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ABSTRACT 

Several recently published data sets have 
shed new light on many of the fundamental 
kinematic aspects of mid-Cretaceous orogeny 
in the Cascades of northwestern Washington 
and southwestern British Columbia. Specifi
cally, (a) it is now clear that contractional 
deformation associated with this orogeny af
fected rocks east of the crystalline core of the 
range to a greater degree than had previously 
been suspected, and (b) geobarometric data 
from the crystalline core of the range now 
permit a quantitative reconstruction of the 
crustal-thickening event responsible for core 
metamorphism to be attempted. I propose a 
new kinematic model for mid-Cretaceous 
orogeny that reconciles these data with pre
viously collected data sets that focused on 
deformation in the northwest Cascades-San 
Juan Islands thrust system. 

The model derived from this analysis sug
gests that the Cascades underwent a min
imum of between 400 and 500 km of 
east-west shortening between about 115 and 
85 Ma, owing to the collision of the greater 
Insular terrane, which probably included 
rocks of the Chilliwack-Nooksack terrane, 
with the western edge of the greater Inter
montane terrane, which included the Methow 
basin and Bridge River-Hozameen terrane. 
On the basis of their relative and absolute 
times of uplift, I assign the deepest part of the 
metamorphic core, the Skagit Gneiss, to the 
greater Insular terrane, and the structurally 
higher carapace of the core, the Settler-Nason 
metapelites and the Cogburn Creek-Mad 
River metabasalt/metachert, to the western
most Intermontane terrane. The contact be
tween the Skagit Gneiss and the overlying 
assemblages must represent a fault or suture 
across which at least 120 km of displacement 
took place. This fault is also the root zone 
from which many of the nappes in the 

northwestern Cascades and San Juan Islands 

were derived. I concur with previous workers 
who suggested that the collisional event was 
not precipitated by the closure of a several
thousand-kilometer-wide ocean but was rath
er due to a short-lived margin-normal conver
gence event that both followed and was 
followed by periods during which the conti
nental margin was highly influenced by 
oblique subduction and strike-slip faulting. 

INTRODUCTION 

On the basis of many years of his own and his 
students' work, Peter Misch provided the first 
modern geologic characterization and synthesis 
of the Cascade Range of Washington State and 
southern British Columbia (Misch, 1966). Misch 
identified and described three structural-meta
morphic domains or provinces that underlie the 
Cascades. He referred to these provinces as 
(a) the northwest Cascades system, where an 
impressive stack of imbricate, west-vergent 
thrust sheets is preserved; (b) the Skagit crystal
line core, which lies east of the northwest Cas
cades system and is composed of ductilely 
deformed greenschist- to amphibolite-facies met
asedimentary rocks, metavolcanics, and ortho
gneisses of uncertain derivation; and (c) the 
Methow-Pasayten belt, which lies east of the 
metamorphic core and is composed predomi
nantly of folded and thrust-faulted Jurassic
Cretaceous sedimentary and volcanic rocks 
(Fig. 1 ). Misch was also the first to compre
hend and remark on the magnitude of the 
orogenic event in which rocks throughout the 
Cascades participated in mid-Cretaceous time. 

Several advances since Misch's groundbreak
ing work have clarified some previously uncer
tain relationships. Three of these advances are 
particularly noteworthy. The first came in 1972 
when Mattinson published U-Pb data acquired 
from the Cascades metamorphic core which 
demonstrated that the high-grade metamor-
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phism recorded there occurred in mid-Creta
ceous to early Tertiary time, not in pre-Jurassic 
time as Misch had previously surmised. 

The second important development was more 
of a conceptual breakthrough and came more 
recently, when Brandon and Cowan (1985) il
luminated the significance of synchroneity 
(within the limits of geochronologic resolution) 
of burial metamorphism of the metamorphic 
core and the emplacement of the Shuksan and 
related thrust sheets in the northwest Cascades 
system. These workers were apparently the first 
to realize that the coeval development of the two 
belts is best explained as a cause-and-effect rela
tionship, that is, that translation of thrust sheets 
from their homeland east of the Skagit Gneiss to 
a position atop and to the west of the core was 
most likely the mechanism responsible for core 
metamorphism. Previous workers had not at
tempted to reconcile the concurrent develop
ment of the two belts and had treated them as 
essentially independent entities (for example, 
Misch, 1966; Davis and others, 1978; Hamilton, 
1978). 

The third important development was the set 
of observations by Monger (1986) and Tabor 
and others ( l  987b) which emphasized that the 
crystalline core of the Cascades contained a va
riety of fault-bounded lithologic assemblages or 
terranes that bear very different structural, litho
logic, and geochronologic signatures. Although 
it is generally agreed that the various elements of 
the Cascades were stitched (in a broad sense) 
together by widespread 90 Ma plutonic rocks 
(Tabor and others, 1987b), the extent to which 
they evolved independently before and during 
the early phases of mid-Cretaceous orogeny is a 
hotly debated issue at present (for example, 
Haugerud and others, 1988). 

It is clear that any modern kinematic model 
or synthesis of Cascade orogenic evolution must 
account for the simultaneous development of 
both internal and external zones of the orogen; 
however, several significant problems pertaining 
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Figure 1. Simplified regional tectonic map of northwest Washington and southwest British Columbia, showing elements of the Cascade 
orogen. The two external ll>locks are underlain by Insular terrane (IN), including Wrangellia, on the west, and the lntermontane terrane (IM), on 
the east. San Juan-northwest Cascades nappes, metamorphic core, and eastern Cascades foldbelt are approximately equivalent to the northwest 
Cascades system, Skagit crystalline core, and Methow-Pasayten belt, respectively, of Misch (1966). This map was drawn to emphasize 
Cretaceous tectonic elements, and so 85 km of dextral slip has been restored on the Fraser-Straight Creek fault after Vance (1985) and Monger 
(1985). Abbreviations: EF, Entiat fault; HF, Harrison fault; HzF, Hozameen fault; LF, Leavenworth fault; PF, Pasayten fault; RLF, Ross Lake 
fault; V, Vancouver, Britis.h Columbia. Most granitoids and Cenozoic deposits left blank. A-Av, regional line of cross section. 

to this evolution have remained unaddressed or 
unresolved. Three of the most important of these 
can be stated as follows. 

( 1) Where is the ultimate homeland of 
nappes that now constitute the San Juan Is
lands-northwest Cascades system? If, as Bran
don and Cowan ( 1985) postulated, these nappes 
emanated from a root zone near the present 
trace of the Ross Lake fault, then the basement 
onto which some of these nappes must restore 
now lies beneath the eastern Cascades foldbelt 
or Intermontane terrane. Is there any evidence 
for this basement in these locations? Might any 
of the nappes restore atop, rather than to the east 
of, the Skagit core? 

(2) Potassium-argon ages from the meta
morphic core (summarized below) indicate that 
some of those rocks were uplifted to near
surface positions by about IOO Ma. Dating of 

thrusting in the northwest Cascades and San 
Juan Islands, however, has shown that major 
contraction of the rocks there did not culminate 
until after IOO Ma (Brandon and others, 1988). 
The rocks bearing 100 Ma uplift ages clearly 
could not have been buried to significant depths 
beneath the San Juan Islands-northwest Cas
cades thrust system. What then, was the mecha
nism by which rocks bearing these old uplift 
ages were buried? Other parts of the core re
mained buried until 45 Ma (Haugerud, 1985). 
How can this diachronous uplift history be 
explained? 

(3) To where does the east-vergent Jack 
Mountain-Chuwanten allochthon that now re
sides in the eastern Cascades foldbelt restore, 
and how was its emplacement linked kinemati
cally to the emplacement of nappes in the 
northwestern Cascades? Misch (1966) suggested 

that the Jack Mountain thrust sheet emanated 
from the Ross Lake strike-slip fault zone, but 
recent work has shown that (a) demonstrable 
strike-slip activity on that fault is largely or 
wholly Tertiary (that is, too young to have 
served as the root zone for the Cretaceou:; east
ern Cascades thrust belt) and (b) the allochthon 
is larger than previously thought and has 
traveled at least 50 km from west to east (see 
Haugerud, 1985; Miller and Walker, 1987; 
McGroder, 1989). 

In this paper, I present a kinematic model for 
orogenic evolution in the Cascades that recon
ciles these seemingly contradictory or problem
atic data sets. I will show that the Shuksan 
thrust, the deeper part of which likely represents 
the master contractional structure in the orogen, 
probably roots neither completely beneath 
(Misch, 1966) nor wholly above (Brandon and 
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Cowan, 1985) the metamorphic core, but rather 
through the middle of the core. I will argue that 
in the metamorphic core, the deep level of the 
Shuksan thrust separates crystalline rocks with 
old uplift ages above from those with Tertiary 
uplift ages below. I will also show that both the 
hanging wall and footwall of the east-vergent 
Jack Mountain-Chuwanten allochthon proba
bly reside in the upper plate of the contractional 
orogen, and that rocks between the Jack Moun
tain-Chuwanten thrust on the east and the 
Shuksan thrust on the west formed a tectonic 
flake or pop-up at the structurally highest level 
of the orogen. 

Before the kinematic model is described, 
however, it will prove useful to summarize the 
pertinent data sets from the three most deformed 
reaches of the orogen. This review will proceed 
geographically from east to west and will be 
subdivided as follows: (1) record of crustal 
shortening in the eastern Cascades foldbelt, 
(2a) structure of the metamorphic core, 
(2b) depth of burial of metamorphic core rocks, 
(2c) timing of burial and uplift of the metamor
phic core, and (3) record of crustal shortening in 
the northwest Cascades and San Juan Islands. 

CRUSTAL SHORTENING IN THE 
EASTERN CASCADES FOLDBELT 

The eastern Cascades foldbelt encompasses 
rocks of the Permian-Jurassic Bridge River
Hozameen terrane (Haugerud, 1985; Potter, 
1986) and Triassic-Cretaceous rocks underlying 
the Methow basin (Fig. 2; Coates, 1974; Barks
dale, 1975; Ray, 1986; McGroder, 1989; 
McGroder and others, 1990). Although the 
Bridge River-Hozameen terrane and the basin 
cannot be demonstrated to have been linked be
fore the Albian (late Early Cretaceous; Trexler, 
1985), previous workers have argued that they 
may have become sutured together along an 
east-dipping thrust (an ancestral Hozameen 
fault) in mid-Jurassic time (Anderson, 1976; 
Dickinson, 1976; McGroder, 1988). Evidence 
of mid-Cretaceous crustal shortening in the east
ern Cascades foldbelt is preserved in both the 
stratigraphic and structural records in the 
Methow basin. These relationships will be 
summarized below. 

Stratigraphic Record 

The Methow basin contains one of the most 
complete records of Jurassic-Cretaceous sedi
mentation preserved anywhere in the Pacific 
Northwest. Four stratigraphic sequences lie 
above Early Triassic(?) MORB-type basaltic 
basement in the basin (Fig. 3; see Ray, 1986, for 
discussion of basement). From bottom to top, 

these are (I) black marine shale, sandstone, and 
minor volcanic rock in the Lower to Middle 
Jurassic Ladner Group (Coates, 1974; O'Brien, 
1986); (2) relatively thin marine elastic rocks 
of the Thunder Lake sequence and lower 
Jackass Mountain Group that range in age from 
Late Jurassic (Oxfordian) through Early Creta
ceous (Aptian) (Coates, 1974; O'Brien, 1986; 
McGroder and others, 1990); (3) very thick, 
Albian marine and marine-marginal sandstone, 
conglomerate, and minor shale of the Jackass 
Mountain and lower Pasayten groups (Coates, 
1974; Barksdale, 1975; Tennyson and Cole, 
1978; Kleinspehn, 1985); and (4) nonmarine 
elastics and andesitic volcanic rocks of the upper 
Pasayten group, probably of Late Cretaceous 
age (Coates, 1974; Barksdale, 1975; Tennyson 
and Cole, 1978; Mohrig and Bourgeois, 1986; 
McGroder and others, 1990). The third and 
fourth sequences contain syntectonic deposits 
that bear most directly on this analysis; they will 
be discussed in some detail. 

The base (as treated here) of the third se
quence is marked by a widespread conglomer
ate, rich in granitoid clasts and as much as 1,700 
m thick (Panther Creek Formation), overlain by 
a thick, arkosic, sandstone-shale turbidite as
semblage (Harts Pass Formation). The pro
nounced increase in the thickness of the Albian 
units in comparison to underlying units signifies 
a dramatic increase in tectonic subsidence of the 
basin (Garver and others, 1988). The Panther 
Creek Formation is most precisely dated in 
southernmost British Columbia, where it is 
early Albian (Coates, 1974). The overlying 
Harts Pass, Virginian Ridge, and Winthrop For
mations, which all are Albian in age, have a com
posite thickness of more than 8 km (McGro
der and others, 1990). 

The contact between sequences 3 and 4 is 
everywhere abrupt and in most places is an an
gular unconformity. The fourth sequence is 
composed of two units, the Midnight Peak For
mation and a unit referred to simply as "Unit 
13" by Coates (1974). Neither of these units has 
been dated directly, but the Midnight Peak is cut 
by an 89 Ma stock (K-Ar, biotite; Riedell, 
1979). 

A commonly noted characteristic of se
quences 3 and 4 is that they contain detritus 
derived from both east and west of the basin 
(Cole, 1973; Tennyson and Cole, 1978; Trexler, 
1985). In general, the east-derived units exhibit 
a volcanic-plutonic provenance; west-derived 
units are characteristically chert-Iithic and were 
probably derived from the Bridge River-Hoza
meen terrane (Cole, 1973; Trexler, 1985). Much 
attention has been focused on the west-derived 
Albian elastics, as they represent the first direct 
evidence in the Mesozoic sedimentary record of 

uplifted highlands west of the basin. Davis and 
others (1978) and Trexler and Bourgeois (1985) 
interpreted the west-derived elastics as recording 
the arrival of the allochthonous Bridge River
Hozameen terrane along a dextral strike-slip 
fault that bounded the west side of the basin, but 
more recent basin analyses and dating of fault 
activity have failed to support this hypothesis 
(see Haugerud, 1985; Mohrig and Bourgeois, 
1986; McGroder and Mohrig, 1987; Garver and 
others, 1988). 

The increase in subsidence demonstrated by 
the thickness of the units in the upper two se
quences probably instead reflects the onset of 
thrust faulting and crustal thickening adjacent 
to the basin (McGroder and Mohrig, 1987; 
McGroder, 1988; Garver and others, 1988; 
Garver, 1989). Typical characteristics of 
wrench-fault basins, including localized facies 
trends, presence of coeval extensional and con
tractional structures, and variable to random di
rections of structural vergence (for example, 
Christie-Blick and Biddle, 1985), are not recog
nized in the Methow. Although the presently 
favored alternative is that the basin was struc
turally controlled by thrust faults, the location 
and geometry of specific contractional structures 
of Albian age within, beneath, or adjacent to the 
basin are largely conjectural. Unconformities be
tween Albian units, if present, are subtle, which 
indicates that significant contractional deforma
tion had yet to affect rocks preserved in the 
basin. McGroder and Mohrig (1987) speculated 
that during the Albian, the Methow basin re
sided in a structurally high, piggyback position 
above a deep-seated west-vergent thrust (termi
nology of Ori and Friend, 1984 ). The piggyback 
basin model is shown in Figure 4. 

Structural Record 

As described above, Albian strata provide in
direct evidence for the onset of crustal shorten
ing in the eastern Cascades. The structural 
record is more straightforward to interpret. By 
sometime between the end of the Albian and 
about the end of the Turonian (that is, between 
about I 00 and 88 Ma), deformation east of the 
core had progressed to the point that the basin 
itself had begun to contract along thrust faults 
that are well preserved and easy to recognize in 
the field (McGroder, 1989). It is clear that dur
ing this time interval, an east-vergent allochthon 
floored by the Jack Mountain and Chuwanten 
thrusts translated at least 50 km from a relative 
position west of the Hozameen fault to its pres
ent position between the Hozameen and Pa
sayten faults (Fig. 5). The cross-sectional width 
and internal deformation of the allochthon de
mand that a sizable part of it must restore to a 
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Figure 2. Simplified geologic map of the eastern 
Cascades foldbelt. Cross section presented in Figure 
5 and as a part of Figure 10 is labeled C-C' ( disre
gard other cross sections). Stratified rocks identified 
in legend. Intrusive rocks: Kib, Black Peak batho
lith; Kif, Fawn Peak stock; Kip, Pasayten stock; Kir, 
Rock Creek stock; Tig, Golden Horn batholith; Tim, 
Monument and Lost Peak stocks. Faults: BF, Boesel 
fault; CF, Chuwanten fault; CCF, Cascade Crest 
fault; CTF, Canyon Creek tear fault; DBF, Drive
way Butte fault; FF, Freezeout fault; GMF, Gardner 
Mountain fault; JMF, Jack Mountain fault; MLF, 
Mocassin Lake fault; OCF, Ortell Creek fault; SCF, 
Slate Creek fault; YFDF, Yalakom-Foggy Dew 
fault. Folds: BRA, Buckskin Ridge anticline; CCA, 
Canyon Creek anticline; CCS, Castle Creek syn
cline; GPS, Goat Peak syncline; GiPS, Gibson Pass 
syncline; HRA, Holdover Ridge anticline; MMS, 
Midnight Mountain syncline; OPS, Osceola Peak 
syncline; PRS, Ptarmigan Ridge syncline. Numbers 
along Twisp River refer to shot points on COCO RP 
Washington line 7. 
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Chert-lithic 
sandstone, 
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. . . . . . . 
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arkosic sandstone . ...... . 
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Granitoid and 
volcanic clast 
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Figure 3. Stratigraphic column showing stratigraphy of Methow 
basin. Numbers 1-4 refer to first-order depositional sequences that are 
in most cases unconformity bound. Information on paleocurrents taken 
from Cole (1973), Kleinspehn (1985), Rau (1987), and D. C. Mohrig 
(unpub. data). 
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position west of the present trace of the Ross 
Lake fault (McGroder, 1989). In the Cenoma
nian(?) Midnight Peak Formation, west-derived 
elastics that include clasts of lower Methow 
strata demonstrate that the basin began to can
nibalize itself as intrabasinal deformation pro
gressed. The widespread angular unconformity 
beneath this unit can be confidently attributed 
to deformation associated with the emplace
ment of the Jack Mountain-Chuwanten alloch
thon (McGroder, 1988). An 88 Ma pluton that 
crosscuts one of the late thrusts in the Chu
wanten system demonstrates. that deformation 
had ceased or was waning by that time 
(McGroder and others, 1990). 

Basin axis 

CASCADES METAMORPHIC CORE 

Structure 

As work summarized by Monger (1986) and 
Tabor and others (1987b) has demonstrated, the 
crystalline core of the Cascades is composed of a 
suite of Iithologically differentiable "packages" 
or "terranes." The northwest-southeast outcrop 
pattern of those terranes generally parallels and 
helps define the structural grain of the orogen. 
The two areas these workers have described lie 
on opposite sides of the Fraser-Straight Creek 
fault but bear important similarities to one 
another (Fig. 6). 

Figure 4. Concepturuized 
piggyback basin model for 
Methow basin evolution dur
ing . Cretaceous time. Hat
chured pattern on right (east) 
is Intermontane terrane ,crys
talline rocks. See Figu1re 3, 
text, McGroder and Mohrig 
(1987), and McGroder (1988) 
for explanation. 

West of the Fraser fault on the east side of 
Harrison Lake, British Columbia, Monger 
(1986) subdivided the metamorphic rocks into 
three fault-bounded "packages" that he named, 
from west to east, Slollicum, Cogburn Creek, 
and Settler (see Table 1 for description of units). 
Rocks farthest to the east in this area were con
sidered by Lowes (1972) and Monger (1986) to 
be the structurally highest, those to the west the 
structurally lowest. Foliation in these rocks, 
which is thought to have developed prior to and 
during the intrusion of the Spuzzum pluton, dips 
to the northeast (Monger, 1985). All three units 
are intruded, and thereby stitched together, by 
the Spuzzum pluton and its outliers, which bear 
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Figure 5. Cross section C-C' of Figure 2 (A iv -Av of Fig. I), showing style of deformation in the Methow basin. The major structures are three 
east-vergent thrusts. The westernmost (unnamed} thrust forms the base of a Bridge River-Hozameen-cored tectonic wedge and dies upward 

into the antithetic Freezeout fault, which forms the lid of the tectonic wedge. The wedge sits structurally above and was carried piggyback on 
the Cascade Crest and Chuwanten thrusts. Maximum cumulative shortening in the basin exceeded 50 km (McGroder, 1989). The Oat fault at 
-10 km adjacent to the Hozameen fault is probably equivalent to the Jack Mountain thrust of Misch (1966). Symbols: JI, Ladner Group; 
Kai, Andesite of Isabella Ridge; Kgc, Goat Creek Formation; Khp, Harts Pass Formation; Kir, Rock Creek stock; Kpc, Panther Creek 
Formation; Kvr, Virginian Ridge Formation; Kvwu, Virginian Ridge and Winthrop Formations, undivided; Kw, Winthrop Sandstone; 
PJh, Hozameen Group; 'lisp, Spider Peak Formation. Faults with open barbs are probably pre-middle Cretaceous in age. 

TABLE l. DESCRll'TIONS Of TERRANES WITHIN THE CASCADES METAMORPHIC CORE 

Terrane UtltcloBy Metamorphic grade P-T Timingo.f Basis for timing OldestK-Ar Age of Other Sources 
metamorphism estima<e dates J)«JlQfith 

Chelan Onhogneiss. amphilr Green�hist to imphib- 9 < I kb, 9Q-60Ma, U-Pb daring of 74.3 (bio) Pre-Lare Mattinson, 1972 
Mws. Qlite, biotite schi£t. oli1c fac1es, locally 72CJ"'C uplifted b� {a) metam-0rphic sphene 88.3 (hbl) Cretacecus. Tabor and 01hers, 
Skagi1 meta-chert,. -3Tk05':, migmatitic 45 Ma (b) pegm<uite,. mi.gmatite includes some 1987 a, 1987b 

-graywac:ke, -llhramafitc, (c) syntectonic plulons. Triassic ptutons Whitney and 
marble Evans, 1987 

Swall.ane Homogeneous biorne Amphibolitt!. locally Ntmc 9Q 60Ma, Sec ManiJJson. 1972 45.6 (bio) Precambrian Maninson. l 972 
gneiss. very miooi- meta.- migmatilic r.:ooled by 51J.3(hbl) Engels and othe� 
hasite. marbte 45Ma 1976 

Tabor and others, 
1987a, 1987b 

Mad Rives Meta.chert, metaba."'111:,. Amphibolitc(?) N"nc Probably Oldest K�Ar date on 77.3 (bio) Pre-Late Host of Tabor and others, 
minor marble, mei;.ipelite, pre-77 Ma biotite from Ten Peak 92.8 (hbl) Cretaceous epidote- !987a. 1987b 
-1.dtramafite, pluton bearing Ten 
-gabbm Peak p1uton 

Nason Mct.apelite, minor Amphiholite fact.cs 3-8 kb. Probably Oldest K�Ar date on 93.2(bio) Late Triassii:::- Meta.bmalts Engels and 
metabasa:h, marble. up tQ pre· 93 Ma biotite from Mount 95.0 (hbl) Ear1y Jurassic have MORB Crow<1er. 1971 
meta-graywacke, (>()OoC Sluart (Rb-Sr whole· geochemistry Ort and Tabor, 
�ultramafite rock isoc.hron) 1985 

Ma:GJoughlin, 
1986 

Seufer Metapellte, minor AmphiOOli1e fades 7-8 kh, Probably Early Spu1wm phases 105 (bio) Late Tri<mic Richanls, 1971 
metabasal�, meta-chert, up to pcake<l at predated peak of meta· 121.6(hbl) Early Jura.ssie Bartholomew. 
·tdtramafite 700°C 110-IOJ Ma morphism� oldest K-Ar (Rb-Sr whole- 1979 

biotite dates are I 05 Ma rock isochron) Gabites, 1985 
Monger, 1986 

Cogburn Mellldrert. rnetlbasal� Grc:enschis1 to None Probably same Stitched to Seuler Pre-Late Monger, 1986 
Creek argiliite, ultt.amafite, amphibollte fades as.Setder- by 1 IO Ma (SpU?.zum) Cretaceous 

minormatble 

Sfolticum Basic to intermediate Gru1t.....chist facies None Probably same Stitched to Seu1er Pre-Late Monger, 1986 
melilvolcanics, minor 8S Settler by l !O Ma (Spu:aum) Cretaceous Hettinga. 1989 
metB.pelife, meta� 
conglomerate 
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U-Pb zircon ages as old as 110 Ma (Gabites, 
1985). Journeay and Csontos (1989) reported 
that the plutons east of Harrison Lake are cut by 
a late series of faults that deform rocks as young 
as 96 Ma. Whether these late faults are geneti
cally related to the faults that originally juxta
posed the units or are a separate, superimposed 
group of structures is not known. 

East of the Straight Creek fault in Washing
ton State, Tabor and others (1987b) subdivided 
the crystalline Cascades into four terranes 
(Fig. 6). From southwest to northeast, these are 
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Figure 6. Geologic map and two cartoon block diagrams 
depicting crustai structure in the Cascades m�tamorphic 
core. A, map of the two principal areas in th.e Cascades 
that are underlain · by regionally metamorphosed rocks. 
The area west of the Fraser-Straight Creek fault (FSCF) is 
described in Monger (1986); the area in the Washi�gton 
Cascades, east of that fault, is described in Tabor and oth
ers (1987b). Aii_Aiv shows approximate location .of c:ross 
section shown in. Figure 10. B, schematic portrayal of map 
relations in the two areas with 85 kni of dextral displlace
ment restored on the FSCF. C, inferred structural config
uration of Jithologic packages in the core prio1r to 
dismemberment along higli-angle Late Cretaceous and 
Tertiary faults, An arbitrary amount of verticai displlace
!Dent was restored on the FSCF. Dashed faults refor to 
hypothetical structural boundaries.· Units bounded by 
dashed contacts are also hyp6theticai and are shown 
simply to convey the notion tha.t the metamorphic coire of 
the Cascades is broadly antiformal. How far lateral e<1uiv
alents of the Mad River and Nason terranes on the 
southwest limb of the antiform extended to the northwest 
is unknown. Symbols: ST, Settler package; CG, Cogll>urn 
Creek package; SL, Slollicum package; TV, Twisp Valley 
Schist; CM, Chelan Mountains terrane; SW, Swakam! ter
rane; MR, Mad River terrane; NA, Nason terrane; IO, 
Ingalls ophiolitic complex; HF, Harrison fault; EF, Entiat 
fault; WRSZ, White River shear zone of Van Diver (1%7). 
See text and Table 1 for explanation. 

Nason, Mad River, Swakane, and Chelan 
Mountains terranes. The Chelan Mountains ter
rane includes the Cascade River Schist of Misch 
( 1966). Misch ( 1966) considered the Cascade 
River Schist to be structurally and/or strati
graphically continuous with the Skagit Gneiss, 
which occurs northeast of it. These units are 
described in Table I. Unlike the area east of 
Harrison Lake, the structural stacking of terranes 
in the Washington Cascades is more difficult to 
discern, owing to the fact that late- to post
orogenic, high-angle faults bound most units. 

The most certain relationship in the Washington 
Cascades is that the Swakane terrane structur
ally underlies the Mad River terrane, based on 
recognition of a low-angle fault between the two 
in several areas (Tabor and others, 1987a, 
1987b). Another discernible relationship was 
described by Haugerud and others (1988), who 
noted that the Washington crystalline Cascades 
appear broadly antiformal and that metacherts, 
mefabasalts, marbles, and ultramafites (that is, 
rocks of the Mad River terrane and Twisp Val
ley Schist; Fig. 6, Table 1) occur on the flanks of 
the antiform. 

For years, workers have noted remarkable 
similarity between pelitic schists and minor am
phibolites in the Settler package east of Harrison 
Lake in British Columbia and rocks (local name: 
Chiwaukum Schist) in the Nason terrane east of 
the Fraser-Straight Creek fault in Washington 
(Fig. 6; .Misch, 1966; Lowes, 1972; Davis and 
others, 1978; MaGloughlin, 1986). In fact, the 
lithologic and metamorphic similarities are so 
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obvious that they compelled Misch (1977) and 
Davis and others ( 1978) to correlate the outcrop 
belts of the two schists directly and thereby as
sign a value of about 190 km to the magnitude 
of dextral displacement on the Fraser-Straight 
Creek fault. This value is now regarded by many 
to be about JOO km too high (Kleinspehn, 1985; 
Monger, 1985; Vance, 1985; McGroder, 1987), 
despite the fact that the correlation of the schists 
has been substantiated (MaGloughlin, 1986; see 
Table 1). The other potentially correlative units 
in the two areas are rocks of the Cogburn Creek 
group and Mad River terrane (compare with 
Monger, 1986; Tabor and others, 1987b ). Both 
contain metamorphosed chert, basalt, and minor 
limestone, argillite, and ultramafite. Moreover, 
both lie in contact with the correlative Settler 
and Nason schists. Unfortunately, the age of 
neither the Mad River nor the Cogburn Creek 
rocks is well known. 

Figure 6C shows my interpretation of the 
stacking order of terranes and of the macro
scopic structure of the crystalline core of the 
Cascades, prior to its dismemberment along late
to post-orogenic high-angle faults. I have as
sumed that the structural relationship metapelite 
over meta-chert-argillite recognized west of the 
Fraser fault (that is, Settler package over Cog
burn Creek package; Monger,. 1986) also applies 
east of the Straight Creek fault (that is, Nason 
terrane atop Mad River terrane). Tabor and 
others (1987b) stated that the Nason-Mad 
River contact is enigmatic in the Washington 
Cascades but also noted that relationships be
tween plutonic rocks in the area imply that the 
Mad River terrane used to reside much deeper 
with respect to the Nason terrane than it does 
today. Figure 6 also illustrates why the clearly 
correlative Nason and Settler schists are sepa
rated by 190 km across a fault that has 
undergone only about 85 km of slip; the two 
schist belts lie on opposite limbs of an antiformal 
culmination and never were continuous along 
strike. 

The geometric model described above and 
shown in Figure 6C does not mean to imply that 
the Slollicum and Swakane units are equivalent. 
Their lack of similarity probably indicates that 
they are relatively small fault slices that have no 
regional continuity. Rocks equivalent to the 
Skagit Gneiss, Mad River terrane, and Nason 
terrane have not been recognized west of the 
Slollicum belt in British Columbia, and so it is 
not clear whether the northernmost part of the 
block in Figure 6C was ever indeed antiformal; 
it is shown that way only for the purpose of 
simplicity. 

I will describe in succeeding sections how 
this antiformal stack must have evolved 
kinematically. 
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Depth of Burial of Core Metamorphic Rocks 

As the following section will illustrate, the 
uplift histories of various parts of the Cascade 
core are relatively straightforward to recon
struct. The same cannot be said for the earlier 
history of mid-Cretaceous metamorphism, the 
burial phase. In fact, it is rather difficult to sum
marize briefly what is known about time-space 
conditions of pressure and temperature before 
and during the peak of metamorphism. In a few 
areas, pressures have been quantitatively deter
mined (Bartholomew, 1979; Evans and Berti, 
1986; MaGloughlin, 1986; Whitney and Evans, 
1987; Dragovich and others, 1989). In other 
areas, isograd relations have been described 
(Misch, 1966; Bartholomew, 1979; Evans and 
Berti, 1986). In most areas, the description of 
metamorphic conditions is limited to facies as
signment. Most core rocks are in greenschist and 
amphibolite facies, however, and so these as
signments are of limited value in tectonic inter
pretation because of the wide and virtually 
identical range of pressures those two facies en
compass. To make matters worse, there is de
bate about timing of metamorphism (both 
relative and absolute) in various areas. Neverthe
less, I will attempt to summarize what is known 
about early to peak orogenic conditions in the 
Cascade core in the following paragraphs. 

As mentioned above, rocks in the metamor
phic core recrystallized in greenschist to am
phibolite facies, but the map pattern of facies 
is complex. In the Washington Cascades, the 
highest-grade rocks are migmatitic amphibolites 
and biotite schists of the Skagit Gneiss, which lie 
in the core of the Cascades antiformal culmina
tion (Fig. 6; Haugerud and others, 1988; Whit
ney and McGroder, 1989). Pressures of 9 ± 1 
kbar and temperatures of 720 ± 50 °C have 
been determined by Whitney and Evans (1987) 
from thermobarometric analysis; they argued 
that partial melting of those rocks may have 
occurred. Greenschist-facies Cascade River 
Schist flanks migmatitic Skagit Gneiss on the 
southeast. Preliminary data suggest that the Cas
cade River Schist recrystallized at lower temper
atures and pressures than did the Skagit Gneiss 
(from 3-4 to 8-9 kbar and from 500-650 °C; 
Dragovich and others, 1989). Dragovich and 
others, however, cited structural and geochrono
logic data which indicate that the Cascade River 
Schist was intruded and deformed by strike-slip 
faults in the Late Cretaceous, and so it is unclear 
whether the pressures they measured reflect 
peak metamorphic conditions. 

To the southwest of the Cascade River Schist 
outcrop belt, rocks of the Mad River terrane are 
largely in amphibolite facies (Tabor and others, 
1987b), but suitable mineral assemblages for 

geobarometry are rare and no quantitative P-T 
work has been undertaken. Farther to the south
east, abundant data from the Chiwaukum Schist 
in the Nason terrane indicate that those rocks 
recrystallized at pressures of as much as 8 kbar 
and temperatures of as much as 600 °C, with 
metamorphic grade decreasing systematically 
toward the southwest (Evans and Berti, 1986; 
MaGloughlin, 1986). These rocks locally con
tain kyanite and sillimanite. At the southwest 
end of the Chiwaukum Schist outcrop belt, near 
Mount Stuart, the Chiwaukum lies structurally 
beneath the Windy Pass thrust and the Jurassic 
Ingalls ophiolite (Miller, 1980, 1985; Fig. 6). A 
96 Ma orthogneiss within the fault zone and the 
88 Ma zircon age (J. MaGloughlin, 1990, per
sonal commun.) of the crosscutting tonalitic 
phase of the Mount Stuart batholith provide 
tight limits on the timing of Windy Pass thrust
ing. Miller (1985) argued that the thrust cmss
cuts and therefore postdates development of 
metamorphic fabric in the Nason terrane. 

In the Cascades east of Harrison Lake, British 
Columbia, Monger (1986) described the pro
gressive transition from amphibolite to green
schist facies from east to west with descending 
structural level and increasing distance from the 
main Spuzzum pluton. Bartholomew (1979) es
timated a metamorphic pressure of 7.6 kbar and 
temperature of 705 °C from Settler rocks in the 
structurally highest nappe. Pressure-temperature 
work undertaken in Slollicum rocks west of the 
Settler suggests that they recrystallized at pres
sures of only 3-4 kbar based on petrogenetic 
relationships (Hettinga, 1989). 

Timing of Burial and Uplift in the 
Metamorphic Core 

Mattinson (1972) proposed that metamor
phism of the Skagit Gneiss occurred between 
about 90 and 60 Ma based on (a) U-Pb dating 
of metamorphic sphene, (b) U-Pb dating of zir
con from pegmatites or migmatites formed dur
ing metamorphism of older rocks, and (c) U-Pb 
dating of zircon in synkinematic plutons that 
were emplaced during regional metamorphism. 

The timing of metamorphism in other parts of 
the metamorphic core appears to be older. Read 
(1960), Pigage (1976), and Bartholomew (1979) 
observed that the metamorphic history of the 
Settler Schist began under high T /P condi
tions and later evolved to peak Barrovian condi
tions in amphibolite facies during burial. These 
workers attributed the early high T /P phase 
to coincidence of metamorphism with intru
sion of the Spuzzum and related plutons. This 
limits the age of burial metamorphism of the 
Settler nappe to between 110 Ma, the upper age 
limit for the Spuzzum (Gabites, 1985), and 
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about 105 Ma, the oldest K-Ar date obtained 
from biotites in the area (see below). 

The case for diachronous burial metamor
phism in the Cascades needs to be tested with 
continued geochronologic work; however, the 
case for diachronous uplift of different parts of 
the Cascades is already well established. Figure 
7 summarizes K-Ar data collected mostly from 
metamorphic and igneous biotite and horn
blende in the various terranes in the Cascades 
metamorphic core. These data clearly show that 
many rocks in the Nason and Mad River ter
ranes in Washington and their correlatives in 
British Columbia passed through the argon 
blocking temperatures for hornblende and bio
tite by about 90 Ma and perhaps had begun to 
cool as long ago as 105 Ma. This trend is 
clouded a bit by ages that fall in the range of 
70-90 Ma, ages that may reflect local intrusion 
of late orogenic melts into the previously up
lifted terranes, or late uplift of deeper parts of the 
belt. The Skagit Gneiss, on the other hand, re
mained at deep levels in the crust until early 
Tertiary time, as demonstrated by the K-Ar ages 
of biotite in those rocks (Fig. 7). 

A problematic temporal relationship exists for 
metamorphic rocks in the Nason terrane. Evans 
and Berti ( 1986) presented evidence much like 
that described from near the Spuzzum batholith 
(Bartholomew, 1979) that kyanite grew later 
than andalusite in pelitic rocks near the Mount 
Stuart batholith. They argued that andalusite is 
localized in the batholith aureole and that the 
peak of:.; _vanite-grade metamorphism was there
fore att ti;·ed after intrusion of the batholith. Re
cently, an 88 Ma U-Pb zircon age was obtained 
from the Mount Stuart batholith near Stevens 
Pass, Washington (J. MaGloughlin, 1990, per
sonal commun. ). This age contradicts Evans and 
Berti's (1986) suggestion that peak metamor
phism was attained after Mount Stuart was in
truded, because a number of K-Ar dates on both 
hornblende and biotite from this area cluster 
around the age of intrusion (that is, the zircon 
age) (Fig. 7; Engels and Crowder, 1971; Yeats 
and Engels, 1971 ). The only solution to this di
lemma, if the zircon and K-Ar ages are indeed 
meaningful, is that the spatial relation of the 
andalusite to the Mount Stuart batholith is either 
coincidental or related to a very early phase of 
the batholith and that burial and uplift of the 
Nason terrane was completed by 88 Ma, when 
tonalitic phases of the Mount Stuart batholith 
were intruded. A number of older plutons occur 
in the area (for example, Big Jim Complex, 
Tabor and others, 1987a; Wenatchee Ridge 
Gneiss, MaGloughlin, 1986), as do several plu
tons associated with the Spuzzum intrusions 
west of the Fraser-Straight Creek fault in south
ern British Columbia. It is quite possible that 
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Figure 7. Potassium-argon age determina
tions from terranes in structurally high (Na
son-Settler-Cogburn Creek-Mad River) and 
structurally deep (Skagit-Chelan Mountains) 
positions in the Cascades metamorphic core. 
Compiled from Cater and Crowder (1967), 
McTaggart and Thompson (1967), Yeats and 
McLaughlin (1968), Richards and White 
(1970), Engels and Crowder (1971), Richards 
(1971), Yeats and Engels (1971), Wanless and 
others (1973), Engels and others (1976), 
Richards and McTaggart (1976), Bartholo
mew (1979), Tabor and others (1982a, 1982b, 
1982c), Gabites (1985), and Tabor and oth
ers (1987a). 

some relative of the 100-110 Ma Spuzzum in
trusions was responsible for the early low
pressure/high-temperature metamorphism re
corded by andalusite pseudomorphs near Mount 
Stuart. 

In summary, it is difficult to determine accu
rately when the onset of burial metamorphism 
of the Skagit Gneiss took place. By relying on 
the data summarized above, one can tentatively 

conclude that the structurally highest levels of 
the metamorphic core were already metamor
phosed and had begun to be uplifted while rocks 
in the center or deepest part of the metamorphic 
core were just beginning to be buried. This ap
parent diachroneity of burial of rocks in the 
metamorphic core carries extremely important 
tectonic implications and demands further inves
tigation in the future. 

Finally, and most important, the fact that 
the bulk of the biotite ages from the Skagit are 
Tertiary strongly suggests that the Skagit resided 
in a footwall position during middle Cretaceous 
time when significant crustal shortening was oc
curring in the foldbelts east and west of the core. 
At most, the Skagit became incorporated into 
the thrust system during the latest stages of 
thrusting. For this reason and the contention 
(defended below) that the predominant direc
tion of thrusting was top to the west, it is as
signed to the western external block of the 
orogen, which I term the "greater Insular 
terrane." 

RECORD OF CRUSTAL 
SHORTENING IN THE 
NORTHWESTERN CASCADES 

AND SAN JUAN ISLANDS 

One of the most impressive stacks of thrust 
sheets in western North America underlies the 
northwestern Cascades and San Juan Islands of 
Washington State (Fig. 8; see Misch, 1966; 
Brown and others, 1987; Brandon and others, 
1988). Any kinematic analysis of orogenic evo
lution most certainly must account for the de
velopment of these structures, and any such 
account relies heavily on the potential to restore 
the imbricated sheets to their pre-thrusting con
figuration. Because the thrust system incorpo
rates rocks of diverse terranes that do not have 
orderly layer-cake stratigraphies, this aspect of 
kinematic reconstruction in the Cascades has 
proven to be fraught with uncertainty and con
troversy. In this section, I will describe the basic 
geometric and geochronologic constraints im
posed by observed structures in the northwest 
Cascades-San Juan Islands province. 

I will first summarize several straightforward 
relationships upon which most workers agree. 
Most of these relationships were first recognized 
and described by Misch ( 1966). The structurally 
highest sheet in the northwestern Cascades, 
above the Shuksan thrust, is composed of the 
Shuksan blueschist/greenschist and the Darring
ton Phyllite. The Shuksan sheet now crops out 
in a large area of the northwestern Cascades 
surrounding the Mount Baker tectonic window 
(Fig. 8; Misch, 1966; Brown and others, 1987). 
A variety of geochronologic ages from the Shuk-
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Figure 8. Geologic map of the northwest Cascades-San Juan province. Symbols: Kn, Upper Cretaceous Nanaimo Group; JKsp, Speiden 
Formation; lib, Haro Formation; Pt, Paleozoic Turtleback terrane; PMo, late Paleozoic-early Mesozoic Orcas-Deadman Bay terrane; JKc, 
Constitution Formation; Jf, JKd, Fidalgo Complex and Lummi Group of Decatur terrane; JKsd, JKs, Darrington Phyllite and Shuksan 
blueschist-greenschist of Shuksan metamorphic suite; U, ultramafic rocks of the Twin Sisters body; PMe, upper Paleozoic-lower Mesozoic 
Elbow Lake Formation; uPc, upper Paleozoic Chilliwack Group, with minor Triassic Cultus Formation; JKn, Upper Jurassic-Lower Creta
ceous Nooksack Group; Jw, Jurassic Wells Creek Volcanics; Tc, Tertiary Chuckanut Formation; Tv, Qv, Tertiary and Quaternary volcanic 
rocks. Modified from Misch (1966), Brown and others (1987), and Brandon and others (1988). Mount Baker window is the area encircled by 
the Church Mountain and Shuksan thrusts. 
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san suite ranges from about 90 to 165 Ma and 
clusters between about 120 and 130 Ma (sum
marized in Brown and Blake, 1987). K-Ar and 
Rb-Sr data summarized by Armstrong and 
Misch (1987) indicate that by about 100 Ma, 
rocks in the Shuksan suite had been uplifted 
and/ or cooled, indicating that they had departed 
the subduction-zone environment in which they 
recrystallized at 120-130 Ma (Brown, 1986, 
1987). 

The deepest rocks exposed in the northwest
ern Cascades, structurally beneath the Shuksan 
sheet, are Devonian through Lower Cretaceous 
strata of the Chilliwack Group, Cultus Forma
tion, Wells Creek Volcanics, and Nooksack 
Group (Misch, 1966; Brown and others, 1987). 
These stratigraphically continuous units occur in 
two structural blocks, the Church Mountain 
thrust plate and the underlying "autochthon" of 
Misch (1966) (Fig. 8). Locally preserved, struc
turally beneath the Shuksan sheet and above the 
Devonian through Lower Cretaceous units de-
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scribed above, are scattered lenses and smaller 
bodies of diverse lithology. These include, 
generally in descending structural order, the 
Twin Sisters dunite, the Vedder complex, the 
Elbow Lake Formation, and the Yellow Aster 
Complex (Brown and Vance, 1987; Brown and 
others, 198 7). Given the extent of thrust faulting 
in the northwestern Cascades, it is reasonable to 
assume that upbowing of the Mount Baker win
dow was caused by tectonic imbrication at 
depth, and so the "autochthon" itself is likely 
displaced to some degree. 

A stacking order similar to that in the 
northwest Cascades is preserved in the San Juan 
Islands, with several exceptions (Brown and 
Vance, 1987; Fig. 9): (a) the Shuksan sheet does 
not presently overlie the San Juan units, al
though high-P/low-T mineral assemblages in 
these units indicate that it may have in the past; 
(b) the Constitution Formation and Decatur ter
rane in the San Juans occupy approximately the 
same position as the Twin Sisters dunite does in 
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the northwestern Cascades; (c) i n  the San Juan 
Islands, nonmetamorphosed strata in two ter
ranes (Spieden, Haro) lie farthest to the west, in 
the structurally deepest position (Brandon and 
others, 1988); and ( d) basalt of latest Albian age 
is incorporated within the thrust system in the 
San Juan Islands (Brandon and others, 1988). 
All rocks structurally beneath the Shuksan 
thrust, with the exception of Spieden and Haro 
rocks and some poorly dated strata in the De
catur terrane (as described by Garver, 1988a), 
bear a high-P /low-T mineral assemblage of law
sonite + aragonite + prehnite (Glassley, 1976; 
Brown, 1987; Brandon and others, 1988; Smith, 
1988). 

The first problem encountered in any attempt 
to restore thrust sheets in the northwest 
Cascades-San Juan Islands contractional prov
ince pertains to deciphering the direction of 
tectonic transport. This problem is perhaps the 
single most controversial one in modern Cas
cades tectonics and, in light of the recognized 
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Figure 9. Schematic diagram showing three possible geometric relations between thrust sheets in the San Juan Islands and in th" !lorthwest 
Cascades. Hatchuring identifies stratigraphically correlative units after Brown and Vance (1987), McGroder (1988), and Brandon and others 
(1988). EX, external units of the San Juan system; JKc, Constitution Formation; JKd, Decatur terrane; JKn, Nooksack Group and older 
Mesozoic units in "autochthon" of Misch (1966); JKsd, Skuksan-Darrington sheet; Pt, Turtleback terrane; PMe, Elbow Lake Formation; PMc, 
Orcas-Deadman Bay terrane; u, Twin Sisters dunite; uPc, Chilliwack Group with minor Triassic Cultus Formation. Model 1 is not favored 
because huge displacements are required between all thrust sheets, and the geometry gives no indication of why the Mount Baker window is 
upbowed, whereas the San Juan nappes lie in a broad synformal depression. Model 2 is not favored because it requires significant out-of
sequence thrusting or other mechanism to account for why Nooksack-Chilliwack-Turtleback-type rocks occur both structurally above and 
structurally below units in the eastern San Juan Islands. Model 3 is favored and incorporated into Figure 10 because (a) it leaves the 
"autochthon" of Misch (1966) in a relatively external position, (b) slivers of most San Juan units are found directly beneath the Shuksan thrust 
in the Mount Baker window, and (c) there is an analogy with other contractional systems worldwide where numerous imbricates or a large 
hinterland-dipping duplex lies on the foreland side of an antiformal culmination or duplex (for example, Boyer and Elliott, 1982). 
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size of some of the thrust sheets in this province, 
is a testament to the complexity of this belt. 
Misch ( 1966) used the large-scale orientation of 
folds, the regional strike of outcrop belts, and the 
steepening of structures in the easternmost 
Shuksan sheet to deduce that nappes moved 
generally westward. In contrast, Brown (1987) 
argued that tectonic transport of nappes was 
generally north-northwestward during the mid
Cretaceous, based on his interpretation that 
stretching lineations in fault zones in this prov
ince formed parallel to tectonic transport and 
that whole-rock K-Ar ages in fault-zone rocks 
dated that motion as middle Cretaceous. 

A full discussion of the northward-transport 
hypothesis will not be undertaken here. I will 
simply list several reasons why I believe the case 
for significant northward transport during the 
major mid-Cretaceous episode of contractional 
deformation is not compelling. First, that model 
fails to explain how a bimodal (top-to-north, 
top-to-south) sense of shear, as deduced by 
Brown (1987) from his kinematic analysis, 
could have been generated beneath one of North 
America's largest allochthons (see his Fig. 15). 
Second, it is not clear that the two middle Cre
taceous whole-rock K-Ar dates (91 ± 3, 87 ± 3 
Ma) chosen as indicative of the timing of forma
tion of the lineations are any more representa
tive than other, more widely scattered dates 
cited by Brown (127 ± 5, 20, 32 Ma). Many 
lines of evidence indicate that the Cascades un
derwent severe dextral transpression in Late 
Cretaceous and Paleogene time; the two dates 
cited by Brown ( 1987) do not provide convinc
ing evidence that major northward translation 
occurred in the Cascades between 115 and 85 
Ma. Third, the model does not explain why 
most regional structural trends in the Cascades, 
including the orientations of major sedimentary 
basins and metamorphic welts, are north
northwest-south-southeast. Fourth, contraction
al structures of very similar age and style to 
those in the Cascades occur at least as far north 
as Prince Rupert, British Columbia (Crawford 
and others, 1987), and southernmost southeast 
Alaska (Rubin and others, 1990), areas that 
would presumably be in remote reaches of 
Brown's structural footwall. Fifth, northwest
trending stretching lineations in the Cascades 
core, perhaps analogous to the ones Brown in
terpreted to be middle Cretaceous, were forming 
as recently as 45 Ma (Babcock and Misch, 
1988). Although some northwest-trending linea
tions may be older than a 94 Ma phase of the 
Mount Stuart batholith (E. H. Brown, 1989, 
written commun.), it has yet to be demonstrated 
that they formed parallel to tectonic transport. 
Finally, and perhaps most important, the 
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northward-transport model does not provide 
any mechanism for coeval burial metamorphism 
of the Skagit Gneiss and related rocks of the 
Cascades metamorphic core. 

Although the debate about transport direction 
is likely to continue, for the purposes of this 
analysis, I will assume that transport in the west
ern Cascades was as Misch (1966) interpreted it 
to be, namely, from east to west. I tentatively 
ascribe the formation of the north-northwest
trending lineations described by Brown (1987) 
to late- or post-orogenic strike-slip or transpres
sive activity, which has been independently de
duced for this region by a variety of studies 
(Vance, 1982; Engebretson and others, 1985; 
Monger, 1986; Umhoefer, 1987). The restora
tion I present is based on these underlying as
sumptions and proceeds by restoring the struc
turally highest sheets the farthest to the east. 

The absolute minimum displacement record
ed across the Shuksan thrust is 47 km, the dis
tance from westernmost exposures of Shuksan 
rocks to the east side of Chilliwack Group rocks 
in the eastern Mount Baker window. The abso
lute minimum displacement on the Church 
Mountain thrust of Misch ( 1966) can be calcu
lated in a similar way; the distance between the 
westernmost exposures of Chilliwack rocks in 
the Church Mountain sheet and the easternmost 
exposures of Nooksack rocks beneath the 
Church Mountain sheet is about 25 km. Using 
the same technique in the San Juan Islands 
yields many tens of kilometers more shortening. 
These nappes must restore to some homeland, 
and except in cases where they carry mafic or 
ultramafic basement with them (for example, 
Decatur terrane ), they must restore onto some 
basement. This basement is not likely to be sim
ple "continental" basement, but rather diverse 
types of oceanic/ eugeoclinal basement. 

The timing of thrusting in the northwest Cas
cades is clearly post-Nooksack Group, or post
Valanginian. North of the international border, 
rocks that are almost certainly Nooksack Group 
correlatives contain early Hauterivian fossils and 
are overlain by strata that may be as young as 
Albian, based on the occurrence of an Albian 
ammonite (Arthur, 1986). If these rocks are in
deed part of the same structural plate as Misch's 
(1966) autochthon in the Mount Baker window, 
and if they are in fact Albian, then thrusting in 
the northwest Cascades system began no earlier 
than Albian time. The upper limit on major con
tractional deformation is provided by Eocene 
rocks of the Chuckanut Formation (Johnson, 
1982), which are not incorporated into the 
thrust system. 

The timing of major thrusting in the San Juan 
Islands is more tightly constrained to between 

about 100 and 84 Ma, based on the age of the 
youngest incorporated strata (late Albian pillow 
basalts at the Richardson locality in the Lopez 
fault zone) and the latest Santonian to earliest 
Campanian age of Nanaimo basin strata that 
contain clasts of metamorphosed San Juan 
rocks (Brandon and others, 1988). 

ASSUMPTIONS OF THE MODEL 

The kinematic model proposed below will be 
presented in the form of a retrodeformable, 
crustal-scale cross section (Fig. 10). Figure 1 
shows the location of this cross section in map 
view. The most significant departure of this cross 
section from the section of Cowan and Potter 
(1985) is that in this one, approximately 8.5 km 
of dextral slip is restored on the Fraser-Straight 
Creek fault after Monger (1985) and Vance 
(1985). Reconstruction of Fraser-Straight Creek 
motion forces any regional cross section to cross 
not only the deep "Skagit" part of the metamor
phic core, but also the structurally higher units in 
the core that are widespread on the southeast 
edge of the Skagit Gneiss. 

The most significant assumption inherent in 
the construction of this cross section is that neg
ligible dextral displacement occurred across any 
of a number of late- to post-orogenic oblique
slip faults (for example, Harrison, Ross Lake, 
Entiat, Yalakom-Foggy Dew, White River 
shear zone). This assumption is almost certainly 
invalid, but can be justified as follows. The 
along-strike lengths of most individual outcrop 
belts range as high as about 200 km. Therefore, 
if displacements are only a fraction of that 
amount, say a few tens of kilometers on any 
given fault, then the essential integrity of the 
orogen has not been significantly perturbed. One 
can argue about the problems inherent in bal
ancing cross sections that cross strike-slip faults, 
but it should be noted that the intrinsic goal of 
this analysis is not to provide a quantitatively 
precise estimate of Cretaceous crustal shorten
ing, but rather to shed light on the fundamental 
kinematic aspects of the Cascade orogeny. In 
this sense, a conceptually meaningful geometric 
reconstruction is more important thari a quanti
tatively precise one. The key assumption, then, is 
that the cumulative offset on the northwest
trending oblique-slip faults is less than 200 km. 
To date, no structure in this belt can be shown 
unequivocally to have accommodated more 
than a few tens of kilometers. The magnitude of 
vertical slip on most of the high-angle, oblique
slip structures is poorly constrained and tlhe

.
re

fore had to be estimated in most cases. 
The thickness of the crust beneath the line of 

section was taken directly from Rohay (1982), 
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who used teleseismic analysis and refraction 
data to determine that the modern crustal thick
ness beneath northwest Washington ranged 
from 40 km beneath the central North Cascades 
to 30 km beneath the Okanogan Range (area 
underlying the Intermontane terrane as shown in 
Fig. 1). The thickness of crust beneath the 
Okanogan Range was probably significantly re
duced during regional Eocene extension in the 
Intermontane belt (Parrish and others, 1988). 
The west-dipping Okanogan normal fault, 
which intersects the surface just east of the dia
gram shown in Figure 1, probably cuts the lower 
crust beneath the Methow basin (COCORP 
Washington line 7; see McGroder, 1989) and 
likely accommodated at least several tens of 
kilometers of east-west extension (for example, 
Tempelman-Kluit and Parkinson, 1986). That 
extensional faulting probably thinned the crust 
beneath the eastern Cascades from a Cretaceous 
thickness in excess of 50 km to the present value 
of about 30 km. Because the regional section 
does not extend as far east as the Okanogan 
Valley, where the Okanogan fault intersects the 
surface, and in light of the uncertainty about the 
magnitude of slip on that fault, no attempt was 
made to restore displacement on it. 

To reiterate, I have assumed that tectonic 
transport during mid-Cretaceous Cascade orog
eny was in the east-west plane. Although not 

Figure 10. (Continued). 

defensible on the outcrop scale (Brown, 1987; 
Smith, 1988), this assumption is key to reconcil
ing the coincidental development of contrac
tional structures, sedimentary basin evolution, 
and metamorphic histories in disparate reaches 
of the Cascade orogen. 

A RETRODEFORMABLE CROSS 
SECTION THROUGH THE 
CASCADES OROGEN 

Figure 10 shows a cross section through the 
Cascades in deformed and undeformed states. I 
will outline the development of the orogen pre
dicted by this model (Fig. 11 ). 

First, the onset of crustal contraction com
menced at between 115 and 105 Ma in the east
ernmost block of the orogen, as the outer 
Methow basin duplicated itself along a hypo
thetical west-vergent thrust or system of thrusts 
(supra-Nason fault, SNF, Fig. 10). This event 
provided a mechanism for both subsidence 
within and uplift to the west of the Meth ow basin 
in early and middle Albian time. Both are de
manded by the stratigraphic record in the basin. 
The source of Albian west-derived elastics in the 
Methow (Virginian Ridge Formation) is repre
sented by the gap or eroded hole in the greater 
Methow basin shown on the restored section 
(Fig. 1 OC). This event also provided a mecha-

nism to bury the Settler and Nason terrane 
schists shortly after they were intruded by early 
phases of the Spuzzum suite of plutons. 

The early orogenic development outlined 
above immediately brings up a critically impor
tant prediction of the model, that the metamor
phosed cherts, argillites, and basalts in the Mad 
River terrane and Cogburn Creek Group are 
stratigraphically equivalent to similar rocks at 
lower metamorphic grade in the Bridge River
Hozameen terrane. Similarly, metapelites with 
minor intercalations of MORB-like metabasalt 
in the Nason terrane and Settler packa.ge are 
predicted to be equivalent to the Lower Jurassic 
shales (Ladner Group) and their underlying 
MORB-type basaltic basement (Spider Peak 
Formation) in the Methow basin. The Ladner
Settler/Nason correlation is consistent with 
Rb-Sr whole-rock data from the schists that sug
gest a Late Triassic-Early Jurassic protolith 
(Gabites, 1985; MaGloughlin, 1986). Other 
correlations have been proposed for the schists 
(for example, Darrington Phyllite; Monger, 
1989) on the basis of lithology and map rela
tions, however; future work is needed to resolve 
this question. 

Shortly after about 100 Ma, shortening 
stepped westward and the "proto-San Juan 
province" began to contract along the Shuksan 
and related faults. In doing so, the rocks in the 
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was then the basal west-vergent thrust in the 
system (deep Shuksan thrust). The basal thrust 
probably continued to accommodate west
vergent displacement at deep levels, so that the 
east-vergent allochthons at high structural levels 
were in a sense acting as the composite roof of a 
crustal-scale tectonic wedge cored ultimately by 
the rigid Intermontane terrane. 

At between 100 and 90 Ma, perhaps coeval 
with events outlined in the previous paragraph, 
the whole contractional system (including the 
duplicated Methow over Bridge River-Hoza
meen couplet, rocks of the Shuksan sheet, and 
those units structurally beneath the Shuksan 
thrust) was thrust above the Skagit Gneiss proto
lith upon a system of faults that included the 
deep levels of the Shuksan thrust as well as the 
basal San Juan fault (Fig. 11 )- During this cli
mactic phase of the orogeny, rocks must have 
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Figure 10. (Continued). 

and transported to the west to become part of 
the large imbricate stack in the northwestern 
Cascades and San Juan Islands. The rocks most 
likely to have been displaced from atop the 
Skagit protolith are the ones that now reside the 
deepest in the San Juans-northwest Cascades 
thrust system, the Chilliwack-Cultus-Wells 
Creek-Nooksack and Speiden-Haro units. Met
amorphic rocks in the Nason and Mad River 
terranes, which were originally contiguous with 
the Methow basin and the Intermontane terrane, 
resided structurally above the deep levels of the 
Shuksan thrust during this time interval and 
were uplifted into a position where biotite 
cooled below its blocking temperature in the 
K-Ar system. According to this model, the su
ture between rocks that had a pre-middle Cre
taceous geographic affinity with the Insular 
terrane and rocks that belonged to the greater 
Intermontane terrane occurs above the Skagit 
Gneiss and Cascade River Schist and below the 
Mad River and Nason terranes. The final incre
ment of orogen-normal shortening may have 
occurred in Tertiary time, as the deep Shuksan 
thrust was abandoned while the Skagit Gneiss 
itself became incorporated into the contractional 
system and uplifted. Although the Skagit unit is 
shown (Fig. l 0) to be deformed into a simple 
duplex (with some faults, that is, the one below 

the Eldorado orthogneiss, possibly having top
to-the-east slip) beneath the deep Shuksan 
thrust, structural studies in that unit suggest that 
it underwent kinematically more complex de
formation in Paleogene time, perhaps in associa
tion with orogen-parallel dextral-slip faulting 
(for example, Haugerud, 1985). 

In Figure IOC, the Skagit protolith is shown 
to be composed largely of Chilliwack Group 
rocks that in palinspastic terms originated be
neath the "autochthon" and directly west of the 
Church Mountain plate of Misch ( 1966). On the 
basis of composition, the graywackes, basaltic to 
andesitic volcanics, and limestones of the Chil
liwack Group (Misch, 1966) appear to be 
broadly similar to the Skagit Gneiss, which, with 
the exception of voluminous young orthogneiss, 
is composed predominantly of biotite- and 
hornblende-bearing schist and paragneiss, am
phibolite, marble, calc-silicate rock, and ultra
mafite (Tabor and others, 1989). 

DISCUSSION 

Approximately 500 km of east-west contrac
tion is hypothesized to have occurred during the 
mid-Cretaceous Cascade orogeny, based on the 
quasi-balanced (strike slip on northwest-trend
ing late- to post-orogenic faults not accounted 
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for) section shown in Figure IO. The magnitude 
derives from the following components of 
shortening. 

(1) Approximately 55 km within the greater 
Intermontane terrane itself, partitioned into 30 
km within the eastern Cascades foldbelt at this 

latitude and 20 km (minimum value) on the 
west-vergent supra-Nason fault. 

(2) About 180 km within the San Juan 
terranes, determined by comparing the distance 
from the west edge of the Turtleback Complex 
to the east edge of the Shuksan plate before and 

after deformation. About 50 km of the 180 km 
results from a western extension of the Shuksan 
sheet, which is presumed to have overlain the 
San Juan Island nappes and been responsible for 
their high P /T metamorphism. 

(3) About 50 km within the greater Insular 
terrane "basement" itself, that is, the internal 
shortening and translation of the Skagit Gneiss. 

(4) On the order of 220 km of wholesale 
crustal overlap between the previously amal
gamated greater Intermontane terrane plus San 
Juan terranes and the underthrust greater Insular 
terrane, that is, Skagit and (?) Wrangellia. This 
displacement took place on the deep Shuksan 
thrust. The value of 220 km is controlled to 
some degree by my assumption that the deepest 
plate in the northwestern Cascades, the "autoch
thon" of Misch (1966), was stripped off the 
Skagit. If the "autochthon" is actually not that 
far-traveled, then some of the San Juan units 
would restore atop the Skagit, and the magni
tude of wholesale crustal overlap, and therefore 
the total magnitude of shortening, would be re
duced by about 100 km. This alternative restora
tion would also imply that the Skagit is 
composed of something other than Chilliwack 
Group. 

The crustal cross section and derivative kine
matic model described above provide an inte
grated set of solutions to the questions put forth 
at the beginning of this paper. In addition, the 
pre-thrusting configuration shown in Figure 10 
represents the first semi-quantitative restoration 
of paleogeographic elements proposed for the 
Cascades. Pre-thrusting paleogeography can be 
viewed as comprising three realms. From east to 
west, these are the greater Intermontane tt:rrane, 
the proto-San Juan province, and the greater 
Insular terrane (Fig. 12). Each of these elements 
contains several aspects worth commenting on. 

The greater Intermontane terrane included 
rocks of Quesnellia on the east and the Methow 
and Bridge River-Hozameen terranes on the 
west. It is difficult to correlate the Early Trias
sic(?) basaltic basement of the Methow basin 
with anything in Quesnellia, but Lower to Mid
dle Jurassic shales overlying the basement are 
broadly similar in age and lithology to rocks in 
the Ashcroft Formation, which lies above Trias
sic arc rocks in western Quesnellia (compare 
with Coates, 1974; Travers, 1978). Moreover, 
the; structural disposition, stratigraphy, and re
cently discovered blueschists in the IBridge 
River-Hozameen terrane bear marked similarity 
to those of western parts of the Cache Creek 
terrane (Cordey and others, 1987; Garver and 
others, 1989). If these correlations are legiti-
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Figure 12. Possible paleogeographic setting of the Insular, Intermontane, and intervening 
terranes prior to mid-Cretaceous orogeny. No paleolatitude or paleo-north direction implied. 
In this interpretation, mid-Cretaceous orogeny was precipitated by collision of a continental 

margin ("Intermontane") arc with an offshore arc built on the Insular terrane. The west edge 
of the Intermontane terrane truncates the Stikine-Cache Creek-Quesnellia triad and may 
therefore be a Late Jurassic or Early Cretaceous strike-slip truncation scar. In present coordi
nates, the closest potential offset correlative of this triad is in western Idaho and eastern 
Oregon, where the Wallowa-Baker-Olds Ferry triad is juxtaposed against miogeoclinal rocks. 

mate, then the same lntermontane rocks that lie 
far to the east of the lnsular-Intermontane colli
sion belt in central and northern British Colum
bia were intimately involved in mid-Cretaceous 
orogeny in southernmost British Columbia and 
Washington. This regional-scale distribution of 
elements of the Intermontane superterrane sug
gests that the west side of the superterrane was a 
truncation scar prior to mid-Cretaceous orogeny 
(Fig. 12). 

The proto-San Juan province encompasses a 
diverse assemblage of terranes that must have 
composed a structurally complex collage prior 
to its incorporation into the Cascade orogen. 
Two points are noteworthy. First, all of the 
rocks in this realm bear some similarity to ter
ranes in northern California (for example, 
Cowan, 1980; Cowan and Brandon, 1981; 
Brown and Blake, 1987; Miller, 1987; Brandon 
and others, 1988; Garver, 1988b) and, arguably, 
may have been derived from there. Second, 
when the structural telescoping of the stack is 
undone, most terranes are less than 5 km thick 
and are not underlain by a complete basement 

section (exception: Decatur terrane). For the ter
ranes that do not carry ultramafic basement with 
them, one of two explanations may apply. Per
haps ( 1) the terranes in question were formerly 
underlain by crust that was subsequently sub
ducted, or (2) the units restore into a pre-middle 
Cretaceous configuration in which they were al
ready assembled into a thrust-faulted stack, and 
the composite crustal thickness in this paleogeo
graphic realm far exceeded that depicted in Fig
ure 10. In either case, the Early Cretaceous 
underpinnings of the San Juan nappes were 
likely thrust beneath the greater Intermontane 
terrane and, if not recycled into the mantle, may 
today reside beneath the western edge of the 
Omineca extended belt, some 50-100 km east 
of the cross sections shown in Figure 10. Most 
terranes are overlain by Upper Jurassic and 
Lower Cretaceous elastic rocks, and so any 
major pre-middle Cretaceous terrane-shuffiing 
event would presumably have had to occur in 
pre-Late Jurassic time (Brandon and others, 
1988). 

The greater Insular terrane comprised Wran-

gellia and the deepest rocks exposed in the 
northwest Cascades-San Juan thrust system, the 
Chilliwack-Nooksack terrane. There must be a 
structural contact between these two terranes in 
the subsurface somewhere between the western 
Cascades and Vancouver Island, but the nature 
of that contact is unknown. Valanginian to 
lower Hauterivian volcaniclastic rocks, tuffs, 
and lavas in the Brokenback Hill Formation 
west of Harrison Lake, British Columbia (Ar
thur, 1986), are evidence that the greater Insular 
terrane was an active Early Cretaceous arc prior 
to its incorporation into the Cascades orogen. 

Workers in the region have debated whether 
Cretaceous deformation in the Cascades was 
precipitated by arc-arc collision or whether it 
occurred in an intra-arc setting (compare 
Monger and others, 1982; Van Der Heyden, 
1989; Thorkelson and Smith, 1989; Rubin and 
others, 1990). The analysis presented herein has 
several implications for this question. Figure 12 
shows schematically the distribution of 130-100 
Ma magmatic rocks in map view. Note that the 
Spuzzum and related bodies reside in the outer, 
or westernmost, greater Intermontane terrane, 
east of the proto-San Juans but west of rocks 
preserved today in the Methow basin. Latest Ju
rassic and Early Cretaceous granitoids also 
occur east of the present position of the Methow 
basin (Greig, 1988, and 1988, written commun.; 
Thorkelson and Smith, 1989). Therefore, the 
part of the crust preserved in the Methow basin 
may have been situated in an intra-arc position 
in late Early Cretaceous time. Note also, though, 
that virtually no magmatic rocks intrude the 
>300-km-wide zone of nappes that lie in the 
northwest Cascades-San Juan system, or proto
San Juan province (possible exception: several 
small, isolated, meta-igneous bodies in the Shuk
san Suite; Gallagher and Brown, 1987). There
fore, any 130-100 Ma magmatic rocks that 
reside in or on the greater Insular terrane must 
belong to a separate outer arc that was probably 
coupled with a downgoing Farallon plate. 
Further dating of 130-100 Ma magmatic rocks 
in the Cascades and southern Coast Ranges of 
British Columbia is required before this conten
tion can be corroborated or revised. 

SUMMARY 

The foregoing analysis represents the first 
semi-quantitative geometric treatment of middle 
Cretaceous orogen-scale deformation within the 
Cascades of Washington State and southern 
British Columbia. The model presented herein 
attributes apparently diachronous high-grade 
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metamorphism in the Cascades to the collapse 
of an intra-arc basin on the west edge of the 
Intermontane superterrane followed by em
placement of those Intermontane rocks and a 
collage of smaller terranes west of them onto the 
eastern edge of the greater Insular superterrane. 
The distribution of Early Cretaceous arc rocks in 
pre-thrusting configuration implies that defor
mation was driven by the collision of two arcs 
that were both situated above eastward-descend
ing plates. The presence of ( l )  "stitching" plu
tons and deformation of Late Jurassic age in 
both the Intermontane and Insular terranes (Van 
Der Heyden, 1989) and (2) similarities between 
mid-Cretaceous nappes in the San Juan Islands
northwest Cascades system and previously 
accreted units in the Klamath Mountains, as 
well as (3) the short-lived nature of the eastern 
arc (Thorkelson and Smith, 1989), indicates that 
the basin between the two arcs was not broad 
and composed of old crust but was, rather, nar
row and probably generated on a transform- or 
oblique-subduction-dominated margin. 

Although the sense of imbrication across the 
orogen was predominantly top to the west, sig
nificant eastward-directed! thrusting that ensued 
shortly after the early stages of crustal contrac
tion imparted a two-sided geometry to the oro
gen. Rocks between the Shuksan thrust on the 
west and the Jack Moullltain and Chuwanten 
thrust on the east formed a tectonic flake or 
pop-up in the structurally highest reaches of the 
orogen. 

The most significant and important un
knowns in the Cascades at present pertain to 
(a) the stratigraphic affinity of most of the rocks 
in the Cascade metamorphic core and (b) the 
spatial arrangement and translation history of 
most tectonic elements during Late Jurassic and 
Early Cretaceous time, prior to collision. This 
analysis asserts that the suture between the Insu
lar and Intermontane terranes occurs within the 
core and separates rocks with old (90-105 Ma) 
uplift ages in the upper plate from rocks with 
young (80-45 Ma) uplift ages in the lower plate. 
These assertions could be tested by comparing 
the geochemical, isotopic, and stratigraphic rec
ords in specific metamorphic units, Skagit, 
Nason-Settler, and Mad River-Cogburn Creek, 
with their hypothesized nonmetamorphosed 
equivalents, Chilliwack-Nooksack, lower Meth
ow, and Bridge River-Hozameen, respectively. 
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