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1 abstract

ABSTRACT

The relationship between seismic reflection patterns and variations in lithology of
carbonate sediments and rocks is twofold: (1) Physical rock properties, in particular sonic
velocity and density, form the link between the seismic record and the lithology of the
carbonates. Through a detailed laboratory study lithological factors that control velocity
are investigated and characteristic velocity patterns are assigned to the diagenetic stages of
the rocks. (2) The seismic image of carbonate rocks is dependent on the technical
parameters of the reflection seismic survey. The influence of these seismic parameters is
studied using computer modeled synthetic seismic sections.

Compressional wave and shear wave velocities (Vp and Vs) of 295 carbonate
minicores from different areas and of different age were measured under variable
confining and pore fluid pressures. The samples range from unconsolidated carbonate
mud to completely lithified limestones. The results of the measurements show that for
pure carbonate rocks, unlike siliciclastic or shaly sediments, there is little direct
correlation between the acoustic properties (Vp and Vs) and the burial of depth or age.
Velocity inversions with increasing depth are thus common. Sonic velocity in carbonates
is more controlled by the combined effect of depositional lithology and a suite of post-
depositional processes, such as cementation and dissolution.

At 8 MPa effective pressure, Vp ranges from 1700 to 6500 m/s and Vs ranges
from 700 to 3400 m/s. This range is caused mainly by variations in the amount of
porosity and the porosity type, and not by variations in mineralogy. In general, the
measured velocities show a positive correlation with density and an inverse correlation
with porosity, but departures from the general trends can be as high as 2500 m/s. These
deviations can be explained by the occurrence of different pore types that form during
specific diagenetic phases. The data set further suggests that commonly used correlations
like the general Gardner's Law (Vp - density) or the time-average-equation (Vp -
porosity) should be modified, since they generally result in too low velocities for
carbonates.

Velocity measurements of unconsolidated carbonate mud at different stages of
experimental compaction show that velocity increases due to compaction are lower than
the observed velocity increases at decreasing porosities in natural rocks. This difference
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shows that diagenetic changes, such as cementation-dissolution processes, which may
predate or accompany compaction, influence velocity more than simple compaction at
increasing burial depth.

The knowledge of the relationship between velocity and porosity from discrete
samples are applied in the interpretation of a continuous downhole record of wireline
logs. A synthetic "velocity deviation" log can be calculated by taking the difference
between the velocities from the sonic log and the velocities expected from the porosity
value on the neutron-porosity log. These differences, either positive or negative
deviations, mark zones in the cores, in which velocity is higher or lower than expected
from the porosity value. As seen in the measured samples, these zones can be related to
constructive or destructive diagenetic processes that can be traced continuously downhole
using the velocity deviation log.

The results of the laboratory analyses were also applied in a seismic modeling
study of a well-exposed carbonate platform margin and its adjacent basin (Montagna
della Maiella, Italy). The resulting synthetic seismic sections explain the seismic facies of
a carbonate platform margin system, but, in addition, show the limitations of relating in a
simple manner seismic sequences to depositional sequences.

To define a layered impedance model, velocities and densities of all major
outcropping lithologies were determined. The impedance model was converted into
synthetic seismic data by applying a computer-simulated modeling procedure that uses
the normal incidence raytracing method at variable frequencies, amplitude gains, and
noise levels. The resulting synthetic seismic sections display a mostly transparent
platform, which is onlapped on the escarpment by a succession of high-amplitude slope
reflections. The different reflectivities of platform and slope are concordant with the
small range of impedance contrasts in platform carbonates compared to the large range of
impedance contrasts in the carbonates from the slope and basin. The seismic image with
an incoherent to transparent platform, high-amplitude slope reflections and recognizable
prograding units is very similar to observed seismic data from other steep carbonate
platform margins, e.g. from the subsurface of Great Bahama Bank.

In outcrop, seven unconformity-bounded supersequences were mapped. A
comparison with the synthetic seismic section shows that, using a dominant frequency of
20 Hz, only five of these seven depositional supersequences can be recognized by
seismic unconformities. With an increase of frequency, an increasing number of
unconformities becomes visible and, using a frequency of 60 Hz, all seven
supersequences are imaged. However, some of the seismic unconformities are pseudo-
unconformities and image erroneous or non-existent geometrical patterns. The different

numbers of seismic sequences at different frequencies, plus the appearance of pseudo-
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unconformities, document the problem of seismically imaging depositional sequences.
Dependent on the dominant frequency, an erroneous number of sequences might be
interpreted. This limitation has to be taken into account, when making sequence
stratigraphic interpretations based solely on seismic information.

ZUSAMMENFASSUNG

Der Zusammenhang zwischen der Lithologie und dem seismischen
Reflektionsmuster von Karbonatsedimenten und Kalksteinen kann in zwei Bereiche
gegliedert werden: (1) Die physikalischen Gesteinseigenschaften, im speziellen sind dies
Schallgeschwindigkeit und Gesteinsdichte, bilden das Bindeglied zwischen den
seismischen Daten und der Karbonatlithologie. Detaillierte Laboranalysen wurden
durchgefiihrt, um die Gesteinsparameter zu untersuchen, welche die
Schallgeschwindigkeit beeinflussen. Charakteristische Geschwindigkeitswerte kénnen
so den verschiedenen Karbonattypen zugeordnet werden. (2) Das seismische Abbild der
Karbonate ist auch abhiingig von der Wahl der technischen Parameter der seismischen
Untersuchung. Der Einfluss dieser Parameter kann mittels computergestiitzten
Modellierungen von synthetischen seismischen Profilen untersucht werden.

Die Geschwindigkeiten von longitudinalen und transversalen Schallwellen (Vp und
Vs) in 275 Gesteinskernen von Kalken unterschiedlichen Ursprungs und Alter wurden
im Labor unter variablen Umgebungs- und Porenwasser-Drucken gemessen. Die
Lithologien der gemessenen Proben reichen von unverfestigten Kalkschlammen zu
vollstindig zementierten Kalksteinen. Die Ergebnisse der Messungen zeigen, dass, im
Gegensatz zu siliziklastischen oder tonigen Gesteinen, die akustischen Eigenschaften von
reinen Karbonaten kaum mit dem Gesteinsalter oder der Versenkungstiefe
zusammenhidngen. Geschwindigkeitsabnahmen bei zunehmender Tiefe sind deshalb
hiufig anzutreffen. Vielmehr ist die Schallwellengeschwindigkeit ein kombiniertes
Produkt der Lithologie des Ausgangssedimentes und der verschiedenen Prozesse der
Diagenese, wie z. Bsp. Zementierungs- oder Losungsvorgiinge.

Vp variiert bei einem effektiven Druck von 8 MPa zwischen 1700 und 6500 m/s,
wihrend dem Vs Werte zwischen 700 und 3400 m/s erreicht. Diese Variationen in der
Geschwindigkeit sind hauptsichlich eine Funktion der Porositit sowie des Porentyps,
und weniger eine Funktion der mineralogischen Zusammensetzung. Zunchmende
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Gesteinsdichte oder abnehmende Porositit fithren normalerweise zu einer Zunahme der
Geschwindigkeit. Einige Messungen weichen jedoch mit iiber 2500 m/s von den
durschnittlichen Korrelationen ab. Diese Abweichungen kénnen durch spezielle
Porentypen erklirt werden, die sich wihrend den verschiedenen Phasen der Diagenese
bilden. Im Weiteren lassen die Labormessungen darauf schliessen, dass hiufig
gebrauchte Korrelationen wie das "Gardner's Law" (Vp - Dichte) oder die "time-average-
equation” (Vp - Porositit) korrigiert werden miissen, da sie meistens zu tiefe Karbonat-
Geschwindigkeiten liefern.

Geschwindigkeitsmessungen an unverfestigtem Karbonatschlamm im Zustand
unterschiedlicher, kiinstlicher Kompaktion dokumentieren, dass die
Geschwindigkeitszunahme durch reine Kompaktion geringer ist, als die Zunahme durch
abnehmende Porositit in natiirlich verfestigten Gesteinen. Diese Diskrepanz zeigt
deutlich, dass diagenetische Prozesse, die vor oder wiihrend der Kompaktion stattfinden,
die Schallgeschwindigkeit stirker als die Kompaktion bei zunehmender Uberlast
beeinflussen.

Die aus den Laboruntersuchungen stammenden Kenntnisse des Zusammenhangs
zwischen Geschwindigkeit und Porositdt konnen bei der Interpretation von
kontinuierlichen Logdaten aus Bohrléchern angewendet werden. Ein kiinstliches
"Geschwindigkeits-Abweichungs" Log kann aus der Differenz zwischen der
Geschwindigkeit des Sonic Logs und der von der Porositit zu erwarteten
Geschwindigkeit des Neutron-Porositit Logs berechnet werden. Diese Differenzen,
entweder positive oder negative Abweichungen, zeigen Zonen auf, in denen die
Geschwindigkeit héher oder tiefer ist, als die Geschwindigkeit, die von der Porositit
erwartet wird. Wie durch die Laboruntersuchungen gezeigt wurde, stehen diese Zonen
im Zusammenhang mit konstruktiven oder destruktiven diagenetischen Prozessen, die
anhand des Geschwindigkeits-Abweichung Logs kontinuierlich im Bohrloch vefolgt
werden konnen.

Eine weitere Anwendung der Ergebnisse der Laboranalysen sind die seismischen
Modellierungen eines gut aufgeschlossenen Karbonatplattformrandes und des
dazugehdrenden Abhangs (Montagna della Maiella, Italien). Die resultierenden
synthetischen seismischen Linien erkldren das seismische Reflexionsmuster von
Karbonatplattformrindern, doch zeigen sie gleichzeitig die Limiten auf, die bei der
Zuordnung von seismischen Sequenzen zu Ablagerungssequenzen entstehen.

Die Geschwindigkeiten und Dichten der wichtigsten aufgeschlossenen Lithologien
wurden gemessen, um damit ein geschichtetes Impedanzmodel zu definieren. Dieses
Impedanzmodel wird mittles einer computergestiitzten Modellierung in synthetische
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seismische Daten verwandelt, wobei die Methode des "normal incidence raytracing” mit
variablen Frequenzen, Verstirkungen und Lérmpegeln angewendet wird.

Die synthetischen seismischen Linien bilden eine seismisch transparente Plattform
ab, welche an der Plattformwand durch eine Abfolge von starken Abhang-Reflektionen
angelagert wird. Die verschiedenen Reflektivititen von Plattform und Abhang stimmen
gut mit dem engen Bereich von Impedanzwerten in Plattformkalken und dem weiten
Impedanz-Bereich von Abhang- und Beckenkarbonaten iiberein. Dieses seismische
Muster, mit einer inkoherenten bis transparenten Plattform, einem gut reflektierenden
Abhang und den erkennbaren progradierenden Einheiten, ist dem Muster auf echten
seismischen Profilen von steilen Plattformrindern sehr dhnlich (z. Bsp. Great Bahama
Bank).

Sieben Supersequenzen konnten im Feld kartiert werden, die durch Diskordanzen
voneinander getrennt sind. Ein Vergleich mit den synthetischen seismischen Profilen
zeigt, dass lediglich fiinf der sieben Supersequenzen bei einer dominierenden Frequenz
von 20 Hz durch seismische Diskordanzen erkannt werden konnen. Erhoht man die
Frequenz, erhoht sich auch die Anzahl der erkennbaren seismischen Diskordanzen. Bei
60 Hz kénnen schliesslich simtliche sieben Sequenzen aufgelost werden. Einige der
erkennbaren Diskordanzen sind jedoch Pseudo-Diskordanzen und bilden falsche oder
nicht existierende Geometrien ab. Die unterschiedliche Anzahl seismischer Sequenzen
bei verschiedenen Frequenzen, sowie die Pseudo-Diskordanzen, zeigen die Problematik
des seismischen Abbildens von Ablagerungssequenzen auf. Eine falsche Anzahl
" Sequenzen kann erkannt werden, je nach dominanter seismischer Frequenz. Diese
Limitierung sollte bei der Anwendung der Sequenzstratigraphie in Betracht gezogen
werden, falls sie ausschliesslich auf der Interpretation von seismischen Daten beruht.

RIASSUNTO

La relazione esistente fra I'immagine di riflessione sismica e le variazioni in
litologia dei sedimenti carbonatici ha due implicazioni: (1) le proprieta’ fisiche delle
roccie, ed in particolare la velocita sonica e la densita costituiscono la connessione fra la
documentazione sismica e la litologia dei carbonati. Grazie ad un dettagliato studio di
laboratorio sono stati studiati i fattori che controllano la velocitd sonica ed e' stato
possibile ricondurre le caratteristiche immagini ai differenti stadi diagenetici di una roccia.
(2) La immagine sismica di una roccia carbonatica e' funzione dei parametri tecnici
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utilizzati dal servizio di riflessione sismica. L'influenza di tali parametri sismici viene
studiata utilizzando delle sezioni sismiche sintetiche modellate al computer.

La velocita delle onde compressive e di taglio (Vp e Vs) di 295 minicarote di rocce
carbonatiche provenienti da diverse aree e di diversa etd sono state misurate sotto
condizioni variabili della pressione confinante e dei fluidi presenti nei pori. I campioni
presentano una ampia gamma di variazioni, da fango inconsolidato fino a una roccia
carbonatica completamente litificata. I risultati delle misurazioni mostrano che per una
roccia carbonatica pura, contrariamente a quanto si verifica per i sedimenti terrigeni o
argillosi, esiste una minima correlazione diretta fra le proprieta acustiche (Vp and Vs) ed
il grado di seppellimento od eta della roccia. Pertanto le inversioni di velocita con la
profondita si verificano comunemente. La velocita sonica nelle rocce carbonatiche &
piuttosto controllata dagli effetti combinati di litologia deposizionale e di un insieme di
processi post-deposizionali, quali la cementazione e la dissoluzione.

Ad una pressione effettiva di 8 MPa, la Vp varia fra 1700 to 6500 m/s ¢ la Vs varia
fra 700 to 3400 m/s. Questa variabilitd & causata principalmente da variazioni fra la
quantita’ di porosita piuttosto che da variazioni in mineralogia. In generale, le velocita
misurate mostrano una correlazione positiva con la densita ed una correlazione negativa
con la porosita, anche se deviazioni da questo andamento generale possono raggiungere
fino 2500 m/s. Queste deviazioni si possono spiegare con l'occorrenza di diversi tipi di
pori che si formano durante specifiche fasi diagenetiche. L' insieme dei dati suggerisce
che correlazioni normalmente utilizzate, quali la legge generale di Gardner (Vp - densita)
o la "time-average-equation" (Vp - porositd), debbano essere modificate, dal momento
che esse risultano in velocitd troppo basse per le litologie carbonatiche.

Misurazioni della velocita di fango carbonatico inconsolidato a diversi stadi di
compattazione sperimentale indicano che gli aumenti di velocita dovuti alla compattazione
sono piu' bassi degli aumenti dei velocitd osservati a pressioni decrescenti in rocce
naturali. Questa differenza mostra che i cambiamenti diagenetici, quali i processi di
cementazione-dissoluzione, che possono verificarsi sia prima che dopo la compattazione,
influenzano la velocitad piu' della semplice compattazione dovuta ad un aumento
progressivo della pressione di carico.

La conoscenza di questa relazione fra velocitd e porositd derivata da campioni
discreti viene applicata alla interpretazione di una documentazione continua di wireline
logs lungo pozzo. Un log sintetico della "deviazione della velocitd" puo' essere calcolato
dalla differenza fra le velocita' dal log sonico € le velocita previste dal valore della porosita
derivata dal log neutron-porosity. Queste differenze, sia positive che negative, marcano
nelle carote delle zone nelle quali la velocitd é maggiore o minore di quanto ci si
aspetterebbe dal valore della porositd. Come discusso per i campioni misurati, l'origine
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di queste zone puo' essere attribuita a processi diagenetici costruttivi o distruttivi, che
possono essere tracciati lungo pozzo grazie all'uso di un log della deviazione della
velocita.

I risultati delle analisi di laboratorio sono state anche applicate ad uno studio di
modellizzazione sismica di un margine di piattaforma carbonatica e dell'adiacente bacino
(Montagna della Maiella, Italia). Le risultanti sezioni sismiche sintetiche illustrano le
facies sismiche di un sistema di margine di piattaforma carbonatica, ma in piu' mostrano
le limitazioni che esistono nel mettere direttamente in relazione le sezioni sismiche alle
sequence deposizionali.

In modo da definire un modello di impedenza a livelli, sono state determinate le
velocita e la densita di tutte le principali litologie osservate sul terreno. Il modello di
impedenza e’ stato convertito in dati sismici sintetici utilizzando dei procedimenti che
utilizzano il metodo "normal incidence raytracing” a frequenze variabili, aumenti di
amplitudine, e livelli di disturbo del segnale. Le risultanti sezioni sismiche sintetiche
mostrano una piattaforma prevalentemente trasparente, che viene onlappata sulla scarpata
da una successione di riflettori di pendio ad alta amplitudine. Le diverse riflettivita di
piattaforma e pendio concordano con la bassa variabilita dei contrasti di impedenza in
una piattaforma carbonatica rispetto alla alta variabilita dei contrasti di impedenza nei
carbonati di pendio e bacino. La immagine sismica di una piattaforma da incoerente a
trasparente, con riflettori di pendio ad alta amplitudine e con riconoscibili unit
progradanti, &€ molto simile ai dati osservabili in altri margini di piattaforma ripidi, quali i
dati di sottosuolo del Great Bahama Bank.

In affioramento, sono state riconosciute sette supersequenze delimitate de
discontinuitd. Un confronto con la sezione sismica sintetica mostra che, utilizzando la
comune frequenza di 20 Hz, solo cinque delle sette sequenze deposizionali possono
essere riconosciute grazie a discontinuita sismiche. Con un aumento della frequenza, un
numero sempre maggiore di discontinuita diventa visibile e, utilizzando una frequenza di
60 Hz, tutte le sette supersequenze appaiono sulla linea sismica sintetica. Tuttavia, alcune
delle discontinuita sismiche sono pseudodiscontinuita e riproducono geometrie erronee o
non esistenti. Il diverso numero di sequenze sismiche a differenti frequenze, in
addizzione alla apparizione di pseudodiscontinuitd, documentano il problema della
rappresentazione sismica delle sequenze deposizionali. A seconda della frequenza
dominante, & possibile interpretare erroneamente il numero di sequenze deposizionali
riconoscibili. E' necessario tenere conto di questa limitazione quando interpretazioni di
stratigrafia sequenziale sono basate unicamente sulla informazione sismica.
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OVERVIEW

Geologists commonly use geophysical methods to gain insights into the types,
geometries and structures of rock formations that cannot be observed in outcrop at the
earth's surface. The obtained geophysical images of the subsurface have, however, no
straightforward relationship with the stratigraphical or structural parameters, but are
rather determined by the physical properties of the rocks. For instance, a seismic
reflection pattern, aside from being a function of some technical parameters of the
seismic survey, is mainly a function of acoustic impedance, which is the product of the
sonic velocity and bulk density of the rock. As a result, physical properties form the link
between the geologic rock record and the image of a geophysical survey (Figure 1). A
knowledge of the range, controls and evolution of sonic velocity and density is thus
essential to understand the relation of a seismic image with its geologic background.

The presented study concentrates on the acoustic properties of carbonate sediments
from the moment of deposition through burial, and demonstrates how they affect seismic
reflection patterns. This relation is of particular interest because reflection seismic
surveys are a standard method in scientific, engineering and economical investigations of
the subsurface. Despite the extensive use of seismic methods, the manner in which
seismic rock properties are related to the lithology of the rocks and how they affect the
seismic image are not well known. In addition, the relatively young concept of seismic
stratigraphy is based on the recognition of rock units on a seismic section and is therefore
dependent directly on the physical properties of the rocks.

The main purpose of this study was therefore to analyze the relation between the
lithology and seismic response of carbonate rocks. This was achieved in two ways:

(1) The physical properties of carbonate sediments and rocks were measured in the
laboratory on discrete samples. This allowed for the direct comparison of the measured
values with the observable lithologies (Part A). Compressional wave and shear wave
velocity, density, porosity and other physical parameters were determined on a total of
295 samples from (1) recent carbonate mud from Florida Bay, (2) platform and
periplatform carbonate sediments from cored deep drillholes on Great Bahama Bank,
and (3) limestones from an exhumed carbonate platform in Central Italy (Montagna della
Maiella). These rock samples provided an extensive database that allowed for the
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recognition of the factors controlling the acoustic properties in carbonates. As a result,
characteristic impedance values can be assigned to every category of carbonate sediment,
including unlithified sediments and lithified rocks at different stages of diagenesis. In
addition, the different ages of the measured carbonates, which range from Cretaceous to
recent, allow the tracing of the evolution of physical properties, especially of sonic
velocity, from deposition to compaction and diagenesis. The laboratory measurements
can be used to improve interpretations of other velocity datasets, such as velocities
obtained from sonic wireline logs (Part B).

(2) The data and results of the laboratory analyses were applied to a study of
seismic modeling (Part C). The main purpose of this modeling was to establish the
seismic response of the platform-to-basin transition outcropping in the Montagna della
Maiella (Italy). Field observations and measured impedance values from the laboratory
were used to create a two-dimensional impedance model that was transformed into
synthetic seismic sections through computer simulations. This provided the opportunity
to compare directly outcropping rock sections with their modeled seismic image. The
seismic properties, such as frequency, polarity and amplitude gain were varied during the
modeling so as to mimic as closely as possible the conditions and problems of a real
seismic survey. The effects of the physical rock properties on the seismic image as well
as the effects of the seismic parameters can be observed on the synthetic sections. These
sections were compared with real seismic data from similar geologic settings.

The results and conclusions of this multidisciplinary study of field observations,
laboratory analyses and computer simulations were integrated and summarized in Part D.

Seismic Interpretation (Bahamas)

physical seismic

rock

roperties parameters . .

P (SF:)nic (acquisition Seismic

velocity and Section

density)’ processing) j
\‘ _)

Seismic Modeling (Maiella)

Figure 1: Schematic relationship between the geologic rock record and equivalent seismic
reflection pattern. The physical properties of the rocks, in particular sonic velocity and bulk density,
form the link between the geology and seismic data. These rock properties have to be taken into
consideration for any study of forward seismic modeling or for interpretations of seismic sections.
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PART A:

CONTROLS ON SONIC VELOCITY IN
CARBONATE SEDIMENTS AND ROCKS

A.1. INTRODUCTION

Knowledge of the relation between sonic velocity in sediments and lithology is one
of the keys to interpreting data from seismic sections or from acoustic logs of
sedimentary sequences. Reliable correlations of rock-velocity with other petrophysical
parameters, such as porosity or density (Gregory, 1977; Bourbi€ et al., 1987), are
essential for calculating impedance models for synthetic seismic sections (Fagin, 1991)
or for identifying the origin of reflectivity on seismic lines (Sellami et. al., 1990;
Christensen and Szymanski, 1991). Velocity is thus an important parameter for
correlating lithological with geophysical data.

Recent studies have increased the understanding of elastic rock properties in
siliciclastic or shaly sediments. The causes of variations in velocity have been
investigated for siliciclastic rocks (Han et al., 1986; Vernik and Nur, 1992), mixed
carbonate siliciclastic sediments (Christensen and Szymanski, 1991), synthetic sand-clay
mixtures (Marion et al., 1992) and claystones (Japsen, 1993). The concepts derived
from these studies are however only partly applicable to pure carbonates. Carbonates do
not have large compositional variations that are, as is the case of the other sedimentary
rocks, responsible for velocity contrasts. Pure carbonates are characterized by the lack of
clay or siliciclastic content, and are mostly produced and deposited on the top or on the
slope of isolated or detached carbonate platforms, which have no hinterland as a source
of terrigeneous material (Wilson, 1975; Eberli, 1991). They consist mainly of the
carbonate minerals calcite (low- and high-Mg), dolomite and aragonite. These minerals
have very similar physical properties, which excludes compositional variation as a major
reason for the large variability of velocity of carbonates.

Theories that describe sonic wave propagation in porous media (Gassmann, 1951,
Biot, 1956; Toksoz et al., 1976) are hard to apply to the complex system of pure
carbonates, because the carbonates form a variety of unique diagenetic rock fabrics with
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specific elastic properties. In order to quantify the physical properties, sonic velocities of
pure carbonate samples from three different areas that cover a wide range of depositional
environments, lithologies and diagenetic histories, have been measured. Measurements
of compressional wave velocity (Vp) and shear wave velocity (Vs) were performed
under confining and pore fluid pressures, which accurately simulate in situ subsurface
conditions. This study (Anselmetti and Eberli, 1993, 1994) includes carbonates at all
stages of diagenetic alteration and complements studies on the velocity of carbonates
from drowned Cretaceous guyots (Kenter and Ivanov, 1994), of highly lithified, low
porosity carbonate rocks (Rafavich et al., 1984, Wang et al., 1991) and of pelagic, deep
water carbonates (Schlanger and Douglas, 1974, Milholland et al., 1980, Urmos and
Wilkens, 1993).

. BAHA

.

Figure 2: Location map showing the positions of the deep drillholes Unda and Clino
along the Western seismic line on Great Bahama Bank and the location of Cluett Key
in Florida Bay. Light shaded area is less than 20 m deep.
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Sonic velocity measurements were performed in combination with a thorough
lithologic and diagenetic examination of thin sections and XRD analysis. Porosities in
the samples range from 0 to 60 % and the depositional environment varies from a
protected shallow water platform over reefal and platform-marginal sediments to deeper
slope deposits. The correlation of the velocity measurements with the lithological and
mineralogical data enables characteristic velocities to be assigned to depositional and
diagenetic stages. Furthermore, it allows the tracing of diagenetic evolution and velocity
development from the time of deposition through different burial stages, recognizing that
each diagenetic process alters velocity in a characteristic fashion.

A.2. SAMPLE AREAS

This study presents a correlation of physical rock properties with rock lithologies
based on velocity analyses of 295 discrete samples from three different areas; (1)
modern carbonate mud from Florida Bay, (2) two deep drillholes on Great Bahama
Bank and (3) Montagna della Maiella, an exhumed carbonate platform margin in Central
Italy. An understanding of the geological setting of the three areas is essential in order to
relate the physical properties of the carbonates to the lithologies.

Velocity Samples from Modern Unconsolidated Carbonate Sediments:
Artificially Compacted Carbonate Mud from Cluett Key, Florida Bay

The velocities of 20 carbonate mud samples were measured at various stages of
artificial compaction in order to determine the increase of velocity caused by porosity
reduction during pure mechanical compaction. The mud was collected with push cores
of approximately 70 cm length from the interior pond of Cluett Key (Figure 2), a
mangrove island in Florida Bay.

Florida Bay is a triangular-shaped shallow lagoon on the southern part of the
Florida peninsula. This protected bay is subdivided by a series of mudbanks with
several mangrove-fringed islands (Enos and Perkins, 1979). The Holocene sediments
on the islands overlie Pleistocene bedrock and are up to 4 m thick. The base of the
Holocene is often marked by a peat layer that is overlain by a succession of dominantly
mud to wackestones with a few intercalations of shell-rich storm layers. Unconsolidated
carbonate mud of the upper part of the Holocene section was used for the compaction-
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Figure 4: Correlation of Vp and Vs (at 8 MPa effective pressure) with depth, depositional

environment and age

of the drilled sediments from the two drillholes Unda and Clino on Great

Bahama Bank. Velocity inversions are common in both holes and show that the effect of
diagenetic alterations and sediment type dominate over the effect of depth. Velocities of
carbonates that were deposited on the shallow water platform (shaded areas in graph) have

larger variability and

higher velocities than velocities from deeper water samples.
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velocity experiments. The samples were taken from parts of the cores in which no roots
or shell fragments disturb the homogeneous mud.

Mud from the islands and the mudbanks in Florida Bay have porosities that range
from 61 to 78 % (Enos and Sawatsky 1981). Gamma ray attenuation measurements on
cores from Cluett Key gave an average porosity for the Holocene sediments of 63 %
(Vidlock, 1983). The mineralogical composition, determined on carbonate mud from
Jimmy Key, an adjacent island, averages 65% aragonite, 20% high-Mg calcite and 15%
low-Mg calcite throughout the whole Holocene section (Burns and Swart, 1992). No
detectable diagenetic alterations occur and only traces (<5%) of dolomite are observed.
However, variations in pore water chemistry indicate that early diagenetic processes such
as dolomitization have already started (Burns and Swart, 1992).

Velocity Samples from Cores of Deep Drillholes: Pleistocene to Miocene
Carbonates from Drillholes on Great Bahama Bank

Two continuous core borings from the Bahamas Drilling Project (Ginsburg,
1994), located along the multi-channel Western seismic line across Great Bahama Bank
(Figures 2, 3; Eberli and Ginsburg, 1987, 1989) provide an excellent opportunity to
correlate the physical properties of Miocene to Pleistocene carbonate sediments with their
depositional lithologies and levels of diagenetic alteration. The multi-channel seismic
data was shot by Western Geophysical with ten to twelve airguns of variable volumes
(720-2280 in.3) and recorded with a sampling interval of 2 ms. The shot- and receiver-
point interval was mostly 25 m and occasionally 50 m. A "drag yo-yo cable” allowed
the hydrophones to be lowered between each shot point on the sediment surface.
Processing was performed using a F-K filter and a time-variant filter. Deconvolution
was applied before stacking (Eberli and Ginsburg, 1989). Displayed sections are
unmigrated.

The two drillholes (Unda and Clino, Figures 2, 3) penetrated to depths of 442 and
662 m below seafloor, respectively. The continuous cores had an average recovery of
over 80%. A total of eighty-nine samples from the two drillholes were analyzed. Unlike
older and exhumed outcrop samples, the young age of the drilled sediments allows for
the measurement of sonic velocities of carbonates that are partly unconsolidated and that
are not in their final stage of post-depositional alteration. The variety of diagenetic
processes encountered has enabled the velocity evolution of different carbonate
sediments to be traced under different diagenetic conditions through burial history and

time.




17 controls on sonic velocity

The top of the rock section in both holes is of Pleistocene age (Kenter and
Ginsburg, 1994). The oldest drilled sediments are dated as Middle Miocene at the
bottom of Unda, whereas the bottom of Clino reaches carbonates of Late Miocene age
(Figure 4). The retrieved lithologies range from platform-interior to platform-margin
and slope carbonates; there is no siliciclastic sediment on this isolated carbonate platform.

Hole Unda, located 10 km from the modern platform edge, is characterized by
three successions of shallow water platform sands and reefal deposits that alternate with
fine sand and silt-sized deeper marginal deposits. The two intervals of deeper-water
sediment record periods of rapid rise of sea-level and probable backstepping of the
platform and reefal units. Hole Clino, 7 km closer to the modern platform edge,
penetrated a single interval of shallow platform and reefal sediments overlying a thick
succession of slope sediments. The nearly 500 m of fine sand to silt-sized slope
sediments below 200 m have a variable amount of planktonic foraminifera and are,
except for some intervals with coarse-grained, mainly skeletal sands, remarkably poor in
coarser material.

This succession of depositional environments (Figures 3, 4) reflects the
progradation of the platform top over the underlying slope sediments. The platform rim
prograded over 25 km to the West into the Straits of Florida (Eberli and Ginsburg,
1989).

Not only the depositional lithology, but also the diagenetic overprinting changes
several times downhole (Melim et al., 1994). The upper parts of both holes are
characterized by early marine and subsequent intense freshwater diagenesis. Many
samples show intense dissolution features, as well as extensive cementation, which led to
rock-fabrics with characteristic elastic properties. In the lower part of Clino, the
periplatform slope sediments show no major alterations. Characteristic for these zones
of the cores are the dissolution of fine aragonitic components and the lack of
cementation. Some parts of the cores have high micritic content and could preserve their
aragonitic components due to low permeability, which inhibited high fluid-flow that
would have been necessary for dissolution of the metastable grains (Melim et al., 1994).
Only the coarser, platform-derived turbidite layers are more cemented. Little dolomite
occurs in lower portions of the core and reaches 50% below a hardground at 536 m.
Dolomitization in Unda is much more pervasive than in Clino - whole sections are
completely dolomitized. Dolomite content increases below several hardgrounds and
forms either a fabric-destructive sucrosic dolomite or a crystalline mimetic dolomite,
depending on the precursor sediment (Dawans and Swart, 1988). For instance, the top
of the lower reef-unit in Unda (293 m), a distinct lithological and rock-physical
boundary, marks a change in dolomite type from sucrosic dolomite above the reef, to
crystalline mimetic dolomite in the reef. Several layers of sucrosic dolomite appear
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further below and are probably the result of more fine-grained lithologies within the

coarser reefal units. In the lowest part of Unda, dolomite disappears and the rocks show

again intense dissolution features.

V M. dei Fiori
\

Gran Sasso

Quaternary volcanoes

—| Pelagic sequences (Umbria-Marche)

Carbonate turbidites, .
Slope and base of slope deposits )

11 Carbonate platforms:
T A. Apulia
B. Southern Limestone Apennines

Adriatic Sea

—~——~v Thrusts

—ﬁ——v— Subsurface front of allochthonous units

Figure 5: Location of the Montagna della Maiella in Central Italy and relative position of
the carbonate platforms of Apulia (A) and of the Southern Limestones Apennines (B). The
Apulian platform is partly covered by fore-land deposits and allochthonous units of the
Southern Apennines and only marginally involved into Tertiary thrusting in the Montagna

della Maiella. From Eberli et al., (1993).
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Velocity Samples from Outcrops: Montagna della Maiella (Abruzzi, ltaly)

186 samples for velocity measurements were collected in the Montagna della
Maiella, Central Italy (Figure 5), which is a part of the Apulian carbonate platform. It is
an uplifted and exhumed carbonate platform margin that is exposed in several valley
flanks. The exposed platform and slope carbonates range in age from the Late Jurassic
to the Late Miocene. The velocities of these carbonates, which underwent burial
diagenesis, were determined for two purposes. One for the study what controls sonic
velocity in carbonates; these Lower Cretaceous to Late Miocene samples provide data for
completely altered and cemented examples. In addition, knowledge of the physical
properties, in combination with an assessment of the large-scale geometrical pattern of
outcropping rock-formations, will in a second study (Part D) be used to construct
synthetic seismic sections (Anselmetti et al. 1991).

The Maiella carbonate platform margin was characterized by a steep escarpment
during Early Cretaceous time that was buried during the Late Cretaceous and developed
into a low-angle ramp in the Paleogene. In the Cretaceous, the sediments of the external
platform are mostly rudist biostromes and carbonate sandbodies, whereas the platform
interior is mainly made of limestones deposited in a shallow subtidal to supratidal
environment, such as wackestones and fenestral mudstones (Crescenti et al., 1969;
Bernoulli et al., 1992; Sanders, 1994). A distinct "mid"-Cretaceous, karstic
unconformity separates the Cretaceous platform section into an upper and a lower unit.
On the adjacent slope, several megabreccias onlap this platform margin (Accarie, 1988;
Vecsei, 1991; Eberli et al., 1993;). They were deposited during sea-level lowstands that
caused the exposure of the platform top and the erosion and downslope transport of
platform fragments. These breccias are intercalated with calcareous turbidites and pelagic
chalks that form the normal background sediments. The steep escarpment was infilled in
the Maastrichtian. In the Paleogene, several sea-level fluctuations caused aggradation and
subsequent erosion on the platform top and margin, followed by a relative deepening of
the platform which resulted in a back-stepping of the platform margin in the Eocene.
Finally, during the Late Eocene and Early Oligocene, reefal units of the platform margin
prograded over the former deeper shelf and slope deposits and formed a wide and
shallow shelf. This general evolution of backstepping and prograding of an isolated
carbonate platform has striking similarities with the evolution of the modern Great
Bahama Bank (Eberli et al., 1991).

Unlike the Great Bahama Bank, the Maiella platform margin shows almost no
signs of dolomitization. This explains why, despite their older age, original lithologies
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are generally better preserved than many dolomitized Bahamas carbonates. Some of the
bioclastic sands of the Upper Cretaceous still have porosities of over 30 %, whereas
most of the platform deposits are densely cemented (Mutti, 1994).

A.3. METHODS OF LABORATORY ANALYSES

Sampling Technique

The samples used for velocity determinations were cylindrical miniplugs 2.5 or 3.8
cm in diameter. The miniplugs of unconsolidated mud from Florida Bay were sampled
from short push cores 7.6 cm in diameter. In order to avoid compaction and fabric
destruction during sampling, a thin-wall tube with a diameter of 3.8 cm was used to cut
the miniplugs vertically out of the cores. The 2 - 4 cm long cylinders were compacted
longitudinally by a hydraulic press with a uniaxial pressure of up to 170 MPa. The
velocities of the mud samples were measured at variable degrees of compaction. The
maximum compaction attained was approximately 50%, so that the initial porosity of
63% was reduced to 26%. The samples from the Bahamas deep drillholes were cored
horizontally, or occasionally vertically, into 7.6 cm diameter cores. Plugs from the
Maiella were cored from hand samples collected from outcrops. All rock cores were
trimmed to a length between 1.5 and 5 cm. The end surfaces were polished to make
them flat and parallel in order to allow good transmission of the acoustic signal.

Velocity Measurements

The velocities of all Bahamas samples and from 114 (out of 186) Maiella samples
were measured at the Petrophysics Laboratory at the University of Miami using a pulse
transmission technique (Birch, 1960) with an apparatus shown in Figure 6. The samples
were water saturated and jacketed in rubber or heat shrink tubing, which seals the pore
fluid from the confining oil in the pressure vessel. Confining and pore fluid pressures
were chosen independently to simulate in situ conditions of a buried sediment. Pore
fluid pressures as high as 50 MPa can be obtained, but most experiments were run at 2
MPa. Confining pressure was varied between 3 and 100 MPa, resulting in an effective
maximum pressure (confining pressure minus pore fluid pressure) of up to 98 MPa.
However, many samples collapsed and failed at pressures below 100 MPa.
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Within the end caps, piezoelectric
crystals create a signal with a center
frequency of 0.6 to 1.2 MHz. The same
pair of transducers generates one
compressional wave signal (Vp) and two
orthogonally polarized shear wave
signals (Vsl, Vs2). The transducers are
arranged so that the waves propagate
along the core axis. The electrical signal
produced by the receiver crystal is
amplified, filtered, and fed into a digital
oscilloscope. The oscilloscope digitizes
the ultrasonic signals and transfers the
digitized waveforms to a Macintosh
Quadra computer for display and time
series analysis. A customized analysis
software package collects the data as a
function of effective pressure, and
calculates the travel times of the signals
as well as the three velocities (Vp, Vsl,
Vs2) at every pressure step. The Vs
used for the calculation of the Vp/Vs
ratio is the mean Vs of the two
measurements.

The velocities of the compacted
mud from Florida Bay were measured
with the same set of transducers but with
a benchtop measuring system not under
confining pressure. This measuring
system allows recognition of compaction
due to the axial pressure of the
transducers during the measurement.
The two transducers were pressed
together with a piston at an axial pressure
of 0.1-1 MPa. This relative low pressure
allowed the transmission of the signal
from the transducers into the mud,

but did not compact drastically the still

pore fluid
pressure
signal out to
oscilloscope
& computer signal in
D — -

upper
transducer

lower
transducer

oil = confining fluid

piston of pressure vessel

Figure 6: Schematic cross-section of
ultrasonic velocity-meter at the petrophysics
laboratory of the University of Miami.
Confining pressure and pore fluid pressure
can be chosen independently so as to
simulate true in situ conditions of a buried
sediment at any depth. An elastic jacket
seals the pore space with the pore fluid from
the confining oil. Maximum confining
pressure is 100 MPa (1 kbar).
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deformable mud samples. Some measurements were performed on uncompacted mud;
however, the minimum required transducer pressure reduced the sample length by a few
percent. Corrections for length change are made in order not to produce errors in the
velocity determination.

A suite of the Maiella miniplugs (72 samples) were measured with a similar
apparatus in the petrophysics laboratory at the University of Geneva, Switzerland. The
transducer pair of this machine only creates a compressional wave signal. These
measurements were performed under dry conditions without pore fluid pressure and
under confining pressures varying up to 400 MPa.

The precision of the velocity measurements is mainly a function of the properties
of the sample. In well-cemented, high-velocity samples, the lower transducer receives a
clear peak as the first break, which allows measurements of velocity with an error of less
than 1% to be made. Friable, unconsolidated samples tend to compact and reduce their
sample length by up to 5 %. In addition, they sometimes produce only a moderate first
break signal, especially for Vs, so that the error of velocity determinations in these
difficult samples is probably approximately 5%.

Additional Propetrties
In addition to the velocity determinations, several other analyses were performed.
Petrography

X-ray diffraction analyses were performed on the cut-offs of the drilled plugs from
the Bahamas samples. Calibration of these results with carbonate-standards allowed for
the determination of the percentage of calcite, dolomite and aragonite in each sample.
The cut-offs of the miniplugs were also used to make thin sections from all Bahamas
samples and from most Maiella samples. Thin sections were examined in order to
determine sediment-type, composition, grain size, porosity-type and diagenetic
alterations. These observations enable the physical properties to be correlated with the
lithological parameters.

Density
Dry bulk-densities were calculated by weighing the oven-dried rock plugs and

calculating the volume by measuring the diameters and lengths. Because these almost
pure carbonates consist dominantly (>95%) of three carbonate minerals, the percentage
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of the minerals (XRD) determines a theoretical grain density (matrix density), which can
be calculated using the plain mineral densities (Carmichael, 1989): '

_ % calcite « p calcite + %o dolomite » p dolomite + % aragonite o p aragonite

100

P grain

p calcite=2.71 g/ cm?; P dolomite = 2.87 g/ cm®; P aragonite = 2.93 g/ cm®

This method does not work if the mineralogical composition of the sample is not
limited to carbonate minerals. In this dataset, only samples from the karstic "mid"-
Cretaceous unconformity in the Maiella contain a significant amount of non-carbonate
minerals, such as aluminum and iron hydroxides. Some of the Miocene hemipelagic
carbonates were expected to contain some clay minerals. To obtain the grain density of
these lithologies, some samples were powdered and the grain density determined with a
helium pycnometer at the Free University in Amsterdam. To compare the results, some
pure carbonate samples were also measured there. In addition, carbonate content was

determined on the same samples (Table 1).

sample # lithology grain CaCO3
density content
cm3 %
FA139 carbonate (from platform) 2.732 100.0
FA196 carbonate (rudist sand) 2.719 100.0
FA183 hemipelagic carbonate 2.677 873
FA184 hemipelagic_carbonate 2.673 86.6
FAl47a cemented bauxitic sand 3.008 356
FA147b cemented bauxitic sand 3.014
FA149a cemented bauxitic nodules 3.182 28.2
FA149b cemented bauxitic nodules 3.153
FA150 breccia of bauxites and carbonates 2.887 544

Table 1: Grain density and carbonate content of selected samples from the
Maiella (performed at Free University, Amsterdam). Grain densities were
measured on powdered samples in a helium pycnometer. Sample FA196 and
FA139 represent the vast majority of pure carbonates with a grain density close to
the density of calcite. Note the slightly lower grain densities of the hemipelagic
rocks and the extremely high densities of bauxites.
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The grain density of the pure Maiella carbonates lie around the plain calcite value
(2.715 g/cm3), because no significant dolomite was found, whereas the hemipelagic
carbonates have, probably due to some clay content, a slightly reduced grain density.
The bauxitic samples show a significantly higher grain density, depending on the content
of the iron and aluminum hydroxides. These high grain densities have to be taken into
account for calculating the rock porosity.

Porosity

Rock porosity is calculated by comparing the grain density (matrix density) with
the measured dry or saturated bulk density:

% porosity
100

_ % porosity

bulk =
pou 100

* P fluid + (1 )- p grain

or

% porosity _ P grain-p bulk
100 p grain - p fluid

This easy way of determing rock porosity was compared with the results from
other techniques like helium densitometry and Archimedes principle. The porosity
values obtained by the described method are systematically 0-3 % higher than porosities
obtained by the other methods. The difference is caused by the fact that the helium
densitometry as well as the Archimedes method require the complete penetration of a
pore fluid or gas (water and helium respectively) into the pore space and therefore are a
function of permeability. In addition, isolated and closed porosity is not penetrated by
the pore fluid and is therefore not detected, whereas the method based on the density
measurements and X-ray analyses considers this closed porosity.

A method of image analyses was applied to some samples. This method can
document porosity and pore types by using a scanned color photomicrograph. The blue
impregnated porosity is converted on the scanned image to black, whereas all non-blue
sediment particles are converted to white. The black-and-white pattern can image the
structure of the pore space and allows for the determination of pore types and total
porosity. Micro-porosity however, is not detected by the scan.

Permeability

Klinkenberg and air permeabilities with nitrogen were determined on some
minicores from parts of the Bahamas drillholes, where the drilled core allowed additional
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sampling of miniplugs directly adjacent to the velocity samples. Permeability
measurements on these minicores were performed by Marathon Oil Company, Houston.
In addition to these permeability measurements, a handheld permeameter was used to
measure permeability directly on the drilled cores. These data, which were not used in
this study, allow for a more continuous investigation of variability and controls of
permeability in the cores (Melim and Anselmetti, 1994).

A.4. VELOCITY DATA

All petrophysical and lithological data of the measured minicores are listed in the
Appendix in Tables 5, 6 a+b (Maiella samples), Tables 7 a+b, 8 a+b (Bahamas
samples), and Table 9 (Florida Bay samples).

Vpand Vs

In the following descriptions and correlations, velocities at a confining pressure of
10 MPa and a pore fluid pressure of 2 MPa are discussed. The resulting effective
pressure of 8 MPa (10 MPa for dry samples) is high enough to allow good signal
transmission but does not cause significant fracturing in the highly porous samples. The
Vp measurements on dry samples are also presented here, because major differences
between dry and saturated Vp are only expected in rocks with a dominant crack-porosity
(Nur and Simmons, 1969), whereas the saturation of round-shaped pores, abundant in
the samples of this study, does not influence Vp drastically.

Despite the limited variability in mineralogy, the measured carbonates have an
extraordinary wide range in velocities. Vp varies between 1700 and 6500 m/s, and Vs
between 700 and 3400 m/s. The three different datasets have different ranges of Vp and
Vs (Figure 7). The unconsolidated mud-samples from Florida Bay have the lowest
velocities with minimum Vp and Vs of 1700 and 700 m/s respectively. The Bahamas
and the Maiella samples reach velocities of up to 6500 m/s (Vp) and 3400 m/s (Vs).
Unlike siliciclastic sediments, where variations in mineralogy (e.g. clay-content) can
cause large velocity contrasts, the different carbonate minerals, calcite, dolomite and
aragonite, have very similar physical properties so that differences between them cannot
be responsible for the large variability in velocities.
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Figure 7: Range of Vp (left) and Vs (right) for all samples of the three investigated areas (at 8
MPa effective pressure). The Maiella samples (a) have higher average velocities than the
Bahamas samples (b). The artificially compacted mud samples from Florida Bay (c) have, despite
compaction of up to 50 %, only low velocities. The large range of velocity in all samples is
remarkable for the restricted mineralogy of these pure carbonate sediments.
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Figure 8: Range of acoustic impedance of the Bahamas and Maiella
samples (at 8 MPa effective pressure). Impedances of high-velocity and
dense rocks are over five times higher than impedances of low-velocity rocks.
These impedance variations in the pure carbonates are caused by differences
in fabric and not by differences in composition. The large range explains the
good reflectivity observed in many seismic sections recorded over carbonate
sediments (see Chapter C).

Acoustic Impedance

The observed ranges of Vp and Vs and therefore the large contrasts in acoustic
impedance (Figure 8) can explain the excellent seismic reflectivity of many seismic
sections recorded over pure carbonates. The two drillholes in the Bahamas for instance
have acoustic impedance values that range from 3.8 - 17.4 106 kg/m?2s. As will be
discussed in Parts B and C, the observed good reflections on seismic sections, often
believed to be caused by intercalations of carbonate and non-carbonate sediments, can in
fact be explained by variations in the fabric of the carbonates.
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Figure 9: Vp/Vs as a function of Vp (at 8 MPa effective pressure). The wider
range of Vp/Vs towards higher values in low-velocity rocks shows that shear
waves are more affected by high-porosity fabrics than compressional waves.
Some of the extreme low and high values might be caused by a questionable
registration of the arriving Vs signal, in particular in high-porosity rocks.

Vp/NVs

Compared to other studies of Vp/Vs ratios in sedimentary rocks (Tatham, 1982;
Rafavich et al., 1984; Wilkens et al., 1984; Johnston and Christensen, 1992, 1993), the
Vp/Vs ratios of this study, which were only measured under saturated conditions, have a
very wide range and reflect the large variety of encountered carbonate fabrics. The cross
plot of Vp/Vs with Vp in Figure 9 shows that Vp/Vs in indurated, low-porosity rocks
with high Vp normally falls between 1.8 and 2, which is in good agreement with the
measurements of limestones and dolostones by Johnston and Christensen (1992). At
lower Vp, the Vp/Vs ratio can reach much higher values of up to 2.8. These higher
Vp/Vs ratios reflect the fact that, in general, Vs is more affected by the highly porous




