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ABSTRACT

An imbricate thrust belt that extends along strike for over 2000 km overprints the tectonic
boundary between two of the largest allochthonous crustal fragments (Intermontane and Insular
superterranes) in the North American Cordillera and affects rocks west of the Coast Plutonic
Complex in southeast Alaska, western British Columbia and northern Washington . Deformation
was broadly coeval with mid-Cretaceous magmatism and involved the emplacement of westdirected thrust nappes over a structurally intact and relatively unmetamorphosed basement. The
Paleozoic and lower Mesozoic Alexander terrane forms structural basement for much of the thrust
belt, along a moderately northeast-dipping ramp .
The western metamorphic beij of the Coast Plutonic Complex consists of the Alexander
and Taku terranes , and the Upper Jurassic and Lower Cretaceous Gravina sequence . The
Alexander terrane consists of lower Paleozoic metavolcanic and metasedimentary rocks (Descon
Formation) and dioritic plutons that are unconformably overlain by Lower Devonian clastic strata
(Karheen Formation). These rocks are overlain locally by Upper Triassic basan , rhyo~te and marine
clastic strata (Hyd Group). The Taku terrane consists of polydeformed and metamorphosed strata
that are divided into anupper Paleozoic and lower Mesozoic assemblage (Alava sequence) and a
lower Paleozoic assemblage (Kah Shakes sequence).

The lower Paleozoic Kah Shakes

sequence consists of Devonian orthogneiss, quartz-rich metasedimentary rocks , metabasalt,
meta-silicic tuff, marble, calc-silicate, and quartzite. The quartz-rich metasedimentary rocks may be
correlative with the lower Paleozoic and mid-Paleozoic Yukon-Tanana terrane , which represents
an east-Pacific fringing arc complex built on continental slope and rise deposits. The upper
Paleozoic and lower Mesozoic Alava sequence consists of crinoidal and argillaceous marble ,
carlbonaceous phyllite, argillite, mafic flows, pillow breccia, pyroclastic tuff, and minor quartz-rich
metasedimentary rocks. The upper Paleozoic part of the Alava sequence is probably correlative
with the mid- to late Paleozoic portion of the Yukon-Tanana terrane. The Middle and Upper
Triassic portion of the Alava sequence may represent a metamorphiC vestige of the Stuhini Group,
now exposed on fhe westem flank of the Coast Batholific belt.

iv

Upper Jurassic and Lower Cretaceous metavolcanic and metasedimentary strala of the
Gravina sequence unconformably overlie both the Alexander and Taku terranes . These rocks
form two distinct lithotectonic units in southern southeast Alaska . The lower unit consists of
coarse marine pyroclastic and volcaniclastic strata, mafic flows, breccia, and fine-grained tuff which
are locally intruded by hypabyssal bodies of diorite and quartz diorite . Fine- to coarse-grained
turbidites and related channel-fill deposits comprise the epiclastic part of the Gravina sequence .
Conglomerate units contain mostly volcanic and plutonic lithic clasts that suggest they were
derived from a composite igneous source. Clasts from the channel-fill deposits yield Pb-U zircon
ages of 154 to 158 Ma. The pyroclastic and volcaniclastic rocks represent remnants of a Late
Jurassic oceanic arc system that was constructed on a composite basement consisting of the
Alexander and Taku terranes; the Taku terrane is inferred to represent the westernmost extent of
the Stikine and Yukon-Tanana terranes. These data suggest that the Intermontane (Stikine and
Yukon-Tanana terranes) and Insutar (Alexander terrane) superterranes were juxtaposed prior
deposition of the Upper Jurassic and Lower Cretaceous Gravina sequence .
The lower Paleozoic to Early Cretaceous rocks were deformed in the mid-Cretaceous and
tectonism was broadly coevat with arc magmatism. Deformation involved the emplacement of
west-directed thrust nappes over a structurally intact and relatively unmetamorphosed basement.
Mid-Cretaceous tonalite, granodiorite, and quartz diorite intrude rocks of the thrust

be~

and were

locally affected by the deformation. Mid-Cretaceous deformation occurred during two episodes
that were contemporaneous with the emplacement of sill-like plutonic bodies . Older structures
record ductile southwest-vergent folding and faulting , regional metamorphism and contain a welldeveloped axial-planar foUation. The second generation structures developed during the later
stages of southwest-directed reverse

fau~ing

that juxtaposes rocks of contrasting metamorphic

pressures and temperatures . The presence of syntectonic kyanite-staurolite-garnet-biotite
assemblages in the more eastern high-strain zones indicates that at least some of the reverse
faults were generated at depths in excess of 20 km during the later stages of thrust faulting and
associated uplift.

v

Paleocene and younger (?) deformation has also affected rocks on the western margin of
the Coast Plutonic Complex . Younger fabrics are dominated by low to moderate west-dipping
foliation surfaces that are axial planar to asymmetric east-vergent folds. The east-verging fabrics
have transposed eartier mid-Cretaceous fabrics . Late Paleocene pegmatite dikes are highly
deformed and are affected by the west-dipping structures. Exposure of mid-crustal level rocks
might be related to a reversal in vergence during Paleocene time, in which deep levels of the midCretaceous thrust system were transported upward along east-vergent structures . A swarm of
hornblende-bearing diabase dikes cross-cut all structures and fabrics.

These dik es trend

northeast and mark a regional change in the overall regional strain patterns during Miocene time.
Structural , stratigraphic and geochronologic data suggest that regional-scale deformation
in southeast Alaska occurred between 113 Ma and 89 Ma. Rocks in the thrust ben were regionally
uplifted by 70 Ma, at an average minium rate of

e

0.9 mmlyr. Mid-Cretaceous deformation involved

the collapse of marginal basin(s) and a magmatic arc, overprinting the older tectonic boundary
between the Insular superterrane and the late Mesozoic western margin of North America (i.e., the
Intermontane superterrane) . Contractional deformation along the length of the thrust beh was
broadly coeval with arc magmatism, and thus records intra-arc tectonism. Late Paleocene to Early
Eocene deformation and uplift may mark the tranSition from contractional to extensiona l
tectonism, and perhaps records the collapse of tectonicallY thickened crust.
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CHAPTER 1

Introduction

Many mountain belts in the world are formed by crustal shortening and concurrent
metamorphism. Along convergent plate margins, deformation is generally accompanied by
widespread magmatism which is one of the primary mechanisms for the development of new
continental crust. The accretion of oceanic material along active plate margins is another important
mechanism in continental growth, yet the interplay between magmatism , deformation , and
accretion of crustal fragments is controversial. Some workers consider almost all Mesozoic highgrade metamorphism and deformation in the North American Cordi lle ra to be the result of
accretionary processes (e.g., Coney et aI., 1980), with magmatism playing only a secondary role.
In contrast, other workers have emphasized that deformation, associated metamorphism and
coeval magmatism can be explained by convergent-margin processes and that the collision of
exotic components is not the primary geodynamic control of Cordilleran orogenic belts (e.g .,
Burchfiel and Davis , 1972) .
The relationship between accretion of crustal fragments, deformation, and magmatism is
well displayed in the northwestern Cordillera. The Cordillera is characterized by a collage of
discrete crustal fragments or terranes (Monger and Berg, 1987). high-grade metamorphic belts ,
and a large-scale arc-related batholithic ben (Coast Plutonic Complex) . The Canadian segment of
the Cordillera, between latitudes 40° and 60 0 N, can be grouped into two major crustal elements
based on wallrock geology, the Intermontane and Insular superterranes (Figure 1). The boundary
between the two superterranes is a major structural feature and can be traced for over 2000 km
along the eastern edge of the Insular superterrane, from southwest British Columbia to southeast
Alaska (Figure 1). The boundary divides ensimatic crust from the western margin of Jurassic North
America. The Coast bathOlithic ben was emplaced along the superterrane boundary .
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Figure 1-1 . Generalized distribution of lithotectonic elements of the northern Cordillera
(modified from Monger et aI., 1982; Monger and Berg, 1987; Wheeler et al.,1988; Miller, 1987;
Miller et aI. , in press). Also shown are some large strike-slip

fau~s.

Initial Sr 0.706 isoplelh from

Kistler and Peterman (1973) , Farmer and DePaolo (1983) , and Armstrong (1988).
Wrangellia, At

Wr =

= Alexander terrane , St = Stikine terrane, Q = Quesnel terrane , Cc = Cache Creek

terrane, Yn = Yukon-Tanana terrane.
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The Intermontane superterrane consists of Stikine, Cache Creek, and Quesnel terrane s
(Figure 2) and was accreted to North America in the Middle Jurassic time (Monger et aI. , 1982),
thus forming the western margin to the continent during the Cretaceous . The Stikine, Quesnel ,
and correlative terranes to south (Figure 1) rest unconformably on older oceanic arc rocks and
rocks of continental affinity (slope and rise deposits and attenuated or rilted continental crust)
(Figure 2), and lie outboard of contemporaneous shen and platform strata. Volcanic and basinal
strata of the Intermontane superterrane have depositional and structural ties with western North
America and , combined with recent geochemicat and isotopic studies and geologic mapping , the
superterrane represents a long-lived east-Pacific fringing arc system that was adjacent to North
America for much of its history (Rubin et aI. , 1990). The Insular superterrane , co nsisting of the
Alexander, Peninsula, and Wrangellia terranes (Figure 2). lies parallel to and west of the
Intermontane superterrane . Isotopic studies indicate that the Alexander terrane consists of
Phanerozoic depleted mantle-derived crustal material (Samson et aI. , 1990), in contrast to parts of
the Intermontane superterrane which shows recycling of Proterozoic sialic material. The Insular
superterrane , extending for over 2000 km along strike, has no apparent paleogeographic tie to
North America until Cretaceous time (Monger et aI., 1982; Saleeby, 1983) and consists of a lower
Paleozoic oceanic arc sequence overlain by an Upper Triassic rift assemblage (Figure 2; Gehrels
and Saleeby, 1987). The striking geologic contrasts between the two superterranes were first
recognized by Wilson (1968) and Jones et al. (1972). and later emphasized by Coney et al.
(1980). The contact between the Insular and Intermontane superterranes is generally masked by
younger batholithic rocks of the Coast Plutonic Complex, covered by inland marine waterways or
structurally disrupted by Cenozoic strike-slip faults , except in southeast Alaska where the
Alexander terrane and its Upper Triassic and Upper Jurassic to Lower Cretaceous cover are in
contact with the Taku terrane . The Taku terrane represents a highly metamorphosed vestige of
portions of the Yukon-Tanana and Stikine terranes (Figure 2; e.g., Intermontane superterrane).
Late Mesozoic deformation and associated metamorphism along the eastern boundary of
the Insular superterrane have been thought to be the result of the collision between the Insular
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Figure 1-2 .

Petrotectonic and structural histories of the Intermontane and Insu lar

superterranes of British Columbia and southern Alaska (modified from Saleeby , 1983 ; Gardner et
ai. , 1989; Anderson, 1989 ; Rubin et ai. , 1990). Time scale after Harland and others (1982).
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superterrane and North America during Cretaceous time (Crawford et aI. , 1987; Monger et aI.,
1982). Structural, stratigraphic and geochronologic data suggest that regional-scale deformation
in southeast Alaska occurred between 113 Ma and 89 Ma and is characterized by widespread
Cretaceous crustal shortening, metamorphism, and deep erosion (Crawford et aI. , 1987; Rubin et
aI., 1990). Deformation was broadly coeval with mid-Cretaceous magmatism and involved the
emplacement of west-directed thrust nappes over a structurally-intact and relative ly
un metamorphosed basement. Thrust sheets in the belt show extensive basement involvement ,
including both juvenile, ensimatic elements of the Alexander terrane and continent-derived North
American slope and rise deposits. Progress in U-Pb geochronology, geologic mapping and
thermobarometry in the late 1980's along the eastern edge of the Insular superterrane has
provided an initial framework for understanding the nature and character of the boundary between
allochthonous ensimatic crustal fragments and the western margin of late Mesozoic North
America. Late Mesozoic tectonism along the western margin of the Canadian Cordillera can now
be re-interpreted in light of new data presented here.
The primary objective of my work in southeast Alaska has been to characterize the
boundary between the Insular-Intermontane sur 0,.... ,rranes and to construct a stratigraphic and
structural chronology in highly metamorphosed sequences of the western metamorphic
framework rocks of the Coast Plutonic Complex in southeast Alaska. Geologic mapping along
the western flank of the Coast Plutonic Complex, on Cleveland and Portland Pen insulas
and Revillagigedo and adjacent islands (Figure 1), has formed the basis for these tectonic
studies. The investigation is based on detailed U-Pb geochronologic studies , combined with
field, petrologic and geochemical studies.

Field studies have also characterized the

depositional setting of a poorly-understood Mesozoic arc sequence which overlaps both
superterranes, and have provided new constraints on the paleogeography and
paleotectonic setting of Mesozoic western North America. By comparing the geology of
southern southeast Alaska to age-equivalent sequences throughout the Cord illera,
structural styles, stratigraphic and age relations, and magmatic episodes can be
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interpreted in a Circum -Pacific tecton ic framework. These geolog ic studies have formed
the framework for U-Pb geochronolog ic studies (in collaboration with Jason Saleeby.
Caltech). geochemical analyses (by the U.S. Geological Survey under the superv ision of
Fred Barker) . identification of conodonts (by Mike Orchard . Geologic Survey of Canada).
and regional oxygen isotope variations in highly metamorphosed te rranes (in
collaboration with Hugh Taylor. Jr.• Caltech ).
This thesis has been organized into six chapters including this introduction; the
other chapters were written as separate manuscripts . with one appendix.

Chapter 2

describes the depositional setting and geologic evolution of the Upper Jurassic and Lowe r
Cretaceous Gravina sequence. and presents U-Pb geochronolog ic and geochem ical data.
Chapter 3 provides a description of the basement constituents along the western fl ank of
the Coast Plutonic Complex. on Cleveland Peninsula. Revillagigedo and adjacent isl ands.
and presents U-Pb geochronologic and structural data from these areas.

Laborato ry

methods used in these geochronologic studies are described in the Appendix . Chapter 4
provides a new interpretation of the upper Paleozoic and lower Mesozoic portion of the Taku
terrane. a polygenetic assemblage that forms much of the western metamorphic belt of the Coast
Plutonic Complex. and presents U-Pb geochronologic. geochemical data and conodont ages.
Chapter 5 discusses the zonation of the thrust belt. inferred cooling and uplift rates. and
foredeep basin development. A qualitative model for the geodynamic setting of the thrust
belt is presented.

Chapter 6 presents a synthesis of the mid-Cretaceous structural

evolution of the northwest Cordillera and points out the remarkable similarit ies in
structural styles and timing of deformation along the length of the orogen.
The fundamental conclusions of my research are: (1) that a previo usl y
unrecognized thrust belt occurs discontinuously for over 2000 km along strike. between
latitudes 49° and 56°N. (2) the western framework rocks of the Coast Pluton ic Complex
consist of metamorphic equ ivalents of the Alexander. Stikine. Yukon-Tanana terranes
and the Gravina sequence, (3) that much of the deformation along the Coast Plutonic
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Complex and the eastern edge of the Alexander terrane was broadly coeval with arc
magmatism, and thus records intra-arc tectonism. In this view, the collision of exotic tectonic
elements is not required to explain the stratigraphie, structural, and metamorphic relations see n in
southeast Alaska and western British Columbia . Geologic, stratigraphic, structural and , in part ,
paleobiogeographic relations support the hypothesis that the the Insular superterrane was
juxtaposed against North America during Middle Jurassic time.
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CHAPTER 2

THE GRAVINA SEQUENCE - REMNANTS OF A MID-MESOZOIC OCEANIC ARC I
SOUTHERN SOUTHEAST ALASKA
Charles M. Rubin and Jason B. Saleeby California InstitUie o/Technology. Pasadena. California.
submitted to Journal 0/ Geophysical Research

ABSTRACT. Fragments of Upper Jurassic to Lower Cretaceous volcanic and basinal strata constitUle the
Gravina belt in southeast Alaska. In the Ketchikan area, Gravina belt form two lithotectonic units. The
lower unit consists of coarse marine pyroclastic and volcaniclastic strata, mafic flows, breccia, and finegrained tuff which are locally intruded by hypabyssal bodies of diorite and quartz diorite. The volcanic rocks
are characterized by tholeiitic arc basalts, lack felsic volcanic strata, and overlie Upper Triassic and older
strata of the Alexander terrane. Augite - hornblende - bearing porphyritic rocks are common and locally
intrude the Alexander terrane basement, where they are thought to represent the intrusive equivalents of lavas
recognized in the section. Age constraints for the volcanic unit come from structuraJ and straLigraphic

relations with adjacent units and are interpreted as late Middle to Late Jurassic in age. The Gravina belt
epiclastic unit consists of fine- to coarse-grained turbidites and related channel-fill deposits. In the Ketchikan
area, the basinal rocks unconformably overlie Permian rocks of the Taku terrane and remnants of the lower
volcanic part of the Gravina sequence which overlie the Alexander terrane. The conglomerate units con tain
mostly volcanic and plutonic lithic clasts that suggests that they were derived form a composite volcanoplutonic setting. Clasts in the channel-fill deposits yield Pb-U zircon ages of 154-158 Ma.
The predominance of pyroclastic deposits interbedded with massive flows, tuff, breccia, and
argillaceous turbidites and the lithologic and chemical composition of the volcanic rocks indicate a
submarine volcanic arc setting for the Gravina sequence. The basinal pyroclastic rocks are inferred to have
been shed from submarine strato-volcanos during the Late Jurassic. Epiclastic rocks were deposited in a
submarine fan setting. Volcanic and plutonic provenance for coarse epiclastic units indicate upl ift and
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erosion of an arc edifice. The presence of fine-grained tuffaceous turb idites impl y ongoing, but distal
volcanism.

The pyroclastic and volcaniclastic rocks represent remnants of a Late Jurassic oceanic arc system that
was constructed on a composite basement consisting of the Alexander and Taku terranes. The strata
accumulated in an intra-arc basin on the eastern edge of the Alexander terrane. Arc volcanism continued into
Early Cretaceous time. The volcanic and basinal rocks were deformed during a major intra-arc contractional
event during mid-Cretaceous time, in conjunction with the emplacement of a distinctly younge r, arc-related
plutonic suite.

INTRODUCTION
Variably deformed and metamorphosed Upper Jurass ic to Lower Cretaceous metavolcanic and
metasedimentary strata form a discontinuous belt in nonhwestern British Columbia and southeastern Alaska,
berween!at. 54° and 59°N (Figure I). These rocks are called the Gravina-NuLZo tin belt [Berg et aI., 1972],
with protoliths consisting of interbedded marine basaltic breccia, flo ws, tuff, and turbidites. The GravinaNULZotin belt is best exposed from the eastern Alaska Range to so utheastern Alaska and nonhwestern British
Columbia o ver a distance of 750 km. Mesozoic volcanic rocks overlie both the Alexander terrane and
Wrangellia [Berg et aI ., 1972], which collectively form the Insular supenerrane [terrane II of Monger et aI.
1982]. Rocks that lie to the east of the Insular supenerrane belong to the Intermontane supenerrane fterrane
I of Monger et al. 1982] and probably formed the western margin of middle Mesozoic North Ameri ca.
Regional geologic relations within the Gravina belt and between adjacent terranes, however, are poorl y
understood. These geologic uncertainties stem from a lack of age constrain ts on most protoliths of the
Gravina sequence, meager geochemical data on the volcanic rocks, and the need for detailed stratigra phic and
provenance studies on the belt. If the Gravina volcanic rocks represent a Late Jurassic to Early Cretaceous
oceanic volcanic arc system as originally suggested by Berg et al [1972], its corre lation with coeval strata in
the Cordillera may provide new insights into the stratigraphic and tectonic evol ution of volcanic arcs, and its
subsequent accretion to the continent. Recent tectonic syntheses of Mesozoic paleogeography ha ve been
limited by the stratigraphic and structural complexity of Gravina belt [e.g., Monger et aI., 1982; Pavlis,
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Figure 2-1.

Location map of the Gravina sequence in the northwestern Cordillera ,

showing regions and features referred to in text. (Adapted from Beikman, 1980; Monger and Berg , 1985).
K; Ketchikan, p; Petersburg, and J ; Juneau.
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1982; Plafker et a!., 1989]. The initial stratigraphic and tectonic relations between the Insular superterrane
and North America are obscured by mid-Cretaceous polyphase deformation and metamorphism, thus the
initial tectonic boundary is highly modified. For example, the timing and style of accretion of the Insular
superterrane (Alexander terrane and Wrangellia) ID the western North American continental margin remains
enigmatic. Gravina belt rocks playa critical role in addressing these teclDnic questions , due ID their un ique
srratigraphic and paleogeographic position along the eastern margin of the Insular superterrane. If Gra vina
belt strata overlap both the Insular superterrane and inboard terranes that were adjacent to the North America
continent, then a pre-Late Jurassic tie between the Insular superterrane and the western margin of North
America is implied. The accurate characterization the Gravina belt may provide a critical lie between the

Insular superterrane and western North America, and help resolve paleogeographic reconstructions of late
Mesozoic east-Pacific fringing arc systems.
The relationship between Gravina belt strata and coeval volcanic and basinal strata elsewhere in the
western North American Cordillera is not well understood. PartIy age correlative Upper Jurassic to Lower
Cretaceous volcanic arc and epiclastic basinal strata extend from northern Mexico to so uthern Oregon. In
northern California and southern Oregon, these strata include the Upper Jurass ic Galice and Mariposa
Formations and broadly coeval volcanic strata of the Rogue Formation , which formed in an arc-related
setting adjacent ID a convergent-margin accretionary complex . The lower part of the Great Valley sequence is
also age-correlative to parts of the Gravina belt, and consists of si liciclastic turbidites strata that formed in a
fore-arc setting.
Recent paleogeographic reconstructions suggest that Upper Jurassic to Lower Cretaceous Gravina
volcanic strata in the northwestern Cordillera represent a magmatic arc that is allocthonous with respec t to
North America prior to mid Cretaceous time [Howell et a!., 1985]. In this view, the Gravina arc was built
upon a composite basement of Wrangellia, the Alexander terrane and fragments of the Peninsular terran e.
Alternatively, its development may have been analogous to the Jurassic arc rocks in California. Upper
Jurassic arc strata in northern California were deposited on the western margin of North America which
consisted of structurally imbricated, older accreted terranes [Harper and Wright, 1984]. By analogy, Late
Jurassic arc magmatism of the Gravina sequence may have been superimposed across not only across a
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composi te basement of the Alexander terrane and Wrangellia, but across pans of the Interm ontane
superterrane. This paper presents evidence in support of this view. In southern southeast Alaska. arc

magmatism was active over a relatively shon period of time in the mid-Late Jurassic and can be compared
wi th other ancient arc systems in the western Cordillera.
This paper presents new stratigraphic, structural, geochronologic and geochemical data on the
Gravina belt in southern southeast Alaska.

Although rocks of the Gravina sequence have been

metamorphosed to greenschist and lower amphibolite facies, locally original bedding features are preserved.
This study is based upon detailed geologic mapping along the shorelines of Annette, Gravina and
Revillagigedo Islands, adjacent smaller islands, and Cleveland Peninsula (Figure 2). This paper characterizes
the depositional setting of the Gravina sequence, provides a reference section for compari son to age-

correlative volcanic sequences elsewhere in the Cordillera, and provides new constraints on mid-Mesozoic

paleogeography and paleotectonic setting of the nonhwestern Cordillera.

Previous Work
Rocks of the Gravina belt in southeast Alaska were originally described by Buddington and Chapin
[ 1929J . Studies by Gabrielse and Wheeler [196 1J and Brew et a!., [1966J have characterized the regional
geologic relations and provided some of the rtrst tectonic syntheses of this region. It was not until the early
1970's, that workers recognized the continuation of these Upper Jurassic to Lower Cretaceous volcanic and
sedimentary rocks across the Chatham Strait fault into the Yukon Territory and the eastern Alaska Range. In
their pioneering study, Berg et a!., [1972J defined the Gravina-Nutzotin belt, described the sedimentary and
volcanic rocks along sDike and provided a coherent geologic framework to interpret the belt using plate·
tectonic models. Recently, the contact relations between the Gravina-Nutzotin belt and adjacent terranes
were reexamined by Brew and Karl [1987J. In southern so utheastern Alaska, near the Ketchikan area,
sedimentary and volcanic rocks assigned to the Gravina-Nutzotin belt were described by Brooks, [1902],
Wright and Wright [1908J, Smith [1915], Chapin [1918], Berg [1973J and Berg et al., [1978J.
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Figure 2-2. Geologic map and zircon sample locations on Cleveland Peninsula, Revillagigedo and
adjacent islands, BI = Bell Island Pluton, BP = Bushy Point Pluton, MB = Moth Bay Pluton, EP = Eaton
Point Pluton, AB = Alava Bay, CI = Carol Inlet, GI = George Inlet, and POW = Prince of Wales Island, SB
= Spacious Bay. BMT = Black Mountain Thrust, NRSZ = nonhern Revillagigedo Island fault zone, SRSZ

= southern Revillagigedo Island fault zone. Adapted from Berg (1972, 1973; pans of Annette and Gravina
Islands), Gehrels and Saleeby (l987b, parts of Annette, Duke, and Gravina islands), C.M. Rubin
(unpublished mapping, 1985, 1986, 1987; Cleveland Peninsula and adjacent islands); C.M. Rubin and J.B.
Saleeby (unpublished mapping, 1986, 1987, 1988; Revillagigedo and adjacent Islands).
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GEOLOGIC SETIING
The Gravina bell consists of distinctive Iithoteclonic assemblage extending from the easlern Alaska
Range lO southernmosl Alaska and forms a narrow bell which in general separate the Alexander and Taku
lerranes [Berg el a!., 1972; Monger and Berg, 1985]. Gravina strata appear lO depositionally overlie lhe
Alexander lerrane on Gravina Island [Berg, 1973; Rubin, unpublished mapping], Annelle Island [Rubin ,
unpublished mapping], and on Kupreanoff Island [McClelland and Gehrels, 1987]; however, the contaCl is
never exposed at any of these localities. To the easl, Gravina strata unconformably overlie metamorphosed
and deformed rocks of the Permian and Triassic parts of the Taku lerrane [Rubin and Saleeby, 1988]. To lhe
north on the Chilkal Peninsula, Gravina strata unconformably overlie the Cilkal sequence thal is interpreled
as a displaced fragment of Wrangellia [plafker el a!., 1989] . Gravina bell strata have nOl been identified
wilhi n or easl of the Coasl Plutonic Complex.
In southern southeasl Alaska, the Alexander lerrane forms struclural basement for mOSl of the rocks
thal lie wesl of the Coasl Plutonic Complex, including rocks of the Gravina sequence (Figure 2). The
Alexander lerrane consists of a structurally intacllower Paleozoic ensimatic arc sequence overlain by middle
Paleozoic clastic and carbonate strata and a Upper Triassic rifl-relaled assemblage [Gehrels and Saleeby,
1987a] . In mosl areas, rocks of the Alexander lerrane are on ly slighlly deformed and are nOl highly
metamorphosed [Gehrels and Saleeby, 1987a, b], excepl near the eaSlern edge of the terrane where lhey are
overprinted by lale Mesozoic deformalion [Rubin and Saleeby, 1987a; Saleeby, 1987]. Easl of and
apparen tly deposilionally overlying the Alexander lerrane lies the mid- Upper Jurassic to Lower Cretaceous
Gravina bell
Struclurally overlying the Alexander terrane and Gravina bell is the Taku lerrane. In the Kelchikan
area, the Taku lerrane has lwo major lithologic components: I) the upper Paleozoic and middle Mesozoic
Alava sequence and 2) the mid-Paleozoic and older Kah Shakes sequence. The Alava sequence contains
Pennsylvanian, Lower Permian and middle Triassic shallow water limestone interbedded with and overlain by
mafic aphyric flows, pillow breccia, pyroclastic strata, and quarlZile [Silberling el a!.. 1981; Rubin and
Saleeby, 1988; Rubin and Saleeby, in review]. Based on the similarities in lithologies and fossil ages, the
Alava sequence may represent a highly metamorphosed and structurally fragmented pan of the Yukon-Tanana
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and Stikine terranes [Rubin and Saleeby. 1988. Rubin an d Saleeby. in review ). Locally. c hannel-fill
deposits of the Gravina sequence unconfo rmably overlie the Alava sequence and thus form an overlap
between the Alexander terrane and the Alava sequence. The Kah Shakes sequence locally occupies higher
structural levels and consists of Devonian orthogneiss. silicic metavolcanic rocks. quartz-rich metasediments.
metabasalt. marble. calc-silicate. and quartzite. The quartz-rich metasedimentary rocks may be correlative
with the lower Paleozoic portion of the Yukon-Tanana terrane [Gehrels et al .• 1990; Saleeby and Ru bin.
1989. 1990) and record deposition on a slope and continental margin setting. Primary relations between the
Kah Shakes and Alava sequences are uncertain; however. the presence of Alava crinoidal marble interlayerd

Kah Shakes affinity quartzite suggest an early depositional tie. Thus. the Gravina sequence may overlap
both the Alexander terrane. Alava. and Kah Shakes sequences.

ORA VINA SEQUENCE
A revised stratigraphy is presented here for the southernmost pan of the belt. where it is exposed on
Annette. Gravina. and Revillagigedo Islands and Cleveland Peninsula (Figure 2). Our data suggest that the
ages and lithologies of the assemblage exposed in the Ketchikan area are atypical of th e Gravina belt exposed
to the north in the Juneau area and in the eastern Alaska Range. Because of these differences. we informally

use the Gravina sequence to include all the Upper Jurassic to Lower Cretaceous rocks in the Ketchikan-Prince
Rupen region. The revised stratigraph y includes the least deformed and metamorphosed rocks of the Gravi na
Formation and rocks that until now were thought to constitute pan the Taku terrane [Berg et al .. 1988).
The Gravina sequence consists of marine pyroclastic and volcaniclastic strata. argillite. greywacke.
and conglomerate [Berg et al .• 1978] and is intruded by plutons that range in composition from diorite to
granodiorite. Locally. Alaska-type zoned ultramafic bodies intrude epiclastic rocks of the Gravina sequence.
Approximately 70 km north of the Ketchikan area. the youngest fossils obtained from the Gravina sequence
are Albian in age [Berg et aI. 1972]. Near Ketchikan. the Gravina sequence consists of two distinctive
members that can be recognized throughout the study area (Figure 3). The lower member consists of coarse
marine pyroclastic strata. mafic flows . breccia. and fine-grained tuff which are locally intruded by hypabyssa l
bodies of diorite and quartz diorite. Fine- to coarse-grained turbidites and related channel-fill deposits
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Figure 2-3. Generalized stratigraphic section of the Gravina sequence on Gravina Island (Figure 2).
The base of the section is in fault contact with the underlying Alexander terrane and the top of the section is
not seen in this area. On northwestern Annette and northern Gravina Islands, similar strata unconformabl y
overlie the Alexander terrane.
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compose the upper member of the Gravina sequence, which appears to locally lie unconformably upon the
Alava sequence and locally on the lower volcanic member of the Gravina sequence. The str3ligraphic

thickness of the Gravina sequence remains uncenain due to deformation and thrust faulting.

LOWER MEMBER
Stratigraphy
The lower member of the Gravina sequence is characterized by massive, cliff-forming basaltic
breccia, flows, and tuff on Cleveland Peninsula and Gravina Island. This member extends from the south on
Annette Island to Gravina Island and Cleveland Peninsula in the nonh (Figure 2). The lower contact of this
member is not exposed and at most localities the base of the Gravina seq uence is in fault contact with the
Alexander terrane [Brew and Karl , 1987]. On nonhwestern Annette Island and nonhern Gravina Island, clasts
that are lithologically and petrographically identical to the underlying Triassic Hyd Group of the Alexander
terrane are incorporated in Gravina argillite (Figure 4). The contact between the Gravina sequence and the
Alexander terrane on these Islands is interpreted as a faulted unconformity, based on the presence of these
coarse detritus in the Gravina sequence. The top of the lower member is designated at the base of the
overlying tuffaceous and argillaceous turbidites and conglomerate. This stratigraphic contact is exposed on
Gravina and ReviUagigedo Islands and on Cleveland Peninsula.
The lower member has a structural thickness of = 1300 meters and is easily distinguished from
similar lithologies in the Alexander terrane by the predominance of relatively fresh hornblende and augite
phenocrysts, and the lack of near pervasive Fe-carbonate alteration in the flows, breccia, and tuffs.
Lithologic units within the lower member are divided into four groups: (I) mudstone, calcareous argillite,
conglomerate and carbonate, (2) water-laid coarse pyroclastic deposits and tuff, (3) lava flows, and (4)

inuusive rocks.
A distinctive silicic- and carbonate-clast conglomerate is present at the base of the lower member.
The conglomerate consists of matrix and locally grain-supported pebble- to cobble-sized, angular to subangular clasts of meta-rhyolite, metabasalt, limestone and dolomite, that were derived from the underlying
Alexander terrane. Conglomerate beds are lenticular in shape and are interbedded with planar laminated
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Figure 2-4. Defonned basal conglomerate of the lower member of the Gravina sequence on
northwestern Annette Island (Fig. 2), with clasts from the underlying Triass ic Hyd Group of the Alexander
terrane.
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argillite and siltstone. The conglomerate is succeeded by thinly laminated, black to grey argillite, siltstone
and shale. Siliciclastic rocks display cm-sized fining-upwards sequences of siltstone-mudstone couplets.
Pyroclastic deposits and lava flows dominate the lower member (Figure 3). Pyroc lastic deposits
overlie argillite and occur in units generally less than 20 m in structural thickness, but vary up to 500 m.
The coarse-grained pyroclastic flow breccias contain clasts as coarse as is 40 cm that are angular to subangular in shape. These deposits are generally monolitholgic, with large hornblende and augite phenocrysts
present in both the matrix and clasts; phenocrysts are up to 3 cm in diameter. Lithic fragments within the
pyroclastic deposits consist of hornblende-augite phyric angular to sub-angular clasts in a phryic or aphyric
tuffaceous matrix. Subordinate pyroclastic deposits with aphyric matrix and clasts are also present. The
proportion of matrix is generally 50% and clast-supported fa brics are rarely observed.

Bedding is

characteristically massive; however, tectonic deformation probably obscures original bedding features . A
second category of volcanic deposits include crystal-rich tuff and tuffaceous argillite. These rocks consist of
euhedral amphibole and augite, and rare feldspar phenocrysts in a pale green tuffaceous matrix containing
augite, hornblende, epidote-c1inozoisite, albite, quanz and white mica. Typically the phenocrysts make up
10-15% of the rock. Locally, crystals occur in discrete layers or horizons. In places, dikes of homblendeaugi te porphyry cross-cut the interlayered argillite.
Pillowed and massive mafic to silicic flows make up the remaining part of the lower member and
are best exposed on southern Cleveland Peninsula. Typically, the mafic phyric flows are massive and are
locally interlayered with black argillite. Hornblende- augite- bearing porphyries intrude parts of the lower
member argillite and tuffaceous argillite. The phenocrysts and matrix of these dikes are compositionally
similar to the phyric flows and tuff which are common within the lower member. On the north west shore of
Annette Island, massive augite porphyry intrudes banded carbonaceous limestone, laminated felsic LUff, and
limestone of the Alexander terrane.
Structurally concordant tabular bodies of hypabyssal diorite intrudes lower member Gravina rocks.
The diorite is texturally diverse and displays relict porphyritic, ophitic and granular textures. The contact
between the diorite and enclosing volcanic rocks are compositionally and texturall y gradational, and lacks are
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well-defined contact aureole. Attempts to extract zircon (for U-Pb isotopic analyses) from varied textured

diorite were unsuccessful.

The age of the lower member is poorly constrained and is based upon fossil ages repon ed by
Chapin, [1918] , Berg et aI., [1972], and Berg [1973 ]. Poorly preserved Buchia rugosa is present in argillite
on southern Gravina Island, indicating a Late Jurassic age (Kimmeridgian) (Figure 3). Abundant belemni tes
(Cylindroteuthis) which range in age from Middle to Late Jurassic [Berg, 1973] are present from Blank Inlet

on southern Gravina Island. Large pelecypods, up to 20 cm in diameter (En lOlium ) are also present from
Blank Inlet and Blank Island, which ran ge in age from Middle Triassic to Earl y Cretaceous [Berg, 1973].
The age is limited to post-Upper Triassic , the age of the yo ungest fossils in the underlying Ale xande r
terrane. In summary, available fossil age data indicate a Late Jurassic age for at least pan of the lower
member of the Gravina sequence [Berg, 1973; Berg et aI., 1988].

Geochemistry

A critical questi on concerning the Gravina sequence volcan ics is th e identification of their

paleotectonic environmenL For mafic volcanic rocks which have undergone low grade metamorphism. two
useful methods classify and discriminate magmas erupted in different tectonic settings: (I ) examination of
the concentration of trace elements such as Ti , Zr, Y, Cr, Nb and (2) rare-earth elements (REE) in the lavas
and dikes [pearce and Cann, 1973; Winchester and Floyd, 1973; Garcia, 1978; Gill, 1981; Pearce, 1982.
1983; Pearce et aI., 1984; Thompson, 1982]. The criteria used to distinguish tecto nic affi ni ties of magmas
are derived from empirically determined values from a variety of modem plate tectonic settings [pearce, 1982,
1983; Pearce and Norry, 1979]. Trace elements that are relativel y immobile during seafloor alteration and
greenschist facies metamorphism are used [Cann, 1970; Humphris and Thompson, 1978]. Rare earth ,
major, and trace element analyses of lavas and dikes from the Gravina sequence are give n in Table I and 2,
and the data are plotted on both trace element discrimination diagrams (Figure 5) and on a trace-element
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Figure 2-5.

Trace-element discrimination diagrams showing data from Gravina sequence

metabasallS. A) Ti/Zr discrimination diagram of Pearce and Cann (1973); B) Cr/Y discrimination diagram of
Pearce ( 1982); Zr(fi02 vs Nb/Y discrimination diagram of Winches te r and Flo yd ( 1977).
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Figure 2-6. Nonnalized incompatible-element patterns for the Gravina sequence metabasalts. A)
Chondrite-nonnalized plot after Thompson (1982), B) MORB-nonnalized plot afte r Pearce (1983), C)
Chondrite-nonnalized REE plot. All data nonnalized after Nakamura (1974). Multi-element plots generated
by program after Wheatley and Rock (1988).
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discrimination diagrams (Figure 6) according to the conventions suggested by Thompson, [1982], and Pearce
[1982J.
These discrimination diagrams suggest that most of the Gravina sequence lavas and dikes closely
resemble modem-island arc tholeiites (Figure 5 a,b). TitZr ratios of the Gravina voieanics rail within the arc
tholeiite field, with the only exception of sample 85 CR 206, which falls in the continenLaI arc basalt field .
On a Cr(Y plot (Figure 5 b), the daLa plot either in the low Y pan of the arc tholeiite field or in the high Y
pan of the MORB field. TitZe ratios are low and plot within the IAT and continenLaI-arc basalt field or arc
tholeiite-MORB overlap fields; however, these low Ti0 2 and Zr values are not typically seen in MORB
[Pearce and Cann, 1973J .

When Nb(Y is plotted against Zrrri02, all of the values fall within th e

andesitelbasalt and overlap with the su b-alkaline basalt fields . Typically, these samples have low Nb(Y and
Zrrri02 ratios. REE and incompatible trace-element daLa show typical patterns for basalts erupted in a
oceanic island arc setting (Figure 6). These analyses indicated that they are generally similar to the average
island arc tholeiite basalt [pearce, 1980, 1982; Thompson, 1982J and are products of subduc tion-related
magmatism. The Gravina volcanics have low REE abundances and minor LREE (lig ht rare earth e lements)
e nrichment (Figure 6c), which is characteristic of modem arc tholeiite suites [G ill , 1981J. Low Ti02 and Cr
contenlS are consistent with this interpretation.

Trace elements also provide infonmation on both the source and subsequent differentiation history of
magmas. There is a characteristic trace element signature for voieanic rocks erupted at convergent plate
margins, in panicular, source regions are typically enriched relative to REE in both K-group and Th-group
trace elements and depleted in Ti-group trace elements [Gill, 1981J. Ratios of highly incompatible trace
elements reOeet source composition beeause they do not change during melting or fractionation . The
Gravina sequence mafic lavas are enriched, relative to MORB in Ba, Sr, K , Rb, and Th (Figure 6); these
patterns may be attributed to a subduc ted sedimenLary component [e.g., Kay, 1980], however, this
enrichment can also record local variations of arc basement [Moorbath and Hildreth, 1988J. Alternately,
seanoor and subsequent regional metamorphism may have affected these values. A subducted-slab source for
this enrichment is unlikely, because of the absence of negative Eu and Ce anomalies. The lack of Eu and Ce
anomalies is thought to reOect the relative absence of a sedimenLary contribution to the magma source
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[Mclennan and Taylor. 1981; White and Dupre. 1986]. The mafic rocks are enriched in LIL (large ion
lithophile) elements relative to MORB and have high Baffa ratios (>24. except 87CR206) which indicate
excess LfL to LRE elements relative to MORB. High Baffa ratios are common in volcanic arcs and are
representative of low-K island arc tholeiite magmas [Gill. 1981 ]. High BalLa and Baffa ratios. moderate
Laffa ratios. and moderate LIL elements contents (relative 10 high field strength and LRE elements) are also
characteristic of the Gravina sequence mafic rocks (Table 2). These values suggestlhatthe Gravina basaltic
magmas were controlled by the underlying mantle wedge and locally influenced by its ensimatic arc
basement
In summary. based upon trace·element abundances for Cr. Zr. Ti . multi-element and REE panerns.
combined with the presence of significant amounts of pyroclastic volcanic rocks and interbedded turbidites.
we interpret the lower member Gravina sequence volcanics as products of a oceanic volcanic arc complex.
These compositions and geochemical variations are similar to immature island arcs of

me

western Pacific

[Gill. 1981]. Mafic rocks from the island-arc tholeiite suite are distinguished by low abundances of Ti . Cr.
Zr. and \ [for example see Gill. 1981 and Ewart. 1982]. which also characterize the Gra vina volcanics. These
fea tures, along with flat REE patterns with minor LREE enrichment indicate an island-arc tholeiitic.:

paleotectonic setting [e.g .• Garcia. 1978; Gill. 1981 ; Thorpe. 1982 and many others] for the lower mem ber

Gravina volcanic strata.

Deoosi tional se tLing

The base of the lower member of the Gravina sequence contains pebble to cobble conglomerate
which are thought 10 have been derived from the underlying Triassic Hyd Group. Based upon the presence
of laterally continuous. planar-laminated. nonnally graded sequences of argillite. calcareous argillite. and
siltslOne. and the lenticular beds of the predominantly matrix-supported conglomerate. the lowennost part of
the Gravina sequence is interpreted as submarine turbidite deposits. Lenses of coarse-grained conglomerate
represent associated channel·fill deposits. Proximity to the Alexander terrane is suggested by tw o lines of
evidence. (1) The coarse-grained detritus in the turbidites was derived from the underlying Alexander terrane.
(2) Lower member hornblende-augite porphyry intrudes Upper Triassic rocks of the Alexander terran e on
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Annette Island. Hornblende-augite porphyry dikes represent the subvolcanic feeder to the overlying volcanic
rocks.
Large volumes of mafic to intermediate volcanic debris overlie the argillaceous turbidites. These
volcanic rocks contain mostly coarse-grained pyroclastic deposits, phryic tuff and massive nows.
Monolithologic blocks in tuff breccia and blocky nows indicate little or no mixing of volcanogenic debris.
The compositionally uniform crystal-rich maric tuff matrix suggests that the deposits are a direct result of
explosive eruptions. Locally, pillowed and massive nows overlie and are intercalated with argillaceous
turbidites.

Deeper structural levels are represented by the texturall y varied diorite.

The diorite is

compositionally and texturally similar to the volcanic rocks, displays the sanne structural and metamorphic
features, and lacks a well-defined contact aureole, substantiating that the diorite and metavolcanic rocks are
co-genetic as suggested by Berg [1972J. The intrusion of hypabyssal diorite into the pyroclastic aprons
probably caused sediment failure that resulted in volcanic slides, similar to geologic relations observed in
volcaniclastic se<limentary rocks on Cedros Island [Busby-Spera, 1988aJ.
Sedimentary and igneous structures of the pyroclastic deposits and maric lava nows indicate both
distal and proximal volcanic facies are present. Proximal la va nows are pillowed and unbroken, whereas in
distal positions are dominated by pillow breccia. The proximal pyroclastic deposits contain large, juvenile
monolithologic blocks; accidental fragments are uncommon . Fine-grained crystal-rich tuff, lapilli-sized
lithic tuff, and tuffaceous turbidites are more common in distal areas. A nonhern and western source area for
the volcaniclastic aprons are supponed by stratigraphic and sedimentologic data. The thickness and overall
grain size of mafic pyroclastic deposits decrease to the south and easL There are no known coarse-grained
pyroclastic rocks on the eastern and southern ponions of the Gravina basin in the Ketchikan area. Vent
plugs, represented by varied-texture hypabyssal diorite, are present on the northern and western margin,
which suppons the idea of a northern and western source for the volcaniclastic sedimentary rocks. The
widespread occurrence of mafic nows indicate fissures must have been present throughout the basin.
In summary, a simple progradational depositional sequence emerges from facies relations within the
lower member. The basal unit was deposited as turbiditic nows with channel-fill sequences containing clasts
derived from the underlying Alexander terrane. The turbidites are overlain by thick , submarine pyroclastic
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debris and lava flow s. The predominance of pyroclastic deposits interbedded with massive flows, tuff and
argillaceous turbidites together with the presence of co-genetic intrusives and trace element geochemistry
indicate a basinal volcanic arc setting for the lower part of the Gravina sequence. These basinal pyroclastic
deposits were shed from the flanks of submarine strato-volcanos during Late Jurassic time and represent the
initial stage of arc activity. Hypabyssal intrusive rocks represen t the intrusive equivalents of the lavas
recognized within the section.

UPPER MEMBER
Stratigraphy
The upper member consists of poorly exposed siltstone, argillite, tuff, slate and conglomerate. In
the study area, this member extends from the so uth on Annette Island to Cleveland Peninsula in the north
(Figure 2). The best exposures are on southern Cleveland Peninsula, southwestern Revillagigedo and
adjacent smaller islands. The lower contact of this member is not exposed; however, locally it is inferred to
unconformably overlie both the lower volcanic member of the Gravina sequence and the Permian and Triassic
Alava sequence (Figure 4). Basal conglomerate unconformably overlies Alava strata; no evidence for faulting
is present. The top of the section is not exposed and the highest observed levels are in fault contact with
adjacent terranes.
The upper member has an approximate structural thickness of 900 meters. The member is readily
distinguished from similar rock types in both the lower member of the Gravina sequence and the Alava
sequence by the predominance of argillaceous turbidites, the presence of interbedded pebble to cobble
conglomerate interstratified with the turbidite deposits, and by the lack of interlayered, thick units of marble
and mafic metavolcanic rocks. Sedimentary stru ctures are generally better preserved here than in the lower
member.
Lithologic units in the upper member can be divided into two groups or facies: (I) argillaceous and
tuffaceous turbidites, and (2) pebble to cobble conglomerate. The argillaceous strata are characterized very
fine- to fine-grained clastic beds which contain mostl y dark grey, argillaceous siltstone, mudstone, and minor
feldspathic sandstone and silty limestone. Sparse granules and pebbles are present within the argillaceous
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layers and are composed of very-fine grained felsic igneous c1aslS. Bedding is generally medium to thick (2080 em); however, locally massive beds are up to 2 meters thick. Argillite rip-up c1aslS are common within
the sandy layers. Graded bedding, plane laminated sandy layers, and amalgamated beds are together present
locally (FigtUe 7). Other bedform structures are not rec ognized. The tuffaceous strata consist of very fine- to
fine-grained, light gray to tan beds with very small crystals of feldspar and mafic minerals in a white micaepidote-feldspar matrix
Pebble and cobble conglomerate is interbedded with the argillaceous turbidites (Figure 8).
Conglomerate beds occur in a distinctive mappable horizon that is exposed between southeas tern
Revillagigedo Island and southern Cleveland Penins ula and consists of beds 0.5 to 2 m thick. Beds are
commonly lenticular on an outcrop scale. The conglomerate overlies finely lann inated argillite and siltstone
and grades stratigraphically upwards into grey argillite that contains fewer coarse clasts (Figure 7). The
conglomerate bearing hori zon also contains thin layers of grey phyllite and sillStone with sparse granules of
leucocratic fragmenlS and argillite rip-up c1aslS. ClaslS are matrix-supported and are us ually less than 18 em
in diameter, and average 3-8 em in an argillaceous matrix. On Revillagigedo and adjacent islands, boulders up
to 40 em in dianneter occur. Few sedimentary structures are present due to polyp hase deformation. The
claslS are spheroidal to ellipsoidal as the result of younger deformation (Figure 8), and consist of fine- to
coarse-grained granodiorite, quartz diorite and leucocratic diorite, volcanic porphyry, argillite, minor marble
and vein quartz material. The matrix is fine-grained argillite containing quartz, albite, bio tite, epidote, calcite
and white mica.

Provenance and U·Pb isotopic data
The rock types of c1aslS in the pebble to cobble conglomerates were counted in the fie ld (Table 3)
and are plotted according to major constituenlS on ternary diagrams (Figure 9). The conglomerate units
contain mostly volcanic and plutonic lithic claslS, with relatively few sedimentary lithic claslS. Mixing of
these two rock types within the conglomerate suggeslS that they were derived from a composite volcanoplutonic source. The presence of plutonic and lesser volcanic c1aslS suggest deposition near an uplifted
region comprised of both ilS volcanic cover and plutonic substrate.
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Figure 2-7. Measured lithostratigrap hic sec ti on of part of the upper member of th e Gravina
sequence on Back Island.
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Figure 2-8. Highl y deformed channel-fill conglomerate of the upper member of the Gravina
sequence on Beuon Island. Plutonic clasts in Ibe conglomerate yield Pb-U zircon ages of 154 Ma to 158 Ma.
The largest clast in the photograph is approximately 45 cm in diameter; clasts at Gnat Cove and Back Island
are locally over 60 cm in diameter.
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Figure 2·9. Composition of pebble and cobble populations from conglomerate within the upper
member of the Gravina sequence, Lsu, lithic sedimentary undifferentiated; Liv, lithic volcanic and plutonic;
Li, lithic plutonic; LV,lithic volcanic, Iq, lithic quartzite and vein quartz.
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Table 3. Pebble and cobble counts, upper member of the Gravina sequence, southern southeastern
Alaska
Samples
Gnat Cove
South Hume Island
Beuon Island
Back Island
Gin Point
Guckers Cabin

N

102
102
269
102
105
109

Occurrsence (% of clasts randoml y encountered)
Lsu
Li
Lv
Lvi
lq
Ls
Intrusive volcanic
argiUite, marble quanz vein
2
2
98
98
2
2
2
96
96
7.3
2
7.3
27
90
63
16
81
16
3
47
34
2
II
87
11
87
34
6
34
60
60
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Ages of granodiorite and quartz diorite clasts within the pebble to cobble conglomerate have been
determined using Pb-U zircon methods (Tables 4 and 5)_ Zircon separates were prepared by standard mineral
separation techniques. Isotopic data were determined on a 35 cm VG 90° extended geometry seCLOr
multicoliecLOr and on a 30.48 cm, 60° Lunatic IV mass spectrometers at Caltech. Lead was loaded wi th
H 3P0 4 acid-silica gel [Cameron et ai., 1969] and uranium was loaded with H3P0 4 acid and graphite.
Uranium and lead concentrations were determined on solution aliquots from each sample by iSOLOpe dilution
using a mixed 205Pb_230 Th_235U spike.
Seven fractions from four granodiorite and quartz diorite clasts from Gnat Cove and Back Island were
analyzed (Tables 4 and 5). The zircon iSOLOpic systematics of the Gnat Cove samples (84JR28 C-I and C-3 ;
Table 5) are relatively simple and are interpreted as crystallization ages. These samples yield concordant ages
of 154 Ma and 158 Ma (Figure 10). The zircon isotopic data for clast C-3 are slightly discordant. The
igneous age interpretation for this sample is highly dependent on the discordance mechanism chosen to
explain the data. The limited zircon yield from the clast prohibit an in-depth analysis of this question.
Broad age bounds are assigned as 172 to 154 Ma (Figure 10) based on possible minor disturbance at a level
which would permit the )621lJTl fraction to retain its internal concordance. or alternatively minor inheritance

which would disperse the >62 J.Ull fraction off of concordia from the internally concordant fraction . Thus, we
interpret the age as 154 Ma. The igneous claSt from Back Island (Figure 2) yields an internally concordant
age of 157 Ma (Figure 10). The close agreement between the U-Pb ages of all four samples indicate that
they represent Late Jurassic crystallization ages for the clasts and suggest a homogeneous or localized source
terrane. Clasts from localities that occur over 35 km along strike have common lithologic and U-Pb zircon
systematics.
Several possible origins for the coarse-grained plutonic detritus exist. The clasts were previously
thought to have been derived from early Paleozoic plutons that are pan of the Alexander terrane [Berg et ai.,
1988]; this possibility is ruled out by geochronologic data presented above. A likely possibility is that the
coarse-grained detritus was derived from an uplifted and dissected pan of the Gravina arc and its underl ying
basement complex. The ages of the clasts are similar to those of Late Jurassic fossils found in the lower
member of the Gravina sequence [Harland et al., 1982], however, intrusive bodies of similar age have yet to

Fraction t
(11m)

944
917

590
448
66
954
135

1.5
3.7
0.4
2. 1
3.6
lSI ± 2 1

238

6.4
1.2

Amount
AnalY/.cd
(mg)@

U

12.8
9.0
1.4
20. 1
3.0

19.7
19.5

206 pb*

2062
6090
954
1205
1227

4 125
2604

204 Pb

206 pb

0.02487(14)
0.02344(40)
0.02478(14)
0.02474(16)
0.24740(12)

0.02407(19)
0.02431(21)

206 pb '
238 U

0.1685
0.1611
0.1691
0.0673
0.1 673

0.1634
0.1645

235 U

207 Pb'

Atomi c Ralios

.04915(07)
.04989(26)
.04953(10)
.04908(06)
.04908(44)

.04925( 14)
.049 10(44)

207 pb '
206 Pb'

158.4
149.4
157.8
154.7

153.4
154.9

206 pb '
238 U

158. 1
151.8
158.7
154.5

153 .7
154 .7

207pb *
235 U

lli!Jlmic ,,"es (Ma) &

155 ± 4
189.± 12
172 ± 5
152 ± 3

159 ± 5
152 ± 5

207 pb '
206 pb '

concel.

@ Due to uncertainties in weight of sam pic, U-Pb concentration ma y be in error, use of mixed 205Pb_230Th_235U spike insures age of sample is

Uncenainties (±) in radiogenic ratios calculated by quadratic sum of total derivatives of 23 8 U and 206Pb' concentration and 207Pb·/206 Pb· equations with
error differentials defined as follows: ( I) Isotope ratio determinations from standard errors (U/n) of mass spectrometer runs plus uncenainties in fractionation
corrections based on multiple runs of NBS 98 1,983, and U500 standards; (2) Spike concentrations from range of deviations in multiple calibrations with
normal solutions; (3) Spike compositions from ex terna l precisions of multiple isotope ratio determinations; (4) Uncertainty in natural 238U;235U from
Chen and Wasserburg (1981); and (5) Nonradiogenic Pb isotopic compositions from un cenainties in isotope ratio determinations of blank Pb and
uncenainties in composition of initial Pb from estimates of regional variations based on references given above and consideration of rock type.

t Fractions separated by grain size and magnetic properities. Magnetic propenies are given as non-magnetic split at side/front slopes for 1.7 amps on
Franz Isodynamic Separator. Samples hand-picked to 99.9% purity prior to dissolution. Dissolution and chem ical extraction techniq ue modified from Krogh
(1973).
§ Decay constants used in age calculation: A238 U = 1.55 125 x 10- 10 , U 2 3 5 U ;9.98465 x 10-10 (Jaffey and others, 197 1); 23 8 UP35U atom; 137.88.

• Radiogeni c: nonradiogeni c correcti on based upon 40 picogram blank Pb ( I: 18.78; 15.6 I ;38.50) and initial Pb app roximati ons: 206/204;48.6;
207/204; 15.6; 208/204=38.2.

84JR28 C-3 <6211
>62 11
84JR 12 C3 45-80
157.6 157. 1

84JR28 C-I <4511
45-8<ll!
84JR28 C-2
60-8011
SO-IOO

Sample

Concen trat jons (opm)

Table 4. ZIRCON ISOTOPIC AGE DATA

IV

W
00

131 ° 4S'IS"

Slightly altered, non-foliated
fine-grained granodiorite

2: 1, Sub>Eu>An; colorless, grey-tint
inclusions common in all grains

notes: Eu, euhcdral; Sb, subhedral; An, anhcdral. 2: 1, lenghtwidlh ratios of zircon grains,
color determined under refle<:1Cd light. C-l, clast number.

NSS o 32'9"

Slightly altered, non-folialcd 3: I; Sub=Eu>An; irregular shapes;
fine-grained leucogranodorite colorless, grey-tint; inclusions
common in all grains

NSS o 22'SO" 131 0 19' 24"

C-3

88JRI2
C-3

Slightly altered, non-foliated 2: I to 3: I; Sub>Eu>An; irreg ular
medium-grained biotite grano- shapes; colorless, grey-tint; inclus ions
common
diorite

NSS o 22'SO" 131 0 19' 24"

2: I to 3: I; Sub=An>Eu; irregular shapes;
colorless, grcy-tint;colorless, grey-tint;
inclusions common.

Zircon properties

C-2

Lithology

Slightly altered, non-folialCd
fine-grained granodiorite

Longitude

NSS o 22'SO" 131 0 19' 24"

Latitude

88JR28
C-I

Sample #

Table S, Pb-U gcochronololgic sample locations from the Ketchikan area and descriptions of clasts from Ihe
epiclastic member of Ihe Or..,ina sequence,

'"
W
'0
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Figure 2- 10. Stacked segments of concordia and data points for clasts within the upper member of
the Gravina sequence. Concordia diagram after Tera and Wasserburg (1971 ). Linear regression and errors in
lower and upper intercepts are adapted from York (1969). Bars at ends of concordia segments show
uncertainty in 207Pb;206Pb values of concordia from uncertainties in 238U and 235U decay constants after
Jaffey and others (1971 ).
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be found in the lower member or its substrate. Despite the lack of dated intrusive rocks in the lower

member, the lower member does contain compositionally similar rock types to some of the plutonic clasts
that have been interpreted as cagenetic with the volcanic section, as discussed above.

Furthennore, since

Gravina overlap strata and its basement were structurally imbricated during mid-Cretaceous time, much of the
arc may be concealed beneath thrust sheets.
Another possibility is that the granitic debris may have been derived from a di splaced arc terrane that
has been removed by strike-slip faulting . It has long been recognized that major s trike-slip faulting has
affected northwestern Cordillera [Gabrielse, 1985; Oldow et aI., 1989J. Both southern and northern possible
source terranes exist which may have provided detritus for the upper member conglomerates. To the south ,
in northwestern British Columbia, Late Ju rassic igneous activity has bee n recentl y recognized within the
Coast Plutonic Co mpl ex [Arm strong , 1988; Van der Heyden , 1987J. Although man y of these plutons
display internal discordance, zircon from quartz diorite and granodiorite plutons yield crystallization ages from

154 Ma to 158 Ma [Van der Heyden, 1988J. This Late Jurassic plutonic suite may have provided the clastic
detritus to the upper member of the Gravina sequence, requiring 150 km of post-Late Jurassic sinistral strikeslip displacement along inferred faults within the western boundary of the Gravina sequence. Strike-slip
faults and associated fabrics of this age in southeastern Alaska and western British Columbia are lacking and
this hypothesis is difficult to test since critical contacts might lie underwater beneath Dixon Entrance or
within the younger Coast Plutonic Complex on the mainland. Late Jurassic to Early Cre taceo us sinistra l
strike-slip motion in southeastern Alaska has been suggested by Plafker et aI. [1989J ; however, and may
provide indirect suppon for strike-slip displacement of the plutonic source terrane.
Alternatively, Late Jurassic metaplutonic rocks in the eastern Chugac h and St. Elias Mountains,
exposed to the nonh, may represent the source terrane for the upper member igneous clasts. These
melaplutonic rocks ex tend south-eastward toward Chichagof Island in southeastern Alaska and are parr of the
Tonsina-Chic hagof bel t of Hudson [1983J and the Muir-Chichagof belt of Brew and Morrell [1983J. The
bel t consists of foliated hornblende quartz diorite, tonalite and granodiorite. Age relations are poorly kn own ;
however, hornblende

KlAr cooling ages for these plutons range between 143 Ma and 170 Ma which suggest

a regionally extensive Late Jurass ic magmatic belt in southwestern Yukon and southeastern Alaska [Dodds
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and Campbell,1978; Grantz et aI., 1966; Loney e t al., 1975; Karl et aI., 1987J. If th ese plutons are the
source for the upper member clasts, approximately 250 km of sinistral strike-slip offset is required along
inferred faults located within or east of the Gravina arc strata. However, no such faults or associated fabrics
in post-Jurassic strata have been recogn ized in the region.
In summary, the three possible source terranes for the coarse-grained plutonic detritus include: ( 1)
uplifted and dissected pans of the Gravina arc, (2) Late Jurassic plutonic rocks exposed to th e south in
northwestern British Columbia, and (3) Late Jurassic plutonic rocks exposed to the north in the eastern
Chugach and St. Elias Mountains. We prefer the in situ model for the origin of the coarse detritus si nce no
direct evidence exists for Late Jurassic to Early Cretaceo us strike-slip faulting in southern southeast Alaska.

No fo ssils have been found within the upper member of the Gravina sequence in so uthe rn
southeastern Alaska, thus, its depositional age is poorly co nstrained. The Late Jurassic pro ve nance ages for
granitic clasts provide a max imum age for deposition. Locally, the upper member deposition all y overli es
the Upper Jurassic and Lower Cretaceous arc strata of the lower me mber, whic h sugges t a post- Early
Cretaceous age; however, no primary fossil ages have been obtained from this pan of the Gravina seq uence.
North of th e study area (Fig ure I ), on Etolin Island, ammonites (A rcthoplites belli and

granlZiceras sp.) of early Albian age are present in interbedded argillite, tuff, and vo lcanic breccia [Berg et
aI., 1972J. Based on si milarities in lithology a nd stratigraphic position, the lower Albian strata on Etolin
Island probably correlate with the upper member of the Gravina seq uence. Similar ammonites al so occur in
lower Albian strata of the Wrangell Mountains to the north [Imlay, 1960; Jones, 1967]. Based on geologic
relations and sparse fossil data, an Early Albian age is inferred for the upper member clastic and tuffaceous
strata.

Deoositional setting

The upper member of the Gravina sequence contains epiclas tic and tuffaceous turbidites wh ich were
depos ited in a submarine fan seui ng. The turbidites were deposited on a composite basement, consisting of
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the Alava sequence, the Alexander terrane, and the lower volcanic member of the Gravina sequence. Large
vol umes of epiclastic debris were shed off th e flanks of dissected volcanic centers in Early Cretaceous time.
Fine-grained tuffaceous turbidites and lapilli commonly form in the distal ponions of pyroclastic aprons.
Distal turbiditic strata locally interfinger wi th tuffaceous deposits suggesting ongoing volcani sm. Although
volumetrically much less abundant, conglomerates are present. Clasts in the conglomerate are com mon ly
well-ro unded indicating that detritus must have been reworked in a fluvial o r beac h environment prior to
deposition by turbidity flows. The well-rounded cobbles in the channel-fill deposits sugges t that pans of the
arc was subaerially exposed and subject to erosion. Epiclastic debris was derived fro m the intermediate to
shallo w levels of a dissected magmatic arc complex . The Late Jurassic Gravina arc may have been the source
terrane for the epiclastic debris and this interpretation is consistent wi th the presence of Upper Jurassic
volcanic arc strata in the lower member.

DISCUSSION

The Gravina sequence represents remnants of an oceanic island arc and its basinal sedimentary cover.
The remnants includes arc sequence marine pyroclastic and volcaniclastic strata and a basinal turbidites. The
arc was constructed on a composite basement which consist of two elements, the Alexander terrane and the
Tak u terrane. The ensi matic nature of arc basement is demonstrated by distinctive lithic components
[Gehrels and Saleeby, 1987a ,b] and juvenile, mantle-derived magmas [Samson et aI., 1989] and is reflected
by a relatively small crustal volume of volcanic strata, the dominance of th oleiitic arc basalts, and relati ve
paucity felsic volcanic strata in the Gravina sequence.
The oceanic island arc system was localized along the eastern margin of the Alexander terrane (Figure
I), where Upper Jurassic to Lower Cretaceous volcanic and basinal deposits accumulated on Upper Triassic
and older strata of the Alexander terrane. Structures in the arc basement suggest both strike-slip [McClelland
and Gehrels, in press] and possible convergent displacements occurred during the early and middle Mesozoic.
Rocks of the eastern pan of the Alexander terrane were deformed and disrupted prior to the deposi tion of the
Gravina sequence along the Duncan Canal Shear Zone in the Petersburg area [McClelland and Gchrels, in
press]. Similar relations may also occur on Chilkat Peninsula, where Upper Triassic basalt, interpreted as a
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fragment of Wrangellia underlie basinal turbidites [plalker et al. , 1989] that we tentatively correlate to the
Gravina sequence. Lower Mesozoic rocks of Wrangellia are interpreted to have formed in a rifted arc
environment [Barker et aI., 1989], which is analogous to the early Mesozoic history of the Alexander terrane.
Thus, Late Jurassic arc volcanism nucleated above a composite basement, comprised of an Alexander terrane
and Wrangellian rift assemblage and older structural features. The second basement component consists of
the Alava sequence. Upper Paleozoic bioclastic limestone, massive to pillowed metabasaltic flows. and
argillite of the Alava sequence are unconformably overlain by upper member basinal turbidites of the Gravina
sequence. The tectonic affinity of the Alava sequence is unclear; however, the sequence may represent
disrupted fragments of the late Paleozoic portion of the Yukon-Tanana and early Mesozoic part of the Stikine
terranes [Rubin and Saleeby. in review], which form a primitive arc complex underlain by continent-derived
clastic deposits [Rubin et al., 1990]. Arc basement is composite, consisting of an ensimatic rifted arc (i.e ..
Alexander terrane), a primitive arc complex (Stikine terrane), and continent-derived slope and rise deposits
(Yukon-Tanana terrane) and forms the substrate for the upper Jurassic to lower Cretaceous pyroclastic aprons
and basinal turbidites. The original dimensions of the arc system are obscured, due to late Mesozoic
deformation [Rubin et al ., 1990] and fragmentary preservation.
The localization of oceanic island arcs along older rifted and structurally disrupted ensimatic basement
fragments is well-documented in modem island arc systems of the western Pacific [e.g. , the Philippine
Archipelago, in Hawkins et aI., 1985 and references therein ] and in ancient arc complexes of the Nonh
American Cordillera [Saleeby, 1981]. In the Philippine Islands, the modem Mindanao arc nucleated above
structurally disrupted ensimatic basement fragments that marked the collision between the central and eastern
Mindanao belts [Hawkins et aI., 1985; Karig, 1983]. The Mindanao composite arc basement comprises
crustal fragments that originated within the Pacific-Eurasian plate boundary [Karig, 1983], previously
assembled by strike-slip and thrust. The analogy between the modem Mindanao arc and its composite
basement with the Gravina sequence is striking.
The inception of arc volcanism recorded in the Gravina sequence probably began in the middle Late
Jurassic, based on the oldest fossil ages on Gravina Island and to the nonh on Cape Fanshaw [Gehrels and
McClelland, 1987]. Initially , basalt and basaltic andesite and pyroclastic flows of the lower member
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accumulalCd on basinal sediments that unconformably overlie the Alexander terrane. The oldest basinal
sedimentary rocks consist of rhythmically banded fine-grained turbidites interlayered with lenses of coarse
detritus, that were derived from Triassic parts of the Alexander terrane. A Late Triassic through Middle
Jurassic hiatus in deposition and the presence of basement-derived debris in Upper Jurassic strata suggest that
the basement was subaerially exposed. The basement subsided and accumulated fine-g rained basinal
sediments, massive mafic lavas and pyroclastic debris. Progradation of pyroclastic aprons resulted in an
upward-coarsening sequence of volcaniclastic sedimentary rocks (Figure 2). Similar marine progradational
sequences in volcaniclastic sediments have been recognized in the modem Mariana Island arc [Karig, 1972 1,
in marginal basins of the southwestern Pacific Ocean [Klein, 1974], and as an important component in
marginal basins [Moore and Karig, 1975]. Rapid buildup of pyroclastic aprons implies subsidence of the
basin, which allows for the transport of coarse volcaniclastic debris into the bas in. Alternatively , the
progradational sequence was the result of the migration of volcanism towards the basin. In either case, no
simple patlCrn of volcanogenic sedimentation emerges from the available data.
A thick succession of epiclastic and tuffaceous turbidites blanket the lower volcanic sequence. The
shift from volcanic to predominantly epiclastic deposition marks a fundamental change in the evolution of
the Gravina basin. The turbidites were deposited on a varied substrate, including the Alava sequence and
lower volcanic member of the Gravina sequence, indicating that the Alexander terrane and Alava sequence
were amalgamated prior to the deposition of the upper member. The presence of Late Jurass ic granitoid
cobbles in channel-fill deposits imply erosion and uplift of the older arc ed ifice. Fine-grained epiclastic
debris was also shed from the dissected arc. Interstratified tuffaceous turbidites record continued volcanism.
Lack of quartz-rich terriginous deposits indicates bathymetric or paleogeographic isolation from a continental

source area
The age and timing of uplift and erosion of the older arc edifice and resulting influx of epiclastic
debris probably occurred in the Early Cretaceous. The Gravina sequence is yo ung as Albian [Berg et aI .,
1972] and may be as yo ung as Cenomanian (D. Brew, personal comm., 1987] . Uplift and erosion of the
basin may have been related to tectonic instability along western margin of the Alexander terrane. MidCretaceous contractional deformation of the Gravina sequence has been documented in southeast Alaska
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[Rubin et aI., 1990]. The uplift and erosion of adjacent parts of the Gravina belt may have marked the onset
of mid-Cretaceous compression and collapse of the basinal sequence. Thick volumes of epiclastic debris
records a fundamental change in the basin evolution and signals the onset of mid-Cretaceous orogenic
activity.
On a regional scale, the timing of volcanism and epiciastic sedimentation in the Gravina sequence
varies along strike. Further to the north (Figure I), in th e Juneau region, epiclastic strata form the base of
the Gravina sequence and are overla in by metabasaltic lavas and pyroclastic rocks [B rew and Ford , 1985].
The mafic volcanic strata are younger than the underl ying epiclastic rocks and are dominantly Early
Cretaceous in age [Brew and Karl, 1987] . Preliminary major-element geochemical analyses suggest that the
metabasalt formed in a rift environment [Ford and Brew, 1987]. Similar geologic relations are present in the
eastern Alaska Range where Upper Jurassic to Lower Cretaceous volcanic and basinal strata form a thick and
continuous section . The stratigraphically lowest rocks, consisting of Upper Jurassic shallow water marine
sedimentary rocks overl ain by marine turbidites and conglomerate, lie unconformably over Paleozoic and
Mesozoic rocks of Wrangellia and contain coarse detritus that is derived from the underlying basement [Berg
et aI., 1972]. Neocomian arc-related volcanic strata of the overlying Chisana Formation consist of
submarine and non-marine mafic and intermediate flows, volcaniclasti c rocks and shallow marine argillite

[Barker, 1987; Richter and Jones, 1976]. Thus, the inception of volcanic activity in the eastern Alaska
Range and in the Juneau area is younger than volcanic activity recorded in the Ketchikan area.
The deeper levels of the Upper Jurassic mag matic arc are exposed only locally, in both the 51. Elias
Mountains of the Yukon and British Columbia and in the Coast Range, northwestern British Colu mbia.
Recent studies conducted in the Coast Ranges of western British Columbia have revealed a deeper level of
exposure of the Late Jurassic magmatic arc than in southern southeastern Alaska [Crawford et aI., 1987;
Hollister et al., 1987; Woods worth et aI., 1983]. Here, Late Jurassic plutons intrude the Alexander terrane
and represent the roots of a magmatic arc [Armstrong, 1988; Van der Heyden , 1987]. Only a th in
metamorphic selvage of the Upper Jurassic volcanic cover is preserved in northwes tern British Columbia,
whereas to the north in southeast Alaska, a relatively thick, partly low-grade volcanic section is preserved.
Deeper levels of the arc also are preserved to the north in the 51. Elias Range and the southern Yukon
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Territory. Late lurassic to earliest Cretaceous calc-alkaline plutonism occurred throughout the Alexander
terrane and locally within Wrangellia [Dodds and Campbell, 1988). Coeval calc-alkaline plulOnism also
extended into southern Alaska [MacKevetl. 1978; Hudson, 1983) and northern southeastern Alaska [Brew and
Morrell, 1987). Volcanic strata of this age have nOl been recognized within the

bel~

however, th e Upper

Jurassic and Lower Cretaceous arc-related strata of the Gravina sequence may represent the upper crustal
levels of the Late Jurassic plutonic belt.
In summary, deeper levels of the Late Jurassic and Early Cretaceous magmatic arc represented by
the plutonic rocks exposed in western British Columbia and in southern Alaska and northern southeast
Alaska. Calc-alkaline plutons of this age have not been recognized in southeast Alaska [Brew and Morrell,
1983], where only coeval upper crustal volcanic strata are exposed. The differences in exposure of Early
Cretaceous crustal levels between southeast Alaska and western British Columbia is probably due to both
along strike variations of mid-Cretaceous thruSt faulting and differential post mid-Cretaceous uplift,
extension and erosion . This interpretation may explain the paucity of Upper Jurassic volcanic rocks in
western British Columbia, Yukon, and southern Alaska.

CONCLUSIONS
Basaltic to andesitic lavas and pyroclastic strata between southeastern and so uthern Alaska delineate a
Late Jurassic to Early Cretaceous arc system. The inception of arc volcanism was probably middle Late
Jurassic to Late Jurassic. The arc was constructed across a composite basement consisting of the Alexander
and Wrangellia terrane, and likely correlatives of the Stilcine and Yukon-Tanana terranes, forming a pre-Late
Jurassic tie between Insular supenerrane and the western margin of North America. The volcanic strata are
dominated by tholeiitic arc basalts which formed as pyroclastic aprons that were shed from the flanks of
submarine volcanos. Fine- to coarse-grained epiclastic turbidites consist were deposited in a submarine fan
setting adjacent to dissected volcanic centers. Uplift and erosion of the arc is locally recorded by abundant
Late Jurassic coarse granitic cobbles in the clastic basinal deposits. Volcanic activity was diachronous along
the length of the oceanic island arc and may reflect segmentation of the arc or can incomplete preservation.
Subsequently, the volcanic and basinal rocks were deformed during a major intra-arc contractional event
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during mid-Cretaceous time, accompanied by emplacemen t of a distinctly yo unger (90-100 Ma) arc-related
plutonic suite.
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ABSTRACT
Rocks exposed west of the Coast Plutonic Complex in southeast Alaska fonn an imbricate thrust
belt that affected the tectonic boundary between two of the largest allochthonous crustal fragments in the
North American Cordillera; the Insular superterrane and the Intennontane superterrane. In the Alexander
terrane (I nsular superterrane), lower Paleozoic metavolcanic and metasedimentary rocks (Descon Fonnation)
and dioritic plutons are unconfonnably overlain by Lower Devonian clastic strata (Karheen Fonnation).
These rocks are overlain locall y by Upper Triassic basalt, rh yolite and marine clastic strata (Hyd Group).
Upper Jurassic and Lower Cretaceous metavolcanic and metasedimentary strata of the Gravina sequence
unconfonnably overlie the Alexander terrane and the upper Paleozoic and lower Mesozoic Alava sequence.
The Gravina sequence fo nns a structural package that is over 15 km th ick. These strata record intermittent
arc volcanism along the eastern edge of the Alexander terrane. The Gravina sequence is structurall y overlain
by upper Paleozoic and lower Mesozoic basaltic strata, marble, and argillite (Alava sequence), and locally
lower Paleozoic clastic and volcanic strata, and orthogneiss (Kah Shakes sequence); together, these
constitute the Taku terrane (Intennontane supenerrane ?). These rocks were defonned in the mid-Cretaceous
and this tectonism was broadly coeval with arc magmatism. Defonnation invol ved the emplacement of
west-directed thrust nappes over a structurally intact and relatively unmetamorphosed basement. The
Paleozoic and lower Mesozoic Alexander terrane fonns the structural basement fo r much of the thrust belt,
along a moderate, northeast-dipping ramp. Mid-Cretaceous tonalite, granodiorite and quartz diorite intrude
rocks of the thrust belt and are locally affected by the defannation. Mid-Cretaceous defannation occurred
during two episodes that were contemporaneous with the emplace ment of large sill -like pl utons. Older
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structures record ductile southwest-vergent folding and faulting. regional metamorphism, and contain a

well-developed axial-planar foliation _ The second generation structures developed during the later stages of
southwest-directed reverse faulting that juxtaposes rocks of contrasting metamorph ic press ures and
temperatures_
Structural, stratigraphic and geochronologic data suggest that regional- scale deformation in
southeast Alaska occurred between 113 Ma and 89 Ma. Rocks in the thrust belt were uplifted regionall y by
70 Ma, with an average uplift rate of

~

0.9 mm/yr. Deformation involved the collapse of a marginal

basin(s) and a magmatic are, and overprinted the older tectonic boundary between the Insular supenerrane and
the late Mesozoic western margin of North America (at that time the Intermontane superterrane).
Contractional deformation along the length of the thrust belt was broadly coeval with arc magmatism, and
thus records intra-arc tectonism. Late Paleocene to Early Eocene igneous activity and deformation
subsequently affected the thrust belL

INTRODUCTION
The western metamorphic framework rocks of the Coast Plutonic Complex represent a structurall y
imbricated zone that extends along strike for at least 1500 km (Figure I). Detailed structural, stratigraphic,
and geochronologic data on these metamorphic rocks are critical for understanding the accretionary history of
the Pacific northwest Cordillera. The metamorphic rocks contain mantle-derived, juvenile crustal material
represented by the Alexander terrane on the west to continentally-derived slope and rise deposits of the orth
American craton on the east. One of the outstanding tectonic problems in the northwestern Cordillera is the
nature of the boundary between allochthonous ensimatic crustal fragments consisting of the Alexander and
Wrangellian terranes and the western margin of late Mesozoic North America. This study area provides a
strategic link across this boundary. Distinctive stratigraphic sequences recognized in the thrust belt record
the late Mesozoic continent-margin history of western North America. Recent work (Crawford et al., 1987;
Rubin et al ., 1990) shows that these regionally metamorphosed rocks form a late Mesozoic fold and thrust
belt and involve both crystalline basement and its volcanic and basinal cover. This orogenic zone
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Figure 1: Regional geologic map of study area, with stud y area in inset. Zone of mid-Cretaceous and
younger defonnation stippled.
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has only been recently recognized (Monger et aI. , 1982; Crawford et aI., 1987; Rubin et al., 1990) and is a
major element in the Mesozoic evolution of the western North America. Deformation began in the mid-

Cretaceous and was broadly coeval wi th arc magmatism, involvi ng the emplacement of west-di rected thrust
nappes over a structurally intact and relatively un metamorphosed basement. The presence of invened
metamorphic isograds beneath thrust faults indicates that hot metamorphic and plutonic roc ks were
translated over a relatively cold basemenL The Paleozoic and lower Mesozoic Alexander terrane fo rms the
structural basement to the thrust belt, along a shallowly north- to northeast-d ipping ramp.
In this paper, we describe the deformed strata, establish the timing of deformation in relation to
isotopicall y-dated plutons (Table I), and outline the structural chronology of the thrust belt in southern
southeast Alaska. Our studies have focused on a transect of the Paleozoic and Mesozoic metamorphic
framework rocks, exposed wes t of the Coast Plutonic Complex (Fig ure I). The data presented in this paper
are based upon detailed geologic field mapping along the shorelines and ridges of Cleveland Peninsula,
Revillagigedo, Annette, Gravina, and smaller adjacent islands (Figure 2). We describe the deformation that
has affected this area. By establishing the structural setting of syn- and post-tectonic plutons, and with the
use of zircon geochronology, we are able to establish the absolute timing and tectonic seuing of thrust belt
evolution.

GEOLOGIC SETTING
The Alexander terrane forms the structural basement for most of the rocks that lie west of the
Coast Plutonic Complex. The Alexander terrane consists of a structurall y intact lower Paleozoic ensimatic
arc sequence overlain by middle Paleozoic clastic and carbonate strata which are unconformably eapped by an
Upper Triassic rift assemblage (Gehrels and Saleeby, 1987a). In most areas, rocks of the Alexander terrane
are only slightly deformed and are not highly metamorphosed (Gehrels and Saleeby, 1987a, b), except near
the eastern boundary where it is overprinted by late Mesozoic deformational structures. East of, and
depositionally overlying the Alexander terrane, lie Upper Jurassic to Lower Cretaceous marine
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Figure 2: Geologic map showing distribution of geologic units, major structures, and zircon
sample locations on Cleveland Peninsula, Revillagigedo and adjacent islands. BI = Bell Island Pluton, BP =
Bushy Point Pluton, MB = Moth Bay Pluton, EP = Eaton Point Pluton, AB = Alava Bay, CI = Carol
Inlet, GI = George Inlet, and POW = Prince of Wales Island, SB = Spacious Bay. BMT = Black Mountain
Thrust, NRSZ = northern Revillagigedo Island fault zone, SRSZ = southern Revillagigedo Island fault
zone.

' dapted from Berg (1972, 1973; parts of Annette and Gravina Islands), Gehrels and Saleeby

(1987a,b; Prince of Wales Island, parts of Annette, Duke, and Gravina islands), C.M. Rubin (unpu blished
mapping, 1985, 1986, 1987; Cleveland Peninsula and adjacent islands); C.M . Rubin and J.B. Saleeby
(unpublished mapping, 1986, 1987, 1988; Revillagigedo and adjacent Islands).
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pyroclastic and basinal strata of the Gravina sequence. Structurally overlying the Alexander terrane and
Gravina sequence is the middle Paleozoic and lower Mesozoic Alava sequence, and lower to mid-Paleozoic
Kah Shakes sequence (formerly pan of the Taku terrane of Berg et a1 ., 1988). Locally, channel-fill deposits
of the Gravina sequence overlie the Alava sequence and thus form an overlap between the Alexander terrane
and the Alava sequence. The Kah Shakes sequence locaUy occupies higher structural levels on northeast
Cleveland Peninsula, western Revillagigedo Island and northwestern Ponland Peninsula (Figure 3), and
consists of lower Paleozoic meta-silicic tuff, quartzite, marble, metabasalt, calc-silicate, and orthogneiss.
A regionally extensive mid-Cretaceous west-vergent thrust belt occurs along parts of the eastern
boundary of the Alexander terrane (Figure 3), where it imbricates the Gravina and is juxtaposed against the
Alava sequence. The orogenic zone consists of an imbricate series of west-vergent thrust sheets and on
Cleveland Peninsula the imbricated package has a total structural thickness of over 15 km . Based on field
relations and geochronology discussed here, the thrust belt was active over a relatively shon period of time,
and was broadly coeval with arc magmatism. These structures affected the original tectonic boundary
between two of the largest crustal fragments in the North American Cordillera which at these latitudes
consist of the Insular and Intermontane supenerranes (terranes I and II of Monger et a1. , 1982).

GEOLOGIC FRAMEWORK
Alexander terrane
Descon Formation

The southern portion of Cleveland Peninsula and, in pan, the western side of Revillagigedo Island
are underlain by metavolcanic rocks, with subordinate phyllite and marble of Ordovician - Early Silurian (?)
age (Figure 2). The lower contact of this mafic sequence is nOl exposed. The upper contact is faulted
against the Upper Jurassic to Lower Cretaceous Gravina sequence and is depositionally overlain by the
Devonian Karheen Formation on western Cleveland Peninsula. The minimum age of metavolcanic rocks
on Cleveland Peninsula is constrained by a cross-cutting trondhjemite dike, with single-fraction U-Pb
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Figure 3: Geologic cross-sections: (A) northern Cleveland Peninsula; (8 ) southern Cleveland
Peninsula; (C) Carol Inlet.
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zircon age of 443

± 4 (84JRI8, Tables 1 and 2). Although there was insufficient malerial lo obtain

multiple analyses, the internally concordanl Lale Ordovician age is quite similar lO ages of meta-igneous
rocks of the Descon Formation on Prince of Wales Island (Saleeby el aI. , 1984). Similar metavolcanic and
metasedimentary rocks on central and southern Prince of Wales Island range in age from Early Ordovician lO
Early Silurian and are assigned lO the Deseon Formalion (Eberlein el al.,1983; Herreid el a1.,1978; Gehrels
and Saleeby, 1987 a, b). Based on similar rock types, stratigraphic position, and age, we assign the mafic
metavolcanic and metasedimentary strata on southweslern Cleveland Peninsula lO the Deseon Formalion.
There is a possibilily thal the metavolcanic rocks on southern Cleveland Peninsula could represent slighlly
deformed Wales Group; however, inasmuch as the Wales Group lies regionally beneath the Descon
Formation, such an interpretation does nOl f undamenlally affecl our analysis.
On Cleveland Peninsula, the Deseon Formalion consists of lower greenschisl facies metabasall
nows, breccia, and luff. The mafic metavolcanic strata contain euhedral augile and feldspar phenocrysts in a
pale lO dark green luffaceous matrix comprising albile, chlorile, epidDle, and while mica. The mafic
metavolcanic strata are locally interlayered with marble and argillile. Marble beds range in thickness
belween 1 and 3 m, which is also lypical of the Wales Group. The Descon Formalion in lhis region
contains a grealer proportion of mafic metavolcanic rocks than are present in correlative strata on Prince of
Wales Island. No fossils have been recovered from these lower Paleowic rocks on Cleveland Peninsula.

Metaplutonic Complex
Metamorphosed gabbro, diorile, plagioclase and quartz porphyritic granodiorile, and onhogneiss
underlie much of southweslern Cleveland Peninsula (Figure 2).

Plagioclase and quanz porphyrilic

granodiorile occurs as homogeneous, massive lO folialed bodies containing oligoclase, quartz and interslilial
micropenhite, and minor hornblende. Helerogenous bodies of folialed and layered diorile, quartz diorite,
basall, and gabbro consisl of lexturally varied, fine- lO medium-grained plagioclase, hornblende, biOlile, and
minor quartz. Minor hornblendile and clinopyroxenile sills and dikes intrude the igneous complex, thal
displays complex intrusive relalions. lnlerlayered folialed dikes and sills of diorile, gabbro,
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and basalt are cross-cut by porphyritic intrusive bodies. The plutonic rocks intrude screens and septa of
metasedimentary rocks that are pan of the Descon Fonnation. Here, quartz porphyritic and diorite gneiss
intrude foliated augite-phyric metabasalt and marble.

All intrusive units are, in turn, cross-cut by

leucogabbro and diorite pods and sills, and quartz and feldspar veins. Zircon from a foliated metadiorite dike
yields a U-Pb age of 445 ±8 Ma (88CR III, Tables I and 2). The metaplutonic rocks exposed on
Cleveland Peninsula are similar in composition, texture, lithology, and intrusive relations to metaplutonic
rocks exposed to the west across Clarence Strait on Kaasan Peninsula (Eberlein et al .. 1983). Based on these
geologic relations, and the continuity of exposure along the southwestern side of Cleveland Peninsula and
the east side of Kaasan Peninsula, the metaplutonic rocks on Cleveland Penins ula are interpreted to be
correlative with sim ilar rocks on Kaasan Peninsula.

Karheen Formation

Coarse-grained clastic strata unconfonnably overlie metaplutonic rocks on the shoreline south of
Niblack Hollow on western Cleveland Peninsula (Figure 2), and consist of interbedded siliceous argillite and
micaceous limestone overlain by pebble to cobble conglomerate. Conglomerate beds occur as distinctive
layers that overlie, and are interbedded with, banded siliceous argillite and consist of beds 30-50 cm thick.
Clasts are matrix-supported and are usually less than 5 cm in diameter in a argillaceous limestone matrix.
Clasts consist of rounded and subangular plutonic and volcanic clasts, and vein quartz material. Basaltic
sills and dikes intrude the sequence. No fossils have been recovered from the clastic sequence. On the basis
of similarities of stratigraphic position and lithology, the clastic strata are interpreted as part of the Lower
Devonian conglomeratic pan of the Karheen Fonnation, exposed on central Prince of Wales Island (Eberlein
et aI., 1983). On Prince of Wales Island, similar strata consisting of pebble to cobble conglomerate,
limestone, shale, and greywacke unconformabl y overlie metaplutonic diorite rocks (Eberlein et al.,1983).
The conglomeratic strata record uplift and erosion of Ordovician and Silurian rocks during the Klakas
orogeny (Gehrels et al.,1983).
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Hyd Group

Upper Triassic strata on Annette and Gravina islands consist of limestone, fine- to coarse- grained
clastic sedimentary rocks, and basalt to rhyolite volcanic rocks (Berg, 1972, 1973). These rocks
unconformably overlie pre-Devonian strata of the Alexander terrane and are unconformably overlain by the
Upper Jurassic to Lower Cretaceous Gravina sequence (see discussion below). The Upper Triassic strata
have been recently described by Gehrels et al. (1987). Upper Triassic strata of the Alexander terrane are not
present on Clevelandk Peninusla and ReviUagigedo Island.

Gravina sequence

Upper Jurassic and Lower Cretaceous strata structurally overlie lower Paleozoic rocks on
southeastern Cleveland Peninsula, and locally lie unconformabl y over Triassic rocks on Annette and
Gravina Islands (Figure 2; Berg, 1972, 1973; Brew and Karl, 1987; Rubin and McClelland, 1989; Rubin
and Saleeby, in prep.). These strata belong to the Gravina-Nutzotin belt (Berg et aI. , 1972), which we
informally call the Gravina sequence in southern southeastern Alaska. The sequence is exposed along the
eastern margin of the Alexander terrane in much of southeast Alaska (Figure 1). Near Ketchikan, the

Gravina sequence consists of two distinctive members; however. stratigraphic thickness is uncertain due to
complex deformation and thrust faulting.
On Cleveland Peninsula, the lower contact of the Gravina sequence is not exposed and is in thrust
contact with the Descon Formation of the Alexander terrane.

Here, the Gravina sequence has an

approximate structural thickness of 15 km. The lower member consists of argillite, calcareous argillite,
waterlaid coarse pyroclastic deposits, tuff, lavas, and minor intrusive rocks. Pyroclastic volcanic deposits
dominate the lower member on Cleveland Peninsula and contain massive to pillowed flows and flow
breccia, commonly with clasts that are angular to subangular in shape. Augite and hornblende phenocrysts
are present in both the matrix and clasts. Crystal-rich tuff and tuffaceous argillite are also present on
Cleveland Peninsula, Annette, Gravina, Revillagigedo, and adjacent islands. Typically, crystal tuff consists
of euhedral augite ± hornblende phenocrysts in a pale green tuffaceous matrix containing augite, hornblende,
epidote, clinozoisite, albite, and white mica. Texturally-diverse, hypabyssal dioritic bodies intrude the
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lower member as tabular bodies that parallel regional trends on northern Annelle Island and southeastern
Cleveland Peninsula. The contact between the diorite and enclosing volcanic rocks lacks a well-defined
contact aureole. and is texturally and compositionally gradational. The age of the lower member is poorly
constrained and. based on lithologic and stratigraphic simi larities with Upper Jurassic strata exposed on
Gravina Island (Berg. 1973). the lower member on Cleveland Peninsula is interpreted as Late Jurassic in
age.
The upper member consists of argillite. tuff, slate. and conglomerate and is well-exposed on
Cleveland Peninsula, Revillagigedo, Gravina, and adjacent islands. The lower contact of the member is not
exposed; however, locally the upper member overlies both the lower member of the Gravina sequence and
unconformably overlies the upper Paleozoic and lower Mesozoic Alava sequence (discussed below). The
upper contact is not exposed and is in fault contact with adjacent terranes. Lithologic units consist of
argillaceous and tuffaceous turbidites and pebble to cobble conglomerate, with a total structural thickness of
900 meters. Conglomerate beds occur in a distinctive mappable horizon. exposed between southeastern
Cleveland Penins ula and southeastern Revillagigedo Island. The clasts are ellipsoidal . have been partly
affected by younger deformation. and range in size from 3 to 18 cm in diameter. In places. boulder-sized
clasts up to 40 cm in diameter occur. The clasts consist of fine- to coarse-grained leucocratic quartz diorite,
granodiorite. volcanic porphyry. argillite, and minor marble and quartz vein material. The clasts yield Ph-U
zircon ages of 154 Ma to 158 Ma (Rubin and Saleeby. in review, chapter 2). These Late Jurassic ages for
the granitic clasts provide a maximum age for deposition. Based on geologic relations with similar strata
exposed to the north and sparse fossil data in the Ketchikan area (Berg et al.. I 972). an Early Cretaceous age
(after the time scale of Lanphere et aI., 1978) is inferred for the upper member clastic and tuffaceous strata.

Taku terrane
Alava seq uence
The Alava sequence (formerly part of the the Taku terrane of Berg et al.,1978) is a distinctive upper
Paleozoic and lower Mesozoic stratified sequence and. along with the Gravina sequence. forms the eastern
boundary zone of the Alexander terrane along its 300 km extent. We have abandoned using the term "Taku
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lerrane: lO describe the polydeformed and melamorphosed SlralJl exposed on the wesl side of the Coasl
Plulonic Complex because numerous elemenlS of the Taku lerrane as originall y defined by Berg el al.
(1978), can now be reassigned lo either the Alexander lerrane, Gravina sequence or the "Kah Shakes
sequence." The remainder belongs lo the Alava sequence whic h is well-exposed from Ponland Peninsula lo
the nonheasl shoreline on Cleveland Peninsula (Fig ure 2). The Alava sequence is faull bounded on the eaSl
by lower lo middle Paleozoic onhogneiss, and intruded by CrelJlceous and younger folialed LOnalile and
granodiorite.
The Alava seque nce, in soulhern southeasl Alaska, consisls of lwo members, an Upper
Pennsylvanian and Lower Perm ian melJlvolcanic and melJlSedimentary assemblage and a Middle lo Upper
Triassic mixed melJlSedimenlJlry and melJlvo\canic assemblage (Silberling el al. ,198 1; Orchard, personal
communicalion). The lower pan of the sequence consislS of massive crinoidaJ marble interlayerd with black
argillile and phyllile and mafic melJlvolcanic lava, breccia, luff, pillowed flows, and mino r quartzile.
Carbonaceous and siliceous nodular limeslo ne, argillile, mafic melJlvolcanic luff, breccia, and pillowed
flows make up the dislinctive upper member. The base of the Alava sequence is nowhere exposed and lhe
sequence either struclurally overlies the Gravina sequence or Alexander lerrane. Locally, the epiclastic stralJl
of the Gravina sequence unconformabl y overlie the Alava sequence.
Based o n Iilhology, broad age constrainlS, and lecLOnic selling, the Alava sequence mighl be
correlative with the upper Paleozoic parts of the Yukon-Tanana lerrane (Rubin and Saleeby, in review). The
lalerally conlinuous upper Paleozoic marble horizons in the Alava sequence resemble Yukon-Tanana
lithologies more closely than similar age slralJl in Wrangellia In this Contexl, the lower Mesozoic ponion
of the Alava sequence is correlaled with the Triassic portion of the Slikine terrane (e.g., Slu hini Group).
The presence of Kah Shakes affinilY quartzile interlayered with Alava metabasall suppons lhis laler
imerprelJltion (Saleeby, in preparation).
Allernalively, the Alava sequence is possi bl y correlalive lo the upper Paleozoic and lower
Mesozoic parlS of Wrangellia thal are exposed in the easlern Alaska Range. In this contexl, the Alava
sequence may represent a metamorphic vestige of Wrangellia. Similar stralJl previously ass igned lo the
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Taku terrane on southern Chilkat Peninsula, nonh of Juneau, are now considered part of Wrangellia
(Figure 1; Plafker et al. ,1988).

Kah Shakes sequence

The Kah Shakes sequence (formerly parts of the Taku and Tracy Arm terranes of Berg et al.,1978)
comprises the westernmost framework rocks of the Coast Plutonic Complex , and forms screens and septa
within the Coast Plutonic Complex (Saleeby and Rubin, 1990; Figures 1 and 2). As with the A1ava
sequence, we have abandoned terrane nomenclature to describe rocks exposed west of the Coast Plutonic
Complex. Regionally metamorphosed and polydeformed strata previously assigned to separate terranes can
now be reinterpreted in the context of detailed geologic mapping, ongoing geochronology and geochemistry.
The Kah Shakes sequence is best exposed on the western shoreline of Portland Peninsula. The
sequence is bounded on the west by a thrust fault in which the Alexander terrane and perh aps the Alava
sequence form lower plates, and is intruded on the east by the voluminous Cretaceous and Tertiary Plutonic
rocks of the Coast batholithic belt. On southernmost Revillagigedo Island, the Kah Shakes sequence
s tructurall y overl ie the Alexander terrane along an east-dipping thrust fault. The sequence consists of a
thick succession of quartzite and carbonate-rich turbidites, siliceous and quartzo-feldspathic schist,
s ubordinate metabasalt, pelitic schist, and onhogneiss (Figure 4). Onhogneiss, exposed to the south on
Portland Peninsula, displays complex zircon systematics and has unique Proterozoic zircon inheritance,
unlike the lower Paleozoic intrusive rocks of the Alexander terrane (Saleeby and Rubin, 1989 , 1990). Based
on lithologic similarities , mid-Paleozoic intrusive ages, the presence of Proterozoic zircon inheri tance,
spatial proximity, and tectonic setting, the Kah Shakes sequence is interpreted as correlative with the
Yukon-Tanana terrane, which is now recogni zed within roof pendants and metamorphic screens as far south
as latitude 59°, east of Juneau (Wheeler and McFeely, 1987).
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Figure 4: Amphibolite-facies rocks of quartzite and marble in the Kah Shakes sequence, exposed
north of Rudyerd Inlet on the east-side of Behm Canal.
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Intrusive Rocks
Mid-Cretaceous (?) mafic and ultramafic Rocks
Mid-Cretaceous (?) mafic and ultramafic bodies underlie part of Cleveland Peninsula, Revillagigedo
and Duke islands (Figure 2). The ultramafic complexes form a linear belt that spans approxi mately 560
kIn, from southern southeast Alaska to northwestern British Columbia (Taylor, 1967). The complexes

intrude rocks of the Alexander terrane, Gravina and Alava sequences. The bodies occur as zoned ultramafic
complexes ranging in composition from dunile, in the center, to pyroxenite and hornblende pyroxenite on

the outer border (Taylor, 1967; Irvine, 1967, 1974). The Duke Island ultramafic com plex , located east of
the late Mesozoic deformational fro nt, is moderately to highly deformed and yields a Pb-U zircon age on a
pegmatite of 108 Ma (1. Saleeby, in review). Zircon from saussaritized gabbroic pods and veins that crosscut a hornblendite in the Union bay Ultramafic Complex (Table I) yield a discordant U-Pb age of 86.5

±5

Ma (88CRI5 , Table 2). K-Ar analyses on hornblende and biotite for the ultramafic bodies yield 100 Ma to
110 Ma cooling ages (Lanphere and Eberlein, 1966), which is consistent with the U-Pb zircon age of the
Duke Island pegmatite.

Quartz diorite and granodiorite
Nonhern Revillagigedo Island and Cleveland Peninsula are underlain by a composite batholith
composed of massive to foliated, medium- to coarse-grained hornbl ende quartz diorite and granodiorite
(Fig ure 2) . The Be ll Island Pluton on northern Revillagigedo and Bell Islands, and northern Cleveland
Peninsula are pan of the composite body (Fig ure 2). Sub-horizontal dikes and vei ns of light grey to tan,
wea thering quartz-feldspar pegmatite and subordinate agmatite are present throughout the batholith. The
rocks contain varying proponions of plagioclase, microcline, quartz, green horn blende, and brown biotite.
Apatite, zircon, sphene, ilmenite, and magnetite occur as accessory minerals. A leucocratic quartz diorite
(Table I; Bell Island Pluton) yields U-Pb zircon age of 90.5 ± 7 Ma (Table 2). The age of the Bell Island
Pluton is consistent with a preliminary U- Pb zircon age of 89 Ma repon ed by Arth et aJ. (1988). K-Ar
analyses yield hornblende cooling ages that range from 86 to 55 .5 Ma, and biotite cooling ages that range
from 74 to 49 Ma (Smith and Diggles, 198 1). The batholith intrudes the Gravina sequence on northern
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Cleveland Peninsula, the Kah Shakes sequence on east Behm Canal, and the Alava sequence on western
Revillagigedo Island.

Plagioclase porphyritic granodiorite, quartz diorite, and tonalite
Elongate stocks, plutons, sills, and dikes of plagioclase porphyry and quartz diorite intrude much
of ReviUagigedo and adjacent islands and Cleveland Peninsula (Figure 2). The Eaton Point Pluton, exposed
on northern Cleveland Peninsula is assigned to this unit. Locally , the rocks contain tan plagioclase
phenocrysts, which make up to 50% of the rock, and range between I and 4 cm in diameter. The
groundmass contains fine-grained quartz, microcline, biotite, minor hornblende, epidote, and garnet.
Commonly, euhedral garnet occurs within cores of plagioclase, but it also occurs within the groundmass.
Anhedral to euhedral epidote is interstitial to plagioclase crystals. The plutons intrude metasedimentary and
metavolcanic rocks assigned to the Gravina and Alava sequences, and locally the Alexander terrane (?), and
have narrow contact aureoles that overprint the metamorphic foliation . The sills and dikes are subconcordant to foliation and locally cross-cut the metamorphic framework rocks, increasing in abundance
towards the east. A medium-grained granodiorite yields a U-Pb zircon age of 95.8 Ma (88CR 14, Tables I
and 2) for the Eaton Point Pluton. A plagioclase porphyritic granodiorite phase of the Eaton Point Pluton
yields a U-Pb age of 95 .5 Ma (88CR24, Tables 1 and 2). K-Ar analyses yield 86.9 Ma (hornblende) and 82
Ma (biotite) cooling ages (Smith and Diggles, 1981 ).

Epidote-hornblende tonalite, quartz diorite, and granodiorite
Epidote-bearing granodiorite, quartz diorite, and tonalite occur as elongate plutons on southwestern
and pan of northeastern Revillagigedo Island (Figure 2). These distinctive plutons continue as a belt farther
north into the Petersburg and Juneau area (Figure 1; Brew and Morrell, 1983; Brew, 1988). The petrology
and mineral chemistry of these epidote-bearing plutons are discussed by Zen (1985, 1988), Zen and
Hammarstrom (1984), and Hollister et a!. (1987). The rocks are characterized by apple-green epidote and
contain quartz, plagioclase, microcline, hornblende, biotite, and locally garnet. Magnetite, ilmenite,
apatite, zircon, sphene, and allanite occur as accessory minerals. The plutons are usually massive in the
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interior and-folialed along its margins and intrude the Gravina and Alava sequences. and locally lhe
Alexander lerrane (?). The intrusive bodies display intrusive contacts and are local ly in faull contacl with
adjacenl metasedimentary and metaplulonic rocks. U-Pb zircon ages for the plulOns range belween 95 Ma
and 101 Ma. and locally zircon syslemalics reveal PrOlerozoic inheritance (e.g .• the Moth Bay PlulOn;
Rubin and Saleeby. 1988). A Hornblende At4 0/ Ar39 plaleau age of 97 Ma is reponed by SUller and
Crawford (1985) for the Moth Bay Pluton.

Lamprophyre dikes

A northeasl-trending swarm of lamprophyre dikes intrudes the metamorphic framework rocks and
mosl intrusive rocks on Cleveland Peninsula and Revillagigedo and adjacent smaller islands (Figure 2). The
dikes intrude a plulon with Pb-U ages thal range belween 19 Ma and 32 Ma (Arth el al .• 1988) and are
cross-cul by Pleislocene volcanic rocks (Smi th. 1973). The dikes are linear. undeformed. and vary in
thickness belween .5 m and 2.5 m. The rocks are mineralogically and lexlurally variable. and contain finegrained equigranular altered plagioclase. brown amphibole. clinopyroxene. calcite. and chlorite. Major- and
trace-element geochemistry are reponed by Lull and Plafker (1987) and are chemically indislinguishable
from continental flood basalL

Cenozoic deposits
Columnar-jointed lava flows . flow breccia. and local volcanic cones and plugs cover parts of
Revillagigedo and adjacent smaller islands. Most of these lavas are posl-glacial in age. based on the
presence of unconsolidated ash and pumice thallocally cover parts of glaciated ridges. and the preservalion
of volcanic cones and plugs undisturbed by glacial activity. Pre-glacial volcanic activity is reported by Berg
el al. (1978). K-Ar whole-rock and plagioclase analyses of basalts yield ages of = 5 Ma and = 0.5
(Smith and Diggles. 1981).

lO

1.0 Ma
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STRUCTURAL GEOLOGY AND METAMORPHISM
Only recently have mid-Cretaceous basement-involved thrust faults and associated nappe structures
been recognized in southern southeast Alaska (Berg et aI., 1988; Crawford et aI., 1987; Rubin et aI., 1990;
Rubin and Saleeby, in review). Deformation of lower Paleozoic to mid-Cretaceous su pracrustal and
plutonic rocks in the region is localized along the eastern boundary of the Alexander terrane, and is
characterized by an imbricate series of west- to southwest-vergent thrust sheets. Based on regional geologic
and geochronologic relations, the west-vergent fold and thrust system was active between about 113 and 89
Ma (Rubin and Saleeby, 1988a). Younger intrusive rocks do not display the mid-Cretaceous thrust-related
fabrics. Both the younger intrusive rocks and the rocks affected by mid-Cretaceous deformation were
subsequently affected by Late Paleocene to Early Eocene deformation and associated uplift (Hollister, 1982;
Crawford et aI., 1987; Gehrels and McClelland, 1988). KJAr cooling ages from biotite and hornblende in
plutonic rocks yield ages of 74 and 8 1.8 Ma, respectively (Smith and Diggles, 1981) and are interpreted as a
minimum uplift age for the thrust bell Deformation and metamorphism which preceded mid-Cretaceous
orogenesis are discussed by McClelland and Gehrels (in review), and appear to represent pre-Late Jurassic
dextral strike-slip dismemberment of the Alexander terrane.
Mid-Cretaceous deformation occurred during two main episodes that correspond with the
emplacement of sill-like plutonic bodies. Older fabrics record ductile southwest- vergent folding and
faulting, regional metamorphism, whereas younger fabrics are characterized by crenulation cleavage, thrust
faulting and associated folding. Structural style varies along the strike of the orogenic zone and between
structural levels due to changes in rock type, overall metamorphic grade, and proximity to plutonic rocks.
Due to changes in bulk-rock volume, the presence of ductile strain and associated plastic flow, and the
absence of exposed step-up angles along thrust faults, cross-sections cannot be rigorously balanced.

Internal Structure of the Thrust Bell
First-generation thrust faulls
The lowest thrust sheets consist of lower Paleozoic schis~ marble, and meta-igneous rocks of the Alexander
terrane (Figttre 3A, B). These rocks are characterized by mesOscopic folding, non-penetrative foliation and
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thrusl faulting, and display lower-greenschisl facies mineral assemblages. Early deformational fabrics (DI)
are characlerized by mesoscopic nonheasl dipping foliation surfaces (S I) and a bedding-foliation inlersection
lineation (Lox I). ThruSl faullS trend nonhwesl and dip moderalely lO the nonheasl. The Gravina sequence
strucwrally overlies the Alexander lenane, and on Cleveland Peninsula the sequence consislS of six separale
wesl-vergenl thruSl sheelS (Figure 3A). The basal thrusl faull separating the Alexander lenane from the
Gravina sequence cross-culS the melamorphic foliation, displays a cataclaslic fabric (Figure 4), and
juxtaposes shallowly-dipping Gravina sequence argillile over the moderalely-dipping lower Paleozoic
Descon Formation of the Alexander lenane (Figure 5). Lower Paleozoic and Upper Prolerozoic crystalline
rocks of the Alexander IeITane form strucwral basemenl. In general, thrusl faullS trend nonheasl and their
orientation generally follows the regional metamorphic folialion (Figure 2). There is a predominance of
moderale, nonheasl-dipping folialion surfaces (Figure 6A) which are axial planar lO asymmetric, wesl- lO
southwesl vergenl folds. These asymmetric folds are truncaled by thrusl faullS and appear kinemalically
linked lo the thruSl faulls. In well-bedded strata, composilional layering and folialion are commonly
subparallel, whereas massive volcanic flows and breccias do nol display a folialion and deform as rigid
bodies. Foliation parallels flallening fabrics thal are well-developed within conglomeralic horizons. The
S I folialion is defined by mica grains and elongale, slightly flallened plagioclase grains thal are parallel lo
sub-parallel lO composilional layering . Rocks of the Gravina sequence are struclurally overlain lO the
nonheasl, along the Pl. Francis fault syslem, by upper greenschisl facies rocks belonging lO the upper
Paleozoic and lower Mesozoic Alava sequence. Moderalely-<lipping, wesl- lO southwesl-vergenl ductile faull
zones are characlerislic of the struclurally higher lhrusl sheelS. There is a predominance of moderale
nonheasl-dipping folialion surfaces (S I), which are axial planar lO asymmeuic, weSl- lO southwesl-vergenl
folds (Figure 6 B, C). These asymmetric folds are truncaled by thrusl faullS (Figure 7) and appear lo be
kinematically linked, as above, lO thruSl faullS. The Alava sequence is, in pan, struclurally overlain by
amphibolile facies rocks assigned lO the lower Paleozoic Kah Shakes seq uence. Kah Shakes rocks are
characlerized by allenualed fold limbs and a moderalely developed down-dip elongalion Iinealion lhal is
paraJlellO fold axes. On nonhem Cleveland Peninsula and nonheasl Revillagigedo Island (Figure 2) Kah
Shakes foliation trends nonhwesl, whereas on Ponland Peninsula folialion strikes nonh-south.
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Figure 5: Geologic sketch map of the contact between the Alexander terrane and the Gravina
sequence, exposed in an unnamed cove, nonheast of Caamano Point, southern Cleveland Peninsula.
Regional location shown in inset. (Ketchikan C-6 quadrangle)
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Figure 6: Lower-hemisphere, equal-area plot showing: (A) Poles to foliation surfaces on northwest
Cleveland Peninsula; (8 ) Poles to foliation surfaces on southern Cleveland Peninsula; (C) Trend and plunge
of small-scale folds, and poles to foliation surfaces in higher level thrust nappes on northern Cleveland
Peninsula; and (0) Poles to foliation surfaces and trend and plunge of elongation lineation in higher level
thrust nappes.
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Figure 7: Asymmetric folds truncated by moderately-dipping thrust faults in the Permian pan of
the Alava sequence, exposed on Revillagigedo Island. This fault zone places Permian marble and metabasalt
over Triassic carbonaceous pelitic schist.
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Metamorphic grades increase '-' om lower to higher slIUcturallevels. In the lowest slIUcturai level,
phyllite in the Gravina sequence contains white mica, chlorite, epidote, plagioclase, and calcite which are
typical of lower greenschist facies metamorphism. Fossils are preserved in carbonaceous limestone and
argillite. Contact metamorph ic aureoles are present, and are best observed on Spire Island located northeast
of Annette Island (Figure 2). Relict andaiusite, replaced by white mica, occurs in phylli te in a narrow zone
adjacent

to

the Spire Island diorite, which indicates low pressure and high temperature conditions. Garnet

porphyroblasts occur in phyllite of the Gravi na sequence adjacent to the Union Bay Ultramafic Complex.
Here, the regional fabric, defined by the planar orientation of biotite and white mica, overprints the contact
metamorphic aureole. This suggests that the emplacement of the ultramafic complex preceded regional
metamorphism. Mafic volcanic rocks are widespread in the lower structural leve ls and contain relict

euhedral phenocrysts of clinopyroxene, hornblende, and plagioclase in a fi ne-grained microgranular manix of
relict pyroxene, amph ibole, and metamorphic actinolite, chlori te, epidote, albite, quartz, white mica, and
calcite, which is typical of low-temperature greenschist-facies metamorphism. Rel ict clinopyroxene and
hornblende phenocrysts in the volcanic strata are unstrained and are panially replaced by chlorite and white
mica. Prelim inary oxygen isotopic anal yses (c. Rubin and H. P. Taylor, Jr. , unpublished data) on mafic
phenocrysts indicate preservation of primary igneous 0 180 values which imply that the phenocrysts did not
exchange with hydrothcnnal fluids. The presence of andaiusite in contact aureoles, lower greenschist facies
metamorphic mineral assemblages, combined with the presence of abundant relict phenocrysts in volcanic
strata implies pressures no greater than 3.5 kb (e.g., Holdaway, 1971 ) and temperatures less than 400

0

C

(e.g., Turner, 1981 ) in the lower slIUcturallevels.
Towards the east, in successively highly structural levels, biotite and garnet appear indicating
upper greenschist facies metamorphism. Locally, staurolite is present in pelitic strata and hornblendeplagioclase-garnet

± epidote mineral assemblages are present in mafic metavolcanic rocks. These lower

amphibolite mineral assemblages, combined with pressure estimates obtained for the Moth Bay Pluton,
based on aluminium content in hornblende (Zen and Hammarstrom, 1984) and the experimental calibration
of Johnson and Rutherford (1989) imply pressure of 5 to 6 Kb and temperatures of
estimates fo r the Bushy Point Pluton, located

to

~

5500 C. Pressure

the northeast (Figure 2; Zen and Hammarstrom, 1984)
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using the same gcobarometer, yield pressures in excess of 6.2 Kb. In higher structural levels, on northern
Cleveland Peninsula and Revillagigedo Island (Figure 2), kyani te

± silli manite schist occur as bladed

crystals up lO I cm lo ng which cross-cut the dominant northeast trending folialion. The presence of
kyanite-staurolite mineral assemblages, mid-crustal level plutons (e.g., Bushy Point Pluto n), and the
occurrence of tonalite sills and dikes that Jack contact aureoles suggest upper amphibolite temperalures of at
least 550° C and pressures = 6-7 kb (e.g., Tumer, 1981) in the higher structural thrus t sheelS.

Second-generation Thrust Faults
Black Mountain Faull Zone
The Black Mountain Fault Zone, exposed on southwestern Revillagigedo Island between Thorne
Arm and Carol Inlet (Fig ures 2 and 8), is a major structural boundary in the KelChikan area. The fault zone

dips moderately northeastward and juxtaposes mid-Cretaccous tonalilic sills, dikes and a large pluton, along
with their host rocks, over non-deformed mid-Cretaccous si lls and dikes, and Gravina sequence
metasedimentary and metavolcanic rocks (Figure 3B). To the northwest, the fault zone CUls lOnalitic sills
and segmenlS of the Moth Bay Pluton. Regional metamorphic and structural fabrics are cross-cut by the
fault zone. Fabrics produced by simple shear are well-preserved in the fault zone. Igncous rocks in the fa ult
zo ne commonly display blastomylonitic textures and locally relict igneous tex tures are comple tel y
overprinted by ultram ylonite consisling of very fine-grained quartz-bioite-epidiOle mineral assemblages.
Rotated plagioclase porphyroclaslS, asymmetric recrystallized tails, and SoC fabrics in the igneous rocks
suggest top to the northwest or a sinistral-reverse sense of molion. Brecciated , oblate ClaslS of weaklydeformed plutonic rocks (Figure 9) are surrounded by a foliated micaceous, locally mylonitic matrix and
commonly display SoC fabrics which indicate a similar sense of shear. The liming of molion on the Black
Mountain fault is constrained by differing lines of evidence. The fault zone affeclS plutonic rocks with a
Pb-U zircon of 101 Ma (Rubin and Saleeby, 1988), so this much of the deformalion must have post-dated
the em placement of the pluton . Contact mineral assemblages locally overprint blastomylonilic fabrics in
the fault zone, implying that contact metamorphis m overl apped in tim e with fa ulting.
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Figure 8: Geologic cross-section across the Black Mountain fault zone, exposed on southwestern
ReviUagigedo Island.
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Figure 9: Weakly defonned IOnaiitic clasLS in a mylonitic matrix. These fabrics developed within
the Black Mountain Fault zone on southern Rcvillagigedo Island.
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The amounl of displacement on the faull zone is difficull lo eSlimale; however, by using
differences in metamorphic and igneous pressures on rocks exposed on either side of the faull, a qualitative
displacement estimate can be obtained. The presence of kyanite-staurolile schisl gives a minimum pressure
of 5.5 kb for the hanging wall metasedimentary rocks. Based on aluminum contenlS in hornblende from the
Moth Bay PlulOn (Harnmarstrom and Zen, 1986) and using the experimental calibration of Johnson and
Rutherford (1989), a pressure range from 5.0 lO 6.0 kb is recorded for the plulOn exposed in the upper plale
of the thrust. The extreme ranges in pressure may be due lO variabililY of AIT in hornblende. These
pressures are in agreement with those recorded in metamorphic mineral assemblages from upper plale
lithologies. Based on the presence of an andalusite contaCl aureole and associaled regional lower greenschisl
facies mineral assemblages, a maximum pressure of 3.0 lO 3.5 Kb is inferred for the foolwall region.
Assuming thalthe pressure estimates are correel and were locked in prior to faulling, the hangi ng wall was
uplifled 14 km with respecl lo the foolwall. A minimum dip-slip displacement of approximalely 24 km is
inferred across the Black Mountain Faull zone, assuming the faull was nOl subsequenUy rotaled during POSlCretaceous lime. Concurrenl translalional displacement across the faull cannOl be quantified; however,
substantial sinistral displacement is likely.

Third-generation ductile fault zones
Sleeply-dipping, north- lO northeast-dipping ductile fault zones cross-culthe earlier (S I) fabrics in
the eaSlem and northern pan of the thrust belt (Figure 2). The fault zones are characterized by a stron gly
developed foliation which reorient earlier S I fabrics. Two such mid-Cretaceous

lo

Late Paleocene (?) fault

zones are exposed on Revillagigedo Island, the southern Revillagigedo fault zone on the weSl and the
northern Revillagigedo fault zone, exposed

lo

the north (Figure 2).

Structural relations suggest that reverse faulting occurred after FI folding and associaled thrust
faulting, and possibly during the late stages of the emplacement of the mid-Cretaceous lOnalile plulOns.
The relationships between thrust faulting, regional metamorphism, and later reverse faulting described
below suggest that these are likely the result of a single progressive deformational evenL
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Nonhern Revillagigedo Island Fault Zone
The Nonhern Revillagigedo Island fault zone is exposed on nonhern Revillagigedo Island (Figure
2). Here, earlier nonhwest-trending 5 I fabrics (regional foliation) are preserved within a compositionallybanded biotite schist and are completely transposed and tightly refolded within a se ries of ductile shear zones
(Figure 10). The metamorphic rocks are cut by numerous quartz veins in which nonhwest-trending 5 I
quartz veins are folded and attenuated; later quartz veins fonn along the axial surfaces of 52 folds. Most
axial planes of 52 folds trend between N40° to 600W and dip between 70 0 to the nonheast to vertical. Folds
in banded biotite schist are disharmonic, generally tight to isoclinal and commonly asymmetric. The fold
axes trend 540 0 to 800E and plunge moderately to the southeast. The limbs of the folds are extremely
attenuated and locally display isolated asymmetric floating hinges. A well-developed elongation lineation is
associated with 52 foliation, and trends 5400 to 600E, plunging moderately to steeply to the southeast.
The Northern Revillagigedo Island fault zone separates supracrustal metamorphic sequences of
widely differing metamorphic grade. In the footwall block, south of the fault zone, supracrustal rocks
display garnet greenschist-facies mineraI assemblages, whereas to the nonh, in the hanging wall , kyanitebearing amphibolite grade schist and the mid-Cretaceous Bell Island pluton are present. Based on these
geologic relations, top to the west or a reverse-sense of motion is recorded across the fault. The magnitude
of displacement on the fault zone is difficult to estimate, due to the absence of stratigraphic cut-offs along
the fault zone. A minimum of displacement of 7 km between the hanging wall and footwall is inferred
based on metamorphic pressure estimates on pelitic supracrustal rocks exposed on either side of the fault
zone. 5inistral displacement across the fault cannot be quantified; however, substantial displacement may
be likely.

50uthern Revillagigedo Fault Zone
The 50uthern Revillagigedo Fault Zone is exposed along southwest side of Revillagigedo Island
(Figure 2). The fault strikes approximately N200-300W and dips moderately to the nonheast. 50uthwestvergent asymmetric folds trend 560 0-700E and plunge moderately to the southeast (Figure II A). Rocks in
the fault zone consist of highly deformed argillite and tuffaceous argillite interlayered with thin marble
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Figure 10: Geologic sketch of transposed foliation (S \) and associated isoclinal folds in banded
kyanite schist along the Northern Revillagigedo fault zone. Elongation lineation dips moderately to the
southeast
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Figure II: Lower hemisphere equal-area pIal showing: (A) Poles to foliation surfaces, small-scale
folds, and lineations along the southern Revillagigedo faull zone; (8 ) Poles to foliation surfaces and smallscale folds of D I and

D:2 fabrics;

Kamb (1959) . • = 51 foliation;
and plunge of lineation.

(C) Contour of poles lO dike orientation. c.I. = confidence interval, afler

0

= 52 foliation;,.. = trend and plunge of small scale folds ; 0 = trend
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lenses. Numerous quartz veins are present in the fault zone. The southern Revillagigedo fault zo ne
separates rocks of differing metamorphic and grade. In the footwall , rocks are well-bedded and are
characterized by lowermost greenschist facies mineral assemblages and unstrained relict phenocrysts. Based
on these relations, the footwall block appears to have undergone minor finite strain and metamorphism. In
contrast, the upper plate contains rocks that locally have biotite-grade greenschist facies mineral
assemblages, well-developed foliation surfaces, and are intruded by numerous si lls and dikes of deformed
diorite. As the fault zone is approached, abundant quartz veins appear in the metamorphosed hanging-wall
lithologies. A top to the west, or reverse sense of motion is recorded across the Southern Revillagigedo
fault zone.

Zonation of the Th rust Belt
These high angle reverse faults divide the thrust belt into three mid-Cretaceous structural domains
(Figure 12). The subsurface geometry of the thrust faults and ductile reverse faults are not accurately
known. By combining available geologic and petrologic constraints, a reasonable and internally consistent
subsurface geometry can be constructed. Domain # I , located on the western portion of the thrust belt,
consists of rocks which have undergone little finite strain and which contain low temperature and pressure
metamorphic mineral assemblages. Typically, rocks in this domain are well bedded and consist entirely of
the Alexander terrane and Gravina sequence. The central region, domain # 2, consists of imbricate thrust
nappes of rocks that are assigned to the Alexander terrane, and Gravina and Alava sequences. The rocks
display well-developed metamorphic fabrics and contain medium pressure and temperature-sensitive
metamorphic minerals. The appearance of mid-Cretaceous tonalite and granodiorite is characteristic of this
domain. Higher pressure and temperature mineral assemblages are recorded by rocks in domain # 3 which
consists of the Alexander terrane, and Kah Shakes, Alava, and Gravina sequences. Here, amphibolite
metamorphic facies rocks are dominant. Well-developed elongation lineations, highly attenuated fold limbs,
and polyphase fabrics characterize this domain. Metamorphic rocks contain a high proportion of tonalitic
sills and dikes, and locally lit-par-lit textures are well developed in the high grade gneisses of domain # 3.
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Figure 12: Aeromagnetic and gravity profiles and geologic cross-section across the wes tern wall
rocks of the Coast Plutonic Complex showing the major mid-Cretaceous structural domains. AT =
Alexander terrane; GS

=Gravina sequence; AS =A1ava sequence; KSS =Kah Shakes sequence.
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Typically, these rocks are intruded by Late Paleocene intrusive rocks and are overprinted by Early Tertiary
extensional deformation.
Further mid- Cretaceous shortening was accommodated through the development of crenulation
cleavage and is best exposed on the western shore of Revillagigedo Island. This fabric is defined by
mesoscopic, northeast trending space cleavage (S2o>, S 1- S2 intersection lineation (L Ix2), and associated
west- to northwest-vergent asymmetric kink folds (Figure liB) The cleavage forms small-scale folds in
phyllite, whereas in massive metavolcanic rocks, a planar widely-spaced cleavage is present (Figure II B).
The cleavage is defined by the concentration of phyllosilicates in fold limbs. New mineral growth parallel
to the k.ink fold axial planes consist of fine-grained biotite and garnet. Quartz grains are recrystallized and
slightly flauened to the axial planes.

Late Paleocene Deformation
Paleocene and younger (?) deformation has affected rocks on the western margin of the Coast
Plutonic Complex (Figure 2). Here, the eastern edge of the Alexander terrane and the Alava sequence appear
to deepen in level of exposure and are dominated by low to moderate east- to west-dipping sheets of sehist,
gneiss, and phyllonite, termed the east Behm Canal gneiss complex (Saleeby, 1987; Saleeby and Rubin,
1990). Northeast-plunging elongation lineations are common; however, late tectonic recrystallization
overprints this fabric. There is a predominance of moderate west-dipping foliation surfaces which are axial
planar to asymmetric east-verging folds. These east-verging fabrics have re-oriented earlier mid-Cretaceous
fabrics. Late Paleocene pegmatite dikes are highly deformed and are affected by these east- and west-dipping
structures (Saleeby and Rubin, 1989). Exposure of the gneiss complex might be related to a reversal in
vergence during Paleocene time, when deep levels of the mid-Cretaceous thrust system were transported
upwards along east-vergent structures.
A swann of hornblende-bearing diabase dikes cross-cut all structures and fabrics. These dikes trend
northeast (Figure IIC) and mark a regional change in the overall tectonic setting during Miocene time.
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DISCUSSION AND TECTONIC HISTORY
Three major lithotectonic assemblages, which include the Alexander and Taku terranes and the
Gravina sequence, are present along a northwest-trending belt on the western side of the Coast Plutonic
Complex. The upper Paleozoic ponion of the Alava sequence represents the westermost extent of the
Yukon-Tanana terrane, which is interpreted as a continental margin assemblage of slope and rise deposits
and dismembered fragments of a mid- to late Paleozoic arc system. The lower Mesozoic part of the Alava
sequence has lithologic similarities to parts of the Stikine terrane. Structural basement is composite and
consists of the Alexander and Taku (Alava and Kah Shakes sequences) terranes. The Alexander terrane forms
depositional basement to the Gravina sequence; locally the epiclastic strata of the Gravina sequence lie
unconformably ove. the late Paleozoic and lower Mesozoic Alava sequence, thus forming an overlap
between the two basement constituents (e.g., Alexander terrane and Alava sequence). These data suggest the
Alexander terrane was adjacent to the western margin of North America prior to deposition of the Upper
Jurassic to Lower Cretaceous Gravina sequence. Primary relations between the Kah Shakes and Alava
sequences are uncertain , although quartzite is interlayered with Alava marble on southeast Revillagigedo
Island suggesting possible depositional relations.
The record of deposition and deformation within this belt spans an interval of almost 70 m.y.,
from the Late Jurassic to Late Cretaceous time. Beginning in the Late Jurassic, primitive arc-type (?)
basaltic to basaltic andesite volcanic rocks of the Gravina sequence were deposited on basinal epiclastic
strata that unconformably overlie Triassic and older ponions of the Alexander terrane, and the late Paleozoic
and lower Mesozoic Alava sequence (e.g., Yukon-Tanana and Stikine terranes; Rubin and Saleeby, 1989;
Rubin and Saleeby, in review). Coarse-grained epiclastic and distal volcanic basinal strata of the Gravina
sequence overlie the older volcanic rocks. Provenance for the coarse-grained epiclastic strata indicates uplift
erosion of the older plutonic arc edifice, probably within an extensional tectonic setting. Beginning
immediately after the deposition Gravina sequence, zoned mafic and ultramafic complexes were emplaced
into rocks of the Alexander terrane on Duke and Annette Islands (e.g., the Duke Island ultramafic complex)
and the Gravina sequence (e.g., the Union Bay ultramafic complex), and are present as numerous smaller
bodies that intrude adjacent terranes. These enigmatic bodies form a linear belt parallel to the Gravina
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sequence along the eastern edge of the Alexander terrane and may have been emplaced during the onset of
mid-Cretaceous defonnation, possibly in an extensional setting.
After the deposition of the Gravina sequence and during the emplacement of the zoned ultramafic
complexes, significant mid-Cretaceous deformation and metamorphism affected these rocks and their
basement components. Mid-Cretaceous defonnation is recorded on Cleveland Peninsula, Revillagigedo
Island, and the eastern portions of Annette, Gravina and adjacent islands. During the mid-Cretaceous,
Gravina arc and basinal strata were imbricated together with their composite basement of the Alexander and
Taku terranes along a series of moderately-dipping west to southwest-vergent thrust sheets. Asymmetric
west to southwest-vergent folds fonned during this faulting. Thrust sheets of the lower Paleozoic Kah
Shakes sequence commonl y overlie the Alexander terrane and Gravina and Alava sequence nappes; however
locally on Ponland Peninsula, the Kah Shakes sequence structurall y underlies defonned Alexander terrane;
Complex thrust geometries and out of sequence thrust faults may result from the reacti va tion of different
primary basement components. This defo nnation is recorded in southern southeast Alaska by; ( I) west- to
southwest-vergent thrust faulting; (2) pervasive metamorphism, ranging from lower greenschist to
amphibolite facies mineral assemblages; (3) emplacement of calc-alkaline sills, dikes , and plutons; (4) high
angle reverse faulting; and (4) uplift that records at least 14 km of vertical transport by Late Cretaceous
time. Available age constraints from Revillagigedo and adjacent islands indicate that this defonnational
event began in the Albian
have ceased by

~

(~

113 Ma), the age of the youngest strata involved in thrust faulting , and must

70 Ma, based on biotite K-Ar cooling ages (Smith and Diggles, 1981) from mid-

Cretaceous plutons. During the mid-Cretaceous, Gravina arc and basinal strata was imbricated together with
their composite basement of the Alexander and Taku terranes along a series of moderately-dipping west- to
southwest - vergent thrust sheets. Asymmetric west - to southwest - vergent folds fanned during this
fa ulting. Complex thrust geometries and out of sequence thrust faults may result from the reactivation of
different primary basement components. The presence of thrust sheets composed of crystalline basement
may imply a zone of decoupling within middle levels of the continental crust during the mid-Cretaceous.
The extent of northeast-directed underthrusting of the Gravina sequence and its composite basement beneath
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the Yulcon-Tanana terrane is difficult to assess; however, it is possible that these thrust sheets extend as a
subhorizontal decollement beneath northwest British Columbia and western Yulcon Territory.
The emplacement of mid-Cretaceous sills, dikes, and elongate plutons was broadly coeval with
deformation; however, the details of the relation between deformation and pluton emplacement is quite
complicated. These calc-alkalic intrusive rocks formed in response to plate convergence along the western
margin of the Alexander terrane and represent the mid-crustal levels of a mid-Cretaceous continent-margin
arc (Barker and Arth, 1984). Steeply-dipping reverse faults became active perhaps during the late stages of
thrust faulting. Vertical motion on these faults resulted in the juxtaposition of differing crustal levels
across the thrust belt and was perhaps responsible for the initial uplift of the deeper levels of the arc by the
latest Cretaceous, reflected by an average uplift rate of

~

0.59 mm/yr. (Rubin and Saleeb y, in review).

Highly-deformed Late Paleocene to Early Eocene tonalitic and granodioritic intrusives are present on eastern
Revillagigedo Is land and western Portland Peninsula, and belong to a discontinuous belt of sills and
elongate plutons that were intruded into overthickened crust along the western flank of the Coast Plutonic
Complex . Rapid uplift accompanied the emplacement of these plutons (Hollister, 1982; Crawford et aI .,
1987) and may record the gravitational collapse of the mid-Cretaceous thrust bell
Limited gravity and aeromagnetic data along the trend of the thrust belt help define the present day
deeper crustal structure (Bames, 1972a, b; 1977; U.S.G.S, 1977), which record the mid-Cretaceous and
younger deformation. The dramatic decrease in Bouguer gravity anomaly values, from about + 10 mgal in
the non-deformed portions of the Alexander terrane to about -115 mgal in the interior of the thrust belt,
along the western edge of the Coast Plutonic Complex (Figure 14) may reflect a thickened crust and
associated large volumes of granitic material. The lowest Bouguer gravity anomalies coincide with the
progressive thickening of the thrust wedge and the presence of mid-Cretaceous and younger intrusive rocks.
A steep magnetic field gradient from the low magnetic strata of non-deformed Alexander terrane on the west
to the highly magnetic eastern portions of the thrust belt and the western edge of the Coast Plutonic
Complex (U.S.G .S., 1977) mirrors the Bouguer gravity gradient. Bouguer gravity data (Bames, 1977)
suggest a crustal thickness of ~ 25-30 km beneath the southeast Alaska archipelago (e.g., Alexander terrane
and Gravina sequence) and a maximum thickness of 45 km below the crest of the Coast Plutonic Complex.
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A northeast-trending swann of Miocene to Oligocene mafic dikes cuts all Cretaceous and Early Tertiary
structural elements and records northwest-southeast extension. This dike swann may reflect regional
extension associated with the opening of the Hecate Straits during the Late Tertiary. The modem structural
sening is dominated by dextral strike-slip motion on the Queen Charlotte Fault system.
The mid-Cretaceous southeast Alaska orogen was characterized by thrust faulting, metamorphism
and the emplacement of arc-related tonalitic and granodioritic material. Igneous activity and deformation
appears to have been broadly coeval, suggesting an intra-arc setting. Mid-Cretaceous rocks exposed at the
surface today were formed in middle crustal levels of a continent-marign arc and involved large-scale
reworking of an earlier tectonic boundary between the Alexander terrane and the western margin of Nonh
America. The most penetrative deformation occurs where structural reactivation of differing basement
components, such as the Alexander terrane and the Kah Shakes sequence, resulted in complex faule
geometries. Development of the Early Teniary tonalitic to granitic plutons followed mid-Cretaceous crustal
shonening and uplift. These crustal elements formed the lithospheric framework for the Eocene Coast
Batholith.
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CHAPTER 4

TECTONIC FRAMEWORK OF THE UPPER PALEOZOIC AND LOWER MESOZOIC
ALAVA SEQUENCE: A REVISED VIEW OF THE POLYGENETIC TAKU TERRANE
I N SOUTHERN SOUTHEAST ALASKA
Charles M. Rubin and Jason B. Saleeby. California Institute of Techonology. Pasadena. California. 91125
Invited paper. Canadian Journal of Earth 50ience

Fragments of upper Paleozoic and lower Mesozoic metavolcanic and metaSedimentary sequences of the Taku
terrane are recognized along a narrow belt in southeast Alaska and form a distinct lithotectonic package in
the Ketchikan area. The upper Paleozoic and lower Mesozoic rocks. called the A1ava sequence. consist of
crinoidal and argillaceous marble. carbonaceous phyllite. argillite. mafic flows. pillow breccia. pyroclastic
tuff. and quanzite. These strata are unconformably overlain by Upper Jurassic to Lower Cretaceous fine- to
coarse-grained epiclastic rocks of the Gravina sequence. The Upper Paleozoic part of the Alava sequence is
probably correlative with the Yukon-Tanana terrane. The Middle and Upper Triassic portion of the Alava
sequence may represent a metamorphic vestige of the Stikine terrane. now exposed on the western flank of
the Coast Plutonic Complex. These data suggest that the Stiune and Alexander terranes were juxtaposed
prior deposition of the Upper Jurassic and Lower Cretaceous Gravina sequence. Thus. the western boundary
between rocks of North American affinity and allochthonous ensimatic crustal fragments of the Alexander
and Wrangellian terranes lies west of the Coast Plutonic Complex .

Introduction
The stratigraphic affinity and tectonic seuing of metamorphic rocks exposed on the western flank
of the Coast Plutonic Complex (Fig. I) have been the subject of much debate. These rocks have been
assigned to the Taku terrane by Monger and Berg (1987) and Berg et al. (1978) and suggest that the Taku
terrane is distinct from the Alexander and Wrangellia terranes to the west and the Stikine terrane to the east.
The Taku terrane consists of polydeformed and metamorphosed strata that are exposed along much of the
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Figure 1: Location map of the Taku terrane in the nonhwestem Cordillera, showing regions and
features referred to in text. K; Ketchikan, P ; Petersburg , J ; Ju neau. Study area inset for Figure 2.
Adapted from Beikman (1980); Monger and Berg (1987); Wheeler and McFeely ( 1987); Wheeler et a1.
( 1988).
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western flank of the Coast Plutonic Complex and comprises a belt that extends for nearly 700 km across
so utheasLern Alaska (Monger and Berg 1987). the coastal regions of northwestern British Columbia (Berg et
al. 1978). and southwest Yukon Territory (Fig. 1; Campbell and Dodds 1983). Recently. Plafker et al.
(1989) correlai.ed some Taku strata with Wrangellia. whereas Brew and Ford (1984) place parts of Taku into
the Alexander terrane. Similarly. parts of Taku have been assigned to the Stilcine terrane (Rubin and
Saleeby 1988). The LeCtonic affinity of the Taku terrane thus remains unclear.
This paper presents a revised inLerpretation of the upper Paleozoic and lower Mesozoic portion of
the Taku terrane in the KelChikan area (Figs. 1 and 2) which indicates lithologic and age similarities with
the Yukon-Tanana and Stikine terranes. Much of what has been mapped as Taku terrane in southernmost
so utheast Alaska consists of metamorphosed Gravina sequence and Alexander Lerrane (Rubin and Saleeby.
1987a. b; Saleeby 1987). which was. in pan. first suggested by Brew and Ford (1984). We present new
geologic and geochemical data for the upper Paleozoic and lower Mesozoic parts of the Taku Lerrane. which
we cal l the Alava sequence. exposed on Cleveland Peninsula and Revillagigedo Island (Fig. 2).

Geologic

Setting

The Alava sequence is pan of a NW-lIending belt of metamorphic and plutonic rocks that are
exposed along the western margin of the Coast Plutonic Complex. The belt consists of three major
assemblages that are juxtaposed along E- to NE-dipping thrust faults. These assemblages areas follows: (I )
The Alexander terrane and its Upper Triassic and Upper Jurassic to Lower Cretaceous volcanic and
sedimentary cover. (2) The upper Paleozoic and lower Mesozoic Alava sequence. and (3) The lower
Paleozoic Kah Shakes sequence. To the west. rocks of the Upper Jurassic and Lower Cretaceous Gravina
sequence depositionally overlie the Alexander terrane (Rubin and McClelland 1989; Rubin and Saleeby in
review). The Upper Jurassic and Lower Cretaceous Gravina sequence forms a series of west-vergent
imbricate thrust sheets and is structurally overlain by Pennsylvanian. Perm ian. and Triassic rocks of the
Alava sequence along a NE-dipping thrust fault on Cleveland Peninsula (Fig. 2). Rocks of the Alava
sequence can be lIaced northward into the Petersburg and Juneau areas. where they are assigned to the Taku
Lerrane (Brew and Grybeck 1984).
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Figure 2: Geologic skelCh map showing distribution of geologic units, major structures, and
sample locations in the Ketchikan area. AB; Alava Bay, CI ; Carol Inlet, GI ; George Inlet. and POW ;
Prince of Wales Island. Adapted from Berg ( 1972. 1973; parts of Anneue and Gravina Islands). Gehrels and
Saleeby (l987a.b; Prince of Wales Island, pans of Anncue, Duke, and Gravina Islands), C.M. Rubin
(unpublished mapping, 1985, 1986. 1987; Cleveland Peninsula and adjacent islands); C.M. Rubin and 1.B.
Saleeby (unpublished mapping, 1986, 1987, 1988; Revillagigedo and adjacent Islands). Inset shows
location of Figure 3.
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The Alava sequence on Cleveland Peninsula and west-central Revi llagigedo Island, is structurally

ove rlain along a NE-dipping thrust fault by amphibolite facies quanz- rich metasedim entary rocks,
orthogneiss, metabasalt, meta-psammatic rocks, and marble. We informally call these rocks th e Kah
Shakes seq uen ce, which previously constituted pan of the Taku terrane.

To the south on Po rtland

Peninsula, rocks of the Kah Shakes sequence appear in lower structural levels and are overlain by Alava
rocks (Saleeby and Rubin 1989). It is possible that the contact is a folded unconformity; however, th e
geologic relations remain unclear. These quartz-rich metasedimentary rocks are age correlative with the
Yukon-Tanana terrane (Gehnels et al. 1990; Saleeby and Rubin 1989, 1990) and record deposition in a slope
and continental rise setting. Primary relations between the Kah Shakes and Alava sequences are uncenain,
althoug h quartzite is interlayered with Alava marble on southeast Revillag igedo Island, suggesting earl y
depositional relations.
These supracrustal sequences were affected by mid-Cretaceous me tamorphism and thru st faulting
(Rubin e t al. 1990), coeval wi th the emplacement of tabular tonalitic plutons, sills, and dikes.
Subsequently, they were strongly deformed and locally intruded by Paleocene and younger plutons of the
Coast Plutonic Complex.

Alava Sequence
Stratigraphic relations presented here for the southernmost part of the Alava sequen ce, o n
Revillagigedo Island and Cleveland Peninsula, focuses on the least deformed and metamorphosed rocks of
the Alava sequence. Rocks of the Alava sequence are difficult to characterize stratigraphical ly due to
struct ural imbrication, greenschist to amphibolite facies metamorphism, and sparse age control. The
sequence is distinguished by key stratigraphic units that include upper Paleozoic metasedimentary and
metavolcanic rocks, and Middle Triassic metasedimentary rocks that are exposed on the eastern shore of
George Inlet o n so uthwestern Revillagigedo Island (Figs. 2 and 3). These key stratigraphic units are
correlated by distinctive lithologies throughout the Ketchikan area.
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Figure 3: Geologic sketch map of central Revillagigedo Island from C.M. Rubin (unpublished
mapping) and Berg et al. (1988). Location of map shown in Figure 2.
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Stratigraphy
Unit 1: Upper Paleozoic metasedimentary and metavolcanic rocks

The upper Paleozoic ponion of the Alava sequence is characterized by metamorphosed pillow
basalt, mafic tuff, and crinoidal marble. These strata show penetrative foliation, ductile folding, and middle
greenschist to amphibolite facies metamorphic mineral assemblages. The unit extends from the south on
Revillagigedo Island to Cleveland Peninsula in the north (Fig. 2). The lower contact of the unit is not
exposed and at most localities the base of the Alava sequence is in fault contact with the Alexander terrane
or Gravina sequence. The top of the unit is designated at the base of the overlying, slightly metamorphosed
Triassic carbonaceous phyllite, argillaceous limestone, and basalt. The upper Paleozoic ponion of the
Alava sequence is divided into four groups, but their stratigraphic sequence is obscured by younger
deformation: (I) lavas and argillite, (2) wate r-laid breccia and tuff, (3) interlayered marble and quartzite, (4)
crinoidal marble. Upper Paleozoic rocks of the Alava sequence are easily distinguished from discontinuous
basalt-limestone sequences in the Alexander terrane by thick, laterally continuous crinoidal marble horizons
interlayered with pillow basalt
Metamorphosed mafic flows and crinoidal marble dominate unit I. Typically, the mafic flows are
pillowed, and are interlayered with black argillite which occur in units generally less than 10 m in structural
thickness_ The lavas are locally massive and aphyric. The fine-grained mafic breccia contains generally
monolithologic clasts as coarse as 20 cm that are angular to sub-angular in shape, and have the same
composition as the matrix. Thickness varies from 2 to IO meters. Bedding is charac teristically massive;
however, tectonic deformation may obscure original bedding features. Metabasalt consists of fine-grained
hornblende, actinolite, albite, chlorite, epidote-clinozoisite, white mica, and minor quartz. Mafic lavas and
marble can be traced southeastward into Alava bay (Fig. 2), where crinoidal marble is interlayered with
centimetre-scale layers of metaquartzite.
Marble is massive to finely laminated and is commonly interbedded with metabasalt and argillite
(Fig. 4 and 5); it weathers light-brown, pale-blue, and light-grey (Fig. 5) and contains crinoid columnals up
to I cm in diameter.

Locally, crinoid stems up to 2.5 cm long are preserved.

Late Early
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Figure 4: SchemaLic structural-stratigraphic section of the Alava sequence in George Inlet.
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Figure 5: Early Late Permian crinoidal marble of the A1ava sequence on Carol Inlet, Revillagigcdo
Island.
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Pennsylvanian to late Pennian conodonts and late Early Pennian brachiopods have been reponed from this
unit (Berg and Cruz 1982; Silberling et al. 1982).

Unit 2: Lower Mesozoic metasedimenlary and metavolcanic rocks

The lower Mesozoic portion of the Alava sequence is characterized by carbonaceous phyllite, finegrained argillaceous limestone, metabasalt, and mafic breccia, and tuff. This unit has been identified only
on central Revillagigedo Island where it has been affected by non-penetrative foliation , pressure solution,
and greenschist facies metamorphism . The lower contact of the unit is not exposed. Based on the lower
degree of defonnation and metamorphism, and stratigraphic continuity in the Triassic rocks, it is inferred to
rest unconfonnably on the upper Paleozoic pan of the Alava sequence. The top of the unit is generally not
exposed and is structurally imbricated with older portions of the Alava sequence. On the western shore of
Carol Inlet, however, Upper Jurassic to Lower Cretaceous coarse-grained epielas tic rocks of the Gravina
sequence appear to unconfonnably overlie the Alava sequence (Fig 6). Lithologies in the lower Mesozoic
portion of the Alava sequence are divided into two groups: ( I) mafic lavas, breccia, and lUff, (2) argillaceous
and siliceous limestone and black phyllite. Lower Mesozoic rocks of the Alava sequence are distinguished
from similar lithologies in the older ponions of the Alava sequence by the presence carbonaceous and
siliceous limestone. The mafic flows are pillowed or locally massive and aphyric. Lithic fragments within
the pyroclastic deposits consist of marble, phyllite, and felsic (?) metavolcanic angular to sub-angular clasts
in an aphyric tuffaceous matrix. The proportion of matrix is generaJJy 50% and clast-supponed fabrics are
not observed.
Carbonaceous and argillaceous limestone dominate unit 2. Typically, fragments of halobiid
bivalves (Daonella) are preserved in black siliceous concretions in a fissile, foliated limestone (S ilberling et
al. 1982). The concretions are typically 3 cm in diameter, but locally are up to 6 cm in diameter.
Crinoidal limestone, containing well-preserved Penlacrinites (Fig. 7), phyllite, and pyritic slate also occur
in unit 2. Late Middle Triassic conodonts, halobiid bivalves, and ammonites have been reported for unit 2
(Berg and Cruz 1982; Silberling et al. 1982).
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Figure 6: Schematic structural-stratigraphic section showing geologic relations between the Upper
Jurassic 10 Early Cretaceous Gravina sequence and the Alava sequence on Carollnlet, Revillagigcdo Island.
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Figure 7: Late Middle Triassic crinoidal limestone containing well-preserved Penta crinites on

George Inlet, Revillagigedo Island.
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Depositional Setting
Although the upper Paleozoic and lower Mesowic metasedimentary and metavolcanic sequences arc
highly deformed and lack adequate age control, the dominance of pillowed lava and marble indicates
deposition in a submarine environmenL On George and Carol Inlet, the Upper Paleozoic part of the Alava
sequence contains large volumes of mafic lava flows which are pillowed and largely unbroken, which might
have formed in a proximal position to an inferred vent on the seafloor. Whereas on the nonhem end of
Thome Arm pillow lavas are interstratified with mafic pillow breccia and tuff, which suggests that a fiss ure
might have extended along the volcanic apron. Preliminary trace element geoc hemistry suggest that the
lavas are transi tional between volcanic arc tholeiite and MORB (see geochemistry below).

The

metavolcanic rocks interfinger with crinoidal marble indicating moderatel y shallo w wa ter depositio n
punctuated by mafic volcanism . Well-preserved crinoid columns in marble imply a relatively low-energy
environment. Metabasalt and marble laterally grade into interlayered quartzite, marble, and metabasalt,
suggesting an adjacent mature source terrane.
Because rocks of the Alava sequence contain an incomplete and fragmentary record , the late
Paleozoic and early Mesozoic volcanic evolution and depositional histories can onl y be inferred. Trace·
element geochemistry is onl y an approximate guide to the petrOlectonic setting of tholeiitic basalts. Th us,
the discrimination between back-arc-basin basalt, MORB , and forearc eruptions is difficult. Based on
geologic relations, limited trace element geochemistry, and regional considerations, Paleozoic rocks of the
Alava sequence might have been deposited adjacent to a rifted arc or within a back arc basin. The quartzite
horizons represent episodic influx of continent-derived detritus, perhaps from the adjacent Kah Shakes
sequence. Mafic volcanism and carbonate deposition recorded by Middle and Upper Triassic SlTata of the
Alava sequence occurred in a shallow marine seuing. Well-preserv ed ammonites and bivalves in
argillaceous limestone carbonaceous phyllite imply a relatively low-energy, organic-rich environment
adjacent to a land-mass.
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Magmatic affinities of metabasalts
Trace element geochemistry from Alava sequence metabasalts shed light on their petrotectonic
setting. For mafic volcanic rocks that have undergone low grade metamorphism, a useful method to
classify and discriminate magmas erupted in different tectonic settings is to examine the concentration of
trace elements such as Ti, Zr, Y, Cr, and V (Table I ; Pearce 1980, 1982; Pearce and Cann 1973) . The
criteria used to distinguish tectonic affinities of magmas are derived from empirically determined values
from a variety of modem plate tectonic settings (pearce 1982; Pearce and Norry 1979). High field strength
elements that are relatively immobile during seanoor alteration and greenschist facies metamorphism are
used (Cann 1970; Humphris and Thompson 1978).
Based on trace element patterns, most Alava sequence lavas are typi cal of mid-ocean-ridge basalts
(MORB), some typical of modem island arc tholeiites, and some typical of within-plate basalts (Fig. 8;
Pearce 1982). On a CrfY plot, the data plot either in the high- Y pan of the arc tholeiite field or in the
high- Y pan of the MORB field; however, two samples fall into the within-plate field (Fig. 8A). The
metabasalts might best be described as transitional between the IAT and MORB field . Cr abundances are
generally high, which is characteristic of MORB . Ti{Zr ratios are high and plot within the MORB field
(Fig. 6B; Pearce and Cann 1973). Metabasalts have Ti/Zr ratios in the ran ge of MORB and IAT; however,
a few samples fallout the the expected fields (Fig. 8C).
In summary, trace-element abundances for Cr, Zr, Ti, Y, and V, combined with s ig nificant
amounts of mafic metavolcanic rocks and interbedded marble indicate that the Alava sequence metavolcanic
rocks may represent a rifted arc tholeiite sequence. These geochemical variations are similar to immature
rifted arcs of the western Pacific (Gill 198 I). Mafic rocks from the MORB tholeiite suite are di stinguished
by high Ti/V ratios and high abundances of Ti, Cr, Zr, and Ni (e.g., Basaltic Volcanism Study Project
1981; Gill 1981), which also characterize the Alava sequence metavolcanics.

Regional correlations
Regionally-significant components of the Alava sequence in the Ketchikan area include: ( I)
Pennsylvanian to Permian crinoidal marble intercalated with pelitic phyllite, (2) Permian metabasaltic
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Table I. Analyses of metabasalts from the Alava sequence (ppm)
Ti

V

Ni

Cr

ZI

Y

Sr

"Rb

84JR32*

22644

150

63

185

128

15

237

N/A

87CR62*

38343

337

III

100

178

21

45

N/A

86CR202*

4 11 30

498

58

551

133

42

1298

N/A

87CR41*

39030

206

5308

271

211

11

1010

N/A

84JR37*

33460

397

8909

4 14

165

31

35

N/A

86CR206*

65700

407

501

67

42

31

/A

87CR41 °

9353

N/A

116

"392

16

14

1000

37

87CR57°

10731

N/A

15

"30

120

44

148

2

87CR63°

10311

N/A

17

"44

123

30

445

11

* Trace elements analyzed by ICAP al University of California, Riverside.
° Trace elements were analyzed by EDXRF althe U. S. Geological Survey,
Denver, Colorado.
" Rb analyzed by XRF althe U.S. Geological Survey, Denver, Colorado.
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Figure 8: Trace element discrimination diagrams showing data from fresh pillowed metabasalts of
the Alava sequence. MORB

~

mid-ocean-ridge basalt field. WPB

~

within-plate basalt field. IA T

~

island-arc

tholeiite field. (A) Cr-Y discrimination diagram of Pearce ( 1982). (B) Ti-Zr discrimination diagram o f
Pearce and Cann ( 1973). (C) ZR/Y -Zr discrimination diagram of Pearce ( 1980).
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pillow flows , tuff, and breccia, (3) Permian massive metabasalt flows, crinoidal marble, and interlayered
quartzite, and (4) Upper Middle Triassic carbonaceous limestone, phyllite, basalt, and basaltic breccia. In
addition, differences in the intensity of deformation and metamorphic grade between the Upper Paleozoic and
lower Mesozoic parts of the Alava sequence suggest that significant deformation and associated
metamorphism occurred prior to the deposi tion of lower Mesozoic strata of the Alava sequence. The
inferred unconformity between the two Alava components has been obscured as the result of mid-Cretaceous
and younger deformation and metamorphism.
There are four regionally extensive terranes in the northwest Cordillera that have rocks of the same
age, Wrangellia, the Alexander, Stikine, and Yukon-Tartana terranes. Salient lithologic and age constraints
are shown in Figure 9. To the west lies the Alexander terrane and Wrangellia (Fig. I). Wrangellia consists
of a lower to mid-Paleozoic island arc assemblage overlain by a remarkably uniform sequence of Upper
Triassic submarine to subaerial tholeiitic basalt that was deposited in a rift setting adjacent to an active arc
(Barker et a!. 1989; Monger and Berg 1987). The Alexander terrane contains a relatively complete lower
Paleozoic ensimatic arc sequence overlain by middle Paleowic clastic and carbonate strata and a Upper
Triassic rift-related assemblage (Gehrels and Saleeby, 1987a). Sm-Nd studies show that the Alexander
terrane is composed of Phanerozoic, juvenile crust (Sam son et a!. 1989). The Alexander terrane and
Wrangellia were contiguous during the Middle Pennsylvanian (Gardner et a!. 1988). To the east, lies the
Stikine and Yukon-Tanana terranes. The Yukon-Tanana terrane consists predominantly of a mid- to late
Paleozoic arc assemblage built on continental crust (Aleinikoff et a!. 1981, 1986; Monensen and Jilson
1985). The westernmost pan of the Stikine terrane consists of an upper Paleozoic primitive volcanic are,
platformal carbonate, and basinal strata (Monger 1977) and an Upper Triassic primitive volcanic are,
shallow water carbonate, and clastic strata, called the Stuhini Group (Anderson 1989; Monger 1980).
The Pennsylvanian and Permian components of the A1ava sequence share some general lithologic
features with the Yukon-Tartana terrane, whereas the lower Mesowic portion shares some general lithologic
and depositional features of the Mesozoic parts of both the Stikine terrane and Wrangellia (Fig. 9). It is
apparent that additional biostratigraphic and igneous age control is necessary for a unique
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Figure 9: Correlation chan for mid-Paleozoic and lower Mesozoic volcanic and basinal
assemblages in the Pacific nonhwest Cordillera. References used in constructing this chan include Anderson
(1989), Berg and Cruz (1982), Oehrels and Saleeby (1987), Lowe ct al . (1982), Monger ( 1977), Monenscn
and Jilson (1985), Richter (1976), Richter and Dutro (1975), Silberling et al. (1982), Weber et al. (1978),
and Werner (1977,1978).
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correlation with adjacent terranes. Nevertheless, rust·order stratigraphic similarities exist between the Alava
sequence and the Yukon-Tanana and Stikine terranes. In general, the Pennsylvanian and Permian volcanic·
sedimentary strata of Alava and Yukon· Tanana share many common elements. Upper Paleozoic metabasalt,
marble, and important occurrences of quanzite characterize these two sequences. Pennsylvanian to Permian
fossilifero us marble, interlayered mafic metavolcanic rocks, quartzite of the Alava sequence can be
reasonably correlated with Upper Paleozoic elements of the Yukon-Tanana terrane exposed to th e north in
the Yukon Territory (Fig. 9; Monger and Berg 1987; Mortensen and Jilson 1985). Quartz·rich sediments
are abundant throughout the Yukon-Tanana terrane (Dusel-Bacon and Aleinikoff 1985; Monensen and Jilson
1985; Tempelman·Kluit 1979). Upper Carboniferous and Lower Permian limestone deposits in the Sicker
Group of Wrangellia lack interstratified mafic lavas and pelitic phyllite, and the characteristi c quanzite (Fig.
I; Brandon et al. 1986; Muller 1980); therefore, they are not equivalent. Laterall y·contin uous upper
Paleozoic marble horizons in the Alava sequence are not present in the adjacent Alexander terrane (Gehrels
and Saleeby 1987). Furthermore, quanz-rich sedimentary rocks have not been identified in either Wrangellia
(Jones et al. 1977; Muller 1980) or the Alexander terrane (Gehrels and Saleeby 1987).
The Ladinian to Carnian pan of the Alava sequence is poorly preserved, making correlations
tentative. Halobia-bearing carbonaceous limestone, phyllite, and metabasalt are commo n constituents of
Upper Triassic Stuhini Group of the Stikine terrane (Anderson 1989; Grove 1986; Monger 1980). In detail ,
however, there are many stratigraphic differences between the Alava sequence and the Stuhini Group. The
late Middle Triassic strata of the Alava sequence might represent a lateral facies of the Stuhini Group. In
addition, the inferred unconformity between the late Middle Triassic strata and the underlying late Paleozoic
rocks of the Alava sequence is similar to geologic relations seen in the Triassic of the Stikine terrane.
There, an unconformity is recognized between the Triassic portion of Stikine and the underl ying YukonTanana terrane (Mortensen and Jilson 1985; Werner 1977, 1978).
Alternatively, these strata could be correlative with the Middle to Upper Triassic strata of
Wrangellia. Ladinian strata of Wrangellia on the Queen Charlotte Islands include siliceous and calcareous
shale, Daonella·bearing shale and abundant basaltic sills which overlie Pennsylvanian and Lower Permian
limestone (Brandon et al. 1986; Carlisle and Suzuki 1974). Similari1y, to the north in the eastern Alaska
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Range, Upper Triassic Wrangellian strata arc comparable to the Upper Triassic argillaceous limestone of the
Alava sequence, except that they lack basaltic sills (Lowe et al. 1982; Richter 1976; Richter and Dutro
1975). Because the Triassic strata of the Alava sequence rest on rocks of continental derivation (i.e.,
Yukon-Tanana terrane), their conelation with the Triassic of Wrangellia is considered unlikely.
In summary, lithologic similarities between the late Paleozoic portion of the Alava sequence and
the Yukon-Tanana terrane, and the presence of an inferred pre-Middle Triassic unconformity in both strata of
the Alava sequence and in the Yukon-Tanana and Stikine terranes suggest shared stratigraphic history
throughout late Paleozoic and early Mesozoic time.

Regional Tectonic Implications
The interpretation that correlative rocks of the Yukon-Tanana and Stikine terranes occur on the
western flank of the Coast Plutonic Complex has fundamental implications for the accretionary evolutio n
and Mesozoic crustal structure of the northwestern Cordillera. Saike-slip defonnation accounts for at least
350 km of northwards translation of these terranes with respect to North America (price and Carmichael
1986), thus their current tectonic setting with respect to the Cordilleran continental margin may be the
result of late Mesozoic and early Cenozoic tectonism. Based on palinspastic restoration of late Mesozoic
and early Tertiary deformation, the paleo-continental margin of North America , which consisted of
attenuated continental crust, must have extended farther to the west by at least 200 km (B rown et al . 1986).
Presumably , oceanic crust that was overlain by continent-derived slope and rise deposits was situated
outboard of the attenuated North American continental cruSl These continent-derived slope and rise deposits
are probably represented by the quartz-rich metasediments, marble, and pelitic strata of the Yukon-Tanana
terrane (Gehrels et al. 1990; Rubin et al. in press). The recognition of Paleozoic continent-derived slope
and rise deposits on the western flank of the Coast Plutonic Complex suggests that remnants of paleocontinental margin extended funher to the west than previously thought. Th is interpretation implies that
the presence of Paleozoic oceanic lithosphere overlain by continent-derived slope and rise deposits

migh~

in

pan, fonn basement to the Coast Plutonic Complex and extend along its western flank . In addition, the
western metamorphic belt of the Coast Plutonic Complex marks a fundam ental boundary between North

4-32
American continental crust and its Late Paleowic fringing arc system, and ensimatic, juvenile crust of the
Insular superterrane. This boundary coincides with a regionally extensive mid-Cretaceous thrust belt (Rubin
et al. 1990). Geologic ties between the AIava and Gravina sequences suggest that mid-Cretaceous
deformation overprints the boundary and is not related to the collision of the westward Insular supenerrane
with Nonh America.
The recognition that the Upper Jurassic and Lower Cretaceous Gravina sequence overlies both the

Alexander terrane and Alava sequence raises imponant questions about the timing of accretion of the Insular
supenerrane to Nonh America, which is thought to have taken place in the mid-Cretaceous (Monger et al .
1982). The juxtaposition of the Alexander, Stikine, and Yukon-Tanana terranes prior to the deposition of
the Gravina sequence requires a pre-Late Jurassic tie berween the AJexander terrane and the western margin of
the Stikine terrane.

This interpretation is supported by the Early to Middle Jurassic deformation

documented by McClelland and Gehrels (in press) which may record the initial juxtapositon of the
AJexander terrane with the western margin of the Stikine terrane.
In summary, the upper Paleozoic portion of the Alava sequence represents the westernmost extent
of the Yukon-Tanana terrane, which is interpreted as a continental margin assemblage of slope and rise
deposits and dismembered fragments of a mid- to late Paleowic arc system. The lower Mesozoic part of the
Alava sequence has lithologic similarities to both Wrangellia and the Stikine terrane. Based on regional
considerations, however, the Triassic ponion of AJava sequence is tentatively correlated with the lower
Mesozoic pan of the Stikine terrane. Upper Jurassic and Lower Cretaceous volcanic and basinal
sedimentary rocks of the Gravina sequence unconformably overlie both the Alava sequence and Alexander
terrane, forming a pre-Late Jurassic overlap between the Insular and Intermontane superterranes. In addition,
the western boundary between rocks of Nonh American affinity and allochthonous ensimatic crustal
fragments is west of the Coast Plutonic Complex and is presently exposed along a series of west-vergent
thrust faults in southeast AJaska. In this view, the collision of Insular supenerrane and the concurrent
closure of a late Mesozoic oceanic basin is not required to explain the stratigraphic , structural, and
metamorphic relations seen in southeast Alaska and western Britis h Columbia.

Mid-Cretaceous
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deformation llnd magmatism seen thro ughout the northwestern Cordillera can now be re-evaluated in light of
the new data presented here.

Acknowledgements
Field and laboratory work for southeast Alaska regional studies has been supported by the U.S. National
Science Foundation Grants EAR 86-05386 and EAR 88-03834 (to JBS ). Additional support (to CMR) was
provided by Geological Society of America Penrose Grants, a Sigma-Xi grant-in-aid, and by the U.S .
Geological Survey, Alaska Branch. We thank Fred Barker (U.S.G.S.) and David Marrett (Un iversity of
California, Riverside) for geochemical analyses. We thank George Gehrels, Bill McClelland, Meghan
Miller, and Margi Rusmore for helpful discussions on Alaskan geology.

ALEINTKOFF, J.N., DUSEL-BACON , C., FOSTER, H.L., and RITA, K. 1981. Proterozoic zircon from
augen gneiss, Yukon-Tanana upland, east-central Alaska Geology, 9: 649-473.
ALEINTKOFF, J.N., DUSEL-BACON, C., and FOSTER, H.L. 1986. Geochronology of augen gneiss and
related rocks, Yukon-Tanana terrane, east-central Alaska. Geological Society of American Bulle tin,

97 : 626-637.
ANDERSON, R.G. 1989. A stratigraphic, plutonic, and structural framework for the Iskut River map area,
northwestern British Columbia, In Current research, Part E: Geological Survey of Canada, Paper 89IE, p. 145-154.
BARKER, F ., SUTHERLAND-BROWN, A., BUDAHN, LR., AND PLAFKER, G. 1989. Back-arc with
frontal-arc component origin of Triassic Karmutsen basalt, British Columbia, Canada. Chemical
Geology, 75: 81-102.
BASALTIC VOLCANISM STUDY PROJECT. 1981. Basal tic volcanism on the terrestrial planets.
Pergamon Press, New York, United States.
BEIKMAN, H.M. 1980. Geologic map of Alaska: U.S. Geological Survey Special Map, scale I:
2,500,000, 2 sheets.

4-34
-

BERG , H.C. 1972. Geologic map of Annette Island, Alaska. U.S. Geological Survey Miscellaneous
Geologic Investigations Map I.{;84, scale 1:63,000, 8 p.
-

1973, Geology of Gravina Island, Alaska. U.S. Geological Survey Bulletin 1373, 41 p.

BERG, H.C. , and CRUZ, E.L. 1982. Map showing locations of fossil collections and related samples in
the Ketchikan area and Prince Rupert quadrangles, southeastern Alaska. U.S. Geological Survey
Open-File Report 82-1088, scale 1:250,000, 27p.
BERG, H.C., JONES , D.L., and CONEY, PJ . 1978. Pre-Cenozoic tectonstratigraphic terranes of
southeastern Alaska and adjacent area. U.S. Geological Survey Open-File Report 78- 1085.
BERG, H.C. , ELLIOTI, R.L., and KOCH, R.D. 1988. Geologic map of the Ketchikan and Prince Rupert
quadrangles, Alaska. U.S. Geological Survey Miscellaneous Investigations Series, Map 1-1 807,
scale 1:250,000.
BRANDON, M.T., COW AN, D.S., and VANCE, LA. 1988. The Late Cretaceous San Juan thrust system,
San Juan Islands, Washington. Geological Society of America Special Paper 221,81 p.
BREW, D. A., and FORD, A.B. 1984. Tectonstratigraphic terranes in the Coast plutonic-metamorphic
complex, southeastern Alaska.

In The U.S. Geological Survey in Alaska: accomplishments during

1982. Edited by K.L. Reed, and S. Bartsch-WinkIer. U.S. Geological Survey Circular 939, pp. 9093.
BROWN, R.L. , JOURNEAY, J .M., LANE, L.S., MURPHY, D.C., and JONES , C.J . 1986. Obduction ,
backfolding and piggyback thrusting in the metamorphic hinterland of the southeastern Canadian
Cordillera. Journal of Structural Geology, 8: 255-268.
CAMPBELL, R.B ., and OODDS, C.J . 1983. Tatshenshini River map area (114P). Geological Survey of
Canada, Open-file 926.
CANN, J.R. 1970. Rb, Sr, Y, Zr, and Nb in some ocean floor basaltic rocks. Earth and Planetary Sciences
Letters, 19: 7-11.
CARLISLE, D., and SUZUKI, T. 1974. Emergent basalt and submarine carbonate clastic sequences
including the Upper Triassic Diller; and Weller; zones on Vancouver Island. Canadian Journal of
Earth Science, 11: 245-289.

4-35
DUSEL-BACON., and ALEINIKOFF, J.N. 1985. Petrology and tectonic significance of augen gneiss from
a belt of Mississippian granitoids in the Yukon-Tanana terrane, east-central Alaska. Geological
Society of America Bulletin, 96: 411-425.
GARDNER, M.C, BERGMAN, S.C., CUSHING, G.W., MACKEVETT, E.M. JR., PLAFKER, G. ,
CAMPBELL, R.B ., DODDS, C.J., MCCLELLAND, W.C, and MUELLER, P.A . 1988.
Pennsylvanian pluton stitching of Wrangellia and the Alexander terrane, Wrangell Mountains,
Alaska. Geology, 16: 967-971.
GEHRELS, G.E., and SALEEBY, 1.B. 1987a. Geology of Prince of Wales Island, southeastern Alaska.
GeologicaJ Society of America Bulletin, 98: 123-137.
-

1987b. Geology of Anneue, Gravina, and Duke Islands, southeastern Alaska. Canadian Journal of Earth
Sciences, 24: 866-881.

GEHRELS, G.E., MCCLELLAND, W.C., SAMSON, S.D., PATCHETT, P.J . and JACKSON . J .L.
1990. Ancient continental margin assemblage in the northern Coast Mountains, southeast Alaska
and northwest Canada. Geology, 18: 208-211.
GILL, 1. 1981. Orogenic andesites and plate tectonics. Springer Verlag, New York, 385p.
GROVE, E.W. 1986. Geology and mineral deposits of the Unuk River-Salmon River-Anyox area. British
Columbia Ministry of Energy, Mines and Petroleum Resources, Bulletin 63, 434 p.
HARLAND, W.B., COX, A.V., LEWELLYN, P.G., PICKTON, C.A.G., SMITH, A.G . and WALTERS ,
R. 1982. A Geologic time scale. Cambridge, England, Cambridge University Press, 131 p.

HUMPHRIS, S.E., and THOMPSON, G. 1978. Trace-element mobility during hydrothermal alteration of
oceanic basalt Geochimica et Cosmochimica Acta, 42: 127-136.
JONES, D.L., SILBERLING, N.J. , and HILLHOUSE, 1.W. 1977. Wrangellia -- a displaced terrane in
northwestern North America Canadian Journal of Earth Science, 14: 2565-2577.
LOWE, P.C, RICHTER, D.H. , SMITH, R.L., and SCHMOLL, H.R. 1982. Geologic map of the
Nabesna B-5 quadrangle, Alaska. U.S. Geological Survey Quadrangle Map, Map GQ-1566, scale
1:63,360.

4-36
MCCLELLAND, W.C, and GEHRELS, G.E. 1990. Geology of the Duncan Canal shear zone and its
bearing on the accretionary history of the Alexander terrane, southeastern Alaska. Geological Society
of America Bulletin, in press.
MONGER, J.H.W. 1980. Upper Triassic stratigraphy, Dease Lake and Tulsequah map areas, northwestern
British Columbia. Geological Survey of Canada Paper 80- lB, pp. 1-9.
MONGER, LW.H., and BERG, H. 1987. Lithotectonic terrane map of western Canada and southeastern
Alaska. U.S. Geological Survey Miscellaneous Field Studies Map MF 1874B, scale 1: 2,500,000.
MONGER, J.W.H., PRICE, R.A. and TEMPELMAN-KLUIT, J.D. 1982. Tectonic accretion and the
origin of the two major metamorphic and plutonic welts in the Canadian Cordillera, Geology, 10: 1075.
MORTENSEN, 1.K., and JlLSON, G.A. 1985. Evolution of the Yukon-Tanana terrane: Evidence from
southeastern Yukon Territory. Geology, 13: 806-810.
MULLER, J .E. 1980. The Paleozoic Sicker Group of Vancouver Island, British Columbia. Geological
Survey of Canada Paper 79-30.
PEARCE, J.A. 1980. Geochemical evidence for the genesis and eruptive setting of lavas from Teth yan
ophiolites. In Ophiolites. Edited by A. Panayiotou. International Ophiolite Symposium Proceeding,
Cyprus, Ministry of Agriculture and Natural Resources, Geological Survey Depanment.
PEARCE, J.A. 1982. Trace element characteristics of lavas from destructive boundaries, In Andesites:
Orogenic andesites and related rocks. Edited by R.S. Thorpe,John Wiley and sons, New York, pp.
525-547.
PEARCE, J.A., and CANN, J.R. 1973. Tectonic setting of basic volcanic rocks determined using trace
element analyses. Eanh and Planetary Science Letters, 19: 290-300.
PEARCE, J.A., and NORRY, MJ . 1979. Petrogenetic implications of Ti, Ar, Y, and Nb variations in
volcanic rocks. Contributions to Mineralogy and Petrology, 69: 33-47.
PLAFKER, G., BLOME, CD_, and SlLBERLlNG, NJ. 1989. Reinterpretation of lower Mesozoic roc ks
on the Chilkat Peninsula, Alaska, as a displaced fragment of Wrangellia. Geology, 17: 3-6.

4-37
PRICE, R.A. and CARMICHAEL, D.M. 1986. Geometric test for Late Cretaceous-Paleocene
illlracontinetnal transform faulting in the Canadian Cordillera. Geology, 14: 468-471.
RICHTER, D.H. 1976. Geologic map of the Nabesna quadrangle, Alaska. U.S. Geological Survey
Miscellaneous Investigations Series, Map 1-932, 1 shee~ scale 1:250,000.
RICHTER, D.H., AND DlITRO, J.T. 1975. Revision of the Type Mankomen Formation (pennsylvanian
and Permian), Eagle Creek area, Eastern Alaska Range, Alaska. U.S . Geological Survey Bulletin
1395-B.
RUBIN, e.M ., and SALEEBY, J.B. 1987a The inner boundary zone of the Alexander terrane in southern
SE Alaska: A newly discovered thrust bell. Geological Society of America Abstracts with Programs,
19: 455.
__ 1987b. The inner boundary zone of the Alexander terrane in southern SE Alaska, Pan 1: Cleveland
Peninsula to southern Revillagigedo Island. Geological Society of America Abstracts with Programs,
19: 826.
-

1988. A new perspective on what is the Taku terrane in southern SE Alaska. Geological Society of
America Abstracts with Programs, 20: 226.

RUBIN, C.M ., and MCCLELLAND, W.e. 1989. The Gravina Belt: Remnants of a mid-Mesozoic oceanic
arc in southern southeast Alaska. Eos, Transactions, American Geophysical Union,70: \308.
RUBIN, e.M . SALEEBY, LB., COWAN, D.S., MCGRODER M.F. and BRANDON, M.T. 1990. Late
Mesozoic compressional tectonism : Development of a west-vergelll thrust system in the
northwestern Cordillera. Geology, 18: 276-280.
RUBIN, C.M., MILLER, M.M., and SMITH, G.M. 1990. Tectonic development of Cordilleran midPaleozoic volcano-plu tonic complexes. ill The paleogeography of the Klamath Mountains, Sierra
Nevada, and adjacent areas. Edited by D.S. Harwood and M.M. Miller. Geological Society of
America Special Paper 225, in press.
SALEEBY, LB ., and RUBIN, C.M. 1989. The western margin of the Coast Plutonic Complex (CPC) in
southernmost SE Alaska. Geological Society of America Abstracts with Programs, 21 : 139.

4-38
-

1990. The East Behm Canal Gneiss Complex (so uthern southeast Alaska) and some insights into
basement tectonics along the Insular suture bell Geological Association of Canada Abstracts with
Programs, in press.

SAMSON, S.D., MCCLELLAND, W.C., PATCHETT, P.l., and GEHRELS, G.E. 1989. Nd isotopes and
Phanerozoic crustal genesis in the Canadian Cordillera. Nature, 337: 705-709.
SILBERLING , N.J., WARDLAW, B.R. , and BERG , H.C. 1982. New paleontologic age determinations
form the Taku terrane, Ketchikan area, southeastern Alaska. In The U.S . Geological Survey in
Alaska: accomplishments during 1980. Edited by W.L. Coonard. U.S. Geological Survey Circ ular
844, pp. 117-119.
TEMPELMAN-KLUlT, D.J. 1979. Transponed catadasite, ophiolite and granodiorite in Yukon: Evidence
of arc-continent collision. Geological Survey of Canada Paper 79-14, 27p.
WEBER, F.R., FOSTER , H.L. , KEITH , T.E.C., and DUSEL-BACON, C. 1978. Prel iminary geologic
map of the Big Delta quadrangle, Alaska. U.S. Geological Survey Open-File Repon 78-529A.
WERNER, L.J . 1977. Metamorphic terrane, northern Coast Mountains west of Atlin Lake, British
Columbia Geological Survey of Canada Paper 77-IA, pp. 2fl7-269.
1978. Metamorphic terrane, northern Coast Mountains west of Atlin Lake, British Columbia.
Geological Survey of Canada Paper 78-1 A, pp. 69-70.
WHEELER, 1.0 ., and McFEELY, P. 1987. Tectonic assemblage map of the Canadian Cordillera.
Geological Survey of Canada Open-File Repon 1565.
WHEELER , 1.0 ., BROOKFIELD, A.J. , GABRIELSE, H., MONGER , 1.W .H., TIPPER, H.W. and
WOODS WORTH, GJ. 1988. Terrane map of the Canadian Cordillera: Canadian Geological Survey
Open-File Repon 1894.

5-1
CHAPTER 5

Thrust tectonics and Cretaceous intracontinental shortening in
southeast Alaska
C M. Rubin and J B. Saleeby , California Institute of Techonology, Pasadena , California, 91125
submitted to Thrust Tectonics, Geological Society of London

Abstract
An imbricate thrust belt that extends along strike for over 2000 km overprints the tectoni c
boundary between two of the largest allochthonous crustal fragments (Intermontane and Insular
superterranes) in the North American Cordillera and affects rocks west of the Coast Pluton ic
Complex in southeast Alaska and western British Columbia . Deformation was broadly coeval with
mid-Cretaceous magmatism and involved the emplacement of west-directed thrust nappes over a
structurally intact and relatively unmetamorphosed basement.

The Palaeozoic and lower

Mesozoic Alexander terrane forms structural basement for much of the thrust be lt, along a
moderately northeast-dipping ramp.
Mid-Cretaceous deformation occurred during two

ma in epi sodes that were

contemporaneous with the emplacement of tabular plutonic bodies . Older structures record
ductile southwest-vergent folding and faulting, regional metamorphism, and contain a welldeveloped axial-planar foliation . Second generation structures include southwest-directed
reverse faults that juxtapose contrasting metamorphic grades and refold earlier structures .
Structural, stratigraphic and geochronologic data suggest that regional-scale deformation in
southeast Alaska occurred between 113 Ma and 89 Ma. Rocks in the thrust belt were regionally
uplifted by 70 Ma, at an average rate of = 0.9 mmlyr. Deformation involved the collapse of marginal
basin(s) and a magmatic are, overprinting the older tectonic boundary between the Insular
superterrane and the late Mesozoic western margin of North America (Le ., the Intermontane
superterrane) . Contractional deformation along the length of the thrust belt was broadly coe val
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with arc magmatism, and thus records intra-arc tectonism. Late Paleocene to Early Eocene
deformation and uplift may mark the transition from contractional to extensio nal tectoni sm and
perhaps records the collapse of tectonically thickened crust.

The western metamorphic belt of the Coast Plutonic Complex of the North American
Cordillera comprises a northeast-trending zone from western British Columbia to north ern
southeast Alaska (latitude 49° - 59°; Fig . 1). The ben is characterized by widespread Cretaceous
crustal shortening, metamorphism, and deep erosion (Crawford et al. 1976; Rubin et al. 1990).
Thrust sheets in the belt show extensive basement involvement, including both juvenile ,
ensimatic elements of the Alexander terrane and continent-derived North American slope and rise
deposits.

The involvement of crystalline basement in thrust sheets and large thrust

displacements imply that deformation affected the upper and midd le crust and not just a thin ,
detached sedimentary cover.

There is ample evidence for abundant thickening in the late

Mesozoic; furthermore by analogy to similar orogenic beHs (e.g., the present day Andes, Suarez
et al. 1983), an anomalously thickened crust existed by the late Mesozoic time .
The tectonic evolution of the western metamorphic belt in western Canada and southeast
Alaska has been discussed by numerous workers (Hollister 1982; Monger et al. 1982; Crawford et
al. 1987, Rubin et al. 1990). Two principal tectonic interpretations have been invoked to explain
the extensive late Mesozoic deformation that extends for over 2000 km, mostly along the western
side of the Coast Plutonic Complex : (1) deformation resulted from the collision of allochthonous
terranes (e .g., the Alexander terrane and Wrangellia) against the western margin of Mesozoic
North America , or (2) deformation occurred in an intra-arc setting (see Rubin et al. 1990). Most
workers agree, however, that the mid-Cretaceous and younger calc-alkaline plutons originated in
a convergent-margin setting (Armstrong , 1988). In this paper, we present an overview of the midCretaceous structural history and speculate on the younger Paleocene deformational framework
of the western metamorphic belt of the Coast Plutonic Complex in southern southeast Alaska ,
between latitudes 55° and 56° N (Fig . 1).

5-3

Figure 1:

Map showing the major lithotectonic elements and the region of mid-

Cretaceous and younger deformation in southeasl Alaska . Inset shows superterranes and
intervening Coast Plutonic Complex (C PC). SJ/Cs = San Juan Islands - northern Cascades.
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Tectonic framework
The western North American Cordillera can be subdivided into two N-NW-t rending
lithotectonic belts, the Intermontane and Insular superterranes (Fig . 2).

The Intermontane

superterrane , consisting of lower Palaeozoic continent-derived slope and rise deposits, and
upper Palaeozoic to lower Mesozoic ensimatic arc assemblages, probably formed adjacent to
North America (Miller 1987; Rubin et al. in press) . The superterrane was accreted to North
America in Early to Middle Jurassic time (Monger et al. 1982) and thus formed the western margin
of the North American continent during Cretaceous time . The Insular superterrane , consisting of
juvenile, mantle-derived volcanic arc and rift assemblages is separated from the Intermontane
superterrane to the west by the Coast Plutonic Complex (Fig . 1). The Insular superterrane ,
extending for over 2000 km along strike , has no apparent paleogeographic relation to North
America until the Cretaceous (Monger et al. 1982 ; Saleeby 1983; Gehrels & Saleeby 1987a).
The tectonic boundary between the two superteranes generally coincides with the
western metamorphic belt of the Coast Plutonic Complex (Fig . 1). A regionally extensive mid- to
Late Cretaceous thrust belt affected both superterranes and involved the stripping of the upper
part of continental and ensimatic crust beneath an underthrust Insular superterrane . Differing
structural levels are exposed throughout the ben , from high-grade gneiss on the east , to lowgrade phyllite on the west, making this a unique area to study thrust tectonics.

Geologic and stratigraphie setting
The Alexander terrane forms structural basement to the thrust belt and consists of a
structurally intact lowe r Palaeozoic ensimatic arc sequence overlain by middle Palaeozoic clastic
and carbonate strata (Fig. 3, Gehrels & Saleeby 1987a). These rocks are capped by an Upper
Triassic rift assemblage (Fig. 3, Gehrels & Saleeby 1987b). In most areas, rocks of the Ale xander
terrane are only slightly deformed and are not highly metamorphosed (Gehrels & Saleeby 1987),
except near the eastern boundary where the Alexander terrane is overprinted by late Mesozoic
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Figure 2: Generalized distribution of the Intermontane and Insular superterranes and the
miogeocline of the northern Cordillera (modified after Monger et al. 1982 ; Monger & Berg 1987;
Wheeler et a1.1988 ; Miller 1987). Also shown are some large -strike-slip faults . Initial Sr 0.706
isopleth from Kistler & Peterman (1973), Farmer & DePaolo (1983) and Armstrong (1988).
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Figure 3 :

Petrotectonic and structural histories of the Intermontane and Insular

superterranes of British Columbia and southern Alaska (modified from Saleeby 1983; Gardner et
al. 1986; Miller 1987; Anderson 1989).
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deformational structures . East of and depositionally overlying the Alexander terrane li e Upper
Jurassic and Lower Cretaceous marine pyroclastic and basinal strata of the Gravina sequence (Fig.
3, Berg et al. 1988). The pyroclastic and basinal strata constitute the remnants of an oceanic
island arc system that was constructed on the Alexander terrane (Rubin & McClelland 1989).
Middle Palaeozoic and lower Mesozoic rocks of the Alava sequence structural ly overlies rocks of
the Alexander terrane and the Gravina sequence (Fig. 3). Locally , channel-fill and turbidite
deposits of the Gravina sequence unconformably overlie the Alava sequence and thus form an
overlap between the Alexander terrane and the Alava sequence . The Alava sequence consists
of three lithotectonic units, (1) Pennsylvanian and Permian mafic metavolcanic tuff and flows and
massive crinoidal marble interbedded with black phyllite , (2) localized sequences of quartzite,
mafic metavolcanic rocks, and marble , and (3) upper Middle Triassic carbonaceous marble , mafic
metavolcanic tuff , breccia, and flows . The original stratigraphic relations and distribution of the
Alava sequence are obscured by mid-Cretaceous and younger deformation , thus their
stratigraphic correlation with adjacent terranes is uncertain. Based upon lithostratigraphy, age
considerations , and tectonic setting, the Alava sequence is similar to the upper Palaeozoic and
lower Mesozo ic Stikine terrane (Intermontane superterrane , Rubin & Saleeby 1888). The
presence of quartzite precludes a stratigraphic correlation with juvenile, age-equivalent elements
of Wrangellia.
The Kah Shakes sequence occupies even higher structural levels in the northern
portions of the thrust ben and consists of lower Palaeozoic quartzite , marble , amphibolite , calcsilicate rocks , and mid-Palaeozoic orthogneiss. The presence of detrital zircon from quartz-rich
meta-psammitic rocks yielding Proterozoic upper intercept U-Pb ages (Saleeby & Rubin 1989 ;
Gehrels et al. 1990) and Precambrian inheritance in zircon from orthogneiss implies an old
continental source for some of the terrigenous rocks in the Kah Shakes sequence. The older
portions of the Kah Shakes sequence represent outer shelf

and continental rise deposits

derived from the North American continent. The sequence may have formed depositional
basement to the Alava sequence . Negative ENd values and high initial Sr values for correlative
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rocks to the north support the interpretation that the Kah Shakes sequence has an old
continental component in its source (Samson et al. 1989).
Rocks in the thrust belt were intruded by mafic-ultramafic complexes , epidote-bearing
tonalite , quartz diorite and granodiorite plutons , sills and dikes that range in age from

~

110 to 89

Ma (U-Pb ages on zircon, Rubin & Saleeby 1987a, b; Arth et al. 1988). Such plutons th at yield
ages of

~ 100

Ma or less crosscut the earlier regional metamorphic fabric ; 95-101 Ma plutons are

cut by thrust faults , and 90 Ma plutons crosscut thrust fauns . A be lt of Early Paleocene to Early
Eocene plutons occurs east of the thrust ben (Smith & Diggles , 1981 ); fabrics in these younger
rocks reflect Tertiary deformation (Saleeby & Rubin 1989). Geochemical and isotopic data
indicate that all the intrusive rocks have continental- magmatic affinities (Arth et al. 1988).

Internal structure of the thrust belt
Based on differences in metamorphic grade, strain history, and stratigraphy, the northern
part of the thrust ben can be divided into four major structural domains (Fig . 4) , three of which are
described here . The structurally lowest thrust sheets (domain I) consist of lower greenschist
facies supracrustal and metaigneous rocks of the lower Palaeozoic Alexander terrane and Upper
Jurassic and Lower Cretaceous Gravina sequence. These rocks have been overthrust by upper
greenschist and lower amphibolite grade rocks of the middle to lower Palaeozoic Kah Shakes
sequence and the upper Palaeozoic and lower Mesozoic (?) Alava sequence (Domain II). The
third structurally higher allochthonous unit consists of amphibolite grade rocks of the Kah Shakes
sequence , interlayered with abundant tonalite sills and dikes (domain III) . Metamorphic grade
dramatically increases with structural level. Structural basement to domain I and II consist of the
Alexander terrane, whereas in the higher nappe complexes , basement appears to be imbricated
and composite, consisting of both the Alexander terrane and Kah Shakes sequence.
In contrast, structural styles and the stacking order of thrust sheets are different in the
southern portion of the thrust bell. Here, the structurally lowest thrust sheets consist of lower
Paleozoic supracrustal and meta-igneous rocks of the Alexander terrane . These rocks are
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Figure 4: Geologic cross-section , aeromagnetic , and gravity profiles across the western
metamorphic belt of the Coast Plutonic Complex showing the mid-Cretaceous structural domains.
Late Paleocene-Eocene fabrics do not strongly overprint this area. AT = Alexander terrane ; GS =
Gravina sequence ; AS = Alava sequence; KSS = Kah Shakes sequence .
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structurally-ovenain by siliceous schist, orthogneiss , and marble of the middle to lower Palaeozoic
Kah Shakes sequence . Upper Jurassic to Lower Cretaceous metaturbidites of the Gravina
sequence structurally overlie the Kah Shakes sequence. These rocks are overthrust by lower
amphibolite grade rocks of the upper Palaeozoic and lower Mesozoic (?) Alava sequence .
Non-penetrative foliation and lower greenschist facies mineral assemblages , meso scopic
folding and thrust faulting characterize domain I. Thrust faults strike NW and dip moderately to the
NE. Rocks in the thrust sheets display a dominant NE striking fo liation (Fig . 5) that is para llel or
subparallel with original bedding surfaces. Foliation is axial-planar to west-vergent asymmetric
folds that are in turn cut by thrust faults . We interpret these west-vergent folds to be kinematically
linked to the thrust faults and to have formed contemporaneously with fau lting . Domain I is
characterized by low-temperature and pressure regional metamorphic mineral assemblages ,
andalusite-bearing contact metamorphic aureoles, and unstrained fossils and relict phenocryst
assemblages. Preliminary finite strain studies on the shapes of deformed pebbles in coarsegrained meta-conglomerates of the Gravina sequence indicate the rocks are comparati vely weakly
deformed, with Rxz ratios of 5:1 or smaller. Based on these data, rocks in domain I show little finite
strain and did not experience temperatures greater than 400· C or pressures over 3 kb.
Domain II lies structurally above domain I and is composed largely of imbricate thrust
sheets consisting of lower Palaeozoic and lower Mesozoic supracrustal rocks of the Alava
sequence , Upper Jurassic (?) and lower Cretaceous metasedimentary rocks of the Gravina
sequence , and locally lower Palaeozoic orthogneiss of the Alexander terrane. Some of these
rocks (I.e ., Alava sequence) may have been originally part of the Intermontane superterrane (Fig .
3) and were thrust over the Alexander terrane and its Upper Jurassic and lower Cretaceous
volcanic-sedimentary cover. The overall structural relations between the Alava and Gravina
sequences on central Revillagigedo Island is best described as an imbricate series of thrust
sheets with intervening Kah Shakes basement thrust slabs. Stratigraphic control is based on
isotopically dated (Pb-U zircon) clasts in laterally continuous Gravina sequence metaturbidites,
distinctive Permian fossiliferous marble and Middle Triassic carbonaceous marble horizons in the

5-15
Figure 5: Lower-hemisphere, equal-area plot showing poles to loliation surtaces domain I, (A)
northwest Cleveland Peninsula, (8) Annette Island, (C) Gravina Island.
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Alava sequence . The thrust that separates domains I and II ramps to deeper structural and
stratigraphic levels and dips moderately towards the east. Meta-igneous pebble- to cobbleconglomerate in the Gravina sequence show flattening fabrics that parallel fo liat ion surfaces .
Numerous deformed tonalite and quartz diorite sills and dikes are present in domain II and
probably emplaced broadly with thrust fauHing (Hollister & Crawford 1986). The contemporaneity
of Ar4°/Ar3 9 hornblende cooling ages from metamorphic rocks (Sutter & Crawford 1985) and UPb zircon ages in the tonalitic plutons and sills (Rubin & Saleeby 1988; Saleeby 1988) support
the synchroneity of metamorphism, thrust faulting, and igneous activity . Thrust faults commonly
ramp along weak horizons and are composed of marble phaccoids in a pentratively-cleaved
phyllonite .

Where thrust faults pass through a relatively competent marble , flat-ramp-f lat

geometries are formed . Class 1C and similar style class 2 folds (fold classification after Ramsay &
Huber 1987) with axial planes dipping moderately towards the NE are common in domain II (Fig.
6). The folds affect bedding and verge to the NW. Lineations are defined by the intersection of
bedding and cleavage and dip moderately to the NE (Fig. 6a). A wide range of rock compositions
produce a range of mineral assemblages; white mica-biotite-quartz-plagioclase- chlorite±garnet
±calcite are common in psammitic rocks , whereas in metabasaHs hornblende-biotite-plagioclaseepidote-chlorite assemblages are common . Locally , staurolite and kyanite are present , thus
spanning upper greenschist to lower amphibolite facies. In summary, domain II is characterized by
upper greenschist to amphibolite facies metamorphic mineral assemblages and yield pressures
ranging from 5 to 6 kb. Therefore, higher pressure and temperature conditions were attained in
domain II than in domain I.
The structurally higher thrust sheets , exposed in domain III , do not have simple thrust
geometries that are observed in domains I and II. Domain III is characterized by polydeformed ,
isoclinally folded, amphibolite-facies supracrustal and meta-igneous rocks . This domain exhibits
large-scale stratigraphic inversion and sheath folds that form crystalline nappe complexes . Welldeveloped moderately-dipping elongation lineations that parallel fold axes (Fig . 6b, c), highly
attenuated fold limbs, retrograde thrust slices , and amphibo lite facies metamorphic rocks
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Figure 6: Lower-hemisphere , equal-area plot showing, (A) poles to foliation and cleavage
in domain II , (8) poles to folialion and trend and plunge of small-scale folds in domain II , and (C)
poles to foliation and trend and plunge of elongation lineation in domain III.
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characterize domain III. Similar style class 2 and 3 folds are common in this domain. Metamorphic
mineral assemblages include hornblende -plagioclase±biotite±garnet in mafic gne iss , quartz plagioclase-biotite-kyanite in pelitic strata , and quartz-plagioclase-biotite-orthoclase -garnet
commonly is present in medium-grained psammatic gneiss. Steep N- to NE-dipping ductile
reverse faults cross-cut the earlier regional fabrics . These fault zones are characterized by a
stro ngly developed foliation that transposes the earlier fabrics . The orientation of the faults at
depth is not accurately known ; however, based on limited kinematic indicators (e.g., s-c fabriCS,
fold vergence) and the juxtaposition of rocks with differing metamorphic grade along fault zones , a
consistent sense of motion can be constructed (Fig. 4). Reverse fau lts, such as the northern
Revi llagigedo lault zone (Fig . 4). have a minimum separation of 10 km, based on contrasting
metamorphic grades. Late Cretaceous uplift and erosion of the western part of the orogenic belt
was most likely accommodated along these reverse fau lts. In the southern and eastern portions
of the t hrust belt , subsequent Paleocene and younger deformation has re -o rie nted mid Cretaceous fabrics . Here, deep structural levels of the west-vergent thrust beij were transported
upwards along steeply dipping east-vergent faults . These east -vergent structu res record
Paleocene crustal shortening ; however, the overall tectonic setting may have been extensional.

Timing of mid-Cretaceous orogenic events
Age constraints for the timing of deformation come from plutons which cross-cut and are
affected by structural fabrics. The earliest phase of thrust faulting is present in domains I and II ,
which are overthrust by 101 Ma hornblende-bearing tonalite and granodiorite (U-Pb zircon age ,
Rubin & Saleeby 1987). Deformed intrusive rocks of similar age that intrude the Alexander
terrane are exposed to the west (Sale eby unpublished data) and indicate that thrust fauHing was
active prior to tOO Ma. Thrust fauHing continued to

~

90 Ma (U-Pb zircon), the age of the

youngest plutons affected by thrust-related deformation. The age of the youngest strata involved
in thrust fauHing is Albian (Berg et a1.1972) and to the north may be as young as Cenomanian
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(Brew , oral comm. 1988). Thus, much of the deformation occurred between the Albian and
Turonian, approximately between 113 Ma and 89 Ma (time scale after Harland et al. 1982).

Uplift, erOSion, and foredeep development
Cooling rates can be calculated from U-Pb data from zircon , KlAr and Ar4 0/Ar3 9 data from
hornblende and biotite. Zircon yielding dates of 101 Ma is inferred to have crystallized between
1000° C and 850° C based on the solidus temperature of an understaturated tonalite (Huang &
Wyllie 1986). Hornblende from the same intrusive body in the western part of the thrust beij yield
Ar4°/Ar3 9 cooling ages of 97 Ma (Sutter & Crawford 1985) , and are inferred to have retained
argon at 530° ± 40° C (Harrison & McDougall 1980). These data yield a cooling rate between

112°Clm.y . to 75°C/m . Hornblende and biotite from the eastern part of the thrust belt yield KlAr
cooling ages of 89 Ma and 82 Ma respectively (Smith & Diggles 1981 ) and yield a cooling rate of

70°C/m .y to 30°C/m .y.
Inferred uplift rates can be calculated from KlAr cooling ages on hornblende and biotit e
(Smith & Diggles 1982), U-Pb zircon ages (Rubi n & Saleeby 1987a,b) from tonalitic plutons that
have well constrained barometry , and certain assumptions about the thermal structure of the midCretaceous crust. A tabular tonalite pluton (Bushy Point pluton) yielding U-Pb ages of 95 Ma is
inferred to have crystallized at a depth of = 25 km. The pressure estimate is based on AIT content
in hornblende (Hammarstrom & Zen 1986) and the experimental calibration of the AIT in
hornblende barometer (Rutherford & Johnson 1989) .

Hornblende and biotite from the

surrounding country rock yield a KlAr cooling ages of 80.2 ± 4 Ma and 83 .0 Ma ± 2.5 Ma and are
inferred to have retained argon at 280° ± 40° C and 530° ± 40° C respectively (Harrison 1981;
Harrison & McDougall 1980). Assuming a mid-Cretaceous geothermal gradient of =2 5°C/km,
these data imply an apparent uplift rate of =0.9 kmlm.y. To the south , the inferred mid-Cretaceous
average uplift rate is =0.58mmlyr (Zen 1988), which is comparable with the inferred uplift rates in
the Ketchikan area. These uplift rates are comparable with modern orogenic uplift and erosion
rates (see Dahlen and Suppe 1988).
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Synorogenic to post orogenic marine and nonmarine foredeep sequences are
represented by the Upper Cretaceous Queen Charlotte and Nanaimo Groups in western British
Columbia . The Nanaimo Group consists of Turonian to Maastrichtian (=90 Ma to 65 Ma) marine
and non-marine sandstone, conglomerate , and mudstone, approximately 2.5 km thick , that
unconformably overlies rocks of Wrangellia (Muller & Jeletsky 1970).

The Late Cretaceous

Nanaimo conglomerates contain metamorphic clasts that were derived from thrust sheets
exposed to the east indicating that both metamorphism and thrust faulting occurred prior to the
Late Cretaceous (see Brandon et al. 1989) . Similarly, the Queen Charlotte Group consist of
Albian to probably Coniacian (=113 Ma to 87.5 Ma) marine fine- to very coarse-grained clastic strata
that is approximately 3 km thick (Sutherland-Brown 1968). Metamorphic and igneous clasts in the
Queen Charlotte Group were derived from the Coast Plutonic Complex (Yagishita 1985). perhaps
recording loading due to the emplacement of thrust nappes. These synorogenic deposits
represe nt the westward dispersal of sediments that were derived from the uplifted thrust belt
(Yagishita 1985). The presence of strong lithosphere beneath the Insular superterrane might
have prevented the development of deep basins, thus shallow foredeep basins were formed as
the crust was flexed down by the weight of the thrust sheets. The foredeep deposits record
average sedimentation rate s between =0.15 mm/yr.(Queen Charlotte Group) and =0.2 mm/yr
(Nanaimo Group, Brandon et al. 1988) and show that erosion rates in the mid-Cretaceous are
about 0.2 to 0.5mm/yr. These rates are consistent with inferred Late Cretaceous uplift rate s in the
Prince Rupert and Ketchikan areas.

Implications

for

basement

tectonics

and

convergent

margin

tectonics
Major differences in the structural styles present in southeast Alaska and many mountain
belts characterized by thin-skin deformation (e .g., Canadian Rockies) reflect fundamental
differences in basement deformation, leve l of crustal exposure during deformation, and
subsequent tectonic evolution. Mid-Cretaceous thrust and reverse faults in southeast Alaska dip
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between 40· and 70· and affect predominantly crystalline basement. This type of structural slyle
may be analogous to present day deformation in the high Andes (Suarez et al. 1983) and
Himalaya (Molnar 1984). The few recent thrust faults recognized in the high Andes (e.g.,
Pariahuanea fautt) dip steeply, with seismic activity no deeper than 20 km (Philip & Megard 1977).
This style of faulting is analogous to the mid-Cretaceous fautting in the thrust belt in southeast
Alaska . Similarily, some fault plane solutions show steeply-dipping thrust faults in the Himalaya.
There, the northern margin of India is presently underthrusting Asia, forming a crustal-scale
duplex (Molnar 1984) which effectively delaminated the continental crust under India. In a similar
fashion, the moderately dipping thrust faults in southeast Alaska formed in response to the
underthrusting of the Alexander terrane under the western continental margin of North America.
Both the high Andes and Himalaya have also undergone very different styles of deformation
during their tectonic evolution, in which back-folding or "retrocharriage" occurred during the later
stages of thrust fautting . In this context , the eastward dipping faults and foliation surtaces in the
eastern portion of the thrust bett in southeast Alaska may be analogous to the modern day
structural reversals seen in the Andes or Himalaya. Although the analogy between Ihe midCretaceous thrust system and the Andes or Himalaya might be impertect, the mid-Cretaceous
thrust system might represent a hybrid example between the two modern analogues . The
presence of both coeval igneous activity (Andes). contractional tectonism between two
continental fragments (Himalayas). and the transport of crystalline slabs along thrust faults in the
mid-Cretaceous point to an intermediate view between the two modern analogs.
Beneath most of the western wall rocks of the Coast Plulonic Complex, the present day
crustal thickness is less than 30 km (Barnes 1972a, b, 1977) and locally may be as thin as 25 km
(Yorath et al. 1985). Based on an emplacement pressure of =6-7 kb for 100 Ma plutons
(Hammarstrom & Zen 1986; Rubin & Saleeby 1988), the crust was at least 25 km thick. Due to
subsequent thrust and reverse faulting , the mid-Cretaceous (90 Ma) crust may have been 50 to
60 km thick. The estimate of mid-Cretaceous crustal thickness is consistent with the present-day
thickness of 25 to 30 km, plus the amount of crust removed to expose Cretaceous mid-crustal
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rocks. This estimate is in accord with crustal thickness in regions which have undergone similar
styles of crustal-thickening , such as the hinterland of the Canadian Rockies (Monger & Price
1979; Monger et at. 1985). Subsequent erosion and uplift of the thrust belt in an extensional
setting during Paleocene and Eocene time might have subsequently thinned the crust; however,
the available constraints on present crustal structure and magnitude of extension are poorly
known. Rapid early Tertiary uplift rates of about 2 kmtm.y. have been inferred for the western flank
of the Coast Plutonic Complex (Hollister 1982) , although the uplift has been ascribed to
contractional tectonism (Hollister 1982; Crawford et at. 1987).

Extensional tectonism is

documented on the west flank of the Coast Plutonic Complex, where thrust-related fabrics are
truncated by east-dipping Tertiary extensional

fau~s

(McClelland et at. 1990). Thus by analogy

with regions of active extension (e.g., high Andes) , tectonically thickened mid-Cretaceous crust
may have collapsed and subsided due the gravitational potential of a high mountain belt.
Abundant mid-Cretaceous and younger sills and plutons and a moderate geothermal gradient
resu~ed

in hot, thermally weakened crust which effectively reduced the overall strength of the

crust.
Locally, the emplacement of arc-derived calc-alkaline magmas was coeval with midCretaceous deformation. Thus, mid-Cretaceous contractional tectonism occurred in an intra-arc
setting . Addition of voluminous early- to mid-Tertiary plutons coincided with and succeeded
erosion, uplift, and inferred extension of the tectonically thickened and thermally weakened crust.
The mid-Cretaceous to Early Tertiary tectonic history reflects contractional and extensional events
occurring in an convergent-margin setting . Changes in overall plate convergence rates and the
rate of subduction may explain differing structural styles. Examples of other thrust belts that have
been affected by a spectrum of structural styles can be found in the Himalaya (Gansser 1964),
western Alps (Royden & Burchfiel1989) , and the Andes (Jordan et at. 1983).
Controversy exists concerning the role of collision of allochthonous crustal elements
(e.g., the Alexander terrane and Wrangellia) in late Mesozoic deformation of the northwest
Cordillera (Monger et at. 1982; Crawford et at. 1987; Pavlis 1989; Rubin et at. 1990). The absence
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of an accretionary wedge and high-pressure metamorphic terranes . combined with the lack of
evidence for an intervening late Mesozoic oceanic crust between the Insular and Intermontane
superterranes at these latitudes is an important constraint for collisional tectonic models. There is
no general agreement in plate tectonic models that explain mid-Cretaceous and younger
deformation; however. deformation and igneous activity occurred in a magmatic arc setting. In this
view. the collision of exotic tectonic elements and the concurrent closure of a late Mesozoic
oceanic basin is not required to explain the stratigraphic . structural . and metamorphic relations
seen in southeast Alaska and western British Columbia.
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ABSTRACT

The Intermontane-Insular superterrane boundary zone represents a fundamental crustal boundary
separating the two largest allochthonous crustal fragments in the North American Cordillera. Structural,
stratigraphic, and geoc hronologic relations along this boundary indicate that substantial west- vergent
compression and concomitant crustal thickening occurred there in mid-Cretaceous time. Thi s orogenic zone

extends for more than 1200 km along strike length , between southern southeast Alaska and northern
Washington.

In southern southeast Alaska and northwest British Columbia, rocks of the Insular

superterrane were imbricated along a series of west- to southwest-vergent thrust fau lts. In northern
Washington and southwestern British Columbia a wide zo ne encompassing the margins of the two
superterranes as well as numerous intervening smaller fragments was shortened principally alo ng westvergent thrusts. Known geologic relations do not discriminate among existing tectonic models that explain
the origin of the mid-Cretaceous thrust system.

INTRODUCTION

Mesozoic high-grade metamorph ism and magmatism have long been documented in the northwes tern Cordillera and were accompanied by thrust faulting. We propose that a mid-Cretaceous thrust
system extends for more than 1200 km along strike, between southern southeast Alaska and northern
Washington. Deformation affected rocks that range in age from Earl y Paleozoic to mid-Cretaceous.
Collectively, these rocks mostly belong to lhe Intermontane and Insular superterranes (terran es I and II of
Monger et al ., 1982; Fig. I). We review structural , stratigraphic, and geoc hronologic relations that suggest
lhat a west-vergent fold and lhrust system developed along the boundary between lhe two superterranes from
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Figure I. Disoibution of mid-Cretaceous thrust system in northwestern Cordillera after Brandon et

aI. (1988): Brandon (1989): Crawford et aI. (1987): Rubin and Saleeby (1987a, and 1987b). Terranes I and
II of Monger et al. (1982).
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about 100 to_85 Ma and involved both crystalline basement and supracrustal rocks.

TECTONIC FRAMEWORK
Many of the lithotectonic elements constituting the western Cordillera between Iat 40° and 600 N
can be grouped into the Intennonlane and Insular supenerranes (Fig. I). The composite lntennontane
supenerrane consists of Stikine, Cache Creek, and Quesnel terranes and was accreted to Nonh America in
Middle Jurassic time (Monger et aI., 1982 ), and thus fonned the western margin of the continent during the
Cretaceous. The Insular supenerrane consists of the Wrangellia and Alexander terranes and lies parallel to
and west of the Intennontane superterrane. North of 49°N, the boundary between the two is largely
obscured by the Coast Plutonic Complex, whereas to the south, the supenerranes are separated partly by the
crystalline core of the north Cascades, including the Skagit metamorphic suite.
Together with earlier work (Misch, 1966; Crawford and others, 1987), our geologic field studies in
southern southeast Alaska and northern Washington show that contemporaneous mid- to Late Cretaceous
west-vergentthrust faulting occurred locally along parts of the supenerrane boundary (Fig. I). In southern
southeast Alaska, the thrust belt is localized along the eastern edge of the Alexander terrane and consists of
an imbricate series of west-vergentthrust sheets with a total structural thickness of more than 20 km (Fig.
2A; Rubin and Saleeby, 1987a). West- ve rgen t folds and thrust faults are present along the inner boundary
zone of the Alexander terrane, near Prince Rupen, British Columbia (Fig. 2B; Crawford and others, 1987).
In the San Juan Islands and northwest Cascades, an imbricate west-vergent thrust system (Fig. 2C; Brandon
et aI. , 1988) affects a variety of terrane including some probably derived from the two superterranes.
Compressional defonnation and regional metamorphism that affected the two supenerranes are complex and
vary in detail along strike of the boundary; however, the similari ties in structural styles and timing of
thrusting are remarkable.

SOUT HERN SOUTHEAST ALASKA
The Insular supenerrane in southern southeast Alaska consists of the lower Paleozoic to lower
Mesozoic Alexander terrane, the Upper Jurassic-Lower Cretaceous Gravina sequence, and the upper
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Figure 2. Struclural transeclS across the mid-Cretaceous thrusl syslem. PZ = Paleozoic, P =
Permian, MZ

= Mesozoic, TR = Triassic, J = Jurassic, K = Cretaceous, UK = Upper Cretaceous.

A: Afler

Rubin and Saleeby (1987a, 1987b) and unpublished mapping by Rubin and Saleeby. B: Afler work of
Crawford el al ., (\987). C: Afler Brandon el al. (1988) and Brandon (\ 989). Locations of cross sec tions arc
shown in Figure I .
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Paleozoic and lower Mesozoic Alava sequence, which includes metavolcanic rocks, marble, and argillite

formerly assigned lo parts of the Taku lerrane (Monger and Berg, 1987; Berg el aI. , 1988). In mOSl areas,
rocks of the Alexander lerrane are only slightly deformed and arc nOl highly metamorphosed (Gehrels and
Saleeby, 1987a), excepl along the eaSlern margin where lhey are overprinted by mid-Cretaceous
compressional struClures (Saleeby el aI., 1985; Rubin and Saleeby, 1987a). Easl of and depositionally
overlying the Alexander terrane lies the Upper Jurassic to Lower Cretaceous Gravina sequence which
consists of marine pyroclastic and volcaniclaslic debris and epiclaslic rocks (c. Rubin and 1. Saleeby,
unpublis hed mapping), although the depositional nalure of the contact has been questioned by Brew and
Karl (1987). The youngesl fossils obtained from the Gravina sequence in the KelChikan region are Albian
in age (Berg el aI., 1972). Struclurally overlying the Alexander lerrane and the Gravina sequence is the
Alava sequence. The Alava sequence is also depositionally overlain by the Gravina sequence; however, in
mOSl places the contact is an east-dipping thruSl faull in southern southeastern Alaska (c. Rubin and J.
Saleeby, unpublished mapping).
The Alexander terrane and the Gravina and Alava sequences were intruded by mafic-ultramafic
complexes, epidole-bearing tonalite, quartz diorile and granodiorite plulons. The plu tons, sills and dikes
range in age from 101 lO 89 Ma (pb-U ages on zircon; Rubin and Saleeby, 1987a, 1987b; Anh el aI. ,
1988). All these plutons crossculthe earlier regional metamorphic fab ric; 95-101 Ma plulons are cul by
thrus l faults , and 90 Ma plulons crosscul thrust faults . A bell of Lale Cretaceous lO Early Paleocene
plulOns occurs easl of the thrust belt (Smith and Diggles, 1981 ); fabrics in these younger rocks reflecl
Tertiary deformation. Mesozoic and Tertiary fabrics are differentiated by orientalion and their relations lO
radiometrically daled plutons.
Our regional sludies in the Kelchikan area indicate that rocks of the Alexander lerrane and lhe
Gravina and Alava sequences were imbricaled along a series of west-vergentthrust sheets (Fig. 2a; Berg el
aI., 1988). The structurally lowest thrust sheels consisl of lower Paleozoic schisl, marble, and metaigneous rocks of the Alexander lerrane. Low lO medium greenschisl facies rocks of the Gravina sequence
structurally overlie the Alexander terrane; the sequence consists of six separale east-dipping lhrusl sheets.
Higher grade Alava-sequence schist and imbricated Gravina sequence occupy higher structural positions.
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Mesoscopic deformation is characterized by folding, cleavage formation, and thrust faulting . Mesoscopic
asymmetric folds are relaled to a northeast-dipping axial planar cleavage. The mesoscopic folds are associaled with moderately dipping ductile thrust faults. Together, these structures and fabrics record widespread
compressional deformation and a protracted history of crustal shonening. Syntectonic metamorphism
ranges from lower greenschist to amphibolite facies. Increasing strain and metamorphic grade occur
structurally upward.
Age constraints for the timing of deformation come from the relation between plutons and regional
structural fabrics. Locally, mylonitic tonalile and granodiorite crosscut metamorphic fabrics associaled with
folding and are in turn cut by thrust faults. These plutons yield ages from 95 to 101 Ma (pb-U ages on
zircon, Arth et aI., 1988; Rubin and Saleeby, 1987a, 1987b). Granodiorite plutons that crosscut thrust
faults yield Pb-U zircon ages of 89 to 91 Ma (Arth et al., 1988; Rubin and Saleeby, 1987a). Thus, thrust
faulting was still active during or after 95 Ma and terminated by 90 Ma.

On the basis of our

geochronologic constraints, the age of the youngest strata involved in deformation (Berg et aI., 1972), and
the geologic time scale of Harland et al. (1982), thrust faulting must have begun between Albian and Early
Cenomanian time and ceased by the Turonian. Geochemical and isotopic data indicale that all the intrusive
rocks have continental-arc-related magmatic affinities (Arth et al., 1988), suggesting an intra-arc seuing for
the mid-Cretaceous deformation.

WESTERN BRITISH COLUMBIA

Two of the lithotectonic assemblages described above from southern southeast Alaska are also
represenled in the mountains west of Prince Rupen, British Columbia. Low-grade metamorphic rocks of the
weslernmost weSlem metamorphic belt are correlated with the Alexander lerrane (Fig. I; Woodsworth et al.,
1983; Woodsworth and Orchard, 1985). These rocks are overlain by carbonaceous argillite and conglomerale which are similar to rocks of the Gravina sequence exposed in the Ketchikan area (Crawford et al.,
1987). All these rocks are affecled by thrust faults and associated west-vergent folds (Fig. 2B; Crawford
and Hollisler, 1982; Crawford et aI., 1987). Metamorphic grade increases from west to

eas~

with the high-

est grade rocks occupying the highest slrUcturallevels (Crawford and Hollister, 1982). The mid-Cretaceous
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Ecstall pluton is intruded into kyanite-bearing schist and migmatitic gneisses which form the structurall y
highest thrust sheets (Crawford et al., 1987). Magmatic flow lineation and oriented mafic inclusions within
the Ecstall pluton are parallel to both the pluton margin and the regional foliation of the surrounding
country rock and are thought to be syntectonic fabrics (Crawford and Hollister, 1982; Crawford et aI.,
1987).
Constraints for the tim ing of deformation come from mid- to Late Cretaceous plutons. The
Ecstall pluton was generated and emplaced during thrust faulting and associated deformation (Crawford et a!..
1987), and yields a Pb-U zircon age of 98 ±4 Ma (Woodsworth et al., 1983). KlAI biotite cooling ages of
96 and 84 Ma from nondeformed plutons (Hutchison, 1982) give a minimum age for the cessation of
deformation and metamorphism in the westernmost part of the thrust belt.
To the west, in the Queen Charlotte Islands, the mid- to Upper Cretaceous rocks of the Queen
Charlotte Group consist of marine and nonmarine sandstone, conglomerate, and shale (Su therland-B rown,
1968). Provenance and paleocurrent indicators suggest an eastern source made up of volcaniclastic and
plutonic debris shed off the flanks from an active magmatic arc and its basement complex (SutherlandBrown, 1968; Yagishita, 1985). The Upper Cretaceous foredeep deposits of the Queen Charlotte Group
probably represent late orogenic sediments that were derived from the thrust system.
In both southern southeast Alaska and western British Columbia, mid-Cretaceous regional-scale
deformation affected rocks of the Insular supenerrane. Emplacement of mid-Cretaceous arc-related quartzdiorite, tonalite, and granodiorite plutons was broadly synchronous with this deformation, suggesting an
intra-arc setting for the mid-Cretaceous deformation. Thrust-related deformation in southeast Alaska is
constrained as pre-Turonian and, in western British Columbia, as pre-Cenomanian.

NORTHWESTERN WASHINGTON AND SOUTHERN BRITISH COLUMBIA

In northern Washington and southern British Columbia, the San Juan-northwest Cascades thrust
system consists of thrust sheets lying west of the steepl y dipping Straight Creek-Fraser fault (Fig. 1;
Misch, 1966; Brown, 1987; Brandon et aI. , 1988; Brandon, 1989; Journeay, 1989). Thrust sheets contain
diverse rock units ranging in age from early Paleozoic to latest Early Cretaceous. In the San Juan Islands,
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the stacking- order, from structurally lowest to highest, is as follow : lower to upper Paleozoic lonalile,
gabbro, and volcanogenic rocks of the Tunleback terrane; Permian to Lower Jurassic chen, basal I and limestone of the Deadman terrane; Upper Jurassic to Lower Cretaceous volcaniclastic sedimentary rocks and
interbedded chen and basalt of the Constitution Formation; and the Decatur terrane, including the MiddleLate Ju rassic Fidalgo ophiolite and its upper Mesozoic clastic cover (Fig. 2C; Brandon et aI. , 1988).
Thrust sheets in the northw est Cascades incl ude (Fig. 2C) Middle Jurassic(?) Wells Creek Volca nics and
their volcaniclastic cover of Upper Jurassic and Lower Cretaceous Nooksac k group; upper Paleozoic and Triassic Chilliwack Group and overl ying strata; and, structurall y highest, the Shuksan Metamorphic Suile,
comprising Jurassic (?) metasedimentary and metabasaltic rocks that were metamorphosed to greenschisl or
blueschist fac ies during the Late Jurassic and Early Cretaceous (Misch, 1966; McG roder and Miller, 1989).
Mosl of the rocks in the thrust system record high P/low T metamorphism, which resulted from teclonic
burial that accompanied contractional imbrication and crustal thickening.
The age of thrusting is based on several lines of evidence. In the San Juan Islands, the youngest
rocks involved in the deformation are Late Albian age (99-10 I Ma, time scale of Harland el al. , 1982).
Santonian (ca. 84 Ma) strata of the Nanaimo Group, which mostl y postdate thrusting, contain clasts derived
from some of the metamorphosed units in the thrust sheets (Brandon et al., 1988). In the Cascades, east of
the Straight Creek Fault, the 88 Ma Mount Stuart batholith (Pb-U zircon; J . Maglouglin , personal
commun., 1988; analyzed by P. van der Heyden) intruded a post-96 Ma thrust fault (Miller, 1985). All
available evidence suggests that the major episode of thrusting occurred between 90 and 100 Ma.
The San Juan-nonhwest Cascades thrust system formed a wedge that was emplaced westward over
the Wrangellia terrane (Insular supenerrane) in mid-Cretaceous time. This interpretation concurs with thaI
of Misch ( 1966) in that the overall vergence of the system was toward the west; in contras t, Brown (1987)
proposed nonh-nonhwestward tectonic u-anspon . The Intermontane supenerrane sensu stricto lies aboul
100 km east of the easternmost preserved remnants of the thrust system. The Intermontane supenerrane,
however, is thought to have formed the hanging wall to the thrust system (Brandon et aI., 1988). The
Intermontane supenerrane and the thrust system are now separated by the uplifted core of the onh Cascades
(Skagit Metamorphic Suite of Misch, 1966; Fig. 2). Viewed broadly, the San Juan-nonhwest Cascades
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system constitutes a wide, internall y imbricated, lithologically diverse zo ne separating the two
supenerranes. Some pre-Cretaceous lithotectonic units in the thrust system (e.g., the Chilliwack Group
and the Deadman Bay terrane) have tectonic affinity to rocks of the Intermontane supencrrane (Brandon et
aI., 1988) . During the mid-Cretaceous, they were imbricated with non-Intermontane lithologies . The
Mount Stuart and related 80-90 Ma plutons represent a magmatic arc that was constructed across the newly
formed conoactional orogen.

DISCUSSION
Similarities in structural style, vergence, and age of deformation among thrust systems in
southeast Alaska, western British Columbia and northwestern Washington-southwestern British Columbia
suggest that they are pans of a mid-Cretaceous orogenic zone that spanned at least 1200 km. Coeval eastvergen t thrusting and folding are now documented in a parallel belt, east of the orogen, from north-central
British Columbia (Tipper, 1969; Rusmore and Woodsworth, 1988) to north-cenoal Washington (McGroder
and Miller, 1989).
Mid-Cretaceous fold development and thrust faulting were broadly coeval with arc magmatism in
that calc-alkaline plutonism occurred shortl y before, perhaps during, and shortly after the structures were
developed; however, older fabrics are locally present. Mid-Cretaceous plutons that are coeval with thrust
faulting occur in western British Columbia (Crawford et aI., 1987) and in southern southeast Alaska (Rubin
and Saleeby, 1987a , 1987b). Younger plutons are more widespread. Calc-alkalic plutons that crosscut the
deformational fabrics are present within both supenerranes. Such magmatism persisted intermittently until
at least the Eocene (Armstrong, 1988).
Two models that incorporate existing ideas explain the origin of the mid-Cretaceous thrust belt and
are compatible with our current understanding of the magmatic history of the northwestern Cordillera (Fig.
3). Modell implies the existence of an intervening subduction zone and marginal basin between the
Insular superterrane and the western margin of North America (Fig. 3). Evidence of a pre-Cretaceous
subduction zone within the intervening marginal basin is not preserved, perhaps because of extensive crustal
shonening. The closure along this postulated subduction zone marks the collision of the two supencrranes.
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Figure 3. Tectonic models for origin of mid-Cretaceous deformation within Coast Plutonic
Complex. I =Intermontane Superterrane;"

=Insular superterrane.

Modell adapted from Goodwin (1975)

and Monger et aI. (1982). Model 2 adapted from Berg et al. (1972), Monger and others (1972), Armstrong,
(1988), and Van der Heyden and Woodsworth, (1988).
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In this context, defonnation can be viewed as a result of a collisional orogeny involving the collapse of a
marginal basin system that separated the Insular supenerrane from the western margin of North America. In
light of the synchroneity of defonnation along strike, a collisional origin implies that ( I) prior to midCretaceous time, the two supenerranes must have been roughly parallel and had nearly linear edges, and (2)
an ocean basin existed that was small and elongate paraliellD the supenerranes.
Model 2 implies that mid-Cretaceous crustal shonening and magmatism occurred in an intra-arc
setting, above a single, east-dipping subduction zone (Fig. 3). Arc magmatism and defonnation involved
the collapse of a series of marginal basins and a magmatic arc. This model implies that the intervening
basins were small and their collapse was not necessarily accommodated by a separate subduction zone.
Defonnation may have been related to changes in velocity and direction of plate motions and was a direct
consequence of subduction beneath the edge of the continental margin. In this context, the thrust system
overprinted the older teclDnic boundary between the Insular supenerrane and the North American margin.
Compressional defonnation was broadly coeval with arc magmatism, and thus renects intra-arc teclDnism.
In either model, subsequent to mid-Cretaceous defonnation, the locus of arc magmatism migrated
to the east (Armstrong, 1988) and was superimposed along the boundary between the two supenerranes.
The Coast Plutonic Complex was intruded along this boundary zone in response to ongoing east-dipping
subduction. Synorogenic to post orogenic marine and nonmarine foredeep sequences, represented by the
Upper Cretaceous Queen Charlotte and Nanaimo Groups, record westward dispersal of sediments derived
from the uplifted thrust belt.

CONCLUSIONS
Structural, stratigraphic, and geochronologic relations along the Insular-Intennontane supenerrane
boundary suggest that a predominantly west-vergent fold and thrust belt affected the teclDnic boundary between two large crustal fragments in southeast Alaska, western British Columbia, and northern Washington. This west-vergent thrust belt spans at least 1200 km in strike length. Radi ometric and stratigraphic age constraints bracket thrust faulting between 101 and 88 Ma.

A major continental arc

subsequently formed just east of the locus of the thrust system. This arc is represented by the mid-
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Cretaceous to Eocene component of the Coast Plutonic Complex. Two existing models may explain thi s
deformation: (I) crustal shonening is attributed to the collision of the Insular supenerrane to the western
Nonh American margin (e.g., Intermontane supenerrane), and (2) crustal shortening occurred in an intra·arc
selling following the accretion of the Insular supenerrane.
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APPENDIX 1
U-PB GEOCHRONOLOGIC METHODS

Laboratory methods
Zircon seoaration: Geochronologic samples collected from Revillagigedo Island , and
Cleveland and Portland Peninsulas ranged from 15 to 70 kg of homogeneous rock that was
sampled from a single outcrop. Zircons were separated from the rock mechanically and with heavy
liquids, sieved to less than 165 microns, and separated magnetically on a Franz isodynamic
separator. The least magnetic fractions (side-slope of 2° or less and a forward slope of 10°) were
acid washed in warm concentrated HN0 3 for 30 minutes, and rinsed at least four times in warm
distilled water followed by reagent-grade acetone. The zircon population was sieved in various
size-fractions using silk screens that were disposed of after each use. Each zircon fraction
analyzed was hand-picked under a binocular microscope, resulting in a population consisting of
greater than 99% zircon . Zircons with composite grains, inclUSions, fractures, etc., were removed
from the population. The zircons were weighed (within 2%), placed into a previously cleaned
Teflon (TFE) capsule, and rinsed in a warm unraclean HN03 for 15 minutes.

Zircon dissolution and isolation of U and Pb: The procedures for dissolving zircon and
isolating U and Pb are similar to those described by Krogh (1973). Significant changes from
Krogh's procedure include: (1) the zircon is dissolved in HF and then redissolved in HCI in a
Teflon capsule ; (2) a mixed 23SU - 208Pb tracer is added after the HCI solution has been aliquoted
and the sample and spike are placed on a hot plate overnight to equilibrate ; (3) uranium is
removed from the columns with 0.5 N HBr, rather than H20; and (4) a mixed 20SPb_ 230 Th_ 23S U
tracer is used for small samples (less than 3 mg) then added to a HF solution , diluted with
concentrated HN03,and then placed on a hot plate overnight to equilibrate . Finally, the solution
is evaporated and re-equilibrated with 6N HCI overnight on a hot plate again .
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Mass spectrometry : Isotopic analyses were conducted on either a 30 .48 cm , 60°-sector
Lunatic IV mass spectrometer with an accelerating voltage of =10 KV or a 35-cm VG 90° extended
geometry-sector muHicoliector with an accelerating voHage of =8 KV. Pb was loaded with H3P0 4
si lica gel (Cameron and others, 1969) onto a previously outgassed rhenium filament and preheated in a laminar-flow hood . Isotopic data were collected during a 20-minute interval during
which 208Pb (or Pb205 ), 207Pb, and 206Pb were measured on separate faraday cup collectors ,
and 204Pb was measured on a separate daly muHiplier. Filament temperatures averaged 1350° C
and the current Signal averaged = 10- 11 amps (10- 11 ohm resistor) of 206Pb and decreased
slightly during the course of the run. Uranium was loaded with H3P0 4 and graphite and was
analyzed as a uranium metal; filament temperatures were approximately 1800° C. Uranium isotopic
data were collected on a multicollector faraday cup, with signal current ranging from =10- 11 to 1012 amps (10- 11 ohm resistor) . For most samples, 50 sets of isotope ratios were measured, with
each measurement representing a 5-second integration. NBS Pb and U standards were routinely
analyzed throughout the study and did not vary significantly from given NBS values (Tables A-1 ,
A-2, and A-3).

Data analysis
The following values have been used in adjusting the measured isotopic ratios and in the age
calculations :
(1) The compOSition and concentration of 235U - 208Pb tracer were measured and the
compositions are as follows : 208Pb/ 206 Pb

= 1448 ± 26, 208Pb/ 207 Pb = 4025 ± 242 , 208Pb/ 204 Pb

= 9400 ± 1128 and 235U/238U = 17.27 ± .05.
The concentrations of Pb and U have been determined as follows : 7.6944 e 10 -7

± 1.8

%0 Pb moleSlgm, and 1.9804 e 10-8 ± 3 %0 U moleSigm tracer.
(2) The composition and concentration of a mixed 205Pb_ 230 Th_235U tracer were
measured and the compositions are as follows : 205Pb/ 207 Pb = 3669 ± 210, 205Pb/ 206 Pb = 3035

± 125, 205Pb/ 204 Pb

= 12264 ± 1200, and 235U/238U = 2080 ± 21 . The concentrations of

Pb and
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U have been determined as 0.4537 e 10 -9 ± 6 %0 Pb moles/gm , and 2.78 e 10 -9 ± 5 %0 U
moles/gm.

(3) The isotopic composition of the unspiked aliquot has been adjusted for 0.04 ±..02 ng
blank lead with a composition of 206Pb/204 Pb = 18.78 ± 0.30 or 207Pbl204 Pb = 15.61 ± 0.22, and
208Pb/ 204 Pb = 38 .5 ± 0.60.

The amount of blank Pb was determined by isotope dilut ion

analysis of a typical dissolution and chemical separation procedure without zircon. The blank
composition has been determined through isotopic analysis of acids and dust particles in the lab.
(4) Blank U is in the 20 ng range which is negligible for U concentration determinations.
(5) The isotopic composition of the spiked aliquot has been adjusted for blank Pb by
balancing both the 206Pb/ 204 Pb and 206Pb/ 207 Pb of the spiked and unspiked aliquots .
Additional blank Pb in the spiked aliquot is assigned the compositio n cited above .
(6) Common Pb remaining after correction for blank Pb is interpreted as the initial Pb , and
is assigned a composition of: 206Pb/ 204 Pb = 18.0 ± 1.5, 207Pb/ 204 Pb = 15.59 ± 0.4,
208Pb/ 204 Pb = 37.8 ± 2.0 for Paleozoic samples, and 18.6 ± 1.5,15.6 ± 0.4 , and 38 .0 ± 2.0 for
Mesozoic samples. These values are from Doe and Zartman (1979) .
(7) Constants used : ).238

= 1.55125

x 10 -10; ).235

= 9.8485

x 10 -10 ; and 238U/235U

(atomic) = 137.88 (Jaffey, A.H., et ai., 1971, Steiger and Jager, 1977).
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Table A-I : Isotopic composition of lead in NBS 983 standard , measured by the VG mass
spectrometer and other mass spectrometers at CIT, the University of California at Santa Barb ara ,
and VG and Finnegan MAT factories . Intemal precisions for all runs given as la . Uncertainties for
actual samples are probably higher, due to minor variations in sample purity.

A-5

SAMPLE

NBS 983 (given values):

2695 ± 145

14.0447 ± 79

73.43 ± 13

Lunatic n CIT
12 runs , 100 ng, lBS
If; 1 %c/AMU

2729 ± 50

14.048 ± 10

73.43 ± 13

UCSB MAT261
3 runs, lOOng, lBS
If; 1 %c/AMU

2751 ± 20

14.048 ± 8

73.142 ± 73 1

UCSB MAT 261
7 runs, (Mattinson, 1987)
MAT 261
Factory with static
lBS,50ng
VG-354
Factory with static daly
10ng, 18S
100ng,JBS
VG SECTOR·MS
25ng, 7 runs, 18S

2742

14.063

73.626

2748 ± 21

14.0390 ± 9

73.346 ± 29

2703 ± 16
2750 ± 10

14.0340 ±6
14.0360 ±2

73.057 ± 10
73.072 ± 7

2729

14.0400

73.053

VG SECTOR·MS
25ng, 20 runs, CMR
(Std. error %)

2708 (.043)

14.047 (.0059)

73 .213 (.0107)

VG SECTOR·MS
25ng, 8 runs, CMR
(Std. error %)

2699 (.0440)

14.065 (.005)

73.2 (.024)
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Table A-2 : Isotopic composition of lead in NBS 981 standard, measured by the VG mass
spectrometer and other mass spectrometers at CIT, the University of California at Santa Barbara,
the Max Planck-Institut fOr Chemie (Mainz). and VG and Finnegan MAT factories . Internal
precisions for all nuns given as 10. Uncertainties for actual samples are probably higher, due to
minor variations in sample purity.
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SAMPLE

206Pb;207 Pb

208Pb;206pb

206PbP04Pb

NBS 98 1 (given values):

1.09333 ± 39

2.16812 ± 80

16.9371 ± 110

Mainz MAT 26 1
(Toot et al., 1984)

1.09326 ± 34

2.16715 ± 12

16 .9373 ± 13

Lunatic II CIT
(LTS) 100 ng
If; 1 %<,IAMU

1.0932 ± 3

2.1652±4

16.948 ± 16

Lunatic IV CIT
1 run, 100 ng
If; 1 %<,IAMU

1.0940 ± 16

2.1664 ± 10

16.950 ± 20

Lunatic IV CIT
2 run, 100 ng

1.0942 ± 20

2.1642 ± 15

16.913 ± 25

1.0946

2.1616

16.895

VG-MS
CIT, l00ng

1.0934 ± 15

2.1675 ± 9

16.94 1 ± 48

VG SECTOR-MS
250ng
If ; 1 %<,IAMU

1.0935 ± 10

2.1674 ± 5

16.9326 ± 49

VG SECTOR-MS
11 runs%dAMU
(Std. error %)

1.0939 (.007)

2. 1674 (.007)

16.9339 (.0 18)

UCS B MAT 261
11 runs, (Mattinson, 1987)
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Table A-3 : Isotopic composition of Uranium in NBS 500 standard measured by the VG
mass spectrometer at

Ca~ech .

Internal precisions for all runs given as 1cr. Uncertainties for actual

samples are probably higher, due to minor variations in sample purity.
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SAMPLE

NBS 500 (given values):

0.99969 ± .050

VG SECTOR-MS
2 runs 50ng (JBS)
(Sid. error %)

0.99795 (.0088)

VG SECTOR-MS
2 runs 100ng (IRS)
(Sid. error %)

0.9977 (.0379)

VG SECTOR-MS
2 runs 100ng (IRS)
(Sid. error %)

0.99985 (.0147)

VG SECTOR-MS
16 runs 350ng (CMR)
(Sid. error %)

1.00015 (.0128)
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APPENDIX 2
ABBREVIATIONS FOR GEOLOGIC MAPS

A = andesite
B = basalt
Dc = dacite
D = diorite
Mz = monozite
Gd = granodiorite
G = granite
K = keratophyre
P = peridotite
R = rh yolite
S = sepentinite
T = tuff
Tr = trondjhem ite
Tn = tonalite
U = ultramafic
Ar = arenite
Ag = argillite
Cs = calc-silicate
C = chert
Cg = conglomerate
Di = diamictite
Li = limestone
M = marble
Mr = mart
= quartzite
W = greywacke
Gt = grit
L = lava

h = hornblende
c = clinopyroxene
o = orthopyroxene
b = biotite
q = quartz
p = plagioclase
K = k - feldspar
a = andalusite
s = sillimanite
m = muscovite
rm= mica
g = garnet
, = chlorite

"

~

~

psammatic
x = breccia
- = pelitic
\) = micro
(3 = porphyritic
Ii = varitextured
E = enclave
z = xenolithic
gf = quartzofeldspathic
I = leu co
Cb = carbonaceous

Protolith
mv = metavolcanic
ms = metasediment
mr = metamorph ic rock
mx = mixed rocks

V = deformed
tJ. = domain al deformation

op = overprint

Strike & dip of fol iation
Strike & dip cross-cutting
cleavage
Strike & dip of joints
Mylonitic foliation

~

Cataclastic fo liation

~

sp = spaced
ft = fau lt
dp = depositional
un = unconformity
in = intrusive

= = approximate

~

"-

1= greenstone
slate
<I> = phyllite
o=schist
II = bluesch ist
.. = hornfels
11 = gneiss
~ = fl aser gneiss
lit = injection gneiss
OJ = migmatite
Q = agmatite
p1l = paragneiss
mt = metamorphosed
Olc = orthogneiss

= silicic

Strike & dip of bedding

" ""

= amphibolite

1jI =

oi
.=

a

........

a

y = greenschist

Ip = lower plate
up = upper plate
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