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ABsTRACT: Member 2 of the late Precambrian to Lower Cambrian Chapel Island Formation of southeast Newfoundland was
primarily deposited in storm-influenced, nearshore and shelf environments along a fine-grained coastline. Deposition took place
within or adjacent to a deltaic systemn that supplied abundant silts and clays. Thin-bedded graded sandstone beds, hummocky cross-
stratified beds, and a variety of very thin conglomerate units contain evidence for deposition by storm currents.

Sedimentological and stratigraphic evidence is used to reconstruct the relative paleobathymetric position of the three major facies
in member 2. The Gutter Cast Facies is a shallow-subtidal deposit characterized by very thin sandstone laminae and abundant pot
and gutter casts. The Siltstone-Dominated Facies contains more laterally extensive thin-bedded sandstones and fewer erosional
features, and was deposited in the inner shelf. The Sandstone-Dominated Facies consists of thin to medium, graded and hummocky
cross-stratified sandstone beds deposited in a more distal shelf setting, but above storm wave base.

The facies model and set of proximality trends developed for member 2 deposits may be applicable to other storm-influenced
fine-grained shorelines. In this model, the shallow subtidal is a zone of throughput with high-velocity, sediment-laden flows eroding
deep narrow scours (gutter casts) and depositing very little sand outside of these scours. As the storm-generated flows move into
deeper water they decelerate, resulting in less erosion of the sea floor and depositing thicker and more continuous sand beds (Siltstone-
Dominated Facies). Further from shore, bed thickness reaches a maximum (Sandstone-Dominated Facies) and hummocky cross-
stratification is abundant. Even more distally, bed thickness decreases again (represented by thinly laminated siltstones of the
overlying member 3). Analysis of sedimentary structures and paleocurrent data suggests deposition by storm currents that transported

sediment nearly perpendicular to shore.

INTRODUCTION

Facies models for storm deposition have historically
involved sandy or coarser-grained foreshore and shore-
face zones (¢.g., Walker 1984). These models incorporate
proximality-distality trends that are useful in paleoen-
vironmental reconstructions, resolution of sea-level fluc-
tuations, and other aspects of basin analysis (Aigner and
Reineck 1982; Aigner 1985). Unfortunately, there are
very few examples of well-described storm deposits from
modern fine-grained coastal to inner shelf areas. Ancient
examples are even more scarce, and therefore no facies
models have been developed for these nonsandy, storm-
influenced shelves.

In facies models developed for storm-influenced shelves
with sandy shorelines, sandstone bed thickness decreases
seaward as sediment entrained at the shoreline is swept
to sea by ‘““relaxation currents” of variable character. The
thin to medium bedded siltstones and sandstones of
member 2 of the Chapel Island Formation provide evi-
dence for an alternative model for coastal to inner-shelf
storm-dominated sedimentation in which the shallow
subtidal zone, dominated by fine-grained sediment, is a
zone of sediment bypass in which high-velocity, sedi-
ment-laden flows erode shore-normal scours preserved
as gutter casts. A few studies have made reference to a
nearshore zone of bypass (Leckie et al. 1990; Kidwell
1989), but no facies models have been proposed for storm-
influenced fine-grained shorelines. The facies model
developed in this study includes a set of proximality-
distality trends, including aspects of bed thickness and
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primary sedimentary structures, that deviate significantly
from those associated with storm-influenced shelves with
sandy shorelines (Brenchley et al. 1979; Howard and Rei-
neck 1981; Kreisa 1981; Aigner 1982, 1985; Aigner and
Reineck 1982; Allen 1984; Howard and Nelson 1982;
Walker 1984; Pederson 1985; Handford 1986; Decelles
1987).

The first part of this paper is a detailed description of
the volumetrically important lithofacies of member 2,
with particular emphasis on various storm-generated
structures. Brief descriptions of the shoreline deposits from
member 1 and lower member 2 and the outer shelf de-
posits of member 3 are included to help constrain the
paleoenvironmental reconstruction of the facies in mem-
ber 2 and complete the facies model herein described.
The second part of the paper is a description of the facies
model, with particular emphasis on tempestite proxi-
mality-distality trends.

LOCATION AND GEOLOGIC SETTING

The late Precambrian—Lower Cambrian Chapel Island
Formation crops out around Fortune and Placentia bays,
southeast Newfoundland; most of the data for this study
were gathered from outcrops along the southwest tip of
the Burin Peninsula (Fig. 1). These rocks lie within the
Avalon Zone, the easternmost terrane within the Appa-
lachian Orogen (Williams and Hatcher 1983). The Chapel
Island Formation, a 1000-m-thick unit of sandstones,
siltstones and mudstones with subordinate limestones,
has been the focus of intense interest because it contains
a record of continuous sedimentation across the Precam-
brian-Cambrian boundary (Bengston and Fletcher 1983;
Crimes and Anderson 1985; Narbonne et al. 1987; Land-
ing et al. 1988, 1989).
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F1G. 1.—Outcrop distribution of the Chapel Island Formation (shown
in black) within the Avalon Zone of Newfoundland.

CHAPEL ISLAND FORMATION

The formation is divided into five informal members
(Bengston and Fletcher 1983; Narbonne et al. 1987). The
sedimentology of the formation was studied by Myrow
(1987, also see Myrow et al. 1988). The lowest member
contains red and green sandstones and shales deposited
in tidal flat and shallow subtidal environments, and darker
green/gray siltstones and black shales deposited in semi-
restricted shoreline environments. Member 2 consists
primarily of green siltstone and thinly laminated to me-
dium-bedded, very fine to medium-grained sandstones
deposited in a storm-influenced deltaic setting. The third
member is a thinly-laminated siltstone unit with abun-
dant carbonate nodules deposited in a mid to outer-shelf
setting, predominantly below storm wave base. Member
4 contains red and green mudstones with minor lime-
stone beds. Member 5 is a coarsening-upward sequence
of storm- and wave-dominated sandstones and siltstones.

This paper focuses on the sedimentology of the second
member of the Chapel Island Formation. Stratigraphic
and sedimentological evidence from member 2 indicates
deposition in nearshore and inner-shelf settings (between
the shoreline and the storm wave base). Deposition took
place in a deltaic setting characterized by high sedimen-
tation rates of silt and clay (Myrow et al. 1988; Myrow
and Hiscott, 1991). Three facies make up the bulk of
member 2: Gutter Cast Facies, Siltstone-Dominated Fa-
cies, and Sandstone-Dominated Facies (Fig. 2). These
facies are intimately interbedded within member 2, al-
though they do not make up its full thickness. Other facies
not relevant to this paper are described in Myrow (1987).

SHORELINE DEPOSITS OF MEMBER 1 AND
LOWER MEMBER 2

The bulk of member 1 and portions of lower member
2 contain very thin to medium bedded, red and green,
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fine-grained sandstone, siltstone, and mudstone. Flaser-
and wavy-bedded sandstone-rich facies (approximately
50~80% sandstone) (Fig. 3A) contain abundant erosional
surfaces and lenticular scour-and-fill or channel-fill beds
of sandstone or interlaminated shale and sandstone.
Sandstone beds have sharp erosional contacts and are
commonly amalgamated. Laminated and very thinly bed-
ded shaly facies (15 to 50% sandstone) exhibit wavy and
lenticular bedding and contain fewer erosional surfaces
and channel sandstones. Sedimentary structures in these
facies include abundant current ripples and interference
ripples, sandstone-filled desiccation cracks (Fig. 3B) and
synaeresis cracks (particularly abundant in the shaly fa-
cies), mud-chip conglomerates, and rare raindrop prints.

-—

FiG. 2.—Stratigraphic section from member 2 of Fortune Head lo-
cality (Fig. 1). The member 1-member 2 contact is at the 18.2 m mark.
The top of the section is in the transition zone into member 3.
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F1G. 3.—Shoreline deposits of member | and lower member 2. A) Medium bedded sandstone and thin shale from lower member 2 (105-110
m interval, Fig. 2); railing and base of foghorn tower in upper left for scale. B) Several generations of different size of polygonal desiccation cracks
preserved on a bedding surface (151 m mark, Fig. 2). Notebook is 18.5 cm tall.

Paleocurrent data gathered from current ripples indicate
bimodal-bipolar flow conditions, with the stronger mode
towards the southwest (Fig. 4).

The full suite of sedimentary structures and overall
organization of beds indicate marine conditions, as does
the albeit limited suite of trace fossils (Bergaueria sp. and
Planolites). Thinly interlayered beds, ubiquitous mud-
chip conglomerates, abundant scour surfaces, desiccation
and synaeresis cracks, bimodal-bipolar paleocurrent dis-
tribution, and many other features are most consistent
with a tidally-influenced peritidal environment. The scale
of interbedding, sandstone/shale ratio, and suite of sed-
imentary structures in the sandy lithofacies would be most

FiG. 4.—Paleocurrent equal area rose diagram of ripple cross-lami-
nation from member 1 (n = 58). Data collected at Grand Bank Point
locality (Fig. 1).

typical of lower-tidal-flat to shallow-subtidal settings,
whereas the shaly facies, deposited in shallower water
conditions, represents middle to upper tidal-flat deposits.
Full descriptions of the shoreline facies described above
are given in Myrow (1987) and Myrow et al. (1988).

GUTTER CAST FACIES

The Gutter Cast Facies of member 2 is composed of
thinly laminated to very thinly bedded sandstone and
siltstone beds with abundant gutter and pot casts (Fig.
5A, C). The sandstone content, excluding gutter casts,
varies roughly from 10—40%, with beds greater than 2 cm
thick making up < 2% of the strata. Quartzose sandstone
beds (described below) make up approximately 5% of this
facies. There is an inverse relationship between the abun-
dance of gutter casts and the thickness of bedding; for
instance, an 11 m interval with abundant gutter casts
contains no sandstone beds thicker than 2.5 cm.

Massive siltstone gravity-flow deposits up to a meter
thick are abundant (Myrow and Hiscott 1991), making
up 10-15% of the facies. These beds are analogous in
scale, geometry and grain size to the silt-flow deposits in
gullies described by Prior et al. (1986) from the delta front
region of the Huanghe (Yellow River) Delta. Ptygmati-
cally folded sandstone dikes are¢ surprisingly abundant
and are testimony to the high sedimentation rates. Below
is a description of the bed types common in this litho-
facies.

Silver-Green Siltstone

The dominant lithology in the Gutter Cast Facies (and
member 2 as a whole) is homogeneous silver-green to
gray-green muddy siltstone, comprising 60-90% of the
strata (Fig. 5A, D). Siltstone beds vary from millimeters
to a few centimeters in thickness, and range from undis-
turbed to strongly bioturbated. The homogeneity of grain
size and lack of lamination indicates slow, uniform de-
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FiG. 5.—Gutter Cast Facies. A) Close-up of bedding showing thin sandstone laminae and gutter casts (arrowed); numerous Skolithes annularis
traces cut the lamination; scale is 2.5 cm wide. B) Partially-starved wave ripples; note tuning-fork junction; scale is 10 cm long. C) Carbonate-
cemented (concretion) gutter cast with horizontal lamination at base and climbing wave-ripple lamination above; scale in cm. D) Close-up of 8
cm-thick graded rhythmite (GR) bed. Note thin pinch-and-swell lower sandstone division, thinly-laminated middle division and upper division
of homogeneous siltstone; scale in cm.

position from suspension. Some of the siltstone was also
deposited more rapidly during late-stage fall-out associ-
ated with sandstone tempestites.

Very Thin Sandstone Laminae and
Graded Rhythmites

Very thin laminae of coarse siltstone to fine sandstone,
less than 0.5 mm thick, are interlaminated with siltstone
with millimeter to several centimeter spacings. These
laminae pinch and swell and locally form starved sym-
metrical ripples (Fig. 5A, B). These thin sandstone lam-
inae are present both in isolation and in groups that make
up the upper divisions of graded rhythmite beds (up to
6 cm thick). The graded rhythmite beds show an upward
increase in spacing and a decrease in grain size and thick-
ness of sandstone laminae within a siltstone matrix (Figs.
5D; 6). These beds generally contain three divisions: bas-
al, middle, and upper. The basal division (not always
present) consists of up to 2 cm of parallel laminated or

ripple cross-laminated fine sandstone with a sharp lower
surface and a sharp or gradational upper surface. Sole
marks include grooves, prods, flutes, and trace fossils. A
middle division of fine siltstone (> 50% of bed thickness
and up to 10 cm thick) contains submillimeter-thick coarse
siltstone/very fine sandstone laminae that become thin-
ner, more widely spaced and finer upward. Where ripple
form sets are present in the lower division, laminae in
the middle division mimic the underlying rippled surface,
and then lose their topography upward. Individual lam-
inae are remarkable planar and extensive, with very little
variation in thickness. The upper division (3-6 ¢cm thick)
of smooth-weathering fine siltstone contains few (if any)
very thin and widely spaced laminae (Fig. 6).

The overall size grading and sequence of structures in
the graded rhythmites indicate deposition under decel-
erating flow. The lower divisions indicate deposition from
traction under either upper (parallel lamination) or lower
(ripple lamination) flow regime conditions. The middle
and upper divisions contain no evidence of traction and
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FiG. 6.—Schematic diagram of graded rhythmite beds showing erosional lower surface (+ sole marks), lower sandstone division (+ traction
structures), middle division with upward increase in spacing of fine sand laminae within siltstone, and upper siltstone division. Details provided

in text.

therefore were probably deposited from suspension. Sev-
eral aspects of the very thin sandstone laminae support
this interpretation: 1) extreme thinness, 2) lack of visible
internal structure, 3) lateral persistence, 4) uniform thick-
ness and 5) nonerosional lower contacts (Fig. 6). Grain
size of these laminae is coarser than the coarsest grains
in the intervening green siltstone, ruling out in situ win-
nowing as a mechanism of formation.

Graded rhythmites, described from both modern and
ancient shallow marine facies, have been attributed to
deposition from suspension clouds during the waning
stages of a storm (Gadow and Reineck 1969; Reineck and
Singh 1972; Dott and Bourgeois 1982). Most examples
of graded rhythmites (e.g., Reineck and Singh 1972, fig.
2) are thicker and much less regular than those in this
study. If deposition of the Chapel Island Formation ex-
amples took place from decelerating combined flows, the
planar laminae of uniform thickness are enigmatic be-
cause laminae produced under the influence of strong
oscillatory currents are very irregular in general (De Raaf
et al. 1977).

F16. 7.—Quartzose bed capped with irregularly-shaped ripples. In the
lower part of the bed, low-angle lamination passes upward into ripple
cross-lamination; scale in cm.

Carbonate-Cemented Quartzose Beds

A volumetrically minor component of member 2 is thin
to medium bedded, white-weathering, carbonate-ce-
mented, quartzose sandstone beds (Fig. 7). These weli-
sorted, medium- to very coarse-grained beds are normally
graded and commonly contain a thin upper division of
gray fine-grained sandstone. The thinner beds, less than
3 cm thick, typically pinch and swell and were formed
by infilling of shallow erosional scours. Sedimentary
structures in these thin beds include parallel lamination,
ripple cross-lamination, and symmetrical ripple form sets.
Thicker quartzose beds have abundant well-developed
symmetrical ripples which show significant variability in
size and geometry of adjacent crests.

The sorting and grain size of these beds is unique in
member 2 and indicates transport from local settings that
are not represented in outcrops of the lower Chapel Island
Formation. Most of these beds record reworking by waves
during and after emplacement.

SILTSTONE-DOMINATED FACIES

The Siltstone-Dominated Facies, volumetrically the
most important within member 2, contains a wide range
of bed types, including a large variety of gravity-flow
deposits, mostly debris flows, slumps and slides (Myrow
and Hiscott 1991). Sandstone content of this lithofacies
ranges from 5-40% (average 15-20%). A few thin zones
have abnormally high sandstone content (70-85%), main-
ly in the form of rippled, wavy, and lenticular, very thin
and thin sandstone beds. For comparison with the Sand-
stone-Dominated Facies described below, the percentages
of various bed types have been calculated for a 40-m
interval of this lithofacies. In this interval 2.0% of the
strata are quartzose sandstone beds (described above),
and significantly only 2.8% are beds thicker than 3 cm.
Two gravity-flow deposits make up 2.5% of this interval.

Average sandstone bed thickness is greater than in the
Gutter Cast Facies yet thinner than in the Sandstone-
Dominated Facies. Bedding is relatively even and con-
tinuous, mainly because of nonerosional upper bed con-
tacts and a paucity of gutter casts. Bed types common to
this lithofacies are described below.
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Thin Laminae to Medium Beds of Sandstone

Brown weathering, very fine to fine-grained sandstone
beds ranging from 1 mm to approximately 20 cm in thick-
ness make up a considerable portion of this lithofacies.
These contain a wide variety of internal sedimentary
structures and a plethora of trace fossils and both current-
and tool-generated sole marks. There is some correlation,
detailed below, between bed thickness and such charac-
teristics as bed geometry and internal stratification. Pa-
leocurrent data from these sandstone beds, given in Figure
8, include orientations of parting and current lineations,
grooves, flutes, ripple cross-laminae, and wave-ripple
crests.

Sandstone laminae 1 to 10 mm thick typically pinch
and swell and are highly discontinuous. Internal sedi-
mentary structures include normal grading, parallel lam-
ination, and small-scale incipient or fully-developed rip-
ple cross-lamination. Sharp-crested, symmetrical ripples
with large spacing-to-height ratios (10-15:1) are common
on upper bedding surfaces. These ripples have very small
crest heights (less than 5 mm) and are locally starved.

Very thin to medium sandstone beds, 1-30 cm thick,
are generally continuous and more even in thickness than
the thinner sandstone laminae. Over large stratigraphic
intervals these beds constitute 20-40% of the section, but
make up as much as 80% or more of the section over
thin stratigraphic intervals (less than 1.5 m). Amalga-
mation of beds is uncommon, occurring exclusively in
thicker beds. The sandstone beds are sharp-based, but the
upper contacts are either sharp and showing evidence of
reworking and erosion (Fig. 9C, E, F) or gradational (Fig.
9D) and lacking evidence of reworking. Lower contacts
range from planar (Fig. 9E) to highly irregular, and soles
are covered with a wide variety of trace fossils and sole
markings including flutes, grooves, prods, and current
crescents.

Internal stratification styles include 1) nongraded, ap-
parently structureless; 2) graded; 3) erosional-stoss and
depositional-stoss climbing-ripple types (Fig. 9B); 4) rip-
ple lamination with concave-up scour surfaces, bidirec-
tional bundled lenses, unidirectional cross-laminae op-
posed between adjacent crests and offshooting laminae
(Fig. 9C); and 5) planar or undulatory parallel laminae
(Fig. 9E).

Bed tops display a wide variety of trace fossils and
sedimentary structures, including small two-dimensional
vortex ripples (Harms et al. 1982), large asymmetrical
ripples with sinuous to linguoid crests, interference rip-
ples, and polygonal ripples. Ripple form sets have either
symmetrical profiles and form-discordant lamination or
asymmetrical profiles and form-concordant lamination
(Fig. 9B). Both ripple types exhibit considerable variation
in size, shape and internal structure of adjacent crests
along ripple trains (Fig. 9B, C, E, F). Two types of com-
bined-flow ripples are common: highly three-dimensional
types with rounded crests, and straight and bifurcating
types with sharp crests (Fig. 9A). (Combined-flow ripples
are generally asymmetrical, but in comparison to current
ripples they have a more regular plan geometry and lee
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TABLE 1.— Storm-generated sedimentary features from member 2

Member
Storm-Generated Sedimentary Features 2
Interbedded coarse (storm) and fine (fair-weather) beds v
Sharp/scoured base—gradational top v
Pot and gutter casts v
Flat-pebble conglomerate v
Lags v
Thickening and thinning and lenticular beds v
Reworked but autochthonous fauna N.A.
Infiltration textures NA
Escape burrows v
Graded rhythmites v
Wave-generated undulatory lamination v
Vertical sequence: planar lamination to
wave-generated lamination v

* N.A. = Not applicable.

faces that slope less than the static angle of repose (Harms
et al. 1982).)

The interbedding of the thinner sandstone laminae (de-
scribed above) with siltstone is similar to facies that De
Raafetal. (1977, see their “‘Lithotype M2”") and Soegaard
and Eriksson (1985) attribute to wave reworking during
the late stages of deposition during storms. Most of the
sedimentary structures described above are considered to
be diagnostic of wave-generated features as discussed by
Boersma (1970), De Raaf et al. (1977), Allen (1981),
Harms et al. (1982) and others. Undulatory laminae, which
are common in the thicker beds, are also considered to
be formed under intense oscillatory flow (Allen 1981, p.
372; Harms et al. 1982) or combined flow (Arnott and
Southard 1990).

Waning flow produced normal grading and vertical
stratification sequences (Myrow and Southard 1991) such
as parallel laminae to combined-flow or wave-generated
laminae (Fig. 9E) that are diagnostic of storm deposits,
or “tempestites” (De Raafet al. 1977; Kreisa 1981; Aig-
ner 1982; Brenchley 1985; and others; also see Table 1).
(Gutter casts in the Gutter Cast Facies also contain similar
sequences; see Fig. 5C.)

In each of the widely-spaced localities studied, the pa-
leocurrent data from flute marks show a strong unimodal
orientation toward the northeast, which coincides with
the consistent northeast-southwest orientation of current/
parting lineations and grooves (Fig. 8). The long axes of
gutter casts are similarly aligned (Fig. 10; Myrow unpub-
lished data). The orientations of wave-ripple crests are
uniformly perpendicular to these paleocurrent data. It is
well known that as storm waves approach shore they
become refracted parallel to the isobaths (Davis 1977),
so that the degree of irregularity of a shoreline would be
reflected in the degree of scatter of wave-ripple data be-
tween localities. The consistency of the member 2 data
(Fig. 8) from outcrops as far apart as 100 km indicates
that the northwest-southeast orientation is a reasonable
approximation of the shoreline orientation during this
time. The orthogonal or near-orthogonal relationship be-
tween the wave-ripple data and the various other paleo-
current data is similar to many ancient wave-influenced
(mainly wave-dominant) shorelines (see review by Leckie
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FiG. 8.—Paleocurrent information for member 2 from localities throughout field area. CL = orientations of current lineations, GT = groove
trends, FP = flute paleocurrents, RP = ripple paleocurrrents, WR = wave-ripple-crest trends, RC = ripple-crest trends (ripple type unknown).
Localities as follows: CI = Chapel Island; GB = Grand Bank Point; PM = Point May; FD = Fortune Dump (Head); BI = Brunette Island.
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FiG. 9.— A) Combined-flow ripples with sinuous, slightly asymmetrical crest; eroded stoss laminae indicate flow from upper right to lower left;
scale is |5 cm long. B) Sandstone bed with low-relief ripples in center of photo showing variation in internal structure between crests and external
geometry (symmetrical and asymmetrical); scale is 15 cm long. C) Symmetrical form-discordant ripples in concretion with bundled upbuilding,
scooped lower bounding surfaces, bidirectional bundled lenses and draping lamination, all characteristic features of wave-formed ripples; scale
is 1 cm long. D) Sharp based bed with flute marks (arrow); top of bed is gradational into the siltstone above; scale is 10 cm long. E) Reworked
upper surface of a parallel laminated bed displays symmetrical sharp-crested ripples; note parallel lamination within the ripple crest on the right
side of photo; scale is 15 cm long. F) fine sandstone bed with variation in size and shape of adjacent symmetrical crests along a ripple train; scale
is 15 cm long.

and Krystinik 1989) and suggests offshore-directed trans- 1-2 grains thick) to very thin beds within siltstone, 2) at
port (towards northeast) of sediment during storms. the base of very thin graded sandstone beds, 3) along the
foresets of finer-grained ripple cross-laminated beds (Fig.

11), 4) along gently undulating parting (amalgamation)

. surfaces within beds, 5) on the top surfaces of sandstone

Thin Pebble Conglomerate Beds beds, and 6) within small, lenticular, concave-up beds. A

Very coarse sand to pebble-sized quartzose conglom- few examples were noted in which isolated pebbles were
erate are found 1) as isolated thin laminae (minimum of floating within wave-ripple-laminated sandstone beds.
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FiG. 10.—Rose diagram of trends of long axes of gutter casts (n = 90)
taken from the Fortune Head locality.

Thicker coarse-grained ripples (e.g., Leckie 1988) were
not noted.

In marine sequences, thin conglomerate beds are com-
monly interpreted as lag or condensation deposits. The
extensive (albeit discontinuous) nature of many of the
Chapel Island beds may be analogous to thin pebble layers
described from a number of ancient storm-influenced de-
posits (Anderton 1976; Brenner and Davies 1973; Levell
1980).

Flat Pebble Conglomerate Beds

Thin, lenticular beds of flat pebble conglomerate are
found widely spaced within the lower part of member 2.
These consist of grain-supported beds of blue-tinted black
phosphatic shale clasts and gray to green siltstone intra-
clasts set in a matrix of clean, coarse/very coarse sand-
stone. The phosphatic shale clasts are well rounded and
are dominantly disc-shaped. These clasts represent re-
worked, lithified fragments of transported shale and sandy
shale. The siltstone intraclasts were mostly semilithified
at the time of deposition, showing some evidence of plas-
tic deformation (e.g., indentation by other more com-
petent black shale clasts). Some cut and polished slabs
show incipient clast formation by the partial disarticu-
lation of the underlying substrate. The beds in this study
are similar to most other ancient examples, being less
well sorted than modern examples and having horizontal
and low-angle (< 30 degrees) imbrication (e.g., Roehl
1967; Kazmierczak and Goldring 1978). A few beds have
mounded upper surfaces, with near-vertical imbrication
in the upper parts of the bed.

The phosphatic shale clasts, which resemble those found
along many modern beaches adjacent to shale outcrops,
were probably derived from local sources along the shore-
line and carried seaward during storms. Mounded bed
tops and local vertical imbrication likely resulted from
reworking of small, conglomeratic, low-relief accumula-
tions by waves (Sanderson and Donovan 1974).
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FiG. 11.—Lenticular granule-bearing coarse/very coarse sandstone
with concentration of granules along low-angle cross-laminae; scale in
cm.

SANDSTONE-DOMINATED FACIES

The Sandstone-Dominated Facies is characterized by
a higher percentage of thin and medium (i.e., greater than
3 cm in thickness) sandstone beds and a lower percentage
of interbedded siltstone. Hummocky cross-stratified beds
are more abundant, and both quartzose sandstones and
flat-pebble conglomerate beds are virtually absent. Over
one 40-m interval of this lithofacies, sandstone beds >
3 ¢m thick make up 19.7% of the strata. In particularly
sandy intervals, thin to medium sandstone beds alone
make up as much as 57.8% of the section. Visual estimates
of the total sandstone content of this lithofacies—includ-
ing thinner sandstone beds—is 40-60%, reaching 75% or
more over thin stratigraphic intervals. Wave-ripple lam-
ination is particularly abundant, as are form sets of wave
ripples and combined-flow ripples. Sandstone beds have
strongly erosional lower and upper surfaces and therefore
show significant irregularities in thickness and some com-
plete pinch-outs. Slide deposits are present but uncom-
mon in this lithofacies. The hummocky cross-stratified
beds of this lithofacies are described below.

HUMMOCKY-CROSS-STRATIFIED BEDS

The thickest sandstone beds within member 2 are com-
monly hummocky cross-stratified. These fine and very
fine sandstone beds range from 12-18 cm in thickness
and are both hummocky cross-stratified and hummocky
in overall geometry, with meter-scale hummock spacings
(Fig. 12A, B). Approximately half of these beds are dis-
continuous across the outcrop exposure (meters to tens
of meters). These beds commonly contain amalgamation
surfaces, usually with the hummocky-cross-stratified
sandstone truncating an underlying unit of structureless
or parallel-laminated sandstone. In several cases, well-
developed hummocks are thickest above the deepest level
of erosion into the underlying sandstone, as seen in Figure
13. The beds in this figure display 1) complete erosion of
the underlying bed under the main part of the hummock,
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F1G. 12.—A) Isolated lenticular hummocky sandstone lens with convex-up lamination; complete erosional truncation of an underlying sandstone
bed is seen directly underneath the hummock; stratigraphic top to left; notebook is 18.5 cm long. B) Hummocky cross-stratified bed; erosional
lower surface defines a surface of amalgamation (arrows) with underlying sandstone bed (detailed sketch of this bed is given in Fig. 13 at bottom);
symmetrical ripples on the upper surface near the top of the photo; stratigraphic top to left; notebook is 18.5 cm long.

2) lenticularity of the hummocky-cross-stratified layers,
and 3) large symmetrical ripples on the upper surface.

The position of the hummocks above erosional de-
pressions is similar to the stratification described by Sur-
lyk and Noe-Nygaard (1986) from Jurassic sandstones in
Denmark. This position may involve feedback between
the depositing flow and erosional depressions formed ear-
lier under higher velocities.

The discontinuous nature of most of these hummocky
cross-stratified beds is a reflection of original depositional
geometry and not of later erosion of their upper surfaces.
The spacing of the hummocks in many of these beds is
on the order of 3 to 4 m, and thicknesses of these beds
average 15 cm (see Fig. 13). Typical heights—swale to
hummock— for hummocky cross-stratification with spac-
ings between 1-5 m are 2040 cm (c.f., Duke 1985; Walk-
er 1984); examples with smaller spacings have corre-
spondingly smaller heights (see Craft and Bridge 1987).
It is apparent that, given their spacings, the swale-to-crest
heights for the beds in member 2 are smaller than ex-
pected for hummocky cross-stratification. This anomaly

is considered a result of deposition associated with low
sediment supply of cohesionless (sandy) sediment, yet
under conditions (long wave periods and large orbital
diameters) that would have been capable of generating
large, continuous hummocky bedforms. Discontinuous,
apparently starved hummocky features like those de-
scribed in this study are not well documented, although
Dott and Bourgeois (1982; p. 678) describe micro-hum-
mocky lenses of sandstone that are similar in morphology
and internal structure, if not in scale, to those in the
Chapel Island Formation.

There is no consensus on the hydrodynamic conditions
under which this stratification forms. The origin is almost
surely polygenetic (Brenchley 1985; Leckie 1988) forming
under simple or complex oscillatory flow (Harms et al.
1975; Dott and Bourgeois 1982; Harms et al. 1982; Duke
1985; Southard et. al. 1990) and a variety of combined
flows (Swift et al. 1983; Greenwood and Sherman 1986;
Nottvedt and Kreisa 1987; Arnott and Southard 1990;
Duke 1990).

One bed, illustrated in Figure 14, differs from the ex-
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50 cm
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FiG. 13.—Two sketches of hummocky cross-stratified beds at Fortune Head locality. In top sketch, note amalgamation surface and the
development of the hummock over the erosional low. Lower sketch A-B-C also shows an amalgamation surface, development of hummock over
erosional depression and small 2d oscillation ripples on upper surface (ripples migrated but crests are symmetrical).

amples of hummocky cross-stratification described above.
The bed ranges in thickness from 0.4-17 cm and has a
hummocky and swaly geometry with small, straight-crest-
ed, symmetrical ripples on the swales. It contains very-
low-angle laminae that dip consistently at 8° towards the
northeast (restored downdip migration direction of foresets
is toward 059°). There are no internal truncation surfaces,
and the laminae are remarkably uniform and quite planar.
The swales show truncation of the underlying laminae on
the eastern downdip sides and conformability on the
western or updip sides. Such a geometry has a parallel in
simple current-ripple migration (Harms et al. 1982). The
overall bed geometry and internal structure suggest that
this bed formed from migration of a low-reliecf hummocky
bedform under conditions of little or no net aggradation.
The experimental work by Arnott and Southard (1990)
indicate that unidirectional migration of low-relief hum-
mocky bedforms occurs under oscillatory-dominant com-
bined flow with a small to moderate unidirectional-flow
component (> few cm per second). The beds described
by Nottvedt and Kreisa (1987) are similar (hummocky
geometry and anisotropic dips) except that their stratifi-
cation is less regular and contains convex-up surfaces

which imply deposition in a stoss-preserved climbing
bedform under higher depositional rates.

MIDDLE TO OUTER SHELF DEPOSITS OF MEMBER 3

Member 3 consists of gray-green siltstone with fine lam-
inae to very thin graded sandstone beds and abundant
carbonate concretions. Bedding soles are not exposed, but
upper bedding surfaces display current ripples, parting
and current lineation, and a limited range of trace fossils
(Diplocraterion, Teichichnus, and Helminthopsis). Rip-
ples are dominantly straight or sinuous crested with asym-
metrical profiles, very high spacing-to-height ratios (e.g.,
30), and unidirectionally-oriented cross-laminae. Parallel
laminated medium grained sandstone laminae, from 1
mm (several grains thick) to > 1 c¢m, are of uniform
thickness and exhibit current and parting lineation. Very
thin and thin, fine grained sandstone beds are either ripple
cross-laminated or contain parallel laminae that are over-
lain by ripple cross-laminae. The sandstone beds of mem-
ber 3 lack oscillatory and combined-flow ripples and cor-
responding styles of cross-lamination which are so
abundant in member 2.

1 Lamina
Top to base of bed = 2.6 meters
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FiG. 14.—Sketch of low-angle cross-stratified bed at Fortune Head locality. Enlargement on left shows features in the swale. Enlargement on

right shows the extensive planar lamination.
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The suite of sedimentary structures indicates deposi-
tion from waning unidirectional flows below storm wave
base. Parting and current lineation (Fig. 15), representing
flow direction during upper-plane-bed conditions, are
strongly oriented northeast-southwest, consistent with the
wide variety of paleocurrent data described above for
member 2. The deposits of member 3 are similar to other
sub-wave-base, storm-generated sandstones (Hamblin and
Walker 1979; Brenchley et al. 1979; Walker 1984;
Brenchley 1985) and are therefore considered to be distal
tempestites. Full description and interpretation of mem-
ber 3 deposits is given in Myrow (1987).

LITHOFACIES DISTRIBUTION AND
PALEOBATHYMETRIC RECONSTRUCTION

Evidence for storm sedimentation has been presented
in the descriptions of member 3 and the three facies in
member 2. A comparison of the features in member 2
with accepted storm-generated features from ancient tem-
pestites is given Table 1. The similarity is striking and
clearly suggests that storms were the most significant agent
of deposition. A facies model for storm deposition of
members 2 and 3 will follow a discussion of lithofacies
distribution and their inferred paleobathymetric relation-
ships.

Member 2 was deposited during a long-term relative
sea-level rise upon which were superimposed a number
of small-scale relative sea level changes (Myrow 1987;
Myrow et al. 1988). The shoreline deposits of member 1
and the lower part of member 2 are not found higher in
the member, and the upper part of member 2 grades into
the deeper sub-wave-base shelf deposits of member 3.
The Gutter Cast Facies is confined to the lower part of
member 2, where it occurs in two stratigraphic intervals
(Fig. 2) which, in both cases, have gradational contacts
with the Siltstone-Dominated Facies and somewhat abrupt
contacts with shoreline facies containing polygonal des-
iccation cracks (Fig. 3B). The Siltstone-Dominated Facies
constitutes the bulk of member 2 and is gradational, and
interstratified, with the Sandstone-Dominated Facies,
which is found primarily in the middle and upper parts
of the member. Importantly, neither the Siltstone-Dom-
inated Facies or Sandstone-Dominated Facies is in con-
tact with shoreline facies; only the Gutter Cast Facies is
found in contact with shoreline facies (Fig. 2).

The lowest 85-90 m of member 2 (Fig. 2) shows a
symmetrical pattern of lithofacies in which heterolithic
desiccation-cracked tidal flat deposits are overlain by (in
order): Gutter Cast Facies, Siltstone-Dominated Facies,
Gutter Cast Facies, and then more shoreline deposits with
desiccation cracks. The arrangement of lithofacies sug-
gests that the Gutter Cast Facies was deposited in the
shallow subtidal zone and the Siltstone-Dominated Fa-
cies in a somewhat deeper subtidal area. Any alternative
view, by which the paleobathymetric positions of the Gut-
ter Cast and Siltstone-Dominated Facies were reversed,
would not only make little sense in terms of the strati-
graphic transitions, but would also require offshore-di-
rected flows to move away from the shoreline at lower
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F16. 15.—Rose diagram of orientation of current and parting lineation
from member 3 (n = 12) from the Dantzic Cove locality (Fig. 1).

velocities depositing sediment and then accelerate, with-
out changing direction, to erode the consolidated muds
of the sea floor to form gutters.

Flat pebble and pebbly conglomerate beds (in the Silt-
stone-Dominated Facies) and quartzose sandstones (in
the Gutter Cast Facies) are confined stratigraphically to
the lower part of member 2, an overall transgressive se-
quence, suggesting that the sediment was derived from
shoreline deposits and transported a short way into the
subtidal zone during storms. The quartzose sand may
have been derived from small pocket beaches or sand
patches that migrated on the sea floor in the nearshore
zone. The flat pebbles were likely derived from wave-
washed accumulations at the base of eroding shale out-
crops. The abundance of gravity-flow deposits in the Gut-
ter Cast and Siltstone-Dominated Facies in the lower part
of member 2 is also evidence for deposition in the prox-
imal areas of a deltaic system where accumulation rates
are highest and instability features are most abundant.
Gravity-flow deposits are rare in upper member 2 and
absent in member 3, the most distal deposits in this trans-
gressive sequence.

The relationship of the Sandstone-Dominated Facies
to the other two facies is more difficult to establish. This
facies is not stratigraphically related in a systematic man-
ner to shoreline deposits, as are the other two facies;
however, it was deposited above storm wave base, as
evidenced by abundant wave-ripple lamination and hum-
mocky cross-stratified beds. Interestingly, many exam-
ples of the Sandstone-Dominated Facies are found di-
rectly above gravity-flow deposits. Myrow and Hiscott
(1991) describe debrite and slide deposits that are man-
tled by hummocky cross-stratified sandstone which was
deposited shortly after mass movement. In these cases,
sediment failure was presumably due to cyclic wave load-
ing associated with storms, possibly as a result of a low-
ering in relative sea level which changed wave intensity
across the inner shelf. Those packages of the Sandstone-
Dominated Facies associated with gravity-flow deposits
likely result, therefore, from increased sand supply during
base-level lowering. The abundance of hummocky cross-
stratification and amalgamated bedding would reflect in-
creased storm activity associated with these periods of
lowered relative sea level.

However, many examples of the Sandstone-Dominat-
ed Facies are gradational with the Siltstone-Dominated
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FiG. 16.—Comparison of standard tempestite model versus proposed model for member 2. The spatial distribution of facies in each model is
illustrated with onshore-offshore profiles and associated qualitative changes in bed thickness and degree of sediment bypass (throughput/deposition
ratio) are plotted above each profile. Proximality trends in the standard model A) include constantly decreasing bed thickness away from the
shoreline with a shift from SCS sandstones to HCS sandstones to distal turbiditelike beds. The model for member 2 B) shows a bed-thickness
trend that first increases then decreases away from the shoreline. The proximal setting is one of bypass with erosion the dominant process during
storms (many gutter casts). Passing seaward, gutter casts die out and bed thickness increases. Rare HCS is formed in the thicker sandstone beds
farther out on the shelf. Below storm wave base (SWB) distal tempestites are turbiditelike in character (member 3). The shelf gradient for both

models is shown to be the same simply for convenience.

Facies and are not associated with gravity-flow deposits.
It is particularly important to note that most of the thick
hummocky cross-stratified beds associated with this fa-
cies are found in the top 3040 m of member 2 at the
transition into member 3, the thinly laminated siltstones
deposited below storm wave base (Myrow 1987; Myrow
et al. 1988). This stratigraphic position suggests that the
Sandstone-Dominated Facies was in this case deposited
in deeper shelf areas than the Siltstone-Dominated Facies,
but above storm wave base. The absence of thin con-
glomerate beds and quartzose sandstones supports this
interpretation.

FACIES MODEL AND PROXIMALITY TRENDS

The shoreline to offshore model for member 2 of the
Chapel Island Formation (Fig. 16B) differs substantially
from models for storm-dominated shelves with sandy
coastlines described in the literature, which feature thick,
often amalgamated, sandstone beds (swaley cross-strati-
fication) nearshore and progressively thinner sandstone
beds (hummaoacky cross-stratification and distal tempes-
tites) offshore (Brenchley et al. 1979; Aigner 1982, 1985;
Allen 1984; Walker 1984; Brenchley 1985; Pederson 1985;
Handford 1986) (Fig. 16A). Instead, the shallow subtidal

for member 2 was dominated by fine-grained sediments
and was a zone of throughput with high-velocity, sedi-
ment-laden flows eroding deep narrow scours (gutter casts).
Gutter casts are strongly aligned northeast-southwest (Fig.
10), perpendicular to shore, as they are in most ancient
deposits (Myrow, unpublished data). Very little sand was
deposited outside these scours: most of the sediment by-
passed the very shallow subtidal zone and was deposited
in deeper water. As storm-generated flows moved into
deeper water they started to decelerate, resulting in less
significant erosion of the sea floor and increased depo-
sition, to form more continuous and regular beds (Silt-
stone-Dominated Facies). At some distance from shore,
bed thickness reached a maximum (Sandstone-Domi-
nated Facies), and even farther seaward bed thickness
decreased again. The most distal tempestites, deposited
below storm wave base, are represented by member 3.
Current-generating driving forces associated with storm
systems (due to superelevation of the sea surface at the
shoreline) decrease in intensity seaward (see reviews of
storm deposition by Walker 1984; Brenchley 1985; Mor-
ton 1988), and as a result all modern and ancient storm
deposits thin distally in mid to outer shelf areas (Howard
and Reineck 1981; Kreisa 1981; Aigner 1982, 1985; How-
ard and Nelson 1982; Walker 1984; Pederson 1985;



BYPASS-ZONE TEMPESTITE MODEL AND PROXIMALITY TRENDS

Handford 1986; Decelles 1987). In a storm depositional
system characterized by shoreline bypass, such as pro-
posed for member 2 of the Chapel Island Formation,
tempestite bed thickness would first increase then de-
crease distally across the shelf, as illustrated in Figure
16B.

Implicit in this model is the idea that variation in bed
thickness within any stratigraphic section reflects both
distance from shoreline and variation in intensity of the
depositing storms. Differences in storm intensity are re-
flected in the variance in bed thickness within a facies.
For instance, a few medium sandstone beds punctuate
the thin-bedded Siltstone-Dominated Facies and very thin
and thin beds of sandstone are found within the Sand-
stone-Dominated Facies. The distinctive mean bed thick-
nesses of the various facies, however, indicate that de-
position was controlled by an overall onshore-offshore
gradient in the effects of storms. Extreme events merely
superimposed “noise” on this signature.

Studies of the storm-dominated muddy inner shelf of
the Beaufort Sea (Hill and Nadeau 1989) and of a storm
bed deposited by Cyclone Winifred between the Great
Barrier Reef and the Australian shoreline (Gagan et al.
1988) both show patterns of bed thickness and grain size
similar to those of the model in Figure 16B. These authors
consider the distributions of thickness and grain size to
be solely a function of in situ resuspension of ambient
sediment. In the case of the Beaufort Sea, resuspension
and sand abundance is at a maximum 11-17 km from
shore, and fines are transported shoreward, creating the
grain size and bed thickness pattern. In the Australian
example, the variation in thickness and other textural
parameters of the storm deposit simply reflects the dis-
tribution of sediment prior to the storm. Neither of these
models is appropriate for the Chapel Island Formation
deposits, however, because 1) a wide range of paleocur-
rent features, including gutter-cast orientation, suggest
strong offshore-directed transport; and 2) the sediment in
the storm beds is coarser than the coarsest fraction in the
intervening siltstone beds, ruling out resuspension and
settling as a mechanism for deposition of the sandstone
beds.

Brief reference has been made in a few studies of ancient
deposits to shallow-water zones of sediment bypassing.
Kidwell (1989) describes shell deposits associated with a
shallow-water zone of sediment bypass from Miocene
deposits from Maryland. Leckie et al. (1990) describe a
transgressive sequence of organic-rich Cretaceous-age
shales in which the lowest marine facies indicate detrital
sediment bypass and starvation. The stratigraphic posi-
tion of their facies directly above a transgressive con-
glomeratic lag (resting on an erosional marine flooding
surface) indicates deposition in a paleobathymetric po-
sition similar to that of the Gutter Cast Facies of the
Chapel Island Formation.

Sand Source in the Deltaic Setting

The model for tempestite sedimentation described
above (Fig. 16B) is compatible with the deltaic model of
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sedimentation inferred for member 2 (Myrow et al. 1988;
Myrow and Hiscott 1991). Sandstone beds with the char-
acteristics of turbidites have been described from a num-
ber of ancient deltaic deposits (McBride etal. 1975; Walk-
er 1969; Horowitz 1966), and storm-generated sand beds
with Bouma sequences have been described from the Yu-
kon River Delta in Norton Sound, Alaska, a shallow em-
bayment of the Bering Sea (Nelson 1982; Howard and
Nelson 1982).

One fundamental question concerning deposition of
tempestites in member 2 is the source of the sand. Un-
certainty results from lack of lateral facies control: the
ancient paleoshore for upper member 2 and all of member
3 are southwest of the available outcrops, either entirely
removed by later erosion or under the present Atlantic
Ocean (Fig. 1). As emphasized earlier, sand-filled gutter
casts in the nearshore zone and paleocurrent data from
all facies suggest that the sand was transported seaward
from the adjacent coast. There is no evidence for lateral
sand input from adjacent parts of the shelf. Three alter-
natives are outlined below for sources of sand.

Alternative 1.— The shoreline deposits in the upper part
of member | and lower member 2 contain no evidence
for beaches but instead represent heterogeneous (mixed)
tidal flats that presumably flanked the delta (Myrow 1987;
Myrow et al. 1988). The tidal flat sediments in the lower
portion of member 2 consist of thin- to medium-bedded
sandstone, siltstone, and shale. The sandier facies in these
deposits contain abundant scours and erosional surfaces
which indicate frequent erosion. These are the most likely
source for the storm sands of members 2 and 3.

Alternative 2.—There may have been one or more
nearby narrow delta distributary channels cutting through
the intertidal flats. During storms, wave action may have
carried distributary mouth sands offshore to fill gutter
casts cut into nearshore muds and to supply sand to the
shelf. One 13-m-thick shoaling channel sequence is found
in a package of tidal-flat deposits in lower member 2 (see
Myrow et al. 1988; Stop 2E), lending some credence to
this hypothesis.

Alternative 3,—River flood underflows may have dis-
charged directly into the shallow marine environment at
high velocities to form a nearshore zone of erosion and
throughput. Periodic high rainfall in a nonvegetated land-
scape, in association with powerful storm wave activity,
would explain the overall style of bedding and the strat-
ification styles of storm beds.

The question of sand source may never be adequately
resolved. Nevertheless, the model of Figure 16B is clearly
established from vertically continuous outcrop data and
represents a significant, albeit partly incomplete (i.e., sand
source), alternative model for coastal to inner-shelf, storm-
dominated sedimentation.

ACKNOWLEDGMENTS

This paper is based on part of a Ph.D. thesis completed
under the supervision of R. Hiscott, who provided much
help and guidance. The research was supported by an
operating grant to R. Hiscott from the Natural Sciences



114

and Engineering Research Council of Canada. The author
would like to thank D. Leckie, L. Krystinik, and J. Sou-
thard for constructive comments on earlier versions of
this manuscript. Thanks to P. Brenchley, G. Plint and D.
Cant for reviewing this paper and suggesting many im-
provements.

REFERENCES

AIGNER, T., 1982, Calcareous tempestites: storm dominated stratifica-
tion in Upper Mushelkalk Limestones (Middle Trias, SW Germany),
in Einsele, G. and Seilacher, A_, eds., Cyclic and Event Stratification:
Berlin, Springer-Verlag, p. 180-198.

AIGNER, T., 1985, Storm Depositional Systems: Lecture Notes in Earth
Sciences, Volume 3: New York, Springer-Verlag, 174 p.

AIGNER, T., AND REINECK, H-E., 1982, Proximality trends in modern
storm sands from the Helgoland Bight (North Sea) and their impli-
cations for basin analysis: Senckenbergiana Maritima, v. 14, p. 185-
215.

ALLEN, J.R.L., 1984, Sedimentary structures: their character and phys-
ical basis: Developments in Sedimentology No. 30, Parts 1 and 2,
Amsterdam, Elsevier, 1258 p.

ALLEN, P.A., 1981, Wave-generated structures in the Devonian lacus-
trine sediments of SE Shetland, and ancient wave conditions: Sedi-
mentology, v. 28, p. 369-379.

ANDERTON, R., 1976, Tidal shelf sedimentation: an example from the
Scottish Dalradian: Sedimentology, v. 23, p. 429458,

ARNOTT, R.W. AND SouTHARD, J.B., 1990, Exploratory flow-duct ex-
periments on combined-flow bed configurations, and some implica-
tions for interpreting storm-event stratification: Journal of Sedimen-
tary Petrology, v. 60, p. 211-219.

BENGSTON, S., AND FLETCHER, T.P., 1983, The oldest sequence of skel-
etal fossils in the Lower Cambrian of southeastern Newfoundland:
Canadian Journal of Earth Sciences, v. 20, p. 526-536.

BoEersMa, J.R., 1970, Distinguishing features of wave-ripple cross-strat-
ification and morphology [unpubl. Ph.D. thesis]: University of Utrecht,
65 p.

BrENCHLEY, PJ., 1985, Storm influenced sandstone beds: Modern Ge-
ology, v. 9, p. 369-396.

BRENCHLEY, P.J., NEWELL, G., AND STANISTREET, L.G., 1979, A storm
surge origin for sandstone beds in an epicontinental platform se-
quence, Ordovician, Norway: Sedimentary Geology, v. 22, p. 185-
217.

BRENNER, R.L. AND Davies, DK, 1973, Storm-generated coquinoid
sandstone: genesis of high-energy marine sediments from the Upper
Jurassic of Wyoming and Montana: Geological Society of America
Bulletin, v. 84, p. 1685-1698.

CRAFT, J.H., AND BRIDGE, J.S., 1987, Shallow-marine sedimentary pro-
cesses in the Late Devonian Catskill Sea, New York State: Geological
Society of America Bulletin, v. 98, p. 338-355.

CriMEs, T.P., AND ANDERSON, M.M., 1985, Trace fossils from late Pre-
cambrian-Early Cambrian strata of southeastern Newfoundland
{Canada): temporal and envirocnmental implications: Journal of Pa-
leontolgy, v. 59, p. 310-343.

Davis, R.A,, Jr., 1977, Principles of Oceanography: Reading, MA, Ad-
dison-Wesley Publishing, 505 p.

DEecELLEs, P.G., 1987, Variable preservation of Middle Tertiary, coarse-
grained nearshore to outer-shelf storm deposits in southern California:
Journal of Sedimentary Petrology, v. 57, p. 250-264.

De Raar, J.F.M., BoErRsMA, J.R., AND GELDER, A. VAN, 1977, Wave-
generated structures and sequences from a shallow marine succession,
Lower Carboniferous, County Cork, Ireland: Sedimentology, v. 4, p.
1-52.

Dotr, R.H., JrR., AND BourGEoOIs, J., 1982, Hummocky stratification:
significance of its variable bedding sequences: Geological Society of
America Bulletin, v. 93, p. 663-680.

Dukk, W.L., 1985, Hummocky cross-stratification, tropical hurricanes,
and intense winter storms: Sedimentology, v. 32, p. 167-194.

Dukg, W.L., 1990, Geostrophic circulation or shallow marine turbidity
currents? The dilemma of paleoflow patterns in storm-influenced pro-

PAUL M. MYROW

grading shoreline systems: Journal of Sedimentary Petrology, v. 60,
p. 870-883.

Gapow, S., AND REINECK, H.E., 1969, Ablandiger Sandstransporten bei
Sturmfluten: Senckenbergiana Maritima, v. 1, p. 63-78.

Gacan, M.K., Jounson, D.P., aANp CARTER, R. M., 1988, The Cyclone
Winifred storm bed, central Great Barrier Reef shelf, Australia: Jour-
nal of Sedimentary Petrology, v. 58, p. 845-856.

GREENWOOD, B., AND SHERMAN, D.J., 1986, Hummocky cross-strati-
fication in the surf zone: flow parameters and bedding genesis: Sed-
imentology, v. 33, p. 3345.

HaMBLIN, A., AND WALKER, R.G., 1979, Storm-dominated shallow ma-
rine deposits: the Fernie-Kootenay (Jurassic) transition, southern Rocky
Mountains: Canadian Journal of Earth Sciences, v. 16, p. 1673-1690.

Hanprorp, C.R., 1986, Facies and bedding sequences in shelf-storm-
deposited carbonates— Fayetteville Shale and Pitkin Limestone (Mis-
sissippian), Arkansas: Journal of Sedimentary Petrology, v. 56, no.
1, p. 123-137.

HarMms, J.C., SOUTHARD, J.B., SPEARING, D.R., AND WALKER, R.G.,
1975, Deposttional environments as interpreted from primary sedi-
mentary structures and stratification sequences: SEPM Short Course
Notes No. 2, 161 p.

HARMS, J.C., SOUTHARD, J.B., AND WALKER, R.G., 1982, Structures and
sequences in clastic rocks: SEPM Short Course Notes No. 9, 249 p.

HiLw, P.R., anD NaDEAU, O.C., 1989, Storm-dominated sedimentation
on the inner shelf of the Canadian Beaufort Sea: Journal of Sedi-
mentary Petrology, v. 59, p. 455-468.

Horowrrz, D.H., 1966, Evidence for deltaic origin of an Upper Or-
dovician sequence in the central Appalachians, in Shirley, M.L., ed.,
Deltas: Houston Geological Society, p. 159-169.

Howarp, J.D., AND NELson, C.H., 1982, Sedimentary structures on a
delta-influenced shallow shelf, Norton Sound, Alaska, in Nelson, C.H.
and Nio, 8.D., eds., The Northeastern Bering Shelf: New Perspectives
of Epicontinental Shelf Processes and Depositional Processes: Geo-
logie en Mijnbouw, v. 61, p. 29-36.

Howarp, J.D., AND REINECK, H.E., 1981, Depositional facies of high-
energy beach-to-offshore sequence: comparison with low-energy se-
quence: A.A.P.G. Bulletin, v. 65, p. 807-830.

KAzMIERCZAK, J., AND GOLDRING, R., 1978, Subtidal flat-pebble con-
glomerate from the Upper Devonian of Poland: a multiprovenant
high-energy product: Geological Magazine, v. 115, p. 359-366.

KipweLL, S., 1989, Stratigraphic condensation of marine transgressive
records: origin of major shell deposits in the Miocene of Maryland:
Journal of Geology, v. 97, p. 1-24.

KRremsa, R.D., 1981, Storm-generated sedimentary structures in subtidal
marine facies with examples from Middle and Upper Ordovician of
southwestern Virgina: Journal of Sedimentary Petrology, v. 51, p.
823-848.

LANDING, E., MYrOw, P.M., BENus, A., AND NARBONNE, G.M., 1989,
The Placentian Series: appearance of the oldest skeletalized faunas in
southeastern Newfoundland: Journal of Paleontology, v. 63, no. 6,
p-739-769.

LANDING, E., NARBONNE, G., AND MYROW, P., EDS., 1988, Trace fossils,
small shelly fossils, and the Precambrian—-Cambrian boundary: New
York State Museum Butlletin 463, The University of the State of New
York, The State Education Department, Albany, NY, 98 p.

Leckig, D.A., 1988, Wave-formed, coarse-grained ripples and their re-
lationship to hummocky cross-stratification: Journal of Sedimentary
Petrology, v. 58, no. 4, p. 607-622.

LEeckig, D.A,, SINGH, C., Gooparz, F., AND WarL, J.H., 1990, Organic-
rich, radioactive marine shale: a case study of a shallow-water con-
densed section, Cretaceous Shaftsbury Formation, Alberta, Canada:
Journal of Sedimentary Petrology, v. 60, p. 101-117.

Leckig, D.A., anp KrysTINIK, L.F., 1989, Is there evidence for geo-
strophic currents preserved in the sedimentary record of inner to
middle-shelf deposits?: Journal of Sedimentary Petrology, v. 59, p.
862-870.

LeveLL, B.K., 1980, Evidence for currents associated with waves in Late
Precambrian shelf deposits from Finmark, North Norway: Sedimen-
tology, v. 27, p. 153-166.

McBriDE, E.F., WEIDIE, A E., AND WOLLEBEN, J.A., 1975, Deltaic and
associated deposits of Difunta Group (Late Cretaceous to Palaeocene),
Parras and La Popa Basins, northeastern Mexico, in Broussard, M.L.,



BYPASS-ZONE TEMPESTITE MODEL AND PROXIMALITY TRENDS

ed., Deltas: Models for Exploration, Houston Geological Society, p.
485-522,

MorToN, R.A., 1988, Formation of storm deposits by wind-forced
currents in the Gulf of Mexico and North Sea, in Nio, S.D., Shutten-
helm, R.T.E., and van Weering, T.C.E., eds., Holocene Marine Sed-
imentation in the North Sea Basin: Special Publication of the Inter-
national Association of Sedimentologists, v. 5, p. 385-396.

Myrow, P.M., 1987, Sedimentology and depositional history of the
Chapel Island Formation [Late Precambrian~Early Cambrian], south-
cast Newfoundland {unpublished Ph.D. thesis]: St. John’s, Newfound-
land, Memorial University of Newfoundland, 512 p.

Myrow, P.M., anp HiscotT, R.N., 1991, Shallow-water gravity-flow
deposits, Chapel Island Formation, southeast Newfoundland, Can-
ada: Sedimentology, v. 38, no. 6, in press.

Myrow, P.M., AND SOUTHARD, J.B., 1991, Combined-flow model for
vertical stratification sequences in shallow marine storm-deposited
beds: Journal of Sedimentary Petrology, v. 61, p. 202-210.

Myrow, P.M., NarRBONNE, G.M., aND HiscotT, R.N., 1988, Storm-
shelf and tidal deposits of the Chapel Island and Random formations,
Burin Peninsula: facies and trace fossils, in Davenport, P.H., Hiscott,
R.N., O'Neill, P.P., and Nolan, L. W, eds., Geological Association
of Canada Annual Meeting, Field Trip Guidebook, Trip B6, 108 p.

NARBONNE, G.M., Myrow, P.M., LANDING, E., AND ANDERSON, M.M.,
1987, A candidate stratotype for the Precambrian-Cambrian bound-
ary, Fortune Head, Burin Peninsula, Southeastern Newfoundland:
Canadian Journal of Earth Sciences, v. 24, p. 1277-1293.

NEeLson, C.H., 1982, Modern shallow-water graded sand layers from
storm surges, Bering shelf: a mimic of Bouma sequences and turbidite
systems: Journal of Sedimentary Petrology, v. 52, p. 537-545.

NOTTVEDT, A., AND KREISA, R.D., 1987, Model for the combined-flow
origin of hummocky cross-stratification: Geology, v. 15, p. 357-361.

PepERSON, G.K., 1985, Thin, fine-grained storm layers in a muddy shelf
sequence: an example from the Lower Jurassic in the Stenlille 1 well,
Denmark: Journal of the Geological Society of London, v. 142, p.
357-374.

PrioR, D.B., YANG, Z.-S., BorNHOLD, B.D., KeL1ErR, G.H., Lu, N.Z,
WisEMAN, W.]., Jr., WRIGHT, L.D., AND ZHANG, J., 1986, Active

115

slope failure, sediment collapse, and silt flows on the modern sub-
agqueous Huanghe (Yellow River) Delta: Geomarine Letters, v. 6, p.
85-95.

REmECK, H-E., AND SINGH, 1.B., 1972, Genesis of laminated sand and
graded rhythmites in storm-sand layers of shelf mud: Sedimentology,
v. 18, p. 123-128.

ROEHL, P.O., 1967, Stony Mountain (Ordovician) and Interlake (Silu-
rian) facies analogs of recent low-energy marine and subaerial car-
bonates, Bahamas: A.A.P.G. Bulletin, v. 51, p. 1979-2023.

SANDERSON, D., AND DoNovaNn, R.N., 1974, The vertical packing of
shells and stones on some recent beaches: Journal of Sedimentary
Petrology, v. 44, p. 680-688.

SOEGAARD, K., AND ERIKssON, K.A., 1985, Evidence of tide, storm, and
wave interaction on a Precambrian siliciclastic shelf: the 1700 M.Y.
Ortega Group, New Mexico: Journal of Sedimentary Petrology, v. 55,
p. 672-684.

SOUTHARD, J.B., LAMBIE, J.M., FEDERICO, D.C., PILE, H.T., AND WEID-
man, C.R., 1990, Experiments on bed configurations in fine sands
under bidirectional purely oscillatory flow, and the origin of hum-
mocky cross-stratification: Journal of Sedimentary Petrology, v. 60,
p. 1-17.

SurLYK, F., AND NOE-NYGAARD, N., 1986, Hummocky cross-stratifi-
cation from the Lower Jurassic Hasle Formation of Vornholm, Den-
mark: Sedimentary Geology, v. 46, p. 259-273.

Swirt, D.J.P., FIGUEIREDO, A.G., FREELAND, G.L., AND OErTAL, G.F,,
1983, Hummocky cross-stratification and megaripples: a geological
double standard?: Journal of Sedimentary Petrology, v. 53, p. 1295-
1317.

WALKER, R.G., 1969, The juxtaposition of turbidite and shallow-water
sediments—study of a regressive sequence in the Pennsylvanian of
North Devon, England: Journal of Geology, v. 77, p. 125-143.

WAaLKER, R.G., 1984, Shelf and shallow marine sands, in Walker,
R.G., ed., Facies Models: Geoscience Canada, Reprint Series 1, p.
141-170.

WiLLiaMs, H., AND HATCHER, R.D., 1983, Appalachian suspect ter-
raines: Geological Society of America Memoir 158, p. 33-53.



