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Abstract

With deep-water basins becoming mature explo-
ration areas, and the number of undrilled structural
traps diminishing, stratigraphic traps are growing
increasingly important. Onlapping turbidite sands are a
common stratigraphic trap type in confined basins;
however, onlap architecture can assume a number of

different geometrical and facies characteristics as a
result of interactions between the turbidity currents and
the onlap surface. These variations have important
implications for the accumulation and trapping of
hydrocarbon reserves, in that the variety affects the
quality and recognition of good onlap seal.
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To investigate stratigraphic traps in turbidite sys-
tems, the spectacularly exposed, seismic-scale
Montagne de Chalufy onlap section in the Gres
d’Annot turbidite system of the French Alps is used to
generate various forward synthetic seismic 2D sections.
Three parameters are varied independently: input model
detail, seismic impedance contrast, and dominant wave-
let frequency. Seismic velocity and rock density values
are taken from producing reservoirs to represent the
observed lithologies in the Grés d’Annot. The three
petroleum reservoir scenarios investigated are a Plio-
Pleistocene Gulf of Mexico reservoir and Tertiary and
Jurassic North Sea reservoirs. Two levels of 2D input
model detail are investigated: 1) a detailed model hav-

Introduction

Confined, deep-water basins can be produced by
any combination of salt-, mud- and tectonic deforma-
tion (e.g., Gulf of Mexico, offshore Niger delta, and
offshore Baram delta, Borneo). Stratigraphic traps in
these basins are often dependent on relationships
between deep-water strata and the slopes that define the
basin. Deep-water strata typically onlap the margin of
the confined basin, but precise onlap relationships can
be difficult to resolve, particularly in salt provinces
where salt margins are often steep and are therefore dif-
ficult to resolve faithfully in seismic data. Important
details of onlap relationships may be obscured in these
situations, leading to uncertainty concerning reservoir
charge and seal.
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ing observed structural and sedimentary complexities to
test vertical and lateral seismic resolution, and 2) a sim-
ple onlap model without the complexities. Two Ricker
wavelet dominant frequencies are chosen, 26 and 50
Hz. Synthetic seismic results show outcrop analogues
of turbidite sandstone reservoirs can be usefully con-
verted to forward seismic sections. 2D seismic sections
generated from high frequency wavelets allow subse-
quent geological interpretations that almost replicate
detailed input models, although onlap termination or
drape was still difficult to resolve. Gross architectures
of massive, onlapping, turbidite sandstones may still be
resolved in low frequency seismic datasets.

In these circumstances exposed examples of
onlap surfaces can provide insights into onlap relation-
ships and aid understanding of the seismic expression
of the surfaces. Forward seismic models of large-scale,
outcrop exposures have been generated by other authors
(Batzle and Gardner, 2000; Coleman et al., 2000; Bour-
geois et al., 2004; Schwab et al., 2007) to allow both
geologists and geophysicists to compare how much
high-resolution outcrop data are usually imaged in seis-
mic data of comparable reservoir intervals. However, to
date, an exposed onlap surface has not been modeled.
The Montagne de Chalufy turbidite onlap in the Haute
Provence Region of the French Alps is a spectacular,
seismic-scale exposed onlap surface that can be use-
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fully converted to a synthetic seismic section. The
exposure has been field investigated, interpreted, digi-

Geological setting

The Greés d’Annot turbidite system is preserved
in a series of north-south aligned exposed remnants
(Fig. 1), a result of the Tertiary Alpine thrust-sheet-top
basin province that developed by response to loading in
front of the southwest-directed Alpine fold-belt (Apps,
1987). During the Eocene-Oligocene, the Alpine fore-
land basin was ~160 km long, ~80 km wide and
orientated approximately northwest-southeast. The
early Eocene basin fill sequence consists of a deepening
succession of carbonates; firstly the shallow water Cal-
caires Nummulitiques Formation followed by deeper
water paleoslope and basinal marls known as the Mar-
nes Bleues Formation. Later Marnes Brunes Inférieures
Member and succeeding Grés d’Annot Formation rep-
resent the onset and main phase of clastic input that was
primarily fed with sediments from the south (Stanley,
1975; Elliott et al., 1985; Ravenne ef al., 1987).

The Marnes Brunes Inférieures (or Lower Brown
“Marls”) represented a mixture of continued pelagic
Marnes Bleues deposition and early phase turbidite
clastics and are thus typically composed of 40% clastic
sands (Stanbrook and Clark, 2004). At Montagne de
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tized, and modeled, to generate forward seismic 2D
sections.

Chalufy, the Marnes Brunes Inférieures is succeeded
by, and intercalated with the Grés d’Annot Formation,
which consists of coarse-grained, sand-rich turbidity
current deposits and associated sediments. The Gres
d’ Annot Formation is predominantly sand-rich and typ-
ically coarse-grained.

The Montagne de Chalufy onlap section is at the
southernmost end of the Trois Evéchés subbasin, one of
a series of outliers in the Grés d’Annot turbidite system
in southeast France (Fig. 1). The Trois Evéchés outlier
is generally considered to be a subbasin (Apps et al.,
2004), positioned at the distal end of the exposed Grés
d’Annot turbidite system, with sediments being fed
from the Grand Coyer subbasin to the north (Fig. 1).

Relatively steep and structurally complex Marnes
Bleues Formation palaeoslopes (typically 8°-15° dips;
Hilton and Pickering, 1995) have been found within the
Grés d’Annot system, possibly by virtue of a high-car-
bonate content, estimated at 65% (Ravenne et al.,
1987), which would have led to partial and early lithifi-
cation of the Marnes Bleues sediments.
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The Montagne de Chalufy onlap

At the southernmost end of Trois Evéchés is
Montagne de Chalufy onlap section. This section is a
well-known and documented onlap (Elliott et al., 1985;
Apps, 1987; Sinclair 1994; Hilton and Pickering, 1995;
Pickering and Hilton, 1998; Joseph and Ravenne, 2001;
Smith and Joseph, 2004, Puigdefabregas et al., 2004).
Montagne de Chalufy offers a seismic scale section of
an onlap surface at the contact of Marnes Bleues with
the Marnes Brunes Inférieures/Grés d’Annot. The
exposed trend of the onlap surface is from northwest-
southeast, and the onlap surface can, with difficulty, be
restored to northeast-southwest strike, dipping to the
northwest. Paleoflow was to the west-northwest,
slightly oblique to the dip of the onlap surface. An 800
m long, 150 m high section of the onlap surface is con-
sidered in this work (Fig. 2).

Montagne de Chalufy exposes a locally steep sec-
tor of the onlap surface that is highlighted by abrupt
terminations of three turbidite sandstone bodies; this
sector of the onlap surface lies above a thrust repetition
of the Marnes Bleues that produced additional relief on
the surface (Apps, 1987). The sandstone bodies, sepa-
rated by units of brown shale and thin-bedded turbidites
(Marnes Brunes Inférieures), apparently onlap towards
the south-southeast (Fig. 2). The observed relationship
is complicated by a fault that results in a repetition of
the onlap of the middle sandstone body. Puigdefabregas
et al., 2004 argue that the fault is normal which is in
keeping with other known normal faults in the vicinity.

Stanbrook et al.

The lowermost sand body (SB1) is up to 35 m
thick and contains, in the lower and upper part, thick-
bedded, graded and massive sandstones interpreted as
the deposits of high-density turbidity currents. The mid-
dle part of SB1 is more shale-rich and consists of
thinner bedded, lower density, Bouma-type turbidites
(Fig. 3A). This sector of the onlap is relatively steep
and sandstone beds in SBI1 retain their thickness in
close proximity to the slope with beds onlapping the
surface abruptly and terminating over a distance of 1-2
m (Fig. 2B).

The second sand body (SB2) is 10-12 m thick
and onlaps a more gently dipping sector of the onlap
surface. The thickness of the sandstone body is retained
across the exposure, but then thins gradually for 120 m
before terminating against the onlap surface (Fig. 2B).
The final termination is abrupt and again involves the
final bed base rising steeply against the onlap surface
(Fig. 3B). The lower part of SB2 comprises coarser
grained, high density turbidites with inversely graded
lower divisions that correspond with the traction carpet
layers of Lowe, 1982 (Fig. 3C). The upper part of this
body is dominated by a large-scale slump fold (Joseph
and Ravenne, 2001; Smith and Joseph, 2004).

In sectors where the onlap surface is a contact
between the Marnes Bleues and the Marnes Brunes
Inférieures (the later vertically separating the sandstone
bodies), the contact is cryptic by comparison. Blue-gray
marls containing slightly varying carbonate content
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(Marnes Bleues) are abruptly but cryptically overlain
by marls with a lower carbonate content and thin, centi-

Methodology

Forward Seismic Modeling (also known as syn-
thetic seismic) in this study involves the collation of
outcrop data in the form of large-scale photomontages
that are then interpreted to produce a detailed, 2D archi-
tectural interpretation of the outcrop exposure. The
initial interpretation is then validated by both field
ground-truth investigations and detailed sedimentary
outcrop logs that also provide high-resolution, 1D data.
The detailed architectural interpretation and the chosen
dominant seismic wavelet frequency is then fed into
specialist software that convolves the model into a seis-
mic section, using user input, seismic impedance
contrasts between different lithologies. Seismic imped-
ance contrast can then be calculated using published
velocity and density values for the different lithological
types in the selected section, enabling the rock values to
be varied in order to simulate the petroleum reservoir
under consideration. The geoscientist can also vary the
frequency to simulate the depth and/or quality of seis-
mic available. Overburden can also be added to
simulate real-world situations.

The Montagne de Chalufy outcrop had initially
been field investigated and interpreted as a 2D cross
section (with adjustment for photomontage perspec-
tive). Two  sedimentary interpretations  were
investigated (Pringle, 2003); a complete model retain-
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meter-scale turbidite sandstone beds that become
thicker and more common upwards (Fig. 4).

ing observed faults and heterolithic intervals, and a
simple model in which the structural complexities and
the heterolithic detail removed. The more detailed
model had both turbidite thin-bedded intervals within
the sand-rich intervals and structural (fault) complica-
tions preserved over the four onlapping (including the
onlap repetition as a result of the faulting), undeformed,
massive sandstone bodies (Fig. 5). The simple model
did not attempt to preserve either the heterolithic inter-
vals or the faulting (Fig. 6).

The interpreted models were subsequently digi-
tized and then processed using GMAplus STRUCT!
software program. A number of parameters were tested;
the simplest being the potential vertical seismic resolu-
tion differences that would be produced using different
dominant frequencies. The modeling program expected
average velocity and density values for each bedding
unit. Three reservoir unit types were modeled; massive
sandstones, massive shale intervals and interbedded tur-
bidite sandstones and shales. It was decided to use
velocity values from three producing reservoirs, as the
aim was to simulate conventional seismic information
through reservoirs with comparable seismic impedance
values.

1. Now GeographiX™
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The three producing reservoirs were the Forties
Field, a Tertiary North Sea (UKCS) reservoir; the Mag-
nus Field, a Jurassic, North Sea (UKCS) reservoir; and
the Mars Field, a Plio-Pleistocene, Gulf of Mexico res-
ervoir. Values for the three reservoirs were obtained
from published data from Jager et al., (1997), Parting-
ton et al. (1993), and Chapin (1996), respectively.
These values (as well as comparable data obtained from
other authors) are detailed in Figure 7. The underlying
Cretaceous basement values used were constant for all
models (Fig. 7), and checked against Badley (1948) val-
ues for similar lithologies. Although the underlying
Marnes Bleues Formation was observed to be domi-

Results

Figure 8 shows two synthetic seismic sections,
generated using 26 and 52 Hz Hz dominant frequency
wavelet based on the original interpretation using litho-
logical parameters of a Plio-Pleistocene Gulf of Mexico
analogue (the Mars Field). Figure 9 shows two syn-
thetic seismic sections, generated using 26 and 52 Hz
Hz dominant frequency wavelet based on the original
interpretation using lithological parameters of a Juras-
sic North Sea analog (the Magnus Field). Figure 10
shows two synthetic seismic sections, generated using
26 and 52 Hz Hz dominant frequency wavelet based on
the original interpretation using lithological parameters
of a Tertiary North Sea analogue (the Forties Field).
Figure 11 shows two synthetic seismic sections, gener-
ated using 26 and 52 Hz Hz dominant frequency
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nantly composed of marls, these units were modeled as
“fast shales” as may be seen in the geological record in
areas with long periods of nonclastic deposition.

Two dominant Ricker wavelet frequencies were
chosen for this study, a 26 Hz and 52 Hz wavelets, to
represent higher and lower frequency seismic datasets.
Synthetic traces were spaced at 12.5 m—equivalent to
an inline surface seismic section. Vertical incidence,
zero-offset rays were used to give the appearance of a
seismic profile without the complexities of dip moveout
and migration, which commonly occur in standard,
seismic Common Mid-Point (CMP) data.

wavelet based on the original interpretation with faults
removed using the same Tertiary North Sea analog
(Forties Field).

The brightest amplitudes (and hence largest
impedance contrasts) were found in models represent-
ing the Jurassic North Sea reservoirs. However, overall
variations in impedance values seem to have little effect
on results at the high Signal/Noise Ratios (SNR) used.!
The massive sandstone bodies of the Grés d’Annot
could be identified on all sections, at both high and low
frequencies. At the higher frequency (50 Hz), the varia-
tions in sandstone body thickness could also be
resolved. The small thrust offset (in the original

1. Noise was not added to any of the models.



detailed model) could be distinguished in all high fre-
quency synthetic sections. Note that such a high
frequency (50 Hz) signal would not normally be
returned from deep Jurassic targets in the North Sea.
The Jurassic North Sea reservoir parameters show high

Discussion

From analysis of the synthetic seismic section
results, resolving onlapping sandstone units on seismic
sections is a potential problem. Using typical seismic
frequencies of 26 Hz, only the large-scale, sand-rich
intervals could be successfully differentiated from the
background materials. The onlap relationship of these
bodies onto paleoslopes and other potentially topo-
graphically complex basin floors could not be
recognized or resolved, which is crucial when defining
stratigraphic traps. The internal, sand-poor heterolithic
intervals were also not well resolved, which may cause
petroleum geologists to overestimate potential reserves.

The higher 52 Hz frequency data produced much
improved vertical and horizontal seismic resolution, as
both the heterolithics intervals and the major fault were
imaged, although the small faults were not resolvable.
The Gulf of Mexico and Tertiary North Sea analogs

Conclusion

The overall appearance of the Chalufy onlap sur-
face is imaged effectively in the synthetic seismic data
in that the presence of the sandstone bodies, their onlap-
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velocity values, and hence a tighter synthetic seismic
section. Comparison of time values for the Cretaceous
basement in Figure 8 with Figure 9 shows a TWT of
0.28 and 0.25 respectively.

(Figures 8 and 10, respectively) were generally similar,
both being at a relatively shallow stratigraphic depth,
whereas the Jurassic North Sea analogs (Figure 9)
showed the poorest resolution as would be expected
from a deeper reservoir.

Sedimentological and structural data, observed in
the field by geoscientists working on outcrop analogs,
often give far higher resolution than is observed in con-
ventional seismic data, and what looks like relatively
simple sedimentology and structural data to the geo-
physicist can, in fact, be much more complicated and
unimaged. An improvement to this modeling exercise
would be to add seismic “noise” to make the 2D sec-
tions more realistic and to utilize the collected 1D
sedimentary logs to create more realistic seismic wave-
lets between the different modeled sedimentary
intervals.

ping nature and the major fault locally offsetting the
onlap sandstone bodies are visible in each case. The
thickness contrast between SB1 and SB2 is successfully
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imaged in all cases, and the abrupt termination of SB1
contrasting with the more gradual thinning of SB2 is
also apparent in most cases.

Results show outcrop analogues of turbidite sand-
stone reservoirs may be -effectively converted to
forward seismic 2D sections. Seismic model sections
generated from high frequency wavelets allow interpre-
tations that almost replicate detailed input geological
models. Gross architectures of massive, onlapping, tur-
bidite sandstones may still be resolved in low frequency
seismic datasets.

Heterogeneities within onlapping sandstone bod-
ies can result either from external controls, or can be
forced locally by interaction with the onlap surface.
Important controls on the latter include (Fig. 12): 1) the
angle of the onlap surface (Smith and Joseph, 2004);
the orientation of the onlap surface in relation to the
paleocurrent direction (Kneller and McCaffrey, 1999;
Amy et al., 2004), 2) the thickness of flows in relation
to the height of the onlap surface (McCaffrey and
Kneller, 2001), and 3) the potential for locally triggered
slope failures that may initiate slides, slumps and debris
flow processes that run out for short distances down the
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Figure 1. Map of evolving sediment transport paths of the Grés d’Annot basin; note the position of Chalufy at the
southern end of the Trois Evéchés sub-basin that represents the distal part of the St Antonin sediment pathway. Modi-
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Figure 2. The Montagne de Chalufy onlap section; the foreland basin into which the Grés d'Annot was deposited had a
complex basin-floor topography, which controlled the distribution of sand bodies. Onlaps similar to that at Chalufy are
common throughout the area. (A) Note the onlap of sandstone packets within the Greés d'Annot onto the Marnes Bleues
slope. The slope was produced by Tertiary deformation, and controlled by thrust propagation in the underlying Creta-
ceous succession. Geometry is complicated by oblique-slip faults, causing repetition of the middle sand body onlap on
both sides of the main fault (annotated). (B) View of Sandstone Bodies 1 and 2 onlapping a surface on the top Marnes
Bleues. Note the abrupt termination of Sandstone Body 1, the more gradual thinning of Sandstone Body 2, and the
cryptic marl-on-marl contact (Marnes Bleues/Marnes Brunes Inférieures) in sectors between the sandstone bodies.
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Figure 3. (A) Typical appearance in the field of Sand body 1, showing T}, commonly erosive-based, coarse-grained
sandstone interval fining-up into T, medium-grained, wavy and cross-laminated sandstones, inter-bedded with silt
and shales. Note plentiful, but commonly isolated, mud-clast present throughout the sandstones. 20 cm card for scale.
(B) Final, abrupt termination of Sandstone Body 2 against the onlap surface. Note the abrupt rise of the basal erosion
surface (see Figure 2B for context of the termination). (C) Inverse grading produced in a traction carpet layer at the
base of a high density turbidite sandstone bed in the lower part of Sandstone Body 2.
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Figure 4. Marl-on-marl cryptic contact (Marnes Bleues/Marnes Brunes Inférieures) on the onlap surface above Sand-
stone Body 2 (mid-left). Bedding in the Marnes Bleues is related to variations on carbonate content of the marls; bed-
ding in the Marnes Brunes Inférieures is related to thin turbidite sandstone beds that become thicker and more
common upwards (see section directly above Sandstone Body 2). The precise level of the contact is highlighted by the
person pointing.
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Figure 5. Detailed 2D input model showing both structural interpretation and thin-bedded heterolithics present within
the sand-rich intervals (representing the Marnes Brunes Inférieures and Grés d’Annot facies respectively). Note the

scale is the same for xy.
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Basement Parameters used for all models

Jurassic North Sea Parameters

. . Velocity Density Impedance
E/n'i',‘;)c“y (':;]?Q(f)"y '(E“gpﬁfl Jech (mis) (glco) (kg m2 s-1)
. Massive Sand 4233 2.43 10286 x 193
ﬁﬁﬁ?ﬁiﬁque 5500 266 14630 x 103 Shale and Marl 3110 2.53 7868 x 10§
Interbedded 3858 2.48 9568 x 10
Upper 5000 2.60 13000 x 103 sands & shales
Gulf of Mexico Parameters Tertiary North Sea Parameters
Velocit Densit Impedance Velocity Density Impedance
(mls) y (g/cc) y (kgpm-g s-1) (m/s) (glce) (kgmZsT)
Massive Sand 3672 2.08 7628 x 103 .
Shale and Marl 2650 225 5692 x 103 Massive Sand 3208 217 6961 x 103
Interbedded 3387 213 7214 % 103 Shale and Marl 2498 2.35 5870 x 10
. Interbedded 2903 2.27 6590 x 103

sands & shales

sands & shales

Figure 6. Seismic parameters from producing fields used in this study to represent the different formations associated

with the onlap.
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Figure 7. Detailed model Plio-Pleistocene Gulf of Mexico analogue output from GMAplus STRUCT™ software show-

ing (A/B) 26 Hz and (C/D) 52 Hz frequencies, showing color impedance and wiggle trace wavelets respectively (see text
for description and discussion). Note wavelet sections have interpreted model shown behind as solid colors.
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Figure 8. Detailed model Jurassic North Sea analogue output from GMAplus STRUCT™ software showing (A/B) 26
Hz and (C/D) 52 Hz frequencies, showing color impedance and wiggle trace wavelets respectively (see text for descrip-
tion and discussion). Note wavelet sections have interpreted model shown behind as solid colors.
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Figure 9. Detailed model Tertiary North Sea analogue output from GMAplus STRUCT™ showing (A/B) 26 Hz and (C/
D) 52 Hz frequencies, showing color impedance and wiggle trace wavelets respectively (see text for description and dis-

cussion). Note wavelet sections have interpreted model shown behind as solid colors.
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Figure 10. Simplified model (fault detail and heterolithics in lowermost sand removed, compare with Fig. 9) of Tertiary
North Sea analogue output from GMAplus STRUCT™ showing (A/B) 26 Hz and (C/D) 52 Hz frequencies, showing
color impedance and wiggle trace wavelets respectively (see text for description and discussion). Note wavelet sections

have interpreted model shown behind as solid colors.
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Figure 11. Simple 2D input model, with both structural and detailed heterolithics removed. Note the scale is the same

for xy.
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Figure 12. Probability matrix showing the relative likelihood of bypass or confinement of turbidity currents taking into

account the parameters of topography (relief, slope angle) and flow (strength and incidence). Modified from Stanbrook
(2003).
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