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Abstract

The presence of event beds in the shallow-marine stratigraphic record indicates formation is governed by high
magnitude-low frequency processes rather than low magnitude-high frequency processes. In this paper, a 2-D
multiple grain-size process-response model (BARSIM) is presented, which uses event deposition to simulate
stratigraphic response to changes in sea level and sediment supply. BARSIM uses variable time steps to simulate
individual storm (event) and fair-weather periods. Deposition during storm conditions solely consists of reworked
shoreface sediment, while fair-weather deposits consist of reworked shoreface sediment combined with sediment
supplied by littoral drift and suspension. Simulations using variations in sea level, sediment supply (both amount and
grain-size) and wave-height regime result in distinct depositional patterns, stratal geometry and bed characteristics.
Model results indicate that both wave-height regime and grain-size of supplied sediment have considerable effect on
shoreface morphology and stratal characteristics. Unraveling coastal evolution from the shallow-marine stratigraphic
record may therefore be more difficult than previously assumed, as both variables are expected to vary over geologic
time scales.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A wave-dominated shallow-marine system con-
sists of an assemblage of depositional environ-
ments (Swift et al., 1991; Thorne and Swift,
1991), comprising coastal plain, lagoon, wash-
over, shoreface (proximal and distal), and shelf.
Throughout the geological past, shifting of these
assemblages gave rise to different types of shal-
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low-marine deposits while sea level and sediment
supply constantly changed. The stratigraphic sig-
nature of these deposits contains important infor-
mation about the palaecoconditions of individual
depositional environments during the time of de-
position. Understanding these deposits is relevant
not only from a scientific point of view, but also
for hydrocarbon exploration and environmental
issues, as sea level most likely will rise in the years
to come.

Transport of sediments in shallow-marine envi-
ronments is governed by local hydraulic regimes,
which can be described on many temporal scales
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ranging from the passage of a single wave (sec-
onds to minutes) to a changing storm climate
(millennia). Short-term sediment dispersal due to
wave-generated oscillatory currents results in typ-
ical sedimentary structures related to water depth
(Madsen, 1991; Myrow and Southard, 1996). A
series of waves approaching the coast during
high-energy conditions (i.e. a storm event) can
generate shore-perpendicular and shore-parallel
currents (e.g. Field and Roy, 1984; Cacchione et
al., 1984, Snedden et al., 1988) which cause resus-
pension of sediments at the sea bottom. As such,
sediments from the upper shoreface and the fore-
shore are picked up (Swift et al., 1991) and trans-
ported, resulting in a characteristic event stratifi-
cation consisting of individual event beds (Kumar
and Sanders, 1976; Lavelle et al., 1978; Lee et al.,
1998 ; Swift et al., 1991, Drake, 1999; Niedoroda
et al., 1984). This implies that the shallow-marine
stratigraphic record is built predominantly by
high magnitude-low frequency processes rather
than low magnitude-high frequency processes.
Event beds are sharp based and have a burrowed
or diffuse upper contact (Kreisa, 1981). The base
consists of a coarse-grained lag deposit that
formed during the storm climax. As the storm
passes, current velocity decreases and successively
finer grains are deposited to form centimetre-
scaled fining upward successions. The upper parts
of event beds are usually bioturbated or eroded
during later events (Wiberg, 2000). Research on
event beds has shown that sedimentation rate and
completeness of the stratigraphic record are
highly variable in time and space (e.g. Gretener,
1967; Kumar and Sanders, 1976; Sadler, 1981;
Dott, 1983; Crowley, 1984; Schwarzacher, 2000;
Tipper, 2000). Variables controlling event-bed
formation are the sequence of events and time-
averaged value of fluid power expended by waves
and bottom currents, the grain-size of the avail-
able sediment and the sedimentation rate (Niedo-
roda et al., 1989). Preservation of individual event
beds will vary along the shoreface as a function of
wave erosion and biogenous mixing rate (Wheat-
croft, 1990). Storm beds may be interbedded with
finer-grained deposits that formed under less en-
ergetic fair-weather conditions (Battacharyya et
al., 1980; Kreisa, 1981; Aigner, 1985).

Numerical models can unravel shallow-marine
deposits as they simulate the geomorphic response
to changes in sea level and sediment supply. Mod-
elling provides a way to simulate coastal behav-
iour in the absence of sufficiently long observa-
tional time-series. There is a wide diversity of
forward numerical models for shallow-marine de-
positional environments available, each of which
is built for specific goals (e.g. Niedoroda et al.,
1989; Wheatcroft, 1990; Niedoroda et al., 1995;
Zhang et al., 1997; Carey et al., 1999; Cowell et
al., 1999a; Steckler, 1999; Zhang et al., 1999;
Cookman and Flemmings, 2001; Harris and Wi-
berg, 2001; Li and Amos, 2001; Syvitski and Hut-
ton, 2001; Storms et al., 2002). A well-docu-
mented overview of various approaches of
forward numerical models can be found in Paola
(2000) and will not be discussed here.

This paper discusses a 2-D process-response
model (Storms et al., 2002) that has been adapted
to simulate coastal evolution over geologic time
scales on the basis of event deposition. The re-
vised model (BARSIM) presented here uses a sto-
chastic component to describe event magnitude
and frequency and discriminates between storm
and fair-weather conditions. It provides the op-
portunity to evaluate small-scale stratigraphic
variability (e.g. grain-size, bed thickness, preserva-
tion potential) within the context of large-scale
transgressive and regressive sediment bodies.

2. Process-response model
2.1. Model algorithms

BARSIM is a 2-D process-response model that
simulates wave-dominated coastal response to ex-
ternal forcing on a geological time scale (Storms
et al., 2002). BARSIM is based on a mass con-
servation principle:

dH OF

where ¢ is time [T], x is horizontal distance [L], H
is topographic elevation relative to a constant
reference level [L], F is sediment flux [L>T"!]
and T is rate of subsidence due to the combined
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effects of compaction, loading, and vertical move-
ments of the basin floor [LT!].

The spatial derivative of the sediment flux is
defined as the difference between rates of erosion
and rates of deposition at any given time and
location:

IF

i E(x,t)—S(x,1) (2)

where E(x,f) is the rate of erosion [LT!] and
S(x,¢) is the rate of deposition [LT1].

Instead of calculating all fluxes for consecutive
cells in the downstream direction, we make use of
the fact that the net effects of erosion and depo-
sition in the coastal zone allow us to model the
changes during each time step in three phases
(Fig. 1):

Phase 1. The total flux available for deposition
is calculated by summation of the erosion fluxes
in the entire shoreface erosion window, which ex-
tends from the barrier coast to the wave base. The
total deposition flux is calculated as the sum of
the total erosion flux and the influx of additional
sediment by longshore drift.

Phase 2. Backbarrier deposition.

Phase 3. Shoreface—shelf deposition. A constant
fall-out rate is added to the deposition flux.

The coastline serves as an internal boundary
condition in all three phases. This method of so-
lution is not only more realistic from a geological
standpoint, it is also computationally more effi-
cient and numerically stable.

2.1.1. Erosion (Phase 1)
We define the rate of erosion as:

E(x,t) = cooca(t)c(2)G(x, 1) (3)
where G(x,t) is the local erosion efficiency [—]:

(H(x,0)—H,(0)
Glx,1) = < H(t)—H (1)

G(x,t) = 0 for x=x,(¢) and x=x,,(¢) (5)

)m for x,(f)<x<x,(t) (4)

Location x,(#) corresponds to the coastline,
which is defined by the intersection of sea level
H(t) and the topographic profile (Fig. 1). Erosion
is limited to a shoreface erosion window defined
by the spatial domain between locations x,(¢) and
x,(f), and outside of this domain, E(x,?) is taken
to be zero. The topographic elevation at x(¢) is
defined as H(f). Location x,,(7) is defined by the
intersection of the wave base H,,(f) and the topo-
graphic profile. The wave base H,(t) is defined
by: H,(t)= Hy(t)—z,(f), where z,(¢) is the depth

fallout
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Fig. 1. Schematic cross section of the sediment fluxes and model domains used in BARSIM. Three phases of sediment dispersal
can be distinguished: shoreface erosion, deposition in the backbarrier (if present) and shoreface—shelf deposition. See text for ex-

planation.
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of closure [L], which is defined as the maximum
water depth for waves to affect the sea bottom
(Cowell et al., 1999b). The depth of closure is
chosen as a function of wave height: z,(¢)=
c-w(t), in which ¢. is a constant (Table 1). The
above definitions allow us to formulate local ero-
sion efficiency, with values ranging from unity in
the vicinity of the coastline to zero at the storm
wave base. Constant m [—] represents the depen-
dence of erosion rate on water depth (Table 1).

The erosion efficiency rate ¢, [LT!] is indepen-
dent of the properties of the unconsolidated sub-
strate (Table 1). The parameter c,(¢) [—] reflects
the local dissipation constant.

os(t)—a,

a(t) =1
cd() + a,

(6)
where o(?) is the mean gradient of the shoreface
and o, [—] (Table 1) is a value for a reference
shoreface gradient. A shallow shoreface gradient,
relative to ¢, leads to wave-energy dissipation.
This decreases the erosion potential between the
wave base and the coastline. Parameter ¢, (¢) [—]
corrects for temporal variation in wave energy:
o w()
ew(t) = W (7)
where wy,[L] and w(?) [L] are the fair-weather and
the actual wave height (Table 1). Large waves
increase the erosion potential.

The total sediment flux available for deposition
is equal to:

Table 1

Values and units of parameters used in BARSIM
Parameter Value Unit
Ce 7 -

m 3 -

Co 2.5 m yr~!
Oyer 0.005 -

Wiy 4 m
Foia 0-40 m? yr!
k 0-0.002 m yr!
D,.r 0.125 mm

Cq 7.5-17.5 -

in 1-40 yr

ay 1-5 —

a 1-5 —

See text for further explanation of the parameters.

Fi(t,D) = 3 [ECr, 0-(x(0) = ()] + Faaa(t, D) (8)

X=X,

where F,;(¢) is the influx of sediment [L>T™!]
supplied by longshore currents (Table 1), which
can be specified for different grain-sizes (D).

F,(f) must be distributed over Fj, gp and Fj, sr
for backbarrier and shoreface—shelf deposition be-
fore the calculation of Phases 2 and 3 can be
carried out (Fig. 1).

F/(t,D) = Fin g+ Finsr )

2.1.2. Deposition (Phases 2 and 3)
The deposition function used in the model is
given by:

S(x,t,D) = % for x=x, (Phase 2) (10)
S(x,1,D) = % +k(1,D)
for x>x, (Phase 3) (11)

where F' is the flux of sediment that is in transit,
available for deposition [L*T™!], & represents the
sediment travel distance [L], which depends on the
grain-size of the sediment and on the environment
of deposition (i.e. the flow properties of the trans-
porting medium) and k is a steady fall-out rate
[LT™!] of fine sediment in calm water at the
shoreface—shelf (Table 1). The deposition algo-
rithm partitions this flux of locally available sedi-
ment into a local deposition flux and a local out-
flux (Fig. 1):

F:Fin+Fer0:Fdep+Fout (12)

However, note that F,,, has already been calcu-
lated in Phase 1 and therefore equals zero in
Phases 2 and 3. In case of limited backbarrier
accommodation F,, pp>0 at x=x, (calculated
in Phase 2). In such case F,,pp is added to
F;, sr prior to the calculation of Phase 3 in order
to comply with the mass conservation principle.

The net effects of size-selective transport are
simulated by the size dependence of the travel
distance / in the deposition function. Cross-shore
sediment dispersal is described by the following
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relationship between the nominal grain diameter
D [mm] and /[m], based on data from Terschel-
ling, The Netherlands (Guillén and Hoekstra,
1996, 1997), for a standard spatial increment of
50 m as:

h*(D) = Cg(x)'cw(t)[llo 4590 <%>245]

for D>D,y (13)
D . 0.6
h* (D) = cg(x)c,(t): {500 + 200 (%) ]
for D=D,s (14)

where D,,r =0.125 mm. The dominant mode of
transport in fully turbulent unidirectional flows
of sediment below this size is in suspension,
whereas sediments above this size are transported
mostly as traction load (Bridge, 1981; Bridge and
Bennett, 1992). Sediment transport capacity re-
lates to wave height as waves generate offshore-
directed currents during storms. However, these
currents lack during fair-weather conditions. The
constant ¢, (f) [—] accounts for this temporal var-
iability of wave height (Table 1). The constant
cg(x) [—] accounts for local conditions. This pa-
rameter has different values for deposition at
shoreface—shelf and backbarrier domain.

87

A correction for the travel distance parameter is
applied in case the spatial increment exceeds 50 m.
In addition, sediment bypassing is simulated in
case of subareally-exposed land to mimic wash-
over channels. Both approaches are discussed in
Storms et al. (2002).

2.2. Event-driven parameters

Large storm events are rare compared to small
seasonal storms but their impact on the coastal
depositional environment is larger. Most storms,
both small and large, typically last a few days
while fair-weather periods can last for months
or years. Fig. 2 shows the wave-height distribu-
tion over a twenty-year period measured at a
deep-water buoy near Schiermonnikoog, a barrier
island in the northern part of The Netherlands. It
shows the complete spectrum of waves, including
fair-weather and storm waves. As fair-weather
waves are less energetic, they are represented by
the left-hand side of the graph while ‘storm’
waves make up the right-hand side. However,
the distinction between fair-weather and storm
waves is arbitrary as it depends on the time scale
considered. The right-hand side of the Schiermon-
nikoog distribution is approximated by an expo-

0.0057 N =4.006
0.08 N = 106.088 1,
i c !ﬁ\, high variability
- m S N,
IS - B 8 low variability
3 - —
E —
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—

Fig. 2. Histogram showing the wave-height distribution recorded between 1997 and 1999 at a buoy (approximately 20 m water
depth) near Schiermonnikoog, a barrier island in the Dutch Wadden Sea. The distinction between fair-weather and storm waves,
is arbitrary fitted at 3 m in the model. Simple exponential functions are used to describe the storm wave-height distributions.
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nential function, which serves to describe the
wave-height regime in BARSIM (Fig. 3). Random
uniform deviates R < 0,1 > are used to determine
the values of w,(7):

we(t) = ln_f + wy, for a; >0 (15)
—a
where wp, represents the maximum fair-weather
wave height [L], which is assumed to erode small-
er previously formed fair-weather scours. a; [—] is
a constant to describe wave-height climate of dif-
ferent coastal settings (Table 1). The probability
of a large event increases inverse proportional
with constant a;.
Fair-weather duration, At [T], is described as:

At = ln—aR + tin fOr a;>0 (16)
—a
in which constant @, [—] is a measure for fair-
weather duration, which is a proxy for wave-
height recurrence interval (Table 1). To avoid ex-
cessive calculation times, t,,;, can be chosen to be
in the order of years to decades (Table 1). A long
fair-weather period, however, will embrace more
small and seasonal storms than a short fair-
weather period. Therefore, fair-weather wave
height as used in the model is positively correlated
with minimum fair-weather duration. Time-series

storm recurrence
interval distribution

characteristics can be changed by varying the ex-
ponential functions for both wave height and fre-
quency distributions between or during simula-
tions.

3. Simulated storm and fair-weather depositional
patterns

Storm depositional patterns are distinctly differ-
ent from fair-weather depositional patterns. At
the upper shoreface, net onshore transport of
sediment during fair-weather alternates with net
offshore transport during storm conditions. The
upper shoreface, foreshore and beach are flattened
after a storm and sediment is lost to deeper water
(Hobday and Reading, 1972; Reineck and Singh,
1972; Kreisa, 1981). During subsequent fair-
weather conditions a steady onshore feed of sedi-
ment due to wave asymmetry enables the shore-
face-beach system to recover and steepen (Lee et
al., 1998).

Fig. 4 shows simulated erosion and deposition
rates based on BARSIM output after storm and
fair-weather conditions for a steady sea level and
zero sediment supply. Absolute erosion and depo-
sition curves during storm conditions show a wide
range of values due to the variability in event

1 t.i @nd w, are user defined minima

R Simulated wave-height time serie
8m

0

10y 50y

tmin 6 m

wave-height distribution

1 4m
R 1500 3000y
0 -

4m 10m

wa

Fig. 3. Cumulative probability distributions based on exponential functions from Fig. 2 or storm wave height and recurrence in-
terval. Independent uniform random numbers between 0 and 1 are used to draw from both distributions to create a time-series

(upper right), which is used as input for BARSIM.



J.E.A. Storms| Marine Geology 199 (2003) 83-100 89

magnitude (Fig. 3). The maximum storm-bed
thickness in this case ranges between 0.3 and
0.8 m near the shoreline and it gradually thins
offshore. Storm erosion depth ranges between
0.35 and 1 m near the coastline. Fair-weather
erosion and deposition values are smaller and
more stable, as fair-weather ‘storm’ magnitude
(i.e. the minor seasonal storm events that occur
within a defined fair-weather period) is fixed in
the model. Any variability in these curves is due
to the dynamic shoreface morphology. The abso-
lute erosion and deposition curves can be used to
calculate net deposition curves that illustrate the
net topographic change after either a single event
or a period of fair weather (Fig. 5). As expected,
simulated events cause net erosion near the coast
while sediment is transported offshore (Hobday
and Reading, 1972; Reineck and Singh, 1972;
Kreisa, 1981). The bulk of the sediment remains
fairly close to the coast (between 1 and 5 km off-
shore). Sediment is returned to the coast during
fair-weather conditions. The overall effect after a
storm—fair-weather cycle is negligible as sediment
supply is zero (Fig. 5) and preservation potential
of the deposits under these conditions is low be-
cause reworking provides the only source of sedi-
ment.

—1 storm deposition
=== storm erosion

0.5 — =+ fair-weather deposition
=== fair-weather erosion

offshore distance from coastline (km)

5 10 15 20

Fig. 4. Simulated absolute erosion and deposition for a
steady sea level with no sediment supply. Fair-weather wave
height was set to 4 m, initial substrate slope was set to 0.09°.
Storm erosion and deposition are highly variable as wave
height changes in time. The fair-weather duration for the
simulation ranges between 10 and 53 years, on average it is
nearly 16 years. Such a long fair-weather period implies that
both seasonal and small events are included in the simulated
fair-weather periods.

03

02

Net fair-weather deposition
014}
i / Net overall deposition

T d
5 10 15 km

offshore distance from the coastline
014 1IN

-0.2 4

-0.3

Fig. 5. Average absolute shoreface deposition for a single
storm—fair-weather cycle using identical model settings as in
Fig. 4. Net erosion occurs along the coastline under storm
conditions as sediment is transported over a small distance
in offshore direction. Sediment returns to the coastline during
subsequent fair-weather conditions. The overall net result
after one cycle is negligible as sediment supply is zero.

The simulated depositional patterns described
above apply to a situation with a steady sea level
and no sediment supply. The complexity of the
depositional patterns will increase when both sea
level and sediment supply vary. Therefore, in the
next set of experiments (Fig. 6) sea level is held
stable while sediment supply was increased to
20 m?/yr and the fall-out rate to 0.2 mm/yr. All
other model parameters are identical to the simu-
lation described above. The simulated coastal sys-
tem shows a progradational coastline. Using this
setting as a base-case scenario, we tested the ef-
fects of varying wave-height regime and sediment
grain-size distribution on shoreface evolution and
the accompanying depositional patterns. The
wave-height regime can change in time due to
climatic changes (e.g. a change in prevailing
wind direction or wind force). Also, a rise in sea
level will change the fetch and water depth,
which will affect the waves approaching the coast-
line.

Variation in wave-height regime (i.e. the fair-
weather wave height as defined in the model) is
accomplished by increasing or decreasing fair-
weather wave height. This results in variation of
both fair-weather and storm waves because the
exponential curve used to describe storm waves
is shifted along the horizontal axis of Fig. 2.
The accompanying time-series for wave height
will shift along the vertical axis of Fig. 3, which
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Fig. 6. Simulated timeline cross-shore plots for a 10-ky period under varying conditions of wave-height regime and grain-size of
the supplied sediment. Sediment supply is 20 m?/yr and sediment fall-out rate is 0.2 mm/yr. Wave-height regime (see text) varies
from 2 to 6 m. Distinct changes in shoreface geometry can be seen as wave-height regime and grain-size are changed. Vertical

scale in metres, horizontal scale in kilometres.

reflects hypothetical changes in climatic condi-
tions through time. Wave-height regime affects
both erosion and deposition in the model. Erosion
will vary as the wave-base position shifts with
wave height. Wave-base positions can be seen in
Table 2. Deposition will be influenced, as wave-
induced currents affect the sediment transport ca-
pacity. Variability in wave-height regime will
therefore change the net deposition patterns as
the interplay between absolute erosion and depo-
sition rates changes. A wave-height regime of 2 m
(i.e. fair-weather wave height) generates little ero-
sive power and only a small amount of sediment
is being reworked (Fig. 6). As the average wave
height increases, so does the total amount of
eroded sediment as both erosion depth and width
of the shoreface increase. Deposition rates at the
distal lower shoreface (located between the fair-
weather and storm wave base; see Table 3) exceed
those at the proximal lower shoreface (landward
of the fair-weather wave base), which is reflected
in the shoreface profile. Overall, the cross profiles
shown in Fig. 6 indicate that an increase in wave-
height regime leads to a steepening and widening

of the shoreface in accordance with the position
of the wave base.

Both sea level and climatic changes may cause
variability in grain-size distribution of sediment
supplied by littoral drift. A sea-level fall will force
rivers to erode their own floodplain deposits
thereby generating incised valleys (Zaitlin et al.,
1994) and producing relatively sandy delta depos-
its. In time, these delta deposits will be reworked
by waves and transported by longshore currents.
Much of the sandy fluvial sediment load will be
trapped by the infill of estuaries during a sea-level
rise and only relatively fine sediment is bypassed
to the marine realm. Therefore, sea-level falls may
be accompanied by littoral drift adding relative
fine sediment to the adjacent coastal systems. Ad-
ditionally, climate will influence the overall sedi-
ment grain-size distribution of the fluvial sediment
load that is supplied to the marine realm, which
may therefore vary in time (Weltje et al., 1998).
Consequently, it is likely that the grain-size distri-
bution of sediment supplied by littoral drift will
vary in time.

Simulations were conducted using BARSIM to
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Table 2

Fair-weather wave base (FW-WB) and storm wave base (S-WB) locations (km from shoreline) for simulations described in Fig. 6
Wiy =2 m Wiy =4 m why =6 m Why =4 m why =4 m
Fine Fine Fine Medium Coarse

FW-WB 42+t14 14.0£0.5 22.5%£0.2 15.5£0.2 11.5x1.5

S-WB 9.0+3.3 20.0+2.6 29225 21.2+25 18.2+2.9

Wave-height regime (ws,) and sediment grain-size are indicated for each simulation. Grain-size distribution is specified in Table 3.

test the effects of variations in grain-size of sup-
plied sediment on depositional patterns and
shoreface evolution. Table 3 shows the grain-size
distributions used for the simulations. Grain-size
does not have a direct effect on erosion in the
model, because erosion is independent of sedi-
ment size (Storms et al.,, 2002). The shoreface
will be steep (Fig. 6) if supplied sediment is coarse
because coarse sediment remains close to the
coast (Carter, 1988). The variability in deposition
rates for the three grain-size classes differs from
the pattern generated by variation in wave-height
regime. The increase in shoreface slope has an
indirect effect on erosion since the shoreface slope
influences the wave-base location. In addition
shoreface slope affects wave dissipation and there-
fore the erosive capacity of waves. The combina-
tion of changing erosion and deposition rates
along the shoreface and shelf results in a charac-
teristic profile of the shoreface typical for the im-
posed grain-size distribution.

4. Retrogradational, aggradational and
progradational depositional patterns

The two examples described above illustrate

Table 3
grain-size fractions of supplied sediment used during simula-
tion runs described in Fig. 6

Grain-size class Fine Medium Coarse
(1m)

10 0.35 0.2 0.05

80 0.25 0.2 0.15
150 0.2 0.3 0.2
250 0.15 0.2 0.25
360 0.05 0.1 0.35
Mean (um) 109 149 231

how the simulated shoreface—shelf system re-
sponds to changes in wave-height regime and
grain-size of supplied sediment. Both parameters
impose distinct changes on depositional patterns,
which are reflected in the simulated stratigraphic
record. Simple geometric descriptions of the
shoreface (Bruun, 1962) are no longer applicable
under such conditions. Since both wave-height re-
gime and sediment grain-size are expected to vary
over geologic time scales, shallow-marine stratig-
raphy may well be more complex than previously
considered.

Simultaneous changes in sea level and sediment
supply result in characteristic stratal patterns as-
sociated with regression or transgression. BAR-
SIM was used to investigate how variations in
the rate of sediment supply affect depositional
patterns during three simple sea-level scenarios
(falling, stable and rising sea level). Sediment sup-
ply was increased from zero to 50 m?/yr in 5 m?/yr
increments in all three cases. Besides sediment
supply, all other parameters (wave-height regime,
shelf slope, sediment erodibility, fall-out rate, etc.)
are identical to those of the base-case scenario
described above (Fig. 6).

Fig. 7 shows the mean annual shoreface depo-
sition rates for a steady sea level over a 10-ky
period. The overall deposition rates increase as
sediment supply increases. However, proximal de-
position rates increase faster than distal deposi-
tion rates. As a result, progradation takes place
and the shoreface steepens as more sediment is
supplied. The steepening of the shoreface causes
the storm and the fair-weather wave base to mi-
grate landward (Fig. 7). Deposition rate shows a
local minimum near the fair-weather wave base.
Here, net erosion takes place when sediment sup-
ply rate is less than 10 m?/yr. Variability in depo-
sition rates due to changes in sediment supply is
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Fig. 7. (A) Simulated mean annual deposition rates for a steady sea level and sediment supply increasing from 0 to 50 m?/yr in
5-m?/yr increments. Fall-out rate is constant at a value of 0.2 mm/yr. The solid black lines indicate the location of the fair-weath-
er (left) and the storm (right) wave base. Progradation rate increases with sediment supply rate. Below, two cross-shore time line
plots are shown for sediment supply rates of zero (B) and 50 m*/yr (C).

restricted to an area of about 25 km wide. Further
offshore, all deposition rates will approach the
sediment fall-out rate of 0.2 mm/yr.

An interesting change in depositional pattern
emerges if a 1-mm/yr sea-level fall is imposed on
the above scenario (Fig. 8). The middle section of
the graph is pulled downward and erosion pre-
vails while sediment supply lies between 0 and
30 m?/yr. As the coastline progrades, erosion at
the shoreface results in the formation of a regres-
sive surface of marine erosion (Plint and Numme-
dal, 2000) in cases of persistent regression. This
erosional surface is marked by an abrupt facies
change as distal deposits are overlain by proximal
deposits. The erosional surface changes into a
non-depositional surface or a condensed section
when the rate of sediment supply increases to 30
m?/yr.

A sea-level rise of 1 mm/yr is imposed in the
third scenario (Fig. 9). Washover deposition takes
place as accommodation is created in the back-
barrier during sea-level rise. This causes a de-
crease in sediment availability at the shoreface
since washover sediment originates from the
shoreface. At first, erosion takes place at the
upper shoreface due to a sediment deficit. As
transgression continues, net erosion in this area
creates the transgressive ravinement surface
(Swift, 1968). Since the volume of backbarrier de-
posits is restricted by backbarrier accommoda-
tion, a further increase in sediment supply will
be primarily translated to an increase of shoreface
sediment available to compensate proximal shore-
face erosion. Retrogradation therefore gradually
changes to aggradation. Deposition rate balances
accommodation at a sediment supply rate of 35
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Fig. 8. (A) Simulated mean annual deposition rates for falling sea level and sediment supply increasing from 0 to 50 m?/yr in
5-m?/yr increments. Fall-out rate is constant at a value of 0.2 mm/yr. The solid black lines indicate the locations of the fair-
weather (left) and the storm (right) wave base. Progradation rate increases with sediment supply rate. Below, two cross-shore
time-line plots are shown for sediment supply rates of zero (B) and 50 m?*/yr (C). A regressive surface of marine erosion is

formed in cases where sediment supply rate is 30 m?/yr or less (B).

m?/yr, and the coastline remains at the same po-
sition (Fig. 9). A further increase in sediment sup-
ply results in coastal progradation and the mean
annual deposition rates are comparable to pat-
terns seen in Figs. 7 and 8.

The cross-shore variability in net deposition
rates described above contradicts the intuitive no-
tion that deposition rate should decrease gradu-
ally in a seaward direction. They explain both the
presence and the absence of specific shoreface de-
posits. During a forced regression with a low sup-
ply of sediment (Fig. 8), upper shoreface deposits
overlie lower shoreface and shelf deposits. In such
cases middle shoreface deposits are replaced by an
erosional or a non-depositional surface.

5. Simulated event stratigraphy

Up to this point, BARSIM model output de-
scribed dynamic features of coastal systems that
cannot be compared to real-world data. However,
BARSIM can also produce output in formats that
more closely resemble sedimentological data,
which are easier to evaluate and interpret. Mean
annual deposition rates explain the general behav-
iour of coastal systems over geologic time scales,
and illustrate the coastal response to variations in
sea level, sediment supply, wave-height regime
and grain-size. In reality, strata that originate
from individual events show a high degree of
complexity which effectively conceals these aver-
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Fig. 9. (A) Simulated mean annual deposition rates for a rising sea level and sediment supply increasing from 0 to 50 m?/yr in
5-m?/yr increments. Fall-out rate is constant at a value of 0.2 mm/yr. The solid black lines indicate the location of the fair-weath-
er (left) and the storm (right) wave base. Initial retrogradation and formation of transgressive erosion surface (B) changes to pro-

gradation (C) as sediment supply increases (see arrows).

age deposition rates. Little is known about the
completeness of individual event beds, and even
less about the relation between their measurable
characteristics (grain-size and thickness) and for-
mative mechanisms. It will be shown below that
patterns emerge in simulated bed successions,
which tell us more about the positioning (cf. water
depth) at the shoreface during deposition. These
patterns may help us to recognise specific changes

Om

in depositional pattern along the shoreface shelf
system that can be attributed to variability in sea
level, sediment supply, wave-height regime and
grain-size change.

A simple progradational system was simulated
during a 15-ky period to evaluate bed variability
along the shoreface—shelf system. During this sim-
ulation sea level remained constant and the rate
of sediment supply was fixed at 20 m?/yr, while

well 1

sea level

depth

[ A A O e )

Fig. 10. Simulated cross-shore time line profile for a 15-ky simulation with steady sea level and 20 m?/yr. Fall-out rate remains
at 0.2 mm/yr. Two wells, located at the shoreface, are discussed in Fig. 11.



J.E.A. Storms| Marine Geology 199 (2003) 83-100 95

fall-out rate was set to 0.2 mm/yr. The coastline
prograded about 8 km during the 15-ky interval
(Fig. 10). Bed thickness, grain-size and type of
bed (storm vs. fair weather), as well as water
depth at the time of deposition were recorded in
37 wells located at 1-km intervals along the shore-
face. Two wells located at km 22 and 35 are
shown in detail (Figs. 11 and 12). Well 1 (Fig.
11) is located landward of the fair-weather wave
base. The sediments in this well consist only of
event beds with an overall coarsening upward
trend. Water depth during deposition (see scale
bar) gradually decreases from 26 to 8 m. Well 2
(Fig. 10) shows deposits located further offshore.
Water depth during deposition ranges between 32

Well 1
100 200 300 um
| I

10 -

Om

Waterdepth during deposition (m)

T
8 12 16 20 24

Fig. 11. Simulated Well 1 (see Fig. 10 for location) illustrat-
ing the mean grain-size and water depth during deposition.
The well shows an overall coarsening upward trend as well
as a thickening upward trend of beds. Water depth decreased
from 26 to 8§ m as the coastline prograded. All beds are
formed under storm conditions.

Well 2
10 50 100 um
1 1
8 - 10 50 100 um
| IR | )
6_
4_
2 -
Om -

Fig. 12. Simulated Well 2 (see Fig. 10 for location) illustrat-
ing the mean grain-size and water depth during deposition.
The column left of the well indicates whether the bed was
formed under storm (black) or fair-weather conditions
(white). Water depth decreased from 40 to 31 m as the coast-
line prograded during deposition. The enlarged part shows a
1-m interval with considerable grain-size and bed-thickness
variability.

and 40 m, which coincides with the most frequent
position of the storm wave base (Fig. 13). Some
sediments were deposited seaward of the wave
base while other sediments were deposited land-
ward of the wave base. Fair-weather beds are pre-
served if subsequent storms are mild. A detailed
view of Well 2 reveals that the mean grain-size of
fair-weather beds is 10 to 15 microns, which al-
lows them to be interpreted as fall-out deposits.
Fig. 14 shows four plots that illustrate different
bed characteristics vs. water depth during deposi-
tion based on all preserved fair-weather and
storm beds. Average bed thickness decreases in
an offshore direction (Fig. 14A). The standard
deviation of bed thickness is equivalent to the
mean value indicating a large variability. Niedo-
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Fig. 13. Histogram showing the storm wave-base water depth
during the simulation described above. Average storm wave-
base water depth is 37 m, while the minima and maxima
range between 32 and 52 m.

roda et al. (1989) found similar results for bed
variability and mean bed thickness. The mean
grain-size of the beds decreases in an offshore
direction (Fig. 14B), while the standard deviation
reaches a maximum near water depths of 25-30 m,

which coincide with the fair-weather wave base
location. Fig. 14C shows that essentially all beds
deposited in water depths between 10 and 30 m
are storm beds and thus consist solely of re-
worked sediment. The relatively low standard de-
viation of grain-size in these shallow waters indi-
cates that deposition of reworked storm beds is an
efficient sorting mechanism. The origin of very
thin beds is difficult to determine from logs or
cores. Therefore, the measured ratio between
storm and fair-weather beds is affected by the
ability to recognise them in the stratal record.
To simulate the limited resolution of real-world
data, a constraint is imposed in the model
through the use of a minimum event-bed thick-
ness of either 2 or 5 mm (Fig. 14C). If an event
bed is too thin it amalgamates with fair-weather
deposits to form a heterogeneous background de-
posit. Fair-weather bed preservation potential in-
creases with water depth as erosion capacity de-
creases (Fig. 14C). An increase of the minimum
event-bed thickness in the model leads to a de-
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Fig. 14. Plots showing bed characteristics based on 37 simulated wells positioned along the shoreface and shelf (see Fig. 10) be-
tween km 34 and 58 with 1-km intervals. Well 1 and 2 are also included in this simulated data set. (A) Cross-shore variation of
mean bed thickness and standard deviation. (B) Cross-shore variation of mean grain-size and standard deviation. (C) Cross-shore
ratio between event and fair-weather beds. (D) Absolute number of event beds per metre of vertical sediment.
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crease in the number of event beds, which affects
the storm—fair-weather bed ratio (Fig. 14C). The
absolute number of recognisable event beds (> 5
mm) per metre of vertical sediment column (Fig.
14D) shows a distinct peak near 30-35 m water
depth. Landward of this point, the absolute num-
ber of beds depends on the bed thickness (Fig.
14A). A decrease in the absolute number of event
beds caused by starvation as water depth in-
creases is observed seaward of the peak. A water
depth of 30-35 m corresponds to a distance to 10
km to the shoreline (Fig. 10). Zhang et al. (1997)
found a similar peak in bed rhythmicity at the
same distance from the coastline using both nu-
merical simulations and box core data of the
Northern California shelf.

6. Discussion and conclusions
6.1. Model resolution

The definition of a minimum duration for fair-
weather conditions provides a way to change the
temporal resolution of the model. All examples
discussed above used a minimum fair-weather
time step of 10 years in order to simulate geologic
time scales. Model resolution in this case is fairly
low, but simulated bed characteristics (Fig. 14)
show trends comparable to those of field studies
(Reineck and Singh, 1972; Aigner, 1985; Snedden
and Nummedal, 1991). By reducing the minimum
duration for fair-weather conditions to days, it
becomes possible to simulate each individual
windy or stormy occurrence. In that case, fair-
weather wave height should be low and wave-
height variability should be high. In fact, model-
ling with time steps of the order of one day may
help to reconstruct palaeo-wave-height climate
from specific sections of the stratigraphic record.

6.2. Bedforms

The presence of crossbedding caused by ripple
and dune formation in upper shoreface deposits
leads to variability in bed thickness over short
distances. Further seaward, crossbedding is re-
placed by parallel lamination as flow velocity de-

creases. Beds become more continuous and pre-
dictable. Therefore, modelled beds should not be
used for interpretations in water depths of less
than 10 m, to avoid bedform deviations. Mecha-
nisms of bed destruction that are not included in
the model are coast parallel currents (either storm
or tide driven), which may form bars at greater
depths, and biological activity at the shoreface
and shelf. The bars may limit the lateral continu-
ity of event beds (Cacchione et al., 1984) while
bioturbation may lead to mixing of the upper
10 cm (Wheatcroft, 1990; Wiberg, 2000). The
presence of bedforms and bioturbation does not
affect the simulated coastal response, because the
net deposition rate is not affected by their pres-
ence or absence.

6.3. Definition of facies

The simulation of a regressive shoreface—shelf
system (Figs. 11-13) shows that water depth alone
is insufficient to define facies, because it decreases
gradually during deposition. Wells 1 and 2 (Figs.
11 and 12) show that different types of deposits
emerge which can be classified according to the
lithofacies scheme proposed by Swift et al
(1991) which is based on three types of litho-
facies: amalgamated sand facies, interstratified
sand and mud facies, and laminated mud facies.
The boundary between the amalgamated sand fa-
cies and the interstratified sand and mud facies
can easily be established based on the presence
of mud interbeds. However, the boundary be-
tween the interstratified mud and sand facies
and the laminated mud facies is diffuse and arbi-
trary. Fig. 15 illustrates mean facies grain-size and
variability of 0.5-m sediment intervals based on
the simulated shoreface—shelf sediments described
above (Fig. 10). Three populations can be recog-
nised that agree well with the facies scheme pro-
posed by Swift et al. (1991). The high reworking
efficiency of the upper and middle shoreface
(landward of the fair-weather wave base) reduces
the preservation potential of fine-grained fair-
weather beds zero (Fig. 14C) so that all sand
beds are amalgamated. Variability in grain-size
is therefore low. Further seaward, fine-grained
fair-weather beds are more likely to be preserved,
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Fig. 15. Facies definition based on the mean and standard deviation of simulated sediment grain-size, using data from the simu-
lated progradational sequence shown in Fig. 10. Three populations can be recognised that support the facies scheme proposed by
Swift et al. (1991). Amalgamated sand facies are characterised by a high mean grain-size and a relative low standard deviation.
The interstratified sand and mud facies show a sharp decrease in mean grain-size while the standard deviation rapidly increases.
Laminated mud facies is characterised by a low mean and standard deviation of the grain-size.

leading to the formation of interstratified sand
and mud facies. Here, the presence of fine-grained
beds between sandy beds causes an increase of the
grain-size variability within the 0.5-m sediment
intervals while the mean grain-size decreases. As
the sand content decreases in offshore direction
due to starvation, laminated mud facies form
which are characterised by a decrease in mean
and standard deviation of the grain-size. Based
on the classification shown in Fig. 15 it is con-
cluded that Well 1 (Fig. 11) consists of amalga-
mated sand facies, while Well 2 (Fig. 12) consists
of laminated mud facies. In contrast to grain-size,
no clear relation was found between mean and
variation in bed thickness which could help iden-
tify facies type.

6.4. Conclusions

BARSIM is a model that bridges the gap be-
tween micro (i.e. civil engineering) and macro (i.e.
basin fill) scale modelling. By using event deposi-
tion as a basis for modelling, both small-scale var-
iability and large-scale coastal behaviour can be
explained which eliminates the need to model dif-
ferent processes over different time scales. The
storm wave base location is of key importance

in the model as it defines the outer limit of erosion
which affects both average deposition patterns as
well as the preservation potential of individual
beds. Shoreface depositional patterns show a large
variability in average deposition rate under con-
ditions of varying sea level, sediment supply,
wave-height and grain-size. Changes in the rates
of sea-level change and sediment supply tradition-
ally are considered to be the main mechanisms
for generating the observed stratal variability in
shallow-marine settings. However, model results
indicate that less obvious variables such as
wave-height regime and grain-size of the supplied
sediment have equally significant effects on stratal
geometry. Unravelling coastal evolution from the
shallow-marine stratigraphic record may be more
difficult than previously assumed, as these varia-
bles are expected to vary over geologic time
scales.
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