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ABSTRACT
The standard model of sequence stratigraphy postulates that the falling limb of a sea-level
cycle leaves no depositional record on the shelf and upper slope – highstand and lowstand
systems tracts are separated by a hiatus and erosional unconformity. There are now many
examples of sediment accumulations formed during relative sea-level fall, here referred
to as “falling-stage systems tract”. This study focuses on tropical carbonates. Numerical
modeling was used to identify key parameters for the development of the falling-stage
systems tract and the standard-model anatomy, and to determine their stability domains in
this parameterspace. Well-documented case studies were used to compare model results
and field observations. Key parameters are the rates of sea-level fall, erosion and
carbonate production with slope angle as a modifying factor. The falling-stage systems
tract is favoured by low rates of fall, low rates of erosion, high rates of carbonate
production, and low slope angle. The effects of subaerial and marine erosion are similar.
The two variables are linearly correlated in a wide range of conditions and the sum of
subaerial and marine erosion rates can be plotted on one axis after appropriate
conversion. Numerical reconnaissance plus data from field observation indicate that the
geologically probable space for the falling-stage systems tract is large and the
phenomenon should be common in tropical carbonates.
Keywords: falling-stage systems tract, sequence stratigraphy, tropical carbonates,
stratigraphic modeling

INTRODUCTION
The concept of sequence stratigraphy as introduced in the open literature includes
a consistent, detailed model of the depositional anatomy of sequences, here referred to as
the “standard model” (Vail et al., 1977; Mitchum et al., 1977; Vail 1987; Van Wagoner et
al., 1987; Jervey, 1988; Posamentier et al., 1988; Posamentier & Vail, 1988; Sarg, 1988;
Van Wagoner et al., 1988). The standard model of sequence stratigraphy (STM) assumes
that the lowstand systems tract is separated from the preceding highstand tract by an
erosional unconformity that extends continuously from the highstand shoreline to the
lowstand minimum of sea level (Fig. 1). A depositional record of sea-level fall exists only
on the lower slope and basin floor in the form of turbidite fans and wedges of slumps and
debris flows.
Subsequent field studies produced many examples where the falling sea level also
left a record in the form of downstepping or downward-migrating shelf and upper slope
deposits (Hunt & Tucker, 1992; Nummedal et al., 1992; Hunt & Tucker, 1993;
Posamentier & Allen, 1999; with more case studies in Hunt & Gawthorpe, 2000).
Reviews by Plint & Nummedal, 2000 and Posamentier & Morris, 2000 concluded that
some form of “falling-stage systems tract” (FST) is rather common in the sequence
record even though the systems-tract terminology and the position of the sequence
boundary remain controversial (Fig. 2).
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This study examines the situation with respect to carbonate rocks, in particular the
deposits of the tropical, or T factory sensu Schlager (2003, 2005). The key parameters
controlling the presence or absence of the FST were identified via basic principles of
sedimentation and numerical modeling. Well-documented case studies were used as
“ground truth” for the validity of the numerical models. Data from numerical models and
case studies were combined to establish the parameterspace for the development of
FSTand the STM respectively. Finally, it was estimated what portion of the stability
domains of FST and STM is geologically probable, i.e. supported by geological
observation.

METHODS
CARBONATE-3D (C3D)
All modeling was done with CARBONATE-3D (C3D), a finite difference,
forward-modeling program that simulates the evolution of carbonate platforms and mixed
carbonate siliciclastic systems up to millions of years with time steps of tens to thousands
of years. The program is written in IDL (Information Data Language). The basic
mathematical structure and its justification in view of sedimentologic principles is given
in Warrlich et al. (2002). Below follows a brief summary of the program structure. The
most relevant input settings for specific runs are given in the captions or the
accompanying text.
C3D simulates the major processes operating in carbonate systems after input of
time and spatial scales, initial 3-D surface, and sea-level history. In the program,
accommodation can be controlled by sea-level changes, differential subsidence and
compaction during the model run. Carbonate sediments are simulated to be produced in
platform margin, platform interior and pelagic environments. Each of these carbonate
factories has production rates that vary with water-depth and with respect to a restriction
effect related to distance from the platform edge. Platform-margin production increases
to a maximum toward the margin, platform-interior production increases with distance
inshore from the margin and pelagic sedimentation increases basinward away from the
margin (for details see Warrlich et al., 2002). Simulated strata may be eroded at a userdefined rate to give coarse and fine reworked sediment. If the shear stress is above a
critical value specified for a particular grain size, sediment becomes entrained and
transported. Transport is governed by a shear stress vector field that is a combination of
the shear stress due to currents and waves as well as slope. As only the shear stress due to
slope is grain-size dependent, coarse-grained sediments tend to follow slope and fine
sediments follow currents and waves (Warrlich et al., 2002). Thus the program simulates
bed-load and suspended-load transport respectively. Deposition occurs in areas where
shear stresses are below the critical value. C3D calculates sedimentary geometries as time
surfaces and simulates facies. The facies assigned to a cell is either that of the process
that forms the largest fraction of the accumulated sediment within that cell or the facies
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defined by the user as a fixed combination of grain types from a particular production belt
or from erosion (see “digital facies” of Boylan et al., 2002 for details).
The set up used to investigate the FST was a topographic surface 0.6-5 km long
and 0.1-0.5 km wide, consisting of flat top and adjacent slope, with initial sea level
covering the shallow part; one carbonate production function with production rates of 100
– 6000 μm/y, decreasing with depth as described in Warrlich et al. (2002). Information
on sea-level curves, production rates and erosion rates are indicated with the specific
runs.

RESULTS
Numerical modeling
The program C3D was used to explore under which conditions a falling-stage
systems tract would develop and when the configuration of the standard model would be
realized. “Standard-model configuration” implies that sea-level fall created a continuous
surface of erosion or non-deposition and left no sediment accumulations in the area swept
by the falling sea level. The depositional record of the time of sea-level fall consists only
of deeper-water sediments on the lower slope and basin floor, i.e. the area below the sealevel minimum. This section presents the most important parameters controlling FST
development and summarize their effects as observed in about 300 modeling runs.

Rate of sea-level fall
Arguing from fundamental principles of erosion and deposition, one can already
predict that the development of a FST is more likely if sea level falls slowly whereas
rapid falls will favour the standard model. Our numerical models clearly confirm this
view and provide quantitative estimates on the rates of fall required to create FST or
STM anatomy respectively (Fig. 3). The runs were made for a tropical carbonate platform
able to build a wave-resistant margin and maintain steep slopes. Both subaerial and
shallow-marine erosion are set to zero in Fig. 3. Under these conditions, a sinusoidal sealevel cycle produces a large falling-stage systems tract. Increasing asymmetry of the sealevel cycle and increasing rates of fall reduce the size of the FST and finally lead to the
standard model. It should be noted that the rate required to completely suppress the FST
is also a function of the spatial and temporal resolution used as input for the modeling
runs.

Rate of erosion
C3D allows one to separately model the effects of subaerial and marine erosion.
The effect of increasing subaerial erosion is shown in Fig. 4. Much like changing rates of
sea-level fall, varying rates of erosion shift the system from the FST mode to the mode of
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the standard model and vice versa. In the present context, the effects of shallow-marine
erosion (by currents and waves, or by boring or grinding organisms) are similar to those
of subaerial erosion. Increasing shallow-marine erosion again reduces the size of the FST
and eventually creates the anatomy of the standard model (Fig. 5).
The overall effect marine erosion on FST development in C3D models is similar
to subaerial erosion but there are important differences with regard to the rates required to
suppress the FST (expressed as surface lowering in μm/y). The two erosive processes
also create somewhat different morphology on the erosion surface. Subaerial carbonate
erosion is assumed to be uniform over the exposed area and proceed by dissolution, thus
all eroded material leaves the model space. Marine erosion varies with water depth and
much eroded material is redeposited within the model. Marine erosion is less effective in
destroying the FST because its maximum rates are only realized in a narrow depth zone
and most eroded material is redeposited further downslope and thus needs to be reworked
repeatedly during sea-level falls. In this study, the “FST destruction efficiency” of marine
and subaerial erosion was found to be linearly correlated in a wide range of conditions
(Fig. 6). This allows one to substitute marine for subaerial erosion and vice versa in
modeling runs and plot them on one axis in parameterspace.
In summary, the modeling runs clearly indicate that changes in rates of sea-level
fall and rates of erosion have similar effects on depositional anatomy. In both instances,
increasing rates shift the depositional system in the direction of the STM, decreasing rates
shift it in the direction of the FST.

Carbonate production
Carbonate production is a third important control on FST development.
Production supplies sediment for the construction of the FST and therefore directly
counteracts erosion. Fig. 7 illustrates the effect of increasing production while the rates of
erosion and sea-level fall remain unchanged. Both highstand and lowstand tract increase
in volume as production increases. The FST appears when production rate is so high that
erosion is unable to remove all the sediment produced during sea-level fall.

Slope angle
FST sediments are deposited on slopes and this may cause resolution problems if
slopes get too steep. The reason is that the lateral separation of the time lines used to
define the FST in a computer output is a function of the cosine of the slope and thus
decreases with increasing slope angle while the thickness of the printed line remains
nearly constant. This problem was alleviated by conducting the FST experiments in a
relatively narrow range of intermediate slope angles. The vast majority of FST
presence/absence tests were done on slopes of 150 - 250, only in exceptional
circumstances slopes up to 400 were considered.
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Parameterspace
The modeling results on FST development can best be summarized by viewing
the stability domains of the FST and STM anatomies in a space determined by the
principal controlling parameters. The basic controls are the rates of sea-level fall, erosion
and carbonate production. Fig. 8 illustrates various aspects of this space. Fig. 8A shows a
plane in parameterspace containing the axes for sea-level fall and erosion. FST anatomy
is favoured by low rates of both erosion and sea-level fall. If both rates increase,
standard-model anatomy is created at rather moderate rates. If one rate remains very low,
very high rates of the other process are required to reach standard-model conditions. The
boundaries between the two domains resemble a hyperbola of the type x*y = constant,
with the FST domain occupying the area near the origin. A third axis – carbonate
production – extends perpendicular to the sea-level/erosion plane. In Fig. 8A, the third
dimension is indicated by showing the FST/STM boundaries of different production
levels in different colours. The bi-logarithmic plot of Fig. 8B demonstrates that the
modeling data points of the sea-level/erosion plane form long straight segments, i.e. they
indeed resemble power functions in a wide range of conditions. However, the slopes of
the regression lines may differ considerably from 1, thus the match with hyperbolas of
the type x*y = constant is not perfect. Fig. 8C illustrates the FST/STM boundary in a
view perpendicular to the sea-level/erosion plane. In this plot, each coloured hyperbola of
Fig. 8A is represented by one dot, taking advantage of the fact that the product of rate-offall times rate-of-erosion is constant for all points of a particular hyperbola. The value of
the dot was calculated by multiplying rate of fall and rate of erosion for the data points
near the apex of the hyperbolas, where the lines fit the data rather well. The graph shows
that with increasing production, the FST/STM boundary shifts away from the origin. The
points approximately follow the curve y = 0.000037*x1.28, where y is the production rate
and x is the product of rate of fall and rate of erosion. This curve resembles a parabola
but with an exponent of 1.28 rather than 2.

Superposition of sea-level cycles
Most runs were made with the simplest possible sea-level movement for FST
development – linear fall at constant rate. Clearly, this is a drastic simplification, albeit a
useful one. It is well established that sea-level movements occur in a wide range of time
scales (review in Harrison, 2002). Stratigraphic sequences, too, have been shown to occur
in a wide range of temporal and spatial scales such that large sequences usually can be
broken down into smaller building blocks. A number of runs addressed the effect of
superposition of sea-level cycles on FST development. These runs assumed long linear
rises and falls of sea level, modulated by higher-frequency sine waves. Fig. 9 shows that
these oscillations produce a segmentation of the FST including episodes with prograding,
flat-topped platforms. Subaerial erosion may break up the FST into isolated steps that
mark the downward shift of the production zone.
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Real-world examples as “ground truth” for modeling
Well-documented examples from the geologic record are an essential check of
the modeling results. This section first presents two examples of falling-stage systems
tracts where C3D modeling was part of the analysis, followed by case studies where C3D
modeling was not applied but the relevant rates are sufficiently well constrained to plot
them in the parameter space established by modeling.

Miocene Níjar basin, Spain
The Nijar Basin belongs to a series of intra-montane basins on the rump of the
Betic Cordillera, an alpine fold-and-thrust belt in southeastern Spain. The basin fill is
well exposed, easily accessible and has been repeatedly studied in recent decades (Dabrio
et al., 1981; Franseen & Mankiewicz, 1991; Mankiewicz 1996). Warrlich et al. 2005
proposed a formal sequence stratigraphy. Depositional sequence E of this succession is
dated as 6.2-5.9 Ma (Messinian) and includes a well-developed FST (Figs 10, 11). This
FST has been modeled in C3D (Warrlich 2001) and the results are shown here for
comparison (Fig. 12).

Early Cretaceous Shu’aiba Formation, Middle East
The Shu’aiba Formation of the Trucial Coast (e.g. Bu Hasa Field) and Oman (e.g.
Safah Field) is part of the sediment cover of the Arabian craton. It was deposited during
the Aptian stage of the Early Cretaceous in an epeiric sea that was differentiated into
carbonate platforms and shallow basins with argillaceous sediments. Sedimentologic
models of Shu’aiba anatomy have evolved considerably during the past two decades.
Now there is broad agreement that the main phase of platform building, the mid-Shu’aiba
of Boote & Mou (2003), was followed by a late phase of basinward progradation and
downstepping of platform facies, the upper Shu’aiba (Figs 13, 14). Most or all of the
upper Shu’aiba can be interpreted as a falling-stage systems tract deposited after the midShu’aiba highstand tract. C3D modeling with these assumptions also produces the best
match with observation (Fig. 15).

Other case studies
The Early-Cretaceous Habshan Formation of Oman shows platform-basin
transitions with strongly prograding clinoforms, repeatedly including FST geometries.
Droste & Van Steenwinkel (2004) and H.Droste (written com.) present a detailed
description with sufficient constraints on ages and range of fall to include the example
here.
In the Maldives, Belopolsky & Droxler (2004) established a very detailed seismic
stratigraphy that is calibrated by core borings of the Ocean Drilling Program (ODP) and
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exploration wells. In the Miocene, several FSTs (called “forced regressive wedges” by
the authors) were observed. Ranges of sea-level fall were gleaned from seismic geometry.
Ages of the relevant seismic reflectors are sufficiently well constrained to estimate rates
of fall.
The Miocene of Mallorca in the Mediterranean is well known from detailed
studies of sea cliffs and numerous water wells (Pomar, 1991; 2000). The rocks are well
dated by biostratigraphy. These dates and the close match between observation and
forward modeling (Bosence et al., 1994) support the orbital interpretation of the platform
cycles advanced by Pomar (1991). The orbital interpretation of cycles and the clearly
observed ranges of sea-level fall in outcrop provide narrow constraints on the rates of
sea-level fall.

Case studies in FST parameter space
Fig. 16 shows the case studies in the plane of erosion vs. sea-level fall of the
parameter space established by modeling (Fig. 8A). The rates of erosion and sea-level fall
with their error bars were derived as follows.
Rates of subaerial carbonate erosion were taken from the data on extant systems
in White (1984): warm temperate settings 60-125 μm/y (assumed to apply to Nijar and
Mallorca); wet tropical settings 90-200 μm/y (assumed to apply to Maldives, Bu Hasa,
Safah and Habshan). The rates in White (1984) were measured over time spans of months
to years. In the case studies, the time spans for forming the FST are in the range of 103 105 y. Gardner et al. (1987) have argued that erosion rates, like sedimentation rates,
decrease with increasing length of the time window and presented a quantitative estimate
of this scaling trend based on 8 orders of magnitude in time. In this study, the scaling of
erosion rates is accepted as a possibility but not as a certainty. This increases the
uncertainty of the rate estimates and the range of erosion rates in Fig. 16 reflects this
situation. The upper limit of the range bars is drawn by assuming that the rate scaling
does not apply and the maximum rates in White (1984) remain valid guesses also for the
long time intervals of the case studies. The minimum rates were derived by assuming that
rate scaling does apply and the minima in White (1984) had to be further reduced using
the scaling formula of Gardner et al. (1987).
Marine erosion is very poorly constrained on a formation scale. Rates sustained
for 50 ky and longer were assumed to vary between 75-750 μm/y, which translates into
10-100 μm/y subaerial equivalents using the regression formula of Fig. 6. It seems
unlikely that marine erosion rates of 200 μm/y (subaerial equivalent) derived from the
maximum rates of notch erosion in the Holocene can be sustained for time intervals
represented by the case studies in question. No rate scaling was applied to the minimum
because the effect on the total erosion rate was considered negligible.
Rates of sea-level fall were gleaned directly from sequence geometry and age
dates of each case study (arranged in stratigraphic order).
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Habshan (after Droste & Van Steenwinkel, 2004; H. Droste, written com.): The EarlyCretaceous Habshan formation of Oman consists of 6 cycles with forced-regressive (=
FST) deposits. The range of fall is 60-70 m, duration of cycles about 1-3 My. Assuming
that the FST represents 50% of the cycle duration yields rates of fall of 40-140 μm/y.
Shu’aiba of Bu Hasa (after Fitchen, 1997): The FST of the Upper Shu’aiba Formation
occupies the time between the sequence boundary 109.5 and 108.7 Ma, i.e. 0.8 My. The
range of fall is estimated as 51-64 m (based on Fitchen, 1997, Fig. 32). The resulting
range of rates of fall is about 64-80 μm/y.
Shu’aiba of Safah (after Boote & Mou, 2003, Fig.29; Van Buchem et al., 2002, Fig.15):
The FST of Upper Shu’aiba is estimated to occupy 0.57-1.28 My of time; the range of
fall is 11.5-30 m. This translates into rates of fall of 9-53 μm/y.
Maldives (after Belopolsky & Droxler, 2004): Miocene unit M2 is estimated to represent
0.9-3.4 My of time; based on thickness proportions, the FST is assumed to represent 25%
of this time, i.e. 0.22-0.85 My. Range of fall is 50 ms two-way travel time; estimated
interval velocity at this level is 2000 m/s, which yields a range of fall of 50 m and rates of
fall of 60-230 μm/y.
Mallorca (after Pomar, 1991; 2000): A hierarchy of prograding sigmoids and sigmoid
bundles was recognized and tentatively correlated with orbital cycles. Plotted are rates for
co-sets of sigmoids, interpreted as expression of the 100 ky eccentricity cycle. Range of
sea-level fall in the co-sets is estimated as 60-70 m based on Pomar (2000). Assuming the
FST represents half of a 100-ky cycle, the range of rates of fall is 1200-1400 μm/y.
Nijar (after Warrlich et al. 2005): The FST of depositional sequence E is well constrained
by field data and a good match with modeling runs. Duration of the FST interval is
estimated as 0.266 My and the range of fall as 168-177 m. This yields rates of fall of
about 630-665 μm/y.
Fig. 16 shows that all FST case studies considered actually plot in the stability
domain of the FST predicted by modeling, even if one assumes that their production rates
were only 500 μm/y.

DISCUSSION
The modeling runs provide a reasonably clear picture about the conditions
required for developing a FST or the continuous unconformity of the standard model
during sea-level fall. The key question to be pursued in this section is: how do the results
from modeling compare with geologic reality? In other words: which part of the
parameterspace is geologically probable and supported by observations? The situation is
evaluated separately for each of the principal controls.

Rates of sea-level fall
It is well established that the “power” (or variance) of sea-level fluctuations
changes with the frequency of the wave patterns. This implies that rates and amplitudes
of sea-level change are not independent of the length of the time interval of observation
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(Harrison, 2002). Considering the sea-level curves of the modeling runs, the most critical
observation interval for the present discussion is 0.5-500 ky. This constraint makes the
Pleistocene Series the most important source of data because sufficiently accurate time
control for sea-level movements of the more distant past is very rare. For the Pleistocene
(and Holocene), there exists a well-established relationship between oxygen isotope
ratios in calcareous shells, ice volume and eustatic sea level. Sea-level curves gleaned
from oxygen-isotope data repeatedly show rapid falls in the range of 20000-40000 μm/y
(Labeyrie et al., 1987; Shackleton, 1987). These rates are in the range required to
suppress the FST and create the STM in tropical carbonates without much additional
contribution from erosion. However, one should keep in mind that the extreme
Pleistocene rates remain somewhat speculative. U-Th age data generally provide
insufficient resolution and data coverage to confirm or reject the rapid sea-level falls
derived from oxygen isotopes. In summary, it seems highly probable that rates required
to suppress the FST by rapid sea-level fall occurred in the Pleistocene. By inference, it
seems likely that the same holds for other times of large ice bodies, such as the PermoCarboniferous and parts of the Late Proterozoic.

Rates of erosion
Discussion of erosion rates needs to separately address marine and terrestrial
environments because the processes and their controls are vastly different.

Subaerial erosion of tropical carbonates
Tropical carbonates have a high content of metastable aragonite and magnesian
calcite. These minerals dissolve rapidly in rain water and re-precipitate as calcite cement.
Thus tropical carbonate sediments commonly lithify upon exposure. This lithification
plus organic binding and framebuilding in the depositional environment reduce the rates
of mechanical erosion. Denudation rates of large terrestrial surfaces of carbonate rocks
strongly depend on dissolution. Most data and theoretical models were contributed by
studies of extant karst systems. There is fairly good agreement between rates deduced
from field observations and those predicted from theoretical models based on reaction
chemistry (White, 1984; Dreybrodt, 1988). Denudation rates of karst surfaces in
temperate and cold climates are in the range of 60-125 μm/y, tropical rates 90-200 μm/y.
Purdy & Winterer (2001) postulate theoretical rates of up to 650 μm/y assuming strong
undersaturation of the waters and no damping effect of evapo-transpiration; both
assumptions seem rather unlikely. Erosion rates in cave conduits may exceed 1000 μm/y,
i.e. an order of magnitude higher than rates of surface denudation. The higher rates in
conduits lead to efficient subsurface drainage, thus reducing surface denudation and often
saving the depositional surface from wholesale destruction. The Miami Oolite is a good
example. The formation was deposited as a carbonate sand shoal during the last
interglacial, about 120 ky BP. Despite more than 100 ky of karst erosion, the oolite
surface still shows the depositional pattern of sand bars and intervening channels and the
relief of this pattern still is in the range of modern analogues in the Bahamas (Halley &
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Evans, 1983; Schlager, 2005). In sequence stratigraphic terms one may conclude that the
depositional surface of the highstand systems tract (HST) of the Miami Oolite essentially
survived more than 100 ky of karst erosion in a humid tropical climate.
Based on the data above, the upper limit of subaerial denudation rates supported
by geologic observations is estimated to be 200 μm/y. (Marine erosion, plotted on the
same axis, is discussed below).

Marine erosion of tropical carbonates
It is a fundamental principle that the wave-agitated part of the sea is a zone of
intensive erosion and reworking of loose sediment. Relict bedforms rarely survive in this
zone. The situation frequently differs in tropical carbonate settings because organic
framebuilding and submarine cementation counteract erosion by waves and currents. The
effect of framebuilding and cementation is strengthened by an important feedback loop.
Both processes tend to intensify where wave agitation, and thus erosion, are strong. This
implies that where waves intensively erode and lower the sea bed, similarly intensive
framebuilding and cementation repair the damage.
A peculiarity of carbonate sediments is that they can be eroded by boring and
rasping organisms that attack loose grains, organic framework and hardgrounds. This bioerosion is significant throughout the shallow-water carbonate domain (James &
Macintyre, 1985); a narrow maximum in the uppermost water column produces the
characteristic ‘intertidal” notch on carbonate sea cliffs (Spencer, 1992; Neumann &
Hearty, 1996). The process is particularly efficient because it undercuts sea cliffs and
creates boulders that come to rest on the abrasion platform at the foot of the cliffs thus
providing extra surface area for the notch-cutting bio-eroders.
While the principles of mechanical and biotic erosion in carbonates are fairly well
understood, their long-term effects, such as rates of lowering of the sea floor, are difficult
to quantify. Alas, exactly such rates are required for the present discussion. The emphasis
on long-term, geologically relevant rates is particularly important in view of the abovementioned feedback between erosion and framebuilding. If space created by erosion is
completely filled by accelerated framebuilding, the long-term effect of erosion for the
present analysis would be zero. Thousands of kilometers of modern barrier reefs that
have built to sea level clearly indicate that reef communities can maintain a surface at the
upper limit of the reef habitat and thus locally override the destructive effect of marine
erosion.
The mix of mechanical and biotic processes as well as the feedback between
erosion and growth make it exceptionally difficult to determine what are reasonable longterm rates of marine erosion in tropical carbonates. Arguably the best-quantified process
is the notch-cutting bio-erosion at and just below the intertidal zone. Surface retreat of
500-2500 μm/y has been observed in this setting (Spencer, 1992; Neumann & Hearty,
1996, p.776). Downward shift of this zone of rapid bio-erosion during sea-level fall may
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be highly effective in eroding the FST in tropical carbonates, particularly in combination
with intensive wave action on the platform margins. However, little is known about the
effects of this process on geologic time scales of 104 – 106 y. In Fig. 8 it was assumed
that surface lowering by marine erosion in tropical carbonates can achieve rates of 100
μm/y (expressed in subaerial units after conversion according to the equation in Fig. 6).
However, this figure is one of the least constrained elements in the present analysis.

Erosion of cool-water carbonates
Frame-building as well as marine and terrestrial cementation are significantly less
than in tropical settings owing to lower temperatures and lower contents of metastable
aragonite and magnesian calcite in the sediment (overviews in James, 1997; Schlager,
2005). As a consequence, the conditions for erosion shift in the direction of siliciclastic
settings. The seaward dipping shelves and rounded shelf breaks of most cool-water
carbonate provinces (James, 1997) indicate the dominance of marine erosion over
framebuilding and cementation. It is important to note that sea-floor morphology is
determined by the balance of erosional and constructional processes, not their presence or
absence. There is considerable erosion and removal of detrital material from tropical
platform rims and there is much production and even framebuilding, on cool-water
carbonate shelves. The contrasting morphologies of the two settings result from different
balances of destructional and constructional processes - wide-spread dominance of
construction in the T factory and equally wide-spread dominance of erosional destruction
in the C factory. Certain shelves of southern Australia occasionally may represent an
endmember in the changing balance between production and marine erosion: on these
“shaved shelves” cool-water carbonate is produced but almost immediately removed by
waves and currents such that Pleistocene relict material forms the sea floor (James et al.
2001). It is unlikely that a healthy tropical carbonate factory could evolve to this extreme
state because reef builders would occupy this space. However, the Australian shaved
shelves are important as extreme members of the erosion spectrum.

Effect of carbonate production
In the results section it was mentioned that changes of carbonate production and
erosion have opposite effects on FST development. As a consequence, rates of production
are as important for FST development as rates of erosion or rates of sea-level fall.
The ability of tropical carbonate systems to keep pace with relative sea-level rise,
their growth potential, is fairly well known from observations on modern reefs as well as
growth rates gleaned from the geologic record. It is also well established that
sedimentation rates and, by analogy also the growth potential of the T factory, decrease
as the time window of observation increases (Sadler, 1981; Plotnick, 1986; Schlager,
1999). In order to define the geologically probable parameterspace for the FST, one
needs to estimate the maximum growth rates that are reasonable with respect to the time
required for the sea-level fall. The shortest sea-level fall in the numerical experiments

13
took 0.7 ky, the longest 111 ky; the vast majority of falls lasted between 1 – 50 ky. Based
on the compilations of Schlager (1999), this translates into acceptable maximum growth
rates of 40000 μm/y and 700 μm/y for the extremes and approximately 15000 – 1000
μm/y for the commonly used time window. This result implies that the growth rates used
in the simulations were all within the geologically probable range.

Effect of slope angle
The angle of depositional slope may influence the numerical FST analysis in two
ways. First, in loose sediment accumulations the preservation potential of the FST
decreases as the slope approaches the angle of repose; it becomes zero at the angle of
repose. Second, in modeling runs it may be difficult to resolve FST accumulations
defined by time lines on steep slopes because the lateral separation of the lines decreases
with the cosine of the slope (see results section).
In this study, settings were chosen to minimize the effect of slope angle and
resolution on the FST question. In all experiments, the slope interval that needed to be
examined for presence of FST fell in a rather narrow range of 150 - 250. These slopes are
far below the angle of repose of reef talus in tropical carbonates. Even the occasionally
considered slopes of 400 fall within the observed range of detrital carbonate slopes
(Kenter, 1990; Grammer et al., 1993). Moreover, framebuilding and marine cementation
allow reefs to maintain slopes far above the angle of repose of loose material (Hopley,
1982; Kenter, 1990; Ebren, 1996). Thus, the runs were realistic in the sense that they did
not make unjustified assumptions on preserving FST on excessively steep slopes. The
narrow range of slopes in the presence-absence tests also means that the resolution varied
little among runs, thus avoiding the second problem. It must be noted, however, that the
effect of deposition-related changes in slope angles on FST development is not zero.

Composite FST by superposition of sea-level cycles
Two styles of FST have been described in the literature, a gradual downward shift
or downward shift in discrete steps. Both geometries indicate sedimentation during sealevel fall. The stepped record additionally indicates that stillstands or short oscillations of
sea level were superimposed on a longer falling trend. In tropical carbonates,
downstepping can be expected to be common because the factory usually builds flat
topsets at sea level, wave-resistant rims and very steep upper slopes. If sea level falls
from the platform top, it is likely to leave little sediment accumulation until it reaches a
zone of lower slope angle. Consequently, carbonate FSTs with smoothly dipping surfaces
usually are truncated clinoforms (e.g. Nijar Ridge, Fig. 11; Pomar, 1991; Franseen et al.,
1993, Fig. 3). Pomar (1991) elegantly applied the depth zonation of reef corals to
demonstrate that erosion surfaces on downstepping clinoforms indeed record a downward
shift of relative sea level. In seismic data, the distinction between stepped and gradually
shifting FSTs frequently is obscured by limited resolution.
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“Geologically probable” part of parameterspace
The boundaries between FST and STM domains in Fig. 8 are based on numerical
modeling. The “geologically probably space” in Fig. 8A and 8C indicates conditions
supported by geologic observation.
The maximum rates of sea-level fall are taken from the studies on the Pleistocene
(Labeyrie et al., 1987; Shackleton, 1987) as discussed above. The upper limit of subaerial
erosion is set equal to the maximum denudation rates of extant tropical karst terrains, i.e.
200 μm/y (White, 1984). The maximum rate of marine erosion, arguably the least
constrained quantity of the plot, is assumed to be 100 μm/y (see discussion above). This
yields a maximum total erosion rate of 300 μm/y in geologically probable space. The
lower limits of the rates of sea-level fall and erosion are assumed to be indistinguishable
from zero at the resolution of the diagram.
The third important parameter, carbonate production, is shown on the vertical axis
of Fig. 8C. The upper limit of geologically probably space is set at a production rate of
40000 μm/y. However, this high rate is only probable for time intervals of few thousand
years and shorter (see discussion above). Only the low-rate part of the production space
has been explored by modeling and the limit of the geologically probable production
space is not shown in Fig. 8C.
Finally, one must emphasize that what is “geologically probable” strongly
depends on the state of knowledge at a given point in time. At present it seems very
difficult to conceive of natural laws that would preclude rates of sea-level fall, carbonate
production or erosion to proceed faster than observed up to now. In this regard, numerical
experiments remain heuristically valuable even where they lie outside the parameterspace
currently supported by observation.

Tropical carbonates vs. siliciclastics
The tropical carbonate factory studied here differs in many aspects from
siliciclastic systems that provided the principal data base for the standard model. These
differences need to be considered when applying the results of this study to siliciclastics.
The notion that FST development is fundamentally determined by the rate of sea-level
fall and the rate of erosion should apply to siliciclastics, too. Consequently, the
distribution of FST and STM anatomy of siliciclastics may be described in the same
parameterspace (with external sediment supply replacing carbonate production).
Major differences can be expected with regard to erosion and local reworking.
Mechanical erosion in siliciclastic settings can be expected to exceed those of tropical
carbonates because the clastics lack the stabilizing effect of organic framebuilding and
submarine lithification. (2) Dissolution is a dominant factor in erosion of tropical
carbonates and this means that the erosion products are highly mobile and likely to

15
disappear (as ions) from the space considered here. In siliciclastic systems, most eroded
material can be expected to be re-deposited in falling stage or lowstand systems tracts.
Siliciclastic case studies indicate high and highly variable rates of erosion in
siliciclastic systems during sea-level falls. In particular, one frequently observes complete
erosion of delta topsets and severe truncation of the adjacent prodelta foresets (Anderson
et al., 2004; Roberts et al., 2004). Severe erosion may also occur during the ravinement
stage of transgression. Erosion rates deduced from the carefully compiled geohistory
plots of Fillon et al., 2004 yield rates of surface lowering of up to 1100 μm/y for the
Quaternary of the northeastern Gulf of Mexico. The high rate of erosion may suppress the
development of a falling-stage systems tract and favour the formation of a continuous
surface of erosion that connects highstand and lowstand tracts. However, the intense
erosion that creates the erosive sequence boundary also severely truncates the underlying
highstand tract – a significant difference to the standard model of sequence stratigraphy
(Fig. 1) where erosional truncation of the underlying highstand tract is minor.

Terminology
Since the first reports on the existence of significant sediment accumulations
formed during sea-level fall, several proposals on terminology have been made. Hunt &
Tucker 1992 called them “forced-regressive wedge systems tract” or “forced regressive
systems tract” (Hunt & Tucker 1995) to emphasize that these sediment bodies were clear
evidence of forced regression in the sense of Plint (1991) and Posamentier et al. (1992).
Nummedal et al. 1992 coined the term “falling sea level systems tract”. Nummedal et al.
(1995) and Plint & Nummedal (2000) simplified this to “falling-stage systems tract”.
The position of the sequence boundary in the presence of the FST is hotly
debated. Should it be put at the base of the FST, i.e. at the level where sea-level fall
commenced (Posamentier & Morris, 2000) or at the top of the FST (Nummedal et al.
1995)? In a detailed review, Plint & Nummedal (2000) succinctly summarize the pro’s
and con’s of the two options; they ultimately chose the second option because the
unconformity on top of the FST can be expected to be more pronounced and easier to
trace than the surface at the base of the FST. In this study, the first option is favoured for
reasons given below.
The differentiation into transgressive and highstand systems tracts is a function of
the balance between the rate of accommodation creation and the rate of sediment supply
(Jervey, 1988; Schlager, 1993). Constructing a sea-level curve from these patterns
requires independent information on the variations of sediment supply or data on the
variations in the rate of aggradation. Lowstand and falling-stage systems tracts, on the
other hand, offer unambiguous evidence of a fall of relative sea level independent of the
rate of sediment supply. The surface at the base of the FST provides the timing of the
onset of this fall; timing of the termination of fall as well as the range of fall can be
gleaned from the lowstand systems tract. Thus, FST and the LST of the standard model
have very similar functions in sea-level reconstructions and this similarity is a strong
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argument in favour of drawing the sequence boundary between HST and FST
(Posamentier & Allen, 1999; Posamentier & Morris, 2000) and considering the FST as a
subdivision or a close relative of the lowstand tract.

CONCLUSIONS
¾ Numerical modeling linked to field observations indicates that the falling limb of a
sea-level cycle commonly generates a sediment accumulation in tropical carbonates –
the falling-stage systems tract (FST). This sequence anatomy differs sharply from the
standard model (STM) of sequence stratigraphy where highstand and lowstand
systems tract are separated by an erosional unconformity.
¾ Whether tropical carbonates develop FST or STM anatomy depends on the balance of
the rates of sea-level fall, erosion and carbonate production. Slope angle is a fourth,
modulating control parameter.
¾ FST is favoured by slow sea-level fall, slow erosion and high carbonate production as
well as by small slope angles.
¾ Numerical modeling allows one to define the stability fields of FST and STM in a
parameterspace of sea-level, production and erosion. The FST domain fills about half
of the geologically probable part of this parameterspace, i.e. the part supported by
geologic observation. Falling-stage systems tracts and the continuous unconformity of
the standard model should, therefore, both be common in the sequence record of
tropical carbonates.
¾ This study found no support for two commonly expressed generalizations: (1) The
FST should always be present, albeit difficult to recognize. (2) The anatomy of the
standard model can serve as a prototype for all sequences.
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FIGURE CAPTIONS
Fig. 1 Standard model of sequence stratigraphy in the vicinity of the sequence boundary
(SB). Highstand systemstract (HST) beneath the SB is dissected by an incised valley;
elsewhere erosion of HST is minor as indicated by the absence of truncated timelines.
During sea-level fall sediment accumulated only on lower slope and basin floor (gray
shading). On upper slope, no falling-stage systems tract is present and lowstand systems
tract (LST) abuts against clinoforms of preceding highstand tract. After Vail, 1987,
modified.
Fig. 2 Model of forced-regressive wedge systems tract (here called falling-stage systems
tract, FST) according to Hunt & Tucker (1992). FST consists of (1) downstepping pairs
of topsets and foresets and (2) slope and basin-floor fans already included in the standard
model; both units represent sediment bodies formed during sea-level fall. In colour: two
common ways of positioning the sequence boundary if FST exists.
Fig. 3 Rates of sea-level fall and FST development. Top panel: Sine wave with mean rate
of fall 450 μm/y (maximum rate 700 μm/y) produces a large FST that records the sealevel wave in all important aspects. Lower panels: Zig-zag curves showing increasing
rates of fall; FST shrinks and falls below resolution at rate of fall of 60000 μm/y. (In all
runs of this figure: carbonate production 5000 μm/y, no erosion, run time 220 ky, reefrich platform-margin facies capable of maintaining slopes of over 420).
Fig. 4 Subaerial erosion and FST development. FST disappears at erosion rate of 700
μm/y. In bottom panel, platform is eroded down to lowstand level as rate of erosion
significantly exceeds rate of sea-level fall.
Fig. 5 Marine erosion and FST development. FST disappears at erosion rate of 1750
μm/y. Unlike subaerial erosion, marine erosion modifies depositional relief by removing
sediment in the uppermost water column and redepositing it at greater depth (beyond the
section shown). In bottom panel, erosion rate is so high that the carbonate factory cannot
build to sea level – lowstand systems tract has flat top at 5m depth.
Fig. 6 Comparison of efficiency of marine and subaerial erosion in destroying FST. Each
dot represents cross plot of the marine and subaerial erosion rate required to create the
standard model at a given carbonate production rate. Red numbers: production rate in
μm/y.
Fig. 7 Carbonate production and FST development. From top to bottom, production
increases from 1000μm/y to 3000μm/y, other parameters remain unchanged (rate of fall
3000μm/y, erosion 275μm/y ). Top panel shows STM, middle and bottom panel FST.
Note that appearance of FST goes hand in hand with volume increase of all systems
tracts.
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Fig. 8 Three-dimensional parameter space illustrating stability domains of FST and STM.
A) Plane defined by rate of sea-level fall and rate of erosion. Coloured dots: FST/STM
boundaries determined by modeling; colour indicates rate of carbonate production (see
code at upper right). Boundaries of FST and STM domains resemble hyperbolas centered
on the origin. Coloured lines are best-fitting exact hyperbolas of type xy = constant.
Green box: outer limit of geologically probable space. B) Bi-logarithmic plot of sealevel/erosion plane of (A). Linear trends of FST-STM boundaries confirm their nature as
power functions approaching hyperbolas; however, slopes of regression lines vary and
differ from 1; lines also bend near the ends, probably because of limited spatial and
temporal resolution of the models. C) Cross plot of rate of production vs. product of rates
of sea-level fall and erosion; coloured stars may be viewed as intersection points with
boundary hyperbolas in (A). FST/STM boundary in this plane is parabola-like but the
exponent is smaller than 2. Green arrows indicate that geologically probable space in this
plane extends beyond limits of graph.
Fig. 9 Modeling runs showing superposition of short sea-level oscillations on long falling
trend. Top panel: no short oscillations; extended FST forms on the slope. Middle panel:
sine waves of 5m range, 23 ky period slightly modulate the surface of the FST. Bottom
panel: sine wave of 15m range, 23 ky period subdivides the FST into a series of
downstepping platforms. (Other settings: production rate 2000 μm/y, no erosion).
Fig. 10 Map and sections of Nijar Basin, showing hardrock units and depositional
sequences (DS A – E) of the sedimentary basin fill. (After Warrlich et al., 2005,
modified).
Fig. 11 Nijar Ridge – bedding, lithology and depositional sequences. After Warrlich et al.
(2005), modified.
Fig. 12 Nijar Ridge – field observations and computer simulation of FST. After Warrlich
(2001). Important modeling settings: Platform margin production – 4500 μm/y, marine
erosion - 1500 μm/y, mean rate of sea-level fall - 74 μm/y.
Fig. 13 Schematic section of Shu’aiba Fm. (Aptian), Bu Hasa Field, Abu Dhabi. After
Fitchen (1997), modified. Tropical carbonate platform (algae, foraminifers, rudist-coral
biostromes) progrades into a shallow cratonic basin where argillaceous sediments
accumulate. During early progradation (units 1-6), slopes steepen and each sequence has
recognizable topset beds – the units constitute a highstand systems tract. During late
stage of progradation (units 7-9), slopes flatten, sequences step down and lack topset beds
– the units form a falling-stage systems tract (called “late highstand tract” by Fitchen,
1997). Rate of fall estimated as 15-20 μm/y, based on age dates and thicknesses in
Fitchen (1997, Fig. 32).
Fig. 14 Cross-section of Shu’aiba Fm. of Safah Field, Oman. After Boote & Mou, (2003),
modified. Section is flattened on an Eocene datum to remove Miocene deformation.
Depositional evolution is very similar to Bu Hasa Field (Fig. 13). Lower Shu’aiba lacks
significant depositional relief; Middle-Shu’aiba deposits evolve from ramp to rimmed
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platform (with rudists, and coral biostromes). After significant sea-level fall, Upper
Shu’aiba deposition starts with a lowstand systems tract (L) that abuts against the MidShu’aiba slope; subsequently, the systems aggrades. The final stage of deposition consists
of three downstepping limestone tongues (F) that form a FST.
Fig. 15 C3D simulations of Upper Shu’aiba depositional anatomy indicate that the
scenario of an erosionally truncated FST best matches observations in both Safah and Bu
Hasa fields.
Fig. 16 FST case studies plotted with estimated rates of sea-level fall and erosion in the
parameter plane of Fig. 8A. Brown line in upper right is apex of brown hyperbola in Fig.
8A, i.e. boundary of FST and STM domains at production of 500 μm/y. Rates of fall and
their error bars based on geometries and stratigraphic dates provided by respective case
study: Safah – Boote & Mou (2003); Bu Hasa – Fitchen (1997); Habshan – Droste & Van
Steenwinkel, (2004), H. Droste (written com); Maldives – Belopolsky & Droxler (2004);
Nijar – Warrlich et al. (2005). Rates of subaerial erosion based on White (1984): Warm
temperate climate 60-125 μm/y (applied to Nijar and Mallorca); tropical climate 90-200
μm/y (applied to all other examples). Minimum rates of White (1984) were further
reduced assuming that rates may decrease with increasing time span (Gardner et al.,
1987; see discussion section). Rates of marine erosion assumed to contribute 10 – 100
μm/y.

