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ABSTRACT
The Pacific Rim Complex is exposed in a
fault-bounded slice along the west coast of
Vancouver Island. It is divided into two parts:
(I) the Ucluth Formation, a basement unit
composed of lower Mesozoic arc-volcanic
rocks, and (2) a suprajacent sedimentary se
quence, more than 2 km thick, composed of
Lower Cretaceous olistostromal melanges.
An unconformity is present, at least locally, at
the Ucluth-melange contact and indicates that
the Ucluth Formation is stratigraphic base
ment to the melanges.
Melange-style deformation is restricted to
the sedimentary sequence and has affected
virtually all parts of that sequence. The me
langes formed without the development of a
cleavage or pervasive cataclasis, indicating
that deformation occurred prior to consolida
tion of the sediments.
Three types of melanges have been recog
nized. The first consists of a matrix of inter
bedded mudstone, chert, sandstone, and
green tuff, which encloses numerous exotic
blocks of igneous rocks and limestone. Beds
within the matrix show variable amounts of
layer-parallel fragmentation, which is attrib
uted to in situ liquefaction and lateral Oowage
within individual beds. The blocks in this me
lange, most of which were derived from the
underlying Ucluth Formation, are considered
to be submarine slide blocks, produced by
rock falls from nearby basement scarps. The
matrix sediments near the blocks commonly
contain wispy lenses of poorly sorted plutonic
and volcanic detritus ("green tuft''), inter
preted as scree from the rock slides.
The second and third types of melange are
distinguished by the predominance of either
mudstone or sandstone but are otherwise
quite similar. These melanges lack exotic
blocks and consist of a contorted assemblage
of mudstone, turbidite sandstone, conglomer-

ate, pebbly mudstone, and rare chert, all of
which are depositionally interrelated. Sedi
mentary structures and strata! coherence are
generally well preserved. The internal struc
ture of these melanges consists of a series of
dismembered depositional sequences. Indi
vidual sequences are commonly more than 75
m thick. Some are upright and others are
overturned. Paleoecological evidence indi
cates that some of these sequences were orig
inally deposited in an intra-slope basin. Thus,
these melanges are interpreted to have formed
mainly by the accumulation of large slump
sheets at the base of a submarine slope.
Previous interpretations have considered
the Pacific Rim Complex to be a late Meso
zoic subduction complex constructed along
the western margin of the Wrangellia terrane
(Vancouver Island). Several factors argue
against a subduction-melange interpretation.
(I) The melanges were deposited on an older,
arc-related basement, not oceanic crust;
(2) exotic blocks were introduced as rock
slides and not by subsurface faulting; and
(3) at least some of the strata originated in an
intra-slope basin. The heterogeneous defor
mational style is more compatible with an
origin by near-surface mass-movement proc
esses, including submarine slides, rock falls,
debris Dows, and in situ liquefaction. The
amount of mass wasting recorded in the Pa
cific Rim melanges probably requires a seis
mically active setting, where frequent ground
shaking produced large transients in pore
fluid pressure.
Similarities in stratigraphy and metamor
phism suggest that during Late Cretaceous
time, the Pacific Rim Complex was part of
the San Juan-Cascades thrust system, located
220 km to the southeast in northwestern
Washington State. If this is correct, the
Pacific Rim melanges would have formed on
the inboard side of Wrangellia, about 30 m.y.
prior to the collision of Wrangellia with the

American continent. The present location of
the Pacific Rim, outboard of Wrangellia, is
attributed to younger (latest Cretaceous or
early Tertiary) transcurrent displacement.
INTRODUCTION

The Pacific Rim Complex comprises Meso
zoic melanges and volcanic rocks, exposed in a
narrow fault-bounded slice, about 60 km long,
along the west coast of Vancouver Island (Figs.
l and 2). The unit was first studied by Muller
( 1 973, 1 977a) and Page ( 1974), who concluded
that it was a late Mesozoic subduction complex.
The prevailing view now is that the Pacific Rim
Complex is a remanent of a once-continuous
subduction complex that fringed western North
America during the late Mesozoic (Dickinson,
1 976; Muller, 1 977a; Jones and others, 1 977).
Correlative units would include the Franciscan
Complex of California and southern Oregon,
and the Chugach terrane of southern Alaska
(Fig. 1 ).
An important objective of my work in the
Pacific Rim Complex (Brandon, 1 984, 1 985)
was to re-examine the subduction interpretation.
Previous workers mapped the unit only in re
connaissance (Muller, 1 973, 1 976; Page, 1 974;
Muller and others, 1 98 1 ). As part of my study, I
mapped 85% of the complex (Fig. 3) at a scale of
1:24,000 or larger. The west side of the Ucluth
Peninsula (Fig. 4) was mapped at 1:6,000. Con
siderable effort was directed toward determining
the age and origin of the various components of
the melange units, using fossil data, depositional
facies, and chemical analyses of igneous rocks.
This paper focuses specifically on the
sediment-rich melanges that make up a large
part of the Pacific Rim Complex; a companion
paper (Brandon, 1 989a) considers the origin of
associated igneous rocks. The Pacific Rim is
ideally suited for these studies. Pleistocene glaci
ation and frequent Pacific storms have produced
extensive tracts of fresh coastal outcrop, which
permit detailed mapping of the melanges, in-
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eluding their internal structure, block-matrix re
lationships, and external contacts. Furthermore,
the very low metamorphic grade of the Pacific
Rim melanges and the general absence of super
posed deformation allow fabrics and structures
to be interpreted with more confidence than is
possible in many other melange terranes.
The term "melange" is used herein in a purely
descriptive sense. It indicates a large (>= IOO m
thick) body of rock composed mainly of sedi
mentary materials and typified either by a
general lack of internal strata! continuity or by
blocks of various sizes and shapes dispersed in a
finer-grained sedimentary matrix (after Cowan,
1985). Typical matrix materials include mud
stone, sandstone, and in some cases detrital ser
pentine. Blocks may be derived from either local
(native) or extraformational (exotic) sources.
Note that as used herein, the term "melange"
refers exclusively to sediment-rich units and ex
cludes serpentine-rich shear zones or matrix
poor fault zones (Type IV melange of Cowan,
1985). These latter units are better understood
and easily distinguished from the more contro
versial sediment-rich melanges.
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REGIONAL TECTONIC SETTING
An important point to stress is that the Pacific
Rim Complex is actually a relatively small ter
rane. It lies along a major tectonic boundary that
separates an older terrane assemblage from a
more outboard assemblage formed during the
Cenozoic. Thus, the present tectonic setting of
the Pacific Rim Complex may be unrelated to
the late Mesozoic setting in which it formed.
With respect to the Pacific Rim Complex, the
geology of southwestern British Columbia and
western Washington can be divided into four
main tectonic elements (Fig. 2). The continental
framework is an assemblage of Mesozoic and
Paleozoic terranes that were added to western
North America during a Late Cretaceous event
(about I 00 to 84 Ma), which involved the colli
sion of Wrangellia and the formation of thrust
nappes in the San Juan Islands and North Cas
cades (Monger and others, 1982; Brandon and
others, 1988; Brandon, 1989b). Wrangellia is a
large coherent terrane that underlies much of
Vancouver Island and flanks the northeast side
of the Pacific Rim Complex. The continental
framework also includes the Coast Plutonic
Complex of Canada, which is a suite of Late
Cretaceous and younger plutons that intruded
the older terranes (Monger and others, 1982).
After collision, this tectonic assemblage formed
a relatively coherent part of the North American
continental mass, thus the term "continental
framework."
Outboard of the continental framework lies a

Figure 1. Upper Mesozoic melange units of western North America.

younger set of tectonic elements, which are
bounded by faults of known or probable Ceno
zoic age (heavy-lined faults in Fig. 2). The first
of these outboard elements, displaced Mesozoic
rocks (Fig. 2), comprises several fault-bounded
Mesozoic melange units: the Pacific Rim Com
plex, Pandora Peak unit, and Leech River schist
(PRC, PP, and LRS in Fig. 2). These units pres
ently lie along the western and southern perime
ter of the continental framework. Previous
interpretations considered these units to mark
the trace of a late Mesozoic subduction zone
(Dickinson, 1976; Muller, 1977a; Monger and
others, 1982); however, almost all of the faults
bounding these units are known to be Eocene in
age (Leech River and San Juan faults: Fairchild
and Cowan, 1982; Rusmore and Cowan, 1985;
Totino fault: Brandon, 1985; Clowes and others,
1987). The age of the Westcoast fault, which
bounds the northeast side of the Pacific Rim
Complex, is more poorly constrained. Indirect
evidence (discussed below) suggests that it
formed sometime during latest Cretaceous or
early Tertiary time, which would be at least 45
m.y. after formation of the Pacific Rim me
langes. The interpretation that I prefer is that
these fault-bounded slices represent displaced
terranes rather than intact parts of a Jurassic-

Cretaceous subduction complex. They are geo
logically similar to some of the Late Cretaceous
nappes in the San Juan Islands and may have
been offset from there sometime during latest
Cretaceous or early Tertiary time (Brandon,
1985).
The next of the outboard elements, lower Eo
cene basalts, lies outboard of the Pacific Rim
Complex and other related displaced Mesozoic
rocks. This regionally extensive terrane is com
posed of a thick (5 to 15 km), coherent sequence
of basalt with a subordinate elastic cover. The
basalts are commonly interpreted as an accreted
seamount province that collided with the margin
during Eocene time (for example, Wells and
others, 1984). They are known as "Crescent
Formation" in Washington (Tabor and Cady,
1978a) and "Metchosin Formation" on Van
couver Island (Muller, 1977a; Massey, 1986).
Their extension into the offshore area (Fig. 2) is
known from magnetic anomaly maps and drill
ing on the Vancouver Island shelf (Shouldice,
1971; Macleod and others, 1977; Tiffin and
Riddihough, 1977). Onland reflection profiles
(Clowes and others, 1987) indicate that the Eo
cene basalts have been thrust a minimum of 25
km northeastward beneath Vancouver Island
along the Leech River and Tofino faults. The

128°

48°

CENOZOIC TERRANES
CENOZOIC
SEDIMENTARY COVER

�'
�

/

/'

••

CENOZOICFAULTS

LT. CRETACEOUS FAULTS

CONTINENTAL FRAMEWORK
+

+

+

+

+

+

+

DISPLACED MESOZOIC
ROCKS (includes PRC)

+

EOCENE BASALTS
(lighter pattern shows
offshore extension)

•

OLYMPIC CORE ROCKS

(lighter pattern shows
offshore extension)

-+

+

+.
...I,.

+

+

+

.+-

+

+

+

.4.

+

+

�

-l..

�
�

COAST PLUTONIC
COMPLEX

SAN JUAN·CASCADES
NAPPES

WRANGELLIA
TERRANE

Figure 2. Tectonic map of the Vancouver Island area (after Oowes and others, 1987). The displaced Mesozoic rocks are
Pacmc Rim Complex; PP, Pandora Peak unit; and LRS, Leech River schist.

abbreviated: PRC,

DEFORMATION STYLES IN OLISTOSTROMAL MELANGES, CANADA

\

\

1 523

ESOWIST A
PENINSULA

I

0 KM

U

=

U-Pb zircon

b

=

K-Ar biotite

h

=

K-Ar hornblende

R

=

Rb-Sr isochron

l = Zircon fission-track

U.EOCENE-OLIGOCENE
CARMANAH GRP.
LW. AND M. EOCENE

MESOZOIC PACIFIC

FLORES DACITE

RIM COMPLEX

EOCENE AND ?PALEOCENE
CATFACE INTRUSIONS

•

MESOZOIC AND PALEOZOIC
ROCKS OF WRANGELLIA

Figure 3. Geologic map of the Pacific Rim area, modified from Muller (1977b) to include my work. Outlined areas with figure numbers refer
to the locations of detailed geologic maps. Isotopic ages are shown for lower Tertiary volcanic and plutonic rocks; ages outlined in heavy lines
are from the older (50 m.y.) volcanic-plutonic suite discussed in the paper. All ages have been calculated using new decay constants (Harland
and others, 1982). (Sources: K-Ar, Rb-Sr, and U-Pb ages for pluton on Meares Island: Isachsen, 1987; other K-Ar ages: Carson, 1973; Muller
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Totino fault is particularly important here, be
cause it represents the western bounding fault
for the Pacific Rim Complex.
The most outboard tectonic element, Olympic
Core rocks (Tabor and Cady, 1978b), represents
the modern Cenozoic subduction complex that
formed west of the Eocene basalts, after their
emplacement at the margin. The Olympic Core
rocks underlie most of the offshore continental
margin and are uplifted and exposed in the
Olympic Mountains, northwest Washington
State (Fig. 2). Reflection profiles across Van
couver Island demonstrate that this unit also ex
tends some 50 km eastward beneath the island
(Clowes and others, 1 987).
OVERVIEW OF THE PACIFIC
RIM COMPLEX
Evidence for Discrete Rock Units

On first impression, outcrops of the Pacific
Rim Complex appear stratigraphically and
structurally chaotic. One contributing factor is

the prevalence of high-angle faults, which com
monly obscure the continuity of primary fea
tures. These faults are mostly Cenozoic in age
because they commonly offset early Tertiary
dikes and stratigraphic units. Fault separation is
generally less than 100 m, but in some cases it
does range to several kilometers. The dikes,
which are ubiquitous in the Pacific Rim area,
are related to local Eocene igneous activity (Cat
face Intrusions and Flores dacite in Fig. 3).
One area least affected by high-angle faulting
is the seaward coast of the Ucluth Peninsula
(Fig. 4), located at the southern end of the map
area (Fig. 3). A broad anticline, trending
obliquely (east-west) across the peninsula, ex
poses the two most complete sections through
the Pacific Rim Complex. These sections reveal
a coherent and relatively simple stratiform se
quence, comprising three units: ( l ) the Ucluth
Formation, a lower Mesozoic arc-volcanic unit;
(2) unit I, a Lower Cretaceous mudstone-rich
melange; and (3) unit 2, an undated sandstone
rich melange. Figure 5 provides a summary de
scription of these units; Table l and Figure 6

show available age data.1 Mapping elsewhere in
the Pacific Rim Complex indicates that these
units are representative of the complex as a
whole. Moreover, partial sections preserved in
other locations are consistent with the strati
graphic succession found in the anticline. The
following account relies heavily on relationships
exposed in the anticline.
Ucluth Formation: Basement to the
Melange Sequence

The Ucluth Formation (Brandon, 1 989a)
contains about 95% of all of the igneous rocks in
the Pacific Rim Complex. The largest extent (=4
km) of the unit is found in the Ucluth anticline
(Fig. 4). Smaller exposures are present at the
northern end of the map area (Fig. 7). The
1 All fossil localities and paleontologic results are
catalogued in a separate appendix, available free of
charge from the Geological Society of America Data
Repository by requesting Supplementary Data 8916
from the GSA Documents Secretary.
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GENERALIZED STRATIGRAPHY OF THE PACIFIC RIM COMPLEX
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Figure 5. Generalized stra
tigraphy of the Pacific Rim
Complex.
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turbidite sandstone, conglomerate, pebbly

features include disharmonic folds, thick

structures are well preserved, indicating
little flowage within sandstone beds.
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UNCONFORMITY
UCLUTH FORMATION
Upper Triassic part of unit consists of fragmental arc-volcanic rocks (basalt to dacite in

composition) with interbedded limestone and cross-cutting comagmatic dikes and stocks.
The Lower Jurassic part, which is only locally present, consists of tuff breccia, chert, and

pillow lava.

Ucluth Formation consists mainly of fragmental
volcanic rocks and is cut by numerous hypabys
sal diorite intrusions. Fossils from interbeds of
limestone and rare ribbon chert are Late Triassic
and Early Jurassic, respectively (Table l , Fig.
6). Major- and trace-element analyses indicate
an arc-volcanic origin (moderate-potassium
calc-alkaline series, Si02 52% to 65%, K20
0.8% to 2.5%, Ti02 0.43 to l .63; Brandon,
1 989a). The unit is further distinguished by
widespread hydrothermal metamorphism, which
resulted in the assemblage epidote + chlorite ±
calcite ± white mica. This greenschist assem
blage is found only in Ucluth rocks.
On the basis of their subduction-complex in
terpretation, Page ( 1974) and Muller (1 977a)
maintained that igneous rocks in the Pacific Rim
Complex are fault slices derived from either
subducting oceanic crust or the overriding
Wrangellia terrane. Neither of these options is
viable for the Ucluth Formation (Brandon,
l 989a). The first option is precluded by the arc
volcanic character of the Ucluth. The second
option is ruled out by fundamental differences in
stratigraphy, age, and composition between the
Ucluth Formation and the coeval units in
Wrangellia (Karmutsen Basalts and the Quat
sino Limestone; Fig. 6).
=

=

=

Units in the Melange Sequence

The lowest melange unit, unit 1, is distin
guished mainly by the predominance of black
mudstone. Otherwise, it is quite variable in lith
ology and deformational style. This variability is
well illustrated in the Ucluth anticline, where
unit 1 is divided into two subunits, lA and l B,
exposed in opposite limbs of the anticline (Fig.
4). Unit IA, which lies in the north limb, is
characterized by a well-organized planar fabric,
defined by interbedded mudstone, chert, sand
stone, and green luff. It contains numerous ex
otic blocks, most of which were derived from
the Ucluth Formation. In contrast, unit l B, ex
posed in the south limb, generally lacks exotic
blocks and consists of a highly contorted as
semblage of mudstone, turbidite sandstone, con
glomerate, pebbly mudstone, and rare ribbon
chert. Mapping elsewhere in the Pacific Rim
Complex has shown that these two subunits rep
resent end-member varieties of unit 1 and that
all gradations between these end members are
present. The matrix of unit 1 has yielded nine
dated fossils (Table I), which consistently indi
cate an Early Cretaceous age for the matrix sed
iments. The most precise ages are restricted to
the interval Valanginian-early Hauterivian. A

locally preserved depositional contact at the
base of unit l B (described below) indicates that
the unit I melange stratigraphically overlies the
Ucluth Formation.
Unit 2 gradationally overlies unit l . It is com
posed almost entirely of massive and thick
bedded sandstone with minor mudstone and
rare ribbon chert. Exotic blocks are absent. The
style of deformation is much like that of unit I B,
consisting of a chaotic arrangement of bedding
attitudes, many of which are overturned. This
unit is undated but is inferred to be Early Cre
taceous because of its gradational relationship
with unit l .
According to the classification scheme of
Cowan (1985), unit IA would correspond to his
Type II and Type III melanges, and units l B and
2 to his Type I melange.
Regional Prehnite-Lawsonite Metamorphism

All of the Pacific Rim Complex has expe
rienced a very low-temperature, high-pressure
metamorphism, marked by the characteristic as
semblage prehnite ± lawsonite + calcite. This
assemblage is ubiquitous, but it rarely constitutes
more than 33 to 53 of the rock. It is found in
veins and also as a replacement of plagioclase.

1526
Because metamorphism mainly involved phase
changes among Ca-Al-Si minerals, this assem
blage is best developed in sandstones of the
melange units, which are rich in andesitic vol
canic detritus. These sandstones typically con
tain prehnite± lawsonite + calcite± white mica
± chlorite as coexisting metamorphic phases in
contact with detrital plagioclase and quartz. In
some cases, a more restricted assemblage, calcite
+ white mica, was formed, probably owing to
C02 in the fluid phase (Thompson, 1971 ). Met
amorphism postdates the Early Cretaceous age
of the melanges ( 130 m.y.) and predates the
lower Eocene plutons and dikes that intruded
the Pacific Rim Complex (""50 m.y. ago). Peak
metamorphic conditions are estimated at about
150 °C and in excess of 3.5 kb (350 MPa)
(compare with Brandon and others, I 988).
Coexisting prehnite and lawsonite represent a
very unusual metamorphic assemblage, which
appears to be unique to the Late Cretaceous
nappes of the San Juan Islands and North Cas
cades. Notable exceptions are the Pacific Rim
Complex and the related Pandora Peak unit.
Metamorphism of the San Juan-Cascades
nappes occurred during the collision of Wran
gellia at I 00 to 84 Ma (Brandon and others,
I 988). It is argued below that the Pacific Rim
Complex may have formed part of this nappe
sequence. If this is correct, then metamorphism
would have postdated formation of the Pacific
Rim melanges by at least 30 m.y.
UNIT lA: MUDSTONE-CHERT
MELANGE WITH EXOTIC BLOCKS

The type locality for unit IA is Wya Point,
located on the northwest side of the Ucluth Pe
ninsula (Fig. 4). In this area, the unit is more
than 600 m thick. Layering within the melange
dips consistently to the north, at about 40° to
60°. An unfortunate aspect of the Wya Point
exposures is that the contact of unit I A with the
Ucluth Formation is only locally exposed in a
50-m-long segment of coastline. Much of that
contact consists of a moderately dipping fault
that strikes obliquely across the contact and con
tinues upward into unit IA. The remaining seg
ments of the contact are remnants of an
unfaulted primary contact between unit I A and
the Ucluth Formation, but these segments are
too short to interpret with much confidence.
Internally, unit IA is a typical blocks-in
matrix melange. The matrix consists of an inter
layered sequence of black mudstone (55%),
ribbon chert (25%), sandstone (I5%), and green
tuff (5%) (percentages indicate relative propor
tions). Exotic blocks are ubiquitous but actually
constitute a relatively small proportion of the
total unit (<5%-10%).
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Structure and Fabric of Matrix

A striking feature of unit IA 1s 1ts well
layered but highly disrupted fabric. On a local
scale (<2 m), this fabric is dominated by oblate-

and spheroidal-shaped fragments of chert and
sandstone (Figs. 8 and 9), which range consider
ably in size and aspect ratio. Most of these frag
ments were formed by disruption of thin isolated
beds of ribbon chert and sandstone. In some

DEFORMATION STYLES IN OLISTOSTROMAL MELANGES, CANADA
TABLE I . FOSSILS FROM THE PACIFIC RIM COMPLEX

No.
Ucluth Formation
Lil

U2

UJ

Geologic setting and location

Fossils

Age

limestone intcrbedded with volcanic
breccia. Ucluth Peninsula (Fig.4)

Conodonts

Late Triassic,
late Early Norian

limestone interbedded with volcanic
rocks and intruded by diorite dike.
Ucluth Peninsula (Fig. 4)

(a) conodonts

Late Trias.sic, Carnian

(b) ammonoids

Probably Late Triassic

Ribbon chert interbcdded with pillow
lava and tuff, tentatively assigned to
the Ucluth Formation. Vargas Is. (fig. 7)

Radiolaria

Early Jurassic,
middle or late Toarcian
(or possibly earliest M. Jurassic)

Radiolaria

Late Jurassic,
late Kimmeridgian

Upper JurasJic pillow basalt blocks in unit I mi>lange
JP!
Red ribbon chert from block in melange.
5 km SE of Ucluelct

.JP2

Ribbon chert interbedded with pillow
basalt (ocean-floor-type basalt).
SE side of Uduelet Inlet

Radiolaria

Late Jurassic,
late Kimmeridgian
to late Tithonian

JPJ

Ribbon chert interbedded with pillow
basalt (ocean-floor-type basalt).
Francis Is., SE of Ucluelet (Fig. 4)

Radiolaria

Middle or Late Jurassic,
Aalenian to early Tithonian

Fossils from the matrix of unil IA melange
MA l
30-cm-thick lens of ribbon chert,
intcrbedded with mudstonc matrix.
Wya Pt., Ucluth Peninsula (Fi&'. 4 and 9)

Radiolaria

Early Cretaceous,
Late Valanginian to
late Aptian

MA2

75-cm·thick lens of ribbon chert,
interbedded wilh mudstone matrix.
Wya Pt., Ucluth Peninsula (Fig.4)

Radiolaria

Early Cretaceous,
probably Late Valanginian
or Hauterivian

MA3

Poorly exposed chert sequence
in mudstone matrix of melange.
Blunden Is .. W of Vargas Is. (Fig. 7)

Radiolaria

Early Cretaceous,
Late Valanginian to
late Aptian

FosJils from the ma1rix of unit JB melange
MB I
Chert interbedded in mud.stone ana
turbidite sequence.
S of Big Beach (Fig. 14)

Radiolaria

Early Cretaceous,
Late Valanginian or
early Hauterivian

MB2

Chert interbedded in turbidite
sequence. S of Big Beach (Fig. 14)

Radiolaria

Late Jurassic to
Early Cretaceous,
late Tithonian to
early Hauterivian

MBJ

Coquina bed in laminated black mud.stone.
Big Beach area (Fig. 14)

Buchia pacifica

Early Cretaceous,
middle Valanginian

Mll4

Coquina bed in laminated black mudstone.
S of Big Beach (Fig. 4)

Buchia pacifica

Early Cretaceous,
middle Valanginian

MBS

Coquina bed in laminated black mudstone.
N of Big Beach (Fig. 16)

Buchia pacifica
and B. tolmatschowi

Early Cretaceous,
early or ?middle
Valanginian

MB6

Massive black mudstone at base of unit 1 B;
unconformably overlies Ucluth Formation.
N of Big Beach (Fig. 16)

Buchia pacifica
and B. tolmatschowi

Early Cretaceous,
early or middle
Valanginian

MB7

Laminated black mudstone and turbidite
sandstone. Big Beach area (Fig. 14).

lnoceramus?

Age not known

Nore: appendix contains palcontological reports and detailed descriptions of the geologic setting for the above fossil localities. Localities JPI, MB3, and MB4 were
originally reported in Muller and others (1981); JP2 and JP3 are from unpublished data of J.E. Muller and E. A. Pessagno, Jr.The remaining localities were
collected by Brandon. Chemical analyses for pillow basalts at JP2 and JP3 are reported in Brandon (I 989a).

respects, they resemble boudins, but instead of
the "sausage-like" shapes typical of boudinage
(Ramsay, 1967), the fragments are pancake
shaped, suggesting axial-symmetric layer-parallel
extension (compare with Cowan, 19S2a). An
unusual feature is that the amount of separation
between fragments tends to increase as the frag
ments become more spheroidal, suggesting that
fragmentation may have been produced, at least
in part, by internal flowage and thickening of the
fragments, as opposed to bulk layer-parallel ex
tension. The more oblate fragments are well
aligned, producing a strong planar fabric
("fragment foliation" of Cowan, 19S5). This
fabric lacks any obvious evidence of systemati
cally rotated fragments or asymmetric fragment

shapes, indicating that the strain path during me
lange deformation was generally coaxial and
cannot be attributed to simple shearing.
The layered appearance of the melange is ac
centuated by thicker lenses of sandstone and
chert (> l m) that parallel the fragment foliation.
An observation with important mechanical im
plications is that these thick lenses tend to be less
deformed and more laterally persistent than do
their more thinly bedded counterparts (Figs. Sa
and Sb). In areas without thick lenses, the me
lange still maintains a layered appearance, de
fined by changes, on the scale of l to 2 m, in the
relative proportions of chert and sandstone in
the mudstone.
The melange fabric maintains a consistently
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planar orientation at both map and outcrop
scale (Fig. IOa). Outcrop-scale folds are rare.
At Wya Point, this layered fabric dips moder
ately to the northeast and parallels the contact
of unit I A with the underlying Ucluth Forma
tion (Fig. 4).
The coarser-grained sediments in the matrix
of this melange (sandstone, green tuff, and chert)
show evidence of extensive internal flowage. In
this regard, the most important observation is
the complete lack of primary sedimentary struc
tures in sandstones of unit IA Furthermore,
many of the original beds of sandstone, chert,
and green tuff have been distorted into irregular
shapes, some lenticular and some podiform
(Figs. S and 9). Small elastic dikes are also pres
ent, but are rare (Fig. Sc). Thin-section observa
tions indicate that this deformation was accom
modated by ductile particulate flow (Borradaile,
l 9S l ) while the sediments were still loose granu
lar aggregates. Sandstones show some brittle de
formation, such as grain breakage and small
faults with millimeter-scale offsets (web struc
ture of Byrne, 1 9S4), but these features are rela
tively insignificant and account for only a minor
amount of the total strain.
It is interesting to note that beds of chert and
sand appear to have deformed in a similar fash
ion during formation of the melange. Initially,
these chert beds were probably composed of
fine-grained radiolarian sand, deposited by tur
bidity and contour currents (Jenkyns and Win
terer, 1982). Thus, if the chert was deformed
prior to consolidation, then it would probably
have responded like a loose sandy aggregate.
In contrast to the coarser sediments, the mud
stone fraction of the matrix appears relatively
undeformed. It lacks such features as a pervasive
scaly cleavage, slickensided fault surfaces, or a
streaky "shear" foliation. Locally, the mudstone
does contain a sporadic spaced cleavage, ori
ented parallel to the melange layering. In thin
section, the cleavage folia are marked by a con
centration of opaque (insoluble) minerals, a fea
ture distinctive of solution mass transfer (Borra
daile and others, 1982). Cleavage formation is
attributed to late-stage pressure solution, after
formation and lithification of the melange. The
degree of cleavage development bears no sys
tematic relation to the degree of disruption in the
melange.
In studies of many other mudstone-rich me
langes, the mudstone matrix is inferred to have
accommodated large shear strains, whereas in
this melange, the coarser-grained fraction of the
matrix bears the most obvious signs of deforma
tion. There is no evidence that large shear strains
were localized in the mudstone or that it be
haved with the same mobility as the sandstone,
chert, and green tuff.
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Age of Matrix Sediments

Composition and Source of Exotic Blocks

The age of unit IA is based on radiolaria from
ribbon chert interbedded in the melange matrix.
This relationship may seem unusual because
chert is commonly considered an exotic compo
nent of a melange. In this case, however, chert is
indigenous, constituting about 25% of the ma
trix. It was deposited in isolated ribbon beds,
now highly fragmented, and also in thin coher
ent lenses averaging about 0.5 x IO m in size and
containing from 5 to 20 ribbon beds. Bedding
features and radiolaria are relatively well pre
served in the lenses, whereas the isolated beds
tend to be more recrystallized and typically lack
visible radiolaria. Chert-mudstone contacts gen
erally show no signs of localized shear and fault
ing and thus are considered to be depositional.
Further evidence of a depositional relationship is
the common presence of thin sandy interbeds in
the chert lenses, including one of the dated lenses
(MAI in Table l ). Thin sections reveal that the
chert itself contains variable amounts of mud
and sand-sized elastic material, similar to the
mudstone and sandstone in the surrounding ma
trix. Jones and Murchey ( l 986) described sim
ilar relations for their chert-mudstone lithofacies
association, which they attributed to deposition
in a continental-margin setting.

Blocks in unit IA are generally monolitho
logic and consist of either igneous rock or lime
stone. They are clearly extraformational with
respect to the matrix sediments and can be di
vided into two groups. Most blocks (>80%) be
long to the first group, which consists mainly of
diorite with minor limestone and fragmental
volcanic rock, all of which were derived from
the Ucluth Formation. The diorite blocks locally
contain screens of fragmental volcanic rock, in
dicating that the diorite was originally intruded
into a volcanic country rock. In thin section, the
diorite blocks consist of medium-grained plagio
clase and quartz, plus minor hornblende and bi
otite. Both the diorite and volcanic blocks are
variably altered to chlorite-epidote assemblages
and are cut by numerous small faults and cata
clastic shear zones. These brittle structures
postdate chlorite-epidote alteration and pre
date the formation of rare prehnite-lawsonite
calcite veins, related to regional high-pressure
metamorphism.
The second, and more subordinate, group has
no local source terrain. It comprises blocks of
Upper Jurassic pillow basalt and rare ultrama
fite (serpentinized clinopyroxenite). Mapping of
the Pacific Rim Complex has identified about

20 pillow basalt blocks and only 2 ultramafite
blocks, all of which are confined to the unit I
melange. The ultramafite blocks are restricted to
a single location on southern Vargas Island (Fig.
7), where they are bounded and cut by several
brittle-style faults. In contrast, the pillow basalt
blocks are widely distributed. They generally
show little internal deformation. Radiolaria
from interbedded ribbon cherts indicate a Late,
and possibly Middle, Jurassic age for the pillow
basalts (Table l ). Major- and trace-element
analyses indicate an ocean-floor origin for the
basalts (Brandon, l 989a; low-potassium tho
leiites, Si02 50% to 55%, Ti02 1.2% to 2.7%,
K20 O . l % to 0.4%), at either a mid-ocean
ridge or a back-arc rift. The basalts are clearly
different from the Ucluth Formation.
=

=

=

Block-Matrix Relationships

The size of the exotic blocks varies considera
bly, with dimensions ranging from less than a
meter to more than 250 m. As shown in Table 2,
limestone and fragmental volcanic rock are re
stricted to relatively small blocks, whereas
pillow basalt and ultramafite occur only as large
blocks. The more numerous diorite blocks span
the whole range. Most blocks, especially the
larger ones, are slab shaped, with average aspect

JUR. PLUTONIC
ROCKS OF
WRANGELLIA
33

/DISRUPTED LITHOLOGICAL
LAYERING

v

BLUNDEN
ISLAND

Figure 7. Geologic map of the Esowista Peninsula-Vargas Island area, located at the northwest end of the Pacific Rim area. See Figure 3 for
location. Fossil locality MA3 is from an isolated exposure of unit 1 melange.
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TABLE 2. DIMENSIONS OF BLOCKS IN UNIT IA

Block type

Diorite

Average size

Average aspect

Maximum size

(thickness x length)

ratio

(thickness x length)

3x r4m

6 x 45 m (Wya Pt.)
J9QX?m
(Vargas Is.)

Limestone and

Ix 1.Sm

1.5

-2 x 2 m (Wya

fragmental
andesite
Pillow

100x >150 m

>220x >300 m

8 X70 m

IOXIOOm
(Vargas Is.)

(Wya

basalt
Ultramafite

Pt.)

Pt.)

ratios (length/thickness) of about 6. An impor
tant observation is that the tabular shapes of the
blocks are everywhere strongly aligned with the
melange fabric, which tends to accentuate the
layered appearance of the melange even further.
The matrix sediments adjacent to the blocks
might be expected to show evidence of brittle or
ductile shear, such as slickensided faults, fault
zone fragmentation, scaly cleavage, streaky
"shear" foliation, folded layers, or rotated clasts.
Locally, some of these features are present. For
instance, the ultramafite blocks are bounded and
cut by several brittle-style faults. In another case,
matrix sediments beneath the pillow basalt
block at Wya Point contain a few thin ductile
shear zones. The critical observation, however,
is that the overwhelming majority of blocks lack
evidence of brittle or ductile shear in the adja
cent matrix sediments. For instance, Figure 11
shows a cross-sectional view of a large diorite
block (4.5 by >35 m in map view). The degree
of disruption in the surrounding matrix does not
change systematically with distance from the
block contacts. Instead, the melange fabric par
allels the irregular contours of the block. The
large diorite block in Figure 9 (6 by 45 m in
map view) shows a similar relationship. Furth
ermore, the upper contact of the block is
mantled by a thin lens of well-bedded ribbon
chert, which has yielded Early Cretaceous radio
laria (MAI in Table I). These observations pre
clude introduction of the blocks into the
melange by deep-seated tectonic processes, such
as imbricate faulting at a subduction-zone thrust,
or plucking and transport by a ductilely flowing
matrix (for example, flow melange of Cloos,
1984).
Significance of Green Tuff
Green tuff forms a minor but enigmatic part
of the melange matrix. It is found as small (<I
m) irregular bodies, which in the field appear to
be composed of fine-grained volcanic material.
Thin sections reveal that this rock is not pyro-

elastic but instead is composed of poorly sorted
clasts of metavolcanic and metaplutonic rocks
(Brandon, 1989a). The term "green tuff' is
therefore a misnomer, but I continue to use it
herein because it has become a common field
term used to describe similar green sedimentary
rocks in other mudstone-rich melanges (for ex
ample, Cowan, 1985).
Three types of green tuff have been recog
nized, each distinguished by a unique source
rock: (I) microcrystalline basalt altered to chlo
rite; (2) plagiophyric andesite with plagioclase
partially altered to chlorite; and (3) medium
grained diorite with minor epidote. Chlorite and
epidote alteration assemblages formed in the
source rocks prior to deposition of the tuff, as
indicated by monomineralic clasts of epidote
and by lithic clasts with boundaries that truncate
alteration assemblages. Chemical analyses indi
cate that some tuff samples are compositionally
similar to Ucluth volcanic rocks, whereas others
match the Jurassic pillow basalts (Brandon,
1989a). Thus, this sediment is interpreted to be a
scree deposit derived from exotic blocks in the
melange and perhaps from nearby scarps of
Ucluth Formation and Jurassic basalts. The
sediment may have been locally reworked by
bottom currents and ponded in small depres
sions, which would explain why some tuff bod
ies are separated by distances of more than 5 to
IO m from the nearest exotic block or tuff body.
Interpretation of Unit IA
I consider the matrix of unit IA to have origi
nated as a Lower Cretaceous sequence of inter
bedded mud, chert, sand, and green tuff.
Formation of the melange involved extensive
disruption and fragmentation of bedding, but the
original stratified nature of this sequence was not
destroyed and is probably largely responsible for
the layered appearance of the melange.
One of the most striking features of unit IA
pervasive layer-parallel fragmentation-is at
tributed to lateral flowage of coarse sediments
within individual beds. Layer-parallel fragmen
tation has been recognized in many other
sediment-rich melanges (Cowan, 1985) and
is commonly interpreted as axial-symmetric
("chocolate-tablet") boudinage of competent
layers due to large extensional strains in all di
rections within the plane of layering (Fig. 12a;
Cowan, l 982a; Byrne, 1984). The interpretation
proposed here represents a nonextensional form
of boudinage (Fig. l 2b), whereby internal flow
age causes a highly incompetent bed to separate
and thicken into boudin-like shapes in the ab
sence of bulk extensional strain. This conclusion
is based on the following observations.

1529

(I) Spheroidal fragments tend to be more
widely separated than are ellipsoidal fragments,
which implies that the amount of separation is
controlled by layer-perpendicular thickening
within the fragments. Evidence of this thicken
ing is illustrated by the bulbous protrusions
found on the upper and lower sides of some
sandstone fragments (Fig. 8d; also Cowan,
1982a).
(2) Fragmentation of sand and chert beds by
layer-parallel extension would require an equal
or larger amount of extensional strain in the sur
rounding mud, and yet the mudstone shows no
evidence that it accommodated large strains dur
ing formation of the melange. It seems unlikely
that the mud could have experienced large
strains without the formation of a visible fabric,
such as a strong preferred orientation of phyllo
silicate grains (Oertel, 1983).
(3) Field observations (Ramsay, 1967) and
theoretical analysis (for example, Smith, 1977)
of true boudinage show that within a given
layer, the necking instability produces boudins
with a highly periodic shape, size, and spacing.
This is in marked contrast to the irregular shape,
size, and spacing of fragments in unit IA (Figs. 8
and 9).
(4) The amount of separation between frag
ments varies widely from layer to layer. If frag
mentation were due to layer-parallel extension,
then the strain field would have to fluctuate
widely at a wavelength of 10 to 20 cm in a
direction perpendicular to the melange layering.
This type of variability might be possible in a
ductile shear zone, but the melange shows no
obvious evidence of noncoaxial shear or zones
of strain localization.
Although these observations do not prove a
nonextensional origin for layer-parallel fragmen
tation in unit IA, they do argue strongly against
conventional boudinage. Overall, deformation
seems to have preferentially affected the coarser
fraction of the matrix sediments (sand, tuff, and
radiolarian sand), resulting in fragmentation of
thin-bedded sediments, extensive flowage within
thicker beds, and obliteration of primary sedi
mentary structures.
An alternative interpretation considered here
in is that deformation was caused by seismically
induced liquefaction. Research in soil mechanics
(reviewed below) has shown that this phenom
enon tends to preferentially affect poorly
drained, coarse sediments, such as sands and
silts. Liquefaction may have permitted the sand,
tuff, and radiolarian sand to have flowed later
ally, resulting in fragmented beds with only
minor deformation of the adjacent mud.
The origin of the exotic blocks, that is, the
process responsible for their transport and em-

@

Figure 8. Photographs of structures in unit IA melange. (a) A typical example of the planar
fabric of the melange, defined by tabular layers of sandstone (ss) and ribbon chert (ch), and
also by aligned fragments of chert and sandstone. The surrounding darker rock is black
mudstone. The stratigraphic base of the melange is to the left (southwest). (b) aose-up of the
upper right comer of a. Note that the rock hammer is in the same position in both photographs.
The ellipsoidal and spheroidal fragments are mostly chert.

Figure 8. (Continued) (c and d) Some examples of podiform sandstone bodies commonly
found in this melange. The tail-like feature emanating from the sandstone pod in c may
represent a miniature sandstone dike that intruded the surrounding mudstone. For scale, a
knife and a hammer are shown in c and d, respectively.
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7'J7_ATTITUDE
OF LAYERING
'
\

PODS OF FEATURELESS
SANDSTONE

TRACE OF
PROMINENT
HORIZONS

II
D

LENSES OF BEDDED
RIBBON CHERT
DISRUPTED
CHER�

BLACK MUDSTONE,

8 SANDSTONE;

COMPLEXLY STRATIFIED

Figure 9. Outcrop map of melange fabric in unit lA (location shown in Fig. 4). The map was prepared from an oblique photograph (upper
half of figure) and is oriented facing to the southeast. Note that contacts are distorted by perspective and also by small topographic irregularities,
especially in the upper central part of the map, which contains a prominent high. The large diorite block shown on the left side of the map is 45 m
long and 6 m wide. The top of this block is mantled by a lens of radiolarian ribbon chert (black layer in center of map) that has yielded Early
Cretaceous radiolaria (MAI in Table 1). The base of unit lA lies about 50 m off the right (southwest) side of the map.

placement into the matrix, appears unrelated to
the deformation of the matrix sediments. The
preservation of a stratified melange matrix and
the absence of a pronounced deformational fab
ric in the mudstone preclude an origin by im
bricate faulting, deep-seated flow melanges, or
surficial debris flows.
I suggest that the blocks represent submarine
rock falls derived from basement highs that ex
posed the Ucluth Formation and another, more
cryptic terrane composed of Upper Jurassic
ophiolitic rocks. This interpretation is compati-

ble with the large size and angular, elongate
shapes of the blocks and with the presence of
plutonic and volcanic scree (green tuft) in the
matrix sediments. The basement highs may have
been bounded by fault scarps, which might ac
count for the sporadic cataclastic deformation
found in the diorite blocks. The matrix sedi
ments would represent a basinal sequence de
posited near these scarps. I infer that the blocks
slid for some distance over the soft, muddy sur
face of this basin before they came to rest. Prior
and others (1984) described an analogous situa-

tion in a modern submarine landslide where
large slab-like blocks, which they called "out
runner blocks," separated from the front of the
slide and glided across the sea floor for distances
of as much as 300 m. Naylor ( 1982) and Ineson
( 1985) have documented two ancient examples.
They both noted that sediments at the margins
of these blocks commonly lack evidence of
emplacement-related shearing. High fluid pres
sures may be responsible for decoupling the
moving block from the underlying sediments.
What keeps a block from sinking into the
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surface sediments after it comes to rest? Naylor
(1982) has analyzed this problem, utilizing
foundation-engineering methods to determine

Figure 1 1 . Photograph of a large diorite block in unit IA melange (looking northwest). The
block is about 4.5 m thick and extends for more than 35 m along strike. The block preserves
primary contact relations with no evidence of shearing or brittle faulting. The base of the
melange is to the left (southwest).

the static load limits for undrained failure be
neath various-shaped blocks. His analysis (Fig.
13) illustrates the conditions necessary for a
block to remain statically supported at the sur
face. It predicts that average- and maximum
sized blocks in unit l A (Table 2) would have
been fully supported, although this result is
strongly dependent on the estimated shear
strength of the sediments (see Naylor, 1982).
Another important result is that as block size
increases, as measured by thickness, the block
must take on a more tabular shape to avoid
sinking into the underlying sediments. For ex
ample, given the case in Figure 13, fully sup
ported blocks with thicknesses of I m could
have a variety of shapes because the minimum
required aspect ratio is 2, whereas a 5-m-thick
block would have to have a highly tabular shape
to remain fully supported because the minimum
aspect ratio is 6. Blocks in unit IA definitely
show a relationship of increasing aspect ratio
with block thickness. The prevalence of stable
blocks in unit IA may be due to the sliding
process because statically stable blocks would
have been capable of sliding the greatest
distance.
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UNIT 18: MUDSTONE-SANDSTONE
MELANGE WITHOUT
EXOTIC BLOCKS
Unit 1B represents the second type of me
lange within unit 1. The south limb of the
Ucluth anticline exposes a complete section of
unit l B, where it dips moderately to the south
and has an estimated thickness of 1,000 to 1,500
m. The lower third of this section is particularly
well exposed in the Big Beach area, which was
mapped in detail (Fig. 14) to illustrate the inter
nal structure and stratigraphy of the unit.
Unit 1B is best described as a stratally dis
rupted sedimentary sequence or a broken forma
tion, rather than a blocks-in-matrix melange. It
consists of a chaotic assemblage of four sedimen
tary units (relative proportions in percent):
( l ) black mudstone, typically laminated, with
calcareous concretions and rare sandstone in
terbeds (50%); (2) medium- to thick-bedded
turbidites with minor channeled bodies of clast
supported, chert-pebble conglomerate (45%);
(3) pebbly mudstone (5%); and (4) rare radiolar
ian ribbon chert (< 1 %). Interbedded relation
ships are found between all of these units (see
Fig. 14 for examples), indicating that they were
derived from a single stratigraphic sequence.
Again, it is important to stress that the ribbon
chert is not exotic. It forms well-bedded hori
zons (0.5 to 7 m thick) within sandstone-rich
turbidite sequences (for example, see right side
of Fig. 14). These cherts commonly contain
sandy chert interbeds, much like those found in
unit I A, attesting to their depositional associa
tion with the surrounding elastic sediments.
Unit 1B lacks exotic or extraformational
blocks, with the exception of clasts found in
pebbly mudstones, such as the 90-m-thick se
quence exposed on the north side of Big Beach
(Fig. 14). The pebbly mudstones are matrix
supported conglomerates, which were probably
deposited as submarine debris flows. They con
tain well-rounded clasts of volcanic rock (Fig.
15a), predominantly tuff and tuff breccia, with
minor flow rock. The clasts resemble fragmental
volcanic rocks in the Ucluth Formation and
may have been derived from there. Clast size
typically ranges from granule to boulder (Fig.
15a), but larger blocks, as much as 4 m across,
are also locally present (Fig. 15b). Fossils from
unit 1B indicate an Early Cretaceous age (Table
1). Buchia of early or middle Valanginian age
are present at a number of localities in mudstone
of the melange. Typically, they form rare in
terbeds (coquina) composed entirely of re
worked shells. Three radiolarian localities from
ribbon chert interbedded with turbidites and
mudstones indicate a late Valanginian or early
Hauterivian age, similar to the Buchia.

@

EXTENSIONAL BOUDINAGE

NON-EXTENSIONAL BOUDINAGE

LAYER-PARALLEL EXTENSION IN ALL DI RECTIONS

NO LAYER-PARALLEL EXTENSION

Figure 12. Two processes that can produce boudin-like structures, such as those observed in
unit lA. (a) Extensional boudinage with bulk extension occurring in all directions parallel to
layering. (b) A nonextensional form of boudinage caused by lateral Do wage and thickening of
the sand layer, in the absence of bulk layer-parallel extension. Note that unlike these idealized
examples, the boudin-like structures in unit l A are highly irregular in shape and in spacing (for
example, Figs. 8d and 9).

Internal Structure

deposition structures are almost everywhere
well preserved. The most visible effects of
melange deformation are a confused style of
folding, characterized by highly variable bed
ding attitudes, many of which are overturned

In contrast to unit IA, the sedimentary units
that make up unit 1B generally have retained
their strata) coherence. Bedding and primary
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tively large aspect ratios (> 7) to remain fully supported. Blocks are approximated as a circular
column having a diameter of L and a height of T; the various stability fields are calculated using
equations and material properties from Naylor (1982). Undrained loading is assumed to simu
late rapid emplacement of the block.

rr- '. 1
< : - '.·
- : : : .· ·:
·
: : -.: - .-:

�
I-

•

MAP OF B I G BEACH A RE A

TURBIOITE SANDSTONE;
MASSIVE SANDSTONE
TO THE SOUTHEAST
CHERT-PEBBLE
CONGLOMERATE

� � RADIOLARIAN
I � RIBBON CHERT
{),.

1

ai
-

I-

L MUDS TONE
rci. ::.:. -�1 PEBB
WITH TUFF
: : : o. ·. ·
·. ?
a;

L (JlJ\Jj JI

y

BRECCIA CLASTS
E
������� �u��� oNE
UCLUTH FORMATION

�

basement beneath
melange

50

� J(

BEDDING
DISRUPTED
LITHOLOGIC
LAYERING
,,-< SPACED CLEAVAGE
4- FOLD AXIS ANO
AXIAL PLANE
� OVERTURNED FOLD

EOCENE(?) DIKE
FOSSIL LOCALITES

@ BUCHIA
CD INOCERAMUSC?)

0

,,<

RAOIOLARIA

1 00

METERS
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Figure 15. Photographs of unit lB me
lange. (a) Pebbly mudstone with large clasts
of volcanic rock. The presence of rounded
clasts and their lithologic similarity with parts
of the Ucluth Formation indicate that they
may have been derived from a subaerially ex
posed part of the Ucluth unit. (b) One of the
largest clasts in the pebbly mudstone. This
clast is about 4 m across and consists of vol
canic tuff breccia. (c and d) An example of
unidirectional layer-parallel extension in tur
bidite beds of unit lB. The beds have ex
tended mostly by shear failure along small
normal faults, resulting in a series of rotated
blocks. In d, bedding is shown by light lines
and faults by heavy lines.

(Figs. lOb and 14). In the Big Beach area, poles
to bedding form a crude girdle pattern (Fig.
l Ob), indicating folding around an east-trending,
moderately plunging axis. At outcrop scale,
however, there is little evidence of conventional
fold patterns. The more thinly bedded strata are
contorted into highly disharmonic folds, with

limb angles ranging from open to tight and am
plitudes of 1 to 10 m. These folds Jack a consist
ent orientation (Fig. lOc) and show no obvious
relation to the best-fit map-scale fold axis, as
defined by poles to bedding (Fig. 1 Ob). The folds
may mark the presence of diffuse shear zones,
which would account for their geometric varia-

bility. Fold asymmetry is commonly used to test
this possibility, but the asymmetry of these folds
is difficult to determine because of their highly
disharmonic style.
Unit l B contains thick sections of well
bedded, upside-down turbidites. In the Big
Beach area, individual upside-down sections
have thicknesses in excess of 75 m (central part
of Fig. 14), which implies overturned folds with
wavelengths greater than 300 m. Mapping has
not revealed the hinge zones associated with
these large folds nor does it show a systematic
pattern of upright and overturned strata. Thus, I
infer that these folds were dismembered during
melange formation. Potential slip surfaces have
been difficult to identify, primarily because of
poor exposure in critical areas. One well
exposed example (center of Fig. 14, at fold
plunging 6 1 °) consists of a 2-m-thick disturbed
zone marked by a rootless anticline ( 1 .5 m am
plitude, 30° limb angle). There is no indication
of the magnitude or sense of slip.
In a few cases, sandstone beds have been ex
tended parallel to layering (Figs. 15c and 15d).
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Some beds have extended by necking, resulting
in lenticular boudins, whereas others have ex
tended along small normal faults, forming dis
crete rotated blocks (compare with extensional
shear fracture in Cowan, 1 982a). Unlike unit
I A, these beds have been pulled apart in only
one direction. Furthermore, they have retained
their internal sedimentary structures, indicating
a relatively brittle style of deformation, without
wholesale flowage and thickening.
The unit l B melange is inferred to have
formed prior to lithification of the melange sed
iments. The main evidence for this conclusion is
that folding occurred without the development
of a cleavage. Thin sections of deformed sand
stone and mudstone display little if any catacla
sis, indicating that strains were accommodatd by
particulate flow. Unit l B does contain a sporad
ically developed spaced cleavage, especially in
more mudstone-rich parts of the unit. This
cleavage cuts obliquely across the outcrop-scale
folds described above and thus appears to post
date folding. The presence of insoluble residues

along cleavage surfaces and the absence of met
amorphic recrystallization indicate formation
by pressure solution after lithification. The spo
radic and semi-penetrative nature of the cleav
age indicates only minor strains during cleavage
formation.
Unconformity beneath Unit 18

Based solely on the observations above, the
interpretation of unit l B would remain ambigu
ous. The melange could be ascribed to tectonic
processes, such as folding and imbrication of un
lithified sediments at a subduction thrust, or to
surficial mass wasting, involving folding and
faulting within one or more submarine slumps.
The main evidence favoring the latter interpreta
tion is the presence of a stratigraphic contact
between unit l B and the underlying Ucluth
Formation.
This unconformity is best exposed a short dis
tance west of the Big Beach map area (Fig. 16).
As shown in the inset in Figure 16, the contact

strikes through a very poor!y exposed part of the
Big Beach map area (northwest corner, near the
trail) and then continues westward to the coast
where it is well exposed at low tide. The uncon
formity is offset and repeated by a number of
high-angle faults, with both right- and left-lateral
separation. In general, the unconformity dips
moderately to the south, although the surface
shows considerable local relief (about l to 2 m).
At the contact, volcanic rocks of the Ucluth
Formation are depositionally overlain by a mas
sive, Buchia-bearing mudstone, probably a
debris-flow deposit. There is no evidence of
local faulting or shearing. About 10 to 20 m
above the contact, the massive mudstone passes
into a highly contorted laminated mudstone
with several prominent beds of Buchia coquina;
the fossils themselves are not noticeably
deformed.
My interpretation is that this contact marks
an unconformity between lower Mesozoic vol
canic rocks and an overlying stratigraphic se
quence of Early Cretaceous slumps and debris
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flows. Thus, the Ucluth Formation is viewed as
depositional basement to the Pacific Rim me
langes. A potential objection to this interpreta
tion centers on the possibility that the Ucluth
Formation in the core of the Ucluth anticline
may represent a large melange block of either
olistostromal or tectonic origin. This block
would have to be very large to encompass the 4
km of Ucluth outcrop exposed in the anticline.
An olistostromal slide block of this size, al
though not impossible, is considered unlikely. I
do not dispute the other alternative, that at some
scale, the Ucluth rocks form part of a large tec
tonic block or fault slice. Even so, the uncon
formity between the melange and the Ucluth
Formation must still be accounted for.
Paleoecological Implications of Inoceramus?

Some paleoecological information about the
basin from which the slumps and debris flows
originated is provided by the in situ presence of
a large bivalve, which is ubiquitous in unit l B
(labeled "lnoceramus?" in Figs. 14 and 16).
This fossil, which ranges to as much as 175 cm
across, is generally found in growth position (re
clined, parallel to bedding) in laminated mud
stones and in mudstone interbeds of the
turbidites. E. G. Kauffman (1983, personal
commun .) examined these fossils and con
cluded that they represent large inoceramid-like
bivalves (see appendix for details). Although
their genus and species is unknown, Kauffman
stated that they probably occupied the same
habitats as some of the larger species of Creta
ceous Inoceramus, based on similarities in size,
morphology, and reclining form (see Kauffman
and others, 1977; Jablonski and Bottjer, 1983;
and references cited therein).
This conclusion leads to the following infer
ences. The first is that strata in unit l B were
derived from a relatively shallow basin. Thiede
and Dinkelman ( 1 977) reviewed the paleobath
ymetric range of the numerous Inoceramus
finds in upper Mesozoic strata cored by the
Deep Sea Drilling Project. They concluded that
the Inoceramus habitat was restricted to less
than 2 km water depth, implying a similar depth
range for the large bivalves in unit l B (E. G.
Kauffman, 1983, personal commun.). The sec
ond inference is that the bottom water in this
basin was poorly oxygenated. Kauffman and
others (1977) showed that a benthic fauna com
posed of solitary large inoceramids is indicative
of dysaerobic bottom water (also see Savrda and
Bottjer, 1987). Unit l B contains a similar re
stricted fauna (Buchia are allochthonous). Other
evidence of dysaerobic conditions in unit l B is
the near absence of trace fossils (Byers, 1977)
and the common presence of calcareous concre-

tions (Johnson, 1978). The mudstones are not
highly organic (0.2% to 0.9% organic carbon for
6 samples), which implies that oceanographic
factors, at least in part, were responsible for this
poorly oxygenated condition.
Interpretation of Unit 18

To summarize, unit l B is considered a strati
graphic accumulation of mass-wasting deposits,
formed primarily by submarine slumping. The
source of these slumps is inferred to be an intra
slope basin located at a continental margin.
Continental-rise and abyssal-plain settings are
unlikely, because they generally lie in water
depths greater than 2 km, the maximum depth
for the Jnoceramus habitat. Evidence of dysaer
obic bottom water suggests that this basin may
have been situated in the oxygen minimum
zone, which in the modern oceans, intersects the
continental slope at a water depth of about 100
to 1,500 m (Kennett, 1982, p. 236).
This intra-slope basin was probably filled by a
submarine fan that included turbidites, chan
neled conglomerates, and mud-rich interchannel
deposits (laminated mud). The pebbly mud
stones may have been deposited at the perimeter
of this basin or may have formed at a later time
in association with downslope movement of the
basinal strata.
The unconformity beneath unit l B represents
an important stratigraphic hiatus that formed by
nondeposition or by uplift and erosion of the
underlying Ucluth Formation. Accumulation of
unit 1B above this unconformity implies Early
Cretaceous subsidence of the Ucluth. The pres
ence of rounded volcanic clasts in pebbly mud
stone deposits suggests that other parts of the
Ucluth may have been subaerially exposed at
that time.
UNIT 2: SANDSTONE-RICH
MELANGE WITHOUT
EXOTIC BLOCKS

Unit 2 is the stratigraphically highest unit
in the Pacific Rim Complex. It consists of a
disrupted sand-rich turbidite sequence, com
posed primarily of massive sandstone, with
subordinate medium- to thick-bedded turbidites
and minor channeled conglomerate (clast
supported). In many respects, this melange is
similar to unit l B, except for the relative propor
tions of sandstone and mudstone. Unit 2 con
tains more than 90% sandstone.
The best exposures of unit 2 are located in the
northern part of the Pacific Rim Complex along
the south side of Vargas Island and the south
west side of the Esowista Peninsula (Fig. 8). The
Esowista-Vargas Island area provides some 20
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km of coastal outcrop, which was used to study
the internal structure of the unit. Unfortunately,
contacts with other Pacific Rim units are either
unexposed or badly faulted there. More limited
exposures of unit 2, located in the south flank of
the Ucluth anticline (Fig. 4), indicate that it
stratigraphically overlies unit l B. The contact is
marked by a gradual increase in the proportion
of sandstone toward the south.
Unit 2 has not yielded fossils, but its grada
tional relationship with unit l B implies a similar
Early Cretaceous age. The thickness of unit 2 is
not known, but the fact that it occupies roughly
the same amount of outcrop area as unit 1 sug
gests that its present exposed thickness may be
similar (about 500 to 1,500 m).
Internal Structure

At map scale, unit 2 is distinguished by a
highly disorganized pattern of upright and over
turned beds (Fig. lOd). At outcrop scale, how
ever, there is little evidence of deformation.
Bedding and internal depositional structures are
all well preserved, and a spaced cleavage is only
locally developed in mudstone interbeds. Small
symmetric folds, with amplitudes of 1 to 3 m
and tight to isoclinal limb angles, are locally
present, but only eight such folds were found in
the Esowista-Vargas Island area. Figure lOe
shows that they lack a common orientation.
At map scale, strata are organized into dis
crete depositional sequences, each of which has
a thickness of about I00 to 200 m and is distin
guished by a relatively consistent bedding orien
tation and younging direction. In one exception
al case, a sequence composed of moderately
dipping, overturned strata has a minimum
thickness of 375 m (Fig. 21 in Brandon, 1985).
Although only locally exposed, the boundaries
between these sequences appear to correspond
to discrete slip surfaces, which mark abrupt
changes in bedding orientation. The slip surfaces
are not brittle faults and thus are inferred to have
formed prior to lithification of the turbidites.
Interpretation of Unit 2

One possible explanation for the internal
structure of this melange is that differential rota
tion between the depositional sequences was due
to movement along listric-shaped slip surfaces.
Overturning of these thick sequences is difficult
to explain by this process alone. Thus, I con
clude that like unit 1 B, this melange formed by
dismemberment of a series of overturned folds.
Both of these structures, the slip surfaces and the
folds, may have formed within the frontal part
of one or more submarine slump sheets. The
general absence of cleavage and the seemingly
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chaotic scatter of bedding attitudes and fold
orientations are compatible with a near-surface
deformational setting. By analogy with unit l B,
the source area for these slumps is inferred to
have been an intra-slope turbidite basin.
DISCUSSION
Pacific Rim Melanges:
A Product of Mass Wasting
The main deformational features of the Pa
cific Rim melanges, which included layer
parallel fragmentation, obliteration of primary
sedimentary structures, emplacement of exotic
blocks, and the formation of tight folds and
overturned beds without an associated cleavage,
are considered to be a result, either directly or
indirectly, of widespread surficial mass wasting.
These same features are common in many other
sediment-rich melanges, including those of pre
sumed olistostromal and tectonic origins. At
present, there is little general agreement about
how these structures form. For instance, Cloos
(1984) argued that exotic blocks in mudstone
rich Franciscan melanges were derived by a
highly mobile mud matrix that plucked blocks
from depths as great as 25 km and carried them
to the surface. In contrast, Page and Suppe
(1981), Naylor (1982), and Phipps ( 1984) con
cluded that similar blocks-in-matrix melanges in
Taiwan, California, and the Apennines formed
by surficial debris flows and rock slides. A sim
ilar range of interpretations has been proposed
for layer-parallel fragmentation, such as ( 1) lat
eral spreading within a surficial mass flow
(Cowan, 1982a, 1985), (2) boudinage and fault
ing within a tectonic shear zone (Byrne, 1984;
Bosworth, 1984), and (3) in situ liquefaction
resulting in nonextensional fragmentation and
thickening (proposed herein; Fig. 12b).
This Jack of consensus is the result of two
fundamental problems. The first is the absence
of an experimentally based constitutive model
capable of describing the deformational behav
ior of poorly lithified, water-saturated sediments
under relevant geologic conditions. As a result, it
is hard to assess the mechanical feasibility of
various structural interpretations. The second
problem concerns uncertainties in the relative
timing of different structures within a melange.
For instance, many workers have concluded that
formation of a melange, as marked by strata!
disruption and/or intermixing of exotic blocks,
is synchronous with development of a scaly
cleavage or formation of brittle-style thrust
faults. If correct, the melange is probably of tec
tonic origin, but synchrony is difficult to prove.
The alternative is a polygenetic origin (for ex
ample, Aalto, 1986) involving surficial mass
wasting and subsequent tectonic deformation. In
order to circumvent these problems, my inter-
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pretations rely heavily on stratigraphic evidence
and also on observations from areas where su
perposed deformation, such as faults and cleav
age, is minimal.
A common objection to the olistostromal in
terpretation is the apparent absence of modern
analogues. Recent marine surveys, however, es
pecially those employing sidescan swath map
ping, indicate that submarine mass wasting is
much more widespread than previously appre
ciated and can occur in a variety of tectonic
settings (for example, Atlantic continental mar
gins: Damuth and Embley, 1981; Jacobi, 1984;
Embley and Jacobi, 1986; Gulf Coast shelf:
Prior and Coleman, 1982; northern California
shelf: Field and others, 1982). Recently pub
lished sidescan swath maps (Davis and others,
1987) covering the continental slope and rise of
the Vancouver Island subduction zone and the
Queen Charlotte transform fault show wide
spread mass wasting. Mass-wasting deposits
account for about 10% of the surface sediments
on the lower slope of the Vancouver Island mar
gin. Individual deposits range to as much as 180
km 2 in size and contain blocks more than 100 to
200 m across.
Underwood (1984) noted an important para
dox of the olistostromal interpretation. Most
sediment-rich melanges contain turbidite se
quences that were deformed and incorporated
into the melanges while still in an unlithified
state. He argued that these melanges could not
have formed by mass wasting because turbidite
deposition requires a relatively flat-lying basinal
setting. In other words, how can extensive
downslope movement occur in an area with lit
tle or no surface slope?
If the olistostromal interpretation is correct
for the Pacific Rim melanges, then the only
reasonable explanation is that mass wasting was
caused by frequent large earthquakes, presuma
bly at a seismogenic plate boundary (see
Schwarz, 1982, for a review of submarine slope
failure). Rapid sedimentation may also result in
extensive mass failure in areas with gentle sur
face slopes, but this phenomenon is largely re
stricted to settings with very high sedimentation
rates, such as the Mississippi delta (average of 1
m/yr; Prior and Coleman, 1982). The associa
tion of earthquakes with large mass failures is
well established (for example, Field and others,
1982; Schwarz, 1982; Keefer, 1984; Piper and
others, 1985; and many others). In some cases,
the earthquake merely acts as a triggering agent;
however, more commonly, it represents the un
derlying cause of failure because prolonged
seismic shaking produces large transient pore
pressures in loosely compacted, near-surface sed
iments (Seed, 1968, 1976; Seed and Idriss,
1971). As a result, deformation and failure can
be induced in areas with very gentle, and even
horizontal, surface slopes. The origin of these

transient pore pressures has received consider
able attention in soil mechanics (for example,
Castro, 1975; Seed, 1976; Castro and Poulos,
1977; Sangrey and others, 1978; Wood, 1982).
A brief summary is given here because it pro
vides some insights as to how the various Pacific
Rim melanges may have formed.
Earthquakes, Transient Pore Pressures,
and Mass Failure
The pore-pressure response of sediments dur
ing an earthquake is experimentally studied by
applying a rapidly alternating cyclic load (simu
lating ground shaking) to a water-saturated test
sample under undrained conditions, that is, pore
fluid is not allowed to leave the sample. The
resulting excess pore pressure is compared to
excess pore pressures developed under an equiv
alent static load; the difference is termed
"anomalous excess pore pressure." These exper
iments have shown that the largest anomalous
excess pore pressures are produced in loose silt
and sand because they have a relatively stiff elas
tic response and because they tend to compact
when loaded (Egan and Sangrey, 1978; Sangrey
and others, 1978). Furthermore, sand and silt
require much smaller cyclic shear stresses rela
tive to mud to initiate this anomalous-pore
pressure behavior (25% of normal undrained
strength for sand, and 70% for mud). Regardless
of sediment type, the transient increase in pore
pressure during cyclic loading causes a decrease
in the effective strength of the sediment, possibly
resulting in ground failure. Liquefaction repre
sents an extreme case, where pore pressure be
comes equal to the mean total stress (Castro,
1975; Seed, 1976), at which point the granular
aggregate no longer has any shear strength. Silts
and sands are most prone to liquefaction be
cause they are capable of rapidly generating the
necessary pore pressures.
Under geologic conditions, a number of other
factors are important in determining the maxi
mum pore-pressure response and the type of
ground failure during an earthquake (Seed and
Idriss, 1971; Seed, 1976). Obvious factors are
the duration and intensity of ground shaking,
which are dependent, in part, on earthquake
magnitude and distance to the epicenter.
Another factor is the maintenance of high pore
pressures. For instance, units composed entirely
of very fine sand or silt or of interbedded sand
and mud would be highly susceptible to lique
faction because they combine low permeability
with high pore-pressure potential. Another fac
tor is the gradient of the surface slope; the high
est excess pore pressures are developed in
sediments with the lowest surface slope, when
other factors are equal (Seed, 1976; Egan and
Sangrey, 1978). As a result, sediments in level
ground areas are the most susceptible to lique-
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Figure 17. Cross sections illustrating
some geologic settings in which the
Pacific Rim melanges may have
formed.
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faction, whereas sediments in sloping areas tend
to fail by slumping or sliding (that is, shear fail
ure), before they reach their maximum pore
pressure potential. There is also a depth
dependent effect. Pore pressures large enough to
cause liquefaction tend to occur only in near
surface sediments, probably no deeper than 15
m (Seed, 1 968).
Geologic Setting of Melange Units

The deformational behavior of sediments dur
ing earthquake shaking can account for the
structural differences among the melange units
in the Pacific Rim Complex. Unit I A is charac
terized by a well-layered fabric, by layer-parallel
fragmentation, and by an absence of primary
sedimentary structures in sandstones, whereas
units I B and 2 are characterized by a highly
disordered structural style consisting of large
dismembered folds, overturned turbidite se
quences, and well-preserved sedimentary struc
tures. The difference between these two types of
melange is attributed to differences in surface
slope and type of mass failure, as schematically
illustrated in Figure 1 7.
Disruption of the matrix of unit I A is as
cribed to in situ liquefaction and flowage of
coarse-grained sediments in a mud-rich basinal
sequence (Fig. I 7a). The combination of a level
ground setting and a predominance of mud
would have provided ideal conditions for seis
mically induced liquefaction of the interbedded
sandy sediments. Because liquefaction is re
stricted to near-surface sediments, deposition of
the basinal sequence must have coincided with a
series of large earthquakes in order to produce a
pervasively disrupted melange. Exotic blocks in
this melange were apparently derived as rock

falls from nearby basement scarps. These scarps
may have been associated with the seismically
active faults responsible for liquefaction.
In contrast, units 1 B and 2 are interpreted to
have originated by shear failure and downslope
mass movement of large slump sheets (Fig. I 7b).
The preservation of sedimentary structures indi
cates that liquefaction was not important in
these melanges. Thick sections of overturned
strata indicate significant transport, which would
require the presence of at least a small down
slope gradient. The extensive involvement of
basinal strata implies that the slumps were de
rived by retrogressive slumping. In this type of
slumping, the headwall scarp migrates rearward
into the basin so that the size of the slide in
creases with time. This process can happen
slowly over a period of years or quickly as it did
in the submarine slide at Valdez during the 1 964
Alaska earthquake (Seed, 1 968). The absence of
exotic blocks in units 1 B and 2 suggests that
basement rocks were not exposed in the source
areas of these slumps.
Proposed Tectonic History

Most tectonic syntheses of the Pacific North
west have relied heavily on the interpretation
that the Pacific Rim Complex marks the trace of
a late Mesozoic subduction zone formed along
the western margin of Vancouver Island. The
interpretation I prefer is that the Pacific Rim
Complex is a displaced terrane, offset during
latest Cretaceous or early Tertiary time from an
original position about 220 km to the southeast
(Brandon, 1 985, I 989a). Thus, the origin of the
unit may be unrelated to its present tectonic po
sition along the west coast of Vancouver Island.
This interpretation rests on two observations.
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First, the faults that presently bound the Pacific
Rim Complex seem to be younger than the for
mational age of the unit. For instance, the West
coast fault, which separates the Pacific Rim
Complex from Wrangellia, juxtaposes rocks
with sharp contrasts in Mesozoic stratigraphy
(Brandon, 1 989a) and metamorphic history
(discussed below). The fault itself, where ex
posed in coastal outcrops at the southeast end
of the map area, forms a sharp, near-vertical
break between Jurassic plutonic rocks of Wran
gellia (Westcoast Complex; Isachsen, 1 987)
and mudstone-rich melange with volcanic
blocks. The fault lies in the middle of a 400-m
wide shear zone characterized by closely spaced
(=I m) brittle-slip surfaces, generally with steep
dips, and abundant silica-carbonate alteration.
The deformational character of this fault is
unique in the map area and is taken as evidence
of large amounts of displacement.
The oldest link across the Westcoast fault is
provided by a lower Eocene suite of dikes and
stocks that were emplaced on both sides of the
fault. Small intrusions with early Tertiary ages
(55-36 m.y.) are common on Vancouver Island
(Armstrong, 1 988), but the oldest intrusions (48
to 52 m.y. old) are localized in the Pacific Rim
area where they coincide with a coeval tuff
breccia, the Flores dacite (Fig. 2). Swarms of
subvertical dikes are found throughout the Pa
cific Rim Complex and also in the adjacent
Wrangellia terrane (Isachsen, 1 987). These
dikes are related to the 50 Ma volcanic-plutonic
suite because they radiate from dated intrusions,
such as the 52 Ma Totino pluton (Fig. 2), and
because they intrude into the Flores dacite and
also cut the basement on which the Flores rests.
The main conclusion is that although none of
these lower Eocene units cuts or overlies the
Westcoast fault, the fact that this igneous activ
ity extended across the fault seems to preclude
major displacements after 50 Ma.
The second observation for transcurrent offset
is the similarity of the Pacific Rim Complex to
parts of the San Juan-Cascades nappes (Fig. 2),
which represent a major thrust belt that formed
during Late Cretaceous time when Wrangellia
collided with the American continent (Brandon
and others, 1 988; Brandon, I 989b). In the San
Juan Islands, these nappes contain rock units
that could be equivalent to parts of the Pacific
Rim Complex, such as the upper Mesozoic me
langes of the Constitution Formation and Lopez
Complex, Upper Jurassic ophiolitic rocks of the
Fidalgo Complex, and Upper Triassic arc
volcanic rocks of the Haro Formation (see
Brandon, 1 989a, for details). More important,
however, is that both the Pacific Rim Complex
and the San Juan-Cascades nappes were af
fected by a similar high-pressure metamorphic
event that produced the characteristic assem
blage prehnite± lawsonite ± aragonite. Brandon
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Figure 18. Proposed tectonic history of the
Pacific Rim Complex. (a) The Pacific Rim
melanges are formed in a poorly defined zone
that used to lie between the Wrangellia ter
rane of Vancouver Island and the American
continent. (b) Wrangellia collides with Amer
ica. The Pacific Rim Complex is deformed
and metamorphosed within the collision
zone, marked by the San Juan-Cascades
nappes. (c) The southwestern side of Wran
gellia and the San Juan-Cascades nappes are
truncated by a major transcurrent fault,
marked by the trace of the San Juan and
Westcoast faults. The Pacific Rim Complex,
Pandora Peak unit (PPU), and Leech River
schist (LRS) are displaced northwestward to
their present positions along the southwest
ern perimeter of Wrangellia. (d) A large, co
herent terrane of Eocene basalts is thrust
beneath the margin along the trace of the
truncation scar. This event marks the initia
tion of the modern convergent-margin
regime.

and others ( 1988) showed that for the San Juan
nappes, high-pressure metamorphism occurred
during the interval l 00 to 84 Ma and was di
rectly related to formation of the thrust belt.
With the exception of the Pacific Rim and re
lated rocks, the San Juan-Cascades nappes rep
resent the only place in the world where
prehnite has been found coexisting with lawson
ite or aragonite. The uniqueness of this assem
blage may be due to rapid vertical transport
rates (=2.2 km/m.y.) during thrusting (Brandon
and others, 1 988).
In the vicinity of Vancouver Island, prehnite
lawsonite assemblages are restricted to the dis
placed Mesozoic rocks that border the southern
and western perimeter of Wrangellia (Fig. 2).
Aragonite has not been found in these rocks, but
it inverts quickly at temperatures in excess of 75
to 100 °C (Carlson and Rosenfeld, 1 98 1 ) and
thus would have been obliterated by Tertiary
igneous activity in the Vancouver Island area
(Armstrong, 1 988). My work indicates that
prehnite-lawsonite assemblages are present
throughout the Pacific Rim Complex but are
absent in directly adjacent rocks of the Wrangel
lia terrane. Rusmore and Cowan ( 1985) have
reported a similar relationship in the Pandora
Peak unit (PP in Fig. 2), a melange unit that is
directly equivalent to the Pacific Rim Complex.
Furthermore, they can show that the fault con
tact between Pandora Peak and Wrangellia
postdates high-pressure metamorphism. This ev
idence suggests that the San Juan and Westcoast
faults (Fig. 2) postdate 84 Ma, which marks the
end of metamorphism in the San Juan Islands.
The proposed tectonic history of the Pacific
Rim Complex is illustrated in Figure 18. The
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first stage marks the formation of the Pacific
Rim melanges during Valanginian and early
Hauterivian time ( 1 38 to 128 Ma). The me
langes are inferred to have formed in a poorly
understood tectonic zone that used to lie be
tween Wrangellia and the American continent.
This time marks a widespread lull in arc mag
matism along the entire extent of western North
America, including Wrangellia (about 155-120
Ma in western Canada: Armstrong, 1 988;
147-121 Ma for California: Page and Engebret
son, 1 984). For this reason, I infer that the Pa
cific Rim melanges formed in a continental
transform setting, perhaps like the offshore Bor
derlands of southern California (Gorsline and
Emery, 1 959; Field and Edwards, 1 980). The
Borderlands region consists of a complex array
of highstanding basement blocks separated by
intervening basins. Some basins are connected
by submarine channels and are actively accumu
lating sand-rich turbidites, whereas others are
more isolated and are being filled by hemipe
lagic mud and mass-movement deposits. The
Pacific Rim melanges record a similar range of
depositional settings.
The next stage is the Late Cretaceous (100 to
84 Ma) collision of Wrangellia with the
American continental margin (Brandon and
others, 1 988). The San Juan-Cascades thrust
system formed within the intervening collision
zone. At that time, the Pacific Rim Complex
and Pandora Peak unit would have been located
at the southern end of this collisional zone, adja
cent to the San Juan Islands. It is important to
note that the Pacific Rim melanges were already
30 m.y. old at the time of collision.
The next event, which occurred sometime
during latest Cretaceous or early Tertiary time
(84 to 50 Ma), involved dextral offset of the
southwest continuation of Wrangellia and the
San Juan-Cascades thrust system. Large dis
placement removed this more westerly block
from the Vancouver Island area and left behind
a truncation scar, roughly coinciding with the
San Juan and Westcoast faults. The Pacific Rim
Complex and Pandora Peak unit would repre
sent large fault slices that were left stranded
along this truncation scar.
The last event, which occurred during Eocene
time (55 to 34 Ma), involved northeastward un
derthrusting of the Eocene basalt terrane be
neath this newly truncated edge. Much of this
deformation was accommodated by displace
ment on the Leech River, Tofino, and San Juan
faults (Clowes and others, 1 987), which were
active as late as 40 Ma (Fairchild and Cowan,
1982; Rusmore and Cowan, 1985). This event
marks the final assembly of the forearc basement
that underlies the modern convergent margin.
Upper Eocene and Oligocene strata of the To
tino and Makah basins (Tiffin and others, 1 972;
Snavely and others, 1 980) provide the overlap

sequence that ties all the basement terranes to
gether, including the Eocene basalts.
The present location of the offset block may
be southern Alaska. Part or all of the Wrangellia
terrane in southern Alaska (Jones and others,
1 977) may have been offset from Vancouver
Island Wrangellia. The Pacific Rim Complex is
strikingly similar to several units within the
Chugach terrane: the Uyak Complex of Kodiak
Island (Connelly, 1 978), the Yakutat Group of
southeastern Alaska (Plafker, 1967; also descrip
tions in Johnson and Karl, 1 985), and the Sitka
graywacke and Kelp Bay Group of Chichagof
and Barnoff Islands (Loney and others, 1 975;
Johnson and Karl, 1 985). Several papers (for
example, Cowan, l 982b; Moore and others,
1 983; Coe and others, 1985) have already postu
lated that parts of southern Alaska were trans
ported from more southerly locations during
Tertiary time. At present, the stratigraphic, de
formational, and metamorphic histories of these
units, especially those in the Chugach terrane,
are not resolved well enough to warrant a more
detailed comparison with Vancouver Island
geology. The offset hypothesis, however, makes
specific predictions about the geologic composi
tion and tectonic history of the proposed offset
block. Thus, it should be possible to uniquely
identify this block, if in fact it is present in south
ern Alaska.
CONCLUDING REMARKS

The Pacific Rim Complex provides an impor
tant example of deformational styles developed
within a sequence of olistostromal melanges.
Many of the structures in these melanges are
similar to those found in other sediment-rich me
langes of the western Cordillera, including those
ascribed to purely tectonic origins. The results of
this study indicate that the primary attributes of
these types of melanges, such as pervasive strata!
disruption, layer-parallel fragmentation, and the
intermixing of exotic blocks, can form in olisto
stromal melanges and thus should not be
considered diagnostic of a tectonic origin. Other
structures, such as scaly cleavage or a network of
brittle-style faults, probably do indicate tectonic
deformation; however, these structures may be
superposed and thus would be unrelated to for
mation of the melange. The proposed offset his
tory of the Pacific Rim Complex illustrates how
the present structural setting of a melange may
have little bearing on how and where the me
lange formed. Other western Cordilleran me
langes may have suffered a similar fate.
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