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ABSTRACT

A method of quantitative sequence stratigraphy based on strati-
graphic forward modeling is tested on carbonate sedimentary
systems (CSSs), especially on shallow-water carbonate plat-
forms. Unless clear three-dimensional (3-D) and two-dimensional
stratigraphic geometries crop out or are imaged by seismic data, 3-D
carbonate sequence stratigraphic architectures are reconstructed
assuming that one single factor representing changes in the ratio
of the accommodation rate and the sedimentation rate (A'/S")
through time can describe complex 3-D carbonate stratigraphic
architectures at the basin scale. In this work, it is demonstrated
that despite using a unique accommodation curve and a time-
constant carbonate production, the preservation of theoretical
A'/S’, regarded as the fundamental parameter of sequence stra-
tigraphy, is incomplete and spatially variable throughout a
simple carbonate platform stratigraphic architecture. The ap-
parent A'/S’ sequence stratigraphic parameters preserved in the
stratigraphic records are distinguished from the actual A'/S’ pa-
rameters that control the stratigraphic response of CSSs. During
overall accommodation increase, prograding and retrograding
geometries can be time equivalent, whereas coeval shallowing-
and deepening-upward sequences may form. Apparent A'/S’
spatial trends in one dimension are not consistently correlated
between proximal and distal locations and do not typify specific
stratigraphic architectures. This is the direct consequence of
the spatial and synchronous variations in carbonate production
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rates along the platform profile. These results indicate that the
construction of carbonate sedimentary piles, including carbon-
ate reservoirs, cannot be simply based on standard sequence
stratigraphic correlations of sparse and distant locations along
platform-to-slope sedimentary profiles. Limitations of sequence
stratigraphic correlations and uncertainties of A'/S’ rates are
addressed from an actual CSS case study (Lower Cretaceous
Urgonian platform, southern Provence, France). A quantitative
carbonate sequence stratigraphic workflow based on stratigraphic
forward modeling is proposed.

INTRODUCTION

Sequence stratigraphic methods (e.g., Vail et al., 1977; Catuneanu,
2006; Neal and Abreu, 2009) have been applied for studying
shallow-water carbonate sedimentary systems (CSSs) in academia
and the petroleum industry since the 1980s (e.g., Sarg, 1988;
Handford and Loucks, 1993; Schlager, 1993, 2005; Pomar and
Ward, 1995; Eberli et al., 2004; Simmons et al., 2006; Phelps
etal., 2008, 2014; Droste, 2010; Maurer et al., 2013; Qayyum
et al., 2015; Pomar and Haq, 2016). They have been used to
establish stratigraphic correlations between distant locations
within sedimentary basins to analyze sea-level and climatic changes,
subsidence, and environments of deposition during the Phanero-
zoic (e.g., Sonnenfeld and Cross, 1993; Sharland et al., 2001;
Embry et al., 2010) and to support reservoir modeling (Borgomano
et al, 2008). In this paper, the general carbonate sequence
stratigraphic concepts (Catuneanu et al., 2011) and their appli-
cation to stratigraphic correlations of sparse data (Table 1) are
discussed. The subsequent construction of carbonate stratigraphic
architectures can be considered to be one of the most significant
predictive elements of carbonate sequence stratigraphic models,
especially in subsurface and reservoir modeling. The limitations of
these sequence stratigraphic models are analyzed, and a quanti-
tative approach based on stratigraphic forward modeling is pro-
posed. An important aspect of this paper is the introduction of
stratigraphic forward modeling to interpret sea-level changes and
subsidence rates from carbonate sedimentary archives and to
estimate how much actual accommodation parameters are pre-
served in the sedimentary records. The overall objective of the paper
is to propose a coherent quantitative method allowing the validation
of carbonate sequence stratigraphic interpretations and correlations.

Theory of Carbonate Sequence Stratigraphy

Despite some important misconceptions and controversies (Miall
and Miall, 2001), mainly rooted in semantics and misunderstandings
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(cf. discussion in Catuneanu et al., 2009), sequence stratigraphy is
considered to be an essential stratigraphic method for interpreting
and predicting CSS at global-to-local scales. Although the purpose
of this paper is not to compare carbonate and siliciclastic sequence
stratigraphy, it is important to keep in mind that carbonate sedi-
mentary fluxes are controlled by complex interactions between
benthic and pelagic communities and sediment in ecosystems that
evolve through time and space (i.e., Schlager, 2005; Pomar and
Haq, 2016). The impact of the different carbonate-producing
ecosystems on sequence stratigraphic architectures, which has
been recognized by various authors (e.g., Masse and Montaggioni,
2001) and extensively discussed by Pomar and Haq (2016), is
not the subject of this paper. Sequence stratigraphy provides a
theoretical frame to analyze carbonate stratigraphic records,
identify critical stratigraphic surfaces, and invert, from stacks
of carbonate rocks, basin-to-global parameters, including sea
level, subsidence, paleobathymetry, sedimentary fluxes, accom-
modation and sedimentary rates, or depositional processes. Its
popularity, especially among petroleum geologists, is rooted in
its perceived simplicity, correlating regressive—transgressive
cycles interpreted from single core, log, or outcrop data, com-
bined with a simple mathematical construction, which can
explain complex three-dimensional (3-D) carbonate stratigraphic
architectures from only two parameters: accommodation and
sedimentary flux, commonly simplified to accommodation only
(Burgess and Prince, 2015). This classical approach has been ap-
plied at reservoir, regional, and global scales on a variety of CSSs,
for example, on Lower Cretaceous carbonate platforms (e.g.,
van Buchem et al., 1996, 2011; Razin et al., 2010). Generally
illustrated in one dimension (1-D) or in two dimensions (2-D),
it describes physical processes that operate in 3-D space and
can be expressed by the following equations (e.g., Homewood

et al., 2000):
A(t) = SL(t) + Sub(t) (unit =m) (D
where A(t), SL(t), and Sub(t), respectively, represent accom-

modation, sea level (eustasy), and subsidence at a given time (),
and they are measured relative to a permanent datum.

A'(t) = dA(t) /dt = dSL(t) /dt + dSub(t)/dt (unit = m/k.y.) (2)

where A’(t) is the rate of change in accommodation (Schlager,
1993) or accommodation development (Ainsworth et al., 2018)
that corresponds to the time derivative of the accommodation.

(1) = [dA(r)/dt)/[dS(¢) /dt] = A' (1) /S (1)
= [dSL(t)/dt + dSub(t)/d]/S' () (no unit)  (3)

where £(1) is the sequence stratigraphic ratio, S(t) is the cumu-
lative sediment thickness, and S'(%) is the sedimentation rate
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corresponding to the time derivative of S. It is simply
the ratio of the accommodation rate and sedimen-
tation rate (A'/S’); these rates are directly interpreted
from stratigraphic system tracts. In practice, complex
3-D carbonate stratigraphic architectures are de-
scribed by vertical sequence stratigraphic trends
(third- and fourth-order stratigraphic sequences, Vail
et al., 1977), interpreted in 1-D and represented by
triangles (e.g., Homewood et al.,, 2000; Catuneanu
et al.,, 2011) (Figure 1). These triangles can have sev-
eral meanings depending upon the authors (Table 1);
however, in theory, they represent regressive and
transgressive trends, respectively, when A/S is less
than 1 and A/S is greater than 1. These regressive
and transgressive trends are correlated spatially and
transformed into accommodation or relative sea-level
(RSL) (e.g., Droste and Van Steenwinkel, 2004;
Homewood et al., 2008; Pierson et al., 2010; Bover-Arnal
et al., 2014) changes versus time, further interpreted

as sea-level, eustatic changes (i.e., van Buchem et al.,
2011). Generally, these carbonate stratigraphic se-
quences are defined from the stacking patterns of
sedimentary sequences and combined with the iden-
tification of critical stratigraphic surfaces corresponding
to sequence boundaries (e.g., Schlager, 2005) or max-
imum flooding surfaces (MFSs) (Catuneanu et al.,
2009). Unless laterally continuous and extensive 3-D
and 2-D stratigraphic geometries are exposed (i.e.,
Miocene Mallorca in Pomar and Ward, 1995;
Permian Capitan Reef in Tinker, 1998) or im-
aged by seismic images (i.e., Cenozoic Maldives in
Belopolsky and Droxler, 2004), interpreting car-
bonate sequence stratigraphic architectures can be
very sensitive to deterministic stratigraphic corre-
lations, dating, and sedimentary profile hypothesis
(Borgomano et al., 2008; Lallier et al., 2016). Without
the support of continuous outcrops or seismic images,
3-D reconstructions of carbonate sequence stratigraphic

[ Intertidal
[ Lagoon/shelf
I Reef

[ Basin margin

[ Proximal apron

SB

/
HST
\ MFS
TST \ Sea-level
TS systems
LST tracts
FSST
SB

HSTN\_

Low — High (A)

A: Accommodation
S: Sediment flux

Systems S
& tracts

A/S <1

= regressive,
prograding
A/S>1

= transgressive,
retrograding (B)

ﬁ:e\/

Low — High

History of stratigraphic parameters for one single point

Depth

4
Sediments l
Time SUbStratUm Iy
1 Eustasy 2 Subsidence (3 Sediment thickness

4 Bathymetry .Accommodation: relative sea level m

Figure 1. General concepts and principles of carbonate sequence stratigraphy. (A) Sequence stratigraphic architecture and main
stratigraphic surfaces for a complete cycle of sea-level increase and decrease. Sequence boundary (SB), maximum flooding surface (MFS),
transgressive surface (TS), highstand system tract (HST), lowstand system tract (LST), transgressive system tract (TST), and falling stage
system tract (FSST). This unscaled conceptual scheme implies that a unique curve of sea-level system tracts in time and a unique thickness
trend of regressive and transgressive tracts (triangles) can explain the two-dimensional stratigraphic architecture (modified from Catuneanu
et al, 2011). (B) Correlation between system tracts, accommodation, and sedimentary flux (modified from Homewood et al., 2000).
(C) History of stratigraphic parameters for one single point in the sedimentary basin (modified from Homewood et al., 2000).
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architectures are based upon the principle that one
single signal, representing changes in A’/S’ through time
and RSL, can describe complex 3-D carbonate strati-
graphic architectures at the basin scale (Catuneanu
et al,, 2011). It implies that the preserved patterns of
carbonate stratigraphic architectures (e.g., prograding,
aggrading, and retrograding) are correlated with a single
A'/S" and RSL time curve. This assumption is implicit in
the general sequence stratigraphic concept that describes
3-D carbonate stratigraphic architectures by A’/S’ time
evolution of one single point (Homewood et al., 2000;
Catuneanu et al., 2011). This convenient approximation
is founded, but rarely discussed (Burgess, 2001, 2016),
on two implicit hypotheses: first, that sedimentary flux
(carbonate production) and accommodation rates are
uniform within a given carbonate system; second, that
A'/S’ parameters preserved in the stratigraphic records
in the 3-D space match the theoretical A'/S’ parame-
ters and control the evolution of the carbonate strati-
graphic system.

Synchronous Deepening-Upward and
Shallowing-Upward Sequences

To minimize stratigraphic uncertainties related to
interpolations and correlations between distant locations,
relevant stratigraphic investigations have been carried out
on spatially continuous carbonate outcrops such as the
Urgonian platform (Lower Cretaceous) in southeastern
France (Richet et al., 2011; Léonide et al., 2012), aided
by numerical mapping and digital outcrop model-
ing methods. Several high-resolution stratigraphic
dip-transects (3—20 km long) have been surveyed
from the inner to outer platform and to the outer-shelf
environments, resulting in the continuous mapping
of stratigraphic sequences and surfaces (Figure 2).
These studies have clearly demonstrated that even in
a spatially stable subsidence regime, inner-platform
shallowing-upward sequences, capped by exposure
surfaces, are synchronous and are able to be corre-
lated with outer-platform deepening-upward sequences
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Figure 2. Sequence stratigraphic interpretation of a laterally continuous carbonate outcrop, Early Cretaceous platform in Provence (La
Nesque Canyon, southeastern France). Inner-platform sequences with rudists, often capped by exposure surfaces and beach rocks, grade
laterally to outer-shelf mudstone deposits with chert and ammonites toward the deeper Vocontian Basin. Opposite system tracts,
shallowing-upward and deepening-upward sequences are correlated laterally, which questions the existence of unique relative sea-level
curve and system tract in time. Given the uniform subsidence in this case, the differential carbonate production along the sedimentary
profile can explain these opposite system tracts (see text for detailed explanations), thus questioning the classical practice of correlating
system tracts from distant locations (modified from Léonide et al., 2012). (A) Eastern view of the La Nesque outcrop. (B) Location of the
studied outcrop on a Barremian paleogeographical map, southeastern France. (C) High-resolution stratigraphy of the platform-to-basin
transition. (D) Theoretical sequence stratigraphic trends in time domain.
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in less than a few kilometers along depositional dip
(Figure 2A, B; Léonide et al., 2012). The synchronous
evolution of the carbonate production along the
sedimentary profile can be the cause of this apparent
stratigraphic paradox. A subsequent challenge is to
transform such an opposite sequence stratigraphic
trend into a unique RSL curve in time that can be
used for stratigraphic correlation purposes (Figure 2D).
This procedure relies on several critical assumptions
regarding the time-thickness relationships, duration of
stratigraphic hiatuses, depositional rates, and environ-
mental parameters (e.g., bathymetry). This stratigraphic
inversion problem is amplified by the nonuniqueness of
sequence stratigraphic models recently discussed by
Burgess and Prince (2015). It is exacerbated in CSSs by
highly variable carbonate production rates in time and
space, these rates not necessarily being correlated with
accommodation (Masse and Montaggioni, 2001; Pomar

and Haq, 2016).

Apparent and Actual Sequence
Stratigraphic Parameters

Careful analysis of 40 published classical carbonate case
studies (Table 1) indicates that stratigraphic parame-
ters (accommodation, A/S, system tracts, shallowing—
deepening upward, coarsening—fining upward) are not

Actual Acco_mmodation—» '

Sealevel . +Subsidence

Subsidence Actual
(m) Accommodation (m

Sea level

systematically interpreted from stratigraphic records
and used for establishing stratigraphic correlations and
architectural reconstructions. A single time curve of
RSL (equivalent to accommodation curve), or even
sea level, is subsequently established in all of these
studies (e.g., Catuneanu et al., 2011) and applied to
the entire CSS (Figure 1). This classical procedure is
generally carried out without considering the spatial
variability of carbonate production and without esti-
mating the preservation signal of all controlling pa-
rameters in the sedimentary record (Miall, 2016). The
confusion between “actual” (the effective controlling
parameters) and “apparent” (the preserved signal in
the rock) parameters in CSS is a likely source of
misconception in carbonate sequence stratigraphy
(Figure 3). For example, sea level, subsidence, or sedi-
mentary flux (controlling parameters) are not preserved
in sedimentary archives, unlike paleobathymetry, bed
thickness, or porosity, which can be directly mea-
sured in the sedimentary rocks. Inverting a sea-level
or accommodation curve from these archives im-
plies assumptions, analyses, and calculations of vari-
ous preserved parameters in the strata, such as
paleobathymetry, bed thickness, or hydrodynamics.
The preservation of parameters is not necessarily
complete relative to the time duration, and single sets
of preserved sedimentary parameters can be explained

—>Apparent Accommodation
: Thick,_+ (Bathy, - Bathy,)

Bathymetry Thickness
(m) (m)

Apparent
Accommodation (m)

" Time —— Depth

Figure 3. Space-time relationships between actual and apparent accommodation analyzed from a typical carbonate platform outcrop.
Subsidence and sea-level curves that define the actual accommodation are expressed as a function of time, whereas the apparent
accommodation, calculated from bed thickness and paleobathymetry, is expressed as a function of depth. Without strong assumptions on
the time-depth function, it is difficult to extract the actual accommodation time curve directly from such sedimentary records. Facies
legend in Figure 2. Bathy = Bathymetry; t0 = 0 m.y.; tn = 5 m.y.
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by several combinations of effective controlling
parameters (Burgess, 2016). In stratigraphic time series,
the difference between apparent and actual parameters
is a function of hiatus duration (e.g., Burgess and
Wright, 2003). This difference is expected to grow
with increasing time hiatuses, resulting in significant
misinterpretations of stratigraphic sequences, espe-
cially if they are not identified and quantified. Fur-
thermore, as opposed to many scientific domains
such as physics (e.g., Brynjarsdottir and O’Hagan,
2014), this stratigraphic inversion method is rarely
coupled to stratigraphic forward modeling methods
for comparing predictions and observations and for
estimating model discrepancies (Burgess et al., 2001;
Barnett et al., 2002; Burgess, 2006; Warrlich et al.,
2008; Williams et al., 2011; Hill et al., 2012; Burgess
and Prince, 2015; Montaggioni et al., 2015). To fill
this critical methodological gap, one of the objectives
of this paper is to test carbonate sequence stratigraphic
concepts from synthetic cases with stratigraphic for-
ward modeling methods and to investigate the re-
lationships between actual and apparent stratigraphic
signals (Figure 3).

METHOD DATA

Numerical Sequence Stratigraphic
Parameters

The general principle of our approach lies in the
analysis and quantification of carbonate sequence
stratigraphic parameters by means of stratigraphic
forward modeling tools (e.g., Dionisos; Granjeon,
1997; Granjeon and Joseph, 1999). Actual basin
parameters (sea level, subsidence, carbonate pro-
duction, and initial topography) are estimated from
key sites of Lower Cretaceous platforms in south-
eastern France (Figure 2) (Léonide et al., 2012;
Tendil et al., 2018) and the Middle East (van Buchem
et al., 2002; Yose et al., 2006). The carbonate pro-
duction parameters for the different environments of
the platform (Figure 4) are consistent with previous
quantitative studies on CSS (Schlager 1981, 2010;
Enos, 1991; Bosscher and Schlager, 1992; Sadler,
1994). These parameters are tested using the strati-
graphic forward modeling tool, thus allowing the re-
alization of numerical carbonate stratigraphic grids
(Figure 4). With this method, the actual parameters
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used as inputs to the model (i.e., sea level or subsi-
dence, accommodation, carbonate production) are
assumed to be known and can be compared to the
preserved parameters as defined in the simulation. The
spatial and time correlations of the preserved, apparent
A'/S’ signals can be analyzed numerically because
many stratigraphic and environmental parameters
are computed and preserved in the numerical grids
(i.e., bathymetry, rate of sedimentation). This method
allows for preserved, apparent A'/S’ changes at all
locations of the stratigraphic models to be quantified
and for them to be compared with actual A'/S’ pa-
rameters, which are inputs to the model (Figure 4A).
Sequence stratigraphic parameters, including accom-
modation, hiatuses, bathymetry trends, sedimentation,
and erosion rates, are extracted from the modeled
numerical stratigraphic grids; this is commonly done
from real outcrop or subsurface examples (Figure 3)
according to the following equations:

A(t) =S(t) + B(t)—B(0) (unit =m) 4)
where A(t) is the apparent accumulated accommo-
dation, computed from the values of accumulated
sediment thickness, S(t), and paleowater depth, B(7).
The water depth at simulation time 0, B(0), is sub-
tracted from the sum of S(z) and B(t) to remove the
effect of the initial bathymetry on the calculation
of the apparent accommodation.

The apparent rate of change in accommodation
(unit = m/k.y.) is defined as follows:

A'(t) =dA(t)/dt = dS(t) /dt + dB(t)/dt  (5)
E(r) = A'(2)/S'(1) (6)

where &(t) is the apparent sequence stratigraphic ratio
and S'(t) is the apparent sedimentation rate, defined
as the change in sediment thickness with time.

The apparent sequence stratigraphic ratio is com-
puted at any location of the modeled stratigraphic grid
(Figure 5). This property can also be displayed as a curve
(Figure 6) and analyzed in 2-D in the stratigraphic grid.
Through this approach, which touches upon one of the
pillars of carbonate sequence stratigraphy, it is possible
to estimate the differences, if any, between theoretical
A'/S’ (equations 1-3) and apparent stratigraphic se-
quence ratio (A'/S") (equations 4-6) and between the-
oretical accommodation and apparent accommodation.

It is important to notice that hydrodynamics and
complex sediment transport processes are not simulated
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Figure 4. Two-dimensional stratigraphic forward model of a carbonate platform during 7.5 m.y. The model length is 300 km with an initial
ramp topography and a slope angle less than 0.1°, thus mimicking typical Cretaceous Tethysian carbonate platforms. Subsidence is uniform in
time and space (100 m/7.5 m.y.), and sea-level changes correspond to a sinusoid with long periods and mean amplitudes (20 m). Carbonate
production, constant through time, is the only input parameter that varies in space as a function of water depth and energy.

in this study. A weak, basinward, long-term transport
of sediment is simulated with the Dionisos diffusion
equation according to the slope gradient (Granjeon,
1997). This approach, coupled to variable produc-
tion rates dipwise, provides a good approximation of
the downdip transfer of carbonate sediments given
the following modeling hypotheses (Figure 4): (1) the
long duration (300 k.y.) of each calculation time step,
and (2) the important extension (300 km) of the
sedimentary profile and the large size (1 km?) of the
individual cells. Both hypotheses imply that the sedi-
mentary profile reaches equilibrium at each calcula-
tion step. Sensitivity tests have been done with smaller
grid cells and time steps. This has no impact on the
stratigraphic analytical results at the scale (time-
space) of the modeled CSS. Water energy (waves,

tidal currents, alongshore currents, and internal waves)
is an important factor for the preservation and transfer
of carbonate sediments in shallow-marine settings (e.g.,
Reijmer et al., 2009; Pomar et al., 2012; Eberli, 2013;
Purkis and Harris, 2017). The hydrodynamical impact
on apparent A'/S’ will therefore be considered and
tested in further work at much higher resolution
(time-space) and from much smaller CSS models.

Stratigraphic Forward Modeling

This modeling workflow is applied to a simple
carbonate platform (300 km long dipwise) that is
characterized by smooth and low-gradient initial
topography with a slope angle of 0.1°, thus mimicking
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Figure 5. Apparent sequence stratigraphic parameters calculated from the carbonate platform stratigraphic forward model (cf. Figure
3). Apparent sequence stratigraphic parameters, A’ (A) and S’ (B), are calculated from water depth and sediment thickness (cf. Figure 1C)
in all locations of the stratigraphic grids. Despite uniform accommodation (in space) and constant carbonate production (in time), the
A’/S’ ratio (C) is not constant within the individual time interval, and this is the direct consequence of the lateral changes in apparent
sedimentation rates, expressed by the thickness variation of the strata.

carbonate ramps that developed on Tethyan passive
margins. Carbonate production, which is constant in
time, varies according to bathymetry; only a single
accommodation curve (i.e., RSL curve) is applied to
the entire model (Figure 4). This model intends to
mimic the long-term and basin-scale evolution of a
typical Early Cretaceous Tethyan carbonate plat-
form as developed, for example, in the Middle East
(Sharland et al., 2001). The subsidence uniform
in time and space (100 m/7.5 m.y.) was set ac-
cording to the minimum values measured in typical
Cretaceous passive margin settings around the Tethys
(Borgomano, 2000). Sea-level changes correspond
to a sinusoid with long periods (1 m.y.) and mean
amplitudes (20 m) that includes a well-marked low-
stand (-80 m) between 4.5 and 3 Ma. Carbonate pro-
duction, which is constant through time, is the only
input parameter that varies in space as a function of
water depth and energy. The spatial variations of
carbonate production rates are typically those of
a ramplike platform with a gradual transition to a
deeper environment (300 m). The choice of car-
bonate production rates in stratigraphic forward
modeling is contingent on the simulation time
increment (Schlager, 2005), which is set to 300 x
10? yr. Decreasing the duration of the time increment
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would have implied higher production rates but
conversely higher erosion or dissolution rates. In the
simulation, carbonate production must mimic the
theoretical carbonate sedimentary profile as resulting
from sediment production, erosion, and transport: al-
though strong rates of production operate in shallow
water depth (0-10 m), the rates exponentially de-
crease with an increase in water depth, finally leveling
out to zero between 50 and 100 m deep. Simulation
parameters are detailed in Figure 4.

RESULTS

Figure 4 shows the resulting stratigraphic architec-
ture together with the water-depth properties. The
design is characterized by contemporary coastal on-
laps, aggrading and prograding trends, which result
from the interplay between in situ carbonate pro-
duction, accommodation changes, and sediment
diffusion. Two aggrading—prograding intervals are
separated by a lowstand wedge during which the
entire platform domain is exposed. This wedge is
forced by a sea-level drop of 40 m not compensated
by subsidence at an age of 4.2 Ma. The position of the
lowest sea level (3.6 Ma) is well marked by a small
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step on the edge of the lowstand. Coastal onlaps over
the initial topography, caused by increasing accom-
modation, are synchronous with platform-building
aggradation and progradation events. The highest
rates of accommodation increase from 3.5 to 2.5 Ma
after the sea-level drop and prevent the strong pro-
gradation of the platform in comparison to the interval
below the lowstand. In the two aggrading intervals,
strata of variable thicknesses, which are commonly
exposed, apparently track the high-frequency and
low-amplitude accommodation cycles. It is impor-
tant to notice that the discrepancies observed be-
tween the two stratigraphic architectures, before and
after the deposition of the lowstand wedge, are re-
lated to the two different intermediary depth profiles,
which are not controlled by the uniform accommo-
dation. Four pseudowells are located along the profile
from the inner platform to the outer shelf. Because
they are not situated updip of the initial coastline, all
wells sample the complete stratigraphic interval,
showing no hiatus related to the initial coastal onlap.

The modeled stratigraphic grid is postprocessed
according to equations 4-6. Input parameters are
bathymetry and thickness simulated in each of
the cells of the time layers in the stratigraphic
grids (Figure 5). Apparent accommodation rate (A'),

sedimentation rate (S"), and A'/S’ are computed as
new properties for each time layer and displayed in
the stratigraphic grid. The A'/S’ curves extracted
from the grids at specific locations (pseudowells) are
plotted along with bathymetry and the time-depth
curve (Figure 6). Depth trends of A'/S’ (decreasing,
increasing, or constant) are illustrated in the pseudo-
well logs as overlays on the stratigraphic grids. The
modeled stratigraphic grid allows the comparison
between the actual time lines, apparent A'/S’
trends, bathymetry curves, and stratigraphic archi-
tectures in the depth domain. In the stratigraphic
grids, the polarity of the A'/S’ depth trends shifts
laterally in the lower prograding interval dominated
by an apparent increase of A’/S’ becoming greater
than 1 (Figure 6). The bathymetry and A'/S’ curves
are not systematically correlated with the accommo-
dation or sea-level curves except in the outer-shelf
domain (well 4) and in the uppermost aggrading
interval characterized by layers with laterally con-
stant thickness (Figure 6). In the outer-platform
and outer-shelf domains, synchronous intervals
of shallower bathymetry and lower A'/S’ record the
drastic sea-level drop at 4 Ma. Two peaks of high sea
level and accommodation (0.6 and 5.5 Ma) are ex-
pressed in most locations but are not associated with
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maximum A'/S’ values. Only one time line in the
uppermost interval corresponds to the precise cor-
relation of A'/S’ trends and bathymetry curves in all
locations (Figure 6).

DISCUSSION

Examination of the simple carbonate stratigraphic
model in Figure 3 indicates that the preservation of
actual A'/S’, one of the fundamental parameters
of carbonate sequence stratigraphy (equations 1-3),
is partial and not uniform across the stratigraphic
architecture (cf. Schlager, 1993). Despite the unique
accommodation curve and the time-constant car-
bonate production, calculated A'/S’ (equations 4, 5),
regressive or transgressive trends, and progradational
or retrogradational trends cannot be simply correlated
within the stratigraphic architecture (Figures 5, 6) as
practiced commonly in academia and the industry
(e.g., Read, 1998; Kenter et al., 2002; van Buchem
et al,, 2002; Borgomano et al., 2008; Moore and
Wade, 2013). Given the space constant accommo-
dation, this is the direct consequence of the lateral
and synchronous variations of the apparent sedi-
mentation rates in the model (Figure 5B) inte-
grating carbonate production, erosion, and transport
processes as explained in the modeling method.

Variations of Apparent Accommodation
and Sedimentation Rates in Time
and Space

Being that the calculated accommodation rates are
constant for most time layers (Figure 5A), it is the
significant lateral thickness changes of the prograding
outer-platform layers that explain the lateral variations
of apparent A'/S' trends and values (equation 6).
Despite constant theoretical accommodation changes
in space and constant theoretical sedimentation rates
in time, the spatial variations of in situ carbonate
production (relative to water depth) control the var-
iations of apparent A'/S' in time and space. During
this overall spatial increase of accommodation, thicker
prograding outer-platform intervals result in an ap-
parent decrease of A'/S' toward negative values,
whereas the thinner aggrading intervals of the inner
platform and outer shelf correspond to a synchronous
increase of A'/S’ toward positive values (Figure 5). To
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the contrary, in the upper aggrading interval, A'/S’ ra-
tios greater than 1 are intercorrelated along the
sedimentary profile as a result of the laterally con-
stant sedimentation rates and strata thickness. In
general, negative A'/S' values are more common in
outer-platform and outer-shelf domains than in the
inner-platform domain. This is because decreasing
accommodation trends are recorded by sedimentation
in deeper domains in contrast to the inner domain
where only periods of increasing accommodation ep-
isodes are recorded. This model clearly illustrates that
the spatial variation of in situ carbonate production
alone can disturb the linear record of apparent single
A’/S' signal in time and space, as observed from
continuous carbonate outcrops (Léonide et al., 2012)
and already interpreted from CSS by a few authors
(Schlager, 1993; Masse and Montaggioni, 2001).
Correlating calculated A'/S’ trends and synthetic
stratigraphic architectures (Figure 6) representing
simple CSS is not as straightforward as presented in
theory (Figure 1). The carbonate sequence stratigraphy
theory predicts, to the contrary, that a unique A/S
signal can represent a complex stratigraphic archi-
tecture from distal to proximal settings (Figure 1).
This principle is, in turn, applied for correlating car-
bonate stratigraphic sequences and reconstructing
complex carbonate stratigraphic architectures from
sparse and distant data (e.g., van Buchem et al., 1996,
2002; Droste, 2010; Janson et al., 2011) and for
correlating carbonate stratigraphic systems at a global
scale (e.g., Embry et al., 2010).

Preservation of the Ratio of the
Accommodation Rate and Sedimentation
Rate Signals

In the more distal location (well 4), where the ap-
parent A'/S’ curve is tracking the accommodation
and sea-level curves, the time—depth relationship is
linear (Figure 5). Stratigraphic hiatuses and exposure
surfaces are not recorded in this distal and deeper
location, indicating that accommodation and sea-level
changes have been registered continuously by the
sedimentation: the deeper carbonate accumulation rate
is too low to exceed the accommodation and fill the
available sedimentary space up to sea level, and even
during the lowstand episode, the water depth is greater
than 50 m, reflecting deep initial bathymetry, weak
carbonate production, and accommodation increase.



By contrast, in the more proximal and shallower do-
main (well 1), exposures and stratigraphic hia-
tuses are frequent: shallower carbonate production
exceeds accommodation and fills the available sedi-
mentary space up to sea level, and shallow bathym-
etry (<10 m) cannot accommodate sea-level drops.
The intermediary outer-platform domain (well 3),
subjected to minor exposures and associated hiatuses,
accommodates the complete development of the
lowstand wedge and associated exposures. This do-
main is characterized by prograding geometries and
significant lateral thickness changes; the sloping ge-
ometry and bathymetry window (0-100 m) activate
the complete range of carbonate production along the
sedimentary profile and accommodate the falling sea
level (Figure 4). Highest and laterally constant ap-
parent A’/S’ values are associated with a unique thin
layer (3 Ma), which form the base of the aggrading
platform interval above the lowstand wedge. This
layer could be picked on apparent A’/S’ depth trends
as an MFS (Figures 5, 6). However, it does not match
the maximum bathymetry, accommodation, or sea
level of the model (0.5 Ma; Figure 6) according to the
definition of the MFS (Posamentier and Allen, 1999).
In contrast, this interval represents the time-correlated
highest apparent A'/S’ value of the model when
the rate of accommodation increase is maximum
and exceeds the carbonate production rate. Inversion
and correlation of sequence stratigraphic signals from
CSS rely therefore on the analysis of the preserved
time-depth function (Miall, 2016), which cannot be
done without the support of modeling tools.

Preservation of the Accommodation
Rate Signals

The second part of the workflow consists of applying
a “stratigraphic preservation function” to compare
actual and apparent sequence stratigraphic parame-
ters (Figures 7, 8). The objective is to analyze the
preservation state of the real accommodation pa-
rameters, that is, the inputs to the model (sea level
and subsidence), in the modeled stratigraphic grids.
This comparison is realized in a Wheeler diagram
(Figure 7). Approximately 50% of the space-time
domain of the Wheeler diagram comprises domains
with weak (0-5 m) or strong (-30 to 30 m) differ-
ences between actual and apparent accommodation.
The stronger difference can represent 100% of the

real accommodation, whereas the weaker difference
reaches a maximum of 16%. In the proximal domain,
the stronger differences result from the hiatus in de-
position associated with the coastal onlap of the
platform onto the initial topography. Above the lower
platform interval, the stronger differences observed
are the consequence of platform exposure during the
lowstand episode. It should be noted that the basin-
ward boundaries of this space-time domain correspond
to the shelf break of the first platform interval. Weaker
differences between actual and apparent accommo-
dations are concentrated in a relatively narrow band of
15-25 km between the shelf edge and the upper slope
in all three platform intervals. These weaker differences
occur in all the isochronous layers in the zone where
the polarities of apparent sequence stratigraphic trends
are shifting (Figure 5C) and where the apparent sedi-
mentation rates are maximum (Figure 5B). Such a
Wheeler diagram, which displays the difference be-
tween actual and apparent accommodations, allows
the space-time domains to be identified, in which the
actual accommodation signal (a single curve in this
case) is fully preserved (mainly aggrading platform and
basin segments). Figure 8 compares, as a function of
time, the calculated apparent accommodation and the
actual accommodation curve in particular locations
along the sedimentary profile. In the case of no com-
paction, calculated cumulative apparent A curves are
realistic in the distal domains (outer platform and outer
shelf, wells 3 and 4) where emersion and hiatuses are
rare. They exhibit short cycles and long-term trends
including lowstand phases. In the proximal domain
(wells 1 and 2), the A curves mainly represent the long-
term trend without the short cycles and the lowstands.
This confirms that the interpretation and the correla-
tion of apparent A and A'/S’ curves from shallow-
water carbonate systems (inner—outer platform) can be
misleading because of the nonpreservation or incom-
plete records of lowstand episodes combined with
overfilling of accommodation spaces. Estimates of ap-
parent A, however, can be realistic in deeper and distal
domains where sedimentary records are more com-
plete and continuous.

Carbonate Sequence Stratigraphy
in Practice

Commonly, outcrop or subsurface carbonate sequence
stratigraphic models are based on the general principle
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that a single and unique A’/S’ signal can be correlated
throughout the investigated sedimentary systems, as-
suming the A'/S’ single signal is representative of the
3-D stratigraphic architecture (Figure 1). This prob-
lem was already addressed in standard papers (e.g.,
Schlager, 2005) but systematically ignored by a ma-
jority of studies, in particular on carbonate-producing
fields that have probably introduced major errors in
static reservoir models (cf. Borgomano et al., 2008).
Table 1 includes a reference list of case studies of
Cretaceous carbonates, showing that this principle
(unique A'/S’ signal correlated throughout the CSS)
is generally applied to reconstruct 2-D and 3-D
carbonate stratigraphic architectures from distant
and sparse stratigraphic sections (outcrops or wells).
In these studies, sequence stratigraphic trends or se-
quences, represented by triangles, have different
meanings depending on the authors: regressive or
transgressive, A'/S’, bathymetry, accommodation, or
sea level. Despite their different meanings, these
sequences are interpreted as sedimentary stacking
patterns and are intercorrelated to build a time frame
for the facies distribution and the construction of car-
bonate stratigraphic architecture according to sequence

stratigraphic principles (e.g., Droste, 2010; Maurer
et al., 2010; Razin et al., 2010; Catuneanu, 2017).
Similarly, A'/S’ trends are also used for correlating
carbonate systems at the global scale (Embry et al.,
2010). In this approach, A’ and S’ are systematically
not quantified and identified (Table 1), and the in-
terpreted A'/S’ trends amount, in practice, to an es-
timate of false (according to our definition in Figure 3)
apparent A'/S’ trends preserved in the sedimentary
records, including water depth, hydrodynamics, and
ecological or deposition trends. The correlations of
these false apparent A’/S’ trends, at a local or global
scale, are generally based on the implicit assumptions
that they are correlated to sea-level (eustasy) changes
(Sharland et al., 2001). The common practice of using
RSL instead of accommodation or “3-D accommo-
dation” in the interpretation of sequence strati-
graphic successions makes the conceptual jump easier
from a change in volume trough time and space (3-D
accommodation changes) to a unique curve of sea-
level change. Such a critical assumption is even ex-
plicit in some Cretaceous case studies (Tablel).
Whether they are implicit or explicit, this hypothesis
and the subsequent carbonate stratigraphic models
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are never validated with the support of quantitative
approaches, including stratigraphic inversion or for-
ward modeling. In the particular case of Barremian—
Aptian carbonate systems discussed in this paper
(Figure 2), the common practice is to interpret and
correlate a single and unique RSL curve throughout
the entire CSS (Tablel). This sea-level curve is the
foundation of most Barremian—-Aptian carbonate se-
quence stratigraphic models (Table 1). This approach
has a critical impact on the coeval 3-D reservoir
models of hydrocarbon-producing fields, especially
in the Middle East and on global paleoclimate and
geodynamic reconstructions (Table 1).

We have previously demonstrated that even if
carbonate production and accommodation are con-
stant in time and space, respectively, the calculated
apparent A'/S’ trends are not unequivocal across
simple carbonate stratigraphic architectures and
are not systematically intercorrelated. Rather than
preventing the use of sequence stratigraphic cor-
relations in carbonate systems, this important result
must promote more quantitative sequence strati-
graphic approaches to estimate the uncertainty range
of the A’, S, and A'/S’ parameters interpreted from
the stratigraphic record. We are, therefore, testing
some simple stratigraphic inversion methods on the
Barremian—Aptian Urgonian carbonates of the south-
eastern France basin based on well-constrained strati-
graphic successions and laterally continuous outcrops
where stratigraphic correlations are not ambiguous
(Léonide et al., 2012).

In Figure 9, the paleobathymetry and thickness
data are computed to estimate the apparent accom-
modation (equation 4) for each stratigraphic unit.
This calculation is based on three explicit hypotheses:
(1) the paleowater depths for each facies are esti-
mated according to the sedimentary profile, ranging
between a few meters to 100 m deep along the Ur-
gonian platform (Léonide et al., 2012); (2) the lack
of exposure surfaces (not identified in the outcrop);
and (3) weak compaction neglected in the calcu-
lation. Initial bathymetry (time 0) is 5 m. Overall,
this investigated succession corresponds to an outer-
platform domain with relatively dense and deeper
carbonate facies (Léonide et al., 2012) and with no
evidence of inner-platform environments, which are
typical of the Urgonian platform because meter-thick
peritidal cycles are commonly punctuated by exposure
surfaces (Masse and Fenerci-Masse, 2011). Sediment
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compaction has not been considered here for sim-
plification purposes. Of course, this process can
impact both the evolution of the paleobathymetry
and the bed thicknesses. Accordingly, it needs to be
carefully analyzed (i.e., Goldhammer, 1997). Cal-
culated apparent accommodation for each unit is
displayed as a cumulative curve with an uncertainty
envelop related to the important paleobathymetry
ranges. The broken shape of the curve and its ap-
parent low vertical resolution are related to the sig-
nificant thickness of individual stratigraphic units,
which are associated with almost constant paleo-
bathymetry and no gradual changes. This cumulative
accommodation curve shows a general increasing-
upward trend and several second-order sharp
increases or decreases (Figure 9, curve 1). In all in-
tervals, these apparent sharp changes do not exceed
the uncertainty associated with the paleobathymetry
estimates. Given our initial three hypotheses and
without more precision on the paleobathymetry, it is,
therefore, possible to consider that this typical outer-
platform Urgonian succession is dominated by an
overall increase in accommodation (dashed line in
Figure 9) with highly uncertain positive or negative
accommodation cycles. The dashed curve (accom-
modation 2) is a possible scenario of smoothed in-
creasing accommodation, devoid of cyclic variations.
This scenario falls within the uncertainty range. The
smaller arrows indicate opposite vertical trends of
accommodation in several intervals, ranging within
the uncertainty values. This calculation shows that in
thick, relatively deep outer-platform successions,
where the water-depth uncertainty equals the bed
thickness, it is not straightforward to interpret the real
accommodation.

Going further in the sequence stratigraphic anal-
ysis of this vertical succession and interpreting re-
gressive or transgressive trends (A'/S’) requires an
assessment of the accommodation and sedimentation
rates. Knowledge of apparent A'/S’ is fully dependent
upon the time-thickness function applied to the
stratigraphic succession (Figure 9). Given the uncer-
tainty of this time-thickness function resulting from
the low-resolution time constraints, several scenarios
of A" curves can be obtained from a unique real A
curve. It is even possible to generate A’ curves with
opposite polarity in some stratigraphic intervals (Figure
9). The estimation of accommodation rates and sedi-
mentation rates, known as fundamental sequence
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Figure 9. Estimation of apparent accommodation and accommodation rates from a real carbonate stratigraphic succession (modified from
Léonide et al,, 2012): Early Cretaceous carbonate platform in Provence (southeastern France), Le Rocher du Cire outcrop (A) (cf. location in
Figure 2). Facies (B) and sedimentary sequences (C) correspond to outer-platform and outer-shelf environments and are dominated by bioclastic
grainstones and wackestones with abundant cherts. Inner-platform facies and exposure surfaces are absent from this succession. Carbonate grain
size: fine sand (f.), medium sand (m.), coarse sand (c.), gravel (g.). (D) Calculated sequence stratigraphic parameters (blue and brown shadings
represent uncertainty ranges). The mean bathymetry curve is displayed with an uncertainty range, but sediment compaction is not considered.
Cumulative apparent accommodation is calculated by considering the bathymetry uncertainties and the bed thickness. The mean curve (ac-
commodation 1) corresponds to the mean bathymetry and displays an overall increasing trend and several cycles of accommodation decrease
and increase. The dashed curve (accommodation 2) is a possible scenario of smoothed increasing accommaodation, without cydlic variations, that
falls within the uncertainty range. Smaller arrows indicate opposite vertical trends of accommodation in several intervals that fall within the
uncertainty range. This simple calculation demonstrates that in thick, relatively deep carbonate successions, if the bathymetry uncertainty equals
the bed thickness, it is not straightforward to interpret the real accommodation. Estimation of accommodation rates (and sedimentation rates),
which are fundamental sequence stratigraphic parameters for interpreting system tracts, relies on a hypothetical and uncertain time-thickness
function. Opposite vertical trends of the accommodation rate can be calculated in several intervals (horizontal arrows) depending on the
time-thickness function. The colors of the accommodation rate curves correspond to the different the time-depth functions (graph on the left).

stratigraphic parameters for interpreting system tracts,
relies on a hypothetical and uncertain time—thickness
function. Opposite vertical trends of the accommo-
dation rate can be calculated in several intervals.
This means that even if carbonate production
rates are considered to remain constant throughout the

succession, A'/S’ trends are still highly uncertain given
the uncertainties associated with the paleobathymetry
and the time-thickness function. It is clear from this
example that the interpretation of apparent and real
accommodation from one single vertical succession
requires a multiscenario approach.
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The same method using apparent accommo-
dation calculations (equation 4) has been applied to
a nearby, laterally continuous, Urgonian carbonate
outcrop, illustrating the transition from inner plat-
form to outer shelf (Figure 1). The objective is to
check how apparent A’ curves can be correlated
between distant locations (Figure 10). The apparent
A’ is computed according to the sedimentary profile
in Figure 9. It is assumed that there is no uncertainty
in the paleobathymetry reconstructions because ex-
posure surfaces and beach environments are robust
markers of water depth and base level. Real strati-
graphic correlations have been directly mapped on the
outcrop and compared to the calculated apparent A’

curves (Figure 10). The overall increasing accommo-
dation trend and sharp changes in accommodation
(positive or negative) are well correlated throughout
the inner-platform to outer-shelf transect. At the base
of the succession, dominated by deeper and more
distal facies, there is a clear, continuous decrease of
apparent accommodation. A similar decreasing trend
is recognized at the top of the succession between the
outer platform and the outer shelf. It is possible
to interpret that one exposure surface in the in-
ner platform is correlated to negative apparent ac-
commodation in the outer-platform and outer-shelf
domains. Correlating the small accommodation
changes from the inner-platform units to those of
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Figure 10. Stratigraphic correlation of apparent accommodation, calculated in three pseudowells, in a laterally continuous carbonate
outcrop, Lower Cretaceous platform in Provence (La Nesque Canyon, southeastern France; location in Figure 2). (A) High-resolution
stratigraphic section. (B) Correlation of bathymetry and apparent accommodation trends in different locations. Facies and environments
of deposition correspond to the sedimentary profile in Figure 9. The real accommodation change (sea level and subsidence) is considered
equal along the studied transect (6 km). Bathymetry uncertainty is minimized by several occurrences of unambiguous water-depth datum
(exposure surfaces and beach rocks) and the lateral continuity of the strata. Thicker time lines correspond to the actual stratigraphic
correlation of the apparent accommodation between the pseudowells. An overall increasing trend and several accommodation cycles are
correlated between the three sections. The correlation is best in outer-platform and outer-shelf environments like in the stratigraphic
forward model (Figures 6-8). It is possible to interpret that the one exposure surface in the inner platform is correlated to negative
apparent accommodation in the outer-platform and outer-shelf domains.
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the outer shelf is, however, not straightforward. The
same conclusion was made from similar analyses
of the synthetic stratigraphic model (Figures 7, 8).
The calculated apparent accommodation from the
shallower, inner-platform domain, punctuated by
frequent exposures and stratigraphic hiatuses, does
not match the real accommodation systematically.
It is not simply correlated to the apparent accom-
modation calculated for the outer platform and the
outer shelf. Assessment of A’/S’ trends depends, as
previously, on the time-thickness function, mostly
affected by the stratigraphic hiatus occurring in the
inner-platform domain, and on the paleobathymetry
uncertainties.

This method allows the apparent accommoda-
tion curve along the depth axis to be drawn in all
locations of a CSS and possible stratigraphic corre-
lations to be made. In addition to the interpretation of
critical stratigraphic surfaces, including exposure or
drowning surfaces and stratigraphic unconformity,
and to the interpretation of chronostratigraphic
markers, fossils, or chemicals, the method can help
to build a high-resolution stratigraphic framework.
It offers the opportunity for assessing the uncertainty
related to the interpretation of the deposition envi-
ronment (i.e., bathymetry) and the time-thickness
function and for establishing several scenarios of real
accommodation curve (sea level and subsidence). These
scenarios can be, in turn, tested in 2-D or 3-D using
stratigraphic forward modeling tools (Figure 4; Cross
and Lessenger, 1999; Burgess, 2006; Burgess and
Prince, 2015). We thus recommend applying strati-
graphic forward modeling to validate sequence
stratigraphic interpretations of CSSs following the
principles illustrated in Figure 11. Since it is not re-
alistic to directly measure sea level, subsidence and
sedimentation fluxes from outcrops, or subsurface
data, testing different sea-level and subsidence sce-
narios and estimating uncertainties are required.
Apparent accommodation curves can be built from
the modeled stratigraphic grid and compared to the
apparent accommodation curves obtained from the
real data (Figure 11). It is important to keep in mind
that this iterative and quantitative sequence stratig-
raphy method relies strongly on hypothetical car-
bonate production rates based on available data and
a priori knowledge (e.g., Montaggioni et al., 2015).
Despite approximation of the sediment transport
model in the software and the significant uncertainties

in the input parameters (initial topography, ac-
commodation, carbonate production and transport,
hydrodynamics), this approach can still provide self-
coherent stratigraphic models that are consistent
with available field data (outcrops, seismic, wells)
(Lanteaume et al., 2018). The two apparent accom-
modation curves derived from real CSS (outcrops,
subsurface) and synthetic stratigraphic models, re-
spectively, can be compared (Figure 11). Establishing
the discrepancies between modeled and actual pa-
rameters can be considered to be an objective func-
tion allowing quantitative comparisons between real
CSS and modeled CSS, in other words, between
predictions and observations. Such comparisons
cannot be made from classical carbonate sequence
stratigraphic models (Table 1). These lack quantifi-
cation of critical sequence stratigraphic parame-
ters (A, S, A’, S’) and sensitivity analyses of critical
environmental parameters (i.e., carbonate produc-
tion, paleobathymetry, time-thickness function).
Comparing the real and modeled parameters (e.g.,
apparent accommodation) can help to validate the
sequence stratigraphic interpretations and subse-
quent stratigraphic correlations. Such a validation is
currently missing in classical industrial workflow
(Borgomano et al., 2008), although it is very rele-
vant for carbonate reservoir modeling (Lanteaume

et al., 2018).

CONCLUSION

Stratigraphic forward modeling helps to demonstrate
that a unique and simple sequence stratigraphic signal
in time and space (A'/S") is not preserved in platform,
ramplike CSS, even if carbonate production remains
constant in time and the accommodation curve is
uniform in space. Depending on accommodation and
carbonate production, opposite sequence stratigraphic
trends (i.e., progradation and retrogradation) can be
time equivalent in a single CSS. Apparent and pre-
served A'/S’ sequence stratigraphic parameters are
distinguished from the actual A'/S’ parameters that
control the stratigraphic response of the CSS. Ap-
parent A'/S’ trends are not systematically inter-
correlated between proximal and distal platform
locations and do not typify specific stratigraphic
architectures. This is the direct consequence of the

BORGOMANO ET AL 1135



‘pawlopad 3q ued §S) [eal 3y} Jo suoneRLI0d diydeidnens 3usnbas ayy Supedwi sivjRweled eI Jo SisAjeue AasusS pasedwod
9q ued §S) [eaJ 3y pue spusd dydeiSness pajRpoW Y} WOy parejndjed dssy ayl ‘Ppow piemuoy diydesdnesis sy} yum pajsa) aq ued uonepowwodde pue ‘AydesSodoy jenul
‘Hodsuel) pue uoipnpoid 9Jeuoqied Jo SOLIBUIIS [AAAJS “(UoIPUN} SSAWPILYI-dwi ‘AldwAyleq ‘uorpeduiod) sSRUIRKSIUN 3Y) ([ SULIBPISUD ‘S [B3J BU} WO} PIPRIXS dSSY WO}
pajeadiajul 9q ued (- ul UIPISNS Pue [9A3] BIS) UONEPOLLLLOIIR [eNPY “(SSD) WIsAs Aleuswipas ajeuoqied pajppolu pue [eas woij pajeindfed (dssy) sieieweded diydeidnens
92uanbas juasedde ‘yoeosdde danesay ue ySnodyy ‘Yojew pue asedwod o} s poyew Mmau sy} jo Aydosojyd ayj “AydesSnens duanbas aanepjuenb jo jodojold "L L 4814

UO[1ePOWWODY [BNIDY ty4 sadeq:4 [9pow Y3 01 Indu ‘sio1oweled diydeibiyeys [eas bunsnipy :9 Bulispow piemioy diydesbnens ¢
uoljepowwoddy juaseddy iye  AnawAyleg :g sig3oweled oiydesbiyens yuasedde jo uosuedwo) :g urewop adeds-awi} ul sidaweled dlydeibiyesis [eal bumas ¢
(jeasip + ! ‘jewnxold -) JuswuoiAug i3 si919weled diydeibiyelys yuasedde Jo UOISISAU| i UlRWOP ddeds ul si}aweled diydeibiyeys Juasedde JO UOISISAU ;|

€M [ LM L'M

......... S | m@ [9pow sA [eau
[ Z}»|:s193oweued siydesbyens
..... poot ety judsedde buiydiepy

=F =F = ¥ = F ¥ = ¥ = F =F = o = = = = = = = n
ve a 34 veda 34 ve g 3d. ve a 34 ve g 34 ve g 3 4
si9)aweled diydeabyesys yuaseddy @ si9)oweled diydesbyesys yuaseddy

uoI3dUNY SSAUDIYI-dWI ]
uoidedwo) @
sisayrodAy A13swAhyleg
sanuie}adun @

_

V4 UoI1ePOWWODDY [edY
uonpoud ajeuoqued
swi|
S1weuApolpAH
Aydeibodo] [eniu]

sia)aweled

®
SuwiL

=
@

£ M L, M L’

I

w06
w06

S RS =

[opow piemioj diydesbiyesns wa)sAs ajeuoqaed jeay

Quantitative Carbonate Sequence Stratigraphy

1136



spatial and synchronous variations of carbonate pro-
duction rates along the platform profile.

Without evidence from seismic images or con-
tinuous outcrops, or high-resolution dating methods,
the construction of 3-D stratigraphic architecture of
carbonate platforms, including reservoir models,
cannot be based only on standard, qualitative, se-
quence stratigraphic correlations, based on subjective
estimation of apparent A’/S’, from wells in distant
locations. This is particularly true in aggrading and
prograding CSS, characterized by significant lateral
changes in layer thickness, bathymetry, and apparent
carbonate production rates. Actual accommodation
(the sum of sea level and subsidence) can, however,
be inversed from the stratigraphic records, given an
estimate of bathymetry and thickness parameters for
each time increment in the different locations. The
effect of compaction also needs to be assessed in this
approach, especially where variations in sediment
grain size and early diagenetic transformations may
result in significant mechanical heterogeneities (e.g.,
Goldhammer, 1997).

In real CSS, sharp changes in apparent accom-
modation can exceed paleobathymetry uncertainty.
This implies that several scenarios of accommodation
can coexist, not allowing a simple inversion of ac-
commodation and sea-level curves from one single
location. Uncertainty in the time-thickness func-
tion also prevents the establishment of a unique
trend of accommodation and sedimentation rate
ratios (i.e., stacking patterns) from one single out-
crop section or subsurface well. Despite these un-
certainties, and given estimates on paleobathymetry, it
is possible to establish stratigraphic correlations based
on apparent accommodation curves from distant lo-
cations. General apparent accommodation trends are
correlated across the platform profile from the inner-
platform to outer-shelf domains, whereas the sharp
changes in accommodation (negative and positive
excursions) are best correlated between the outer-
platform to outer-shelf domains, where subaerial ex-
posures are scarce and stratigraphic hiatuses are minor.
Inversely, these sharp changes are more difficult to
correlate from the inner to the outer-platform areas.

The inversion of accommodation curves from
3-D real carbonate stratigraphic records is dependent
on the time-depth function and on the local preser-
vation of thickness and bathymetry parameters for each
time layer. Given estimates on carbonate production,

depositional profile, paleobathymetry, initial topogra-
phy, and time-thickness function, these accommoda-
tion curves have to be tested with stratigraphic forward
modeling tools. Matching the apparent accommoda-
tion obtained from real CSS and stratigraphic models
is needed as an objective function, allowing for a for-
mal comparison between stratigraphic predictions and
stratigraphic observations. It is anticipated that this
numerical formalism can open scientific debate on
sequence stratigraphic principles, especially on the
meaning of theoretical A'/S’ ratio in CSS when time
and stratigraphic hiatus are not properly constrained.
Limitations of the presented approach are mainly re-
lated to uncertainties of absolute time measurements
and sedimentary process simplifications inherent to
stratigraphic forward modeling tools.
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