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Geologic Map and Bedrock History
of the Gilbert 7.5-minute Quadrangle,
Chelan and Okanogan Counties, Washington

Joe D. Dragovich and David K. Norman

Washington Division of Geology and Earth Resources
PO Box 47007

Olympia, WA 98504-7007

INTRODUCTION AND OVERVIEW

This report consists of a geologic map (Plate 1) and an interpre-
tation of the geologic history of the Gilbert 7.5-minute quadran-
gle in the northeastern corner of the western one-half of the
Twisp 30-minute x 60-minute quadrangle (Fig. 1). The Gilbert
quadrangle includes part of the broadly defined Ross Lake fault
zone, a system of faults and mylonitic shear zones that generally
separates the medium- to high-grade crystalline rocks of the
Cascade Crystalline Core (herein Crystalline Core) from less-
metamorphosed rocks of the Methow basin!. Qur findings sub-
stantiate conclusions of earlier work (for example, Kriens and
Wernicke, 1990a,b; Miller and others, 1994; Haugerud and oth-
ers, 1991a,b) that the Ross Lake fault zone is indeed a fault zone
involving blocks that are lithologically and metamorphically in-
termediate between those of the Crystalline Core and the Met-
how basin.

We first describe the rocks. Then we discuss depositional
settings and correlations, metamorphism and deformation of the
rock units, and, finally, the geology of the quadrangle from a
regional perspective.

Discoveries of this study include a metamorphosed con-
glomerate that is probably correlative with the Virginian Ridge
Formation of the Methow basin. The unit unconformably over-
lies the Twisp Valley Schist of the Crystalline Core and contains
deformed, locally derived, metachert clasts. This suggests a pre-
Virginian Ridge Formation (Jurassic?) deformation of the Twisp
Valley Schist and provides the first direct lithologic link ob-
served between the Crystalline Core and the Methow basin. We
correlate the North Creek Volcanics of Misch (1966) with the
Winthrop Sandstone and Midnight Peak Formation of the Met-
how basin and propose abandoning the North Creek name in fa-
vor of the names of the equivalent units

to the east. The greenschist-facies Vir- Pia

Ralph A. Haugerud

U.S. Geological Survey

University of Washington, Box 351310
Seattle, WA 98195-1310

Robert B. Miller
Department of Geology
San Jose State University
San Jose, CA 95192-0102

Probably three discrete metamorphic-deformational events
affected this part of the Crystalline Core: a mid-Jurassic(?) low-
grade event possibly related to terrane accretion, a mid-Creta-
ceous low-grade event related to contraction and thrusting of
Methow basin units over this part of the Crystalline Core, and a
Late Cretaceous to early Tertiary medium-grade event related to
major loading of the Crystalline Core.

Homoclinal stratigraphy across the Twisp River valley sug-
gests that the Twisp River fault of Misch (1966) does not exist.
There is no significant metamorphic break across the supposed
fault. Nearby mylonitic zones appear to be associated with the
proto-North Creek fault.

Several northeast-trending high-angle faults with both left-
lateral strike-slip and (probably later) localized dip-slip compo-
nents dissect the study area. These faults appear to be upper-
crustal equivalents of the ductile structures of Miller (1994) that
transfer strain from the North Creek—Foggy Dew fault segments
of the Ross Lake fault zone west to the Gabriel Peak tectonic
belt. A switch to transtension in the middle Eocene resulted in
significant dip-slip on several of the northeast-trending faults
and juxtaposition of blocks of contrasting metamorphic facies
and probably different metamorphic ages.

Unroofing was diachronous across the quadrangle. Mid-Cre-
taceous unroofing in the north exposed rocks that were probably
never deeply buried and that preserve older metamorphic fab-
rics. These rocks behaved largely brittlely during Ross Lake
fault zone deformation. Conversely, Late Cretaceous to Eocene
unroofing exposed the deeper levels of crustal blocks to the
south, and ductile Ross Lake fault zone mylonites in the region
developed in response to strike-slip deformation in the middle
part of the continental crust.
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METHODS, PREVIOUS WORK,
AND RELATED STUDIES

Our mapping and interpretations are based on (1) field work by
Dragovich and Norman in 1994 in the west half of the Twisp
quadrangle (Dragovich and Norman, 1995) and in 1995 in the
Gilbert quadrangle, (2) on-going field work by Haugerud (in co-
operation with R. W. Tabor, USGS, and J. B. Mahoney, Univ.
of Wisc., Eau Claire) as part of the Twisp 1:100,000-scale quad-
rangle geologic mapping effort in progress by the U.S. Geologi-
cal Survey (USGS), and (3) previous geologic studies (see next
paragraph) and unpublished mapping by Miller. The USGS
STATEMAP Program supported the field and office activities of
Dragovich and Norman for the Twisp and present studies.

Areas covered by previous geologic mapping are outlined in
Figure 2. Relevant regional mapping and topical studies outside
the Gilbert quadrangle are outlined in Figure 3. Geologic map-
ping in the Gilbert quadrangle includes studies by Adams (1961)
and Miller (1987) of the Black Peak batholith and Twisp Valley
Schist and studies of the Methow basin sedimentary and volcan-
ic rocks by Barksdale (1975), Stoffel and McGroder (1990), and
McGroder and others (1990). Structural syntheses by McGroder
(for example, 1989) provide important constraints. In addition,
studies of the North Creek Volcanics by DiLeonardo (1990,
1991) and of the economic potential of Okanogan National For-
est by Grant (1982) provide some additional geologic mapping.
Regional bedrock and glacial studies by Misch (1966) and Waitt
(1972), respectively, cover portions of the Gilbert quadrangie.
Work on the Golden Horn batholith by Stull (1969) and Boggs
(1984) covers the extreme northern portion of the Gilbert quad-
rangle. Mapping and stratigraphic studies north and east of the
Gilbert quadrangle by Cole (1973), Tennyson (1974a,b), and
Pierson (1972) were invaluable; Bunning (1990) summarizes
the geology of areas directly to the east. Text citations refer to
other studies.

Formally and informally named and unnamed geologic units
are shown on Plate 1 and Figure 4. Unit symbols provide infor-
mation about the age, lithology, and name (if any) of the units:
upper-case letters indicate protolith age, lower-case letters indi-
cate lithology, and subscripts identify named units. For example,
the Black Peak batholith, a Late Cretaceous (K) dominantly in-
trusive (i) tonalite (t), is shown with the symbol Kitp.

We used the geologic time scale devised for the “Correlation
of Stratigraphic Units of North America (COSUNA)” project of
the American Association of Petroleum Geologists (Salvador,
1985). Absolute ages of Cretaceous stage boundaries are from
Obradovich (1994).

Plutonic rocks were named according to their modal compo-
sitions using the International Union of Geological Sciences
rock classification (Streckeisen, 1973). Some of the volcanic
rocks were named using whole-rock geochemistry and the total
alkali silica diagram (Zanettin, 1984). The term medium-grade
metamorphic rocks refers to rocks of amphibolite facies (for ex-
ample, amphibolite or schist); the term low-grade refers to rocks
of the greenschist facies. Greenschist-facies rocks are described
as metasedimentary or metavolcanic rocks (for example, green-
schist, metasiltstone/metamorphosed siltstone); rocks metamor-
phosed to less than greenschist facies are included in sedi-
mentary, volcanic, or intrusive rock units (for example, basalt or
siltstone). Landslides are classified using Varnes (1958, 1978).

Results of geochemical, U-Pb, and Ar-Ar analyses for this
study are given in Appendices 1 and 3. K-Ar, U-Pb, Rb-Sr, fis-
sion-track, Pb-Pb, and Pb-« analyses from previous studies are
given in Appendix 2. Point-count data from this and other stud-

ies are provided in Appendices 4-7; structural data from this
study are complled in Appendix 8.

Field mapping was supplemented by inspection of color
1:24,000-scale and black and white 1:14,000-scale aerial photo-
graphs. The photographs were used to map surficial deposits,
bedrock contacts, and lineaments (many of which were deter-
mined in the field to be fauits).

DESCRIPTIONS OF MAP UNITS
Sedimentary Rocks and Deposits
QUATERNARY SEDIMENTARY DEPOSITS

Nonglacial Deposits

Qa Alluvium, undivided (Holocene)—Moderately to poor-
ly stratified, unconsolidated deposits of the modern Twisp
River, composed of rounded boulders, gravel, sand, and
rare silt and clay. Consists largely of reworked material
from units Qady, and Qaf.

Qaf Alluvial fan deposits (Holocene and latest Pleisto-
cene)—Poorly sorted to unsorted, unconsolidated dia-
micton largely originating as debris flows, debris ava-
lanches, or debris slides, locally modified by alluvial
processes.

Qis,  Rock avalanche deposits (Holocene and Pleistocene)—
Unstratified, unconsolidated, poorly sorted deposits
containing angular boulders, cobbles, and (or) gravel;
may include a sand, silt, and (or) clay matrix; largely

originating as rockfalls, topples, and slab failures.

Qis Landslide deposits (Holocene and Pleistocene)—Un-
stratified, unconsolidated diamicton and poorly sorted
deposits of angular boulders, cobbles, and (or) gravel in
a sand, silt, and (or) clay matrix; largely originating as
deep-seated failures (slump-earthflow, debris slump,
rock slump).

The large landslide north of South Creek (Plate 1)
involves deep-seated failure of the Twisp Valley Schist
and glacial drift. This failure is post-Pleistocene and is
centuries old as evidenced by the gorge-like incision of
the deposit by the Twisp River and 200-300-year-old
trees on the landslide.

Mass-wasting deposits, undivided (Holocene and
Pleistocene)—Unstratified, unconsolidated boulders,
gravel, sand, silt, and clay. May include material else-
where mapped as units Qta, Qaf, and (or) Qls,, as well
as minor glacial deposits; generally occurs on middle to
lower slopes.

Qlsy,

Qta Talus (Holocene and Pleistocene)—Unstratified and
unconsolidated angular sandy bouldery gravel to grav-
elly boulder deposits below rocky escarpments (trans-
lational slab failures, rockfalls, and rock topples). Lo-
cally includes (mostly at higher elevations) moraines,

rock glaciers, and protalus ramparts.

Glacial Deposits

Qd Glacial drift, undivided (Holocene and Pleisto-
cene)—Unstratified, unconsolidated diamicton, largely
consisting of loose, rounded to subangular boulders,
gravel, and sand with some silt and clay. Deposned
mainly during ablation of Fraser-age Cordilleran ice.
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Figure 2. Sources of previous geologic mapping in the Gilbert 7.5-minute quadrangle. Numbers are inside the outlines of the study areas.
1, Miller, 1987; 2, Misch, 1966; 3, Barksdale, 1975; McGroder and others, 1990; 4, DiLeonardo, 1990; §, Adams, 1961; 6, Stull, 1969; Boggs,

1984; 7, Grant, 1982; 8, V. F. Hollister, Duval Corporation unpub. data (DGER archives); 8, Waitt, 1972.
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Figure 3A. Locations of selected previous geologic studies in and around the Gilbert 7.5-minute quadrangle. Numbers are inside the outlines

of the study areas. 1, McGroder and others, 1990; 2, Kriens and Wernicke, 1990b; 3, Miller, 1987; Miller and Bowring, 1990; 4, Barksdale, 1975;
5, Misch, 1966; 6, Adams, 1961; 7, Bunning, 1990; 8, Tennyson, 1974a; 9, Libby, 1964.
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EXPLANATION
Sedimentary Rocks and Deposits

Quaternary surficial deposits of the Twisp River valley; includes units Qd, Qa, Qaf, Qta, Qis, Qlsm,
and Qlag, (see Plate 1)

Virginian Ridge Formation (Cretaceous) (unit Kegy, more than 40 percent conglomerate, and unit Km,,
less than 40 percent conglomerate), Pasayten Group

Intrusive Igneous Rocks

Golden Horn batholith (Eocene)

Oval Peak batholith (Paleocene)

Tonalite near Scatter Creek (Cretaceous)
Black Peak batholith, main phase (Cretaceous)

Black Peak batholith, Reynolds Peak phase (Cretaceous)

Black Peak batholith, mafic phase (Cretaceous)
“Kitiey] Homblende tonalite to diorite of Gilbert Mountain (Cretaceous)

Metamorphosed plagioclase porphyry of the Twisp River valley (Cretaceous)

Low- to Medium-Grade Layered Metamorphic Rocks

Metaconglomerate of South Creek (Cretaceous)

Metamorphosed Winthrop Sandstone (Cretaceous)

Metamorphosed Midnight Peak Formation (Cretaceous)
Twisp Valley Schist (Jurassic—Permian)

Quartzite to graphitic muscovite quartz phyllite

Greenschist

Mixed lithologies (metachert, amphibolite, marble, ultramafite, metamarl, mica schist, and phyllite)

#  Uliramafite

Geologic Symbols
Contact—Dotted where concealed
—§+ ——————aaseenen High-angle fault—Dashed where inferred, dotted where concealed;
U, upthrown block; D, downthrown block; arrows indicate relative motion
-, A .. Thrust fault—Dashed where inferred; dotted where concealed; sawteeth on upper plate
o-—-g—— —————— Overturned anticline—Dashed where inferred; arrow showing direction of plunge
o0 Location of critical sites (referenced in text) 8  Geochemical data (this study)
4 U-Pb zircon ages (this study) < Al-in-homblende geobarometry
O Ar-Ar homblende age (this study) e K-Arage

%¥  Point count data (this study)

Figure 4. (Facing page) Simplified geologic map of the Gilbert quadrangle showing the location of significant geologic, geochemical, and geo-
chronologic sites cited in text and appendices. <3 kb site, 1-3 kb for the Black Peak batholith north of Gilbert; geobarometry data from D. L.
Whitney and R. B. Miller, unpub. data.
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Very locally contains rare thinly laminated clay, silt,
and sand of glaciolacustrine origin and poorly to mod-
erately stratified outwash clay, silt, and gravel. Blan-
kets (1-20 m thick) valley floors and lower valley
slopes. At higher elevations may include minor Holo-
cene glacial deposits elsewhere mapped as morainal de-
posits (unit Qadp,).

Waitt (1972) indicated that the Cordilleran ice sheet
covered all but the highest peaks in the quadrangle,
postdated alpine glaciation in the Twisp River valley,
and flowed over the Twisp River—Chelan divide west
of the area and that deglaciation of the region was ac-
complished predominantly by downwasting of stagnant
ice. This conclusion is supported by our observations of
tens of meters of unstratified, poorly sorted, and un-
compacted cobble and boulder-rich ice-melt diamicts
overlying more dense and compact cobbly till of prob-
able advance glacial origin.

Alpine glacial drift (Holocene and Pleistocene?)—
Poorly studied linear or subdued mound-like ridges of
alpine morainal diamicton. Ridges mapped using aerial
photographs and probably record latest Pleistocene or
Holocene valley glaciations.

MESOZOIC SEDIMENTARY ROCKS

Pasayten Group (Cretaceous)—Terrestrial and lesser shallow-
marine strata along the 49th parallel, 30 km north of the Gilbert
quadrangle, were named the Pasayten Group by Daly (1912).
The Pasayten Group was extended farther north by Rice (1947)
and Coates (1974). We extend this nomenclature south of 49°N
to include thick Albian(?) and younger sedimentary and voi-
canic rocks mapped by Barksdale (1975) and others as the Vir-
ginian Ridge, Winthrop, and Midnight Peak units. (Also see
units Kmcgs, Kmcy,, and Kmv,,.) In the Gilbert quadrangle, rep-
resented by:

Key,
Kegy

Virginian Ridge Formation—Black mudstone, silt-
stone, and lenticular to tabular beds of light olive-gray
to medium-gray chert-lithic sandstone and chert-pebble
conglomerate; minor lithofeldspathic sandstone near
top of unit. Subdivided into two informal map units:
Kc,, which contains less than 40 percent conglomerate
beds, and Kcg,, which contains more than 40 percent
conglomerate beds (McGroder and others, 1990). Mud-
stone and siltstone commonly display graded or convo-
lute bedding, ripple cross-laminations, and rare plant
fossils along partings. Fine-grained rocks are inter-
bedded with, and commonly grade into, dark-gray,
thin-bedded, fine- to medium-grained sandstone com-
posed of subrounded to subangular grains of chert, pla-
gioclase, quartz, and volcanic and sedimentary rocks.
The chert-pebble conglomerates are composed of sub-
rounded to subangular pebbles and cobbles of gray to
black chert and subordinate sedimentary rocks in a
sandy matrix of chert, quartzite, altered mafic volcanic
rock, feldspar, and quartz grains. Conglomerate beds
are as much as 6 m thick (Barksdale, 1948, 1975; Pi-
tard, 1958; Mauer, 1958; Tennyson, 1974a; Tennyson
and Cole, 1978; McGroder and others, 1990).
Although locally duplicated by folding or thrusting,
the Virginian Ridge Formation reaches a maximum
thickness of more than 4,000 m near Cady Point (Stof-
fel and McGroder, 1990) north of the map area in the
Robinson Mtn. quadrangle. It thins to the east as it in-

terfingers with the Winthrop Sandstone (Barksdale,
1975).

The Virginian Ridge Formation is probably Ceno-
manian to Turonian in age. East of the Gilbert quadran-
gle, along the west limb of the Goat Peak syncline, the
unit is post-middle Albian, because it unconformably
overlies middle Albian strata in the Rattlesnake Creek
drainage. The Virginian Ridge Formation cannot be
younger than the 90 Ma (Turonian) Pasayten stock,
which intrudes the overlying Winthrop Sandstone and
Midnight Peak Formation. Along the Skagit-Pasayten
divide north of Harts Pass, the Virginian Ridge Forma-
tion contains marine gastropods that are suggestive of a
Turonian age (W.P. Elder, USGS, written commun.,
1993, cited in Miller and others, 1994).

The Albian marine fossils reported by Barksdale
(1975, p. 41) are from the Patterson Lake unit, which
is ir fault contact with adjacent chert-lithic Virginian
Ridge strata, and are not relevant to the age of the
Virginian Ridge Formation. West of Harts Pass in the
Canyon Creek drainage, argillite, chert-lithic sand-
stone, and chert-pebble conglomerate that Tennyson
(1974a,b), Trexler (1985), and McGroder and others
(1990) included in the Virginian Ridge Formation con-
tain Albian inoceramids (W. P. Elder, USGS, written
commun., 1993, cited in Miller and others, 1994). Ob-
servations by Haugerud and R. W. Tabor indicate that
these strata are deep-marine deposits, are significantly
older than the Virginian Ridge Formation in the type
section, and are more usefully considered part of a dif-
ferent map unit. Miller and others (1994) correlated the
Virginian Ridge Formation, Winthrop Sandstone, and
Midnight Peak Formation of Barksdale (1975) with the
Pasayten Group as defined in Manning Park, British
Columbia (Coates, 1974). Miller and others (1994) as-
signed a Cenomanian to Coniacian age to the Pasayten
Group (Virginian Ridge Formation, Winthrop Sand-
store, and Midnight Peak Formation) on the basis of (1)
the time needed to develop the probably mid-Albian ba-
sin-wide unconformity that separates Pasayten Group
rocks from older strata and (2) a probable Turonian
fauna (see above). The 90-87 Ma Fawn Peak or Pasay-
ten plutons intrude the Midnight Peak Formation (see
Miller and others, 1994), which overlies the Virginian
Ridge Formation. We assign an age of late Albian to
early Turonian to the Virginian Ridge Formation on the
basis of our geochronology and conclude that the un-
conformity that separates the Pasayten Group from un-
derlying mid-Albian strata could have developed in a
few million years or less.

Intrusive Igneous Rocks

TERTIARY INTRUSIVE IGN’EOUS ROCKS
—+4++ Dikes, undivided (Eocene)—Dark-gray to black apha-

Eigg

nitic lamprophyre (spessartite), plagioclase- and horn-
blende-phyric andesite with lesser dacite, and rhyolite
with chilled margins. Dikes are less than 20 m thick,
typically approximately a meter or two thick, com-
monly massive; some are sheared and display a sub-
magmatic to solid-state tectonic fabric.

Golden Horn batholith (Eocene)—Pinkish gray,
grayish orange pink to grayish orange, distinctive gold-
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en orange-weathering, fine- to coarse-grained, leuco-
cratic alkaline granite (color index [CI]=1-3) with di-
rectionless texture and crystal-lined miarolitic cavities
as much as several meters in diameter. The granite in
the southern half of the batholith (northernmost part of
the Gilbert quadrangle) consists of more than 60 per-
cent perthitic orthoclase, approximately 30 percent
quartz, less than 5 percent albite to oligoclase, and less
than 5 percent arfvedsonite, biotite, and opaque miner-
als (Stull, 1969; Boggs, 1984; Barksdale, 1975). East-
northeast-trending Golden Horn dikes intrude meta-
morphosed Methow strata in the northern part of the
quadrangle.

The batholith crystallized at approximately 50 Ma
as indicated by U-Pb zircon and K-Ar hornblende and
biotite ages ranging from 50 to 47 Ma (Appendix 2).

Oval Peak pluton (Paleocene)—Light-colored biotite
tonalite ubiquitous aplite and pegmatite dikes, com-
monly garnet bearing; contains plagioclase (average
Ansg), quartz, biotite, magmatic epidote, microcline,
sphene (titanite), and trace amounts of apatite.

The massive core of the pluton gives way to mylo-
nitized borders that are generally concordant with, yet
locally cross-cut, fabric in the Twisp Valley Schist
(Adams, 1961; Libby, 1964; Miller, 1987; Miller and
Bowring, 1990). The intensity of foliation increases
near the contact where sills and dikes of the tonalitic
and aplitic Oval Peak pluton intruded the Twisp Valley
Schist and were subsequently locally boudinaged.

Miller and Bowring (1990) report a U-Pb zircon age
of about 65 Ma, consistent with a U-Pb sphene age of
65.3 Ma reported by Miller and Walker (1987) and dif-
ferent from the preliminary age of 61 Ma reported by
Miller and others (1989) on the basis of slightly discor-
dant data (Appendix 2). Other ages include an Ar-Ar
(hornblende) age of 58 Ma and several approximately
56-48 Ma K-Ar (biotite, hornblende) and fission-track
(sphene) ages (Miller and Bowring, 1990) from the
Oval Peak pluton and country rocks south of the Rey-
nolds Creek fault.

Aluminum-in-hornblende geobarometry by Ham-
marstrom and Zen (1992) suggests crystallization at
5-7 kb, which is compatible with the presence of mag-
matic epidote (Miller and Bowring, 1990). The pluton
intruded during amphibolite-facies metamorphism of
the Oval Peak block and probably during or after thick-
ening of the Crystalline Core (Miller and Bowring,
1990; Miller and others, 1993a).

MESOZOIC INTRUSIVE IGNEOUS ROCKS

Kit

Kity,
Kity,
Kitpy,
Kidp,
Kitpg

Biotite hornblende granodiorite, tonalite and diorite
of Scatter Lake (Cretaceous)—Massive, medium-
grained pluton that intrudes the Cretaceous Virginian
Ridge Formation (Fig. 4, loc. 15) (McGroder and oth-
ers, 1990). Overall appearance and field relations sug-
gest affinity with other mid-Cretaceous intermediate-
composition plutons in the region.

Black Peak batholith (Cretaceous)—Divided into
three units by Miller (1987), partially on the basis of the
work of Adams (1961): granodioritic to tonalitic main
phase (unit Kity), tectonized tonalitic Reynolds Peak
phase (unit Kity,), and dioritic mafic phase (unit Kidp).
We also include microcrystalline to medium-grained

tonalite to diorite of a contact complex near Gilbert
(unit Kityg) and small exposures of massive tonalite
northwest of Louis Lake (unit Kity,) in the Black Peak
batholith.

Black Peak batholith rocks generally preserve some
igneous textures defined predominantly by subhedral
plagioclase crystals with interstitial quartz and, locally,
K-feldspar where the main phases are granodioritic. Al-
though effects of post-intrusion metamorphism on the
batholith in the Gilbert quadrangle remain poorly stud-
ied, amphiboles and (or) biotite appear to be primary
igneous minerals that have been dynamically recrys-
tallized in tectonites; metamorphic epidote is common.
Around Gilbert Mountain, hydrothermal alteration of
units Kit,q and Kity, and the adjacent intruded metavol-
canic and metasedimentary country rocks has resulted
in (1) pervasive sericitization and saussuritization of
calcic plagioclase laths and groundmass and (2) chiorit-
ization of biotite with resultant pervasive production of
K-feldspar. Medium-gray tonalite to quartz diorite and
rare diorite (CI=30-50) of Black Peak contact com-
plexes and porphyries display various intrusive igneous
textures that reflect hypabyssal intrusion and chilling
against cooler country rocks.

South of the Gilbert quadrangle, the War Creek or-
thogneiss (WOG on Fig. 5B) of Miller and Bowring
(1990) intrudes and contains inclusions of the Reynolds
Peak phase, which is about the same age as the main
phase (unit Kit,) (Miller, 1987). The tonalitic phases in-
trude, and thus are slightly younger than, the diorite
phase (for example, on Gilbert Mountain) (this study;
Miller, 1987). Around Louis Lake, centimeter- to me-
ter-wide sheets of tonalite intrude quartz diorite, dio-
rite, and hornblendite. However, contacts between the
diorite and tonalite are locally gradational. The mafic
body is crudely compositionally layered. Diorite and
rare hornblendite on the northeast side of the body
grade to exclusively diorite toward the axial part of the
body. On the southeast, near the contact between the
diorite and tonalite, some quartz diorite is mingled with
diorite. We were unable to discern the age relations be-
tween diorite and quartz diorite. Sheeted diorite (quartz
diorite)-tonalite contacts and mineralogical gradations
in the sheets suggest some magmatic mixing (although
sheeting and observed mineralogical variations can re-
sult from other processes). However, if mixing has oc-
curred, then the “diorite” phase (unit Kid,) is not much
older than the tonalitic phases (unit Kity).

Kitp, Black Peak batholith (main phase)—Direc-
tionless to weakly foliated and locally mylo-
nitic medium-gray, light to dark greenish gray
tonalite (CI=7-40) with minor granodiorite,
aplite, and pegmatite; consists of hornblende,
biotite, oscillatory to normally zoned plagio-
clase (Anys_3s), quartz, and accessory sphene,
apatite, and magnetite with rare clinopyrox-
ene; locally contains microcline-micro-
perthite. Epidote is common along fractures.
Alteration zones contain Fe-chlorite, sericite,
pyrite, and chalcopyrite (Adams, 1961; Miller,
1987).

A locally weakly foliated fabric probably
represents a magmatic foliation. Ductile shear
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zones a few meters wide cut the directionless
rocks in numerous places, but they are less
abundant than in the Reynolds Peak phase
(unit Kity,) (Miller, 1987). (See Deformation
and Metamorphism, p. 25.)

Four U-Pb zircon and sphene ages of 91—
88 Ma (Appendix 2) indicate mid-Cretaceous
intrusion of the main phase (unit Kit,). The

batholith near Rainbow Creek (S. A. Bowring
and R. B. Miller, unpub. data). Other ages in-
clude a K-Ar hornblende age of 98 Ma (V.R.
Todd, USGS, written commun., 1986, cited in
McGroder and others, 1990) and K-Ar ages of
88 Ma (hornblende) and 72 Ma (biotite)
(Engels and others, 1976) (Appendix 2).

. . Kit Hornblende tonalite to diorite of Louis
main p ha;c Y gak;:ed daC9 1 Ma K'A(; horgbl;r;ge . Lake—Greenish gray, massive to weakly foli-
,z;gvs i:ezgiv:rarsa dn neaaruilg cgri)lg; F(ien 4;) twcc> ated medium- to fine-grained to porphyritic to
K- Arp biotite a es’ of 75 Ma (Fi ‘3 lc;c 3) inequigranular hornblende biotite tonalite,
(Misch, 1964). & 90 Ma zircon U-Pb age alon quartz diorite, and diorite (C1=30-50). Me-
Us H,i hwa’ 20 north of the ua%dran lg dium-grained to porphyritic tonalite of this
ﬁ ) g198 4y d291-88 M U({Pb e unit similar to unit Kitbg. Body intrudes the
(Hoppe, ), and a 91~ a zreon contact between Reynolds Peak and diorite
age in the mylonitic margin of the Black Peak

EXPLANATION

ps54e Site of selected samples dated by K-Ar techniques (previous

(o] 3] [=][<]

(o]

studies). Letter, Appendix 2 reference identifier; number,
age in millions of years

BS5a Site of selected samples dated by U-Pb techniques (previous

studies). Letter, Appendix 2 reference identifier; number, age
in millions of years; underlined numbers, interpreted age based
upon several analyses

Geologic Units

@ Volcanic rocks of the Cascade arc (Paleogene)

Plutons of the Cascade arc (Miocene to early Oligocene)

Middle Eocene plutons

Rocks involved in earliest Tertiary
and Late Cretaceous orogeny

Earliest Tertiary and latest Cretaceous plutons (75-50 Ma)
Mid-Cretaceous plutons (100—85 Ma)

Plutons of unknown age—May be pre-Cretaceous in part

Skagit Gneiss complex (Late Cretaceous—Early Tertiary)—
Locally divided into:

Mostly orthogneiss—Locally divided into orthogneiss
of Custer Ridge and orthogneiss of The Needles

Banded gneiss—Massive pegmatite north of the
Eldorado Orthogneiss. Supracrustal component is
mostly strata of the Chelan Mountains terrane

Other rocks—Massive pegmatite north of the Eldorado
Orthogneiss; complex of gabbro, troctolite, and norite
at Skymo Lake

Chelan complex (Late Cretaceous?) migmatitic gneiss—
Supracrustal component is mostly strata of the Chelan
Mountains terrane

Rocks of Pre-Late Cretaceous terranes

[4] Swakane Biotite Gneiss—Protolith may be Precambrian

E] Chelan Mountains terrane—Locally divided into:

(IS

4

®

Cascade River unit (Late Triassic, in part}—Metamorphosed
arkose, conglomerate, and pelite and associated metavolcanic
rocks

Marblemount plutons (Late Triassic)—Tonalite and derivative
gneisses (MMQD, Marblemount Meta Quartz Diorite along
northern part of the plutonic belt)

Napeequa unit (Permian-Triassic, in part}—Metamorphosed
oceanic strata

E] Metamorphosed Methow basin units—Locally divided into:

= B

=

Little Jack terrane (age unknown)—Metapelite and metasandstone
with minor marble, meta-ribbon chert, and ultramafic rock

Winthrop Sandstone and Virginian Ridge and Midnight Peak
Formations (Cretaceous)—Metaconglomerate, metasandstone,
metasiltstone, and intermediate metavolcanic rocks

Hozameen Group (Mississippian—Jurassic)—Mostly basaltic
greenstones, ribbon chert, argillite, and sandstone

Figure 5. (facing page) A.Major crustal blocks of the Crystaliine Core (Tabor and others, 1989). The Crystalline Core is divided along the Entiat
fault into the (1) Wenatchee block where radiometric cooling ages marking the approximate cessation of metamorphism are largely mid- to Late
Cretaceous, and (2) the Chelan block, where uplift-cooling ages are largely Eocene (Haugerud and others, 1991b; Brown and Talbot, 1989).
B. Geologic map of the Chelan block of the Chelan Mountains terrane (after Haugerud and others, 1991b). In the Cascade River area, the
Napeequa unit of the Chelan Mountains terrane apparently structurally overlies, probably along a thrust, the Cascade River unit of the Chelan
Mountains terrane (Dragovich, 1989; Brown and others, 1994). This structural juxtaposition predates mid-Cretaceous metamorphism and may be
related to mid-Jurassic obduction and accretion (Figs. 9 and_15). MMQD, Marblemount Meta Quartz Diorite; DHP, Duncan Hill pluton; GPTB,
Gabriel Peak tectonic belt; FDFZ, Foggy Dew fault zone; RCMM, Reynolds Creek-Midnight Mountain fault(s). Dots and triangles show the loca-
tions of geochronology sample sites tabulated in Appendix 2; letters, Appendix 2 cross-reference identifier; numbers, age in millions of years. C.
Terranes of the North Cascades Crystalline Core.



11

GILBERT 7.5-MINUTE QUADRANGLE, WASHINGTON

121°

48°

C

Crystalline

WASHINGTON

BRITISH COLUMBIA

9

20 mi

20 km

12

—

NORTHWEST
CASCADES
SYSTEM

49°

)
| ©
~N
- o)
(]
O
j—
t e
Q5
L8
L &3
0] o
L#}
> | o
X 5
. \/o
M~
L ~
5® e
- ®
R ® 7
I8 0= P
> ; -
o Y o
N £
~ N A
N 8
™~ [C]
Y
HLIOMNIAYT)
)
[— N
o
— N
€
_ X
'~ o 9
L o w_m tmm. . gt o lwu__
—d pur)
3 812 g -«
§ 52 #
» w « m~w oto
2 . Q 3 =
PEEL: o S gm? 3
1HDIVILS 3 & N z
= m I., “E A o
3 [ 2
| T L
< ® b




12

GEOLOGIC MAP GM-46

Kiter

Kidy

Kitpg

phases (Fig. 4, loc. 4) and is probably a satel-
lite body of the main phase tonalite.

Black Peak batholith (Reynolds Peak
phase)—Light-gray to greenish gray or green-
ish black tonalite to tonalitic orthogneiss
(CI=5-50) with minor aplite and pegmatite;
contains biotite, plagioclase, quartz, epidote,
and sphene; hornblende present locally; pla-
gioclase locally replaced by epidote. Charac-
terized by a moderately developed subsolidus
foliation. Forms the southernmost portion of
the Black Peak batholith (Miller, 1987).
Rarely, homblendite and diorite layers grade
upward to quartz diorite and tonalite over a
few meters, suggestive of crystal cumulate
zones.

The Reynolds Peak phase has better devel-
oped fabric and slightly higher mafic mineral
content than the main phase (unit Kit,). The
Reynolds Peak phase is coarser grained and
darker than the War Creek orthogneiss and
commonly, in contrast to the orthogneiss, con-
tains hornblende (Miller, 1987).

Black Peak batholith (mafic phase)—Dark-
gray to dark greenish gray granoblastic to hy-
pidiomorphic diorite (CI=25-60) with rare
hornblendite, pyroxenite, and quartz diorite;
consists of plagioclase (An,ys_49), biotite, and
hornblende and locally lesser amounts of py-
roxene and epidote with accessory sphene,
quartz (as much as 10 percent), magnetite, apa-
tite, zircon, and orthite. Typically well foliated
to mylonitic orthogneiss with locally con-
spicuous plagioclase augen. Locally direction-
less. Intruded by or in gradational contact with
units Kit,, and Kity,, along its western border; in
fault contact with the Twisp Valley Schist to
the east.

Locally, dioritic compositions on Gilbert
Mountain suggest that some fine- to medium-
grained chilled apophyses may be early mafic
phase injections of the batholith into the coun-
try rock. Around Gilbert Mountain, these bor-
der phase rocks are reduced in grain size (from
chilling?) and are associated with extensively
sericitized and saussuritized country rock
(shallow magmatically induced hydrothermal
cells?). These features, along with hornblende
cooling ages of 91 Ma (Fig. 4, loc. 3), suggest
that the Black Peak intrusive rocks around Gil-
bert Mountain preserve evidence of shallow
intrusive conditions.

Hornblende tonalite to diorite of Gilbert
Mountain—Northwest of Gilbert Mountain
(Fig. 4, loc. 5), dark-gray microcrystalline
aphanite of intermediate composition grading
westward over approximately 100 or more me-
ters to light-gray plagioclase hornblende por-
phyry to typical greenish gray tonalite. The
gradational increase in grain size away from
the country rocks suggests epizonal intrusion
and chilling of the main phase tonalites against
cooler country rocks.

South of Gilbert Mountain (Fig. 4, loc. 6),
greenish gray to dark greenish gray, salt and
pepper, medium- to fine-grained equigranular
to very locally microporphyritic hornblende
quartz diorite to diorite; weakly foliated with
hypidiomorphic textures; occurs as sills and
dikes tens to hundreds of meters thick intrud-
ing metamorphosed Methow units. Accesso-
ries in both parts of the unit include sphene and
opaque minerals.

Kiany, Plagioclase porphyry of the Twisp River valley
(Cretaceous)—Light greenish gray, grayish green, and
yellow-gray plagioclase £ hornblende andesite or me-
dium- to fine-grained porphyritic tonalite (CI=5-25) to
quartz diorite. Textures vary from hypidiomorphic to
more commonly protomylonitic to mylonitic in local-
ized shear zones. Metamorphic minerals include albite,
epidote, zoisite, chlorite, white mica, and clinozoisite.
In mylonite zones, the coarse, euhedral to subhedral,
zoned albitized plagioclase is typically replaced by epi-
dote or clinozoisite and sericite, and hornblende has ret-
rogressed to chlorite.

The unit occurs as northwest-trending lenticular
sills that intrude units Kmcgg, Kmv,,, Kmc,, and the
Twisp Valley Schist. Intrusive age is younger than that
of unit Kmvy, (late Albian-Turonian) and older than the
75 Ma K-Ar biotite cooling ages of the Black Peak
batholith main phase at Roads End Campground. The
U-Pb zircon age of 97.5 +2/-3 Ma (early Cenomanian;
see Appendix 3A, p. 57) is consistent with field rela-
tions and the 100 Ma age of unit Kmg,,, which the por-
phyries intrude. On the basis of field relations, geo-
chemistry, and distribution, it is tempting to relate the
porphyries to the earliest intrusives of the Black Peak
batholith (discussed in Depositional Settings and Cor-
relations); however, the 97.5 Ma age suggests that they
are older than the Black Peak batholith. Metamorphism
of the porphyries is (1) younger than their intrusive age
of 97.5 Ma, (2) older than or synchronous with the
Black Peak batholith 91 Ma K-Ar hornblende age at
Roads End Campground, and (3) older than the Black
Peak batholith 75 Ma K-Ar hornblende ages at Roads
End Campground.

Low-grade to Locally Medium-grade
Layered Metamorphic Rocks

MESOZOIC METAMORPHIC ROCKS

Kmcgs Metaconglomerate of South Creek (Cretaceous)—
Dominantly massive to thickly bedded, subangular to
angular, greenish gray, grayish green, light-gray to dark
greenish gray, pebble to boulder metachert-bearing
metaconglomerate. Boulder to pebble clasts include
subangular to subrounded metachert with lesser green-
schist and intermediate volcanic rocks; interstitial
sand-size clasts include subangular relict plagioclase
and polycrystalline quartz. Conspicuous metachert
clasts are white to light olive gray in an olive-black to
dark greenish gray matrix.

The unit also includes very thickly to locally thinly
bedded pale yellow-brown to dark-gray metamor-
phosed subarkosic medium- to fine-grained sandstones
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(generally a few meters thick), as well as minor very
thickly to thinly interbedded grayish black metasilt-
stones that contain rare fossilized wood debris. The lo-
cally massive sandstone is burrowed in places and dis-
plays flaser bedding, some normal grading, and rare
cross-bedding.

Very poorly sorted massive conglomerate at the
base of the unit contains some angular material and is
commonly clast supported, suggesting debris-flow
deposition in an alluvial fan to fluvial environment.
Clast composition reflects local derivation from the
Twisp Valley Schist basement. Above the basal fan-
glomerate is an overall upward-fining and -thinning se-
quence with interspersed massive, clast-supported de-
bris flow deposits.

Metamorphism is in the greenschist facies. Meta-
morphic minerals, some of which may be recrystallized
detrital grains, include albite (An,), epidote, zoisite,
chlorite, white mica, and clinozoisite. Accessories in-
clude opaque minerals.

The unit is probably correlative with the late Albian
to Turonian Virginian Ridge Formation. (See Deposi-
tional Settings and Correlations, p. 16.) Basal conglom-
erate rests unconformably on the multiply folded Twisp
Valley Schist. The unit is intruded by 97.5 +2/-3 Ma
porphyry (unit Kiang,) sills and is interpreted to under-
lie the 100 +3/-5 Ma tuff east of the Twisp River. The
northern outcrops of the metaconglomerate (Fig. 4,
loc. 31) contain contact-metamorphic acicular actino-
lites formed as a result of contact metamorphism by the
90 Ma Black Peak batholith.

Metamorphosed Pasayten Group (Cretaceous)—
Greenschist-facies rocks with well-preserved primary
textures that crop out in the vicinity of North Creek
were named the North Creek Volcanics by Misch
(1966). Our work strongly suggests that these rocks
comprise a homoclinal, upright stratigraphic sequence
containing metachert-clast-bearing metaconglomerate
(probably correlative with the Virginian Ridge Forma-
tion), metamorphosed Winthrop Sandstone, and meta-
morphosed Midnight Peak Formation of Barksdale
(1975). Abundant igneous sills (unit Kiany, described
above) led previous observers to overestimate the frac-
tion of volcanic rock in the section.

We abandon the name North Creek Volcanics and
map these rocks as (1) a lower metasedimentary unit
of dominantly arkosic sandstones (unit Kmc,,) that we
correlate with the Winthrop Sandstone of Barksdale
(1975); (2) extensive andesitic plagioclase porphyry in-
trusions, described above as unit Kiany; and (3) an up-
per metavolcanic unit (unit Kmvp,) correlative with the
Midnight Peak Formation of Barksdale (1975).

Our divisions differ from DiLeonardo’s (1990,
1991) three informal members of the North Creek Vol-
canics—his first and second members are included in
our upper metavolcanic unit, and the metavolcanic
rocks of DiLeonardo’s third member are a minor com-
ponent of our lower metasedimentary unit.

These rocks are bounded on the west by the meta-
conglomerate of South Creek, which lies homoclinally
beneath metamorphosed Winthrop Sandstone, and on
the east by the North Creek fault. The various phases of
the Black Peak batholith intrude these rocks to the

northwest. The Golden Horn batholith intrudes higher-
grade equivalents of the strata in the north.

Both Winthrop and Midnight Peak equivalents are
intruded by the Black Peak batholith (91-89 Ma) and
are late Albian to Turonian in age, or about 103—89 Ma
on the time scale of Obradovich (1994).

Metamorphism of the Winthrop-Midnight Peak-
South Creek (Virginian Ridge) metaconglomerate sec-
tion generally peaked in the biotite zone of the green-
schist facies. Metamorphism apparently accompanied
transposition of bedding and formation of a moderate-
to low-strain metamorphic fabric defined by micas.
Later Tertiary (latest Cretaceous?) mylonitization asso-
ciated with ductile shearing along the proto-North
Creek fault is commonly retrogressive and locally asso-
ciated with chloritization of biotite, as well as suturing
and grain-size reduction of the quartzofeldspathic ma-
trix. Locally, units Kmcgg, Kmvy,, and Kmc,, adjacent to
the Black Peak batholith have been hornfelsed and con-
tain radiating biotite or acicular actinolite or actinolitic
hornblende. Preservation of this delicate contact-meta-
morphic fabric provides domainal constraints on the lo-
cation of the proto-North Creek fault mylonitic fabric.

Fossil leaves from the Winthrop Sandstone have
been assigned to the latest Albian or earliest Cenoman-
ian. Assuming our correlations are correct, the metavol-
canic package (unit Kmv,,) cannot be younger than the
90-87 Ma Fawn Peak or Pasayten plutons (Appendix 2)
that intrude the unmetamorphosed Midnight Peak For-
mation to the east (see Miller and others, 1994). Else-
where, the Midnight Peak Formation is as young as
87 Ma (K-Ar hornblende age by L. W. Snee, USGS,
written commun., 1992, cited in Miller and others,
1994). However, this age is from Midnight Peak vol-
canic rocks that overlie or are younger than the infor-
mally named Three AM Mountain volcanic member of
the Winthrop Sandstone of Haugerud and others (1996;
Haugerud and others, work under way in the Robinson
Mtn. 1:100,000 quadrangle to be released as a U.S.
Geological Survey open-file report). (See Depositional
Settings and Correlations, p. 16.) Unit Kmc,, is intruded
by and thus older than unit Kiany (97.5 Ma). Also, a
U-Pb zircon age of 100 Ma for a tuff in the lowermost
part of unit Kmc,, suggests that the unit is late Albian to
Turonian in age. (See Appendix 3A, p. 57.)

North of the east-trending North Fork Cedar Creek
fault (Fig. 4), metamorphism increases from the green-
schist facies to the amphibolite facies; metavolcanic
rocks of a protolith similar to that of apparently corre-
sponding rocks to the south are synkinematically re-
crystallized to amphibelites or amphibolitic gneisses
(unit Kmvp,), quartzofeldspathic biotite semischists to
schists (meta-arkose; unit Kmc,) with relict grains
of plagioclase and quartz and rare diopsidic grossular-
bearing metamarls. Metamorphic segregations (1-
5 mm) of leucocratic and mafic layers are typically well
developed. (See Deformation and Metamorphism,
p- 25.)

Kmc, Metamorphosed Winthrop Sandstone—
Greenschist-facies greenish gray, medium blu-
ish gray to light olive gray meta-arkose with
minor feldspathic metawacke; contains thinly
to very thickly interbedded grayish black
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Kmvp,

metasiltstone, minor metashale, and rare
thickly bedded, gray-green to greenish gray
metatuffaceous interbeds, metamorphosed au-
gite-porphyry sills or dikes, and medium light
gray thin chert-pebble beds. Metamorphosed
meta-arkoses to arkosic metawackes are gen-
erally fine to medium grained. Grains are mod-
erately sorted and subangular to subrounded
and composed mostly of nonspherical mono-
crystalline quartz grains (commonly display-
ing undulose extinction) and plagioclase laths
{commonly albite twinned). The unit also con-
tains some volcanic and granitic lithic frag-
ments and siltstone or shale rip-up clasts.
Metamorphic minerals, some of which may be
recrystallized detrital grains, include chlorite,
white mica, and biotite. Micas are typically
aligned and, along with tectonized clasts and
quartzofeldspathic matrix elements, define a
foliation.

Meta-arkoses commonly display wispy rip-
ple cross-bedding or flaser bedding that may
be classified as grouped, centimeter-scale, and
gradational Lambda-type cross-stratification
(Allen, 1963). Elsewhere, meta-arkoses are
locally repetitively graded on a scale of cen-
timeters from metamorphosed coarse to fine
arkoses to metasiltstones. Other less common
sedimentary structures include plane lamina-
tions or, rarely, trough cross-bedding. Scour
marks, graded beds, and cross-beds suggest
that the section 1is upright.

The unit is approximately 900 m thick. A
latest Albian to early Cenomanian deposition-
al age is indicated by a U-Pb zircon age of
100 +3/-5 Ma of a tuff bed in the lower part
of the unit near the Gilbert townsite (and in-
trusion by 97.5 3 Ma unit Kian,). This age
assignment is consistent with leaf fossil
ages from the Winthrop Sandstone elsewhere
(Crabtree, 1987).

A suggested upsection increase in volcanic
lithic clasts and volcanic interbeds suggests
that the Winthrop sedimentary section was
overwhelmed by later arc volcanism.

Metamorphosed Midnight Peak Formation
of Barksdale (1975)—Metamorphosed por-
phyritic to aphanitic, light to medium bluish
gray, light to dark greenish gray, or grayish
green andesitic to locally basaltic and dacitic
crystal-lithic tuff, lapilli tuff, tuff breccia, ma-
trix-supported heterolithic conglomerate-brec-
cias (debris-flow deposits?), with minor mas-
sive flows(?), augite-porphyry dikes, and vol-
canic-lithic wackes that weather greenish
gray. Textures and modes reflect various de-
grees of mylonitization and accompanying
metamorphic retrogression and silicic to mafic
compositional variation, respectively. Typi-
cally, the rock is a fine-grained greenstone
composed of Mg-chlorite (Fe-chlorite in retro-
gressed rocks) and lesser white mica or minor
biotite in a sutured matrix of quartz and albite

{Ans) and lesser epidote, clinozoisite-zoisite,
calcite, and opaque minerals. Conspicuous,
abundant subhedral to euhedral augite and (or)
plagioclase (very locally) occur as phenocrysts
in metatuffs and in metamorphosed tuff brec-
cias (flows?) and as epiclasts in mudflow de-
posits and rarer volcanic-lithic sandstones.
Flattened pumice fragments occur in some
breccia layers together with angular intermedi-
ate to felsic volcanic fragments.

Medium bluish gray to greenish gray au-
gite porphyry (CI=5-15) dikes or sills (typi-
cally a few meters thick) weather dark green-
ish gray to yellowish gray. These porphyries
appear to be similar in composition to other
eruptive Kmv,, unit volcanic strata, yet they in-
trude units Kmv,, and Kmc,,. Except where
intrusive contact relations can be observed
(rare), it is difficult to distinguish augite-por-
phyry dikes from massive volcanic rocks of
the unit. Debris flow deposits are matrix sup-
ported and contain subrounded volcanic clasts
of varied composition.

Bedding is rare, and the sequence is best
described as an approximately 1,200-m-thick
homoclinal sequence of disorganized, very
thickly bedded to massive, proximal volcanic
rocks. The lack of observed individual volcan-
ic flow tops suggests flows are rare, although
some breccias may be thick autobrecciated
flows interlayered with compositionally simi-
lar tuffs that mask primary contacts. Geochem-
ical analyses of metavolcanic rocks (Appendix
1), lithologies, and field relations suggest a
proximal volcanic arc setting for this unit, as
was jnitially proposed by DiLeonardo (1990,
1991).

To the east, the unit is juxtaposed along the
north-northwest-trending North Creek fault
and an unnamed thrust with unmetamorphosed
Virginian Ridge Formation. The unit is in gra-
dational contact with the lower metasediment-
ary unit (Kmc,,), generally to the west, and is
intruded on the north by the Cretaceous Black
Peak batholith and Eocene Golden Hom bath-
olith.

Characteristic dark augite phenocrysts and
abundant volcaniclastic strata, interfingering
with arkose of the metamorphosed Winthrop
Sandstone, and abundant sills demonstrate that
unit Kmvp, is correlative with rocks that crop
out east of the Gilbert quadrangle on Midnight
Mountain (formerly known as Midnight Peak)
and Three AM Mountain, and which Barks-
dale (1975) mapped as the Midnight Peak
Formation. McGroder and others (1990) rec-
ognized that rocks on Midnight Mountain are
stratigraphically lower than better known Mid-
night Peak strata in the core of the Goat peak
syncline and mapped the Midnight Mountain
rocks as “volcanic rocks of the Winthrop
Sandstone”. (See Haugerud and others (1996)
for a discussion of the nomenclatural and
stratigraphic difficulties of these strata.)
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Assuming our correlations are correct, unit
Kmv, cannot be younger than the 90—87 Ma
Fawn Peak and Pasayten plutons (Appendix 2)
that intrude the unmetamorphosed Midnight
Peak Formation to the east (see Miller and oth-
ers, 1994). Elsewhere, the Midnight Peak For-
mation is as young as 87 Ma (K-Ar hornblende
age by L. W. Snee, USGS, written commun.,
cited in Miller and others, 1994). However,
this age is from Midnight Peak volcanic rocks
that are stratigraphically higher than the rocks
on Midnight and Three AM Mountains.

MESOZOIC TO PALEOZOIC
METAMORPHIC ROCKS

Jth
JPsht,
JPhmc;

Twisp Valley Schist (Jurassic—-Permian)—The
Twisp Valley Schist is an oceanic sequence composed
of metamorphosed chert, basalt, gabbro, marls, and
marble with generally lesser ultramafite and pelite.

The Jurassic to Permian (Mississippian?) protolith
age is based on correlation with the Napeequa unit (Ta-
bor and others, 1989) and the Hozameen Group north
of the quadrangle (Fig. 5B). The interleaving of meta-
peridotites and supracrustal rocks suggested to Miller
(1987) and Miller and others (1993b) that significant
tectonic mixing predated the complicated folding and
metamorphism of the Twisp Valley Schist. However, a
relict depositional stratigraphy or, perhaps, a relict tec-
tonic stratigraphy (for example, mélange formation in
an accretionary prism) is suggested by mappable green-
schist and chert-rich packages.

The east-northeast-trending Reynolds Creek fault

separates greenschist-facies Twisp Valley Schist to the
north from amphibolite-facies Twisp Valley Schist on
the south.

South of the quadrangle near Scaffold Peak, anda-
lusite, garnet, and staurolite porphyroblasts occur in
Twisp Valley Schist; locally, andalusite is partially re-
placed by sillimanite and muscovite. Both well-formed
sillimanite and more common fibrolite are aligned in
the dominant foliation, which wraps around the earlier
andalusite, staurolite, and garnet porphyroblasts. These
relations and the appearance of later static kyanite
pseudomorphs indicate a pressure increase before or
during emplacement of the Oval Peak pluton south
of the Reynolds Creek fault (Miller, 1987; Miller and
others, 1993a). (See Miller and others, 1993b, for fur-
ther petrologic description along the southern part of
the Twisp Valley Schist belt.)

Greenschist-facies D1 and D2 structures are prob-
ably pre-Albian because (1) the South Creek metacon-
glomerate (unit Kmcgg) unconformably overlies unit
JPq, and contains locally derived Twisp Valley Schist
metachert pebbles to boulders displaying both F1 and
F2 folds, and (2) the South Creek metaconglomerate
unit is correlated with the latest Albian to Cenomanian
Virginian Ridge Formation. Unit Kmcgs was metamor-
phosed to greenschist-facies conditions soon after
deposition because the 90 Ma Black Peak batholith
metamorphoses D3 fabrics. Country rocks north of the
Reynolds Creek fault were exhumed by between 90 and
72 Ma on the basis of Black Peak batholith K-Ar ages;
south of the Reynolds Creek fault amphibolite-facies

metamorphism did not end until the Eocene. (See De-
formation and Metamorphism, p. 25.)

The Twisp Valley Schist is subdivided into units
JPq;, JPshy, and JPhmc; on the basis of lithology.

JPq;  Twisp Valley Schist, quartzite and graphitic
muscovite (sericite) quartz phyllite—
Banded pale greenish yellow, pale olive, light-
to dark-gray or medium bluish gray impure
quartzite (metachert) with lesser centimeter- to
meter-thick grayish black graphitic muscovite
quartz phyllite. Metachert weathers dark gray
or moderate red. Phyllite contains as much as
15 percent graphite and (or) sericite (probably
muscovite). Minor constituents include
sphene, albite, chlorite, zoisite, and zircon
(Adams, 1961). Quartzites are composed
mostly of interlocking polygonal quartz, form-
ing millimeter- to centimeter-thick micro-
folded bands. Crenulations are also defined by
microfolded white mica (muscovite?) and
lesser magnesian chlorite. Locally, micas form
a new axial planar cleavage. Thin layers to lo-
cally thick (millimeters to meters) interlayered
semipelitic phyllite occur in the metachert.
Phyllite is composed of well-aligned musco-
vite and lesser chlorite. Abundant graphite im-
parts a black color.

The unit is bounded to the east by unit
JPsh; along a poorly exposed depositional or
possibly premetamorphic faulted contact. The
easternmost part of the unit is unconformably
overlain by South Creek metaconglomerate
(unit Kmcgg) or is concealed under alluvium of
the Twisp River valley.

JPsh;y Twisp Valley Schist, greenschist—Greenish
gray to medium dark gray chloritic metabasalt
composed of interleaved chlorite and biotite
and locally saussuritized relict plagioclase
grains (to Ansg) in a fine-grained matrix of epi-
dote, albite (An;_s), and rare quartz with ac-
cessory calcite, sphene, apatite, and opaque
minerals. Biotite is locally retrogressed to Fe-
chlorite and K-feldspar. Random contact-
metamorphic actinolite crystallized close to
the Black Peak batholith.

The unit is between and in depositional or
possibly premetamorphic fault contact with
units JPhme, and JPg;.

JPhmc; Twisp Valley Schist, mixed lithelogies—
Chiefly siliceous rocks (metachert) with inter-
layered dark semipelitic to pelitic graphitic
phyllite and mica schist, calc-silicate (meta-
marl), amphibolite to greenschist, and rare
metasandstone. Light-colored marble and dark
greenish black metaperidotite occur as lenses
less than 1 m to about 50 m thick and elongate
parallel to foliation south of the Reynolds
Creek fault.

Although not examined during our map-
ping, meta(?)-argillites noted by Grant (1982)
north of Crescent Mountain (Fig. 4, loc. 7)
may be correlative with metaclastics described
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GEOLOGIC UNITS

- 510 4 Okanogan Complex

.  (Eocene)

*+ 1 Crystalline Core of the North Cascades
L * (Cretaceous—Eocene intrusive rocks)

Coast Plutonic Complex
(mainly Cretaceous—Eocene intrusive rocks)

Methow-Tyaughton basin
(Jurassic—Cretaceous)

Cadwallader (arc) terrane
(Triassic)

Bridge River-Hozameen (oceanic) terrane

— 490 (Permian-Jurassic)
Dash Creek conglomerate
(Cretaceous)
111 Ingalls (ophiolitic) Tectonic Complex
i I (Jurassic)
L 480

Undifferentiated older and younger
rocks and sediments

Miscellaneous rock units, including
meta-Methow basin rocks

V\Iﬁ' Normal fault; tick marks on upper plate

Figure 6. Simplified geologic map of the North Cascades region showing the major early Cenozoic high-angle faults of the Crystalline Core and
its northwestern extension, the Coast Plutonic Complex of the Canadian Coast Mountains. The Crystalline Core and Coast Plutonic Complex are
offset about 90 km along the Fraser—Straight Creek fault. Note the major Eocene extensional fault (tick marks on upper plate) along the western
margin of the Okanogan Complex of the Omineca metamorphic core complex east of the Gilbert area. CB, Chilliwack batholith (Oligocene—Mio-
cene); CM, Cooper Mountain pluton {middle Eocene); GH, Golden Horn batholith; GPTB, Gabriel Peak tectonic belt; MRF, Mission Ridge fault;
MS, Mount Stuart batholith; RLFZ, Ross Lake fault zone; TMSZ, Tumwater Mountain shear zone; WPT, Windy Pass thrust. (Modified with permis-

sion from Miller and Bowring, 1990.)

by Miller and others (1993b) south of the study
area.

DEPOSITIONAL SETTINGS
AND CORRELATIONS

Interpretations of depositional (or intrusive) settings and rock-
unit correlations are made on the basis of general lithology and
stratigraphy, as well as geochemistry (Appendix 1), petrogra-
phy, provenance, and field relations. Radiometric ages are de-
rived from this study (Appendix 3) and from previous studies
(Appendix 2). Interpretations are supported by point-count data
of this and other work (Appendices 4-7).

Twisp Valley Schist

Supracrustal rocks of the Crystalline Core have been divided
into tectonostratigraphic terranes by Tabor and others (1987a,

1989; Fig. SC). These terranes consist of distinct protolith as-
semblages of presumably similar age and depositional environ-
ment. The most extensive of these terranes is the Chelan Moun-
tains terrane (Fig. 5B,C). Division of the Chelan Mountains ter-
rane into the Cascade River unit and Napeequa unit provides
regional correlations for formerly disparate and geographically
localized rock packages. For example, rocks of the Napeequa
River area, Twisp Valley Schist, parts of the Cascade River.
Schist, and other previous localized units are included in the re-
gional Napeequa unit of the Chelan Mountains terrane; the
Twisp Valley Schist probably represents dismantled oceanic
crust (Miller and others, 1993b). The Cascade River unit rocks
have arc affinities and Triassic depositional ages (for example,
Brown and others, 1994; Dragovich and Derkey, 1994).

The age of the Napeequa unit is problematic due to the pau-
city of datable materials. The Napeequa unit may be the meta-
morphosed equivalent of the Hozameen Group (Misch, 1966;
Tabor and others, 1989) and correlative Bridge River Complex
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Table 1. Geochemical discrimination diagram summary for 15 samples (on the basis of geochemical discrimination studies referenced in col-
umns 1 to 11). No., sample number (samples taken in 1995, except for the last four taken in 1994); Loc., sample location on Figure 4. Unit, rock
units described in the text and the plate (am, amphibolite; gs, greenschist). 1, (Naz20 + K20) vs. SiO2 comparison plot with calc-alkaline suites
(Irvine and Baragar, 1971); 2, (Al203/TiO2) vs. TiO2 comparison plot showing arc and oceanic rocks (Babcock and Misch, 1989 and references
therein); 3, Ti (ppm) vs. Cr (ppm) discrimination diagram for isiand-arc tholeiite and ocean-floor basait (Pearce, 1975); 4, K20 vs. SiO2 Harker
variation diagram; 5, CaO vs. SiO2 Harker variation diagram; 6, FeO/MgO vs. SiOz discrimination diagram for tholeiite and calc-alkaline rocks
{Miyashiro, 1974); 7, TiOz vs. Zr discrimination diagram for ARC, MORB, and within-plate rocks (Pearce and Cann, 1973); 8, V (ppm) vs. Ti
(ppm/1000) discrimination of MORB rocks (Shervais, 1982); 9, Ti — Zr — Y discrimination diagram showing fields of ocean-floor basalts, low-potas-
sium tholeiites, calc-alkali basalts and within-plate basalts (Pearce and Cann, 1973); 10, MnO x 10 — TiO2 — P20s x 10 discrimination diagram for
basalts and basaltic andesites of oceanic regions; fields plotied are calc-alkaline basalts, MORB, island-arc tholeiites, ocean-island tholeiites,
ocean-island alkalic basalts (Mullen, 1983); 11, Na2O + K2O — FeQ + .8998 — MgO. AFM discrimination diagram for calc-alkaline suites (Irvine and
Baragar, 1971). ARC, island arc; BABB, back-arc basin basalt; CA, calc-alkaline; CAB, calc-alkaline basalt; FT1, fits the Harker variation diagram
for the Black Peak batholith geochemical evolutionary trend; FT2, fits Harker variation diagram evolutionary trend for Kmvm; AT, island-arc
tholeiite; MORB, mid-ocean ridge basalt; OA, off-axis alkalic rock; OC, oceanic basalt; OFB, ocean-floor basalt; OIA, oceanic-istand alkalic basalt;
OITH, oceanic-island tholeiitic basalt; TH, tholeiite; WPB, within-plate basalt; —, not applicable

No. Loc.  Unit 1 2 3 4 5 6 7 8 9 10 11
25m A JPhmet  — oc OFB — OIA/ TH MORB MORB/  IAT/CAB/  OIA TH
am OITH OIA/OA WPB
26E C JPsh — ocC OFB — OIA/ TH MORB  OIA/OA  IAT/CAB/  OIA TH
gs OITH WPB
80 E Kianpt ~ FTI  ARC — FTI FT1 CA ARC — — — CA
22T F Kitoi FTI  ARC — FTI FTI CA ARC — — — CA
32K G Kiant ~ FT1  ARC — FT1 FT1 CA ARC — — — CA
68 H Kianpt ~ FT1  ARC — FT1 FT1 CA ARC — — — CA
2A 1 Kito FTI  ARC — FTI FT1 cA ARC — — — CA
9NB  J Kids ~ FTI  ARC — FTI FT1 CA ARC — — — CA
UPB K Kiant ~ FTI  ARC — FTI FTI CA ARC — — — CA
110 L Kitbg ~ FTI  ARC — FTI FT1 CA ARC — — — CA
9R M Kito FTI  ARC — FTi FT1 CA ARC — — — CA
294 O Kmvm  FT2  ARC — FT2 FT2 CA ARC — — — CA
29D P Kmvm  FT2  ARC — — FT2 CA ARC — — — TH?
29D2 Q Kmvm  FT2  ARC — FT2 FT2 CA ARC  BABB/OFB  WPB IAT?  CA
29B R Kmvm  FT2  ARC — FT2 FT2 CA ARC  BABB/IAT/ CAB/OFE/  1AT! CA

of the eastern Coast Mountains of British Columbia. The Bridge
River-Hozameen terrane (Fig. 6) comprises Permian (possibly
as old as Mississippian) to Middle Jurassic greenstone and chert,
with lesser amounts of limestone, argillite, gabbro, volcani-
clastic sandstone, and serpentinite (McTaggert and Thompson,
1967; Haugerud, 1985; Ray, 1986; Potter and others, 1986; Cor-
dey and Schiarizza and others, 1990). Quartzite may be correla-
tive with the Upper Triassic chert-rich section (Haugerud, 1985;
Ray, 1986) of the Hozameen Group (Miller, 1987; Miller and
others, 1993b), and the greenschist may correlate with the Hoza-
meen Permian greenstone (Haugerud, 1985; Ray, 1986).

Our Twisp Valley Schist mixed lithologies map unit may cor-
respond to the Upper Triassic “slumped facies” of the Hozameen
Group (Haugerud, 1985; Miller and others, 1993b), which con-
tains similar lithologies and was interpreted to have formed by
gravity-driven processes along the flank of an oceanic island.
The Hozameen Group basalts are subalkaline basalts of oceanic
island-seamount and tholeiitic arc environments with a Permian
tholeiitic suite and an Upper Triassic oceanic island-seamount
suite (Haugerud, 1985).

In the quadrangle, we subdivide Miller and others’ (1993b)
siliceous schist with local clastic- and metabasite-rich zones into
three map units: quartzite (unit JPqy), greenschist (unit JPshy),
and mixed lithologies (unit JPhmct). The mixed lithologies unit
(JPhmcy) south of the Reynolds Creek fault and in the southern
part of the map area is the same as Miller and others’ (1993b)
undivided siliceous schist unit with marble, calc-silicate, and
metabasite blocks, which they terminate just north of Williams

Butte along the northwestern part of the Oval Peak pluton and
directly south of the quadrangle. West of the Oval Peak pluton
and directly south of the quadrangle, Miller and others’ (1993b)
unit that consists of abundant marble, calc-silicate, and metaba-
site blocks in siliceous schist (metachert) with rare ultramafite
pods is also included in the mixed lithologies unit. Marble bod-
ies east of Louis Lake (Plate 1) are on general strike with and
probably correlate with marble bodies in Miller and others’
(1993b) undivided unit south of the quadrangle and west of the
Oval Peak pluton. The marble bodies may prove to be useful
marker lithologies allowing for further future subdivision of the
mixed lithologies unit. Marble beds that are typically 0.5 to S m
in thickness and as thick as 50 m may represent reef deposits
fringing oceanic islands; this interpretation is compatible with
oceanic-island basalt (OIB) geochemistry of the metalimestone-
rich belt to the south (Miller and others, 1993b).

Metabasite geochemistry of the Twisp Valley Schist gener-
ally indicates mid-oceanic ridge basalt (MORB) or OIB proto-
liths (Miller and others, 1993b; Table 1). Eleven samples (Miller
and others, 1993b)1 from the Twisp Valley Schist mixed lithol-
ogies unit south of the quadrangle and east of the Oval Peak
pluton display fairly distinct geochemistry indicative of separate
MORB and OIB belts. The “abundant marble, calc-silicate, and
metabasite blocks in siliceous schist” of Miller and others

! Complete set of data may be purchased from the Depository of Un-
published Data, Document Delivery, CISTI, National Research Coun-
cil, Ottawa, ON K1A OS2, Canada.
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(1993b) has a predominant OIB geochemistry (6 samples), with
one sample displaying MORB geochemistry. In the quadrangle,
the geochemistry of two greenschist samples (Fig. 4, locs. C and
S) suggests MORB to possibly island-arc tholeiite derivation
(Table 1, Appendix 1), suggesting that the Twisp Valley Schist
may be composed of geochemically distinct belts of dissimilar
origin: an eastern metabasite belt (just east of our chert unit)
with MORB affinity and a western belt with abundant calcare-
ous lithologies and OIB-affinity basalts.

Metamorphic Equivalents
of the Pasayten Group

Fourteen thin sections of metasandstones and pebble metacon-
glomerates (units Kmcgs and Kmc,,) were point-counted every 1
to 3 mm? (200-300 points) depending upon average grain size.
(Oversized thin sections were used for counting the pebble con-
glomerates.) The resultant QFL and VCrC diagrams (Appendix
7) and point-count data (Appendix 5) are normalized to exclude
metamorphic and matrix minerals. See Appendices 4 and 6, p.
61, to compare data from this study with point-count data of
Cole (1973), Pierson (1972), and Trexler (1985). Typically,
greenschist-facies metamorphism did not hinder determination
of grain or clast types.

On the basis of field, lithologic, and point-count data, as well
as regional considerations, we correlate the South Creek meta-
conglomerate unit (Kmcgs) with the Virginian Ridge Formation.
We correlate metasedimentary (Kmcw) and metavolcanic
{Kmvm) units with the Winthrop Sandstone of Barksdale (1975)
and Midnight Peak Formation of Barksdale (1975), respectively.
DiLeonardo (1990, 1991) correlated the whole North Creek Vol-
canics of Misch (1966) with the Midnight Peak Formation. As
indicated by Miller and others (1994), correlation of the North
Creek Volcanics with the Newby Group (Barksdale, 1975;
Kriens and Wemicke, 1990a,b) is lithologically and temporally
untenable, particularly in light of the new U-Pb zircon ages.
Stratigraphic relations among strata we identify as metamor-
phosed Pasayten Group reinforce correlation of these rocks with
Cretaceous strata farther east, where fluvial and local shallow-

marine Virginian Ridge Formation interfingers with or conform-
ably underlies the east-derived fluvial arkose of the Winthrop
Sandstone. The Virginian Ridge Formation and Winthrop Sand-
stone are conformably (Tennyson and Whetten, 1974) to uncon-
formably (McGroder and others, 1990) overlain by arc-type vol-
canic rocks of the Midnight Peak Formation. (See Fig. 8.)
Strong lithologic similarity between unit Kmvm and rocks on
Midnight and Three AM Mountains confirms that unit Kmvm is
an extension of the package of rocks mapped as Midnight Peak
Formation by Barksdale (1975), “volcanic rocks of the Winthrop
Sandstone” by McGroder and others (1990), and “Three AM
unit” by Haugerud, R. W. Tabor, and J. B. Mahoney (1: 100,000-
scale map of Twisp 30" x 60" quadrangle, in progress); see
Haugerud and others (1996) for further discussion.

Although the contact between the meta-Virginian Ridge For-
mation (unit Kmcgs) and meta-Winthrop Sandstone (unit Kmcw)
is concealed under Twisp River valley Quatemary deposits, our
proposed stratigraphy is in accord with findings of previous
workers (for example, Tennyson and Cole, 1978) in the eastern
part of the Methow basin, where the Winthrop Sandstone gener-
ally lies conformably above the Virginian Ridge Formation. Ad-
ditionally, the presence of Virginian Ridge Formation, Winthrop
Sandstone, and Midnight Peak Formation correlatives west of
the North Creek fault and within the broad Ross Lake fault zone,
supports Miller and others’ (1994) contention that the Pasayten
Group between the Hozameen and Ross Lake faults was locally
involved in early Cascade Crystalline Core metamorphism. The
Hozameen and Ross Lake faults (including the Foggy Dew-
North Creek fault) bound a structural block that locally contains
meta-Methow basin rocks intermediate in grade between the
mostly unmetamorphosed Methow basin proper (east of the
Hozameen-North Creek—Foggy Dew fault) and medium-grade
Crystalline Core rocks to the west (Figs. 5B, 7). For example,
the structural block between the Hozameen and Ross Lake faults
northwest of the quadrangle contains meta-Methow basin lithol-
ogies including L-S tectonite chert-pebble metaconglomerate,
metapelite, and hornblende-phyric porphyry that probably, at
least in part, correlate with the Virginian Ridge Formation

1200 30' W

Figure 7. Simplified geologic map of the Gil-
bert quadrangle and vicinity. Rocks of the
Foggy Dew fault zone (FDFZ) are shown as part
of the Napeequa unit to emphasize their shared
medium- to high-grade metamorphism. Meta-
morphic pressure for the Rainbow Lake Schist
(RLS) and Twisp Valley Schist (TVS) of the
Napeequa unit and the Foggy Dew fault zone
are from Whitney (1992) and Miller and others
(1993b). Pressures for the Oval Peak pluton
(OPP) and Black Peak batholith (BPB) are based
on hornblende barometry. Heavy lines are tec-
tonic contacts, some of which are probably
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oT O

modified intrusive contacts. GHB, Golden Horn 10 km
batholith; GPTB, Gabriel Peak tectonic belt;
MM, Midnight Mountain fault; NCF, North Creek Methow basin

fault; NCV, North Creek Volcanics; RC, Rey-
nolds Creek fault; TRFZ, Twisp River fault zone;
WOG, War Creek orthogneiss, probably the
youngest phase of the BPB (Miller, 1987). Ages
for plutons are based on geochronologic data
given in Appendix 2. (Modified with permission
from Miller and others, 1993b.)
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(Haugerud and others, 1991b; Miller and others, 1994) and
rocks that we correlate with the Midnight Peak Formation.

METACONGLOMERATE OF SOUTH CREEK
AND THE VIRGINIAN RIDGE FORMATION

The mid-Cretaceous Virginian Ridge Formation is composed of
argillite, sandstone, and chert-pebble conglomerate (Barksdale,
1975) and was probably derived from an emerging western
source, presumably the chert-rich Upper Paleozoic to Jurassic
Hozameen Group. Evidence includes eastward-thinning and
-fining trends, paleocurrent data, and the presence of chert peb-
bles (Tennyson and Cole, 1978; Trexler, 1985). We suggest that
the Napeequa unit of the Chelan Mountains terrane (Fig. 5C),
which is a medium-grade metamorphic equivalent of the Hoza-
meen Group, also provided metachert and quartzose detritus
during Virginian Ridge time. Farther northwest, in south-central
British Columbia (Fig. 6), the Albian to Cenomanian Dash
Creek conglomerate of Garver (1989) seems to have an age, stra-
tigraphy, and geologic setting similar to that of the South Creek
metaconglomerate, providing a further tie between probable
structural emergence of the correlative Bridge River-Hoza-
meen—Napeequa unit oceanic sequences and deposition of chert-
rich clastic sedimentary facies in the Methow basin (Figs. 8, 9).

In early Late Cretaceous time, supracrustal Hozameen
Group-Napeequa unit source rocks probably emerged along
thrusts (Tennyson and Cole, 1978; McGroder, 1989; Haugerud
and others, 1996; this study), including both the Louis Creek and
Hozameen thrusts. (See Discussion, p. 38.) Faulting would have
elevated Napeequa unit and Hozameen Group chert-rich source
areas and initiated westward closure or west-derived subaerial
filling of the progressively restricted Methow basin and (or) ag-
gradation/progradation of Virginian Ridge alluvial fan—fluvial-
deltaic depositional systems. Conceivably, Cenomanian thrust-
ing (Figs. 8,9, and Plate 1 cross sections) elevated the Twisp
Valley Schist above base level, resulting in localized deposition
of fanglomerates and more distal fluvial-deltaic deposits in the
Methow basin inland seaway.

The Slate Peak Member of the Virginian Ridge Formation
contains argillite with lesser sandstone and chert-pebble meta-
conglomerate (Tennyson and Cole, 1978; Trexler, 1985) and
generally overlies, but also locally interfingers with, the alluvial
fan to deltaic chert-pebble conglomerate-rich Devils Pass Mem-
ber. Haugerud and others (1996) reinterpret the Virginian Ridge
Formation depositional environment as fluvial. Their interpreta-
tion is supported by the observation of in-situ stump molds at the
bases of some chert-pebble beds and interbedding of cross-bed-
ded arkose typical of the fluvial Winthrop Sandstone with Vir-
ginian Ridge fluvial lithologies. The fossil beds at Slate Peak
and associated flaser-bedded fine-grained sandstone are an ex-
ception: these beds are estuarine to shallow marine. Haugerud
and others (1996) indicate that the Devils Pass Member com-
prises thick-bedded chert-pebble conglomerate and minor fine-
grained beds with localized casts of sticks and logs. Low-angle
cross-stratification and gradational contacts with the overlying
Slate Peak Member suggest that the Devils Pass Member also
originated in fluvial to alluvial fan settings.

The North Creek—Hozameen fault (Figs. 4, 5B) truncates the
Virginian Ridge Formation; the source(s) of the metachert or
chert detritus in the formation lies west of this post-Methow ba-
sin structure. The North Creek-Foggy Dew faults displace and
thus postdate Virginian Ridge Formation deposits, and Virginian
Ridge sedimentary facies show no systematic facies relation-
ships expected for a syn-faulting deposit. As noted by McGroder
(1989) and Trexler (1985), the Virginian Ridge Formation was

probably not deposited in a pull-apart basin-wrench tectonic re-

gime where the Ross Lake fault zone was a basin-bounding

fault, which has been suggested by Trexler and Bourgeois

(1985). Mylonite kinematics, the density of the mylonite zones

parallel to the North Creek fault, and the subparallelism of North

Creek fault stretching lineations with the trend of the mylonitic

foliation (discussed later) suggest right-lateral offset of at least

a few kilometers and probably more along the proto-North

Creek fault zone. Mylonitization probably culminated in addi-

tional brittle-regime dextral offset along the mapped discrete

North Creek fault. This offset would displace any (now eroded?)

Methow basin South Creek metaconglomerate correlatives to

the southernmost part of the Methow basin.

Field observations and point-count data indicate that the
South Creek metaconglomerate and sandstone unconformably
overlie and are very locally sourced by Twisp Valley Schist
metachert-rich basement (Fig. 8 A). Evidence includes a remark-
ably well exposed unconformable contact (Fig. 4, loc. 8) where
a basal, largely clast-supported boulder fanglomerate containing
metachert clasts locally as much as a meter in diameter and
minor greenschist clasts lies directly on, and compositionally
matches, the Twisp Valley Schist basement. The unconformity
and local South Creek metaconglomerate clast derivation are
evidenced by:

(1) an upright (rare facing-indicators) homoclinally east-dipping
sequence of thick, massive metaconglomerate at the contact
that generally upward-fines and -thins to more distal fluvial
metaconglomerates, subarkosic metasandstones, and minor
metasiltstones;

(2) the very poor sorting, subangularity, and common clast sup-
port of the basal metaconglomerate, suggesting debris-flow
deposition in an alluvial fan; and

(3) the mineralogic definition and structural style of the folds in
the metaconglomerate metachert clasts that match the F1 and
F2 folds in the Twisp Valley Schist basement at both micro-
scopic and macroscopic scales. (See Deformation and Meta-
morphism, p. 25.)

Cole (1973) estimated the chert-rich end member of the
Virgintan Ridge Formation sandstones to be QszoF25Lss, and
Trexler (1985) estimated the Virginian Ridge Formation at
Qs3oF10Leo. Point-count data from two unmetamorphosed Virgin-
ian Ridge Formation (unit Kcgy) sandstone sampies collected di-
rectly east of the North Creek fault average Q32FeoLg; these val-
ues are similar to those in Cole’s data for the facies of the for-
mation that lack chert (Q34FeoLe, Appendices 4-7).

South Creek metaconglomerate and sandstone point-count
data (Appendices 5-7) reveal a dominance of polycrystalline
quartz, microfolded and crenulated muscovitic quartzite, lesser
muscovite graphite schists, and greenschist lithic clasts with
minor metavolcanic clasts. Subordinate intermediate volcanic
clasts have no counterparts in the underlying schist and are in-
terpreted to be volcanic detritus erupted from one of the several
Early to mid-Cretaceous plutonic sources mapped in the region
(schematically shown in Fig. 8A).

Comparison of our point-count data with those of Cole
(1973), Trexler (1985), and Pierson (1972) (Appendices 4-7) in-
dicates that the South Creek metaconglomerate is most similar
to the chert-free Virginian Ridge Formation of Cole and the
western to mid-basin Slate Peak Member of Trexler. Our volcan-
ic to lithic ratios and plagioclase to feldspar ratios are similar to
the ratios reported by Cole (1973) and Pierson (1972) for the
Virginian Ridge Formation (Appendices 4-7) and reflect gener-
ally similar source areas.
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Figure 8. (This and facing page) Sketches showing the interpreted evolu-
tion of the Gilbert area. Absolute ages for subdivisions of the Cretaceous
period (after Obradovich, 1994} are shown in the diagram to the right. Shad-
ing shows the stages referenced in the text.

AC Alder Creek pluton (142 Ma), which cuts Jurassic
deformational fabrics (Mahoney and others, 1996)

BM Black Peak batholith mafic phase

BP Black Peak batholith tonalitic phase(s)

FP Fawn Peak stock

LCF Louis Creek {thrust) fault

MP Midnight Peak Formation

MT Pre-Pasayten Group Methow fithologies including the
Hozameen Group that McGroder and Miller (1989)
speculated was underplated below the Methow basin
in the mid-Jurassic

NC-FD North Creek—Foggy Dew fault

Nu Napeequa unit of the Chelan Mountains terrane
PP Andesitic plagioclase porphyry

VR4 Distal Virginian Ridge Formation

VR, Proximal Virginian Ridge Formation (for example,

South Creek metaconglomerate)
WS Winthrop Sandstone
TVS Twisp Valley Schist

A. Accretion of the Napeequa unit-Hozameen oceanic crust in the mid-
Jurassic may be responsible for the pre-Albian deformation of the TVS and
older MT units (stylized fold pattern). Alluvial fan-fluvial-deltaic deposits of
the VR interfinger with the fluvial-deltaic deposits of the WS. Late in basin
evolution, MP volcanic rocks cap and locally interfinger with the sedimentary
rocks. West-vergent thrusting of the Methow basin and Twisp Valley Schist
over the Black Peak batholith dioritic phase along a deep-level decollement
took place at about 100-95 Ma. The resulting emergence of metachert/
chert-rich Nu~Hozameen Group highlands provided a source for the alluvial-
fan to deltaic VR.
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B. Continued thrusting begins to cut the upper Methow basin itself (Pasayten Group) and involve the VR, WS, and MP at higher structural levels.
Later tonalitic phases of the Black Peak batholith (BP) intrude the thrusts at about 90 Ma. Tonalitic intrusion by the BP cross-cuts the earlier
TVS-BM thrust contact, and the meta-Methow basin sedimentary and volcanic rocks are tilted in response to thrust-related folding.

~ 93 Ma-88 Ma
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C. Schematic cross section of the study area today. Dip-slip offset along the North Creek—Foggy Dew fault (NC-FD) cuts the thrusts and places
unmetamorphosed VR against meta-Methow basin rocks that unconformably overlie pre-Pasayten Group (MT) units.
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BRIDGE RIVER-HOZAMEEN (UNDERPLATED IN MID-JURASSIC?)

OXFORDIAN-APTIAN (~160-112 Ma)

Bridge River—Napeequa unit—
Hozameen highland sources
(e.g., Twisp Valley Schist) Winthrop Sandstone
Virginian Ridge Formation ~Methow basin inland sea (Okanogan Hlighlands source)

3 /
0 50 00T CEwTTT 4 N T T LT T A
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Basin axis

CENOMANIAN (~95 Ma)

Future North Creek -
Foggy Dew fault

Regional paleoslope —>

EARLY TURONIAN (~91 Ma)

Figure 9. Schematic piggyback model of McGroder and Miller (1989) for the evolution of the Methow basin. The basin resides in a structurally
high, piggyback position during early and middle Aibian time. LCF, Louis Creek (thrust) fauit. (Modified from McGroder and Miller, 1989.)
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Compositional differences between the South Creek meta-
conglomerate and the more distal Methow basin Virginian Ridge
Formation are probably due to the proximity of the metacon-
glomerate to the Twisp Valley Schist basement source. The
schist is well foliated, cleaved, and pervasively polyfolded.
Metamorphic lithic clasts containing abundant discontinuities,
including micaceous partings, are probably more susceptible to
abrasion and other clast-degradation processes than equivalent
unmetamorphosed units such as the Hozameen Group. Exposed
metamorphosed Napeequa unit sources such as the Twisp Valley
Schist may be expected to provide abundant polycrystalline
quartz and micas but limited metamorphic lithic clasts larger
than sand size. Abundant polycrystalline quartz in the Slate Peak
Member, reported by Trexler along the western and mid-Met-
how basin, may be quartzite detritus. A critical question remains
to be addressed: What is the origin of the polycrystalline quartz
in the Virginian Ridge Formation? Is the provenance microcrys-
talline chert, metachert detritus, or both?

There is evidence that metachert basement did supply some
detritus to the Virginian Ridge Formation. One of us (Haugerud)
has discovered greenstone- and metachert-bearing conglomer-
ates east of the North Creek fault and in the Virginian Ridge
Formation southeast of the area. Subsequent observations by
J. B. Mahoney (oral commun., 1996) confirm that South Creek
metaconglomerate lithologies (containing prominent tightly
folded metachert conglomerate clasts) unconformably overlie
the Late Jurassic Newby Group east of the Foggy Dew fault
south of the Twisp River and south-southeast of the quadrangle.

Additionally, Pierson (1972) indicated that Virginian Ridge
Formation sandstone commonly contains unmetamorphosed
chert grains as well as about 7 percent distinctly metamorphic
polycrystalline aggregates. A likely source for these west-de-
rived lithic clasts is the Twisp Valley Schist. The polycrystalline
quartz and (metachert) lithic clasts in the South Creek sandstone
(Qs0F9L41) and conglomerate are the result of the local deriva-
tion of the unit from adjacent exposed metachert (quartzite)
basement. The more distal Virginian Ridge Formation is poly-
sourced from the largely unmetamorphosed chert-rich Hoza-
meen Group (Trexler, 1985) and, as we suggest, the Twisp Val-
ley Schist uplands.

Basin morphology may be a critical factor in controlling the
distribution of South Creek metaconglomerate detritus. The Vir-
ginian Ridge Formation depositional environment was likely an
alluvial fan—fluvial-deltaic(?) system where the short distance
from the basement source to basin axis restricted sediment ho-
mogenization. The Virginian Ridge Formation is apparently a
laterally amalgamated, northward-time-transgressive system.
Generally, the alluvial fan-fluvial to deltaic?-marine system
drew from several shifting sources along its western margin
(Trexler, 1985); multiple parallel adjacent alluvial fan—flu-
vial-deltaic(?) drainage systems were probably laterally inter-
fingering, with each system being areally restricted (Fig. 8A).
This contrasts with the Winthrop Sandstone, which appears to be
a single(?), large, stable braided river deltaic(?) system fanning
out across the basin from the east, resulting in more effective
sediment homogenization (Trexler, 1985). (Note position of ba-
sin axis in Fig. 9.) Haugerud and others (1996) suggest that flu-
vial depositional environments dominate the Winthrop and Vir-
ginian Ridge depositional systems.

Farther northwest, the Albian to Cenomanian Dash Creek
conglomerate of Garver (1989) in south-central British Colum-
bia (Fig. 6) has a geologic setting like that of the South Creek
metaconglomerate (Fig. 8 A). The Dash Creek conglomerate also
contains sandstones, siltstones, and shales and rests unconform-

ably on prehnite-pumpellyite- to greenschist-facies and imbri-
cated Bridge River Complex, a probable correlative of the Hoza-
meen Group-Twisp Valley Schist oceanic units (Fig. 6). Also,
the basal Dash Creek fanglomerate rests unconformably on
Bridge River Complex rock types that include blueschist, green-
schist, metachert, and serpentinite. Other similarities between
the South Creek metaconglomerate and the Dash Creek con-
glomerate include:

(1) locally derived basal conglomerates that contain clasts (up to
a meter in diameter) of local basement rock types, including
70-90 percent metachert and minor, probably syndeposi-
tional, felsic volcanic rocks;

(2) the probable synthrusting mid-Cretaceous environment in
which unroofing and deposition were related to thrusting of
the oceanic Bridge River Complex (and correlatives);

(3) observations during this study and by Garver suggesting that
the lithic fragments that were derived from the metamor-
phosed oceanic basement may contribute only minimal’> to
the coarse fraction of the Virginian Ridge Formation;

(4) similar clast compositions (QFL and QFL,);
(5) similar geologic settings, including the position directly west
of the Yalakom-Hozameen—North Creek—Foggy Dew fault

and deposition on the Hozameen-Bridge River—Napeequa
unit oceanic basement rocks (Figs. 6, 10); and

(6) similar structural setting, including exhumation during mid-
Cretaceous thrusting and Late Cretaceous to Eocene dextral
strike-slip faulting, which overprints the rocks.

WINTHROP SANDSTONE AND
MIDNIGHT PEAK FORMATION

The Winthrop Sandstone (unit Kmc,,) in the Gilbert quadrangle
consists of an overall upward-thinning, upright (rare “up” indi-
cators) sequence dominated by arkose. Toward the top of the
unit, siltstone commonly occurs as very thin interbeds or lentic-
ular wisps in ripple troughs. Wispy ripple cross-stratification or
climbing ripples and plane laminations are most common. Rare
cross-beds also appear near the top of the unit, possibly reflect-
ing shallowing water, from deltaic to locally fluvial settings. In
comparison, the east-derived fluvial to deltaic Winthrop Sand-
stone is characterized by fining-upward sequences characterized
by trough cross-bedding, small cross-laminations, and climbing
ripples (Tennyson and Cole, 1987).

The only Winthrop that lacks trough cross-beds is on Gold
Ridge and Point Defiance north-northeast of the study area.
Point-count data (Appendices 4-7) indicate that Winthrop sand-
stones in the study area are very similar compositionally to the
Methow basin Winthrop Sandstone. The sandstones are also
compositionally similar to the Harts Pass Formation. However,
we favor a Winthrop Sandstone correlation on the basis of (1)
the conformability of the overlying Midnight Peak Formation,
(2) interbedded volcanic rocks, and (3) the increase in the vol-
canic component up-section or toward the Winthrop—Midnight
Peak contact. Additionally, two unit Kmcy siltstone samples (D,
N, Appendix 1) have Ni, Cr, and Sr contents and ratios similar
to those determined by Royce (1995) for the unmetamorphosed
Winthrop Sandstone.

Thinly bedded chert-pebble metaconglomerate interbeds
(some containing siltstone protolith rip-ups) in the metamor-
phosed Winthrop Sandstone are similar in composition to the
Virginian Ridge Formation chert-bearing beds of Cole (1973).
These chert-pebble interbeds may represent distal west-derived
turbidites or gravity flow deposits mixed with the east-derived
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Figure 10. A. Regional setting of the Bridge River-Hozameen oceanic terranes in southern British Columbia and northern Washington. Boxed
area in A is shown in more detail in B. Intermontane superterrane of Price and others (1985) includes the Cache Creek (CCT) oceanic subterrane.
MB, Methow basin. Stipple is the Bridge River (BR) terrane and correlative Hozameen Group (HG). The Cadwallader arc terrane (CAD), Northwest
Cascades System (NWCS), and terranes in the Crystalline Core (CC) lie between the Insular and Intermontane superterranes of Monger and others
(1982) in southernmost British Columbia and northern Washington. The Dash Creek conglomerate (DC) of Garver (1989) unconformably overlies

the Bridge River terrane and is very similar to the South Creek metaconglo
superterrane are related to Eocene extension in the region. (Modified with

distal (prodelta or estuarine) Winthrop Sandstone along the Met-
how basin axis (Fig. 8 A); that is, sands and silts of the east-de-
rived Winthrop Sandstone intermixed with west-derived alluvial
fan Virginian Ridge Formation gravity deposits along the basin
axis. Arkoses in the lower part of the sequence lack trough cross-
bedding (characteristic of the fluvial Winthrop) and contain sig-
nificant thin- to thick-bedded siltstone interbeds consistent with
a prodelta or estuarine environment. Fossils in the Slate Peak
Member of the Virginian Ridge Formation are estuarine to shal-
low marine and provide evidence for an inland sea of limited
extent. The low degree of recrystallization of the Winthrop chert
clasts implies that the chert was derived from a low metamor-
phic grade to unmetamorphosed source, such as the Hozameen
Group. However, Haugerud and others (1996) suggest that the
Virginian Ridge Formation is largely fluvial—Ienticular chert-
pebble beds represent channel deposits, whereas the bioturbated
argillite and siltstone typical of the unit are overbank deposits.
(Further work is required to elucidate the origin of the chert-peb-
ble beds in the lower metasedimentary unit as well as to demon-
strate a subaerial basinal origin for these Winthrop-equivalent
strata where mixing with west-derived chert detritus could oc-
cur.)

merate in the Gilbert area. Core complexes intruding the Intermontane
permission from Potter, 1986)

Homoclinally and conformably atop the Winthrop Sand-
stone correlative is a succession of proximal calc-alkaline (Table
1) volcanic-arc deposits (Plate 1, cross sections; Fig. 8A,C).
These volcanic rocks have several lithologic characteristics of
the Midnight Peak Formation in the southern part of the Methow
basin. Most noteworthy is the common occurrence of augite
phenocrysts in all the volcanic lithologies of the unit, including
andesite tuffs, breccias, and rare flows; augite phenocrysts are a
prominent characteristic of the Midnight Peak Formation, and
their perceived absence in the North Creek Volcanics was previ-
ously used (for example, Miller and others, 1994) to discount a
North Creek Volcanics—Midnight Peak Formation correlation.

Methow basin nomenclature is currently in a state of flux.
However, more recent mapping in the Methow basin (R. A.
Haugerud, J. B. Mahoney, R. W. Tabor, unpub. data; Haugerud
and others, 1996) suggests that the clinopyroxene-phyric vol-
canic rocks are an upper volcanic member of the Winthrop Sand-
stone. Thus, the upper volcanic part of the “North Creek Volcan-
ics” correlates with the clinopyroxene-phyric informally named
Three AM Mountain member of the Winthrop Sandstone of
Haugerud and others (1996) and is largely equivalent to the
“volcanic member of the Winthrop Sandstone” of McGroder and
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others (1990). We retain the name Midnight Peak Formation of
Barksdale (1975) for these volcanic rocks because division of
the Winthrop Sandstone into new members has yet to be formal-
ized. (See Haugerud and others, 1996, for an informal introduc-
tion to the evolving Methow basin stratigraphy.)

Volcanic deposits locally cap both the Virginian Ridge and
Winthrop sandstones. The top of the Virginian Ridge Formation
is interbedded with pyroxene-phyric andesitic breccias (includ-
ing debris flow deposits), tuffaceous sandstones, and flows(?)
and is intruded by hypabyssal rocks (Tennyson and Whetten,
1974; Trexler, 1985; Tennyson, 1974a). (See discussion of hyp-
abyssal intrusive plagioclase porphyries [unit Kianpt] in the next
section.) McGroder and others (1990) indicate that the top of the
western outcrop belt of the Winthrop Sandstone in the Methow
basin includes interbedded volcaniclastic sandstone, fine-
grained crystal-lithic tuff-breccias, lavas(?), and arkosic sand-
stone. Documented occurrences of volcanic rocks atop or inter-
bedded with the probably time equivalent Winthrop Sandstone
and Virginian Ridge Formation suggest an onset of volcanism
late in the evolution of this basin. Further dating may show that
these volcanic deposits onlap the interfingering sedimentary
parts of the west- and east-derived Winthrop and Virginian
Ridge Formations, respectively (Fig. 8A).

Plagioclase Porphyries
of the Twisp River Valley

Several northwest-trending massive to mylonitized plagioclase
(hornblende) andesitic porphyry sills (unit Kiang), some of
which may be dikes, occur along the Twisp River valley. They
intrude the South Creek metaconglomerate, Winthrop equiva-
lent, and Twisp Valley Schist, as well as the contact between the
Winthrop and Midnight Peak equivalents (Fig. 4; Plate 1). The
similar major- and minor-element geochemistry (for exampie,
high Sr, Appendix 1) of four widely spaced porphyry samples
from both sides of the Twisp River valley demonstrates that
these porphyry bodies are related.

Ages of a tuff (100 +3/-5 Ma) in the metasedimentary unit
conformably underlying the metavolcanic package and of one of
the porphyries (97.5 +2/-3 Ma) that intrude both the metasedi-
mentary and metavolcanic units suggest that the porphyries and
the metavolcanic rocks are coeval. However, the porphyries con-
tain hornblende as the dominant mafic phase and lack the clino-
pyroxene characteristic of the metavolcanic unit. Further geo-
chemical and field analyses are needed to determine if the por-
phyries represent the plumbing system feeding the metavolcanic
unit (Kmvm).

DEFORMATION AND METAMORPHISM
Orogeny in the Crystalline Core

Terranes and diverse rock packages in the Crystalline Core are
linked by mid- to Late Cretaceous to Eocene orogeny. This orog-
eny is characterized by Barrovian metamorphism, tectonism of
several deformational episodes, and pre-, syn-, and late-orogen-
ic calc-alkaline plutonism. U-Pb ages of syn- to post-metamor-
phic plutons indicate that metamorphism took place from ap-
proximately 95 to 45 Ma (Mattinson, 1972; Haugerud and oth-
ers, 1991b; Miller and others, 1993a). Metamorphism is char-
acterized by amphibolite-facies conditions (700°C and 8-9 kb;
for example, Whitney, 1992) in and around the highest grade,
migmatitic Skagit Gneiss, which lies west of the quadrangle
(Figs. 5B, 7).

Mid-Cretaceous to Tertiary plutons provide important meta-
morphic-deformational age constraints. Directly west of the
Gabriel Peak tectonic belt, Skagit orthogneiss intrusion and
metamorphism continued until Eocene time (Miller and others,
1989; Haugerud and others, 1991b; Dragovich and Norman,
1995; Figs. 5B, 7; geochronology sites K and J). The Mount
Stuart and Black Peak batholiths intruded shallow crustal levels,
and later plutons (such as the Paleocene Oval Peak pluton) in-
truded deeper crustal levels as evidenced by pluton mineralogy
and country rock metamorphic assemblages. Moderate to high
(6-9 kb) emplacement pressures deduced for the latest Creta-
ceous and Paleocene plutons in the Crystalline Core and lower
pressures (3 kb or less) and epizonal intrusive relations for many
(though not all) of the mid-Cretaceous plutons (for example,
Black Peak batholith) suggest post-mid-Cretaceous burial of the
Crystalline Core. Burial has been interpreted to have resulted
from the voluminous Late Cretaceous to early Tertiary pluton-
ism itself (Brown and Walker, 1993; Miller and others, 1993a)
and (or) by contractional deformation (for example, McGroder,
1991).

Although ductile deformation locally affected parts of the
Skagit Gneiss into the late middle Eocene (Haugerud and others,
1991b), Eocene to Miocene plutons in the Crystalline Core are
unmetamorphosed and record a transition from localized ductile
deformation to widespread brittle deformation, probably record-
ing final exhumation of the orogen. Moreover, plutons of these
ages are younger than major structural dislocations. For exam-
ple, the directionless Miocene Cloudy Pass pluton, as well as the
Eocene Golden Horn batholith and Cooper Mountain pluton, in-
truded to shallow (epizonal) levels and cross-cut the Entiat and
Ross Lake faults, respectively (Figs. 5, 6).

introduction to Observations
and Data in the Study Area

Five distinct deformational events are evident in the quadrangle.
They are defined on the basis of (1) cross-cutting or overprinting
relations, (2) metamorphic facies of the fabrics, (3) radiometric
ages, (4) regional geologic relations (Tables 2, 3; Fig. 11), and
(5) the style and orientation of structural elements (Appendix 8).
The deformations may span about 100 million years (mid-Juras-
sic? to Eocene) and may be correlated with compressional epi-
sodes associated with accretion of allochthonous terranes in the
mid-Jurassic (most speculative and least geologically con-
strained), 100-90 Ma thrusting of the Methow basin and eastern
edge of the Crystalline Core, mid-Cretaceous to Eocene ductile
to brittle strike-slip faulting associated with offset along the
Ross Lake fault zone that transects the quadrangle (Figs. 5-7),
and, finally, Eocene transtension.

Eocene dip-slip faulting along east-northeast to northeast
trends as well as the northwest-trending North Creek fault have
juxtaposed six crustal blocks of contrasting cooling ages, meta-
morphic ages and facies, and structural levels. Figure 12A shows
the locations of the blocks. Figure 13 shows the metamorphic
grades of these blocks, and Table 4 summarizes the structural
and metamorphic characteristics of the blocks.

The interpreted ages of the rock units (bedrock correlation
diagram, Plate 1) and their geometric relations (cross sections,
Plate 1) aid in constraining the timing of regional events and
overall geometry of the rocks units. Additionally, stereonet dia-
grams (Appendix 8; Fig. 11) illustrate the orientations of D1-D5
structural elements. A synopsis stereonet (Fig. 11; Table 3)
showing the average orientation of the D1-D35 structural ele-
ments and explanatory tables (Tables 2, 3) summarizes our
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structural findings. Crustal blocks are shown in Figure 12A. Fig-
ures 12B and 13 show D3-D5 bedrock kinematics and metamor-
phic facies, respectively.

First and Second Deformations
(D1 and D2): Mid-Jurassic Accretion?

Evidence for pre-96 Ma deformational features is rare in most of
the Crystalline Core, most likely as a result of the younger intru-
sion, deformation, and regional metamorphism. Some excep-
tions to this include a pre-96 Ma deformational fabric in the
Mount Stuart area (Miller and Paterson, 1992, 1994), where

EXPLANATION

Maxima of Poles to Planar Data

— — P1, Black Peak batholith girdle
distribution of S4 mylonites

D1-D2 structures
+ D3 structures

Low to moderate strain
and undifferentiated

Maxima of Linear Data

structures in the @- F1 folds o .
Black Peak batholith &4— L3 stretching lineations
© D3 or D4 structures «O~ L4 stretching lineations,
O D4 6 undifferentiated fold axes,
structures and crenulations
@ DS structures <8 TFault striae (slickensides)

Figure 11. Summary stereonet of the Gilbert quadrangle. D1-D5
characteristics are provided in Table 2. Numbers are italicized refer-
ence numbers in Table 3. Symbols represent contoured data maxima
from Appendix 8 stereonets. For example, in composite meta-Methow
basin units (South Creek metaconglomerate and metamorphic equiva-
lents of the Winthrop Sandstone and Midnight Peak Formation) bed-
ding shows distinct maxima (Appendix 8, 1B) represented by the cross
[G] and referenced to Table 3, which tabulates additional or related
structural information. Note that the D4 mylonite zones in the Black
Peak batholith form a girdle distribution (P1, dashed line) around the
contemporaneous stretching tineation (Q) in the batholith.

mid-Cretaceous exhumation of Wenatchee block rocks (Fig. 5A)
and the absence of a latest Cretaceous to Tertiary thermal/defor-
mational event preserved older ductile fabrics. This contrasts
with the Chelan block (Fig. 5A), where Tertiary deformation has
pervasively overprinted mid-Cretaceous or younger fabrics (for
example, Haugerud and others, 1991b; Paterson and Miller,
1995). Nonetheless, strongly foliated xenoliths and schlieren in
some mid-Cretaceous Crystalline Core plutons hint at an older
deformation (for example, the Black Peak batholith; Miller and
Bowring, 1990). These fabrics may be synchronous with, but
probably predate 100-90 Ma east—west-directed thrusting of the
Methow basin.

Table 2. Ages and attributes of the five documented deformations (D1-D5), Gilbert quadrangle. S, foliation; L, lineations; Cr, crenulations; F,
folds. BP, Black Peak batholith tonalitic phases; BM, Black Peak batholith mafic phase; GH, Golden Horn batholith; PG, unmetamorphosed Pasay-
ten Group rocks; MPG, meta-Pasayten Group (metamorphosed Winthrop Sandstone and Midnight Peak Formation equivalents); OP, Oval Peak
pluton; SCC, South Creek metaconglomerate unit {Virginian Ridge correlative); TVS, Twisp Valley Schist; VR, Virginian Ridge Formation

Deformation  Overprinted General Cross-cutting  Max.-Min.
and structures units orientation relations Age Comments
D1=Fl, TVS Steep F1 plunges pre-SCC 170-105 Ma  Conglomerate clasts in SCC display F1 and F2; deformation
S1 may be middle Jurassic.
D2=S82, TVS NW-SE F2 trends and pre-SCC 170-105 Ma Basal conglomerates in SCC display F1 and F2; deformation
F2,Cr S2 strikes may be middle Jurassic.
D3=S83, L3, BM, MB, West vergence Syn-BM and cut  100-91 Ma South Creek thrust is syn-BM (interpreted age of 95-90 Ma)
thrusts, Cr MPG, PG, by BP, late-VR and cut by 90 Ma BP tonalites; thrusting in PG 100-88 Ma
SCC, TVS, VR (McGroder, 1989). Metamorphism in MPG and SCC is
probably pre-75 Ma (Ar-Ar of BP) and synthrusting? BP
cuts metamorphic fabrics in MPG.
D4=S4, BP, MB, NW-SE-striking Cuts all units but  90-50 Ma Diachronous uplift across area suggests D4 and DS may
L4, F4 MPG, OP, PG,  high-angle mylonitic =~ GH, cut by D5 overlap in age. D4 mylonitization continued to about 54 Ma
TVS, VR foliations, shallow faults and dikes south of study area, yet 91-75 Ma BP K-Ar biotite and
stretching lineations, hornblende ages suggest cessation of ductile conditions in
dextral strike-slip the Late Cretaceous in the northern part of the quadrangle.
D5=85,L5, BP,dikes, GH, ENE-WSW-trending, Faults both post- 75-45 Ma Diachronous ductile to brittle transition (see D4, p. 35).
high-angle MB, MM, OP, left-lateral and syn-GH Some ENE-trending faults are syn-GH (dikes about 50 Ma).
faults, PG, TVS, VR and dip-slip Faulting is a continuation of D4 and transfers strain from the

rare F5

North Creek fault to the Gabriel Peak tectonic belt.
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Table 3. Stereonet summary table for Figure 11, Gilbert quadrangle. Reference numbers: italics indicate stereonet data maxima shown on Fig.
11; bold type refers to stereonet(s) in Appendix 8. Structure: first abbreviation identifies the deformed rock unit(s); second abbreviation identifies
the structure type (S, foliation; W, weakly defined foliation; L, lineation; F, foid; Cl, cleavage; Cr, crenulation) and relative deformation (S5, fifth
deformation cataclastic foliation; also see Table 2). D1, first deformation; D2, second deformation (etc.). BM, Black Peak batholith mafic phase;
BP, Black Peak batholith tonalitic phases; GPTB, Gabriel Peak tectonic belt; MMB, meta-Methow basin {(metamorphosed Winthrop Sandstone and
Midnight Peak Formation equivalents; Mt, VR east of the North Creek fault; OP, Oval Peak pluton; RLFZ, Ross Lake fault zone; SCC, South Creek
metaconglomerate unit (VR correlative); TVS, Twisp Valley Schist; VR, Virginian Ridge Formation; undiff., undifferentiated

Structure
Reference (related structure
numbers Units(s) or maxima) Notes
A, 2D TVS F1(B) F1 commonly plunges steeply. Later structures apparently do not fold F1 and produce a distinct girdle.
and 2E D4 was noncoaxial (?) and locally rotated F1-F2 along shallow NW trends. Locally, TVS S1 and S2
are axial planar to F1 and F2, respectively. Fabrics in Oval Peak block were pervasively overprinted
by D37 and D4.
BI-B3, TVS S undiff. Composite S (S1-85: Jurassic?-Eocene in age). Partial weak girdle distribution around steep to
2D (S1-85, F1-F3, shallow SE- and steep NE-trending axes reflects F1-F3 folding (B/-B3). Commonly S=S2 (Miller and
L undiff,, L3, L4) others, 1993b) or S3 (see B2 maxima); localized S4 and S5 cataclastic zones were observed.
C,3A BM $3, 84 BM §3 includes some cross-cutting, mostly west-dipping S4 mylonites and a weak S (magmatic
and W (D) foliation?). Kinematics, S3, and L3 indicate west-vergent thrusting of TVS over BM. D3 thrusting and
contraction in the study area was probably synchronous with Methow thrusts mapped to the east
(McGroder, 1989).
D, 3B BM L3,L4 (C) The BM L3 stereonet also shows later L4 stretching lineations in the BM (see R, SSE stretching
lineations maxima).
E,1F MMB S (F-I Some undifferentiated S locally cut by BP and related to D3. Locally, S is moderate-strain S4, which
is recognized in the BP. Bedding is subparallel to moderate strain S (syn-D3 and (or) D4).
F,1A-C, MMB bedding Homoclinally dipping bedding in medium-grade MMB parallels bedding in VR correlative across
1E (F-1) “Twisp R. fault”, suggestive of a stratigraphic section that spans this previously mapped structure.
Siltstone cleavages and S in MMB are locally steeper than bedding and may be axial planar to a large
fold. Tilting of these beds is best related to D3 thrusting (for example, McGroder, 1989).
G,1A-C, SCC bedding Homoclinally dipping bedding probably spans the “Twisp River fault” (see above). Siltstone cleavages
1E (F-I and S in MMB are locally steeper than bedding and may be axial planar to a large fold. Tilting of
these beds is best related to D3 thrusting.
H, 1D Mt bedding Original folding and tiiting of beds is best related to thrusting D3 (McGroder, 1989). Bedding
(O,F,G) transposed locally by D4. Scatter Lake fold and thrusting are probably related to NW-SE transpression
adjacent to the North Creek fault.
I-J,1E SCC, MMB C1(O,F, G) Cleavage in siltstones is generally steeper than bedding and related to D3 folding during thrusting or
locally D4 mylonitization.
K,2E TVS F undiff., Cr Scattered NW-SE-trending F2 folds. Some F3 and rare crenulations in SCC indicate post-SCC D3 or
SCC Cr(A) D4 folding along a shallow ESE trend commonly observed by McGroder (1989) in the Methow basin
adjacent to the North Creek fault.
Li+4,2C BM, MMB, L undiff. Undifferentiated lineations are related to moderately and shallowly plunging folds in TVS (data
Mt, TVS (A,B,K,R, W) maxima L1 and L3, respectively). Subparallelism of much of the data to L4 stretching lineations
suggests D4 fabric elements.
M, 3F BP W (N-P) Possibly largely magmatic to submagmatic foliations in the BP tonalitic phases that reflect D3 to
possibly D4 strain. Plot close to the D4 BP girdle (P/).
N, 3E BP S undiff. Combination of flow to solid-state foliations that plot close to the D4 BP girdle (P/).
M, 0, P)
0,2A BM, MMB, S4 Steeply NE-dipping mylonites that, along with shallow stretching lineations (R) and kinematic
Mt, SCC, (L,P,Q,R) indicators define NW-trending, right-lateral inhomogencous shear zones in and around the Twisp
TVS River valley. D4 strain was transferred across the BP to the GPTB (Miller, 1994) via P and Q
structures. Plot on D4 BP girdle (P])
PIl-P2, BP S4(Q, 0) BP mylonites and high-strain tectonites form a girdle (P/) around the BP stretching lineation (Q) with
3C one of four maxima of steeply west-dipping mylonites (P2). Generally, moderately NE-dipping
mylonites with a reverse shear sense transfer strain between the Twisp River and Gabriel Peak dextral
strike-slip mylonitic zones of the RLFZ (Miller, 1994).
Q,.3D BP L4 (O, P,R) See P1 and P2 directly above.
R,2B BP, MMB, L4 (0-0) Twisp Valley L4 and BP L4 (Q) shallow NW-SE stretching lineations. Lineations formed dextral
Mt, SCC, strike-slip (O,P) and reverse slip (P) shear zones in the in the RLFZ. Lineations in the Twisp River
TVS area generally plunge SE, whereas lineations in the BP generally plunge NW.
N OP S (P1-P2) Continued D4 deformation in the Paleocene OP batholith.
T,4E, 4A Joint Scattered data; prominent very steep SSW-dipping joints maxima parallel faults, cataclastic zones, and
U-w) dikes maxima.
U,4C,4A Faults and S5 Scattered data; field determinations commonly indicate left-lateral strike-slip offset. Some (later?)
(T,V, W) dip-slip motion evident by contrasting metamorphic grade across some faults. S5, cataclastic foliations
parallel to faults.
V,4B, 4A Dikes Prominent very steep SSW-dipping dikes coincide with joints, faults, and cataclastic zones maxima.
(T,U, W) Locally, Golden Horn batholith and other diking are contemporaneous with faulting.
W, 4D, Fault striae Scattered data; ENE shallowly plunging maxima and common left-lateral offset are antithetic within
4A (T, U, W) the RLFZ.
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Table 4. Summary of structures by structural crustal block domains. S, foliation; L, lineations; Cr, crenulations; F, folds. BM, Black Peak batholith
mafic phase; BP, Black Peak batholith tonalitic phases; GH, Golden Horn batholith; GPTB, Gabriel Peak tectonic belt; PG, unmetamorphosed
Pasayten Group; MPG, metamorphosed Pasayten Group (Winthrop Sandstone and Midnight Peak Formation equivalents); OP, Oval Peak pluton;
SCC, South Creek metacongiomerate unit (Virginian Ridge correlative); TVS, Twisp Valley Schist; VR, Virginian Ridge Formation; NA, not appli-

cable

Methow block

Unmetamorphosed
MB strata east of
North Creek fault

North Creek block

Greenschist-facies MPG
strata; block’s western
boundary demarks
extent of abundant D4
mylonites paraiiel to
North Creek fault

Golden Horn block

Synkinematic amphibolite-
facies MPG strata north of

North Fork Cedar Creek

fault; grade and structures

generally anomalous

Gilbert Mountain block Black Peak block

Greenschist-facies MPG
and massive BP

Greenschist-facies
SSC and TVS; BM
containing D3;
northern extent
defined by extent of
D4 transfer fabrics

Oval Peak block

Amphibolite-facies
TVS; OP; south of
Reynolds Creek fault

D1 NA NA NA NA
D2 NA NA NA NA
PASAYTEN GROUP DEPOSITION
D3 Folding synchronous Moderate NE tilting of  Synkinematic Moderate NE tilting of
with thrusting in the MPG syn-D3; MPG S amphibolite-facies MPG syn-D3; MPG S
MB; Methow thrusting fabrics composite of structures (may be D3 fabrics composite of
probably synchronous  S3-S4; tilting and or D4) S$3-S4; tilting and
with D3 east fabrics cut by 90 Ma fabrics cut by 90 Ma
of North Creek fault BP; bedding in MPG BP; bedding in MPG
parallel to bedding in parallel to bedding in
SCC of Black Peak block SCC of Black Peak block
D4 Contains D4 mylonites Contains pervasive D4 Lacks D4 mylonites Lacks D4 mylonites
adjacent to North mylonites that parallel (transfer of North Creek (transfer of North Creek
Creek fault; Scatter North Creek fault fault protomylonites to fault protomylonites to
Creek thrust syn-D4/ GPTB accomplished GPTB accomplished
DS through mylonites to the through mylonites to the
south) south)
DS North Creek fault cuts  North Creek fault cuts Jointing, fractures, shallow ENE fracturing,

strata; Scatter Creek
thrust syn-D4/D5

strata; ENE faults splay
to GPTB

slickensides parallel to
North Fork Cedar Creck

jointing, faulting, diking
pervasive; some dikes
tectonized parallel to

Dl inTVS

D2in TVS

D3 mylonites in BM
and probable S3 in
SCC; Louis Creek
thrust separating TVS
and BM; D3 intruded
by BP

Contains D4 mylonites
(mostly D5 transfer
fabric) best observed
in BP. D4 fabrics cut
D3 fabrics

NE-trending
fracturing, jointing,
faulting, diking
pervasive; some dikes

D1 in TVS largely
recrystallized during
D4

D2 in TVS largely
recrystallized during
D4

D3 fault separating
TVS from BP
steepened

Contains D4
tectonites and
high-temperature
mylonites; infer
much folding of
Miller and others
(1993b) to be D4

Infer significant
dip-slip on Reynolds
Creek fault after(?7)
strike-slip

fault, which probably

offsets North Creek fault

faults; fault slickensides deformation

shallow

tectonized parailel
faults; fault slicken-
sides shallow to ENE

DEFORMATIONAL FEATURES

The earliest structures recorded in the area are tight to isoclinal
F1 and F2 folds and axial planar S1 and S2 fabrics in the Twisp
Valley Schist (Miller and others, 1993a). A composite foliation
is prominent throughout the schist. S1 is axial planar and paral-
lels small isoclinal rootless F1 folds of centimeter- to millime-
ter-thick layers in chert (probably relict bedding). S1 is tightly
to isoclinally folded (F2), contains a crenulation lineation (L2),
and is locally completely transposed parallel to an axial-planar
foliation (S2).

The South Creek metaconglomerate (unit Kmcgs) furnishes
important constraints on the timing of D1 and D2 and, more
broadly, of deformation in the Crystalline Core as a whole. (See
Discussion, p. 38.) F1 and F2 folds in South Creek metacon-
glomerate clasts indicate that D1-D2 deformation is Albian or
older, on the basis of Virginian Ridge Formation—-South Creek
metaconglomerate correlation. Additionally, deformation must
be old enough to allow for erosive unroofing of the Twisp Valley
Schist. (See Depositional Settings and Correlations, p. 16.) The
medium-grade (amphibolite facies) parts of the Twisp Valley
Schist were metamorphosed synchronously with intrusion of Pa-
leocene Oval Peak pluton and movements on various strands of
the Ross Lake fault zone (Miller and others, 1993b). However,
we speculate that D1 and D2 formed during mid-Jurassic accre-

tion of terranes and closure of the intervening Napeequa unit—
Hozameen-Bridge River oceanic basin. Low-grade (greenschist
facies) D1 and D2 structures are preserved in the Twisp Valley
Schist of the Black Peak block. (See Discussion, p. 38.)

ASSOCIATED METAMORPHISM

Greenschist-facies D1 and D2 recrystallization is evidenced by
the preferred orientation of biotite, white mica, and quartz-rich
layers along S1 and very locally along S2 in the Twisp Valley
Schist of the Black Peak block (Fig. 12A). In this block, semi-
pelitic graphitic muscovite quartz schist contains the stable as-
semblage chlorite + muscovite + quartz + graphite (with minor
albite and biotite), which should, with increasing temperatures,
recrystallize to form garnet (almandine), suggesting that meta-
morphism was sub-garnet zone. Twisp Valley Schist metabasite
contains the assemblage chlorite + albite + epidote + actinolite,
indicative of the greenschist facies.

Twisp Valley Schist porphyroblast fabric and geobarometric
as well as field relations are useful in deciphering the fabric age
relations between the medium-grade Oval Peak block and the
lower grade Black Peak block. (Also see D4 deformational fea-
tures.) Metamorphic grade of the Twisp Valley Schist increases
dramatically south across the Reynolds Creek fault. South of
that fault, rocks are recrystallized to the amphibolite facies. In
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this southernmost block, S1 is largely restricted to straight inclu-
sion trails in staurolite and garnet cores and some andalusite
(Miller and others, 1993Db).

Third Deformation {D3):
Mid-Cretaceous Thrusting
and Contraction

Although correlation of structures across structural domains is
problematic, we group a diversity of structural features under
D3. These features occur after D2, which predates inferred Al-
bian deposition of the South Creek metaconglomerate, and are
overprinted by D4 mylonitization (Late Cretaceous to probably
Tertiary in age). Greenschist-facies D3 metamorphism appar-
ently immediately postdates Turonian deposition of the meta-
Methow basin units, took place before or during intrusion of the
Black Peak batholith mafic phase, and probably predates intru-
sion of the tonalitic phase of the batholith.
D3 is recorded as:

Golden Horn Composite block
block
A 2m
N
; G;lbert Nll)elg::iw
Mountain
block

South Fork

Oval Peak block

Figure 12A. Diagram of crustal blocks in the Gilbert quadrangle.
Contrasting uplift ages, metamorphic ages and grades, and structural
levels are shown in Figures 12B and 13.

(1) Probably late Albian to early Turonian west-vergent thrust-
ing (and contractional fabrics) of the Twisp Valley Schist
over the early dioritic phase of the Black Peak batholith
along the Louis Creek thrust fault. This may be broadly con-
temporaneous with thrusting of Virginian Ridge Formation
over the metamorphosed Midnight Peak unit (Fig. 4); and

(2) Tilting of the homoclinally northeast-dipping meta-Methow
basin units (Kmcgs, Kmc,, and Kmvg,) (Plate 1 cross sec-
tions; Fig. 8) and the probable synchronous development of
heterogeneous moderate- to low-strain fabric in these units.

TWISP VALLEY SCHIST-BLACK PEAK
MAFIC PHASE THRUST CONTACT

D3 structures are best preserved east and northeast of Louis
Lake (Fig. 4, loc. 9), where the Black Peak batholith dioritic unit
grades from a moderate-strain tectonite to protomylonite to my-
lonite within a few hundred meters of the Louis Creek thrust
contact. At the contact, a few-centimeter-thick ultramylonitic
zone separates the structurally concordant Twisp Valley Schist
from the dioritic porphyroblastic orthogneiss. Isolated meters-
thick D3 tectonites of moderate strain also occur within the
western part of the diorite belt away from the thrust contact. S3
mylonitic foliation in the diorite dips shallowly to the east
(Appendix 8, net 3A) and exhibits a down-dip L3 stretching lin-
eation that plunges shallowly to the east (Appendix 8, net 3B).
This fabric orientation, along with the consistent top-to-the-west
S-C fabrics (using criteria of Lister and Snoke, 1984) in the
diorite, indicate top-to-the-west thrust ductile deformation
within the diorite and along the diorite—-Twisp Valley Schist
contact (Fig. 12B). Schists adjacent to the contact locally con-
tain similar stretching lineations and west-vergent asymmetric
folds.

S surfaces in the diorite S-C mylonites are defined by a solid-
state fabric of aligned hornblende and biotite and a locally at-
tenuated lenticular sutured quartz mosaic. C surfaces locally are
associated with retrogression of biotite to chlorite, but, in gen-
eral, hornblende is stable adjacent to these surfaces.! Ultramy-
lonites at the Louis Creek thrust contact are associated with ret-
rogression of the mafic phases.

D3 Black Peak diorite tectonites record mid(?)- to upper
crustal brittle-ductile to ductile thrust deformation. Upper crust-
al conditions are suggested by the:

(1) hornblende geobarometry (1-3 kb north of Gilbert, D. L.
Whitney and R. B. Miller, unpub. data; Fig. 4, kb site) of the
main tonalitic phase that intrudes D3 structures,

(2) epizonal contact relations for the Black Peak batholith, and

(3) hornblende K-Ar ages that suggest rapid cooling of the Black
Peak batholith (Appendix 2)

Field relations show that west-vergent thrusting of the Twisp
Valley Schist over early diorites of the Black Peak batholith pre-
ceded intrusion of the main phase tonalite (Fig. 8). Diorite un-
derlying the probable thrust contact is best described as augen
gneiss, with mylonitic fabric development increasing toward the
diorite—schist contact. Tonalitic pods and satellites (many of
which are too small to show on Plate 1) intrude both the diorite
and Twisp Valley Schist and are not deformed. Although we
were unable to find exposures where the tonalite clearly cross-

1 Timing relations of our model suggest that the diorite shouid contain,
at least locally, submagmatic to magmatic D3 fabrics. Our observations
did not confirm their existence.
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EXPLANATION
(See also explanation of structures and symbology on Flate 1)

Structures listed in chronological order, oldest to youngest

28 Inclined mylonitic foliation /l Trend and plunge of lineation

Vertical mylonitic foliation Tectonic transport

__e__.
50 Inclined joint or fracture e Top plate thrust to direction of arrow
S

Inclined subsidiary fault Dominantly strike-slip movement

Third Deformation (D3)
% Low to moderate density of west-vergent 8  Top-to-the-west ductile thrust zone in unit Kid,
”IA thrust ductile shear zones; D3 deformation 10 (S-C mylonites)
inferred near Crescent Mountain and south

of the Reynolds Creek fault

A4 A _ Thrust fault—Indicating westerly thrusting
Moderate to high density of west-vergent (see text); dashed where inferred;
+ ¢ thrust ductile shear zones sawteeth on upper plate

Fourth Deformation (D4)

Low to locally high density of ductile — Vertical mylonitic fabric
shear zones. East- to northeast-striking < ‘__e ?
D4 ductile shear zone fabric of Miller (1994)

reverse-slip ductile shear zones (see text and

28 M8 Top-to-the-southwest moderate- to low-angle
:7 Miller, 1994) (S-C mylonites)

Moderate to high density of D4 right-

lateral strike-slip mylonitic shear
zones (S-C mylonites)

A . e
Inclined mylonitic fabric

Fifth Deformation (D5)
!j D5 brittle deformation only —~ — =2— — High-angle fault—See discussion of Twisp River fault in text
<——  Left-lateral strike-slip fault indicators D . . .
—8_125!,% 5 deduced from Riedel shear structures —g— High-angle fault—Dashed where inferred;

dotted where concealed; U, upthrown block;
D, downthrown block; queried where
direction of motion inferred

and slickensides on joints and frac-
tures subsidiary to faults

Left-lateral strike-slip fault indicators
deduced from Riedel shear structures
85 and slickensides on faults

Figure 12B. (facing page) Map showing the bedrock D3-D5 kinematic indicators, D3—-D4 shear-zone density, and crustal blocks of the Gilbert
area. Kinematic indicators are generally from S-C myionites (Lister and Snoke, 1984). Mitler and Bowring (1990) report more than 30 D4 dextral
kinematic indicators from the North Creek—Foggy Dew fault zone (generally south of the study area). Note that the strike of the high-strain D4
mylonite zones parallels the North Creek fault. Constrictional strain also affects rocks northeast of the North Creek-Foggy Dew fault zone; the
best evidence is stretched conglomerate clasts in the Virginian Ridge Formation (this study; Miller and Bowring, 1990). Medium- to high-grade
metamorphic Crystalline Core rocks and the unmetamorphosed to low-grade rocks of the Pasayten Group (Fig. 5C) are separated along the Late
Cretaceous to Eocene Ross Lake fault zone (Fig. 5A). Strain was transferred to the Gabriel Peak tectonic belt portion of the Ross Lake fault zone
in the Late Cretaceous to Eocene, after intrusion of the Black Peak batholith main phase (80 Ma) and before Eocene uplift (Miller, 1994; Miller
and Bowring, 1990) of the Oval Peak block. Older uplift (30-75 Ma) of the Gilbert Mountain block suggests earlier cessation of mylonitization along
the North Creek fault zone in the northern portion of the area. D5 fault-bounded (note dip-slip components) crustal blocks (such as Black Peak
block) display contrasting D4 myionite densities and uplift-metamorphic ages and metamorphic grade (Fig. 13). The North Creek block is bounded
on the west by the gradual change from low to locally high D4 mylonitic shear zones (see explanation) and thus these two blocks differ only in the
density of mylonitic shear zones.

4
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cut D3 fabrics in the diorite, it appears reasonable to assume that
a fabric as locally intense as the D3 mylonites should be re-
corded in the adjacent tonalites.

Adams (1961) was the first to document faulted Twisp Val-
ley Schist—diorite contacts, particularly in the Oval Peak block
and south of the quadrangle, where (p. 104) “the border zone is
strongly gneissose and the contact consists of a 20-40 ft thick
zone of mylonitized diorite gneiss which is difficult to distin-
guish in the field from fine-grained Twisp Valley Schist amphib-
olites”. That the later tonalitic phases of the batholith intruded

the dioritic phase and the Twisp Valley Schist may explain sev-
eral observations by Adams (1961): the occurrence of both
intrusive and fault contacts on the Crescent Mountain inlier
(Fig. 4, loc. 10; Fig. 8C), and more intense fabric development
in the diorite near the (thrust) fault Twisp Valley Schist—diorite
contact. The overall map pattern of the Twisp Valley Schist inlier
on Crescent Mountain suggests a roof pendant and (or) a low-
angle thrust contact between the Twisp Valley Schist and Black
Peak batholith.
D3 is late Albian to Turonian (100-91 Ma) on the basis of:

EXPLANATION

Metamorphic Facies

Grade uncertain

Amphibolite facies

Al HELL

Fa
£

Unmetamorphosed country rocks

Chlorite to biotite zone of the greenschist facies

Approximate Black Peak contact metamorphic aureole

Geologic Units
Golden Hom batholith (Eocene)
Oval Peak batholith (Paleocene)
Black Peak batholith main and Reynolds Peak phases (Cretaceous)
Black Peak batholith mafic phase (Cretaceous)

South Creek metaconglomerate (Cretaceous)

Geologic Symbols

Contact—Dotted where concealed

High-angle fault—Dashed where inferred; U, upthrown block; D, downthrown block;
arrows indicate relative motion

Thrust fault—Dashed where inferred; sawteeth on upper plate

Location of Key Metamorphic Index Minerals

GH
HE
BE
ME

Garnet
Hornblende
Biotite + epidote

Semipelitic quartz muscovite schist
(no garnet)

W+C+ER
A¥

B¥
An#]

White mica + chlorite + epidote
Static acicular actinolite

Static biotite

Anorthite content of plagioclase
(determined by microprobe). Greenschist
facies—An 0-10% in epidote-bearing rocks

Figure 13. (this and facing page) Map showing the metamorphic grade and key index minerals of the Gilbert quadrangle.
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(1) intrusion of the foliated early mafic phase of the Black Peak
batholith by unfoliated 90-Ma-old main phase tonalite!,

(2) the age of Methow basin thrusting (90-100 Ma; for example,
McGroder, 1989),

(3) the age of the meta-Methow basin country rocks which are
interpreted to be tilted during thrusting (Plate 1, correlation
diagram), and

(4) the intrusion of the main phase of the Black Peak batholith
across probable country rock S3 fabrics south of Gilbert
Mountain (Fig. 4, loc. 17) where massive tonalite outcrops
occur close to probable D3 tectonized meta-Methow strata.

Late Cretaceous to Tertiary D4 metamorphism and deforma-
tions and intrusion of the Oval Peak pluton in the medium-grade
Oval Peak block (for example, Miller and Bowring, 1990)
largely modified or overprinted the earlier D3 thrust fabrics
(Fig. 4, loc. 11). North of the Reynolds Creek fault, deforma-
tional (Fig. 12B) and metamorphic (Fig. 13) overprinting is less
pervasive or absent, and D3 structures are more readily observed
in both country rock and intrusive rock. Adams (1961) indicates
that north of Louis Lake the foliation and lineation in the dioritic
gneisses weaken. Adams (1961) states that near South Creek the
diorite becomes weakly gneissose to directionless and that the
eastern diorite contact shows both cross-cutting intrusive rela-
tions as well as fault relations with the Twisp Valley Schist. We
attribute this relation to D3 thrusting during and (or) immedi-
ately after intrusion of the early diorite and before intrusion of
the main phase tonalite.

The Twisp Valley Schist is inhomogeneously and non-
coaxially overprinted by D3 and D4 deformations, resulting in
refolding and varied orientations of F1 and F2 axes (Appendix
8, net 2E). Open to tight folds (F3) of S2 are common and gen-
erally have wavelengths ranging from less than 0.5 m to 3 m,
locally reaching at least 30 m. F3 folds are typically noncylin-
drical. A mineral lineation commonly parallels F2 axes and is
folded by F3. Further descriptions are provided by Miller
(1987), Miller and Bowring (1990), and Miller and others
(1993b).

VIRGINIAN RIDGE-MIDNIGHT PEAK FORMATION
THRUST CONTACT

Thrusting places chert-conglomerate-bearing Virginian Ridge
Formation atop the younger Midnight Peak Formation (Fig. 4,
loc. 12, west of the North Creek fault). Rocks above and below
the thrust are pervasively overprinted by D4 mylonitic shear
zones associated with the proto-North Creek fault (Fig. 12; note
distribution of medium- to high-density D4 mylonitic shear
zones). Thrusting postdates the late Albian to Turonian Virgin-
ian Ridge Formation, predates D4 mylonites and the later D5
Late Cretaceous to Eocene cross-cutting North Creek fault, and
is probably synchronous with approximately 100-90 Ma thrust-
ing documented by McGroder (1989) to the east in the Methow
basin (Figs. 8B, 9).

D3 Fabrics in the Meta-Methow Basin Units

Homoclinally northeast-tilted (about 30-50 degrees) meta-Met-
how basin units (Appendix 8, nets 1B, 1C) may be the limb of a
large fold. McGroder (1989) ascribed folding to flexure during

I Mafic border complexes are common adjacent to Cretaceous plutons
of the Crystalline Core; field relations suggest that the border com-
plexes are slightly older than or coeval with the more voluminous tonal-
itic to quartz dioritic “main phase” interiors (Debari and others, 1996;
Dawes, 1991a,b,c, 1993a,b; Hopson and Mattinson, 1994).

thrusting in the Methow basin. Cleavages in fine-grained clastic
rocks are generally steeper (Appendix 8, net 1E) than the bed-
ding in adjacent coarser clastic rocks, suggesting axial planar
cleavage refraction subparallel to a larger folded structure. Our
tentative conclusion is that simple shear during D3 contraction
resulted in subparallelism of S3 and bedding; continued non-
coaxial deformation locally microfolded or crenulated S3 under
greenschist-facies biotite zone conditions.

Low- to moderate-strain greenschist-facies fabrics in meta-
Pasayten Group rocks between the North Creek fault and the
Twisp Valley Schist (in zones not overprinted by D4 mylonites)
may be correlative with D3 contraction. The inhomogeneously
developed foliation (S3) is mostly defined by the parallel align-
ment of chlorite, biotite or white mica, and lenticular matrix ag-
gregates of quartz and plagioclase. S3 is subparallel to bedding
in coarser rocks and is generally shallower than S4 mylonitic
foliations. (Elsewhere, rootless disharmonic microfolding of an
earlier, locally preserved, thin (<1 mm) segregation foliation in
the fine-grained Pasayten Group clastics may be the result of D4
cleavage deve opment modifying an earlier S3 cleavage.)

Although only locally observed, recrystallized L3 crenula-
tions of biotite form polygonal arcs (microfolds observed
normal to the crenulation lineation direction). South Creek
metaconglomerate polygonal arcs are related to D3 contraction,
folding, and continued recrystallization. The recrystallized mi-
crofolds of biotite plunge shallowly northwest at an angle con-
sistent with thrust-related folds in the Methow basin.

Contact metamorphism was medium (Crescent Mountain
“roof pendant”’) to low grade adjacent to the Black Peak batho-
lith and establishes an important timing relationship of D3 struc-
tures. The voluminous main-phase tonalite thermally affected
D1, D2, and probable D3 fabrics, locally producing random
static mineral overgrowths (preserved in zones not overprinted
by D4 mylonitization) in a few-kilometer-wide aureole adjacent
to the batholith (Fig. 13).

Associated Metamorphism

Using textura’ criteria, Adams (1961) interpreted the metabasite
assemblage of hornblende + biotite + andesine (Any;) + epidote
in the Twisp Valley Schist that forms the Crescent Mountain
“roof pendani” (Fig. 4, loc. 10) as epidote amphibolite-facies
contact metamorphism. Voluminous tonalitic intrusion (and up-
ward heat flow below the inlier) likely cross-cut, modified, and
statically recrystallized earlier fabrics in the overlying contact-
metamoerphosed schist (Fig. 8C). To the east of the batholith,
contact metaraorphism is of lower grade and has affected coun-
try rocks only within 2 km or less of the contact. For example,
we ascribe sericitization, saussuritization, and chloritization
with random mica development to pluton-induced country rock
hydrothermal alteration and modification of D3 fabrics around
Gilbert Mountain (for example, Fig. 4, loc. 6, and Fig. 17).

Biotite K-Ar ages of about 75 Ma for the tonalite at Roads
End Campground (Fig. 4, near loc. I; Fig. 12B) probably dates
waning metamorphism. Similarly, two unrecalibrated Black
Peak batholith K-Ar biotite ages of 72 Ma near Rainy Pass di-
rectly northwest of the quadrangle (Appendix 2; Fig. 5B, loc. Y,
near Rainy Pass) record Cretaceous cooling and exhumation of
the Black Peak batholith.

A microprobe study (by Cannon Microprobe of Seattle) of
eight samples from the Twisp Valley Schist (units JPhmc; and
JPshy), Soutt. Creek metaconglomerate (unit Kmegs), and Mid-
night Peak metavolcanic unit (unit Kmvm) allows us to better
characterize the conditions of metamorphism across the Twisp
valley and the Reynolds Creek fault. Only samples containing
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abundant epidote were analyzed; these epidote-bearing rocks
thus are calcium saturated and provide a maximum anorthite
content, which generally increases with increasing metamorphic
grade. For each sample, 5 to 10 matrix plagioclase grains were
analyzed, with 3 to 10 spot analyses per grain, typically from
core to rim. Sample locations and An contents are shown on Fig-
ure 13. The matrix metamorphic albites of our composite block
(Fig. 12A) are fine grained (0.05-0.3 mm). In contrast, the syn-
kinematically metamorphosed amphibolite from directly south
of the Reynolds Creek fault and in the Oval Peak block contains
coarser (0.5-1 mm) oligoclase to labradorite (Anzs—Angs).

The results provide further evidence that (1) units JPsht and
Kmcgs away from the Black Peak batholith are greenschist
facies (albite, <Anio), (2) unit JPhmc; directly south of the
Reynolds Creek fault is amphibolite facies (>Anjo), and (3)
there is no discernible metamorphic break across the Twisp
River (Fig. 13). Furthermore, from the combined microprobe re-
sults, petrographic analyses, and field observations, we obtain a
peak greenschist metamorphic facies for the country rocks of the
composite block (Figs. 12A, 13); this metamorphism predates
amphibolite-facies contact metamorphism of the country rocks
by the Black Peak batholith.

“Ar-¥Ar analysis (Appendix 3B) of a hornblende separated
from sample JD95-34D, a hornblende phyric andesitic dike in-
trusive into the metaconglomerate of South Creek, was per-
formed in an effort to date the greenschist-facies metamorphism
affecting the Pasayten Group rocks. The hornblende disclosed
complicated argon systematics. The total-gas age is about
114 Ma. However, the sample contains some amount of excess
(unsupported) “°Ar, probably hosted in fine-grained K-rich ma-
terial, probably white mica. Additionally, the sample lost argon
because of reheating, or cooled slowly, at least as recently as 65
m.y. ago. The near-plateau age of 119 Ma is uninterpretable be-
cause the relative amounts of argon loss and excess argon cannot
be ascertained. Similarity of isotopic ratios in the high-tempera-
ture steps that make up the plot of the near-plateau apparent age
vs. cumulative percent *°Ar released (shown in Appendix 3B)
probably reflects homogenization of the sample during analysis,
not a uniform initial distribution of argon in the sample.

Fourth Deformation {(D4):
Dextral Strike-Slip and Reverse-Slip
Ductile Fabrics of the Ross Lake Fault Zone

DEFORMATIONAL FEATURES

D4 shear zones are centimeters to locally tens of meters thick
and vary from protomylonitic to mylonitic to less common ultra-
mylonitic. Within the North Creek block and easternmost part of
the Gilbert Mountain block, mylonitic foliation (S4) dips steeply
northeast and less commonly southwest (Appendix 8, nets 1F,
2D). Stretching lineations (L4) plunge shallowly southeast and
less commonly northwest and are associated with dextral kine-
matic indicators (Appendix 8, net 2B). (Relative density of the
inhomogeneous D4 mylonite zones shown in Fig. 12B.) S4, L4,
and kinematic indicators record inhomogeneous dextral strike-
slip shear contemporaneous with D4 fabrics south to southwest
of the area, especially associated with the Foggy Dew fault zone
and its contemporancous en-echelon shear zone, the Gabriel
Peak tectonic belt (Figs. 5B, 7) of the Ross Lake fault zone
(Miller and Bowring, 1990). The low to high density of mylonit-
ic shear zones in the Ross Lake fault zone, in particular, and in
the Crystalline Core as a whole contrasts with the general lack

of mylonitic fabrics in the Gilbert Mountain block (Fig. 12B,
Table 4).

Within the Black Peak and Oval Peak blocks, poles to mylo-
nitic S4 foliations lie along a great circle or form a girdle distri-
bution around the commonly shallowly northwest trending
solid-state stretching lineations in the Black Peak batholith (Ap-
pendix 8, nets 3C, 3D). S4 mylonites dip steeply west-southwest
to east-northeast and show dextral strike-slip kinematic indica-
tors. These mylonites are the same age as shallowly north to
northeast dipping mylonites, which have reverse slip indicators
(Miller, 1994) (Fig. 12B). These mylonitic foliations all contain
a shallowly northwest plunging stretching lineation, which re-
cords the tectonic transport direction of these systematically ar-
rayed mylonitic foliation geometries. In ductile shear zones, the
obtuse angle (generally 90-130 degrees) between the conjugate
shears faces the greatest shortening direction (Anderson, 1961).
D4 ductile shear zones do show maxima (Appendix 8, net 3C)
that strike approximately 90-120 degrees to each other, which is
consistent with the northeast-southwest maximum compression
direction and mid-Cretaceous to Eocene tectonic plate vectors of
Engebretson and others (1985). Apparently, S4 mylonitic shear
zones systematically rotated into this 90-degree conjugate posi-
tion or form a Riedel shear conjugate, resulting in the observed
S4 mylonitic girdle.

Mylonitic foliations and stretching lineations document
transfer of ductile dextral strike-slip deformation of the Ross
Lake fault zone from the North Creek-Foggy Dew fault zone to
the Gabriel Peak tectonic belt (Miller, 1994). The northwest-
trending Twisp River lineament of Misch (1966) and Miller
(1994) does not appear to be a fault. If there is some dislocation
along this lineament, then it is a pre-Black Peak batholith struc-
ture (Misch, 1966) that predates D4 deformation and the struc-
tures discussed here. (See Figs. 12B, 13; see Discussion, p. 38.)

In the lower Twisp River valley west of the North Creek fault
and southeast of the Gilbert quadrangle, dextral strike-slip struc-
tures that we correlate with D4-D35 (see D5 below) include low-
temperature mylonites adjacent to the North Creek fault, local
100-m-wavelength, east-trending, en-echelon folds with steep
plunges, and northeasterly overturned to nearly recumbent folds
in the Virginian Ridge and Winthrop formations (McGroder,
1989). Similarly, in the eastern part of the Gilbert quadrangle,
south-southeast-directed overturned folds and thrusts at Scatter
Lake (Fig. 4, locs. 13, 14, respectively; SC in Fig. 14) may be
D4-DS5 structures in the unmetamorphosed Virginian Ridge For-
mation. In this scenario, northwest-southeast compression ac-
companying ductile-brittle to brittle strike-slip faulting drove
the less conglomeratic facies of the Virginian Ridge Formation
(unit Key) under the more conglomeratic facies (unit Kcgy), re-
cumbently folding the hanging wall Kcgy rocks directly above
the thrust. A shallowly east-northeast plunging recumbent fold
axis is inconsistent with mid-Cretaceous generally east—west
thrust vergence directions and compatible with transpression
along the north-northwest-trending North Creek fault.

Meso-scale F3 (as defined by Miller and others, 1993b) folds
in the Twisp Valley Schist typically plunge shallowly to moder-
ately to the east or southeast (Appendix 8, net 2E) and may be
of D4 age; thus they may be largely responsible for the weakly
defined partial girdle distribution of the undifferentiated
foliations in the Twisp Valley Schist around this axis (Appendix
8, net 2D). The open noncylindrical F3 folds and associated
crenulations of Miller and others (1993b) may be our F4 folds.
Miller and others (1993b) state that F3 folds have similar char-
acteristics in rocks of all metamorphic grades. These abundant
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X-X' Main wrench fauit
D-D' Antithetic fauit

C-C’ Synthetic fault

B-B° Maximum compression direction
v Shear angle

A-A" Extension direction

Figure 14. A. Conjugate left-lateral strike-slip model for the origin of the northeast-trending faults in the Gilbert quadrangle. The Scatter Creek
thrust (SC) may aiso be the result of compression in a strike-slip regime. In this model, brittie deformation is transferred from the right-iateral North
Creek-Foggy Dew fault (NCFD) to the Gabriel Peak tectonic belt (GPTB) via these high-angle northeast-trending faults. This step-over regime is
apparently the brittle, lower temperature continuation of the ductile transter model of Miller (1994). B. Strain ellipse representation of conjugate
structures formed in a right-lateral wrench-fault regime (modified from Wilcox and others, 1973). Note orientation of the main wrench fault (X-X’),
antithetic fault (D-D’), and maximum compression direction (B-B’). Compare these features with A.

open to locally tight structures generally have wavelengths rang-
ing from a few millimeters to 3 m, locally exceeding 50 m. They
typically are asymmetric and display rounded hinges. Wide-
spread rods and mullions are parallel to F3 axes. An axial planar
crenulation lineation is only sporadically developed.

The timing of the F3 folding is problematic. The F3 folds
probably postdate deposition of the Cretaceous South Creek
metaconglomerate (they were not observed in the metaconglom-
erate clasts) and may be related to D3 contraction or D4 trans-
pression. Some of the open fold axes are subparallel to L4
stretching lineations. Twisp Valley Schist open folds appear to
be significantly younger than D1 and D2.

STRUCTURES NORTH AND SOUTH
OF THE REYNOLDS CREEK FAULT

The three phases of folding in the Twisp Valley Schist of the
Oval Peak block documented by Miller and others (1993b) were
probably formed during our D3 and D4 events. The Twisp Val-
ley Schist folds in the Oval Peak block are synmetamorphic with
respect to amphibolite-facies Late-Cretaceous to Eocene dyna-
mothermal metamorphism (Miller and others, 1993b; Miller and
Bowring, 1990). The Oval Peak block S4 foliation is axial pia-
nar to folds that postdate our F1 and F2 in the lower grade Twisp
Valley Schist rocks. Field relations indicate that our F1 and F2
foiding of the Twisp Valley Schist of the Black Peak block pre-
dates deposition of the Virginian Ridge Formation and mid-Cre-
taceous metamorphism of the South Creek metaconglomerate;
south of the Reynolds Creek fault, relations suggest that in the
amphibolite-facies areas extensive synkinematic recrystalli-
zation largely overprinted earlier deformations. Two phases of
folding of the Twisp Valley Schist documented by Miller and
others (1993b) in the Oval Peak block may be our F3, but both
are more likely our F4 folds. These generally coaxial tight to

isoclinal folds are associated with transposition and probable S4
axial-planar foliation and typically have wavelengths of 0.5 m.
Refolded folds are locally evident, but in general it is difficult to
distinguish the two generations, and the dominant foliation is
probably composite. Miller and others (1993b) state that it is not
clear how these folds relate to those in the lower grade rocks,
though they are most similar to their F2 in the low-grade rocks.
However, a mineral lineation (L), which we infer to be our L4
stretching direction (Miller and Bowring, 1990), is also promi-
nent in the medium-grade Rainbow Lake Schist (Fig. 5B) and is
parallel to the axes of tight to isoclinal folds, including sheath
folds, as documented by Miller and others (1993b). The axes
were probably rotated toward the northwest-trending shallow
D4 (our nomenclature) tectonic transport direction during duc-
tile strike-slip movement in the Gabriel Peak tectonic belt
(Miller and Bowring, 1990). Therefore, we suggest that synkin-
ematic higher grade metamorphism in the Oval Peak block was
synchronous with D4 strike-slip ductile deformation docu-
mented in both greenschist- and amphibolite-facies blocks in the
study area.

Fifth Deformation {D5): Brittie Deformation

DEFORMATIONAL FEATURES

D5 is manifested by northeast- and northwest-trending high-an-
gle faults (for example, the North Creei fault). D5 features in-
clude fauits and related joints, fractures, cataclastic zones, and
tectonized dikes. The faults and associated cataclastic zones
have typical east-northeast to northeast trends (Appendix §, net
4C) parallel to dikes (Appendix 8, nets 4A, 4B). Dikes also in-
truded northeast-trending fracture discontinuities such as faults
and joints during and mostly after D5 strike-slip deformation.
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Although of varied orientations, joints' parallel the nearby
faults and commonly trend at a high angle to the northeast (Ap-
pendix 8, net 4E).

Some faults were directly observed. Others were mapped
largely on the basis of indirect evidence including (1) well-de-
fined lineaments on aerial photographs, (2) intense diking, joint-
ing, fracturing, alteration, and mineralization near and parailel
to fault zones, (3) juxtaposition of greenschist- and amphibolite-
facies rocks across the North Fork Cedar Creek, North Creek,
and Reynolds Creek faults, and (4) offset contacts.

Fault traces and subsidiary structures indicate that the rup-
tures are high angle. Most offset contacts have left-lateral sepa-
ration. Mostly in the northern half of the Gilbert quadrangle, a
concentration of shallowly plunging, east-trending slickensides,
including fault striae and wear grooves (Appendix 8, net 4D)
combined with patterns of Riedel shears on subsidiary faults in-
dicate sinistral strike slip (Fig. 12B) with a minor component of
north-side-up dip-slip motion. North Fork Cedar Creek, North
Creek, and Reynolds Creek faults have significant (later?) dip-
slip components of offset as evidenced by the distinct metamor-
phic breaks across these faults. (See Discussion, p. 38.)

Past and present mining activity has occurred in the quadran-
gle in, or very near, the east- to northeast-trending faults. Lesser
mining activity is associated with hydrothermal mineralization
around Gilbert Mountain that we believe is related to shallow
intrusion of the adjacent Black Peak batholith. The occurrence
of this activity and the apparent mineralization observed around
the northeast-trending faults provide subsidiary evidence for
these structures. These observations echo those of Grant (1969),
who described several northeast-trending belts of mineralization
in the Crystalline Core.

Locally, a steeply dipping east—west schistosity and contem-
poraneous shallowly east plunging mineral lineation (such as
synkinematic hornblende in amphibolites) in the amphibolite-
facies Midnight Peak and Winthrop Sandstone equivalents in the
Golden Horn block may record medium-grade D5 ductile defor-
mation. Later D5 dip-slip along the North Fork Cedar Creek
fault juxtaposed greenschist- and amphibolite-facies rocks south
and north of the fault, respectively. Further study of the anoma-
lous grade and structures of the country rocks in the Golden
Horn block is warranted.

The structure, orientation, and field relations of dikes pro-
vide important constraints on D5 deformation. Most dikes par-
allel D5 faults (Appendix 8, nets 4A-E) or joints, and a few
dikes (including some Golden Horn dikes) display a northeast-
striking magmatic to solid-state foliation parallel to the fault
fabrics in the adjacent country rock. Two dikes display magmat-
ic alignment, including unbroken, well-aligned, euhedral horn-
blende and plagioclase parallel to nearby LS striae in the country
rocks. Probable magmatic alignment of amphiboles in lampro-
phyre that intrudes cataclastically sheared wall rock has the
same orientation and attests to the synchroneity of some diking
and localized east-northeast-trending high-angle deformation.
Hornblende and biotite ages of 48.6 and 47.8 Ma, respectively
(sample collected by J. A. Vance and analyzed by John Nakata,
USGS) from a deformed dacite porphyry dike directly west of
the study area shows incipient biotite recrystallization consis-
tent with incipient tectonic fabric development that further at-
tests to the local synchroneity of diking and deformation (R. W.

! The term joint is used loosely here and includes throughgoing spaced
fractures that may be slickensided, mineralized, or veined and prob-
ably have accommodated minor amounts of displacement; some of the
observed joints approach minor faults by this usage.

Tabor, USGS, written commun., 1996). Most dikes are massive
and apparently intruded after major fault dislocation. They sig-
nal regional extension and probably largely postdate conjugate
strike-slip faulting and parallel the faults that show substantial
dip-slip offset. Regionally, radiometric ages of dikes are about
48-43 Ma (Appendix 2) in both the Methow basin (Stoffel and
McGroder, 1990) and the Crystalline Core west of the quadran-
gle.

Dike intrusion is apparently temporally associated with in-
trusion of the Golden Horn batholith (Appendix 2) and locally
associated with deformation. Fifteen- to 30-m-thick massive to
deformed dikes that appear to be offshoots of the Golden Horn
batholith occur in the northern part of the quadrangle. A plagio-
clase-phyric dike intrudes the North Lake fault (Fig. 4, loc. 2)
and is pervasively mylonitized parallel to the margins of the
fault. We interpret these relations as indicating that 50-48 Ma
Golden Horn batholith diking was in part synchronous with
northeast-trending fault displacement.

The parallelism, spatial association (Tabor and others, 1968;
McGroder, 1989), and intrusion of dikes into active Eocene
faults, particularly around the Golden Horn batholith-Monu-
ment Peak stock, suggest that extension accompanied Eocene
magmatism in the Methow basin and northeasternmost Crystal-
line Core. Northeast-striking dikes are common around the
batholith (Misch, 1966; Kriens and Wernicke, 1990b; Tabor and
others, 1968; R. A. Haugerud and R. W. Tabor, unpub. data).
Kriens and Wernicke (1990b) also note several east-northeast-
trending faults as well as faulted Golden Hom batholith dikes.
Conversely, northwest of the quadrangle, Haugerud mapped (in
Miller and others, 1994) several east-northeast-trending left-lat-
eral faults that offset the Eocene Golden Horn batholith, indicat-
ing that some D5 east-northeast faulting postdates crystal-
lization of the Golden Hom batholith. The overall evidence sug-
gests an Eocene age for diking and that some diking was
synchronous with east-northeast-trending faulting.

CONJUGATE DS STRUCTURES

Map relations (Plate 1) suggest that northeast-trending faults
commonly splay into the northwest-trending North Creek fault.
Faults of the two orientations appear to be conjugate antithetic
and master wrench structures, schematically shown in Figure
14. Transfer of strain between the North Creek fault and Gabriel
Peak tectonic belt, which are northeast and southwest bounda-
ries, respectively, of the broad Ross Lake fault zone (Fig. 7),
was partially accommodated along the northeast-trending faults
mapped in the quadrangle. That is, northwest-trending strike-
slip North Creek faulting was transferred through the numerous
northeast-trending left-lateral strike-slip faults to the dextral
northwest-trending strike-slip Gabriel Peak tectonic belt. We
note here that the apparent left-lateral separation along any
mapped northeast-trending fault is small (1 km or less), but that
the numerous northeast-trending faults (also see Miller and oth-
ers, 1994: Haugerud and others, 1991a) may accommodate sig-
nificant strain transfer and offset within the broad Ross Lake
fault zone. (See Discussion, p. 38.)

DS TRANSTENSIONAL STRUCTURES

Transtensional faulting apparently took place along earlier
strike-slip conjugate structures, such as the Reynolds Creek,
North Creek, and North Fork Cedar Creek faults. Because
steeply plunging fault striations are rare on subsidiary faults,
evidence for normal faulting must be indirectly sought on the
commonly concealed main fault strands. Dip-slip components of
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offset on these faults have juxtaposed contrasting structural
metamorphic levels in the Black Peak, Gilbert Mountain, and
North Creek blocks (our composite block; Fig. 12A) with adja-
cent blocks (Figs. 12B, 13). Assuming a normal geothermal gra-
dient, dissimilar temperature-sensitive metamorphic assem-
blages across the North Creek and Cedar Creek faults suggest
dip-slip offset of about 5-10 km.

Dip-slip faulting may explain several contradictory meta-
morphic, geochronologic, structural, and field characteristics in
and around the quadrangle (Figs. 12, 13). Evidence for substan-
tial dip-slip offset along the Reynolds Creek fault includes:

(1) the juxtaposition of greenschist-facies against amphibolite-
facies metamorphic rocks and the apparent preservation of
older fabrics north of the fault (see D4 structures north and
south of the Reynolds Creek fault described previously);

(2) the textural change in the Black Peak batholith from grano-
blastic gneisses in the Oval Peak block to more igneous tex-
tures in the Black Peak block (Adams 1961, 1964); and

(3) the contrast of the massive, weakly metamorphosed Black
Peak batholith to the north with the War Creek orthogneiss
to the southwest of the study area (Fig. 5B); the orthogneiss
is more leucocratic but coeval with the Black Peak batholith
(Miller, 1994). (In Fig. 3B, note the restriction of the ortho-
gneiss to the area south of the projection of the Reynolds
Creek fault.)

DISCUSSION

Regional and Local Evidence for
Mid-Jurassic Deformation

REGIONAL OVERVIEW

Regionally, the concept of accretion was initially forwarded by
Monger and others (1982) and modified by later workers (for
example, van der Heyden, 1992; Mortimer, 1986; Ray, 1986;
Mihalynuk and others, 1994). Fragments of an oceanic basin
that bordered North America in the early Mesozoic lie along the
southwestern margin of the Intermontane terrane. Among the
fragments in British Columbia are the Bridge River oceanic and
Cadwallader arc terranes, probable correlatives of the Crystal-
line Core oceanic Napeequa unit and Cascade River unit arc belt
in the North Cascades (Figs. 5B, 6, 10).

Deformation in northern and central British Columbia likely
records accretion and oceanic basin closure. Mid-Jurassic clo-
sure of the oceanic basin between the Stikinian and Quesnellian
volcanic arcs is documented in British Columbia (e.g., Monger
and others, 1982). Roughly coeval regional tectonic events,
some of which are poorly dated and controversial, include accre-
tion-related deformation along the Stikinia—Cache Creek bound-
ary in northern British Columbia (Gabrielse, 1991) and juxtapo-
sition of the Cadwallader and Stikine volcanic arcs with Ques-
nellia during closure of the Bridge River—Cache Creek oceanic
basin (Rusmore and others, 1988; Rusmore, 1986; Potter, 1986).
(Also see van der Heyden, 1989; Monger, 1991; Greig, 1989;
Thompson and others, 1991; Monger and others, 1978; Brown
and others, 1986; Brown, 1991; Mihalynuk and others, 1994.)
Closure is coincidental with a mid-Jurassic change from wide-
spread deposition of shales across the western Cordillera to
deposition of coarse clastics in restricted basins (Tipper, 1984).

The similarities of the Cascade River unit to the Cadwallader
arc rocks and inclusion of Napeequa unit in the Hozameen—-Cog-
burn Creek—-Bridge River oceanic basin (for example, Monger,
1986; McGroder, 1991) (Fig. 10) combined with the pre-mid-
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Figure 15. A. Diagram showing Late Triassic subduction of the
Napeequa unit oceanic plate beneath the Napeequa unit basement,
resuiting in partial melting and production of Marblemount beit plutons
and Cascade River unit voicanic arc rocks. B. Diagram showing
speculative mid-Jurassic obduction of the outboard Napeequa unit
oceanic plate on the Cascade River unit arc and basement Napeequa
unit. Observed tectonic contacts between the Cascade River unit and
Napeequa unit and related premetamorphic structures in the Cascade
River area (Fig. 5B) may correlate with mid-Jurassic structural juxtapo-
sition of Permian (locally Mississippian) to Jurassic oceanic crust and

Late Triassic arc rocks elsewhere in the Cordillera. The polarity of sub-
duction and thrusting in these figures is speculative.

Cretaceous juxtaposition of these terranes in the Crystalline
Core (Tabor and others, 1989; Brown and others, 1994; Drago-
vich and others, 1989; Dragovich and Derkey, 1994) hint that
these more southern rock units share a mid-Jurassic accretion
history with similar terranes to the north. Similarly, Haugerud
and others (1992) suggest late Jurassic deformation of some
of the rock units in the Northwest Cascade System west of
the Crystalline Core prior to mid-Cretaceous thrusting. We
speculate, on the basis of these regional findings, that this defor-
mation is also related to closure of the generalized Napeequa
unit-Hozameen—-Cogburn Creek-Bridge River oceanic basin
(Fig. 10A,B) and accretion of volcanic arcs in mid- to late Juras-
sic time. (See also Dragovich and Derkey, 1994; Fig. 15.) Cor-
relation of the oceanic Bridge River terrane with the Cache
Creek terrane, which lies to the east-northeast, has been pro-
posed by Cordey and others (1987).

NORTHEAST CRYSTALLINE CORE
AND METHOW BASIN

Well-foliated and folded metachert clasts in a newly mapped
Virginian Ridge Formation correlative, the South Creek meta-
conglomerate, indicate pre-Albian {pre-Virginian Ridge Forma-
tion) deformation of the Twisp Valley Schist. On the basis of the
correlation cf the Napeequa unit of the Chelan Mountains ter-
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rane (Twisp Valley Schist) with rocks in the Bridge River oce-
anic terrane (for example, Miller and others, 1993b), deforma-
tion of the metachert unit is probably no older than mid-Jurassic,
the suggested age of deformation of the Bridge River-Hoza-
meen terrane.

Rocks east of the Gilbert quadrangle have also undergone
mid-Jurassic deformation. Recently, Mahoney and others
(1996), who are studying Methow strata to the east, determined
that both the little-deformed Methow basin Newby Group vol-
caniclastic rocks and well-foliated McClure Mountain schist are
intruded by the undeformed 142 Ma Alder Creek stock; the stock
contact-metamorphosed an earlier tectonic fabric in the schist.
They contend that the McClure Mountain schist originated as
Newby strata and was metamorphosed during a previously un-
recognized latest Jurassic (151-142 Ma) deformational event.
The youngest oceanic rocks in the Hozameen Group (and corre-
lative Napeequa unit) oceanic basin were being deposited at
about the time that the Intermontane superterrane (Fig. 10B)
was being accreted to North America—in the mid-Jurassic
(Monger and others, 1982). In addition, deposition in the Bridge
River-Hozameen oceanic basin stopped about that time as well
(Haugerud, 1985), apparently synchronously with development
of a Middle Jurassic (Bathonian and Callovian) unconformity in
the Methow basin (McGroder, 1989). McGroder (1989, p. 1597)
states that:

Given that the Ladner Group [Methow basin equivalent
in British Columbia] was deposited at least in part in a
deep water, basinal setting (Coates, 1974; O’Brien,
1986), it is conceivable, and perhaps likely, that the up-
per Middle Jurassic unconformity in the Methow basin
was caused by tectonic [unroofing]. The similarities in
the depositional history between the [Hozameen and
Methow] terranes coupled with the observation that in
situ and locally derived arc volcanic rocks in the upper
Ladner Group apparently stopped accumulating in the
Middle Jurassic suggest that the Hozameen terrane was
underplated or sutured beneath the Methow basin in Mid-
dle Jurassic time.

In further support of the influence of the accretional tecton-
ics, Haugerud and others (1996) speculate that:

Ages, lithologies, and inferred basalt compositions sug-
gest that the Hozameen Group represents late Paleozoic
ocean crust and Late Triassic seamounts that were in
proximity to a continent (probably North America) by
Middle Jurassic time. The Hozameen Group is correla-
tive with the Bridge River Group exposed to the north in
British Columbia. There, thin-bedded clastic sirata of the
Lower Jurassic to Lower Cretaceous Cayoosh Assem-
blage conformably overlie oceanic sediments of the
Bridge River Group (Journeay and Northcoate, 1992;
Mahoney and Journeay, 1993). Cayoosh Assemblage
strata are interpreted to be the distal equivalents of Met-
how strata, and to represent a stratigraphic linkage be-
tween the Bridge River and Methow terranes. We there-
fore suggest that the Hozameen Group may be basement
to the western part of the north Methow subterrane.

Several authors have argued that the Hozameen fault (Fig. 6)
is a mid-Jurassic suture along an east-dipping thrust (Anderson,
1976; Dickinson, 1976; McGroder, 1991; McGroder and Miller,
1989). Mid-Jurassic suturing of the Hozameen Group to Met-
how basin units may be synchronous with Methow basin-
Ladner Group arc-trench gap deposition as well as with under-
plating of the oceanic Hozameen under the Spider Peak Forma-

tion (Anderson, 1976; Ray, 1986; McGroder, 1988, 1989)
(Fig. 9). Accretion could be responsible for the three periods of
folding near the Hozameen fault in southwestern British Colum-
bia and intense deformation of the Mississippian to Jurassic
Hozameen Group and the Lower Triassic oceanic Spider Peak
Formation documented by Ray (1986).

The Spider Peak Formation locally forms a basaltic base-
ment to Jurassic sedimentary rocks in the Methow basin (Ray,
1986). It contains rocks of MORB metabasite geochemistry and
lithologies that are generally dissimilar and thus apparently not
correlative to the Twisp Valley Schist (Miller and others,
1993b). The Twisp River demarks the easternmost outcroppings
of the oceanic Napeequa unit (Twisp Valley Schist). The
Napeequa unit unconformably underlies and forms basement to
the metamorphosed Pasayten Group (this study). These relations
suggest (1) that a Jurassic suture exists between the Spider Peak
Formation and Twisp Valley Schist, and (2) that both units may
be Methow basin basement.

The Complex Contact between the
Crystalline Core and the Methow Basin—
Evolution from Mid-Cretaceous to Eocene

MID-CRETACEOUS THRUSTING—
REGIONAL AND LOCAL RELATIONS
AND RELATIONSHIP TO PLUTONISM

Regionally, mid-Cretaceous folds and thrust faults developed
broadly at the same time as arc magmatism. That is, calc-alka-
line plutonism occurred shortly before, during, and shortly after
the structures were developed. Mid-Cretaceous plutons that are
coeval with west-vergent thrust faulting (100-90 Ma) occur
throughout the northwestern Cordillera (Crawford and others,
1987; Rubin and Saleeby, 1987a,b; Rubin and others, 1990; Um-
hoefer and Miller, 1996).

Regional relationships are compatible with the interpretation
that Late Cretaceous thin-skinned thrust sheets once covered the
northeastern Crystalline Core. (See Umhoefer and Miller, 1996,
for a current regional overview.) The southern Coast Mountains
of British Columbia may be representative of what lay above the
deeper parts of the northeastern Crystalline Core (Miller and
others, 1993b): the eastern Coast Plutonic Complex and intruded
country rocks (Fig. 6), an extension of the Crystalline Core, was
involved in major southwest-directed mid-Cretaceous (97-91
Ma) thrusting (Journeay 1990; Journeay and Friedman, 1993).
Younger northeast-vergent thrusting continued into the Late
Cretaceous and early Tertiary (Schiarizza and others, 1990;
Journeay and Friedman, 1993). Dominantly east-northeast-
directed thrusts and southwest-vergent backthrusts involved the
meta-Methow basin between the Ross Lake and Hozameen
faults (McGroder, 1989). (See Miller and others, 1994.) Similar
faults in the eastern Coast belt (Rusmore and Woodsworth,
1991a,b) are also candidate thrusts (Miller and others, 1993b).

The Mount Stuart area in the southwestern part of the Crys-
talline Core (Fig. 6) and the Gilbert area provide windows into
mid-Cretaceous structures flanking the Crystalline Core. The ar-
eas contain some structures that are compatible with the south-
west vergence proposed by Brandon and Cowan (1985) and
McGroder (1991) for the 100-90 Ma Northwest Cascades Sys-
tem and San Juan Islands (Brandon and others, 1988) west of the
Crystalline Core and for the Mount Stuart area to the southwest
(Rubin and others, 1990). For example, in the southwestern
Crystalline Core, the 93 Ma Mount Stuart batholith intruded a
post-96 Ma thrust fault (Miller, 1985).
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In the Cascade River area of the Crystalline Core (Figs. 5B,
15), the oceanic Napeequa unit is interpreted to have been thrust
over the arc Cascade River unit prior to loading and the devel-
opment of the present baric patterns (Brown and others, 1994;
Dragovich, 1989; Dragovich and Derkey, 1994). Metamorphic
loading is constrained by the ages of shallow- and deep-level
plutons (88-76 Ma). Although the timing of juxtaposition of
these units is poorly constrained, it predates loading docu-
mented in the Cascade River area. This thrusting may be analo-
gous to mid-Cretaceous thrusting of Twisp Valley Schist (also
Napeequa unit) over the Black Peak batholith mafic phase or to
mid-Jurassic thrusting (for example, the oceanic Cache Creek
terrane or the Stikinian arc as described by Mihalynuk and oth-
ers, 1994).

Closer to the study area, the history is similar. North of the
quadrangle, juxtaposition of meta-Methow basin and Napeequa
unit rocks in the Gabriel Peak-Elijah Ridge area is bracketed
between about 97 Ma and 88 Ma (Miller and others, 1994).
South-southwest of the quadrangle, reverse slip in the Gabriel
Peak tectonic belt, which experienced reverse slip before, dur-
ing, and after emplacement of the 65 Ma Oval Peak pluton
{Miller and Bowring, 1990), may be partially synchronous with
thrusting.

In the Methow Valley east of the Gilbert quadrangle, the
Goat Peak syncline formed as a result of thrusting and folding
of the Midnight Peak Formation. Because the syncline also con-
tains a localized thrust-generated unconformity, thrusting began
sometime before and continued until sometime after deposition
of the mid-Cretaceous Midnight Peak Formation (McGroder,
1989). This tightly brackets thrusting to between about 95 Ma,
the youngest age of the Winthrop Sandstone, and 90-87 Ma, the
emplacement age of the Fawn Peak stock, which intrudes the
Midnight Peak Formation. Local unconformities between syn-
tectonic deposits such as the Winthrop Sandstone and Virginian
Ridge Formation are, if present, subtle, suggesting to McGroder
(1991) that (1) the Methow basin resided in a structurally high
piggyback position above a deep-seated thrust (Fig. 9), and (2)
by the end of the Turonian, deformation had progressed to the
point that intra-basin thrusting and duplication had commenced.

In the study area along the Louis Creek fault, west-vergent
D3 thrusting of the Twisp Valley Schist over the Black Peak
diorite during early shallow emplacement of the pluton provides
direct evidence that thrusting and contraction, at least locally,
involved the Crystalline Core at higher structural levels. We
show that D3 contraction and greenschist-facies metamorphism
happened in rapid succession and may be constrained between
about 95-90 Ma (by the approximate age range of the diorite and
inferred minimum age of the meta-Pasayten Group units in-
volved in thrusting) and 90 Ma (by the age of tonalite not in-
volved in thrusting and which intrudes a D3 thrust and D3 fab-
rics) or at least 73 Ma (youngest biotite cooling ages of the
northeastern Black Peak batholith).

These regional and Gilbert quadrangle time relations suggest
that early Black Peak batholith plutonism, (volcanism?), and
thrusting overlap between about 95 and 90 Ma (Fig. 8).

EXTENT OF LATE CRETACEOUS LOADING
IN THE GILBERT QUADRANGLE

Major loading of the Twisp Valley Schist in the Oval Peak block
is inferred from the replacement of andalusite (contact metamor-
phic mineral from the Black Peak batholith at 90 Ma?) by kya-
nite, the presence of garnets that record an increase in pressure
of 1.5-3.0 kb from core to rims, and the deeper emplacement of
the Oval Peak pluton (Miller and others, 1993b). Pressures of

about 5-7 kb for the Oval Peak block determined from geobaro-
metry of the Twisp Valley Schist and the presence of magmatic
epidote in the Oval Peak pluton suggest intermediate structural
levels relative to the deeply buried Rainbow Lake Schist (6-8
kb; Miller and others, 1993b) and Skagit Gneiss (8-9 kb, Whit-
ney and McGroder, 1989; Whitney, 1992), which lie to the west-
northwest in and across the Gabriel Peak tectonic belt, respec-
tively (Fig. 7). The east-northeast dip of the metamorphic and
intrusive rock units between the North Creek fault and Gabriel
Peak tectonic belt is shown on Plate 1 (cross sections) and Fig-
ure 8C and is also documented by Miller (1987). This geometry
suggests that structural down is to the west-southwest. The over-
all increase in metamorphic grade to the west-southwest (and
locally to the south) may be an artifact of (1) thrust burial and
magmatic accretion of the 90 Ma Black Peak batholith as mod-
eled by Wells (1980) or (2) differential unroofing. In the first
scenario, cool thin-skinned thrusting and contraction trapped the
ambient heat supplied by the intruding Black Peak batholith, re-
sulting in localized synkinematic greenschist crystallization of
D3 contractional structures in the meta-Methow basin units. D5
dip-slip faulting later juxtaposed the contrasting metamorphic
grades of the crustal blocks (Figs. 12B, 13).

Generally, significant loading in the Crystalline Core post-
dates 90 Ma plutons (such as the Black Peak batholith), predates
Late Cretaceous—Paleocene plutons (such as the Oval Peak plu-
ton), and postdates documented mid-Cretaceous thrust faulting
peripheral to the Crystalline Core (Brown and Walker, 1993;
Miller and others, 1993a,b). The loading mechanism that pro-
duced the metamorphism with local pressures of 9-12 kb (Saw-
yko, 1994; Whitney and McGroder, 1989; Whitney, 1992) in the
Crystalline Core is controversial. However, McGroder (1991,
1989) and Whitney and McGroder (1989), on the basis of their
field observations, geobarometry, and regional palinspastic re-
constructions, contend that the Crystalline Core was loaded by
west-vergent mid-Cretaceous thrust sheets mapped in the adja-
cent Northwest Cascade System and Methow basin terrane.
(Also see Brandon and Cowan, 1985; Brandon and others, 1988;
McGroder and Miller, 1989.) Conversely, Brown and Walker
(1993) and Miller and others (1993a), using geochronology, tim-
ing of metamorphic index minerals (for example, andalusite re-
placed by kyanite), metamorphic patterns, field relations, and
the fact that loading postdates thrusting documented in the Met-
how basin and Northwest Cascades System flanking the Crystal-
line Core, contend that the mid-Cretaceous plutons intruded to
shallow levels (1-5 kb) and were loaded by structural or pluton-
ic processes after 93 Ma and before about 65 Ma (after 90 Ma
and before 65 Ma in the quadrangle).

Our findings in the Gilbert quadrangle substantiate both
views: (1) thrusting involved the northeastern part of the Crys-
talline Core and westernmost Methow basin at a relatively high
structural level between about 100 and 90 Ma and (2) later lo-
calized(?) loading between 90 and 65 Ma (best documented by
Miller and others, 1993b) took place in the Oval Peak block and
may have affected greenschist-facies rocks of the area we call
the composite block (Figs. 12A, 13). The primary isogradal re-
lationship between the Oval Peak and Black Peak blocks has
been modified by Tertiary dip-slip faulting along the Reynolds
Creek fault.

Two scenarios exist—the first supports loading of the Black
Peak block, the second does not (Fig. 16):

(1) The greenschist-facies rocks of the Black Peak block were
moderately metamorphosed during 100-90 Ma thrusting as
evidenced by D3 structural relations and were loaded during
the 90-65 Ma loading event best documented in the Oval
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Figure 16. Diagram showing the main metamorphic features north
and south of the Reynolds Creek fault (RC). Shallow intrusion of the
Black Peak batholith (BP) shown in A was certainly followed by loading
of the Oval Peak block south of the future location of the RC shown in
B. Metamorphic grade and exhumation ages in the Black Peak block
north of the RC suggest that this block does not record the Late Cre-
taceous loading observed south of the RC in the Oval Peak block.
C. Dip-slip offset along the RC juxtaposes these contrasting metamor-
phic regimes.

Peak block south of the Reynolds Creek fault. The spatial
distribution of the higher pressure overprint and associated
recrystallization is kinetically controlled, as demonstrated
by Davidson and Evans (1995) in the vicinity of the Mount
Stuart batholith in the southwestern Crystalline Core. That
is, greenschist-facies rocks of the composite block did not
recrystallize and equilibrate to the pressures observed in the
Oval Peak block due to reaction kinetics. (Micron-size
higher pressure mineral assemblages may exist but are not
observable using normal petrographic techniques.)

(2) The greenschist-facies rocks of the Black Peak block were
metamorphosed during 100-90 Ma thrusting and were not
loaded during the 90-65 Ma loading event documented
south of the Reynolds Creek fault in the Oval Peak block.
The lack of loading of the Black Peak block suggests areally

restricted crustal loading and lends credence to the localized
magmatic loading model of Brown and Walker (1993) for
other parts of the Crystalline Core.

Salient points supporting option (2) are:

o Greenschist-facies rocks in the Crystalline Core are rela-
tively rare. Available geochronology suggests that green-
schist-facies rocks in the Crystalline Core were exhumed
before documented loading. A 94 Ma age for metamorphic
muscovite from the Marblemount Meta Quartz Diorite (Ta-
bor and others, in press), a greenschist-facies part of the
Marblemount plutonic belt in the Cascade River area east
of Marblemount (Fig. 5B), documents this early exhuma-
tion of greenschist facies in the Crystalline Core. In this
area, metamorphic grade increases along strike to the
southwest, ranging from 3-4 kb chlorite zone schists (in-
cluding rocks of the low-grade Marblemount plutonic belt)
to 9 kb rocks of the amphibolite facies within a map dis-
tance of 30 km (Brown and others, 1994). This area is
structurally and metamorphically analogous to the Gilbert
quadrangle, where low-grade rocks are relatively un-
loaded, preserve exhumation ages of about 90 Ma, and
probably preserve structurally high levels or crustal blocks
of the Crystalline Core that survived later pervasive crustal
loading.

o Loading elsewhere has commonly resulted in amphibolite-
facies static textures, whereas the greenschist-facies fab-
rics in the composite block are synkinematic and probably
related to D3 contractional deformation. These fabrics are
intruded by the 90 Ma Black Peak batholith.

e Black Peak batholith K-Ar hornblende ages suggest exhu-
mation of the block and cooling to below 500°C by about
90 Ma (or before documented loading). Significant loading
of several kilobars (2.8 km/kb; about 30°C/km) would
probably result in the amphibolite-facies recrystallization
as observed elsewhere in the Crystalline Core (not the sub-
garnet zone assemblages in semipelitic rocks of the Twisp
Valley Schist).

Overall, the current data suggest that the approximately
90 Ma lower grade fabrics preserved in the composite block
were not significantly loaded during the later Cretaceous load-
ing event. The low-grade rocks in the Twisp and Cascade River
areas apparently preserve older equilibrium textures.

Juxtaposition of Crustal Blocks
along the Reynolds Creek Fault

Miller and others (1993a) concluded that, because there is no
major fault between the Black Peak batholith and Oval Peak plu-
ton, loading of the Oval Peak pluton must have occurred be-
tween 90 and 65 Ma and that the approximately 75 Ma K-Ar
dates of the Black Peak batholith may reflect resetting during
loading. However, dip-slip along the Reynolds Creek fault jux-
taposes distinctly contrasting structural-metamorphic levels
(Figs. 12, 13, 16). K-Ar ages north of the fault date the cooling
of Black Peak biotite and hornblende during exhumation and
after D3 thrust burial. It is reasonable that metamorphic tem-
perature differences between the Oval Peak and composite
blocks are in part due to the fact that the Oval Peak pluton was
part of the heat source driving textural differences between the
blocks. However, available geobarometry, geochronology, and
the coincidence of the break of the metamorphic facies with the
fault suggest a substantial depth difference between the blocks.
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Dynamothermal metamorphism of the Oval Peak block is
best documented between 60 Ma and 56 Ma—the zircon age of
the Lake Juanita leucogneiss of the Skagit Gneiss and Ar-Ar
hornblende 58-56 Ma age for amphibolites (Miller and
Bowring, 1990; Miller and others, 1993b) in the nearby Twisp
Valley Schist (Appendix 2). Conversely, unroofing of the com-
posite block (Fig. 12A) occurred in the Late Cretaceous as evi-
denced by K-Ar biotite ages of 75-72 Ma in the Black Peak
batholith. Hornblende barometry of the Black Peak batholith in
the composite block indicates crystallization at 1-3 kb, pres-
sures compatible with the greenschist facies of the meta-Met-
how basin wall rocks (Miller and others, 1993a). This contrasts
with geobarometry estimates from the Oval Peak block that sug-
gest probable Paleocene metamorphic pressures of about 5.5 kb
for the Twisp Valley Schist (Miller and Bowring, 1990: Miller
and others, 1993b) and Al-homblende barometry and the occur-
rence of magmatic epidote in the Oval Peak pluton that indicate
crystallization pressures of 5-7 kb and 6 kb, respectively (J. M.
Hammarstrom, written commun., 1989, cited in Miller and oth-
ers, 1993a).

Metabasites on either side of the Reynolds Creek fault in the
Gilbert quadrangle show contrasting microstructures and meta-
morphic facies. Greenschists north of the fault contain an F2-
folded S1 foliation, mostly defined by chiorite. North of the
Oval Peak block, retrogression of hornblende and, locally, bio-
tite to chlorite in D4 mylonites indicates greenschist-facies
shear deformation (this study; Miller, 1994). Conversely, am-
phibolites just south of the fault (Fig. 4, loc. A) contain a syn-
kinematic S4 foliation defined by biotite with distinct L4 linea-
tion defined by weli-aligned hornblende and biotite that shal-
lowly plunge to the southeast, parallel to other L4 tectonites in
the Twisp River valley. Greenschist-facies mylonites in the com-
posite block were exhumed in the Late Cretaceous (75-72 Ma
biotite ages roughly demark the timing of the brittle-ductile
transition; Table 5); this contrasts markedly with synkinematic
amphibolite-facies metamorphism south of the Reynolds Creek
fault that continued into the Eocene. These relations show that
juxtaposition of contrasting metamorphic grades, textures, and
structures across the Reynolds Creek fault was a result of post-
metamorphic dip-slip displacement.

Ductile deformation in the Ross Lake fault zone was attrib-
uted by Miller and others (1993b) to broadly distributed shear
within this zone, including reverse slip in the Gabriel Peak tec-
tonic belt (Miller and Bowring, 1990; Miller and others, 1993b),
a strand of the Ross Lake fault zone south and southwest of the
study area. If the dominant foliation in the Oval Peak block is
largely synchronous with D4 (our Ross Lake fault zone ductile
deformation), then nonmylonitic Twisp Valley Schist tectonites
(in the quadrangle) south of the Reynolds Creek fault appear to

Table 5. Critical geochronologic closing temperatures and the range
of temperatures for the brittle—ductile transition (Brace and Kohlstedt,
1980). Note that the lower suggested temperature for the brittle—ductile
transition is approximately the same as the closure temperature for the
biotite K-Ar system. Therefore biotite K-Ar ages can be used as an
approximate minimum age of ductile structures, including moderate-
temperature mylonites

Criteria Temperature (°C)
K-Ar biotite closure ~300
K-Ar hornblende closure ~500

Brittle—ductile transition minimum

(13 km; 30°C/km and 20°C/km gradient, respectively) 390-260 (~300)

have been recrystallized during amphibolite-facies pervasive D4
shear deformation. For example, amphibolites in the Oval Peak
block display a high-angle nonmylonitic fabric containing syn-
kinematic, shallowly northwest trending hornblendes. Growth
of random kyanite pseudomorphs after andalusite and probably
sillimanite is largely postkinematic and records latest Creta-
ceous to earliest Tertiary loading in the Oval Peak block (Miller
and others, 1993b).

D1 and D2 are apparently preserved only as pre-porphyro-
blastic internal fabrics in medium-grade index minerals of the
Oval Peak block. This conclusion is based upon a comparison of
our observations largely in the low-grade Black Peak block with
observations of Miller and Bowring (1990) and Miller and oth-
ers (1993b) in the medium-grade Oval Peak block (our structural
nomenclature in this list):

(1) Andalusite, garnet, and staurolite were stable during the
early stages of ductile D4 deformation; sillimanite and mus-
covite are later but are also aligned along our S4. The domi-
nant foliation wraps around these porphyroblasts, and strain
shadows are well developed. Andalusite and staurolite are
elongate in foliation, and the former is commonly bent and
undulose. Trails of recrystallized andalusite mosaics occur
locally on strongly deformed porphyroblasts of sillimanite
formed after andalusite, staurolite, and garnet. Well-formed
sillimanite is aligned along S4, which wraps around earlier
porphyroblasts. Sillimanite locally has replaced tails on an-
dalusite and occurs with muscovite in puli-aparts of frac-
tured andalusite, garnet, and staurolite.

(2) An early low-pressure assemblage of andalusite-garnet
(cores)-staurolite-quartz-biotite-muscovite was followed by
the assemblage sillimanite-muscovite-biotite-quartz-garnet
(rims), followed by kyanite during Late Cretaceous loading.

A Comparison of the Mount Stuart
and Black Peak Batholiths

These plutons intruded the edge of the Crystalline Core before
the development of steep baric gradients (Fig. 7). The Black
Peak batholith shares many similarities with the Mount Stuart
batholith. (See also Misch, 1966.) Similarities include:

(1) intrusive ages of about 96-93 Ma for the Mount Stuart and
about 90 Ma for the Black Peak with an older mafic phase,

(2) early mafic intrusion (96 Ma for the Mount Stuart batholith;
90 Ma or earlier for the Black Peak batholith) followed by
later intermediate-compositional phases (93 Ma for the
Mount Stuart batholith and 90 Ma for the Black Peak batho-
lith), with thrusting probably occurring during intrusion of
the mafic phase (but also affecting the tonalitic phase in the
case of the Mount Stuart batholith),

(3) shallow intrusion followed by localized loading (for exam-
ple, Brown and Walker, 1993; Miller and others, 1993b; this
study), and

(4) shallow intrusion overprinted by localized moderate-pres-
sure amphibolite-facies metamorphism and moderate to
rapid unroofing (rapid for the Mount Stuart batholith), as in-
dicated by mid-Cretaceous K-Ar biotite cooling ages.

Geochronology and metamorphic patterns show that these
areas (at least locally in the case of the Black Peak batholith) did
not undergo the latest Cretaceous and Paleogene ductile defor-
mation and associated amphibolite-facies metamorphism re-
corded elsewhere in the Crystalline Core.
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The Nature of the Ross Lake Fault Zone

Correlation of the South Creek metaconglomerate with the Vir-
ginian Ridge Formation provides a direct link between the
protolith units in the Crystalline Core and the Methow basin in
the late Albian to Turonian (Fig. 8A; Plate 1 correlation dia-
gram). This link also indicates that the low-grade Twisp Valley
Schist was subaerially exposed and provided metachert detritus
during deposition of the Virginian Ridge Formation.

Furthermore, the link suggests that the Louis Creek thrust
may have helped uplift and expose the Twisp Valley Schist—
Hozameen belt (Figs. 8, 9). Thrusting migrated eastward and
eventually involved the intrabasinal onlap of Pasayten Group li-
thologies. The Louis Creek thrust may be analogous to the west-
vergent back-thrusts of McGroder (1989) within a dominantly
east-vergent Methow basin thrust regime (Haugerud, unpub.
data)

The nature of the contact between the Crystalline Core and
the Methow basin across the Ross Lake fault zone remains con-
troversial. There are two prevalent hypotheses:

(1) Kriens and Wernicke (1990a,b) suggest there is little offset
along the Ross Lake fault zone and that the Methow basin—
Crystalline Core transition represents a largely intact crustal
section from the subarc plutonic welt of the Crystalline Core
to back-arc Methow basin. They correlate many of the Crys-
talline Core supracrustal protoliths with unmetamorphosed
Methow basin rocks.

(2) Haugerud (1985) and Miller and others (1994) indicate that
significant offset exists along the Ross Lake fault zone,
which is a complex zone separating the Chelan Mountains
terrane of the Crystalline Core from the Methow basin. This
fault system underwent pre-90 Ma slip of unknown sense
(Misch, 1966; Miller, 1994), latest Cretaceous and Paleo-
cene dextral strike-slip and reverse slip (Miller and Bowring,
1990), and Eocene dextral-normal slip (east-side-down)
(Haugerud, 1985; Miller and Bowring, 1990; Coleman and
Parish, 1991).

Our findings corroborate both views. Low- to medium-grade
meta-Methow basin units are locally structurally and metamor-
phically transitional into the Crystalline Core. Rock unit distri-
bution is probably the result of “thin-skinned” thrust stacking as
envisioned by McGroder (1989), not simple magmatic intrusion
within an arc environment as forwarded by Kriens and
Wernicke. Furthermore, country rocks of the Crystalline Core,
namely the Napeequa unit, are most lithologically similar to
units in the Paleozoic to Mesozoic Hozameen—Bridge River oce-
anic terrane. Correlation of the protoliths of the North Creek
Volcanics of Misch (1966) with the Newby Group as proposed
by Kriens and Wernicke (1990a,b), however, appears unwar-
ranted. Our correlations combined with correlations of Miller
and others (1994) suggest that the Pasayten Group is involved in
Crystalline Core metamorphism in or near the broad Ross Lake
fault zone and west of the Foggy Dew—North Creek-Hozameen
fault.

Available evidence suggests that the main post-mid-Creta-
ceous segments of the broad Ross Lake fault zone (Fig. 6) are:

(1) the Foggy Dew—North Creek fault, which separates low-
grade meta-Methow basin rocks from unmetamorphosed
Methow basin rocks (Figs. 5, 7), and

(2) the Gabriel Peak tectonic belt.

The North Creek-Foggy Dew fault has been correlated with
the Hozameen-Yalakom fault (McGroder, 1987; Monger, 1986;
Kleinspehn, 1985; Umhoefer and Miller, 1996). The composite

Yalakom-Hozameen-North Creek-Foggy Dew fault (YHNF)
(Fig. 6) is younger than suturing. The YHNF (1) exhibits dextral
strike-slip kinematic fabrics that cut older thrusts (for example,
Hozameen thrust [Tennyson, 1974a]) and (2) was probably ac-
tive between 100 and 50 Ma (McGroder, 1987), certainly be-
tween 65 and 50 Ma (Miller and Bowring, 1990).

Major offset along the North Creek-Foggy Dew fault seg-
ment of the Ross Lake fault zone also is not supported if our
correlations of meta-Methow basin units west of the fault with
unmetamorphosed Methow basin rocks east of the fault with-
stand further geologic study. Distinctly tightly folded metachert
conglomerate clasts east of the North Creek—-Foggy Dew fault
occur in (1) the Virginian Ridge Formation that crops out on the
east wall of the Twisp River valley in the Midnight Mountain
7.5-minute quadrangle (blocks of this rock may be seen in the
War Creek Forest Campground) and (2) unconformably overly-
ing the Late Jurassic Newby Group east of the Foggy Dew fault
several kilometers south of the Twisp River and south-southeast
of the quadrangle. Clasts at both locations are similar to those in
the South Creek metaconglomerate. We can now provide sound
lithologic ties across the North Creek—Foggy Dew fault that sup-
port a kinship between Methow basin rocks and their probable
metamorphic equivalents west of this structure.

These observations and findings solicit the question ‘How
far south did the Pasayten Group strata east of the North Creek—
Foggy Dew fault extend prior to truncation of the basin by the
dextral strike-slip Ross Lake fault system (particularly the North
Creek-Foggy Dew fault). Similar basement and basement ero-
sional products appear to be laterally extensive along strike. The
similarities of the South Creek metaconglomerate and Dash
Creek conglomerate of Garver (1989) in British Columbia dem-
onstrate the limited utility of metachert detritus for fault recon-
struction. Deformed oceanic basement is common in the Crys-
talline Core. But, more importantly, the occurrence of meta-
chert-bearing conglomerate east of the North Creek fault and
just south of the quadrangle does not suggest major offset if the
source of the metamorphic clasts is the Twisp Valley Schist.

Metamorphosed Winthrop, Midnight Peak, and metamos-
phosed to unmetamorphosed(?) Virginian Ridge strata west of
the North Creek fault suggest dextral offset along the North
Creek-Foggy Dew fault (Fig. 4, loc. 12) of, perhaps, tens of
kilometers. Dextral offset along this part of the YHNF (Fig. 6)
structure is probably no more than 40-50 km (the presently
known strike length of the southern part of the basin from the
Gilbert quadrangle to the known southern extent of Methow ba-
sin strata near the town of Carlton). This assumes that correla-
tions of the meta-Methow basin and Methow basin rocks west
and east of North Creek fault tie meta-Methow rocks west of the
North Creek fault with the southern Methow basin. Estimates of
dextral strike-slip offset of 85 km by Umhoefer and Miller
(1996) for the YHNF imply that the Methow basin strata in the
quadrangle and west of the North Creek fault would have been
adjacent to rocks in the Columbia Basin, which is presently cov-
ered by Columbia River basalts, significantly south of the pres-
ently known southern extent of the Methow basin. Estimates of
offset of 150 km on the Ross Lake—Yalakom fault by Kleinspehn
(1985) imply that the Hozameen—North Creek segments of the
fault transferred most of the motion to the Gabriel Peak tectonic
belt portion of the Ross Lake fault zone west of the Hozameen
Group and meta-Methow basin units. Certainly the occurrence
of South Creek metaconglomerate and Virginian Ridge Forma-
tion rocks west and east of the YHNF, respectively, argues
against major translation along the North Creek-Foggy Dew
portion of the YHNF if the southern extent of the Methow basin
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has not been significantly modified by post-mid-Cretaceous
geologic events.

IS THERE A TWISP RIVER FAULT?

Misch’s (1966) reconnaissance mapping suggested a lithologic
and metamorphic break across the Twisp River valley. He be-
lieved his Twisp River fault was intruded by the 90 Ma Black
Peak batholith and thus had a pre-90 Ma movement history. Ad-
ditionally, amphibolite-facies rocks of the Twisp Valley Schist
and the greenschist-facies rocks of the “North Creek Volcanics”
were thought by Misch (1966), Adams (1961), and Barksdale
{1975) to be separated by this fault. Other evidence for a Twisp
River fault includes the coincidence of the lineament with the
supposed fault contact between the Twisp Valley Schist and
“North Creek Volcanics”.

Our mapping shows that greenschist-facies rocks of Methow
basin affinity span the lineament. Evidence for Misch’s Twisp
River fault is diminished both by the apparent lack of a meta-
morphic break and by homoclinal Methow bedding across the
Twisp River. Also, the occurrence of geochemically and petro-
logically similar plagioclase porphyry sills and dikes on both
sides of the Twisp River does not argue for major offset along
this lineament.

Structures in the quadrangle are inconsistent with a fault un-
der the Twisp River. The parallelism and spatial association of
the North Creek fault with D4 mylonites (Fig. 12B) imply that
the North Creek fault is a brittle continuation of ductile defor-
mation; that is, the distribution and overall density of D4 mylo-
nites are best related to the proto-North Creek fault. The S4 my-
lonitic foliations and lineations are oblique to the Twisp River
lineament (Fig. 12B), are subparallel to parallel to the North
Creek fault, and occur on both sides of the North Creek fauit.
The distribution and orientation of mylonites are not consistent
with a Twisp River fault. (Note the distribution of moderate to
high density D4 mylonite zones and relationship to Twisp River
fault? in Fig. 12B.) Finally, the combined Foggy Dew—North
Creek fault, as initially proposed by Miller (1994) and
McGroder (1987), results in a straight high-angle structure that
cross-cuts the Twisp River “fault” (Figs. 5B, 7).

STRIKE-SLIP STRUCTURES IN THE
CRYSTALLINE CORE AND GILBERT AREA

In the Gilbert area, ductile strike-slip conjugate foliations (con-
taining northwest-trending shallowly plunging stretching linea-
tions) strike generally northeast and define shallow-dipping
reverse shear zones that accommodated strain between the en-
echelon northwest-trending Ross Lake and Gabriel Peak strike-
slip shear zones (Miller and Bowring, 1990). Transfer of strain
west to the Gabriel Peak tectonic belt from the Foggy Dew—
North Creek fault zone, as initially documented by Miller and
Bowring (1990) and as furthered by this study, suggests that the
Gabriel Peak tectonic belt portion of the Ross Lake fault zone
may be the locus of major displacement.

In the Crystalline Core, mid-Cretaceous to Eocene strike-
slip fabrics are defined by subhorizontal northwest-trending
stretching lineations along gentle to steep tectonic foliations.
Some of these fabrics are associated with right-lateral kinematic
indicators. These fabrics are interpreted to be the result of per-
vasive northwest-directed strike-slip shear in inhomogeneous
zones (for example, Brown and Talbot, 1989; Haugerud and oth-
ers, 1991; Dragovich and others, 1989; Brown and others, 1994;
Miller, 1989). Northwest-trending strike-slip faults and tectonic
fabrics are consistent with oblique subduction of outboard oce-

anic plates during mid-Cretaceous to Tertiary orogeny (Enge-
bretson and others, 1985; Brown and Talbot, 1989).

Strike-slip fabrics are synchronous with or postdate me-
dium-grade fabrics. Development of these fabrics occurred in
the mid- to Late Cretaceous and locally into the Tertiary. For
example, in the Chelan block (Fig. SA), where the rocks were
buried longer, Haugerud and others (1991b) define a north-
northwest-trending, approximately 8-km-wide zone of tec-
tonites with subhorizontal stretching involving the Creta-
ceous—Tertiary Skagit Gneiss, Eocene (43 Ma) granitic dikes,
and the Eocene Duncan Hill and Railroad Creek plutons. Pre-
liminary U-Pb Eocene ages for the Skagit orthogneiss west of
the quadrangle (Dragovich and Norman, 1995; Hoppe, 1984)
suggest that ductile deformation may have been more wide-
spread than described by Haugerud and others (1991b). Overall,
the development of strike-slip structures in the Crystalline Core
appears to be a late metamorphic or orogenic deformational
event that masks earlier structures and metamorphic textures
(for example, Dragovich, 1989; this study).

In the Chelan block of the Crystalline Core, brittle deforma-
tion commenced as rocks were exhumed and cooled in the Eo-
cene (for example, Haugerud and others, 1991b; Dragovich and
Norman, 1995). Where rocks remained at depth later in the Ter-
tiary, ductile wrench-style (step-over) structures (for example,
Miller, 1994) developed before unroofing and passage of the
rocks into the brittle regime.

In the Wenatchee block of the Crystalline Core, southwest of
the Entiat fault (Fig. SA), Late Cretaceous exhumation ages in-
dicate a less protracted metamorphic history. In this block,
strike-slip ductile fabrics are much less pervasive, and most duc-
tile structures record contraction (Miller and Paterson, 1992,
1994, Paterson and others, 1994).

Both dextral strike-slip and dip-slip offset along the largely
Eocene Straight Creek, Leavenworth, and Entiat faults and other
northwest-trending faults records the passage of the Crystalline
Core into the brittle regime. Filling of the Chiwaukum graben
with the Eocene Chumstick Formation records denudation of the
Crystalline Core and opening of pull-apart basins in the Wenat-
chee block. Similar pull-apart basins are hypothesized west of
the Crystalline Core (for example, Johnson, 1984) on the basis
of the general synchroneity of strike-slip faulting, dip-slip fault-
ing and basin filling, and strike-slip-fault-parallel upright, tight
to open folds.

Conjugate Strike-slip Faulting and Passage out of
the Ductile Strike-slip Deformation Regime

Protracted D4 mylonitization before 65 to 48 Ma is suggested by
(1) mylonitic amphibolites in the Oval Peak block, which are
discordantly intruded by the Paleocene Oval Peak pluton
(65 Ma) in the Foggy Dew fault zone, and (2) the 90 Ma Black
Peak batholith that is overprinted by D4 mylonites and does not
appear to intrude or crosscut mylonitic fabrics. (See Miller and
Bowring, 1990.)

Continued D4 deformation mylonitized the Oval Peak plu-
ton along its margins. D4 ductile, then D5 brittle deformation
affected the lower grade blocks to the north, where exhumation
was much earlier, and ceased before intrusion of the massive,
approximately 48 Ma Cooper Mountain pluton, which was em-
placed across the Foggy Dew fault (Figs. 5B, 6). D4 ductile de-
formation ceased as crustal blocks cooled and as rocks re-
sponded in a brittie fashion.

Synkinematic D4 amphibolite-facies metamorphic recrys-
tallization in the Oval Peak block (Miller and Bowring, 1990)
contrasts sharply with the metamorphism of the composite block
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(Fig. 12A), where heterogeneous D4 mylonitic zones are com-
monly retrogressive and associated with reaction of biotite
to chlorite + K-feldspar. Furthermore, porphyroblast micro-
structures and Ar-Ar and K-Ar geochronology indicate that am-
phibolite-facies metamorphism of the Oval Peak block occurred
during intrusion of the 65 Ma Oval Peak pluton and that later
Foggy Dew fault zone displacement juxtaposed amphibolite-
facies rocks of the Oval Peak block against the unmetamor-
phosed Methow basin units (Miller and Bowring, 1990).

Transition from ductile to brittle conditions after mid- to
Late Cretaceous unroofing of the Gilbert Mountain block (and
possibly the northern part of the North Creek block) may be syn-
chronous with deeper ductile transfer of strain through the Black
Peak and Oval Peak blocks (ductile structures documented by
Miller, 1994) to the Gabriel Peak tectonic belt. This transition
was marked by the development of a conjugate fault system. Al-
though past workers have emphasized long, through-going,
commonly terrane-bounding northwest-trending faults, gener-
ally short northeast-trending structures have also been recog-
nized in the Cascades (for example, Tabor and others, 1994;
Miller and others, 1994; Barksdale, 1975; Cater and Crowder,
1967; Cater and Wright, 1967; McGroder and others, 1990;
Dragovich and Norman, 1995). Northeast-trending faulting ap-
pears to be due to conjugate strike-slip faulting (Fig. 14) and a
probably later, more localized phase of transtension manifested
by dip-slip faulting along a few of the previous strike-slip dis-
continuities (see below). Overall orientation of fold axes, en-
echelon arrangement of faults, and the existence of probable
conjugate faults are consistent with strike-slip tectonics in a
wrench to transpressive regime (Fig. 14). (See Wilcox and oth-
ers, 1973; Aydin and Nur, 1985; Sanderson and Marchini, 1985.)

Although the 48 Ma Cooper Mountain pluton intrudes the
Foggy Dew fault (Figs. 5B, 6), some transfer of strain between
the North Creek and Ross Lake faults (proper) may have contin-
ued past the 50 Ma intrusion of the Golden Horn batholith. The
North Fork Cedar Creek fault apparently truncates the North
Creek fault (Fig. 4), and thus the North Creek fault may not be
intruded by the Golden Horn batholith. Northwest of the area
several east—west, left-lateral faults displace the Golden Horn
batholith by 1-2 km (Haugerud and others, 1991a; Miller and
others, 1994). Some post-Golden Horn batholith (50 Ma) offset
along the Ross Lake fault is supported by observations and map-
ping by Haugerud and others (1991a) near Gabriel Peak north-
northwest of the quadrangle:

Golden Horn dikes in this area have anomalous west-
northwest strikes (such dikes elsewhere strike north to
northeast); lineations in [rocks older than the Golden

Horn batholith] have anomalous north to northeast trends

(elsewhere northwest trends are the norm); and all rocks

are cut by east-west faults with sinistral separation.

These features are consistent with 5-10 km of post about

49 Ma dextral strike slip on the Ross Lake fault, here

accommodated by vertical-axis rotation of blocks within

the Ross Lake zone.

Wilcox and others (1973) show that antithetic faults form a
high angle to the main wrench fault (about 80 degrees). With
continuing right-lateral strike-slip deformation, clockwise ex-
ternal and internal rotations:

tend to increase further the original high angle of an-
tithetic faults to about 90 degrees to the main wrench
fault. As a consequence, lateral displacements on an-
tithetic faults are generally small compared with those on

either their synthetic counterparts or the main wrench
fault.

The main North Creek wrench fault intersects the east-north-
east- to northeast-trending faults at about 90-120 degrees
(Fig. 4, Plate 1).

Development of DS brittle transpressive or wrench transfer
structures to the north may overlap in time with the deeper D4
ductile transfer structures to the south. Assuming normal geo-
thermal gradients (~30°C/km), significant dehydration accom-
panying pre-faulting metamorphism, and lithostatic pressure,
the K-Ar biotite age should approximate the age of the brit-
tle~ductile transition (Table 5). Thus Late Cretaceous brittle
conditions in the northern part of the quadrangle may have co-
existed with ductile deformation and medium-grade metamor-
phism of the Oval Peak block to the south. Ductile strike-slip
conditions in the Oval Peak block persisted into the Eocene
when the rocks were finally exhumed. Although complicated by
older cooling to the north, faulting appears to be a continuation
of the ductile Ross Lake fault zone strike-slip regime of Miller
(1994). Right-lateral transpressive or wrench strain is trans-
ferred both ductilely and later, with unroofing, brittlely from the
North Creek-Foggy Dew fault zone to the Gabriel Peak tectonic
belt west of the quadrangle (Figs. 5B, 7). Such transfer is com-
mon in orogens (for example, Shackleton and Ries, 1984).

Dip-slip Rejuvenation of Strike-slip Structures

Direct observation of dip-slip structures (for example, down-dip
slickenlines) on the high-angle North Fork Cedar Creek and
Reynolds Creek faults is hindered by concealing surficial depos-
its. However, indirect evidence for major dip-slip fault move-
ment includes the dramatic metamorphic break across these
faults. Dip-slip displacement may be contemporaneous with
dip-slip displacement along northwest-trending faults such as
the North Creek fault, suggesting block faulting. Note the
opposite sense of dip-slip faulting for the Cedar Creek and
Reynolds Creek faults on Figure 4; these faults define the north-
ern and southern boundaries of the composite block. Major ex-
tension is theoretically possible within a strike-slip deforma-
tional regime and should (1) be roughly perpendicular to the
maximum compressive stress direction (Wilcox and others,
1973) or (2) occur along bends within major strike-slip duplex
systems (Woodcock and Fischer, 1986).

However, we favor later dip-slip reactivation of the earlier
strike-slip faults because:

(1) D5 striation lineations along steep D5 dislocation planes are
dominantly shallow (Appendix 8, 4D); D5 structures and
kinematics suggest left-lateral strike-slip displacement.

(2) Dip-slip faulting prior to conjugate strike-slip faulting along
the northeast-trending structures seems to contradict the
simple sequence of ductile D4 strike-slip deformation to
brittle D5 strike-slip deformation accompanying exhuma-
tion.

(3) Probable dip-slip faults displace portions of the Ross Lake
fault and the Gabriel Peak tectonic belt (Fig. 5B) (Adams,
1961; Miller, 1987; Miller and others, 1993a). This suggests
that late northeast-trending left-lateral faults were trans-
formed into dip-slip faults that cut locally across major
strands of the Ross Lake fault system and postdate the con-
jugate strike-slip structures that theoretically should merge
into these major structures.

(4) Field relations (Hopson and others, 1970) and Ar-Ar thermo-
chronology (Calvert, 1994) show that the Eocene Duncan
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Hill pluton of the Crystalline Core (DHP; Fig. 5B) was
rapidly tilted after intrusion along an east-northeast-west-
southwest axis, probably as a result of similarly oriented dip-
slip faults.

(5) Although previously postulated mostly for northwest-trend-
ing faults, regional extensional faulting appears to be an Eo-
cene, or late orogenic, development, locally as young as
42 Ma (Johnson, 1984, 1985; Miller and Bowring, 1990;
Coleman and Parrish, 1991; van der Heyden, 1992, and ref-
erences therein; Parrish and others, 1988) or after major
documented strike-slip deformation.

Directly southeast of the quadrangle, the Reynolds Creek
fault is colinear with northeast-trending faults mapped by
Barksdale (1975) in the Methow basin near Midnight Mountain.
The Reynolds Creek fault and its possible extension, the Mid-
night Mountain fault (our informal name), may merge from the
west and east, respectively, into the North Creek fault (Fig. 7).
The east-trending Reynolds Creek—-Midnight Mountain fault(s)
demarks the transition from the Foggy Dew fault zone to the
North Creek fault; this suggests that the high-angle Reynolds
Creek—-Midnight Mountain fault cuts the North Creek-Foggy
Dew structure(s). In this scenario, the dip slip on the Reynolds
Creek—Midnight Mountain fault does not significantly laterally
displace the high-angle North Creek and Foggy Dew faults, and
thus they are colinear. The north-northwest-trending Foggy Dew
fault zone, with its wide, structurally mixed, mostly amphibo-
lite-facies mylonite zones and probable exotic lithologic units
(Miller and Bowring, 1990; Miller and others, 1993b), contrasts
sharply with the more discrete North Creek fault with its less
pronounced Methow basin—~North Creek block metamorphic
break (Figs. 7, 12A, 13). The Reynolds Creek—Midnight Moun-
tain fault demarks where the North Creek fault leaves the Twisp
River valley bottom and traverses the mountainsides, apparently
truncating the Twisp River lineament (Figs. 5B, 7). Further-
more, dip slip on the Reynolds Creek—Midnight Mountain fault
juxtaposes the greenschist-facies rocks of the North Creek and
Black Peak blocks against the amphibolite-facies rocks of the
Oval Peak block and Foggy Dew fault zone.

CONCLUSIONS

Our work in the Gilbert quadrangle confirms conclusions of ear-
lier workers (for example, Miller and others, 1994; Kriens and
Wernicke, 1990a,b; Haugerud and others, 1991b), namely, that
the Ross Lake fault zone involves blocks that are lithologically
and metamorphically intermediate between those of the Crystal-
line Core on the west and the Methow basin on the east. Further,
the newly mapped South Creek metaconglomerate directly ties
the Twisp Valley Schist of the Crystalline Core to the Virginian
Ridge Formation of the Methow basin. The metaconglomerate
contains deformed metachert clasts that were derived from the
Twisp Valley Schist. Because we now correlate the Winthrop
Sandstone and Midnight Peak Formation of the Methow basin
with the North Creek Volcanics of Misch (1966), we suggest
Misch’s name be abandoned in favor of the equivalent Methow
units.

The Virginian Ridge Formation, Winthrop Sandstone, and
Midnight Peak Formation make up a northeast-dipping homocli-
nal sequence that onlaps the Crystalline Core and is involved in
metamorphism that affected the core. The sequence crosses the
Twisp River, and that suggests that no fault exists in that loca-
tion. Furthermore, mylonite zones in the area seem to be associ-
ated through their orientation with the proto-North Creek fault.

Correlation of strata across the North Creek fault suggests
that dextral offset along the Foggy Dew-North Creek-Hoza-
meen-Yalakom fault is not more than the strike-length of the
Methow basin between the quadrangle and the southernmost
part of the Methow basin, namely about 40-50 km.

Our observations lead us to conclude that several metamor-
phic events affected the Gilbert area. The metamorphosed chert
in the probable Virginian Ridge equivalent, the South Creek
metaconglomerate, indicates that the Twisp Valley Schist was
deformed in the mid-Jurassic(?), before deposition of the
{meta)conglomerate. In the mid-Cretaceous, thrusting placed
Methow basin units over the Crystalline Core and resulted in
low-grade metamorphism. Finally, a Late Cretaceous to Paleo-
cene medium-grade metamorphism resulted from major loading
of the Crystalline Core. Loading may be localized, lending cre-
dence to the magmatic loading model of Brown and Walker
(1993)

The study area is cut by several northeast-trending high-an-
gle faults that have experienced both left-lateral strike slip and
(probably later) dip slip. These faults seem to be upper-crust
equivalents of ductile structures of Miller (1994) that transferred
Ross Lake fault zone strain from the North Creek-Foggy Dew
fault to the Gabriel Peak tectonic belt. Mid-Eocene transtension
caused significant dip slip on at least some of the northeast-
trending faults. This faulting has juxtaposed blocks of different
metamorphic facies and likely different metamorphic ages.

Unroofing and exposure of rocks across the quadrangie took
place earlier north of the Reynolds Creek fault. Our observations
suggest that this northern block was not deeply buried during
latest Cretaceous and Paleocene loading and preserves older
{(mid-Cretaceous) metamorphic fabrics. Rocks to the south of
the Reynolds Creek fault were more deeply buried and were un-
roofed in the Eocene. Here, mylonites and tectonites in the Ross
Lake fault zone were developed in response to ductile strike-slip
deformation in the middle portion of the crust. Rocks north of
the Reynolds Creek fauit were exhumed and responded brittlely
to Ross Lake fault zone deformation earlier than rocks to the
south of the Reynolds Creek fault.
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Appendix 1: Major element geochemical analyses, this study

All analyses (normalized weight percent) are Rigaku x-ray fiuorescence analyses performed at the Geology Department, Washington State Uni-
versity [WSU], Pullman, WA 99164, under the direction of P. R. Hooper. Analyses are normalized on a volatile-free basis. Total iron is reported
as FeO. +, denotes values >120 percent of WSU standard. A description of the method and estimates of the precision and accuracy are given in
Hooper and others, 1993. Loc., sample location (Fig. 4; see explanation). Lithology, rock units defined in text, Fig. 4 or Plate 1 explanations

Loc. Sample no. Lithology Si02 ALO3 TiO2 FeO MnO CaO MgO K20 Na;O P20s
A DNR95 25M JPhmct amphibolite 49.93 17.17 2.22 10.66 0.226 11.25 4.05 1.22 2.87 0.407
B DNRO9S5 4¢2 Kmcgs siltstone 66.64 15.31 0.99 7.62 0.175 1.46 2.68 1.37 3.57 0.184
C DNR95 26E JPsht greenschist 43.66 15.31 +2.74 +15.8 +0.27 5.35 12.30 1.48 1.77 +1.31
D DNR95 29C1 Kmcw siltstone 59.81 20.14 0.804 6.75 0.112 4.33 2.21 4.25 1.57 0.032
E DNR95 80 Kianpt dike 63.30 16.59 0.675 4.78 0.090 5.22 3.06 1.34 4.69 0.248
F DNR9S5 22T Kitpl intrusive 69.11 15.05 0.590 3.17 0.058 3.19 1.36 3.43 3.86 0.180
G DNR95 32K Kianpt dike 60.94 17.00 0.881 6.60 0.147 4.66 3.82 1.34 4.31 0.297
H DNR95 6B Kitp| intrusive 60.10 17.48 0.774 5.22 0.112 6.72 2.86 1.32 5.12 0.288
I DNRY%4 22A Kitp intrusive 63.23 15.36 0.835 5.63 0.078 5.60 2.83 2.55 3.70 0.184
J DNR95 9NB Kidp intrusive 63.92 15.67 0.713 5.31 0.096 5.08 2.97 1.92 4.14 0.169
K DNR PP UPB  Kianpt dike 61.73 16.48 0.781 5.72 0.094 5.08 3.64 1.62 4.59 0.269
L DNR 95110 Kitpg intrusive 54.45 17.02 1.222 8.47 0.166 8.43 4.86 1.33 3.68 0.366
M  DNR 95 9R Kitp intrusive 67.02 15.32 0.542 3.79 0.074 4.30 1.95 2.76 4.10 0.145
N DNR95 10C1 Kmcw siltstone 66.83 16.31 0.908 6.43 0.111 2.60 2.57 2.26 1.83 0.152
O DNR94 29A Kmvm metavolcanic 63.39 18.30 0.673 491 0.124 3.87 2.12 1.64 4.72 0.260
P DNR94 29D Kmvm metavolcanic 67.02 15.40 0.963 4.31 0.095 0.76 3.26 0.84 7.08 0.279
Q DNR94 29D2 Kmvm metavolcanic 51.60 17.17 1.286 8.81 0.176 8.42 7.89 1.39 2.89 0.376
R DNR94 29B Kmvm metavolcanic 50.85 14.89 1.041 9.32 0.155 11.38 9.32 0.86 2.02 0.142

Loc. Sample no. Lithology Ni Cr Sc A% Ba Rb Sr Zr Y Nb Ga Cu Zn Pb Th
A DNR95 25M JPhmct amphibolite 80 200 40 232 101 22 294 161 38 16.2 23 25 4163 0 0
B DNR9S 4¢2 Kmcgs siltstone 13 48 i8 270 668 27 174 105 37 4.0 16 66 +176 6 4
C DNR9S 26E JPsht greenschist 156 352 24 240 297 29 177 144 26 +54 21 24  +154 0 7
D DNR95 29C1 Kmcw siltstone 47 74 12 138 1088 94 510 124 21 5.2 22 3 78 3 4
E DNR95 80 Kianpt dike 25 64 12 95 584 30 +883 117 10 5.5 19 6 54 0 0
F DNR95 22T Kianpt intrusive 10 27 9 50 801 87 339 199 21 6.2 20 10 59 7 9
G DNR9S 32K Kianpt dike 30 74 17 147 445 28  +834 115 12 5.1 23 19 78 3 1
H DNR95 6B Kianpt intrusive 24 63 19 120 623 24 +1152 131 10 5.9 21 13 48 6 3
1 DNR94 22A Kitp intrusive 6 46 12 118 621 52 501 143 14 8.7 18 31 35 1 4
J DNR95 9NB Kidp intrusive 34 67 9 107 353 47 549 150 12 6.6 23 22 63 3 3
K DNRPP UPB Kianpt dike 38 90 8 118 652 34 +759 115 10 5.6 21 0 57 2 1
L DNR95 110 Kitpg intrusive 28 44 21 202 495 31 757 119 19 7.1 22 56 70 7 3
M  DNR959R Kitp intrusive 19 26 6 65 669 64 518 135 11 5.8 19 5 43 2 5
N DNR95 10C1 Kmcw siltstone 50 94 14 152 564 55 201 100 20 6.4 17 12 61 1 2
O DNR94 29A Kmvm metavolcanic 27 49 13 108 750 42 558 164 24 10.3 16 33 83 8 5
P DNR9%4 29D Kmvm metavolcanic 83 177 10 110 313 21 143 137 12 9.0 15 6 82 9 5
Q DNR94 29D2  Kmvm metavolcanic 144 400 25 216 857 34  +818 159 20 12.6 22 81 100 9 7
R DNR94 29B Kmvm metavolcanic 85 376 46 356 249 13 350 72 19 1.3 14 56 68 0 1
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Appendix 2: Published and cited radiometric ages

Dike ages suggest that the regionally dominant age of dike intrusion is Eocene. Site, sample site location on Figure 58. Method: U-Pb, uranium-
lead; Pb-Pb, lead-lead; K-Ar, potassium-argon; FT, fission-track. Material: wr, whole rock; hbi, hornblende; z, zircon; bio, biotite; arf, arfvedsonite;
sph, sphene; all, allanite. See references for decay constants and other geochronologic information. (Note: Some studies do not provide decay
constants, and thus new ages cannot be obtained using modern constants.) *, recalculated with new decay constants by Hoppe, 1984; **,
recalculated (this study) using decay constants of Dalrymple (1979)

Sample Method
Site number Unit (lithology) Location (material) Age (Ma) Reference and notes
BATTLE MOUNTAIN GNEISS
E BMG d-1 orthogneiss 48°16.23" U-Pb(z) §7.120.4 Miller and Bowring, 1990
120°27.81’
E BMG nm4 orthogneiss 48°16.23' U-Pb(z) 82.2+10 Miller and Bowring, 1990
120°27.81"
E BMG nm4 (#2) orthogneiss 48°16.23' U-Pb(z) 86.8+0.4 Miller and Bowring, 1990
120°27.81’
E BMG nm4 orthogneiss 48°16.23’ U-Pb(z) 87.3+0.4 Miller and Bowring, 1990
120°27.81’
E BMG nm4 orthogneiss 48°16.23' U-Pb(z) 87.110.5 Miller and Bowring, 1990
120°27.81’
BLACK PEAK BATHOLITH
N PM26a quartz diorite 48°28'00” K-Ar(hbl) 88.4+2.7; Misch, 1963; Engels and others, 1976;
120°3400” 90.6%*
N — quartz diorite 48°28'00” K-Ar(bio) 73.2+2.0; Misch, 1964
120°3400” 75.1%%
N PM22 quartz diorite 48°28'00” K-Ar(bio) 73.0+2.0; Engels and others, 1976;
120°3400” 74.942.0*
Y RM-84-MB weakly foliated 48°30°25”" K-Ar(bio) 71.8£1.8 V. R. Todd (USGS, written commun., 1988,
granodiorite 120°43'48” K-Ar(bio) 72.0+1.8 cited in Bunning, 1990)
Y RM-84-MB weakly foliated 48°30'25” K-Ar(hbl) 98.5+£2.5 V. R. Todd (USGS, written commun., 1988,
granodiorite 120°43'48” cited in Bunning, 1990)
— — — — — 87.0+£2.5 Barksdale, 1983
z WIJH 80-13 quartz diorite 48°30.20" U-Pb(z) 90.3x1.4 Hoppe, 1984
120°42.6’
VA WJH 80-13 quartz diorite 48°30.20" U-Pb(sph) 90.8+1.8 Hoppe, 1984
120°42.6
VA WIJH 80-13 quartz diorite 48°30.20’ U-Pb(z) 89.911.8 Hoppe, 1984
120°42.6’
Z WJH 80-13 quartz diorite 48°30.20" U-Pb(sph) 88.7x1.8 Hoppe, 1984
120°42.6’
Cooper Mountain pluten
— HP-44 biotite granodiorite 48°07'07” K-Ar(bio) 47.7+£1.2 V. R. Todd (USGS, written commun., 1988,
120°12'53” cited in Bunning, 1990)
— — — — — 48.1+1.7 Barksdale, 1983
— RWT 40-79 granodiorite, 48°01/24” K-Ar(bio) 48.145.4 Tabor and others, 1987b
quartz monzonite 120°11°30”
DIKES, METHOW BASIN
— M-16 andesite and dacite NW/4SW/4sec. 9, K-Ar(hbl) 93.2+44.9 V. R. Todd (USGS, written commun., 1988,
dikes and sills, T36N, R20E cited in Stoffel and McGroder, 1990)
Robinson Mtn. quadrangle
— PM-28A andesite and dacite SE/4 NW/4 sec. 35, K-Ar(hbl) 87.8+£2.8 V. R. Todd (USGS, written commun., 1988
dikes and sills, T37N, R20E K-Ar(hbl) 84.0+2.7 cited in Stoffel and McGroder, 1990)
Robinson Mtn. quadrangle
— PM-25B andesite(?) dike NW/4 NE/4 sec. I, K-Ar(wr) 47.3+1.0 V. R. Todd (USGS, written commun., 1988,
near Goat Wall, T36N, R19E cited in Stoffel and McGroder, 1988)
Robinson Mta. quadrangle
— M-49A andesite(?) dike SW/4 NE/4 sec. 14, K-Ar(wr) 49.2+0.7 V. R. Todd (USGS, written commun., 1988,
near Goat Wall, T36N, R19E K-Ar(wr) 47.840.6 cited in Stoffel and McGroder, 1990)
Robinson Mtn. quadrangle
— PM-17 andesite and dacite NE/4 SE/4 sec. 13, K-Ar(hbl) 86.9+2.2 V. R. Todd (USGS, written commun., 1988,
dikes and sills, T35N, R20E K-Ar(hbl) 81.7£1.8 cited in Stoffel and McGroder, 1990)
Robinson Mtn. quadrangle
—_ DM-54 andesite and dacite, SW/4 SW/4 sec. 20, K-Ar(hbl) 85.812.2 V. R. Todd (USGS, written commun., 1988,
dikes and sills T38N, R22E cited in Stoffel and McGroder, 1990)

Robinson Mtn. quadrangle



GILBERT 7.5-MINUTE QUADRANGLE, WASHINGTON 55

Sample Method
Site number Unit (lithelogy) Location (material) Age (Ma) Reference and notes
— JV-209 dacite plugs and dikes 48°54'09"N, FT(z) 45.513.9 White, 1986
R-209 near Island Mountain 120°2528"W K-Ar(bio) 44.4+1.0
— OP-52-10 basaltic andesite 48°1826” K-Ar(wr) 49.0+1.2 V. R. Todd (USGS, written commun., 1988,
in Newby Group 120°1523” cited in Bunning, 1990)
DIKES, CRYSTALLINE CORE

— RWT455-78  granite porphyry dike swarm 47°53.5 K-Ar(bio) 47.010.7 Tabor and others, 1987b
120°34.7

— RWT32-79 granite porphyry dike swarm 47°59.6 K-Ar(bio) 46.9+0.6 Tabor and others, 1987b
120°09.9

— RWT32-79 granite porphyry dike swarm 47:)’59.6’ K-Ar(hbl) 44.242.0 Tabor and others, 1987b
120°09.9

— RWT91-79 dike 47°56.7 K-Ar(hbl) 48.11£2.2 Tabor and others, 1987b
119°59.9’

—_ C101 hornblende gabbro dike 47°38.2" K-Ar(hbl) 48.4+2.2 Tabor and others, 1987b
120°10.2

— KA-4 porphyritic dacite dike 47°38.1" K-Ar(bio) 47.8+1.9 Tabor and others, 1987b
120°10.6

O 119 andesite porphyry 48°02.9 K-Ar(bio) 43.9£1.5 Cater and Crowder, 1967

120°47.4

— 27 basalt dike 48°24.6’ K-Ar(wr) 46.8+8 Tabor and others, 1988
121°46.7

— JV380 dacite porphyry 48°25.3’ K-Ar(bio) 47.8+0.5 J. A. Vance (written commun. to

120°38.8’ K-Ar(hbl) 48.610.8 R. W. Tabor, 1987; John Nakata, analyst)

FAWN PEAK, ROCK CREEK, AND PASAYTEN STOCKS (METHOW BASIN)

— 18-650-685 Fawn Peak stock, diorite not given; K-Ar 87.9+3.5; Riedell, 1979;
from drillhole (bio, magmatic) 90.1%*
— 29/118-180 Fawn Peak stock, intrusive NW/4 sec. 20, K-Ar 87.6%3.3; Riedell, 1979,
breccia from drillhole T36N, R20E  (bio, magmatic) 89.8%*
— M-10 Fawn Peak stock, SW/4 NE/4 sec. 29, K-Ar 86.9+0.7 V. R. Todd (USGS, written commun., 1988,
diorite T36N, R20E  (bio, magmatic) to Stoffel and McGroder, 1990)
—_ 23/86-110 Fawn Peak stock, NW/4 sec. 20, K-Ar 85.1%3.5; Riedell, 1979;
diorite from drillhole T36N, R20E  (bio, secondary) 87.2%*
—_ 23/510-560 Fawn Peak stock, NW/4 sec. 20, K-Ar 69.712.9; Riedell, 1979;
diorite from drillhole T36N, R20E  (bio, secondary) 71.5%*
— RWT-241-65 Pasayten stock SW/4 sec. 21, K-Ar(bio) 87.71£2.6; Tabor and others, 1968;
T38N, RI18E 89.9%*
K-Ar(hbl) 86.0+2.6; Tabor and others, 1968;
88.2%**
K-Ar(bio) 85.3+2.6; Tabor and others, 1968;
87.4%*
— RWT-662-66 Rock Creek stock NE/4 sec. 4, K-Ar(hbl) 86.1+2.6; Tabor and others, 1968;
T39N, RI17E 88.3%*

FOGGY DEW FAULT ZONE

DD OP-52-10 mylonitic Twisp Valley 48°13.32 K-Ar(hbl) 55.8%+1.2 Miller and Bowring, 1990
Schist amphibolite 120°16.19

D MY-1am10 tonalitic mylonite 48°13.12 Pb-Pb(z) 254.5+3 Miller and Bowring, 1990
120°15.77

D MY-iam!0 tonalitic mylonite 48°13.12 U-Pb(z) 72.0+0.3 Miller and Bowring, 1990
120°15.77

D MY-1nm tonalitic mylonite 48°13.12 Pb-Pb(z) 95.6+25 Miller and Bowring, 1990
120°15.77

D MY-1aml10 tonalitic mylonite 48:13.12’ U-Pb(z) 66.6+0.3 Miller and Bowring, 1990
120°15.77

D MY-1lnm tonalitic mylonite 48°13.12 U-Pb(z) 49.310.2 Miller and Bowring, 1990
120°15.77

D MY-1am tonalitic mylonite 48:13.12’ U-Pb(z) 50.3+0.6 Miller and Bowring, 1990
120°15.77

GABRIEL PEAK AND SKAGIT ORTHOGNEISSES

G WIJH 80-5 Gabriel Peak orthogneiss 48°27.7 K-Ar(bio) 47.0+£0.7 Tabor and others, 1987b
(Gabriel Peak tectonic belt—east) 120°47.5’
H WIH 80-15 Bridge Creek orthogneiss 48°27.5 K-Ar(bio) 48.1+4.5 Tabor and others, 1987b
of the Skagit orthogneiss belt 120°48.8’
(Gabriel Peak tectonic belt—west)
J 94-28C Bridge Creek orthogneiss — U-Pb(z) 52.0+0.1 Dragovich and Norman, 1995
of the Skagit orthogneiss belt (age is preliminary)

(Gabriel Peak tectonic belt—west)
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Sample Method
Site number Unit (lithology) Location (material) Age (Ma) Reference and notes
K 94-28D Bridge Creek orthogneiss — U-Pb(z) 52.1£0.1 Dragovich and Norman, 1995
of the Skagit orthogneiss belt (age is preliminary)

(Gabriel Peak tectonic belt—west)

BATHOLITHS AND OTHER EOCENE ROCKS OF THE METHOW BASIN

S PM 15 Golden Horn batholith 48°35'N, K-Ar(bio) 48 12; Misch, 1963, 1964
120°46'W 49.242%%
T JE-26-67 Golden Horn batholith 48°31.4'N, K-Ar(arf) 47.8+4.7, Engels and others, 1976
120°38.4'W 49.0%*
U RM-84-K Golden Horn batholith NE/4 NW/4 sec. 5, K-Ar(bio) 46.9+0.4 V. R. Todd (USGS, written commun., 1988,
T35N, R18E to Stoffel and McGroder, 1990)
v JE-29A-67 Golden Horn batholith 48°34.3'N, K-Ar(bio) 46.7£1.9; Engels and others, 1976;
120°37.7'W FT(all) 42 +1.0 Naeser and others, 1970
w PM-36 Golden Horn batholith 48°32’N, K-Ar(bio) 46.611.4, Tabor and others, 1968
120°39'W 47.3%*
— PM-5 Golden Horn batholith 48°33'N, K-Ar(bio) 38.8; Misch, 1963, 1964
120°43'W 39.8%%
w JH-80-14 Golden Horn batholith 48°31.0'N, U-Pb(z) 49.9 Hoppe, 1984
120°38.8'W
— IV-316 Lost Peak stock, not given K-Ar(bio) 51.5£1.0 White, 1986
granodiorite FT(z) 47.944.1
— 6W73 Castle Peak stock, NE/4 sec. 3, K-Ar(bio) 49.8+1.5 Tabor and others, 1968
central phase T40N, R16E 52.8%**
K-Ar(hbl) 49.5+1.5 Tabor and others, 1968
49,1 %*
—_ RWT 242-65 Monument Peak stock NE/4 sec. 12, K-Ar(bio) 47.911.4 Tabor and others, 1968
T38N, RI8E 49,1+
— PW84-MM75 basalt of 48°55'04”N, K-Ar(wr) 47.010.6 White, 1986
of Middle Mountain 120°2827"W
— JV-315 volcanic rocks 48°53'56"N, FT(z) 46.0+4.1 White, 1986
of Island Mountain 120°2826"W

OVAL PEAK BATHOLITH

A OP-Fd-2 tonalite, foliated margin 48°12.76’ U-Pb(z) 61.6+£0.3 Miller and Bowring, 1990
120°17.87

A OP-Fd-2 tonalite, foliated margin 48212.76’ U-Pb(z) 72.5%5 Miller and Bowring, 1990
120°17.87

A OP-Fd-2 tonalite, foliated margin 48:12.76’ U-Pb(z) 61.4+0.3 Milier and Bowring, 1990
120°17.87

A O7P-Fom1 tonalite, foliated margin 48°12.76’ U-Pb(z) 60.810.3 Miller and Bowring, 1990
120°17.87

A O7P-Fnm1 tonalite, foliated margin 48°12.76’ U-Pb(z) 62.8+0.5 Miller and Bowring, 1990
120°17.87

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 64.5+0.4 Miller and Bowring, 1990
120°27.19’

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 65.630.3 Miller and Bowring, 1990
120°27.19

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 78.0+6 Miller and Bowring, 1990
120°27.19°

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 65.2+0.3 Miller and Bowring, 1990
120°27.19’

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 64.1+0.3 Miller and Bowring, 1990
120°27.19'

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 61.310.3 Miller and Bowring, 1990
120°27.19

B OP-Dd-2(#2) nonfoliated 48°17.97 U-Pb(z) 62.410.4 Miller and Bowring, 1990
120°27.19"

TWISP VALLEY SCHIST
P — amphibolite from 48°16.11" K-Ar(hbl) 54.0+£0.7 Miller and Bowring, 1990

envelope of TVS 120°27.66'
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Appendix 3A: U-Pb ages, this study

Analyses and zircon descriptions by W. C. McClelland, University of California at Santa Barbara, Department of Geology, Santa Barbara,
CA 93106-9630; sampling, field, and petrographic descriptions by Joe Dragovich.

Sample UPBPP.RD

Zircons analyzed are clear, colorless, euhedral igneous grains
with aspect ratios of 1:1:3. Of the four fractions analyzed, three
were discordant with 207Pb/206Pb ages ranging from 201 15 to
108 £2 Ma. The fourth fraction (see table; fraction b) was con-
cordant with 206Pb/238U and 207Pb/206Pb ages of 97.4 + 0.2 and
98 + 3 Ma, respectively. Discordance in this sample is attributed
to the presence of heterogeneous Mesozoic inherited compo-
nents. A crystallization age of 97.5 +2/-3 Ma was interpreted for
this sample on the basis of the concordant fraction. The rela-
tively large uncertainties allow for the potential effects of unde-
tected Pb loss and the possibility that the concordant fraction
contained minor inherited components. The sample yielded a
concordant U-Pb zircon age of 97.5 +2/ -3 Ma.

The sample is from a light greenish gray andesitic plagio-
clase porphyry sill (unit Kianpt) intruding the South Creek meta-
conglomerate (unit Kmcgs) (Fig. 4, loc. A5). It contains abun-
dant subhedral sericitized plagioclase phenocrysts in a mylonitic
matrix of plagioclase, Mg-chlorite, sericite, and minor quartz
with accessory calcite, sphene, and opaques. Larger (2 mm) sub-
hedral to euhedral phenocrysts of plagiociase have saussuritized
cores indicating normal plagioclase zonation from calcic cores
to more sodic rims. Retrogression of the rock during myloniti-
zation is apparent. The unit intrudes all the meta-Methow basin
units and on the basis of field, petrographic, and geochemical
data, Kianpt bodies are interpreted to be cogenetic and similar in
age. (See Depositional Settings and Correlations, p. 16.)

Sample UPBNCV.RD

The zircons analyzed were clear, colorless, euhedral igneous
grains with aspect ratios of 1:1:2-4 in their respective sample
sections. Fractions analyzed from this sample vary from nearly
concordant to discordant and define an array that is similar to
that observed for sample UPBPP.RD. The 206Pb/238U and 207Pb/
206Pb ages of the nearly concordant fraction are 101.8 £0.2 and
110 £2 Ma, respectively (see table; fraction a). As for sample
UPBPP.RD, the observed discordance is attributed to Mesozoic
inherited components. The sample yields an inferred U-Pb zir-
con age of 100 +3/-5 Ma based on nearly discordant data.

The sample is from a light greenish gray to very light gray
andesitic tuff interbed (approximately 5 m thick) in the lower-
most part of the metamorphic equivalent of the Winthrop Sand-
stone (unit Kmcw) (Fig. 4, loc. A2). It contains a microcrystal-
line matrix of plagioclase with lesser quartz and fine sericite
with ragged, anhedral, and cloudy saussuritized calcic plagio-
clase grains (0.5 mm) with lesser subhedral zoisite grains, and
magnesian chlorite. Rock is generally massive. Thin (0.25 mm)
and planar deformation bands are suggestive of inhomogeneous
low-temperature deformation.

Sample UPBNCV.LA?

The zircons analyzed were clear, colorless, euhedral igneous
grains with aspect ratios of 1:1:2-3. This sample yielded four
discordant analyses. By comparison with the previous two sam-
ples, the observed discordance is attributed to Mesozoic inher-
ited components, and a crystallization age for this sample is es-
timated to lie between 129 and 100 Ma. A more precise age de-
termination is not allowed by the current data set. The sample
yields a discordant U-Pb zircon age of 100-120 +3/-5 Ma.

The sample is from a meter-thick, probable volcanic meta-
sandstone containing abundant light greenish rip-up mudstone
clasts in the middle part of the metamorphic equivalent of the
Winthrop Sandstone (unit Kmcw) (Fig. 4, loc. A3). The rock was
mylonitized after the peak of metamorphism because euhedral
epidote grains are stretched parallel to the tectonic transport di-
rection (stretching lineation) and parallel to the mylonitic fabric;
similarly, biotite is largely retrogressed to chlorite along folia-
tion planes. Initially, the homogeneous appearance and light
color of the clasts suggested aphanitic lapilli tuff, hence the sam-
ple was submitted for U-Pb zircon dating. However, micro-
scopic examination of these clasts revealed that some are meta-
morphosed mudstone rip-ups composed mostly of white mica or
chert clasts, indicating a sedimentary history for the sample and
a probable contamination by sediments with older zircons. Con-
versely, a definite volcanic influence is indicated by the point-
count data (Appendix 5, sample U-Pb-L), which show a high
volcanic lithic/total lithic ratio (0.52) relative to the chert pebble
beds and a dominance of angular monocrystalline quartz (vol-
canic?) over rare polycrystalline quartz. Additionally, the angu-
larity of the clasts, euhedral shape of the separated zircons, poor
sorting, and compositional immaturity suggest rapid deposition
near a volcanic source. By analogy with the inferred tuff age of
100 Ma from a nearby sample, the discordant age of 100-
127 Ma is interpreted as reflecting a maximum late Albian to
Cenomanian age of the volcanic detritus in the Winthrop Sand-
stone (unit Kmcw). However, the possibility of a basement-de-
rived sedimentary zircon component contaminating the sample
and leading to the discordance results in a lower confidence for
the assigned age. (See 100 Ma tuff age above and depositional
settings and correlations.) Age data of Hurlow and Nelson
(1953) may explain the age span of the igneous zircons. The
127-100 Ma age span of the rock is similar to the 130-100 Ma
U-Pb zircon and monzonite ages for volcanic and intrusive ig-
neous rocks along the western margin of the Intermontane belt
(their Okanogan Spences Bridge arc), which probably was an
igneous source of detritus for the east-derived Winthrop Sand-
stone as well as the 130-100 Ma Gambier arc of the Coast belt
of British Columbia. These units could conceivably have sup-
plied volcanic detritus to the west-derived Virginian Ridge For-
mation.
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U-Pb isotopic data and apparent ages

GEOLOGIC MAP GM-46

Fraction-size! Wt Concentration? Isotopic composition3 Apparent ages (Ma)? Th-corrected Ages (Ma)’
(um) (mg) U Pb* 206pp 206ph 206 P 206phH* 207phy* 207pp* 206phH* 207pp*
204pp 207ph 208ph 238y 235y 206phH* 238y 206pp*
Sample DNR UPBPP.RD
a 45-63 0.2 245 3.8 677519 19.852 9.182 98.9 99.3x0.2 110 99.0+0.2 108+2
b 63-80 0.3 136 2.1 4782+12 19.566 9.103 97.4  97.5£0.2 100 97.4+0.2 983
c 80-100 0.3 196 4.0 26025 17.926 7.421 128.8 132.7+0.4 202 128.9+0.3 201%5
d 100-350A 0.2 156 3.7 4757£12 19.118 7.269 147.6 148.3+0.4 159 147.7+0.3 158+5
Sample UPBNCV.RD
a 63-80 0.5 183 2.9 10,876+29  20.159 8.256 101.7 102.1£0.2 112 101.8£0.2 110+2
b 80-100A 0.4 170 29 9555+24  19.929 7.806 107.6 108.6£0.3 131 107.710.2 12943
c 100-350A 0.3 179 3.4 3380431 18.679 7.608 119.5 121.4+03 157 119.6+0.2 155+4
d 175-400A 0.1 137 2.4 1847+4 17.537 6.762 109.1 111.0£0.4 154 109.11£0.2 15217
Sample UPBNCV.LAP
a 63-80 0.4 543 10.6 12,457+17  19.599 8.048 1243 127.5%0.3 188 124.4+0.2 186x1
b 80-100 0.5 526 10.1 180818 17.391 7.587 151.9 152.7+0.4 165 152.0+0.3 164+3
[4 100-350A 0.4 304 7.6 5616£16  19.222 7.752 158.3 158.9+0.3 167 158.4+0.3 166+2
d 120-400A 0.1 365 7.9 121241 16.154 13.059 147.4 149.6£0.4 185 147.5+0.3 184+4

!'a, b, c, and d designate individual fractions; A designates conventional fractions abraded to 30 to 60% of original mass. Fractions were washed in
warm 3N HNO3 and 3N HCI for 15 minutes each, spiked with 20°Pb-235U tracer, and dissoived in a 50% HF>>14N HNOj3 solution within 0.5 mli
Savillex™ capsules placed in a 125 ml TFE Teflon™-lined Parr acid digestion bomb. Following evaporation and dissolution in HCI, Pb and U
for all fractions were separated following techniques modified from Krogh (1973). Pb and U were combined and loaded with H3PO4 and silica gel
onto single degassed Re filaments. Isotopic compositions of Pb and U were determined through static collection on a Finnigan-MAT 261
multicollector mass spectrometer utilizing an ion counter for collection of the 2°4Pb beam. Zircon fractions are nonmagnetic on Frantz magnetic
separator at 1.8 amps, 15° forward slope, and side slope of 3° for sample UPBPP.RD and 1° for samples UPBNCV.RD and UPBNCV.LAP.

2 U is expressed as ppm. Pb” is radiogenic Pb expressed as ppm.

3 Reported ratios corrected for fractionation (0.125 +0.038%/AMU) and spike Pb. Ratios used in age calculation were adjusted for 5 pg of blank Pb
with isotopic composition of 2°6Pb/2%*Pb = 18.6, 207Pb/2**Pb = 15.5, and 2°*Pb/2%Pb = 38.4, 2 pg of blank U, 0.25 + 0.049%/AMU fractionation for UQO>,
and initial common Pb with isotopic composition approximated from Stacey and Kramers (1975) with an assigned uncertainty of 0.1 to initial
207Pb/2%4Ph ratio.

4 Uncertainties reported as 2 sigma. Error assignment for individual analyses follows Mattinson (1987) and is consistent with Ludwig (1991). An
uncertainty of 0.2% is assigned to the 2%Pb/?**U ratio based on our estimated reproducibility unless this value is exceeded by analytical uncertainties.
Calculated uncertainty in the 207Pb/2%Pb ratio incorporates uncertainty due to measured 2°“Pb/?°Pb and 2°7Pb/2%¢Pb ratios, initial *°’Pb/>Pb ratio, and
composition and amount of blank. Decay constants used: **U=1.5513 E-10, 2*>U=9.8485 E-10. 3%U/%35U=137.88.

5 A 75% + 25% efficiency in 2°Th exclusion during zircon crystallization is assumed and 27Pb/2°5Pb and 2°5Pb/23%U ratios have been adjusted
accordingly. Age assignments presented are derived from the Th-corrected ratios.
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Appendix 3B: Ar-Ar age, this study

Analyses for this study by Paul Renne, Berkeley Geochronology Center, 2455 Ridge Rd., Berkeley, CA 94709; sampling and field and petro-
graphic descriptions by Joe Dragovich.

Sample JD95-34D low, never exceeding 86 percent. These data suggest: (1) the
. . . . sample contains some amount of excess (unsupported) 40Ar,
Hornblende-phyric andesite dike a minimum of a few meters probably hosted in fine-grained K-rich material, perhaps mica;
thick intruding the South Creek metaconglomerate (unit (2) The sample lost argon because of reheating, or cooled
Kmcgs). Hornblende phenocrysts are very la{ge (~1 cm) and slowly, at least as recently as 65 Ma ago. The near-plateau age
occur in a quartzofeldspathic mylonitic matrix. Stretching of o 119 Ma is uninterpretable, as the relative amounts of argon
homblende phen‘ocrysts. is conspicuous. qur}blendes Tetro-  joss and excess argon cannot be ascertained. Similarity of iso-
gressed along their margins to white mica (sericite?) or biotite. topic ratios in the high-temperature steps that make up the near-
The hornblendes disclosed complicated argon systematics. plateau probably reflects homogenization of the sample during

-The total-gas age is about 11.4 Ma. Ages of subsequent steps analysis, not a uniform initial distribution of argon in the sam-
drop to a low of 64 Ma, then rise to a near-plateau at 119 Ma for ple.

the high-temperature end of the spectrum. Radiogenic yields are

40Ar/39Ar step-heating spectrum for run 30595-01

Temp (°C) Sample  “®Ar (moles) “°Ar/%Ar BArAAr YArPAr - BArPAr YArAr %%°ArPAr Age(Ma) +W/O J Err

602 JD95-34D 5.76E-14 557.076 0.3978 1.9087 1.7812 30.943 5.5 96.83 32.98
702 JD95-34D 9.62E-13 872.850 0.4999 4.2083 2.7884 49.407 5.6 152.23 26.65
776 JD95-34D 1.64E-12 341.525 0.1712 1.7172 0.9841 50.939 14.9 156.75 6.19
825 JD95-34D 3.18E-13 99.528 0.0457 1.3724 0.2061 38.780 38.9 120.55 1.43
875 JD95-34D 3.66E-13 93.075 0.0418 2.3240 0.1749 41.648 44.7 129.16 1.27
910 JD95-34D 1.45E-13 30.237 0.0185 2.9621 0.0360 19.870 65.6 62.78 0.33
940 JD95-34D 1.67E-13 33.043 0.0222 9.5154 0.0373 22.967 68.9 72.37 0.39
970 1D95-34D 1.82E-13 45.697 0.0264 11.9909 0.0590 29.533 63.9 92.53 0.51
1000 JD95-34D 2.44E-13 46.453 0.0247 10.3098 0.0584 30.287 64.6 94.83 0.55
1026 ID95-34D 2.91E-13 43.327 0.0207 10.1332 0.0392 32.856 75.2 102.65 0.45
1052 JD95-34D 1.20E-12 45.385 0.0190 25.4810 0.0309 39.171 84.3 121.73 1.99
1075 JD95-34D 5.05E-13 40.654 0.0168 9.2884 0.0224 35.060 85.5 109.33 0.36
1100 JD95-34D 6.28E-13 40.219 0.0202 11.3082 0.0215 35.108 86.4 109.48 0.35
1132 JD95-34D 1.58E-12 44.971 0.0179 10.4598 0.0272 38.112 84.0 118.54 0.39
1170 JD95-34D 1.65E-12 45.964 0.0181 10.3796 0.0298 38.332 82.6 119.20 0.46
1212 JD95-34D 1.15E-13 108.158 0.0534 9.7485 0.2419 37.765 34.6 117.50 2.06
1260 JD95-34D 1.18E-13 357.334 0.1998 9.7294 1.0805 39.167 10.9 121.72 14.96
1320 JD95-34D 6.72E-14 1090.850 0.6217 9.8203 3.5215 51.473 47 158.32 133.00
1400 ID95-34D 3.85E-14 3109.054 1.7808 10.0262 10.1407 114.306 3.6 334.46 1384.95
1498 JD95-34D 1.46E-13  101733.100 57.0025 12.1588 343.6904 175.435 0.2 490.76 471996.50
1601 JD95-34D 2.99E-13  58373.390 34.0129 3.5587 202.5409  -1481.923 2.5 0.00 83659.03

. 0.001782 3.83E-06

D= 1.006 0.002

9Ca/¥Ca = 0.0009 0.00003

36Ca/37Ca = 0.000271 0.000006'
BK/P¥K = 0.01077
WK/P¥K = 0.0086 0.0007
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Appendix 4: Previously published Methow basin point-count data

Data of Cole (1973); italics, data of Pierson (1972). Q, total quartz; F, total feldspar; L, total lithics; C, chert; P, plagioclase; V, all volcanic lithics;
M, mean; SD, standard deviation. Biotite: +, present in more than 50 percent of the samples; =, present in less than 50 percent of the samples;
-, absent; biotite commonly metamorphic in meta-Methow basin units. NA, not available; *, too small to be meaningful; —, only one sampie, no
standard deviation. Compiled from Cole (1973) and Pierson (1972)

Q (%) F (%) L (%) C/Q P/F V/L C/L Bio- Total
Formation M SD M Sb M SD M SDh M SD M SD M SD tite Slides
Pipestone Canyon Formation 336 — 151 — 513 — 059 — 0.14 — 0.0 — 0.93 — + 1
Ventura Member 23.7 172 38.3 139 38.0 184 0.01 0.24 1.0 0.04 059 045 022 0.35 - 11
Winthrop Sandstone 255 90 54.1 11.7 204 174 0 - 0.93 0.10 0.56 0.43 - - + 24
Winthrop Sandstone 89 — 420 — 67.1 — 0.1 — 0.94 — 0.7 — 0.02 — NA 1
Virginian Ridge Formation
(w/o chert) 346 2.7 59.5 4.8 59 25 0 - 0.97 0.50 0.21 0.19 - - + 7
(with chert) 290 9.6 25.2 135 458 21.8 0.43 0.26 i.0 - 0.27 0.14 0.57 0.28 - 11
Virginian Ridge Formation 166 74 180 21.1 654 258 0.66 0.27 1.0 - 0.25 0.15 0.56 0.27 + 9
Harts Pass Group 319 47 61.8 6.1 6.3 4.2 0 - 0.97 003 0.32 0.27 - - + 17
Newby Group 78 6.5 29.5 220 62.7 26.8 0.01 0.02 0.75 0.32 0.98 0.03 * - - 9
Pasayten Group (upper member) 24.1 29.2 249 46 51.0 33.7 0.05 0.07 0.74 0.04 0.94 0.08 * - - 2
Pasayten Group (middle member) 31.2 6.0 51.9 79 6.9 174 0.02 0.99 1.0 0.06 0.71 0.05 * - - 5
Pasayten Group (lower member) 29.2 2.9 67.6 5.3 32 28 0 - 0.86 0.11 0.05 0.06 - - + 4
Jackass Mountain Group 152 43 51.5 44 333 173 0.03 0.05 0.97 0.06 091 0.11 * - + 5
Dewdney Creek Group 27 1.6 16.1 149 81.2 13.6 0.14 0.14 i.0 - 0.97 0.02 * - - 3
Ladner Group 31 24 35.2 122 61.7 13.1 0 - 0.98 0.02 0.98 0.02 - - - 6

Appendix 5: Point-count data, this study

Sample sites shown on Figure 4. Rock units further identified in Figure 4 or Plate 1. Q, total quartz; F, total feldspar; L, total lithics; C, chert; P,
plagioclase; V, total volcanic lithics; *, ratios too small to be meaningful

Sample no. Location Rock unit Q (%) F (%) L (%) C/Q P/F V/L C/L Biotite
95-2F1 30 Kmcgs pebble conglomerate 315 7.4 61.1 0.00 1.00 0.15 0.00 No
95-34E 31 Kmcgs pebble conglomerate 37.8 8.0 54.2 0.00 1.00 0.17 0.00 Yes
95-2D 32 Kmcgs pebble conglomerate 54.6 6.7 38.7 0.00 1.00 0.07 0.00 No
95-27T 33 Kmcgs sandstone 74.0 14.8 11.2 0.00 0.92 0.00 0.00 No
95-19J 34 Kcv sandstone 30.5 63.3 6.2 0.03 0.96 0.21 0.14 Yes
95-191 35 Kcv sandstone 335 56.3 10.3 0.07 0.94 0.30 0.22 No
95-10E 36 Kmcw sandstone 26.8 73.2 0.0 0.00 1.00 * * Yes
95-7F2 37 Kmcw sandstone 36.2 63.8 0.0 0.00 1.00 * * No
95-11K 38 Kmcw sandstone 40.6 51.9 7.5 0.02 0.93 0.75 0.13 No
95-11N 39 Kmcw sandstone 229 49.0 28.1 0.04 1.00 0.13 0.07 Yes
95-32E 40 Kmcw sandstone 51.0 40.7 8.2 0.09 0.95 0.78 0.25 No
95-33B 41 Kmcw chert-pebble bed 29.3 242 46.5 0.61 1.00 0.21 0.38 Yes
U-Pb-L 42 Kmcw chert-pebble bed 24.2 24.2 51.6 0.13 1.00 0.52 0.06 No
95-32E 43 Kmcw chert-pebble bed 37.3 8.5 54.2 0.62 1.00 0.08 0.43 No

Appendix 6: QFL means, this study

For outcrop locations, see Figure 4 or Plate 1. Biotite: 1, present in less than 50 percent of the samples; -, absent. Q, quariz; F, total feldspar;
L, total lithics; C, chert; P, plagioclase; V, total volcanic lithics; TS, number of slides examined (total slides)

Rock unit Q(%) F(%) L(%) C/Q P/F V/L C/L Biotite TS
South Creek metaconglomerates (unit Kmcgs) 413 7.4 51.3 0.00 1.00 0.13 0.00 + 2
South Creek metaconglomerate (unit Kmcgs) sandstone 49.5 9.2 41.3 0.00 0.98 0.10 0.00 - 1
Virginian Ridge Formation (unit Kcy) sandstones 32.0 59.8 8.2 0.05 0.95 0.26 0.18 + 2
Meta-Winthrop Sandstone (unit Kmcw) correlative sandstones 35.5 55.7 8.8 0.03 0.98 0.55 0.15 + 5
Chert-pebble beds in Kmew 30.3 18.9 50.8 0.45 1.00 0.27 0.29 + 3
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Appendix 7: QFL and VCrC ternary discrimination diagrams

Data from this study unless otherwise indicated.

Volcanic EXPLANATION

2 overlapping Iithi?s A Virginian Ridge Formation sandstone (Km,) Quartz

data points

0 Basal Virginian Ridge Formation conglomerate (Kmcg,)
W Basal Virginian Ridge Formation sandstone (Kmcg,)
B Winthrop Sandstone-correlative (Kmc,) '

@ Chert-rich pebble beds in Winthrop Sandstone-
correlative (Kmc,,)

(Explanation continues below)

5 overlapping
data points

X

Crystalline Chert  Feldspar Lithics
lithics (including

+ Chert-rich Virginian Ridge Formation sandstone (Cole, 1974) chert)

Volcanic @ Chert-poor Virginian Ridge Formation sandstone
lithics (Cole, 1973) Quartz

X Winthrop Sandstone (Cole, 1973)
B Virginian Ridge Formation (Pierson, 1972)
* Winthrop Sandstone (Pierson, 1972)

(Hollow symbols are an average of data)

A/
Crystalline Chert  Feldspar Lithics
lithics {(inciuding
chert)

A-D, Compilation of VCrC and QFL data. (See Appendices 4 to 6.) (Note: Cole’s [1973] fine-grained polycrystalline quartz is counted as chert
and coarse-grained, equidimensional quartz is counted as polycrystalline quartz. Distinction between grains with characteristics intermediate
between these end-members is difficuit.)
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Monocrystalline

Quartz quartz

%’t ‘s

000 °
. v.a..,

Feldspar Trexler, 1984 Lithics Feldspar This study All lithics
{(including chert) (including
polycrystalline
quartz)
EXPLANATION
@ Slate Peak Member — mid-basin + South Creek metaconglomerate (Kmcg,)
A Slate Peak Member — western basin B South Creek metaconglomerate sandstone (Kmcg,)
W Slate Peak Member - eastern basin X  Chert-bearing pebble beds in Kmc,,

@ Devil's Pass Member

E~F, Comparison of QFL and QmFL Virginian Ridge Formation data of Trexler (1985) with correlative South Creek metaconglomerate (unit Kmcgs)
and unit Kmcw chert-pebble interbed data (this study). The treatment of polycrystalline quartz as a lithic in QmFL: is probably reasonable given the
abundance of polycrystalline quartz lithic fragments derived from metachert-rich basement. Overall, units Kmcw and Kmcgs compare most favor-

ably with the mid- to western-basin Slate Peak member of the Virginian Ridge Formation.

Quartz

Lithics

Feldspar
(including chert)

G, QFL Methow basin reference data (from Cole, 1973). NG, Newby Group; HP, Goat Creek, Panther Creek and Harts Pass Formations; VR,
Virginian Ridge Formation; WS, Winthrop Sandstone; V, Ventura Formation; P, Pipestone Canyon Formation.
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Appendix 8: Stereonet diagrams

Data compiled from this and previous studies. (See Plate 1 explanation for structural symbols and associated geclogic map relations.)

1 A NORTH

Metamorphosed
Winthrop Sandstone
bedding

n=71
Cl = 3% per 1% area
MC = 33%

1 C NORTH

South Creek
metaconglomerate
bedding

Metamorphosed
Winthrop Sandstone (®)
and South Creek
metaconglomerate (+);
cleavages in
metamorphosed
siltstone and
mudstone

1 E NORTH

1 B NORTH

Metamorphosed
Winthrop Sandstone and
South Creek
metaconglomerate
bedding

n =385
Cl = 3% per 1% area
MC =27%

1 D NORTH

Virginian Ridge Formation
unmetamorphosed
bedding

n=40
ClI = 3% per 1% area
MC = 15%

1 F NOEK?TH

Metamorphosed
Winthrop Sandstone
and Midnight Peak

Formation
foliations,
undifferentiated

n=062
Cl = 3% per 1% area
MC =12%

1A-F, Stereonet diagrams for bedding, cleavage, and undifferentiated foliations of the Methow Basin units and their

equivalents, Gilbert quadrangle.



2 A NORTH

All S4 minus Black Peak
batholith mafic phase
poles to

S4 mylonitic
foliations

n=100
CI =3% per 1% area
MC = 12%

2 c NORTH

Undifferentiated lineations
for Black Peak batholith
mafic phase, metamor-
phosed Winthrop
Sandstone and
Midnight Peak
Formation,
Virginian
Ridge
Formation
(low grade),
and Twisp
Valley Schist

n=36
CI =2% per 1% area
MC = 8%

2 E NORTH

Twisp Valley Schist
and South Creek
metaconglomerate
undifferentiated
lineations,
fold axes, and
crenulation
lineations

| TVS
: ; F1 maxima

TVS
F3 distribution

n=353
CI = 2% per 1% area
MC = 10%
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2 B NORTH

All L4 stretching lineations

minus Black Peak
batholith mafic phase
L4 lineations

n=95
CI = 3% per 1% area
MC=12%

2 D NORTH
: Twisp Valley Schist

undifferentiated
poles to foliations

n=115
CI = 2% per 1% area
MC = 8%

2A-E, Stereonet diagrams for selected features of the Methow Basin units and their equivalents, Gilbert quadrangle.
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3 A NORTH

Black Peak batholith mafic
phase and poles to
S3 and S4 foliations

$3 maximum

n=_84
CI = 2% per 1% area
MC = 8%
3c NORTH
Black Peak batholith

tonalitic phases, poles
* P(;J_le tf; girdle to S4 foliations
«— distribution

(see L4)

3

n=2>52
CI = 2% per 1% area
MC =8%
3 E NORTH
Black Peak batholith

tonalitic phases,
poles to foliations,
undifferentiated

n=76
CI = 2% per 1% area
MC = 10%

3 B NORTH

Black Peak batholith
mafic phase
1.3 and L4 lineations

@D
o

n L3 maxima

L4 maximum

n=78
CI = 5% per 1% area
MC = 20%
3 D NORTH
Black Peak batholith

tonalitic phases
L4 lineations

n=20
CI = 5% per 1% area
MC=15%

3 F NORTH

Black Peak batholith
tonalitic phases, poles
to weak foliations

n:
CI=3% per 1%
MC =

3A-F, Stereonet diagrams for selected features in the Black Peak batholith, Gilbert quadrangle.



NORTH

Poles to joints, faults,
cataclastic zones,
and dikes

n=170
CI = 2% per 1% area
MC =20%

4 c NORTH

Poles to faults and
cataclastic foliations (S5)

n=263
Cl =2% for 1% area
MC = 10%

4E

Poles to joints

n=70
CI = 3% per 1% area
MC = 12%

GILBERT 7.5-MINUTE QUADRANGLE, WASHINGTON

4A-E, Stereonet diagrams showing poles to planar features (D5} and fault slickenlines {L5), Gilbert quadrangle.
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Poles to dikes

n=35

CI = 5% per 1% area
MC =30%

Fault slickenline lineations

n=37

L7 Cl-4% per 1% area
MC = 12%
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