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ABSTRACT
Computer Simulation of Stratigraphy
by

Scott Andrew Bowman

Simulation of stratigraphy coupled with sequence stratigraphic and backstripping
analysis quantitatively defines the timing and magnitude of geologic events, including the
history of sediment supply, tectonism and eustasy. This provides a quantitative basis for
interpreting the mechanisms causing these variations. This computer simulation comprises
algorithms that model subsidence and uplifts, eustasy, flexural response of sediment and
water loads, compaction, traction- and suspension-load deposition, gravity-flow
sedimentation, carbonate production and redistribution, and erosion.

Backstripping analysis can provide a geohistory, burial history, sediment
accumulation history, porosity history, and a first approximation of the tectonic subsidence
or uplift history. A backstripping analysis of a stratigraphic section produced by the two-
dimensional simulator demonstrates the error due to overcompensating for the flexural
response to sediment loading with a calculation that assumes local isostasy. These errors
reinforce the necessity to use a two- or three-dimensional simulation or backstripping
technique to accurately define the eustatic and tectonic history of a region.

Simulation results of the Last Chance Canyon study show that documented stratal
patterns are a product of the interaction of a dynamic depositional system, with constant
parameters, fed by alternating sili.ciclastic sand and carbonate production, a constant
subsidence rate of 0.4 cm/ky, and a eustatic sea-level history that contains “third-crder” and
higher periodicity cycles.

A hierarchy of stratigraphic packaging is presented that include continental
encroachment megasequences, transgressive-regressive facies-supersequences, complete

and incomplete sequences, component groups and components. Sediment supply,
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tectonism, and eustatic fluctuations produce these packages by changing the

accommodation space with characteristic rates and patterns. The geometry of the substrate
and bathymetric changes strongly influence the geometry of stratal surfaces and distribution
of lithofacies. The response of these variables is simulated independently to identify their
unique stratal signatures. Examples from different settings (passive margin, mixed
carbonate-siliciclastic sediment supplies, carbonate ramp, and steep carbonate platform
margin, and others) demonstrate how siliciclastic and carbonate depositional systems
interact with the bathymetric conditions produced by these variables. Simulation results
show that the relative change of sea level is the sum of total subsidence (tectonic

subsidence, flexure loading and compaction) and eustasy.
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Chapter 1.

Introduction

The purpose of this research is to improve our understanding of the controls on
stratal pattern geometries and their relation to depositional environments and lithofacies.
This goal was accomplished by developing a set of tools to apply to stratigraphic databases
to extract sedimentation and tectonic histories, as well as reconstruct a cross-sectional view
of paleogeography. This information is integrated with a computer simulation (PHIL:
Process and History Integrated Layers) that recreates a stratigraphic profile described by the
depositional system and historical data.

Most models are "mentally tested" ideas that are presented as idealized cartoons.
We have developed technology to rigorously build and test ideas with tested quantitative
algorithms that closely approximate our understanding of climatic, sedimentologic and
tectonic processes. These algorithms can be applied to any variation in bathymetry
produced by antecedent bathymetry, and history of tectonism, eustasy, and sediment
supply. Eustatic, sediment supply, and tectonic histories are rarely measured and are often
simply drafted to represent the interpreters concept.

Primary seismic reflections follow geologic time lines (Vail et al., 1977) or stratal
surfaces correlated in well logs and outcrop sections. These surfaces record the present
geometry or remnant geometries of depositional interfaces at the time of deposition. These
geometries can be used to constrain the tectonic, eustatic, sedimentation, and erosion
history. Careful measurement of stratal geometries coupled with simulation studies
document the character of the events recorded in the stratigraphic record. These
quantitative results are critical for inferring the mechanisms that formed the stratal geometry
as well as providing insights into natural processes.

PHIL provides the technology to document the history of eustasy, tectonism, and

sediment supply by adjusting these values to match progradation, sediment thickness and
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paleobathymetry through time as recorded in the stratal geometry and lithologic record.

The simulator can be used to model sections from different basins during the same time
period to determine if the same eustatic history works in all areas. The Hagq et al., (1988)
curve was digitized and applied to simulation studies of passive margins in the Neogene to
model the response of these long-term and short-term variations given the subsidence and
sediment supply history of various settings. We continually update this new curve to
reflect stratal pattern geometries from sequence stratigraphic studies from studying
Neogene, Cretaceous, and Jurassic. To date, the curve was modified in the Neogene to
reduce the Early Pliocene highstand and include the high-frequency variations of the
Pleistocene.

Our siliciclastic depositional system shows the importance of transportation by
traction and suspension mechanisms. The timing and nature of gravity-flow sediments
within a eustatic cycle is understood in terms of basin bathymetry and changes in relative
changes of sea-level.

The carbonate depositional systems and lithofacies are modeled by both sediment
production and redistribution process. Carbonate production is a function of water depth
as well as the depositional environment. A refinement of the carbonate production model
includes highly-productive carbonate growth proximal to open-marine basins, non-
restricted production, production of fine-grained sediment on the platform that is deposited
around the platform by suspension processes, and pelagic sediment production and calcite
dissolution at depth. The highly-productive growth produces isolated buildups on the rims
of carbonate platforms.

The interaction of carbonate and siliciclastic deposition shows the importance of
siliciclastic sediment in reducing carbonate productivity. Models demonstrate the interplay
of bathymetry, eustasy, and gravity-flow sedimentation during carbonate and siliciclastic

sedimentation.
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The addition of surface beveling, channel incision, sediment redistribution by

marine currents, and shoreface erosion to stratigraphic modeling shows the role of base
level in controlling erosive surfaces within system tracts. The timing of valley incision is
restricted to falls in base-level, whereas ravinement surfaces form during periods of rapid
sea-level rise during the formation of the lowstand prograding complex, transgressive, and
early highstand system tract. Ravinement surfaces are minimum during the late highstand
and maximum during the transgressive system tract.

This work has contributed to the following changes in the sequence stratigraphic
model.

(1) total subsidence rather than tectonic subsidence controls the history of
relative changes of sea-level;

(2) gravity-flow sediments are controlled by relative changes of sea level and the
physiography of the basin;

(3) equilibrium point is not important in controlling the bay line.

(4) bayline is controlled by the interaction of fluvial and marine processes;

(5) fluvial gradient is dynamic and decreases with progradation

(6) carbonate productivity is strongly dependent on bathymetry and basin
margin geometry. Total production varies with different phases of the
relative changes of sea level curve and bathymetric configurations;

(7) ravinement develops during the lowstand prograding complex, transgressive
and early highstand system tracts because rapid increases in accommodation
are necessary to position storm-weather wavebase on coastal plain
sediments;

(8) recognizing highstand, lowstand and forced regression prograding patterns
from the aggradational and progradational stratal patterns;

(9) criteria for choosing the peak of the maximum flooding surface;



4
(10) character of sequences and system tracts within long-term transgressive and

regressive cycles;
(11) role of tectonics in enhancing or subduing sequence boundaries;
(12) define the relative magnitudes of third-order eustatic variation to fourth and
fifth order cyclicity;
(13) introduced the concept of complete and incomplete sequences;
(14) demonstrated how variations in sediment supply, eustasy, and tectonism
influence the timing of sequence and system tract boundaries;
(15) demonstrated how changes in precipitation/runoff has a larger impact on the
fluvial system than changes in gradient due to relative changes of sea level.
Our computer simulation is valuabie as a platform to test and illustrate the nature of
stratigraphic processes. Its comprehensive nature and controlled processes make it an

important teaching tool for both the expert and inexperienced student of stratigraphy.



Chapter 2.

Computer Simulation of Stratigraphy

ABSTRACT

Computer simulation of stratigraphy allows the geologist to generate detailed
stratigraphic sections. These sections approximate the stratal geometries and lithofacies
distribution as determined from petroleum exploration data (seismic sections, well logs,
lithologic and paleontologic control). This computer simulation comprises algorithms that
model tectonism, eustasy, flexural response of sediment and water loads, compaction,
traction and suspension-load deposition, gravity-flow sedimentation, carbonate
production and redistribution, and erosion. This simulation is sufficiently flexible to
allow one to test most stratigraphic hypotheses by adjusting variables controlling
tectonism, eustasy, and sediment supply.

Interactive modeling of stratigraphic sections quantitatively defines the variables
controlling stratal patterns and lithofacies distribution. It includes procedures that provide
realistic values for the model: stratigraphic analysis, calculation of tectonic subsidence and
sedimentation supply rates, carbonate production rates, definition of stability conditions,
erosion rates, and development of a eustatic sea-level curve. The user adjusts the inputs
to bring the simulation successively closer to the observed stratigraphy.

So far we have applied the model to calibrate the depositional model, and eustatic
history in twenty varied geologic settings. We demonstrate the model response to the
Neogene sea level history with results from the Neogene of Baltimore Canyon, offshore
New Jersey. The best simulation results come from integrating varying sediment-supply

histories with tectonic events and eustatic sea-level curves of varying rate (frequency).



INTRODUCTION

Six principal factors control the geometry of sedimentary sequences: 1) rates and
distribution of tectonism along the margin, 2) rate of eustatic sea-level fluctuation, 3) rates
of sediment flux into the available space, 4) rate and location of erosion, 5) climate, and
6) antecedent topography and bathymetry. However, the relative importance of each
factor has been a topic of much debate. Many of the differences are based on theoretical
limitations of rate, duration, distribution in space, and magnitude of their effects. This
paper is an outline of the core algorithms of a stratigraphic simulator. The model
response is demonstrated in a Neogene section from the Baltimore Canyon, offshore
New Jersey (Plate 1, Figs. la-11). The methodology for quantitatively analyzing a
stratigraphic cross-section with the aid of computer simulation is also outlined.

Computer simulation of stratigraphy permits the geologist to generate detailed
geologic cross-sections that approximate the stratal geometries and lithofacies distribution
as determined from seismic sections, well logs, lithologic and paleontologic control.
PHIL (Process- and History- Integrated Layers) comprises sedimentation and
deformation algorithms that model:

* tectonic history (subsidence and uplift)

* eustatic sea-level history

* crustal response due to flexure loading of sediment and water loads

* compaction of sediment

* traction fill of siliciclastic sediment in fluvial and coastal settings

* dispersion of suspension load in marine seftings

* gravity-flow sedimentation

* production and redistribution of carbonate sediment

* erosion
This simulation is sufficiently flexible to allow one to test most stratigraphic hypotheses

by adjusting the many geologically important variables. Comparisons with other
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published simulators show that PHIL is a comprehensive geologic simulation program

(Table 1).

Modeling a stratigraphic cross-section integrates all that is known about a
stratigraphic interval and reproduces it with a computer simulation that incorporates a
depositional model with tectonic, climatic, eustatic, and sediment-supply histories.
Modeling stratigraphic cross-sections allows the geologist to quantitatively define the
variables controlling stratal patterns and lithofacies distribution within the strata.
Modeling involves six stages: interpretation of stratigraphic data, integration of data,
digitizing data, calibration of model parameters, simulation, and comparison (Fig. 2).
Stratigraphic analysis includes sedimentological analysis, transgressive and regressive
facies-cycle wedge analysis (White, 1980), and sequence stratigraphic analysis and must
be assembled in a stratigraphic cross-section in depth for comparison. Calibration of
parameters comprises backstripping to approximate the tectonic history and restoration of
the initial bathymetric profile, measurement of gradients on clinoforms and stream
profiles, selection of rates for carbonate production, erosion and calculating siliciclastic
sediment influx rates to locally appropriate values for the model. This process continues
until a satisfactory match is achieved.

Simulations of basin filling help to quantitatively model the timing, magnitude,
and frequency of depositional, eustatic, and tectonic processes. Simulations of sediment
transport and depositional processes are helpful in testing hypotheses related to the
development of stratal patterns and the distribution of depositional systems and their
associated lithofacies tracts. Interactive modeling increases the number of potential
models, yet produces a detailed simulation of the stratigraphic history, providing criteria
for characterizing the response of each process. The simulation results allow the
geologist to improve both the geologic interpretation and the database. A simulation can

also be used to test the viability of an exploration concept. In addition, the model results
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help determine to the timing of hydrocarbon generation and migration when integrated

with maturation and fluid-flow studies.

The simulator is capable of reproducing the stratal patterns observed in seismic
data and geologic cross-sections from basin margins. Stratal termination patterns
reproduced by coastal sedimentation include onlap, downlap, toplap, erosional truncation
and apparent truncation (Vail et al., 1977a, 1991). Given an adequate sediment supply,
the time lines reproduce forestepping stratal-patterns during decreasing-upward
aggradation and associated offlap, toplap during a relative stillstand, offlap during a
lowstand, as well as backstepping stratal-patterns during increasing-upward aggradation.
Lowstand surfaces of erosion (Weimer, 1984) and ravinement surfaces (Stamp, 1921;
Swift, 1968; Demarest and Kraft, 1987; Nummedal and Swift, 1987) form in
documented stratigraphic settings. Downstepping stratal surfaces are produced during a
relative fall of sea-level without gravity-flow sedimentation. Stratal termination patterns
produced by gravity-flow deposits, including onlap and bi-directional downlap, are also

displayed by the simulation.

Modeling Philosophy

Building a stratigraphic simulator poses two problems. First, it requires correctly
defining the long- and short-term processes that result in the formation and preservation
of stratal patterns. This requires an approach that integrates many tectonic and
sedimentologic concepts based on studies of ancient rocks and modern process-oriented
studies. Many process-oriented studies concentrate on local events with a short time-
frame and are not concerned about their associated regional or long-term results (Komar,
1983; Aubrey, 1988; Lakhan and Trenhaile, 1989; Seymour, 1989). Second, developing
a stratigraphic simulator requires defining a sedimentation model in quantitative terms that
responds realistically to a wide range of environmental conditions. An acceptable

sedimentation model must be independent of, and correctly respond to all reasonable
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tectonic, eustatic and sediment-supply conditions. This sedimentation model properly

responds to a wide range of sediment supply, current and bathymetric settings.

The simulator attempts to treat each process as a discrete event. Many functions
have been empirically derived to match observations. The events that determine the
physical state within a cell are determined by the conditions existing within the
surrounding cells as well as the available sediment supply. Unlike approaches using
finite-difference solutions that typically converge on a solution that is averaged
throughout the model, (such as the diffusion models of Flemings and Jordan, 1989,
Jordan and Flemings, 1991; and Kaufman et al., 1990), the influences of many processes
do not extend beyond neighboring cells. One of the most important assumptions is that
many processes within each cell are only dependent upon the conditions in the closest
cells. For instance, before traction load is deposited in one cell, excess sediment must be
available from a proximal cell in the direction of the source and the cell surface must be
less than base-level. As another example, the erosion of a channel only effects the cells
containing the channel and its margins. Although some processes occur independently,
other processes are linked. For example, changes in accommodation within the coastal
and fluvial plain will influence the character and volume of sediment delivered to the basin

as suspension load.

Comparison with Other Computer Models

Many quantitative approaches have been taken to improve our understanding of
the stratigraphic record. Table 1 shows that greatest difference between the models is
probably the completeness of the work. Only three models attempt to model actual
geologic sections or seismic records (this model; Lawrence et al., 1990, and Kendall et
al., 1991). PHIL is one of the most complete to date, as it includes flexure loading,
compaction, erosion, and a unique depositional system that deposits sediments under

gravity-flow conditions.
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Computer simulations emphasizing tectonic processes on passive margins and

foreland basins demonstrate the importance of flexural response to sediment loading and
compaction (Thorne, J., 1985; Steckler et al., 1988; Flemings and Jordan, 1989;
Reynolds et al., 1991). The models emphasizing tectonics have shown that in-plane
stress may be important in creating local base-level changes (Cloetingh, 1989);
viscoelastic rebound can create discontinuities (Quinlan and Beaumont, 1984). Earlier
models include those for subsidence and heat flow by Steckler (1981), and modeling
coastal onlap in response to lithospheric flexure and long-term sea-level changes by Watts
and Thorne (1984). These models simplify the depositional aspects by either introducing
measured layers or employing a simple clinoform or a diffusion algorithm that cannot be
directly compared to realistic processes.

Models of carbonate sedimentation recognize the highly sensitive nature of the
carbonate factory to bathymetric and climatic changes (Kendall and Schlager, 1981).
Rocks record frequencies ranging from 19 - 400 ky and are correlated with orbital cycles
within the solar system (Matthews and Frohlich, 1991). Most carbonate models produce
prograding stratal patterns of a typical carbonate bank (Bice, 1988; Demicco and Spencer,
1989; Read et al., 1990; Goldhammer et al., 1991). All carbonate models employ a
depth-dependent production function. Most models employ this function uniformly
across a margin and determine lithologies from water-depth. PHIL determines lithologies
based on each position within the depositional setting and the transport mechanism.

Models of siliciclastic sedimentation have attempted to predict the distribution of
sand (Bridge and Leeder, 1975) and model the role that gradients created by tectonic
uplift has on grain-size delivered to the basin (Paola, 1989). Syvitski (1985, 1988) has
built a simulation that models deposition and slumping of prodelta sediments within a
fjord. Harbaugh (1966), and Tetzlaff and Harbaugh (1989) have built a 3-dimensional
dynamic model of near-shore sediment transport that solves the Navier-Stokes equation

for fluid transport to predict the motion of particles. The resulting stratal patterns are
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approximately similar to a prograding delta. This technique may provide a hydrodynamic

basis for calculating the position of various grain-sizes in a depositional profile. This
computation-intensive model works at very short time steps, and does not adjust for
tectonism or flexural loading or sea-level. Bitzer and Harbaugh (1987) have built a 2-
dimensional simulator that deposits clastic sediment as a function of water-depth. They
have adjusted sea-level and subsidence through time. As with the Navier-Stokes
approach, this model predicted deposition of coarse-grained sediment at and below the
shelf-slope break. With a 'straight line' depositional interface and infinite sediment
supply Pitman (1978) and Pitman and Golovchenko (1983) have demonstrated how long-
term changes in sea-level can produce the onlap pattern recorded on simple hinged
margins. Collier et al. (1990) have employed a similar 'straight-line' depositional model
with infinite sediment-supply and introduced a high-frequency sea-level curve, producing
a transgressive and regressive depositional pattern without onlap or downlap.

The gradient difference between the non-marine and marine environment is often
two to three orders of magnitude (from 0.065 in the marine environment to 0.0001 or less
in the non-marine environment). This contrast alone is capable of producing the coastal
onlap associated with base-level changes. The 'triangle method' of Strobel et al. (1989)
predicts a sand/shale ratio at each cell, but does not model energy or facies and thus
cannot predict the concentration of sands (along the shoreface as an example). Output
from their model is not accurate enough to determine the contributions of eustatic changes
versus tectonic changes. Strobel et al. (1989) do not calculate a flexural response to sea-
level or sediment loading.

The work of Lawrence et al. (1990) is a comprehensive program; it includes a
mixed carbonate-clastic depositional system, surface erosion, flexure loading and
compaction. The model has successfully simulated seismic profiles from passive margins

and carbonate buildups (Aigner et al., 1989). They do not include channel erosion,
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shoreface erosion, or a unique depositional system that defines the gravity-flow

sedimentation.
BASIN FILL MODEL

The following section describes the algorithms that deform the stratigraphic cross-
section and the sedimentation algorithms that erode the depositional profile and fill
accommodation space. The relation of sedimentation processes to base-level is discussed
along with a description of how to model tectonic and climate effects on base-level. A list
of the user-defined variables (marked ) is provided with ranges of parameter values and
averages that we have measured or extracted from published data where referenced. All
variables are set at the initiation of a model and can be varied during the development of
the model.

The depositional algorithms model both coastal and gravity-flow sedimentation
along a basin margin for both siliciclastic and carbonate sediment. The model generates
each stratal or time line through a series of eight steps. The first step adjusts the profile
for tectonic and eustatic specifications (Fig. 3A) and locates the intersection of sea-level
with the profile. Second, the flexural response of the crust to a change in water column is
calculated for the profile (Fig. 3B). Third, erosion may modify the profile where it lies
above the base-level of erosion by four mechanisms including: 1) shoreface erosion
produced by wave-energy, 2) non-marine channel-incision, 3) surface beveling, and 4)
bottom-current transport. The eroded siliciclastic sediment is added to the siliciclastic
sediment-supply, eroded carbonate sediment is added to the excess carbonate sediment-
supply for redistribution. Fourth, a depositional profile of linked depositional systems
defining a clinoform, progrades basinward until the siliciclastic sediment supply is
exhausted (Fig. 3C). The siliciclastic deposition algorithm models traction processes
with the prograding clinoform, and deposition of suspension load by injection and mixing

within the marine water column., During a fifth step, a carbonate factory produces
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Sea Level

Initial Depositional Surface
A - Initial Setting

Adjust Sea Level

Adjust
. §ubsidence

C - Fill Space with Sediment

Figure 3. Creation and fill of accommodation space with a traction load mechanism,
A) Initial configuration of depositional setting, B) Adjustsea level for the level at
the given time and shift the depositional surface according to the subsidence rates,
C) Prograde the depositional interface parallel to sea level in the direction of the
basin until the space beneath the clinoform is equal to the sediment supply for the
time period.

sediment as a function of the bathymetry, position on the margin and distribution of
siliciclastic sediment. The simulator deposits pelagic sediment as a function of water
depth in marine settings. The excess productivity is suspension removed and
redistributed first in the lagoon and then in the basin below a prograding clinoform.
Suspended carbonate sediment is transported offshore in the water column and deposited
by settling. During the sixth step, newly deposited sediment with slopes greater than a
defined limit of stability is removed above a fault scarp, and transported basinward by
slumping. If the rate of relative fall is less than the relative fall limit (relative fall is
negative), then the newly deposited sediment that is proximal to the open basin is
removed and added to the turbidite sediment-supply. If base-level is above a slope-fan
threshold, basin-floor fan deposition occurs in the lowest position of the basin. If base-
level falls below a "slope-fan threshold," submarine canyons form, and the model

generates channel-overbank fans on the slope and basin floor. After deposition, the
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seventh step adjusts the layers for the flexural response of loading or unloading due to

sedimentation or erosion at each cell. Eighth, the simulator adjusts the depths of the
horizons for compaction as a function of depth.

Base-level is a theoretical surface (Fig. 3C) that determines whether a surface is
undergoing sedimentation or erosion (Powell, 1895; Barrell, 1917; Twenhofel, 1939;
Wheeler, 1958, 1964). Deposition can occur when the depositional interface is below
base-level and accommodation space (space available for sediments to be deposited) is
available. Likewise, erosion can occur when the depositional interface is above base-
level, and accommodation space is not available. Within the simulator, the position of
base-level is linked to the intersection of sea-level and the depositional interface. In the
non-marine setting, base-level is defined by the coastal plain and stream profile for
siliciclastic sediment, and the upper tidal range for carbonate sedimentation. In the marine
setting, base-level lies above fair-weather wave-base for traction-load and suspended-load
deposition, although base-level probably extends to storm-weather wavebase with
decreasing intensity. The basinward extent of base-level lies at the offlap break. The
offlap break is the increase in gradient at the top of the clinoform rollover (Fig. 3C).
When sediment fills all the space below base-level, the depositional profile migrates
basinward one cell spacing.

Deposition of sedimentation is strongly influenced by the distribution of
accommodation space for coastal processes and bathymetric slopes for gravity-flow
sedimentation. In the simulator, relative changes of sea-level are controlled by two
factors, eustasy and tectonism. Eustasy is equal throughout the cross section and has a
predictable variation through time. Tectonism is unequal across the cross section and
varies through time. The sedimentation system responds to movement of the base-level
surface through time. Motion of base-level is a function of relative sea-level and sediment

supply. Vertically, base-level is controlled by the sum of total subsidence and eustasy.
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Horizontally, base-level is controlled by the rate of sediment supply -- the higher the rate,

the more basinward base-level migrates (Fig. 3C).

Substrata

The bathymetry and base of the underlying compacting interval at the initiation of
the model are defined by two horizons. The substrata will compact as sediment is
deposited above. In younger sections with a thick substrate, this will account for a large

portion of accommodation space.

Tectonism

We specify tectonic subsidence rates spatially and temporally that produce the
observed changes in paleobathymetry. Subsidence is positive and uplift is negative. This
information is initially calculated from backstripping analysis or acquired from a dynamic
deformation model (Sawyer and Harry, 1991). We add the flexural response of sediment
to produce the total subsidence response. Subsidence rates vary laterally and temporally.
A vertical fault is simulated by specifying a sharp contrast in subsidence rates between
two closely-spaced hinge points. A historical data file modifies the spatial data over time
by multiplying the subsidence rate history with the spatial subsidence rates. Changing
subsidence rates over time can reproduce patterns such as exponentially declining rates
for a cooling passive margin (McKenzie, 1978).

Mature passive margins have low tectonic subsidence rates. Here, total
subsidence rates often correlate with the sediment-supply history because most of the
subsidence is caused by sediment loading. In settings with a moderate sediment supply,
total subsidence rates range from 20 to 90 mm/ky. With a large sediment supply,
compaction of underlying sediment and flexural loading will produce very high rates of
subsidence. In the Gulf of Mexico, near the mouth of the Mississippi River, subsidence
rates are as high as 2000 mm/ky. Tectonically active basins (such as trans-tensional
basins) have tectonic subsidence rates that ranges from 40 mm/ky to as high as 250
mm/ky and total subsidence ranges from 100 mm/ky to as high as 1000 mm/ky.
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Flexural Loading
The flexural response of the crust to loading or unloading by deposition and
erosion of sediment and eustasy is calculated using a homogeneous elastic plate over a

liquid half space solution (Turcotte and Schubert, 1982). The response is defined by

three variables:
Range Average
* Flexural wavelength 1-65 km 10 km Watts et al., 1982
* mantle density 3340 Kg/m3 3340 Kg/m3
* taper limit approximately three times the flexural wavelength

During each time increment, the change in bathymetry due to flexural loading is calculated
by adding the sediment and subtracting the eroded sediment load, and then adjusting for
changes in water load due to eustatic changes. If the surface of the cell is above sea level,
unloading by compaction-driven dewatering is removed.

The deflection in each cell is calculated by convolving the load in each cell with
the deflection function w. The deflection across the basin, w, is defined by the following

equation:

3
w(x) = YSﬂ% e-xlﬂ(cos§+sin ﬁ) (1)

X is the distance from the load, and V(Q is the line load applied at x = 0 and D is the
flexural rigidity of the bending plate. We specify the flexural parameter, o, and use

Equation 2 to calculate the flexural rigidity, D:

4 -
p=% g(l;m Pw) )

pm is the mantle density, pw is the density of water and g is the gravitational constant.
We hold Young's modulus, E, constant at 70 GPa, and Poisson's ratio, n, constant at

0.25 and use Equation 3 to define the effective thickness of the lithosphere, h:

3/ (-2j
h= 12D (1-n 3)
E
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The flexural load at the margins are projected to the taper limit or to the limit of the

flexural wavelength, whichever is less, and their influence is calculated within the cross
section.

The principle assumption within the flexural calculation is that all sedimentation is
distributed equally, perpendicular to the cross section, within the flexural wavelength of
the model. This assumption is a good approximation for a passive margin. When
modeling a carbonate atoll, the algorithm may overestimate the flexural response of a
load. Another assumption is that the flexural response occurs within the time increment
of the model. The rate of rebound of the crust in response to ice cap melting, indicates
most of the rebound may occur within 1 ky (Peltier, 1990; Forman, 1990). Strand-plain
records in regions of glaciation demonstrate that 90-95% of the response occurs within 1

ky. Therefore, for time increments larger than 1 ky, this may be a good assumption.

Compaction

The simulator incorporates sediment compaction as a function of burial depth.
Ten siliciclastic and eight carbonate lithologies are used (Table 2) with constants applied

to Equation 4 (from Dickinson et al., 1987).

b@)=— _ @

@ is the porosity, z is depth in meters, @ is the initial porosity, and rc is the compaction
coefficient.

After deposition, the simulator calculates from top to bottom, the mean depth for
each interval and determines the porosities at that depth for the siliciclastic and carbonate
component. The thickness of each interval is decreased as required for the decrease in
porosity. The horizon depths are adjusted from bottom to top. The weight loss due to
' dewatering is calculated for each non-marine cell. If the interval is above sea-level, the

water load is subtracted from the sediment load, whereas if the interval is below sea-level,
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it is assumed that sea water replaces the water volume lost by compaction, and the load is

not changed.
Table 2. List of the lithologies and typical compaction parameters
Density Initial Compaction
Porosity Rate

Lithology (kg/m3) (20) (rc)
Quartz Boulders 2650 0.4 0.0001
Quartz Silt Size 2650 0.3 0.001
Quartz Silt/Clay 2650 0.4 0.002
Quartz Sand/Clay 2650 0.5 0.003

. Quartz/Silt 2650 0.45 0.0005
Silt/Clay 2750 0.5 0.002
Clay 2750 0.5 0.003
SilvCoal 2450 0.6 0.008
Clay/Coal 2300 0.85 0.009
Coal 2000 0.92 0.01
Cemented Carbonate 2800 0.45 0.0001
Carbonate Fine grainstone 2800 0.6 0.001
Carbonate Boundstone 2800 0.6 0.001
Carbonate Coarse grainstone 2800 0.7 0.002
Micrite 2800 0.7 0.004
Algal Laminates 2800 0.6 0.0005
Dolomite 2900 0.4 0.0001
Gypsum 2330 0.1 0.00001

In stratigraphic sections under lithostatic pressure, compaction responses occur
simultaneously with deposition and do not effect the depositional pattern of the
sediments, only their thickness and extent of progradation. PHIL assumes the sediment
maintains lithostatic pressures. However, in basins with hydrostatic pressures or over-
pressured sediments, compaction is delayed. Here the section will remain thicker and
less dense. When modeling a hydrostatic setting, PHIL would predict more sediment,

lower porosities and higher densities than observed.

Eustasy
Eustasy raises and lowers sea level equally throughout the model. We consider
two forms of defining sea level including:

* Sea level cycle period, amplitude, phase, and character (sinusoidal or saw-tooth)
* age, sealevel (Ma, meters above present sea level).

This information is specified as a sum of sinusoidal or saw-tooth sea-level functions or a

digitized sea-level history (Fig. 4). Up to six different cycles can be superimposed and






