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University of Washington
Abstract

Deformational processes affecting unlithified sediments at active
margins: a field study and a structural model

By Mark Thomas Brandon

Chairperson of Supervisory Committee: Professor Darrel S. Cowan
Department of
Geological Sciences

Part I of this study focuses on the origin of chaotic melanges in
the Pacific Rim Complex (PRC), which is exposed in a narrow faul-
t-bounded slice along the west coast of Vancouver Island. The complex
is composed of a chaotic sequence of Lower Cretaceous melanges, which
depositionally overlie an older igneous basement. Previous interpreta-
tions have considered the Complex to be a late Mesozoic accretionary
wedge constructed against the west-side of the Wrangellia terrane. A
number of factors argue against this interpretation: (1) the PRC
melanges are depositionally underlain by an older arc-related base-
ment, and not by oceanic crust, (2) exotic blocks are submarine slide
blocks, mostly derived from the underlying basement, and (3) the
melanges show no evidence of major thrust imbrication, which is a
common feature of well documented ancient accretionary complexes. The
heterogeneous structural style of melanges is more compatible with an
origin by down-slope mass-movement processes, such as submarine
slides, rock falls, debris flow and in-situ liquefaction. Indirect
evidence suggests that extensive mass-movement was due to frequent
large earthquakes and strong ground motion at a seismically active

plate boundary,
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Part II of this study utilizes the concepts of critical state
soil mechanics in an analysis of the deformational behavior of
unlithified sediments at a subduction-zone setting. The goal of this
analysis is to identify those factors affecting the development of
specific structural styles. The initial consolidation state of the
deforming sediment has the most influence on the development of
specific structural styles: highly overconsolidated sediments tend to
develop widely spaced, discrete faults, whereas normally consolidated
sediments probably develop thick shear zones characterized by scaly
fabrics. Furthermore, it is concluded that the general structural
style is not significantly affected by the presence of large load-
induced excess pore pressures, or by the expected variations in
subduction-zone loading conditions. While this analysis does not
clearly indicate what causes discrete faults to form within
subduct ion-zone sediments, two geologic process appear to promote
their occcurrence: (1) the internal generation of excess fluid pressure
due to devolatization reactions, and (2) lithification and cementa-

tion.
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PART I

THE ORIGIN OF THE PACIFIC RIM COMPLEX, A MESOZOIC

MELANGE ALONG THE WESTERN MARGIN OF VANCOUVER ISLAND
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TNTRODUCTICN FOR PART I

The Pacific Rim Complex is exposed in a narrow, fault-bounded
slice along the west coast of Vancouver Island (Figure 1). The unit
consists of a chaotic assemblage of Lower Cretaceous mudstone,
sandstone and chert, which overlies an older volcanic arc complex.
This paper focuses on the depositional and early deformational history
of the Pacific Rim Complex, with an emphasis on the processes res-
ponsible for melange formation., The Complex contains some of the best
preserved and exposed Mesozoic melanges1 in western North America.
Pleistocene glaciation and frequent Pacific storms have resulted in
extensive tracts of fresh coastal outcrop. Fabrics and structures in
the melange are generally not affected by younger superimpased
deformation, and therefore can be interpreted with more confidence
than is possible in many other melange terranes. Furthermore, the
Complex contains s variety of melanges that appear to reflect a
spectrum of deformation processes.

The origin of the Pacific Rim melanges also has important
tectonic implications. Previous workers (Page, 1974; Muller, 1973,
1977) have argued that the Complex represents a tectonic assemblage
formed within a Late Mesozoic subduction complex. They have sug-
gested, along with Dickinson (1976), that the Pacific Rim was co-
extensive with other coeval subduction complexes along the western
margin of North America (e.g., Franciscan Complex of California,
Chugach terrane of southern Alaska, etc.). Several large allochtho-
nous terranes presently lie to the east of these subduction complexes.
If this interpretation is correct, these terranes must have been

sutured to North America prior to the proposed Late Jurassic inception

In this paper, melange is used as a naon-genetic term to describe
chaotically disrupted sedimentary rocks, commonly containing
exotic blocks in a finmer grained matrix. See Silver and Beutner,
1980, for a more extended discussion.
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Figure 1. Generalized geologic map of Vancouver Island and surrounding area, modified
from Roddick, et al. (1979) to include more recent work on southern Vancouver Island
(Muller, 1977b; Rusmore, 1982) and the San Juan Islands (Brandon, et al., 1983).
Quaternary sediments are not shown.
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of subduction. Most notable of these older terranes is the Wrangellia
terrane (Irving and Yole, 1972; Jones, et al., 1977), which underlies
most of Vancouver Island (Figure 1).

There are several reasons to question this interpretation. The
Pacific Rim Complex is presently only 5 - 10 km wide in map view and
lies fairly close to the modern subduction zone, 100 km to the
southwest (Figure 1). If the Pacific Rim Complex represents a major
accretionary complex, either not much sediment was accreted, or large
portions of this complex are missing. Elsewhere along the west coast
of Vancouver Island, Pacific Rim rocks are generally absent, and
instead older rocks of the Wrangellia terrane underlie the present
continental margin. These relationships suggest that the tectonic
history of the Vancouver Island margin is more complicated than
previously appreciated,

A very different view of the tectonic evolution of this margin
has emerged as the result of further field work in the Pacific Rim
area and new fossil ages and radiometric dates. The Pacific Rim
Complex represents a displaced fragment within a large transform fault
system which truncated the west side of Vancouver Island during Late
Cretaceaus and early Tertiary time (Brandon and Cowan, 1983). This
transform system has removed more westerly portions of the Wrangellia
terrane and the Pacific Rim Complex, and has displaced them northward
to southern Alaska (see Cowan, 1982)., The Pacific Rim Complex has
also been displaced with respect to Vancouver Island, but probably not
more than 100 km. Similarities in stratigraphy and metamorphism
indicate the Complex was probably originally coextensive with other
Mesozoic rocks located around the southern end of Vancouver Island and
in the San Juan Islands (Figure 1--Pandora Peak unit, rocks of
Gonzales Bay and the Constitution formation). '

Therefore, the Pacific Rim Complex represents only a small
portion of a once more extensive Mesozoic active-margin complex. The
original tectonic setting of the Pacific Rim Complex is uncertain, but
geologic relationships indicate that it does not represent an ancient

accretionary wedge, that is, an imbricated complex of sediments and
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aceanic volcanic rocks formed by offscraping and accretion at an
active subduction zone (Karig, 1983). Three lines of evidence have
prompted this conclusion: (1) the Lower Cretaceous melange units
depositionally overlie a regionally extensive Upper Triassic -Jurassic
voleanic arc complex and are not associated with normal oceanic crust;
(2) chaotic disruption of the Lower Cretaceous melanges is not due to
fault zone deformation but instead represents a variety of mass-
movement processes, and (3) undisrupted portions of the melange matrix
contain in-situ macrofossils indicating some of the sedimentary
materials were originally deposited in relatively shallow depths and
do not represent deeper water, trench-fill turbidites. These factors
suggest that the melanges accumulated in a slope basin setting within
a morphologically complex active margin. If this margin included a
coeval accretionary wedge, it was probably located seaward of the
Pacific Rim Complex, and has since been removed by younger trans-

current faulting.

STRATIGRAPHIC FRAMEWORK

The Pacific Rim Complex can be divided into six major rock units.
Based on geologic relationships exposed on the Ucluth Peninsula at the
south end of the area (Figures 2 and 3), four of these units can be
confidently placed into a general stratigraphic sequence, summarized
in Figure 4. Age data for these units are shown in Figure 5.

The presence of a stratigraphic sequence is perhaps unexpected
within a chaotic melange terrane, and therefore represents an impor-
tant conclusion of my fieldwork. Previous workers (Muller, 1973,
1977; Page, 1974) noted the prevalence of fault contacts within the
Pacific Rim Complex and argued that these faults formed during
subduction underthrusting. However, most of the faults are high-angle
and appear to have only modest displacements. Furthermore, they
commonly offset early Tertiary dikes and are more likely related to

younger transcurrent faulting.
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Figure 2. Geologic map of the Pacific Rim area, modified from Muller (1977b) to include my
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Generalized stratigraphic framework of the Pacific Rim Complex.
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Perhaps the most compelling evidence for a stratigraphic inter-
pretation is the presence of a regionally extensive basement unit
which underlies the Pacific Rim melanges. This previously unreco-
gnized unit, which is herein named the Ucluth Volcanics, consists of
calc-alkaline basalts with subordinate diorite intrusions and inter-
bedded Upper Triassic limestone. The melange units overlie the Ucluth
Volcanics, and consist of two basal mudstone-rich melanges, Units 1A
and 1B, grading upward into a stratigraphically higher sandstone-rich
melange, Unit 2. The basal melange units can locally be found in
demonstrable depositional contact with the underlying volcanics.
Elsewhere they contain large diorite blocks, clearly derived from the
Ucluth Voleanics.

Two other rock units, both of which, consist of pillow lava and
chert, have yielded Early and Late Jurassic ages (Figure 5). The
Upper Jurassic unit occurs as exotic blocks within mudstone-rich
melange. The Lower Jurassic urit might represent a younger portion of
the Ucluth Valeanics. These two units constitute a small part of the
Pacific Rim Complex, and thus their origin, and their relationship to
the rest of the Complex is not well understood.

These six units are described below, with special emphasis on
features that might help to define how and where the Lower Cretaceous

melange units were formed.
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TRIASSIC AND JURASSIC VOLCANIC UNITS

UCLUTH VOLCANICS

The Ucluth Volcanics represent a newly designated formation
within the Pacific Rim Complex. This formation is named after the
Ucluth Peninsula where it is well exposed in the core of an east-west
trending anticline (Figure 3). Exposures on the west coast of the

Peninsula are designated as the type area of the formation.

Lithology. The unit consists dominantly of green, aphanitic volcanic
rocks, typically occurring as unstratified breccia with granule- to
cobble-sized clasts, or less commonly as massive flow rocks. Locally
the volcanics contain large (1-4 mm) dark green amygdales and sparse
(<10%) plagioclase microphenocrysts. Pillowed flows and chert are
rare, although they are present at locality within the type area (at
the end of the third access trail from the southeast shown in Figure
3). A minor amount of thinly laminated varegated tuff is alse
present, and may represent waterlain tuff.

Irreqular dikes and small stocks of diorite are ubiquitous
throughout the unit and exhibit a range of textures from aphanitic to
fine-grained allotriomorphic. In thin section, the diorite is
composed mostly of plagioclase with minor quartz, biotite and horn-
blende. These intrusions are commonly difficult to distinguish from
the surrounding volcanic rocks because of their fine grain-size,
similar color and irregular intrusive contacts.

Younger Tertiary dikes are also present throughout the Pacific
Rim area, and can be easily confused with the older dikes, which are
restricted to the Ucluth Volcanics. The Tertiary dikes are distin-
guished by their more tabular form, fresher appearance and inter-
mediate composition. They also weather to a distinctive orangish

color which contrasts with the surrounding green volcanics.
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In contrast, the voleanic rocks and intrusions in the Ucluth
unit display a patchy development of epidote-bearing alteration
assemblages, presumably due to hydrothermal circulation. Locally, the
volcanic rocks are converted ta fine-grained amphibolite, apparently
due to contact metamorphism by the intrusion of nearby diorite stocks.
In thin section, these alteration assemblages are overprinted by minor
amounts of prehnite, calcite and lawsonite, displaying static tex-
tures.

Irregular pods and lenses of light gray limestone are scattered
throughout the unit and range up to 40 m in largest dimension. Bedding
is locally apparent especially where the limestone contains signi-
ficant amounts of volcanic tuff. More typically, the limestone is
fine-grained, massive and unfossiliferous, although rare fragments of
crinoids and gastropods are present. In one locality, bedded tuffa-
ceous limestone contains small unidentifiable ammonoids (southern
conodont locality in Figure 3). Intercalation of limestone and
volcanic rock is common and indicates that the limestone bodies are

part of the Ucluth unit, and are not exotic blocks.

Age. Limestone from two localities have yielded Upper Triassic
conodonts (Figure 3) with ages of (1) Karnian (probably late Karnian)
and (2) latest early Norian to earliest middle Norian (M. Orchard,
pers. comm., 1983 - Appendix A2). The limestone at these particular
localities is clearly interbedded with volcanic rock and thereby
provides some indication of the age range of the unit as a whole. In
the case of the Norian locality, the dated limestone is cut by a small
diorite dike indicating a Late Triassic or younger age for the diorite
intrusions. The total age range of the unit is not known, but since
Lower Cretaceous mudstone of Unit 1B unconformably overlies the unit,

it can be no younger than Jurassic.

2 Appendix A contains a compilation of all published and unpublished
fossil data for the Pacific Rim Complex.
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Distribution. The Ucluth Volcanics are also exposed in the northern
part of the Pacific Rim Complex (northwest side of Vargas Island and
Bartlett Island, Figure 2). Exposures in these areas are similar to
the type area, but contain a greater proportion of unstratified
medium-grained green tuff, which is also intruded by diorite dikes.
Other isolated exposures of the unit occur on some of the small islets
between Meares Island and Tofino.

Pillow lava, ribbon chert and green tuff are exposed on the west
side of Vargas Island and on the small islands northwest of Vargas
(Figure 2). These rocks bear some similarities to the Ucluth unit,

but the diorite dikes and limestone are notably absent. Furthermore,

the chert has yielded Lower Jurassic radiolaria. These rocks are
tentatively excluded from the Ucluth Volcanics, but further work may
show that they are stratigraphically related (see PILLOW LAVA AND
CHERT below).

Geochemistry and Tectonic Setting. Samples of five volcanic rocks and
two dike rocks were analyzed for major and trace elements using a
Kevex Energy Dispersive XRF at the University of California at Davis.
Two of these samples were analyzed again on a Baird Induction-Coupled
Plasma Spectrometer (ICP) operating at the University of Washington.
Thompson and Walsh (1983) describe the ICP technique and its appli-
cation to rock analysis. Major elements were analyzed using an
internal standard with the lithium metaborate technique; a hydro-
fluoric - perchloric solution was used for minor and trace elements.
Solutions are used for standards, so that the ICP technique is not
dependent on rock standards. An analysis of BCR-1, a USGS rock
standard, done on the University of Washington ICP compares quite well
with published values (Table 1). Spectra For the XRF analyses were
processed using standard Kevex programs. ICP analyses were used
together with 10 interlaboratory rock standards (Abbey, 1977) to
determine working curves for the XRF analyses. The two techniques have

yielded reasonably consistent results.
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Table 1. Major and trace element data for selected volcanic rocks.

Wr. %
5i0,

Al20

Fes03 (total)
Mg0

Cs0

Nap0

K20

Mn0

P20g

Ti0z

OTAl

(WT. ppm)
Ir
Nb
Sr
Y
Ba
Sc
Co
Cr
v
La
n
Cu

UCLUTH YOLCANICS

VOLCANIC

FLOW™

53.55
16.37
10.26
5.50
3.43
5.50
1.87
0.16
0.30

FINE-GRAINED
piorItet

49.91
18.02
9.98
5.40
6.29
5.28
1.89
0.12
0.35
0.81

98.05

58
7
280
18
805
18
41
3
240
8
49
145

PILLOW

BasaLTS

UPPER JURASSIC(7) BASALTS

SHEET
FLOW®™

48.76
13.44
12.46
7.21
9.88
4.01
0.25
0.16
0.23
1.96

98.36

111
7
145
36
93
36
46
115
365
3
86
57

KARMUTSEN

AVERAGE OF
75 sampLeESt?

47.58
14.81
12.69
6.79
10.85
Z.45
0.24
0.19

1.76
97.36

USGS STANDARD BCR-1

ice
ANALYSIS

55.01
13.80
13.09
3.64
6.95
3.35
1.56
0.15
0.35
2.15

115
22

VALUESHS

54.85
13.68
13.54
3.49
6.98
3.29
1.68
0.19
0.33
2.22

100.25

185
14
330
377
680
34
37
16
410
25
120
19

NOTE: Unless noted otherwise, the analyses were done on a Baird ICP at University of Washington (C. Cool, Analyst).

Relative error for Si0y: <2%; other major elements: <5%; trace elements: <10%.
* 811013-2 NW side of Ucluth Peninsula.
§ 81728-2 NE side of Stubbs Island.
tt From Muller, et al. (1981).

§§ From Abbey, 1977.

F205 was not reported.

Detection limits are <2 ppm.
t 811016-5 NW side of Ucluth Peninsula,
** 80922-6 At West Coast fault, E of Uclulet Inlet.
Hy0 = 2.57% giving a totsl of 9$9.93%.
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The ICP analyses are representative of the suite and are listed
in Table 1. Silica content typically ranges from 47.9 to 53.4%,
indicating that the volecanics and associated dikes are basaltic.
However, one volcanic sample is probably an andesite, with silica of
59.6%. Metasomatic alteration has undoubtedly affected many of the
major elements; most notable are the high Na0 and low Ca0 contents.
However, KZU and A1203 are consistently high for all of the samples,
especially when compared with basalts from modern ocean-floor settings
(Table 2-1 in Hekinian, 1982; Hawkins, 1980) and from ancient ophio-
lites (Table 7 and Figure 29 in Coleman, 1977).

Immobile trace elements also indicate that the Ucluth Volcanics
are distinct from ocean-floor tholeiites. The Y/Nb ratio is greater
than 2.6 for all of the samples, which rules out an alkalic associa-
tion (Pearce and Cann, 1973). The calc-alkaline character of these
rocks is quite clearly demonstrated by the lack of any increase in
TiO2 with increasing Zr (Fiqure 6); almost all samples plot within the
calc-alkaline basalt field using a TiOz-Zr discriminant diagram
(Pearce and Cann, 1973; Garcia, 1978). Calc-alkaline basalts are
typical of modern volcanic arcs such as Japan, Java and Lesser
Antilles (Pearce and Cann, 1973). The prevalence of fragmental
volcanic rocks in the Ucluth Voleanics is also a common feature of
modern volcanic arcs and is not typical of ocean-floor and oceanic-

island volcanic settings (Garcia, 1978).

Origin and Regional Correlation. Muller (1977) and Page (1974)
suggested that the volcanic rocks of the Pacific Rim Complex were
derived either (1) from subducting oceanic crust or (2) from Triassic
volcanic rocks of the Karmutsen Formation which underlies much of
Vancouver Island to the east. Their second interpretation was attrac-
tive because limestones within the Pacific Rim could have been derived
from the Quatsino Limestone which overlies the Karmutsen (Figure 5).
Neither of these interpretations appears to be correct. The data
presented here indicate that the Ucluth Volecanies, which comprise the

bulk of the volcanic rocks of the Complex, formed within a calc-
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Figure 6. TiOp-Zr relationships for the Ucluth Volcanics and Upper Jurassic basalts.
Discriminant fields are from Garcia (1978) and Pearce and Cann (1978): OFB = ocean-floor basalt
CAB = calc-alkaline basalt, IAT = island arc tholeiite. Trends for ocean-floor basalts and
island arc volecanics are from Garcia (1978). Relative errors for TiOy and Zr are less than 15%
and 20% respectively.
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alkaline volcanic arc. The Karmutsen is characterized by a monotonous
sequence of low potassium tholeiitic basalt (compare geochemistry in
Table 1), dominated by pillowed flows with subordinate pillow breccia
and tuff (Muller, et al., 1981). Furthermore, the Karnian-Norian age
of the Ucluth Volcanies is in part younger than the Karmutsen and
Quatsino (Figure 5). The coeval Morian unit on Vancouver Island, the
Parson Bay Formation, consists of calcareous clastic sediments and is
devoid of volcanic rocks (Muller, et al., 1981).

In short, the Ucluth Volcanics represent a displaced Triassie
arc. The absence of terrigeneous sedimentary rocks suggests that the
arc might have originated in an intra-oceanic setting. Upper Triassic
andesitic and dacitic volcanogenic rocks are exposed in the San Juan
Islands (Haro Formation--Vance, 1975; Johnson, 1978) and, though
compositionally different than the Ucluth Volcanics, may represent

another piece of this arc terrane.

PILLOW LAVA AND CHERT

The Pacific Rim Complex contains a small amount of pillowed
volcanics with interbedded chert. Based on age and lithology, this
pillow lava - chert association can be divided int'o two units (Figure
4): (1) Lower Jurassic pillowed flows with tuff breccia and ribbon
chert, and (2) Upper Jurassic pillow basalt with ribbon chert. These
rocks are important because at least some of the pillowed volcanics

appear to be ocean-floor basalts.

Age and Distribution. The only confirmed outcrop of the Lower
Jurassic unit is on the west side of Vargas Island (Figure 7) where
ribbon chert has yielded later Toarcian radiolaria (E. A. Pessagno,
writ. comm., 1983), Undated pillow lava, tuff and chert also crop out
on many of the small islands between Flores and Vargas islands and may
represent more of the Lower Jurassic unit. As suggested above, the
Lower Jurassic unit might be a younger part of the Ucluth Voleanics.
The Ucluth unit is exposed nearby on Vargas Island and on some of the

small islands between Flores and Vargas islands. Both units contain a
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Figure 7. Geclogic map of the Esowista Peninsula - Vargas Island area, located at the north
end of the map area. Sandstone-rich melange of Unit 2 is extensively exposed in this area and
appears to overlie older units; contact relationships, however, are not exposed. Other features

include: rare ultramafic blockse in Unit 1A melange on eastern Vargas Island and Lower Jurassic
pillow lava and chert on western Vargas Island.
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large amount of fragmental volcanic rocks, but limestone and diorite
dikes are notably absent in the Lower Jurassic unit. Lithological
variations might be expected, given the age difference of the two
units; however, further study of the Lower Jurassic unit is need
before its relationship with the Ucluth unit can be resolved.

The Upper Jurassic unit is more widespread, but has been confi-
dently dated in only one location (Francis Island--Figure 3; col-
lected by J. Muller and E. A. Pessagno). Dated ribbon chert in this
area is closely associated with pillow basalt and minor sandstone, and
has yielded late Kimmeridgian/early Tithoﬁian to late Tithonian
radiolaria (Muller and Pessagno, writ. comm., 1983). Muller and
Pessagno (writ. comm., 1983; also Muller, 1976) also dated two other
Upper Jurassic chert localities from the southeast side of Ucluelet
Inlet (east of Francis Island). Based on my reconnaissance mapping,
these samples were probably from other outcrops of chert interbedded
with pillow basalt. All three localities have yielded similar ages
(Figure 4) and together indicate a late Kimmeridgian/early Tithonian
age.

The Upper Jurassic unit is closely associated with mudstone-rich
melange and appears to be a large excotic blocks within the melange. At
Wya Point (Figure 3) and on southwest Meares Island, large blocks of
pillow basalt and chert can be seen in unfaulted contact with mudstone
of the surrounding melange. These two localities are undated, but
they are inferred to be Late Jurassic in age and therefore older than
the surrounding melange matrix, which is Early Cretaceous in age. The
presence of these basalt-chert blocks is not unusual since other types
of exotic blocks are also present in the melange; most of the other
blocks, however, are derived from the Ucluth Volcanics. In contrast,
the source terrane for the Upper Jurassic basalt-chert blocks is not

presently exposed in the Pacific Rim area.
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Minor amounts of chlorite, calcite, and pumpellyite (?) are
present in the Upper Jurassic basalts. Lawsonite and prehnite were
not observed. However, the ribbon chert interbedded with these
basalts contain lawsonite, prehnite and calcite which is the assem-

blage characteristic of the surrounding melange matrix (see below).

Volcanic Geochemistry. Six basalt samples from the Upper Jurassic
unit were analyzed for major and trace elements. Five samples were
run on the U. C. Davis XRF and two of these were replicated on the
University of Washington ICP (see UCLUTH VOLCANICS for a discussion of
geochemical techniques and procedures). The sixth sample was col-
lected by M. Dungan and R. Page and is reported in Vance, et al.
{1980, see their appendix). Samples were not collected from the Lower
Jurassic unit, so the geochemistry and composition of those rocks are
not known.

The ICP results are listed in Table 1 and are representative of
the other analyses from the Upper Jurassic unit. Silica contents
indicate basaltic compositions (48.7 - 53.6%). In contrast to the
Ucluth Volcanics, the Upper Jurassic basalts are characterized by

higher TiD2 and lower K,0 and A1203. Immobile trace elements indicate

that these basalts are iost similar to modern ocean floor basalts.
Y/Nb ratios are all greater than 1.8, precluding an alkalic associa-
tion (Pearce and Cann, 1973). TiD2 increases with inereasing Zr
(Figure 6), and follows an ocean floor basalt trend as described by
Garcia (1978). All samples with Zr greater than 90 ppm plot ex-
clusively within the ocean floor basalt field (Pearce and Cann, 1973;
Garcia, 1978) (samples with Zr less than 90 are not diagnostic because
they plot in a composite field). Unpublished rare-earth element
analyses for samples of Upper Jurassic basalt collected by Dungan and
Page (pers. comm., 1983) display typical mid-ocean-floor basalt

patterns, and support the TiO,-Zr relationships presented here. The

2
petrography of the Upper Jurassic basalts is also consistent with an
ocean-floor eruptive setting. They typically display a glomero-

porphyritic texture, with plagiocclase and clinopyroxene micropheno-
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crysts set in an altered groundmass, and closely resemble plagioclase-
pyroxene basalts described from modern ocean-floor settings (Hekinian,

1982, p. 30).

Chert Depositional Setting. Basalt geochemistry is not very useful in
distinguishing between different ocean floor eruptive settings, such
as mid-ocean ridge and marginal basin (Hawkins, 1980). However,
ribbon cherts in the Jurassic units provide additional evidence of the
paleotectonic setting. Traditionally, ribbon cherts have been inter-
preted to be the lithified equivalents of open-ocean siliceous ooze.
In a recent review, Jenkyns and Winterer (1982) have pointed out that
on-land exposures of Mesozoic radiolarian ribbon cherts are quite
different from Mesozoic and Tertiary cherts recovered from the ocean
basins. They argue that ribbon cherts represent unusual pelagic
sediments which were probably restricted to small Mesozoic ocean
basins with very high rates of radiolarian productivity. In the
modern oceans, high rates of biogenic siliceous sedimentation are
usually confined to marginal basins where oceanographic conditions
favor the upwelling of nutrient-rich bottom water. Jenkyns and
Winterer (1982) suggest that marginal seas similar to the Japan Sea or
Gulf of California represent modern tectonic analogues for Mesozoic
basins where ribbon chert was deposited.

The petrography and geochemistry of the Jurassic ribbon cherts
support this interpretation, and also indicate proximity to a felsic
volcanic arc. For instance, the Upper Jurassic ribbon cherts commonly
contain intervals of silty and sandy chert. In thin section, this
detrital component consists of silt-sized to medium-sized grains of
volcanic feldspar and quartz, locally present in thin graded laminae.
These features indicate that redepositional processes were probably
responsible for the intermixing of detrital grains and radiolaria.

The geochemistry of chert and other pelagic sediments is particu-
larly useful in identifying the relative contributions of different
sediment types, such as biogenic, hydrothermal, and detrital compo-

nents. This approach has been used with modern pelagic sediments
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(Dymond, 1981; Heath and Dymond, 1977) and more recently has been
successfully applied to Mesozoic cherts (Karl, 1983). Six radiolarian
ribbon cherts--4 from the Upper Jurassic unit and 2 from the Lower
Jurassic unit--were analyzed using the ICP at University of Washington
(Brandon, unpublished data). The mixing model of Dymond (1981) was
used tc determine the relative amounts of different sediment types in
the chert. The main results are summarized below (these data will be
present in detail elsewhere).

These cherts are composed almost entirely of two components: a
dominant biogenic component (65-90 wt.%), and a subordinate detrital
component (10-35 wt.%). Despite their close association with pillow
lava, the cherts contain relatively little metalliferous hydrothermal
sediment (<2 wt%). Hydrothermal sediments are typically in abundance
around volcanically active ridges in the modern oceans. For instance,
pelagic sediments in the vicinity of the East Pacific Rise typically
contain a hydrothermal component of about 80% (Dymond, 1981). A
possible explanation is that the hydrothermal component was diluted by
high rates of biogenic sedimentation. High biogenic rates are also
indicated by the low-barium contents of the chert, and by the absence
of a significant dissolution residue component (see Dymond, 1981).
These factors are quite compatible with the highly productive, small
ocean basins that Jenkyns and Winterer (1981) envision as the typical
depositional setting for Mesozoic ribbon chert. In fact, their
estimates of accumulation rates for typical Mesozoic ribbon chert are
much higher than the accumulation rates of hydrothermal sediments at
the East Pacific Rise (Dymond, 1981), which supports the dilution
interpretation suggested above

The geochemical data also confirms the presence of a volcanic
detrital component. Potassium content in the chert increases linearly
with increasing detrital component, indicating a felsic voleanic
source with average KZU content of 3 - 3.5%. Detrital accumulation
rates must have been similar to the biogenic rates in order to

maintain a significant detrital component. If the small-basin
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interpretation is correct, the volcanic detrital component suggests an
intra-arc or back-arc basin setting, perhaps similar to the modern

Japan Sea (as described by Karig and Moore, 1975).

Origin and Correlation. The evidence given above suggests that the
Jurassic units formed in a small ocean basin, in proximity to an
eroding volcanic arc. The presence of ocean-floor basalts in the
Upper Jurassic unit indicates active spreading during the Late
Jurassic. The Lower Jurassic pillowed flows may have formed in a
similar setting, or alternatively may represent arc volcanics related
to the Ucluth unit.

Presently, the Upper Jurassic unit occurs as large exotic blocks
within mudstone-rich melange. The source of these blocks is nowhere
exposed in the Pacific Rim area. Late Jurassic ophiolitic rocks are
present in the San Juan Islands (Brown, et al., 1979; Vance, et al.,
1980) and may represent part of a once more extensive source terrane
for the Upper Jurassic blocks in the Pacific Rim Complex. Vance, et
al. (1980) have also suggested that the San Juan ophiolitic rocks

formed within small ocean basins marginal te a Late Jurassic arc.
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LOWER CRETACEOUS MELANGE UNITS

The Pacific Rim melanges comprise almost all of the sedimentary
rocks of the complex. Where best exposed on the Ucluth Peninsula
(Figure 3), these melanges preserve a crude stratigraphic succession
consisting of two basal mudstone-rich melanges, Units 1A and 18,
grading upward into a sandstone-rich melange, Unit 2 (Figure 4). Units
1A and 1B occur on opposite sides of the large east-west trending
anticline on the Peninsula, and unconformably overlie the Ucluth
Voleanics, exposed in the core of the anticline. These two units are
nowhere exposed together; however, similarities in age and strati-
graphic position, togsther with the prevalence of black mudstone in
each, indicate that they are probably laterally equivalent. There are
differences in lithology and style of disruption. Unit 1A contains a
greater proportion of chert and is characterized by a planar fabric,
whereas Unit 1B is more highly contorted and contains graded turbidite
sandstone, conglomerate and pebbly mudstone.

Sandstone in all three of these melange units contain mineor
amounts of prehnite, lawsonite and calcite. This assemblage is also
locally present in chert of these melanges. The significance of this
very low temperature-high pressure metamorphic assemblage is discussed

below in another section.

UNIT 1A--MUDSTONE-RICH MELANGE

Lithology, age, and distribution. Unit 1A is best exposed at Wya
Point on the north side of the anticline (Figure 3). In this area,
the melange is at least 400 m thick, not including the large block of
pillow basalt on the north side of the Point. The unit consists of
fragments and lenses of chert, sandstone and minor green basaltic
tuff, organized in a planar fabric and surrounded by black mudstone
matrix (Figures 8 and 9). Unit 1A has yielded three Early Cretaceous

radiolarian chert localities (late VYalanginian to late Aptian--
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Figure 8. Photographs of various structures in Unit 1A
melange. Figure 8a shows a typical example of the planar
fabric of the melange, defined by tabular layers of sand-
stone (ss) and ribbon chert (ch), and also by oriented
fragments of chert and sandstone. The surrounding matrix
consists of black mudstone. Figure 8b is a close-up of part
of the view shown in Figure 8a (upper right corner). The
ellipsoidal and spheroidal fragments consist mostly of chert
(rock hammer shown for scale). Figures Bc and 8d are
typical of some of the irreqular pods of sandstone present
in the melange. The tail-like feature in Figure 8c repre-
sents an injection of sand into the surrounding mudstone
(note the knife and Brunton compass shown for scale).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

Figure 8. (continued)
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Figure 9. Detailed map of melange fabric in Unit 1A. The oblique photo was used as a base map;
photoc and map face to the south. The contact of Unit 1A with the underlying Ucluth Velcanics
probably lies within 50 m of the right (east) side of the map. The prominent chert lens in the
center of the map has yielded Lower Cretaceous radiolaria. The large diorite block shown on the
left side of the map is 45 m long and 6 m wide.
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Pessagno, writ. comm., 1983). These dated cherts are clearly
interbedded with the matrix of the melange, and therefore indicate an
Early Cretaceous age for the matrix as well. The melange also contains
numerous exotic blocks of igneous rock, which were mostly derived from
the underlying Ucluth Volcanics (Figures 9 and 10).

The Unit 1A melange probably rests depositionally on the Ucluth
Volcanics, a relationship that can be demonstrated for Unit 1B. This
contact, however, is only locally exposed at Wya Point (Figure 3)
where it is faulted and difficult to interpret. A depositional
contact cannot be proven, but is supported by: (1) the presence in the
melange of blocks derived from the Ucluth Volcanics, (2) a younger-
over-older relationship with Lower Cretaceous melange on Upper
Triassic volecanics, and (3) the concordance of the melange fabric with

the underlying contact.

Internal Structure. Despite the pervasive disruption, the melange
still retains a well-layered, planar fabric. The chert and sandstone
tend to have oblate and spheroidal shapes (Figures 8 and 9), but range
considerably in size and aspect ratio. The oblate fragments define a
very consistent foliation, called a fragment foliation (a term coined
by D. S. Cowan, pers. comm., 1984). This structure resembles
boudinage; however, instead of the "sausage-like" shapes typical of
boudinage (Ramsey, 1967); these sandstone and chert layers are
disrupted into pancake-shaped fragments, as if the layers have been
extended in all directions parallel to layering (cf. Cowan, 1982b). It
should be noted that, instead of layer-parallel extension, these
boudin-like structures may have formed by a non-extensional process
involving lateral flowage and thickening: this point is discussed in
more detail in another section below. Thicker lenses of sandstone and
chert (> 1m) are concordant with the fragment foliation and tend to be
less deformed and more laterally persistent (Figure 8a). In areas
without thick lenses, the melange still maintains a layered appear-
ance defined by subtle variations, on the scale of 1 to 2 m, in the

relative proportion of chert and sandstone in the mudstone. This

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

Figure 10.

Photograph of a large diorite block in Unit 1A
melange. The block is about 4.5 m thick and extends for more
than 35 m along strike. Contacts with the surrounding
melange are irregular and unfaulted.

Foammms ==
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planar fabric is very consistent, not only at a local scale but also
at map scale. As shown in the stereonet in Figure 11, the fabric at
Wya Point dips moderately northeast and is concordant to the contact
of Unit 1A with the underlying Ucluth Volecanics (Figure 3)

The extreme mobility of sandstone, chert and tuff indicate that
deformation occurred prior to lithification and while the sediments
were still quite soft. Green tuff is present in thin wispy layers,

and sandstone bodies commonly display irreqular podiform shapes

(Figures 8 and 9). Locally these pods are associated with small
sandstone dikelets injected into the surrounding mudstone (Figure 8c).
Internally, the lenses and pods consist of homogenecus medium- to
fine-grained sandstone. The mobility of the sand during deformation
has apparently obliterated any primary sedimentary structures. The
same is apparently true for the chert. Fragments and small balls of
chert contain no observable bedding features. Thicker lenses,
however, still preserve well-bedded and undeformed radiolarian ribbon
chert.

Because of the homogeneous nature of the mudstone matrix, it is
difficult to determine how much deformation has occurred within the
matrix. However, the mudstone does not contain a scaly or slicken-
sided foliation, a feature commonly observed in many other mudstone-
rich melanges (Cowan, in press). A pressure-solution cleavage is
sporadically present but appears to be unrelated to melange deforma-
tion.

The intimate association of sandstone, chert, green tuff and
mudstone throughout the unit indicates that these rocks are all
interbedded components of the melange matrix. Thin sandy interbeds
are present in the lenses of ribbon chert and attest to their associa-
tion with the surrounding clastic sediments. This relationship is
supported by the geochemistry of these cherts (Brandon, unpublished
data), which indicates the presence of a large felsic detrital
component (20-40 wt%). The geochemistry of the green tuffs (Brandon,
unpublished data) suggest that they were derived from an ocean-floor
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pasaltic source. They may indicate contemporaneous basaltic
volcanism; alternatively, these tuffs may have been reworked from an

older source, such as the Upper Jurassic basalts.

Exotic Blocks. The igneous blocks represent the only exotic elements
in the melange. These blocks generally have slab-shaped profiles, with
lengths about seven times their thickness, and tend to be strongly
oriented, with their long dimensions parallel to the melange fabric
(Figure 9). As noted above, most blocks were derived from the Ucluth
Volcanics, consisting mostly of dicrite, but also including minor
volecanic rocks and rare limestone. The largest diorite block occurs
in Unit 1A melange on the west side of Vargas Island (Figure 7) and is
about 190 m thick and of unknown length. At Wya Point, diorite blocks
reach a maximum size of 45 m long and 6 m thick (Figure 9). Other
types of blocks, such as Upper Jurassic pillow basalt and chert
discussed above are also present in minor proportions. Ffor instance,
an undated sequence of pillow basalt, about 220 m thick, is exposed on
the north side of Wya Point (Figure 3) and probably represents an
exotic block. On the east-side of Vargas Island (Figure 7), the
melange contains several slabs of clinopyroxenite, a rock type that is

not aobserved elsewhere in the Pacific Rim Complex.

Origin. Unit 1A probably originated as an interstratified sequence of
mudstone, chert, sandstone and tuff. Melange deformation has dis-
rupted this sequence, but it has not markedly distorted its original
stratified geometry. For this reason, and others, deformation of the
sedimentary components of Unit 1A is envisioned to have occurred
in-situ, probably as the result of liquefaction during large earth-
quakes. This interpretation is discussed in more detail below.

The exotic blocks in the melange are thought to represent submarine
rock falls which were locally derived from steep rocky escarpments,
underlain predominantly by Ucluth Volcanics. This interpretation is
compatible with the large size of the blocks--generally boulder size

and larger--and their angular, elongate shapes. There is no evidence
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that the blocks were reworked from shallow water or subaerial set-
tings, since the clasts are not rounded. Furthermore, Unit 1A
contains no conglomerate or pebbly mudstone. In any case, a debris-
flow origin does not appear to be compatible with the well-organized
planar fabric present in the melange matrix.

What seems odd is that there is no obvious evidence in the
surrounding melange of shear surfaces, folds or other structures that
might have been associated with emplacement of these blocks. A
possible explanation is that these blocks were moving fairly fast when
they were emplaced onto the soft, muddy bottom, and therefore slid for
some distance. Under these conditions, the moving block would impose
an undrained load on the sediments, and would probably generate fluid
pressures great enough to decouple the sole of the block from the
underlying mud. The large aspect ratio of the blocks would prevent
them from sinking into the soft muddy bottom; Naylor (1982, Figure
10a) estimates that blocks with aspect ratios greater than 6.5 can be

fully supported under these conditions.

UNIT 1B-MUDSTONE-RICH MELANGE

Unit 1B is best exposed in the Big Beach area, on the south side
of the Ucluth anticline (Figure 3). In comparison with Unit 1A, this
melange contains a greater diversity of clastic rocks and is more
highly contorted and internally folded. The unit is dominated by
massive and laminated mudstone, with subordinate sandstone turbidite,
channelized conglomerate, pebbly mudstone and ribbon chert. Exotic
blocks of fragmental voleanic racks are present, but are confined to

pebbly mudstone.

Age. Fossils from Unit 1B indicate an Early Cretaceous age. Buchia
are present in a number of localities in the laminated mudstone,
typically in rare interbeds composed entirely of reworked shells. J.
A. Jeletzky (writ. comm., 1983; also in Muller, et al., 1981) has
identified these fossils as early to middle Valanginian in age. Three

radiolarian localities from ribbon chert have yielded nearly identical
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ages (late Valanginian to early Hauterivian--Pessagno, writ. comm.,
1983), thus confirming the Early Cretaceocus age of the unit. A number
of large bivalves are also present in laminated mudstone and in
mudstone interbeds of the turbidite sequences (localities labelled as
Inoceramus? in Figures 12 and 13). These bivalves are not age
diagnostic, but they occur in growth position and therefore can be
used to constrain the original depositional setting of the sediments

now incorporated in the melange.

Basal Contact. Unit 1B melange rests unconformably on Ucluth
Volcanics. This unconformity is exposed north of Big Beach and can be
traced eastward based on isolated exposures of Ucluth Volcanics in the
Big Beach area (Figure 3). Figure 12 shows a detailed map of part of
this unconformity. The contact dips moderately to the south and east,
and has been offset and repeated by a number of high-angle faults with
both right-lateral and left-lateral separation. This situation
illustrates how younger faults in the Pacific Rim area have obscured
primary contact relationships, especially in areas with limited
exposure. At the contact, Buchia-bearing mudstone rests directly
above Upper Triassic limestone and volcanic rocks of the Ucluth
Formation, in clear depositional contact. The mudstone above the
contact at least locally appears to be a debris flow with randomly
oriented Buchia surrounded and supported by a homogeneous mudstone

matrix.

Lithology. The detailed map of the Big Beach area (Figure 13)
displays typical map-scale relationships between the lithological
components of the Unit 1B melange. Melange deformation has resulted
in a highly disorganized assemblage. Despite the chaotic appearance,
bedding features and sedimentary structures are commonly preserved at
outcrop scale.

Mudstone in the melange is either massive or, more commonly,
interbedded with thin silty laminae and rare sandstone interbeds.

Trace fossils and other evidence of infauna are rare. Calcareous
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concretions are also present throughout the mudstone. These features
are typical of mudstone deposited under restricted oxygen conditions
(Jahnson, 1978).

Sequences of coarser clastic rocks are composed of sandstone
turbidites with interbedded mudstone and channelized conglomerate
bodies. The sandstones range in bedding thickness but are generally
medium to thickly bedded with sandstone/mudstone ratios of 3 to 6, and
locally greater. Thicker sequences of massive sandstone are exposed
on the southeast side of the map area and probably represent amalga-
mated turbidite beds. Interbedded conglomerate lenses are composed of
well rounded; granule- to pebble-sized clasts, consisting predomi-
nantly of radiolarian chert (green, gray and white) with minor shale,
sandstone and intermediate plutonic rock. These conglomerates are
clast-supported with a sandy matrix, and are typically well organized
and locally graded.

Pebbly mudstone is exposed on the southwest side of the map area
(Figure 13) and consists of black mudstone with well-rounded green
volcanic clasts (Figure 14a). Clast size generally ranges from
granule to small boulder, but larger blocks, up to about 4 m, across
are locally present (Figure 14d). Clasts are all volcanic, predomi-
nantly tuff and tuff breccia with minor flow rocks. Diorite clasts
were not observed, but the volcanic clasts are similar to parts of the
Ucluth Volcanics. The pebbly mudstone is matrix-supported and gener-
ally lacks an organized fabric. Locally, it has a layered appearance
defined by the preferred orientation of elongate clasts and variations
in the relative proportions of clasts.

Chert is rare within Unit 1B, but a seven-meter-thick sequence of
ribbon chert is exposed on the southwest side of the Big Beach map
area (Figure 13) and is clearly interbedded with mudstone and sand-
stone of the melange. The sequence consists mostly of gray-green
radiolarian ribbon chert with subordinate sandy ribbon chert. These
cherts together with a small chert lens in massive sandstone have

yielded the Early Cretaceous radiolaria described above.
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Internal Structure. Rotated and overturned strata are the most
visible effects of melange deformation in Unit 1B. Bedding attitudes
from the Big Beach areas, plotted as S-poles on a stereonet (Figure
11), form a crude girdle pattern with a moderately plunging, east-
trending axis. Despite this girdle pattern, conventional fold
geometries and large-scale fold closures are not commonly observed.
Locally strata are contorted into irregularly shaped folds, but more
commonly, thick concordant sequences of upright or overturned strata
appear to be bounded by discrete slip surfaces. Some rotation could
have occurred on listric-shaped slip surfaces, but overturned strata
are difficult to explain by this process alone. More likely, these
slip surfaces have dismembered larger-scale overturned folds.

Several isoclinal folds are present in the southeast half of the
Big Beach area, where bedding attitudes are commonly overturned. These
isoclines have amplitudes of 1 - 3 m and occur as isolated folds with
detached limbs. They share a similar axial planar orientation but have
divergent fold axes (Figure 11). This type of fold geometry has been
recognized in ancient subduction complexes (Moore and Wheeler, 1978),
as well as in slumps of surficial sediments (Hansen, 1971; Woodcock,
1976), and is thought to form within broad zones of simple shear
deformat ion. Because the isoclines at Big Beach occur as detached
folds, their fold asymmetry cannot be determined. However, the
average dip of the fold axial planes and overturned strata suggest a
northwest sense of vergence (see Woodcock, 1976, p. 96).

Layer-parallel extension has locally affected sandstone beds in
Unit 1B (Figure 14c). In contrast to Unit 1A, extension has aoccurred
in only one direction. Furthermore, sedimentary structures are still
preserved in the extended beds, indicating the sandstone was rela-
tively rigid during deformation and was not affected by liquefaction
or pronounced swelling. As can be seen in Figure 14c, some beds have
extended by necking and the formation of lenticular boudins, whereas
others have extended along small normal faults, resulting in discrete
rotated blocks. Cowan (1982b) has described similar extensional

structures present in melanges of the Franciscan Complex.
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Figure 14. Photographs of pebbly mudstone and boudinaged
sandstone in Unit 1B melange. Figure 14a shows a typical
pebbly mudstone with large clasts of volcanic rock. The
presence of rounded clasts and their lithologic similarity
with parts of the Ucluth Volcanics suggests that they were
derived from a subaerially exposed portion of the Ucluth
unit. Figure 14b shows one of the largest clasts in the
pebbly mudstone. This clast is about 4 m across and
consists of volecanic tuff breccia. Figure 14c shaws an
example of layer-parallel extension in turbidite beds of
Unit 1B (staff on right side of photo is 1.5 m long). The
beds have extended mostly by shear failure along small
normal faults, resulting in a series of rotated blocks.
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Figure 14. (continued)
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A spaced cleavage is sporadically developed in Unit 1B, espe-
cially in the mudstone, and accurs in two orientations, dipping
moderately to the southeast and to the northeast. The cleavage is
axial planar to one of the isoclinal folds, but is not present in the
other two, and therefore does not appear to be related to folding. The
presence of insoluble residues along cleavage surfaces, and the
absence of metamorphic recrystallization indicate that cleavage has
formed by pressure solution (cf. White and Knipe, 1978), probably
after lithification. The sporadic and semi-penetrative nature of the
cleavage indicate relatively minor strains during cleavage formation.
Therefore, the cleavage is envisioned to be a late-stage deformational

feature which has overprinted an older melange fabric.

Original Depositional Setting of Turbidite Sequences. The initial
site of deposition for the sedimentary components in this melange was
apparently within a submarine-fan system. The association of sand-
rich turbidite sequences with channelized conglomerates suggests an
inner fan depositional setting (Mutti and Ricci-Lucchi, 1978; Walker
and Mutti, 1973). Pebbly mudstone and other mudstone-rich sequences
probably represent base-of-slope and interchannel deposits. The
rounded clasts present in pebbly mudstone and conglomerate indicate
that the Ucluth Volcanics and radiolarian chert were subaerially
exposed in the source area.

Fossil evidence suggests that this postulated submarine fan was
located in relatively shallow water depths. This evidence is impor-
tant because the subduction accretion model (see Karig, 1983) predicts
that subduction zone deformation is largely confined to deeper-water
trench-fill sediments. Large reclined bivalves, up to 175 cm across
occur in growth position parallel to bedding, in laminated mudstone
and also in mudstone interbeds of turbidite sequences (localities
labelled as Inoceramus? in Figures 12 and 13). E. G. Kauffman (pers.
comm., 1983) has examined samples and photographs of these fossils and
concluded that they represent large inoceramid-like bivalves (see

Appendix A for a more complete report). While their genus and species
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is unknown, Kauffman suggested that they probably occupied the same
habitats as some of the larger species of Cretaceous Inoceramus based
on similarities in size, morphology and reclining form (see Jablonski
and Bottjer, 1983; Kauffman, et al., 1977 and references cited there).
Inoceramus, including some large species, are common in Lower
Cretaceous strata exposed elsewhere on Vancouver Island and Queen
Charlotte Islands (Longarm Formation--Muller, et al., 1974; Brown,
1968). Thiede and Dinkelman (1977) have reviewed the numerous occur-
rences of Inoceramus in Upper Mesozoic strata recovered by the Deep
Sea Drilling Project. Relatively accurate estimates of original water
depth can be determined for many of these occurrences. Thiede and
Dinkelman (1977) concluded that Inoceramus was confined to upper
bathyal and neritic environments (i.e., water depth of about 2000m and
shallower) at continental margins and oceanic islands. Therefore, the
large in-situ bivalves at Big Beach suggest similar water depths
(Kauffman, pers. comm., 1983).

This fossil evidence, together with the abundance of terri-
geneous-derived detritus in the sandstones and conglomerates, suggest
a continental slope basin setting in relatively shallow water. This
type of setting does not exclude a subduction zohe interpretation for
the melanges: however, it does imply that the basinal strata had to be
transported into deeper water by some mass-movement process before

they could become inveolved in the subduction- accretion process.

UNIT 2--SANDSTONE-RICH MELANGE

Lithology, age, and distribution. The sandstone-rich melange of Unit
2 appears to overlie Units 1A and 1B with a gradational contact. This
relationship is, best preserved at the south end of the Ucluth
Peninsula (Figure 3), where the transition from Unit 1B to Unit 2 is
marked by a gradual increase in the amount of sandstone. To the north
on the Esowista Peninsula (Figures 2 and 7), Unit 2 appears to overlie

Unit 1A melange; contact relationships, however, are not exposed. The
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age of Unit 2 is not known, but based on its similarity with Unit 18,
an Early Cretaceous age is inferred (Hauterivian or younger--Figure
4).

Unit 2 is composed almost entirely of sandstone (less than 10%
mudstone) and most commonly occurs in massive exposures with little
evidence of internal bedding and structure. Thick- to medium- bedded
turbidites are locally interbedded with the massive sandstone. Minor
interbeds of clast-supported conglomerate are also present and
typically consist of well-rounded clasts ranging from granule to
cobble size. Most clasts are intermediate and silicic volcanic rocks,

with minor calcareous sandstone, diorite and shale.

Internal Structure. The deformational style of Unit 2 is very similar
to Unit 1B. Stereonets in Figure 11 show bedding and fold orientations
for sandstone-rich melange exposed in the Vargas Island- Esowista
Peninsula area (Figures 2 and 7). Bedding attitudes and fold orienta-
tions are highly variable; upright and overturned beds occur without
any systematic pattern. Folds in Unit 2 tend to be more coherent than
in Unit 18. They have amplitudes of 1 - 3 m and are generally
isoclinal or tight. In some places, overturned strata occur in
coherent slab-like sequences, ranging up to 375 m thick. These
sequences are similar to overturned slabs in Apennine olistostromes
(Hsu, 1967). If these sequences in Unit 2 were overturned by folding,
their dimensions indicate fold amplitudes greater than 500 m.

In contrast to the other melanges, extensional features are not
common. Discrete slip surfaces are present, and locally can be
observed to juxtapose folded and unfolded strata. In general, folding
and failure in Unit 2 has occurred in a cohesive and plastic fashion,
similar to Unit 1B. Locally, however, some well-bedded sandstones
show evidence of liquefaction, which has variably distorted and
obliterated internal sedimentary structures. The absence of sedi-
mentary structures in massive sandstone may also be due to lique-
faction after deposition, or instead may merely reflect the original

depositional process.
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ORIGIN OF MELANGES BY MASS-MOVEMENT DEFORMATION

EVIDENCE FOR MASS-MOVEMENT DEFORMATION

Previous workers (Muller, 1973, 1977; Page,1974) suggested that
the Pacific Rim melanges formed within a subduction complex, assembled
by accretion of abyssal sediments and ocean-floor basalts from the
down-going plate, and by tectonic erosion of older rocks from an
overriding plate represented by the Wrangellia terrane of Vancouver
Island. The following results of my study argue against a subduc-
tion-zone interpretation:
(1) The melanges are underlain depositionally by an older basement
composed of arc volcanic rocks and not by oceanic crust. Furthermore,
rounded cobbles in pebbly mudstones were derived from this basement
and indicate that it probably was subaerially exposed prior to Early
Cretaceous melange formation.
(2) Exotic blocks do not represent fault slices, but instead appear to
have been introduced into the melange by submarine rock falls and by
muddy debris flows.,
(3) The Complex does not display any significant evidence of thrust
imbrication, fault-zone deformation or older-over-younger relation-
ships, all features that characterize well-documented ancient sub-
duction complexes (see Leggett, et al., 1982; Moore and Karig, 1980;
Moore and Allwardt, 1980).
(4) The large bivalves in Unit 1B indicate that at least some of the
sediments in the melange were initially deposited at relatively
shallow depths, and therefore do not represent trench-fill turbidites.
(5) Ribbon cherts in the Pacific Rim Complex are unlike abyssal
siliceous oozes and cherts from the modern ocean basins. Furthermore,
Lower Cretaceous ribbon chert in the melange is clearly interbedded

with mudstone and sandstone, indicating a continental-margin setting.
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My interpretation is that chaotic deformation occurred during
surficial mass movement of unconsolidated sediments. The Pacific Rim
melanges have a number of features similar to other well-established
sequences of mass-movement deposits (Woodcock, 1979; Helwig, 1970;
Hoedmaker, 1973), which include: (1) diversity of structural styles,
(2) variability in form and geometry of folds, (3) development of
isoclinal folds and boudinage without associated cleavage or cata-
clasis, and (4) chaotic arrangement of upright amnd overturned strata.
This deformational style is quite unlike that produced during conven-
tional folding and thrust faulting, even in areas where on-land thrust
systems have overridden and imbricated unconsolidated foreland basin
sequences (e.g., Figure 6 in Price, 1981). Admittedly, there is no
consensus as to how unconsolidated sediments deform within subduction
zones (Cowan, in press; Bachman, 1978; Cloos, 1982; Byrne, in press;
Karig, 1983; also Part 2 below). However, a less chaotic structural
style should be expected within more deeply seated deformational
settings, because the deforming mass is confined on all sides and
therefore must deform in a relatively coherent fashion. The
structural variability that appears to typify mass-movement deforma-
tion reflects, in part, the relatively unconfined, near-surface
deformat ional environment. In this setting, deformation is probably
more highly influenced by local variations in slope angle and physical
properties of the deforming sediments (for discussion, see Helwig,
1970). Another factor that also contributed to this structural
variability is that a section of mass-movement deposits is accumulated
by sequential emplacement of different mass-movement deposits, each of

which has moved and/or flowed independently of the other.

CAUSE OF MASS-MOVEMENT DEFORMATION

If this mass-movement interpretation is correct, it seems
surprising that such a large body of sediment could be so pervasively
affected., Almost all outcrops of the sedimentary rocks of the Complex
show some degree of soft-sediment deformation! This suggests a very

unstable source area, of the mass-movement deposits, and yet the
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presence of sandstone beds in all of the melanges indicates that this
unstable source area was also a basinal setting with rather gentle
slopes.

Failure and mass movement can occur on gentle submarine slopes
(see review by Schwarz, 1982), but only in rather special situations,
such as: (1) deltaic regions where rapid accumulation of muddy
sediments creates high pore pressures (for example, Mississippi
delta--Coleman and Prior, 1982); (2) regions underlain by sensitive
clays, and (3) areas affected by frequent earthquakes. Indirect
evidence indicates that muds in the Pacific Rim were deposited slowly,
especially in comparison with the average rate of 1 m/yr for the
Mississippi delta (Coleman and Prior, 1982). The large in-situ
bivalves in mudstone of Unit 1B were adults, probably about 10-30
years old (Kauffman, pers. comm., 1983). Accumulation rates must have
been relatively slow for these epifaunal bivalves to survive. The
ubiquitous presence of radiolarian chert in mudstone of Unit 1A also
indicates slow accumulation rates; Jenkyns and Winterer (1982) report
a range of 50-500 cm/kyr for modern and ancient siliceous sediments.

The second situation is also unlikely. Sensitive clays are most
typically developed in glacial sediments (Skempton, 1970; Torrance,
1983). The development of weak bonds between clay particles allows
these clays to maintain an unstable, and highly porous structure.
Physical disturbances or changes in pore water chemistry can cause
this structure to collapse with a very large reduction in strength.
Highly sensitive clays appear to be uncommon in submarine environments
(Keller, et al., 19793 Kraft, et al., 1979; Busch and Keller, 1981);
however, the presence of organic material appears to increase the
sensitivity of some marire muds (Torranqe, 1983; Busch and Keller,
1981). Analyses of mudstones from the Pacific Rim melange indicate
relatively low organic carbon contents (< 0.92% by dry wt.--Brandon,
unpublished data), ruling out this possibility.

The third situation provides the most likely explanation for
pervasive mass-movement. Earthquakes are commonly cited as a cause
for submarine slope failure ( Field, et al., 1982; see Schwarz, 1982
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for extensive bibliography). These failures are largely due to high
transient pore pressures which develop during long periods of ground
shaking (Seed, 1968, 1976; Seed and Idriss, 1971). The actual type of
ground failure depends on the type of sediment and the gradient of the
slope. Slope failures usually occur as coherent slides, or as flow-
slides typically composed of sand (Seed, 1968; Andresen and Bjerrum,
1967). In level-ground settings, sands are commonly affected by
in-situ liquefaction (e.g., Nigata earthquake-- Seed, 1976) and
occasionally form clastic dikes (Figure 29 in Seed, 1968).

While there is no direct evidence of earthquake-induced failure
in the Pacific Rim melanges, the obliteration of primary sedimentary
structures in sandstones and the development of sedimentary injection
features (e.g., Figure 8c) are indicative of liquefaction and
localized high pore pressures (discussed by Lowe, 1975). Liquefaction
occurs when the effective pressure” within a sediment drops to zero
due to an increase in pore pressure (see Castro, 1975 and Seed, 1976
for more extensive discussion of definition). Under these conditions,
a non-cohesive granular aggregate cannot support any shear stress, and
therefore behaves like a liquid.

A variety of situations can cause liquefaction, but only earth-
quakes appear to be capable of affecting large volumes of sediment.
Seed (1968) has shown that during large earthquakes (with magnitudes
approximately greater than 7.5), liquefaction occurs in sediments as
deep as 15 m below the surface. High pore-pressures and local
liquefaction can also result from the rapid imposition of a static
load, such as the deposition of a thick bed of sand (Lowe, 1975, 1976;
static liquefaction of Allen, 1982). However, for sediments beneath
this load, effective pressure cannot decrease by more that half of its
initial value (Schofield and Wroth, 1968; sensitive clays are probably
an exception to this generalization). As a result, near-zero effective
pressures are restricted to a thin zone beneath the load where

effective pressures were already low. Liquefaction could alsa occur

3 Pressure refers to mean stress; effective pressure is the total
pressure minus the pore fluid pressure (Lambe and Whitman, 1978).
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in areas where biogenic decomposition or mgtamorphic devolatilization
create high fluid pressures (Hedberg, 1974; Rieke and Chilingarian,
1974). These processes are unlikely in the Pacific Rim melanges
because of the low organic content of the mudstones, and the presence
of an igneous basement directly beneath the melanges. With these
other possibilities excluded, liquefaction and sedimentary injection
features in the melanges are best explained by high transient pore
pressures generated during seismic groundshaking. Before discussing
the deformational fabric of the melange, it is important to consider

why earthquakes have such a pronounced effect on saturated sediments.

FACTORS CONTROLLING LIQUEFACTION FAILURE

Experimental studies have demonstrated that cyclic oscillation of a
load in a fashion simulating seismic ground motion can cause high pore
pressures to develop, especially in comparison with those developed
during normal static loading (Seed, 1976; Wood, 1982; Sangrey, et al.,
1978, Castro, 1975; Carter, et al., 1982). During undrained cyclic
loading, excess pore pressures are generated in a wide variety of
sediments and under a range of consolidation conditions (e.g., Castro
and Poulos, 1977; Wood, 1982). However, normally consolidated4
sediments with low elastic compressibilities--such as, loose
sands) develop the highest pore pressures and are the most prone
to liquefaction.

Figure 15 (from Sangrey, et al., 1978; and Egan and Sangrey,
1978) shows the response of a variety of normally consolidated
sediments to undrained cyclic loading. Sands have lower elastic
compressibilities than clays and, as shown, tend to be more
strongly affected. Cyelic shear stresses must exceed a certain
critical level, which Sangrey, et al. (1978) call the critical

level of repeat loading, before a sediment will develop high pore

4 as used here, the term normally conscolidated also includes
underconsolidated sediments. Sediments with high excess pore
pressures are underconsolidated with respect to total stress
conditions, but they would probably be considered normally
consolidated with respect to effective stress conditions.
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pressures necessary for liquefaction. In Figufe 15a, this
critical level is expressed as a ratio with respect to the normal
undrained strength of the sediment. As shown, the onset of
liquefaction deformation can be induced in sands by relatively low
cyclic shear stresses, only 20% of their normal undrained
strength, whereas clays require much larger cyclic shear stresses
to cause the same behavior.

Figure 15b shows the maximum pore-pressure potential during
cyclic loading, expressed as a ratio of the maximum change in pore
pressure (Au) over the initial effective pressure (Pé). The
resulting change in effective pressure (P') is shown on the right
scale. Pore-pressure potential clearly increases with decreasing
elastic compressibility. Sands are more prone to liquefaction
because they have maximum pore-pressure potentials approaching
one. As discussed above, during undrained static loading of
normally consolidated sediments, the effective pressure typically
does not decrease by more than half of its initial value (i.e.,
P'/Pé > 0.5; Schofield and Wroth, 1968). Figure 15a shows that
cyclic deformation causes a much larger reduction in effective
pressure for all normally consolidated sediments including clays.

While these experimental studies have identified the pore-
pressure response of sediments during cyclic loading, other
factors are necessary for liquefaction to occur in the field (Seed
and Idriss, 1971; Seed, 1976). Most important is the maintenance
of high pore-pressures during the earthquake. FfFor instance, very
fine sands are typically most susceptible to liquefaction because
they combine low permeability with high pore-pressure potential.
Another factor that favors liquefaction is a setting with low
initial shear stresses, such as sediments in a level-ground
setting (Seed, 1976, p. 3). During cyclic loading, sediments in
slope settings display smaller changes in pore pressure (Egan and
Sangrey, 1978), and also should tend to fail by shear failure
before liquefaction can occur. Other factors that facilitate
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liquefaction include longer duration and greater intensity of
ground shaking, which are in part dependent on earthquake magni-
tude and proximity to the epicenter (Seed, 1976).

ORIGIN OF MELANGE STRUCTURE

At this point it is possible to consider in more detail the
origin of structures within the melange. The structural styles of
Unit 2 and 1B suggest that shear failure and extensive sliding
were the primary means of mass transport. While there is
evidence of local liquefaction, sedimentary structures and bedding
features are usually well preserved. Thick sections of overturned
strata suggest long transport distances during sliding and the
presence of at least a small slope gradient. The extensive
involvement of basinal strata might be due to retrogressive
enlargement of one or more submarine slides. In a retrogressive
slide, the headwall scarp keeps moving rearward so that the size
of the slide increases over a period of time. This process can
happen slowly over a period of years or quickly as it did in the
submarine slide at Valdez, during the 1964 Alaska earthquake
(Seed, 1968).

The origin of structures within Unit 1A is more problematic.
The consistent planar geometry of the unit argues against an
origin by rotational slumping and sliding, or by remobilized
debris flows. All of the sandstones in this unit appear to have
been thoroughly liquefied and remobilized so that they now lack
any evidence of primary sedimentary structures. The low per-
meability of the surrounding mud must certainly have enhanced the
tendency for these sands to have liquefied. The presence of small
sandstone dikes (e.g., Figure 8c) indicates that large pore-
pressure gradients were locally developed between the sand and
mud, directly analogous to the pore pressure gradients used to
propagate tensile fractures during hydrofracture experiments
(Lockner and Byerlee, 1977). As discussed above, sands have a

greater pore-pressure potential during cyclic loading which would
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allow them to rapidly develop higher pore pressures than the sur-
rounding muds. Furthermere, the chert was probably just as prone
to liquefaction as the sand, because prior to lithification, it
was a fine-grained radiolarian sand.

In contrast to the other melanges, Unit 1A probably formed in
a level-ground setting. There is little evidence of non-coaxial
deformation or brittle shear surfaces that would be expected to
form during down-slope movement. Furthermore, the extensive
amount of liquefaction indicates a setting with low initial shear
stresses, typical of a level-ground setting (Seed, 1976). The main
problem with this interpretation is that pinch-and-swell
structures in the melange appear to indicate fairly large exten-
sional strains in all directions parallel to layering (Figure
16a). Cowan (1982b) was first to call attention to this unusual
structural style. Based on his study of a melange in the
Franciscan complex, he suggested that axial-symmetric layer-
parallel extension occurred during lateral spreading of an
unconfined lobate mass of muddy sediments.

There are indications that pinch-and-swell structure in the
Unit 1A melange might not have formed by layer-parallel extension.
The alternative is that the boudin-shapes formed by flowage during
liquefaction. In the extreme, this flowage might result in what I

call non-extensional boudinage (Figure 16b) where a layer

contracts and swells into boudin-like shapes, but without any
layer-parallel extension. In proposing this term, I am
attempting to distinguish this idealized situation from true
boudinage which invelves layer-parallel extension (Ramsay, 1967).
The following features are offered as evidence that the boudin-
like structures in Unit 1A have formed by a non-extensional
process:

(1) If the boudins formed by layer-parallel extension then
apparently there are abrupt changes and anomalously wide variat-

ions in the amount of extensional strain. For instance, an
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undeformed tabular bed of sandstone or chert commonly occurs
directly adjacent to a horizon where chert and sandstone are
extensively "boudinaged" (e.g., see Figure 8a).

(2) Spheroidal boudins tend to be more widely separated than el-
lipsoidal boudins which suggests that apparent extension is
controlled by the amount of thickening of individual boudins.

(3) Unlike true boudinage (Ramsay, 1967), the boudin-like shapes
in Unit 1A are very irregqular in shape, in size and in spacing
(e.g., see figures 8 and 9). Theoretical analyses of the necking
instability in true boudinage indicates that the boudins produced
by this process should be relatively regular in shape and in
spacing (see Smith, 1977); this conclusion is in accord with
natural occurrences of true boudinage (Ramsay, 1967).

(4) Irregular bulbous protrusions are present on the upper and
lower sides of some sandstone boudins (e.g., Figure 8d) and
provide at least some direct evidence of thickening. Cowan
(1982b) has noted similar features associated with pinch-and-swell
structures in Franciscan melange.

The boudins in Unit 1A bear some resemblance to sedimentary
load structures, such as ball-and-pillow structure (Allen, 1982).
However, unlike load structures, the boudins appear to have grown
in a relatively symmetric fashion and show no evidence of having
sunk downward into the underlying mud (cf. Allen, 1982, p. 360).
Furthermore, chert load structures would be unexpected because
siliceous sediments typically have lower densities than clay-rich
muds (Hamilton, 1976).

While these relationships do not prove a non-extensional
origin for the boudin-like structures in Unit 1A, they do argue
strongly against an origin by conventional boudinage. It is not
clear how non-extensional boudinage occurs, although in the case
of Unit 1A, the liquefaction phenomenon appears to be involved.
The fact that these boudin-like shapes have formed exclusively by
ductile flowage, with no evidence of tensile or shear failure,

supports this contention. Experimental studies indicate the lique-
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faction process is very unstable (that is, "imperfection sen-
sitive"; see Wood, 1982). As a result, a sand layer apparently
does not liquefy all at once; small irregularities such as changes
in the thickness of a bed or variations in porosity will causes
certain regions of a sand layer to liquefy first. Seed (1968) used
a finite-element model to determine how small lenses and layers of
sand interbedded in mud would respond to progressive lique-
faction. According to his study, regions that liquefy first tend
to grow laterally because the liquefied region tends to increase
cyclic shear stress in the adjacent unliquefied sand. Seed's
(1968) analysis was mostly concerned with the stress distribution
in the liquefying layer and did not consider how the layer

deforms.
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TECTONIC SETTING AND REGIONAL TMPLICATIONS

TECTONIC SETTING

The Pacific Rim melanges appear to record the Early
Cretaceous formation { 135 Ma) of a structurally controlled basin.
A stage in the evolution of this basin is schematically il-
lustrated in Figure 17, and represents the time of formation for
Units 1A and 1B, which are coeval units (Figure 4). This inter-
pretation is supported by the following observations: (1) The
unconformity beneath the Lower Cretaceous melanges, together with
the presence of rounded clasts of Ucluth Volecanics in pebbly
mudstone of Unit 1B, indicates that the initiation of the basin
was associated with the regional subsidence of the Ucluth
Volcanics. (2) The presence of large diorite slabs in Unit 1A
indicates the local presence of submarine fault scarps underlain
by Ucluth Volcanics. (3) The difference in lithofacies between
coeval units--mudstone and ribbon chert in Unit 1A, and turbidite
and mudstone in Unit 1B--suggest a morphologically complex
setting, perhaps dissected by large faults. (4) The indirect
evidence for seismically induced liquefaction suggests a seismi-
cally active setting. For these reasons, the inception of
deposition and melange formation are envisioned to be the result
of large dip-slip displacements on basin-margin faults. Naylor
(1982) has suggested a similar tectonic setting for the formation
of an olistostromal melange in the northern Apennines. These large
normal faults caused subsidence of the Ucluth unit, resulted in
large submarine scarps of basement rock, and probably disrupted
sediment transport patterns resulting in initial deposition of
mud-rich facies. Contorted strata of Unit 18 were derived by
retrogressive slumping of a turbidite fan sequence located
upslope. Unit 1A was located in a more "distal" setting which was

dominated by deposition of mud, chert and minor sand. Unlike Unit
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1B the disruption of this unit is envisioned to have occurred by
in-situ liquefaction; however, exotic blocks were introduced by
locally derived rock falls. A later stage, not shown in Figure
17, involves the transition into a more widespread, sand-rich
melange, Unit 2. This transition is envisioned to be the result
of: (1) an increase in the proportion of sand-rich facies in the
source area for the submarine slumps, and (2) a gradual "progra-
dation" of mass-movement deposits across this originally morpholo-
gically complex margin.

Basin formation may have ceccurred in a transform-dominated
setting similar to the southern California Boarderlands (Gorhine
and Edwards, 1959; Field and Edwards, 1980), or in a rift-
dominated setting related to intra-arc spreading (see Karig,
1971). Both settings include basin margin faults with large
dip-slip offsets, relatively shallow basin floors, and subaerially
exposed basement rock. It is difficult to distinguish between
these setting because of the allochthonous nature of the Pacific
Rim Complex, and the resulting uncertainties about its surrounding
paleotectonic setting during the Early Cretaceous.

An alternative interpretation might propose that these exotic
blocks and transported strata were derived from the front of large
thrust sheets. A similar interpretation is proposed by Page and
Suppe (1981) for the Pliocene Lichi melange of eastern Taiwan. In
this case, the melange formed during an arc-continent collision.
There are two important differences between the Lichi and Pacific
Rim melanges. These differences indicate that the Pacific Rim
melanges were not formed in a collisional setting. (1) The Lichi
melange overlies a deeper water sedimentary sequence (about 2000 m
water depth--Page and Suppe, 1981) and is overlain by fluvial
strata. This sequence records the gradual emergence of the Taiwan
forearc as it collided with the China continental shelf. 1In
contrast, the Pacific Rim melanges appear to be associated with

the subsidence of the underlying Ucluth basement. (2) For the
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Lichi melange, the presence of large thrust sheets, with older-
-over-younger relationships provides a clear record of the col-
lisional process. In contrast, major thrust faults have not been
recognized in the Pacific Rim area. Furthermore, there is no
evidence of major thrust faulting in the Pacific Northwest until
the mid-Cretaceous (as summarized in Brandon and Cowan, 1983).
This younger thrusting event probably did affect the Pacific Rim
rocks (discussed below), but it clearly post-dated the formation

of the Pacific Rim melanges by about 35 My.

REGIONAL TECTONIC IMPLICATIONS

The Pacific Rim Complex was prabably originally coextensive
with other similar Upper Jurassic-Lower Cretaceous units exposed
on southern Vancouver Island (Figure 1; Pandora Peak unit--
Rusmore, 1982; rocks of Gonzales Bay--Muller, 1980), and in the
San Juan Islands (Constitution Formation and Lopez Complex--
Brandon, et al., 1983, Brandon, 1980). Cowan and Brandon (1981)
have collectively referred to these units, including the Pacific
Rim Complex, as the "Western Facies" of Upper Mesozoic rocks
exposed in the Pacific Northwest. They consist of chaotic
assemblages of mudstone, sandstone, chert and green tuff with a
variety of exotic blocks. The Constitution Formation bears the
closest resemblance to the Pacific Rim Complex. The lowest two
members of the Constitution Formation are probably correlative
with Units 1A and 2 and consist of (1) mudstone and chert melange
with exotic blocks of Permo-Triassic greenschist and Triassic
limestone, overlain by (2) a thick sequence of massive sandstone
(Brandon, 1980; Brandon, et al., 1983).

In addition to stratigraphic similarities, all of the
"Western Facies" rocks, including the Pacific Rim Complex, have
experienced a very distinctive high pressure-very low temperature
metamorphism characterized by the assemblage: lawsonite + quartz
+ prehnite (Brandon, 1982; Glassely, et al., 1976; Vance, 1968).
Although aragonite is sporatically present in other "Western
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Facies" rocks (Vance, 1968), it has not been observed in the
Pacific Rim Complex. This metamorphic assemblage is apparently
unique to the Pacific Northwest. Brandon (1980, 1982) was able to
show that metamorphism in the San Juan Islands occurred as a
direct result of rapid structural loading during the emplacement
of a thick thrust sequence. Stratigraphic constraints indicate
that San Juan thrusting occurred during a very short-lived
mid-Cretaceous event, between 97 and 83 Ma (Brandon, 1982).
fFurthermore, cobbles of metamorphosed Constitution sandstone are
present in Upper Cretaceous (lower Campanian) strata of the
Nanaimo Group (shown in black in Figure 1), and represent the
earliest direct tie between the "Western Facies" and the
Wrangellia terrane (Brandon, 1982).

My work in the Pacific Rim area indicates that prehnite-
lawsonite assemblages are widespread in the Pacific Rim Complex
and are not present in adjacent rocks of the Wrangellia terrane to
the east. In contrast to the San Juan Islands, there is no direct
evidence of thrust sheets that might have once overlain the
Pacific Rim Complex. However, the presence of lawsonite + quartz
indicates depths of metamorphism and structural burial in excess
of 11 km (Liou, 1976). These relations suggest that the Pacific
Rim Complex was also involved in San Juan thrusting and meta-
morphism, and was subsequently displaced northward to its present
position on western Vancouver Island.

As shown in Figure 18, displacement of the Pacific Rim
Complex represents the first of two events that have truncated the
west side of Vancouver Island. Age dates and geochemistry indicate
that the Tertiary volecanic and plutonic rocks in the Pacific Rim
area are part of a suite of intermediate to silicic calec-alkaline
rocks, erupted and intruded during Late Paleocene to Early Eocene
time (age dates summarized in Figure 2; geochemistry from Carson,

1973 and Brandon, unpublished data). This volcanic-plutonic suite
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Figure 18. A schematic model for the offset of the Pacific Rim Complex
and the truncation of Vancouver Island. In this model, the Pacific
Rim is shown as part of the mid-Cretaceous San Juan thrust system.
During the Late Cretaceous or Paleocene, the Pacific Rim Complex was
displaced northward along the West Coast fault to its present position
on western Vancouver Island. Subsequent displacement on another fault,
the Vancouver fault, truncated the west side of the Pacific Rim; a
thick sequence of Eocene(?) basalt presently lies to the west.
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aoccurs on both sides of the West Coast fault (Figure 2), and
indicates major northward displacement of the Pacific Rim Complex
occurred prior to the Early Focene.

The Pacific Rim is bounded on its west side by another major
transcurrent fault. In the offshore region to the west of the
Pacific Rim area, drilling and exploration by Shell Canada has
identified a regionally extensive sequence of Eocene(?) basalts
(Shouldice, 1971). Macleod, et al. (1977) bhave correlated these
rocks with Eocene tholeiitic basalts of the Crescent and Metchosin
Formations, located to the southeast (Figure 1). Geochemical
analyses and petrographic study of drilling samples provided by
Shell Canada confirm this correlation (Brandon, unpublished data).
Aeromagnetic maps in this area (Shell Canada, unpublished data)
suggest a steep, northwest-trending contact between Eocene(?)
basalts and rocks of the Pacific Rim area. The dissimilarity
between coeval volcanic rocks--tholeiitic basalt to the west and
calc-alkaline dacite to the east--indicates that this contact is
a major transcurrent fault, named the Vancouver fault by Brandon
and Cowan (1983). Major movement on this fault must post-date
Early Eocene volcanism and pre-date Late Eocene and younger strata
of the Tofino Basin which overlie both velecanic units (Figure 1;
shown as the Carmanah Group in Figure 2).

A number of papers have suggest an original more southerly
location for portions of southern Alaska (Stone and Packer, 1979;
Cowan, 1982a; Moore, et al., 1983; Stevenson, et al., 1983; Bruns,
1983). For instance, Cowan (1982a) has argued that rocks presently
exposed on Baranof Island, southeast Alaska, were offset by Eocene
transcurrent faulting from the Leech River Schist on southern
Vancouver Island. However, more typically the evidence for offset is

based on paleomagnetic or faunal data and only gives a rough indica-
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tion of the original paleolatitude (within 500 km at best). My work in
the Pacific Rim area indicates that western Vancouver Island
preserves a record of this northward-directed traffic and probably

represents an important source area for offset terranes in southern
Alaska.
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CONCLUSIONS FOR PART I

My major conclusions are as follows:

(1) The Pacific Rim Complex is underlain by a basement comprising
Triassic arc volcanic rocks which are not correlative with coeval
rocks of Vancouver Island.

(2) Melanges in the Complex represent a stratigraphic accumulation
of various mass-movement deposits. Frequent large earthquakes
were probably responsible for the extensive amount of soft-
sediment deformation.

(3) The present position of the allochthonous Pacific Rim Complex

is wholly an artifact of younger transcurrent displacements.
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PART II

DEFORMATION OF SEDIMENTS AT SUBDUCTION ZONES:

AN APPLICATION OF CRITICAL STATE SOIL MECHANICS
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INTRODUCTION FOR PART II

Since the recognition of plate tectonics, much attention has been
focused on ancient and modern convergent margins in order to resolve a
record of plate interactions. In many modern convergent margins,
young trench-fill sediments are continually deposited across the
surface trace of the active subduction boundary (Figure 19), and
invariably become incorporated and deformed within the subduction
zone. The popular subduction accretion model (Beck, 1972; Karig,
1974; Seely, et al., 1974) predicts that trench slopes are underlain
by structural complexes that have grown by frontal accretion of
imbricate thrust slices derived from sediments on the down-going
plate. This orderly and sequential process is analogous to frontal
imbrication in on-land thrust belts (Boyer and Elliott, 1982) and
should provide a fairly complete record of subduction interaction,
especially in trench settings where the down-going plate has a thick
sedimentary cover.

Thrust imbrication can be documented in the frontal regions of
several modern subduction systems (northern segment of the Middle
America trench -- Moore, et al., 1982; Sumatra trench -- Karig, et
al., 1980; Barbados Ridge complex -- Moore, Biju-Duval, et al., 1982;
Nankai trough -- Aoki, et al., 1983) ); but there is no ready assur-
ance that deformation within the deeper portions of convergent margins
is at all like on-land thrust belts. To begin with, subduction rates
are typically one to two orders of magnitude faster than the rates of
overthrusting reported for on-land thrust systems (Gretener, 1972, p.
592). Furthermore, subduction-zone deformation typically involves
unlithified water-saturated sediments., Seismic profiles across some
modern accretionary wedges (Westbrook, et al., 1982; Aoki, et al.,
1983) demonstrate that as much as 50% of the sediment cover on the
down-going plate is not accreted at the front of the wedge, but

instead is carried some 10's of kilometers arcward beneath the wedge.
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High excess pore fluid pressures are bound to develop in these
subducted sediments (Westbrook, et al., 1982; Von Huene and Lee,
1983).

As a result, some geologists (Bachman, 1978; Byrne, 1982; Cloos,
1982; Moore and Karig, 1979) suggest that the subduction-zone setting
is probably conducive to the development of unusual deformational
styles, such as those found in chaotic melanges. This possibility is
in accord with the common occurrence of melanges in ancient, sediment-
rich subduction complexes (Cowan, in press). In the subduction-zone
interpretation, melanges are thought to form when unlithified sedi-
ments move beneath the accretionary wedge and are deformed within a
subduct ion-related shear zone. Judging from the exposed dimensions of
these melange units, this shear zone would be on the order of 100's of
meters thick; Cloos (1982) suggests that this shear zone might be
several kilometers thick, and therefore involve large parts of the
accretionary wedge.

Whether or not these interpretations are correct, they pose an
important question: What factors control the deformational behavior of
unlithified sediments within the subduction zone setting? Before
considering this question, let us first examine the deformational
conditions and strains expected within a typical subduction zone.
Deformation in this setting can be represented by two idealized,
end-member situations (Figure 20). As sediments approach the accre-
tionary wedge, they first begin to deform in a fashion approximating
coaxial horizontal shortening. Those sediments subducted beneath the
wedge are confined to an actively moving shear zone, and therefore
must deform in a non-coaxial manner, probably best approximated by
simple shear. The expected range of deformational behavior within
this zone can be characterized in a simple fashion by the three
structural styles shown in Figure 21. These styles consist of: (1) a
wide ductile shear zone composed of cohesively flowing sediments;

(2) a wide zone consisting of a network of closely spaced faults or
slip surfaces, which in the case of muds may begin to resemble a scaly

fabric; and (3) widely spaced faults, perhaps with a geometry similar
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NON-COAXIAL SIMPLE COAXIAL HORIZONTAL
SHEAR SHORTENING
¥yy = AX/H €,=AL/L

Figure 20. Two idealized situations for deformation in a subduct ion
zone setting.
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to on-land thrust belts. The first structural style is considered
ductile because the sediment deforms in a continuous fashion at scales
large than individual grains. The last two structural styles are
considered brittle because the bulk of the deformation is accom-
modated along discrete slip surfaces. Laboratory deformation of
water-saturated clays and sands indicates that failure typically
occurs after relatively small strains (Table 2), especially when
compared with the geologic situation. For instance, sediment deformed
under simple shear conditions generally fails at shear.strains less
than 25%. However, because the displacements across the zone are
large in comparison with the thickness of the zone, sediments in a
subduction shear zone such as the one depicted on the left side of
Figure 20, are subject to much greater shear strains, on the order of
100's and 1000°'s of percent. Unfortunately, it is impossible to
experimentally deform sediments to the large strains and large
displacements typical of the subduction zone setting. Furthermore,
when sediments reach their failure condition, centinued deformation
tends to be unstable and is highly influenced by the artificial nature
of the testing apparatus (see Wood, 1982).

The approach used in this paper is to examine the generalized
constitutive behavior of water-saturated sediments. The main premise
is that the predominance of any one of the above structural styles is
determined primarily by this constitutive behavior. In particular,
there are three aspects of this behavior to be considered: (1) What
factors allow a deforming sediment to flow in a stable and cohesive
fashion, as opposed to failing in an unstable fashion with the
development of localized slip surfaces? (2) How much ductile strain
occurs before failure? (3) When failure occurs, how much weaker is
the failed zone with respect to the surrounding unfailed sediment?
This last question is particularly important because a sediment may
fail (i.e., reach its peak strength), but in order for continued
deformation to be isolated along a discrete slip surface, failure must

involve a significant loss of strength.
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TABLE 2. Typical strains at failure for water-saturated clays and

sands.
TRIAXIAL COMPRESSIDNT
SEDIMENT TYPE AND AXIAL STRAIN DEVIATORIC STRESS
CONSOLIDATION STATE AT FAILURE AT FAILURE
e, (%) (a,-0,) (kPa)
1 173

DRAINED
Loose clay ~23% 255
Loose sand (45.6%) ~20% 520
Dense clay 8% 50
Dense sand (39%) % 725

UNDRAINED
Loose clay 17% ~115
Loose sand (45.8%) 14% 115
Dense clay 27% ~95
Dense sand (43.0%) 33% ~1210

SIMPLE 5HEAR§

SEDIMENT TYPE AND SHEAR STRAIN DEVIATORIC STRESS

CONSOLIDATION STATE AT FAILURE AT FAILURE
- ) (0,-0,) (kPa)

DRAINED
Loose kaolin clay 25% 75-145
Loose sand (46.0%) ~15% 65
Dense sand (38.5%) 8% 85

* Initial porosity shown where available.
1 Compiled from Bishop and Henkel (1962), p. 110, 115, 116, 123, 128.

Sands were tested by Fukushima and Tatsuoka (1982) using a torsional
simple shear apparatus. Kaolin clay was tested by A. Thurairajah
using a Cambridge simple shear device (cited in Roscoe and
Burland, 1968, p. 599).
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This paper is developed in three parts, In the first part, a well
established constitutive model is used to explain the generalized
behavior of deforming sediment. This model establishes a firm basis
with which to judge the relative effects of strength, porosity,
state-of-stress and paore pressure. The second part examines the
loading conditions present at a subduction zone, and the deformational
behavior that might be expected in subducted and accreted sediments.
The last part of the paper explores some of the implications of this
analysis for structural styles in accretionary wedges. Two specific
problems are considered: (1) the development of scaly clays and thrust
faults in the region of the Barbados drilling transect (Leg 78A of the
Deep Sea Drilling Project [DSDP]--Moore, Biju-Duval, et al., 1982),
and (2) structural styles that might be associated with underplating,

that is, accretion to the base of the wedge.
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SEDIMENT DEFORMATION AS DESCRIBED BY CRITICAL STATE SOIL MECHANICS

There has been a strong motivation in soil mechanics to provide a
more rational basis for soil testing and engineering design. As a
consequence, a number of sophisticated constitutive models have been
developed over the past 25 years (see review by Ko and Sture, 1981).
However, a series of models developed during the 1960's by K. H.
Roscoe and others at Cambridge University (Schofield and Wroth, 1968;
Roscoe and Burland, 1968) still provide the simplest and most concise
description of deformational behavior of water-saturated granular
materials. The Cambridge models were initially developed to describe
stress-strain behavior of loosely consolidated clays deformed under
triaxial conditions. These models, however, have been successfully
used to predict the general deformational behavior of sand and clay
over a range of initial consolidation conditions (Roscoe, 1970, 1971;
Atkinson and Bransby, 1978). Futhermore, Roscoe and Burland (1968)
show that one of the Cambridge models is applicable to more general-
ized stress-strain conditions, such as plane strain and simple shear.

The Cambridge models are based on the concepts of critical state
soil mechanics (Schofield and Wroth, 1968) which view sediments as
elastic-plastic materials, The term plastic is used in the generic
sense to refer to the permanent, non-recoverable component of deforma-
tion, as opposed to the elastic component which is fully recoverable
when the material is unlcaded. Ideally plastic materials are consi-
dered to have a constant yield strength; however, the yield strength
for a deforming sediment changes depending on the current state of the
sediment, defined by its state-of-stress and porosity. A material
with these properties could be more formally referred to as a
pressure-sensitive, strain-hardening elastic-plastic material. As
might be expected, the stress-strain behavior of such a material is

more complicated than that of an ideally plastic material.
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The Cambridge models are ideally suited for the problem consid-

ered here, for the following reasons:

(1) The models are relatively simple in form.

(2) The models only require five material constants which are easily
measured using conventional triaxial tests. These constants appear to
be invariant properties of the sediment, and, therefore, allow the
models to be used to simulate a wide range of deformational condi-
tions.

(3) The models provide a conceptual framework for sediment deformation
that manages to tie together, in a coherent fashion, a number of
abservations and relationships that otherwise appear to be unrelated.
This last feature is an important one, because it allows us to treat
problems of sediment deformation, such as the subduction zone problem,
in a more confident and generalized fashion.

In this section, the Cambridge models are introduced in several
steps. The first step considers how the porosity of the sediment
affects its deformational behavior. This topic is used to introduce
some general concepts, such as strain-hardening, strain-softening and
deformational stability. The second step introduces the idea of a
critical state line, which separates regions of different deforma-
tional behavier. And finally in the last step, one of the Cambridge
models, called the modified Cam Clay model, is described and used to
introduce the idea of plastic yield surfaces. This model is also used
in a another section to examine representative examples of strain-
hardening and strain-softening deformation, under drained and
undrained conditions. Triaxial deformational conditions are used in
these examples (ci >oé = cé), despite the fact that the subduc-
tion zone setting is better represented as plane-strain deformation. A
more rigorous presentation could be made using the plaﬁe—strain
version of the modified Cam Clay model (Roscoe and Burland, 1968);
however, it is quite clear that the conclusions drawn from the
triaxial examples are applicable to the plane~strain situation. This

point is discussed in more detail below.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

DEFINITION OF VARIABLES

In the following discussion, sediments are assumed to be satu-
rated with water, and, unless otherwise noted, all stresses are
represented as effective stresses and are designated as such with a
prime (c'). Compressional stresses and shortening strains are defined
as positive, in accordance with the convention in soil mechanics
(Atkinson and Bransby, 1978); to be consistent, a decrease in volume
corresponds to a positive volumetric strain. Note that the typical
convention in geology (Ramsay, 1967) defines shortening strains and
decreasing volume as negative strains. Void ratio, e, is used as the

measure of relative pore volume, and is defined by:

e = _Pore volume - n 1)

solid volume (1-n)

where n represents fractional porosity. While porosity is probably
more familiar, void ratio is preferred for sediment deformation
because the changing pore volume is compared against a fixed solid
volume, thereby providing a more direct measure of volumetric strain,
Figure 22 shows the layout for the triaxial compression test,
which is probably more appropriately described as axially symmetric
compression. The axial stress, o{, is the maximum compressive
stress; the confining stress is provided by oé = o%. Pressure,
P', is defined as the mean effective stress. In the plasticity
models, large strains are typically determined by summation of small

incremental strains, A€ = (-AL/L), which results in:
€=tn [-(Le~L )L Y = [de = >zaE (2)

where € is known as the natural or logarithmic strain (Ramsay, 1967,
p. 52), and L0 and L are the initial and final length, respectively.
The shear strain increment, dGS, and the volumetric strain incre-
ment, dGV, are defined in Figure 22, A list of symbols is provided

in Appendix B.
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', "TRIAXIAL COMPRESSION
g, dg,
i STRESS
DEVIATORIC Q'= (g —c; )
o, 1
- ' : ] '
0,31 (=aé) d€2 PRESSURE P'= (01 +0, + O )/3
d€,; (=dE€,)
STRAIN INCREMENTS
SHEAR d€s= 2/3(d€1— d€3)
U = PORE-FLUID 4
PRESSURE Vo = =-de _ -dV
LUME d€, Cire) v
o= o-U
VOID RATIO (e) = -FORE VOLUME
d€ = ~dL/L SOLID VOLUME
Figure 22.

Stress and strain relationships for triaxial compression.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

THE EFFECT OF VOID RATIO ON SHEAR STRENGTH

The stress-strain behavior of sediments, be it clay or sand, is
significantly dependent on the current void ratio of the sediment. The
schematic diagrams in Figure 23 illustrate the effect of veid ratio on
the shear strength of a typical sediment. In this example, pressure
is held constant, and excess pore pressure is allowed to dissipate
(i.e., drained conditions), so that any change in void ratio (i.e.,
volume strain) is due sclely to changing deviatoric stress. A number
of specific tests for sands and clays (Atkinson and Bransby, 1968;
Vesic and Clough, 1968; Lade, 1982) indicate that these generalized
relationships are, in fact, representative.

As shown in Figure 23a, the densely packed sediment is character-
ized by a peak in strength and can initially sustain greater devia-
toric stresses in comparison with a more loosely packed sediment. With
continued deformation, both the dense and loose sediment develop a

constant shear strength or ultimate strength which is independent of

their initial packing. As these sediments approach their ultimate
strength, they also converge on a constant void ratio called the
critical void ratio (Casagrande, 1936; Roscoe, et al., 1958). Within

the context of critical state soil mechanics, when a sediment reaches

its critical void ratio, it is considered to be at its critical state

(Schofield and Wroth, 1968); further deformation at the same pressure
occurs without any change in volume (Figure 23b and 23c). Therefore,
the critical state, and its associated critical void ratio, represent
a unique condition during constant-pressure deformation where the
sediment has developed a steady-state packing arrangement and deforms
at constant deviatoric stress. It is important to point out, however,
that for densely packed sediments which develop localized zones of
deformation, only the sediment within the failure zone reaches the
critical state (Schofield and Wroth, 1968, p. 211). As a consequence,
the bulk void ratio of a dense sediment at its ultimate strength is

typically smaller than its critical void ratio.
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Figure 23. The effect of void ratio on drained deformation
at constant pressure. Dense and loase refer to the void
ratio of the sediment prior to deformation.
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The fact that sediments at the critical state deform at a
constant volume and constant shear strength, indicates that variations
in shear strength are somehow related to the volumetric strain
behavior of the sediment. Figure 23b and 23c illustrate typical
changes in volumetric strain and void ratio during deformation. The
loosely packed sediment continually decreases in volume and in void
ratio until it reaches its critical void ratie., This contractive
behavior is associated with a progressive increase in shear strength.
In contrast, the densely packed sediment dilates or increases in
volume during deformation, and after reaching an initial peak
strength, is characterized by a progressive decrease in shear
strength. (The relatively small, initial decrease in volume for the
dense sediment in Figure 23 represents elastic volumetric strain
acquired before plastic yielding begins. This is discussed in more
detail below.)

STRAIN-HARDENING AND STRAIN-SOFTENING BEHAVIOR

The stability of a deforming plastic material--that is, whether
it deforms in a cohesive stable fashion or ruptures in an unstable
fashion--is determined by the strain-hardening or strain-softening
behavior of the material (Drucker, 1966; Schofield and Wroth, 1968, p.
97). Strain-hardening or strain-softening indicates that with
progressive strain, a plastic material either increases or decreases
in strength. For the sediments illustrated in Figure 23, the dominant
type of behavior, either stain-hardening or strain-softening, depends
upon whether the current void ratio is looser or denser than the
critical void ratio (Schofield and Wroth, 1968, p. 107).

How does strain-hardening and strain-softening behavior affect
the deformational stability of a plastic material? Real plastic
materials have internal variations in strength; therefore, weaker
regions within the material will deform first. Strain-hardening
promotes stable, homogeneous deformation because those initially
weaker regions become stronger causing deformation to spread out and

involve all of the material at a common yield stress. Hence, a loose
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sediment which displays strain-hardening behavior (Figure 23) should
deform in a stable ductile fashion. In contrast, strain-softening is
an inherently unstable mode of deformation because initial variations
in strength are enhanced with continued deformation. As a conse-
guence, strain becomes preferentially concentrated into discrete
zones, which causes the material within these zones to weaken further.
Strain-softening elastic-plastic materials are therefore characte-
rized by planar zones of localized deformation. They are also prone
to brittle rupture because as these localized zones weaken, they
unload the surrounding material, thereby releasing elastic strain
energy. This energy release can cause the formation and propagation
of a discrete rupture surface within the weakened zone; this process
is analogous to the propagation of a fault through a rock (Rudnicki
and Rice, 1975; Palmer and Rice, 1973). Thus, for dense sediments
that display strain-softening behavior, we can expect progressive
deformation to culminate with brittle rupture and the formation of
discrete faults. These newly formed faults will be significantly
weaker than the surrounding sediment, and therefore will tend to
accommodate further deformation.

It is common practice in soil mechanics to assume that failure
occurs when a sediment reaches its peak strength (e.g., Bishop and
Henkel, 1962). This assumption seems reasonable for dense sediments
because their peak strength marks the onset of strain-softening
deformation. However, for loose sediments, there is no loss-of-
strength at peak strength because peak strength and ultimate strength
are the same. Furthermore, experimental data indicate that loose sedi-
ments do not rupture at failure (Vesic and Clough, 1968; Atkinson and
Bransby, 1978; Lade, 1982).

What does occur when a loose sediment reaches its peak strength?
The peak strength of a loose sediment also coincides with its criti-
cal state. At the critical state, the sediment neither hardens nor
softens with continued deformation. Without strain-softening, the
elastic release required to propagate a brittle rupture surface cannot

occur. Furthermore, in the absence of strain hardening, there is no
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mechanism to ensure stable ductile deformation of the sediment,
Therefore, the deforming sediment is considered neutrally stable, and
under this condition should be more highly influenced by local
features, such as variations in strength. Evidence is given below
which suggests that wide zones of scaly clays might develop under this
neutrally stable condition, In the following discussion, these two

failure conditions are distinguished by the term rupture failure,

referring to strain-softening failure in dense sediments, and stable
failure, referring to neutrally stable failure of loose sediments at
the critical state. Lade (1982) makes a similar distinction in his
discussion of failure modes for sands in triaxial tests.

At this point, it is important to emphasize that the relation-
ships described above between deformational stability and strain-
hardening and strain-softening behavior have been experimentally
verified for a variety of clays and sands, and under a wide range of
test conditions (see examples summarized in Schofield and Wroth, 1968;
and in Atkinson and Bransby, 1978; also Vesic and Clough, 1968; Lade,
1982). Furthermore, a generalized analysis by Rudnicki and Rice
(1975) of the deformatianal stability of pressure-sensitive, elastic-
plastic materials establishes a firm theoretical basis for these
concepts. It should be mentioned that Rudnicki and Rice are primarily
concerned with the problem of fault rupture in rocks, but they
specially note that their analysis is also applicable to sediments.

For the problem considered here, we are interested in using these
concepts of deformational stability to help predict the general
structural style of sediment deformation in the subduction-zone
setting (Figure 21). The critical state concept represents a means
towards that end, because it allows us to identify those conditiens
where a sediment will either strain-harden or strain-soften. In the
case of constant-pressure deformation, the critical state of a
specific sediment can be represented by two parameters: the ultimate
strength and the critical void ratio. However, for generalized
deformational conditions, the critical veid ratio of a sediment

changes as a function of pressure, P'. In order to introduce a
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generalized relationship for the critical state, we must first
consider how void ratio changes with pressure during isotropic

consolidation (i.e., Q'= 0).

VOLUMETRIC STRAIN DURING ISOTROPIC CONSOLIDATION

Isotropic consolidation refers to a special test conducted under
drained conditions where all three principal stresses are maintained
at equal values (Giz 0= 03= P'), so that the sediment deforms
solely by changes in pressure, P'. The advantage of this test is that
it creates a situation where there is a direct relationship between
pressure and volumetric strain in the absence of devistoric stress
(note that Q'= 0). The volumetric strain behavior of sediment during
isotropic consolidation forms an important basis for the Cambridge
models; three of the five material constants used in the models are
derived from this test.

When sediment is isotropically consolidated for the first time,
its void ratio decreases with increasing pressure, a relationship
which is described by the virgin isotropic consolidation line (ICL) or
A line (Figure 24). The isotropic consolidation line forms a straight

line in an e-Ln(P') diagram (Roscoe and Burland, 1968, p. 551):

e =e. -xLnP") (3)

I

where € and A represent material constants (eI is the void ratio when
P'=1 kPa). Void ratio changes indicated by the isotropic consoli-
dation line represent both the elastic and plastic components of volu-
metric strain. Consider the example in Figure 24; an increase in
pressure from P% to Pé causes a decrease in void ratio from e, to

&y When the pressure is reduced back to P!, there is only a small
increase in void ratio as the sample recovers the elastic component of
the volumetric strain. This elastic unloading curve is called a
swelling curve. When the sediment is subjected to another pressure
increase, the void ratio decreases again and roughly retraces the

swelling curve back to the isotropic consolidation line. This elastic
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VOID RATIO (e)

y T_n P!
P2

Figure 24. Deformation and volume change occurring during isotropic
consolidation. Figure 24a illustrates typical changes in void ratio
when a sediment is consolidated for the first time from P! to P!,

and then unloaded back to P! . Figure 24b shows the same'rela-
tionships, but with void ralio plotted against 1n (P'); the isotropic

consolidation line (ICL) and the elastic K-line form straight lines in
this e-Ln(P') diagram.
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reloading curve is called a recompression curve. The swelling and
recampression curves are represented by an average elastic curve
called the K-line defined by (Schofield and Wroth, 1968, p. 72, 136):

e, = e, - K Ln(Pé/P;) (4)

where K is a third material constant.

Using A and K, the following expressions can be used to determine the
amount of total, plastic and elastic changes in void ratio imposed

during a given change in pressure from P% to Pé,

el = (e, - €,) = -A Ln(Py / P) (5)
ef = (e, - ) = =K Ln(P} / P3) (6)
p - - 1] t

ef = (ec - ea) = —-(a-K) Ln(P2 / P1) (7)

For infinitesimal increments of deformation, a volumetric strain
increment, de , is defined as (Roscoe and Burland, 1968, equation

8):
dee = -dV/V = -de/(1+e) (8)

where V is the volume (the minus sign reflects the convention that
volumetric strains are positive when volume decreases).'Differenti-
ating equations 5-7 with respect to pressure gives the volumetric
strain increments during isotropic deformation:

[ ]
et - - _dP' (9)

(1+e) Pt
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ae® - K dp! (10)
v
(1+€) p*
geP - =(a-K) _dP' (1)
v
(14e) P!

These expressions are used in the Cambridge models to determine
volumetric strains associated with more generalized types of deforma-
tion. In the discussion below, void ratio is frequently used as an
informal measure of volumetric strain. Therefore, it is important to
note that a change in void ratio (de, ape) is proportional to a change

in volumetric strain (dGV, AGV) (equation 8).

THE CRITICAL STATE LINE
The critical state line (CSL) delimits those conditions under

which a sediment will strain-harden or strain-soften (Figure 25). The
"condition" of a sediment can be more accurately referred to as its
state (Roscoe and Burland, 1968, p. 538), which is defined by the
current void ratio, pressure and deviatoric stress (e, P', Q') for
that sediment. Therefore, the critical state line indicates the
specific values of e, P' and Q' where a plastically deforming sediment
neither strain-hardens nor strain-softens. When in this state, the
sediment is said to be in its critical state (Schofield and Wroth,
1968, p. 107).

In principle, we could define the critical state line by submit-
ting a sediment to a series of triaxial tests, like the ones shown in
Figure 23. The critical void ratio, ultimate strength and pressure
determined in each test would represent a point on the critical state
line for that sediment. These tests are best performed with the
sediment initially in a state looser-than-critical, in order to ensure
that the whole sample deforms in a stable, homogeneous fashion, and to
avoid unstable deformation and localization associated with denser-
than-critical states. This approach has been used to determine the

position of the critical state line for a variety of sediments
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Figure 25. The location of the critical state line (CSL) is shown as a function of void ratio
e, pressure P', and deviatoric stress Q'. Sediments that are densier-than-critical dilate upon
yielding and exhibit unstable strain-softening behavior, whereas sediments looser-than-critical
compact upon yielding and exhibit stable strain-hardening behavior. A series of elliptical
yield surfaces are also shown in Figure 25a; only one yield surface is active at a time
depending upon the current void ratio and pressure. Plastic strains can only occur when the
state-of~stress (P', Q') is on the current yield surface.
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(numerous examples are reviewed in Schofield and Wroth, 1968; and
Atkinson and Bransby, 1978). These studies indicate that in an
e-Ln(P') diagram, the critical state line lies beneath and parallel to
the isotropic consolidation line (Figure 25). Therefore, e and P' for
the critical state line can be defined by the following relationship
(cf. equation 3) (Schofield and Wroth, 1968, p. 108):

e=e. - A Ln(P') (12)

where ee is the critical void ratio at P'=1 kPa and XA is the slope of
the isotropic consolidation line. For the P'-Q' diagram (Figure 25),
these tests indicate that the critical state line is described by

(Schofield and Wroth, 1968, p. 108):
Q' = MP! (13)

where M is a material constant and Q' and P' are the deviatoric stress
and pressure for a sediment at its ultimate strength (i.e., critical
state). The constant M is related to the more familar parameter g,
the angle of friction, by the following relationship (Roscoe and
Burland, 1968, p. 584):

M= [(6 sin @) / (3 - sin @)] (14)

The angle of frictieon used here is for triaxial compression and is
referred to as the "ultimate friction angle" by Lambe and Whitman
(1979, p. 144).

With these relationships, only two triaxial tests are needed to
locate the critical state line: (1) An isotropic consolidation test is
used to determine the material rconstant, * (equation 3). (2) A drained
triaxial compression test, such as the test in Figure 23, is used to
determine e, P' and Q' at stable failure. These values (e, P', Q')
represent a point on the critical state line, and therefore can be

used with equations 12 and 13 to solve for M and e,
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As shown in Figure 25, the critical state line separates the e-pP'
and P'-Q' diagrams into two regions corresponding to strain-hardening
and strain-softening behavior. For instance, in the e-P' diagram, a
plastically deforming sediment located above the critical state line
(looser-than-critical) would strain-harden, and below the line
(denser-than-critical) would strain-soften. 1In the P'-Q' diagram, the
critical state line represents the ultimate strength of the sediment
as a function of pressure. Therefore, a plastically deforming
sediment located to the left of the line would strain-soften because
its present strength would be greater than its ultimate strength. If
instead it was located to the right of the line, the sediment would
strain-harden because its ultimate strength would be greater than its

present strength,

SEDIMENT PLASTICITY AND THE MODIFIED CAM CLAY MODEL

This section introduces several of the remaining features of the
Cambridge models, such as plastic yield surfaces, the normality
condition and stress-incremental strain relationships. These features
are also used by other sediment plasticity models (see review by Ko
and Sture, 1981); however, for the Cambridge models the critical state
line forms the basic framework around which the various plasticity
models have been constructed. 1In this approach, the critical state
line is considered to be a line of reference which can be used to
compare plastic deformation in states other than critical (Roscoe,
1971, p. 940). The significance of this approach should become
apparent, especially when specific examples of triaxial deformation
are considered in the next section,

The Cambridge models employ a series of plastic yield surfaces
which in a triaxial P'-Q' diagram appear as a nested set of elliptical
curves radiating out from the origin (Figure 25a). Only one yield
surface is active at a time, depending on the current void ratio and
pressure (e, P') of the deforming sediment. A sediment with a
state-of-stress (P', Q') inside the current yield surface will only

deform elastically, while a state-of-stress on the yield surface
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permits plastic deformation. The current yield surface therefare
bounds the regions of elastic, fully recoverable strain. A state-of-
stress outside of the current yield surface is not possible until an
increment of plastic strain reduces the void ratio and causes the
yield surface to move outward.

Yield surfaces used in the modified Cam Clay model are described
by the following expression (Roscoe and Burland, 1968, p. 549):

(Pr-pr/2)? Q

5 + =1 (15)
(P!/2) M

where Pé defines the current position of the yield surface. This
equation indicates that the yield surface is an ellipse with its major
axis lying on the P' axis. The ellipse intersects the P' axis at the
origin and at Pé; the minor axis is vertical and extends to the

point where the ellipse intersects the critical state line at P'=

Pé/z and Q'= M Pa/Z. The position of the current yield surface is
therefore defined solely by the variable Pé, which is a function of
the current void ratio and pressure. Pé can be determined graphi-
cally from the e-P' diagram. The K-line passing through the current
void ratio and pressure (e, P') is traced to its intersection with the
isotropic consolidation line; the pressure at this point is the
current value of P+ Consider the example in Figure 26. A sediment
with a current state at point F (ef, P%, Q%) lies on a K-line

which intersects the isotropic consolidation line at the point C; the
current yield surface is located at Pé: Pé. An equation for Pé

can be derived by combining equation 4 for the K-line and equation 3

for the isotropic consolidation line, which results in :

e - e + K Ln(P')
Ln(Pc')) = 0 (16)
K=A
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Figure 26. Drained triaxial deformation of looser-than-critical
sediment, as simulated by the modified Cam Clay model (after Figure
A9-1 of Jain, 1980). Prior to the test, the sediment is preconsoli-
dated so that initial yield surface intersects the P' axis at point C
(Figure 26a). The sediment is then deformed along a stress path from
D to I; stable failure occurs at point I on the critical state line.
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wvhere e and P' are the current void ratio and pressure. It should be
noted that the yield surfaces used in the other Cambridge models
(Granta-Gravel, Cam Clay ~- Schofield and Wroth, 1968) have a slightly
different shape which reflects that fact that they use a different
work function (Roscoe and Burland, 1968, p. S47-48). For the problem
considered here, this difference is of minor importance.

The stress-strain relationships used in the Cambridge models
employ the strain increment approach of plasticity theory (Ramsay,
1967, p. 319; Atkinson and Bransby, 1978, p. 274-83), where the
principle directions of the plastic strain increment are considered to
be parallel with the principle stress directions. Roscoe, et al.
(1967) present evidence that supports this assumption. The resulting
deformation need not be coaxial, unless the principal stress direc-
tions remain fixed to the finite strain axes throughout the deforma-
tion, which, in fact, is the case for triaxial deformation. Thus, for
the P'-Q' diagram in Figure 25, the P' axis corresponds to the plastic
volumetric strain increment, dcs, and the Q' axis corresponds to
the plastic shear strain increment, dGZ (Atkinson and Bransby,

1978, p. 282). This relationship defines the orientation of the
incremental plastic strain ellipsoid, but the actual shape of the
ellipsoid is determined through the normality condition, which states
that the plastic strain increment, due to a state-of-stress (P', G')
on the yield surface, is normal to the surface at that point (Figure
25a). Therefore, the ratio of the plastic strain increments,
(ng/dgs), is egual to the slope of the yield surface normal

(-1/Sy) where Sy is the slope of the yield surface itself. The slope
of the yield surface normal can be obtained by differentiating the
yield surface equation (equation 15), which gives the following
relationship (Roscoe and Burland, 1968, equation 34):
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dsz -1 2Q'P*
= 17)

p 2 _ .2
dey sy (MP") Q!

The left side of this equation yields the foilowing relationship:
= -deP/deP
5, = dey /de (18)

which relates the normality condition in a more comprehensible form.
Simply stated, where the yield surface is steep (i.e., Sy is large),
plastic deformation results in a much greater volumetric strain
relative to shear strain. Conversely, where the surface is gently
dipping (i.e., Sy is small), shear strain is much greater (note that
at the critical state line, the yield surface is flat, indicating that
dGE: 0). Therefore, the slope of the yield surface at the current
state-of-stress (P',Q') gives an immediate indication of the relative
proportion of shear strain dGz to volumetric strain dGS that

will occur in the next increment of plastic deformation.

Since the normality condition only specifies the relative
proportion of the components of the plastic strain increment
(ng/dGS), another relationship is need to determine the
actual magnitude of one of these components. For this purpose,
equation 11 is recast in terms of Pé, which results in (Roscoe and
Burland, 1968, equations 15 and 17):

o -deP (K- dP!
dGV = = (19)
(1+e) (1+e) Pé

where e is the current void ratio, deP is the plastic incremental
change in void ratio, and dPé and Pé are determined from equation
16.

We have accounted for the plastic strain components, dgs and
dsg, and the elastic volumetric strain component, dej, which
leaves the elastic shear strain component, dQ:. Early Cambridge

models assumed that elastic shear strain was negligible (Schofield and
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Wroth, 1968; Roscoe and Burland, 1968). More recent investigators
(Atkinson and Bransby, 1978; Wroth and Houlsby, 1981; Jain, 1980)

include a linear elastic shear strain component, defined by:
des = da'/36 (20)

where G represents a constant shear modulus. The elastic shear strain
component becomes important for problems of non-homogeneous deforma-
tion. Wroth and Houlsby (1981) cite shear modulus values G for
several clays, all of which are between 2 - 14 MPa.

These relationships form the basis of the modified Cam Clay
model., Given the five material constants for a particular sediment
(K, A, ers M, and G), all of which can be determined from standard
triaxial tests, the model can be used to predict stress-strain
relationships and the point of failure during progressive deformation.
Table 3 gives some average values of A, K, and M for sands and clays
(from compilation by Egan and Sangrey, 1978). Maximum and minimum
void ratios are also included to give an indication of the relative
volumetric strain pessible during typical deformation. In the next
section, this model is used to examine specific examples of triaxial

deformation.
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Table 3. Average and range of material constants for typical sands
and clays (from compilation by Egan and Sangrey, 1978).

MATERIAL CLAYS SANDS
CONSTANTS (n=16) (n=9)
A 0.204 0.119
(0.071-0.69) (0.020-0.37)
K * 0.040 0.0084
(0.011-0.18) (0.0043-0.015)
M 1.03 1.42
(0.85-1.53) (1.29-1.58)
emaxT 1.73 1.22
(0.77-3.52) (0.73-2.22)
eminf 0.79 0.66
(0.5-1.20) (0.38-1.23)

* The values of K compiled by Egan and Sangrey (1978) are actually
for the elastic reloading curve, so that these values are some-
what less than K used in the model, which is the average of the
unload and reload curves.

T enax and epjn are given as a rough measure of the range of void
ratios that a deforming sediment might attain. For clays, epay
and epip represent the liquid and plastic Atterberg limits.

For sands, these values represent the void ratios at minimum and
maximum relative density.
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EXAMPLES OF TRIAXIAL DEFORMATION

In this section, four examples of triaxial deformation are
presented with the purpose of illustrating how loose and dense
sediments respond under drained and undrained conditiens. These
examples are not real triaxial tests, but instead are simulated using
the modified Cam Clay model. They are, however, representative of
typical laboratory triaxial tests, such as those presented by Bishap
and Henkel (1962). Any discrepancies between the model and real
triaxial tests are noted in the descriptions below. It should be
emphasized that, in these simulated tests, loading occurs slowly and
the sediment is saturated by the peore fluid; these conditions ensure
that a uniform pore pressure is maintained throughout the sediment

during deformation.

DRAINED DEFORMATION OF LOOSE SEDIMENT

Figure 26 shows the results of a simulated drained triaxial test
based on the modified Cam Clay model. (This example is adapted from
Jain [1980]; he also provides a short description of the numerical
procedure used for the model.) Prior to the simulated test, the
sediment is isotropically consolidated to a pressure Pé and void
ratio €qs corresponding to point C in Figure 26b. The sample is then
unloaded to point D where the test begins. The load test is shown as
a stress path, labelled D through I, in the P'-Q' diagram. The test
begins at point D, and continues until it reaches the critical state
line at point I where the sediment fails. In addition to the typical
P'-Q' and e-P' diagrams, Figure 26 also shows how Q' and e change with
increasing shear strain Gg.

Preconsolidation of the sediment establishes the intercept of the
initial yield surface at point C with Pé: Pé. The test starts
with the first stress increment from point D to F, which is inside the

initial yield surface, and results only in elastic deformation, as
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shown in Figure 26c and 26d. The fact that D and F lie on the same
K-line in the e-P' diagram indicates the elastic nature of the
volumetric strain component. If the sediment were unloaded back to
point D, the strain increment would be completely recovered and the
initial yield surface would remain in the same position.

The next stress increment, F-G, crosses the initial yield surface
resulting in a combined elastic-plastic strain increment. The
resulting increment of plastic volumetric strain is shown in the e-P'
diagram by a departure from the K-line at point F. The magnitude of
the plastic volumetric strain is represented by the distance parallel
to the e axis between K-lines containing F and G. The amount of
plastic shear strain Gg can be determined by graphically unloading
the sediment back to the € axis. The slope of the elastic loading
path, represented by D-F in the Gz-Q' diagram, can be used for
this purpose, since the elastic shear modulus is constant (equation
20). An example of this procedure is shown by the dashed line from
point G (Figure 26c).

Strains imposed by the stress increment F-G cause the yield
surface to shift to CG with P!z Pég (Figure 26a). For a simulated
test, the yield surface moves in incremental steps, but in reality it
should move in a continuous fashion with increasing stress. The next
stress increment, G-H, results in another increment of elastic-plastic
strain, similar to that for F-G. The effect of the normality condi-
tion (equation 18) can be seen by comparing the decreasing slope of
the yield surface at successive points on the stress path (Figure 26a)
with the decreasing slope of the shear strain (GS)-void ratio (e)
curve in Figure 26d. In addition, the slope of the deviatoric stress
(Q')-shear strain (Gs) curve (Figure 26c) shows a steady decrease,
which reflects a decreasing rate of strain-hardening as the stress
path approaches the critical state.

Stable failure occurs when the stress path reaches the critical
state at point I. The yield surface at this point has a slope of
zero, so that Sy: (-dGS/dGE): 0. As discussed above, plastic
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deformation at the critical state occurs at constant volume. There-
fore, since (dge/dcg): 0 and dGB: 0, the plastic shear strain incre-
ment (ng) becomes indeterminate, which reflects the fact that

there is no longer a mechanism, such as strain-hardening, to stabilize
the deformatian.

If pressure and deviatoric stress continue to increase after
failure, then the stress path would diverge from point I and start to
follow the critical state line to the right. This relationship
illustrates the fact that, for loosely packed strain-hardening sedi-
ments, the critical state line represents a limit boundary directly
analogous to the Mohr-Coulomb failure envelope; the sediments cannot

sustain deviatoric stresses larger than those at the critical state.

DRAINED DEFORMATION OF DENSE SEDIMENT

The preceeding example shows how the model accounts for the
stress-strain behavior of loosely packed, strain-hardening sediment.
Densely packed sediment can respond quite differently during progres-
sive deformation. The initial yield surface, which intersects the P'
axis at point CL in Figure 27, bounds a large elastic region on the
P'-Q' diagram (the dashed yield surfaces shown inside the initial
yield surface do not become active until later in the deformation).
Note that the critical state line does not continue below the initial
yield surface; only elastic recoverable strains occur within this
region.

The current state of the sediment (PL, Q&, ek), represented
by point K, lies well within the initial yield surface, indicating
that the sample was previously deformed and consolidated along a
stress path that ended somewhere on that surface and then was
unloaded. Therefore, the initial state of the sample is described as
highly overconsolidated because its void ratio is much smaller than
would be expected from its present load condition (P&, Q&). This
highly overconsolidated condition is illustrated in the e-P' diagram
(Figure 27) where point K lies on the dense side of the critical state

line, far below the isotropic consolidation line. In soil mechanics,
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Figure 27. Drained triaxial deformaton of denser-than-critical
sediment, as simulated by the modified Cam Clay model. Unstable
strain-softening deformation begins when the stress path K-N meets the
initial yield surface at point L. Plastic yielding cause the sediment
to become progressively weaker, and to fail by rupture failure. A
shallower stress path, such as K-T, would result in stable strain-
hardening deformation because the stress path would intersect the
initial yield surface in a state looser-than-critical.
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the term overconsolidated and normally consoclidated are defined as
follows (Lambe and Whitman, 1979, p.74,299): an overconsolidated

sediment is presently under an effective stress less than that to

which it was once consolidated, whereas a normally consolidated

sediment is currently under the maximum stress it has ever
experienced. With respect to the modified Cam Clay model, an over
consolidated sediment has a state-of-stress inside the current yield
surface, whereas a normally consolidated sediment has a state-of-
stress that lies somewhere on the strain-hardening partion of the
current yield surface. The degree of overconsolidation is typically
indicated by on over-consolidation ratio (Atkinson and Bransby, 1978;
Lambe and Whitman, 1979, p.299), which represents the relative
position of the current state-of-stress for the sediment, with respect
to the position of the current yield surface. Atkinson and Bransby
(1978) use the ratio: P /P', where P, is the P'-axis intercept

of the current yield surface and P' is current pressure of the sample.
Highly overconsolidated sediments have Pé /P' > 25 the example shown
in Figure 27 has a ratio equal to 7.6 (PéL/Pé)'

Highly overconsolidated sediments are prone to unstable brittle
failure as illustrated by stress path K-N. The first stress increment
K-L results in elastic strain, which is represented by a reduction in
void ratio as the sediment moves from K to L on the elastic K-line in
the e-P' diagram. The first increment of plastic yielding occurs at
point L and involves strain-softening behavior, as indicated by the
positive slope of the yield surface (Sy>0) for the region to the right
of the critical state line. When Sy>0’ the normality condition
indicates that one of the plastic strain components is less than zero,
since Sy: (-dGS/dG@)) 0 (equation 18). Triaxial shortening
requires that the shear strain is greater than zero (d92>0),
indicating that the first plastic strain increment at point L must
have a negative volumetric strain component (dGS(O), which
corresponds to an increase in volume and in void ratio. This volume
increase represents the dilatancy effect characteristic of highly

overconsolidated sediments, and also of brittle deformation of rock.

‘
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The negative volumetric strain causes the yield surface toc move inward
towards point M, which indicates that the yield strength of the
sediment is decreasing.

As the sample deforms between L and N, strain-softening behavior
leads to localized zones of deformation which result in elastic
unloading and rupture failure. (This failure process is considered in
more detail by Rudnicki and Rice [1975] who treat it as a bifurcation
problem.) Because the sample weakens with progressive deformation, it
becomes impossible to determine the stress path beyond the initial
yield point at L, although it ultimately converges on the critical
state line, perhaps as shown by point N. The progressive stress-
strain path shown in Figure 27 applies only for the failure zone
(Atkinson and Bransby, 1978, p. 227). For instance, the strain-
softened failure zone might exhibit a yield strength of 05’ whereas
the surrounding "harder" sediment would retain its initial yield
strength, QC.

In general, these relationships are consistent with experimen-
tally observed behavior, but it should be noted that the modified Cam
Clay model tends to overpredict the peak strength of overconsolidated
sediments (denser-than-critical). In order to correct this problem,
Atkinson and Bransby (1978, p. 211) employ a different yield surface
for the region in the P'-Q' diagram to the right of the critical state
line. Another discrepancy is that after rupture failure in clays,
further defarmation causes the strength of the rupture surface to
decrease from its critical state value, or ultimate strength, to a
residual strength (Skempton, 1964; Schofield and Wroth, 1968, p. 225).
Schofield and Wroth (1968) suggest that the material properties of the

clays at the rupture surface are modified by the very large shear
strains that become concentrated at the rupture surface after
localization sets in. If correct, this interpretation indicates that
the material "constants" of the model can change during the course of
the deformation. In any case this phenomenon ensures that a
strain-soften rupture surface actually remains much weaker than the

surrounding sediment.
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Highly overconsolidated sediments do not always deform by strain-
softening failure. An alternative stress path, labelled K-T in Figure
27, would have resulted in stable strain-hardening deformation similar
to the example described above in Figure 26. The important distinc-
tion that must be made is whether the sediment is looser or denser
than the critical state when it first reaches the initial yield
surface. Strain-softening occurs when the stress path intersects the
yield surface to the left of the critical state line, so that
p' < Pé/Z, where Pé represents the P-axis intercept of the initial
yield surface. As can be seen, the occurrence of strain-softening or
strain-hardening yielding is a function of both the stress path and

the position of the yield surface.

UNDRAINED DEFCRMATION OF LOOSE SEDIMENT

Deformation of low permeability sediments, such as clays and
muds, commonly occurs under partially drained or, in the extreme,
under completely undrained conditions. In soil mechanics, this
situation is simulated by an undrained triaxial test where pore fluid
is not allowed to move in ar out of the deforming sediment. The
result is that deformation occurs without volume change (based on the
reasonable assumption that the pore fluid and mineral grains are
relatively incompressible), and with large changes in pore pressure.
This type of test is usually performed at a slowly enough to ensure a
uniform pore pressure distribution (Bishop and Henkel, 1962).

Figure 2B shows the results of a simulated undrained test for a
laoser-than-critical sediment. Before the test, the sediment is
isotropically consolidated under drained conditions to point CN on the
P' axis, after which pore fluid drainage is no lenger permitted. The
sediment is then subjected to an applied (or total) stress path, which
in this case extends from CN to F., If the test were conducted under
drained conditions, the sediment would follow the applied stress path
and would deform like the drained strain-hardening sediment shown in

Figure 26. There is no significance to this particular applied stress
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CN-F

Figure 28. Undrained triaxial deformation of lcoser-than-critical
sediment as simulated by the godified Cam Clay model. During deforma-
tion, excess pore pressure, U , progressively increases which causes
the undrained stress path, CN-F , diverges from the applied (or total)
stress path, CN-F, and curves towards lower effective pressure.
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path; in fact, it is shown below that the trajectory of the undrained
stress path is independent of the orientation of the applied stress
path.

The same tendency that causes strain-hardening sediments to
decrease in volume during drained deformation, is manifested during
undrained deformation by an increase in pore pressure. Therefore, in
an undrained test, the stress path curves to the left towards lower
effective pressures, as shown by the stress path CN-F* in Figure 28.
in the modified Cam Clay model, undrained deformation is simulated by
holding the volume constant in the e-P' diagram (Figure 28b), so that
the void ratio from its initial value, € does naot change during
deformation. Pore pressure and effective pressure are allowed to
vary, in order to compensate for this constant volume restriction.
Stable failure occurs when this constant volume path reaches the
critical state line in the e-P' diagram, which for this situation is
at point F*. Failure of undrained looser-than-critical sediments
occurs essentially in the same way that it does in the drained case.
As the state path approaches the critical state line, the amount of
strain-hardening decreases to zerao which results in stable failure
without a significant loss-of-strength (Atkinson and Bransby, 1978, p.
178).

The excess pore pressure, U*, developed during undrained deforma-
tion is represented by the pressure difference between the undrained
and the applied (or total) stress paths (Figure 28). The excess pore
pressure is composed of two components: (1) a pressure-induced
component , U*; and (2) a deviatoric stress-induced component, U* .
(U* is indirectly related to the A pore-pressure parameter usedqin
so?l mechanics; see Atkinson and Bransby [1978, p. 324] for further
discussion.) The pressure-induced component, U*, is due to the fact
that as soon as drainage is stopped (i.e., at point CN), an increase
in total pressure causes an equivalent increase in pore pressure.

Therefore, during undrained deformation, the effective pressure is no
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longer affected by changes in total pressure. For the example shown
in Figure 28, the pressure-induced component at F is U;:

P%~Pén . .
Sinece changes in total pressure are directly cancelled by Up’
the curved trajectory of the undrained stress path is due solely to
increasing deviatoric stress, which contributes to the excess pore
pressure through the component U:. The explanation is as follows.
During drained plastic deformation of a strain-hardening sediment, an
increase in deviatoric stress causes a decrease in void ratio (Figure
23). Since undrained deformation occurs at constant volume, an
increase in deviatoric stress is accompanied by a decrease in effec-
tive pressure, which in fact is compensating for the potential change
in void ratio. The pore pressure component U: is what actually
causes the change in effective pressure. In the example shown in
Figure 10, the deviatoric stress-induced component at F* is U;:

Pl P -

As might be expected, when the sediment fails at the critical
state line, continued undrained deformation occurs without any further
increase in Uz (Atkinson and Bransby, 1978, p. 219). This situation
reflects the fact that the sediment is now deforming at its critical
state. Since any change in total pressure is cancelled by U;, the
effective pressure no longer decreases. Therefore, continued
undrained deformation occurs at a constant deviatoric stress with the
state path fixed at the initial point of failure (i.e., at point F*).

Now consider an applied stress path originating from point CN but
with a slope different from that of the applied path shown in Figure
28. During undrained deformation, this new stress path will develop a
different amount of excess pore pressure; however, the component U:
remains the same with the difference in excess pore pressure due
solely to U;. It becomes apparent from this example that any
applied stress path originating from point CN and increasing in
deviatoric stress will result in the same undrained stress path CN-F
and will fail at the same deviatoric stress, at (Atkinson and
Bransby, 1978, p. 306). As a result, the strength of the sediment
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remains constant despite changes in total pressure. This relation-
ship, which is well established in.soil mechanics (Lambe and Whitman,
1979, p. 433; Atkinson and Bransby, 1978, p. 306), represents the
underlying concept for the routine soil test of undrained shear
strength. The undrained shear strength is equal to half of the
deviatoric stress at failure. For the test shown in Figure. 28, the
undrained shear strength is Q%/Z.

Another aspect of undrained deformation is that, when compared
with drained deformation conducted under similar conditions, the
amount of plastic strain before failure is much reduced, primarily
because of the constant volume restriction imposed by the undrained
condition. Plastic volumetric strains do occur (represented by aeP
for CN—F* in Figure 28), but they are relatively small because they
have to be directly compensated by elastic volumetric strains, which
are typical small. Therefore, because of the normality condition
(equation 18), a smaller plastic volumetric strain implies a smaller
plastic shear strain. Schofield and Wroth (1968, p. 186) give
evidence that for normally consclidated clays, pre-failure shear
strain for a typical drained test is about 2.5 to 3.5 times greater
than that for a comparable undrained test. Because sands are elasti-
cally stiffer than clays (Table 3), the difference in pre-failure
shear strain for drained and undrained tests should be greater.

The small amount of plastic strain that does occur during
undrained strain-hardening deformation causes the undrained stress
path to continually move outward--although at a low angle--from the
current yield surface. Therefore, despite the fact that
load-related5 excess pore pressure can become very large, the
undrained stress path will always lie in a region to the right of the

initial yield surface and beneath the critical state line. This

5 In the case considered here, excess pore pressure is assumed to be
entirely the result of the applied load. The effect of internally
generated pore pressure, caused by diagenetic reactions, genera-
tion of methane, etc., is considered briefly in another section
below.
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conclusion indicates that, regardless of drainage conditions,
looser-than-critical sediments will always display the same general
deformational behavior, that is, strain-hardening and stable failure.
Furthermore, for looser-than-critical sediments, the critical state
line represents a fundamental stress limit for both drained and
undrained stress paths. Drainage conditions do affect the details of
the deformation. When compared with drained deformation, the
undrained condition causes a reduction in ductile strain before

failure and a decrease in failure strength.

UNDRAINED DEFORMATION OF DENSE SEDIMENT

An example of undrained deformation of denser-than-critical
sediment is shown by the state path K-M* in Figure 29. For purposes
of comparison, the drained stress paths K-N and K-S from Figure 27 are
also included. The sediment in its initial condition at point K is
highly overconsolidated and is associated with an initial yield
surface that bounds a large elastic region. As is shown in the
preceeding section, an undrained stress path is indifferent to changes
in total pressure. Therefore, the undrained stress path K-M* would
result from any applied stress path that originates from point K and
increases in deviatoric stress; the stress paths K-L and K-S are two
possibilities.

The undrained test begins at point K, and is simulated by holding
the initial void ratio, e s constant through the course of the test,
as shown in the e-P' diagram. The first segment of the undrained
stress path is vertical, because U* cancels any change in total
pressure. However, unlike the example in Figure 28, this initial
segment of the stress path is not curved, because U: is zero for the
elastic reqgion inside the initial yield surface. Only when the
sediment is deforming plastically can deviatoric stress cause signifi-
cant changes in volumetric strain and/or pore pressure (Atkinson and
Bransby, 1978, p. 324-6). The stress path starts to curve when it
meets the initial yield surface; at this point, the sediment begins to

deform plastically in an unstable strain-softening fashion. The same
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Figure 29. Undrained triaxial deformation of denser-than-critical
sediment, as simulated by the modified Cam,Clay model. Plastic yield
begins when the undrained stress path, K-M , reaches the initial yield
surface. During undrained strain-softening deformation, pore-pressure
progressively decreases which causes the undrained stress path to
curve towards higher effective pressure. This simulated example is at
variance with actual triaxial tests, and also with a theoretical
analyses by Rice (1975). These discrepancies are discussed in the
text.
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tendency that causes strain-softening sediments to increase in volume
(dilate) during drained deformation, is manifested by a decrease in
pore pressure during undrained deformation. As a result, the effec-
tive pressure increases with continued plastic deformation, until the
undrained path intersects the critical state line at point M*, as
shown in the e-P' diagram. This decrease in pore pressure represents
the excess pore pressure component U:; the magnitude of this
component at failure is shown in Figure 29.

While the general pattern is correct, the simulated example in
Figure 29 has some important differences when compared with a real
triaxial test. One minor discrepancy is that in a real test, the
initial segment of the stress path is not vertical but instead curves
to the right at a steep angle (Atkinson and Bransby, 1978, p. 223;
Bishop and Henkel, 1962). This discrepancy may be an artifact of the
testing apparatus, or alternatively, it may indicate that a real
sediment undergoes some plastic deformation before reaching the
initial yield surface. A more important discrepancy is that in real
triaxial tests, a loss-of-strength at failure is not observed
(Atkinson and Bransby, 1978, p. 181; Bishop and Henkel, 1962).
Futhermore, it is not clear from these tests whether or not a rupture
surface forms in the failed sediment. The underlying problem is that,
because of its unstable nature, strain-softening deformation is
difficult to simulate in a model and is also difficult to observe in a
testing apparatus (Atkinson and Bransby, 1978, p. 218; Wood, 1982;
Rice, 1975). For example, Rice (1975) points out the importance of
local variations in pore pressure and in volume change that develop
during rupture failure. These variations are not accounted for in the
model, and are not detected or catered to in a typical triaxial test.
Therefore, it becomes doubtful whether either of these situations, the
model or the triaxial test, is representative of the failure behavior
of the sediments under natural conditions.

Rice (1975) examines the deformational stability of dilatant,
strain-softening materials (i.e., denser-than-critical sediments)

during undrained simple shear. His results are not directly applic-
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able to the triaxial situation, but they are certainly relevant to the
subduction zone setting, which closely approximates a simple shear
zone (Figure 20). He shows quite clearly that undrained dilatant
materials will develop heterogeneities in deformation, which
presumably will lead to rupture failure as soon as they reach their
drained peak strength and begin to strain-soften. Even though
dilatancy causes an overall decrease in pore pressure, Rice (1975)
shows that as the incipient rupture surface begins to strain-soften, a
very localized, relative increase in pore pressure develops within the
failure zone, and causes it to become progressively weaker. While he
makes no explicit prediction, Rice's analysis suggests that the
loss-of-strength at failure during undrained deformation is similar to
that for the drained case.

Rice (1975) and Rudnicki and Rice (1975) conclude that, regard-
less of drainage conditions, rupture failure is the characteristic
failure mode of strain-softening materials, such as brittle rocks and
denser-than-critical sediments. This conclusion emphasizes the
importance of the critical state line, which delimits those states
where a sediment has fundamentally different types of deformational
behavior--strain-hardening and stable failure vs. strain-softening and

rupture failure.

SUMMARY OF DEFORMATIONAL BEHAVIOR

The examples above indicate that the deformational behavior of a
sediment is affected by three factors: (1) conselidation state, (2)
stress path, and (3) drainage conditions. Table 4 summarizes the
effects of these factors on deformational processes and structural
styles. Of these three factors, the stress path and drainage condi-
tions play a subordinate role. For instance, failure is more likely
to occur under poor drainage conditions; however, the mode of
failure--whether it be rupture failure or stable failure--will remain

unchanged, as illustrated in Figure 30.
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Table 4,

deforming sediments.

STRUCTURAL STYLE

TYPE 1
ductile deformation
without -failure

TYPE 2

minor to moderate
pre-failure ductile
strain; closely
spaced slip surfaces

TYPE 3

widely spaced faults;
minor pre-failure
ductile strain

DEFORMATION PROCESS

strain-hardening

strain-hardening
&
stable failure

strain-softening
&
rupture failure

A summary of structural styles and deformational processes affecting

CONTRIBUTING FACTORS TS

*%
e normally consolidated

@ gentle stress path
drained condition

*¥
e normally consolidated

steep stress path
partially drained

e highly overconsolidated
steep stress path
partially drained

*
Refers to styles shown in Figure 21,

§

*

For these contributing factors: required factors are marked with a dot;
the unmarked factors are not required but at least one is needed.

A steep stress path intersects the criticel state line, while a gentle path

does not.

¥*
As used here, the term normally consolidated also includes underconsolidated

sediments.

LLL
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Figure 30. A schematic summary of failure modes for various stress
paths. Two partially drained stress paths are included in this
figure. They are curved in a fashion similar to undrained stress
paths, but since excess pore pressure is partially dissipated during
deformation, the partially drained paths do not diverge as much from
the drained stress paths.
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With respect to the subduction zone problem, we are mostly
interested in those factors that cause deformation to become local-
ized, and therefore are probably responsible for the formation of
discrete faults (Type 3 structural style in Figure 21). Given the
large strains that occur in the subduction zone setting (Figure 20),
much of the deformation probably occurs after the sediments reach
failure. Hence, the consolidation state of the sediment--whether it
is normally consolidated (looser-than-critical) or highly overconsoli-
dated (denser-than-critical)--is the main factor that determines
whether or not localization will occur. For highly overconsolidated
sediments, localization oecurs during rupture failure, and the rupture
surface is significantly weaker than the surrounding unfailed
sediment. As a result, a Type 3 structural style, characterized by
widely spaced, discrete faults, is likely to develop. However, for
normally consolidated sediments, there is no strong tendency for
localization, since stable failure occurs without a significant loss
of strength. For these sediments, continued deformation after railure
probably results in a Type 2 structural style, which is probably
characterized by a more distributed development of closely spaced

slip surfaces (Figure 21).
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LOADING CONDITIONS AT A SUBDUCTIGN ZONE

In the preceeding sections, we examined the various factors
controlling the deformational behavior of unlithified, water-saturated
sediments, with the ultimate goal being to predict the structural
style of deforming sediments in a subduction zone setting. At this
point, it is appropriate to consider how the loading conditions at the
subduction zone might affect this behavior. Sediments on the down-
going plate can be characterized by a two-stage loading history. The
first stage involves deposition and compaction in a basinal setting.
The second stage occurs as these sediments approach and descend
beneath the inner trench slope. We are primarily interested in what
occurs during the second stage of this loading history, but one of the
main conclusions of the preceeding section is that for slow rates of
deformation, the initial state of a sediment is what largely deter-
mines its subsequent deformational behavior. Compaction actually
represents a special type of plastic deformation, which is referred to
in soil mechanics as rest-state consolidation. Therefore, this
process is examined below with a special emphasis on how it affects

the state of a sediment.

REST-STATE CONSOLIDATION

Consolidation of sediment in a flat-lying basin represents a
special type of strain-hardening deformation where, due to lateral
confinement of the basin, horizontal strains are approximately zero
(GH=O). For this situation, the maximum compressive stress , a/,
is oriented vertically and is due to gravity (equivalent to the
effective overburden stress); horizontally directed stresses, Gh,
are equal in all directions, and are of sufficient magnitude to
prevent horizontal strains. This state-of-stress is referred to as

rest-state or Ko consolidation (Lambe and Whitman, 1979, p. 100). The
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principal stress directions remain fixed during Ko consolidation, so
long as the basin remains flat-lying and is in a rest-state condition
(GH=0).

As sediments are buried and compacted, they are subjected to an
increasing vertical effective stress, GQ. During rest-state
consolidation, a fairly constant ratio, called the K0 ratio, is
maintained between horizontal and vertical effective stresses (KO:
oé/o&). The actual values of this K0 ratio is dependent on the
specific sediment; measured values for normally consolidated sands and
clays range from 0.3 to 0.75 (Mayne and Kulhawy, 1982). The ratic can
also be estimated using a well tested empirical relation (Mayne and
Kulhawy, 1982; Jaky, 1944):

J 6 - 2M
K = - — = (1 -sin @) (21)
e J 6 + M

where @ is the angle of friction at the critical state and M is the
slope of the critical state line (see equations 13 and 14).

We can use the K0 ratio to determine a stress path for Ko
consolidation in a P'-Q' diagram. If the material constants for the
sediment are also known, the modified Cam Clay model can be used to
predict and simulate K0 consolidation (Roscoe and Burland, 1968, p.
563). The P'-Q' and e-P' diagrams in Figure 31 show an example of the
state path during K0 consolidation, The material constants used are
representative of London Clay, an Eocene marine clay (Schofield and
Wroth, 1968, p. 157). In the P'-Q' diagram, the K0 stress path is
directed outward from the origin with a constant slope, N which is

Ko?
dependent on the K0 value:

y 3 - 3K 3M
NKo - Ka - o] - (22)
p? 1 + 2K 6 - M
Ko 0

Based on the range of measured K0 values cited above, equation 22
indicates that KO stress paths for a variety of sediments have slopes,

N between 0.3 and 1.3. Furthermore, using typiéal values for M

Ko’
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Figure 31. Rest-state consolidation as predicted by the modified
Cam-Clay model. The K_ stress path is shown in the P'-Q' diagram and
the resulting consolid2tion path lies between the isotropic consoli-
dation line (ICL) and the critical state line (CSL) in the e-P'
diagram. Values used for the model are representative of a marine
clay reported in Schofield and Wroth (1968).
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(Table 3), it is quite clear, and also reasonable, that the KO stress
path always lies between the critical state line and the P' axis
(i.e., 0K NK0< M). Another feature of drained K0 consolidation is
that the consolidation path in an e-P' diagram lies between the
isotropic consolidation line and the critical state line, and does not
intersect either of these lines (Figure 31). The K0 consolidation
curve follows the same e-Ln(P') relationship as do the isotropic

consolidation and the critical state lines (cf. equations 3 and 12):
= - '
e = e ALn(P') (23)

where ko is the void ratio at P'= 1 kPa. Field and laboratory
studies indicate that the functional form of this K0 curve is correct
to moderate effective pressures, on the order of 10 to 100 MPa, which
corresponds to depths of about 1 to 3 km (Skempton, 1970; Lambe and
Whitman, 1979, p. 157, 320).

These relationships show that Ko consolidation is essentially a
strain-hardening plastic deformation, which never reaches failure.
Poorly drained conditions can inhibit the consolidation process and
promote the development of excess pore pressure; however, consolida-
tion will still follow the same K0 path, since the position of the
path is dictated by the boundary conditions imposed on the consoli-
dating sediment (dGH=U) (Roscoe and Burland, 1968, p. 563).

The important point is that irrespective of drainage conditions,
the stress path during KO consolidation should be directed outward
from the current yield surface and shauld lie to the right of the
critical state line in the P'-Q' diagram. Therefore, the state path
for flat-lying submarine sediments should always lie on the strain-
hardening side of the critical state line (internally generated fluid
overpressures or incipient lithification can alter this situation;
this point is discussed below). The next section considers what

happens when these sediments move into the subduction zone setting.
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UNDERTHRUSTING AND PASSIVE FAILURE

Analysis of the process of K0 consolidation indicates that
sediments on the downgoing plate should be in a state looser-than-
critical prior to subduction. This situation suggests that as these
sediments move into the subduction zone, they should continue to
deform by strain-hardening or by stable failure. A plane-strain
version of the modified Cam Clay model is briefly introduced below in
order to examine this possibility more completely.

Deformation in a subduction zone setting can be approximated by
the plane-strain condition, because total horizeontal strain is
approximately zero parallel to the strike of the zone. A plane=-strain
version of the model (Roscoe and Burland, 1968, p. 570-604) is shown
in Figure 32. The t' and s' axes are analogous to the Q' and P' axes
used above, where t' represents the maximum shear stress and s' rep-

sents the mean normal stress:

tl

(of - /2 (24)

sl

(UQ + Uﬁ)/z (25)

where UQ and oﬁ are the principal stresses in the plane strain
section. Since the principal stress directions can rotate during
deformation, 00 and oé refer to the principal stresses in the
direction closest to vertical and horizontal, respectively (see inset
in Figure 32). The regions above and below the s'-axis are mirror
images of each other; each one contains a critical state line and a
yield surface. The two critical state lines divide the diagram into
strain-hardening and strain-softening regions. Since the intermediate
principal strain is zero (GH=0) during KO consolidation, it can be
represented in a t'-s' diagram (Roscoe and Burland, 1968, p. 603), as
shown in Figure 32. The Ko stress path is located in the upper half
of the t'-s' diagram where t'>0, since o;{>o\; (equation 21) during

KO consolidation. Stress paths that extend into the negative t'

region have cﬁ) 00’ and are associated with horizontal shortening
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Figure 32. Plane-strain version of the modified Cam Clay model (after Figure 32 in Roscoe
and Burland, 1968). This diagram schematically illustrates several possible stress paths
for sediments in the subduction zone setting. Note that the principle stress directions
rotated during deformation, as shown in the inset. During rest-state consolidation, o>

cr'i; whereas during passive state deformation, OI:I> o‘\'/. v
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and thrust faulting. In soil mechanics, this state-of-stress is
called the passive state and can result in passive failure (i.e.,
thrust faulting) (Lambe and Whitman, 1979, p. 163).

During plane-strain deformation, s' is proportional to and is
greater than P', but generally not by more than 10% (given reasonable
values for M in equation 73 of Roscoe and Burland, 1968). Therefore,
a change in pore pressure affects s' in the same way that it affects
P'. For instance, an increase in pore pressure causes an equivalent

decrease in s'; t' remains unaffected. As a result, drained and

undrained stress paths in the plane-strain t'-s' diagram are similar
to those in the triaxial P'-Q' diagram (for examples of real plane-
strain tests see Roscoe and Burland, 1968), and result in the same
general types of deformational behavior as described above (Table 4).
Therefore, the plane-strain version of the model allows us to extra-
polate the triaxial deformational behavior of a sediment to the
plane-strain conditions prevalent at subduction zones.

The t'-s' diagram (Figure 32) schematically illustrates several
stress paths that might be representative of the subduction zone
setting. The diagram is intentionally vague, because a numerical
solution to this problem would require information that is not
currently available, such as physical properties of the sediments and
the boundary conditions of the deforming zone. However, the general
relationships displayed in this diagram support the suggestion made
above -- that strain-hardening and stable failure characterize
sediment deformation in aseismic subduction zones. Initially,
sediments on the downgoing plate follow the KO stress path. As they
approach the trench slope, horizontal stress increases causing the
stress path to move downward into the lower region of the t'-s'
diagram, where °ﬁ> UQ. If deformation occurs under totally
undrained conditions, which is unlikely, these sediments would follow
an undrained stress path, such as E-T. Drained deformation might
result in stress paths, such as E-0 or E-P. The important point is
that as long as the total stresses continue to increase, which should

be the case in the subduction zone setting, the effective stress path

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

will always be directed outward from the current yield surface.
Therefore, the deformational behavior of these sediments should be
either strain-hardening or stable failure.

This conclusion is not as hard and fast as it may seem, because
in a real geologic setting there are probably several processes that
can cause a sediment to behave as if it were overconsolidated. The
two most important of these processes are: (1) chemical generation of
excess fluid pressure, and (2) lithification and cementation. The
first process can occur by a variety of mechanisms, which include
devolatilization reactions during diagenesis (Rieke and Chilingarian,
1974), or methanogenesis in organic muds (Hedberg, 1974). If fluid
pressure is generated faster than it can be dissipated, which does
occur in some geologic situations (i.e., methane in mud volcances
[Hedberg, 1974]), the resulting reduction in effective pressure could
leave the sediment in an overconsolidated state, perhaps as shown by
the stress path E-U in Figure 32.

The second process, lithification and cementation, directly
affects the material properties of the sediment and also causes a
reduction in void ratio. While the effect of this process is not well
studied, it is clear that lithification and cementation can cause a
sediment to behave in an overconsolidated fashion (Mitchell, 1976).
Even a small reduction in void ratic due to a pore-filling cement can
transform a sediment intoc a denser-than-critical state. For example,
consider the e-P' diagram in Figure 32, A 1-2% reduction in porosity
could displace a sediment from the K0 consolidation line, to the dense
side of the critical state line. This example illustrates how sensi-
tive the plastic behavior of a sediment is to small changes in
material properties. Unfortunately, these processes--internally
generated pore pressure, and lithification and cementation--are

difficult to document in a subduction zone setting., There is some
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evidence, discussed below, that incipient lithifiecation is occurring
within 3 ki of the front of the Barbados Ridge complex. If these
processes are important, then a Type 3 structural style should be
prevalent at aseismic subduction zones. 1If not, then a Type 2

structural style is predicted.
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DISCUSSION FOR PART II

The cases described above illustrate some of the general aspects
of sediment deformation, and how they might affect the structural
style of sediments in a subduction-zone setting. One of the main
conclusions is that the consolidation state of the sediment probably
exerts the most important influence on the behavior and structural
style of plastically deforming sediments. Furthermore, it is con-
cluded that the general structural style is not significantly affected
by the presence of load-induced excess pore pressure or by the
expected variation in subduction-zone loading conditions. Sediments
that enter the subduction-zone setting in a normally consolidated
state should deform by strain-hardening and stable failure, and when
subjected to large shear strains, should develop a Type 2 structural
style. Whereas, sediments that are initially overconsolidated should
deform by strain-softening and by rupture failure, and should develop
a Type 3 structural style. Normally consolidated sediment can be
transformed into an overconsclidated state by geologic processes such
as: (1) internally generated pore pressure or (2) cementation and
lithification. These processes should promote the development of a
Type 3 structural style.

These predictions are best tested by drilling at modern conver-
gent margins. Unfortunately, DSDP drilling has generally not been
successful in reaching the depths necessary to sample accretionary
structures. A notable exception is Leg 75A at the Barbados Ridge
complex which has documented both Type 2 and Type 3 structural styles.

These results are discussed below.

STRUCTURAL STYLE AT THE BARBADOS RIDGE COMPLEX
The cross-section in Figure 33 (adapted from Cowan, et al., in
press; and Moore, Biju-Duval, et al., 1982) summarizes the major

results of the drilling transect at the Barbados Ridge complex. Based
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Figure 33. Cross section of lower trench slope at DSDP sites 541 and 542 in the Barbados
Ridge Complex (after figure 1 in Cowan, et al., in press; and also Moore, Biju-Duval, et al.,
1982). Drilling at site 541 identified a major thrust fault that offsets the Lower Pliocene
horizon and has about 1400 m of dip-slip displacement. Disrupted sediments, which are
designated by a wavy pattern, are located in the hanging wall of this thrust and were

probably deformed within the decollement zone, which was intersected at the base of sites 541
and 542.
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on stratigraphic repetition, at least six thrust faults have been
identified. Drilling also encountered two disrupted zenes (indicated
by the wavy pattern in Figure 33), which are characterized by a
semi-penetrative fabric that ranges from closely spaced, slickensided
slip surfaces, to a scaly foliation (Cowan, et al., in press).
Sediments outside of these zones are generally undeformed, and have
gentle to horizontal dips. The disrupted zone sampled at the base of
sites 541 and 542 is presumably associated with a major decollement
recognized in seismic profiles (Moore, Biju-Duval, et al., 1982), and
also appears to be a region of high pore pressure, as determined when
the hole at the base of site 542 was accidentally packed off (Moore,
Biju-Duval, et al., 1982). The second disrupted zone is about 60 m
thick and is located above a major thrust fault, midway down the hole
at site 541. The important feature of this disrupted zone is that it
is entirely confined to sediments in the hanging wall of the thrust
fault. The fault itself occurs as a discrete surface, and therefore
marks a major break in stratigraphy and structural fabric. Based on
offsets of a Lower Pliocene marker horizon (Figure 33), this thrust
fault has a dip-slip displacement of about 1400 m, which is much
greater than the displacements associated with the decollement zone at
sites 541 and 542 (approximate displacements are shown in Figure 33).
These relations suggest that the disrupted zone above the major
thrust at site 541 was formed within the decollement zone, and then
was ramped upward along a discrete fault, as shown in Figure 34, In
this interpretation, the decollement zone at sites 541 and 542 is
viewed as a zone of distributed shear, characterized by a Type 2
structural style. The scaly fabric developed within the disrupted
decollement zone is evidence that much of the deformation in this zone
occurs after the sediments have reached stable failure. At this
stage; a discrete fault has apparently not formed yet, The next stage
involves localization and formation of a discrete thrust fault. Since

this thrust fault originates within the disrupted decollement zone,
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@ ADVANCING TIP OF
THE DECOLLEMENT

/

OFFSET OF DISRUPTED ZONE

Figure 34. Cross-sections illustrating an interpretation for the
sequential development of structures at the Barbados drilling transect
(compare with Figure 34). According to this interpretation, the
frontal portion of the decollement zone propagates forward through a
thick, distributed shear zone, characterized by a Type 2 structural
style (indicated by the wavy pattern in Figure 35). A discrete thrust
fault eventually forms within this disrupted decollement zone, which
causes the hanging wall portion of the zone to be ramped upward;
whereas, the footwall portion is underthrust to deeper levels (Figure
35b).
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the hanging wall portion of the zone is carried forward to higher
levels, while the footwall portion is underthrust to deeper levels
(Figure 34).

The question that remains unaddressed is: Why does the deforma-
tion become localized? Preliminary analyses indicate that the clay
mineralogy at site 541 is significantly different from stratigraphi-
cally equivalent sediments at site 542 and a more seaward site 543 (J.
Schoonmaker, pers. comm., 1984). These data suggest, but do not
prove, the possibility of incipient lithification as the process
responsible for localization. For instance, a small reduction in void
ratio caused by a pore-filling clay cement could transform these
sediments into overconsolidated muds. Textural studies of less
deformed mud from the area surrounding the thrust fault should be able
to test this possibility.

These drilling results have two important implications: (1) The
presence of thick zones of scaly mud indicates that the Type 2
structural style is actuzlly developed in a modern subduction zane.
(2) The recognition of discrete thrust faults suggests that these
structures are developed in concert with the Type 2 structures, and
that the overall structural style actuslly may be more of a composite
of Type 2 and Type 3 styles. Apparently these discrete faults can
develop within several kilometers of the leading edge of the subduc-
tion zone, and can thereafter accommodate significant amounts of

displacement across the zone.

IMPLICATIONS FOR DEEPER LEVEL STRUCTURES

If much of the deformation within a subduction zone is accommo-
dated by discrete faults, which is a possibility considered in this
paper, then the geometry and structure of on-land thrust systems
should serve as a guide to deeper level structures within the accre-
tionary wedge. Seismic profiles across several modern accretionary
wedges indicate that a substantial portion of the sedimentary sequence
cn the downgoing plate is not accreted at the front of the wedge, but

is carried beneath the wedge some uncertain distance (Westbrook, et

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

al., 1982; Moore, Biju-Duval, et al., 1982; Aoki, et al., 1982). For
instance, at the Barbados Ridge complex, only 50% of the incoming
section is accreted at the lower trench slope (Figure 34) with the
remaining 50% carried at least 75 km rearward beneath the accretionary
wedge (Westbrook, et al., 1982). A number of authors (Scholl, et al.,
1980; Von Huene and Uyeda, 1981; Moore; et al.; 1982; Karig, 1983)
suggest that at least some of these subducted sediments are accreted
to the base of the wedge by a poorly understood process called
underplating or subcretion.

The main point I want to make here is that underplating also
occurs in on-land thrust belts and is associated with the development
of duplex structures (Boyer and Elliott, 1982; Butler, 7982). A
duplex consists of an imbricated package of thrust slices, which is
underlain by an active floor thrust, or decollement, and is overlain
by an inactive roof thrust (see Figure 35 which is adapted from Figure
19 in Boyer and Elliott, 1982). Each imbricate slice is derived by
failure of the decollement ramp beneath the duplex. Slices of the
footwall beneath these ramps are accreted to the base of the growing
duplex; older slices are folded and displaced upward from the active
decollement.

Figure 36 schematically illustrates a duplex interpretation for
underplat ing beneath an accretionary wedge. Karig (1983) notes that
subduct ion-related displacement within modern accretionary wedges is
largely confined to the base of the wedge, because the upper slope and
shelf region are commonly blanketed with a relatively undisrupted
sediment cover or slope apron (Figure 19). The duplex model is in
accord with this observation, si, ~e subduction displacement occurs
solely along the basal decollement, and imbrication and accretion are
confined to this basal zonme. Deformation is probably confined to this
zone because of large excess pore pressures (cf. Gretener, 1972).
Sediments on the downgoing plate are subjected to a continually
increasing load because of the wedge-shaped profile of the overriding
accretionary wedge. As a slice is accreted from the footwall of the

decollement, it is no longer subjected to this increasing load.
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Figure 35. An idealized example of the progressive growth of a duplex (after Figure 19 in
Boyer and Elliott, 1982). The hanging wall is held fixed in order to provide a more fami-
liar, subduction-zone viewpoint where the downgoing plate is underthrust beneath the accre-
tionary wedge. Each sequential ramp is labelled R.; L is the original length of the
imbricated horizon and L' is its deformed length. 15 rgpresents the amount of total thrust
displacement. The imbricated horizon has a thickness of t and the height of the resulting
duplex is H'. Note that the footwall ramp moves forward with respect to the hanging wall,
while the footwall itself is underthrust rearward. In this case, the footwall and the
footwall ramp move at the same rates (S=L‘'} but in opposite directions.
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Figure 36. A duplex model for underplating in an accretionary wedge.
As shown in Figure 37a, accretion occurs by offscraping at the front
of the wedge, and also by duplex-related imbrication beneath the
wedge. Imbrication associated with the forward movement of a decol-
lement ramp results in the accretion of a relatively uniform layer of
material to the base of the wedge. An idealized example of this is
shown in Figure 37b, where the layers are indicated by dashed lines.
This process allows the wedge to maintain a constant wedge taper,
which according to Davis, et al.,(1983) is an attribute of a steady-
state accretionary wedge. The taper of the wedge is defined by the
forward-dipping surface slope (o) and the rearward-dipping decollement

(8).
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Excess pore pressure within the slice can begin to decrease, so that
the duplex remains somewhat stronger than the underthrusted sediment-
ary section. As a result, continued imbrication should be restricted
to the overpressured sediments beneath the decollement.

Another aspect of the duplex model is that the tapered profile of
the wedge--defined by the forward-dipping surface slope (a) and the
rearward-dipping decollement (8)~-remains fairly constant as it grows.
Imbrication and accretion cause the front of the duplex to move
forward with time. This process, together with imbrication at the
front of the wedge, allows material to be uniformly delivered to the
base of the wedge. The net effect is that the duplex medel as shown
in Figure 36a can closely approximate the idealized geometry shown in
Figure 36b without requiring significant internal deformation within
the wedge. According to the thrust wedge model of Davis, et al.
(1983), this constant wedge taper, which they call a critical taper
angle, is an attribute of a steady-state accretionary wedge.

In actuality, the subduction zone decollement might have several
ramps and associated duplexes. Other, more complex variations on this
theme might include: (1) the initiation of a new duplex by formation
of a ramp in the decollement, or (2) the deactivation of a duplex due
to the gradual teplacement of a decollement ramp with a flat fault.
Despite these variations, two important aspects of the model remain:
(1) subduction-related deformation is largely concentrated to the base
of the wedge, and (2) the structural style of the entire wedge--not

just the frontal part--is characterized by imbricate thrust slices.
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SUMMARY AND CONCLUDING REMARKS FOR PART II

This paper considers some of the general aspects of sediment
deformation with a special emphasis on those factors that might affect
the structural style of sediment in a subduction-zone setting. In
particular, this analysis examines the deformational stability of an
idealized elastic-plastic sediment (represented by the modified Cam
Clay model) when subjected to homogeneous deformation. Since sedi-
ments within a subduction shear zone are subjected to very large shear
strains (Figure 20), much of the deformation must occur after failure.
As a result, the structural style of subduction zone sediments should
be most significantly influenced by the mode of failure of sediments,
i.e., stable failure or rupture failure.

In the analysis above, there appear to be three factors that
af fect the behavior of homogeneously deforming sediments (Table 4):
the consolidation state, the drainage conditions and the stress nath,
Of these factors, the consolidation state is the primary factor
controlling the mode of failure; as a result, it also has a strong
influence on the structural style of deformation at the subduction
zone. The effect of the consolidation state is summarized below.

(1) Normally consolidated sediments (looser-than-critical) fail by
stable failure with no significant loss-of-strength. Because con-
tinued deformation occurs in a neutrally stable fashion, there is no
strong tendency for deformation to become localized. To my knowledge
there sre no published accounts of the structural style associated
with deformation after stable failure. I suspect, however, that with
large shear strains, real clays probably develop wide scaly zones,
characterized by closely spaced slip surfaces (Type 2 in Figure 21).
The reason is that, given the neutrally stable condition that prevails
after stable failure, further deformation is more easily perturbed by
local variations in material properties; thus, slip surfaces are

likely to form. However, since these newly formed slip surfaces are
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not significantly weaker than the surrounding sediment, there is no
strong tendency for large strains to become concentrated at a specific
slip surface. This situation should favor the development of many
small slip surfaces, each accommodating a small amount of deformation.
This interpretation is consistent with the results of DSDP Leg 75A at
the Barbados drilling tramsect where wide scaly zones are apparently
developed prior to the formation of a discrete thrust fault (Figure
34).

(2) Highly overconsolidated sediments (denser-than-critical) exhibit a
pronounced loss-of-strength after peak strength, and are characterized
by rupture failure. The unstable, strain-softening behavior of these
sediments results in a marked tendency for deformation to become
localized into narrow zones which evelve into discrete fault surfaces.
Given that these fault surfaces are weaker than the surrounding
unfailed sediment, they should accommodate further deformation until
they are rotated into an unfavorable orientation for slip. Highly
overconsolidated sediments in a subduction shear zone, such as
depicted in Figure 20, are therefore expected to develop a Type 3
structural style (Figure 21) characterized by widely spaced faults
which have accommodated the bulk of the deformation. Furthermore, a
larger loss-of-strength at failure should result in a more widely
spaced system of faults.

Another important conclusion is that this fundamental deforma-
tional behavior--strain-hardening and stable failure vs. strain-
softening and rupture failure--appears to be unaffected by the
development of load-induced excess pore-pressure (see Figure 30). Poor
drainage conditions and the associated development of load-induced
excess pore pressure does affect the subsidiary aspects of sediment
deformational behavior. For instance, when compared with drained
deformation, partially drained and totally undrained deformation is
characterized by: (1) a reduction in the amount of ductile strain

before failure, and (2) a decrease in shear strength at failure.
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Another important conclusion is that the loading conditions at a
subduction-zone setting apparently cannot transform a normally
consolidated sediment into a highly overconsolidated state. For
instance, if sediments on the down-going plate are normally consoli-
dated (i.e., looser-than-critical) prior to subduction, then the
expected mode of deformation should be that of strain-hardening and
stable failure (schematically illustrated by the stress paths E-T and
E-0 in Figure 32). As a result, the development of discrete faults is
not expected in normally consolidated sediments. This conclusion is at
odds with the fact that discrete faults are observed in the frontal
region of modern accretionary complexes where sediments are young and
presumably normally consolidated (e.g., see Aoki, et al., 1982; Moore,
Biju-Duval, et al., 1982).

As a result, the sediment plasticity model does not clearly
indicate what causes faults to form within subduction-zone sediments.
Two geological processes, however, are proposed as possible candi-
dates: (1) the internal generation of excess pore fluid pressure due
to devolatization reactions, and (2) lithification and cementation.
Both of these processed can transform a normally consolidated sediment
into a more overconsolidated state, and therefore account for the
formation of discrete faults. The first process actually "unloads"
the sediment by causing a reduction in the effective pressure. As
schematically illustrated in Figure 32 (stress path E-U), this process
can cause the stress path to move inside the current yield surface,
thereby resulting in an overconsolidated state. Subsequent plastic
deformz=tion would involve strain softening or rupture failure. It is
important to distinguish this process from that eccurring during
undrained deformation of normally consolidated sediments (e.g., see
Figure 28). In this case, the undrained stress path will also curve
to the left, but it will always be directed outward from the current
yield surface, as long as the applied load continues to increase.

High excess pore pressures have been detected (Moore, Biju-Duval,
et al., 1982) and inferred (Davis, et al., 1983; Von Huene and Lee,

1982) at several modern accretionary wedges, but the origin of these
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high pore-pressures-- whether load-induced or internally generated--is
not known. If devolatization reactions do generate a significant
amount of excess pore-pressure in subduction zone settings, then this
process may be responsible for localization of discrete faults.

The other process--lithification and cementation--results in a
reduction of pore volume and an increase in the strength of the
granular aggregate. In a review of the stress-stain behavior of
cemented sediments, Mitchell (1976) indicates that these sediments
exhibit a significant loss-of-strength at failure, which is a feature
that also characterized highly overconsolidated sediments. Evidently,’
the cementation process changes the material properties of the
sediment so that its deformational behavior is no longer represented
by the "invariant" material constants used in the model. Nonetheless,
the loss-of-strength after peak strength suggests that cemented
sediments probably fail by rupture failure. This conclusion is not
unexpected since the lithification process gradually transforms a
sediment into a lithified rock, which at low temperature will also
fail by rupture failure. Cementation and lithification can certainly
be expected to affect sediments at a subduction-zone setting; however,
the complexities of the process make it difficult to predict rates and
modes of occurrence. Furthermore, to my knowledge, the study of
lithificational processes at subduction zone settings has received
very little attention (a notable exception is the work of J.
Schoonmaker [pers. comm., 1984] on the mineralogy of clays from the
Barbados drilling transect). These processes deserves closer
scrutiny, given its effect on deformational behavior and structural

styles at subduction zone settings.
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APPENDIX A
FOSSILS FROM THE PACIFIC RIM COMPLEX

FOSSILS FROM THE UCLUTH VOLCANICS

Sample : 811016-1A and 811013-6 of Brandon
(= GSC Locality €-102729 and C-102727 respectively)

Location Collected from limestone in the Ucluth Voleanics on the
northwest side of the Ucluth Peninsula (the western conodont locality
in Figure 3; 48°57'42"N, 125°36'03"W). The sample comes from a
calerudite consisting of clast-supported cobbles of gray limestone in
a darker limestone matrix. Crinoid fragments are present in the
cabbles and may also be in the matrix. The calcrudite is clearly
interbedded with volcanic breccia and tuff.

Age M. Orchard (pers. comm., 1983) of the Canadian Geological
Survey recovered conodonts from these samples which belong to biozones
correlative to the Dawsoni-Magnus ammonoid zones representing the
uppermost lower Norian -lowermost middle Norian.

Sample : B82922-5A of Brandon (= GSC Lec. C-102721)

Location Collected from a gray limestone bed in Ucluth Volcanics,
located on the west side of Ucluth Peninsula (the eastern conodont
locality in Figure 3; 48°57'03"N, 125°35'14"W). Limestone contains
layers of black cherty sediment and green tuff; small ammonoids, and
fragments of gastropods and of crinoids are also present., This
limestone is clearly interbedded with the volcanic rocks and is also
intruded by a small diarite dike.

Age The macrofossils were unidentifiable. M, Orchard (pers.
comm., 1983) was able to recover conodonts from the samples which he
identified as Karnian, probably upper Karnian.
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FOSSILS FROM PILLOW LAVA AND CHERT INITS

Sample : 82814-2A of Brandon

Location Collected from ribbon chert interbeddesd with pillow lava
and tuff breccia, located at the north end of the beach at Ahous Bay,
on the west side of Vargas Island (location marked in Figure 7).

Age Radiolaria were identified by E. A. Pessagno, Jr. (writ.
comm., 1983) of the University of Texas at Dallas. His report is as
follows:

Zone 01, upper half of Subzone 01B. Lower Jurassic: upper Toarcian

Zartus jurassicus Pessagno and Blome

Zartus dickinsoni Pessagno and Blome

Canoptum sp. (abundant)

Canoptum sp. aff., C. anulatum Pessagno and Poisson
Lupherium sp. cf. L, officerense Pessagno and Whalen

Napora sp.
Paronaella sp.
etc.
Sample : 72-27G of Muller (see Muller, et al., 1981)
Location Muller, et al. (1981) describe this locality as consist-

ing of maroon-colored radiolarian chert, located on a point of land
due west of the Food Islets on the southeast side of Ucluelet Inlet
(corrected location = 48°55'07"N, 125°28'52"W). No mention is made of
the surrounding rock types, but pillow basalt and mudstone-rich
melange are known to crop out in this area.

Age Six samples were collected at this locality, designated VAI-1A
through VAI-1F by Pessagno who processed and identified the radio-
laria, His age identification with a composite list for all 6 samples
is as follows (Muller, writ. comm., 1983):

Subzone 2A, probably leower part; Upper Jurassic: upper Kimmerid-
gian/lower Tithonian (confirmed by Pessagno, oral comm., 1983)

Eucrytidium (?) ptyctum Riedel and Sanfilippo
Praceonocaryomma mamillaria (Rust)
Praeconocaryomma magnimamma (Rust)

Hsuium maxwelli Pessagno

Hsuium cuestaensis Pessagne

Hsuium obispoensis Pessagno

Pantanellium riedeli Pessagno
Archaeodictyomitra rigida Pessagno
Parvacingula turrita (Rust)

Paronaella sp.
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Spongocapsula palmerae Pessagno
Parvacingula sp.

Emiluvia sp.

Emiluvia salensis Pessagno
Cracella sanfilippoae Pessagno

Sample : 75-25A of Muller (unpublished data)
(=VAI-2A through VAI-2C of Pessagno)

Locat ion Radiolarian chert collected on point of land at the
southwest corner of Indian Reservation number 5, northwest of the Beg
Islands, at the southeast side of Ucluelet Inlet ( Muller, written
communication, 1983)., I have not located this specific outcrop
although I know that pillow basalt and mudstone-rich melange are
exposed in this area, Muller provided me with a general description
from his field notes which mentiens that mudstone and green tuff are
closely associated with the chert but maybe in fault contact.

Age The following list and age identification are from

Pessagno's unpublished report (Muller, writ. comm., 1983):

Zone 2 to Zone 4; upper Kimmeridgian/lower Tithonian to upper
Tithonian (confirmed by Pessagno, oral communication, 1983).

VAI-2A and 2C
Poorly preserved; indeterminate
VAI-2B
Praeconocaryomma mamillaria (Rust)
Parvacingula sp.
Archaeodictyomitra rigida Pessagno

Sample : VAI-3 of Pessagno (Muller, unpublished data)

Location Collected by Muller and Pessagno from chert on the
southwest side of Francis Island near the small battery-powered beacon
(see Figure 3). This chert is closely associated with and is probably
coeval with the pillow basalt exposed on this island.

Age The following list and age identification are from
Pessagno's unpublished report (Muller, writ. comm., 1983):

Zone 1 to Zone 4: upper Kimmeridgian/lower Tithonian to upper
Tithonian (confirmed by Pessagno, oral communication, 1983).

Hsuium maxwelli
Parvacingula turrita (Rust)
Parvacingula sp.

Emiluvia sp.
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Archaeodictyomitra ridida Pessagno
Padobursa sp.

Pantanellium riedeli Pessagno
Spongocapsula palmerai Pessagno
Paranailla sp. (Fragment)
Parvacingula procera Pessagno?

FOSSILS FROM UNIT 1A

Sample : 82819-3A of Brandon

Location Collected from ribbon chert in Unit 1A at the south end
of Wya point (location shown in Figure 3, second radiolarian locality
from the north; also shown as the prominent lens of chert in Figure
9). Occurs as a well bedded, conformable lens of gray-green ribbon
chert, about 30 cm thick, in a melange of disrupted black mudstone,
chert and sandstone. The ribbon chert lens contains a thin sandstone
interbed. It is clearly a native component of this melange.

Age The following report is from Pessagno (writ. comm., 1983):

Zone 5, Subzone 5C to Zone 6. Lower Cretaceous: upper Valanginian to
upper Aptian,

Thanarla conica (Aliev)
Holocryptocanium sp. (abundant)
Archaeadictyomitra sp.

Sample : 82919-2A of Brandon

Location Collected from ribbon chert in Unit 1a at the central
part of Wya Point (location shown in Figure 3, northern readiolarian
locality). Occurs as a well bedded, conformable lens of ribbon chert,
about 75 em thick and 12 m long. Clearly interbedded with surrounding
black mudstone of the melange.

Age The following report is from Pessagno (writ. comm., 1983):

Indeterminate. Abundance of Holocryptocanium suggests correlation to
other samples cited above. ( Lower Cretaceous(?) ).

Holocryptocanium sp. (fragmental and abundant)
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Sample : 82810-4A and -4B of Brandon

Location Collected from chert sequence on the south side of
Blunden Island, west of Vargas Island (location marked in Figure 7).
Sample -4B was collected about 1 meter above -4A in the same chert
sequence. This ribbon chert is associated with disrupted mudstone and
ribbon chert with minor volcanic blocks(?) and maybe equivalent to
Unit 1A. Except for this outcrop, most of the Island is composed of
massive sandstone belonging to Unit 2.

Age The following report is from Pessagno (writ. comm., 1983):

Zone 5, Suhzone 5C to Zone 6. Lower Cretaceous: upper Valanginian to
upper Aptian.

Thanarla conica (Aliev)

Holocryptocanium sp. (fragmental and abundant)
Cenosphaera sp.

Archaeodictyomitra sp.

FOSSILS FROM UNIT 1B

Sample : 821011-3A and -3B of Brandon

Locatien Collected from sandy ribbon chert sequence from Unit 1B,
located south of Big Beach (the western radiolarian locality shown in
Figure 13). The chert sequence depositional overlies black mudstone
and is overlain by sandstone across a contact that is probably
depositional. There is no local indication of stratigraphic tops;
this sequence could very likely be overturned. The lowest meter of
the chert sequence consists of sandy radiolarian ribbon chert.

Age Sample -3A was collected just above the basal contact; -3B was
collected about 75 cm above the contact. The following report is from
Pessagno (writ. comm., 1983):

Zone 5, subzone 5C. Lower Cretaceous: upper Valanginian to lower
Hauterivian.

821011-3A
Thanarla conica (Aliev)
Archaeodictyomitra sp.
Ristola sp.
Holocryptocanium sp. (very abundant and fragmental)
Cenosphaera sp.
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8281011-38
Thanarla conica (Aliev)
Pseudodictyomitra sp.
Holoeryptocanium sp. (abundant and fragmental)

Sample : 821011-1 of Brandon

Location Collected from ribbon chert in Unit 1B, south of Big
Beach (the more eastern radiolaria locality shown in Figure 13). This
locality is within 10 meters of 821011-3A and -3B, described above,
and would be expected to be of the same age. The chert accurs as a
small eroded block of sandy ribbon chert, about 30 m thick, surrounded
by massive sandstone. One of the ribbon beds in the chert is actually
a cherty sandstone.

Age The following report is from Pessagno (writ. comm., 1983):

Possibly Zone 4 to Zane 5, Subzone 5C, Upper Jurassic (upper
Tithonian sensu Pessagno, Blome, and Longoria, in press) to Lower
Cretaceous (upper Valanginian to lower Hauterivian).

Ristola sp. aff. R. boesii (Parcna)
Acanthoeircus dicranocanthes Squinabol?

Sample : 72-11A of Muller, et al. (1981) (=GSC Loc. C-89780)

Location Located at Big Beach on southwest coast of Ucluth
Peninsula at end of foot trail on the beach (Figure 13 ) (corrected
location = 48°56'00"N, 125°32'40"W).

Age In both locations Buchia shells occur in coquina-like beds
of medium thickness within Unit 1B mudstone-rich melanges. Or. J. A.
Jeletzky identified these fossils as follows (from Muller, 1981,p
31-2):

"Mid-Valanginian stage, Buchia paeifica zone (Jeletzky, 1965,
p.43-49). "The apparent absence of closed or gaping, complete (ie.
double valved) shells could be interpreted as suggestive of
re-deposition of fauna either by wave action or by turbidity currents"
(Jeletzky's comments)".

Buchia pacifica Jeletzky 1965
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Sample : 76-261 of Muller, et al. (1981) (=GSC locality C-89781)

Location Located on the north side of a bay, south of the Big
Beach area on the southwest coast of the Ucluth Peninsula (0.75 km due
south of Ucluelet, 48°56'00"N, 125°32'40"W).

Age Same as Sample 72-11A of Muller (1981) described above.

Sample : 821008-1 of Brandon (=GSC Locality C-102719)

Location Located close to the base of Unit 1B melange, north of
Big Beach (the southeast Buchia locality shown in Figure 12)
(48°56"11"N, 125°33'17"W). These Buchia also occur in a medium-bedded
coquina, similar to Muller's Buchia localities described above
(72-11A, 76-261).

Age Fossils were identified by Dr. J. A. Jeletzky (writ. comm.,
1983) of the Geological Survey of Canada. The following is from his
report (Km-7-1983-JAJ):

"Some part (more likely lower of Buchia pacifica Zone and of an early
or (?)mid-Valanginian age in terms of the international standard
stages (see Jeletzky, GSC Bull, 103, 1965, p.43-49, Figs. 1,2,4 and
Jeletzky in Jeletzky and Tipper, GSC Paper 67-54, p.7-10, Table I for
further details)."

Buchia pacifica Jeletzky, 1964 (prevalent)

Buchia tolmatschowi (Sokolov, 1908) (less common)

Buchia sp. indeterminant (Badly deformed representatives of two
former species)

Sample : 821008-4 of Brandon (=GSC Locality C-102720)

Location Located at the base of Unit 1B mudstone-rich melange
where it rests in depositional contact with the underlying Ucluth
Voleanics ((the northwest Buchia locality shown in Figure 12)
(48°56'11"N, 125°33'20"W). The Buchia do not occur in a coquina but
are dispersed in a massive black mudstone containing minor concre-
tions.

Age The following report is from Jeletzky (writ. comm., 1983
--report Km-7-1983-JAJ) who identified the fossils:

"Most likely the same as for the lot #C-102719. However, all the
numerous Buchias of the lot #102720 are so badly deformed and sheared
that the inferred prevalence of B. pacifica over B. tomatschowi may
possibly be deceiving. Therefore, the lot #C-102720 could conceivably
represent the upper part of the Buchia tolmatschowi Zone. In any
case, the lot #C-102720 is correlative with the upper part of the One
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Tree Formation of the Esperanza-Kyuquot area and is of an early to
mid-Valanginian age in terms of the international standard stages (see
Jeletzky, 1965, Bull., 103 for further details)."

Buchia pacifica Jeletzky, 1965 (apparently prevalent)
Buchia tolmatschowi (Sololov, 1908) (apparently less common).
Buchia cf. uncitoides (Pasvlow, 1970) sensu lato (apparently rare)

Sample : 82929-1 and 82927-4 of Brandon

Location Large bivalve shells (Inoceramus?) collected from Unit 1B
at Big Beach. These samples come from two of the many localities
shown in Figures 12 and 13, 82929-1 is located in the center of the
map (Figure 13; near the attitude with a dip of 69°) and occurs in
black mudstone interbedded with turbidite sandstone and conglomerate.
82927-4 is located at the north end of the map (Figure 13; near the
attitude with a dip of 49°), and occurs in laminated mudstone.

At these localities and others in the area, the shells occur as
thin calcite layers, everywhere oriented parallel to bedding, and
locally with opposing valves of the shell still preserved. The shells
are flat in cross-section, range from 25 to 150 em long and 5 to 120
mm thick, and are composed of prismatic calcite grains oriented
perpendicular to the shell edge. Weathered surfaces reveal a faint
rhythmic banding superimposed on the prisms and oriented parallel to
the length of the shell.

I sent these samples, with thin sections and field photographs,
to Dr. E, G. Kauffman, an expert in Bivalve and Inoceramid paleonto-
logy at the University of Colorado. His report to me is as follows
(Kauffman, pers. comm., 1983)., He confirmed that they were indeed
large bivalves. In thin section he cbserved organic material and
growth bands preserved in the calcite. Kauffman showed the thin
sections to Dr. R. Kligfield who has done extensive research on the
development of veins in deformed rocks. Kligfield agreed that the
shells represented organic structures and are not veins.

At this time Kauffman could not make a specific identification.
He did say that based on similarities in size and morphology these
bivavles probably occupied a similar paleoecological setting as did
Cretaceous Inoceramus. He also mentioned that the individuals were
adults, probably 10 to 30 years old. He agreed based on my photo-
graphs and descriptions that they were preserved in life position.
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APPENDIX B
LIST OF SYMBOLS FOR PART II

d = operator indicating differential increment

e = void ratio

e = void ratio of critical state line at P'=1 kPa

e = void ratio of virgin isotropic consclidation line
at P'=1 kPa

o = void ratio of K0 consolidation line at P'=1 kPa

G = elastic shear modulus

H' = height of deformed duplex structure

K = elastic swelling constant for K-line

K, = oé/ GQ ratio during rest-state consolidation (QH=0)

L0 = original length prior to deformation

Lf = final length after deformation

L' = deformed length of imbricated harizon

M = slope of the critical state line in the P'-Q' diagram

n = fractional porosity

NKo = slope of P'-Q' stress path during Ko consolidation

P! = effective pressure or effective mean stress

Pé = intersection of current yield surface with the P' axis

Q' = (05-0%); deviatoric stress during triaxial deformation

s' = (oo-oé)/z ; mean normal stress during plane-strain
deformatian

S = relative thrust displacement

t = original thickness of imbricated horizon

t! = (cQ-cﬁ)/Z ; maximum shear stress during plane-strain
deformat ion

* = excess paore fluid pressure

U;,UZ = pressure-induced and deviatoric stress-induced components
of excess pore pressure during undrained deformation

N = volume
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= operator indicating finite increment

= 2(G1-93)/3 ; shear strain for triaxial deformation
(positive during triaxial compression)

= volumetric strain (volume reduction is positive)

= vertical and horizontal strain components

= principle strain components

= slope of critical state, isotropic and Ko consolidation
lines in an e-Ln(P') diagram

Mohr-Coulomb frietion angle at the ultimate strength

during triaxial compression

effective principle stresses for plane-strain
deformat ion; oo is the direction closest to verticalj;
gé is the direction closest to horizontal

= effective principle stresses

Superscripts

= indicates effective stress when used with stress variables
(stress variables are effective unless otherwise noted)

= indicates plastic strain component

= indicates elastic strain component

= indicates total strain component
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