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ABSTRACT

More than 200 plugs from outcrop and a nearby
borehole in a carbonaceous siliciclastic interval of Late
Jurassic (Kimmeridgian to Tithonian) age were quanti-
tatively analyzed for texture, mineralogy, and acoustic
properties. Our primary goal was to study the effect
of clay (fraction smaller than 8 pm), silt/sand (frac-
tion larger than 8 pum), and carbonate on the acous-
tic properties. The quantitative nature and volume of
the data made it possible to observe four-dimensional
relationships in contoured ternary diagrams. Primary
control on the acoustic properties is exerted by poros-
ity, but the trend of this relationship significantly de-
viates from popular velocity transforms. The contribu-
tion of clay, silt/sand, and carbonate particular material
and cement explains the remaining variation in acous-

tic properties. Although no clear linear thresholds are
defined, a general trend is that clay and carbonate con-
tent have opposite and overlapping effects on acoustic
properties, the influence of clay content progressively
increases with decreasing carbonate content, and visa
versa. With increasing carbonate content, the variation
of acoustic velocity at a given porosity value increases
to nearly twice of that in the clay-dominated sediment.
Traditional classification boundaries are present but
strongly overprinted by this interplay between clay and
carbonate.

This study may have important implications for poros-
ity and lithofacies prediction from wireline logs in similar
mixtures of sediment. In addition, the quantitative char-
acter of the textural and mineralogical data may provide
a direct link from acoustic properties to the primary de-
positional system and sequence stratigraphy.

INTRODUCTION

The complex relationship between acoustic properties and
lithofacies of sedimentary rocks strongly influences the seismic
response and seismic stratigraphic interpretation of seismic re-
flection data. As a consequence, seismic images are nonunique
and require continuous calibration and ground truthing by ge-
ology. Correlation and calibration of geological parameters and
petrophysical properties that control the seismic response of
sedimentary packages is a first step to investigate this relation-
ship. Boreholes provide in situ measurements of acoustic prop-
erties, density, and velocity, at various frequencies and scales.

However, they lack the spatial attributes of the depositional
system that controls the mineralogical and textural composi-
tion and diagenetic history of the rocks.

Siliciclastics traditionally have been the primary target of re-
search on the acoustic properties of sedimentary rocks because
of their importance in petroleum exploration. Since the late
1950s, numerous papers have been published on the elastic
properties of siliciclastic sediments (sandstone and shale) and
have resulted in some widely used empirical and experimental
velocity transforms. For example, the time average equation
of Wyllie et al. (1956) relates velocity to porosity in saturated
and consolidated sediments, and the experimental relationship
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Controls on Acoustic Properties 59

by Gardner et al. (1974) correlates density and velocity for
a variety of rocks. Numerous modifications of especially the
time-average expression were published to adjust for devia-
tions within real data sets and to include physics-oriented so-
lutions that incorporate the internal rock structure (Nafe and
Drake, 1963; Raymer et al., 1980; Wang and Nur, 1992; Dvorkin
and Nur, 1998). Although these expressions explain velocity-
density and velocity-porosity relationships in discrete data sets
with relatively uniform texture and mineralogy, they do not
adequately predict relationships in mixed clastic, pure carbon-
ate, and mixed clastic-carbonate data. In addition, they fail to
explain trends in large data sets composed of mixed lithologies
from different geographic locations.

Several attempts have been made to document the influ-
ence of mixed mineralogy on acoustic velocities. For example,
Tosaya and Nur (1982), and Kowallis et al. (1983) demonstrated
for water-saturated siliciclastic sediments the relationship be-
tween sonic velocities and porosity or clay content. Vernik and
Nur (1992) translated this into the effect of sediment fabric on
the acoustic velocity in mixtures of clay and sand. Stafleu et al.
(1994) confirmed the clay effect on the sonic velocity of tight
carbonates; they showed a critical threshold of 5-8% clay that
inversely affects velocity. Kenter et al. (1997b) quantified the
effect of quartz content on the velocities of carbonates.

This study is an attempt to quantitatively relate measure-
ments of acoustic properties to parameters such as clay, silt,
quartz, and carbonate content that can be linked to lithofacies
and, ultimately, to the depositional system. Plug samples were
drilled from a freshly weathered cliff face and whole core de-
rived from a nearby borehole. Along with measurements of
mineralogy and grain size, this provided the data for the link
with geological parameters, a comparison among core and cliff
acoustic properties and, finally, with published velocity trans-
forms. The research is part of two linked projects, Integrated
Solid Earth Sciences (ISES) and “Projet Image Sismique et
Sédiments”, integrating geophysics, petrophysics, and geology
from subsurface and nearby continuously exposed cliffs. The
link of the acoustic properties to the depositional system as well
as the integration of reflection seismics, borehole geophysics,
and petrophysics are the subjects of research papers that will
follow.

GEOLOGIC SETTING

The selected data set is from the upper Jurassic in the
Boulonnais, northern France, and consists of an alternation
of intervals dominated by shale, sandstone, and carbonate
exposed in a freshly weathered coastal cliff face (Figure 1).
The depositional setting ranges from shallow marine offshore
shales to shoreface sandstone deposits with varying amounts
of carbonate and has been thoroughly studied (e.g., Geyssant
etal.,1993; Herbin et al; 1993; Proust et al., 1993,2001; Mahieux
et al., 1998, 1999). This report focuses on a 100-120 m thick in-
terval of mixed siliciclastic-carbonate deposits, exposed below
the Cap de la Creche, directly south of Wimereux (Figure 1b).
The studied interval in the cliff and subsurface is generally
subdivided into three sandy formations (Grés de Conninc-
thun, Grés de Chétillon, Gres de la Creche), three shale- and
mudstone-dominated formations (Argiles de Moulin Wibert,
Argiles de Chétillon, Argiles de la Creche), and one argilla-
ceous limestone (Calcaires du Moulin Wibert) (Figure 1c). The

spatial variation of lithofacies units is attributed to effects of eu-
stacy on a very low-angle siliciclastic-dominated depositional
ramp (Mahieux et al., 1998; 1999; Proust et al., 2001). The
Boulonnais sections represent a landward time-equivalent of
the offshore marine source rocks deposited around the London
swell in the North Sea (Cornford, 1984; Williams, 1986) and
in basins as distant as western Siberia. In the Dover Strait,
the Kimmeridge Clay, with petroleum potential of up to 20
kg of hydrocarbons per ton of rock (kg HC/t), consists of
five horizons of shales interbedded with calcareous sandstone
(Gallois, 1976).

METHODS
Acoustic properties

Nearly 170 1.5-inch and 1.0-inch diameter core plugs for
petrophysical analyses were drilled at 30-cm intervals along a
measured section (Figure 1b). The plugs, vertically and/or hor-
izontally orientated with respect to the bedding, were drilled
with 1.5-inch or 1.0-inch diamond dust—coated drill bits. After
the removal of the plugs from the outcrop, they were wrapped
in plastic foil to prevent drying and placed in a PVC tube to
avoid breakage. The tubes were then stored in a cooler to
prevent loss of water. Clean sands are underrepresented in
the grain-size data set and absent from the plug data because
the unconsolidated state, or lack of carbonate cement of these
sands, did not allow proper sampling. A total of 61 plugs were
drilled from whole core in the equivalent section derived from
a 120-m deep borehole drilled on a nearby beach, some 1500 m
away from the cliff section.

Upon arrival in the laboratory, all plugs were cut to a maxi-
mum length of 5 cm and subdivided into predominantly shaley
or calcareous to sandy lithologies. This separation was made
because the shaley plugs, which are soft and friable, require
different sample preparation than the more resistant plugs of
calcareous to sandy lithologies. Next, the sample ends of the
more resistant plugs were ground flat and parallel to within
0.001 inch (0.025 mm), the plugs were saturated with seawater
(35 promille) and stored under vacuum for 48 hours. The sha-
ley plugs were cut with a sharp knife and carefully rewrapped
to preserve moisture.

Ultrasonic compressional (P-wave) and shear wave (S-wave)
velocities were measured as a function of pressure using a
transducer arrangement (Verde Geosciences, Vermont) that
propagated a compressional (V,) and two independent and or-
thogonally polarized shear waves (Vg and Vg,) along the core
axis. A source crystal was excited by a fast rise-time electrical
voltage pulse, producing an ultrasonic pulse with a frequency
of 500 kHz, which was recorded by a receiver crystal. Mea-
suring the one-way traveltime of the acoustic wave along the
sample axis and dividing by the sample length produced the
acoustic velocities. The arrival time of the one-way traveltime
was picked when the signal exceeded a threshold voltage equal
to 3% of the overall peak-to-peak amplitude of the first three
half cycles of the signal. Precision of the measured velocities
is within approximately 5% (when coupling between source-
and receiver crystal and core-plug were sufficient). Obscure
measurements were not used for further analyses. The mea-
surements were generally conducted at five effective pressures
ranging from 0 up to 30 MPa. Because pore pressure was kept
at 0 MPa, the effective pressure in this experiment was equal to
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60 Braaksma et al.

the confining pressure. Common values for confining pressures
were 0, 2.5, 5, 7.5, 10, and 15 MPa, some of the more coherent
plugs were measured at confining pressures up to 30 MPa.
Following the acoustic measurements, bulk (saturated) den-
sity and porosity were measured. Plugs were weighed and dried
for at least 72 hours at 70°C. Next bulk and dry densities were
calculated from wet and dry sample weights and measured
cylinder volumes. Grain densities were derived by dividing the
mass of the powdered samples by the volume using a Micro-
metrics AccuPyc 3200 helium pycnometer. This procedure pro-

vides an accuracy of 0.03%. Total porosity was calculated from
dry and grain density. More detailed procedures are described
by Carmichael (1990), Kenter and Ivanov (1995), and Bracco
Gartner et al. (1997).

Grain size and carbonate content

In addition to subsamples of the 228 cylindrical plug samples,
259 samples were collected for the analysis of grain size and car-
bonate content. Grain size was measured using a Fritsch A22
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Laser Diffraction Spectrophotometer or “Laser Particle Sizer,”
which has a working range of 0. 16-1400 um. The analytical
procedure is based on the forward light diffraction of the laser
beam by the sediment particles. Single particles are regarded as
two-dimensional objects and grain size is measured as a func-
tion of the cross-sectional area of that particle. The following
assumptions are made. (1) The transformation of diffraction
patterns to grain sizes is based on matrices, which are calcu-
lated for spheres. As a consequence, the diffraction along the
cross-sectional area of the particle is attributed to the diffrac-
tion of spheres. (2) Grain orientation is assumed to be ran-
domly distributed. Often, however, measurements take place
in a continuous flow of particles in which the particle may be
orientated with respect to its shape (Konert and Vandenberge,
1997). The resulting volume percentage measurements were
reduced to the following frequency classes: clay (<8 pm), silt
(8-63 um), and sand (>63 pum) using the Udden-Wenthworth
grain-size scale (Prothero and Schwab, 1996). The upper limit
for clay fraction was set at 8 um as a consequence of the mea-
suring technique. Konert and Vandenberge (1997) have docu-
mented that the assumption of spherical particles introduces
a considerable error when measuring platy clay minerals, and
that grain sizes <2 um measured with the pipette method cor-
respond with a grain size of 8 um defined by the Laser Particle
Sizer.

Prins and Stuut (1999) reported on the discrepancy between
the actual weight percentages of the grain-size distribution
and the volumetric grain-size distribution measured. They con-
cluded that the Laser Particle Sizer underestimates the volume
percentage of blocky particles (e.g., quartz) compared to rel-
atively nonspherical or platy particles (e.g., clay minerals) in
sediment standards. In addition, they showed that the discrep-
ancy generally increases with increasing grain size. Since a large
part of the data set consists of shale, the problem was ignored.

Carbonate measurements followed the Scheibler procedure
(Kenter et al., 1997b). The weight percentage of carbonate is
calculated from the carbon dioxide volume. Grain-size frac-
tions and volume percentages were converted to fractional
weight percentages assuming that the associated error is min-
imal. The assumption is made that the 8-um threshold mea-
sured by the Laser Particle Sizer separates clay particles from
granular quartz grains and reflects a crucial difference in
petrophysical behavior. As a result, the following textural-
mineralogical fractions are distinguished: carbonate (granular
and cement combined), clay (<8 um), and silt/sand (>8 um).
These groups represent not only a difference in grain size but
also in mineralogy.

RESULTS
Acoustic properties

Maximum P-wave velocities are reached at confining pres-
sures of 4.0-5.0 MPa, after which only minimal increase of
velocity was observed (Figure 2). As a consequence, the veloc-
ities at 10 MPa are regarded as terminal velocities (Bourbié
et al., 1987). No information on the maximum overburden of
the Upper Jurassic interval is available from the literature. It is
estimated from reconstruction of the regional geology that the
overlying sediment package may have reached a thickness of
no more than 500 m (El Albani et al., 1993). This would trans-
late in a confining pressure of up to 10-15 MPa before erosion.

The observed shale velocities of approximately 2.0 km/s cor-
respond well with the velocity-depth relationship published by
Jankowsky (1970).

P-wave velocities in the total data set range from slightly
under 2.0 to nearly 6.0 km/s, whereas S-wave velocities range
between 0.7 and 3.3 km/s (Figures 3a and 3b). Porosity ranges
from 2% to 41 %, and density ranges between 2.0 and 2.7 g/cm?>.
P-wave velocity displays a general, nearly linear decrease in ve-
locity with increasing porosity up to nearly 20% (Figure 3c).
In this interval, velocity has a range of approximately. 1 km/s
at one given porosity value. Between 20% and 40% porosity,
velocity shows a minor decrease and a variation in velocity of
about 0.5 km/s at a given porosity value. No shear wave veloci-
ties were measured in the core-derived data since the quality of
the arrivals was obscure. Minor differences exist between cliff
and core plug samples. Only at densities higher than 2.3 g/cm?
or fractional porosities below 0.23 are P-wave velocities from
core plugs some 10% higher compared to those of the cliff-
derived plugs.

Ternary diagrams linking acoustic, mineralogical,
and textural properties

In order to relate the acoustic properties to geological pa-
rameters that, in turn, can be linked to the depositional system,
the mineralogical, textural, and acoustic properties were plot-
ted in ternary diagrams. Quartz silt and sand fractions as well as
minor contributions by feldspar were combined because they
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FIG.2. Crossplots of P-wave velocity as a function of confining
pressure for a selected number of plug samples of predomi-
nantly poorly lithified shaley (a) and sandy to carbonaceous
(b) composition. See text for discussion.
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are granular materials that are expected to have comparable
mechanical and elastic behavior, as opposed to clay particles,
which are platy and have cohesive forces.

The textural and mineralogical composition of the total data
set and that of the plugs, clay, silt/sand, and carbonate were plot-
ted in a ternary diagram. Next, the total number of data points
was recorded in windows measuring 10% of each component
(shown in the background of diagram in Figure 4), where com-
mon points were weighed between bordering triangles. Finally,
the values were converted to fractions of the total amount of
data points and contoured. Figure 4 shows the ternary dia-
grams for the total data set of 487 samples (Figure 5a) and

for the 228 plug samples (Figure 5b). The total data set clearly
shows a compositional continuum between clay, silt/sand, and
carbonate. However, there is predominance for equal mixtures
of silt/sand and clay with carbonate contents below 40%, or
calcareous shales to silt/sandstone. Another concentration is
observed at carbonate contents over 60% with minor clay and
silt/sand fractions, or argillaceous carbonates. Remarkable is
the absence of sediments that are mixtures of clay and car-
bonate. Apparently, these mixtures are not produced in this
particular depositional system.

To display the quantitative relation between sediment com-
position and acoustic properties, acoustic velocity, density,
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of 228 plug samples. General velocity expressions such as the time average expression (Wyllie et al., 1956), the Raymer equation
Raymer et al., 1980) and Gardner’s empirical experimental equation (Gardner et al., 1974) are added to the data in, respectively,
¢), (d), and (e). P-wave and S-wave velocities for cliff-derived plug samples are respectively represented by solid circles and open
squares; P-wave velocities for the core plugs are open circles. See text for discussion.

Downloaded 27 May 2009 to 131.180.60.61. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



Controls on Acoustic Properties 63

porosity, and impedance were plotted as a function of their
composition (Figure 5). The resulting values were averaged in
windows measuring 10% of each ternary component (shown
in the background of diagram in Figure 5), where common
points were weighed between bordering triangles and con-
toured. Figure 5a through Figure 5d clearly demonstrate that
the petrophysical properties are a function of all three com-
bined textural and mineralogical parameters. Three areas are
observed in the porosity distribution: porosities lower than
5-10% for mixtures dominated by carbonate and silt/sand,
porosities between 10 and 30% for mixtures of carbonate and
silt/sand with clay contents between 1% and 30%, and porosi-
ties over 30% for mixtures with silt/sand over 80%, clay over
30-50% (Figure 5a). Bulk density shows a subdivision in two
areas: for carbonate contents higher than the 15-60% line bulk
density decreases rapidly from 2.55 to 2.2 g/cm?, primarily as a
function of increasing clay content, and an area with bulk den-
sities between 2.0 and 2.2 g/cm?, where clay and silt/sand dom-
inate and carbonate falls below the 15-60% line (Figure 5b).

Sonic velocity displays a slightly more irregular distribu-
tion: velocities higher than 4.0 km/s for mixtures of carbon-
ate and silt/sand with clay contents lower than 10-20%, ve-
locities between 1.8 and 2.0 km/s for mixtures of clay and
silt/sand with carbonate content below a 50-15% line, and an
transitional zone where velocities rapidly decrease from 4.0 to
2.0 km/s (Figure 5c). Impedance shows a comparable distribu-
tion: impedance values of 9.0-12.0 x 10° kg/m?s for mixtures
of carbonate and silt/sand with clay content lower than 10—
25%, and “flat” area with impedance values between 4.0 x 10°
and 4.5 x 10° kg/m?s dominated by clay, and an intermediate
area of rapidly decreasing impedance with increasing clay con-
tent. Because not only the absolute values of sonic velocity
and impedance are a function of clay, carbonate, and silt/sand
contents, also their range is affected. The latter was contoured
in Figures 5e and 5f. Because a significant number of cells (tri-
angles shown in the background) have only one value and the
average number of observations per cell is 2.3, no standard
deviations were calculated. Although this affects the statisti-
cal strength, still several important observations can be made
that have implications for the prediction of physical parame-
ters in similar data sets. First, the range in velocity is signif-

Data dens ity

CaCo3 {data points per
10% window)

I:l No data

[ 110.50%
[ 50- 10.0%
[ 10.0 - 20.0%

icantly higher (more than 2.5 km/s) for mixtures where clay
content is more than 10-20%, whereas in the remaining area
the range is almost 50% of this (Figure 5e¢). Second, the range in
impedance similarly is nearly twice that in mixtures of carbon-
ate and silt/sand with clay contents below 20% and carbonate
over 20% than in mixtures dominated by clay and/or more than
75% silt/sand (Figure 5f).

Figures 6a—6d show typical examples of mixtures of silt/sand
and carbonate with low clay content and, consequently, ve-
locities more than 3.5 km/s and impedance values more than
9 x 10° kg/m?s. Though quartz content ranges from nearly zero
to more than 90% and textural properties (shape of quartz
grains) as well as packing varies considerably, the low clay
contribution and the presence of carbonate explains the high
but variable sonic velocities and impedance. Figures 6e and 6f
show examples of mixtures with comparable amounts of car-
bonate but in addition high amounts of clay. Here, velocities
and impedance values are lower, but still 2.5-3.5 km/s! and
4.5-6.0 x 10° kg/m?s, respectively, probably as the result of the
diagenetic effect of the present carbonate (cement). Low ve-
locity and impedance mixtures with minor variation in values
are shown in Figures 6g-6k. Sediments are fine grained and
dominated by clay and silt/sand with low amounts of carbonate
(carbonaceous shales), most of which is probably fine peloidal
grains with minor cement. Finally, Figure 61 shows a shale with
clay content of 50% and low velocity and impedance.

DISCUSSION
Overburden and microcracks

Density values, between 2.0 and 2.35 g/cm?, and acoustic
velocities between 1.8 and 2.2 km/s of the shale samples sug-
gest burial depths far less than 1 km (e.g., Domenico, 1977,
Kopf, 1979). This is in good agreement with the estimated
approximately 500-m overburden derived from geological
reconstruction.

Though it is assumed that effective pressures of 40 MPa or
more are required to close cooling or stress-relief induced mi-
crocracks (Vernik and Nur, 1992), no significant increase of
velocity was observed at pressures above 10 MPa (Figure 2).
It is therefore assumed that microcracks are either closed at
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FiG. 4. Ternary diagrams showing the contribution of clay, silt/sand, and carbonate content for the entire data
set of 487 plug samples and spot samples (a) and for plug samples only (b). See text for discussion.
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these pressures or, if they still exist, do not obscure the acous-
tic measurements.

Velocity transforms—Comparison

Neither the time average equation (Wyllie et al., 1956) nor
the Raymer expression (Raymer et al. 1980) for various rock
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matrix velocities can adequately explain the observed trends in
the high-velocity range (Figures 3¢ and 3d). They do, however,
closely follow the low-velocity variation between porosity and
velocity. In density-velocity space, the various Gardner curves
(Gardner et al., 1974) do not follow the trend of the data well
(Figure 3e). Although Vernik and Nur (1992) use sediment
fabric in siliciclastics as a key parameter to explain secondary
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FiG. 5. Ternary diagrams showing the relationships between fractional porosity (a), bulk density (b), P-wave
velocity (c), impedance (d), and textural and mineralogical compositions for the 228 plug samples. Compare with
Figure 4 for data distribution. (e) and (f) display ternary diagrams with contours of the range of P-wave velocity
and impedance, respectively. It must be noted that these diagrams lack statistical strength since a substantial
number of triangles have only one data point. However, they still show important relationship that can also be
observed in Figures 7a and 7b. The number of samples is 228. Symbols in Figure 5c relate to photomicrographs

shown in Figure 6. See text for discussion.
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trends in velocity-density space, their approach is semiquanti-
tative rather than quantitative.

Clearly, the trends and variation at one specific density or
porosity value cannot be explained by the existing velocity
equations. Figure 7 shows various crossplots of mineralogi-
cal and textural properties versus acoustic velocity. Both clay
and carbonate content show abrupt thresholds that affect the
P-wave velocity. As the clay content increases from 0 to ap-
proximately. 12%, velocity shows a steep decrease; as the clay

content increases further, there is hardly any change observed
in velocity values (Figure 7a). Similarly, carbonate contents
between 0 and 40% correspond to low acoustic velocities with
minor variation. At40%, however, velocities and their range at
a given porosity value increase dramatically (Figure 7b). Clay
content shows opposing linear relationships with porosity and
density (Figures 7c and 7d), because these clays not only have
a higher textural porosity but also bear water in the molecu-
lar structure. Apparently, the porosity reduction as a result of

FIG. 6. Photomicrographs of typical sediment fabrics (see Figure 5 for location in contoured velocity diagram). (a) Nearly pure lime
mudstone with sponge spicules and minor quartz grains. (b) Argillaceous lime mudstone with fine silt-size quartz (sample 191).
c) Argillaceous lime mudstone with fine silt-size quartz (sample 151). (d) Carbonaceous quartz (angular) sandstone (sample 89).
e) Carbonaceous quartz siltstone (sample 9). (f) Carbonaceous quartz siltstone (sample 191). (g, h) Carbonaceous quartz siltstone
or wackestone (sample 179). (i, j) Carbonaceous quartz siltstone with peloidal grains or wackestone (sample 103). (k) Fine-grained
siltstone with minor amounts of carbonate cement (sample 189). (1) Shale with less than 10% carbonate material (sample 76).

See text for discussion.
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compaction is less than that generally observed in shales that
were buried to several kilometers. However, as shale veloci-
ties are comparable, possibly minor amounts of carbonate con-
tribute to the acoustic properties of the shales studied.

Mineralogical and textural parameters

The primary control on acoustic velocity and impedance
within the data set is porosity (and density). Mineralogy and
grain size control the remainder of the variation. All ternary
diagrams shown in Figure 5 suggest that the influence of clay
content progressively increases with decreasing carbonate con-
tent. A sharp change in acoustic properties seems to occur in
the range of 10% to20% clay content. Similarly, a rapid change

in acoustic properties relates to a carbonate content change at
around 30-40% for shaley sediments and 15-20% for quartz
arenites. As a result, there are no clear thresholds defining
abrupt changes in physical properties as a function of miner-
alogical and textural composition. In other words, the position,
orientations within the ternary diagram, and steepness of the
slope of the changing physical properties as a function of the
textural/mineralogical parameters vary. It should be noted that
the significant changes in acoustic properties in this particu-
lar data set do overlap in part with traditional classification
boundaries (such as, for example, the change from grain to
mud supported) that were also used by Vernik and Nur (1992).
However, they are strongly overprinted by the effect of car-
bonate in particular form (shells and shell debris) and as a

FIG. 6. Continued.
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diagenetic product. The presence of carbonate cement is prob-
ably strongly related to the high variation in acoustic properties
versus the low variation in the clay-dominated sediments. This
phenomenon has been earlier documented for pure carbonates
(Anselmetti et al., 1997; Kenter and Ivanov, 1995).

The general negative effect of clay on the acoustic proper-
ties of quartz arenites has been previously noted (Wyllie et al.
1956, 1958; Raymer et al., 1980; Tosaya and Nur, 1982; Kowallis
et al., 1984; Han et al., 1986). Nur and Vernik (1992) expanded
on this relationship and used the ternary classification diagram
of sandstones (after Greensmith, 1989) to study the effect of
grain size, grain fabric, and clay content on the acoustic prop-
erties of siliciclastics. In addition, they addressed the influence
of diagenesis on porosity reduction and velocity increase. Al-
though their study is semiquantitative and assessments of the
quantity of clay and fabric were based on petrographic obser-
vations, it is an excellent attempt to link geological parameters
to ultrasonic, and eventually seismic-scale, acoustic properties.
Even though the data sets are difficult to compare, semiquan-
titative, and lacking significant amounts of carbonate material,
there seems to be a significant difference in their velocity trends
and those in our data. The porosity-velocity relationship in the
Vernik and Nur (1992) data set implies a nearly linear relation-
ship, whereas our data set, for the noncarbonate part, clearly
display a nonlinear trend and generally lower velocities at a
given porosity (Figure 3). The reasons for this are as yet un-
clear but could be related to differing compaction histories and
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possibly higher amounts of carbonate (diagenesis) in the quartz
arenites in the Vernik and Nur (1992) data set than detectible
by standard petrography.

Klimentos and McCann (1990), Stafleu et al. (1994), and
Kenter and Ivanov (1995) documented a similar clay effect
in carbonates, which are more susceptible to diagenesis and
hence more complicated than siliciclastics from a petrophysi-
cal point of view (e.g., Rafavich et al., 1984; Anselmetti et al.,
1997; Klimentos and McCann, 1990; Kenter et al, 1997a). As
the ultimate goal is to link geological properties (the deposi-
tional process) to intrinsic ultrasonic and seismic velocities, it
is crucial to acquire quantitative measurements of textural and
mineralogic parameters. Especially because they have nonlin-
ear relationships with acoustic properties and carbonate diage-
nesis plays an important role, traditional classification schemes
do not explain the variation in acoustic properties.

CONCLUSIONS

This study is based on quantitative measurements of mix-
tures of three textural and mineralogical parameters (clay,
silt/sand, and carbonate) in more than 200 plug samples from
outcrop and nearby, boreholes. Two of these parameters are
clearly defined: clay and silt/sand. However, the carbonate
fraction contains aspects of not only textural and miner-
alogical character, but also has a strong diagenetic compo-
nent. Since the quantitative data allows the observation of

7000 T T T T
6000 [~ * -
L]
e 1 ek,
5000 a " o*% . i
. . L L R o "
e ® O " [+
. 4 . -ﬂbtso_, '.&.U'-alq .
4000 fw ® » . 6, 0 a % . 7
- . - . >
L] L) -
d . a ™ .
3000 [ @ "% ° e " wrs T
@ s ° .
b " efpd gtoh 9 9" .
2000 |- X E
> *»0
¥ ’
1000 L L L L
0 0.2 04 06 0.8 1
CaCO3 (%)
0.5 T T T T T T T
’
oAl L . .0 S .
. - 4'
55 »
L . ‘af’ o0 -
0.3 . . P 24 . o
- . net e
» e, ‘e & ® o
s . s ° '
02 ° . .
- . *
a
. * T
o L] .l" -
0.1 | -
pa SFwts a
a a g
-
-l
0 3‘:‘ 1 1 1 1 1 1 1
0 0.1 0.2 03 04 05 0.6 07 08
Clay (%)

FIG. 7. Crossplots of terminal water-saturated P-wave velocities versus clay content (a) and carbonate content
(b) for the total data set of 228 plug samples. Crossplots of bulk density and porosity versus clay content (¢ and
d, respectively) confirm general relationships between pore space and clay in sedimentary rocks. See text for

discussion.
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four-dimensional relationships in contoured ternary diagrams,
the following important relationships were established.

Primary control on the acoustic properties is exerted by
porosity. The remaining variation in acoustic properties is ex-
plained by the mineralogical and textural parameters: clay
(fraction <8 um), silt/sand (fraction >8 pm), and carbonate
particular material and cement. No clear linear thresholds are
defined; however, a general trend is that clay and carbon-
ate content have opposite and overlapping effects on acous-
tic properties. The influence of clay content progressively in-
creases with decreasing carbonate content and visa versa. In
addition, with increasing carbonate content the variation of
acoustic velocity at a given porosity value increases to nearly
twice of that in the clay-dominated sediment. Traditional classi-
fication boundaries, such as the change from grain to mud sup-
ported, are present but strongly overprinted by this interplay
between clay and carbonate. No attempt yet has been made to
distinguish the occurrence of granular, detrital carbonate from
chemical, diagenetic carbonate.

The results of this quantitative analysis may have impor-
tant implications for the prediction of porosity from acoustic
velocities in similar mixtures of sediment. In addition, they
may provide a direct link between acoustic properties and the
primary depositional system and sequence stratigraphic his-
tory of the studied interval, thereby connecting geology and
seismics.
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