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ABSTRACT

Considerable effort has been devoted to the development of
simulation algorithms for facies modeling, whereas a discus-
sion of how to combine those techniques has not existed. The
integration of multiple geologic data into a three-dimensional
model, which requires the combination of simulation tech-
niques, is yet a current challenge for reservoir modeling. This
article presents a thought process that guides the acquisition
and modeling of geologic data at various scales. Our work is
based on outcrop data collected from a Jurassic carbonate ramp
located in the High Atlas mountain range of Morocco. The
study window is 1 km (0.6 mi) wide and 100 m (328.1 ft)
thick. We describe and model the spatial and hierarchical
arrangement of carbonate bodies spanning from largest to
smallest: (1) stacking pattern of high-frequency depositional
sequences, (2) facies association, and (3) lithofacies. Five se-
quence boundaries were modeled using differential global
position systemmapping and light detection and ranging data.
The surface-based model shows a low-angle profile with mod-
est paleotopographic relief at the inner-to-middle ramp tran-
sition. Facies associations were populated using truncated
Gaussian simulation to preserve ordered trends between
the inner, middle, and outer ramps. At the lithofacies scale,
field observations and statistical analysis show a mosaiclike
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distribution that was simulated using a fully stochastic ap-
proach with sequential indicator simulation.

This study observes that the use of one single simulation
technique is unlikely to correctly model the natural patterns
and variability of carbonate rocks. The selection and imple-
mentation of different techniques customized for each level of
the stratigraphic hierarchy will provide the essential comput-
ing flexibility to model carbonate settings. This study demon-
strates that a scale-dependent modeling approach should be a
common procedure when building subsurface and outcrop
models.
INTRODUCTION

The investigation of outcrop analogs is a key research tool for
the improvement of carbonate reservoir characterization and
modeling of subsurface hydrocarbon fields. Outcrop studies
provide insights into the distribution and morphology of geo-
logic bodies across a broad range of scales from tens of kilo-
meters down tomicrometer-scale features (Kerans et al., 1994;
Kjonsvik et al., 1994; Eaton, 2006; Mikes and Geel, 2006;
Jones et al., 2008, 2009). One of the current challenges is the
integration of various scales of geologic data and concepts into
a single three-dimensional (3-D) model (Jones et al., 2009).

Within carbonate systems, facies associations across car-
bonate platforms and ramps (1–10 km [0.6–6.2 mi]) display
gradational and ordered trends between neighboring deposi-
tional domains. In contrast, the spatial arrangement of litho-
facies (1–100 m [3.3–330 ft]) shows a mosaiclike distribution
pattern lacking clear and regular trends in facies-to-facies tran-
sitions (Wright and Burgess, 2005). A lithofacies mosaic ap-
pears to result from somewhat random processes during the
deposition and preservation of carbonate sediments (Burgess,
2008). Each level of the stratigraphic hierarchy displays dif-
ferent distribution patterns, which requires a specific mod-
eling technique designed to reproduce its unique character-
istics (Falivene et al., 2006). Accordingly, the modeling of
carbonate outcrop should involve the combination of various
techniques to accommodate the scale-dependent nature of
geologic heterogeneity.

Most of the previous modeling studies applied one single
simulation method to model carbonate rocks. These methods
span from surface-based modeling (Adams et al., 2005; Sech
et al., 2009; Verwer et al., 2009) to interactive facies mod-
eling (Willis and White, 2000; Aigner et al., 2007; Palermo
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et al., 2010) and to algorithm-based modeling approaches
(Kjonsvik et al., 1994; Aigner et al., 2007; Kenter et al., 2008;
Tomás et al., 2010). Only a few studies—Zappa et al. (2006)
on alluvial deposits and Koehrer et al. (2010) on dolomite
bodies—tried to implement multiple simulation methods dur-
ing facies modeling. We will demonstrate in this article that
the building of a realistic 3-D geologic model must system-
atically combine various simulation techniques into the same
modeling workflow to capture and model scale-dependent
carbonate heterogeneities.

Previous outcrop modeling studies focused on carbonate
systems have provided information about the morphology
and dimension of shoals (Aigner et al., 2007; Qi et al., 2007;
Palermo et al., 2010). These studies encompass areal dimen-
sions on the order of 1 to 10 km (0.6–6.2 mi) in length and as
much as 100 m (328.1 ft) in thickness. Shoal body dimen-
sions can range significantly from 37 km (22.9 mi) in length
and 4.2 m (13.7 ft) in thickness (Palermo et al., 2010) down
to 1 km (0.6 mi) in length and 9 m (29.5 ft) in thickness (Qi
et al., 2007). Other outcrop studies, such as those shown by
Borkhataria et al. (2005) for a carbonate ramp and by Barnaby
and Ward (2007) for a carbonate shelf, cover smaller areal
dimensions (<1.5 km [0.9 mi] in length). Shoal complexes
display lower lateral continuity ranging from 200 m (656.2 ft)
to 1.3 km (0.8 mi) in length. Modern analogs also show similar
variability of shoalmorphology and dimensions (Harris, 2010).
Significantly, all of these studies suggest that the large range of
dimensional scatter depends on the scale of observation. The
scale-dependent approach applied in this study has the ad-
vantage to simultaneously capture andmodel the large range of
shoal complexity.

The aim of this study is the investigation and modeling of
scale-dependent heterogeneities ranging from the stacking
patterns of depositional sequences to the facies associations
down to the individual lithofacies. Accordingly, this study
documents a workflow designed to extract, for each of these
spatial scales, geostatistical data on geobody morphology, di-
mensions, and association. We apply this approach to a 1-km
(0.6-mi)–long and 100-m (328.1-ft)–thick well-exposed study
window within a Jurassic oolitic carbonate ramp in the High
Atlas mountain range of Morocco. Previous studies in this
area (Pierre et al., 2010; Amour et al., 2012; Christ et al.,
2012) provide the necessary basis for an in-depth analysis of
the shoal complex. Our work has the potential to provide
new insights on modeling capabilities that are of general use
to improve simulation strategy of shallow-water carbonate
systems.
Amour et al. 847



GEOLOGIC SETTING

The High Atlas mountain range of Morocco (Fig-
ure 1A) is a southwest-northeast orogen developed
by the tectonic inversion of a Triassic–Jurassic rift-
ing system during the Cenozoic Alpine collision
(Jacobshagen et al., 1988). The Triassic–Jurassic rift-
ing phase that initiated the aborted High Atlas rift
basin (Manspeizer et al., 1978) is associated with
the opening of the North Atlantic Ocean (Ziegler,
1994), leading to the breakup of Pangea. During
the Early to Middle Jurassic, the High Atlas rift
basin consisted of a seaway open to the northeast
848 Scale-Dependent Geologic Modeling
connected to the Tethys (Bassoullet et al., 1993).
Shallow-water carbonates were deposited within
the platform margin, whereas the subsiding cen-
tral part of the basin recorded rhythmic marls
and limestones (Jacobshagen et al., 1988; Warme,
1988).

Within the southern margin of the central High
Atlas rift basin, an early Toarcian crustal exten-
sion event (Laville et al., 2004) led to the dis-
location of the carbonate platform into numerous
rhomb-shape subbasins bounded by syndeposi-
tional ridges, which represented the crests of tilted
blocks (Studer and duDresnay, 1980; Poisson et al.,
Figure 1. Geologic setting and location of the study area in the High Atlas mountain range (Morocco). (A) Geologic map of the southern
margin of the central High Atlas mountain range (Wilmsen and Neuweiler, 2008; Pierre et al., 2010). (B) Schematic transect of the oolitic
carbonate ramp during the Middle Jurassic (Poisson et al., 1998; Ait Addi, 2006). (C) Stratigraphic column of the Jurassic in the southern
margin of the High Atlas basin (Pierre, 2006; Amour et al., 2012), with the study area shaded in gray. Fm = Formation; FWWB = fair
weather wave base; SWB = storm-wave base.



1998) (Figure 1B). These topographic highs were
characterized by shallow-water carbonate with
episodic emersions, whereas hemipelagic marls
were deposited within the troughs of subbasins
(Stanley, 1981; Poisson et al., 1998). During the
Aalenian to the Bajocian, carbonate platforms nu-
cleated on the margins of the rhomb-shape sub-
basins (Ait Addi, 1998).

The study area is located in one of these sub-
basins, bounded by two synsedimentary faults: the
Tagountsa fault to the north and the Jebel Taabest
fault to the south (Figure 1A, B). In this subbasin,
the Aalenian to Bajocian stratigraphic succession
records two basinward progradation phases of a
low-angle oolitic carbonate ramp from southwest
to northeast, controlled by a second-order sea level
fluctuation (Pierre et al., 2010). The two progra-
dation phases were recorded by the Amellago For-
mation (Aalenian to lower Bajocian) (Poisson et al.,
1998; Durlet et al., 2001; Pierre et al., 2010) and
the Assoul Formation (middle? to upper Bajocian)
(Amour et al., 2012; Christ et al., 2012). During
the Bathonian and the Callovian, decreasing sub-
sidence rate (Ellouz et al., 2003) favored the in-
filling of the central High Atlas rift basin by deltaic
and continental deposits from the Anemzi Forma-
tion (Figure 1C).

The 220-m (721.8-ft)–thick Assoul Formation
consists of an oolitic carbonate ramp (Amour et al.,
2012; Christ et al., 2012) that displays stacking pat-
terns and facies associations similar to the Amellago
Formation (Durlet et al., 2001; Pierre et al., 2010).
The Assoul Formation has been divided into three
intervals: a lower grainy interval, a middle muddy
interval, and an upper grainy interval (Christ et al.,
2012). Grainy intervals represent the inner ramp
with abundant oolitic and peloidal shoals. Alter-
nating marls and limestones from the distal middle
ramp characterize the middle muddy interval. The
basal and top parts of the Assoul Formation record
two progradation phases of the oolitic carbonate
ramp (lower and upper grainy interval) toward the
northeastern subbasin. Controlling factors on the
evolution of the oolitic carbonate ramp of the As-
soul Formation, such as sea level fluctuation, tec-
tonic, climate, continental weathering, and runoff,
are still under debate (Pierre et al., 2010; Christ
et al., 2012).
Figure 2. Overview of outcrop conditions within the study window. (A) Plan view of the outcrop with the location of described sections.
The red box corresponds to Figure 8, and cross sections shown in Figure 4 (yellow) and in Figure 13 (blue) are located. The domain of
modeling (dashed red) shown in Figures 10 and 12 is also displayed. (B) Pictures of the southeastern cliff and Baby Island outcrop. The
view angle of the picture is shown in red on A. Five medium-scale (DS0, 3, 5, 7, and 8) and four small-scale sequence boundaries (DS1, 2,
4, and 6) were mapped. Three sections (black lines) are located in the photograph. DS = discontinuity surface.
Amour et al. 849



CHARACTERIZATION OF THE STUDY AREA

The study window (Figures 1, 2) is located within
a 100-m (328-ft)–thick lower grainy interval of
the Assoul Formation (Figure 1C). This interval
corresponds to the first progradational pulse of the
oolitic ramp system. During the Bajocian, the in-
ner ramp is composed of kilometer-long oolitic
and peloidal shoals with marly backshoal deposits.
The foreshoal deposit is composed of intraclastic
rudstones. The proximal middle ramp is composed
of wackestone to packstone lithofacies including
bioclasts of gastropods, corals, bivalves, cyanobac-
teria, and brachiopods. Toward the distal middle
ramp, alternating limestone and marl facies is de-
posited and associated with molluskan-coral bio-
constructions (Amour et al., 2012). The inner,
middle, and outer ramp terminology is determined
by the position of the fair weather wave base and
storm-wave base (Burchette and Wright, 1992;
Immenhauser, 2009). The stacking pattern of the
Assoul Formation consists of high-frequency de-
positional sequences bounded by hardground sur-
faces. Isotopic measurements and catholumines-
cence analysis conducted on sequence boundaries
850 Scale-Dependent Geologic Modeling
(Christ et al., 2012) reveal the absence of subaerial
exposure features. These condensed surfaces are
characterized by iron staining, borings, reworked
mudclasts, and erosional depressions. The surfaces
are interpreted to be related tomaximum regression
but nonemergent conditions (Christ et al., 2012).
METHODS APPLIED AND TERMINOLOGY

Field Methods

The well-exposed outcrop allowed the acquisition
of 19 stratigraphic sections (Figure 2) with a sec-
tion spacing ranging between 40 and 250 m (131–
820 ft). Lateral tracing of beds and facies transi-
tions were conducted between the sections. The
aim was to investigate the dimensions and lateral
variability of lithofacies and their associations. In
the field, each section was logged, with an average
of 3 to 4 samplings per meter to identify lithofacies.
In addition, a total of 150 thin sections were ana-
lyzed in the laboratory to confirm the field-based
lithofacies classifications. Paleocurrent features
were measured in the field, and x-ray diffraction
Figure 3. Comparisons between both georeferencing methods—differential global positioning system (DGPS) survey (A) and light
detection and ranging (LIDAR) data (B)—applied to map key stratigraphic surfaces, sections, and faults. (A) DGPS mapping device in the
field and pie chart, which compiles the quality factors of each data points. (B) LIDAR data set used to obtain a high-resolution digital
elevation model (DEM) with a 0.2-m (0.7-ft) quality factor. Note the similar quality factor of DGPS points (a few tens of centimeters)
between both mapping methods. (C) DEM gridded from LIDAR data demonstrating good fit between both LIDAR and DGPS geo-
referencing methods. DS = discontinuity surface.



Figure 4.West-east cross section showing the facies distribution and sequence stratigraphy in the study area. Note the hierarchical relationship between the three scales of observation
from depositional sequence to facies association and to lithofacies. Refer to Figure 2 for the location of the sections. DS = discontinuity surface; M = mudstone; W = wackestone; P =
packstone; G = grainstone; F = floatstone; R = rudstone; B = boundstone.
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Table 1. Lithofacies Classification and Interpretation

Lithofacies (Lf)
Nomenclature Nomenclature* Lithofacies (Lf) Texture**

Main Skeletal and Nonskeletal
Components

Dimensions Used
for Modeling Main Sedimentary Features

Facies
Associations

Lf 1 Grayish to bluish marl m Well-preserved brachiopods Thickness: 12 m 15% of illite and quartz Outer ramp
Length: 400 m Horizontal laminations
Width: 400 m

Lf 2 Coral-microbial-
sponge reef

B Scleractinian corals, microbialites,
calcareous and siliceous sponges

Thickness: 12 m
Length: 5–10 m
Width: 5–10 m

Domal shape Distal middle to
outer ramp

Lf 3 2 Limestone beds with
interbedded marl

m, M to W Thin-shelled ostracods, echinoderms,
and mollusks

Subrounded micritic intraclasts in marl
15–20% of clastic sediments

Thickness: 2 m
Length: 400 m
Width: 400 m

Low to medium bioturbation
Rythmic input of clastic sediments
Associated with meter-scale mollusk-
dominated bioconstructions (Lf 5)

Distal middle
ramp

Lf 4 3 Limestone beds with
interbedded marl

m, W to P Echinoderms, oysters, brachiopods,
bryozoans, and coral debris

Ferruginous peloids and subrounded
micritic intraclasts

Thickness: 3.4 m
Length: 400 m
Width: 400 m

Low to medium bioturbation
Rythmic input of clastic sediments
Associated with mollusk-dominated
bioconstruction (Lf 5)

Distal middle
ramp

Lf 5 10 Molluscan-coral-
sponge reef

B Oysters, brachiopods, bivalves,
scleractinian corals, calcareous
sponges, and demosponges

Local deposition of marl

Thickness: as
much as 6 m

Length: 1–300 m
Width: 1–230 m

Microencrustation by microbialites,
bryozoans, and cyanobacteria

Geopetal fabric

Distal middle
ramp

Lf 6 4 Bioclastic peloidal
limestones

W, W-P Bivalves, cyanobacteria, gastropods,
coral debris, green algae, and
sponge spicules

Rare echinoderms and agglutinated
foraminifera

Peloids and oncoids

Thickness: 2.6 m
Length: 400 m
Width: 400 m

Low to high bioturbation Proximal middle
ramp

Lf 7 5 Peloidal bioclastic
limestones

W-P, P Peloids with irregular shape
Cyanobacteria, echinoderms,
bryozoans, mollusks, and bivalves

Thickness: 1.3 m
Length: 170 m
Width: 130 m

Medium bioturbation Proximal middle
ramp

852
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Lf 8 6 Bioclastic limestones F Centimeter-size gastropods, well-
preserved coral debris, bivalves,
brachiopods, and cyanobacteria

Oncoids and peloids

Thickness: 0.8 m
Length: 390 m
Width: 360 m

Micritization
Microencrustation by bryozoans,
microbialite, and benthic
foraminifera

Proximal middle
ramp

Lf 9 Oncoidal limestones F Pluricentimetric oncoids and peloids
Cyanobacteria, gastropods,
well-preserved coral debris, and
bivalves

Thickness: 1.8 m
Length: 400 m
Width: 370 m

Micritization
Microencrustation by bryozoans,
microbialites, cyanobacteria,
and benthic foraminifera

Proximal middle
ramp

Lf 10 9 Oncoidal limestones R Oncoids, peloids, ooids, and intraclasts Thickness: 1 m Brittle deformation Inner ramp
Peloids and echinoderms as nucleus Length: 210 m Cement: crystal of sparite
Cyanobacteria, gastropods, and
mollusks

Width: 190 m

Lf 11 7 Peloidal limestones G Peloids and ooids Thickness: 3.1 m Cement: crystal of sparite Inner ramp
Peloids and echinoderms as nucleus Length: 260 m No sedimentary structure
Echinoderms, agglutinated
foraminifera, and gastropods

Width: 145 m

Lf 12 8 Oolitic limestones G Ooids, composite ooids, and
intraclasts

Peloids and echinoderms as nucleus
Bivalves, gastropods, and benthic
foraminifera

Thickness: 2 m
Length: 200 m
Width: 140 m

Cross-bedding, bidirectional
ripples and asymmetric ripples

Bivalve encrustations on top of beds
Sutured contact and brittle
deformation

Cement: crystal of sparite

Inner ramp

Lf 13 1 Grayish to greenish
marl

m Well-preserved brachiopods and
bivalves

Subrounded micritic intraclasts
As much as 25% of clastic sediments

Thickness: 1 m
Length: 170 m
Width: 100 m

Interbedded with oolitic G (Lf 12) Inner ramp

Lf 14 Microbial mound B Microbialites and sponges
Ooids within growth cavities

Thickness: as
much as 2 m

Length: as much
as 0.3–4 m

Width: 0.3–4 m

Locally associated with oolitic G
(Lf 12)

Inner ramp

*Lithofacies type from Amour et al. (2012).
**m = marl; M = mudstone; W = wackestone; P = packstone; G = grainstone; F = floatstone; R = rudstone; B = boundstone.
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was used to determine the type and proportion of
clay minerals in marly deposits.
Statistical Analysis

In addition to field observations, the Kolmogorov-
Smirnov (Press et al., 1992) test and semivario-
gram analysis (Gringarten and Deutsch, 2001)
were performed to assess statistically the geologic
heterogeneity.

The Kolmogorov-Smirnov test estimates the
degree of fit between two data sets. In this study,
the Kolmogorov-Smirnov test is used to compare
a lithofacies thickness distribution based on sam-
pled data against a theoretical thickness distribu-
tion characterized by an exponential growth equa-
tion. If the two distribution functions compare
favorably, the outcrop-sampled thickness distri-
bution can be assumed to exhibit an exponential
growth. An exponential lithofacies distribution can
indicate the occurrence of random (or stochastic)
phenomena known as a Poisson process influenc-
ing the sedimentary record (Wilkinson et al., 1997,
1999; Burgess, 2008). A Poisson process implies
that the thickness of a lithofacies type at one par-
ticular stratigraphic interval is independent of
what has been previously preserved in the sedi-
mentary record. A stratigraphic succession record-
ing a Poisson process lacks trend on vertical changes
in lithofacies thickness, leading to a random accu-
mulation (or stochastic distribution) of lithologies.
Conversely, the absence of a Poisson process im-
plies a predictable component (or deterministic
distribution) on the stacking pattern of lithofacies
thickness. The Kolmogorov-Smirnov test is there-
fore an independent statistical tool that can be used
to document the degrees of complexity of geologic
heterogeneity.

Semivariograms (Gringarten and Deutsch,
2001) approximate geobody dimensions with ma-
jor and minor directions of elongation and includes
the azimuth of preferred orientation of the fea-
tures. The minor direction semivariogram is cal-
culated at a right angle to the major orientation.
Variogram behavior such as hole effect (Gringarten
and Deutsch, 2001) can provide further informa-
854 Scale-Dependent Geologic Modeling
tion on geobody morphology. The hole effect, char-
acterized by a variogram that oscillates periodically,
indicates (sub)parallel, regularly spaced geobodies
(en-echelon arrangement) over a large distance.
Three-Dimensional Outcrop Modeling

A georeferencing survey of geologic data was per-
formed using differential global position system
(DGPS) mapping and light detection and ranging
(LIDAR) scanning (Figure 3). For a more detailed
description of the DGPS mapping method, please
refer to Amour et al. (2012). Light detection and
ranging data were used to (1) obtain an accurate
digital elevation model and (2) map geologic fea-
tures in inaccessible outcrop areas by picking sur-
faces and faults on the phototextured topographic
model. The LIDAR data were interpreted using
LIDAR Interpretation and Manipulation Environ-
ment (LIME), a viewing and interpretation software
developed by Simon Buckley (Centre for Integrated
Petroleum Research, Bergen). Discrepancies be-
tween the two data sets (DGPSpoints and LIDAR)
are not noticeable, thanks to location accuracies
better than 0.5 m (1.6 ft) in both mapping tech-
niques (Figure 3).

Each geologic feature observed in the strati-
graphic succession studied (Figure 4) is described
using field observations and statistical analysis to
establish a suitable modeling strategy. Then, each
simulation methodology is combined in a single
scale-dependent 3-D outcrop model.

LITHOFACIES CLASSIFICATION AND
DEPOSITIONAL SETTING

Previous investigations in this field area (Amour
et al., 2012; Christ et al., 2012) have identified ten
lithofacies. We integrate previous data sets with
new sedimentologic data collected here to cover a
larger area and present an expanded lithofacies
classification consisting of a total of 14 lithofacies
(Table 1). They were grouped into three facies as-
sociations: (1) an outer to distal middle ramp with
alternating limestone and marl deposits, (2) a



proximal middle ramp composed of wackestone
to packstone lithofacies, and (3) an inner ramp
dominated by grainstone lithofacies (Figure 4).
Distal Middle to Outer Ramp

Five lithofacies types were recognized in this as-
sociation. Grayish to bluish marls of lithofacies 1
are observed at the transition between the basinal
deposits of the Agoudim Formation and the initial
shallow-water deposits of the basal Assoul Forma-
tion (Figure 5D). Bioclasts are rare and composed
of well-preserved brachiopod shells. Horizontal lam-
inations were also observed in the field. These two
observations suggest a quiet open-marine environ-
ment below the storm-wave base and likely depos-
ited in an outer ramp. Numerous coral-microbial
bioherms (lithofacies 2) (Figure 5D) are present.
These include platy to branching scleractinian cor-
als, bryozoans, sponges, and microproblematic al-
gae (Thaumatoporella). The intrareef deposits
are mainly composed of microbialites, commonly
thrombolites (included with lithofacies 2). Alter-
nating mudstone and marls and alternating pack-
stone and marls (lithofacies 3 and 4) are also ob-
served (Figure 5C). The biota of lithofacies 3 and
4 includes mainly bioclasts of echinoid spines,
crinoids, bivalve, and ostracods. The lithology and
the biota association for both lithofacies 3 and 4
indicate a low-energy, open-marine environment
below the fair weather wave base and interpreted
as a distal middle ramp. Molluskan-coral lithosomes
(lithofacies 5) hundreds of meters long, mainly
composed of oysters and brachiopods, developed
in association with alternating ferruginous peloid
packstone and marl deposits (lithofacies 4).
Proximal Middle Ramp

This association of facies contains thick bioclastic
peloidal wackestone beds (lithofacies 6) (Figure 5C)
with micritized debris of bivalves, coral debris, gas-
tropods, brachiopods, green algae, and textulariid
foraminifera. Bioturbation is localized to pervasive,
Figure 5. Paleodepositional reconstruction of the Bajocian carbonate ramp profile, with field pictures showing changes of lithofacies
(Lf) types and bedding stacking pattern between depositional domains. Approximate medium-scale depositional sequence locations
(gray line) showing the two main progradation phases (bold gray line) of the carbonate ramp in the study window. (A) Mud mound (Lf 14)
surrounding by cross-bedded oolitic grainstone. Bedding contrasts within the inner ramp (B), proximal middle ramp, and distal middle to
outer ramp (C). (D) Occurrence of coral-microbial bioconstructions (Lf 2) within the distal middle to outer ramp.Within the inner ramp, note
the transition from inner ooid grainstone shoals (yellow) to outer peloid grainstone shoals (orange). Refer to Figure 4 for the Lf colors.
Fm = Formation; FWWB = fair weather wave base; SWB = storm-wave base.
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and abundant Thalassinoides burrows are recog-
nized. Locally, peloids become dominant and rep-
resent as much as 60% of grains (lithofacies 7).
Some ooids occur with increasing peloidal abun-
dance, suggesting nearby shoal bodies. Oncoids
forming floatstone bodies (lithofacies 9) as much
as 4 m (13.1 ft) thick are abundant in the study
window (Figure 4). The subrounded to rounded
oncoids show filaments of cyanobacteria (Cayeuxia,
Rivularia, and Garwoodia) in thin section. The
occurrence of oncoids along with a relatively di-
verse biota and matrix-rich lithofacies associa-
tion (Table 1) indicates an open-marine, shallow-
water environment below the fair weather wave
base and is interpreted as proximal middle ramp.
Bioclastic floatstones (lithofacies 8) composed of
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centimeter-size skeletal debris of gastropods, coral
debris, bivalves, and brachiopods are observed at
the top and base of depositional packages. Litho-
facies 8 shows abundant micritization and micro-
encrustation of bioclasts by bryozoans, microbialites,
and cyanobacteria. Commonly associated with con-
densed surfaces, the bioclastic floatstone is inter-
preted to be the result of storm winnowing on the
middle ramp during periods of low sedimenta-
tion rates.
Inner Ramp

The inner ramp is composed of three grainstone
lithofacies, plus grayish to greenish marls and occa-
sional microbial mounds (Table 1). This lithofacies
Figure 6. Micro- and macroscopic characterization of inner ramp lithofacies.



association was subdivided into three subassocia-
tions, which record changes of depositional condi-
tions across the inner ramp.

Foreshoal
Rudstone bodies (lithofacies 10) composed of on-
coids, which preserve filaments of cyanobacteria
(Cayeuxia, Rivularia, and Garwoodia), were rec-
ognized in the field and thin section (right col-
umn of Figure 6). Peloids and ooids are abundant,
and bioclasts of gastropods, textulariid foraminif-
era, unspecified mollusks, echinoderms, and large
lituolinid foraminifera are present to common in
abundance. The inorganic and organic components
suggest the influence of both (1) the proximal
middle ramp indicated by the occurrence of cyano-
bacteria and (2) the inner ramp characterized by
the abundance of ooids. The texture of lithofacies
10 suggests a foreshoal located around the fair
weatherwave base. The foreshoal exhibits isolated,
hundreds-of-meters–long, rudstone bodies with a
thickness ranging from a few decimeters to 2 m
(6.5 ft) (Figures 4, 5).

Shoal Complex
The shoal complex is composed of peloidal grain-
stones (lithofacies 11) in the outer shoal and oolitic
grainstones (lithofacies 12) deposited in the inner
shoal (Figure 5B).

A few meters thick and a kilometer long, the
outer shoal (Figure 4) consists of well-sorted pe-
loidal grainstone (center column of Figure 6).
Superficial ooids are present to common, but ra-
dial ooids are rare. The ooid nuclei are mainly pe-
loids. No sedimentary structures have been rec-
ognized. The texture, sorting, and abundance of
superficial ooids indicate moderate-energy condi-
tions located above the fair weather wave base.

The inner shoal consists of shoals that are sev-
eral meters thick, which can be traced laterally
across the study area (Figure 4). The inner shoal is
composed of superficial and radial ooids (left col-
umn of Figure 6) with lesser amounts of laminated
fine-radial ooids. Their nuclei are peloids, echino-
derms, and unspecified mollusk clasts. The dom-
inance of superficial and radial ooids suggests
moderate-energy conditions (Strasser, 1986). Sedi-
mentary structures such as cross-bedding, sym-
metric and asymmetric ripples, climbing ripples,
and bidirectional ripples were measured in the
field (Figure 7). The major paleoflow direction is
225°N. The record of symmetric and asymmetric
ripples and cross-beddings indicates the presence of
unidirectional and bidirectional currents, probably
caused by tide and wave action. Microbial mounds
(lithofacies 14) were observed at the base of the
study window interbedded with oolitic grainstone
(Figures 4, 5A). The fabric is microbial thrombo-
lite with a few recrystallized platy and branching
corals, calcareous sponges, and demosponges.

Intershoal to Backshoal
Deposited between the oolitic shoal bodies are
grayish to greenish marls (lithofacies 13) composed
of 20 to 25% noncarbonate minerals, mostly illite
and quartz. Oolitic grainstone bodies a few deci-
meters thick (lithofacies 12) were observed inter-
bedded with the marls and show a medium- to
poorly sorted fabric with micritic and oolitic in-
traclasts. The occurrence of oolitic grainstones
interbedded with marls suggests an intershoal to
backshoal withwashover fan deposits from storms
and high tides.
DEPOSITIONAL SEQUENCES

The hierarchical stacking pattern displays cyclical
changes of paleoenvironmental conditions (Figure 4).
Because of the lack of biostratigraphic or radiometric
data from the study area, this study chooses to apply
a purely descriptive and time-independent nomen-
clature as defined by Strasser et al. (1999). Thus, the
finest elementary sequences are called generically
“small-scale” depositional sequences, and progres-
sively larger medium- and large-scale depositional
sequences are also recognized. The stratigraphic
succession contains three large-scale sequences (A,
B, andC)withinwhichwe identified fivemedium-
scale sequences (1, 2, 3, 4, and 5). These sequences
show a thickening trend toward the northeastern
subbasin depocenter. Each sequence exhibits a thin
deepening-upward trend at its base followed by a
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thick shallowing-upward trend marked at the top
by a marine hardground.

Sequence boundaries are characterized by ab-
rupt water depth changes from inner-ramp litho-
facies below to distal middle-ramp lithofacies above.
Both themedium- and large-scale sequences exhibit
deepening-upward trends at their bases. At the base,
the interval is characterized by an open-marine
biota association composed of debris of echinoid
spines, crinoids, bryozoans, and brachiopods from
alternating bioclastic packstone and marl (litho-
facies 4). The occurrence of terrigenous sediments
(illite and quartz) within the interbedded marls,
ferruginous peloids, and oyster-dominated litho-
somes (lithofacies 5) suggests the contributions of
continental hinterland. The clastic input is related
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to the lowstand and early transgressive phase and
reflects clastic sediment supply and basinward
transport during low relative sea level. During the
transgressive phase, a deepening-upward trend is
interpreted from the progressive decrease of bio-
clast content upward and from theupward increase
of alternating mudstone and marl (lithofacies 3).
Evidence of a maximum flooding surface is lack-
ing, so the maximum flooding timeline is approxi-
mated at the top of the thicker marl interval.

The expression of the shallowing-upward trend
changes according to its position in the strati-
graphic succession. The incomplete sequence A
located at the top of the Agoudim Formation and
at the base of the Assoul Formation reflects the
onset of prograding shallow-water deposits into
Figure 7. Paleocurrent features observed in oolitic grainstones. (A) Compilation of paleocurrent measurements showing a 225°N
paleo–flow direction. (B) Bidirectional ripples suggesting alternating paleocurrent direction. (C) Internal structures of cross-beddings
showing the presence of climbing ripples (dashed) and mud drapes (arrow). (D) Asymmetric ripples showing landward unidirectional
current.



the subbasin. The highstand deposits are charac-
terized by the occurrence of microbial mounds
interbedded with cross-bedded oolitic grainstone
(Figure 5A). During the deposition of the large-
scale sequence B, the highstand deposit is recorded
by the occurrence of peloid-dominated shoals in-
terbedded with foreshoal rudstone deposits within
the medium-scale sequence 2. Next, the medium-
scale sequence 3 records the occurrence of oolitic
shoals associated with marly backshoal deposits.
The latter lithofacies association suggests that se-
quence 3 records themaximum progradation of the
carbonate ramp in the study window (Figure 5).
In addition, the upper sequence boundary DS5 of
medium-scale sequence 3 (Figure 4) is characterized
by as much as five generations of Gastrochaenolites
borings. This feature is interpreted to record a long
and complex omission history and provides evi-
dence that DS5 is a major discontinuity surface.
At the top of the stratigraphic interval, the in-
complete large-scale sequence C records an in-
crease of accommodation as shown by the dom-
inance of wackestone to packstone lithofacies from
themiddle ramp and by the increase in thickness of
small-scale depositional sequences. The medium-
scale sequence 4 records the deposition of proximal
middle-ramp deposits associated with isolated
rudstone bodies. The medium-scale sequence 5
shows an increase of grainy lithofacies deposited in
the outer and inner shoals, suggesting another
prograding shoal phase recorded in the large-scale
sequence C (Figure 5).
Figure 8. Transect of the east face of “Island” outcrop showing lithofacies distribution within the medium-scale sequence 3. (A) Field
photograph displaying continuous and low-angle stratal pattern. (B) Two-dimensional lithofacies distribution observed in the field. Note
the lateral and vertical lithofacies variability. At the larger scale of the facies association, a layer-cake stratal pattern is observed. Refer to
Figure 4 for the lithofacies colors and Figure 2 for the location of the transect. DS = discontinuity surface.
Figure 9. Theoretical exponential
(black) and sampled (gray) cumula-
tive frequency distribution of thick-
nesses of the oolitic grainstone (left)
and the peloidal grainstone (right).
The formula of the theoretical ex-
ponential distribution F(T) is outlined
in black, where T is the thickness, n is
the number of lithofacies units, L is
the stratigraphic thickness studied,
and p is the probability. The max-
imum difference between both
curves is called “D” (gray square).
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SCALE-DEPENDENT GEOLOGIC HETEROGENEITY

The choice of a suitable simulation methodology
needs to be based on the intended scale of mod-
eling, with considerations for the morphologies
and spatial relationships between geologic bod-
ies (Falivene et al., 2007). This study provides
field observations and a statistical analysis of car-
bonate heterogeneity (Figures 8, 9) to (1) imple-
ment an adequate simulation methodology and
then (2) justify our scale-dependent modeling
strategy.

At the lithofacies scale, shoal bodies show a
general shoaling-upward distal-to-proximal trend
from oncoidal rudstone to peloidal grainstone to
oolitic grainstone. This trend occurs in concertwith
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a change of bedding pattern from massive in the
proximal to few-decimeters–thick beds in the distal
(Figures 5B, 6). This conceptual approach of shoal
distribution is acceptable at the basin scale but does
not fully integrate field observations. For example,
oncoidal rudstone not only shows vertical and lateral
transition to oolitic and peloidal grainstone in the
inner ramp, but also displays transitions with litho-
facies deposited in the middle ramp (Figures 4, 8).
The complexity of lithofacies distribution and as-
sociation suggests a mosaiclike arrangement through
the carbonate ramp, especially from the inner to
proximal middle ramp.

The Kolmogorov-Smirnov statistical test was
applied to lithofacies thickness distributions to as-
sess statistically the geologic heterogeneity (Burgess,
Figure 10. Input of geologic data and building of the model framework. (A) Two three-dimensional views of the input data, including
the digital elevation model built from and light detection and ranging data and the field mapping differential global positioning system
points of sequence boundaries (points) and faults (squares). Stratigraphic sections are located at the white lines in the images.
(B) Dimensions of the digital outcrop model and location of the five major postdepositional faults modeled. (C) Construction of the
depositional sequence model used as a framework for stochastic simulation. Refer to Figure 2 for the location of the three-dimensional
pictures. S = depositional sequence.



2008). The test compares a sampled cumulative
thickness distribution function with a theoretical
exponential distribution function (Figure 9). The
comparison estimates the difference, D, between
both curves at each thickness. Then, a significance
probability, p, is calculated to determine whether
the maximum value of D occurs randomly in the
present data set. If p is greater than 0.1, the can-
didate exponential distribution can be consid-
ered a good approximation to model the sampled
lithofacies thickness curve. If p is less than 0.1,
the exponential interpretation cannot be reason-
ably accepted. The test was conducted for oolitic
grainstone (p = 0.3139) and peloidal grainstone
(p = 0.1152) (Figure 9). Both lithofacies match
the exponential function within tolerance, sug-
gesting a stochastic distribution pattern at the
lithofacies scale. The Kolmogorov-Smirnov test
supports the interpretation of a mosaiclike arrange-
ment as observed in the field.

The carbonate heterogeneity is less complex
at the facies association scale than at the lithofacies
scale. Despite the occurrence of interfingering at the
transitions between facies associations (Figures 4,
8), the spatial relationships between the outer to
distal middle ramp, proximal middle ramp, and in-
ner ramp are known to be laterally ordered, indi-
cating the existence of a deterministic component
in their distribution. We conclude that geologic
heterogeneity is more stochastically driven at the
lithofacies scale than at the larger facies association
scale. Consequently, the modeling methodology
needs to consider the characteristics of each level
of observation by adjusting the relative strengths
of stochastic and deterministic methods during
simulation.
SCALE-DEPENDENT MODELING APPROACH

The methodology consists of three steps: (1) build-
ing the largest scale model based on the stacking
patterns ofmedium-scale sequences (Figure 10), (2)
modeling of facies association within the medium-
scale sequences, and (3) the simulation of litho-
facies distribution (Figures 11–13) within the fa-
cies association. Each step, which corresponds to
one level of the stratigraphic hierarchy, follows
a specific modeling methodology adapted to its
sedimentary features. Care was taken to capture
the dimension and morphology of carbonate bod-
ies during variogram analysis (Figure 11) and to
properly model their distribution by comparing
field-based (Figure 4) and stochastically simulated
(Figure 13) geologic heterogeneity. The degree of
concordance between input and output data was
also used as a quality control factor. Within the
geocellular model, the choice of cell dimensions is
made by considering the size of the smallest geo-
logic features that need to be simulated. Signif-
icant lithofacies such as peloidal grainstone and
oncoidal floatstone are locally as thin as 0.2 m
(0.7 ft) (Figure 4). Accordingly, the geocellular
model was constructedwith grid cells 0.1 m (0.3 ft)
thick, considering that two cells are needed to ade-
quately resolve a feature. A horizontal cell dimen-
sion finer than 15 m (49.2 ft) would have allowed
themodel to capture further lateral variations, but
computing limitations dictated a larger cell di-
mension no less than 15 m (49.2 ft). Therefore,
sedimentologic features below 15 × 15m (49.2 ×
49.2 ft), such as coral-microbial–dominated bio-
herms (lithofacies 2) and microbial mounds
(lithofacies 14), cannot be explicitly captured in
the model. The model contains 909 conformable
layers and 5.7 million cells.
Modeling the High-Frequency
Depositional Sequences

The first and largest scale of modeling is the
construction of purely deterministic sequence-
stratigraphic surfaces. Fivemedium-scale sequence
boundaries (DS0, 3, 5, 7, and 8), four small-scale
sequence boundaries (DS1, 2, 4, and 6), five post-
depositional faults, and 19 stratigraphic sections
(Figure 10) were input to the model as gridded ele-
vation surfaces. A total of 5001 DGPS and LIDAR
points were used to georeference these geologic
data (Figure 3). Sequence boundary surfaces were
created using the minimum curvature algorithm
with a 10-m (32.8-ft) grid node spacing. The five
zones built in the model correspond to the five
medium-scale depositional sequences described
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above (Figures 4, 10C). Despite the high density of
DGPS and LIDAR points, additional user-defined
control points were necessary to extrapolate as re-
alistically as possible sequence boundaries across
valleys and to avoid edge effects. The additional
control points were carefully created to be con-
sistent with the sequence thicknesses and fault
offsets measured in the field.

The mapping of medium-scale sequence bound-
aries reveals a general continuous and low-angle
(0.03–0.25°) dipping depositional profile to-
ward the northeast. The depositional profile be-
comes steeper toward the land and exhibits a 4-m
(13.1-ft) paleotopographic relief at the transi-
tion between the outer and inner shoal complexes
(Figure 13).
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Modeling the Facies Association

The second modeling step populates facies asso-
ciations that characterize the inner, middle, and
outer ramp within each medium-scale sequence.
This step uses the stochastic algorithm truncated
Gaussian simulation (TGSim) because it preserves
the ordered transitions between the depositional
domains of the ramp (Figure 5) while allowing
the use of conditioning tools, such as probability
trends, during stochastic simulation. Particular at-
tention was focused on the semivariogram anal-
ysis of the morphology of shoal bodies (see above),
which is a key interpretive input to the TGSim al-
gorithm. Vertical and horizontal semivariograms are
plots of the semivariance g against the sample-pair
Figure 11. Summary of the major, minor, and vertical dimensions of inner-ramp shoals and inner-ramp lithofacies using semi-
variograms, which are plots of the semivariance g against the distance. Note the fitting of experimental variograms (dashed gray curve)
with idealized type semivariograms (black curve). Oscillations in the experimental variograms (hole effect) indicate the regularly spaced
periodicity of features. The hole effect observed in the minor variograms of oolitic grainstone, peloidal grainstone, and oncoidal rudstone
suggests en-echelon arrangement of the geobodies.



Figure 12. Three-dimensional view of the facies association model (A) and lithofacies model (B) (vertical exaggeration, 3×). Note the
constraints of lithofacies occurrence and distribution within each facies association. Refer to Figure 2 for the location of the three-
dimensional pictures.
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separation distance called “lag” distance (Figure 11).
To calculate the vertical semivariogram, a 0.1-m
(0.3-ft) lag distance was chosen to match the res-
olution of described sections. The lag distance for
the horizontal semivariogram was 50 m (164 ft), ap-
proximately the smallest between-section spacing.

The inner ramp represents 25%of the study area
and contains interconnected, 350-m (1148.3-mi)–
long, 190-m(623.3-ft)–wide, and5-m(16.4-ft)–thick
shoal bodies (Figure 11). The preferred orientation
of elongation is 125°N, which is in agreement with
paleocurrent measurements (Figure 7). Three dif-
ferent types of shoal morphology were recognized
(Figures 12, 13) in field observations (Figure 4).
The most distal shoals are found at the transition
between the proximal middle ramp and the inner
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ramp and consist of isolated, approximately 300-m
(985-ft)–long and as much as 2-m (6.6-ft)–thick
rudstones. The landward increase of horizontal and
vertical connectivities between shoal bodies leads
tomore complexmorphologies. The outer shoal to
foreshoal are characterized by planar, kilometer-
long, and as much as 4-m (13.1-ft)–thick shoals
(Figures 4, 13). The stacking pattern of small-scale
sequences displays a significant vertical compart-
mentalization of shoals separated by matrix-rich
middle-ramp bodies. Therefore, the vertical shoal
connectivity observed in the model (and in the
field) is low. Toward the most proximal part of the
ramp, the vertical connectivity across the small-
scale sequence boundaries leads to more complex
shoal body morphologies (Figure 13). The inner
Figure 13. Southwest-northeast cross sections (left) of the scale-dependent model located within the inner ramp and representative
model layer plan view maps (right). In the maps, note the strongly oriented and relatively well-connected distributions of the facies
association tracts (all but the subject facies association are filtered out and appear in gray) and the comparatively patchy mosaic of
lithofacies (yellow, orange, and tan). Note the topographic relief at the transition between inner and outer shoals. Refer to Figure 12 for
the lithofacies colors and to Figure 2 for the location of the cross sections. DS = discontinuity surface.



shoal is planar to domal, kilometer long, and as
much as 8 m (26.2 ft) thick.
Modeling the Lithofacies

For the final step, the three depositional domains of
the carbonate ramp (Figure 12A) are filled by their
unique association of lithofacies (Figure 12B). This
modeling step captures the degrees of geologic dif-
ferentiation within the three types of shoal bod-
ies (Figure 13). Both the mosaiclike lithofacies
distribution (Figures 8, 9) and the morphological
contrasts between lithofacies bodies (Figure 11)
(Table 1) can be simulated using sequential in-
dicator simulation (SISim). Sequential indicator
simulation is used because (1) its method of pop-
ulating lithofacies between data points can be
independent of any geologic trend and does not
enforce lateral associations and (2) a unique semi-
variogram can be assigned to each lithofacies type.
The operating mode of SISim is flexible enough to
honor the observed variations in heterogeneity
with one exception: the molluskan-coral bioherms
(lithofacies 5) were modeled using object-based
modeling to create a scattered population of domal
bioconstructions.

Semivariogram analysis shows that each litho-
facies is characterized by its own dimensions and
preferred orientation. In the inner ramp, the hole
effect (Gringarten and Deutsch, 2001; see above)
is observed within the minor axis lithofacies semi-
variograms (central column of Figure 11), indicat-
ing the occurrence of subparallel, regularly spaced
lithofacies bodies with an average interbody spac-
ing of approximately 349 m (1145 ft). Oolitic
grainstones constitute 32.8% of the inner ramp
and average 200 m (656.2 ft) in length, 140 m
(459.3 ft) in width, and 2 m (6.6 ft) in thickness,
with a spacing of approximately 300 m (985 ft).
These bodies have a preferred elongation orienta-
tion of 114°N. Peloidal grainstones (56.9% of the
inner ramp) are 260 m (853.0 ft) long, 145 m
(475.7 ft) wide, and 3.1 m (10.2 ft) thick and are
oriented 97°N, with a subparallel spacing of ap-
proximately 300 m (985 ft). The oncoidal rud-
stone (10.3% of the inner ramp) shows significant
anisotropy in vertical and horizontal dimensions.
The 210-m (688.9-ft)–long, 190-m (623.3-ft)–wide,
and 1-m (3.3-ft)–thick rudstone bodies exhibit a
nearly isotropic morphology.

The three types of shoal bodies observed within
the inner ramp display significant changes in their
lithofacies associations (Figures 4, 13). Within
the proximal middle ramp, isolated shoal bodies
comprise mainly oncoidal rudstone and a lesser
fraction of peloidal grainstone.Oolitic grainstone is
absent.Within the outer shoal to foreshoal, we find
kilometers-long planar shoal bodies composed of
peloidal grainstones with common and locally de-
posited oolitic grainstones and oncoidal rudstones
(Figure 13). In the most proximal part of the inner
ramp, shoal bodies show a high degree of hetero-
geneity, characterized by vertical stacking and lateral
transition between peloidal and oolitic grainstones
(Figure 13). A low fraction of oncoidal rudstone
occurs as thin and discontinuous layers.

DISCUSSION

Scale-Dependent Geologic Heterogeneity and
Its Controlling Factors

Along the depositional profile of the Bajocian
carbonate ramp of the Assoul Formation, a clear
proximal-distal linear trend between facies asso-
ciations (Figure 5) is evidenced by lateral lithofa-
cies variability (Figures 4, 13) and the distribution
of organic and inorganic components (Figure 6)
(Table 1). The kilometer-long shoal complex of the
inner ramp can be divided into three distinct shoal
bodies with different morphologies from proxi-
mal to distal: (1) planar to domal, kilometer long, as
much as 8 m (26.2 ft) thick; (2) planar, kilometer
long, asmuch as 4m(13.1 ft) thick; and (3) isolated,
hundreds-of-meters–long shoals at the transition
between the inner ramp and the proximal middle
ramp (Figure 13). The Bajocian carbonate ramp
displays two episodes of basinward progradation
through the stratigraphic succession (Figures 4, 5),
which are likely controlled by change of accom-
modation. This assumption is consistent with field
observations that display a clear relationship be-
tween the type of lithofacies and the thickness
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of depositional sequences (Figures 4, 5, 13). The
abundance of grainstone lithofacies increases within
thin depositional sequences, whereas wackestone
to packstone lithofacies association dominates in
thicker sequences. In addition, the vertical variabil-
ity of both lithofacies type and thickness of depo-
sitional sequences shows repetitive deepening- and
shallowing-upward trends, suggesting a relative sea
level fluctuation and an associated change in ac-
commodation as a major controlling factor on the
studied stratigraphic succession. For comparison,
the Amellago Formation underlying the Assoul
Formation shows a similar oolitic ramp profile and
a comparable stacking pattern of lithofacies and
depositional sequences. A tens-of-kilometers–long
study of the Amellago Formation (Pierre et al., 2010)
also suggested that the oolitic carbonate ramp was
primarily controlled by accommodation changes.

At the bedding scale, the lithofacies hetero-
geneity cannot be fully explained by accommoda-
tion changes. A lithofacies mosaic (Figures 8, 9)
implies local changes of environmental conditions
(clastic input, turbidity, hydrodynamic level, storm
frequency, water geochemistry, or nutrient avail-
ability), which affect carbonate precipitation and
transport at a similar water depth (Rankey, 2004;
Wright and Burgess, 2005; Strasser and Védrine,
2009). In this study, the oolitic-dominated inner
shoal and peloidal-dominated outer shoal consisted
of a mosaic of grainstone lithofacies, marls, and mi-
crobial mounds (Figures 4, 13), suggesting that in-
trinsic parameters such as hydrodynamic level,
storm events, tidal parameters, or differential flu-
vial input add to the inherent lithofacies disorder.
The occurrence of both linear and mosaic arrange-
ments of carbonate bodies within the Assoul For-
mation are mainly controlled by external and inter-
nal factors, respectively.
Scale-Dependent Geologic Modeling

The study window displays scale-dependent geo-
logic heterogeneity, where each stratigraphic level
displays specific sedimentary features (Figure 14).
This study establishes a different simulation meth-
od designed to reproduce the unique characteristics
of each of those levels (Figure 14). The modeling
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techniques extend from a deterministic approach
at the largest stratigraphic architecture scale to an
environment-specific stochastic approach at the
smallest lithofacies scale (Figure 14). A purely sto-
chastic algorithm like SISim, which was used to
simulatemosaiclike lithofacies patterns, should not
be used tomodel the entire studywindow. Ifwe had
chosen to apply only the SISim algorithm, the or-
dered transitions between the facies association
across the depositional profile would not have
been captured, and the final model would have
included significant errors in terms of geobody
placement and association. However, TGSim can
only use a single variogram for all facies, which is
clearly an oversimplification of the geologic reality
(Figure 11), and its operating mode produces a
poor approximation of the observed lithofacies
mosaic (Amour et al., 2012). The above examples
highlight the difficulty ofmodeling carbonate rocks
by applying one single method. Each algorithm has
unique capabilities and drawbacks (Journel et al.,
1998; Falivene et al., 2006, 2007) that, in one lo-
cation or another, would incorrectly render the
field observations.
Geologic Heterogeneity and Modeling
Strategy: Recommendations

During the last two decades, advances in the field
of statistical analysis and field-based observations of
geologic heterogeneity within modern (Wilkinson
and Drummond, 2004) and ancient shallow-water
carbonate systems (Wilkinson et al., 1997, 1999;
Burgess, 2008; Strasser and Védrine, 2009) have
emphasized the common abundance of a mosaic-
like distribution of lithofacies, the finest scale of our
modeling strategy. At the coarser basin scale, the
association of lithofacies, characterizing similar de-
positional conditions, tends to exhibit less spatial
disorder in the sedimentary record. Facies associa-
tions display then a more gradational and linear
arrangement between carbonate bodies along a
proximal-distal depositional profile (Wright and
Burgess, 2005), as shown here and in previous
studies (Gischler and Lomando, 1999; Aurell and
Bádenas, 2004; Bádenas and Aurell, 2010; Pierre
et al., 2010).



During the same two decades, outcrop and
subsurface modeling has known remarkable en-
hancements of the simulation tools used (Coburn
et al., 2006). These improvements were resulted
from the large number of simulation techniques
that were being constantly refined (Gringarten
and Deutsch, 2001; Coburn et al., 2006; Kenter
et al., 2008; Jones et al., 2009) and successfully
Figure 14. Summary of scale-dependent geologic features based on section SEF-1 from the large-scale stacking pattern of high-frequency
depositional sequences (level 1) to the intermediate-scale facies association (level 2) and to the finest-scale lithofacies types (level 3). The
modeling strategy that was used for each level is noted across the bottom. Note the alignment between the observed spatial arrangement
of geologic features and the capabilities of simulation techniques chosen for each set of features. Refer to Figure 2 for the location of section
SEF-1. M = mudstone; W = wackestone; P = packstone; G = grainstone; F = floatstone; R = rudstone; B = boundstone; m = marl.
Amour et al. 867



applied to model carbonate systems. These simu-
lation techniques include a deterministic approach
with surface-based modeling to capture the archi-
tecture of carbonate platforms (Sech et al., 2009)
and an algorithm-based method to stochastically
populate carbonate bodies (Aigner et al., 2007;
Pöppelreiter et al., 2008; Tomás et al., 2010). Each
method has been compared and contrasted in out-
crop facies models to assess their major advantages
and drawbacks (Falivene et al., 2006, 2007; Aigner
et al., 2007; Amour et al., 2012). Considerable
effort has been devoted to the generation and
improvement of simulation tools and techniques,
whereas a reflection on how to best combine them
into a single 3-D model has been lacking (Zappa
et al., 2006; Koehrer et al., 2010).

The inability for a single simulation method to
correctly render all sedimentary features is illus-
trated by the need to resort to interactive facies
correction (pixel painting to correct facies distri-
bution) during simulations (Willis andWhite, 2000;
Aigner et al., 2007; Palermo et al., 2010). A scale-
dependent modeling approach takes advantage of
the abilities of each technique, whereas its draw-
backs can be offset by the use of other simulation
tools and thus provide essential computing flex-
ibility to model carbonate rocks. The selection of
an appropriate combination of simulation tools
involves a full knowledge of carbonate heteroge-
neity at each level of the stratigraphic hierarchy.
In addition, the implementation of multiple tech-
niques into the same workflow requires the de-
velopment of innovative modeling methodologies.
Better understanding of modern and ancient car-
bonate systems (e.g., Lehrmann andGoldhammer,
1999; Wilkinson et al., 1999; Wright and Burgess,
2005; Strasser and Védrine, 2009) should guide the
design of simulation strategies. A scale-dependent
modeling approach promises to be a valuable meth-
od to build outcrop and subsurface models.

CONCLUSIONS

The investigation of a study area 1 km (3280.1 ft)
wide and 100 m (328.1 ft) thick within a Bajocian
oolitic carbonate ramp has demonstrated the need
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for a scale-dependent modeling approach ranging
from the large-scale stacking pattern of deposi-
tional sequences down to the facies associations
at the intermediate scale and ultimately down to
lithofacies types at the finest scale. An individual
simulation method has been customized for each
hierarchical level of heterogeneity based on the
characteristics needed to be integrated into the 3-D
outcrop model. Field observations and statistical
analysis have documented the variability of shoal
morphologies, dimensions, distributions, and asso-
ciations and provides new perspectives on mod-
eling strategies that take advantage of algorithm
strengths and capabilities.

• Fourteen shallow-marine lithofacies were iden-
tified and grouped into three main facies as-
sociations: an inner ramp, a proximal middle
ramp, and a distal middle to outer ramp. The
inner ramp was further subdivided into sub-
association, an intershoal to backshoal with
marly deposits, an oolitic inner shoal, a peloidal
outer shoal, and a foreshoal with oncoidal rud-
stones. The stratigraphic architecture shows
five medium-scale sequences composed of four
to five small-scale sequences.

• Scale-dependent geologic heterogeneity within
the Assoul Formation requires the combina-
tion of both a deterministic and stochastic ap-
proach to realistically capture and model the
spatial geobody arrangement. The largest scale
model, comprising the structural and strati-
graphic framework and stacking pattern of de-
positional sequences, was built using a determin-
istic surface-based modeling approach. The next
scale model, the facies association, was modeled
using TGSim to portray the ordered trends ob-
served between facies associations. Finally, the
finest scale features, individual lithofacies, were
modeled using SISim because of its tendency to
produce spatially independent lithofacies ele-
ments. Additionally, object-based modeling was
used to insert discrete bioherm objects into the
facies model.

• The first modeling step focused on sequence
boundary morphologies. The depositional pro-
file is a low-angle (0.03–0.25°) ramp with a



4-m (13.1-ft) topographic high at the transi-
tion between the inner and outer shoals. At
the facies association scale, the kilometers-long
shoal complex of the Assoul Formation is com-
posed of (1) planar-to-domal, kilometer-long,
and as much as 8-m (16.4-ft)–thick shoals in the
proximal part of the inner ramp; (2) planar,
kilometer-long, and 3- to 4-m (9.8–13.1-ft)–
thick shoals within the outer shoal and fore-
shoal; and (3) isolated, hundreds-of-meters–
long, and 1- to 2-m (3.3–6.6-ft)–thick foreshoal
bodies at the transition between the proximal
middle ramp and the inner ramp. At the finest
scale of modeling, each grainstone lithofacies,
characterized by its own unique dimensions, oc-
curs in different proportions within the three
types of shoal bodies. The linear and gradational
trend between facies associations is influenced
by changes in accommodation,whereas intrinsic
parameters such as hydrodynamic level, storm
events, and differential fluvial input controlled
the lithofacies mosaic.

• The use of one single simulation technique
across all scales is unlikely to produce a realistic
3-D model of shallow-water carbonate sys-
tems. The implementation of several techniques
adapted to each level of the stratigraphic hi-
erarchy will (1) provide essential computing
flexibility for simulation and (2) lead to better
integration of the geologic heterogeneity in a
3-Dmodel. If further efforts are devoted to the
methods to combine several simulation tech-
niques into a modeling workflow, we will pro-
duce better geologic models and thus improve
subsurface reservoir simulations at the interwell
spacing.
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