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ABSTRACT

The highly deformed section at Open Bay is one of the few good exposures
of a thick sedimentary unit within the prebatholithic rocks along coastal British
Columbia. It provides new structural information relating to emplacement of 2
part of the Coast Range batholith and it contains an important Upper Triassic
fauna unusually well represented, Structural and paleontological analyses are
mutually supporting and are purposely combined in one paper,

Thirteen ammonite genera from 14 localities clearly substantiate McLearn’s
tentative assignment to_the Tropiles subbullutus zone (Upper Karnian) and
suggest a restriction to the 7\ dilleri subzone as defined in northern California.

Contrary to an arlier view, the beds are lithologically similar across the whole
bay except for variations in the intensity of deformation and thermal alteration.
Their contact with slightly older relatively undeformed fiows is apparently a
zone of dislocation. Stratigraphic thicknesses cannot be measured with confidence,
and subdivision into “Marble Bay Formation™ and “Open Bay Group” cannot
be accepted. Open Bay Formation is redefined to include all the folded marble
and interbedded pillow lava at Open Bay. Lithologic and biostratigraphic
correlation is suggested with the lower middle part of the Quatsino Formation
on Iron River, 24 miles to the southwest. Basalt flows and pillowed volcanics
west of Open Bay are correlated with the Texada Formation within the Kar-
mutsen Group.

The predominant folding is shown to precede, sccompany, and follow intrusion
of numerous aandesitic pods and to precede emplacement of quartz diorite of the
batholith. Structural asymmetry is shown to have originated through gentle
cross-folding and emplacement of minor intrusives during deformation.

» INTRODUCTION
The pre-Coast Intrusive rocks of coastal British Columbia are predominantly

volcanic; they contain very few thick sedimentary sections and, of these, only

~ a few oceurrences have been measured and described structurally and litho-

logically in detail or searched systematically for fossils. This paper concerns

one of the three such occurrences exposed along the eastern side of Vancouver -

Island. The section is immediately west of the main batholith, is readily
accessible, and bas long been known and referred to on the basis of recon-

naissance mapping. In spite of its deformation and its metamorphism, it

contains an unusually well-developed fauna, apparently the most represen-
tative single occurrence of the Tropites subbullatus zone vet described in Can-
ada. However, the structure is complex and even the general order of thickness
of the strata and the question of whether one or more formations should be
recognized has remained unclear. One purpose of this paper is to provide a
fuller report on the lithology and the fauna than has been available and to
evaluate this section as a stratigraphic reference in the light of its structural
complexity. A subsequent paper (by Surdam, Susuki, Carlisle) will discuss a
newly studied section on Iron River, 25 miles to the southwest, which is much
the opposite—structurally simple, and containing a thick, unmetamorphosed,
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nearly continuous stratigraphic and faunal record of a large part of the Upper
Triassic—and a lithologic and biostratigraphic correlation will be suggested.

Another purpose of the paper is to draw attention to interrelations between
the structures at Open Bay and the mid-Mesozoic intrusives. Marked asyme
metry of the structural fabric is considered to have resulted partly from cross-
folding and partly from the introduction of competent rocks during an initial
period of recurrent deformation,

The rocks described are in the westerly part of the Paleozoic-Mesozoic
eugeosynclinal assemblage of western North America, Massive volcanic flows
and pillowed volcanics are so predominant in this assemblage and nearly all
of the sedimentary sections from which stratigraphic paleontology can be
worked out are so thin, so lenticular, and so rare that one might wonder
whether anything approaching a complete stratigraphic record can be ob-
tained. This is all the more so since, according to a widely accepted hypothesis,
the westerly part of the succession is within a volcanic archipelago or island
arc and a locus of tectonism. Submarine flows, and pillow lavas in particular,
might be expected to be each quite local in distribution. But in spite of all
this there is a remarkable uniformity in the gross prebatholithic stratigraphy,
as known {rom the reconnaissance and scattered detailed surveys, along the
northern Pacific Coast. v

Moreover, since flows and pillowed volcanics accumulate rapidly and in
thick units, whereas thinly bedded, fine-grained sediments accumulate over
relatively long periods of time, the paleontological record may be much more
complete than the ratio of volcanic to sedimentary rock might suggest, Rather
than being hostile and unlikely for the development of life and the preservation
of fossils, the pervasive submarine-volcanic environment actually may have
favored the record in some respects. Volcanism may have contributed nutrients
to the ocean and have caused circulation and upwelling of waters which would
replenish supplies of phosphorus and other nutrients consumed by organisms
near the surface. In any event, many of the interlava sedimentary rocks con-
tain a surprisingly abundant fauna. Most contain an abundance of fetid,
micritie, or cryptocrystalline limestone and a great abundance of carbonaceous
material with or without pyritic chert. Some of them contain unusual amounts
of vanadium which may have been concentrated organically, It appears that
the bulk of the fauna settled from an open sea or from embavments in the
sea and, in many cases, into a euxinic or near-euxinic basin. Some may have
been benthonic and in several places there is a suggestion of animals suddenly
killed and preserved by renewed volcanism,

PRESENT STUDY AND ACKNOWLEDGMENTS
Field investigation of the section at Open Bay on Quadra Island was begun
in 1959 by Carlisle in connection with a larger study of a part of the western
margin of the main Coast Range composite batholith on and near northeastern
Vancouver Island, B.C. Exposures along the sea coast at Open Bay were
found to be far superior to those inland and to be a key to the age, lithology,
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and particularly the structure of the whole belt of carbonate rocks adjacent
to the batholith on Quadra Island. Abundant-{ossils, composed of calcite,

stand out distinctly on the wave-washed marble whereas only a single occur.

rence, much weathered, has been found from the much larger area of outcrop
of the same rocks in the interior of the island. In 1962, therefore, a plane table
map at a scale of 1 in. equals 200 1t was made of the exposures along the mile
and a half of sea coast and the fossil localities, structure, and lithology were
mapped on field sheets at a scale of 1 in. equals 20 ft. Susuki examined the
section briefly in 1962, initiated the collecting of fossils, and -subsequently
prepared and identified the specimens. Fourteen separate localities were
found, several of which are at equivalent horizons. These were collected
according to local stratigraphic succession into more than 100 lots.

All of the fossils were given a locality number in the invertebrate fossil
collection at the University of California, Los Angeles. To facilitate research
on Canadian materials, however, the authors forwarded all of the usable
fossil specimens to the Geological Survey of Canada in Ottawa for selection
and retention as desired in the National Collection there and a species catalogue

_number from the Geoclogical Survey of Canada is given for hypotype specimens

on file there.

Dr. E. T. Tozer of the Geological Survey of Canada very kindly re-examined

the specimens sent to Ottawa, commented upon the identifications, and
critically reviewed the stratigraphic and paleontologic sections of the manu-
script. His considerate attention has been most beneficial and-is ‘thoroughly
appreciated. Susuki has benefitted from a critical and helpful review of the

- manuscript and from several discussions with Norman J. Silberling of the

United States Geological Survey, especially with respect to the faunal deter-
minations and correlations. Particular acknowledgments are made to Drs.
Athol Sutherland Brown and W. G. Jeffery of the British Columbia Depart-

ment of Mines and Petroleum Resources and to Professor W, P. Popenoe of .
the University of California, Los Angeles, for extensive comments and

suggestions. o

The authors thank E. B. Edwards and C. R. Givens for meticulous collecting
of fossils at Open Bay under their"direction and also W. R. Van Schmus and
T. G. Theodore for earlier work there. All four were supported as senior
students at the time by a grant through the Undergraduate Research Partici-
pation Program of the National Science Foundation. Drafting of the illustra-
tions was done by Mrs. Opal Kurtz. :

Field expenses of Carlisle were defrayed by a grant by the Committee on
Research, University of California, Los Angeles,

_ GEOLOQGICAL SETTING
Regional Relations and History of Nomenclaiure
In British Columbia, Triassic eugeosynclinal rocks lving along the coast,
west of the main batholiths, are referred, for the most part, to the Vancouver
Group (= Vancouver Series, Dawson 1887, p- 10). Triassic volcanics and
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‘of andesite-basalt flows and abundant pillowed volcanics with sporaé;ic,ﬁ
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volcaniclastic rocks east of the main Coast Intrusives are generally referred
to the Nicola Group (= Nicola Series, Dawson 1879, p. 74B), if they occur i
southern British Columbia, or to the Takla Group (Armstrong 1949; Tipper
1959) if they occur in central or northern British Columbia. '
Figure 1 shows the location of the section on the northerly side of Open Bay
on Quadra Island and it also shows, in a broad and general way, the regional
setting. The northwesterly regional grain of the structure is shown by the
anticlinoria of Paleozoic greenstones overlain by a characteristic Permian

~crinoidal limestone—one in the Buttle Lake area in the center of Vancouver

Island and another extending southward from Horne Lake—and also by the

trend of sedimentary belts in the overlying Triassic Vancouver Group and by
the granitoid intrusive bodies. On Vancouver Island and over a large part of !
the B.C. coast, the Vancouver Group tends to be divisible into three well.
marked successions (Table I): (1) a lower succession of several thousand feet

TABLE 1 ‘

- Contrasting subdivisions of ;:he Vancouver group on northern Vancouver Island,
' not necessarily correlative :

West and interior Vancouver| o . |
: island Lithology East side Vancouver Island
‘ Mainly andesitic
Bonanza Upper volcanics
Group . ‘ . s
o Lower ) | Parson Bay Group {in-
2 - Sedimentary rocks | cluding “Harbledown
3 . Quatsino_ ' Formation™ and
v Formation “Parson Bay =/
g Formation™ s Marb
z 7 Bay
§ / Formation
8 - -
- . Predominantly ande- | Texada Formation (Group) 7
Karmutsen |’ site~basalt flows = “Yaldes” Group @
Group and pillowed vol- a
canics ] %
i

lenticular sedimentary units mostly only a few inches to a few feet thick (in
part, at least, Upper Triassic in age); (2) a middle succession of calcareous, |
carbonaceous, and argillaceous beds up to approximately 2 500 ft thick (Upper |
Triassic to possibly Lower Jurassic in age); and (3) an upper succession of
non-pillowed, andesitic flows, and pyroclastics with sedimentary units (ap-
parently Lower Jurassic in age). Successions (1) and (8) are not differentiated .

i
i

A

on Fig. 1and commonly have not been distinguished in reconnaissance mapping.

One occurrence considered to belong to the middle succession is on northern
Texada Island 40 miles southeast of Open Bay (Fig. 1). The sedimentary |
assemblage has been named the Marble Bay Formation (LeRoy 1908, p. 16;
McConnell 1914, p. 17} and consists of thick-bedded, rather pure crystalline
limestone and magnesian limestone possibly more than 2 000 ft thick which has
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been shown by Mathews (1947, p. 36, 53) to rest conformably upon andesite~
basalt flows and pillow lavas of the Texada Formation (= Texada Group,
Texada Porphyrites, Texada Volcanics) several thousand feet thick. The
limestone is folded into a syncline that becomes complex toward the north-
eastern edge of Texada Island, the synclinal axis swinging from a northerly
to a northwesterly trend. The upper limit of the limestone is not exposed and
no section has ever been measured or described although Mathews (1947, p. 62)
distinguished three compositional members on the basis of their magnesium
content. Two collections of fossils (including Lima ? sp., Peclen n. sp., ?,
indeterminate ammonites, Clionites ?, gastropods, and coral) from the Marble
Bay Formation were considered by McLearn as “probably Triassic.” Fossils
from sedimentary lenses in the Texada Formation (including Parairopites sp.
and Hannaoceras sp.) are reported as belonging to the Karnian stage (Mathews
1947, p. 36).

A wery small occurrence of banded hornfels and skarn adjacent to the
granitoid rocks at Iron Point on Ulloa Island is considered to be Upper Triassic
on the basis of a fragmentary occurrence of Monotss, and a similar occurrence
at nearby Hidalgo Point on Hernando Island is Lower Jurassic on the basis
of the single ammonite Aradotiles vancouverensis (Whiteaves) (see Bancroft
1913, p. 76).

Skipping the Open Bay section for now, the only other thick sedimentary
assemblage in the Vancouver Group which is well exposed along this easterly
coast of Vancouver Island is the calcareous-argillaceous assemblage on
Harbledown Island 70 miles northwest of Open Bay (Fig. 1). This was de-
scribed in a general way by Bancroft in 1913 and named by him the Parson
Bay Group. From the lower part of this group Crickmay (1928) has described
a fauna containing the pelecypod Halobig and also the ammonite Juvavites?
knowltoni Smith, and, from a higher part, another fauna containing Monotis.
Both faunas are considered Norian in age. In the upper part of the section he
found a Jurassic ammonoid fauna and on purely faunal grounds he divided
Bancroft’s unit into a “Parson Bay Formation” of Upper Triassic (Norian)
age, and a conformably overlying “Harbledown Formation” of Jurassic age.
An unknown thickness of section lying below the Parson Bay Formation but
above a thick succession of andesite-basalts (*Valdes Group™) is ¢oncealed
by water. '

One other set of occurrences should be mentioned to complete the back-
ground. On northwestern Vancouver Island, Dawson (1887, p. 9) recognized
a main succession of sedimentary rocks approximately 2 500 ft thick between
the upper and lower volcanics of the Vancouver Group. Dolmage in 1918
“provisionally” named the calcareous part of this succession, which is as much
as 2000 ft thick, the Quatsino Limestone, and Gunning (1930) and Hoadley
(1953) retained this name in a threefold subdivision of the Vancouver Group
in the Zeballos-Nimpkish area: Karmuisen Group for the lower unit of sub-
marine andesite~basalts with minor chert, limestone, and argillite (Upper
Triassic in part); Quatsino Formation for the conformably overlying calcareous
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rocks (Upper Triassic); and Bonanza Group to include both the conformably
overlying tuffaceous and argillaceous sedimentary rocks and also the upper-
most unit of andesitic flows, ) yroc!«asucs, and very minor limestones of Jurassic
(?) age. The ages of these units in the Zeballos-Nimpkish area are based upon
some corals, pelecypods, and one ammonite from the lower two units and
upon the occurrence of Monolis subcircularss about 100 {t above the top of
the Quatsino Formation (Hoadley 1953, p. 21). The same subdivisions were
recognized by Jeletzky (1954) along the west coast of Vancouver Island.

Thus, we have two sets of names for the units within the Vancouver Group
in the northern Vancouver Island area, as shown on Table 1. A similar sub-
division inte (1) Franklin Creek Volcanics; (2) Sutton Limestone; and (3)
overlying clastic sedimentary and volcanic rocks and some flows has been
recognized on southern Vancouver Island (Fyles 1955).

The section at Open Bay on Quadra Island was first described in 1913 by
Bancroft., He felt that he could recognize the Marble Bay Formation on the
easterly side of the bay and, on the westerly side of the bay, an overlying
unit which he called the Open Bay Group and which, he said, consisted largely
of argillite and thin-bedded quartzite or chert. He thought that the Open Bay
Group was overlain in turn by the submarine andesite~basalt on the west
which he named the “Valdes Group” and which he considered probably
correlative with the Texada Formation. Unfortunately the term. Valdes
(= Valdez) had already been applied to Mesozoi¢ rocks in south central
Alaska (Schrader 1900, pp. 408-410). Bancroft made no reference to Dawson's
recognition (1887, pp. 20B-22B) of the Vancouver Group on Quadra Island.
Cairnes (1914) visited Quadra Island briefly in 1913 and examined many of
the mining ventures then in operation in the ‘‘Limebelt,” a strip of lowland
about 13 miles wide trending northwesterly from Open Bay for about 8 miles
(Fig. 2). He accepted Bancroft's terminology and interpretation of the suc-
cession, though he considered the sedimentary rocks to be Mesozoic whereas
Bancroft had considered them to be Paleozoic.

H. C. Gunning {in Mathews 1947, p. 36) subsequently recogmzed that the
whole carbonate section at Open Bay is younger than the submarine andesite—
basalt on the west and has found Upper Triassic ammonites at the western
edge of the bay. These were identified by McLearn as Hannaoceras, Trachy-
sageniies, Tropiles, and probably Discotropites and Arcestes snd were considered
by him “of probably later Karnian age, representing possibly the fauna of the
Tropites subbullatus zone” (Mathews 1947, p. 86). This tentative assignment
was apparently the first recognition of the Tropites subbullaius zone in Canada,
although Crickmay in 1930 (p. 26) had suggested a correlation of the lower
part of the Nicola Series with the Tropiles-bearing limestone of California,
and elsewhere, without specific reference to the Tropsles subbullatus zone. The
section recorded by Mathews (1947, p. 88) does not show argillites or quartzites
referred by Bancroft to the “Open Bay Group” but indicates instead that
argillaceous limestone interstratified with volcanic flows or pillow lavas, all
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with a prevailing northeasterly dip, crop out across the whole bay as follows,

THICKNESS, ¥T
Intensely dolded argillaceous limestone No thickness given
and pillow lavas in a belt about
2 000 {t wide on the eastern side of

the bay »
Argillaceons limestone with at least one 5004
greenstone hody - :
Lava 2004 .
Argillaceous limestone 50} e
Ellipsoidal and massive lava 350
Argillaceous limestone C 1004
West edge of Open Bay and “base”
of section

The intense deformation and complexity of structure throughout the section
was emphasized by Sutherland-Brown (1938, p. 17). McLearn {1953, p. 1212)
suggested, and the present writers support his view, that it is not desirable to
divide this assemblage into an Open Bay and a *Marble Bay” Formation. The
present writers believe, in addition, that it is not advisable to make a simple
correlation with the Marble Bay Formation on Texada Island. In this paper;
the term “Open Bay Formation” will be applied to the whole assemblage of
deformed carbonate rocks and intercalated pillow lavas exposed in the section
at Open Bay and in the Limebelt, i.e, Open Bay Formation will be taken to
include the "Marble Bay” (?) Formation as described by Bancroft at Open 4
Bay and also the rocks in the westerly part of the bay which are shown herein ¢
to be equivalent.

Coniact Relations . i

Figure 2 is a generalized geological map of nearly all of the central and
western part of Quadra Island. The Open Bay section is at the south end of the =
Limebelt. Limestone, recrystallized to fine- and medium-grained light- to
medium-gray marble and covered in large part by till and alluvium up to :
several tens of feet thick, occupies the topographically lower part of the belt.
Interbedded with the limestone and projecting as erosinal highs in this lowland
are several elongate bodies of pillowed andesite-basalt and, in the north, one#
large mass of similar material. West of the Limebelt, forming higher ground, :
are the massive, amygdaloidal, and porphyritic andesite~basalt flows, pillow
lavas, and pillow breccias referred in the past either to the Valdes Group or
to the Texada Formation. These volcanic rocks lie on the easterly limb and,
in part, on the nose of a broad and irregular anticline plungmg at about 15
degrees to the southeast.

The following features might be noted on the map at this stage.

1. In contrast with the deformed Open Bay Formation, the structure in the
Texada (“Valdes") volcanic rocks is simple. This is shown especially by the
layers of pillow lava and pillow breccias near the top of the formation and on
the west side of Quadra Island. Only at the north edge of the map, where the
granitoid rocks approach and intrude the volcanics, does the dip of the flows
become nearly vertical and in one place overturned steeply to the west.
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2. The contact between the Texada (“Valdes") wvolcanic rocks and the
Open Bay Formation is everywhere concealed by glacial till and alluvium, At
one place, at the very northern end of the Limebelt a band of foliated limestone
about 50 ft thick comes to within 10 ft of the volcanic rocks. The volcanic
rocks here are vertical and considerably altered and sheared.

3. The pillow lava within the Open Bay Formation appears as relatively
short lenticular bodies, usually aligned, within the Tolded limestone.

4. The overall trend of the pillow lava lenses (N. 80° W.) is more northerly
than the strike of the contact between the Open Bay Formation and the
Texada (“Valdes') volcanic rocks. If continued southward the Limebelt
structures would butt into the contact of the volcanic rocks with the Open
Bay Formation. Likewise the two pillow lavas at the western edge of the
Limebelt at Open Bay, and in this sense at the “base” of the section, are
traced, with interruptions, into the middle of the Limebelt farther north.

5. On the other hand, some layers in the Texada (“Valdes"”) volcanic rocks,
particularly some piliow breccias near the north end of the Limebelt, appear
to be truncated by the concealed contact with the Open Bay Formation.

It is concluded that the contact between the Open Bay Formation and the
Texada (“Valdes’) volcanic rocks is a zone of detachment and shear and that
the base of the Open Bay Formation, therefore, cannot be assumed to be at
the contact with the Texada (“Valdes”) volcanic rocks on the west side of
the bay. The complexity of the structure in the Limebelt (cf. Fig. 12) is not
shown on the generalized map (Fig. 2). Two of the lenses of pillow lava, where
they can be carefully observed in the good outcrops along the seacoast at
Open Bay, are seen actually to form keels of synclines (Fig. 13). Away from
the coast, however, exposures are not complete enough to reveal such structures
in the lavas.

The Coast Intrusives, mainly quartz diorite and hornblende diorite in this
area, are exposed at the ecastern edge of Open Bay. The intrusive contact is
subparallel to the predominant fold axes and to the pillow lava lenses in the
Limebelt for about 5 miles northwestward, after which it trends westward
through the Open Bay Formation and into the Texada (*Valdes’) voleanic
rocks. Skarn and hornfels are developed within a few hundred feet of the
contact.

Age and Correlation of the Texada (* Valdes”) Volcanic Rocks

In view of the structural discordance between the Texada ("Valdes™)
volcanic rocks and the Open Bay Formation, their mutual age relation must
be established on something more than geographic position and attitude alone.
The possibility that the Open Bay Formation could be a thick carbonate unit
repeated by faulting from within the lower, volcanic succession in the Van-
couver Group should be considered. Enough is known now, however, about
this lower, volcanic succession to justify a general correlation of the volcanic
rocks on Quadra Island with the lithologically identical pillow-bearing an-
desite-basalts in the Georgia Strait — Vancouver Island area and to rule out

.
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this possibility. On Quadra Island, for example, the minimum thickness of
Texada (*Valdes”) volcanic rocks, without apprcciable structural break and
without any carbonate units more than 5 ft thsck 18 7 700 it. If the section
continues downward without a major break across Discovery Passage to the
west and into rocks of the same lithology on Vancouver Island—the occurrence
of similar pillow breccias on the two sides of Discovery Passage suggests that
this is the case—then there are several thousand feet more of lavasand pillowed
volcanics without an intervening thick carbonate unit. On Texada Island the
Texada Formation, lying conformably beneath the Marble Bay Formation
and above the upper Paleozoic Anderson Bay Formation, is apparently of the
same general order of thickness and of the same lithology including only
sporadic lenticular beds of limestone not more than a few feet thick. An
essentially similar lithology is found in the several thousand feet of the Kar.
mutsen Group volcanics lying conformably beneath the Quatsino limestone on
northwestern Vancouver Island. Furthermore, the volcanic rocks directly
above the upper Paleozoic carbonate rocks in the Buttle Lake and Horne Lake
areas on Vancouver Island as at Anderson Bay on Texada Island are also of
the same general lithology and, at this writing, no carbonate units approaching
in thickness the section at Open Bay are known between the Paleozoic car-
bonates and the top of the lower (volcanic) subdivision of the Vancouver
Group in any of these places.
-Moreover, the detailed stratigraphy near the top of the volcanic succession
and some paleontological evidence supports a correlation of the volcanic rocks
~on Quadra Island with the Karmutsen Group and the Texada Formation.
In all the occurrences mentioned, one or more units of pillow lava and pillow
breccia with occasional carbonaceous, cherty, and tuffaceous limestone lenses
occur within the massive flows a few hundred feet below the top of the vol-
canics {Carlisle 19683). Seven fossil localities have been found at the base of
pillow lavas within the volcanic rocks on Quadra Island (Fig. 2). The lime-
stones are from a fraction of an inch to as much as 5 ft thick and from a few
feet to about 1000 ft in outcrop lengdi. The two most easterly or strati-
graphically highest localities (UCLA Invertebrate Paleontology Collection ..
~ localities 4 638 and 4 641) are in very carbonaceous, shaley, and cherty lime-
stone and contain only Halobia sp., which is abundant as imprints generally
about 1cm across. Commonly these fossils are slightly distorted owing to
deformation of the sediment during settling of the overlying pillows. These
Halobia-rich localities are approximately 500 and 1200 ft stratigraphically
below the highest volcanic rocks exposed. A second group of localities in the
volcanic rocks (UCLA localities 4 637, 4 644, 4 643) are from 700 ft to 800 ft
stratigraphically below the Helobia-rich localities and occur in limestone which
is characteristically lighter in color, less carbonaceous, and less fissile than that
at the two localities just described. The uppermost occurrence (4 637), 4 mile
north of Hyacinthe Bay, is in massive limestone about 3 ft thick above 2
massive flow and below pillow lava. The fauna is silicified, consisting of un-
determined very thin-shelled pelecypods and a single poorly preserved specimen
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of Parairopites. The remaining two localities in this group contain undeter-
mined pelecypods, gastropods, and crinoid stems, The only other occurrence
of fossils (UCLA locality 4 642) is at Plumper Point on the west shore of
Quadra Island, again at the base of a pillow lava. Although only a few inches
thick, the limestone contains abundant silicified crinoid stems, solitary corals,
and gastropods. This occurrence is separated from the rest of Quadra Island
by a belt of glacial sediments occupying the lowland southward from Deep-
water Bay. The lowland is not thought, at this time, to represent a major
separation in the section.

The occurrence of Halobia and Paratropiles places these rocks in the Karnian
stage of the Upper Triassic, Parairopites usually being restricted to the Tropiles
subbullatus zone. Paralropiles occurs also in the Texada Formation on Texada
Island in association with Hannaoceras (Mathews 1957, p. 36) and in the
uppermost Karmutsen voleanics in the Campbell River area where it is asso-
ciated with 2 unique fauna apparently belonging in the lower part of the
Tropites subbullatus zone (Givens and Susuki 1963).

On purely lithologic grounds, then, the volcanic rocks west of Open Bay on
Quadra Island can be assigned with certainty to the Karmutsen Group within
the larger Vancouver Group and are correlative with the Texada Formation
on Texada Island. Confirming the opinions of Gunning and Mathews, it must
be concluded that the Open Bay Formation is younger than these volcanics.
In line with the usage of Mathews, the name “Valdes” should be abandoned.
The volcanic rocks may be called Texada Formation with the understanding
that they are also a part of the Karmutsen Group. At present the Karmutsen
Group has not been subdivided, but mapping in progress suggests that a
realistic subdivision will be possible,

STRATIGRAPHY AND PALEONTOLOGY OF THE OPEN BAY FORMATION

Fossil Localities, Lithology, and Correlation within the Formation

Many of the fossils at Open Bay are apparently undeformed, others are so
badly distorted that they are indeterminable, and still others remain only as
light-colored marble lensoids or streaks along the foliation of the marble.
Fourteen separate localities (UCLA Iocalities 4 623 to 4 636 inclusive, Fig. 12)
were found, several of which are at equivalent horizons. All of these collections
fall, on the basis of lithology and fauna, and, to some degree on structural
interpretation, into two main stratigraphic positions shown on the several
partial columnar sections in Fig. 8. As can be seen, if the correlations are
accepted, the total thickness of {ossiliferous strata is not very great, some
60 ft of folded and flow-deformed limestone in the upper group of seven sections
and a lesser thickness of highly deformed limestone below pillow lava in the
lower two sections. The best development of the Tropites fauna is in the upper
group and actually in only some 30 feet of this. Recognizable ammonites are
found in the lower two sections also, but the beds are strongly transposed and
rost of the fossils are destroyed. Figure 14 shows typical deformation of
fossiliferous layers from the upper group of sections. The disruption and
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boudinage of the thin, cherty beds is a characteristic manifestation of tectonic
stretching of the strata in the direction of fold axes.

The basis for this subdivision and correlation within the Open Bay section
must now be discussed. The entire section is shown in Fig, 12, a map, and in
Fig. 6, three qualitative profiles taken at right angles to the principal fold axes.
Beds containing the fossils, though contorted, can be traced for as much as
300 {t along strike in a few places, and firm correlations across some folds can
be made by attention to drag folds and to the detailed lithologic succession.
Thus localities 4 626 and 4 627 are in equivalent beds on the two limbs of a
syncline. Localities 4 628, 4 629, and 4 630 are all on the complex south-
westerly limb of another syncline and are equivalent beds. Locality 4 631 is on
the northeasterly limb of this same fold and also in equivalent beds.

The second kind of evidence for the subdivision and correlation is lithological.
The well-developed Tropites fauna is invariably in light- to medium-gray
deformed marbleized limestone associated with chert beds, Some of these
chert beds are black and a few inches thick, but in the most fossiliferous
horizons they are thinner, reddish-colored, and pyritic. Characteristically they
are highly contorted, brecciated, and boudinaged within the thin-bedded
marbleized limestone (Fig. 15).

It is thought that particular chert beds can be recognized from one locality
to the next though the stratigraphic thickness of the intervening limestone
varies up to sixfold owing to thickening and thinning during deformation, and
the number of thin chert beds in the heavily fossiliferous portion is variable
(Fig. 8). In the field and under the microscope, both the limestone and the
chert beds ate similar at the several localities. Above and below these fossil-
iferous strata for an observed structural thickness of as much as 200 ft, the
limestone is relatively {ree of chert and characteristically banded in alternating
layers of medium-gray non-fissile recrystallized limestone up to 2 {t thick and
layers of black, crudely fissile, very carbonaceous recrystallized limestone, up
to 8 in, thick (Fig. 16). The layering is bedding delormed by flexural slip
and flow.

Coutrary to Bancrolt’s descriptions, neither thick quartzites nor argillites
occur in the Open Bay section. The dark layers are richer in carbon than in
clay or clay-derived minerals.

A third kind of evidence for the correlation of the localities is provided by
the fauna itself.

Fauna al Open Bay

The assemblage recognized at Open Bay is listed in Table 11. Comparison
of these forms with the fauna of the Tropites subbullatus zone of northern
California (Smith 1927) clearly substantiates McLearn's tentative assignment
of the Open Bay fauna to this zone. Every genus found at Open Bay is found
also in the California seciion. Occurrences of Tropiles-bearing fauna in Canada
and western United States are shown in Fig. 5 and a comparison of the fauna
is shown in Table 111 (see also Tozer 19615, pp. 10-15).
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The distribution of the fauna within the section at Open Bay is interesting
{(Fig. 4). All of the genera found range through at least a large part of the
Tropites subbullatus zone and perhaps farther. Nevertheless, in every locality
where the Tropites fauna is well developed, Hannaoceras, the most abundant
genus, is restricted to a single group of limestone beds totalling 1 to 3 ft in
apparent thickness associated with from two to four ferruginous cherty layers.
These beds are in the lower part of the most {ossiliferous 5 to 10 {t of strata, or
approximately in the center of the 80 {t, or so, of cherty limestone in which the
Tropiles fauna is best developed, Hannaoceras constitutes up to 509, or even
0%, of the forms present. Arcestes, the next most abundant genus, is found
within this same small interval and also in the beds above it for several feet
where it, too, may constitute up to 70% of the forms, but Arcestes is nowhere
found in the beds below Hannaoceras. The reason for these small-scale differ-
ences in faundl occurrence is not clear, and certainly no regional or general
restriction of the two forms is implied here. It is interesting that neither of
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Fiz, 5. Luocation of faucas in Table 111,

‘t‘;b&i'ai}zmdant.genem is recognized as an important guide fossil for the Upper
. Karnian, Very likely the distributions reflect local environmental factors. In .

fact, the unusual abundance of ammonites in association with chert beds
. suggests, especially if the chert is organic in origin, an unusually abundant food

. supply at certain times and the consequent influx of the predatory molluscs.
~ If the environmental control was purely local and of this nature, it could also

¢asonably certain.

~have been cyclical, and in this event several successive chert-rich ammonite-
+ bearing sequences could have formed, each showing a sirhilar succession of

competitive species. If so, the faunal evidence for correlation of the disconnected
_-sections would be vitiated, but in view of the detailed lithologic similarities, and
particularly the spacing and succession of chert beds, the correlations appear

Tropites is the third most abundant genus overall and, in many beds, it is the

ubzone is strongly indicated,

- dominant form constituting up to 50% of those present. T ropites didleri Smith
is very common and is present throughout most of the fossiliferous section,
eing most abundant in the beds where Hennaoceras displays its greatest -
evelopment (Fig. 88). Tropiles supposedly restricted to the T°. welleri {Silbér-
ng 1959a, p. 21) or T. dilleri {Silberling 19586, p.
subbuilatus zone in California are represented, but, considering the fauna asa
whole {see Table II), assignment of the beds at Open Bay to the 7. dillers

1152) subzones of the 7.

Whether or not the precise correlation of the several localities at Open Bay
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TABLE 111

Comparison of the Tropites fauna at Open Bay with other oceurrences in Canada and Western
United States (based on the distribution of genera)

comustve = R —
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B2 gen g& g EF 7 = g 5
S B & B OB & &£ & =
Stirogmaoceras sg. . X X
sfornites cf. C. careyé (Smithy  x x
Traskites (Shastites) f. T. (5.}
" compressus (Hyatt & Smith) x %
Traskstes (Stentonsles) cf. T {S.)
ragosus (Hyatt & Smith) x x
Hanuavseras sp. X X X X X %
Tropiies dillers Smith x x
Tropites cf. T\ dilleri Smith X X
Tropites of. T, wellers Smith X x X
Tropites sp. x x X X X X
Discotropites f. D. sandlingensis
{Hauer) X x
Discotropites sp. _ X x % x
Paratropites sellai (Mojsisovics) X x x £
Gymnolropiles cf. G, americanns
Hyatt & Suiith b x
Tornguistites (2) sp. X X
Bacchisies of, B, buechus
{Mojsisovics) *® X
Leconteiceras sp, . x X
,Safmilc;.{dezysag&nﬂas}
herbichi Mojsisovies X X x
Arcestes sp. X X *®

]

shown in Fig. 8 is accepted, it is clear that all of them represent the Tropites
subbullatus zone and that the same or very closely related beds containing them
crop out across at least two-thirds of Open Bay. Except for some of the beds in
the skarnzone within a few tens of {eet of the contact with quartz diorite of the
main Coast Intrusives, the same kinds of lithology can be found from oneend of
the Bay to the other and also inland for the entire length of the Limebelt. To
date {ossils have been found inland at only one place {west of the Lucky Jim
mine on the road to Granite Bay) where a much weathered Tropiles sp. was
identified. It should be noted that this occurrence lies to the west of the well-
defined line of pillow lava lenses, the southeasterly end of which is at the west
edge of Open Bay and according to an older interpretation, therefore, near the
base of the limestone succession. McLearn’s suspicion is clearly correct that no
simple distinction can be made between an “Open Bay Group” and a *'Marble
Bay Formation" at Open Bay.

Little significance is attached to the paucity of Halobia in the Open Bay
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section as compared to its abundance in the very carbonaceous, very fissile
interlava limestones or in similar rocks in other Upper Triassic localities along
the coast of British Columbia, Halobia tends to occur abundantly mainly in
interbeds of dark shaley limestones, the very rocks which, at Open Bay, have

taken up much of the flexural slip with consequent destruction of fossils.
-~

STRUCTURE IN THE QPEN BAY FORMATION AND ITS RELATION
TO IGNEQUS ACTIVITY
Before considering the lithologic correlation of the Open Bay section itself
with other Triassic sections in southwestern British Columbia, attention must
be given to the structural relations within it. These bear upon the integrity of
the section and upon its relation to the Texada Formation and they also provide
an interesting insight into the sequence of events which just preceded emplace-
ment of the Coast Intrusives in this area. The exposures provide excellent
examples of the introduction of strength heterogeneities during deformation.

Mesoscopic Folds and Fabric Elements

Bedding

In spite of the strong internal deformation and thickening and thinning of
every limestone bed, and in spite of the obvious slippage in the finer grained
carbonaceous layers and the disruption of brittle cherty layers, bedding, or
some vestige of it in various stages of deformation, is still visible in most out-
crops. Primary bedding, therefore, is a principal structural or fabric element,
designated here by the symbol Si.

Folds tn Bedding

Folds in S, occur at scales from a fraction of an inch to a few hundred feet
across. They can be divided on the basis of size into four categories.

The larger folds are nonplane, noncylindrical folds from 200 to 500 {t across
as shown on the map (Fig. 12), in three qualitative cross profiles (Fig. 6) and in
the illustration of {olded pillow lava {Fig. 18). Between 15 and 20 of them occur
across Open Bay. Those well-exposed along the seacoast, which is to say those
involving pillow lava within the Open Bay Formation, are decidedly asym-
metric and overturned, mainly to the west. Axial surfaces are inclined at from
about 55° to near vertical and are appreciably curved both in strike and dip.
FFold axes, similarly curved, plunge at up to 20°, both to the northwest and the
southeast. Although no single fold can be seen in its entire profile these larger
folds in the Limebelt are obviously much smaller and much tighter than the
very broad folds in the Texada Formation to the west.

Upon these larger folds in the limestone beds {less so in the pillow lavas) are
very many lesser folds, roughly 5 to 40 {t across having the appearance and
orientation of drag folds and conforming generally in plunge with the larger
folds. Both the axes and the axial surfaces are more variable and curved within
a given fold or between folds, however, than are those of the larger folds. Axial
surfaces are inclined from about 45° northeasterly to 60° southwesterly, but
their strikes are generally within 15° of the strike of the enveloping larger fold,
The style of folding is “similar" (Fig. 17) and the folds are usually moderately
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open, théir amplitude being about the same as their width. Next to pillow lava,
however, these lesser folds tend to be isoclinal, the limbs are tightly appressed
and disrupted and much transposition of bedding has occurred. This is wel
shown on Lost Willie Island, at locality 4 623 and immediately west of ‘the
folded pillow lava ngar locality 4 632 midway across the bay. At this last place,
distinctive chert beds can be followed for only short distances in diversely
plunging folds; hinges become rootless on one or both sides and the whole
orientation of the section is lost in complex isoclinal folding. A few feet farther
west, in continuous outcrap, fossiliferous beds of locality 4624 are in tight
recumbent chevron folds beneath a minor southwesterly dipping thrust fault
and the stratigraphic facing there cannot be reconciled with that of the pillow

lava on the east. Even within the fossiliferous beds the chert-limestone layers

are commonly stretched or crumpled or cannot be traced thmugh compiex

. flowage patierns.

Parasitically upon the lesser folds are innumerable minor. ioids from an mx:h
or s0 to about 2 ft across, many of which again have the characteristic shapes

and orientation of drag folds but have axial surfaces more variableand curved *

~ than the enveloping folds. Commonly the axial surfacesare divergent or fanned

though, again, the general direction of the fold axes may be parallel tothe axes nf

the lesser and larger folds. Commonly the minor folds are disharmonic (Fig. 18),

successive beds being folded in markedly different form but with the same over-
-all curvature. Some axial surfaces of folds branch in a complex pattern. One |
- frequently sees, especially near the hinges of folds, the common tendency for
thinner comipetent interbeds of chert or cherty limestone to bc more stmngiy
and irregularly folded than thicker competent interbeds. Some thick chert beds

P

Liimestons

Fw. 7. Minor folds deformed by local adjustment around deformed andesitic poﬁ«;. near
fossil focality 4 625,
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¢ ghow lobate or ptigmatic folds. Nevertheless, in many places, the several axial
© gurfaces tend to have a common line of intersection, at least locally, which is
. the fold axis for the several folds. The axes of these minor folds are readily
measured in the field and where consistent over an appreciable area, they deﬁne
a fabric element B,
f In addition there are many minor ioids whose orientation is quite unrelated
k to the larger or lesser folds and is obviously a result of local adjustment where
“ hmestone has been forced to flow around buttresses or fragments of more
competent rock (Fig. 7).
. A fourth category of folding—microfolds on the bedding and - transposed
beddmg surfaces—results in thé almost pervasive lineations discussed below
© (Fig. 19).
Foliation
Metamorphic {oliation (Ss) expressed through the preferred orientation of
" calcite grain boundaries, by alignment of crenulations in light and dark layers,
« and, in a few places, by the orientation of metamorphic hornblende crystals, is
¥ developed in varying degrees through much of the section. Usually it is consis-
.~ tent in attitude over appreciable areas and where bedding can still be followed
:e is clearly parallel to the axial surfaces of folds in Sy, Within a few tens of feet of
¥ the folded pillow lava bodies where the adjacent, less competent, marble has
£ taken the bulk of the strain and transposition of bedding parallel to axial
; surfaces is intense, S, is the dominant fabric element and is commonly expressed
by wel]—developed cleavage, Elsewhere cleavage is only weak or not apparent
.-at all and shear is not obviously an important mechanism of deformation.
* Otherwise the style of foliation is essentially the same wherever it is seen vary-
ing only in the intensity with which it has been developed. Although fossils are
rarely preserved in areas of strong bedding transposition, the development of
" strong axial plane foliation itself, as at locality 4 631, does not necessarily
destroy fossils. In fact, the crumbly character of the recrystallized limestone in
such places enhances the differential resistance of the fossils to erosion,

Lineaiion

Lineation (L,) parallel to the axes of most foids in 8y is expressed by the
hinges of crenulations or microfolds in 8y, 28 mentioned above, by the preferred
orientation of calcite grain boundaries; in a few places by the long axes of
metamorphic hornblende crystals; and, in some areas of strong bedding trans-
position, by small chert boudins or rods and by light and dark streaks of marble
derived from the earlier crenulations, Well-developed foliation surfaces always
show lineation in one form or another. Lineation L, also is expressed very
crudely in pillow lava near the hinges of folds by elongation of the pillows,
Ideally, elongation of fossils should provide a measure of L, also, but, in fact,
the deformation of the beds containing fossils has been so influenced by very
local inhomogeneities in strength, as discussed below, that the elongations are
random. o

Lineation L, tends to be rectilinear over fairly large areas and in some places
is much more consistent in direction than are minor fold axes. This again is
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thought to r{,ﬂect in part, the fact that many of the minor folds are not truly ‘
parasitic upon larger folds but represent local adjustment around buttresses op
competent blocks of rock introduced late in the deformation sequence. In areas .
where the northwesterly trend of major and minor fold axes is strong and
consistent, however, direction L, tends to agree precisely with fold axes.
A second lineation, Ls, has been recognized on Lost Willie isl*md along the
axes of small folds and crenulations in 8.,

Inirafold Pods, Sheets, and Dikes .
At this point attention must be given to a third group of mx‘:%cs* In addition to
the pillow lavas and the recrystallized limestone with ubiquitous thin carbe.
naceous layers and relatively few cherty beds, one of the most noticeable |
features in the section at Open Bay and throughout the Limebelt is the oceur.
rence within the limestone of innumerable irregularly shaped pods, crude |
lenses or lenticular sheets from a few inches to 100 ft in length composed of
greenstone or andesite (Fig. 7; Fig. 20). The long direction of the pods or sheets
in map view has a pronounct,d northwesterly preferred orientation essentaaiiy

parallel to the traces of the axial surfaces of the folds, Commonly several
lenticular pods of similar size and with a common northwesterly orientation lie _«s-

along a single northwesterly line, the limestone bands pinching and bulging
around each pod, and the first impression that one gets is that these are ordinary
boudins formed by the disruption and distortion of competent andesite sills in : H
the limestone during deformation of the whole section. There are several pods, éé

in clusters with random sizes and positions, rather than in line, but still having
the preferred northwesterly orientation (Fig. 8). Closer examination may reveal ;
that the sides of the pods are highly cuspate or irregular and there are even .
occasional fingers of greenstone a fraction of an inch to a few inches across and-
up to several inches long which project from the pods across the adj jacent ¢
i_ammto_ne layers or, in some cases, along the layers as small sills. A marble rim, ©

‘whiter and slightly more coarsely crystalline than the rest-of the limestone, is #
;fcund to completely surround many of the ;faz:;ciq, including several pods having
“a relatively small amount of deformation in the xmmedxateiy adjacent lime-

. stone. This is interpreted as thermal recrystallization around an intrusive,

~ Finally, as shown in Fig. 21, some of the pods are not boudin-like lenses at all, .

but have a large part of their mass in arms which pro;ec% across the foided ’
limestone as dikes or dislocated dikes.

The pods are not easily observed in three dimensions but in the dozen orso

- places where both the dip and the strike of the more tabular pods can be seen,
.. ‘their attitude is closely parallel to the axial surfaces of the predominant folds in

the limestone, that is to say, parallel to the metamorphic-{oliation, S.. In at

| least two places, the pods or lenticular sheets occupy the axial surfaces them-
“selves of lesser folds. In only three places were pod sheets seen to curve around

the crest and down the limbs of a fold. Otherwise pod sheets were not seen in
matching positions across fold axes. About midway across Open Bay, at fossil
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F1e. 8. Aligned andesitic pods in folded limestone at fossil locality 4 624.

ality 4 632, a lenticular sheet of the same altered andesite occupies a small
ward dipping thrust fault and near its southerly end the sheet appears to be
ed-itself.

he andesite pods and sheets, therefore, are intrusive bodies, most of which
re eimplaced after an initial period of strong folding of the limestone. The
lbous shapes of the pods, and the intense crenulation of the adjacent lime-
stonesuggests that both rocks were in a highly mobile condition at the time of
trusion. - |

* Butitisalso perfectly clear that many of the pods or pod sheets are deformed
- themselves. Dike-like apophyses are disrupted and folded along the same trend
as folds in the limestone. Some pods have sharp, fractured terminations.
hers-show typical boudinage features, particularly drawn-out tapering ends
‘the pods were pulled apart along the northwesterly~southeasterly trend.
valong with the boudinage of some cherty layers, implies a stretching of the
ction:along the axial surfaces of folds and presumably along the axial direction
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itself, Small pods are commonly deformed and oriented around the tapering
ends of larger ones. At least one of the three pod sheets mentioned above ag
curving around the crest of a fold in limestone appéars to have been folded
after emplacement. And, in thin section, most pods show strong internal
deformation, fracturing, preferred orientation of grains-and pervasive alteration
of minerals. o

More significantly, many pods are cut by later andesitic green dikes from a
few inches to a few feet thick which transect the whole section, but are them-
selves disrupted, folded along northwesterly-southeasterly axes and in some

_instances, boudinaged by the subsequent deformation. The fractured ends of

these dikes are commonly separated a few feet alongaxial surfaces of the folds
(most commonly in a lelt sense), Many of the dikes are folded about minor fold
axes and, in turn, the axial surface foliation, Sy, in the limestone is commonly

~deformed around the disrupted ends of dikes (Fig. 22). Such late deformation
around broken dikes and parts of andesitic pods and their apophyses explains

- the very discordant character of the folding in the limestone adjacent to these
more competent bodies.

It appears, therefore, that folding along substantially the same northwesterly

axes, beginning before intrusion of the pod sheets, continued throfighout their

emplacement and the emplacement of some later andesitic dikes as well. The
section became increasingly inhomogeneous; minor folding adjacent to the new
intrusives was increasingly discordant and some earlier formed minor folds and

 lineations were deformed. However, much of the best defined foliation and
lineation is consistent in attitude over fairly large areas, more §6 than are the

minor folds, suggesting that, in large part, it has resulted from early foliation
and lineation reinforced later in the folding episode or that it is entirely late in
origin,

A few still younger, reddish or grey unaltered andesite dikes cut all the struc-

‘tures described. Some of these are along vertical northeasterly fractures, others

occupy flat to gently dipping fractures, both attitudes being common for
fractures in the granitic rocks to the east. One such dike on the northeast edge
of the map area {Fig. 12) cuts both folded limestone and quartz diorite. A half
dozen coarse-grained quartz diorite porphyry dikes from 2 to 20 ft wide occupy
steep northeasterly fractures in the middle of the Open Bay section and tongues
or irregular dikes and dikelets of similar composition, clearly apophyses from

~ the main Coast Intrusives, have filled northwesterly fractures on the easterly

edge of the bay and on islands closer to the main granitic mass. None of these

younger dikes are obviously folded though they are cut by minor faults.

Immediately east of the area shown on the map (Fig. 12) the main body of
quartz diorite transects folded limestone and andesitic pod sheets. Strong
foliation and lineation ia the contact skarn has controlled the distribution of
coarse vesuvianite crystals but the vesuvianite crystals themselves are neither
appreciably distorted nor rotated within their matrix. Apparently folding along
the northwesterly axes was not significant after emplacement of the granitic
mass. :
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Geomelric Relations
Approximately 480 minor fold axes (B;) and lineations (L) were measured in
- the limestone across the whole of Open Bay and plotted in the usual way on an
. equal-area stereonet lower hemisphere (Fig. 9). Most of the fold axes and the
& lineations, whether pre- or post-intrusive pod sheets, lie close to a pronounced
" N. 44° W.-S. 44° E. trend and they plunge either gently to the northwest {20°)
or gently to the southeast (30°). In addition to these maxima there are weak
- maxima for axes plunging gently to the north-northeast and for others plunging
~ gently south-southwest. About 200 metamorphic foliations (Ss) were measured
the poles of which (Fig. 9) might be construed as defining an axis. However,
since the composite diagrams for all the fold axes and all the foliation poles
- ghow several maxima, and since there was already reason, from the curvatures
of axes and axial planes of folds, to suspect repeated deformation, 10 subareas
having apparently greater homogeneity than thearea as a whole were delineated
and separate projections were made for each. These are shown in Fig. 9.
It can be seen that the northwesterly-southeasterly trend of lineations, minor
fold axes, and foliations is predominant over the larger part of the bay, though
_ subareas I and X adjacent to folded pillow lava and subareas VIII and IX near
* the batholith contact are notable exceptions. Except for subareas V and X, each
¢ diagram bas a single reasonably unique maximum-—or an incomplete girdle
', with a maximum—ior lineations and minor fold axes and, where measurements
" could be obtained, each diagram has a fairly well-defined concentration or an
incomplete girdle of poles to S,.
East-wesierly Flexing, Unfolded By Axis
% Wherever S; is well defined and substantially uniform in attitude, as in
i subareas I, II, III, IV, and VI, axial plane foliation dipping steeply to the
" northeast is associated with lineations and minor fold axes plunging gently to
the southeast whereas axial plane foliation dipping steeply to the southwest is
associated with lineation and minor fold axes plunging gently to the northwest.
This is true statistically as shown in the diagrams and it is also true in most
particular observations where S, and L; or B can be measured id association
although locally and in detail there are erratic culminations and depressionson
the minor folds and other irregularities related largely to the intrusive pods and |
sheets mentioned above. Nevertheless the overall relationship is clear enough
and along with the observed curvatures in the axes of larger folds, it suggests
gentle cross-folding or flexing on a fairly broad scale. From the pattern of
maxima it is possible to postulate a particular axis of cross-folding if one
assumes that the predominant northwesterly folding had been plane, uprighf,
and along rectilinear horizontal axes producing an initially vertical axial plane
foliation, Sg, and .a horizontal lineation, Ly = By, Later (Fig. 10a) gentle
upright folding on a second rectilinear axis, B, (an axis of rotation) then would
have caused either one or both of the initial Se-pole and L; = B; maxima to
spread from their peripheral positions in stereographic projection along small or
large circles centered on B.. Maxima might be expected on these new girdles
corresponding to limbs on the second folds. Consider alternative possible

3
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{a} Assumed Geomelry of FirstFolds
{Bueoring ¢f By=1; unceriqin}

{&) UNROLLING OF MEASURED MAXIMA AT OPEN BAY
UPON THE HYPOTHETICAL B, AXIS
{Duio for subareas m and T are illustrated)

{1 B, herizontal and {d} B horizontal and {¢} B, horizonic! and {1} B2 horizonta] ond
perpendiculor o 8 poraliel 1o B, counterclotkwise clockwise from 8;
' from By

Polh of dispersion
of By=i; or 7S,
moximg resulling
from Bg loiding

{y} By inclined ond {8 8 inclined ond (i) 8, inclined ond
perpendiculoc to By i yerticol plone counlerclockwise
containing By from B;

lc~i} Some typical potlerns of moxima resulling from allernclive orientations of 8.
Potlern {8} is comparable with thal found in several suboreos ol Open Baoy.
See text for expignolion. :

_F16. 18, Determination of second fold axis Ba. The method involves comparison of patterns
of Ly = By and Ss-poles after rotation upon hypothetical B in several alternative orientations.
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orientations of the postulated axis, B, (Fig. 10¢-1). Of the several patterns of
grd]eb and maxima resulting from alternative orientations of B, under the
“assurmmptions stated, only one (Fig. 10¢) resulting from an approximately
" horizontal Bz axis bearing counterclockwise from By, compares with the pattern
:found in the part of Open Bay under consideration. Only in this one are the
maxima diametrically opposed in alternate quadrants with Ly = Bjand Se-pole

¢ maxima associated as in Fig, 9 subareas I, 11, I1l, 1V, and VI, and about
te equally removed from the periphery. If one then tests the conclusion by un-
¢ rolling the observed Open Bay maxima to the peripheral circle around a postu-
¢ lated horizontal B, axis bearing N. 80° W. (Fig. 103) he finds that a similar
& amount of rotation is required for each associated {oliation-linecation pair, as it
? should be, and that the maxima end up in positions indicating an original
¥ bearing of N. 35° to 40° W. {or the B; axis.

The assumptions in the above reconstruction that the initial folds were along
approximately horizontal axes and that cross-folding was relatively gentle and
upright seem reasonable in view of the continuity of apparently identical
Tropites-bearing limestone along the several miles of the Limebelt and of
strings of pillow lava lenses, which, significantly, are along a strike of N, 30° W.
The assumption of an initially vertical Sy is reasonable but not critical especially
il folding on B: is gentle, a variety of initial inclinations for 82 producing a
diffuse girdle after B, folding (as in subarea V apparently) but not reversing the

relationships with Ly = B, maxima. Undoubtedly much first-formed  axial
plane foliation was relolded about the persistent northwesterly axes, as the
discussion of subarea X will illustrate, although, as noted already, the foliation
is remarkably consistent in attitude over large areas, suggesting that it was

formed late in the folding episode or was strongly reinforced by slip and hence

retained its vertical or near-vertical attitude before rotation on B,. In view of
the repeated folding about B; axes during intrusion of pods and sheets and
considering the many inhomogeneities resulting {from blocks of pillow lava,
intruded pods, sheets, and granitic bodies, the coincidence on the stereogram of
maxima from the several subareas after unrolling is thonght to be close enough
to support the sequence of folding suggested.

Late Localized Folding on Steep Axes

In subareas VIII and IX, near the batholith contact, minor fold axes (B)
bear north-southerly or south-southwesterly with a wide range of plunges and
the limestone is strongly flow deformed though largely unfoliated. The change
in trend of By, actually a completely gradational swing from the predominant
northwesterly trend on the north and west, appears in the field to be related to
the main granitic mass and apophyses {rom it, in which case it is a late struc-
ture. Probably the same can be said for the age of the atypical cast-westerly
trend in subarea I: the anomalous attitudes are near a long N. 80° W. shear and
a related bend in the adjacent body of folded pillow lava. Late shears of this
general trend are common throughout the Limebelt and many can be traced as
linears into both the Texada volcanics and the batholithic rocks.

Some of the character of this late folding is shown in subarea X, a seaward
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ta) SUBAREA X

=
-8
I3

2

EXPLANATION

showing generclized trend
of Hneotions

recognizable bedding ond
fossils preserved

M. Small cherty boudins ond rods
appro ximaotely located

& Strike and dip of bedding (S))
including base of pillow love

5y Strike and dip of foliation (S2)
A5 Beoring ond plunge of linections {see text)
Ao Bearing ond plunge of oxis of minor folds i Sz

{b) GEOMETRY ¢ . AND {c} S, UNROLLED ON AXiS 8; )
b} Y OF 8.3 NO L : Returning associcted linestion o horizoninl

KEY

.+ Pole of
foliation (S}

« Lineation or
minor fold oxis

By Axis of girdie
contoining linealions

Frg, 11, Determination of fold axis B, o subarea X,
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tension of subarea I. The same pillow lava as in subarea 1 lies in the trough of
compound syncline, again bent in map view and having an overall gentle
p unge to the northwest (Fig. 11). Bedding with quite recognizable fossils in the
imestone adjacent to the pillow lava becomes increasingly distorted away from
anid, within a few feet, ammonites are seen to change progressively into white
lcite lensoids and streaks, Everywhere else the bedding is strongly transposed.
Even 50, it can be followed in a general way around parts of the outcrop and
rough several minor folds from the arrangement of small cherty boudins or
rods which were derived apparently {rom thin, cherty layers in the bedding
ig. 23). Foliation, Se, is very well developed, as it usually is near folded
low lava, and isitself folded and crenulated in a slightly chevron, asymmetric
le. The folds and crenulations in S, result in a lineation (designated La) along
their axes. An essentially parallel lineation produced by light and dark streaks
of marble lying within the foliation, when examined on sawn surfaces, was seen
be derived from appressed hinges of earlier crenulations in Sy and therefore
taken to be an expression of L. Alignment of the small cherty boudins and
s is probably of the same origin. Approximate measurements of L; can be
obtained also in parts of the outcrop from axes of minor folds in S, indicated
ghly by the layers rich in cherty boudins and rods. The angular difference
between L, and Lo, where the two can be distinguished, is never more than a
¢iv degrees and, in effect, L and L are parallel; folding of Sy and S; was along
ntially parallel axes. As shown on the map and stereogram (Fig. 11a,b) all
these elements are involved in the late folding; the broad unbroken bend in
p view mentioned above. The two Sy-pole maxima on the stereogram reflect
he limitation of outcrop and the chevron style of crenulation, one limb of the
nulations usually predominating greatly over the other. The lineations, L,
d L,, not differentiated on the stereogram, describe a girdle about a very
teep axis, Ba. If, again, one makes the working assumption that L; and L,

. were initially horizontal and then unfolds the foliation around B; by rotating
E"’g‘ach 8s-pole and its associated lineation through an angle sufficient to return
E;jit}xe lineation to horizontal, the result (Fig. 11¢) is a very well-defined girdle of

| Se-poles centered on the horizontal fold axis bearing N. 85° W, The perfection
U of the S,-pole girdle so produced is arresting and appears to justily the working
[ assumption. Once again we have evidence of strong [olding and relolding on
* persistent northwesterly axes followed, presumably much later, by gentle
Alexing on an entirely unrelated axis, Subarea X is not sufficiently large to show
- the broad flexing about axis B discussed in connection with Fig. 10.
In retrospect, it is noted that the data for subarea 1 fit {airly closely on the
- pattern for subarea X. The two subareas merely lie on different parts of a single
sigmoidal fold about a steep B; axis related, it seems, to the late west-north-
westerly shearing (see Fig. 12). Similar patterns related to late northwesterly

shears are common in the Limebelt.

DISCUSSION AND EVALUATION OF THE SECTION AT OPEN BAY
Three episodes of deformation of the rocks at Open Bay have been mentioned.
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The first and predominant. deformation, preceding, accompanymg and
following intrusion of very abundant andesitic pods, sheets, and. dikes and
followed by emplacement of quartz diorite of the main Coast Intrusives, wag |
the progressive and recurrent ﬂ{.xuralvsilp folding along the northnorthwesteriy
trend. The resulting lineations in the bedding and in the foliation are sp
pronounced and so consistent in initial attitude, not only at Open Bay but %
throughout the Limebelt and in some occurrences away from Quadra - Island, &
a$ well, that they obviously represent a major axis of regacﬂaiifﬂidmg. The axes i
 in the Quadra Island area apparently were horizontal and' the foidmg plane :
* upright, With introduction of the andesitic podsand sheetsciurmg deformatmn,
the succession of limestone and subordinate pillow lava became increasingly |
inhomogeneous. Limestone was forced to flow around the stronger bodies and. to @
buckle disharmoniously. Bedding transposition-and slip parallel t6 the foliation 1
continued’ throughout the period of deformation.- -Pisco s mthm the
section and at ‘the contact of the Open Bay Formatios h the Texada
Formation suggest late iccalxzed shearing along the north-nort westeriy trend
parallel to the foliation. Boudinage of thin, ¢herty bedsand many. andesitic
pods implies stretching along the fold axis direction. Since Upper Triassic (?)
and Lower Jurassic sedzmentary rocks on Ulloa'and Hernando Islands, 15 mxi&s .
southeast of Open Bay, have structures and attitudes apparently identical with i
those at Open Bay and since Lower Jurassic sedimentary and volcanic rocks
{Bonanza Group) 25 miles to the southwest on Vancouver Island rest.con-
formably upon Upper Triassic {(Karnian) limestones, the first €] sode of fnidmg
apparently did not begin until the Early or Middle Jurassic. Th
Group at. the Vancouver Island locality is intruded by quartz diorite
related rocks which are overlain in turn by Upper Cretaceous sandstones. :

The second deformation, gentle folding upon approximately horizontal east-
westerly axes appears to have been regional alss. Th "ncrthwest&rly and
southeasterly plunges of lineations and fold axes throughout the Limebelt, in
the Triassic (?) and Jurassicrocksof Ulloa and Hernando Isiami' and in the very .
broad foldsin the Texada Formation are about the sameas’ 4t Open Bay. -
- Figure 1, as mentioned earlier, shows, in a general way, s fdar plunges on
- northwesterly-trending folds over a still larger-area. The age of the gentle .
east-westerly folding at Open Bay cannot be determined from data there, butit
would not be surprising to find that the east-westerly shortening represented by
the first episode of folding was followed by relaxation in that direction and
shght north-southerly shortening after emplacement of mid-Mesozoic intrus-
. ives, as has been the pattern elsewhere in the Western Cordillera.

Certainly the third deformation, local folding about steep axes related to
north-northwesterly {racture zones and shears transecting the whole of Quadra
Island, is later than the main Coast Intrusives. Atseveral places in the Limebelt,
the steep foliation in the limestone is.seen to be twisted along such shears and
around the ends of pillow lava lenses. Commonly, however, the shears are
occupied by late dikes.
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The net result of the deformations, particularly the first, is that stratigraphic

fox - )
%M thicknesses cannot be measured as they can be in undeformed or gently
g deformed sections, discontinuities in the section are extremely difficult to assess
2

i and projections of strata in depth are highly uncertain. The structural thick-

‘nesses given in Fig. 8 may misrepresent stratigraphic thicknesses by a factor of
two or three and the stratigraphic position of the two pillow lava flows near the
i2 west edge of the bay may be entirely different from that shown. If the apparent
% continuation of these two lavas is traced northward along the series of lenticular
f“ bodies of pillow lava, it is found to lie near the middle of the Limebelt and 3
M thick mass of folded Tropites-bearing limestone, identical with that at Open
* Bay lies between it and the Texada Formation. The Open Bay Formation is so

]ughly distorted throughout the whole Limebelt that, even if it did once rest
¥ depositionally on the Texada Formation, it must have been sheared away [rom
g it. Though the amount of section missing is unknown, some tentative estimates
¥ can be made from the following.
The only lithologic or local biostratigraphic correlation possible at this time
* iswith a part of the undeformed nearly continuous Upper Triassic sedimentary
" section on Iron River 24 miles to the southwest (Surdam, Carlisle, Susuki 1963),
i In the lower part of that section, now assigned to the Quatsino Formation, a
o Tropiles fauna, including Tropites dilleri Smith, occurs in a unit of evenly
. banded, medium-gray, non-fissile limestone with partings of dark grey, fissile,
very carbonaceous limestone, and some interbedded black chert. In spite of the
; metamorphism in the Open Bay section, the lithologic similarity is striking.
. This banded unit is only 110 == 10 [t thick on Iron River but it is overlain by
, 830 {t of carbonaceous limestone, part of which belongs to the Norian stage,
. and underlain by not less than 200 to 400 ft of poorly bedded limestone with
" thin carbonaceous partings. This lower limestone, in turn, rests conformably
upon flows and pillowed volcanics of the Karmutsen Group which have the
same appearance and composition as those of the Texada Formation on
Quadra Istand. If original thicknesses were similar in the Iron River and Open
Bay sections and if the Tropiles-bearing units are indeed equivalent, then not
less than 200 to 400 ft of limestone are missing at the fault contact between the
Open Bay Formation and the Texada Formation on Quadra Island. In fact, the
amount of section missing may be much more than this since the thickly bedded
Marble Bay Formation on Texada Island, which rests directly upon Texada
flows and pillowed volcanics and is unlike the Tropites-bearing, banded, and
cherty units at Iron River and at Open Bay, is possibly more than 2000 ft
thick. ’ '

SYSTEMATIC PALEONTOLOGY

A complete systematic paleontology has been placed in the Depository of
Unpublished Data, National Science Library, National Research Council,
Ottawa, Canada.*

Identifications are based on external features. The septa are not visible,

*Photocopies may be obtained upon request 1o the Depository. A
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* HS, height of shell = maximum diameter; WS, width of shell = whorl width;
HW, height of whorl; WU, width of umbxhcus. Owing to the many xmper. ‘
'fec’i;zms resulting from distortion and weathering of the specimens, many of -
the measurements are not precise. All hypotypes are deposited with the |
‘Gmiogxca\ Survey of Canada {GSC) Ottawa. All photogmphs are by Susuki, -

i

and no effort was made to etch out the suture patterns because of the possxbxhty
of damaging the few well-preserved. spemmens. TRTRE

The Treatise on Invertebrate i’aieonwiogy, part L, 7Sulellusca 4, 1957, was
followed for the systematic arrangement of ammonoid families. -
- The following symbols are used in this paper for the measurement of the shell:

sndalaauieg

{

FAMILY T;zACKYCERATIDAE Haug, 1894 |
Gexus Spirogmoceras Silberling, 1956
Spirogmoceras sp.
Figs. 24, 25, 26,27
Hypotypes.—GSC cat. Nos. 18002, 180083,

- Locality of hypolypes—UCLA Invert. Paleo. Coll. loc. Nos, 4629~1, 4631-2,
- Dimensions of kypolypes~GSC No. 18002, HS 12 mm WS q mm; HW,

'Bmm

Discussion~The six’ specx&s of Tmahyﬁems (Proirackyw&s} described by
Smith (1927, pp. ?8«81) from Shasta County, California, have been synony-
‘mized and placed in a new genus Spirogmoceras by leberhng (1956 p. 1152),
with S. shastense as the type species. The two hypotype specimiéns. from: Open

‘ - Bay compare very closely with S. shasiense in the. adolescent: growth stage.

Spwcgmocems is one of the restricted genera helpiul i

ogmmon of the .
ites dilleri subzone‘ . ‘

Fayiuy CLIONITIDAE Arabu, 1@32 o
Gexnvus Californites Hyatt & Smith, 1905
Californites of. C. careyi (Smith)
Figs. 28, 29, 30
CL, Clionites {Cawwmm} camyt (Sm:th), 1027, US. Ceoi S‘uwey Prof. Paper 141, p. 92,
PL-46; Figs. 1-12
Hypotype—~GSC cat. No. 18004
Locality of hypotype—~UCLA Invert. Paleo. Coll. loc. No. 4628-4. '
Dimensions of kypolype~HS, 17 mm; WS, 2; HW, 6 mm.
Discussion—Although small, ti;lissgeci men has features characteristic of the
genus Californites. The two described species of Californites, merriami, and
careyi, were separated by Smith on the basis that C. careyi possesses a broader
and more robust whorl. This specific separation makes one suspect that
Smith'’s later erected species C. careyi is but a robust variation of |C. merriami.
No attempt is made to revise this group, ‘but since the Open Bay species is

- somewhat more robust that C. merriamt, the specimen figured is here compared

with C. careyi.
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Gunus Traskites Hyatt & Smith, 1905
‘SusceNUs Shastiles Hyatt & Smith, 1905
Traskites (Shastites) <f. T {S.) compressus (Hyatt & Smith)

o Figs. 32, 38
é‘g cfp C;‘é‘é"'iff %{mﬁgs{ famprcssu:, Hyatt & Smith, 1905, U.8. Geol Survey Prof. Puper 40
YZ Hypaﬁij.m(aéac cat. No. 18005.
i Locality of hypotype~~TUCLA Invert. Paleo. Coll. loc. No. 4634-2,
5 Dimensions of kypolype—HS, 24 mm; WS, 10 mm ?; HW, 11 ram ?; WU,
i omm 2
.. Discussion.~This poorly preserved specimen is figured to record the occur-
 yence of Traskiles (Shastiles) at Open Bay. From preserved morphologic
' features, this species compares most favorably with I°. (S.) compressus in the
“ finie sigmoidal radial ribs.and the narrowness of the whorl.

Susernus Signtoniles Hyatt & Smith; 1905
Traskites (Stanioniles) ¢f. T'. (S} rugosus (Hyatt-& Smith)
Figs. 31,34

’ C%z;w!es (Sfr?lam?:s) rézgosns Hyatt & Smith, 1905, U.8, Geol. Survey Prof. Paper 40,
: s

“Cliomites (Stamgmies) rugosus Hyatt & Smith, 1927, U.S. Geol. Survey Prof. Paper 141,
‘pp. 89-00, Pl. XLI, Figs. 15-26.

Hypolype—~GSC cat. No. 17982,
Localily of hypotype~UCLA Invert. Paleo. Coll. loc. No. 4831-3.
- Dimensions of hypolype~HS, 16 mm; WS, 7 mm ?; HW, 6 mm ?; WU,
Tram 2,
Discussion~It is difficult to dxstmguxsh the young forms of Clwmies,
* Californites, and Traskiles for they pass through similar growth stages. Not
- until adolescence is reached can the differences be recognized. Contrary to
Smith’s statement (1927, p. 90), “‘the adolescent stages are so much like the
- mature forms that no description is necessary,” in the adolescent stage only
four rows of spiral nodes are discernible: (1) on the umbilical shoulder; (2)
* midway on the flank; (3) on the ventral shoulder; #@)-adjacent to the ventral
© furrow, which is also the highest point on the whorl, while, in the mature
specimens figured by Smith (1927, Pl 41, Fig. 15), two additional rows of
~ ‘nodes have been added to the flanks, The whorl section in the adolescent
" Stage is almost equidimensional; in the mature form the height has greatly
“ increased over the width.

g..

FaMmiry CHORISTOCERATIDAE Hyatt, 1900
Genvs Honngoceras Tomlin, 1031
Honnaoceras sp.
Figs. 35, 36, 87, 38, 44, 45
Hanngoceras sp., Tozer, 1962, Geol, Survey Canada Paper 62-19, PL 8, Figs. 5a, 5b.
Hypotypes ~GSC cat. Nos. 17977, 17978, 17997, 18880.
Locality of kypotypes.—UCLA Invert. Paleo, Coll. loc. Nos. 4620-2, 4631-1.



476 CANADIAN JOURNAL OF EARTH SCIENCES, VOL. 2, 1965

Dimensions of hypotypes—GSC No. 17877, HS, 18 mm; WS, 6 mm ?; HW
7 mm; WU, 6 mm ? GSC No. 17978, HS, 18 num; WS, 2; HW, 6 mm > T WU,

7 mm ? GSC No. 17997, HS, 156 mm ?; WS, ?; WU;-6mm ? GSC No. 18880
HS, 13 mm; WS, 5 mm; HW, 5.5 mm; ‘WU, 5 mm.

Discussion—In spite of its abundance, the poor preservation of Honnaocergs
at Open Bay somewhat hinders comparison with occurrences elsewhere. All the |
specimens appear alike except in the fact that figured specimen No. 17977 .
{Fig. 85) differs in having a very slight indentation on the venter, If ndt the
result of physical processes, this indentation or partial furrow would place this”
specimen in the H. (Sympolycyclus) group, while all the other specimens
certainly belong to the H. (Hannaoceras) group. Because of weathering, the -
radial ribs on most specimens have been secondarily narrowed and the i inter-3
spaces widened and decpened A feature not previously recognized on speci- i
mens from other areas is the spiral concavity or furrow on the Hank just above °
the umbilical shoulder on the Open Bay forms. ‘;

A new specific name is not justified here, although the fewer radial ribs and
the spiral concavity on the flanks make these forms separable from other . .
* described species.

Faxary TROPITIDAE Mojsisovics, 1875
Gexus Tropites Mojsisovics, 1875
Tropites dilleri Smith
Figs. 39, 40, 41, 42, 43, 46, 47, 48, 49

Tr{; ] :%dkr% Smith, 1804, Calif. Acad. Sci. Prot., 3d ser., v. 1, p. 893,.PL 46, Figs. 3, 43
Twpae:dzaen Smith, Smith, 1027, U.8, Geol. Survey Prof. Paper 141, p. 29, PL 68 Fags 1-13.
Tropites dilleri Smith {rrmsed} Sxibcrimg. 1859, U.S. Geol. Survey me Pa.
Tropites subbullains Hauer, Hyatt & Smith, 1905, U.S. Geol. Survey Prof. Paper 2-&, p. 87,
Pl. 34, Figs. 1~14; Pl. 70, Figs. 1-10,
Tropites morioti Mo;sxsowcs, &mzth 1927, U.S. Geol. Survey Prof. ?aQer 141, p. 81, PL 69,
Figs. 13-24.
Hypotypes—GSC cat. Nos. 17983, 17084, 17986, :
Locality of hypotypes—UCLA Invert. Paleo. Coll. loc. Nos. 4631, 4628-2.
Dimensions of kypoiypes—GSC No. 17988, HS, 17 mm ?; WS, 22 mm %
HW, 9 mm ?; WU, 9 mm. GSC No. 17984, HS, 14 mm; WS 14 mm 7; }IW
8 mm ?; WU, 7 mm. GST No. 17986, HS 2 mm; WS, 22 mm 2, HW, 15 mm ?
WU, 7 mm.,
Discussion~—Tropites dilleri szth, as revised by Silberling (1959, p. 43),
includes the following species.
Tropiles discobulletus Smith {not Mojsisovics, 1893)
torguilius Smith {not Mojsisovics, 1893)
dilleri Smith, 1904
subbullaius Hyau & Smith, 1905 (not Hauer, 1850)
armaius Smith, 1927
morloii Smith (not Mojsisovics, 1808)
occidenialis Smith, 1927
This revision of Tropiies dilleri will be followed in this paper.
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ag Thc figured specimens from Open Bay are represented by forms that (1)
e have a greater width than height (Figs. 39, 40, 41) and relate closely to Smith’s
,g' morloti, and (2) those whose height and width are about equal (Figs. 42,
’43 46, 47, 48, 49) and compare most favorably with Smith’s 7., dillers and
"T. subbullatus,
B o gilleri (revised) differs from 7. wellers (revised) in the finer ribbing, both
siral and radial; greater angle between radial ribs and ventral keel; finer
ispxrai striae better developed than the radial ribs; and considerable weakening
§ of the radial ribs before they reach the keel furrow. It differs from T". morani
(mwsed) in the wider umbilicus, umbilical knots, and the stronger development

»‘ of the spiral striae.

Tropiies cf. T\ dilleri Smith

2 Figs. 59, 60, 61

€1, Troptics :roqm!lus Mo;swcwcc Smith, 1927, US Geol. Survey Prof. Paper 141 pp. 28-29,
Pl Epstth Figs

L. Tropiles ddicn Smxth (rewsed) Silberling, 1959, U.S. Geol. Survey Prof. Pa;)er 322, p. 48,
" Hypolype—~GSC cat. No. 17985.
we Locality of hypotype—~UCLA Invert. Paleo. Coll. loc. No. 4627.
Wi, Dimensions of hypolype~HS, 27 mm ?; WS, 17 mm ?; HW, 14 mm ?;
1«;,«1 Discussion—~The figured specimen is most closely related to 7 torqudlus
: M0351sovxcs (of Smith) from Shasta Co., California. A cast of a specimen
,*' {GSC No. 18877; Fig. 63) collected by H C. Gunning from Open Bay was
Lmdly sent by Dr. Tozer of the Geological Survey of Canada for comparison.
The two specimens are without question very similar. The GSC specimen is
“in a better state of preservation, radial ribs are more pronounwd umbilical
t..shoulder more angular but only half of the specimen is e\posed making it
mdlﬂicult to describe properly for consideration as a new species. Inasmuch as
. both specimens compare closely with T" torguillus, included by Silberling
* (1959, p. 43) in 7. diileri, this species will be compared to 7. dilleri.

e i“}‘!.:}”{‘

s

Tropites cf. T, welleri Smith
> Figs. 50, 51, 52

Ci. Tropites welleri Smith, 1927, U.S, Geol. Survey Prof. Paper 141, p. 33, Pl 78, Figs, 5-17.
Ci. g'éapzta wellerd Smith (rwxaed} Silberling, 1959, U.S. Geol. Suryey Prof, Paper 322, pp.

Hypotype ~—GSC cat. No. 17988,

Locality of hypotype—~UCLA Invert. Paleo. Coll. loc. No. 462942,

Dimensions of hypolype~IHS, 35 mm ?; WS, 24 mm ?; HW, 19 mm ?; WU,
9mm?

Discussion.—The only well-preserved representative of this species from the
Open Bay collection compares best with T welleri {revised), except for the
angle between the radial ribs and ventral keel which is generally greater than
for T, wellers (20°-30°; Silberling 1959, p. 44). The size relation of the rib-keel
angle is similar to 7% johnsons. Other than the rib~keel angle relationship to
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T johnsont, the Open Bay specimen is closely related to 7. wellerd, in the equal :
number of umbilical knots (13), fine spiral lines sharply defined, lacking knots
at the point of bifurcation on the ventral shoulder, showing no, swelling at. the
ventral end of radial ribs, and having sharply defined dichotomous ribs negp
the umbilical region.
Tropiles sp. A
Figs. 56, 57, 58
Hypotype—~GSC cat. No. 17987, : ‘ T
Locality of bypotype—UCLA Invert. Paleo. Coll. loc. No. 4831-2.
Dimensions of hypolype~IiS, 25 mm ?; WS, 16 mm ?; HW, 14 mm ?
- Discussion—No specific identification is attempted, Ior much of the ﬁaui-.s 4
and umbilical areas are too poorly preserved. The coarseness of the radial ribs 4
and the wide angle between the radial ribs.and keel are clnracterxsﬁc 01' this %
species. :

o R R85 e

Tropites sp. B
Figs. 53, 54, 55

Hypotype.—~GSC cat. No. 18000. .

Locality of hypotype—UCLA Invert. Paleo. Coll. loc. No. 4631-3.
" Dimensions of kypotype~118, 18 mm; WS, 12 mm ?; HW, 12 mm.? :

Discussion.~The figured specimen varies cons:derably from other descnbed ‘
species, and possesses features not confined to any: other given species. The -
angle of 40° between the radial ribs-and ventral keel, less pronounced concave
forward radial ribs, and the knots on the umbzhcal shoulder are the character-
istic features of this specimen, :

GeNus Discolropites Hyatt & 8mith, 1805 °
Discolropites cf. D. sandlingensis (Haver)
Fig. 67
Ci. Ammoniles mmiimgmsu Hauer, 1850, Haidinger's Natumuensha!timhe, Abh,, HI, -
pp. 10-11, PL 3, Figs. 1012
{, Entomoceras. mndimgmm {Hauar}, Mojsisovics, 1898, Abh, Geal. Reichsant., Wien, Band
C B, Iiaifte?,p 283, PL 130, ¥ é‘% 11~13; P1 181, Figs. 1*-11 ‘
L. Discotropiles sandlingensis { auer}, }&3 att & Smxih 1905, 1.5, Geoi, Survey me I’a;w

40, pp. 63-65, PL 85, Figs. 1-12; P1. 36, Figs, 1-26, .
i ﬁmozwgmcs sar:dimgms (Hauar}, M«:Le«xrxx, 1960; Geol, Survey meada, Memfnr ay
- p 78, PLE Fig T.

Hypotype~GSC cat. No. 17975.

Locality of hypolype—UCLA Invert, Paleo. Coll. loc. No. 4625

Dimensions of hypolype~HS, 47 mm ?2; WS, 186 mm 2; HW, 28 amme 7
WU, 8 mm ?

Discussion~The radial ribs of this specimen are more nearly like those-of
D. gemmellaroi Smith, but the other morphological features, particularly the
fine spiral striations, lack of distinct knots on the ribs, abruptly tapering
venter, compare more favorably with those of D. sandlingensis, A re-evaluation
of Discolropites {rom Shasta Co., California, may reveal that many of Smith’s
species are only variations within one species.
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EiRac S £

b Discotropites sp.
3 Figs. 65, 66

Hypotype—~GSCeat. No. 17976,

Localily of kypolype~UCLA lnvert. Paleo. Coll. loc. No. 4631-3.

i Dimenstons of hypotype~HS, 22 mm ?; WS, 10 mm 2; HW, 11 mm ?;
3 }'“7U, 5 mm 2,

: Discussion—This species differs from D. sandlingensis in lacking a tapered
“venter and in having more poorly defined spiral striations and a broader

f: ventral keel with narrow, but pronounced, adjacent furrows.

T YGOSR

-

2y
RARY

= Genus Puratropites Mojsisovics, 1893
& Parairopites sellai (Mojsisovics)
’ Figs. 62, 64, 68, 69, 70, 71, 72
) Tropites (Paratropites) sellot Mojsisovics, 1893, Abh. Geol, Reichsanstalt Wien, Band 6, Halite
2, pp. 242-243, Pl 114, Figs. 2, 4-10; PL 115, Figs. 5, 6, 9-11; PL 118, Fig, 23.
Paratropiies scllai {Mojaisovics), Hyatt & Smith, 1905, U.S. Geol. Suryvey Prof. Paper 40,

« _ pp. 5456, PL 80, Figs. 6-10; PL 31, Figs, 1-26.
. Paratropites sellai {Mojsisovics), Smith, 1027, U.S. Geol. Survey Prof. Paper 141, p. 45, Pl.

; 24, Figs. 14-16; PL 80, Figs. (}«1(); PL 81, Figs. 1-20.
' Hypotypes—GSC cat. Nos. 17980, 17998, 17999,
i Locality of hypotypes.—~UCLA Invert. Paleo. Coll. loc. Nos, 4629-1, 4631,
= Dimensions of hypolypes—GSC No. 17980, HS, 23 mm; WS, 17 mm ?;
- HW, 18 mm 7. GSC No. 17998, HS, 16 mm; WS, 11 mm ?; HW, 9 mm ?.
. GSC No, 17999, HS, 20 mm; WS, 156 mm ?; HW, 17 mm ?,
Diseussion~The Open Bay specimens are indistinguishable from Smith’s
. L. sellai from Shasta Co., California.
- Variations among growth stages of P. sellat of Smith are well illustrated by
the three figured specimens from Open Bay. No. 17998, the smallest of the three,
is flat ventered, is laterally compressed, and has whorls wider than they are
high. At a larger size, as illustrated by No. 17980, the shape becomes globose
and the venter evenly rounded, but the whorl proportions remain the same.
The largest of the three, No. 17999, assumes a compressed shape, has whorls
thatare higher than wide, and a rounded narrow venter, but little change occurs
in shape or direction of the radial ribbing, and the ventral keel is only slightly
narrowed. ‘
GENUS Gymnolropites Hyatt & Smith, 1905
Gymmnotropites cf. G, americanus Hyatt & Smith
Figs, 74, 75, 76

CL. Paratropites (Gy;mmiw{i{lcs} americanus Hyatt & Smith, 1905, U.S. Geol. Survey Prof.

Paper 40, p. 56, Pl 32, Figs. 1~10.

L. Paralropiles (Gymnotrapites) emericanns Hyatt & Smith, 1927, U.S. Geol. Survey Prof.

Paper 141, p. 46, PL XX X1, Figs. 1-10.

Hypotype—GSC cat. No. 17996.

Localily of hypotype~UCLA Invert. Paleo. Coll. loc. No. 4629-1.

Dimensions of hypolype~~HS, 16 mm; WS, 8 mm; HW, 10 mm.
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Tropiceltiies is extremely small, and only in w ell-preserved spcczmens can’
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Discussion.—Because of the absence of sutures and the immaturity of this
specimen, it is only tentatively assigned to G. emericanus, the species to

Faminy TROPICELTITIDAE Spath;, 1951
Genus Tornguistiles Hyatt & Smith, 1905
Tornguistites (2) sp. .
Tigs 79, 80

Tornguistites Hyatt & Swith, 1005, US: G&ai Survey Prof. Paper 4§3 P 88 - -

Hypotype~GSC cat. No. 18001,

Locality of hypotype—UCLA Invert. Paieo. Coll. foc. :\2’0, 4631—1,

Dimensions of hypoivpe~HS, 14 mm ?; WS, £mm-?; HW, 5 mm ?; WU
6 mm 2.

Discussion—~The morphologic distinction between ngmsiztes an

separation of the two be made. Despite the closeness of th _
Tornguistites is used provisionally here solely because of the whorl ‘cross section
In Tropiceltites, the greatest widthof the whorl is-at the flared ventral shoulders
with the flanks tapering rapidly-inward to ‘the: umbxhcal shoulders, ‘while §
Z‘orvzgzm;zws. the flanks are nearly parallel sided. and. not flared -outward' as
in Tropiceltites. There is also a resernblance: of -the Open Bay specxes to
Lecanites, from which it differs in- pcssessmg aweak ventral keei

I"Mrrm HALORITIDAE Mojsisovics, 1893
Genus Bacchites Smith, 1927
Bacchites of. B. bacchus (Mojsisovics)
Figs. 73, 77,81 :
C{. Jovites (Bacc%t:cs} :‘.*zrcdms ;’\f!o;sxsovxcn}, Smxﬁz, 1‘3.4, U S. Geol Smey me Pdper 14},
p. 53, Pl 14 Figs. 1 v
Hypotype—~GSC cat. No. 18879,
Locaiity of kypoiype~—~UCLA Invert. Paleo. Coll. loc. No. 4830
Dimensions of hypotype.~HS; 34 am; WS, 27.mm ?; HW;-23'mm 2. .
Discussion—The similarity of the Open Bay. specimen to both Smith's
B. bacchus from Shasta Co., California, and Mojsisovics’ species: from “the
Hallstatt, Austria, section is very close, espec;ajiy to ‘the ‘former. Epiculites
corpulenius desceibed by Mclearn {1060, P1. 18, Figs. Sa~5b) {rom the Peace
River Foothills, B.C., Canada, shows some external resemblance, but differsin
the larger umbilicus, well-defined umbilical shoulder, and coarser, bifurcating
radial ribs. In North Aumnm, B. bacchus is raré and restricted to the Tro{zzles
dsileri subzone.
Gmxus‘Lawm‘eimas Smith, 1914
Leconteiceras sp.
Fig. 78
Leconteiceras Smith 1614 U.8. Geol. Saryvey. Prof. Paper 83, p. 38.
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' Hypotype~~GSC cat. No. 17979.

i Localsty of hypolype~UCLA Invert. Paleo. Coll. loc. No. 4031,

E* Discussion~This poorly prcsarwd specimen is the first record of this genus
£ outside of Shasta Co., California. °

¥

f;@_ GENus Sagendles Mojsisovics, 1879

i SuBGENUS Trachysagenites Mojsisovics, 1893

e . o g v a e

= Sagenites (Trachysageniles) herbichi Mojsisovics

{-x.

Figs. 82, 83, 84, 87

.S‘agcmtcs (7 rachy,sagemtcs) herbicki Mojsizovics, 1893, Abh. Geol. Reichsanstalt Wien, Band 6,
- Halfte 2, p, 180, PL 104, Fig, 3; PL 102, Figs, 1-0.

Sogenites (Tmchysagcmtcs) herbichi Mojsisovics, Seith, 1904, Calit, Xcad Scx,. Proc., 8d
¥ series, Vol 1, p 399, Pl 46; Figs, 7, 8 PL 47, Figs, 5, 6,
¥ Sagenites (Lrack sagemtas) herbishi Ma;s::ovms, Hyatt & Snuth 1903. US Geol. Survey

%ro. Paper 40, p. 30, Pl 26, Figs. 1, 2; Pl 27, Figs. 1=4; P}, 28 Figs. 1~18.

Sagmucs (Tfachysa qmics) herb:dw Mo;s:somr:s, Smith, 1997, TUS. Geol. Survey Prof. Paper

141, pp. 60-6 26, Fige. 1, 2; PIL 27, Figs, 1-4; PL 28, ¥} g8 118:

Tmchysagmms hcrbzdu (Momsovms), Tozer, 1962, Geal. Survey Canada Paper 62-18, PL-§;

Figs. 150~15b..

Hypotypes. —-GSC cat. Nos. 17981, 18878,

_ Locality of }zy@olypes ~—UCLA Invert. Paleo. Coll. loc. I\os 46‘-}1, 4631-2

> Dimensions of hypotypes~GSC No. 17981, HS; 58 mm; WS, 29 mm. ?;
HW 34 mm. GSC No. 18878, HS, 22 mm; WS, 16 mm; HW 14 mm.,
" Discussion—The two figured specimens, probably represent a mature and
an immature form, both showing growth stag‘es typical of 8. () herbichi. At
first glance, they appear to be separate species.

The larger mature specimen, partially distorted and thh weathered flanks,
does not show the characteristic shape of S. (2%) herbichi as illustrated by
Smith (1927, PL 26, Figs. 1, 2; PL 27, Fxgs 1-4). Smith's species probably
represents an inflated variant of the species and the type of S. (1) herbichi
Mojsisovics (1893, Pl. 102, Figs. 6a~6b) shows less inflation than Smith’s
specimens from Shasta Co., California. The shell width.of the Open Bay form
is quite similar to S. (I") shastensis Smith, but the radial and spiral ribs #nd
nodes are finer. A similar comparxsan is'made with 8. (T} hystrix Gemmel!aro
(1904, PL 12, Figs. 5, 7). .

The figured hypotype, GSC No, 18878 is small, and distortion has probably
increased the height of the shell considerably, but sufficient features are present
for specific identification. The young forms of S. {7%.) herbichi seem to be
characterized by their subglobose character, whotls proportionally wider than
high, but their sculpture does not dxﬂ'er i'rom that: of ihc mature forms ‘

FaMiLy ARCESTIDAR Mo;s.xsovms, 1-810
Genus Areesies Suess, 1865
Arcesies sp.

Tigs. 85, 86

Hypotype~~GSC cat. No. 17974,
Locality of hypoiype~UCLA Invert. Paleo. Coll. loc. No. 4631-3.
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Dimensions of hypolype.~HS, 18 mm ?; WS, 11'mm ?; HW, 7 mm 2.

Discussion.—Of. the many specimens of this genus-in the coIIectmn, the

specimen figured is the best preserved. One partial constnctxon s the only. .
feature visible on the surface. :
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ExrLaNATION OF Figs, 13-88

Fia. 13. A “larger” fold in pillow lava and limestone near fossil locality 4 633. The light-
colored band is marmorized limestone at the base of the pillow lava. Photo taken looking
northwesterly. )

F16. 14, Fossiliferous strata at locality 4 624. The small boudins are composed of chert.

Fi16. 15. Crenulated fossiliferous limestone and interbedded chert at locality 4 631, Photo
taken looking northerly. .

Fig. 16, Typical Iiﬁht and dark (carbonaceous) banded limestone showinig parasitic minor
folds immediately north of locality shown in Fig. 3. Photo taken looking northwesterly.

Fi16. 17, “Lesser” and 'minor folds in fossilferous cherty limestone at fossil locality 4 630,
Photo taken looking northwesterly.

F1G. 18. Disharmonic minor folds in interbedded chert (dark) and limestone near fossil
locality 4 G30. Photo taken looking northwesterly, :

. F16. 19, Microfold dineation, Ly, and axial plane foliation, Sy, in interbedded chert and
limestone near fossil locality 4 629, Photo taken looking northeasterly.

Fi6. 20, Boudin-like andesitic pod surrounded by thin marmorized zone in folded carbo-
naceous limestone 200 {t north of fossil focality 4 632, Photo taken looking northwesterly.

Fig. 21. Andesitic pod with intrusive apophyses extending into folded limestone in subatea
IX {see Tig. 9). Photo taken looking northerly.

F16. 22, Foliation, S, deformed around broken and disgﬂaced end of one of the Jater, but
not latest, andesitic dikes. Photo taken at fossil locality 4 629 looking northeasterly.

, F16. 23, Folded foliation in subarea X, Lost Willie Island, The band enriched in small
light-colored cherty boudins and rods {beneath the hammer) is considered to represent an
original chert-rich bed or beds and, hence, jts configuration is Si. S; is locally paraliel with the -
hammer handle. L

Note: Magnification of Figs. 24-88 (X2), except Figs, 50-52, 63, 67, 82, 87, 88 {X1}.

Fias. 24, 25, Spirogmoceras sp., anterior and lateral view of hypotype, GSC No, 18 003,
UCLA loc. No. 4 631-2.
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Fics. 26, 27. Syxrogmomas sp., anterior and lateral vxemsvo{“hypotype, GSC No. 180m, 2
e o e 50 Catiformites cf, €. (Smith) 1, lateral, and
1GS y 29 alifornites cf. €. careyi {Smith), ventra teral, and anterio
hypotype, GSC No. 18 004, UCLA loc, No. 4 625-1. for views of
Fics. 81,84, Traskites (S‘lantwmzs) of. T, (3.} rugosus (Hyatt & Smxth) lateral and ventral |
views ofé:ypg; TGSkC I\(%S}t 982 ,)U}:LA i?cb)Nov. 4631-3. - & Siulth
Fics. raskites .asti.as [+ com. cssm it mith), veatral
latfrai views 3%1‘ hypotype, GSC 2 Ol 18 {)?5. %CLA ocl:?f 6?4?2 GS::: eral aad:
165. 35, 36, Hennavcerss sp., lateral and ventra views 0! s No. 1
DL iec o 4511 lateral and ventral views of hypotype GSC N i
¥65. 37, § annaoceras sp., kateral and ventral views type, 0. 1 :
UCLA loc. No. 4620-2. Fpotype 79,
Fios. 39, 40, 41. Tropiles dilleri Smith, anterior, ventral, and lateral views of hypotype,
GSFC No;i? 4%&'&4;3(2%% i?»lcé 3\.0{14 62});, o ral, and Bsterad h
1G5 " yopuizs dilleri mxt antenor, ventral, and late 'v;e‘ws 0| t :
PR o AP A 5 Y‘”y‘*’g
Fie. 44i Hannsoceras sp., lateral vxew of kygatype, GSC No. 18 880, UCLﬁIm No. 4831,
. 61; x;;lis Hannaoreras sp., lateral view of hypotype, GSC No. 17 678, UCLA loc. No.
Fu;s: 47, 48, 49, Tropiles dilleri Smith, ventral, Interal, and anterjor views of hypotypg,
GSC No. 17 9&1 YCLA loc. No. 4831,
FIGS 850, 51, 52. Tropilescl. 1. welleri Smith, anterior, lateral, and Veni:‘ai views of hypo- ,g
{?X!gé Gﬁicg\s’a 11{{988 UCL% loc. N‘olfig’&?‘ 4 of N
168, y robiles $p yenira! teral, and asterior views , GSC
N%‘ o v IQCTN%“‘i 6“1’316, tral, lateral, and fhywtype Gs
1GS. , B8, Tropiles sp ven teral, and anterior vxewgo type, L
No. 17987, UCLA loc, No. 46312 yRope
Fics, 59,60, 61, Tropites ol T. dilleri Smith, ventral, lateral, and anterior views of hypo- ©
GSC No 17 985, UCLA loc, No. 4 267, i
fIGs 62, 84. Puveiropiles sailm {Mojsisovics), anterior and Iatemi views of hypotype, .
GSC No. 17 980, UCLA Joc. No, 4 620-1. :
F16, 83. Tropites sp., lateral vmv« of plaster cast of GSC No. 18 877, ‘Open Bay, Quadra *
Island H. C. Gunning, Collector. {Permission granted from GSC for the use of the specimen.)
UCL:\ bﬁc'a 5 Daswho;:ucs spo lamra‘i and ventral views of hypotype, GSC No. 17976,
o. 4 .

Fic, 87. Dmotro ﬂes <f. D, mmiimgmm (Hauer), lateral view of hypotype, GSC No. 3

% o S 8 s 0

17975, UCLA loc. No. 4 625.

Fies. 68,89, 70 Parctra}ntex sellai Mojsisovics, ventral, lateral, and anterior views o{
fotype GSC No. 17 998, UCLA loc. No. 4631,
0168, T4, 72, Paratropites of. P. sellai Mojsisovics, ventral and lateral’ views of hypotype,
GSC No, 17.999, UCLA loc. No. 4 628-2.
Fies. 73, 77, Bl. Bacchiles of. B. bucchus {Mo}sxsowcs), ventral, Jateral, and’ antarwr views
of hypotype, GSC No. 18 879, UCLA log. No. 4830.
Fics. 74, 75, 76. Gymnolropites of. G. americonus Hyatt & Smith, ventral, ia.terai and
anterior views of hypotype, GSC No, 17 986, UCLA loc. No. 4628-1. -
Fic. 78 Lecan!ewemmp ventral view of hypotypz‘z. GSCNo. 17 979 ﬂCLA loc. ’\fc 4631,
Fics. 79, 80. Tomqu;::.zcs {2} sp.. Tatern! and ventral views of hypotyge, GSC No. 18 001,
UCLA loc. No, 463141, -
Fics. B2, 87, Sa enites (Trachvsagenties) herbichi Mojsisovics, ventral and latera] views of
hyg?type (X1}, G5C No. 17 981, UCLA loc. No. 46312,
B4. Sa eniles (}”wa},ysagtmua) herbichi Mojsisovics, hteml ami ventral views of
'hyzwtype, GSC No. 138:8 UCLA loc. No. 4631,
165. 85, 86, Arcesies sp., anterior and ventral views of hy: potype, GSC No. 17974,

TCLA loe. "No. 4 631-3.

Fic. 88, Slab showing the abundance of Tropifes and Hammowas
Norg: Figs. 13-88 follow.
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