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MODELING THE SEDIMENTOLOGY AND
STRATIGRAPHY OF CONTINENTAL MARGINS

By Michael S. Steckler, Donald J.P. Swift,
James P. Syvitski, John A. Goff
and Alan W. Niedoroda

A KEY COMPONENT of achieving the goals of
STRATAFORM is the development of numerical
models that provide a means of exploring how the
multitude of physical processes active at margins
create the preserved stratigraphic record. Numeri-
cal models allow study of a wider range of condi-
tions than can be observed easily in the field. or
scaled within a laboratory. They also provide tools
for extracting and interpreting critical information
about the preserved stratigraphy.

The STRATAFORM stratigraphic models must
be useful for simulating the accumulation of sedi-
ment on continental margins over time scales of
tens of years up to one million years. Our interests
include predicting the stratigraphic and acoustic
signature of a margin based on the region’s geo-
logical history (sea level. tectonics, terrestrial
sediment delivery, and other relevant factors). A
primary goal is to develop a “multiprocess sedi-
mentation model” to help understand how external
forcing and internal dynamics affect a margin’s
morphology and stratigraphy.

Approach

The stratigraphy of margins results from the in-
terplay between the creation of accommodation
space and the filling of it by sediments. Accom-
modation space is jointly shaped by the relative
subsidence (or uplift) of the seafloor and by
changes in the morphology of the seafloor. Sedi-
ment fills the space as a function of supply rate
and transport processes. However, the processes
involved in creating stratigraphy are coupled. For
example, sediment deposition is controlled by
seafloor morphology, and the buildup of sedimen-
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tary deposits in turn modifies the seafloor mor-
phology.

On continental margins. most sediment trans-
port and accumulation of strata occur during in-
frequent energetic events (i.e., storms, floods).
Extrapolating from these individual events that
last days up to geological time scales of thou-
sands and millions of years is a difficult undertak-
ing. The multitude of individual events accumu-
lating over geological time scales yields a
complex stratigraphy, especially when combined
with the constant change in environmental condi-
tions such as sea level. Even the identification of
a preserved record depends on the time scale of
interest. The 1995 flood (a 30-y return magnitude
event) on the Eel shelf (Wheatcroft et al., 1996,
this issue) is already partially reworked: its
preservation will depend on the subsequent his-
tory of storms and bioturbation. The longer
10.000-y record of Holocene accumulation on the
shelf will be partially to completely eroded during
the next sea-level lowstand.

Stratigraphic models must also span multi-
ple time and space scales and, as with the
STRATAFORM seismic data being gathered
(Austin et al., 1996, this issue), comprise a nested
suite. These models attempt to account for the oc-
currence and stratigraphic effect of individual
events, the reworking and accumulation of these
events into characteristic sediment bodies (facies),
and the lateral shifting and stacking of sediment
packages (sequences) that build the large-scale
stratigraphic record. We term these the “‘event.”
“facies.” and “sequence” scales in this paper. We
also pursue statistical characterization of the
seafloor and subsurface reflectors to capture the
scales of variability of margins and to better deter-
mine the geological identity of seismic surfaces.

Event Deposit Models

Estimating sediment delivery and deposition at a
continental margin involves simulations of sedi-
ment transport processes: fluvial delivery, sedimen-
tation under buoyant river plumes, transport and
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deposition via turbidity currents, current and wave
erosion and transport, and sediment gravity flows
linked to slope instabilities. The resulting sedimen-
tary deposits depend on the environmental condi-
tions at individual margins (e.g., landscape surface,
tectonic environment, sea-level fluctuations, cli-
mate, and sediment delivery). STRATAFORM
sedimentation models must be able to deal with
natural-process variability to accurately predict the
physical properties of margin deposits. We ap-
proach this by using several semi-independent
basin-scale models to simulate river discharge, and
sediment transport and deposition within the ma-
rine environment.

The first model (HYDROTREND) is a climate-
driven, drainage-basin simulator that predicts river
velocity and discharge, and sediment concentra-
tions of 5 grain sizes (Syvitski and Alcott, 1995)
using either meteorological station data or Global
Circulation Model calculations. Daily predictions
are computed, as influenced by realistic return-pe-
riods of river flooding and longer-term climate
trends. Application of the model to the temperate
Eel River drainage basin provides a test of the
model’s handling of rare floods brought on by
decadal, centennial, or longer climatic events. U.S.
Geological Survey observations on the Eel River
include decadal storms and the 400-y flood event
in 1964. HYDROTREND successfully captures
the range in magnitude and return interval of peak
discharge events (Fig. 1) and predicts the associ-
ated sediment loads.

HYDROTREND provides input for two river
discharge models. The first (PLUME) simulates a
buoyant river plume generated from a river’s dis-
charge over an areal grid. PLUME solves for the
two-dimensional sediment distribution and accu-
mulation rate for each grain size. The second
model (INFLO) simulates hyperpycnal flow dy-
namics at river mouths. If sediment concentrations
carried by a river create a flow with a density
higher than the ambient coastal water, then the
plume will descend as a hyperpycnal current.
Small- to medium-size rivers such as the Eel River
may trigger these marine underflows during larger
flood events (Mulder and Syvitski, 1995). INFLO
computes the hyperpycnal flow from a balance of
frictional and gravity forces. It provides the run-out
distance of a flow across the seabed, and the shape
and lithology of resultant deposits. Simulations
compare well with seismic and core observations
of seafloor deposits (Mulder and Syvitski, 1996).

A surge model (SURGE) completes the present
suite of sediment delivery models. SURGE ana-
lyzes the transition of a debris flow to a turbidity
current. The approach includes the influence of
both erosion and deposition from surge-type cur-
rents. SURGE has tested favorably against obser-
vations of the 1979 Nice (Var River) submarine
slide, including the position of sedimentary struc-
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Fig. 1: Return interval frequency for various mag-
nitudes of discharge from the Eel River, northern
California. Compared are U.S. Geological Survey
observations of measured discharge and HY-
DROTREND model predictions. The model suc-
cessfully captures the magnitude and frequency of
the 1964 flood, which has a 400-y return interval.

tures, erosion features, and extent of the resultant
sand deposit (Mulder et al., 1996).

Facies Development Models

Individual events are basic building blocks of
stratigraphy, contributing, either through deposi-
tion or erosion, toward the creation of new beds
and preservation of preceding beds. Two problems
facing stratigraphic modelers are capturing the
complex mix of small-scale, deterministic and
chaotic-deterministic processes that build sedimen-
tary deposits, and generalizing these insights to
stratigraphically significant time and space scales.

To deal with the stochastic nature of the event-
bed succession, we decouple the process of event-
bed formation into two components, event-bed
generation and event-bed preservation. An event
bed forms at the seafloor as a response to a storm
or a river flood. With the use of a stochastic
storm-generation algorithm, the erosion depth, bed
thickness, net accumulation, and mean grain size
of each storm bed is computed. A river plume
model is used to simulate Eel River flood deposi-
tion. The probability of event-bed generation, the
bed-generation potential, is determined by the
probability density distribution of storms and
floods, respectively.

The preserved bed sequence is a biased record
of the event series. The initial event bed may be
completely destroyed, partly modified, or entirely
preserved by subsequent events. A flood bed usu-
ally enhances the preservation of underlying beds
because it covers them. A storm creates a storm
bed but can also destroy or modify underlying
beds. The degree of storm erosion depends on
both storm power and on the previous history of

OCEANOGRAPHY*Vol. 9, No. 31996



Synthetic Storm Bed Sequence

250 érs 500 yrs T 750 yrs 1000 yrs
Zone o'.
= -
53 “‘\ Zone of Burial 77 -
Marker bed . ] —
1 m \.%‘\ ‘
\\‘
waterdepth 160 m |
mean grain size 3.0 ¢

Fig. 2: Growth of a synthetic-event stratigraphic
column through successive storm events. Note
ephemeral stratigraphy in the zone of resuspen-
sion; thin short-return-period beds are reworked
by subsequent events before they can pass into the
zone of permanent burial.

events. The bed preservation potential describes
the probability that an event layer will be buried.
Our one-dimensional model (BED) builds event
stratigraphic columns by selecting successive
storm events from probability density functions
describing wave, current, and flooding regimes
(Fig. 2) (see Niedoroda et al., 1989; Thorne et al.,
1991). By estimating preservation potentials
across the continental shelf, the most probable
event-bed sequence may be predicted for various
water depths.

The BED model is then linked into two-dimen-
sional cross-sections, through which multiple
grain-size classes of sediment undergo differential
transport during successive events. The coarsest
particles introduced during each event tend to be
sequestered in the sole of the event bed; erosion
during the next event preferentially transports the
finer-grained sediment downstream. Progressive
sorting results, so that stratification and grain size,
two critical facies parameters, vary systematically
from proximal to distal stations. Our facies model
(SHELF) then predicts the preserved bed se-
quences in terms of the bed preservation poten-
tials. The modeled bed sequences across the shelf
are characterized by four facies parameters (Fig.
3), giving a high-resolution, process-oriented, and
quantitative description of the stratigraphy.

As the depositional system accumulates sedi-
ment, the distribution of facies varies with the rate
of sea-level change, rate of sediment input, sedi-
ment grain-size distribution, and the sediment
transport functions (climate). The depositional en-

OCEANOGRAPHY*Vol. 9, No. 321996

vironments move through space as these quantities
vary, and facies bodies are generated across the
shelf. Movement of the depositional environments
along the margin can cut erosional unconformities
as well as build deposits.

To examine facies patterns across both the
shelf and slope of a margin, we have developed a
pair of programs (Fig. 4). The DELTAG6 sedimen-
tation model (Syvitski and Alcott, 1995) includes
five mechanisms that affect the rate and style of
basin-filling: 1) hemipelagic sedimentation by
river plumes, 2) bedload deposition at the river
mouth, 3) delta-front failures and consequent tur-
bidity currents, 4) downslope diffusive processes
that smear previously deposited sediment, and 5)
slope failures and downslope mass movement due
to the buildup of excess pore pressure. FACIES
provides a graphical interface to track offshore de-
posits and properties.

Sequence Stratigraphic Models

At larger time scales, relative subsidence and
uplift of the seafloor is increasingly important in
determining the sites of sediment accumulation.
We have created a model (SEQUENCE) that com-
bines a long-term sedimentation module with a
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Fig. 3: Predicted facies variation across continen-
tal margin from probabilistic event model. The
four plots show changes in mean bed thickness
(M), standard deviation of bed thickness (SD),
sand-bed percentage (SP), and bed rhythmicity
(BR) across the shelf. The patterns of these four
parameters group into the four facies noted at the
top.
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Fig. 4: Example of a FACIES model run. The time step is I day; the total
period was 5,000 y. Colors represent the mean grain size as indicated. A
slow linear sea level lowering was used during the first 2,000 y with a high
sediment yield from the hinterland. Sea-level recovered for the next 2,000 y
during a time of greatly reduced sediment yield. The simulation is completed
with an exponential sea level lowering concomitant with high sediment
loads. The result is a net seaward movement of the shore. Shoreline deposits
are mainly preserved from the progradational parts of the simulation.
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geophysical module that calculates changes in ac-
commodation space. SEQUENCE is an interactive
X-window application (Fig. 5) in which most pa-
rameters can be adjusted throughout model runs.
The model can display either margin profiles or
time-stratigraphic plots. Sediment properties can
be displayed down synthetic wells.

The sedimentation module can use either a geo-
metrical scheme for determining deposition or an
advection-diffusion formulation for time-averaged
cross-shelf sediment flux. The latter includes terms
for bedload, suspended load, and gravitational
transport processes (Niedoroda et al., 1995). As
sea level rises or falls, the margin profile translates
landward or seaward dynamically, with the shape
of the profile varying according to changes in con-
trolling variables (Fig. 5). An increase in either the
rate of sea-level rise or the storminess of the cli-

mate straightens the profile: the shoreface slope
decreases while the shelf slope increases. An in-
crease in sediment input or mean grain size in-
creases profile curvature: the shoreface steepens
while the shelf flattens. This morphodynamic re-
sponse is an important modifier for the pattern of
sediment accumulation. As the shelf profile adjusts
to a new equilibrium shape, deposition and erosion

are enhanced for different parts of the shelf, yield-
ing characteristic stratal patterns.

The geophysical framework includes major fac-
tors that affect accommodation space: tectonics
and eustasy, flexural (regional) isostatic compensa-
tion of the sediment and water loads, and com-
paction. The latter two processes can significantly
modify the space made available and thus provide
feedbacks between tectonic and depositional pro-
cesses (Steckler er al., 1993).

The STRATAFORM stratigraphic models must
handle time scales of 10°~10° years. At shorter
time scales (10°~10* y), compaction and isostatic
compensation cannot be considered instantaneous.
Isostatic adjustment to the last deglaciation is still
ongoing, for example. Therefore, time-dependent
isostatic adjustment to sediment and water loads
has recently been incorporated into the model.
Compaction is a major source of subsidence in
older continental margins, especially for large
deltas (Milliman and Haq, 1996). The rate of com-
paction-induced subsidence depends on the sedi-
ment accumulation rate, and porosity and perme-
ability of the underlying sediments. Adjustment to
deposition can vary from nearly instantaneous to
delays of millions of years. Time-dependent sedi-
ment compaction will be implemented in SE-
QUENCE. These lags in adjustment to sediment
loads will alter the stratigraphic signature of sea-
level change.

Statistical Models

In the study of actual continental margins, data
are always limited. For example, the bathymetry
of a continental shelf may be known, but only a
limited number of seismic-reflection profiles
across the region exist. In many circumstances, we
may wish to predict the stratal architecture every-
where within the region based on this subset. Such
modeling is termed “conditional simulation™ (e.g.,
Journel and Huijbregts, 1978). Unlike the model-
ing discussed earlier, conditional simulation is en-
tirely driven by morphology rather than by physi-
cal processes.

In constructing successive surfaces, the model-
ing must honor: 1) deterministic data constraints
(e.g., bathymetry, seismic reflection data), 2) sta-
tistical characterization of the stratal surfaces (e.g.,
spectral and probability density functions), and 3)
constraints from nearby simulated surfaces, which
may be provided through a description of the co-

herence among stratal boundaries as a function of
scale. The deterministic data are hard constraints,

dictating the functional value at a particular loca-
tion. Statistical characterizations tell us what the
roughness properties of each surface must be. Co-
herence among stratal surfaces tells us to what de-
gree and over what scales two surfaces must be
alike, and conversely how they can differ.

One test of our ability to predict subsurface
stratal architecture and sediment properties is a
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comparison of the predictions of the stratigraphic
models described earlier and conditional simula-
tion models. Conditional simulation predicts prop-
erties of subsurface reflectors, calibrating to ob-
served properties of the seafloor. In contrast,
stratigraphic models attempt to interpret subsur-
face properties through process models that simu-
late the conditions that created the surfaces. If the
formation of the stratigraphy is understood and we
can predict the physical properties of the subsur-
face, then both sets of predictions should agree.
Cores can then sample specific locations to assess
the accuracy of both methods. Convergence of
these two distinct approaches over the entire mar-
gin will test our understanding of the margin at
depth and highlight areas for further study.

Summary and Future Plans

Our goal is a quantitative understanding of the
interactions of environmental parameters and their
contribution to the observed stratigraphic record.
Event, facies development, and sequence strati-
graphic models must be formulated in terms of the
sediment and lithospheric dynamics that underlie
the observed behavior. We have developed an ini-
tial suite of models. Now, each must be further
improved to fully capture the processes that form
stratigraphy at margins. The coupling between the
models must also be expanded. For example, the
rate and direction of sea-level change should be
combined with hinterland climate and landscape
models to better estimate the dynamics of river
plumes, and thus the accumulation rate and physi-
cal properties of sediment units during eustatic cy-
cles. Predicted margin architecture from sequence
models will be used as input to facies models to
provide greater detail in filling the margin with
sediment properties and facies.

Continental-margin stratigraphy is inherently
three-dimensional. River plumes spread and are
deflected by alongshelf currents (Wheatcroft et al.,
1996, this issue). Rivers, slope canyons and gul-
lies, and other features are channelized. The shelf
morphology has undulations at a wide variety of
scales (e.g., ripples, sand waves, sand ridges) that
interact with depositional/erosional processes (Goff
et al., 1996, this issue). Stratigraphic modeling also
must be three-dimensional to be successful. Some
of the models described above are three-dimen-
sional, whereas others work only in profile. During
STRATAFORM we will be developing three-di-
mensional process models and stratigraphic mod-
els. We have begun with two-dimensional models
in order to understand the physics of stratigraphy
formation, and because of the computational over-
head of three-dimensional models. By the end of
STRATAFORM, models will be implemented in
three dimensions or at least in profile with some
three-dimensional effects.

The suite of models that are being developed
must form a coherent, self-consistent whole. They
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Fig. 5: Images of two time steps from a SEQUENCE model run. The simula-
tion was run with a 100-Ky period sinusoidal sea level with an overall long-
term fall, resulting in the net seaward movement of the shore. There are 16
timelines per sea-level cycle. Green: nonmarine sediments; yellow:
shoreface sediments; magenta: marine shelf sediments. The shoreline de-
posits are mainly preserved from the progradational parts of the sequences.
Note the difference in the slope near the shoreface for the transgressive (top)

and regressive (bottom) parts of the cycle.

must also be calibrated at all scales from appro-
priate data suites, tested in field areas, and studied
to understand the dynamics of the multiscale sys-
tem. Data from the field areas and elsewhere must
be used to calibrate model parameters and ensure
accuracy of predictions. Each model, as it is fur-
ther developed, must be used for extensive nu-
merical experimentation to understand its proper-
ties and how the controlling parameters interact
and affect results. Specific modeling of the two
STRATAFORM field areas will provide extensive
tests of the models and provide insight into how
the stratigraphy of these two distinct environ-
ments is created. By the end of STRATAFORM,
our aim is to have a system of models that can be
used to understand stratigraphy formation, and
how external factors determine stratigraphic ar-
chitecture and sediment properties. Then these
models can become a predictive tool to calculate
the stratigraphy and sediment properties of other
margins, and to interpret the conditions that pro-
duced them.
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