation in the field area

strikes to the northwest and dips steeply to the southwest, although
northeast dips are cannon as a result of later folding (Fig. 37A).

Ldneations in the field area define a broad northwest to southeast girdle,

with a preponderance of shallow lineations (Fig. 37B). Both these

structural elements, show a more homogeneous structural style when plotted

on a domain scale (Fig. 35, 36).

The Description of the Penetrative Deformationa 1 Events (D1 and D2)

The first penetrative deformational event (Dl) is defined by a well- 

developed foliation, scattered mineral lineation, and oblate ellipsoidal

or flattened strain markers. Overprinting this first deformation to

varying degrees is the second deformation, v\hich is evident in localized

to broad shear zones. This superimposed shear is found dcmineintly in

domains A, B and Cl, and thus the fabrics related to the first deformation

are mainly evident in domain C2.



Table 7. General Domain Characteristics

Analysis Dcmain A Dcmain B Dcmain Cl Domain C2

LI Lineation
Plunge - - - steep

L2 Lineation
Trend

NW NW WNW-ESE NW-SE

L2 Lineation
Plunge

shallow shallow
to moderate

shallow shallow

Foliation
Dip

SW (ME)
(Steep)

NE-SW
(shallow-steep)

N-S
(steep to moderate)

SW (NE)
(steep)

Foliation
Type

S2 S2 S2 SI + S2

Open "Later"
Folds

yes yes no no(only western C2)

Flinn
Plot Fields

constriction - - flattening

Porphyroblast
Extension {%)

0-100% 0-30% 0-100% 0-30%
(D2 shear zones)

Kinematic
Indicators

dextral variable sinistral dextral

Dominant D2
Deformation +(later folds)

D2
+(later folds)

D2
+(shoulering zone)

D1 + D2

Metamorphic greenschist
Grade (biotite zone)

lower anphibolite ----upper anphibolite----
(garnet zone) (staurolite-kyanite zone)

Tenperature 400-500 C
(grid)

450-650 C
(grid)

-----630 C +/- 50 C------
(grid t thermometry)

Pressure 3-6 Kb 9 Kb +/- 1 Kb ----------8-10 kb--------

Unit Cascade River Napeequa Napeequa Cascade River
(tCascade River)



The First Deformation

The SI foliation in domain C2 strikes to the northwest and dips

steeply to the southwest (Fig. 35). This domain contains a non-repeated,

"on-end", stratigraphic section of the Cascade River unit (Fig. 38 B-B').

Field observations indicate that both the SI foliation (Fig. 18) and S2

(Fig. 11) are parallel to bedding.

First Folds (FI)- The calcareous anphibolites in domain C2 contain

similar style isoclinal FI folds (Fig. 39). The axial planes to the folds

are parallel to the SI foliation in the adjacent feldspathic quartz mica

schists. The asyrrmetry in these folds indicates vergence to the

northeast. If large-scale isoclinal folding is responsible for the

parallel development of bedding and the SI foliation, then the axial plane

for this larger structure in the field area vould also dip steeply to the

southwest parallel to the SI foliation. The lack of repetition of the

marker beds or units in domain C2 suggests that the scale of these

isoclinal folds (if they exist) are very large. Also, many of the mapped

rock units in domain C2 are traceable outside the field area to the

southeast, suggesting that the postulated large-scale folds are upright
(See Discussion).

First Foliation (SI)- The dominant structure resulting from the first

deformational event is a foliation. SI is defined by the parallel

alignment of phyllosilicates (biotite, chlorite and \ftiiite mica; Fig. 19),

granoblastic lenses of quartz and plagioclase (Fig. 21), splays of

hornblende in garbenschiefer texture (Fig. 20), and flattened clasts.

First Lineation (LI)- A weakly developed LI mineral lineation is

contained on the SI surface (Fig. 20), which, like SI, is preserved in

domain C2. LI is defined by the weak alignment of hornblende (Fig. 40a,

20), micas, lenses of granoblastic matrix material (Fig. 19), and clasts.



Figure 35. Lower hemisphere, stereographic (Schmidt), equal area

projection of the poles to the foliations (SI and S2) for domains A, B, Cl

and C2 (ccrtposite projection Figure 37A).





Figure 36. Lower hemisphere, stereographic (Schmidt), equal area

projection of the lineations (LI and L2) for dcmains A, B, Cl and C2

(corposite projection Figure 37B).





Figure 37. Lower hendspJiere stereographic (Schmidt) equal area

projections. A) The SI + S2 (total S; poles to the foliation) for the

field area. B) The LI + L2 (total L) for the field area C) The
poles to the foliations (S) for dcmains A, B and western donain C2, vhich

shows a girdle distribution. D) The L2 lineations for dcmains A and B

plunge shallowly to the northwest, vhereas the L2 lineations in dcmain Cl

plunge shallowly to the west-northwest and east-southeast. This rotation

in trend is probably due to the deflection of the D2 fabric during

intrusion by the post-D2 Hidden Lake pluton. E) Concentric and parallel

type open to tight mesosopic folds axes plunge shallowly to the northwest.

F) Poles to the syirmetric, extension veins in dcmain A. G) Poles to the

lamprophyre dikes in dcmain C and the Hidden Lake pluton. These dikes are

steep and strike to the north-northeast and east and are the result of

east-west extension.



S Domain A, B and western C2 L2 Domains A, B and Cl

= 109

= 56

= 7



Figure 38. Cross-sections A-A', B-B', C-C and D-D' (symbols given in

Figure 6). The S and Z syntols shown above the cross-sections are

parasitic, asyirmetric, upright, mesoscopic scale, tight to open folds

vdiich give the sense of vergence to inferred macroscopic folds. The bar

symbol above D-D' shows the region of consistently sinistral kinematic

indicators in dcmain Cl.
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Figure 39. Field sketch of a upright FI folds observed in the calcareous

amphibolites in domain C2 (trend of the fold axes is northwest). These

folds may mimic a much larger antiformal structure with vergence to the

northeast.



Figure 40. A) Microfiche enlargement of a leuco-airphibolite (6) frcm

dcmain C2 showing weakly aligned LI hornblendes, and a few slightly

attenuated hornblendes. These tectonites are in direct contrast to the

well-aligned and stretched hornblendes in D2 tectonites (see Figure 45B).

B) Microfiche photo of a quartz mica schist frcm dcmain C2 (220) showing

the planar internal fabic (IF) in garnet, vhich, in this sanple, parallels

the external foliation (EF).





Garbenschiefer textiores are restricted to dcmain C2 (Fig. 40b). The

lineations in dcmain C2 define a girdle (Fig. 36). This girdle has tvo

maxima: steeply to mcderately plunging mineral LI lineations, and sub­

horizontal L2 lineations observed in cross-cutting shear zones.

The axial ratios of 50 clasts from one sample of metaconglcmerate in

dcmain C2 plot in the oblate ellipsoidal strain field, suggesting that D1

is a flattening deformational event (Fig. 41). This finding agrees with

the relatively weak developxient of LI lineations, and strongly developed

SI foliations. The oblate spheroidal clasts in the measured sample are

slightly elongate in the down-dip direction parallel to the LI mineral

lineations, providing a link between the LI mineral lineations and the

strain data.

Timing of D1 With Respect to Metamorphism- The high grade minerals

that define the D1 fabric formed during or after the first deformation and

before the conmonly retrogressive second deformation. In D1 tectonites

hornblende (Fig. 48a) and garnet (Fig. 40b) porphyroblasts contain a

planar internal fabric, or lack syn-tectonic rotational features (e.g.

snowball textures). This geometry suggests that porphyroblast growth

occured after the formation of the internal fabric, and that either 1) the

porphyroblast growth was synchronous with an irrotational shearing event,

or 2) the porphyroblasts overgrew an earlier schistosity during a static

growth period. The first scenario is favored due to 1) the weak alignment

of the LI mineral lineations, 2) the deformation (i.e. bending) of LI

hornblende prisms and 3) the cormon discordance of the internal and

external fabrics in porphyroblasts of some D1 tectonites. Thus it appears

that irrotational shear preceded and outlasted porphyroblast growth. This

assumes that the internal fabric in the porphyroblasts is an early aspect



of the first deformation and that continued flattening affected the

porphyrobasts during (or after) deformation.

The Second Deformation

Superimposed upon the D1 deformation is a dextral strike-slip shear

fabric (D2), evident in donains A, B and Cl (Fig. 37d), and in isolated

shear zones in domain C2.

Second Foliation (S2)~ The D2 tectonites cannonly contain a sheared

or granulated matrix and both S and C surfaces. The S2 foliations are

defined by micas, sheared matrix layers (Fig. 9, 13b) and in domain A by

the XY plane of conglcmerate clasts (Fig. 8). Layers of less-sheared

material, bounded by more sheared material, are observed in domains A, B

and Cl (Fig. 13b). The inhonogeneous nature of D2 shear is observed both

at the thin-section and outcrop scale, particularly in domain B, where

strongly sheared layers occur between less strained to granoblastic zones

(Fig. 13b). Dcmain C2 is interpreted to be a mega-augen region around

vhich the D2 shear was largely partitioned, and suggests that the

inhcmogeniety of shear occurs at a large-scale.

The S-C mylonites are found dcminantly in domains A, Cl, and descrete

dcmain C2 shear zones, vdiereas ribbon quartz mylonites dominate dcmain B.

This phenomenon may be due to: 1) The rheological difference between the

dcminant metasedimentary protoliths of these dcmains (i.e. the quartz-rich

biotite schists of the Napeequa unit in dcmain B versus the corrmonly mica- 

rich metasedimentary protoliths of the Cascade River unit in the other

dcmains); or 2) a differential strain affect within the large-scale shear

zone.
The S2 foliations strike to the northwest and dip steeply to the

southwest (Fig. 35). North to north-northeast shallowly dipping S2

foliations, and northeast moderately to steeply dipping S2 foliations in



dcmains A, B, and northeastern domain C2, are the result of later folding

(Fig. 35).

Second T.ineation (L2)~ Both mineral and stretching lineations are

observed in D2 shear zxDnes. The L2 mineral lineations are defined by the

alignment of phyllosilicates (biotite, chlorite and vAiite mica). The L2

stretching lineations are defined by the alignment and stretching of

conglomerate pebbles (Fig. 8), plagioclase clasts (Fig. 9, 17a, 48d,i, j),

Ca-amphiboles (Fig. 45b), idiomorphic epidotes (Fig. 43, 48j), staurolites

(Fig. 48a), and strain shadows adjacent to garnets (Fig. 48h) and other

porphyroblasts. Quartz fibers in domain A indicate that the stretching

direction is parallel to the mineral elongation direction, since the

fibers are straight and parallel to the stretching lineation (Fig. 45a).

The amount of extension, recorded as boudinage of porphyroblasts, varies

across the area. The porphyroblasts in domains B generally show only 5-

10% extension (Fig. 45b, 47), versus domains A (Fig. 43) and Cl (Fig.

48a, j), vhich generally show up to 100% extension. This variation

demonstrates the inhcmogeneous nature of the D2 shear. For exanple, much

of the shear strain in domain B was probably taken up in the inccmpetent

serpentinite bodies thus reducing the bulk strain state of the schists,

amphibolites, and the resultant porphyroblast extension.

L2 mineral and clast lineations in dcmain A, and in D2 shear zones in

donain C2, consistently plunge shallowly to the northwest (Fig. 36).

Mineral lineations in dcmain B plunge shallowly to moderately to the

northwest (Fig. 36). Mineral lineations in dcmain Cl consistently plunge

shallowly to the west-northwest or east-southeast (Fig. 36). The more

westerly trend of the L2 lineations in dcmain Cl (Fig. 37d) may be due to:

1) the counterclockwise rotation of the L2 lineations about a vertical
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axis due to the shouldering and warping of the D2 fabric by the probably

post-tectonic Hidden Lake pluton; or 2) deflection of the D2 around a pre- 

tectonic Hidden Lake pluton.

Second Deforroational Strain Analysis- The metaconglomerate unit in

dcmain A contains extronely stretched "cigar" shaped or prolate

ellipsoidal clasts (Fig. 8), with X : Y : Z = 20+ : 2 : 1 and K values =

2-6 (Fig. 41). Constrictional strain is suspected for the D2 tectonites

in dcmains B, Cl, and in D2 sheeir zones in dcmain C2. This is evidenced

by the sub-peirallel orientation of the L2 stretching lineations throughout

the field area, although the magnitude of strain is variable as suggested

by the different degrees of porphyroblast extension.

Figure 41 displays the contrasting nature of the flattening observed

in domain C2 and the stretching characteristic of dcmain A. The

consistent orientation and strong development of the stretching lineations

in dcmains A, B and Cl is in direct contrast to the predcminantly steeply

plunging, weakly developed mineral and clast lineations observed in dcmain

C2; although isolated shear zones in dcmain C2 do contain the sub­

horizontal stretching lineation and S-C mylonites. This suggests that:

1) domain C2 is largely outside the influence of the D2 strain regime; and

2) the D2 shear regime overprinted most of the D1 S-tectonites resulting

in L-S tectonites with distinctive stretching lineations.

Second Deformation Kinematics- The orientation of the X axis and XY

plane of the D2 bulk strain ellipse in general plunges shallowly to the

northwest and dips steeply to the southwest, respectively, as deduced from

the orientation of the L2 and S2 fabric elements. D2 is a non-coaxial or

rotational deformation, as indicated by the rotation of passive markers,

such as porphyrobasts, and has resulted in a variety of kinematic

indicators. These include S-C mylonites, biotite "fish" , and shear



asymnetxic conglcmerate clasts, and rotated porphyroblasts (Passchier and

Simpson, 1986; Simpson and Snoke, 1983). The kinematic indicators are

observed on the X-Z plane of thin-sections derived from oriented hand- 

samples. The indicators give a consistent dextral sense of shear in

domain A (Fig. 42, 44, 48d,e,i,) and in isolated shear zones in domain C2

(Fig. 48g) and consistently sinistral sense of shear in domain Cl (Fig.

47, 48b,f, j,k. Table 8). Kinematic indicators in domain B are scarce

(Fig. 13a).

Table 8. Sunmary of Kinematic Analysis
Domain Dextral Sinistral Total

Dcmain A 17 1 18
Domain B 2 1 3
Dcmain Cl 3 13 16
Dcmain C2 10 0 10

These indicators, along with the sub-horizontal stretching lineations

and the steep S2 shear foliation, indicate that domain A, and isolated

shear zones in domain C2, are dominated by a dextral, strike-slip shear.

The apparent consistency of the kinematic indicators suggest that D2 was

not the result of pure shear since a significant ccmponent of pure shear

wauld result in inconsistent shear indicators.

The anomalous sinistral sense of shear in domain Cl could be due to;

1) later overturning of the D2 shear fabric by folding; or 2) an R2 riedel

antithetic shear zone related to the D2 dextral shear regime. Folding
and/or faulting synchronous with Hidden Lake pluton emplacement folding

and/or faulting may have overturned the D2 fabric, and consequently the

dextral kinonatic indicators (Fig. 49, 38D-D' see bar synbol for the

location of the indicators). The folding interpretation is supported by

the occurrence of conglcmerate bearing quartzo-feldspathic schists on both
sides of the possible synform (Fig. 38D-D'), Vviiich, along with the

foliation orientation, suggests synformal repetition.
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Figure 41. Flinn plot of conglomerate clast axial ratios. The average of

51 clasts in a conglomerate bearing qucirtzo-feldspathic schist sample frcm

domain C2 show flattening; whereas several clasts frcm different parts of

domain a consistently show constriction. Flattening and constriction

strain patterns agree with the types of fabrics (S and L-S tectonites)

observed in D1 and D2 tectonites, respectively.
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Figure 42. Kinonatic indicator map for the field area, supplemented by- 

key lineations. The kinematic indicators frcm domains A and D2 shear

zones in dcmain C2 show a very consistent dextral sense of shear. Fewer

and less consistent indicators were observed in dcmain B. Kinematic

indicators frcm dcmain Cl give a consistent sinistral sense of shear,

vhich may be due to -the folding or overturning of the D2 fabric (see

Figure 49 for overturning mcdel).
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Timing of D2 with Respect to Metamorphism- The second deformation is

late-syn- to late-metamorphism since all the key metamorphic minerals in

the D2 shear zone(s) are deformed by this deformation (Table 9). The pre- 

tectonic nature of the porphyroblasts in the D2 tectonites is evidenced

by: 1) the boudinage of actinolite, hornblende (Fig. 45b), garnet (Fig.

46), staurolite (Fig. 48a), and idictnorphic epidote (Fig. 43, 48j)

porphyroblasts; 2) the sheeiring (biotite fish; Fig. 48b, f,g, j,k) and

chloritization of biotite (Fig. 48b, 47), and garnet; 3) the strain

shadows adjacent to garnet (Fig. 48h); 4) the serpentinization and

boudinage of metamorphic forsterite (Fig. 15b); and 5) the lack of

recrystallization of cataclastic, fine-grained, quartzo-feldspathic matrix

(Fig. 9, 13b), particularly in domain B vhere the mylonitized matrix

layers occur between granoblastic layers, indicating that deformation

outlasted or was later than crystallization.

Table 9. Petrographic Evidence For Late-Metamorphic D2 Shear

Characteristic Minerals
(1) Internal S that is discordant
to the shear foliation.............  Hornblende, Actinolite, Garnet
(2) Minerals boudinaged (stretched) Hornblende,Actinolite,
and/or rotated into the Epidote, Garnet, Plagioclase
N.W. stretching direction...............  Staurolite
(3) Mylonitic Matrix..............  Quartz, Plagioclase
(4) Mica Fish......................  Biotite, White Mica
(5) Strain Shadows behind porphyroblasts. Hornblende, Biotite fish,

Epidote, Garnet and Actinolite

The earlier SI foliation, in D2 shear zones, may be represented by:

1) the planar internal schistosity in hornblende and garnet porphyroblasts

discussed above; and/or 2) the S surfaces in the S-C mylonites. In D2

tectonites the internal fabric in porphyroblasts is ccnmonly oblique to

the external foliation (Fig. 48a), vhich suggests that the porphyroblast

growth is late-to-post tectonic with respect to the internal fabric (SI),

but pretectonic witli respect to the external fabric (S2). The S and C
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Figure 43. A) Photcmicrograph showing the boudinage of idicmorphic

epidote prisms (upper middle) and plagioclase clasts (upper right) in

dcmain A (metamarl, 100). These porphyroblasts are stretched in a sub­

horizontal direction. B) Sketch of the photo showing the 85% extension

calculated frctn the initial and final lengths of idicmorphic epidote

prism.



Figure 44. A) Sketch (54b) showing the S and C surfaces and the dextral

sense of sheeir in a mylonite from the metaconglcmerate unit in dcmain A

(54b) (NOTE- SHEAR SENSE IS REVERSED SINCE THE SAMPLE IS DERIVED FROM THE

BOTTOM OF A ORIENTED HAND-SAMPLE). B) Microphotograph of the above

sairple (54b). Note the intense granulation of the quartzo-feldspathic

matrix vdiich is characteristic of the D2 tectonites.
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Figure 45. A) Magnetite grain showing straight quartz fibers in a

pressure shadow from domain A (103). Sample also contains epidote +

quartz + albite + cal cite. B) Anphibolite from domain B (240.5) showing

boudinaged hornblende prisms and a sheared quartzo-feldspatic matrix.

Note the porphyroblasts are extended less than the porphyroblasts in

domains A (Figure 43) and domain Cl (Figure 48A).
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Figure 46. Photcmicrograph of a garnet bearing quartzo-feldspathic

biotite schist from domain B (30). Garnets in this sample are boundinaged

and chloritized indicating that the D2 shearing occured, in part, vhile

sub-gamet zone metamorphic conditions prevailed, or later in the

metamorphic cycle.
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Figure 47. Photonicrcgraph of a quartzo-feldspathic schist frcm

dcrnain Cl (2) showing the retrogression of biotite to chlorite adjacent to

a C surface. Biotites are -ccnmonly chloritized in D2 tectonites

indicating that the D2 shearing occured, in part, v\hile sub-biotite zone

metaroorphic conditions prevailed.



Figiure 48. Microfiche enlargements of vcirious structural featiares.

AbbreViations- staurolite (S), hornblende (H), biotite (B), chlorite (C),

plagioclase clasts (P), v^hite mica (WM), quartz (Q), mylonitic zone (MZ),

idictnorphic epidote (E), Internal and External Fabrics (IF,EF).

A) Pelitic mica schist frcm domain Cl (3) showing the boudinage

(approximately 100%) of staurolite, the planar internal fabric in

hornblende vvhich is discordant to the external foliation, and the

staurolite + hornblende assemblage indicative of high pressure

metamorphism (Selverstone, et al., 1984).

B) S-C mylonite frcm a mica schist in dcmain Cl (2) showing a left- 

lateral shear sense and chloritization (lighter) of biotite (darker)

adjacent to the C-surfaces.

C) S-C mylonite frcm the brown phyllite unit (97) in dcmain A showing

dextral shear and boudinage of the plagioclase clasts.

D) S-C mylonite frcm the metaconglcmerate unit (54b) in dcmain A showing

dextral shear.

E) Type 2 S-C mylonite (biotite fish) of Lister and Snoke (1984) frcm the

quartzo-feldspathic schist unit in dcmain Cl (3b) showing sinistral shear.

F) S-C mylonite from a mica schist (7) in dcmain C2 showing dextral shear.

G) Strain shadow behind garnet in a graphitic quartz biotite schist (72)

frcm dcmain B.

H) S-C mylonite frcm a semipelite (113) in dcmain A showing a dextral

shear sense and a boudinaged plagioclase clasts (+/- 100% extension).

I) Micaceous quartzo-feldspathic schist (167) from domain Cl showing

biotite fish vhich give a sinsitral shear sense.

J) Micaceous quartzo-feldspathic schist (167) frcm domain Cl showing

boudinaged epidote (over 100% extension) and biotite fish vhich give a

sinistral shear sense of shear.
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surfaces in the S-C mylonites developed simultaneously, at separate times

(Berthe, et al., 1979) during the second deformation, or the S and C

surfaces are a composite fabric (Lister and Snoke, 1984) from both the

first and second deformations. The second and third scenarios are

supported by retrogression of the ccmmonly observed biotite to Fe-chlorite

adjacent to the C surfaces (Fig. 47, 48b), suggesting that the shear along

these planes is later than the formation of the S surfaces.

Later Isolated Structures

Structural Features Related to the Hidden Lake Pluton

The S2 foliations in domain Cl strike to the west-northwest and dip

steeply to moderately to the northeast (Fig. 35), parallel to the contact

with the Hidden Lake pluton, except inmediately to the south of the two

southernmost mapped faults (Fig. 38 D-D') vhere the dip reverses to the

south-southwest. This geometry may represent natural variability in the

S2 orientations (fanning). However, the proximal nature of the dip

reversals to the two southernmost faults suggests folding. If such folds

exist, they are asynmetric and tight and may be related to offset along

the faults (drag folds). Mb penetrative fabric (lineation or axial planar

cleavage) appears to be associated with these tight folds, which may be

due to the talc-lined faults taking up much of the shouldering deformation

in this domain. The faults follow drainages, separate dcmain Cl into 3

structural blocks (Fig. 38 D-D'), and are talc-lined due to the smearing

out of dissected ultramafite bodies. The downward projection of these

faults to depth suggests that they may root in the Hidden Lake pluton and

may be reverse faults related to intrusional ccttpression or shouldering

during orplacement. If these faults are related to the emplacement of the

Hidden Lake pluton then the shouldering of the blocks was essentially
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vertical due to the preservation of sub-horizontal L2 lineations in dotnain

Cl (Fig. 36). A thin (less than 1 meter) contact aureole containing

diopsidic pyroxene is observed in the quartz mica schists inmediately

adjacent to the northwestern margin of the Hidden Lake pluton.

The S2 foliations in the Cascade River Schist along the northeastern

margin of the Hidden Lake pluton are concordant to the pluton-schist

contact, strike to the north-northeast and dip steeply to the west- 

northwest (Fig. 50). The S2 foliations away frctn the contact have their

normal northwesterly strike. The Hidden Lake pluton is foliated along

this contact. The foliations strike to the north-nort.heast and parallel

the S2 foliations in the adjacent schist. The Hidden lake pluton along

this contact is intensely shecired, and contains a lineation defined by

feldspar augen in a thoroughly sheared, well-foliated matrix. The fabric

diminishes over a distance of 150 meters towards the center of the pluton.

The intensely sheared, augen bearing pluton grades into well-foliated,

weakly foliated, and finally massive pluton towards the center of the

pluton. These fabrics may represent an earlier chilled (?) border zone,

v^ich was later sheared during emplacanent of a later phase of the pluton.

This is evidenced by the steep mineral lineations, and the hori2X5ntal

asynmetric tension gashes, vdiich give a southeast up sense of shear in

this mylonitic zone.

Pre-tectonic Versus Post-tectonic Emplacement of the Hidden Lake

Pluton with Respect to D2- Haugerud et al. (1987) state that penetrative

deformation had ceased by 73 Ma, the age of the Hidden Lake pluton, since

the pluton generally lacks a foliation. However, the pluton may be pre- 

tectonic since deformation may be partitioned around the pluton (Patterson

et al., 1988). The concordancy of the S2 foliations with the borders of

the pluton, and the fact that the pluton is not observed to cross-cut the



Figure 49. Possible cause of the anomalous consistent sinistral sense of

shear in domain Cl (Fig. 38 EV-D' shows the location of the possible

synform and the location of the sinistral sense of shear indicators with a

bar symbol).
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Figure 50. Map showing the structural features along the northwestern

nergin of the Hidden Lake pluton. The foliations along the pluton margin

are concordant to the S2 foliations in the adjacent schists, as well as

contain a steep mineral lineations and horizontal tension gashes indicting

vertical shear direction. The strong fabric in the Hidden Lake pluton

along this margin grades into massive pluton over a distance of

approximately 150 meters (See A, B and C). The fabric in the pluton is

interpreted to be the result of emplacement and unrelated to the D2

deformation.



D2 tectonites, precludes a definite statement concerning the timing of

intrusion and D2 deformation. However, the following observations

suggests that the Hidden Lake pluton is post-tectonic with respect to the

second deformation: 1) the thin contact aureole along the northeastern

margin; 2) the lack of deformation of the pluton along the northeastern

margin; 3) the vertical shear direction for the mylonitized pluton along

the northwestern margin; and 4) the possible shouldering zone, involving

faulting and folding of the D2 tectonites, along the northeastern margin

of the Hidden Lake pluton. If the pluton is post-tectonic with respect to

D2, then the S2 foliations and L2 lineations in domain Cl (Fig. 35, 36)

are rotated in a counterclockwise sense from the S2 foliation and 12

lineations in domains A and B (Fig. 37f). This deflection is due to the

warping of the D2 fabric during intrusion of the pluton.

The weight of the evidence favors post-tectonic emplacement of the

Hidden Lake pluton with respect to the second deformation, \diich suggests

that D2 had ceased by 73 Ma in domains B and Cl. However, this

deformation appears to have been active at 75 Ma since the intrusive

Marble Creek pluton contains a steep foliation and sub-horizontal mineral

lineation (Cary, pers. ccntn.). Ductile deformation continued into the

Eocene in the Skagit Gneiss since 45 M.y. old blastarylonitic granitic

dikes cut the foliation in the gneiss but contain a sub-horizontal mineral

lineation parallel to the regional trend (Babcock and Misch, 1988).

Late Folds

Macroscopic (Fig. 38a), mesoscopic and microscopic folding of the S2

foliations is ccmmon in domains A, B, and western dcmain C2 (Fig. 37c).

The mesoscopic folds are generally open (Fig. 51), parallel or concentric

type folds which plunge shallowly to the northwest (Fig. 37E). The



macroscopic folds are inferred fron the large-scale foliation geometry,

and in many cases are also suggested by S, Z, and M parasitic folds which

give systematic sense of closure of these larger structures. The S2

foliations in dcmain A strike to the northwest and dip steeply to the

southwest, with some foliations dipping moderately to steeply to the

northeast as a result of later folding concentrated in the eastern part of

dcmain A (Fig. 35, 38 A-A'). Also a large-scale northwest shallowly

plunging antiform in domain A is further evidenced by the repetition of

the conglomerate unit (Fig. 26). The poles to the foliations in dcmain B

are dispersed along a great circle, reflecting the NW plunging large-scale

folds (Fig. 35, 38). Similarly, mesoscopic fold axes plunge shallowly to

the northwest in domains A and B, COTmonly parallel to the stretching

lineations.

A locally penetrative crenulation, observed in domains A, B, and

northeastern dcmain C2, is correlated with the later folds due to the

spatial association of the crenulations with the folds. The resultant

crenulation lineation plunges shallowly to the northwest and is sub­

parallel to L2 stretching lineations and later fold axes. This

crenulation is accomplished through the folding and bending of the S2

foliation, but, in general, is not associated with the development of a

new axial planar cleavage (Fig. 53). The one exception is a well- 

developed axial planar cleavage in the graphitic mica schists in

northwestern domain C2 (Fig. 52), vdiich appears to be related to a large- 

scale synform along the western margin of dcmain C2 (Fig. 38 B-B'). In

this case it appears that the incompetent nature of these rare mica-rich

pelitic schists allowed for the development of a penetrative axial planar

cleavage. This contrasts with the competent quartz and quartzo- 

feldspathic protoliths in the dcmains A and B, vdiich apparently resisted



Figure 51. Handsanple sketch of a mesoscopic open fold in a quartz

biotite schist from domain B (131c). Such folds fold the S2 fabric (and

SI fabric in western domain C2) and plunge shallowly to the northwest.

These ccnmonly asynmetric S and Z parasitic folds give the sense of

vergence, or the direction of closure, of the probable macroscopic folds.
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Figure 52. Sketch of a graphitic garnet mica schist handsample from

western domain C2 (124, see Figure 23 for photo) showing a rare, well- 

developed axial planar cleavage. Most crenulated rocks lack a new

thoroughly penetrative cleavage. The fabrics associated with the

crenulation lineation and axial planar cleavage are L3 and S3 since they

fold S2 fabrics. The axial planar cleavage in this sanple is

approximately vertical and may be related to a macroscopic late fold

(synform) along the western part of domain C2 (Fig. 38 B-B').

*1
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Figiore 53. Microfiche enlargement of a semipelite in domain A showing a

planar internal foliation (IF) in a garnet porphyroblast vhich is

discordant with, and predates, the crenulated external fabric (EF). The

crenulations are observed in the YZ plane plane of the D2 L-S tectonites.

Abbreviations- Garnet (G), Opaque (O), and White Mica (WM).





the development of a throughly penetrative axial planar cleavage to the

later folds.

Extension veins filled with calcite and quartz are observed in

dcmains A (Fig. 37F) and B. These veins are planar, or lack asyrrmetric

tips, and eire approximately perpendicular to the fold axes (Fig. 37E,F).

The lack of asyimetry in these veins suggests that they post-date the

penetrative, noncoaxial D2 shearing event, and are possibly correlatable

with the brittle Le Conte fault shear regime.

The later folds, associated crenulations, and extension viens may be

related to the strike-slip offset along the Le Conte fault. This is

suggested by: 1) the proximity of the possibly synthetic folds to the

fault; 2) the sigmoidal geometry and the thinning of the rock units

proximal to the fault (Fig. 26, 27); and 3) the occurrence of steeply

dipping northeast striking symnetric extension veins, vvhich appear to be

unrelated to the D2 shear regime and conform to the expected tension

direction in a dextral, strike-slip, wrench regime.

The later folds and crenulations are late- to probably post- 

metamorphic features since the folds are of a lower strain state (open

interlimb angles) and fold than the high strain, late-metamorphic, D2

fabric (Ridley, 1986). The associated crenulations are semi- to-non- 

penetrative and post-date porphyroblast growth (Fig. 53). The Le Conte

fault is post-metaiTorphic since this structure truncates the isograds and

juxtaposes contrasting P-T regimes (see Metamorphic Section).

Lamprophyre Dikes

A Tertiary west-northwest/east-southeast directed extensional event

is recorded by north-northeast trending (Fig. 37) undeformed lanprophyre

and leuco-gabbro dikes. The dikes cross-cut the D2 fabrics and the Hidden



Lake pluton and are thus post-73 Ma. Dike wall irregularities match,

which indicates that the dikes formed during a brittle failure in a

tensional regime. This regime may be related to a regional west-northwest

and east-southeast extensions 1 event that began about 50 Ma in the Pacific

Northwest (Heller, et al., 1987).

Discussion

Hypothetical Macroscopic Fold to the Southeast of the Field Area

The western Cascade River unit (See Rock Units) appears to preserve a

stratigraphic sequence fron sub-arc plutonics (MMQD), to arc volcanics of

the greenschist unit, to supra-arc sediments of the metaconglanerate and

metamarl-sanipelite-pelite units (Figs. 6, 27). This sequence appears to

young towards the northeast. The Cascade River unit in the northeastern

part of the field area, although more strongly metamorphosed, has a

protolith stratigraphy that is comparable to the western Cascade River

unit (Fig. 28). The conglomerate-bearing quartzo-feldspathic unit on the

northeast passes into metasemipelites, pelitic graphitic mica schists, and

then quartz mica schists to the southwest. Here stratigraphic younging is

apparently to the southwest (Fig. 27). This observation is supported by

the direction of fining in graded beds in the quart.zo-feldspathic schist- 

unit. To the southeast of the study area, in the vicinity of Mount

Johannesburg, there appears to be a closure of this structure marked by

the convergence of the western and eastern Cascade River units. A

macroscopic sync line is the most reasonable structure (Fig. 27) that

relates the western and northeastern Cascade River units. This syncline

is cut longitudinally by the Le Conte fault, along vhich there is a

significant dip and strike-slip cor^nents.

\*Jhen considered on a regional scale, the stratigraphy and structure

of the Cascade River unit are consistent with the interpretation of a



regional, nort-hwest trending syncline (Fig. 27). A major question remains

concerning the metamorphic gradient, \Ahich cross-cuts the macroscopic

sync line (E.H. Brown, pers. cam.), and contains rocks metamorphosed to 3-

4 kb on western limb and 8-10 kb on the northeastern limb. This gradient

is rather abrupt for a continuous stratigraphic sequence (see Metamorphic

Section). Unrecognized faults may have juxtaposed the contrasting P-T

regimes. Ihe contrasting pressure regimes on the limbs of this structure

indicates that these areas were at different crustal levels during

metamorphism.

The Napeequa unit lies in the center of the hypothesized major

syncline (Fig. 27). It was presumably thrust over the underlying Cascade

River unit since the Napeequa lithologies, including ultramafite and

gabbro, were not likely deposited on top of the arc-related Cascade River

unit metasediments and metavolcanics (see Fig. 38 B-B’ for thrust symbol).

Estimates of the Amount of Right-Latera1 Ductile Shear Offset

Right-lateral ductile shear is recorded in the D2 tectonites. An

approximation of the amount of shear can be arrived at by estimating the

angle between the shear zone trend and the long axis of the strain

ellipsoid (theta prime), assuming a homogeneous simple shear regime. A

minimum and maximum amount of offset can be deduced using probable end- 

member values for theta prime and assuming a shear zone width of 2.5 km

(width of domains A and B)(Fig. 54). High shear strain is recorded in the

prolate spheroidal conglomerates and highly boudinaged porphyroblasts in

domain A, and less boudinaged porphyroblasts in dcmain B, suggesting that

theta prime is less than 10 degrees. The estimated offset is 8, 17, and

86 km, using angles of 10, 5, and 1 degrees, respectively (Fig. 54).

These estimates do not take into account many factors, such as: 1) the
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Dis/Th = tan^ = y tan20'= -2/^

Thickness(Th) d' Distance (Dis)

2.5 kilometers 10 degrees 8 kilometers

2.5 kilometers 5 degrees 17 kilometers

2.5 kilometers 1 degree 86 kilometers

Figure 54. Possible amounts of D2 ductile offset assuming a hcmogeneous

sirtple shear zone, with a width of 2.5 hm (width of dcmains A and B), and

theta between 1 to 10 degrees. Probable theta is 5 to 10 degrees on the

basis of the angle between C surface and stretching lineation trends.

This estimation is based on the fact that in ductile shear zones simple

shearing leads to a progressive approach towards to shear plane of the XY

plane of the ellipsoid and progressive approach of X, the extension

direction, to this shear line (Ramsey and Graham, 1970).
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inhcmogeneous nature of the shear; or 2) the alteration of the width of

the shear zone by later folding and faulting. However, the exercise does

demonstrate that significant offset produced the D2 tectonites.

Tectonics and Orogeny

Northward Translation and Ductile Shear- Discordant palectnagnetic

remanant magnetizations observed in the Cordillera have been interpreted

by scrne (Irving et al., 1985; Beck, in press) to indicate that the

Crystalline Core (Beck and Nbson, 1972) and other terranes have been

translated northward from the vicinity of Baja California. Much of the

criticism of this extrone northwards translation centers on the lack of

recognition of the structures that could accarmodate such a translation.

Seme of the structures have been identified (Fraser-Straight Creek fault,

R3SS Lake fault, Denali fault, etc..), but the sum of the displacements on

these strike-slip faults does not equal the extreme displacements inferred

frem the palecmagnetic studies. A significant amount of this displacement

may be hidden in unidentified, distributed, right-lateral, ductile shear

zones in mobile orogenic belts such as in the Cascade River area and as

danonstrated by Brown (1987, 1988) for the Late Cretaceous (91-87 Ma)

shear zones in the Northwest Cascades System.

Relationship Between Plate Velocity Vectors and Structures- The

Crystalline Core has been suggested to be a broad, right-lateral, orogenic

ductile shear zone (Brown and Talbot, manuscript). Indeed, the velocity

vectors for both the Kula and Farallon oceanic plates constructed frem

data of Engebretson et al. (1985) during the 84-74 Ma stage are north

trending and highly oblique to the North American coast trend (Fig. 55).

The obliquity and magnitude of these vectors applies not only to the

present latitude and longitude of the Crystalline Core, but to positions

significantly to the south (Table 10), and the vectors thus apply also to
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a far-traveled terrane originating in present-day California. This is due

to the substantial distance of the Euler pole fron the coastal trend, as

well as the approximate great circle distribution of these positions about

the Euler pole.

Table 10. Orientation of the Velocity Vectors along Vfestem
North America at 85 Ma

Location Latitude Longitude east of north cm/yr

1. Field Area 48.50 238.75 30.24 10.70

2. Chiwaukum
Graben

47.00 239.00 29.85 10.62

3. Cape
Mendicino

37.5 236.00 22.99 10.41

Furthermore, the end of ductile, right-lateral, strike-slip shear in the

study area by 73 Ma, based on interpretation that the Hidden Lake pluton

is post-tectonic, agrees with the transition of the velocity vectors to a

more easterly, or convergent, trend for both the Kula and Farallon oceanic

plates from 74-36 Ma (Engebretson et al., 1985). The more northerly, or

oblique, trend (340-360 degrees) of the Eocene faults (i.e. Straight

Creek, Entiat, Le Conte, and other mapped faults), \\hich commonly cut the

more northwesterly penetrative fabrics in the Crystalline Core, agrees

with the more northeasterly orientation of the velocity vectors frcm 74-37

Ma. Noteworthy is the normal, or convergent, orientation of the velocity

vectors during the Eocene for the Farallon plate (Fig. 55). The Kula

plate is significantly oblique frcm 85-74 Ma, more normal frcm 74-56 Ma,

and then oblique frcm 56-37 Ma. This may coincide with the production of

a broad, right-lateral, strike-slip, ductile shear during the height of

the Late Cretaceous orogeny in the Crystalline Core; followed by the

period of more northerly trending, right-lateral, strike-slip faulting

(Entiat fault, etc..) and ductile shear in the Skagit Gneiss which is
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Engebretson (et al., 1985) for tbe field area coordinates.

Al
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still at depth (Babcock and Misch, 1988), during the Eocene. The later

dip-slip ccmponent documented for several of these faults may be

correlated with the reduction in normal convergence rate fron 56-37 Ma for

the probably outboard Farallon plate.

The three questions that were posed in the introduction, under

statorent of the problems, are used to sunmarize the general findings of

this study.

1) What is the ccmposition, distribution, and previous tectonic

setting of the Cascade River Schist protoliths?

The rock units in the study area are divisible into the Cascade River

and Napeequa units of Tabor et al. (in press), v^hich are divided into a

western Cascade River unit, central Napeequa unit, and northeastern

Cascade River unit in the study area. The Cascade River unit contains

arc-affinity metaclastites, metavolcanics, metasemipelites, metamarls and

minor metapelites and marble. The Napeequa unit contains quartz biotite

schists, ultramafites, metagabbros and anphibolites. The Cascade River

unit contains a mappable stratigraphy. The stratigraphy observed in the

study area correlates with the stratigraphy observed along strike outside

the study area by Tabor (1961), Cary (pers. ccnm), and the author mth

E.H. Brown. This arc-related stratigraphy fines, and probably youngs,

towards the centrally located oceanic-related Napeequa unit. The fining

and inferred younging of the rocks suggest that the Napeequa unit was

structurally enplaced over the Cascade River unit, possibly along a

thrust, since it is unlikely that oceanic-related Napeequa unit,

containing metaperidotite, would depositionally overlay arc-related

Cascade River unit.
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2) What were the temperature-pressure conditions of metanorphism?

Metamorphic zones and facies in the field area increase frcsn the

biotite zone of the greenschist facies, west of the Le Conte fault, to the

garnet and staurolite-kyanite zones of the epidote amphibolite facies east

of the fault. Using a petrogenetic grid, mineral assemblages and

geothermobarometry, the greenschist facies is estimated to have been

metamorphosed to pressures of 3-5 kb and temperatures of 450-500 C,

vvbereas the amphibolite facies is estimated to have been metamorphosed to

8-10 kb and 600-700 C. Pressure estimates of 9 kb for the amphibolite

facies in the Cascade River Schist, estimated using geobarcmetry and the

presence of staurolite + hornblende, are ccsiparable to that suggested by

VJhitney (1987) for the higher tonperature (650-720 C) Skagit Gneiss

suggesting an isobaric thermal increase to the northeast. Structural

control of the greenschist-airphibolite boudary by the Le Conte fault is

indicated by the first appearence of garnet, oligoclase, and hornblende

approximately along the fault, as well as by barometric estimates adjacent

to this structure. The 3-5 kb pressure differential across this structure

suggests that 9-15 km of dip-slip movement has occured along this

structure since metamorphism. This is in addition to 10 km of strike-slip

motion recorded by offset of the metaconglonerate unit in the Cascade

River Schist.

3) What were the number, sequence, and kinematics of the

deformational events affecting the Cascade River Schist, as well as their

relationship to metamorphism?

Two penetrative and three localized deformations are observed in the

study area. The first deformation was syn-metamorphic and is

characterized by steeply dipping S tectonites containing a weak down-dip

mineral lineation, and flattened conglomerate clasts. The second

5 i*1 !ii ;

^ '
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deformation was late-metarnorphic, cotitnonly retrogressive, and is

characterized by steeply dipping L-S tectonites containing a sub­

horizontal stretching lineation, dextral kinematic indicators, and

distinctly prolate ellipsoidal conglonerate clasts. Overprinting D1 and

D2 tectonites are: 1) localized faults and folds attributed to

shouldering by the 73 m.y. old Hidden Lake pluton, vvhich affects D2

tectonites and thus gives a probable minimum age of D2 shear; 2)

microscopic (crenulations), mesoscopic, and macroscopic open to tight

folds observed in the vicinity of the Le Conte fault and attributed to the

wrenching strain along this structure; and 3) lamprophyre dikes vAiich were

intruded in a tensional regime after emplacement of the Hidden Lake

pluton.
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APPENDIX 1
Mineral Assemblages

Ihe location of each sanple is given in Plate 2 (Sanple Site Map).

Abbreviations- quartz (qtz), plagioclase (pig), vhite mica (v^),
chlorite (chi), biotite (bt), epidote (epd), actinolite (act), calcite
(cal), tourmaline (trm), opague (opq), ilmenite (ilm), rutile (rut),
sphene (sph), pyrite (pyr), graphite (grh), relict plagioclase clasts
(RPC), possible quartz clasts (PQC).
X,x = greater and less than approximately 10%, respectively. R,r =
retrogressive product that is greater and less than approximately 10%,
respectively (not all retrogressed most retrogressed sanples noted).
** = Geothermobarcmetric sample (see Metamorphic Section). An =
microprobe determined anorthite component of plagioclase.

Rock Units West of the Le Conte Fault
Cascade River Unit

Greenschist Unit- Plagioclase clasts contain abundant sausserite.

i qtz pig RPC chi bio epd act§1 cal NOTES

98 X X X X X X X X chloritized bio., S-C myIonite
114 X X X X X X
300 X X X X X X X X X X S-C mylonite
203 X X X X X X X X204XX X X X X X X
205 X X X X X X X
206 X X X X X X X
Brown Phyllite Unit-

# qtz pig RPC whm chi epd opq pyr trm sph cal NOTES

97 X X X X X X X sub-rounded RPC, S-C myIonite
97b X X X X X X X sub-rounded RPC (An 02)
162 X X X X X X X X M II II

207 X X X X X X X X X II II II

Metaconglomerate Unit- Dominantly dacitic and granitic clasts.

# qtz pig RPC vdim chi bio ^ opa cal sph trm NOTES

14 X X X X X X X X X16 X X X X X X47a X X X X X X X
47b X X X X X X X X47b X X X X X X dacite clast (in 47b)
54a X X X X X X X54b X X X X X X X X S-C rr^lonite
55 X X X X X granitic clast
95 X X X X X X X X X opq = magnetite
95 X X X X X X dacite clast (in 95)
96 X X X X X X X X X epd = zoisite
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£ qtz pig chi gnti bio grh opq epd cal sph rut cln NOTES

26b X X X X X
29a X X X X X X
29b X X X X X X 29,30 RPC
30 X X X r X X X X (ilmenite) X An 00 **
32 X X X X X X X tapatite
34b X X X X X X X X X
43 X X X X X X X
60 X X X X X X An 16
64 X X X X X X X
72 X X R X X X X +Fe chlorite
73 X X X X X X X X
129b X X X carbonate pod
137 X X X X X X X X X X X An 20
137b X X X X X X X X X149 X X X X X
150c X X X X X X X ttourmaline
151 X X X X X X X
153 X X X X X X X X
156 X X X X X X tapatite
176 X X quartzite
177 X X X X X X S-C mylonite
240a X X X X X X X
240b X X X X X X X

Amphibolite Unit- Inter layered with the more abundant quartz biotite
schists and related rock types.
Abbreviations- above plus hornblende (hbl).

# qtz pig hbl chi bio opq epd cal rut sph NOTES

131b X X X X X An 00
179 X X X An 15
240c X X X X X X X
240d X X X X X
Metaqabbro Unit-- Two bodies: (1) North of the Hidden Lake Pluton (#157
and 25c). (2) East of the Cascade River (Cascade River Road) (#44).

# qtz pig hbl chi bio opq epd cal NOTES

25cl X X X tzoisite
44 X X X X X tplg = oligoclase
157 X X
157b X X sheared equivalent of 157

Ultramafic Unit-- Pods, lenses and layers within the Napeequa Unit.
I Abbreviations- Antigorite (antg), tremolite (tron), magnesite (magn),
; forsterite (fors), opaque (probable chromite or magnetite).

£ antg tron magn fors talc opaque NOTES

25 X XX
25c2 X X

antigorite replaces forsterite
foliated (ghost grains)



£ antg trem magn fors talc opaque NOTES

25d X X II

61b X X X matt texture
63 X X semi-foliated
69 X X It II

70 X X X X matt texture, ghost grains
74 X X X M II II II

145 X X X II It

155 X X X II It

155b X X X X well-foliated
175 X X X X matt texture
175c X X X II II

225 X X X II II II II

Northeastern Cascade River Unit

Conglomeratic Quartzose Feldspathic Schists- Includes minor pelitic to
semi-pelitic mica schist interlayers vhich lack the diagnostic
conglomerate or relict plagioclase clasts (RPC). Abbreviations- Above
plus biotite fish (fish). K-spar is of retrogressive origin.

£ qtz pig RPC bio v^hm chi gnt hbl epd opq sph rut cal NOTES

2 X X X X X X X X X +tourmaline, S-C
3 X X X X X X X X X
3b X X X X X X X X X S-C myIonite
4 X X X X X X X X +STAUROLITE
5 X X X X X X X X +tournaline
7 X X X X X X opq = ilmenite
119 X X X X X X X X X X + " and apatite
132 X X X X X X X X X
132b X X X X X X X
133 X X X X X X X X
134 X X X X X X X X An 27 **
136 X X X X X X
166 X X X X X X X X
167 X X X X X X X X S-C mylonite
168b X X X X X X X
170 X X X X X X ttoiarmaline
171 X X X X X X X X tretrogressed
172 X X X X X X X X X
182 X X X X X X X X X K-spar (bio retro)
183 X X X R X X X X +STAURDLITE
183b X X X X X X X X X An 30 ** KYANITE
184 X X X R X X X X An 30 **
185 X X X X X X X X K-spar
187 X X X X X X X K-spar
193 X X X X X X X X X X
194 X X X X X X X X X An 23 **
922a X X X X X X X S-C mylonite
922b X X X X X X X X S-C mylonite
924 X X X X X X X X X X " " , K-spar
119f X X X X X X X X Float, K-spar
228 X X X X X X X X ttourmaline, fish
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Qucirtz rich sub-division Quartz and plagioclase sub-equal in
abundance. #165, 148 and 158 in the Napeequa unit and are frcm a thick
layer north of the Hidden Lake Pluton. Abbreviations- Above plus hanatite
(hem).

qtz pig hbl chi epd sph opq hem

90a X X X X X
90b X X X X
91 X X X X X
165 X X X X
148 X X X X
158 X X X X X

Graphitic Mica Schists- Minor pelitic unit. Other rare pelites are
observed as interlayers in the conglcmeratic quartzo-feldspathic unit.
Abbreviations- Above plus staurolite (str) and tourmaline (trm).

# qtz pig gnt str bio chi vhm hbl grh opq ilm rut trm NOTES

93 X X X X X X X bio replacing hbl
93(2)X X X X r X X X X + minor epidote
93b X X X X X X X X X An 28 **
94 X X X X X X X
124 X X X X X X X X X
Quartz Mica Schists-- Mappable layer in the northern part of the field
area.
# qtz pig vhm bio chi gnt opq ilm rut grh NOTES

84 X X X X X X X X87 X X X X X + tourmaline
89 X X X X X + hematite
92 X X X X X X
220a X X X X X X + apatite
220b X X X X X X X X + apatite An 21

Plutonic Rocks

Hidden Lake Pluton-

Abbreviations- qtz (quartz), pig (plagioclase), bio (biotite), epd
(epidote), cln (clinozoisite), ser (sericite), sph (sphene). r = trace
replacement product.

£ qtz pig kspar bio epd cln ser sph cal opq NOTES

18 X X X X r r r X X plagioclase- normal zonation
20 X X X X r r X X36 X X X X r r
42 X X X X r r biotite is chloritized
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APPENDIX II
GEOCHEMICAL ANALYSIS RESULTS FOR THE CRS

File name A : J D . ROC

Sample 6 1 1 7 1 7 3 1 8 8

G r 0 u p # 1.00 1.00 1.00 1.00

0 u a 1 0 0 0 0

Key 0 0 0 0

Ref 0 0 0 0

r> i 0 2
6 6.85 5 6.16 9 0.12 6 0.92

T 1 0 2 0.49 1.22 2.60 1.12

A I 2 0 3 14.90 14.61 18.49 14.25

F e 0 3.22 8.15 9.47 7.39

M n 0 0.12 0.12 0.19 0.10

M g 0 2.31 7.80 4.47 3.81

C a 0 6.32 7.85 7.92 4.36

N a 2 0 4.77 3.73 9.14 3.73

K 2 0 0.34 0.16 1.14 2.20

P 2 0 5 0.17 0.30 0.47 0.00

Total 9 9.68 10 0. 12 10 0. 13 10 0.08

N I 3 3.0 17 8.0 16.0 o o
C R 3 1.0 5 3 4 .0 2 2.0 0 . 0

S C 12.0 2 7.0 3 2.0

oo

V B L . 0 2 0 3,0 2 9 6.0 0 . 0

B A 19 1.0 16 3.0 2 4 1.0 0 . 0

R B 9 . 0 3 . 0 2 4.0

oo

S R 4 9 4.0 7 2 1.0 9 3 1.0 0 . 0

Z R 13 6.0 15 3.0 19 9.0 0 . 0

Y 11.0 16.0 2 7.0 0 . 0

N B 9 . 3 13.7 9 2.9

oo

G A

oo oo oo 0 . 0

C U 4 5.0 4 5.0 3 9.0 0 . 0

2 N' 3 3.0 9 4.0 7 3.0

oo

F e 0 * 3.22 8.15 9.47 7.39

F / F ♦ M 0.57 1 0.313 0.683 0.56

R b / S r 0.01 8 0.004 0.045 0.00

K / R b 3 14 4 4 3 3 9 4 0

K / B a 14.8 8 . 1 3 9.3 0 . 0

den 2.44 2.60 2.63 2.32

13 8
2.00

0
3
0

6 0.93
0.67

14.26
8.70
0.17
4.61
9.28
0.79
0.08
0.06

9 9.34

11.0
13.0
3 5.0

3 11.0
0 . 0
2 . 0 

15 9.0
4 9.0
18.0
2 . 2
0 . 0

13.0
4 7.0

8.70
0.658
0.013

3 3 2
0 , 0
2.39

2 4 0
2.00

0
3
0

4 9.18
3.84

16.35
11.91
0.14
4.30
6.25
3.28
3.27
0.00

9 8.72

0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0

11.91
0.728
0.000
0
0 . 0
2.66
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4
A 2 6 A 7 8 3 3 G 3 3 R

2 . 0 0 3 . 0 0 3 . 0 0 4 . 0 0 4 . 0 0

0 0 0 0 0

3 7 7 8 e

0 0 0 0 0

A . 6 0 6 0 . A 9 3 2 . 3 8 7 8 . 8 2 7 8 . 7 9

0 . 3 3 0 . 6 9 0 . 8 1 0 . 2 1 0 . 0 7

A . 6 2 1 8 . 3 3 1 9 , 8 2 1 2 . 1 7 1 3 5 4

1 . 0 2 7 . 0 1 9 . 4 0 2 . 3 0 0 . 7 8

0 . 1 2 0 . 1 1 0 . 1 8 0 . 0 2 0 . 0 1

3 . 8 3 3 . 7 9 4 . 6 2 0 . 3 1 0 . 0 0

9 . A 3 5 . 0 5 9 . 3 5 0 . 6 6 0 . 8 2

3 ., 3 9 3 . 0 2 2 ., 7 8 4 . 9 3 3 . 9 3

0 .. 3 7 1 . 2 2 0 , 1 7 0 . 2 7 0 . 0 4

0 ,, 0 0 0 . 1 1 0 .. 1 3 0 . 0 3 0 . 0 0

3 ., 9 3 9 9 . 8 2 9 9 ., 8 7 “ 9 9 . 9 1 9 9 . 9 8

0 ,. 0 2 1 . 0 1 0 ,. 0 1 7 . 0 1 6 . 0

0 ., 0 3 1 . 0 2 9 ., 0 6 . 0 1 . 0

0 ,, 0 9 . 0 3 0 .. 0 4 . 0 0 . 0
0 ., 0 17 8. 0 2 12.. 0 3 9 . 0 1 4 . 0
0 .. 0 7 7 8. 0 3 4 7 . 0 2 3 3. 0 3 2 . 0

0 ,. 0 4 1 . 0 6 .. 0 1 2 . 0 4 . 0
0 . 0 3 13. 0 4 8 8 . 0 2 7 9. 0 7 8 . 0

0 . 0 7 7 . 0 4 9 ,. 0 17 9. 0 7 3 . 0

0 . 0 1 2 . 0 1 7 . 0 1 9 . 0 4 . 0

0 ,. 0 3 . 0 3 . 0 2 3 . 0 9 . 0

0 . 0 1 9 . 0 2 2 . 0 1 0 . 0 2 1 . 0

0 . 0 2 7 . 0 4 1 . 0 1 5 . 0 4 . 0

0 . 0 8 3 . 0 8 2 . 0 2 A . 0 1 1 . 0

7 . 0 2 7 . 0 1 9 . 4 0 2 . 3 0 0 . 7 8

0 ., 3 3 1 0 .. 6 5 3 0 .. 6 7 3 0 ,. 8 2 0 1 . oo 0

0 ., 0 0 0 0 , 0 8 0 0 .. 0 1 2 0 ., 0 4 3 0 , 0 3 1

0 2 4 7 2 3 3 18 7 8 3

0 .. 0 1 3 .. 0 4 .. 1 8 .. 9 1 0 ,. 4

2 .. 3 8 2 .. 3 2 2 .. 6 3 2 .. 3 4 2 .. 3 1

i

i
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1

3 3 H 1 3 G 1 4 G 2

4 . 0 0 3 . 0 0 3 . 0 0
0 0 0
8 9 9
0 0 0

6 2 . 2 1 7 9 . 6 8 6 0 . 2 9 4

0 . 6 1 0 . 2 2 1 . 3 7

1 8 . 1 8 1 2 . 3 2 1 3 . 7 1 1

6 . 0 6 1 . 1 8 1 2 . 3 9 1

0 . 1 2 0 . 0 2 0 . 2 5

2 . 3 0 0 . 3 3 2 . 8 0
4 . 9 0 0 . 4 8 4 . 1 3 1

3 . 9 7 3 . 1 4 3 . 9 2

1 . 2 7 0 . 3 4 0 . 5 4

0 . 1 9 0 . 0 1 0 . 3 0
9 9 . 8 1 9 9 , 9 2 9 9 . 8 9 9

8 8 . 0 1 4 . 0 0 . 0

6 8 . 0 3 . 0 0 . 0 2

1 4 . 0 8 . 0 3 1 . 0 4
1 9 . 0 1 0 . 0 2 6 7 . 0 3 4
7 2 . 0 2 1 6 . 0 2 9 9 . 0 1 4
4 7 « 0 9 . 0 1 3 . 0 1 3
3 7 . 0 1 7 1 . 0 1 3 4 . 0 3 2
8 6 . 0 1 4 4 . 0 1 1 6 . 0 5
1 6 . 0 4 0 . 0 4 0 . 0 1

3 . 0 3 . 0 2 . 0
2 2 . 0 1 0 . 0 1 9 . 0 2
1 9 . 0 2 1 . 0 2 6 . 0
9 3 . 0 2 3 . 0 7 8 . 0 6

6
S

9
0
8
2
0
4
0
2
0
0
9

8
3

1
2
0
4
6
7

8
0
0
0
2

0 0
0
9
0

9 2
8 8
3 8
3 3
2 4

6 0
0 1
6 1

5 8
1 3
9 0

0
0
0
0
0
0
0
0
0
0
0
0
0

6.06
0.729
0.088

2 2 4

13.7
2.48

1.18
0.784
0.033

3 14

13.1
2.32

12.39
0.819
0.097

3 4 3

13.0
2.36

1 2
0
0

3 6
3 4

2

3 3
7 3 5
4 1 1

4
6 9
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#93 #184 (* see below)

Pig Ilm Gnt Bio Pig Gnt Bio

Si02 61.0 .14 37.3 35.6 60.8 38.0 37.3
Ti02 n.a. 52.1 .08 1.80 n.a. .07 1.66
A1203 24.6 .08 21.1 18.4 24.6 21.0 17.4
FeO .09 45.7 31.8 18.4 .15 24.5 12.8*

n.a. .27 .26 .02 n.a. 8.10* .12
[^0 n.a. .05 2.92 10.6 n.a. 4.40 15.3
CaO 6.14 n.a. 6.21 n.a. 6.17 4.10 n.a.
Na20 8.56 n.a. n.a. n.a. 8.47 n.a. n.a.
K20 .10 n.a. n.a. 8.79 .11 n.a. 9.38
NiO n.a. .02 n.a. n.a. n.a. n.a. n.a.
Cr203 n.a. .03 n.a. n.a. n.a. n.a. n.a.

Total 100.5 98.4 100.1 93.6 100.3 100.1 93.9
N = 3 4 4 2 4 5 3

Si 2.70 .01 3.01 5.47 2.70 2.99 5.47
Ti n.a. 2.00 .08 .21 n.a. b.d. .21
A1 1.28 .01 1.98 3.32 1.29 1.96 3.32
Fe b.d. 1.95 2.12 2.37 .01 1.62 2.37
Mn n.a. .01 .02 b.d. n.a. .54 b.d.
Mg n.a. b.d. .35 2.42 n.a. .52 3.41
Ca .29 n.a. .53 n.a. .29 .35 n.a.
Na .74 n.a. n.a. n.a. .73 n.a. n.a.
K .01 n.a. n.a. 1.72 .01 n.a. 1.78
Ni n.a. .02 n.a. n.a. n.a. n.a. n.a.
Cr n.a. .03 n.a. n.a. n.a. n.a. n.a.

n.a. = not analyzed, b.d. = below detection (rounding to two decimals).
Pig = plagioclase, Ilm = ilmenite, Gnt = garnet. Bio = biotite. N =
number of microprobe spots saitpled. All garnets are rim ccrnpositions.
* (184) = Evidence for retrogression of the garnet and biotite observed
petrographically (see Geothermobaranetry).
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#30 #121 #10b #139b
(* see below)

Pig Ilm Gnt Pig Ilm Gnt Gnt Hbl
Core

Il3l
Rim !l;

1'

Si02 67.4 .15 37.6 60.2 .17 37.8 37.5 43.9 41.6 M
Ti02 .02 58.0 .08 n.a. 52.1 .09 .10 1.02 .63
A1203 24.0 .18 21.8 25.5 .29 20.9 20.8 11.8 15.5 t
FeO b.d. 45.0 31.1 .10 47.0 30.8 33.0 18.16 18.4 ::
MnO b.d. 4.01 1.43 n.a. .47 1.69 2.66 .16 .19
MgO b.d. b.d. .60 n.a .05 2.61 1.12 8.44 6.90 M
CaO 4.32 b.d. 8.60 6.85 n.a. 6.39 5.34 11.1 11.3 -
Na20 9.20 . b.d. b.d. 7.97 n.a. n.a. n.a. 1.23 1.46 r
K20 .11 .01 b.d. .10 n.a. n.a. n.a. .73 .79 !■
NiO n.a. n.a. n.a. n.a. .02 n.a. n.a. n.a. n.a.
Cr203 n.a. n.a. n.a. n.a. .07 n.a. n.a. n.a. n.a. 1

* !S

]l ‘
Total 99.54 107.3 101.3 100.7 100.0 100.3 100.5 96.6 96.9 r
N = 3 3 4 4 2 4 3 5 7 r

Si 2.96 .01 2.98 2.67 .01 3.01 3.02 6.66 6.32
Ti b.d. 2.02 b.d. n.a. 1.98 .01 .01 .12 .07 S
A1 1.03 .01 2.04 1.34 b.d. 1.97 1.97 2.11 2.77 H
Fe b.d. 1.72 2.06 b.d. 1.99 2.05 2.23 2.30 2.34 fi
Mn b.d. .08 .10 n.a. .02 .11 .18 .02 .02 II
Mg b.d. b.d. .07 n.a. b.d. .31 .14 1.91 1.56 !|
Ca b.d. b.d. .73 .33 n.a. .55 .46 1.80 1.84 if
^la 1.02 b.d. n.a. .68 n.a. n.a. n.a. .37 .43
K .05 b.d. n.a. .01 n.a. n.a. n.a. .14 .15 (
Ni n.a. n.a. n.a. n.a. .02 n.a. n.a. n.a. n.a. i
Cr n.a. n.a. n.a. n.a. .07 n.a. n.a. n.a. n.a. 1

n.a. = not analyzed, b.d. = below detection (rounding to tvo decimals).
Pig = plagioclase, Ilm = ilmenite, Gnt = garnet, Bio = biotite. N =
number of microprobe spots sampled. All garnets are rim ccnipositions.
* #10b- Only garnet observed in the (upper) greenschist facies.



179 98 131b

Si02 44.1 47.0 50.9 50.5 45.9 46.6 54.1 50.0
Ti02 .28 .23 .46 .51 .38 .37 .14 .26
A1203 13.4 10.4 4.85 5.22 7.76 7.49 1.77 6.09
FeO 16.3 15.9 13.9 14.0 17.7 17.4 15.5 17.0
MnO .27 .27 .65 .62 .57 .55 .58 .54
MgO 9.46 11.2 14.4 14.2 10.2 10.1 15.2 12.1
CaO 11.3 11.9 11.9 12.1 11.2 11.2 12.4 11.7
Na20 1.69 1.14 .89 .95 1.40 1.56 .47 .94
K20 .33 .21 .28 .32 .45 .36 .10 .28

Total 97.1 98.3 98.2 98.3 95.5 95.7 100.1 98.8

Si 6.58 6.89 7.39 7.32 6.95 7.06 7.62 7.22
Ti .03 .03 .05 .06 .04 .04 .02 .03
A1 2.35 1.79 .83 .89 1.39 1.34 .29 1.04
Fe 2.37 1.95 1.68 1.69 1.76 1.92 1.27 1.51
Nfci .03 .03 .08 .08 .07 .07 .07 .07
Mg 2.10 2.44 3.11 3.08 2.30 2.28 3.18 2.60
Ca 1.81 1.87 1.85 1.88 1.82 1.82 1.87 1.80
Na .49 ■ .32 .25 .27 .41 .46 .13 .26
K .06 .04 .05 .06 .09 .07 .02 .05

Hornblende ccn^siticns frcm the greenschist (98) and lower amphibolite
facies (179, 131b).
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