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ABSTRACT
In order to advance understanding of the relationship between geological properties
and their physical expression in reflection images, this study has focused expertise in
reflection geophysics, petrophysics and sedimentology on the same geological object,
in this case a succession of Upper Jurassic sharp-based shoreface deposits embedded
in offshore marine shales in northern France. This integrated approach to determine
firstly the origin and nature of seismic reflections (calibration) and secondly to provide
a means of extracting geological information from seismic imagery (inverse calibra-
tion) was built on the following analytical steps.

Firstly, detailed and extensive petrophysical analyses of outcrop (plug) samples,
continuous core and sonic well logs, in combination with a quantification of miner-
alogical and textural properties, allowed a direct conversion of acoustic properties
(impedance) into sedimentological properties, resulting in a quantitative physical se-
quence stratigraphic model.

Secondly, the integration of scale-dependent acoustic measurements, ranging from
0.01 m and 320 kHz on cores up to the wavelength of field seismic data was estab-
lished using an averaging algorithm (an effective-medium-theory type) as an upscaling
approach. This alternative to a VSP or check shot allows an optimized depth–time
conversion and hence determination of the origin of the seismic reflections with pre-
viously unattainable accuracy.

Finally, the shape and scale dependence of impedance contrasts were integrated into
so-called singularity parameters that directly link depositional changes with informa-
tion from seismic reflections: depositional changes in the shallow-water domain are
generally characterized by step functions, whereas those in more distal depositional
environments are represented by spiky functions. This approach allows the recogni-
tion of the associated reflection events and, vice versa, it provides a unique opportu-
nity to extract the character of impedance changes, and thus changes in depositional
environment, from seismic reflection records in general.

∗E-mail: hendrik.braaksma@dstu.univ-montp2.fr
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This integrated and multiscale characterization of sharp-based shoreface deposits cal-
ibrates the typical reflection patterns for such sedimentary units. These include con-
tinuous high-amplitude smooth and flat tops, discontinuous sharp basal reflections
with variable amplitude, and complex sigmoidal high-amplitude reflections within
the compound shoreface deposits. In addition, the results of this study, by detailing
the effects of scale and frequency on impedance changes, improve the identification of
similar deposits in subsurface seismic data and the extraction of maximum amounts
of geological information beyond seismic resolution.

I N T R O D U C T I O N

Today, most of the known hydrocarbon reservoirs in the world
are located in structural traps. This is understandable since
subsurface structure often has pronounced vertical expression,
making these traps relatively easy targets to find. With most of
the structures already drilled, attention in the last few years has
turned increasingly towards stratigraphic traps (Ziolkowski,
Underhill and Johnston 1998).

At conventional seismic scales, stratigraphic traps rarely
have the vertical expression that would allow them to be
clearly defined by conventional seismic techniques and display,
and no consistent diagnostic criteria exist to define them. Since
there is growing realization that the seismic signal itself is not
the ultimate detection tool, the identification, classification
and exploration of stratigraphic traps require an interactive,
integrated and multidisciplinary approach that focuses geo-
logical, petrophysical and geophysical expertise on the same
geological object. We have tackled this in a so-called ‘natural
observatory’.

The observatory, and topic of this paper, is located in
the Boulonnais, along the English Channel coast in north-
ern France, and consists of an Upper Jurassic succession
(Oxfordian-Tithonian) of offshore marine shales and minor
lime-mudstones interbedded with sharp-based shoreface
deposits (Proust et al. 1993, 1995; Herbin et al. 1995; Wig-
nall et al. 1996). Sharp-based shoreface deposits are major
components of epicontinental basin fills. They are exclusively
formed in low-gradient depositional settings under forced
regression and can prograde over relatively long distances
(Posamentier et al. 1992). Because stratal relationships are so
subtle, because physical contrasts generally are strata-bound
and because sharp-based shoreface deposits generally are not
very thick, geological recordings of these sea-level falls and
potential reservoirs are easily overlooked or unseen in seismic
sequence stratigraphic analyses. The interval studied crops out
in fresh cliff faces and is available under fully saturated con-
ditions for surface seismic imaging, marine seismic imaging,

subsurface drilling, coring and logging only a few hundreds of
metres away (Fig. 1).

The unique character of the observatory allowed us to ob-
tain very high detail and accuracy: the outcrop was geomet-
rically quantified and was sampled for acoustic properties,
grain-size and carbonate content, and a 3D surface seismic
survey was conducted on the adjacent beach (Fig. 1). A vari-
ety of wireline logging tools were deployed in boreholes within
and close to the seismic cube. The resulting data set comprises
acoustic and geological parameters at overlapping scales and
frequencies (Fig. 2). The following analytical approach was
built on three important and discrete steps that form the basic
structure of this paper.

The first step focuses on the translation of geological pa-
rameters into geophysical and petrophysical properties. This
follows earlier work on seismic outcrop modelling (Rudolph,
Schlager and Biddle 1989; Biddle et al. 1992; Stafleu and
Schlager 1993; Helland-Hansen, Helle and Sunde 1994;
Bracco Gartner and Schlager 1999; Kenter et al. 2001) and
establishes a quantification of the relationship between sedi-
mentological and acoustic properties and vice versa. In order
to establish a relationship in time and space, the depositional
environment across a complete depositional ramp profile (cf.
Ahr 1973; Read 1985; Burchette and Wright 1992) was phys-
ically quantified. Combining the quantified depositional envi-
ronment and its evolution through time with a physical char-
acterization of systems tracts and their key bounding surfaces
allowed us to construct a quantitative sequence stratigraphic
model of the ramp margin on which the Upper Jurassic suc-
cession was deposited (Braaksma et al. 2006). By populating
this model with acoustic properties acquired at a cm-scale,
the geological parameters were translated into geophysical pa-
rameters, transforming qualitative sequence stratigraphy into
a quantitative physical sequence stratigraphic model.

The second step ties seismic recordings in the time domain
with geological and petrophysical observations in the depth
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Figure 1 The Boulonnais observatory. (A) Location of the observatory; the location of the seismic line of Figure 15 is indicated. (B) Bird’s-eye
view of the Boulonnais observatory along the English Channel coast in north-western France viewed from the NNW. Between the town of
Wimereux and the city of Boulogne-sur-Mer, Upper Jurassic strata are folded into a monoclinal structure. At the beach level, a 3D seismic survey
was performed (square) and borehole VUA-B was drilled. A second borehole (VUA-A) was drilled a year earlier and is located directly south of
Wimereux.

domain. An unconventional effective-medium-theory type of
moving averaging algorithm is the underlying philosophy in
this approach, and provides a well-to-seismic tie with previ-
ously (conventionally) unattainable accuracy. As a result, the
origin of seismic reflection events can be determined and ge-

ological reasons for these events can be inferred. Although
check shots and/or VSPs are normally used and preferred for
time-depth conversion, this upscaling approach is a good alter-
native when these seismic techniques are absent or not trust-
worthy.
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Figure 2 Overview of the frequency and
scale of acquired geological and geophysi-
cal parameters in the natural observatory in
the Boulonnais.

The third step comprises a multiscale analysis of impedance
functions. This modulus maxima analysis yields two im-
portant parameters for the extraction of geological infor-
mation from seismic images. First, a natural hierarchy in
impedance events is established that can directly be related
to incident frequency-dependent seismic reflectivity. Second,
by parametrization of the shape (step versus spike functions)
and scale dependence of impedance contrasts, a direct quan-
titative relationship between depositional changes and infor-
mation from seismic reflections can be established. This in-
tegrated approach allows the recognition of scale-dependent
reflection events and, vice versa, it provides a unique opportu-
nity to extract the character of impedance changes, and thus
changes in depositional environment, from seismic reflection
records in general.

Finally, the discussion section reviews the results and factors
that control the origin, nature and scale dependence of seis-
mic reflections of sharp-based shoreface deposits. This analy-
sis provides the means to extract maximum geological infor-
mation from seismic images of these kinds of deposits that may
have potential as subtle stratigraphic traps (e.g. Posamentier
et al. 1992; Posamentier and Chamberlain 1993).

R E G I O N A L S E T T I N G A N D O U T L I N E
O F T H E O B S E RVAT O RY

In the Late Jurassic period of north-west Europe, a thick and
economically significant source-rock accumulated in shallow
epicontinental seas. The Wessex-Weald Basin is the southern-
most of a series of basins stretching from southern England
to the northernmost North Sea (Oschmann 1988), and the
Boulonnais region is situated near the eastern termination of
this basin close to the London-Brabant High (Wignall et al.
1996). This basin lacked a clear shelf-slope break and was
characterized by extremely low angle slopes over large ar-
eas (Wignall 1989; Proust et al. 1995; Hallam 1997), which

favoured the development of sharp-based shoreface deposits
over accretionary shorefaces (Proust, Mahieux and Tessier
2001). In the Strait of Dover, the mixed siliciclastic-carbonate
Kimmeridge Clay Formation is confined to five horizons of
offshore marine shale, interbedded with sharp-based shoreface
sandstone bodies (Herbin et al. 1995; Proust et al. 2001). A
high-resolution sequence stratigraphic analysis of the Boulon-
nais succession could be correlated with more distal parts of
the Wessex-Weald Basin (Williams et al. 2001; Taylor and Sell-
wood 2002; Braaksma et al. 2006) and major parts of the Paris
Basin (Proust et al. 1995; Guillocheau et al. 2000) through un-
conformities and equivalent chronostratigraphic units.

The Upper Jurassic stratigraphic section studied is preserved
in continuous steep cliff outcrops just below and just above
the mean sea-level in the Strait of Dover, in the north-west of
France. This provides a unique opportunity to set up terrestrial
and marine reflection seismic experiments over the same in-
terval to obtain high-resolution seismic reflection images and,
more importantly, to have the ability to calibrate these imaging
techniques with the true geological picture, as exposed in the
adjacent outcrops (Fig. 1B). To aid in this ground-truthing of
seismic reflection imagery, two boreholes (VUA-A and VUA-
B) were drilled (Fig. 3A) and fully cored (Figs 3B.C.D). In
the boreholes, various wireline logging tools were deployed
to capture nearly all possible petrophysical and geological
parameters at different and sometimes overlapping scales
(Fig. 2).

D ATA

Geological parameters and acoustic properties

A total of 1187 samples were selected for the analysis of grain-
size and carbonate content. 440 samples with an average spac-
ing of 30 cm were collected from the outcrop. 218 and 529
samples were selected from the cores of boreholes VUA-A and
VUA-B, respectively, where for the latter an average spacing
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Figure 3 (A) Borehole VUA-B on the beach south of Wimereux, set in the intertidal zone. Since the tidal difference in the Boulonnais area can
reach over 9 m, a platform was built in the centre of the seismic cube. The cliff outcrop visible in the background consists of flat-lying continuous
Tithonian strata of the Assises de Croı̈ Formation (overlying the Argiles de Wimereux Formation). On the far left, the location of borehole
VUA-A is indicated. (B) True RGB-colour digital scan of high-quality core from borehole VUA-B. The arrow indicates the sharp boundary
(P2 sequence boundary) of the uppermost tight limestone bed of the Bancs Jumeaux and the Argiles de Wimereux Formation. (C) Digital colour
scan of the transition of the Grès de la Crèche Formation and the Argiles de la Crèche Formation (arrow). (D) Digital color scan of the basal
part of the Marnes Intercalaire Formation. Note that the cemented sandstone beds form whitened bleached zones. The lateral continuity of these
‘whitecaps’ is directly controlled by the lateral extent of the overlying lignite-rich argillaceous, generally uncemented sand layer.

of 25 cm was achieved. Procedures used in the determination
of acoustic properties of discrete 1 and 1.5 inch samples from
borehole cores and outcrop have been extensively described
by Braaksma et al. (2003).

Monopole sonic P-wave velocities used in this paper were
determined in borehole VUA-B using a full-waveform sonic
tool (2SAA-1000/F Full Waveform Sonic: MountSopris Instru-
ments Co. Inc.) with a centre frequency of 15 kHz. This tool
was equipped with four receivers (spaced at intervals of 1 ft)
and logging was done under open-hole (no casing), fully satu-
rated conditions. Waveform picking was performed manually
to ensure good-quality data.

Density was measured using a formation gamma-density
tool (EGS, Luxembourg), and natural gamma radiation
was measured using a spectral gamma-ray tool (ANTARIS,
MEDUSA, TNO-NITG). All wireline logging data were ac-
quired with a sampling interval of 0.1 m.

A nearly continuous core of borehole VUA-B (recovery
93%) was analysed for VP (centre frequency 320 kHz), gamma
density, magnetic susceptibility and porosity (from gamma

density, through grain-densities derived from the discrete sam-
ples from the same core), using a multisensor core logger
(MST) with a sampling interval of 0.01 m. The full control
of the geometry of the succession in the natural observatory
(Fig. 1) allowed (small) gaps in core recovery to be filled in
with outcrop-derived acoustic properties. In addition to phys-
ical properties, full colour RGB images of split cores were
acquired (Figs 3B.C.D).

Field seismic data

For the acquisition of the seismic reflection data, a high-
frequency hand-held (approximately 80 kg) P-wave vibrator
was chosen. This specific source has the ability to generate
acoustic sweeps from a few Hz to 1500 Hz, while allow-
ing good control over the outgoing signal. High-frequency
geophones with a natural frequency of 50 Hz were de-
ployed and the recording system consisted of three networked
seismographs.
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The acquisition design was optimized using 144 channels to
achieve a minimum fold of 24 and amplitude variations of less
than 5% in order to minimize the acquisition footprint (Volker
et al. 2000). Using a shot spacing of 3 m, a receiver spacing
of 1.5 m, a template of two parallel 72-channel receiver lines,
shooting and moving five templates to acquire one swath and
repeating this five times, the coverage for this acquisition de-
sign is 36 fold. For the processing, Promax 3D was used. All
processing steps used were standard (for industry-type seis-
mic), with the exception of a prestack dip-moveout processing
followed by a poststack time migration.

M E T H O D S

Step 1: Quantitative relationship between acoustic properties
and depositional environment

For quantitative characterization of the key surfaces and sys-
tems tracts of the Late Jurassic ramp deposits in the Boulon-
nais, cross-plots of mean grain-size and sorting (the stan-
dard deviation around the mean) were used to characterize
shoreface composition generically, through a continuum of
possible sedimentological parameters and/or lithofacies. Their
position within the stratigraphic record was also examined in
this context (Braaksma et al. 2006). In order to make use
of the entire sample population in the grain-size analysis of
every individual sample, all statistics were calculated using
the logarithmic method of moments (Blott and Pye 2001). By
populating the granulometric facies distribution in the sorting-
mean space with acoustic properties, the standard qualitative
sequence stratigraphic analysis of the succession (e.g. Wignall
1991; Proust et al. 1993, 1995, 2001; Herbin et al. 1995;
Tribovillard et al. 2001) can be converted into a quantitative
physical sequence stratigraphic model. This model bridges the
gap between geological observations and geophysical determi-
nations.

Step 2: Scale effects on velocity dispersion: the key to an
optimized well-to-seismic tie

Small-scale layering and heterogeneity affect wave propa-
gation (Marion, Mukerji and Mavko 1994) and therefore
the seismic image. Theoretical (Helbig 1984), numerical
(Carcione, Kosloff and Behle 1991; Marion et al. 1994) and
experimental (Melia and Carlson 1984; Marion et al. 1994)
results indicate that when the wavelength is much larger than
the layer spacing (λ � d, or λ/d � 1), layered media behave
as homogeneous (transversely anisotropic) media, where

effective-medium theory (EMT) is applicable (Levin 1979;
Mavko, Mukerji and Dvorkin 1998).

In ray theory (RT) or short-wavelength limits (λ � d, or λ/d
� 1), the effective P-wave velocity for waves travelling nor-
mally to the layering of a stratified medium is given by the har-
monic average (Marion et al. 1994). In the short-wavelength
limit (RT), multiples arrive as separate events, whereas in
the long-wavelength limit (EMT), the primary wave interferes
with small-scale multiples, and this can lead to a delay in
the arrival of the wave (Verhelst 2000). This effect of short-
period multiple scattering on the phase velocity is referred to
as a stratigraphic filter (O’Doherty and Anstey 1971; Kennett
1974; Banik et al. 1985a,b; Shapiro and Zien 1993).

The transition where RT behaviour changes into EMT be-
haviour also depends on the impedance ratio of the layers.
For a synthetic stationary (periodically layered) case, where
high-impedance layers represent tight-cemented sandstones or
argillaceous limestones, and where the low-impedance layers
represent claystones or uncemented sandstones (resulting in
an impedance ratio of around 3.06), the transition from short-
to long-wavelength behaviour occurs around a λ/d-value of 5
(Fig. 4A). This transition appears to be slightly dependent on
incident frequency: with higher frequencies the transition zone
widens from a λ/d-value of 5 in both λ/d-directions (Fig. 4A).

When modelling stacks of plastic and steel (impedance con-
trast ratio of 14.53; Fig. 4B), the abrupt transition, calculated
with the wavefield-propagation-and-reflection (WRW) model
(Berkhout 1982, 1984; Berkhout and Wapenaar 1990a,b),
compares very well with the experimental transition range
of λ/d between 10 and 15, but less well with the numerical
transition around 7 of Marion et al. (1994).

Because sedimentary rocks generally are non-periodically
layered, the wave propagation cannot be described by one sin-
gle λ/d-value. Transmission experiments on randomly stacked
layers show that increments of propagation time follow RT
closely in zones with thick layers, and they follow EMT in
zones of thin layers. The transition between RT and EMT oc-
curs in these experiments at around the same λ/d-value as in
stationary ones (Rio et al. 1996).

To calculate the propagation time normal to layering cor-
rectly, a composite method is applied. This method (after
Verhelst 2000; originating from Sams and Williamson (1994)
and Rio et al. (1996)) consists of two steps:
1 windowed effective-medium theory (EMT),
2 ray theory (RT).

The first step regularizes the small-scale variability in such
a way that RT may be applied. In a medium with only fine-
scale variability, the running average in the first step will yield
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Figure 4 Numerical transmission experiments at the transition from short-wavelength behaviour (RT) to long-wavelength behaviour (EMT).
(A) Cross-plot of numerically derived VP as a function of the ratio of wavelength (λ) to layer spacing (d) for realistic impedance values for
sedimentary rocks. Calculations for 1 MHz, 500 kHz and 250 kHz are indicated by squares, triangles and circles, respectively. The transition
occurs at σ = 5. (B) The same experiment but for a synthetic case of steel and plastic layers.

a slowly varying effective medium. If this fine-scale variabil-
ity is fairly stationary, this may even be treated as a constant
effective medium. This first step differs from the continuous
wavelet transform (Mallat 1999) only in the smoothing func-
tion: the Gaussian smoothing function used in this step is not
a wavelet (Verhelst 2000). With only long-scale variability, RT
is dominant and the first step of the composite method will
have little effect.

By defining the scale of interest (e.g. seismic wavelength,
receiver spacing of a sonic tool), the scale σ z at which the
medium needs to be averaged using EMT is defined as

σz = scale
5

, (1)

where the factor 5 is derived from the previous transmission
experiments as illustrated in Fig. 4A. The P-wave velocity,
smoothed to scale σ z, is subsequently calculated back from
EMT averaging results (basically a smoothing of compressibil-
ity) by applying an inverse calculation to correct for smoothed
density and smoothed compressibility (Verhelst 2000).

The regularization or upscaling approach is applied to the
MST P-wave velocity log (VP MST). The effect of the reg-
ularization of VP MST is a smoothing of the original log
(Fig. 5A) with increasing scale σ z. In Fig. 5(B), only two reg-
ularized velocity curves are plotted, whereas in Fig. 5(C), 120
of these curves are plotted next to each other, and the value
of the regularized VP is plotted vertically (coming out of the
paper) in greyscale. This ‘look-up table’ for VP for a range of
scales, is a result of the upscaling of the original VP MST to
a scale σ z of 2.56 (Fig. 5C). This range corresponds, in the

case of a well-to-seismic tie, with wavelengths ranging from
0.05 to 12.80 m, recalling that the ratio of the scale at which a
medium needs to be observed (scale) and the scaling operator
(σ z) equals 5.

However, in a seismic reflection survey, the seismic wave is
measured in time instead of depth. The link between the wave-
length in time (λt) and in depth (λz) is the scale-dependent
velocity, and solving this link is a typical ‘catch-22 problem’
(Herrmann 1997; Verhelst 2000): the regularized velocity be-
ing the link between the wavelength in time and the wave-
length in depth is dependent on the scale itself. Following
Verhelst (2000), the ‘catch-22 problem’ is handled using an
iterative procedure that finds the exact combination of the
wavelength in time (λt) and the scale-dependent velocity in
depth. This procedure starts by taking an initial constant scale
in depth. For the ith iteration, the scale is updated using the
velocity evaluated at the scale obtained from the (i–1)th iter-
ation where the depth-to-time conversion is updated at every
iteration step as well. After a certain number of iterations,
the combination of the non-stationary scale operator, σ z

(n)

in depth and the regularized velocity, VP(σ z
(n) (z)) in depth,

match the desired wavelength, λt/d in time, exactly. Thus a
perfect tie between well logs and seismic reflection data is
achieved.

Step 3: Multiscale characterization of acoustic data

Continuous wavelet transformation is used in applications
where the time-variance of the Fourier spectrum is of inter-
est, as in time–frequency analysis and localized time-domain
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Figure 5 The composite upscaling method to account for the non-stationarity of layered media. (A) The original VP MST log of borehole VUA-B
cores with dz = 0.01 m (B) Results for the regularization of the P-wave velocity of Vp MST and using density MST. With increasing scale σ z

variations in the original VP MST are smoothed and mean effective velocities decrease. (C) Regularized velocities and their scale dependences.
This figure shows the upscaled velocity using running effective-medium averaging for a scale range σ z = [0.01 m, 2.56 m]. This corresponds
(using λz/σ z = 5) to wavelengths of approximately λz = [0.05 m, 12.80 m].

filtering (Goudswaard 2001). The power of this wavelet trans-
formation lies in its combined localized and zooming be-
haviour within signals, by making use of a ‘mother wavelet’
(the function for analysing any signal). It was developed to
provide a means of reconstructing original functions from
their representations or transforms in the form of seismic
reflection data (Goupillaud, Grossmann and Morlet 1984).
Wavelet transform analysis is a powerful tool for identifying
and characterizing sharp perturbations in signals, where it will
have its largest amplitudes (Goudswaard 2001).

The continuous wavelet transform is used in many ap-
plications (e.g. noise reduction and edge detection) and is
used here for performing modulus maxima analysis. The pur-
pose of the latter is to extract local singularity exponents
that characterize singularities or irregular structures in sig-
nals (arrows in Fig. 6A), such as, for example, wireline logs
(Grossmann and Morlet 1984; Mallat and Hwang 1992;
Herrmann 1997).

In modulus maxima analysis, a local extremum in a signal is
defined as any point where the first derivative of the signal has
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Figure 6 Modulus maxima analysis. (A)
A velocity log with three isolated singular
points, where the middle is described by a
step function. (B) Wavelet transform of (A),
for a discrete set of scale values. Definitions
used in modulus maxima analyses are indi-
cated. (C) Position of modulus maxima lines
in the wavelet transform in (B).

a zero crossing (in the circle in Fig. 6B). In continuous wavelet
transform analysis, a range of scales (σ z) is analysed and the
modulus maximum is defined as any point in the scale–depth
space where local extrema occur (crosses in Fig. 6B). Mod-
ulus maxima lines are defined as curves connecting modulus
maxima points (the grey line in Fig. 6B). These lines now char-
acterize singularities in the velocity log in depth, for scale. This
characterization is more generally applicable to the character-
ization of fractals.

Fractals have two intrinsic properties, scale-invariance and
self-similarity. Scale-invariance means that an object looks
the same at all scales and self-similarity means that any part
of a (natural) system, appropriately enlarged, looks like the
whole (Anstey and O’Doherty 2002; Purkis 2004). In his
classic paper, Mandelbrot (1974) defined fractals as func-
tions which obey a local scaling symmetry. In fractals, the
parameter α is called the singularity exponent (also referred
to as a Hölder exponent), and it characterizes the singu-
larity strength of a particular singular point. If the wavelet
transform of an impedance contrast (for example, let us take
a tight limestone bed embedded in shale; Fig. 3B) remains
symmetric over a range of α-values, it is called multifractal
(Goudswaard 2001). A singularity with a singularity expo-
nent α has a cone-like structure in the σ z-direction (with in-
creasing scale) of the wavelet transform, originating from the
position of this singularity in the log used (Figs 6B.C). This is
quite similar in appearance as the upscaled velocity shown in
Fig. 5(C).

R E S U LT S

Step 1: Quantitative relationship between acoustic properties
and depositional environment

Measured sedimentological and acoustic properties from the
first 80 m of borehole VUA-B are shown in Fig. 7. Figure 7(A)
shows the grain-size distribution. The colour code indicates
the frequency of relative abundance of siliciclastic material in
predefined grain-size classes (56 in total). The relative abun-
dance increases from deep blue to deep red. Clear coarsening-
up (interpreted as shoaling) events can be observed as well
as major breaks in shoaling trends. The boundaries for clay
(< 8 μm), silt (> 8 μm and < 63 μm) and sand (> 63 μm)
are indicated by the dashed lines. Figure 7(B) shows the cal-
cium carbonate content, measured on the same samples that
were used to determine the grain-size distribution. These two
logs together quantitatively describe the solid media on which
various acoustic measurements were performed.

The acoustic velocity VP was measured at different scales
(dz): on the nearly continuous core with dz = 0.01 m
(Fig. 7C), in the borehole with dz = 1 ft (RX2, Fig. 7E), with
dz = 2 ft (RX3, Fig. 7F) and with dz = 3 ft (RX4, Fig. 7G). As
can be observed from these logs, with coarser scales of acoustic
measurements, the absolute value of VP decreases and jumps
in VP are smoother.

Natural gamma radiation is generally regarded as a good
lithology indicator. Spectral measurements of gamma radia-
tion can provide even more insights into the lithology over
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Figure 7 A selection of measured sedimentological and acoustic properties from the VUA-B core and well for the first 80 m (A) Grain-size
distribution; the colour-code indicates the frequency of relative abundance of siliciclastic material in predefined grain-size classes (56 in total):
the relative abundance increases from deep blue to deep red. Coarsening-upward events (interpreted as shoaling events) can be observed as well
as major breaks in shoaling trends. The boundaries for clay (< 8 μm), silt (> 8 μm and < 63 μm) and sand (> 63 μm) are indicated by the
dashed lines. (B) Bulk calcium carbonate content measured on the same samples that were analysed for grain size. (C) VP measured on the core,
using the MST with dz = 0.01 m, with a centre frequency of 320 kHz. (D) Gamma density measured on the core using the MST with dz =
0.01 m (E) Sonic (wireline) log, measured with a centre frequency of 15 kHz over an interval dz = 1 ft (0.3048 m). (F) Sonic log, centre frequency
15 kHz over an interval dz = 2 ft. (G) Sonic log, centre frequency 15 kHz over an interval dz = 3 ft. (H) Gamma ray in total counts. (I) Spectral
gamma ray: the thorium contribution to the total counts of natural gamma radiation and sequence stratigraphic surfaces (see text for discussion).

which the measurement was performed, by segregating the to-
tal counts (Fig. 7H) into the three most abundant naturally
occurring radionuclids K, U and Th (Fig. 7I). As expected,
most sandy units and limestone beds are characterized by
low gamma-ray values. However, spectral gamma-rays cannot
differentiate well between carbonate-rich and carbonate-poor
sandstone units (Fig. 7).

Based on grain-size trends in three sections within the obser-
vatory (VUA-A, VUA-B and the outcrop at Cap de la Crèche,
Fig. 1), a sequence stratigraphic interpretation of the Late
Jurassic succession was performed (Braaksma et al. 2006). The

most important (sequence) stratigraphic surfaces are indicated
in Fig. 7.

The integration of 18 240 measurements of acoustic prop-
erties (acquired at different scales) and 1187 measurements of
textural and geochemical properties is shown in Fig. 8. In the
density–velocity space (Fig. 8A), the various data sets all fol-
low the same trend (increasing density with increasing P-wave
velocity and vice versa), but they show that MST, outcrop
and core-plug samples have higher velocity values than those
from the wireline logs, although density values of all data sets
are comparable. The trends of these data sets do not follow
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Figure 8 Integration of all acoustic, mineralogical and textural measurements acquired at different scales. (A) Cross-plot of density and VP

for various scale and frequency-dependent data sets. The various empirical equations of Gardner et al. (1974) cut the Boulonnais data set at
a steeper angle (see text for discussion). (B) Cross-plot of porosity and VP for a selection of the complete data set. This figure shows that the
time-average equation for various matrix velocities (Wyllie et al. 1956) cannot adequately explain the observed trends in the high-velocity range.
(C) Ternary plot of the main constituents of the solid matrix, calcium carbonate, clay and sand (including silt-sized particles). Contours in the
ternary diagram indicate impedance; the black dots mark the position of each individual sample (1187 in total). (D) Cross-plot of mean grain-size
and sorting (standard deviation around the mean grain-size). Contours indicate impedance. This figure illustrates the physical quantification of
depositional environments, systems tracts and their key bounding surfaces.

the popular velocity transform of Gardner, Gardner and
Gregory (1974) very well. This discrepancy can be explained
by the fact that most of Gardner’s experimental transforms
originate from deeper buried rock formations, whereas the
maximum overburden of the stratigraphy in the Boulonnais

area did not exceed 500 m before uplift and erosion (El Albani
et al. 1993). The large continuous data groupings and the
broad range of VP and density values show that this case study
captures nearly all the variability in the acoustic properties of
sedimentary rocks in general (Carmichael 1990). Comparing
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a smaller part of the data set against another popular velocity
transform shows that the time-average equation for various
matrix velocities (Wyllie, Gregory and Gardner 1956) cannot
adequately explain the observed trends in the high-velocity
range. They do, however, follow the low-velocity variation
between porosity and velocity (Fig. 8B).

Porosity (and density) exerts primary control on acous-
tic velocity and impedance. Mineralogy, grain-size and tex-
ture control the remainder of the variation (Braaksma et al.
2003). By decomposing the bulk rock sample into its main con-
stituents, i.e. CaCO3, clay and sand (including silt-sized parti-
cles), not only can the variation in impedance (besides poros-
ity) be quantitatively assessed, but also a direct link between
acoustic properties and depositional environment can be made
(Fig. 8C). Although no clear thresholds can be defined, a gen-
eral trend is that clay and carbonate content have opposite
and overlapping effects on acoustic impedance: the influence
of clay content progressively increases with decreasing car-
bonate content (Braaksma et al. 2003). Significant changes in
impedance do overlap, in part, with traditional classification
boundaries such as, for example, the change from grain- to
matrix-supported aggregates (Vernik and Nur 1992) as indi-
cated in Fig. 8C.

The multivariate statistical analysis of granulometric facies
and bulk carbonate content provides a physical quantifica-
tion of depositional environments, systems tracts and their key
bounding surfaces across a depositional profile (Braaksma et

al. 2006). This analysis provides important insights into the
lateral continuity of petrophysical and geochemical parame-
ters above and below bounding surfaces, it can be used to
assess qualitatively the diagenetic mechanisms controlling the
formation of carbonate cements, and it can elucidate the dis-
tribution of acoustic properties within sharp-based shoreface
deposits and their overlying and adjacent strata. The bound-
ing surfaces were mapped on to Fig. 8D using the following
procedure: grain-size measurements from every sequence that,
where possible, was interpreted at the three section locations
(boreholes VUA-A and VUA-B and the outcrop, see Fig. 1
for locations) were plotted in the sorting–mean space. The
key bounding surfaces, separating the different coded systems
tracts are the same as those indicated with thick black lines in
Fig. 8(D). Using the different sharp-based shoreface deposits
(e.g. Grès de Châtillon and Grès de la Crèche) as (bathymetric)
tie points and assuming Walther’s law, a spatial characteriza-
tion of the systems tracts from their more proximal (Grès de la
Crèche) location to their most distal (Calcaires de Brecquerec-
ques, not shown here but located below the Grès de Châtillon)
location, with respect to the palaeo-shoreline, was constructed

(Braaksma et al. 2006). The most important features that can
be observed in Fig. 8(D) can be summarized for a full deposi-
tional cycle as follows:

The sequence boundary (SB) separates the forced regres-
sive wedge systems tract (FRWST) from the lowstand systems
tract (LST) and has limited lateral extent, because it merges
basinwards with the transgressive surface of marine erosion
(TSE) and a local flooding surface (LFS). Following the SB
from left to right, i.e. going from proximal to more distal de-
positional settings, i.e. with ongoing sea-level rise, and com-
paring impedance values on both sides of the SB trajectory,
it is clear that the SB is characterized by a discontinuous
impedance-contrast distribution, resulting in a non-uniform
distribution of reflectivity values (positive, zero and negative)
along the SB trajectory from proximal to distal depositional
settings.

When preserved, the overlying LST is characterized by a
large range of impedance values. Most proximally and at
the lowest point on the sea-level curve, low impedance val-
ues dominate (bottommost left area). With a sea-level rise, or
at more distal locations on a slope profile, indicated by in-
creasing sorting values (becoming less well sorted), LST sand-
stones can become cemented by calcium carbonate, yielding
higher impedance values. Extremely high weight-percentages
of CaCO3 (up to 70%) suggest that bioclastic material and
minor relatively coarse-grained sands must have dominated
the initial composition before pronounced diagenesis. At the
most distal location, impedance values are intermediate to
low.

The transgressive systems tract (TST) occupies the largest
area in the sorting–mean space (area to the right of the TSE-
LFS). The dashed line indicates the approximate position of a
transgressive ravinement surface (RAV), separating the early
(or proximal) TST from the late (or distal) TST. The TST as
a whole is fining-upwards, first with increasing sorting values
(becoming less well sorted) in the early TST, and then de-
creasing sorting values (becoming better sorted) in the late
TST. Only very poorly sorted sediment at the base of the
RAV and in the middle of the TST show elevated impedance
values.

The maximum flooding surface (MFS), located within the
condensed section systems tract (CSST), which is bounded by
the LFS at its base and the downlap surface (DLS) at its top,
records an impedance contrast only in most distal depositional
environments (upper left corner of Fig. 8D).

The highstand systems tract (HST) is characterized by
lowest impedance values. A gradual increase can be ob-
served when coarsening-upwards (shoaling). In proximal to
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intermediate depositional settings, the top part of the general-
ized HST is characterized by intermediate to high impedance
values. In intermediate to distal depositional settings, i.e. fol-
lowing the trajectory of the RSE from left to right in Fig. 8(D),
impedance values decrease rapidly and in most distal deposi-
tional settings no impedance contrast between the generalized
HST and the overlying FRWST is observed.

In more proximal depositional locations (better sorted),
the regressive surface of marine erosion (RSE) marks a dra-
matic jump in impedance values, resulting in positive re-
flectivity values. Basinwards (becoming less well sorted),
this jump is less well-defined and at most distal deposi-
tional settings, no impedance contrast is associated with this
surface.

The forced regressive wedge systems tract (FRWST), like
the LST, is characterized by a large range of impedance val-
ues and occupies a significant area in the sorting–mean space
(Fig. 8D). Within the overall uncemented sands of FRWST,
the carbonate-cemented sandstone bed at 34.5 m (sst 1 in Fig.
7) has an erosional coarse-to-very-coarse, glauconite-enriched
base, contains synsedimentary faults in the middle of the bed
and shows a coarsening-upward trend in grain-size (Fig. 7A).
The upper part of this bed consists of cm-scale sharp-based
thick-thin mud/sand couplets, exhibiting oscillation ripples,
and is formed under an oscillatory flow regime followed by rel-
atively short periods of relative quietness when fines could set-
tle from suspension. This bed is interpreted as having formed
in a lower shoreface/transition zone of a fair-weather, wave-
dominated shoreline (facies 4 of Wignall et al. 1996) and is
sharply overlain by a phosphate and lignite (wood) contain-
ing, clay-rich breccia layer (34.4 m in Fig. 7A). This asso-
ciation of sedimentological features indicates deposition on
an inclined surface. It may therefore represent the front of
a migrating sequence, which has been truncated by a trans-
gressive surface of marine erosion during a high-frequency
sea-level oscillation, superimposed on an overall sea-level fall.
The sharply overlying breccia layer and a marked increase in
total gamma-ray counts at this level (Figs 7H.I) indicate the
reworking of parts of this clinoform during relative sea-level
rise.

The actual impedance contrast of the sequence boundary
originates from an interval of uncemented, relatively coarse-
grained argillaceous sands with cm-sized quartzite pebbles at
the base and a highly cemented, 92 cm thick sandstone bed
below (sst 2 in Fig. 7). The latter has a sharp erosional base,
contains synsedimentary faults in the upper part of the bed,
exhibits a coarsening-upward trend in grain-size (Fig. 7A),
shows swash cross-stratification and is interpreted as hav-

ing formed in a foreshore setting. The upper bed within the
FRWST (just below the SB) is interpreted as the front of a
migrating more steeply inclined sequence (clinoform). This
is based on sedimentological similarities between the two
high-impedance beds, on the strata-bound carbonate cemen-
tation (Fig. 7C) and on the similar sorting and mean grain-
size characteristics of the high-impedance sandstones in the
generalized FRWST (Fig. 8D). However, the dissimilarity in
sedimentary structures (thick-thin mud/sand couplets exhibit-
ing oscillation ripples versus swash cross-stratification) be-
tween the two carbonate cemented beds indicates an over-
all lowering of relative sea-level during the deposition of
the FRWST of the Grès de la Crèche Formation. Further-
more, the interval overlying the upper high-impedance bed
(sst 2) is characterized by an extreme jump towards high tho-
rium values (Fig. 7I), whereas the total gamma-ray counts
are decreasing (Fig. 7H). These opposite trends may suggest
exposure and soil development associated with this uncon-
formity (Ogg 1995). This sequence boundary can thus be
classified as a Type–1 sequence boundary (cf. Van Wagoner
et al. 1988; Schlager 2004). On the other hand, such a marked
opposite jump in the two gamma-ray logs is not observed
(both logs show a gradual increase) for the interval overly-
ing the lower high-impedance bed. Therefore, exposure is not
inferred.

The basal bed of the FRWST directly overlies the RSE
unconformity. This bed has not been subjected to pro-
found cementation and therefore it is characterized by (ini-
tial) low impedance values over the entire ramp profile
(Fig. 8D)

Step 2: Scale effects on velocity dispersion: the key to an
optimized well-to-seismic tie

For an exact well-to-seismic tie, the non-stationary scale oper-
ator, σ z

(n) in depth and the regularized velocity, VP (σ z
(n) (z))

in depth have to match the desired wavelength, λt/5 in time,
exactly. For the extraction of the time-varying dominant wave-
length λt from the seismic data, image analysis was performed
on synthetic and real seismic sections.

Using the WRW model to calculate full-waveform reflec-
tion seismograms over a frequency range from 765 to 15 Hz,
a ‘look-up table’ is created for the frequency content con-
tained within broadband seismic-reflection images and signals
(Figs 9B.C). This table not only illustrates the effect of the in-
cident wavelets used and the reflection resolution achieved,
but also shows that seismic picks of geological boundaries are
not unique and are a function of incident seismic frequency,
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Figure 9 Dominant wavelength extraction from the seismic reflection data. (A) Original VUA-B VP MST with dz = 0.01 m (B) Two synthetic
seismic traces for 135 and 600 Hz. (C) 51 synthetic seismic traces at various frequencies plotted next to each other; the amplitude is plotted in
grey scale. Plotted on top this ‘look-up table’ for frequency content are the best matching positions of frequency with respect to the reflections
observed in the seismic image of (D) (see text for discussion). (D) Zero-phase reflection seismic image shot on the beach between Wimereux and
Boulogne-sur-Mer, where the position of borehole VUA-B is indicated by the white line.

also referred to as tuning phenomena (Sengbush, Lawrence
and McDonald 1961; Widess 1973). The latter can be quan-
tified by instantaneous phase analysis (Taner, Koehler and
Sheriff 1979). For example, the two positive velocity con-
trasts at 17.80 and 20.0 m (arrows in Fig. 9A) can be iden-
tified as separate reflection events until a frequency of ap-
proximately 333 Hz. With lower frequencies, these two events
merge into one single reflection event, whose maximum am-
plitude pick lies in between the picks for each individual event
(Figs 9B.C).

By correlating panels C and D in Fig. 9 visually, and by
taking into account the length and the strength (phase and
amplitude, respectively) on and around each synthetic and
real reflection event, an approximation of the dominant wave-
length in time is extracted from the real seismic image (the
white dots in Fig. 9C) at the location of borehole VUA-B
(white line Fig. 9D). Other, more robust mathematical meth-
ods like the matching pursuit method (Mallat and Zang 1993)
are available and in essence do the same as the matching ap-
proach followed here.
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Figure 10 Iteration results for borehole VUA-B, to match exactly the combination of the non-stationary scale operator, σ
(n)
z in depth and the

regularized velocity, VP(σ (n)
z (z) in depth with the desired wavelength, λt/5 in time. (A) Original VP MST. (B) As Figure 6(C), where the dashed

line was used as the starting point of the iteration and the full black line shows the regularized velocity log of the final iteration. (C) Frequency
content extracted from the seismic image at the position of VUA-B using the TracePAK module in Kingdom suite.

To handle the ‘catch 22-problem’, a constant scale σ z =
0.73 was used, as indicated in Fig. 10(B) by the dashed line.
This value for σ z is derived from

VP(RT)(mean)

5 × f requency
= 0.73, (2)

where the dominant non-localized centre frequency of the seis-
mic image is around 625 Hz (Fig. 10C) and the mean RT-
velocity of the original VP MST log equals 2280 m/s. After 7
iterations, the combination of the non-stationary scale oper-

ator, σ (n)
z in depth and the regularized velocity, VP (σ z

(n) (z))
in depth exactly match the desired wavelength, λt/5 in time
(Fig. 10B, solid black line).

Having measuring the effective P-wave velocity through the
layered Upper Jurassic succession at five different scales, the
composite regularization method can be tested for its appli-
cability to the Boulonnais data set. Another way of showing
the effect of regularization is to plot the mean regularized ve-
locity over the analysed interval versus the scaling parameter
(Fig. 11). The mean velocity of the original VP MST log is
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Figure 11 Integration of scale-dependent acoustic measurements. The
mean regularized velocity is plotted in grey against the scaling param-
eter (σ z). Black dots indicate the mean RT-velocities measured at dif-
ferent scales dz for the three sonic logs and for the reflection seismic
experiment. The relative error ((VPreal – VPmodelled)/VPmodelled) is only
0.95%. See text for discussion.

plotted on the far left, and along the grey line, the mean ve-
locity after regularization is clearly decreasing with increasing
scale (σ z).

If a direct comparison between absolute values of VP from
sonic (acquired with a 1 ft receiver spacing of the sonic tool)
and the original VP MST (dz = 0.01 m) is the objective, the
original VP MST log needs to be upscaled to approximately
0.06 m (0.3048/5). For 2 ft and 3 ft receiver spacings, these
scales become 0.12 m and 0.18 m, respectively. The seismic
scale is approximated by σ z

(1) and equals 0.73 m (see above).
Since a nearly perfect control of the depth-to-time conversion
is achieved by this method (see Discussion), impedance (and
VP) contrasts in depth can be directly correlated with seis-
mic reflections in time. The mean velocity at the seismic scale
can therefore be calculated from the ratio δz (the distance in
metres between two velocity contrasts) and δt (the distance
between the two corresponding reflections) as illustrated in
Fig. 9.

As can be observed from Fig. 11, the fit between VP mea-
sured at a defined scale (sonic logs and seismic) very closely
follows the modelled mean velocities from the composite reg-
ularization method. The calculated mean relative error is only
0.95%, which may be explained by the small difference be-

tween in-situ wireline logging (and seismic reflection experi-
ments) and core-line logging under ambient pressure, where
it must be noted that in this upscaling approach, anisotropy
(Thomson 1986) is not taken into account.

Step 3: Multiscale characterization of acoustic data

The impedance log of the MST (IMP MST) in Fig. 12(A) shows
that the conventional view of a layered subsurface consisting
only of step functions (Zoeppritz 1919) is a major simplifi-
cation of real impedance contrasts: the transition of acoustic
properties from one layer to another can be smooth or gradual,
as well. Figure 12(B) shows the wavelet transform of this log
over a scale range from 0.005 to 5.12 m. A number of mod-
ulus maxima lines, three of which are highlighted, are plotted
over the wavelet transform (Fig. 12B). A decrease in amplitude
(for example, black to dark grey), as well as a widening of the
cone (in depth), with increasing scale, can be observed along
each line. When plotting the amplitudes along each line versus
scale, different slope angles are calculated in the log-log space
for each of the three acoustic contrasts (Figs 12C.D.E). These
slope angles correspond to the α-values described above. Al-
though not constant over the entire scale range, the assump-
tion that α is constant in a certain scale range is much less
restrictive than assuming step–function interfaces (α = 0 ev-
erywhere), as is usually done (Goudswaard 2001). The sin-
gularity exponent α thus describes the impedance function,
meaning the shape of the impedance contrast with depth and
scale. In Fig. 12(G), different impedance functions and their
corresponding α-values are displayed over a range of −1–0.4.
Spiky contrasts have strong(er) negative α-values (Figs 12D.E),
whereas step functions have an α-value of 0. α is plotted in
Fig. 12(F) for a selection of modulus maxima lines.

As can be seen in Fig. 12(B), not all modulus maxima lines
are equal in length. At a coarse scale of σ z = 2.56 m, only 5
events remain. In this way a natural hierarchy in impedance
contrasts can be established (Vermeer and Alkemaade 1992).
The impedance contrast event that is highest in the hierarchy is
the transgressive surface of marine erosion at 22.56 m, mark-
ing the top of the Grès de la Crèche Formation (Fig. 7). This
sharp boundary is characterized by a step-like impedance con-
trast, which is quantified by an α-value of −0.138 (Fig. 12C).
However, this surface does not coincide with the strongest
impedance-contrast event. Highest reflectivity values occur
at the sst 1 bed in the FRWST at 34.5 m (Fig. 7), al-
though this contrast is not the highest in the natural hierarchy
(Fig. 12B).
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Figure 12 Multiscale characterization of VUA-B. (A) Original impedance log of the MST. (B) Modulus maxima analysis results, where modulus
maxima lines are plotted over the wavelet-transformed IMP MST, displayed as a variable density plot in grey scale (see text for discussion). (C)
(D) and (E) Double-logarithmic plots of the amplitudes along the highlighted modulus maxima lines in (B). (F) Singularity parameters (α, i.e.
the slopes of linear regression results in the log-log space as displayed in (C) (D) and (E)) versus depth. (G): Impedance functions as a function
of singularity parameter α, using a constant density and a velocity contrast ratio of 0.5 (after Goudswaard 2001).

D I S C U S S I O N

Seismic impedance versus sedimentological information

Apart from incident frequency, seismic reflections are a func-
tion of impedance contrast and the shape of the impedance
function. For the Boulonnais case, the impedance contrast at
the physical contact between two contrasting layers is con-
trolled by the interplay between initially deposited material
(sediment flux) and, more importantly, the diagenetic over-
print manifested by calcium carbonate cementation. Without
this cementation, and thus framework stiffening, leading to
an increase in the effective elastic moduli of an aggregate
(Dvorkin and Nur 1998; Mavko et al. 1998), the impedance

contrast between physically and lithologically completely dif-
ferent materials is not present (Fig. 8C). Impedance values
(the product of density and VP in Fig. 7) for uncemented sand
units may even be lower than for shale units. The contour lines
of equal impedance are, however, not parallel to gridlines of
equal CaCO3 content (horizontal lines in Fig. 8C), implying
that sandy (coarser-grained) sediments are more susceptible to
carbonate cementation than clayey (finer-grained) sediments.
Since little to no porosity contrast is observed in carbonate-
poor sediments (Braaksma et al. 2006), it is most likely that
the initial permeability, in combination with the sedimenta-
tion rate (residence time on the seafloor in combination with
wave-action and percolation) and the presence of carbonate
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content as bioclastic material, controls the diagenetic process
of cementation.

Sea-level fluctuation has a direct influence on acoustic
impedance. At the positions on a slope profile where sea-
level variations have the largest impact, which is typically
in the proximal shallower parts of a sedimentary basin, car-
bonate cementation (leading to elevated impedance values)
is most profound (Fig. 8D). In deeper depositional settings,
concentrations of bioclastic material as storm-related shell-
beds (Oschmann 1990; Wignall and Newton 2001) and
hemipelagic carbonate deposition during times of extremely
low clastic sedimentation, in combination with organic mat-
ter diagenesis (Berner 1980; Curtis 1987; Taylor et al. 2000),
can lead to higher impedance values (Fig. 8D).

Well logs are just one-dimensional observations and, within
a sedimentary system, acoustic properties can change rapidly
in space. In the siliciclastics-dominated sedimentary system in
the Boulonnais, vertical variations in acoustic properties are
more pronounced than lateral variations, since the processes
of cementation by CaCO3 tend to follow subtle depositional
bedding planes in the shallow part of the depositional envi-
ronment, while storm-related shell-beds are usually laterally
continuous in the intermediate environments, and hemipelagic
carbonate mudstone beds lie in the deepest environments, fol-
lowing the initial flat seafloor morphology.

The outcrops around the seismic survey show a layer-cake
stratigraphic succession and therefore no significant lateral
variations in impedance contrasts are expected at the scale
of the seismic experiment (Fig. 1). Seismic reflections are
expected to be continuous and traceable over the full ex-
tent of the survey and the one-dimensional impedance char-
acterization from the well is very likely to be representa-
tive of the entire stratigraphic volume that is seismically
imaged.

However, to resolve impedance contrasts within the fre-
quency ranges at which seismic experiments are generally per-
formed (from 10 Hz up to 1500 Hz), they need to have a cer-
tain thickness. Furthermore, the type of impedance contrast
(the impedance function) in the vertical sense (e.g. gradual
or step-like) controls the amplitude and shape (phase) of the
recorded seismic wavelet at those stratigraphically important
positions (Verhelst 1998).

Heirarchy and nature of reflection events related to sea-level
f luctuations

Impedance functions are scale-dependent and can be char-
acterized numerically (Fig. 13). However, as already stated

above, not all impedance events are strong enough to maintain
amplitude over the entire scale range at which these events are
analysed (Fig. 12B). The reason for this natural hierarchy of
potential seismic reflectors is the shape of the impedance func-
tion, which is related to the ‘thickness’ and absolute value of
the impedance of layers.

In addition to the VP MST log, modulus maxima analyses
were performed on all three sonic logs (RX2, RX3 and RX4).
Density was not used in this analysis, and it is assumed that
density does not change the characterization of singularity pa-
rameters fundamentally. At the scale these logs were acquired,
as expected, the MST log yields the largest number of singu-
larities, as this log was acquired with a sampling distance of
0.01 m. The sonic logs yield comparable numbers of singu-
larities, all significantly lower than the MST log, whereas the
seismic sections yield the lowest number (a maximum value
since it is determined from the sum of all peaks and troughs)
of singularities (Fig. 13A).

Since it is the seismic scale that is of interest, a selection of
singularity parameters is made: only singularities that have
modulus maximum lines longer than σ z = 0.16 m (corre-
sponding to seismic frequencies up to 700 Hz) are consid-
ered, although they originate from the singularity within the
original log. Since the non-localized frequency content of the
reflection seismic profile is around 625 Hz, the singularity pa-
rameter for any impedance event may be traced back to, or
may be represented by, a reflection in the seismic reflection
image.

Using this selection, the effect on impedance contrast clas-
sification by means of singularity parameter calculation is
shown to be dependent on the scale at which the original log
was acquired (Fig. 13B–E). Comparing the different scales, the
wireline logs appear to be a little smoother than the MST log,
and the MST log approaches zero α-values in the middle to
top part more closely than the wireline logs. To assess the ac-
quisition footprint quantitatively using singularity parameter
classification, a linear regression between the α-values at a de-
fined scale was performed. Figures 13(I.J.K) shows this regres-
sion for the three singularities highlighted in Fig. 13(F). From
this, it can be inferred that α is dependent on the scale of ac-
quisition, but that this dependence is complex. Since nearly all
α-values are negative, positive slope values indicate a strength-
ening of α with increasing acquisition scale (from spike to step
functions), whereas negative slope values imply weakening of
α with increasing scale (from step to spike functions). Zero-
slope values imply no scale dependence on acquisition, and
are dominant where, in the original logs, the singularity is
characterized by a step function (Fig. 13B–F).
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Figure 13 Hierarchy and nature of reflection events related to sea-level fluctuations. (A) Cross-plot of the number of singularities against the
scale of acquisition of the acoustic data. With increasing measuring scale (dz), the number of singularities in the corresponding logs decreases
(see text for discussion). (B) (C) (D) and (E) Modulus maxima analysis results on all acoustic logs (similar to Figure 11G). (F) Assessment
of the acquisition footprint in α-classification (see text for discussion). (G) Gamma ray in total counts. (H) Reconstruction of depositional
environment, where the black line indicates palaeo water depth. FWB = fair-weather-wave-base; SWB = storm-wave-base. On the far right,
a simplified sequence stratigraphic interpretation is illustrated along with indications of major boundaries (HST = highstand systems tract;
TST = transgressive systems tract; LST = lowstand systems tract; FRWST = forced regressive wedge systems tract; SB = sequence boundary;
TSE = transgressive surface of marine erosion; RSE = regressive surface of marine erosion). (I) (J) and (K) Illustrations of the linear regressions
of singularity parameters for defined scales, to assess the acquisition footprint on α-classification as displayed in (F).
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A more important feature that can be observed in Fig. 13(B–
E) is that all logs show a similar trend: from α-values of
around zero at the base, to strong negative values around 50 m,
and then a consistent increase in α-values until approximately
23 m. The top part shows a more inconsistent trend: from
13.50 m, the MST and the RX2 logs show an increase in α-
values, whereas the other two wireline logs show decreasing
α-values.

A comparison of the trend of α in depth with the gamma-ray
log (Fig. 13G) and the reconstruction of depositional environ-
ments (Fig. 13H; Herbin et al. 1995; Mahieux et al. 1998;
Proust et al. 2001; Braaksma et al. 2006) shows that ma-
jor stratigraphic boundaries also mark changes in the char-
acterization of impedance contrasts. Lowest α-values (spiky
functions) are observed in the deepest-water environmen-
tal settings, whereas step-like functions are characteristic for
shallow-water environmental settings.

In the hierarchy of impedance events, step functions are in
the highest position. These events are most likely to be iden-
tified within the seismic frequency range (having amplitude
in the modulus maxima space (σ z–depth) within the seismic
wavelength range (Fig. 12B)). Since these types of functions
characteristically vary little in amplitude with increasing scale
(α-values approaching zero), they may have the most con-
sistent and most continuous seismic expression in terms of
wavelet phase and reflection amplitude.

Singularity parameters for seismic reflections can be ex-
tracted from seismic data (Goudswaard 2001; Goudswaard
and Wapenaar 2001). These authors show that the in-
stantaneous phase of reflection events contains information
complementary to the multiscale reflection amplitudes ex-
tracted from logs: this standard seismic attribute in seismic
interpretation measures the phase shift of a specific reflection
event and is generally used to check for consistency in the
reflective behaviour of an impedance contrast (Taner et al.
1979; Goudswaard 2001). The nature of reflections in terms
of instantaneous phase may therefore not only provide more
information on the lateral consistency of impedance contrasts,
but may also provide a direct link to other geological param-
eters, such as palaeodepositional environment, when a group
of reflections (in a specific seismic time window) have charac-
teristic α-values (Fig. 13).

However, in order to ground-truth the seismic reflection
profiles recorded in time directly, to characterize their reflec-
tions in terms of singularity parametrization, and to correlate
them with impedance contrasts through singularity parame-
ter determination of wireline logs recorded in depth, a very
accurate depth-to-time conversion is a prerequisite.

Well-to-surface-seismic ties through upscaled velocities

Tying wells to seismic is a crucial step in seismic reflection char-
acterization, reservoir engineering (net and gross estimates)
and seismic interpretation. A nearly perfect tie of well data
and seismic data is established by upscaling acoustic well data
to the wavelength of the reflection seismic profile, where it
must be noted that this upscaling method is a fitting pro-
cedure. This implies that imperfections in the processed sur-
face seismic image will still result in a good fit. The iterative
upscaling procedure yields a localized velocity log in depth
(Fig. 10B) that is used to convert the original log (VP MST) into
time (Fig. 14A), but also any other well log, e.g. the gamma-
ray log (Fig. 14C). This allows a direct correlation between
the seismic image (Fig. 14D) and geological parameters in-
ferred from these logs or measured directly on cores and core
samples.

Especially in the top and middle parts of the section, the ex-
pected layer-cake subsurface architecture is well reconstructed
by the applied seismic imaging technique when taking the low-
amplitude tectonic folding into account (Fig. 14D). Having es-
tablished a nearly exact tie with well data (including cores) and
obtained full knowledge of the depositional architecture from
outcrop observations and core correlation, seismic reflections
can be correlated directly with log signatures and tied to ma-
jor stratigraphic surfaces (Fig. 14). Although the seismic image
(Fig. 14D) does not show clear geometric relationships (except
for the truncating flooding surface (fs) near the top of the Grès
de la Crèche at 25.5 (ms), seismic sequence stratigraphy can be
applied, based on outcrop studies and high-resolution grain-
size sampling of outcrop and cores.

The relationship between sea-level cyclicity, impedance
contrast classification and seismic reflectivity

A direct link exists between (sequence) stratigraphy and seis-
mic signatures. To demonstrate this relationship, a trend line
was fitted through α-values for different events, taking into
account the fact that over major (para)sequence bounding
surfaces, such as sequence boundaries and flooding surfaces,
time hiatuses are present and possible dramatic changes in
depositional environment may have occurred. For these rea-
sons, the trend line is offset to higher negative α-values at
certain places (Fig. 14B), recalling the fact that transgressive
systems tracts are usually thin (Proust et al. 2001) and not
all of them can be shown at this scale of observation (for
a highly detailed sequence stratigraphic interpretation, see
Braaksma et al. 2006).
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Figure 14 Well-to-seismic tie through upscaled velocities. (A) Sequence stratigraphic interpretation and the original VP MST, now plotted in
matching seismic time. (B) α-classification and trend line also plotted in time to allow a direct correlation with seismic reflection in (D) (see text
for discussion). (C) Gamma ray plotted in time. (D) Reflection seismic imaging results, showing that this type of acquisition design can provide
seismic images that show geological structure up to the intrinsic frequency of impedance layering (bedding rhythm). (E) Multifrequency synthetic
seismic panel. See text for discussion.

In a sequence stratigraphic framework, the lowstand sys-
tems tract (LST) shows a gradual increase in α-values from
the most proximal to more intermediate locations, where it
is characterized by step-like impedance functions. Towards
the topmost (or more distal) locations, a decrease can be ob-
served (Fig. 14B). Seismic reflections are continuous and of
high amplitude (Fig. 14D). The transgressive systems tract
(TST) does not have characteristic α-values, but while deep-
ening, a characteristic decrease towards more negative sin-
gularity parameters (spike functions) can be observed. Initial
palaeobathymetry controls the starting point of this nega-
tive deviation. Seismic reflections are discontinuous and have

highly variable amplitudes (Fig. 14D). The highstand sys-
tems tract (HST) is characterized by the largest variation in
impedance functions (Fig. 14B). Although at some places quite
tentative, a general increase in α-values towards more step-
like impedance functions can be observed. Seismic reflections
within this systems tract are either continuous with high ampli-
tudes, or discontinuous with variable amplitudes (Fig. 14D).
The forced regressive wedge systems tract (FRWST) also shows
a large variation in α-values. For the Grès de Châtillon For-
mation, it is characterized by spike functions, whereas in the
Grès de la Crèche, it shows a tendency towards step functions
(Fig. 14B). For both, an increase in α-values towards step-like
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impedance functions can be observed. Recalling that at the sur-
vey location the shoreface deposits of the Grès de Châtillon
were deposited more distally than the shoreface deposits of the
Grès de la Crèche (cf. Proust et al. 2001; Braaksma et al. 2006),
the processes of carbonate cementation of the grains may not
have been as intensive as for more proximally deposited sands.
Therefore, thicker carbonate-cemented sandstone beds, result-
ing in step-function impedance characteristics are not formed,
although absolute impedance values for these cemented beds
may be similar to or even higher than cemented beds in the
more proximally deposited shoreface (Figs 14A.B). Seismic re-
flections in the FRWST are continuous and of high amplitude
for shallow depositional settings. However, at more distally
located sections, these reflections change in character to more
discontinuous reflections with highly variable amplitudes, re-
sulting in a more chaotic reflection pattern (Fig. 14D).

Scale dependence of imaged sharp-based shoreface deposits

Having established a survey design that provided a seismic im-
age displaying the geology nearly up to its intrinsic frequency
of impedance layering (bedding rhythm), the effects of increas-
ing scale (lower incident frequencies) on the seismic represen-
tation of the geologically (and physically) defined shoreface
deposit can be addressed through the multifrequency synthetic
seismic panel (Fig. 14E). Thus, this kind of panel can not only
be used to extract the localized frequency content of seismic
reflection images (Fig. 9), it can also provide insights into
how sharp-based shoreface deposits may appear in seismic
volumes acquired with more conventional, lower-frequency
sources and/or when they are located deeper within the sub-
surface.

By decreasing the frequency, or by increasing the scale to
134 Hz (white dashed line in Fig. 14E), high-frequency re-
flection events lose their identity because of destructive tuning
(Zeng and Kerans 2003) and show a decreased number of re-
flection events. The remaining reflections at this scale do not
originate from one single impedance contrast, but are the net
effect of multiple events. In terms of the hierarchy of reflection
events, step-like impedance functions maintain their identity
as a single event the longest. In the multiscale analysis of ev-
ery impedance event in the MST log, these types of impedance
contrast show the least amount of amplitude variation with
increasing scale, whereas spike-like contrasts show the largest
negative relationship in amplitude with increasing scale. How-
ever, when the scale dependence of a multiple-layer seismic
response is examined (the multifrequency panel; Fig. 14E), it
shows that although individually spike-like functions show a

decrease in amplitude with increasing scale, multiple spikes
together can merge into a reflection with clearly higher am-
plitudes. This constructive tuning phenomenon (cf. Sengbush
et al. 1961; Widess 1973) seriously hampers the extraction of
geological information from seismic images.

Although seismic reflection amplitudes become increasingly
geologically conspicuous with lower frequencies, seismic im-
ages of composite sharp-based shoreface deposits do show a
consistency in reflection pattern. They usually have a smooth
top that dips seawards; they may show a complex middle
part, depending on the thickness and preservation of a low-
stand systems tract; and they have a basal part that cuts down
into underlying highstand systems tracts. In this lower part,
prograding concave-upwards clinoforms can usually be ob-
served (Fig. 15; Tesson et al. 1990; Posamentier et al. 1992;
Mahieux et al. 1998; Kolla et al. 2000; Posamentier and Mor-
ris 2000; Proust et al. 2001). Although acquired using ter-
restrial (instead of marine) seismic acquisition techniques and
using a P-wave vibrator as a source, the composite sharp-based
shoreface deposit of the Grès de la Crèche Formation shows a
similar reflection pattern at intermediate-to-lower frequencies
(Figs 14D.E):

It has a smooth top since, with shoreface retreat, subtle
transgressive truncations of strata that are observed in outcrop
are also resolved in seismic sections (Fig. 14: fs). The high-
frequency complex middle part (LST) is less complex at lower
frequencies, because no impedance contrasts are resolved at
134 Hz, and the three present at the highest frequencies
(Fig. 14E) are constructively tuned into one at 450 Hz
(Fig. 15).

The sequence boundary retains amplitude over the full fre-
quency scale range (Fig. 14E) and is the only impedance event
that, with increasing scale, does not lose its identity as a single
impedance event. However, the relatively small distance be-
tween boreholes and cliff (Fig. 1) does not allow recognition of
well-defined, high(er)-angle downlap patterns in the FRWST,
which contrasts with the low-angle geometrical relationships
of the underlying HST and the overlying LST, as observed in
laterally more extensive marine seismic lines (Fig. 15). Because
of the similarities between the two high-impedance sandstone
beds within the FRWST, it is most likely that, at the scale of
the observatory, the SB has truncated a more steeply inclined,
highly cemented front side of a clinoform. This results in a
step-like impedance contrast and a high-amplitude positive
reflection over the entire frequency range. Thus, seismic imag-
ing of the SB is directly related to the orientation of the seis-
mic line with respect to direction of progradation and to the
horizontal distance between successive clinoform truncations
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Figure 15 Offshore 2D sparker seismic reflection profile shot under rough weather conditions, located off Wimereux (see Figure 1 for location)
and a line-drawing interpretation below. Peak frequency of the seismic line is approxately 450 Hz. The parallel continuous bundle of high-
amplitude reflections (indicated by 1) is interpreted as the LST-part of the composite sharp-based shoreface deposit. The interval indicated
2 shows progradational geometries (the angle of prograding clinoforms is approximately 3.7◦) and is interpreted as the FRWST-part of the
composite sharp-based shoreface deposit (see text for discussion). RSE = regressive surface of marine erosion; SB = sequence boundary; TSE =
transgressive surface of marine erosion.

during high-frequency sea-level oscillations, superimposed on
an overall sea-level fall (forced regression). Consequently, the
SB is characterized by repeated high-amplitude positive reflec-
tions when truncating a clinoform front and no reflections
where it truncates uncemented FRWST sands (see Braaksma
et al. 2006). A clear channel incision and fill can be observed
at this surface around 375 m, backing up the purely sedimen-
tological and log interpretation of this surface as a Type–1
sequence boundary.

At the base of its FRWST, the RSE also nearly retains
amplitude over the full scale. It is frequency-dependent:
towards 134 Hz, its amplitude gains strength, but from
thereon it loses reflection-strength. This can be related to
the presence of storm-related sandstone ribs and shell-beds
below and the carbonate cemented sandstone bed above,
which are destructively tuned with the RSE reflection. This
example illustrates the complexity of extraction of geo-

logical information from lower-frequency seismic images
only.

Nevertheless, when the frequency content of the seismic data
can be extracted, and a sonic well log or acoustic core measure-
ments are available, independently of the frequency content of
the seismic data, a very accurate tie between seismic in time
and geological information in depth can be made, and thus the
origin and nature of seismic reflections can be determined. In
addition, an alternative purely physical sequence stratigraphic
interpretation on acoustic wireline logs and seismic reflection
attributes can be made.

C O N C L U S I O N S

A quantitative relationship between geological parameters
and their physical (seismic) expression was established by
the extensive, multiscaled, high-resolution acquisition of both
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geological and petrophysical parameters. Because of these
combined efforts in the fields of geophysics, petrophysics and
sedimentology, the following conclusions can be made for
this natural observatory. These conclusions are expected to
be more generally applicable.
1 Geostatistical analyses of granulometric (grain-size) facies,
bulk carbonate content and acoustic properties provide a
physical quantification of depositional environments, systems
tracts and their key bounding surfaces across a complete de-
positional profile. The application of this physical sequence
stratigraphic model quantifies the lateral continuity of petro-
physical and geochemical parameters above and below these
surfaces.
2 Numerical transmission and reflection experiments indicate
that the transition from short-wavelength limits (ray theory)
to long-wavelength limits (effective-medium theory) for the
Boulonnais case study occurs at a λ/d-ratio of around 5.
3 To account for non-stationarity of the layered aspect of sed-
imentary deposits for traveltime predictions, a first-order cor-
rection on acoustic velocity through a medium can be found
by applying an effective-medium-theory type of moving aver-
aging with a window of one-fifth (as derived from conclusion
2) of the dominant wavelength.
4 Modulus maxima analyses on impedance contrasts of sonic
logs acquired at different scales characterize the shape of the
impedance contrasts (gradual, step or spike functions). This
characterization is scale-dependent but can be directly linked
to depositional environments, allowing extraction of geologi-
cal information from seismic attributes.
5 The composite iterative upscaling method provides a nearly
perfect tie of well to seismic and offers the possibility of deter-
mining the exact origin of seismic reflections, independently
of the frequency content of seismic data sets. As a result, any
seismic reflection can be correlated and ground-truthed by ge-
ological observations from logs and outcrop, beyond seismic
resolution.
6 The surface seismic reflection survey design provided a seis-
mic image with a resolution of nearly the intrinsic frequency
of impedance layering (bedding rhythm).
7 Although reflection amplitudes become geologically more
conspicuous at lower frequencies, the sharp-based shoreface
deposits in the Boulonnais show a seismic reflection response
typical for these kinds of deposits.
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