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ABSTRACT

Twenty-two numerical experiments using
a multi-layer, numerical model of turbulent
flow in shallow seas better define fluid circu-
lation and sediment transport paths in the
Cretaceous Interior Seaway of North Amer-
ica. Each experiment consists of a different
combination of paleogeography, paleo-
bathymetry, Coriolis acceleration, boundary
tidal amplitudes, wind stresses, and bed fric-
tion. The paleogeographies and paleobathym-
etries represent three seaway configurations:
a seaway of intermediate size and depth (200
m) during a transgressive peak (T5) in late
Albian time; a seaway of maximum size and
depth (400 m) during peak transgression (T6)
in early Turonian time; and a seaway of min-
imum size and depth (100 m) during a peak
regression (R8) in the Campanian. Values for
the other key model parameters are: M; co-
oscillating boundary tides of 0.1 to 0.2 m
range at the Arctic Ocean boundary and 0.5
to 1 m range at the proto-Gulf of Mexico
boundary; Coriolis accelerations correspond-
ing to 30°N, 45°N, and 60°N latitude; Chezy
friction factors ranging from 31 to 70 m*% s-1;
and average winter winds and two winter
storms computed by the community climate
model at the National Center for Atmospheric
Research for paleogeographic conditions dur-
ing the Iate Albian. Results of the numerical
experiments, and comparison of these results
with geologic observations, allow the follow-
ing conclusions. (1) Circulation in the seaway
was generally storm-dominated. (2) Typical
winter storms crossing the seaway from west
to east generated 0.3 m s~! shore-parallel,
geostrophic currents on the shelves north of
Arizona, at first flowing weakly to the north,
but later during the storm, flowing strongly
to the south. (3) Extreme storms could have
produced 0.8 m s~! currents over the shelves,
and 0.3 m s™! currents in 200 m of water.
(4) Co-oscillating tides propagated into the
seaway as progressive Kelvin waves, and

therefore tidal ranges in the seaway were
mesotidal to macrotidal along the southeast-
ern margin but microtidal everywhere else.
(5) Significant deep-water wave heights and
periods of the fully developed wave field are
predicted to have been 5 to 6 m high and 10 s,
respectively. The northwestern shore of the
seaway would have experienced these storm
waves approaching from the north, and thus
net sediment drift should have been to the
south. Limited available field data support
these conclusions.

INTRODUCTION

The Cretaceous Interior Seaway of North
America was a large, epicontinental sea which
flooded a foreland basin east of the Cordilleran
thrust belt. From late Albian time through the
remainder of the Cretaceous, the seaway con-
nected the proto-Guif of Mexico with the Cre-
taceous Arctic Ocean, attaining a maximum
width of more than 1,000 km. Fluctuations in
eustatic, tectonic, and climatic conditions of the
seaway caused key oceanographic parameters
(paleogeography, paleobathymetry, stratifica-
tion, wind stresses, and boundary tides) to vary
widely throughout the seaway’s history. These
fluctuations, in turn, must have caused varia-
tions in its circulation and sediment-transport
regimes, but these are very poorly known. In the
absence of modern analogues, geologists have
used a number of approaches to determine the
circulation of the seaway, including oxygen- and
carbon-isotope studies to infer density stratifica-
tion and resulting circulation (Wright, 1987),
numerical modeling of tidal circulation (Slater,
1985), qualitative predictions of current patterns
from inferred climatic conditions (Parrish and
Curtis, 1982; Lloyd, 1982), characterizations of
the paleoceanography from the distribution of
paleobiogeographic units (Kauffman, 1984),
numerical modeling of wind-driven flows over a
portion of the Campanian shelf (Parrish and
others, 1984), and empirical modeling derived
from the distributions of lithofacies and meas-
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urement of paleocurrent indicators. Although
these have been helpful, the qualitative studies
often failed to consider physical controls exerted
by the key oceanographic parameters, and the
more physically based studies, such as those by
Slater (1985) and Parrish and others (1984),
treated only certain aspects of the circulation.
Disagreements still persist, for example, on the
influence of tides in the basin. Klein and Ryer
(1978) concluded that the Cretaceous Interior
Seaway had normal astronomical tides, and
Ryer and Kauffman (1980) postulated that tidal
range increased northward in the seaway along
the western shoreline, reaching mesotidal levels
as far north as southern Alberta. On the other
hand, Leckic and Walker (1982) and Slater
(1985) suggested that the seaway was generally
microtidal. There are also differing opinions on
what processes generated the shelf sand ridges in
the seaway. A minority maintains that tides may
have been important (for example, Leckie,
1986), whereas most believe that the ridges were
emplaced by storm-generated currents (for ex-
ample, Spearing, 1976; Boyles and Scott, 1982b;
Swift and Rice, 1984; Swift and others, 1987).
Numerical modeling is an effective means of
shedding light on the tidal and wind-driven cir-
culation of this seaway, and epeiric seas in
general. Two major achievements in the past
decade make such modeling feasible and timely.
First, hydrodynamic models have been devel-
oped and calibrated that are capable of accu-
rately simulating the three-dimensional circula-
tion of complex, nonhomogeneous bodies of
water driven by both tides and winds (Leen-
dertse and Liu, 1977, 1979; Nihoul, 1982;
Heaps, 1987). Slater (1985), Slingerland (1986),
and Ericksen and others (1989) presented initial
studies applying such models to ancient systems.
Second, atmospheric general-circulation models
have developed to the stage where they can be
applied to study atmospheric circulation for dif-
ferent paleogeographies (Barron, 1985). Indeed,
Barron and co-workers (1982, 1984, 1985) have
completed several climatic experiments for the
Cretaceous, and their results indicate that paleo-
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Figure 1. The layered struc-
ture of the model and relative

2., b Ay position of variables. Fluid ve-
/ o
5 / locities are calculated at face-
" Ax > centered positions; the other
dependent variables are calcu-
lated at cell centers (from Leen-
dertse and others, 1973).
TABLE 1. HYDRODYNAMIC EQUATIONS FOR CIRCULATION IN EPEIRIC SEAS
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geography and topography are important factors
governing the character of atmospheric circula-
tion and, thus, ocean circulation. These Creta-
ceous climate experiments provide a unique
opportunity to simulate circulation in the Cre-
taceous Interior Seaway with an atmospheric
forcing consistent with Cretaceous paleogeog-

raphy. The purpose of this study is to define
potential circulation and sediment dispersal pat-
terns in the Cretaceous Interior Seaway of North
America using a multilayer three-dimensional
hydrodynamic model of shallow seas. We pre-
sent here a series of computer sensitivity
experiments in which paleogeography, paleo-

TABLE 2. VARIABLE DEFINITIONS AND
UNITS IN THE MODEL

XYz = Cartesian di positive d hward, and
upward (cm)

wv,w = respective components of velocity (cm/s)

t = time (s)

f = Coriolis parameter (s!)

p = pressure (dynes/cm?)

s = salinity (3/kg)

T = temperature (°C)

2,0, = density of water (g/cm>), air (1.226 x 10-3 g/cm)

] = reference density, a consiant (g/cm’)

I8 = departure from 5 depending on salinity and temperature

x = vertical mass diffusion coefficient

I's = vertical thermal diffusion coefficient

XX, TXY, TYX, TYY, TXZ, TYZ = components of the stress tensor (dynes/cm?)

D, Dy = horizontal diffusion coefficients

e Ty = wind stress (dynes/cm?2)

o, rby = bed stress (dynes/cm?)

Wy = wind speed (cm/s)

v = angle between wind direction and y axis (degrees)
Cc* = wind drag coefficient

c = Chezy coefficient (cm¥s~1)

bathymetry, boundary tidal amplitudes, and
wind stresses are varied systematically to ana-
lyze their effects on circulation. The results of
the experiments are hypothetical reconstructions
of circulation in the seaway that can be com-
pared with geological observations, thus enhanc-
ing our understanding of the hydrodynamic and
atmospheric systems that existed in Cretaceous
time.

THE MODEL

The circulation model, modified from Leen-
dertse and others (1973, 1975, 1977, 1979) and
Liu and Nelson (1977), describes three-dimen-
sional turbulent flow in estuaries and coastal
seas. The basic hydrodynamic equations are
written for an incompressible fluid on a rotating
Earth in Cartesian coordinates with the z-axis
directed positive upward (Fig. 1; Table 1; see
Table 2 for variable definitions). The first three
equations in Table 1 are simplified forms of the
Navier-Stokes equations for fluid flow, derived
under the following assumptions: (1) the effects
of turbulence are included by relating turbulent
stresses to mean velocity gradients through an
eddy viscosity term; (2) the effects of the Earth’s
rotation are expressed by a constant Coriolis pa-
rameter, f, chosen for a point near the center of
the computation field at 45°N (f-plane approx-
imation); (3) vertical motions are dominated by
the force of gravity, simplifying the general law
of motion in the vertical direction to the hydro-
static approximation; (4) atmospheric pressure
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gradients are small relative to wind stresses and
are not included; (5) the Boussinesq approxima-
tion is appropriate; and last, (6) the independent
tidal forces on the basin waters are not included.
The equation of motion in the z direction (Table
1) is a simplified form of the equation of conti-
nuity that assumes the fluid is incompressible, a
valid assumption in shallow seas.

Three-dimensional flow structure is simulated
by dividing the water column into layers and
integrating the system of equations in Table 1
over the height of each layer (Fig. 1), a simplifi-
cation that greatly reduces computational re-
quirements. The layers are coupled at their
surfaces of contact by assuming that the fluid
shear stresses above and below a surface are
equal (Leendertse, 1977). Vertical eddy viscosity
terms and mass exchange coefficients are com-
plex functions of the sub-grid-scale turbulence
energy density. A novel feature of the model is
that the turbulence energy is generated by inter-
layer shear and bottom friction, transported like
a passive constituent (through an equation sim-
ilar to the salt equation in Table 1), and dissi-
pated by molecular forces, thereby allowing for
dynamic calculation of eddy viscosities. Hori-
zontal mass and momentum exchanges are a
function of local horizontal velocity gradients.
The equation set is transformed into a finite dif-
ference scheme written for a space-staggered
grid and is solved implicitly for all variables ex-
cept the vertical velocity and the horizontal pres-
sure gradients, which are solved explicitly.

Boundary conditions of the circulation model
include wind stress at each surface node and
water-surface elevations or discharges through
time at open boundaries (Table 1). Velocities
normal to land along the shoreline are set equal
to zero. Initial conditions specified by the user
include bathymetry, basin shape, boundary
tides, wind speed and direction, current inflows
or outflows, water temperature and salinity,
and a bed friction factor. Output from the model
consists of fluid velocities in three dimensions
(u, v, and w components), temperature and sa-
linity, water-surface elevations, tidal ranges, and
residual circulation velocities.

The circulation model has been extensively
tested (Leendertse and Liu, 1977, 1979) and, for
example, reproduces well the three-dimensional
flow characteristics of Bristol Bay, a complex,
nonhomogenous body of water characterized by
strong tidal and wind forcing.

APPLICATION OF THE MODEL

The Cretaceous Interior Seaway connected
the proto—Gulf of Mexico and the Arctic Ocean
for ~40 m.y.; during this time, wide variations in
several key oceanographic parameters occurred
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TABLE 3. BOUNDARY AND INITIAL CONDITIONS FOR NUMERICAL EXPERIMENTS OF CIRCULATION IN THE SEAWAY

Experiment Basin* Tidest Wind Latitude Figures
1 Al 20/50 45°N
2 Alb 20/50 60°N
3 Alb 10/50 45°N 4
4 Alb 10750 45°N -
5 Alb-TC 10/50 i 45°N .
6 Alb . Winter avg. 45°N 6
7 Alb Winter avg. 3°N o
8 Alb Winter avg. 60°N .
9 Alb . Storm type I 45°N 8-12
10 Alb 10/50 Storm type I 45°N 13
11 Alb .- Storm type H 45°N -
12 Tur 20/50 i 45°N
13 Tur** 20/50 45°N .
14 Tur 10/50 45°N 45
15 Tur-TC 10/50 45°N i
16 Tur 10/100 45°N
17 Tur 10/50 30°N
18 Turtt 10750 - 45°N
19 Tur . Winter avg. 45°N .
20 Camp 10/50 o 45°N 4
21 Camp 10/50 - 30°N o
22 Camp - Winter avg. 45°N

*Alb = late Albian seaway/ Tur = early Turonian seaway/ Camp = Campanian seaway. TC = basins where

1North/south boundary tidal ranges in centimeters.

SChezy factor = 31 m%L.

**Water depth at south entrance to seaway is 200 m.

water depths along eastern margin of seaway are 50 m and 25 m.

ic feature.

l arch is p

(Kauffman, 1984). Our 22 experiments (Table
3) attempt to bracket these parameters in the
following manner.

Paleogeography

Although the shape of the Cretaceous Seaway
was always elongate and narrow, as is character-
istic of foreland basins, the shoreline configura-
tion varied widely as a function of sedimenta-
tion, subsidence, and sea level. Our experiments
use three different seaway configurations pro-
posed by Kauffman (1984) and Williams and
Stelk (1975) that span the range of potential
basin geometries: a scaway of intermediate size
during a transgressive peak in the late Albian
(TS of Kauffman, 1984) (Fig. 2A); a seaway of
maximum size during transgression (T6) in the
early Turonian (Fig. 2B); and a seaway of min-
imum size at the peak of regression (R8) in the
Campanian (Fig. 2C). The blocky outline in
Figure 2 reflects the finite difference grid of
70%30%6 nodes in the xyz directions with 111.2
km grid spacing in the y direction, 74.3 km spac-
ing in the x direction, and variable spacing from
25 to 300 m in the z direction.

Paleobathymetry

Numerous authors have used various tech-
niques for estimating paleobathymetry from
specific deposits. Williams and Stelk (1975) re-
ported water depths greater than 300 m for
upper Turonian deposits in Alberta and British
Columbia. Winn and others (1987) estimated
depths of 760 ft (232 m) from the Maastrichtian
Lewis Shale, whereas Asquith (1970), using cli-

noforms within the same sequence, provided
convincing arguments for water depths of 2,000
ft (610 m). From the clinoforms, Asquith (1970)
also estimated that the Lewis shelf along the
western margin of the seaway was 100 to 150
mi (161-242 km) wide, with water 200 ft (61
m) deep at the shelf edge. Eicher (1969) used
foraminifera from the Greenhorn sequence
(lower Turonian) to propose water depths of
1,640 ft (500 m), and alternatively, fluvial pa-
leoslopes to propose depths of 2,000-3,000 ft
(610-914 m). More recently, Eicher (1987)
suggested that water depths may have been 500
m if the basin relief indicated by paleodrainage
patterns in the nonmarine basal Dakota Group
did not change after the marine incursion. Esti-
mates of water depth therefore vary widely.
Only Kauffman (1977, 1985) proposed a model
for the paleobathymetry of the entire basin
(Fig. 3). This generalized model for the peak
transgressive seaway configuration of the Early
Turonian (Figs. 2B and 3) describes an asymmet-
ric bathymetric profile characterized by four
“tectono-sedimentologic” provinces: (1) a fore-
land basin and forebulge zone with water ~50
m deep; (2) an axial basin of maximum subsi-
dence and water depths of 200-500 m; (3) a
tectonic hinge zone between the foreland basin
and stable platform with water ~100 to 200 m
deep; and (4) a stable, shallow, eastern platform
of water depths less than 100 m (Kauffman,
1977, 1984, 1985).

In our experiments, we adhere to Kauffman’s
general paleobathymetric model for the entire
seaway and Asquith’s analysis for the dimen-
sions of the western shelf. Our western shelf is
~220 km wide and 50 m deep, and maximum
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Figure 2. Seaway paleogeographies and
paleobathymetries adapted from Kauffman
(1984). A. Late Albian seaway during peak
TS transgression. B. Early Turonian seaway
during peak T6 transgression. C. Early Cam-
panian seaway during peak R8 regression.

seaway depths are 100 m, 200 m, and 400 m for
the Campanian, late Albian, and Turonian
seaways, respectively (Figs. 2C, 2A, and 2B).
Depths throughout the rest of the basin are
scaled down from the maximum depth accord-
ing to Kauffman’s asymmetrical bathymetric
profile. In addition, we have included an exten-
sive carbonate bank, with water 50 m deep
across the southern entrance of the seaway dur-
ing the late Albian (Winker and Buffler, 1988;
Kauffman, 1984). Seismic profiles across the
Gulf of Mexico indicate that this extensive car-
bonate platform existed during the late Albian
but was likely drowned later in the Cretaceous
(Winker and Buffler, 1988). The width of the
shoal is consistent with Beeson’s mapping of
carbonate facies during the Albian (D. Beeson,
unpub. paleogeographic reconstructions of the
seaway).

At times, the transcontinental arch was also
an important paleobathymetric structure that in-
fluenced deposition in the seaway (Shurr, 1984).
We analyzed this influence on the late Albian

and early Turonian basins with experiments in-
corporating a bathymetric arch ~300 km wide,
with water S0 m deep, that extended southwest
from Lake Superior to the junction of Colorado,
Wyoming, and Nebraska (Table 3, experiments
S and 15).

Bed Friction

The effects of bed friction are introduced into
the model by the Chezy coefficient, C = 0.816
H'" n~1, where C is the Chezy coefficient in m*
s1, H is depth in meters, and n is Mannings n in
mY (Table 1, bed stress equation). Values of C
in shallow seas are crude approximations. Csa-
nady (1982) suggested a bottom drag coefficient
corresponding to a C of 70 m* s~!. Leendertse
and Liu (1975, 1979) used values of 65 and 70

m* s~! for simulations of the Chesapeake Bay
and Bristol Bay, respectively. For our experi-
ments, we use Chezy values of 70, 68, and 60
m* s~1 for the Turonian, late Albian, and Cam-
panian seaways, respectively. These Chezy
values correspond to a conservative value for
Mannings n of .028 (Slingerland, 1986). We
also assessed the effects of greater friction in the
seaway by completing experiments with a C of
31 m* s~! (Table 3, experiment 4).

Tides

This model does not include the effects of
independent tides in the seaway, an omission we
justify in the discussion of results below. Rather
here we investigate the M, co-oscillating tidal
waves propagating into the seaway from the
Arctic and proto-Gulf of Mexico. For the Arctic
Ocean, we use open-boundary tidal ranges of
0.1 and 0.2 m in 400 m of water, consistent with
present tidal ranges there (Coachman and Aa-
gaard, 1974; Apel, 1987).

Tidal ranges for the southern opening are
more difficult to assess because of the uncertain
bathymetry of the proto—Gulf of Mexico and the
Tethys Ocean. Tidal ranges on modern passive
margins such as the North American Atlantic
coast are typically 1 m on the outer shelf (Red-
field, 1980). Tidal ranges along the modern Gulf
Coast, however, which is severely restricted
from the open ocean by Cuba, are less than 0.25
m. During the Cretaceous, the Gulf was not as
restricted as it is today (Winker and Buffler,
1988), and thus tidal ranges at the southern
opening of the seaway were likely to have been
between the 1 and 0.25 m ranges described
above for modern outer shelves. For this re-
search, we use tidal ranges of 0.5 or 1 m for the
southern open boundary of the seaway.

Wind Stresses

Wind stresses are derived from numerical
experiments using the National Center for At-
mospheric Research (NCAR) Community Cli-
mate model (CCM) and Cretaceous paleogeog-
raphy (Barron and Washington, 1982, 1984;
Barron, 1985, 1989). The CCM is a spectral
general-circulation model of the atmosphere
containing radiation-cloudiness formulations
and precipitation-soil moisture, snow cover, and
evaporation routines. It satisfactorily simulates
many of today’s climate characteristics, includ-
ing observed temperature structure, zonal wind
patterns, pressure distribution, and winter storm
distributions (Barron, 1989). The Cretaceous
experiments consist of two types: mean annual
and seasonal. The mean annual experiments in-
corporate an average annual insolation and an
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Figure 3. Kauffman’s (1977, 1984, 1985)
bathymetric model of the Cretaceous Interior
Seaway during the early Turonian consisting
of four major tectono-sedimentologic zones:
(1) foreland basin (FB) and forebulge (FRB)
zone with water depths rarely greater than 50
m; (2) axial basin (AB) of greatest subsidence
and water depths (200-500 m); (3) hinge zone
(HZ) with water 100-200 m deep; (4) shallow
eastern platform (EP) with water depths less
than 100 m. (Modified from Kauffman, 1985.)

energy-balance ocean that does not account for
heat storage, transport, and diffusion. The sea-
sonal model accounts for changing daily insola-
tion, and ocean seasonal heat storage (Barron,
1989). The solar insolation is that produced by
present-day, Milankovitch orbital parameters.
Experiments using insolation maximized or min-
imized for summer in the Northern Hemisphere
(Thomas Glancy, 1989, personal commun.) in-
dicate that storm tracks change very little as a
function of this parameter. Atmospheric condi-
tions, or the weather, are computed by the CCM
every 12 hr.

For this study, wind fields generated by three
different Cretaceous climate simulations, each
assuming present-day levels of atmospheric
CO,, were available to us (E. J. Barron, 1989,
personal commun.): (1) a mean annual simula-
tion for the late Albian; (2) a mean annual simu-
lation for the Campanian; (3) a winter seasonal
simulation for the late Albian. We experimented
with five types of wind stresses derived from
these three simulations: average mean annual
winds for the late Albian, average mean annual
winds for the Campanian, average winter winds
for the late Albian, and two winter storms for

the late Albian. The average mean annual winds
are 100-day averages of winds computed every
12 hr during a mean annual CCM experiment.
Maximum winds are only 1 to 2 m s7!, too
small to drive circulation and sediment transport
in the seaway. The average winter winds are a
90-day average of winds computed during De-
cember, January, and February of a seasonal
CCM experiment. Maximum winds are 5 to 7m
s71, sufficiently strong and organized to drive
circulation. Using summer winds was also an
option, but summer winds are weaker and less
consistent than winter winds. In this paper,
therefore, we present results using winds gener-
ated by the winter seasonal simulation.

The Cretaceous Interior Seaway is not fully
connected in the late Albian CCM experiments;
three land grid points separate the northern and
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the southern arms of the seaway. This difference
of three grid points between a connected and
unconnected seaway, however, would likely
have no effect on the CCM-computed atmo-
spheric circulation (E. J. Barron, 1989, personal
commun.).

The U (easterly) and V (northerly) compo-
nents of wind velocity computed by the CCM
for the lowermost model level (about 0 to 70 m
above the Earth’s surface) are converted to sur-
face wind stresses that drive the hydrodynamic
model by way of the wind stress equation in
Table 1. C*, the drag coefficient, is experimen-
tally determined for wind speeds usually meas-
ured at a reference elevation of 10 m above the
surface. Typical wind profiles for the Earth’s sur-
face indicate that mean wind velocities for 70 m
above the surface differ little from velocities

Figure 4. Tidal ranges computed over one
tidal cycle for three basin configurations: A.
late Albian, B. early Turonian, and C. early
Campanian. Boundary tidal ranges are 0.1 m
at the Arctic opening and 0.5 m at the south-
ern opening. The contour interval is 20 cm.
Microtidal ranges are computed everywhere
except along the southeastern coast where
ranges are mesotidal to macrotidal.
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measured at 10 m (Gill, 1982). The CCM com-
puted wind velocities therefore are converted to
shear stresses, using standard drag coefficients in
the literature. For our experiments, we used a C*
of 1 x 1073 for wind speeds less than 10 m s~!,
and a C* of 2 x 103 for wind speeds greater
than 10 m s~! (Pond and Pickard, 1983).

Stratification

In the experiments presented in this paper, the
water column is unstratified. Although oxygen-
and carbon-isotope studies (Kauffman, 1984;
Wright, 1987; Barron and others, 1985) indicate
that at times the seaway was stratified, we be-
lieve that stratification is not critical for simula-
tions using winter winds. Along the Atlantic
shelf during the winter, the water column is un-
stratified because sea-surface temperatures de-
crease, and the more intense winter winds
increase mixing (Swift and Niederoda, 1985;
Swift and others, 1986b). We assume that this
seasonal cycle of stratification also occurred in
the Cretaceous Interior Seaway. Even if the
seaway were stratified, however, preliminary
simulations including a stably stratified water
column indicate that the results are not qualita-
tively different.

The 22 different combinations of these pa-
rameters in Table 3 encompass what we believe
are the most probable boundary and initial con-
ditions for the seaway. We simulated approxi-
mately four days of circulation in the seaway
with each of these combinations of input pa-
rameters, using an IBM 3090-600E vector com-
puter at the Cornell National Supercomputer
Facility. Each experiment required an average of
1 hr of CPU time at Cornell, or the equivalent of
1 hr with a Cray X-MP processor.

RESULTS AND DISCUSSION

All references to direction in the following
discussion are in paleo-coordinates, and the five
lakes in Canada that parallel the axis of the sea-
way (see Fig. 2) are used for location. From
north to south, these lakes are Great Bear Lake,
Great Slave Lake, Athabaska Lake, Reindeer
Lake, and Lake Winnipeg.

Tides

Tidal ranges computed in experiments 3, 14,
and 20 (Table 3) for the three different basin
configurations are presented in Figure 4. The
predicted tidal ranges for the different paleo-
geographies and bathymetries, while differing in
magnitude, all show the higher ranges along the
southeastern and northwestern coasts. The ex-
planation for this pattern is made more apparent
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Figure 5. Snapshots of the water-surface elevations (A) with respect to still water, and
surface-water (0-25 m) currents (B) in the early Turonian seaway during high tide at the open
boundaries. The contour interval is 10 cm; dashed lines are negative surface elevations.

by observing the computed water-surface eleva-
tions and surface-layer currents for the Turonian
run (Fig. 5), at the moment of high tide at the
southern entrance. Apparently the tides act as
progressive (versus standing) waves and are de-
flected to the right by Coriolis forces (in the
Northern Hemisphere). The co-oscillating tidal
waves from the south propagate up the east side
of the basin, the waves from the north propagate
down the west side, and there is limited interac-
tion between the two. These are classic Kelvin
waves, topographically trapped by the Coriolis
force along the coast (Csanady, 1982). Because
there is little interaction between the two wave
trains and little reflection of the waves off the
sides of the basin, they act as progressive waves
propagating at a speed, or celerity, C? = gH
where g is gravity and H is depth. The waves
along the east coast propagate at a speed of 22 m
s~1 corresponding to a depth of 50 m along the
eastern, shallow platform, and have a wave-
length of ~ 1,000 km (Fig. 5A). The water along
the west margin of the seaway is deeper, and
thus the wave speed is 25 m s~!, and the wave-
length is 1,100 km.

The closest modern counterpart exhibiting
this type of tidal regime is the North Sea. It is
rectangular in shape, open to the ocean along its
entire north side, broad enough that cross-basin
oscillations are eliminated, influenced by a
strong Coriolis force, and dominated by an M,
co-oscillating tide entering from the north (De-
fant, 1958). The southern end of the North Sea
is open only through the narrow Straits of

Dover, which transmit little tidal energy. The
M, tide from the Atlantic is a progressive Kelvin
wave that travels south along the western side of
the basin with as much as 3 m of amplitude,
rotates counterclockwise ‘along the (effectively)
closed southern end, is frictionally damped, and
then travels north along the eastern edge with
amplitudes of less than 0.3 m (Defant, 1958;
Nihoul, 1982).

Second-order differences among the three
simulations (Figs. 4A, 4B, and 4C) are the result
of differing paleogeographies and bathymetries.
During the late Albian, (Fig. 4A) the extensive
shoal at the southern opening of the seaway fric-
tionally damped the tidal energy entering the
seaway from the Tethys. Although reflection of
energy is also a possibility, a tidal wave traveling
in 200 to 400 km of water has a wavelength of
2,000-2,700 km, which is too great to be re-
flected by a shoal 50 m deep and 500 km long
(Koutitas, 1988). The model thus predicts co-
oscillating tidal ranges during this interval of
only 1 m north of the shoal in the United States,
and less than this north of the United States—
Canadian border (Fig. 4A). Similarly, during the
R8 regression in the Campanian, with a
maximum water depth of 100 m, the tidal wave
is largely damped by friction, and minor ranges
of 0.5 m are predicted everywhere north of the
Oklahoma embayment (Fig. 4C). On the other
hand, during the Turonian, when the shoal
probably did not exist (Kauffman, 1984;
Winker and Buffler, 1988), and when water
depths within the seaway were likely greater,
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from those proposed by Slater (1985) and Ryer
and Kauffman (1980). Slater concluded that the
independent tides, rather than co-oscillating
tides, were the dominant tides in the seaway,
even during periods when there was unrestricted
tidal communication between the proto-Gulf of
Mexico and the seaway. Slater’s most realistic
model, using a uniform depth of 200 m, yields
maximum tidal ranges of 0.9 m and maximum
currents of 0.1 m s~1. These results include the
very strong effects of basin resonance at a basin
average depth of 211 m. Any change in basin
depth away from the resonance depth dramati-
cally reduces his computed independent tidal
ranges; his computed maximum tidal ranges for
basins 100 m and 600 m deep are less than 0.1
m and 0.3 m, respectively. Our experiments, on
the other hand, indicate that the co-oscillating
tides from the north may have resulted in tidal
ranges of nearly 1 m along the northwest
shelves, and that even during times of severe
restriction in the late Albian and Campanian,
the co-oscillating tide from the south may have
resulted in larger tidal ranges along the southeast
margins (Fig. 4). During times of unrestricted
flow between the seaway and the proto-Gulf,
such as the peak T6 transgression of the early
Turonian, co-oscillating tides almost certainty
were much greater than the maximum inde-
pendent tides computed by Slater. Maximum
independent tides, therefore, are equivalent in
magnitude to co-oscillating tides only for our
Campanian basin configuration. This is due to
severe restriction of co-oscillating tides from the
proto-Gulf in our experiments, and significant
augmentation of independent tides due to basin
resonance in Slater’s experiments. For other
basin configurations, co-oscillating tides are
clearly dominant.

Ryer and Kauffman (1980) proposed that
tides in the seaway were augmented as they
propagated north along the southwest coast and
that they attained mesotidal ranges in Wyoming
and Montana. Conversely, our results indicate
that the southwestern and central western shore-
line was microtidal. This is consistent with the
observations of Thorne and Swift (1985) and
suggests that tidal deposits described along the
southwestern shoreline are the product of local-
ized amplification in channels and bays.

In summary, the tidal experiments allow the
following conclusions.

1. Co-oscillating tides propagated into the
Cretaceous Interior Seaway as progressive Kel-
vin waves. The eastern margin of the seaway
was influenced by tides propagating north from
the Tethys Ocean, whereas the western margin
of the seaway was influenced by tides propagat-
ing south from the Arctic Ocean. This is in op-
position to tides in many modern epeiric seas
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such as the Yellow and Arafara (Klein and
Ryer, 1978), where tides exhibit both standing
and progressive characteristics, thereby becom-
ing augmented at certain points in their interiors.

2. Maximum tides of mesotidal to macrotidal
range are predicted in the southeastern corner of
the seaway.

3. For Late Albian and Campanian paleo-
geographies, the model predicts insignificant

tides in the seaway north of Texas; maximum
ranges are nearly 1 m along the northwest mar-
gin in Canada.

4. For the early Turonian paleogeography,
when there was unrestricted flow between the
seaway and the proto-Gulf, our experiments in-
dicate that tidal ranges were much greater in all
parts of the seaway than for late Albian or
Campanian paleogeographies. The model pre-

)

Figure 6. Circulation and set-up generated in the late Albian seaway by average winter
winds. A. Average winter winds computed over the seaway in a seasonal CCM experiment for
late Albian paleogeography. Note that in these and the subsequent storm experiments, each
CCM computed wind vector is mapped to a 5 by 7 block of nodes in our meodel. In all of the
vector plots, grid points are located at the tails of each arrow, and the length of the arrow and
size of the arrowhead increase linearly with velocity. B. Steady-state water-surface elevations.
Contour interval is 2 cm; dashes are negative values. C and D. Steady-state, vertically aver-
aged currents computed in the upper 25 m (C), and in 50-100 m of water (D).
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ranges of 1.8 m and maximum velocities of 0.3
m s~! are predicted into Minnesota, and ranges
of 1.2 m extend well into northern Canada
(Figs. 4B and 5B). An additional experiment
(Table 3, experiment 13) indicates that the
larger Turonian tidal ranges are not sensitive to
decreasing depths from 400 m to 200 m at the
south entrance of the seaway.

Computed tidal ranges along the northwest-
ern margin of the seaway in Canada are remark-
ably similar for the Turonian and Albian
basins, ~1 m, with maximum velocities of only
0.1 m s™! (Figs. 4 and SB). Again, this arises
from the Arctic co-oscillating boundary tide
propagating as a Kelvin wave down the western
margin of the seaway. Because the geometry of
the seaway in the north did not vary as exten-
sively as the geometry in the south (Kauffman,
1984), tidal characteristics along the northwest-
ern coast also did not vary greatly. Computed
tidal ranges for the shallower Campanian basin
are slightly smaller because of frictional damp-
ing (Fig. 4C). Increasing the Arctic boundary
tidal ranges to 20 cm increases computed tidal
ranges along this northwestern coastline by
~50% (Table 3, experiments 1, 2, 12, and 13).
Farther south, along the western margins of the
seaway in the United States during the late Al-
bian (Fig. 4A) and Campanian (Fig. 4C), tidal
ranges are insignificant. Only for Turonian pa-
leogeography does the model compute ranges of
~1 m along the southwestern coasts of the sea-
way (Fig. 4B). This is probably due to the
greater water depths (maximum of 400 m) of
the Turonian experiment, which reduces fric-
tional damping of the tidal wave from the north
and increases tidal ranges resulting from the co-
oscillating tide from the south. Yet even during
the Turonian, maximum velocities in this part of
the seaway are less than 0.2 m s™1.

All three experiments predict maximum tidal
ranges along the southeastern coast of the sea-
way in Mississippi, Oklahoma, and Arkansas.
Tidal ranges are augmented eight to twelve
times above the boundary range of .50 m, and
reach as much as 4 to 6 m, with corresponding
velocities of 0.6 m s~!. Two factors probably
contribute to this augmentation; (1) deflection
due to the Coriolis force and (2) convergence.
Because the tides hug the sides of the basin, res-
onance is probably important in augmenting
tides only in relatively narrow embayments such
as the Mississippi Embayment during the Cam-
panian (Fig. 4C). Deflection due to the Coriolis
effect can be estimated using a simplified equa-
tion for geostrophic balance that assumes steady
flow and negligible bottom friction:
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TABLE 4. DEPOSITS FROM THE CRETACEOUS INTERIOR SEAWAY THAT EXHIBIT TIDAL INFLUENCE

Rock unit Age Location References
(1) Fall River Fm. Early Albian Northeast Wyoming Campbell and Oaks
(1973)
(2) Moosebar and Albian Fort St. John, British Columbia Leckie and Walker (1982)
Gates Fm. Carmicheal (1988)
(3) Viking Fm. - Late Albian Southwest Saskatchewan Evans (1966)
(4) Viking Fm. Late Albian Central Alberta Reinson and others
(1988)
(5) Viking Fm. Late Albian Southwest Alberta Leckie (1986)
(6) Dakota Gp. Late Albian Deaver, Colorado MacKenzie (1972)
(7) Ferron Sandstone, Turonian Castle Valley, Utah Cotter (1975)
Mancos Shale
(8) Virgelle Mbr., Early Campanian South Alberta Leckie and others
Milk River Fm. (1989)
(9) Eagle Sandstone Early Campanian North-central Montana Rice (1980)
(10) Spring Canyon Mbr., Campanian Helper, Utah Kamola and Howard
Blackhawk Fm. (1983)
(11) Mesaverde Fm. Late Campanian Sand Wash Basin, Colorado Masters (1967)
(12) Almond Fm. Late Campanian Rock Springs, Wyoming Weimer (1966)
(13) Horseshoe Canyon Campanian- Drumbheller, Alberta Rahmani (1988)
and Bearpaw Fms. Maastrichtian
(14) Oak Canyon Mbr., Cenomanian White Mesa, New Mexico Nummedal and Swift
Dakota Ss (1987)

where ¥V is velocity in the y direction, g is grav-
ity, fis the Coriolis parameter (1.03 x 10~4 for
45°N lat.), and d{/9x is the water-surface gra-
dient in the x direction (Csanady, 1982). This
equation yields a water-surface gradient of 7.36
x 107 in geostrophic balance with an average
open boundary tidal velocity of 0.07 m s™1. Re-
markably, this gradient is only one order of
magnitude less than the gradient of the tidal
wave itself—8.9 x 1076 for a tidal wave of am-
plitude .25 m in 400 m of water. This geostroph-
ic gradient means that the water will pile up to a
water-surface elevation of 1.05 m at the east end
of the south boundary, and thus accounts for
25% of the amplification.

The convergence effect between two sites (1
and 2) can be estimated using Green’s Law:

a) 12 % hz “
“®'(® o

where a is tidal amplitude, / is shelf length, and &
is water depth (Slingerland, 1986). The tidal
augmentation due to decreasing water depth
from 400 m to 50 m, with no crest convergence,
is @3 = 1.7a,. Assuming a is the tidal amplitude
of 1.05 m adjusted for the Coriolis deflection
yields an augmentation of 1.76 m. The sum is a
tidal range of 3.52 m and accounts for most of
the maximum tidal range computed by the hy-
drodynamic model. The remainder of the tidal
augmentation is likely due to convergence of the
crest.

The results presented in Figure 4 are relatively
insensitive to the range of Coriolis forces

spanned by the Cretaceous Seaway. As men-
tioned above, our model assumes a constant

Coriolis force corresponding to 45°N latitude.
To investigate the sensitivity of these results to
the range of Coriolis forces spanned by the sea-
way, we conducted three additional experiments
(Table 3, experiments 2, 17, 21) using Coriolis
forces corresponding to 30°N and 60°N lati-
tudes. The tidal ranges computed in these exper-
iments differ only slightly from the previous
runs. The effects of increasing the magnitude of
the Coriolis force to the north would be to in-
crease slightly the magnitude of the Kelvin wave
as it propagates to the north, and to decrease the
magnitude of the Kelvin wave as it propagates
to the south. In contrast, the results are quite
sensitive to the Chezy friction coefficient. Com-
puted ranges along the southeast margin of the
late Albian Seaway are reduced 30% to 40%
when greater bed friction is simulated using a
Chezy factor of 31 m* s~! (Table 3, experiment
4). The friction represented by this Chezy factor,
however, is excessive—much greater than that
assumed by Leendertse and Liu (1975, 1979) in
successful simulations of Bristol Bay and Chesa-
peake Bay.

The transcontinental arch, extending from
Lake Superior to the junction of Colorado,
Wyoming, and Nebraska, is reported to have
influenced deposition in the seaway (Shurr,
1984). Our experiments (Table 3, experiments 5
and 15), however, suggest that an arch 300 km
wide with water 50 m deep did not significantly
alter the main features of tidal circulation in the
Albian and Turonian basins.

Taken altogether, these experiments suggest a
different characterization of tidal regime in the
Cretaceous Interior Seaway of North America



TIDAL AND WIND-DRIVEN CIRCULATION, CRETACEOUS INTERIOR SEAWAY

dicts ranges of as much as 2 m along much of
the seaway’s southeastern coast in the United
States and 1- to 1.5-m ranges along the south-
west coast.

5. Co-oscillating tides, for most combinations
of basin geometry and bathymetry, were proba-
bly the dominant contributor to tides in the sea-
way. Independent tides were equal in magnitude
to co-oscillating tides probably only when the
basin resonated with the independent tide-
producing forces, and when the southern open-
ing of the seaway was severely restricted to
co-oscillating tides.

Wind-Driven Circulation

Both steady-state winds and temporally vary-
ing winter storms were applied to the seaway.
Experiments using simple steady-state winds
were conducted first, and served three main
purposes: (1) to assess dominant mechanisms
controlling wind-driven circulation in the sea-
way, (2) to analyze the influence of different
basin geometries and bathymetries on wind-
driven circulation, and (3) to explore the sensi-
tivity of the computations to the Coriolis effect.
The storm experiments, on the other hand, rep-
resent possible basin responses to the dominant
sediment-transporting events in the seaway. Our
assumption is that these storm experiments best
reflect the long-term, sediment-transport direc-
tions and currents for the emplacement of “event
beds” on the seaway’s shelves.

Steady-State Winds. To analyze the re-
sponse of the three different seaways to the same
wind field, we applied to each an average
winter-wind field generated by the NCAR CCM
for a late Albian paleogeography (Table 3,
experiments 6, 19, and 22). The seaway re-
sponse (Fig. 6) is dominated by coast-con-
strained, shore-parallel currents in geostrophic
balance, similar to those observed on the North
American Atlantic shelf (Swift and others,
1986a). This behavior arises because (1) the
continuity principle restricts water movement
into or away from the shore; thus, close to the
shore, the water flows in the direction of the
longshore component of the wind. (2) The Cor-
iolis force deflects surface-layer flow to the right
of the wind in the Northern Hemisphere, result-
ing in Ekman drift. For winds blowing in a di-
rection such that the coast is to the right, water is
deflected and piles up landward. The resulting
pressure gradient in turn drives underlying water
offshore that is deflected to the right and along-
shore by the Coriolis force. This type of flow,
where the pressure gradient is balanced by the
Coriolis force, is called “geostrophic flow.”
(3) Conservation of vorticity maintains flow
parallel to bathymetric contours. Along the

western shelf north of Colorado and south of
Great Slave Lake, and along the northeastern
shelf, east- and northeast-trending winds of 5 to
7 ms~! (10 to 14 knots) drive currents of nearly
0.1 m 5! predominantly shore-parallel, but with
a slight orientation in the direction the wind is
blowing (Fig. 6C). Ekman transport generates a
maximum water surface set-up of 0.13 m along
the northeast coast between Great Slave Lake
and Great Bear Lake that drives currents in the
subsurface layers directly parallel to bathymetric
contours (Fig. 6D). The computed results are
consistent with equation 1 wherein an average
shelf velocity of 0.05 m s~! along the northeast-
ern shelf in the vicinity of Great Bear Lake (Fig.
6C) is in geostrophic balance with a cross-shelf
gradient of 5.26 x 10~7, or a set-up of ~0.12 m
over 230 km. This compares well with the
model computed set-up of 0.13 m.

Along the shelf in the far northwest corner of
Canada, northwest and west of Great Bear Lake,
currents are directed south, in opposition to the
general circulation pattern. This illustrates the
key role the shores play in constraining circula-
tion in narrow basins. The wind stress in this
area is directed east-southeast, contrary to the
east-northeast winds over the rest of the north-
ern seaway (Fig. 6A). Because the longshore
component of the wind is to the south, therefore,
the resultant current is shore-parallel to the
south. This also illustrates the sensitivity of the
circulation to wind direction relative to the
coastline. A more southerly trend of only a few
degrees in the wind can reverse the general basin
Tesponse.

Northward currents along the western coast
of Colorado oppose weak southward winds
because they are responding to the large-scale
water-surface gradient. Water is flowing to the

Figure 7. CCM-pre-
dicted Cretaceous winter
storm tracks over North
America as indicated by
the time-filtered, standard
deviation of the geopoten-
tial height field in meters
at 500 millibars. See text
for details (E. J. Barron,
1989, written commun.).

1507

north toward the maximum set-down along the
Wyoming-Montana shelves. South of Colorado,
southwest-trending winds drive strong westward
currents of up to 0.15 m s~1. Computed current
velocities are greater in this part of the seaway
because the water is only 50 m deep over the
carbonate platform, and the average winds are
stronger because they are influenced by the regu-
lar equatorial easterlies.

The computed water-surface elevations and
currents for the Turonian and Campanian sea-
ways (Table 3, experiments 19 and 22) gener-
ally are similar to those discussed above, thereby
illustrating the controlling influence of the coasts
on the flows. There is one notable difference,
however, because the early Turonian seaway
during the peak of the T6 transgression was
much wider than the late Albian and Campan-
ian seaways. In the center of the model seaway,
the shorelines are sufficiently far removed such
that surface velocities are dominated by Ekman
drift and are to the right of the wind, to the south
in the northern part of the basin. In contrast, the
Campanian and the late Albian seaways are suf-
ficiently narrow such that currents are predomi-
nantly shore-parallel.

These results are not sensitive to the range of
Coriolis forces applicable to the Cretaceous
Seaway. Experiments completed for the late Al-
bian Seaway using the same winter winds but
with Coriolis forces corresponding to 30°N and
60°N latitude (Table 3, experiments 7 and 8)
show little difference in the general-circulation
pattern and surface-elevation pattern generated
in the seaway.

In summary, two main conclusions emerge
from these experiments using winter-average
winds. First, circulation is controlled mainly by
geostrophic balance and coastline-constrained
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currents generally flowing parallel to the shore-
line and bathymetric contours. Only during
maximum flooding in the early Turonian are
shorelines far enough removed for Ekman drift
to control surface circulation in the center of the
basin. The tendency of currents to flow shore-
parallel also implies that computed circulation
would differ little if we used a smooth wind field
that varied with each node, rather than the 5 by
7 “blocks” of wind apparent in Figure 6A. Sec-
ond, wind-driven circulation is relatively insensi-
tive to the range of Coriolis forces spanned by
the seaway.

Storm-Driven Circulation. Both hurricanes
and winter storms were probably important
agents in forming storm deposits in the Creta-
ceous Interior Seaway (Duke, 1985; Barron,
1989), but because hurricanes are too small to
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be resolved in the CCM grid, we restrict our
analysis to extra-tropical winter cyclones. The
most probable winter storm track across the
seaway was obtained from the time-filtered,
standard deviation of the geopotential height
field at 500 millibars (Barron, 1989) (Fig. 7).
Geopotential height describes the amount of
work required to bring a parcel of air to sea
level. Large deviations in the geopotential height
field indicate large variations in atmospheric
pressure. When filtered for time periods typical
of winter storms, large standard deviations of the
height field, such as the shaded region in Figure
7, should indicate the passage of numerous win-
ter storm systems. Two types of storm systems
can be identified by visual inspection of the
near-surface wind velocities: (1) tightly wound
and well-organized storms (storm type I), with

at least four days of winds significantly greater
than average, representing an average winter
storm or sediment-transporting event in the
seaway, and (2) an extreme event (storm type
IT) with the greatest wind speeds computed by
the CCM during 100 days of winter.

Storm Type 1. Our example is visible in Fig-
ure 8 as a large counterclockwise rotating air
mass over North America spanning ~20 degrees
of latitude. As such, it is slightly larger than a
typical winter storm on the Middle Atlantic
Bight that spans 15 degrees of latitude (Vincent,
1986). The maximum wind speeds of nearly 20
m s™1, however, are similar to wind speeds dur-
ing typical winter storms on the Atlantic coast.
The storm moves approximately due east along
the path defined in Figure 7, and thus stresses
the water through nearly 360 degrees.
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Figure 8. Storm type L Velocity vectors during a four day (A-D) winter storm computed over North America in a CCM seasonal experiment

using late Albian paleogeography. Surface winds (0-70 m) flow counterclockwise around the storm center (black dot) with maximum speeds of
nearly 20 m s~1. The large screened area in each part represents the outline of North America during the late Albian transformed onto the CCM
grid of 4.5° latitude by 7.5° longitude. The Western Interior Seaway, in the center of each figure, is not connected for the CCM experiment.
Scale is in m s! (E. J. Barron, 1989, written commun.).
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During the first day, the storm center is west
of the seaway, and southerly winds dominate,
reaching maximum speeds of 17.5 m s~! (35
knots) (Figs. 8 and 9A). The corresponding
water-surface elevations are similar in pattern,
although much larger in magnitude, to the eleva-
tions computed using winter average winds
(compare Figs. 6B and 9B). The water surface is
set up nearly % m along the northeastern coast,
and set down nearly % m along the Idaho-
Wyoming coast (Fig. 9B). Circulation, there-
fore, is strongest and shore-parallel along these
same coasts, reaching maximum speeds of 0.25
m s~! on the shelves (Fig. 9C), 0.15 to 0.18 m
s~ at 50- to 100-m depth (Fig. 9D), and 0.09
m s~! in the basin thalweg.

During the second day, the storm center is
approximately on the western margin of the
seaway (Fig. 8B). Winds in the central portion
of the seaway remain southerly with maximum
speeds of 15 m s~! (30 knots), but winds in the
northern portion of the seaway have shifted,
blowing to the west and slightly south (Fig.
10A). Thus, the most notable change from day 1
is the generation of shore-parallel currents to the
south on the northwestern shelf in response to
the more northerly winds in the area (Fig. 10C).
Farther offshore, in 100 m of water, currents are
still predominantly to the north (Fig. 10D). The
shifting winds along the northeastern coast also
have caused (1) water-surface set-ups to de-
crease and shift slightly to the south (Fig 10B)
and (2) current velocities to decrease to 0.16
m s, Along the Wyoming-Montana shelf,
set-down is less, with maximum currents of
023 ms L.

During the third day of the storm, winds in
the northern part of the seaway blow strongly to
the southwest, but winds in the central portion
continue to blow northward (Figs. 8C and
11A). Consequently, the water surface is set up
0.45 m along the northwestern shelf (Fig. 11B)
in geostrophic balance with south-directed cur-
rents (Fig. 11C). The maximum set-down, now
0.74 m, remains in Wyoming and Montana,
whereas the set-up along the northeastern shelf
has shifted farther to the south near Lake Win-
nipeg. Currents along the portheastern margin of
the seaway remain isobathyal to the north at
speeds of 0.27 m s™!, counter to the wind in the
far north, creating a counterclockwise circula-
tion system. Northern-directed currents are still
computed in Montana, causing flow to converge
at the Canada-Montana border. In 100 m of
water, maximum currents of 0.27 m s~! are pre-
dicted in Wyoming (Fig. 11D).

The center of the storm during the fourth day
has moved east fully across the seaway (Figs. 8D
and 12A), causing northerly winds in the north-
ern part of the seaway, whereas winds over the

)

Figure 9. Storm type I winds and water-surface elevations and circulation after the first day
of the storm. A. CCM-computed wind vectors transferred onto our more detailed grid and
paleogeography. B. Computed water-surface elevations in 10-cm contour intervals. C and D.
Computed currents in surface 25 m of water (C), and 50-100 m of water (D).

mid-section are westerlies. This initiates a dra-
matic shift in circulation; flows are to the south
over most of the seaway (Figs. 12C and 12D).
Maximum computed water velocities are 0.27
m s~! over the shelves, and 0.18 m s~! at 100-m
depth. The water-surface gradients are in geo-
strophic balance with the northerly currents
with a set-down of 0.6 m along the northeastern
coast and a set-up of up to 0.45 m along the
western coast (Fig. 12B). In general, basin re-
sponse to the storm has completely reversed rel-
ative to the first two days. Although somewhat
counterintuitive, these results are not without an

analogue. Water-surface set-ups of 0.6 m and
geostrophic currents of 0.4 m s~! are frequently
observed on the Atlantic Shelf during a winter
storm (Swift, 1986a), and reversals of both are
not uncommon (Lee and others, 1985; Butman
and others, 1979).

Parrish and others (1984) computed storm
circulation over the Campanian shelf in Wyo-
ming and Montana, using wind stresses applied
uniformly over the region. Their computed
storm flows are predominantly to the south and
contour-parallel. The shore-parallel flows they
computed are consistent with our results, but
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Figure 10. Storm type I winds and water-surface elevations and circulation after the second
day of the storm. A. Storm winds transformed into our more detailed grid and paleogeog-
raphy. B. Computed water-surface elevations in 10-cm contour intervals. C and D. Computed
currents in surface 25 m of water (C), and 50-100 m of water (D).

our results also suggest that it is not sufficient to
apply uniform wind stresses to the seaway. As
discussed above, the passage of a winter storm
stresses the seaway with a wide range of winds
and drives strong flows both to the north and the
south.

Our discussion so far has omitted wind-
generated water-surface waves. They are impor-
tant because their orbital velocities are super-
imposed on the flows presented here and
because in the nearshore they generate longshore
currents through radiation stresses. Maximum
wave heights and periods generated in the sea-
way during this storm can be estimated using

existing wave hindcasting methods; we focus
this discussion on the western coast because its
deposits are better studied. The Darbyshire-
Draper method (Koutitas, 1988) predicts that
20 m s~! winds blowing for more than 12 hr and
over distances greater than 300 km will create
deep-water waves with significant heights of 5.5
m and periods of 11 s. Significant wave heights
are the average of the highest one-third of the
waves. The corresponding wavelength of these
waves is 188 m; the waves feel the bed, there-
fore, in water shallower than 94 m. The equiva-
lent significant wave heights and periods pre-
dicted by this method in water only 40 m deep

are 49 m and 9 s, respectively. These values
differ only slightly from the deep-water calcula-
tions, implying that wind-driven waves of these
periods in water deeper than 40 m have little
energy extracted by bed friction.

As the storm passes across the seaway, the
northerly winds of day 4 are probably the major
source of high-energy waves along the western
shoreline. By virtue of being at the tail end of the
storm, these winds and the waves they induce
would last longer because they are not imme-
diately countered by winds blowing in the oppo-
site direction. The North Atlantic shelf along the
eastern United States again is a suitable modern
analogue. Strong winter winds are from the
northwest and the northeast. Winds from the
northwest, however, because they blow off-
shore, do not produce large waves at the shore;
storm winds from the northeast, on the other
hand, blow onshore and generate high waves
(U.S. Army CERC, 1975; Niedoroda and oth-
ers, 1984). For these reasons, the resulting dom-
inant longshore currents and net sediment-drift
directions are to the south (Komar, 1976). At
Wallops Island, Virginia, for example, from
1945 to 1957 winds blew from directions be-
tween north-northeast and east-southeast (the
quadrant from which waves must propagate to
induce longshore drift to the south) less than
20% of the time (Slingerland, 1977). Yet long-
shore currents and net sediment drift are to the
south, both because winds from these directions
are more intense than onshore winds from the
south and because intense winds from the
northwest blow offshore and do not produce
significant waves. We conclude that net long-
shore drift along the northwestern shores of the
Cretaceous Interior Seaway should have been to
the south.

All of the results discussed above were ob-
tained in the absence of tides, and the question
arises whether this is a serious omission. Figure
13 presents the surface layer circulation com-
puted after day 3 of the same storm, but with
tides included. Comparing Figures 13 and 12C
reveals that north of Colorado and Kansas the
circulation patterns generally are equivalent in
both experiments, although current magnitudes
may be slightly greater or smaller, depending on
tidal interaction. In the southernmost part of the
seaway, however, the circulations are different,
reflecting the stronger influence of tides and the
weaker influence of winds there. This suggests
that circulation in the seaway during the late
Albian was tide-dominated in the southeast and
storm-dominated in the middle and northern
segments.

Storm Type II. This storm contains the maxi-
mum winds (28 m s~! or 56 knots) computed
over the seaway by the CCM. It is less well
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Figure 11. Storm type I winds and computed water-surface elevations and circulation after
the third day of the storm. A. Storm winds transformed into our more detailed grid and
paleogeography. B. Computed water-surface elevations in 10-cm contour intervals. C and D.
Computed currents in surface 25 m of water (C), and 50-100 m of water (D).

organized than Storm Type [, has a more north-
erly track, and does not have a coherent rotating
flow that drives strong northerly winds on the
trailing side. Only results for the fourth day of
the storm are discussed here, because winds are
so weak on the first day that no significant cur-
rents are generated, and responses of the sec-
ond and third days are quite similar to the
basin’s response to winter average winds, but
magnified.

During the fourth day of the storm, the domi-
nant winds over the seaway remain strongly to
the north from Wyoming to Canada and have
intensified to a maximum velocity of 28 m s~

Computed water-surface elevations and currents
have increased commensurately, reaching max-
imums of 1.8 m and 0.8 m s, respectively, over
the northeastern shelves.

This more extreme response of the seaway,
when compared to the results from storm type I,
warrants an explanation. First and most ob-
viously, wind velocities are greater. Second,
winds are consistently in one direction. Third,
shore-parallel winds can generally produce
greater set-ups and currents than onshore or off-
shore winds. This is not intuitive and is best
explained using simplified equations for shore-
parallel winds and water set-ups that assume
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negligible bottom friction (Csanady, 1982):

U= [jjfz (1 - e%—) (3a)
= U.2ze’:_ (3b)
(= ;ﬁg\/% (re*) 6o

where U2 is longshore wind stress (m? s~2), U
and V are cross-shore and longshore transport,
respectively (m3 5! per unit width), z is time (s)
£ is the Coriolis parameter (s™1), { is water-
surface elevation close to shore (m), x is cross-
shore distance, zero at the shore, less than zero
away from shore (m), H is depth (m), g is gravi-
tational acceleration (m s~2), and R is a radius of
deformation equal to \/é_lf /f, or 210 to 430
km in our model. Close to shore (x/R < 1), U
approaches 0, ¥ approaches U2, and the water-
surface set-up approaches { = Us2 t/\/gH or
V//gH (Csanady, 1982). Thus, close to shore,
in the absence of bottom friction, the wind
simply accelerates the water, and V increases
linearly with time. The water surface set-up in
geostrophic balance with V also increases lin-
early with time and thus can be much larger
than the case for an onshore wind. Of course, in
reality, bottom friction balances these forces, but
only after greater set-ups and velocities have
been generated than in the case for onshore-
trending winds.

The computed reponse of the seaway to the
type II storm is similar in pattern, but more
severe, than the response of the Atlantic shelf to
a scale-matching winter storm such as the storm
of March 22, 1973, described by Swift and oth-
ers (1986a). For several days during this storm,
winds of 15 to 30 m s~! blew to the south,
approximately parallel to the shoreline of the
Middle Atlantic Bight. Consequently, the water
surface was set up 0.6 m along the entire coast,
driving a massive geostrophic flow of 0.4 m s™!
for several days. Our computed set-ups and cur-
rents are substantially greater than those re-
ported for the Atlantic shelf, probably because
winds in our experiment are stronger for a
longer period of time, and because longitudinal
winds in the Cretaceous Seaway drive strong
flows over both east and west shelves, thereby
mobilizing the entire water mass.

The experiments discussed above using winter
storms have three important limitations. First,
our results do not include hurricanes, although
they were probably important in the Cretaceous
Interior Seaway, particularly in the southern
part. Barron (1989) suggested that hurricanes
were common during the Cretaceous, but that
during the Early Cretaceous the zonal nature of
atmospheric circulation would have directed
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Figure 12. Storm type I winds and computed water-surface elevations and circulation after
the fourth day of the storm. A. Storm winds transformed into our more detailed grid and
paleogeography. B. Computed water-surface elevations in 10-cm contour intervals. C and D.
Computed currents in surface 25 m of water (C), and 50-100 m of water (D). The center of the
storm has moved east fully across the seaway, causing wind to blow from the north, down the
axis of the northern part of the seaway. Basin response to the storm has completely reversed

relative to the first two days.

most of these hurricanes into the Pacific. During
Late Cretaceous time, however, the North
Atlantic was large enough to disrupt zonal circu-
lation patterns, and hurricanes may have been
steered into the Cretaceous Seaway. The circula-
tion generated by hurricanes would probably
have been similar to that generated by winter
storms—coast-constrained, geostrophic, and
thus, generally shore-parallel. But the tracks of
hurricanes would have been different. They

would have entered the seaway from the south,
and to penetrate northward, would have moved
along the axis of the seaway. Such a hurricane
would drive flows to the south along the western
margin of the seaway and to the north along the
eastern margin, and would have been less likely
to produce reversing flows.

Second, our results do not account for the
effects of stratification. Our assumption that the
basin was unstratified during the winter is prob-

ably reasonable over the shelves but is specula-
tive for deeper parts of the basin. The extent to
which strong storms can destratify a basin is
unclear and worth additional investigation.

Third, our results use winds generated by a
CCM experiment assuming present-day levels
of atmospheric CO,. These CCM experiments,
however, do not fully account for the high Cre-
taceous temperatures indicated by paleoclimate
data, and increased atmospheric CO, may be
required to account for the elevated tempera-
tures (Barron, 1984). Yet seasonal Cretaceous
climate experiments have not been completed
using increased atmospheric CO,. If higher lev-
els of CO;, shift only predicted storm tracks,
then basin response to the storms would be sim-
ilar to that presented in this paper, only shifted
appropriately in space. If higher levels of CO,
significantly alter the nature and strength of the
computed storms, then the resulting basin circu-
lation would also be significantly different.

With these qualifications, the following con-
clusions arise from the experiments using winter
storms:

1. A coherent mid-latitude cyclone passing
entirely across the basin stresses the water with a
nearly 360° range of wind directions. During the
first stage of the storm, winds generate currents
predominantly to the north, and the water sur-
face dips westward. Toward the end of the
storm, this response is completely reversed, such
that currents are predominantly to the south,
and the water surface dips eastward. The pre-
dominant paleocurrent imprint from such a
storm should be shore-parallel to the south, with
occasional records of bidirectional, opposing
currents. Along the western coast, winds from
the north at the end of the storm may have
generated southward, propagating waves 4.9 to
5.5 m high with 10-s periods that drove asso-
ciated longshore drift to the south.

2. More extreme winds could produce shore-
parallel currents of up to .80 m s~! with maxi-
mum set-ups and set-downs of 1.80 m and 1.65
m, respectively, and deep-water waves 8 to 9 m
high with periods of 14 s.

3. Winter storms in the CCM simulations
rarely pass south of Colorado. If the storms we
simulated are representative of winter storms
during Cretaceous time, then our experiments
show that circulation in the seaway, and conse-
quently resulting deposits, were likely storm
dominated in the northern and middle sections
of the seaway and tide dominated along the
southeastern coast. Again, this conclusion con-
siders only winter storms passing over the sea-
way. If hurricanes frequently passed into the
seaway, then our argument that circulation was
storm dominated would be strengthened, and
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Figure 13. Surface layer circulation com-
puted after the third day of storm type I, in-
cluding tides. Compare with Figure 11C.
North of Colorado and Kansas, the circula-
tion patterns generally are equivalent. The
similarity in all but the southernmost portion
of the seaway suggests that the circulation in
the seaway was storm dominated.

would perhaps even apply to the southeastern
coast also.

COMPARISON OF RESULTS WITH
GEOLOGIC OBSERVATIONS

The simulations discussed above yield several
hypotheses that can be compared with observa-
tions and interpretations from the geologic
record.

1. Circulation in the Cretaceous Interior
Seaway, in general, was dominated by storms
everywhere except along the southeastern coast.

2. Meso- to macro-tidal ranges occurred
along the southeastern coast, whereas microtidal
ranges prevailed in the rest of the seaway.

3. Storm-driven shelf currents were shore-
parallel, predominantly to the south, but occa-
sionally to the north.

4. Longshore currents and net sediment drift
were to the south along the northwestern coast.

Below, we compare these hypotheses with
published geologic observations and interpreta-
tions summarized in Figure 14 and Tables 4 and
5. To present these data, we had the option of
combining it for all time periods onto one map
containing our early Turonian shoreline config-
uration, or presenting the data for a particular
time period on a separate map with the tempor-
ally appropriate seaway shoreline. We chose the
first option because the exact shoreline configu-

Figure 14. Locations of deposits from the Cretaceous Interior Seaway that exhibit tidal
influence (A), and storm influence (B). Dots indicate offshore deposits; squares indicate coastal
deposits. e = estuarine, i = tidal inlet, 1 = lagoonal. Solid arrows show shelf paleocurrent
directions, primarily derived from trough and tabular cross-strata or grain-size trends. Dashed
arrows show longshore drift directions. The deposit names, ages, locations, and references are
listed in Tables 4 and 5.
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ration corresponding to each deposit is uncer-
tain. Some deposits therefore could have been
presented with inappropriate shoreline configu-
rations, and those deposits that did not corre-
spond to an available shoreline configuration
would be excluded. Second, the orientation of
the western shoreline north of Texas in our early
Turonian basin mirrors trends that existed
throughout much of the seaway’s history (Kauff-
man, 1984; D. Beeson, unpub. paleogeographic
reconstructions of the seaway). Data combined
on this map adequately reveal the information
we need to compare the data with our model
results. Figures 14A and 14B display the loca-
tions of deposits described as exhibiting tidal in-
fluence and storm influence, respectively. Storm
influence is indicated by hummocky cross-strata,
and by trough and tabular cross-strata in shelf
sandstone ridges interpreted in the literature as
produced by storm-driven shelf flows. The cita-
tions of hummocky cross-strata are largely those
tabulated by Duke (1985) but also include more
recent citations. Tables 4 and S list the names,
ages, locations, and references corresponding to
these deposits.

The types of severe storms responsible for the
deposits presented in Figure 14 and Table 5
cannot be confidently inferred because the diag-
nostic imprints of different storm types on de-
posits are unclear. Duke (1985) inferred a
hurricane origin for most of the hummocky
stratified deposits but also admitted that a
winter-storm origin cannot be ruled out. For this
study, we assume that the deposits are simply
indicators of severe storms, and we conclude
that the computed response of the basin to win-
ter storms is consistent with the nature of the
deposits. We have not modeled the response of
the basin to hurricanes, however, and thus the
nature of the deposits may also be compatible
with a hurricane origin. This is a particularly
strong possibility in the Grayson Formation in
northeastern Texas (no. 2 in Fig. 14B and Table
5) which has been interpreted by Hobday and
Morton (1984) as a storm-dominated unit,
within our inferred tide-dominated setting.

Circulation Was Dominated by Storms

A comparison of Figures 14A and 14B re-
veals that there are many more deposits from the
Cretaceous Interior Seaway interpreted as storm
influenced than as tidally influenced. Secondly,
of the 14 deposits cited as exhibiting tidal influ-
ences, 10 were interpreted as occurring in shel-
tered environments such as lagoons, estuaries,
and tidal inlets, and only 4 were interpreted as
occurring in a shelf environment. Conversely,
we found descriptions of 19 storm-influenced
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TABLE 5. DEPOSITS FROM THE CRETACEOUS INTERIOR SEAWAY THAT EXHIBIT STORM INFLUENCE

Rock unit Age Location References
(1) Fall River Fm, Early Albian Northeastern Wyoming Campbell and Oaks
(1973)
{2) Grayson Fm. Early Albian Northeastern Texas Hobday and Morton
(1984)
(3) Mannville Gp. Early Albian Lloydminster, Saskatchewan Lorsong (1982)
(4) Moosebar and Albian Fort St. John, British Columbia Leckie and Walker (1982)
Gates Fms.
(5) Cadotte Mbr., Middle Albian Northwestern Alberta Rahmani and Smith
Peace River Fm. (1988)
{6) Viking Fm. Late Albian Southwestern Alberta Leckie (1986)
(7) Dunvegan Fm. Cenomanian Eastern Alberta Duke (1985)
(8) Mosby Sandstone, Cenomanian Central Montana Rice {1984)
Belle Fourche Shale
{9) Doe Creek Mbr., Cenomanian Peace River, Alberta Wallace-Dudley and
Kaskapau Fm. Leckie (1988)
(10) Codell Sandstone, Middle Turonian Pueblo, Colorado Duke (1985)
Carlile Shale
(11) Ferron Sandstone, Turonian Castle Valley, Utah Cotter (1975)

Mancos Shale

(12) Cardium Fm.

(13) Frontier Fm.

Late Turonian

Late Turonian

Central Alberta

Powder River Basin, Wyoming

(14) Gallup Sandstone, Coniacian Northwestern New Mexico
Mancos Shale

(15) Marshybank Mbr., Santonian South Atberta
‘Wapiabi Fm.

(16) Chungo Mbr., Santonian South Alberta
‘Wapiabi Fm.

(17) Wapiabi-Belly Early Campanian Southwestern Alberta
River Transition

{18) Shannon Sandstone, Early Campanian Salt Creek, Wyoming
Cody Shale

(19) Sussex Sandstone, Early Campanian Northeastern Wyoming
Cody Shale

(20) Virgelle Sandstone, Early Campanian South Alberta
Milk River Fm.

(21) Eagle Sandstone Early Campanian North-central Montana

(22) Duffy Mountain Sandstone, Early Campanian Northwestern Colorado
Mancos Shale

(23) Milk River and Lea Campanian Southeastern Alberta,
Park Fms. southwestern Saskatchewan

(24) Mesaverde Group Campanian Northwestern Colorado

{25) Spring Canyon Mbr., Campanian Book Cliffs, Utah
Blackhawk Fm.

(26) Hygiene Sandstone Campanian Denver Basin, Colorado

(27) First Mancos Sand. C Northwestern Colorado
Mancos Shale

(28) Horseshoe Canyon Campanian- Eastern Atberta
and Bearpaw Fms, Maastrichtian

{(29) Sandstones in Mowry Albian North-central Wyoming

Shale

Duke and others (1980),
Duke (1981)

Winn and others (1987)
Campbell (1971)

Duke (1985)

Duke (1981)

Duke (1981)

Spearing (1976),
Tillman and Martinsen (1984),
Gaynor and Swift (1988)

Berg (1975)

Leckie and others
(1989)

Rice (1980)

Boyles and Scott (1982b)
Meijer Drees and

Myhr (1981)

Boyles and Scott
(1982a)

Howard and others
(1982)

Harms and others (1982)
Kiteley and Field (1984)
Kiteley and Field (1984)
Rahmani (1988)

Davis and Byers (1989)

sequences deposited in an offshore setting. Addi-
tionally, there is only one occurrence of inferred
reversing tidal flows set within an estuarine set-
ting, among dozens of storm-dominated coastal
sequences in the Cardium Formation (W. L.
Duke, 1989, personal commun.). Published geo-
logical interpretations thus strongly confirm our
hypothesis that storm-generated waves and cur-
rents were the dominant processes emplacing
sand beds in offshore settings. This agreement

between modeling results and geologic data also
implies that the CCM-computed atmospheric
circulation during winter over North America is
consistent with field data as well. Tides were
important primarily in environments sheltered
from storm waves and currents, particularly in
estuaries and shoreline embayments where con-
vergence and resonance could strongly amplify
regional tidal ranges. Two citations where off-
shore tidal deposits are described occur in Al-

berta, where our model predicts relatively large
tidal ranges for the western coast of the seaway.
A third citation occurs in northwestern New
Mexico where local shoaling amplification or
resonance may occur at a scale unresolved by
our model.

To argue that circulation in the seaway was
dominated by storms requires that one assume
that fair-weather winds did not play a significant
role in sedimentation. Robert W. Frey has
pointed out (1989, personal commun.) that the
Spring Canyon Member of the lower Campa-
nian Blackhawk Formation in Coal Creek
Canyon, Utah, is often cited as a storm-
dominated shelf sequence, but it contains only
7% by volume of obvious event beds. Does the
other 93% of the section reflect fair-weather sed-
imentation? We think not, because sediment
transport is a power function of flow intensity,
and predicted flow intensities in the seaway are
very low for the average wind fields discussed
above. Possibly these finer-grained sediments
were emplaced by less intense storms.

Tidal Ranges Were Mesotidal and
Macrotidal along the Southeastern
Coast, but Microtidal Everywhere Else

As Figure 14A illustrates, this hypothesis is
not supported by geological observations. There
are several potential reasons for the discrepancy.
First, data and outcrops are limited along the
former eastern shorelines of the seaway; the
western margin, on the other hand, has abun-
dant outcrop and subsurface data, and it has
been extensively studied because of its hydro-
carbon resources. Second, tidal ranges entering
the seaway from the Tethys may have been
much smaller than the 0.5-m range we assumed.
This explanation would probably also imply
that the Campeche and Florida escarpments
were effective barriers to tidal energy, resulting
in a proto—Gulf of Mexico during Cretaceous
time that was nearly as restricted from open
ocean tides as the Gulf is today. We believe this
is unlikely considering that sea level during the
Cretaceous is estimated to have been 300 m
greater than sea level today (Kauffman, 1984).
A smaller boundary tidal range would reduce
tides along the southwestern coast, and create a
discrepancy with observed tidal deposits in that
area.

Third, it is possible that the eastern shelf of the
seaway was substantially shallower than the 100
and 50 m depths we assumed, and thus it rapidly
damped tidal energy. To test this premise, we
performed an additional model experiment for
the Turonian basin, assuming that water over
the eastern platform was 50 and 25 m deep
(Table 3, experiment 18). This shallow eastern
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margin reduces computed tidal ranges in the
southeastern corner of the seaway nearly 50%
relative to our standard Turonian experiment
(Fig. 4B). Tides computed along the eastern
margin south of Reindeer Lake, however, are
still significant, ranging between 1 and 2 m. The
eastern margin would need to be substantially
shallower than 50 and 25 m to damp out tides.

Lastly, the Cretaceous Seaway was nearly al-
ways silled across the southern boundary. The
experiments we completed using the Albian and
Campanian basins illustrate that either a con-
stricted opening (Fig. 4C), or a shallow platform
across the opening (Fig. 4A) dramatically dimin-
ishes tidal ranges along the eastern margins. Dis-
tributions of paleobiogeographic units, however,
indicate that the southern opening of the seaway
was unrestricted for significant periods of time,
particularly during sea-level highstands (Kauff-
man, 1984). A silled southern opening cannot
be a complete explanation for the absence of
tidal evidence along the eastern margin.

In the absence of adequate data from the
southeastern portion of the seaway, we believe
that the most plausible explanation for the
discrepancy between our model results and geo-
logic observations is either that tides were signif-
icant along the eastern margin, but that a lack of
data hides the evidence, or that tides were
damped by a shelf with water depths much shal-
lower than 25 m.

Storm-Driven Shelf Currents Were Shore-
Parallel, Predominantly to the South,
Occasionally to the North

Figures 8-13 illustrate that a winter storm
passing across the seaway will initially drive cur-
rents on the western shelf shore-parallel to the
north but will ultimately generate shore-parallel
currents to the south. We suggest that winter-
storm deposits should record mainly this final
southward flow, but might also occasionally re-
cord northward flows. Studies of high-angle
cross-strata in shelf-sandstone bodies (Fig. 14B;
Table 5) deposited in the seaway support this
hypothesis. The dominant transport direction,
indicated by tabular and trough cross-strata or
fining of grain size, is shore-parallel to the south
(nos. 8, 14, 18, 22, 26, 27, 29; Fig. 14B). In the
Shannon Sandstone (no. 18; Fig. 14B), how-
ever, a minority of the cross strata indicate di-
rectly opposing, northward, shore-parallel flows,
consistent with our predictions. Nearly all of the
paleocurrents illustrated in Figure 14B are re-
ported to be shore-parallel. The northeast-
southwest orientations in Colorado, Wyoming,
and Utah simply mirror a similarly trending
coastline in those states (Figs. 2B and 2C)
throughout much of the history of the seaway

(Kauffman, 1984; D. Beeson, unpub. paleogeo-
graphic reconstructions of the seaway).

Our conclusions are in direct contradiction to
those of Leckie and Krystinik (1989), who used
sole marks of hummocky cross-stratified beds,
parting lineation, and combined flow ripples to
argue that there is no evidence for geostrophic
currents preserved in the Cretaceous Blackhawk,
Moosebar, and Gates Formations where they
have examined them in British Columbia and
Utah. They maintain that sediment transport
was always directly offshore. We avoided these
paleocurrent indicators in our discussion above,
because as Duke (in press) has pointed out, these
features probably form as a result of instantane-
ous flow conditions within an inner boundary
layer, which in turn results from the superimpo-
sition of waves and currents. The orientation of
the instantaneous shear stress under such com-
bined flows reflects mainly the orientation of the
wave-induced shear stress. In our opinion, it is
the large-scale, high-angle cross-strata that re-
flect the time-averaged flow direction of the
outer boundary layer of a geostrophic current.

Longshore Currents and Net Sediment Drift
Were to the South

The modeling suggests that onshore waves
along the western shoreline were generated by
winds from the north and northéast during the
late stages of a winter storm. Argument by anal-
ogy with the United States Atlantic coast sug-
gests that these waves would induce a net
longshore drift to the south. The four reports of
longshore drift in Table 5 (nos. 5, 9, 11, 20)
support this idea. In addition, subsurface data of
incised, low-stand, conglomeratic shoreline se-
quences within the Cardium Formation also
show a grain-size decrease and inferred long-
shore-drift direction to the south (unpub. data of
A. G. Plint, as reported by W. L. Duke, 1989,
personal commun.).

CONCLUSIONS

Numerical simulation of circulation in the
Cretaceous Interior Seaway of North America,
and comparison of the results with geological
observations, suggest that the seaway was large-
ly storm dominated. Wind-driven circulation in
the seaway consisted of coast-constrained cur-
rents and geostrophic currents flowing parallel
to the shoreline and bathymetric contours. Typi-
cal winter storms crossing the seaway generated
shore-parallel shelf currents of about 0.3 m 571,
first to the north, but ultimately to the south
along both shelves, and deep-water waves 4.9 to
5.5 m high with periods on the order of 10 s
propagated from the north onto the northwest-
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ern shoreline. The resulting prevailing longshore
currents and net sediment drift direction were to
the south. A more intense storm could have
generated shore-parallel currents as strong as 0.8
m s~! along the shelves and 0.4 m s~! in 50 to
100 m of water, and waves 9 m high with peri-
ods of 14 s. Tides along the western shores were
important mainly in environments conducive to
tidal convergence and resonance.

The numerical simulations also indicate that
co-oscillating tides propagated into the seaway
as progressive Kelvin waves. Meso- to macro-
tidal ranges are predicted for the southeastern
margin, and microtidal ranges are predicted for
the remainder of the seaway. We found no pub-
lished evidence for tides along the southeastern
coast, possibly because the evidence is not yet
available or was not preserved, or because the
margin was significantly shallower than the 25
m used in the modeling.
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