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Abstract - English

Abstract

Larger foraminifera occurred abundantly in many Paleogene shelf carbonate platforms
and were influenced by global and local factors. Ecology (e.g. temperature), geology
(e.g. sea level changes) and evolution (e.g. population dynamics) affect the abundance
and structure of larger foraminiferal communities. Water motion is the most important
physical factor in shallow water environments directing the distribution of living
individuals, and the distribution of empty shells mainly follows the input produced by
water motion. The relationship between the biotic composition and the fossil association
must always be taken into account for interpreting the palacoenvironment. The shape of
nummulitids and its relation with systematics on the one and water motion on the other
side allows fascinating results. Concerning larger foraminifera, especially nummulitids,
shape variation, size and internal structures are highly correlated with taxonomy. These
parameters strongly influence the distribution of foraminiferal tests on a slope induced
by water motion. Because of these correlations, estimations of palacodepth can be based
on the species distribution in the fossil environment. The calculation to obtain the
hydrodynamic answer of nummulitid tests was applied to species belonging to the
genera Nummulites and Assilina, as well as to some operculinids. The value of the
hydrodynamic answer of a single test considers size, shape and density, and it is the
combination of these variables that express the hydrodynamic behaviour of the
specimen. Consequently, the diversity of forms collected within a layer is characterized
by the same hydrodynamic behaviour. From a palacoenvironmental point of view, due
to sorting induced by water motion, transported tests with similar hydrodynamic
behaviour are deposited in the same hydrodynamic environment. The measured and the
calculated parameters allowed the definition of transport / deposition boundary and the

location of accumulation areas.






Abstract - German

Zusammenfassung

Grofiforaminiferen unterschiedlicher systematischer Zugehorigkeit bildeten in
verschiedenen geologischen Zeiten michtige Ablagerungen, die sich rdumlich weit
erstrecken. Solche Ablagerungen von Nummulites sind {iber einen Zeitraum von ca. 30
Millionen Jahren vom Jiingeren Paleozin bis in das Altere Oligozin immer wieder
anzutreffen. Die Interpretation der Umweltbedingungen zum Zeitpunkt dieser
Ablagerungen war in den letzten 50 Jahren ein heiBler Diskussionspunkt. Dies liegt
teilweise in den Schwierigkeiten der Interpretation fossiler Gesteine selbst,
insbesondere wenn der aktualistische Bezug durch das Fehlen rezenter vergleichbarer
Organismen nicht angewendet werden kann. Ein Weg zur Klarung ist die Untersuchung
der hydrodynamischen Eigenschaften von Nummuliten-Gehdusen. In den letzten 50
Jahren konnten Sedimentologen in zahlreichen Arbeiten die hydrodynamischen
Eigenschaften von Sedimentkérnern erklédren, insbesondere was den Transport und die
Ablagerung wihrend unterschiedlicher Wasserbewegungen (oszillatorisch oder
gerichtet) sowohl im seichten als auch im tieferen Wasser betrifft. Zur selben Zeit
erklarten Paldontologen die Verbreitung lebender GroB3-Foraminiferen unter
Verwendung komplexer statistischer Methoden. Mit diesem Datensatz ist es nun
moglich, mit wenigen Kennzahlen (Parametern), die Anreicherung der fossilen Formen
zu erkldren.

Innerhalb der Nummuliten, bei denen zahlreiche Gehdusemerkmale von
Umweltbedingungen beeinflusst wurden, bendtigt man nur zwei, namlich die
Gehéuseform und die Dichte, um das Abheben, die Transportweite und das Absinken zu
berechnen. Zur Berechnung der beiden oben genannten Kennzahlen geniigen zwei
Abmessungen, namlich der Gehdusedurchmesser und die Gehdusedicke.

Nach Berechnung der hydrodynamischen Parameter wurden diese mit experimentellen
Werten verglichen. Da diese Korrelation extrem signifikant ist, lassen sich die
hydrodynamischen Parameter fiir alle Formen mit nummulitiden Gehéusen berechnen.
Die Transportféhigkeit der Gehduse konnte anhand ihrer Sinkgeschwindigkeit definiert
werden: man findet Foraminiferen am héufigsten in jener Wassertiefe, wo die
Wasserenergie schon zu schwach ist, um die Gehduse abzuheben. Weil die

Foraminiferen, um die Photosynthese ihrer Symbionten zu ermdglichen, so viel Licht



Abstract - German

wie moglich zu absorbieren versuchen, leben sie bevorzugt in jener kritischen Tiefe, wo
einerseits das Licht noch intensiv ist, andererseits die Wasserenergie nicht zu hoch ist.
Um vom Substrat nicht abgehoben zu werden, miissen die Foraminiferen Gehduse mit
bestimmten Widerstandkoeffizienten bauen.

Durch die hohe Korrelation zwischen den hydrodynamischen Gehduseparametern und
der Wasserenergie, die durch die oszillatorische Wellenbewegung am Boden wirkt,
lasst sich die durchschnittliche Wassertiefe, in der die Foraminiferen lebten, ermitteln.
Wichtig ist jedoch, dass nicht nur die Transportfahigkeit der Gehduse, sondern auch die
Funktion von strukturellen Gehdusemerkmalen die Tiefeverteilung der einzelnen Arten

charakterisieren.
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It was probably on Thursday April 12" 2007, the day I gave my first talk to the scientific staff of
the Department of Palaeontology, University of Vienna. It was the most horrible day of my carrier,
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Vienna to find an austrian adapter for my italian laptop and I could not practice my talk, To show
my presentation I received a laptop with some Rind of old-fashion slide program, which - because of
common compatibility problems - produced funny slides, distorted artistically my figures and mashed
together my animations. It was terrible. The public knocked on the desks as soon as I finished my
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mashed and distorted topic, I do remember one: "Very nice work, very interesting... yes... climbing up
there...but, did you consider transport into your studies?"

‘Transport?"

The rest is history.
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Introduction

Taphonomy is defined as the branch of science dealing with the preservation of
organisms and their traces in sediments. Proposed by Efremov (1940), it literally means
the laws of burial (rapog¢ = burial, vouoc = law). The definition of taphonomy as
reported in Efremov's work reads as follows: "the study of the transition (in all its
details) of animal remains from the biosphere into the lithosphere" (Efremov, 1940, p,
85). Consequently, it includes all the processes that may happen between the organism's
death and its finding in the rock as whatever rest it has became, considering also the
non-preservation condition. Thus, it deals with death, dissolution, abrasion, transport,
diagenesis, and many other processes.

However, taphonomy goes beyond a mere list of different themes. It is the study of the
sequence of processes, which allow the recognition of fossil forms (both body and trace
fossils). The definition of the environment (or environments) that may have contained
the fossil during its preservation history is a dominant part within a taphonomic study.
Taphonomy, in all its related fields (geochemistry, sedimentology, taxonomy,
mathematics, tectonics etc...) plays a pivotal role in understanding the processes behind
preserved or dissolved fossil. It is not only a matter of considering fossil forms (or their
evidence) as autochthonous or allochthonous; but it is a matter of recognizing what was
present and it is not anymore. Taphonomists should recognize the presence of fossil
associations even when they are no more preserved.

From this point of view, the fossil record becomes a huge source of information about
palacocommunities and their environments; often displaced through space and time, not
easy to collect, even more complicated to correlate and understand. Different time
scales may be fused together at different levels: the instantaneous event may be
embedded into a long time scale event; thousands or million of years may be erased in a
snatch. Most of times, what we see is a poorly preserved incomplete story. However, to
reconstruct the past, we should consider those missing parts not preserved or not
recorded; but quite often, it is not like this.

Taphonomy, in respect to taxonomy or evolution or even biology, is a relative young
and complex science and it is so strictly connected to many others disciplines that it is

very difficult for scientists and taphonomists to care about all those aspects in a rigorous



Introduction

way and simultaneously. Due to its variety of aspects and themes can taphonomy be
studied, many scientists are approaching the topic with always more details, methods
and results.

During the last decades, taphonomy became always more prominent within many
studies concerning palacontology and geology. Among all the taphonomic aspects, the
preservation of the fossil organisms, strictly related to its geochemical aspects, is
playing the major role. Soft tissues preservation and dissolution conditions are very
common topics in recent taphonomic studies. However, as stated here, at the very
beginning taphonomy goes beyond these starting issues.

The way to preservation in the fossil record is quite articulated; every single fossil has a
specific story and could have been exposed to several taphonomic processes (transport,
burial, diagenesis, etc.), sometimes causing its death but always acting after death.
Depending on their presence and operation mode through time, there can be evidence of
different taphonomic pathways.

Most of the previous taphonomic studies were based on shelly fossils and nomenclature
was mainly based on such group of invertebrates (Kidwell et al., 1991). Terms as
biocoenosis, thanatocoenosis, taphocoenosis and orictocoenosis are well known in the
literature and scientists refer to such terms to delineate the taphonomy of an organism
(Figure 1).

Thus, the main task of taphonomy is to find the way back from fossil remains to the
original biocoenosis, meanwhile always considering such processes as transport,
dissolution, destruction, accumulation, which might have been occurred at any time
during the period of fossilization. For taphonomic analyses in marine environments, this
should be a mandatory.

Concerning taphonomy, an integrated taphonomic study including sedimentology,
mathematics and taxonomy, focusing on transport mechanisms of organisms in the
marine systems is so far unknown. Even if shallow water environments are considered
as the hot spots for biodiversity, a systematically based taphonomic study dealing with

abundance of organisms and hydrodynamics is still missing.
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Introduction

A study on processes altering the abundance of fossils and their preservation is quite
complex. The recognition and quantification of all mechanisms (physical, chemical and
biological) acting on the organisms by reducing their number are still an unclear topic,
even approaches by field observation, various methods and comparisons of data allows
insight on the intensities of these processes. Some of these approaches require
mathematical calculations with complex formulas or laboratory experiments, and are
mainly avoided by many taphonomists even if the results can be very useful for
palacoenvironmental reconstructions and palaeoecological characterizations. Between
the two important topics in taphonomy, transport and dissolution, the latter is the one
where much was done in the past decades. By microfacies analysis and by experimental
simulations some results about transport are coming out; on the contrary, a throughout
quantitative analysis concerning transport and accumulation processes is still missing.
Transport and deposition are the results of energetic input on an organism remain and
may occur in terrestrial, lacustrine and marine environments. Transport effects can be
observed at a very large spectrum of scales. Wind generated sediments, seabed forms,
sorting, grading, selection and many others are the product of energy input into a certain
environment. Deposits of tsunamis, landslides, rock fall, ripples or traction carpets are
examples how diverse the results of different energy input may be with different
intensity and different time intervals. Such energy inputs are mainly due to gravity,
solar insolation and Earth’s rotation. The study of transport in an aquatic scenario is a
well-known topic and the way that particles react to water input is well documented in
the literature. The analysis of hydrodynamics and the hydrodynamic behaviour of
particles have a long history and sedimentologists can explain seabed forms and grain
sorting by quantifying shape, size and density of the particles and the energy of the
transport input.

Currents, streams and deep transport may always occur with different energy from
shallow waters to deeper environments; produced by different causes, such processes
may lead to a high diversity of results depending on several variables. In high-energy
scenarios (shallow waters, escarpment, steep slopes, etc...), transport may play the major
role in forcing the spatial distribution of particles and of organisms. In low energy

scenario, transport may not occur or can act only for the smallest sediment's particles.
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Introduction

Foraminifera, among the many groups of organisms living in high-energy scenarios, are
considered as one of the most abundant and most diverse group in shallow water
environments. Such group has been studied intensively since the age of d'Orbigny and
Dujardin from the middle 1800. After more than two centuries, an assessed taxonomy
allows clear definition and recognition of species based on morphologic variations and
many taxa are considered as ecological and environmental proxies. A small group of
taxa within the class Foraminiferida is characterized by larger size, extreme
morphologic differentiation and by the possibility to host light dependent
endosymbionts: the so-called Larger Benthic Foraminifera (LBF herein). The
taphonomic analyses presented in this work are based on this informal group of
foraminifera, particularly concentrated on their hydrodynamic behaviour and on the
transport mechanisms they are subjected to.

Foraminifera were, in some parts of the fossil record, the organisms group most
abundant and most differentiated; under convenient ecologic conditions; they could
build multi kilometric monospecific assemblages still visible nowadays. Because of
their benthonic life style and their photosynthetic symbionts-bearing characteristic, LBF
had to survive at certain water depths where the endosymbionts could get enough light
for photosynthesis. As marine organisms, the photic zone is only suited to get enough
light for the symbionts. At the same time, such environments are always characterized
by high energetic hydrodynamics, which may act on the seafloor keeping particles in
suspension, i.e., transporting foraminifera test out of their habitat, killing or destroying
them. The evidence that LBF can survive such extreme environments constantly proved
by intense energy inputs, leads to hypotheses on suitable methods developed by these
single celled organisms building tests capable at the same time to resist water motion
and let the hosting symbionts survive.

For this reason, a taphonomic study on this organisms group focused on transport and
their hydrodynamic behaviour is very important for palaeoenvironmental
reconstruction; even more if considering the amazing morphological diversity, which is
able to produce the same drag to transport input. In the literature, no comparative
analysis between recent and fossil forms about transport intensities and processes and
results exist. As experienced during this work, the study of the hydrodynamic behaviour
in LBF and specifically in nummulitids allows fascinating results concerning biology,

shell morphology, reproduction strategies and ecological characterization of such group
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of organisms that can be assessed also in the fossil record. As the hydrodynamic rules
follow physic laws of dynamics, the use of such laws in the fossil record is permitted.
As already stated, LBF are an informal group within the foraminiferida possessing an
extraordinary morphological diversity which led taxonomists producing a very large
spectrum of characters useful for systematics and a consequently abundant number of
taxa defined by morphological changes trough time. Such very high morphological
diversity and complex taxonomy produced an articulated differentiation of forms,

whose correlation with environmental gradient fits very well (Figure 2).
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Figure 2: Palaeoecological distribution of LBF as published by Luterbacher (1984).

The definition of a morphocoenocline, proposed by Hohenegger (2006) and tested on
the morphological diversity of larger benthic foraminifera, is based on species
characteristic combination of morphological characters depending on an environmental
gradient. Such feature leads larger benthic foraminifera to be one of the best-suited
groups of organisms considered as a key for ecological analysis in fossil and recent
environments.

This use of LBF for ecological as environmental indicators led to some considerations
and questions at the beginning of this work. How is it possible that LBF are considered
ecological and environmental proxies, if they live in shallow water environments with
an energetic scenario very variable and intense? To survive within their habitat, they

have to resist water motion, at least, until reproduction. As solution against water
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motion, some species developed fixing strategies by using special anchoring systems;
others hide themselves below sediment grains. However, the majority of the species do
not posses any of these adaptive strategies; they must have test geometry able to resist
water motion and, at the same time, large enough to host endosymbionts for
photosynthesis. Thus, at the beginning of this research, the main task was the
quantification of the hydrodynamic behaviour of nummulitids shape and the study of all
the many hydrodynamic parameters useful for environmental and ecological
reconstruction. Even if its importance has been affirmed in many studies, the
hydrodynamic behaviour of nummulitids was still poorly described.

During the last decade, many theories were provided to understand the post mortem fate
of nummulitid foraminifera and several depositional models have been proposed to
understand the palaeoecology, palacoenvironment and hydrodynamic behaviour of
nummulitids. Previous studies have shown that large benthic foraminifera can be easily
reworked by waves and currents (Yordanova & Hohenegger, 2007) and several authors
pointed out that the hydrodynamic behaviour of Nummulites is an important factor
controlling their distribution (Jorry et al, 2006). Main factors controlling and
differentiating the hydrodynamic behaviour of every object are size, density and shape.
From these three parameters, many others can be calculated to get more information on
particle hydrodynamics. The following hydrodynamic parameters were thus calculated:
settling velocity, shear velocity and critical shear velocity, critical shear stress, shape
entropy, drag coefficient and Reynolds number (Briguglio & Hohenegger, 2009a).
Results were compared with those obtained using optimally preserved shells of recent
nummulitids by experiments made by Yordanova & Hohenegger (2007) (Briguglio &
Hohenegger, 2008). Since the results were highly comparable, it was possible — without
any laboratory analysis — to reconstruct a shallow water zonation based on species-
specific hydrodynamic parameters, which characterize every form and its reaction to an
energy input (Briguglio, 2009). The extraordinary diversity in morphology visible and
measurable on LBF, leads to an extraordinary diversity in hydrodynamic answers due to
a single given input (Briguglio & Hohenegger, 2009b). Such diversity in hydrodynamic
behaviour as answer to a single energy input may lead to the differentiation of
ecological niches allowing occupation of several habitats in shallow water
environments, or the development of hydrodynamic convenient shapes with a direct

correlation shape / depth (Briguglio & Hohenegger, 2010a).
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The correlation between morphological characters and water depth has been treated for
long time with great results but a further step, i.e., the correlation between
morphological characters and energetic scenario has not yet been investigated neither
theoretically nor quantitatively. A quantitative research on how intensively foraminifera
do react to water motion is still missing; the correspondence between shell morphology
and water depth, well known and assessed by biological arguments, can be extended
including hydrodynamic behaviour of such organisms. This is the goal of this thesis.
The first step was to understand the hydrodynamic behaviour of nummulitids by the
analysis of the main parameters characterising their test: density, shape and size.

The study on sizes was possible by using shape free parameters, which, among different
uses, allow the comparison between tests of different sizes (i.e., species, family). In this
way, the use of a Nominal Diameter is essential (Briguglio, 2008). Once the shape free
parameters have been established, the dimensionless sphere settling velocity was
calculated as well as the Critical Shear Velocity (Briguglio & Hohenegger, 2009a). It
has been tested that both parameters are key-values for the transport/deposition
boundary definition (Briguglio, 2009).

Shape drives the equation process by reducing or increasing settling velocity: a
complete set of equation has been developed and tested to calculate shape entropy
produced by the shell and to evaluate the right formula to get the real settling velocity
(Briguglio & Hohenegger, 2010d). The calculated shape entropies formulas are
therefore diagnostic to choose the best-suited settling velocity equation. Some formulas
assume the falling object as spherical, others, most accurate for flatter species (i.e., disk-
like test such as Cycloclypeus carpenteri), take into account the ratios between the
projections of the three main axes of an ellipsoid containing the test and they strongly
reduce the settling velocity of a sphere. For plate-like tests or not rounded tests, the best
mathematical calculation is a formula where the volume/half-surface ratio is included;
such parameter significantly reduces the sinking effect and increases the accuracy of the
calculation.

Elemental mapping, EDX analyses (Figures 3, 4) and micro computed tomography (CT)
imaging (Figures 5, 6) have been used to identify test composition and to calculate
lumina volumes in order to evaluate the density of fossilised recrystallized specimens.

Density, plus size and shape dependent parameters were used to calculate the settling
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velocity of every test and let the settling velocity calculation being used also for fossil

tests (Briguglio & Forchielli, 2010).
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Figure 4: EDX analysis on the marginal chord of a fossil Nummulites perforatus. The elements
abundance is revealed by the graph below.

Obtained results and future possible applications are the main part of a paper (Briguglio
et al., accepted) that will be published in a volume of invited papers on LBF which

represents the proceedings of the session Tertiary Larger Foraminifera: Evolution,
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Biostratigraphy, Palaeoecology and Palaeobiogeography, which took place during the
62nd Geological Kurultai of Turkey, 13—17 April 2009, at the MTA-Ankara.

Beside the study of density, the published results concerning biometry and phylogeny
by mean of computed microtomography are of great interest (Briguglio & Hohenegger,
2010b, 2010c), even if not directly connected with hydrodynamics. More work will be
carried out in the future about such new technique and its application on recent and

fossil forms.

Figure 5: segmented and extracted lumina of a specimen of recent Operculina ammonoides by microCT
imaging.
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Figure 6: segmented and extracted lumina of a specimen of fossil Nummulites fichteli by microCT
imaging.

Once the hydrodynamic parameters have been calculated and their significance was
tested, the correlation between test morphology and the energy input given by water
motion at the sea bottom for every depth in shallow water environments was examined
in a third paper. The correlation between the high morphologic diversity (i.e.,
taxonomy) and the wave-induced bottom orbital velocity (BOV herein) gave exiting
results (Briguglio & Hohenegger, submitted). The main part of this paper (submitted to
Marine Micropalaeontology) deals with the correlation between water depth, species-
specific settling velocity and depth-specific BOV. The results seem to be of great
importance for the study of shell morphology and function. As explained in the
manuscript, every species has shape entropy and settling velocity very well comparable
with the energetic input acting at the water depth where the species is living and has its
ecological optimum. It means that LBF build tests able to remain within their ecological
optimum during lifetime at the energy condition caused by fair weather. Transported
organisms are due to higher energy conditions. Some exceptions and a detailed

discussion are reported in the paper.
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The calculation proposed is very innovative and broadly provocative because it takes
into account the near-bed orbital velocities caused by wind-generated waves: it has
never been considered before.

Such velocities are mathematically calculable for every wave and for every depth and it
seems that consistent velocities (able to act on low density particle and to produce
transport) may happen also at water depths of several hundreds of meters. If the relation
h = A2 defines the water depth where the orbital velocity reaches the sea floor (where 4
represents water depth and A the wave length), a wave of several hundreds of meters in
A (which is not very large; in fact waves can be much larger in A) may act to the
sediment at elevated depths. Now, depending on the nature of the sediment's particles
(density, shape and size), such wave-induced orbital velocity may or may not be able to
move the particle itself. Concerning wave motion and water depth, it is well known that
the sea wave base during fair weather condition is located at 20 - 30 meters and during
storm events the limit is located at 80 - 100 meters below the sea surface. Such depths
are actually considered for standard sediment particles, mainly quartz grains, with a
mean density of 2.65. LBF have a density slightly above 1.2, thus more than 50% less
dense that a ‘normal’ sediment grain. In deeper environments, the same energy input at
the sea floor cannot move a sediment grain but take in suspension foraminiferal shells.
The comparison between settling velocity and BOV for every test at each depth allowed
us the definition of species-specific transport/deposition boundaries (Briguglio &
Hohenegger, 2010a, Briguglio et al., submitted). That is why a hydrodynamic study of
shallow water environment should be always taken into account, especially for LBF
studies.

The hydrodynamic characterization of an energetic scenario should take into
consideration the relations between energy input and the answer given by the ‘objects’
located in the scenario in a kind of input/output regime. The energy input is normally
given by the quantification of water movement within the water column and can be
acted by currents, streams, sea waves, etc. The answer given by an object to such input
is quite complicated and requires some complex mathematics. It can be quantified in
many different ways depending on the kind of the input. It may be represented by its
critical shear velocity if it is the case of transport by entrainment or may be expressed in
term of Reynolds number if the turbulence plays an incisive role. It can be expressed as

sinking velocity due to gravity resisting the vertical water input. All this parameters,
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measurable in adequate laboratories requiring complicated techniques and time-
consuming methods, are now mathematically calculable.

The application of the hydrodynamic behaviour of nummulitids in the fossil record and
the use of the hydrodynamic equilibrium between settling velocity and BOV along a
vertical geological profile was the last step. The geological and palaecontological study
of a profile is a fascinating topic, which always can be expanded and the amount of
information a geologist can get from outcrops is enormous. Similar to taphonomy, an
outcrop can be approached by a very broad spectrum of disciplines: from lithology to
biostratigraphy, from stable isotopes to magnetostratigraphy. However, the
hydrodynamics of the organisms we find in rocks is a complementary approach
applicable for field works and palacoenvironmental reconstruction. A multitasking
approach is definitely the one giving the most comprehensive information about an
outcrop, but detailed analysis on the one topic or the other may provide extraordinary
results. The many equations used to reconstruct the hydrodynamic behaviour of such
organisms, were applied on samples and on sequences of samples. The concept of the
dimensionless velocities or the use of shape independent parameters or linear volume
size parameters allows comparison within samples and between samples with different
diversities. Different species may have lived in the same environment even if they
possess diverse morphology and still producing the same shape entropy or resisting
water motion with the same sinking rate. Often the taxonomic definition and
differentiation of LBF depending on shape parameters and comparable along certain
environmental gradient, are just specific hydrodynamic answers to a single energetic
input, but the species itself remains the same, it is just adapting itself to different water

input, then different water depths.

There are still many equations that must be corrected and proofed for a broader range of
forms and taxa; many topics need to be more specifically clarified and studied. We
strongly believe, that we proposed an innovative topic, provocative within its

conception and certainly of very broad interest.
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ABSTRACT - The main physical variables influencing the hyvdrodynamic behaviour of mummulitid tests are size, density and shape. After
measuring these variables, further parameters must be calenlated to obtain an approximation to the hvdrodynamic behaviour of the test. These
parameters are volume, nominal diameter, critical shear velocity, critical shear stress, shape entropy, shape-independent settling velocity,
settling velocity of a non spherical form, Reynolds number, and drag coefficient. Some of these data were calculated by combining shell
measurements with physical properties of the seawarer.

The aim of this paper is to explain numerical caleulations for qualifving and guantifving the hvdrodvnamic parameters of nummulitids.
Every single step or formula is important to evaluare the hydrodynamics of a particle or 1est respectively, especially in shall
where energy strongly varies depending on different physical factors induced by the climate and the topography of the platform. Several
methods o calenlate the same parameters arve also presented and compared 1o show the best-suited one for nummuditids.

In the fossil record, the faunal composition and the distribution of tests mainly depend on the twe groups of cause-event effects: in vita and
post mortem. Inferences about a fossil shallow benthic fauna must consider beside biological and ecological features further physical parameters
like transport and deposition leading 1o distinet distribution patterns.

SWEEr ERVIFe

RIASSUNTO - [Idrodinamica dei nummulitidi: Iesempio di Nemmudites globulus Leymerie, 1846] - Lo scopo dell articolo & di illustrare il
procedimento matematico che porta ad ottenere | parametri idrodinamici che servono a valtare la risposta dei gusci, sia in vita che post
mortem, ad un input energetico che ne pud causare il trasporto. La quantificazione del trasporto e la sua qualificazione avviene tramite il
caleolo matematico dei parametri idrodinamici del materiale trasportato: in questo caso { nummuditidi. I parametri calcolati sono, volume,
dicmetro nominale, velocita critica tangenziale, stress critico, entropia del guscio, velocita di affondamento adimensionale, velocita di
affondamento reale, numero di Revnolds e coefficiente di penetrazione. Le principali variabili fisiche che influenzano il comportamento
idrodinamico di questi gusci sono la taglia, la densita e la forma. Ottenute queste misure per ogni singolo esemplare, possono quindi essere
calcolati matematicamente ¢ statisticamente altri parametri per ottenere un guadro completo dellidrodinamica. L'esecuzione dei caleoli ¢ la
lore interpretazione danne un'immagine quantitativa e gualitativa del trasporto possibile per un dato ambiente. Sulla base dell analisi gui
riportata, lo studio delle caratteristiche idrodinamiche dei macroforaminiferi appare importante guanto lo studio delle caranteristiche biologiche
ed ecologiche inun comtesto di ricostruzione paleo ambientale. Soprattutto in ambienti di acqua poco profonda, dove questi organismi hanno
vissuto ¢ vivono con particolare abbondanza, lo studio dei comporiamenti idrodinamici delle associazioni diventa fondamentale sia per
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ricostruire le distribuzioni di fucies, sia per risalire alla ricostruzione delle caratieristiche fisiche dell'ambiente deposizionale.

INTRODUCTION

The shape of particles has many applications in
sedimentology, including paleoenvironmental
interpretation and sediment transport studies (Le Roux,
2004). Unfortunately, most works about
paleoenvironmental analyses do not include the transport
effect. Sand transport plays a vital role in many aspects
of applied sedimentology and engineering. Sea-sand may
be moved by tidal-, wind-or wave-driven currents, by
waves or often by both (Soulsby, 1997). Understanding
the intensity of the processes in terms of energetic input,
which occur in marine environment, and understanding
in which way every particle reacts to hydrodynamic
parameters is partially unclear because of the high
complexity. Previous studies have shown that modern
larger benthic foraminifera can be easily reworked by
waves and currents (Davies, 1970; Hohenegger &
Yordanova, 2001a, b; Yordanova & Hohenegger, 2007)
and several authors point out that the hydrodynamic
behaviour of tests is an important factor controlling their
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distribution in recent environment as well as in the fossil
record (e.g., Jorry et al., 2006). So far, the calculated
hydrodynamic behaviour of sand is in concordance with
the observed values obtained in laboratory using several
mathematical approximations. In the same way,
concerning nummulitids, several geometrical
approximations give the opportunity to compare their
shape with the shape of sand grains. These results can be
compared with those obtained by experimental analyses
on optimally preserved tests of recent nummulitids. The
parameters obtained by the theoretical and empirical
approach are extremely coincident (Briguglio &
Hohenegger, 2008). The aim of this paper is to propose a
methodology to obtain these parameters and to
extrapolate from mathematical analysis. The use of N,
globulus, and the choice of selecting only A-forms, is
just an example to demonstrate the calculation methods,
The discussion of the obtained results concerning N.
globulus is thus not the task of this paper: its aim is to
show the importance of hydrodynamic parameters for
paleoenvironmental reconstruction.
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ABSTRACT

The main physical variables influencing the hydrodynamic behaviour of nummulitid
tests are size, density and shape. After measuring these variables, further parameters
must be calculated to obtain an approximation to the hydrodynamic behaviour of the
test. These parameters are volume, nominal diameter, critical shear velocity, critical
shear stress, shape entropy, shape-independent settling velocity, settling velocity of a
non spherical form, Reynolds number, and drag coefficient. Some of these data were
calculated by combining shell measurements with physical properties of the seawater.

The aim of this paper is to explain numerical calculations for qualifying and quantifying

the hydrodynamic parameters of nummulitids. Every single step or formula is important
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to evaluate the hydrodynamics of a particle or test respectively, especially in shallow
water environments where energy strongly varies depending on different physical
factors induced by the climate and the topography of the platform. Several methods to
calculate the same parameters are also presented and compared to show the best-suited
one for nummulitids.

In the fossil record, the faunal composition and the distribution of tests mainly depend
on the two groups of cause-event effects: in vita and post mortem. Inferences about a
fossil shallow benthic fauna must consider beside biological and ecological features
further physical parameters like transport and deposition leading to distinct distribution

patterns.

RIASSUNTO - [Idrodinamica dei nummulitidi: ’esempio di Nummulites globulus
Leymerie, 1846]. Lo scopo dell’articolo ¢ di illustrare il procedimento matematico che
porta ad ottenere 1 parametri idrodinamici che servono a valutare la risposta dei gusci,
sia in vita che post mortem, ad un input energetico che ne puo causare il trasporto. La
quantizzazione del trasporto e la sua qualificazione avviene tramite il calcolo
matematico dei parametri idrodinamici del materiale trasportato: in questo caso i
nummulitidi. I parametri calcolati sono, volume, diametro nominale, velocita critica
tangenziale, stress critico, entropia del guscio, velocita di affondamento adimensionale,
velocita di affondamento reale, numero di Reynolds e coefficiente di penetrazione. Le
principali variabili fisiche che influenzano il comportamento idrodinamico di questi
gusci sono la taglia, la densita e la forma. Ottenute queste misure per ogni singolo
esemplare, possono quindi essere calcolati matematicamente e statisticamente altri
parametri per ottenere un quadro completo dell’idrodinamica. L’esecuzione dei calcoli e
la loro interpretazione danno un’immagine quantitativa e qualitativa del trasporto
possibile per un dato ambiente. Sulla base dell’analisi qui riportata, lo studio delle
caratteristiche idrodinamiche dei macroforaminiferi appare importante quanto lo studio
delle caratteristiche biologiche ed ecologiche in un contesto di ricostruzione paleo
ambientale. Soprattutto in ambienti di acqua poco profonda, dove questi organismi
hanno vissuto e vivono con particolare abbondanza, lo studio dei comportamenti
idrodinamici delle associazioni diventa fondamentale sia per ricostruire le distribuzioni
di facies, sia per risalire alla ricostruzione delle caratteristiche fisiche dell’ambiente

deposizionale.
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INTRODUCTION

The shape of particles has many applications in sedimentology, including
paleoenvironmental interpretation and sediment transport studies (Le Roux, 2004).
Unfortunately, most works about paleoenvironmental analyses do not include the
transport effect. Sand transport plays a vital role in many aspects of applied
sedimentology and engineering. Sea-sand may be moved by tidal-, wind-or wave-driven
currents, by waves or often by both (Soulsby, 1997). Understanding the intensity of the
processes in terms of energetic input, which occur in marine environment, and
understanding in which way every particle reacts to hydrodynamic parameters is
partially unclear because of the high complexity. Previous studies have shown that
modern larger benthic foraminifera can be easily reworked by waves and currents
(Davies, 1970; Hohenegger & Yordanova, 2001a,b; Yordanova & Hohenegger, 2007)
and several authors point out that the hydrodynamic behaviour of tests is an important
factor controlling their distribution in recent environment as well as in the fossil record
(e.g., Jorry et al, 2006). So far, the calculated hydrodynamic behaviour of sand is in
concordance with the observed values obtained in laboratory using several mathematical
approximations. In the same way, concerning nummulitids, several geometrical
approximations give the opportunity to compare their shape with the shape of sand
grains. These results can be compared with those obtained by experimental analyses on
optimally preserved tests of recent nummulitids. The parameters obtained by the
theoretical and empirical approach are extremely coincident (Briguglio & Hohenegger,
2008). The aim of this paper is to propose a methodology to obtain these parameters and
to extrapolate from mathematical analysis. The use of N. globulus, and the choice of
selecting only A-forms, is just an example to demonstrate the calculation methods. The
discussion of the obtained results concerning N. globulus is thus not the task of this
paper; its aim is to show the importance of hydrodynamic parameters for
paleoenvironmental reconstruction.

For the calculation of the hydrodynamic behaviour of a test, the systematic position
becomes important, because the transport of a test along a slope depends on test shape,
density and size, as explained above, and systematics is mainly based on morphological

differences. Because of this, the distribution of objects within an environment can

27



Chapter 1

sometimes be compared with a species-specific distribution. Concerning foraminifera,
and specially nummulitids, this parallelism between hydrodynamic features and
taxonomy is not always correct. The prominent generation dimorphism in symbiont-
bearing benthic foraminifera displaces generations of the same species in different
environment because of their differing hydrodynamic behaviour, while species that are
different in their internal structures, which could have just a small role in term of

density variation, can still have the same hydrodynamic behaviour.

MATERIALS AND METHODS

The data published in this paper were taken on 19 optimally preserved tests (sensu
Yordanova & Hohenegger, 2002) of A forms of Nummulites globulus Leymerie, 1846.
The material originates from the Tremp basin (southern Pyrenean, Spain). Only very
well preserved tests were selected because, according to Yordanova & Hohenegger
(2002), optimal preservation indicates the release of the test by the protoplasm within
the last two years at least. Therefore, optimally preserved tests can be considered as
members of the time-averaged biocoenosis (Yordanova & Hohenegger, 2007).
According to Beavington-Penney (2004), Palaeonummulites venosus - the only living
Nummulites s.1., failed to demonstrate test damage caused through transport, which is
often interpreted for fossil forms, despite simulating transport of large distance in coarse
sand.

Only A-forms were used, but the calculation here proposed may be used for both the
generations and for all the nummulitids-like shapes.

Every specimen was measured on photographs taken either on thin sections or on
complete tests. Photos of the equatorial section, the axial section and the external
surface ornamentation were also measured. The vector image analysis program
CanvasX was used. Basic calculations and statistics were performed in Microsoft
EXCEL, while the program package SPSS for Windows, Release 16.0.1 was used for
complex statistical analyses. All measurements were taken on large Nummulites
globulus specimens, but it would have been possible to calculate the reaction to the
hydrodynamic behaviour for every growth step (see Yordanova & Hohenegger, 2007).
Every discussed parameter is reported in Tab. 1, the equations have numbers for an

easier citation, and one (or two) letters for a quick link to Tab. 1.
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Chapter 1

PARAMETER CALCULATION

Size, shape and density

The parameters test length (L), width (), height (S), and the areas of the equatorial and
axial section were measured. Test length L (Tab. 1, column B) could directly be
obtained on oriented thin sections or by image analysis on entire specimens immerged
in water; the test width / (Tab. 1, column D) was measured perpendicularly to L
crossing in the centre of the protoconch, while the test height S (Tab. 1, column F) was

measured in axial section (Fig. 1).

FIGURE 1: Sketches of equatorial section and axial view of a Nummulites globulus. L represents the
highest length of the test, / must be perpendicular to L and both L and / must passing trough the
protoconch. S represents the highest thickness.

Because of further analyses, L, 1, and S were measured in micrometer, but transformed
to cm (Tab.1, columns C, E, and G). The measurement of L was taken as the largest test
diameter, thus independent from the position of the second chamber (deuteroconch),
which is sometimes used by morphologists for the determination of the diameter.

Calculating the contour area of fossilized organisms is not easy. There are many
computer programs for calculating the area of an object using photographs (image
analyses). These methods are fast and precise; they are perfect when dealing with living

organism or optimally preserved specimens, where empty chambers and pores are still
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undistorted by any diagenetic process. Calculating the area of fossil forms could result
in less precise values because of early diagenetic processes (Jorry, 2004; Jorry et al.
2006). Even if fossils are optimally preserved, they could be slightly distorted or be
damaged by preparation, and automated computer programs could over- or
underestimate the required measurements. Because of this, the areas were calculated by
reconstructing by hand the original shape’s profile with the image analysis computer
program. Area values in pm? can be found in columns H and I in Tab. 1.

Using equatorial and axial areas the test volume was calculated according to Yordanova

& Hohenegger (2007), using the following formula

Volume — areahorizomal ' areaupright

maximum diameter (1) — (Tab. 1, column K)

For the calculation of test densities in fossil forms, several authors (Jorry et al., 2006;
Yordanova & Hohenegger, 2007) pointed out good solutions and the values obtained
show that the apparent density of Nummulites ranges from 1.7 to 1.9 g/cm® when the
porous network is filled with seawater. Therefore, calculations were made on ‘full-
water” conditions (sensu Jorry et al., 2006) using an intermediate value of 1.8 g/cm”.
This approximation is confirmed by the rather stable densities in Palaconummulites
venosus during growth (Yordanova & Hohenegger, 2007: Fig. 4). Data of recent
nummulitids are thus comparable with this density value. Of course, for every organism
and for every specimen it is possible to vary the value of this parameter in the formula

to get a better approximation to the real hydrodynamic behaviour of every specimen.

Dimensionless analysis

Because of the non-linearity of the volume parameter depending on age (e.g., growth), it
cannot be taken as a linear variable for calculating the interdependency of shape and
hydrodynamic parameters (Yordanova & Hohenegger, 2007). Therefore, all volume
values were transformed into a linear variable depending on age represented as the

diameter of a sphere:
3V 1/3
IND =2 — (2) — (Tab. 1, column L)
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where TND is the True Nominal Diameter proposed by Wadell (1932).

Such parameters, which do not take into account the original shape of an object, are
called shape-independent; this peculiarity allows linear comparison within populations
and to compare different populations without taking into account shapes differences;
TND is also useful for growth analysis based on volumes as the representative
parameter for age.

Thus it is always better to calculate the 7ND in cm using the correspondent volume
calculated in cm® (Tab. 1, column J).

Jorry et al. (2006), for further dimensionless analyses, propose to use the parameter (D,)

to express the size of the equivalent sphere using the equation

Dd:31/L'I'S'3\/pfgw (3) — (Tab. 1, column M)
7

where pris the density of the fluid, g is the gravitational acceleration, p; is the density of
the fossil and u is the dynamic viscosity of the fluid. Using (3), this diameter is higher
then the one obtained by equation (2), because (3) is multiplied by densities.
Nevertheless, equation (3) becomes important to calculate shear and settling velocities,
and further calculations will reduce this difference.

A similar value to (2) can be obtained using the formula proposed by Le Roux (1997)
D,=3L-1-S (4) — (Tab. 1, column N)

For the analysis reported here, which regards lentil-shaped tests as can be found in
nummulitids, the use of (4) is preferred, while for tests with irregular shape (i.e.
calcarinids, peneroplids) the use of the TND must be preferred. The best solution for
evaluating the volume in case of irregular tests is measuring in liquid mercury (Hg)

because it is a non-wetting fluid (Jorry et al., 2006).

Shear and settling velocities
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It is now possible to calculate the settling velocities acting as multipliers for different
scales. Le Roux (1997) and Jorry et al., (2006) propose the "dimensionless sphere
settling velocity" (W,):

for D;<134.9
W, =-0.375+0.29D, —0.002D; +4.731x10° D, (5) — (Tab. 1, column O)

This formula is a series expansion: a mathematical representation of a function as an
infinite sum of terms calculated from the values of its derivates at a single point.
Because of the very low third coefficient, calculations of higher terms would give no
improvement. Because W, is calculated using D, which is mathematically size and
shape independent, its results are also size and shape independent.

For D; > 134.9 other solutions are proposed, but for the typical size range of symbiont-
bearing benthic foraminifera, the value of 134.9 can only be found in giant B-
generations of nummulitids when measured in mm.

According to Jorry et al. (2006), the dimensionless critical shear stress (f) is calculated

in the following way

f=0.029+0.003%, =9.935x10° W} for w;>2.5 (6) — (Tab. 1, column
P)

Here, the second-degree series is precise enough to describe the nummulitid’s stress

behaviour with a scale independent settling velocity value higher than 2.5.

As published by Jorry et al. (2006), the critical shear velocity (U, :) becomes

(7) — (Tab. 1, column Q)

3771, _
U::1.959+0.253\/,Bg[ L1 S](p‘ Pr)

132 P,

Comparing the results obtained through these set of formulas with published data
(Yordanova & Hohenegger, 2007; Jorry at al., 2006; Davaud & Septfontaine, 1995)
shows slight incongruence, probably due to peculiar environmental factors and

laboratory settings.
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Settling velocity is the most important parameter characterizing the behaviour of grains
in fluids. Due to gravity the settling properties of the foraminiferal test act against the
energy input induced by water movement.

An input higher than its settling velocity is required to keep the test in suspension
leading to transport. High settling velocities push the tests to the ground because of
gravity, while low settling velocities, typical for flat nummulitids like assilinids and
operculinids, can keep the test in suspension and expose it to transport.

A set of formulas was used to calculate more precise settling velocities of tests with
specific morphologies deviating from a spherical or ellipsoid grain.

The settling velocity of the equivalent sphere (W) proposed by Le Roux (1996) was

calculated using

w, =2

N

2
Py (8) — (Tab. 1, column V)

3 ﬂg(ps _pf)

The next step to obtain the real settling velocity of a particle must consider the entropy
of the test. In fact, the difference between the settling velocity of a sphere and a non-
spherical particle with the same volume is directly related to the deviation from
sphericity, where grain roundness plays a negligible role (Briguglio, 2009).

The shape entropy is an important value in hydrodynamics. Concerning nummulitids,
the entropy is the most important parameter that produces differences in settling and,
consequently, in transport. The best formula to calculate shape entropy is proposed by

Hofmann (1994). It is based on the geometry of an ellipsoid and can be calculated with

H, ={(p,xInp,)+(p,xInp,)+(p, xIn p,)]/1.0986 (9) — (Tab. 1, column U)

where p;, p; and p, are the proportions of the major, intermediate and minor axes of the
ellipsoid
p,=I1/(L+I+5)

p=L/IL+T+S5)
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p,=S/IL+1+S) (10) — (Tab. 1, columns R, S, and T).

Knowing the entropy of a non-spherical grain, its settling velocity (#,) can be

calculated using the equation of Le Roux (1996)

W, =W,[(H,—0.5833)/0.4167]  (11)- (Tab. 1, column W)

According to Le Roux (2004), equation (11) yields a mean accuracy of 95.7% of W,

with experimental data

Other hydrodynamic parameters
Allen (1984), studying the settling velocity of bivalve shells, discovered that a valve
allowed to fall freely in a large volume of plain stagnant water at first accelerates, but

finally reaches a steady terminal fall velocity given by the equation:

po2evle o) 12) — (Tab. 1, column AB
Cyp, A (12) — (Tab. 1, column AB)

where Cp is the drag coefficient, 4 is the projected area of the shell assumed during
sinking, v is the vertical component of the terminal fall velocity and V' is the volume.
Particles, shells and also fossil nummulitids orient their maximum projection area in the
direction of settling (Komar and Reimers, 1978) and this condition reduces sinking
velocity in the same way as low test densities (Yordanova & Hohenegger, 2007).

Defining the parameters 4 and Cp of (12) is difficult. Calculation of the area directed to
the flow is complicated in nummulitids. An alternative solution, proposed by Briguglio
(2008) shows good results by comparing the nummulitids test to a solid object
composed by two equal cones bound by the basal area. This basal area would be the

parameter A4, calculated as follows

A=(7rr2+7zrs)/2 (13) — (Tab. 1, column AA)

where
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s=~Nr’+h’ (14) — (Tab. 1, column Z)
is the slant height.

The Reynolds number and the drag coefficient Cp, according to Le Roux (1997), are

given by
prnVVe
’
and

c 402l -p))

D 3hWez (16) — (Tab. 1, column Y),

where D, and . are already calculated in (2) and (11).
The relation between C,; and Re for N. globulus matches with the equation that relates

C, and Re of a sphere as proposed by Abraham (1970)

C, =c{1+%} (17)

where
8, =9.06 anq C,0," =24
RESULTS
The resulting hydrodynamic parameters obtained by different mathematical
analysis were compared with experimental data obtained on recent foraminifera and

published by Yordanova & Hohenegger (2007). The comparison between Nummulites
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venosus and N. globulus demonstrates good results: Reynolds number values and the
relations between test length and test width and height show the same trend (Briguglio
& Hohenegger, 2008). This clearly demonstrates the correctness of the calculation
methods and they can now be used for the interpretation of the hydrodynamic behavior
of all nummulitids independent of their size, because the calculation is based on scale-
and shape-independent parameters.

They could be applied in shallow water as well as in deep-water environment.

The shape-independent diameters can be used for comparison between forms in
different environments as well as within assemblages. In an energetic scenario, the
distribution of forms creates assemblages with restricted settling velocities and nominal
diameter values; i.e. along a slope, a variation of settling velocities vs. nominal
diameters ratio can be recognized from shallower environments to deeper ones.

The entropy value is fundamental for the calculation of the settling velocity, showing
how less important size is in comparison with shape or density. At the same time, shape
is the most powerful variable to understand and evaluate the distribution of different
tests along a slope, as demonstrated by outcrop studies (Jorry et al., 2003; Racey, 2001).
The particle’s Reynolds number is used to indicate whether the boundary layer around a
particle is turbulent or laminar, and the drag exerted will depend on this. Understanding
and quantifying the turbulence produced by a test (or even a shell) at the sea floor would
probably give an advance for understanding the hydrodynamic of the huge amount of
tests to evaluate their accumulation, e.g. the so called “nummulite banks”, which are
very abundant in the Eocene rocks in many locations of Europe and northern Africa.
The correlation found between the drag coefficient Cd and the Reynolds number Re, at
the end of all this mathematic calculation, allows the use of all formula and data
obtained solely by geometrical analysis without any laboratory experiment. This does
not mean that the value obtained is absolutely correct, but the whole process is rigorous
and the errors are only statistical and not fundamental.

More information will be obtained by further investigations, when other parameters
could also be investigated. However, theoretical models and empirical correlations are
affected by limits due to the large amount of environmental factors influencing
hydrodynamics factors; furthermore, additional data especially from the fossil record

are required to improve their accuracy and increase their ranges of applicability.
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CONCLUSION:

The correlation between fossil and recent forms demonstrates the perfect coincidence of
hydrodynamic parameters up to the Reynolds numbers. In this way, the distribution of
different nummulitids that lived on the slope or ramp could be explained by their
hydrodynamic behaviour. The ecological cause-effect scenario (abundance,
biodiversity, interaction between species) is rarely full preserved in the fossil record,
and only in some exceptional preservation cases can be completely reconstructed; the
post mortem cause-effect scenario (e.g., energy input, distribution by transport,
destruction) may be recognized and calculated and it may help for a better
environmental determination..

These calculations show in which way hydrodynamic parameters may be fundamental
to evaluate the distribution of larger foraminifera in recent and fossil environments. On
the base of our analysis and results, the physical parameters seem to be important same
as the biological and ecological factors which works as inputs in the environment, thus
we consider that a calculation like the one here presented should be performed in every
paleoenvironmental reconstruction, especially in shallow water environments where the
hydrodynamics is a prominent tool and may be used to evaluate physical phenomena
and to improve the knowledge of geometrical forms distribution along a ramp during in

vita and post mortem time spans.
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APPENDIX 1. Nomenclature used in text

L = D= large diameter (length)

I = Dj = intermediate diameter (width)

S = Dg = small diameter (height or thickness)

TND = True nominal diameter

V' =volume

D, = dimensionless size of the equivalent sphere

D, = true nominal diameter according to Le Roux (1997)
W, = dimensionless sphere settling velocity

[ = critical shear stress

U, = critical shear velocity

H, = shape entropy

P1.Pi Ps, = proportion between the axis calculated with (9)
W, = settling velocity of a non spherical grain

W, = settling velocity of the equivalent sphere

Cp = drag coefficient

A = area of the shell/test contrasting the water during sinking
v = vertical component of the terminal fall velocity.

Re = Reynolds number

pr = density of the fluid (seawater) = 1.025 gcrn'3

ps= density of the fossil = 1.8 g cm™

u’ = dynamic viscosity of the fluid (seawater) = 0,0108 g (cm*s)”
g = gravity constant = 981.0327 cm sec™
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Abstract:

This work demonstrates the potential of three-dimensional biometric quantification
using microtomography on larger benthic foraminifera. We compare traditional linear
and area measures used for calculating three-dimensional characters with actual 3D
measurements made from volume images obtained using X-ray microtomography
(microCT).

Two specimens of recent larger benthic foraminifera, i.e., Palaconummulites venosus
and Operculina ammonoides, were imaged with a high-resolution microCT scanner.
This method enables three-dimensional imaging and calculation of measurements like
3D distances, surfaces and volumes.

The quantitative high-resolution images enabled the extraction of the lumina from the
proloculus to the last complete scanned chamber and of the canal system spreading into
marginal chord and septa. External surfaces and volumes were calculated on the

extracted parts. These measurements allowed the calculation of porosity and micro-
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porosity to obtain the test density, which is the basis for many inferences about
foraminifera, e.g. reconstructions of transport and deposition. Volume and surface
measurements of the proloculus allow the calculation of sphericity deviation, which is
useful for determining evolutionary trends in species based on individuals resulting
from asexual reproduction (A forms).

The three-dimensional data presented here show the actual growth of the foraminiferal
cell and the development of the test. Measurements made on an equatorial section
cannot be considered representative of a three dimensional test, unless a correspondence
between 2D data with 3D data shows significant correlation. Chamber height, septal
distance, spiral growth and chamber area were measured on the equatorial section and
correlated with the volume measurements from 3D images to determine the predictive
value of the 1D and 2D measures for estimating the 3D morphological parameters.

In particular, we show that the equatorial section area of chambers correlates
significantly with the chamber volume and can be used to differentiate between

nummulitid genera according to their different growth patterns.

Introduction

Many earth science studies, especially in palaeontology, require examination or
measurement of the internal features of specimens or rocks in three dimensions, tasks to
which X-ray microtomography (microCT) is very well suited (Carlson et al. 2003). A
variety of different X-ray CT instruments and techniques are now available: they can
scan objects of a size range from less than one millimetre, to many decimetres and they
can scan at different resolutions: from less than one micron (“nanoCT”) to one or a few
microns (microCT), and up to the submillimetre-millmetre range (CT). The best-known
advantage of X-ray CT is its ability to reconstruct quickly and non-destructively the
interior of opaque solid objects in three dimensions when the density contrast is high
enough to let the X-ray differentiate the internal features (Neues & Epple 2008,
Metscher 2009). For many fossils, X-ray CT may be the only practical means of gaining
information on internal materials and geometries or other features hidden from external
view (e.g. Speijer et al. 2008). The digital and quantitative nature of a CT dataset

facilitates computer visualization, animation, allowing the user to interact with the data
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and to better understand the features and interrelationships among elements of the
dataset. Finally, these digital data provide unrivalled means for archiving and
exchanging information, always at high resolution with intrinsic spatial calibration.
Because 3D visualization techniques are computationally intensive, they have
historically been restricted to professional workstations, preventing widespread use.
However, recent advances in processing power and 3D graphics cards, along with
inexpensive computer memory and hard drives, make 3D visualization of reasonably
sized data sets feasible and affordable even for laboratories that face budget constraints.
Although one can still usefully spend a huge amount of money on a dedicated imaging
workstation, a standard modern desktop computer can now be adequate for most
imaging tasks encountered in routine microscopy, and the many open source software
packages available reduce the cost of the whole research effort.

Concerning larger foraminifera, the high complexity of their shells is considered the
basis of their systematics down to the sub-species level. According to Hottinger (2009),
quantitative morphological characters that change with time in one direction define the
interpretation of phylogenetic trends in some groups of larger foraminifera. Such
morphological characters are normally studied on oriented thin sections. The
availability of a high-resolution three-dimensional virtual model of specimens offers
key to evaluating such morphological characters within the complexity of form and
shape. While the equatorial section allows the study of characters changes during
growth in two spatial dimensions, this is impossible for characters represented in the 3™
dimension like chamber thickness etc. Here, the axial section shows only an incidental
growth state and changes of these characters cannot be measured for each growth step.
Thus, the task of a three-dimensional quantitative analysis on larger foraminifera is to
test the significance of one- and two-dimensional data (like the area) in comparison with
3D measurements (like the chamber volumes). Because of the importance of all these
morphological parameters for larger benthic foraminifera concerning microevolution,
phylogenetic trends, paleoecology and paleoclimatology, the study of their internal
structure within its complexity using microCT is even more a mandate. Speijer et al.
(2008) have already discussed the potentiality of the high-resolution microCT,
calculating volume and equivalent radius only.

The aim of our work is to make another step forward to show the potential of the data

obtained from 3D analysis: quantifications of volumes, surfaces, distances, angles and

47



Chapter 2

nearly any metrical feature of interest. Those data are still rare in many published papers
concerning microCT.

We have compared the data obtained by the X-ray computed tomography with the
classic way of studying biometry in nummulitids, which has a long history partially
based on many parameters and some contradictions. As suggested by Schaub (1981)
and widely used in many papers, the main morphological parameters describing
megalospheric specimen of larger benthic foraminifera are the major and minor
diameter, the morphology and number of septa per whorls and the diameter of the
proloculus. Other parameters (in particular the radii of the whorls) do not seem useful to
understand the growth process (Pecheux 1995). Other authors (e.g. Roveda 1970) used
to determine nummulitids lineage relying mainly on the external test shape, diameter,
thickness, and ornamentation. Further studies (e.g. Reiss & Hottinger 1984; Hallock &
Glenn 1986; Racey 1992; Pecheux 1995) agree that these features are largely influenced
by environmental parameters, such as depth, substrate, light intensity, etc; thus, they are
important to obtain information about paleoecology and paleogeography of larger
foraminifera. According to Hottinger (2009), the only feature that may be quantified by
simple linear measurement is the diameter of the megalospheric proloculus if it is a
walled sphere; but among the possible species-diagnostic characters, all require the
observation of the equatorial section.

Measuring and quantifying the foraminiferal cell growth rate with a three-dimensional

analysis is the first step into the fourth dimension.

Material and Methods

Two A-form specimens with excellent test preservation were investigated. The
Operculina ammonoides (Gronovius 1781) specimen originates from muddy substrate
in 18 m depth of the lagoon west off Motobu Town, Motobu Peninsula, Okinawa, Japan
(Hohenegger et al. 1999). The specimen of Palaeonummulites venosus (Fichtel & Moll
1798) originates from 50 m depth in front of a patch reef along the investigated depth
transect A between Seoko Jima and Minna Jima, Okinawa, Japan (Hohenegger et al.

1999), where the sea floor consists of middle-grained sand.
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Three-dimensional analyses of more specimens or entire populations will provide much
more information on volumes variability and chamber morphologies, but today these

procedures are too much time consuming.

Procedure
The X-ray microtomography system used in this work is model MicroXCT from Xradia

Inc., Concord, CA (www.xradia.com) in the Theoretical Biology Department at the

University of Vienna, Austria. This scanner uses a Hamamatsu 1.9421-02 tungsten X-
ray source with an anode voltage between 20 and 90 kV, power between 4 and 8 W, and
a spot size of 5 to 8 um. This scanner’s configuration allows fields of view from 5 mm
down to less than 500 um. The X-ray projection image is formed on a scintillator
crystal, made in-house by Xradia. The optical emissions of the scintillator is then
imaged by a Nikon microscope objective lens onto a 1k x lk CCD camera (Pixis,
Princeton Instruments) cooled to -55° C to reduce dark noise. The optical imaging of the
scintillator allows a final magnification independent of the geometric magnification of
the X-ray projection imaging, and a final image resolution that is not limited by the X-
ray source spot size. Several different optical objective lenses allow selection of the
final magnification, while adjustments to the source-sample and sample-detector
distances can be used to change the geometric magnification of the sample image on the
scintillator. Projection images are collected automatically over 180° of rotation and
horizontal slices through the sample are reconstructed automatically by the supplied
Xradia software. Reconstruction parameters can be adjusted and the reconstruction
repeated if necessary. The scanning system’s integrated control computer carries out
these operations and is also used for viewing the reconstructed volumes and exporting
image stacks in standard formats (e.g. TIFF).

The foram samples were scanned in small cylindrical plastic containers (a
polypropylene pipette tip or a Lego® round brick 1x1),. Most plastics are relatively
transparent to X-rays and so are suitable for scanning mineralised specimens. Imaging

parameters for the scans reported here are summarized in Table 1.
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Palaeonummulites | Operculina
venosus ammonoides
el 2x2 2x2
binning
~amera -55°C -55°C
temperature
Image size 510x512 504x512
Clean file size 66.3 Mb 43.3 Mb
Anode voltage
KV, 80 77
MA 46 45
Sou_rce LR 40.0 mm 40.0 mm
distance
Detector to RA| - 55 5 mm 15.0 mm
distance
Voxel 4,258 um 4.645 um
Op_t!cal_ 4.2x 4.2x
magnification
Slides 268 174

Table 1: Technical settings of the X-ray microtomography system used during the specimen scanning.

The computer used for manipulating the image stacks was equipped with an Intel®Core
(TM)2 Quad CPU Q9400 at 2.66 GHz, 8 GB of RAM with a Microsoft Windows XP
Professional x64 system provided by the department of Palacontology in the University
of Vienna, Austria.

In this work we used ImageJ (http://rsbweb.nih.gov/ij), which is perhaps the most

popular open-source imaging software in neuroscience, for measurements of 2D images
and basic visualization of 3D dataset through plugins including Volume Viewer

(http://rsb.info.nih.gov/ij/plugins/volume-viewer.html) and Volumel

(http://webscreen.ophth.uiowa.edu/ bij/vr.htm). We used Image Surfer (another free

program; http://cismm.cs.unc.edu/) for volume rendering, quantifications, slicing at

arbitrary orientation, measurements in 2D and 3D and taking snapshots suitable for
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publication. Many other 3D visualization software packages could be used for these
purposes: some are commercial and quite expensive for an academic department, such
as Amira (www.amiravis.com) or Analyze (www.analyzedirect.com), but others are
open source and they all support conventional stereoscopic 3D display technologies.
After reading the reconstructed image stack into the measuring software and after
calibrating it with the correct voxel size (three-dimensional pixel size), we could extract
with the lasso tool in ImagelJ every single chamber using some manual modification. In
fact, because the chambers are interconnected in several locations, each chamber was
artificially closed at the beginning of every connection by boundaries editing operation.
If the goal of the operation is to calculate the volume of every lumen, this solution does
not lead to inaccuracy of data because foramina or stolons are not part of the chamber
volume itself. On the contrary, if the goal is to calculate the exact porosity the
calculation of the whole canal system (septal and marginal), the stolons and the
chambers connections are mandatory.

Because the foraminifera scanned are Recent, their preservation is excellent and the
microCT images were able to clearly demonstrate the density contrast between the
hollow chambers and the calcitic test itself. Such preservation allowed seeing the whole
canal system in the marginal chord and inside every septum; stolons are also visible.
Having the possibility to measure volumes of such empty space within every septum
and within the marginal chord gave us the possibility to calculate the real density of the
specimens. We had to take into account that the voxel size is about 4 pm: this means
that 4 um can be considered as the highest inaccuracy value in linear measurements. For
areas or volumes calculated from linear measurements, the uncertainty range is
propagated to the second and to the third powers.

Along with the volumes, many other values were calculated to permit the comparison of
our new data with those existing in the literature. These are areas of lumina (A),
chamber length (or septal distance, 1), chamber height (h) and spiral distance. All these
parameters were taken on the virtual equatorial section (Figure 1).

The thin section was obtained by using the slice extractor tool in Image Surfer, which
allowed us to cut the specimens in every possible way; a tool like this is extremely
helpful in the case of specimens that are not perfectly straight but with a curved
periphery where a "mechanical thin section" is not reliable. To be rigorous in comparing

the volumetric data with linear measurements or arca calculations, the latter were
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upgraded to the third power for becoming comparable with volumes. Only in the

comparison between volume and spiral form, the volume data were downgraded to one

dimension.

Figure 1: (a) Sketch of the equatorial section of a nummulitid, the dotted lines show how
the spiral distance was measured (modified from Briguglio & Hohenegger 2009); (b) detail
of the equatorial section detail with the explanation how to measure the chamber height 7,
septal distance / and chamber area 4 (modified after Blondeau 1972).

Results

Each lumen was manually extracted from the proloculus to the last completely scanned
chamber, so that volume and surface could be calculated for every chamber. The
extracted chambers of O. ammonoides and P. venosus are shown in Figure 2, and the

measurements used in this work are reported in Table 2.
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0,5 mm

Figure 2: Three-dimensional representation of the chamber lumina, whorl after whorl, in equatorial and
axial section of O. ammonoides (left side) and P. venosus (right side). The last row shows the lumina
within the complete test.

A two-dimensional visualization of the three-dimensional dataset is not easy; for
simplification, the extracted chamber lumina are illustrated whorl-by-whorl in
equatorial and in axial view and always at the same magnification. The last row in

Figure 2 shows all the extracted chambers within the test.
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transport effects. In O. ammonoides the 47 chambers lumina represent 38% of the total
volume. A total of 4.5% of the test wall is empty because of the canal system (marginal
chord), which increases up to 9.6% including the septa. This porosity reduces the test
wall volume to 53% of the total volume and may reduce density from 1.69 g/mm’ down
to 1.46 g/mm’ including micro-porosity of the pores.

For P. venosus, the volume of all chambers represents 28% of the entire test (i.e., the
marginal chord and septa are relatively thicker than in O. ammonoides) and the total
porosity gets 10% (against 15% in O. ammonoides); such values let test density drop off
from 1.95 g/mm’ to 1.75 g/mm’.

The progression of lumina with test growth displays the ontogeny of the cell body. Such
information can be used to detect or expect the reproduction stage in foraminifera
(Hemleben et al. 1989). The embryonic apparatus was also extracted and separately
compared (see Figure 3b). In the megalospheric generation of larger benthic
foraminifera, the proloculus size and its connection with the deuteroconch is one of the
main parameters for reconstructing phylogenetic trends (Less & Kovacs 1996;
Papazzoni 1998).

The relation between growth rates of P. venosus and O. ammonoides 1s shown in Figure
3. The volumes of chambers lumina are presented as an overview (Figure 3a) and then
whorl-by-whorl to study growth rate in detail (Figures 3c - f). Of course, the
representation of the first whorl does not count proloculus and deuteroloculus, but starts
actually from the consecutive chamber, then the first chamber after the embryonic
apparatus. All values can be represented by an exponential function. In the first whorls,
the exponential rate is high, but in the very last whorl, especially in the last four
chambers showing reduced increase, the adult stage seems to be reached and
reproduction might be possible; the algebraic function switches from an exponential to a
logistic one, very commonly indicating the adult stage in foraminifera.

Therefore, chamber volume trends appear to be comparable with other nummulitids,
i.e., tending to have an inflection point at the adult stage. In Figure 3b, proloculus (P),
deuteroloculus (D) and first chamber (1) volumes are plotted and compared with their
areas, measured on the equatorial section of the 3D image. Because of the identical
slopes, the study of the embryonic stages in equatorial sections might be representative

for the three-dimensional embryo.
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Figure 3: (a) Correspondence between chambers lumen volumes of P. venosus and O. ammonoides, the
functions are calculated as exponential; (b) correspondence between chambers lumen volumes and areas
of the first three chambers (P, D, 1) of the two specimens;(c) - (f) chambers lumen volumes
correspondence, whorl after whorl, of the two specimens. Continuous lines are exponential functions for
the P. venosus set of data; dashed lines are exponential functions for the O. ammonoides set of data. All
areas were recalculated as the cubic power to make them comparable with volume.

Area calculation and its comparison with volumes also give interesting results. As
shown in Figure 4, the growth trend of the area is very similar to the volume growth rate
in both investigated specimens. Because of different chamber morphologies between the

two specimens, the areas in O. ammonoides are more similar to their volumes.
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ammonoides. Continuous lines are exponential functions for the P. venosus set of data; dashed lines are
exponential functions for the O. ammonoides set of data. All areas were recalculated as the cubic power to
make them comparable with volume.

Because the alar prolongations of O. ammonoides are shorter than in P. venosus, area

calculation by equatorial section is more representative in operculinids (sensu Hottinger
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1997) than in taxa, where alar prolongations can reach the umbilical boss. In the last

whorl of O. ammonoides the calculation of the volume based on the area

= la)

tends to overestimate the real volumes because of the elevated chamber heights (see
Figure 4 ).

In thin sections, we might have the impression that operculinids should possess higher
growth rates than nummulitids, but the data obtained here seem to show a different
trend: the growth rate measured by volumes does not have the same behaviour as
chamber height (Fig. 5 & 6). As discussed later, the chamber height, which grows faster
in operculinids than in other nummulitids, produces such effects in thin section.
Comparing the growth of chamber length and height (Figs 5 & 6) with volumes,
differences in chamber morphology becomes distinct. An estimation of the main
ontogenetic trend is given for the first two whorls. In the last whorls, the chamber length
is not significant for P. venosus and is underestimated (bigger whorl after whorl,
Figures 5f, h, j) for O. ammonoides. Concerning the growth rate in chamber height
(Figure 6), it is consistent with the volume growth in P. venosus, but definitely
overestimated in O. ammonoides (Fig. 6j).

The relation between spiral and volumes growth rates is shown in Figure 7. The data
were recalculated to be comparable, i.e., volumes data were transformed to linear data
by cubic root to compare this trend with spiral growth, and these functions were
calculated as linear and forced to intersect the origin (Fig. 7a & b). This comparison
gives us information about growth relating the biological need (volume for protoplasm
growth) to chamber geometry. For both P. venosus and O. ammonoides the spiral has a
higher growth rate than the linearized volume. The different chamber morphology of the
two specimens does affect the spiral growth, which is in fact very similar, whorl-by-
whorl, in both taxa. No inflection points are observed in spiral growth, as is expected

close to the proposed reproduction status in volume growth.
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Figure 5: (a) Correspondence between chambers lumen volumes of P. venosus and septal lengths; (b)
correspondence between chambers lumen volumes of O. ammonoides and septal lengths; (¢) & (e) & (g)
& (i) correspondence between chambers lumen volumes and septal lengths, whorl after whorl, of P.
venosus; (d) & (f) & (h) & (j) correspondence between chambers lumen volumes and septal lengths,
whorl after whorl, of O. ammonoides. Continuous lines are exponential functions for P. venosus; dashed
lines are exponential functions for the O. ammonoides. All septal lengths were recalculated as the cubic
power to make them comparable with volume.
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Figure 6: (a) correspondence between chambers lumen volumes of P. venosus and chamber heights; (b)
correspondence between chambers lumen volumes of O. ammonoides and chamber heights; (¢) & (e) &
(g) & (i) correspondence between chambers lumen volumes and chamber heights, whorl after whorl, of P.
venosus; d) & (f) & (h) & (j) correlation between chambers lumen volumes and chamber heights, whorl
after whorl, of O. ammonoides. Continuous lines are exponential functions for P. venosus; dashed lines
are exponential functions for O. ammonoides. All chamber heights were recalculated at the cubic power
to make them comparable with volume.
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Figure 7: (a) Correspondence between chambers lumen volumes of P. venosus and its spiral distances;
(b) correspondence between chambers lumen volumes of O. ammonoides and its spiral distances; (c) &
(e) & (g) & (i) corespondence between chambers lumen volumes and spiral distances, whorl after whorl,
of P. venosus; d) & (f) & (h) & (j) correspondence between chambers lumen volumes and spiral
distances, whorl after whorl, of O. ammonoides. Continuous lines are linear functions for P. venosus;
dashed lines are linear functions for O. ammonoides. All chambers lumen volumes were recalculated at
the cubic root to make them comparable with spiral distances data.
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The deviation from sphericity is illustrated in Figure 8. The correspondence between
volume surface ratio and linear volume is reported for both specimens (see Fig. 8 a), but
nothing seem to differentiate the two linear growths. More successful is the use of the

calculation proposed by Wadell (1932) with the following equation:

where, in this case, V' and S are the chamber volume and the chamber surface
respectively. Using this formula, the range limits are given by 0 (e.g., surface without
volume) and 1 (e.g., perfect sphere).

In both the specimens the proloculi have a value slightly higher than 0.9 and can be
considered as spheres, but after the first two whorls showing a decrease, sphericity
seems to reach stable values close to 0.5 for P. venosus and 0.6 for O. ammonoides.
Because of the good correspondence between volumes and areas, regressions were
calculated for P. venosus and O. ammonoides to see the power of statistical correlations.
As shown in figure 9 the best fitting for O. ammonoides is represented by a linear
regression (forced through the origin) which is not the best solution for P. venosus. In

this case, the best fitting is represented by a power regression with an exponent > 1.
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Figure 8: Deviations from sphericity. (a) correspondence between cubic root chamber lumen volumes
and volume surface ratio. P. venosus chambers lumen volumes and volume surface ratios are represented
by full and empty rhombuses; O. ammonoides chambers lumen volumes and volume surface ratios are
represented by full and empty circles;

(b) correspondence between sphericity deviation of P. venosus and O. ammonoides using the Wadell
equation. Continuous line is the power function for P. venosus; dashed line is the power function for O.
ammonoides.
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and O. ammonoides (empty circles). The regression functions are calculated as linear and power
regression for P. venosus and as linear regression for O. ammonoides. Equations and coefficients of
determination (R?) are given.

Discussion

The calculation from 3D images of chamber volumes and shapes and their changes
during ontogeny gives a huge amount of information quite impossible to obtain by the
traditional two-dimensional methodology of the oriented thin section. The volume
measure gives no information about shell geometry but indicates the influence of
temporal changes during the foraminiferal growth.

Mathematically, the construction of a chamber possessing a specific volume has an
infinite number of solutions; but the evolved morphogenetic solutions are strictly
limited by developmental genes and their interactions with the physico-chemical
properties of the developing tissues (Newman & Miiller 2000), in a case of single celled
foraminifera the mineralised test. In nummulitids the form of the outer margin can be

modelled by equation
r=by(b, +b,0)
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considering the length of the initial spiral (by), the expansion rate (b;) and the
acceleration rate (b;) as constants (Hohenegger 2010). The parameter values are fixed
for each individual, presumably as an inflexible part of their developmental genetics.
Deviations from these fixed structures are caused by short but major environmental
stress (like extreme temperature or attack by a predator fish). Thickness, the second
important character describing test and chamber shape, is also fixed, on the one hand by

the connection with the radius, and on the other by parameters of the equation
th=b, r expb,

where by represents the thickness constant and b; the allometric constant (Hohenegger,

2010).

Every environmental stress can lead to a variation in volume growth rate. The chamber
lumina, fixed by height (marginal radius) and thickness determined by genetic factors,
can only react to stress by varying the septal distance during building the new wall.
Therefore, the mathematically infinite combinations of morphological solutions in
building chambers with identical volumes are restricted by the verification limits of the
character (e.g., negative numbers for test-wall thickness are impossible), degrees of
freedom (e.g. dependence of septal distances from fixed marginal radius and thickness)
and by the intensity and form of inter-correlations between characters based on gene
and other regulatory interactions during development.

The study of the volume by 3D analysis gives a more complete idea of the specimen's
growth than do equatorially oriented thin sections. In thin sections, the chamber size in
the operculinids seems to be generally bigger than in nummulitids; i.e., the chambers of
operculinids are higher and the septal distance is bigger then in other nummulitids. In
contrast, volume analysis shows that chambers of P. venosus reach the same size as O.
ammonoides because the former is not as evolute as the latter. On Figure 3 some graphs
are plotted showing the volume differences between the two specimens. The growth
trend is comparable, and it is exponential at least for the first and the second whorl (Fig.
3¢, d). The last two whorls are not increasing so fast as the first ones and the very last
chambers are not increasing at all. Such trends, already shown three dimensionally by
Speijer et al. (2008), reflect the achievement of reproduction in the adult stage. It is
interesting that the chamber morphology is different in these two genera, but the

chamber volumes are very similar. These differences at the genus level, and above it,
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are not caused by ecological factors like decreasing light intensities. The specimens
studied here, belonging to two different genera and have similar thicknesses of shell,
despite living at different water depth, hinting at the underlying historical-phylogenetic
background that is reflected in their inherited morphogenetic pathways.

In O. ammonoides, the chamber volume is reached by extending the chamber height and
by reducing alar prolongations; in contrast, the same volume is reached in P. venosus by
reducing the chamber height and by extending alar prolongations until the umbilical
boss is reached. Thus, a similar biological need has been satisfied through two different
developmental genetic solutions.

The three dimensional study of the embryo is also presented for these two species. The
dimension of the proloculus is one of the main parameter in taxonomy and systematics
of larger foraminifera, and its dimension and position with respect to the deuteroloculus
is characteristic for recognising phylogenetic trends (Drooger 1993; Less et al. 2008).
The deviation from sphericity in both proloculi is very low (close to 0.9) and they can
be approximated as spheres. For these reasons, the traditional methodology of
calculating only the largest diameter of the proloculus is representative for its volume.
The equatorial section can generally be considered as suitable to study the ontogenesis
in larger foraminifera, but according to our comparisons, the equatorial section
character most consistent with the volume growth rate is the area. From the first whorl
to the last one, the area growth rate gradually follows the volume data. As shown in
Figure 9, the equatorial section area can be considered as well-suited to evaluate
ontogeny in larger benthic foraminifera. The difference between evolute and involute
forms is reflected in this figure.

In the involute P. venosus the equatorial section area of a chamber underestimates its
actual volume. This underestimation increases with chamber growth and is caused by
neglecting the alar prolongations, which are not visible in the equatorial section. In
contrast, the constant evolute coiling of O. ammonoides, gives an accurate estimation of
volume from the area by a constant multiplication factor.

Chamber length and height are only partially representative of the ontogenesis of the
cell, mainly in the first two whorls.

Density calculation gives good results, although it is time consuming for the extraction
of all the hollow space within the marginal chord and septa, and requires very high

image resolution. Nevertheless, such evaluation is useful to test the calculation of
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density by mathematical formula (Yordanova & Hohenegger 2007). Concerning
Nummulitidae, density values adopted in recent studies about hydrodynamics
(Briguglio & Hohenegger 2009) or about paleogeographic reconstruction (Jorry et al.
2006) are between 1.5 and 1.8 g/mm’. The values obtained with this method also show
significant differences between the two genera, and such difference can explain partially

the different depositional environment they belong.

Conclusion

The detailed morphological and volumetric data obtained with 3D analysis indicate that
the use of X-ray microtomography can be very useful for biometric research on
foraminifera. Not only can intraspecific variation and evolutionary lineages be assessed
or confirmed based on the 3D shapes and sizes (Speijer et al. 2008), but such
methodology can be particularly advantageous for nummulitids where the growth rate
and chamber geometry are the most important parameters for taxonomy, systematics
and paleobiology.

The calculation of volumes is important to study the ontogenesis of the cell and can
predict the reproduction stage or give details on the cell response to environmental
changes through time (e.g. seasonality). The calculation of density can be used for
prediction and evaluation of the hydrodynamic behaviour of nummulitids in fossil
record (Briguglio & Hohenegger 2009).

Any further use of a microCT scan on larger benthic foraminifera is welcome because
of the huge diversity of the group and because many hypotheses on evolution and
phylogeny are based on classic 2D analysis and it would be interesting to test them on a
three-dimensional scale.

Three-dimensional analyses of populations will also give much more information on
volumes variability and chamber morphologies, but today these procedures are too
much time consuming.

However, we believe that the quantitative calculation of lumina concerning their shape,
volume and growth rate may give a huge amount of information on ontogenesis,
paleobiology, phylogeny, microevolution and taxonomy of larger benthic foraminifera.
All the correspondences considered in this work indicate that not all the possible linear

measurements on the equatorial section of a nummulitids are useful, at least for the last
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whorls in the adult stage. The calculation of the area, fast and precisely calculable with
many computer programs, is more similar to the volume trend in every whorl and in the
specimens here exposed. Thus, area calculation might be considered especially useful

for growth rate studies in thin section.
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ABSTRACT:

Larger benthic foraminifera are entrained and transported in shallow water
depending on fixing mechanisms in living individuals together with the
hydrodynamic parameters of the shell and on the energy at the water sediment
interface. The use of mathematic equations to calculate hydrodynamic parameters
of a test is a method to quantify its answer to the energy input given by water
motion at the sea bottom. Measuring density, size and shape of every test,
combined with experimental values obtained in the laboratory, helps to define the
best mathematical approach for obtaining the settling velocity and Reynolds
number of every shell. The comparison between water motion at the sediment-
water interface and the species-specific settling velocity helps to calculate the water
depth at which deposition for a certain test type may occur and at which tests may
accumulate. Based on these correlations, paleodepths can be estimated using the
foraminiferal distribution in the fossil environment according to size-independent
parameters. Calculating the hydrodynamic parameters of tests has clear potential

for estimating the transportability of larger foraminifera, i.e., the capability of a
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certain test to be kept in suspension by an energy input at specific water depths,
and thus to be transported within selected hydrodynamic boundaries.

1. Introduction

Habitats of larger benthic foraminifera (LBF) are determined by a set of environmental
gradients. The main factors influencing the distribution of LBF are temperature, light
intensity, water movement, substrate, and food (Hallock et al., 1991; Hohenegger,
2004). Distribution, abundance and bauplan diversity (sensu Hohenegger, 2009) of
living foraminifera reflect the variation and concurrence of these environmental factors.
Accordingly, changes in ecological factors, such as global warming, ocean acidification,
or sea level changes, are reflected and recorded in the fossil distribution of larger
foraminifera (Pecheux, 1995; Hohenegger, 1996). Haynes (1965) proposed that shape
might be a compromise between hydrodynamic factors, light and metabolic
requirements associated with algal symbiosis. This would make LBF powerful
paleoenvironmental indicators, particularly in estimating paleodepth, because water
motion and light both decline exponentially with depth (Hallock, 1979). Gathering
enough light for endosymbionts under differing hydrodynamic conditions is the main
functional demand of symbiont-bearing benthic foraminifera (Hohenegger, 2009). Shell
morphology becomes thus the compromise between optimal functionality for hosting
symbionts and for contrasting hydrodynamic forces.

Because LBF inhabit shallow waters, the hydrodynamic conditions are very strong and
water motion can keep them in suspension and transport them to any direction. Thus,
under weak hydrodynamic conditions the best hydrodynamically adapted tests are
characterized by a large surface/volume-ratio (e.g., Cycloclypeus), whereas under strong
hydrodynamic conditions the simplest way to resist transport in movable substrates like
gravel and coarse sand is to develop high density or thick lenticular tests (e.g., Archaias,
Nummulites) (Hohenegger et al., 1999). Such shape differentiation fits also symbiont’s
requirements: i.e., larger disk-shaped tests (with broader light-exposed surface) may live
in deeper water with low light penetration, while shallower specimens, with higher light
availability, may need a less light-exposed surface (Hallock et al., 1991).

This allows the depth distribution boundaries of living LBF to be calculated based on

the light dependence of their symbionts, and their capability to contrast water motion by
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hydrodynamic convenient test shape or anchoring mechanisms. Post mortem
distribution, however, follows completely different rules. After reproduction or death,
all tests may be at the mercy of water motion; if they were anchored, they can be easily
detached from the substrate and thus redistributed. If the test posses an hydrodynamic
convenient shape for the depth it lived at, than it may resist transport under the same
energy condition.

Transport evidences are often combined with test preservation; i.e., abrasion,
destruction, or huge accumulations are considered as evidence for transport, deposition
and accumulation processes. Concerning test abrasion, Beavington-Penney (2004) used
recent LBF to demonstrate that mechanical test destruction is rare even during long-
distance transport. Thus, mechanical abrasion or break-off of tests represent transport
records only in very restricted conditions and may reflect high-energy events (e.g.,
tsunamis, long-time rewashing or entrainment by strong currents). Consequently,
optimally preserved tests (sensu Yordanova and Hohenegger, 2002) may also have been
affected by transport and cannot a priori be considered as in sifu material.

Although transport and deposition of both living and dead tests significantly influence
the distribution of LBF tests, very few studies have considered the importance of such
modifications, particularly by a hydrodynamics point of view.

Some authors, mainly sedimentologists, provided mathematical solutions to
approximate the hydrodynamic behaviour of sand particles moved by waves and
currents. Some of these equations are well known (Soulsby, 1997; Wiberg and
Sherwood, 2008). Other authors studied the distribution of living foraminifera using
various approaches: morphocoenoclines (Hohenegger, 2004), character combination
(Hohenegger, 2006) and presence/absence data (Pecheux, 1995; Renema 2002;
Hohenegger, 2005; Rasser et al., 2005). The first study on nummulitids hydrodynamics
was published by Jorry et al. (2006), then expanded by Yordanova & Hohenegger
(2007) to other LBF using an enhanced statistic approach. The high diversity of LBF
test shape leads to different hydrodynamic answers (Jorry et al., 2006) within the same
energetic scenario, and the different hydrodynamic behaviours are calculable for every
test. As proposed by Beavington-Penney et al. (2005), a good parameter to calculate
LBF variations along the paleoenvironmental gradient is the diameter/thickness ratio.
Such calculations, broadly used in recent publications (e.g., Adabi et al., 2008), gives

some generic results but approximate too vaguely shape and do not take LBF size and
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density into account, which are the most important parameters to evaluate the test
distribution. In nummulitids, density may vary within the same genus (Jorry et al.,
2006) and within the same species due to different growth stages (Yordanova and
Hohenegger, 2007). More accurate calculations (Jorry et al., 2006; Yordanova and
Hohenegger, 2007; Briguglio and Hohenegger, 2009), which consider shape entropy,
nominal diameter and many other shape- or size-independent parameters, allow
comparison between different environments and give much better results, without
being much time consuming or depending on complex mathematics algorithms.

The present study calculates these parameters to yield precise values on foraminifera
transportability, focusing on transport in suspension, thus considering the differences
between living specimens and optimally preserved tests depth distribution. Such
correlations, once measured and tested in recent environments, can be most useful for
the fossil record. This paper explains how a single test reacts to the hydrodynamic input,
at what depth the test starts to react, until what depth does it react under the same input,
and how important the taxonomically significant geometric differences of LBF in this
energy scenario are.

All the geometrical and structural characters, most useful in paleontology for taxonomy
and ecology, are now the basics to quantify the response to hydrodynamics. Physically,
these are the same processes affecting sand particles. Thus, the displacement of tests in
the fossil record is merely the product of the species-specific biological distribution

(habitat) modified due to classical sorting produced by water motion.

1.1 Transportability and the role of Bottom Orbital Velocity

Wind-generated waves induce — in sufficiently shallow water (sensu Soulsby, 1997) —
orbital motion within the water column to a depth roughly equal to half the wavelength
of the source waves. When water depth is less than half the wavelength, this wave-
induced orbital motion affects particles lying on the seabed. Depending on the material
(i.e., density) and on the form (i.e., size and shape) of such particles, they can be
entrained, moved or kept in suspension. Wave-generated water motion interacts with the
bed to influence surface waves through frictional dissipation of wave energy. This
influences the bed through mobilization of bed sediment by wave-motion-induced bed

shear stresses (Wiberg and Sherwood, 2008). Theoretical relationships between low-
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amplitude monochromatic waves and near-bed water motion were derived during the
late 1960s and then extended and improved to encompass an ever broader wave
spectrum and environmental conditions. Many coastal problems require the calculation
of wave-generated oscillatory (orbital) velocities at the sea-bed for applications such as
sediment transport, suspension and mobility and many websites share java applets to
easily calculate bottom velocities (and many others values) by surface wave parameters

(e.g., http://www.coastal.udel.edu/faculty/rad/;

http://woodshole.er.usgs.gov/staffpages/csherwood/sedx_equations/sedxinfo.html).

During the last decade the bottom orbital velocity periodic function and the near-bed
wave orbital velocity got more and more attention by marine scientists, as well as
coastal and marine engineers (e.g., Cookman and Flemings, 2001; Li and Amos, 2001;
Schutten et al., 2004).

Sediment suspension and subsequent transport occur only if two conditions are
contemporarily satisfied: the bottom orbital velocity (BOV) is greater than or equal to
the particle settling velocity, and a secondary force, once the particle is kept in
suspension, moves it horizontally to any direction. Such a combination of forces leads
to particle suspension and transport, mostly avoiding test break-off or destruction. BOV
put tests in suspension and move them vertically; without any other energy input, the
particle will remain in the same environment or at the same depth. Once a secondary,
orthogonal (i.e., on the horizontal plane) energy input is available (e.g., currents), the
particle, if already kept in suspension, can be moved in the flow direction. When
directional flow is present and orbital velocity is too weak to keep particles in
suspension (e.g., in deeper water), transport may occur as traction or saltation depending
on turbulence effects and near-bed friction laws. In the case of LBF, such mechanical
effects may damage tests. The transportability of LBF shells only expresses its
capability to be kept in suspension and is thus independent from transport intensity and
direction.

As already stated, shell morphology is a compromise between light exposition and
resistance to water motion. Under a functional morphologic view LBF must build non-
transportable tests, at least during lifetime. Thus for LBF transportability is defined as
the water depth range at which the test can be suspended by water motion, then
potentially subject to secondary inputs. The equilibrium between orbital bottom velocity

and test settling velocity is reached at the deepest point of this depth range. For LBFs
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without special attachment mechanisms (e.g., spines in calcarinids) this point represents
the best environmental condition, in term of depth, that must be satisfied to get
sufficient light for symbionts of the foraminifer without being transportable anymore.
However, the mathematical quantification of orthogonal secondary water inputs (i.e.,
currents or streams) becomes thus unimportant for transportability. Accordingly, current
parameters are not considered in the equations presented here, although they primarily
are responsible for transport’s width and direction.

The transportability of LBF is given by the combination of many parameters, including
test density, size and shape and — concerning the energy scenario — sea bottom
morphology, sedimentology and wave-induced orbital bottom velocity. The major
factor within the following calculation is the bottom orbital velocity vs. settling velocity
ratio, which delimits the transport - deposition boundary.

BOV can be calculated from surface-wave parameters using different equations. Water
movement and, therefore, the resulting forces can be resolved at each point into vertical
and horizontal components. Depending on the application and due to the vector
character of velocity, all possible near bed velocities may be calculated to any direction
and according to the linear wave theory know as the Airy wave theory (Airy, 1828) both

in horizontal and in vertical direction as follow:

u=(zH/T) {cosh[k(zyt+h)]/sinh(kh)} cos(kx-wf) (1)

for the horizontal orbital velocity, and

w=(zH/T) {sinh[k(zy+h)]/sinh(kh)} sin(kx-wf) 2)

for the vertical orbital velocity, where H is wave height, T is wave period, / is water
depth, & is wave number, sinh and cosh are the hyperbolic sine and cosine, zj is the

depth where the orbital velocity must be calculated, w is the radian frequency 27/¢, x is

the coordinate in the direction of wave propagation, and ¢ is the time (Fig. 1).
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FIGURE 1 — Wave generated orbital velocity geometry and parameters (modified after Komar 1997).

Because the highest values are reached for horizontal and vertical velocity, in both cases
the periodic functions sine and cosine are equal to one. In fact the horizontal component
of orbital velocity reaches its maximum when cos(kx-w?) = 1 and, vertically, (i.e., 7/2),
the vertical component reaches its maximum when sin(kx-w?) = 1.

Considering orbital velocity at the sea bottom, it induces the condition zy = -4 in both
equations (1, 2).

In equation (2), at the given condition, cosh[k(zy+/h)]=1. In equation (3), at the same
condition zy = -A, the value sinh[k(zyth)]=0. This means that at the sea bottom, the
horizontal velocity is always calculable but the vertical component goes to zero.
However, it increases rapidly from the condition zy + & > 0 because of the divergent
(i.e., non-periodic) character of the sinh(r) function.

Because of this inconvenience, several solutions have been proposed to quantify the

vertical component of the orbital velocity at near-bed depth.
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In linear wave theory, the equations for calculating the two components of bottom
velocity differ for deep and shallow water because, friction with the bottom sediment
plays a significant role in shallow water. According to several authors (Komar, 1998;
Schutten et al., 2004), the formula for the deep-water approximation may be used for
near bed vertical velocity providing good fitting with field observations. The vertical

component of the orbital velocity for deep-waver waves is:
w=(zH/t) exp(kz) sin(kx-wt) (3).
For common waves of height less then 1.5 meters and of short period (i.e., 5 < T <10

sec) there is almost no difference between horizontal and vertical component. Below 30

meters water depth, they act, quantitatively, very similarly to the sediment (Fig. 2).

velocity (cm/sec)
0 5 10 15 20 25 30

water depth (m)

FIGURE 2 — Horizontal (1) and vertical (w) orbital bottom velocities calculated with equation 1 and 3,
respectively.

That is why in many studies (see websites linked above) on near bed orbital velocity
only equation (1) is used (Soulsby, 1997; Cookman and Flemings, 2001; Wiberg and
Sherwood, 2008) to quantify the energy input at the sea-floor; the use of the mere

vertical component for near bed orbital velocity is thus no further suggested.
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However, in this work, the near bed orbital velocity was calculated using equation (1)
modified after applying the conditions zy = -4 and cos(kx-wt) = 1. The used equation

results:

U, = Hr/ Tsinh(kh) (4)

This formula is the best-suited one for small-amplitude wave theory, which assumes the
bed to be frictionless (Soulsby, 1997; Wiberg and Sherwood 2008). Orbital velocities
calculated using this theory agree well with observed oscillatory flows under
monochromatic waves. Note, however, that wind-generated waves are not
monochromatic, and bed friction must be considered for the transport of sediment
particles lying on the bottom. Nevertheless, for small-amplitude wind-generated waves,
the approximation using H is still very accurate (Wiberg and Sherwood 2008) and the
calculation of bed friction can be omitted when studying long-distance transport of
optimally preserved specimens (i.e., considering neither rolling nor saltation). Figure 3
shows how deep such velocities affect the sea bottom depending on surface wave

parameters.

80



Chapter 3
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FIGURE 3 — Bottom orbital velocity calculated with equation (4) at different 7 and H conditions. The
dotted line represents the energy condition used in the present work.

Using this formula from surface-wave parameters is not as immediate as it seems.
Surface-wave parameters are normally considered as H, T and & (because they are
depending each other). The calculation of & is more complicated. The wave number k
represents the number of oscillations made by a given wave within its distance unit and
it is proportional to the reciprocal of the wavelength (L). The procedure presented here
to calculate L is the main procedure used in the Java applets linked above and published
by Hunt (1979) (therefore called as "Hunt's Method"), then in the following years
widely corrected and improved (Soulsby et al., 1987, Soulsby, 1997; Komar, 1998;
Wiberg and Sherwood 2008).
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The radian frequency is given by:

w=2n/T (5).

The two dimensionless variables, calculated from the dispersion equation

o’ = gktanh(kh) (6),
are expressed as x = w’h/g and y = kh.
The Hunt's formula, used as follows, is an approximation for y(x):

12 \where B is a constant calculated as:

y = +Bx)
B = 1/(1+x(0.66667+ x (0.16084+ x (0.02174+ x (0.00654+
+x (0.00171+ x (0.00039+ x (0.00011)))))))) (7)

This is computationally fast because it avoids calculations of tanh(y) (6). The relative
error in y is less than 107 for all x. The relative error in U, 1s <0.02% for all x.

The calculation of the wave number is therefore given by:

k=ylh (8),

following the wavelength as

L=2nlk (9).

To keep a particle in suspension and make it transportable, the water energy input must
exceed the energy that pushes the particle to the bottom due to gravity. Such energy can
be calculated as settling or sinking velocity. Some sedimentologists and paleontologists
have already recognized the importance of settling velocity for the study of particle
transport and distribution on slopes and ramps. In recent years, mathematical equations
allowed the -calculation of settling velocities without empirical measurements.
Concerning LBF, calculated settling velocities as well as experimental data are already
published. Their importance as a powerful tool in understanding the distribution of tests

in shallow water environments has been already demonstrated (e.g., Beavington Penney
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et al., 2005; Jorry et al., 2006; Yordanova and Hohenegger, 2007; Briguglio and
Hohenegger, 2009). However, the quantitative equation between water motion and LBF
distribution remains, so far, unknown.

Mathematically, for a given wave, every depth is characterized by one calculated orbital
velocity and, at this water depth, only particles with settling velocities higher than the
energy input can be deposited.

Concerning LBF, high diversity in test geometry and bauplan (reflected in the high
number of taxa, then duplicated due to the generation’s dimorphism) may lead to the
same high diversity in hydrodynamic behaviours. At the species level, the intraspecific
variability - within the same generation of LBF (e.g., agamonts) leads to a spectrum of
settling velocities which may differ significantly from species to species (Yordanova
and Hohenegger 2007, fig. 5). Such differences are reflected in the response of every
taxon to hydrodynamics.

To occupy and flourish in a niche, a species must be adapted to the range of physical
conditions in the environment and must be able to accumulate the trophic resources
necessary to produce new generations at least as fast as predators, disease and physical
factors reduce their numbers (Hallock et al., 1991). Concerning symbiont bearing LBF,
morphology is the basic adaptive characteristic. Foraminifera have to provide enough
light to the symbionts and to resist hydrodynamic inputs at the same time; it let them
build very complicated but adaptive test morphologies and bauplans (Hohenegger,
2009). Below nutrient availability, the presence of competitors and other inconvenient
environmental characteristics, the ecological optimum for LBF will occur at that water
depth where light intensity satisfies the symbiont’s demand and where the foraminiferal
shell resist entrainment due to weight or attachment mechanisms.

Correlating water depth with test’s settling velocity and orbital velocity (Fig. 4),
transport will occur only below the calculated function (equation 4) and deposition will

occur only above.
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FIGURE 4 - Settling and/or orbital velocity versus water depth. The dotted line represents the orbital
velocity function as related to the water depth. Depending on the orbital velocity function, particles with
low settling velocity in shallow water would be transported, whereas particles with higher settling
velocity in deeper water would be deposited.

If particle's settling velocity is lower than the orbital velocity, then this particle will be
kept in suspension and, if a secondary force is present, will be transported.
Consequently, the same particle will be unaffected in deeper water, where its settling
velocity exceeds bottom velocity. Concerning a single LBF specimen, it's settling
velocity value indicates the water depth where under normal weather conditions the
shell is not transportable anymore and where maximum light intensity is available for its
symbionts. Without special fixing mechanisms as in nummulitids, such depth may
represent the ecological optimum for that test shape.

Considering not a single individual but the complete morphological diversity within the
same species (and within the same generation), deposition of tests starts occurring at the
water depth where the bottom velocity function (at the given condition k, 7, H)
intersects the highest settling velocity value within all values calculated for the species.
At water depths where the bottom velocity function matches the minimum value of
settling velocities within all specimens of the same species, the water energy cannot
keep any of the particles (all the species' tests) in suspension. This second
hydrodynamic boundary defines the water depth at which tests of that species with the
slowest settling velocity remain unaffected; it may predict accumulation.

The definition of such transport and deposition areas is reliable only if particles (or
tests) are present and available at every water depth. In such conditions, certain tests
will be transported (i.e., from shallower areas) and certain others (i.e., in deeper or
calmer areas) not. LBF live in restricted habitats determined by a set of environmental

gradients, which may occur in the transport and/or in the deposition zone.
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Therefore, transport occurs hydrodynamically only if specimens are in the transport
zone (below the function in fig. 4): e.g., disk-like tests with low settling velocity in
high-energy scenario. Besides the specific behaviour of foraminiferal tests in fluids,
slope morphology represents another important factor influencing transport: the steeper
the slope, the more intensive the depth transport of larger tests (Hohenegger and

Yordanova, 2001b).

2. Material and methods

Specimens were collected from the slope west off Sesoko Jima, a small island west of
Motobu-Peninsula, Okinawa, Japan. Two transects were chosen northwest off Sesoko
Jima, one in the northern part of the slope and one in the southern part. Sampling was
conducted during June and July 1996, and completed before the first typhoon
occurrence. Thus, samples are composed of non-transported living foraminifers.
Additional data about these two transects are reported in Hohenegger et al. (1999).

The distribution of living specimens along the transects is published in Hohenegger
(2000), whereas the empty test distribution is reported in Yordanova and Hohenegger
(2002). In the latter, the empty specimens were studied and sorted based on their
preservation grade into optimally, well and poorly preserved tests.

The present study considers the distributions of living specimens and the distribution of
optimally preserved empty tests. The distribution of the former represents the depth
limits of the habitat and the distribution of the latter, optimally preserved, can be
regarded as the distribution of members of the time-averaged biocoenosis. Their depth
distribution mirrors displacement under differing weather conditions within a time
interval of a few years (Yordanova and Hohenegger, 2002), which may actually reach
kiloyears (Resig, 2004) including well-preserved tests. The former may have lived both
under quite normal weather conditions and under sporadic high-energy water inputs
(typhoons).

Several geometric and physic variables were measured (i.e., largest, intermediate and
shortest diameter, equatorial surface, axial surface and density), and the list of equations
published by Briguglio and Hohenegger (2009) was applied to calculate the theoretical

hydrodynamic behaviour of nummulitids tests. Such mathematically obtained results
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were compared with experimental results using a settling tube (Yordanova &
Hohenegger, 2007) (Fig. 5).

Because the mathematical calculation of hydrodynamic parameters of a shell is always
realizable (once the diameters, the surfaces and densities are measured), all collected
specimens can be used for scientific purposes.

Four different formulas were used to predict particle settling velocity depending on
particle shape.

The first formula calculated settling velocity, termed "settling velocity of an equivalent

sphere" (sensu Le Roux, 1997a)

Wy = Wa(pf (ug(ps-p))"” (10)

where Wy is the dimensionless sphere settling velocity (calculated as in Briguglio and
Hohenegger, 2009), pr is the density of the fluid (seawater), ps is the density of the test,
p is the dynamic viscosity of the fluid (seawater) and g is the gravity constant. This
parameter is a shape-independent value and can be correctly used for comparisons
involving other foraminifera having the same volume.

The second formula calculates settling velocity by considering the shape entropy, thus

reducing the former formula values significantly.
W.=W;[(H-0.5833)/0.4167] (11)
The deviation from sphericity H, was calculated with the equation proposed by

Hofmann (1994), widely used for ellipsoidal grains (Le Roux, 1997a, 2005), then for
nummulitids (Jorry et al., 2006; Briguglio and Hohenegger, 2009).
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FIGURE 5 — Comparison between real (measured) and calculated settling velocities on the left and
between real (measured) and calculated Reynolds numbers on the right. The True Nominal Diameter,
proposed by Waddel (1939), on the x-axisis calculated with the formula TND = 2(3V/4n) ' where V
represents the volume of the test. It allows linear comparisons of different tests sizes without taking into
account shapes differences.
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The shape entropy equation is based on the geometry of an ellipsoid and can be

calculated with

H, = [(p: Inp))+ (p: Inpi)+ (ps Inps)]/1.0986 (12)

where p;, p; and py, are the proportions of the major (L), intermediate (/) and minor axes

(S) of the ellipsoid

pi =1(L+I+S)

p1 = L/(L+I+S)

ps = S/I(L+I+S)

The third formula used was proposed by Allen (1984) for bivalve shells:

v =2gV(pe-p)/CapA (13)

where V is the volume, C,is the drag coefficient and 4 is the area of the shell/test facing
the water during sinking, which was calculated as reported in Briguglio and Hohenegger
(2009).

The following formula was used to calculate the Reynolds number to quantify the

particle's buoyancy
Re = pD,vluy (14)

where D, is the True Nominal Diameter proposed by Le Roux (1997a) and v is the
particle's settling velocity. The Reynolds number provides information on test
buoyancy. It considers test settling velocity, drag coefficient and density, making it
important to examine its correctness and to correlate it with the experimental values

obtained in the laboratory.
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For comparison with the daily and constant energy input at the sea bottom, the best-
fitted settling velocity for every species was used. This comparison reveals how and
how much the water motion (under normal fair weather conditions) may or may not
influence test distribution. According to Hohenegger (personal observation, 1999), to
get a good representation of the environment under fair weather conditions, the wave
parameters in equation (4) could be: 7=9sand H=1m.

The obtained function may be represented as an exponential function y = a exp”™ where
x is depth, a is the velocity at the depth 0 m and b is very close to 0.

On settling velocity, the statistical limits X £1.96s including 95% of all cases were
calculated and were used to estimate the transport/deposition boundary as well as
accumulation. These results are shown in figures 6 and 7.

The calculated BOV function was used as reference and, on this function, the
distribution of living and optimally preserved specimen was reported (specimens
number per 500g of sediment). The settling velocity range of every species is

represented on the top of every graph with a double arrows line.
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3. Results

The hydrodynamic behaviour of nummulitids obtained by mathematical approach fits
very well with the results obtained by experiments using a settling tube (Yordanova and
Hohenegger, 2007). Up to the settling velocity and to the Reynolds numbers (Fig. 5),
calculations are consistent with experimental results, both in smaller and in larger
specimens. In figure 2, comparisons between the two methods are displaced. For every
taxon, the three settling velocity equations 10, 11 and 13 were used to check which one
fits the experimental data best.

In fact, depending on the specimen’s shape entropy (equation 12), one of the three
calculated settling velocities fits best. Considering the shape entropy parameter, the
most accurate equation for calculating the settling velocity of specimens with H, > 0.95
(i.e., well-rounded tests like P. venosus) is equation (10), which assumes the falling
object is spherical. The most accurate settling velocity equation for specimens with H; <
0.85 (i.e., disk-like test such as C. carpenteri) is equation (13), where the volume/half-
surface ratio significantly reduces the sinking effect. For specimens with 0.85 < H; <
0.95 (i.e., plate-like tests or not rounded tests) the best mathematical calculation, which
correlates well with the experimental data, is equation (11). Here, shape entropy
becomes important strongly reducing the settling velocity of a sphere.

The combination of the energy scenario (i.e., the orbital velocity calculated with
equation (4) with the hydrodynamic behaviour of every single test (i.e., the settling
velocity as results of calculated size shape and density) provides the key to evaluate the
depth transport distribution along the transect. As already stated, to permit transport,
together with the necessary orbital velocity, a secondary force must be available: it is
here the case due to the influence of tidal currents and downwelling by the Kuroshiyo
Current, which passes the location from the south (Hohenegger et al., 1999). It means
that the sampling area can be considered as an indicative location to investigate and
quantify hydrodynamics. The two transects, with different morphologies but with
almost the same diversity in foraminifera may allow quantification on the influence of
slope morphology on living foraminifera distribution and transport, deposition and

accumulation of empty shells due to water dynamics.
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The hydrodynamic equilibrium conditions allow estimating the water depth where a
shell, with its hydrodynamic parameters, may be transported or deposited, i.e., the
transport - deposition boundary. In figures 6 and 7 the representation of the transect
morphology and the relative BOV are reported for the northern and the southern
transects at the bottom right of every figure. Obviously, the BOV follows the profile
morphology in both transects. In figures 6 and 7 the distribution of living and optimally
preserved foraminiferal tests are displaced as dotted line and as grey area, respectively.
The referring specimen numbers are reported on the y-axes on the left side of every
graph. On the right side the y-axis for the BOV, which is distinguishable by a thick
black line, is reported as well as the scale for water depth calculation; the transect
profile is not reported because of its similarity with the BOV line. On the top of every
schema, a double arrow is illustrated: it represents the distribution of settling velocities.
Its depth boundaries embrace 95% of all individuals within a species according to
normal distributions.

Concerning test morphologies, the distribution of living individuals matches the settling
velocity vs. BOV equilibrium, i.e., the ecological optimum for every species is
identified by the hydrodynamic behaviour of the tests. Concerning transportability of
tests, living and optimally preserved tests distributions do not show significant transport
evidences. Only in a few cases, settling velocity is lower than BOV: in such condition,
tests are transported downslope until those depths, where water energy does not play
any role for this specific test form.

In the following chapters the living and empty test distributions on the transects
accordingly to its hydrodynamic behaviour are discussed for the investigated

nummulitid species.

3.1 Hydrodynamic behaviour of the investigated taxa.

3.1.1 Palaeonummulites venosus (Fichtel and Moll)

It is restricted to sandy bottom in both transects and lives in the uppermost sand layer.
Within the nummulitidae, P. venosus is the species with highest settling velocities. It
allows individuals living in shallower water without being transported by water motion.

The tests can easily being entrained together with the surrounding sand grains and put in
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suspension; the rounded test, characterized by a high settling velocity, make the
foraminifer sink faster than the smaller carbonate grains and in case of burial, its
peculiar lenticular shape is favourable for relatively quickly climbing up through the
sediment again (Hohenegger et al., 1999).

The hydrodynamic equilibrium between settling velocity and BOV is located at water
depths between 40 and 50 meters and the 95 % distribution's tails are located at 33 and
59 meters water depth. The same value of BOV for such water depth is revealed by the
settling velocity of the measured tests. It means that the tests built by P. venosus at the
water depth where they live may contrast water motion without being transported out of
their habitat; in fact, the optimally preserved tests curve follows consistently the living
specimens one. Because of the steeper morphology in the shallower part of the northern
transect respect to the southern one, the depth distribution of the settling velocities
(calculated for the tests belonging to this species between 35 and 60 meters water depth)
covers only 100 meters in length; on the southern transect the same depths range is
more than 400 meters length. It results that, on the southern transect, the distribution of
the tests (both living and optimally preserved) covers a broader surface accordingly to
the calculated depth.

A mere morphological analysis of the transect would expect deposition and
accumulation in the deepest part of the profile just below the distribution of living
organisms. It is not the case: even with a very steep slope, water energy is not able to
keep the tests in suspension and move them downslope. In the fossil record, the
estimation of paleodepth by settling velocity calculation of such high entropy shells

would have been correct.

3.1.2 Cycloclypeus carpenteri Brady

It lives on sandy substrates in the medium euphotic zone. In both transects, C.
carpenteri lives on the flat part of the slope and close to its steeper part. There, the
ecological optimum, visible by the highest specimens number area, is displaced at the
water depth between 45 and 68 meters. This depth range is defined also by the range of
the settling velocity.

In the northern transect such water depth is characterized by a vary flat profile, on
which C. carpenteri is well distributed and represented and, because at that water depth

the equilibrium between settling velocity and BOV is reached, shells are not
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transported. On the southern transect, the water depths at which C. carpenteri is
abundant are perfectly comparable to the northern transect but the topography becomes
important. At this water depth, the profile is steeper and the optimum for C. carpenteri
is reached in a very restricted area. The settling velocity BOV comparison also
considers this depth as the equilibrium depth. However, a very steep slope starts exactly
at this water depth; all specimens are transported and accumulated downslope. This is
possible by any small variation of the energy input; a higher wave period or a longer
wavelength would be able to keep tests in suspension and move them downslope easily

due to gravity.

3.1.3 Operculina ammonoides (Gronovius) including O. complanata (Defrance)

They frequently inhabits fine-grained bottoms of lagoons behind patch reefs; it is
abundant on sand, and has similar frequencies on soft bottoms and firm substrates along
the slope of the northern transect (Hohenegger et al., 1999). This species avoids the reef
edge and is rare in the uppermost 10 m of the slope. It prefers lower-energy
environments with medium light intensities. Settlement in shallower waters is restricted
to firm substrates with well-structured surfaces, where the individuals resist
hydrodynamic forces by hiding within small grooves and holes (Hohenegger et al.,
1999). Abundance is higher on sandy versus hard substrates in both transects.

In both transects, hydrodynamic is important. In fact, the distribution of living tests
reflects the depth calculated by settling velocity analysis. Not only the 95% limits of
settling velocities coincide with the test distributions, but also accumulation is visible
after the deeper limit, where any test at the given environmental conditions is further

transportable.

3.1.4 Planostegina operculinoides Hofker

It lives on sandy bottoms in the deepest parts of the euphotic zone (Hohenegger and
Yordanova, 2001) but it is present on the transects from 20 meters down to more than
100 m. The distributions of living individuals and optimally preserved tests in both
transects reflects non-transport. Transportability is strongly reduced because P.
operculinoides has a very broad spectrum of settling velocities in case of very different
shape entropies. Such characteristic is advantage permitting the taxon living at different

environment with different energetic conditions. The ecological optimum seems to be
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located for P. operculinoides in much deeper condition, below 70 meters water depth
along the northern profile and at about 65 meter for the southern profile. The steeper
morphology of the southern transect shows the distribution of P. operculinoides with
much more details. Even if the species can live in deeper environments, it seems that its
maximum is located around 65 meter water depth. After that depth, tests are

accumulated without any transport evidence.

3.1.5 Heterostegina depressa d’Orbigny

It hides itself in small holes within carbonate rocks or between thalli of macroalge.
According to Yamano et al. (2002), H. depressa prefers tfirm substrates. The size, form
and completely smooth surface in shallow-living individuals are very similar to P.
venosus (Hohenegger and Yordanova, 2001). This species is rare near the reef edge, but
its abundance suddenly increases at 10 m. Because of its hiding peculiarity, H. depressa
may live in very shallow environment without being affected by water motion, which
reduces drastically in holes of rocks and in vegetated sea bottom. That is why high
abundance of individuals of both living individuals and optimally preserved tests occur.
If hidden in holes or between algae, water motion can transport neither living nor death
individuals. The settling velocity analysis would still give quite good results in the fossil

record concerning depth distribution of optimally preserved tests.

4 Discussion

The comparison between wave orbital velocity and settling velocity for a particle is not
new in coastal engineering and marine geology, but it is for palaeontologists. The
hydrodynamic equilibrium concept and the study of the transportability to approach the
shell’s functional morphology are also new in palaeontology. Such approach is
proposed here within a very few species of LBF, but it can be expanded to the different
families in both recent and fossil record as the physic laws acting on the hydrodynamic
distributions can be considered the same as now as in the past.

The measurements of density, shape and size and the succeeding calculations give
consistent results on all the analyzed specimens and help to interpret accurately the

hydrodynamically induced depth distribution of tests. Even if shape, size and density
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can be considered as the main parameters to approach hydrodynamics, they still need
some attention by scientists.

Concerning LBF, the density issue remains open. It can be measured in recent
specimens, but no fixed values are known for fossil forms. In recent nummulitids, the
density ranges between 1.1 and 1.9 g/cm’® (Yordanova and Hohenegger, 2007) but
values are most concentrated, for adult specimens, at 1.4 g/cm’. Other approximations
for density in fossil specimens yield slightly higher values. According to Jorry et al.
(2006), the apparent density value of fossil Nummulites ranges from 1.4 to 2.61 g/em’,
but for water-filled specimens the range drops down to 1.7 and 1.9 g/cm’; an average
value of 1.8 g/cm’ was used for predicting hydrodynamics of the fossil N. globulus
(Briguglio and Hohenegger, 2009). Using X-ray computed tomography, a value of 1.75
g/em’ was calculated for P. venosus and of 1.46 g/cm’ for O. ammonoides. This does not
consider surface microporosity, which decreases values by 10 - 20 % to 1.2 - 1.4 g/cm’
(Briguglio et al., in press). However, although a fixed value (or a species-specific range
including growth stages) is not yet available for fossil species, the used data are
consistent with the calculated hydrodynamic scenario.

Size and shape, beside density, play a fundamental role in the overall calculation and
drive the sequence of equations. For LBF transportability, the main deviation from
classical particle sorting involves shape. Particle shape is an even more complex subject
than density or size; during the last decades different shapes indices have been
proposed. Flatness index (Wentworth, 1922), oblate—prolate index (Dobkins and Folk,
1970), disk-rod index and rod index (Illenberger, 1991), several measures of sphericity
(Wadell, 1932; Rubey, 1933; Krumbein, 1941; McNown and Malaika, 1950;
Aschenbrenner, 1956; Janke, 1966; Hofmann, 1994) are only the most cited and used
indices within a much longer list (Le Roux, 2005). Some of these shape indices help to
determine the settling velocity of non-spherical particles (Komar and Reimers, 1978;
Baba and Komar, 1981a,b), which are very useful for nummulitids tests. Le Roux
(1996, 1997b) demonstrated that the Hofmann (1994) shape entropy H, gives the best
results for ellipsoidal grains, and thus can be considered as well suited for nummulitids
(Briguglio & Hohenegger, 2009).

The importance of modelling shape to contrast water motion has often been taken into
account in the story of nummulitids hydrodynamics and of functional test morphology;

but a quantification of how the shape must vary or how intense water input must be to
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transport a test to a certain water depth, is so far unknown. Some methods to evaluate
distribution of tests along a transect or a geologic profile consider the calculation of the
diameter/thickness ratio as the main parameter for test shape hydrodynamics. But the
calculation of nummulitid’s hydrodynamics is much more complicated and can give
much more insights within a single species. The calculation of the diameter/thickness
ratio is only an approximation and does not take into account density (witch may
significantly vary between species and changes during growth) and size. The
mathematical procedure here used (extensively published in Briguglio & Hohenegger,
2009) is very simple and can be reproduced without using advanced mathematics
programs.

The shape effects determined here finally solve the problems inherent in the subjective
and not useful morphological definitions such as "disk-like", "plate-like", "lens-shaped",
"egg-shaped", "globular" and "elongate" test form. Shape entropy and its calculation is a
powerful parameter to differentiate test forms and to compare forms that are apparently
different, but which may have similar hydrodynamic behaviour. In fact, it is very
common in both recent and fossil environments to find, within the same assemblage,
very different test shapes possessing similar shape entropy. The shape entropy ranges
outlined here lead to different settling velocity calculations and thus to different depth
ranges where the test is not transportable any more. This methodology leads to more
detailed and exact interpretations of depositional environments even in the case of
monospecific associations, especially the nummulite bank concept: such banks are
mainly composed of almost monospecific assemblages with a relative high abundance
of B-forms (Papazzoni, 2008). It remains unclear whether such facies represent
biological accumulation and thus show nummulitids in living positions, or whether they
represent the result of sorting and displacement due to turbulence (Reynolds number)
and comparable settling velocities.

The hydrodynamic analysis demonstrates how to approach such problems by an
energetic point of view without considering side effects of functional reaction, which
must be taken into account to avoid misinterpretations. The habitat of high shape
entropy tests (e.g., P. venosus) is characteristic for a high-energy scenario, but, as in the
study area presented here, such environment also contains tests with low shape entropy.
Such tests have a very low settling velocity and can be transported very easily by water

motion, thus should not belong to such high energy scenario; in fact, such species, have
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developed transport resistance methods as hiding (P. operculinoides or H. depressa) or
anchoring (Amphistegina bicirculata Larsen). For palacoenvironmental reconstructions,
high shape entropy tests will remain as potential fossils in the same habitat because of
their settling velocity, thus useful for paleodepth calculations. Use of settling velocity
for low shape entropy tests in high energy scenario can lead to misinterpretations but
are most important to support ecological adaptations (e.g., anchoring or hiding
strategies, or infaunal lifestyle). Such differences in shape may help to differentiate
autochthonous from allochthonous sediments solely by analysing the shape entropy of
tests. The importance of shape and its correlation with water depth may be explained by
considering shell functionality in hydrodynamic environments. On the one hand, larger
foraminifera, because of their symbiont-bearing character, have to build tests with a
high surface/volume ratio to get enough light to obtain positive net rate in
photosynthesis; on the other hand, the resulting shell must somehow have a
hydrodynamically convenient shape or assuming strategies avoiding transport (i.e.,
anchoring, hiding, density increase). Such coexistence of strong light dependence and
bauplan intelligence causes foraminifera to live within a strictly delimited water depth
range characterized by BOV always lower than the tests settling velocity. The
investigated taxa fit to this rule. Additionally, LBF ecological optimum depth, defined
by the largest number of individuals and always located within the settling velocities
range, occupies for every species the shallowest depth just below the boundary with the
transport area. It is convenient for a cell to live where not only transport is avoided but
also where the maximum light penetration is available, i.e., at the shallowest depth just
below the transport deposition boundary. If the species is not hiding or has not
developed any anchoring system, the evaluation of water depth by comparison between
settling velocity and BOV is precise even if the equations proposed do not consider
transect morphology. Only the widths of settling velocity range depend on morphology,
the calculated water depth where the transport/deposition boundary occurs does not
vary.

The deeper boundary, obtained by the lowest settling velocity of all the tests belonging
to the same species, explains the water depth where the wave-induced BOV does not
play any role in suspending tests anymore. Suspension, at the given energy condition, is

unreliable but the lower light penetration does not allow some species to live at such
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water depths. The deep tail of the species-specific distribution curve must depend on the
endosymbiont’s need for light and not on the hydrodynamic behaviour of the tests.
Consequently, the lower boundary should be recognized by the lower limit of a positive
net rate in photosynthesis for the symbionts (Lee et al. 1980, Hohenegger 2004) and by
elevated test structures concentrating light (Hottinger, 2006) thus having few relation
with hydrodynamics. Therefore, the lower hydrodynamic boundary should be
considered as the specific water depth where transport becomes unimportant, but also
can be considered as the water depth, where accumulation of all tests starts expecting a
high number of individuals without any evidence of transport. Considering the studied
taxa, transport below the deep hydrodynamic boundary occurs in restricted cases
depending on very steep morphologies.

All species studied here are adapted to species-specific water depths where test
geometries are able to resist water motion; the cells can live and reach reproduction
without being transported out of their habitat if the energetic conditions are typical for
fair weather as we have supposed and calculated. By varying the weather conditions and
increasing the time span of exposition of test to water movement, the distributions of
empty test of not optimal preservation are, for every species, moved significantly

downslope (Yordanova & Hohenegger, 2002).

5. Conclusion

The hydrodynamic approach we used to estimate the transport deposition boundary and
to evaluate shell functionality gave important results and 1is worthy for
palaeoenvironmental and palaeohydrodynamic reconstructions. The requested
measurements are easy to obtain and already known in the literature, the proposed
calculation can be carried out by any calculator and even if equations must be
considered only as a mere approximation of the real hydrodynamic behaviour of the
shells, it is evident how much consistent they are with the values obtained
experimentally.

Up to the Reynolds number, the equation sequence is rigorous and mirrors the
experimental results and its diversity of parameters, given by the study of shape, density
and size, allowing the use in a very broad spectrum of applied tasks. Even if such

calculation requires more data than the mere diameter/thickness ratio, it allows much
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more detailed palacoenvironmental reconstructions and hypotheses on the energetic
scenario in fossil shallow water environments.

Comparing the depth distributions of living individuals and empty tests helps to
interpret the transport, deposition, and reworking of sediments. Different transport
intensities between species along the same transect reflect varied test buoyancies caused
by differences in shape and settling velocity. In the presented study, shell functionality
is valuated by its resistance to water motion and thus by its capability not to be
transported out of its habitat, at least during life time. Once the energetic input by water
motion at the seafloor has been defined and the settling velocity has been calculated for
every test, the result we obtained is that tests are characterized by settling velocities
comparable to the orbital velocity at the water depth where the ecological optimum
occurs. The settling velocity of a foramininiferal shell can, consequently, be considered
as the main hydrodynamic parameters, because it depends on shape, size and density. It
may also be considered as the key parameter to predict water depth where the same
shell can live resisting water input and this is very usable in the fossil record. For the
studied taxa, it seems that the test geometry and the relative entropy are functionally
perfect and let the foraminifer survive within its ecological optimum without being
transported away at least during fair weather condition as supported by the depth
distribution of optimally preserved tests. Such evidence underlines the potentiality of
the use of bottom orbital velocity for paleontological analyses to the much broader
spectrum of the fossil nummulitids which have been subdivided in many hundreds of
species and all of them posses a specific geometry which could have provided different
entropy and then settling velocity and thus different water depths.

However, this study clearly shows a quantitative correlation between shell morphology,
ecological optimum, water depth and wave induced bottom orbital velocity. Such
correlations may be most useful to characterize monospecific assemblages or highly
diverse associations, broadly deposited during Palaeocene and Eocene periods.

In addition with sedimentological observations, the hydrodynamic approach we used
can be applied to reconstruct the paleoenvironment of LBF and to define their shallow-
water energetic scenario. This makes transport calculation mandatory both in

paleoenvironmental reconstructions and in energetic scenario characterisations.
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NUMMULITIDS HYDRODYNAMICS:
BRIEF REVIEW AND APPLICATIONS

ABSTRACT

The main physical variables influencing the hydrodynamic behavior of nummulitid tests
are size, density and shape. Transport and sorting thus vary among nummulitid species
and life stages because of different test buoyancies. A mathematical calculation to get
the settling velocity of every test was used on well-preserved specimens collected on a
profile in the Early Eocene sediments of the Tremp basin in Spain. On consolidated
material, several thin sections were studied and the obtained results coming from the
microfacies analysis were used to crosscheck information gotten from the settling
velocity dataset. This work demonstrates the potential and the importance of the settling
velocity to describe the hydrodynamic behavior of a particle in aquatic realms. Its study
may explain transport, deposition and accumulation processes based on the comparison
among different genera normally of common occurrence within the same sample as the
case of nummulitids.

The calculations we ran, gave information on the palaeobiology of foraminifera, on the
habitat they might have lived, and on adaptive shell morphology strategies, according to
species-specific and assemblage-specific hydrodynamic parameters they possessed.

The good quality of results, based on the mathematic calculation of hydrodynamic
parameters compared with experimental analyses, allows shallow-water zonation
reconstruction based on transportability boundaries and functional shell morphologies

coenoclines based on species-specific hydrodynamic behavior.
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INTRODUCTION

Larger benthic foraminifera (LBF) living in shallow water environments formed
sedimentary beds of considerable thickness and lateral extent at different geological
time, especially in the late Palaeozoic (Fusulinids) and Palacogene (Nummulitids)
(Wilson, 1975; Aigner, 1985). Sequences of layers, banks or build-ups consisting of
almost monospecific accumulation but counting a large number of specimens can be
found in many localities around the world (Buxton & Pedley, 1989; Beavington-Penney
et al., 2005)

Palacogene nummulitid limestones, as important hydrocarbon reservoirs (Decrouez &
Lanterno, 1979; Racey, 2001), are exploration targets in the Middle East (Beavington-
Penney et al., 2005). Therefore, the palacoenvironment of Nummaulites has been debated
over the last 50 years because modern analogues of such enormous fossil accumulations
do not exist.

Because of these difficulties, very few information are available to palacontologist to
provide palaeoenvironmental reconstructions and to provide insights on the
palaeobiology of such organisms. The reaction of larger benthic foraminifera to water
depth is considered as the major variable that influences the distribution of tests
(Hohenegger, 2000) on a slope. Temperature, light, hydrodynamics, substrate and
trophic resources are water depth dependent factors and therefore they must be taken
into account to approach LBF distribution (Hohenegger 2004). Furthermore, all these
primary factors depend on the geographic latitude and on the topography of shore
(including the hinterland) and of the sea floor.

Additionally to such physical laws affecting marine environments, chemistry also plays
an important rule; in fact, due to the various taphonomic processes acting extremely in
shallow water environments (Martin and Liddell, 1991), the preservation of LBF tests
within their habitat is not common. While transport, sorting, fragmentation and abrasion
demonstrate the influence of hydrodynamics, the effects of corrosion, dissolution,
cementation, neomorphism and recrystallization reflect the influence of pore water
chemistry and porosity of the sediments, where the tests are embedded (Fluegel, 2004).
Beside these problems, primary environmental factors can be estimated by actualistic
approaches. First, modern LBF are restricted to warm water, where they cannot fall for

longer time (e.g., a few weeks) below a threshold value of 14°C. Therefore, they are
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restricted to the tropic and warm temperate ocean, where the base of the thermocline
determines their depth limit (Hollaus & Hottinger, 1997; Langer & Hottinger, 2000;
Hohenegger, 2004).

It is well known and demonstrated that modern LBF’s react to decreasing light intensity
by test flattening optimizing the surface/volume ratio (Larsen & Drooger, 1977;
Hallock, 1979; Renema, 2005) or by thinning of the walls (Hallock and Hansen, 1979).
This strong dependence on light intensity has been recently challenged (Nobes et al.,
2008), explaining the presence of large and flat LBF with a high surface/volume ratio in
very shallow, quiet water environments (e.g. Planostegina giganteoformis in Middle
Miocene shallow water limestones between coral patch reefs; Gross et al., 2008).
Substrate is important to resist hydrodynamics (Hohenegger, 2004): many LBF living in
shallowest regions anchor themselves to hard substrates like rocks thanks to their
structured surfaces or spines or they hide themselves below the sediment particles.
Nevertheless, high-energy events as tropical cyclones can remove living LBF
transporting them into inconvenient regions, where they can survive for a few days but
not reproduce (Hohenegger et al., 1999). However, because of the low density of
foraminifera shells and depending of their external morphology, smooth currents or
wave induced bottom orbital velocity may keep such tests in suspension and transport
them in quieter region (Hallock, 1979; Jorry et al., 2006; Yordanova & Hohenegger,
2007; Briguglio and Hohenegger, 2009; Briguglio & Hohenegger, 2010).

Therefore, the main task for a foraminifer cell, building its test within such energetic
scenario, seems to meet two requirements: optimize light receipt and resistance to
hydrodynamics at least until reproduction. Adapted strategies for optimizing light
receipt are visible as variations of the wall composition (e.g., glassy versus non-
transparent walls) and as differences of test geometry (e.g., wall thickness and
surface/volume ratio through test flattening). Resistance again hydrodynamics can be
optimized by the development of spines for anchoring in sandy or rocky substrates or by
special fixing mechanisms of flat tests on smooth surfaces (e.g., soritids) or by building
hydrodynamic convenient test shapes able to contrast, with their size, form and density,
marine energetic inputs.

As LBF are restricted within the euphotic zone, tests are always exposed to
hydrodynamics, which can be stronger or weaker depending on the source of the energy

input and on the water depth. After death or reproduction, anchoring systems decade
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and tests are at the mercy of water motion; on the contrary, hydrodynamics convenient
shapes will continue contrasting water motion within certain energetic limits. In the
fossil record, potentially, every test might have been transported out of its habitat.
Because of water motion, always inferring depth distribution of LBF tests both during
their life time (in vita) and after their death (post mortem), many hypotheses have been
proposed over the past decade to interpret the biostratinomy of LBF accumulation.
Several depositional models have been developed for understanding palaeoecology,
palaeoenvironments and hydrodynamic behavior of nummulitids to explain their depth
distribution (Davies, 1970; Hohenegger and Yordanova, 200la,b; Yordanova and
Hohenegger, 2007). Several authors point out that the hydrodynamic behavior of
Nummulites is a key-factor controlling such distribution (e.g., Jorry et al., 2006;
Yordanova & Hohenegger, 2007; Briguglio & Hohenegger, 2009). Consequently,
transport varies among species and among generations because of different test size,
shape and densities. Physical processes, which are modeled by mathematical equations,
could be helpful to explain disturbances and modifications of communities leading to
fossil associations: i.e., the biostratinomy of the tests.

During the last two years, the mathematic process characterizing LBF shells
hydrodynamics has been explained (Briguglio & Hohenegger, 2009) and its importance
to get information on shell morphology and functional test construction has been also
exposed (Briguglio et al., in press; Briguglio & Forchielli, 2010; Briguglio &
Hohenegger, 2010). A further step in nummulitids hydrodynamic, i.e. the explanation
how such mathematic calculation can be a useful tool to give some advantages in
palaeoenvironmental reconstruction on a field geologic profile, is a further goal of this

work.

MATERIALS AND METHODS

The study area is situated in the westernmost part of the province of Lerida (Catalunya,
Spain), in the region of Tremp. The samples studied were collected from an outcrop
located on the road connecting Guardia de Tremp to Santa Lucia close to the fork
junction to Estorm (Figure 1). The location area was chosen because of the optimal
preservation of foraminiferal tests. In addition, the outcropping nodular limestone

lithology of sediments allows both the study on thin sections and the measurements on
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isolating specimens. On the outcrop, 14 layers were sampled; thin sections were
obtained from lithified material, while unconsolidated samples were treated with 10%
hydrogen peroxide then sieved (0.125 mm). On the sieved material, all optimally
preserved specimens were collected, photographed, measured and used in this work.
The mathematical results have been crosschecked with data from microfacies analysis
(made on thin sections). 97 thins section have been obtained from the lithified material
and 645 specimens of nummulitids were used for the mathematic calculation.
Additionally, several specimens were split on the equatorial section for classification
and stratigraphic purposes.

The sampled profile corresponds to the "Nummulites globulus shales" of Luterbacher
(1970, 1973) and can be stratigraphically assessed to the upper part of the middle
Ilerdian sensu Tosquella & Serra-Kiel (1996), Assilina corbarica zone sensu Hottinger
(1960) and SBZ 8 sensu Serra-Kiel et al. (1994) (Figure 2).

The composition of the samples is mainly made by hyaline LBF belonging to the genera
Nummulites and Assilina, while Discocyclina is rare. Some species belonging to the
genus Assilina have been assessed to the subgenus Operculina (Operculina) for long
time because of their "operculinids" growth geometry (sensu Hottinger, 1960). As this
characteristic leads to a very different hydrodynamic behavior of such forms, the
operculinids have been always considered independently in this work. Among the taxa
presented, the following species belong to operculinids: Assilina ammonea ammonea,
Assilina subgranulosa and Assilina douvillei; not included into the operculinids is the
taxon Assilina leymeriei. Porcelaneous foraminifera are abundant in the lower part of
the profile and represented by the genera Alveolina, Orbitolites and Opertorbitolites.
From the washed samples, well-preserved tests were selected to carry on this work as
they can be regarded as members of the same time-averaged biocoenosis and thus
relieve an interpretation of the fossil environment (Yordanova and Hohenegger, 2002,
2007). After washing the sediment, specimens were measured using the vector image
analysis program CanvasX. Basic calculations and statistics were performed in
Microsoft EXCEL, while SPSS for Windows, Release 16.0.1, was used for complex
statistical analyses. On every specimen the calculations proposed by Briguglio &
Hohenegger (2009) were performed. On some specimens, classified at species level, a
species-specific study to validate the taxonomic accuracy of the mathematical approach

was carried on. At the sample scale (comprehending the genera Nummulites, Assilina
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and operculinids), the results of the calculation applied were used to define
transportability of LBF and water depth estimation based on the transport - deposition
boundary study (Briguglio & Hohenegger, 2010).

Aquitanian Basin

C: Cadi thrust system
G: Gavarnie thrust system
N: Nogueras thrust system
T: Tremp Unit

\
* T4
\ | +

\ o
&2 4 ey

Figure 1: location of the study area (modified after Waehry, 1999) and of the presented outcrop (arrow)
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Figure 2: Stratigraphic interval modified after (Waehry, 1999)

ACCURACY OF THE MATHEMATICAL APPROACH

Tests of foraminifera, acted on by fluids, behave mathematically as sedimentary grains
(Pye, 1994).

The three main parameters, density, size and shape are responsible for differences in the
behavior of sediments grains in fluids (Yordanova and Hohenegger, 2007) and the
definition of these parameters, representing LBF shell morphology, is a pivotal factor to
get information on their hydrodynamic behavior.

The calculation proposed by Briguglio & Hohenegger (2009), which provides a
complete set of data on the hydrodynamics of ellipsoidal tests, needs some auxiliary

explanations and a short review to allow its use in the fossil record.

DENSITY
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Density data from recent foraminifera and their usage to extinct species could be wrong.
Although the canal system and microstructures are similar, fossil nummulitids often
show internal structural complexity higher than recent forms. Jorry et al. (2006)
deduced the density of fossil nummulitids from weight and volume measurements, the
latter obtained by immersion in mercury (Hg). They made these calculations on several
nummulitids characterized by a minimum of diagenetic modifications and well-
preserved intraskeletal porosity. Considering porosity is important to get insight on the
hydrodynamics of LBF. Beside the macroscopic porosity, represented by the many
chambers contained in the cell's test, a dense network of micropores in the chamber
walls may let vary density in every test. Modern foraminifera develop also perforations
for gas exchange through the wall (Leutenegger and Hansen, 1979). Gas exchange is of
particular significance when foraminifera are associated with endosymbiotic algae,
which develop light-regulation devices to avoid photo-inhibition (Hottinger, 2000).
However, micropores with 1 — 2 pm diameter, representing tubular holes perpendicular
to the wall surface, range from 25 to 36% of the wall volume, while the chamber
volume (macroscopic porosity) ranges from 30 to 42% (Jorry et al., 2006). Therefore,
the total porosity of Nummulites varies from 47.5 to 62.9%. A pore space of 30% for
Nummulites reduces test wall density in empty tests from 2.72 g/cm’ in walls consisting
of solid low-magnesium calcite to 2.21 g/cm3 in porous walls (Briguglio et al., in press).
The density of a foraminiferal test changes with growth due to the variable proportion
between test wall and chamber volume and cannot be used as a fixed value (Yordanova
and Hohenegger, 2007).

Living foraminifera show densities similar to empty tests filled with seawater because
the protoplasm possesses densities similar to seawater. According to Jorry et al. (2006),
the apparent density of Nummulites thus ranges from 1.7 to 1.9 g/cm’, when macro- and
micropores are filled with seawater.

In the calculations proposed by Briguglio & Hohenegger (2009), the average value of
1.8 g/cm’ was used to represent density of Nummulites globulus (Leymerie, 1846) tests.
The same value is here proposed to simulate the hydrodynamic behavior of fossil
Numumlites. Concerning the genera Assilina and the operculinids, both abundant along
the measured profile, slightly lower values are used: 1.6 for Assilina and 1.4 for

operculinids because of their internal structure (Briguglio et al., in press). Such density
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differences are consistent also for recent LBF (Yordanova & Hohenegger, 2007).
Unfortunately, no realistic data are available in the literature concerning density of LBF,
some three dimensional reconstructions of nummulitids (Briguglio et al., in press) gave
some advices but more precise studies on density reconstruction are due to get more
precise information on nummulitids hydrodynamic behavior at the species level and
between generations. However, the differentiation here proposed seems to fit very well

with the calculation.
SIZE

The parameters length (L), width (), height (S), equatorial area and axial area were
measured on all the selected specimens. Length (L) could be directly obtained on
oriented thin sections or by image analysis; / was measured perpendicular to L crossing
in the middle of the protoconch; and § was measured in axial section (see Figure 1 in
Briguglio & Hohenegger, 2009). Equatorial and axial area was measured by image
analysis.

Some parameters, used for the last 15 years to express mathematically shapes and forms
of test and shells, have been used here on the 645 measured specimens and some
considerations are mandatory.

Beside the calculation of the volume, which can be performed in many ways depending
on the geometry of the test (see Yordanova & Hohenegger, 2007; Briguglio, 2008), a
linear variable representing the diameter of the sphere possessing a given volume is the
most important size parameter. The possibility to deal with linear parameters allows
easier calculations and practical comparisons between different forms and sizes. This
advantage is most useful in palaeontology where comparisons among assemblages,
samples or association, even if composed by different taxa, are very common. Such tool
can be useful also in further analyses of functional dependencies (Yordanova and
Hohenegger, 2007).

The most famous linear parameter representing the diameter of a sphere possessing a

certain volume (V), is

1/3
TND = 2(2—Vj (1)
T
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where TND is the true nominal diameter proposed by Wadell (1932).
A similar value to equation (1) could be obtained using another formula proposed by Le

Roux (1997):

Dn:3VDlDiDs > (2)

It requires only calculating the three diameters of the shell. In figures 3 and 4, the
correlations between equations (1) and (2) are shown. The value of the slope is close to
1. According to this congruence, equation (2) is preferable to equation (1) for
nummulitids, because measuring the three axes is much easier than calculating the

volume and transferring it to the TND, especially for poorly preserved tests.
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Figure 3: Correlation between the true nominal diameter TND (equation 1) and D, (equation 2) in both A-
forms (above) and B-forms (below) of all investigated specimens comprehending the genera Nummulites,
Assilina and operculinids.
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Figure 4: Species-specific correlation between the true nominal diameter 7ND (equation 1) and D,
(equation 2) on some selected specimens.
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SHAPE

Shape is often considered as the key parameter driving the equations sequence to
calculate the hydrodynamics of a particle (Briguglio & Hohenegger, 2009; Briguglio &
Hohenegger, 2010). Very flat shapes versus rounded shapes behave very differently
under the same energy input. Le Roux (1996, 1997, 2005) compared different sphericity
indices in use and concluded that the shape entropy proposed by Hofmann (1994) is the
best suited for predicting the settling velocity of an ellipsoidal grain. Jorry et al. (2006)
and Briguglio & Hohenegger (2009) tested such parameter on nummulitids with good
results. The Hofmann's shape entropy parameter is also quite convenient to calculate
because the requested parameters to be measured are the three diameters of the ellipsoid
L,IandS.

Settling velocity is directly related to particle shape. The difference between settling
velocity of a sphere and a non-spherical particle possessing the same volume can be
very large. Among the many formulas known in the literature, giving realistic values on
settling velocity (i.e. dimensional velocity, there are other formulas giving
dimensionless velocity, see. Briguglio & Hohenegger, 2009), three are considered the
most important for modeling nummulitids hydrodynamic behavior.

The settling velocity of a non-spherical grain (W,) and the settling velocity of the
equivalent sphere (i.e. possessing the given volume) (W) were proposed by Le Roux
(1996). Allen (1984), studying the sinking behavior of bivalve shells proposed a third
formula where the projected area of the shell facing the flow during sinking plays a
pivotal role. As reported in figures 5, 6, and 7, 8 these three different formulas give
three different results. In fact, depending on the "roundness grade" of the test one
settling velocity equation can be more realistic than another one. More specifically,
according to some comparisons between measured settling velocities and calculated one
on recent tests (Briguglio & Hohenegger, 2010), the equation best representing the
sinking speed of very flat test (i.e. plate-like or disk-like) is represented by the value
proposed by Allen (1984). For lense shaped shells the best solution is given by the value
W,, and for rounded test or egg-shaped the most realistic solution is given by the
equation of W,. The differentiation among different shapes is defined by the Hofmann's
shape parameter. The use of selected formulas depending on the shape entropy

parameter is followed in the present work.
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FIELD APPLICATIONS OF NUMMULITIDS HYDRODYNAMICS

The use of the settling velocity to characterize the hydrodynamic behavior of particles
has a long history; the application of data as such is very broad and often a complete
dataset on the hydrodynamic of sand particles helps sedimentologist in understanding
currents direction, intensities and providing energetic quantifications of fossil
environments. Concerning nummulitids, this history has not jet began. The work of
Jorry et al. (2006), which deals with settling velocity and its possible applications,
concludes that the peculiar hydrodynamic behaviour of Nummulites tests can explain the
diversity of the depositional models and that bottom streams and wave currents may
induce the formation of in situ winnowed bioaccumulations. So far, no relationship is
given between settling velocity and environment. A more comprehensive approach is
provided by the work of Yordanova & Hohenegger (2007) in which the settling velocity
is inverse related to transport distance: the higher is the settling velocity the shorter is
the transport; e.g. Palaeonummulites venosus (Fichtel & Moll, 1798) living on coarse
sand, is entrained with neighbouring grains but may be transported along shorter
distances than other grains because of its high settling velocities. A much more complex
approach, proposed by Briguglio & Hohenegger (2010), tries to compare the velocity
pushing the particle on the ground due to gravity (i.e. settling velocity) with the
requested energy to keep the given particle in suspension. Such energy can be expressed
in terms of velocity pulling the particle vertically detaching it from the sea-floor. Wind-
generated waves induce — in sufficiently shallow water (sensu Soulsby, 1997) — orbital
motion within the water column to a depth roughly equal to half the wavelength of the
source waves. When water depth is less than half the wavelength, this wave-induced
orbital motion affects particles lying on the seabed. Such orbital motion can be
decomposed as vertical horizontal vectors. The magnitude of the vector vertically
directed can be expressed as the bottom orbital velocity, which is able to keep particles
in suspension if they possess a lower settling velocity value. Consequently, given a
wind-induced sea surface wave by the definition of its period and amplitude, a
quantification of the bottom orbital velocity is calculable along water depth. Particles
lying at water depths where orbital velocity is higher than their settling velocity can be
kept in suspension; consequently particles lying at water depths where the orbital

velocity is lower than their settling velocity will not be kept in suspension. This
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statement does not include transport occurrence, neither its direction nor its intensity; it
deals only with the capability for wave motion to keep or not particles in suspension,
depending on water depth and on particles hydrodynamic characteristics (i.e. size, shape
and density). LBF, under the effect of water motion, react, basically, similar to particles.
The only difference from sand grains is that in some species, cells anchor themselves on
rocks with their pseudopodia. After death, this only difference, instantaneously,
disappears. Because LBF tend to live at water depth where they are not transported at
least until reproduction, the comparison between bottom orbital velocity and settling
velocity gives a quantification of the water depth where every test is not kept constantly
in suspension by water motion and thus, not at the mercy of directional currents. Such
depth can be considered as the best location to get the maximum light for symbiosis
avoiding transport. That is the reason why the calculation of the settling velocity can
provide much information about the quality of the sample, insights on its
transportability and on its depositional environment also in terms of water depth.

On all the optimally preserved specimens found in the samples collected from the
profile, the settling velocity (according to the Hofmann's shape entropy parameter) was
calculated and the data obtained are reported schematically in figure 9 at the side to the
geological profile and in detail in figure 10. The comparison to bottom orbital velocity
is not given because no data are available in the literature to model surfaces sea wave in
the lower Eocene Tremp basin, but some assumptions can be done for fair weather and

storm weather conditions.

GEOLOGICAL SETTING OF THE STUDY AREA: PREVIUOS WORKS.

Early attempts to subdivide stratigraphically the Eocene deposits in the south-central
Pyrenees date back to the late sixties. The proposed methods evolved progressively
from a lithostratigraphic to an allostratigraphic approach. According to the
allostratigraphic framework (Mutti & Sgavetti 1994; Mutti et al. 1988), the uppermost
Cretaceous to Eocene strata can be subdivided into five allogroups, including the
Tremp-Ager Group, Figols Group, Castigaleu Group, Castisent Group and Santa Liestra
Group. The studied stratigraphic interval includes the upper part of the Tremp-Ager
Group and the Figols Group (Figure 2). The profile here presented (Figure 9) starts from
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the uppermost part of the so called Upper Tremp-Ager Group (UTAG). The whole
group includes: the uppermost part of the Continental Red Beds, corresponding to the
upper part of the Tremp Formation or to the lower part of the Serraduy Sequence
(Luterbacher et al. 1991, Eichenseer & Luterbacher 1992) and the Alveolina
Limestones.

Stratigraphically, the profile represents the last sequences of the Alveolina limestone
passing to the Figols group (Figure 2). The Alveolina limestone formation is equivalent
to the Cadi Alveoline Limestone formation (Mey et al, 1968), the lower part of the Ager
Formation (Luterbacher, 1969, 1970; Mutti et al., 1972; Nijman & Nio, 1975), the lower
part of the Figols sequence (Mutti et al., 1985; Fonnesu, 1984), the Alveolina Limestone
and the lower part of the Figols Group (Mutti et al., 1988) or the Ager sequence
(Luterbacher et al., 1991; Eichenseer & Luterbacher, 1992). The Figols Group,
investigated here only at its stratigraphic base, includes the Roda Formation (Mey et al.
1968), the upper part of the Ager

Formation and the lower part of the Montanyana Formation (Luterbacher 1969, 1970),
the upper part of the Ager Formation and the Castigaleu Formation (Nijman & Nio
1975), the upper part of the Figols Sequence (Mutti et al. 1984, Fonnesu 1984), and the
Llimiana, Alinya and Oden sequences and the lower part of the Castigaleu Group

(Luterbacher et al. 1991, Eichenseer & Luterbacher 1992).

DESCRIPTION OF THE PROFILE:

MICROFACIES ANALYSIS AND NUMMULITIDS HYDRODYNAMICS

On the profile three different facies have been recognized based on microfacies analyses

on thin sections.

F1: Alveolina limestone facies. The rocks of this facies type are grey or beige
limestones. It contains bryozoans, echinoderms fragments, alveolines, miliolids,
Orbitolites, Opertorbitolites, rotalids and textularids abundant at various proportions,
some gastropods and pelecypods, including oysters, and locally abundant Lucina. Some
layers also contain red algae. Geopetal fabrics are common in more micritic layers. The
beds are nodular at various degrees. In very nodular layers the bedding planes are

difficult to identify, thus giving these rocks a poorly stratified and massive aspect.
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Within the study area, nodular milioline packstones to grainstones form decimetric to
metric units. According to the literature, Alveolina limestone of the Tremp area, are
believed to represent the principal source area of the miliolids dominated sediments. In
fact, the fine-grained carbonate lithology and the absence of any physical structures
point to a low-energy setting where the carbonate sediments could be produced
(Wearhy, 1999 and reference therein). However, the diversified faunal assemblage
points to a shallow water, normal marine to slightly restricted setting (Heckel 1972,

Plaziat 1984), characterising muddy lagoons, bays or shallow shelves.

F2: Nodular micritic wackestone with small Nummulites with large operculinids.

This facies consists essentially of shaly, locally slightly sandy, grey-brown to yellowish
wackestones to packstones composed by hybrid arenites with abundant calcareous
siltstones. The most characteristic macrofossil in these beds is the pelecypod Spondylus.
Among the nummulitid foraminifera, large operculinids are particularly abundant.
Alveolinids and Orbitolites are absent, if present, they are very poorly preserved.
Echinoderms furnish abundant fragments, and small to medium sized spatangoids occur
locally still in life-position. The beds are very nodular and characterised by an important
lateral extension (sampled by the Author from Moror to Sant'Adria for more then 10
km). On thin section analysis the medium size for well preserved nummulitids is very
small in respect to the well preserved operculinids which may reach up to 3 mm. Large
sized nummulitids, when present, are always poorly preserved. The abundance of
micrite and the absence of porcelanaceus foraminifera assess this facies as deeper as F1.
Hydrodynamically, small rounded nummulitids and large flat operculinids behave

similarly.

F3: Larger nummulitids and transported porcelaneous foraminifera.

Sediments are here classified as low-angle and hummocky cross-stratified nummulitic
hybrid arenites. Besides nummulitids, the faunal assemblage includes echinoderm
fragments, oyster shells, and locally bryozoans, Orbitolites, alveolines and miliolids.
Many porcelaneous foraminifera are very poorly preserved. Bioturbations occur

abundantly. Discocyclinids are common in some layers, in subordinate proportions.
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STRATIGRAPHIC INTEGRATED STUDY OF MICROFACIES ANALYSIS

AND HYDRODYNAMICS OF NUMMULITIDS

A description of all investigated layers is reported. In the cases of samples with isolated
specimens, a cake diagram is reported with the taxa differentiations together with a
settling velocity distribution diagram. In cases of lithified material, a description of the
microfacies is reported. Raw data on settling velocity of nummulitids for each layer are

reported in figure 10.

Layer Facies Description

08023 F3 Bioclastic packstone with abundant discocyclinids and well preserved
operculinids. Abundant well preserved small numumlitids; larger test are
often bioturbated or destroyed (Plate 8).

08022 = .

20 4

15

10

5 4

04 @ Nummulites
5 7 9 11 13 15 17 19 21

B Assilina

n. of specimens

v in cm/sec O operculinids

08050 F3 Micritic wackestone with medium size nummulitids and operculinids
optimally preserved. Rare orbitolids and alveolinids. Some thin sections
show transported material and on larger tests bioturbation occur. Rare

poorly preserved alveolinids indicate long distance transport (Plate 7).
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08048 F3
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Abundant bioclastic debris testifies transport processes and deposition of
tests belonging to shallower environments. Bioturbation occurs often on
larger tests. Well-preserved discocyclinids are common. The presence of
rare and poorly preserved alveolinids testify long distance transport.
(Plate 6).

Wackestone with well-preserved small nummulitids and middle sized to
large operculinids. Very rare large numumlitids always broken or
destroyed. Calm environment with micritic matrix (Plate 5).

Well preserved Assilina and operculinids within a micritic wackestone is
the most common situation among the studied thin sections. Quite calmer
environment respect to the formers, few bioclastic debris and rare broken
or abraded nummulitids are not evidence for intensive transport. The
abundance of foraminifera is strongly reduced in respect to the layers

below. The absence of discocyclinids infers a shallower environment

(Plate 4).
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Packstone with transported nummulitids, operculinids and echinoids.
Transport flows from shallower regions deposited bioclastic detritus
made by broken nummulitids. Abundant terrigenous input and very rare

and badly preserved Alveolina testity shallow water sediment input

131



Chapter 4
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within sustained energetic inputs. The only forms, which present a
moderate, but not optimal, preservation grade are large discocyclinids
and few Assilina. According to this evidences, the "heavier" nummulitids
test must be considered transported from long distant shallower depths.
Rewashing may be the case for abrasion also in small nummulitids
heavily subjected to suspension and re-deposition due to weak water
inputs. Rewashing may have affected operculinids also, but their strongly
reduced settling velocity allows them a longer time in suspension
reducing collisions with other faster settling grains. Abundance of

discocyclinids suggests deeper water environments (Plate 3).
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Alveolina limestone: grey or beige limestone. It contains bryozoans,
echinoderms fragments, alveolines, miliolids, Orbitolites,
Opertorbitolites, rotalids and textularids.

Beside the good preservation of most of the tests, some Alveolina
specimens are very poorly preserved: some broken shells and abraded
surfaces are, in some layers, common. The elevated porosity of the
sediment is replaced by sparitic calcite. This wackestone can be
associated with a quite protected scenario as a lagoon or backreef zone.
Orbitolits, when not broken, are compacted one above the other with few

micrite in between (Platel).
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Figure 10: Raw data on settling velocities of all measured specimens of all sampled layers where isolated specimens

were available.
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INTERPRETATION OF THE PROFILE:

DEPOSITIONAL PROCESSES, ENVIRONMENTS AND HYDRODYNAMICS

The mixture of terrigenous sand and silt with nummulitids foraminifera points to an
open marine, shallow to moderately deep and delta-influenced setting (mixed
sedimentation). According to the literature, abundant within the area, nummulitic delta
front and shelf sandstones hybrid arenites and siltstones are deposited in open marine
setting with a high influx of terrigenous sand and silt. Such terrigenous-dominated areas
may develop near deltas (Waerhy, 1999). With increasing distance from the delta, the
nummulitic delta front to shelf deposits pass into nummulitic carbonate sediments (at
the end of the profile, beginning of the Figols group) (Mutti et al., 1994). Milioline
nearshore sediments are deposited, with respect to the associated hybrid arenites, in
areas of influx of terrigenous sand. The locally observed contact of nummulitic shelf
wackestones and packstones over milioline nearshore grainstones and packstones (at the
beginning of the profile) points to rapid transgression.

Sharp and locally erosive basal bedding planes, abundance of clasts within the thin
sections indicate that beds, mainly the ones belonging to facies F3, have been deposited
by gravity-flows. The Alveolina limestone (which may be considered as part of a ramp
system) consists of nearshore and shallow shelf limestones rich in alveolinids,
Orbitolites, Opertorbitolites and other small miliolids.

The nearshore facies may include tidal flat, lagoon, beach and tidal bar deposits. Such
facies association are represented by bioturbated platforms and bioclastic to calcilutitic
gravity-flows (Facies F3).

The platform is considered as the "sediment factory" of the system (Waehry, 1999). Sea
grass bottoms may have played an important role in sedimentary production and in
differentiating the hydrodynamics, reducing the energy produced by waves at the
seafloor. The nummulitic carbonate ramp system is dominated by nummulitid
grainstones and wackestones. Bioclastic beaches, bars, and coral-, coralgal- and sponge-
dominated carbonate buildups are common structures often only partially preserved.
The shelf includes platform and gravity-flow dominated deposits.

Concerning hydrodynamics, lower or higher settling velocities ranges differentiate the

sampled layers. Higher settling velocity tests layers are comparable with high energy
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environments; consequently, low settling velocity tests assemblages indicate quieter or
calmer sedimentary conditions. A correlation of the settling velocity with the bottom
orbital velocity can provide a quantitative estimation of the water depth where the
foraminifera have lived or have been transported in. After the first layers in the lower
part of the profile, where high energetic environments are represented by the Alveolina
limestone and grains supported matrix, variable deeper and shallower conditions are
displaced within the sedimentary record. The first layers, where isolated specimens
were measured (i.e. 08033, Slu5, Slu6 and Slu7), indicate an interesting trend in settling
velocities: first reducing from 13-17 cm/sec to 13-15 cm/sec, after increasing in Slu6
falling drastically down with the almost monogeneric association of the deeper
assilinids in Slu7. According to the lithologic variations, samples Slu5 and Slu7 are
coming from unconsolidated sediments with abundant muddy fraction respect to the
samples 08033 and Slu6 which are characterized by more sandy or silty cemented
lithologies. Consequently, Slu5 and Slu7 contain tests belonging to less energetic
environments with lower settling velocities. Above the relatively deep water association
of Slu7, characterized by a low settling velocity monogeneric association in a mud
supported lithology, a sharp base layer crops out containing bioclastic debris made by
broken nummulitids. The deepening trend is confirmed by the abundant and well
preserved discocyclinids. From the muddy sediment above it seems that the water depth
is slightly changing and tends to a new sea level fall. Measured tests in Slu8, mainly
numumlitids and no Assilina, posses a "well sorted" settling velocity between 15 and 17
cm/sec. The regression sequence, hydrodynamically visible from with Slu8, continues
with 08046 with absence of discocyclinids. Larger nummulitids also occur and are
always poorly preserved as a consequence of the erosional surfaces due to the regressive
system. The same facies remains constant until layers 08048 and 08049 occur, where
the settling velocity increases covering a broad spectrum (i.e., much broader
distribution) probably because specimens with optimal test preservation but transported
from higher energetic environments (i.e. shallower regions) have been included in the
calculation. The sedimentary environment in 08050 shows a typical deeper shallow
water fauna within a protected area. Few transport events produced the evidence of rare
and poorly preserved alveolinids; the regressive trend is continuing in 08022. Similarly
to SluS, abundant high settling velocity nummulitids testify an energetic environment in

shallower areas. According to the lithology (micritic mudstone) we supposed that the
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environment can be similar to the facies F2 with small nummulitids and large
operculinids with the presence of some well preserved transported specimens, which
shift the diagram to higher settling velocities. Such hypothesis is confirmed by the
following layer possessing characteristics of deeper water sediments with abundant

discocyclinids and well preserved operculinids.

RESULTS

Concerning the accuracy of the mathematical approach we wused to get
palaeoenvironmental information from the presented profile, many important results can
be observed for further analyses. The correlation coefficients between the methods
proposed by Yordanova and Hohenegger (2007) and Le Roux (1997) to represent test
size independently from shape and density show a significant linear relationship (Fig.
1). Additionally, there is no difference between genera; Nummulites, Assilina and other
operculinids possess the same slope. Even at the species level, no significant
differentiation is present within genera and between generations; additionally no
deviation from the linear function x=y is noted. Even for the very different geometries
of A. ammonea generations, the correlation is always consistent. According to Hottinger
(1977), this species belongs to the subgenus Operculina (Operculina): the main
characteristic of this species is its growth rate, which is fast and strongly evolute. In A-
forms, a third whorl chamber could be more than three times higher than the
corresponding chamber of the second whorl. Unfortunately, the abundance of B-forms
in the samples was quite poor for manifesting these differences. Thus, the use of TND
or Dn is a powerful tool to express test size in nummulitids; both generations of the
three genera here presented can be investigated with the same parameter. This result
allows size comparison among samples and within genera; it allows the use of the
nominal diameter as a linear variable for multivariate representations.

As the nominal diameter represent the "size" of a shell possessing a certain volume, the
shape factor is playing a major role within the grain size description. That is the reason
why, to have a better quantification of settling velocity, the shape factor was taken into
account. As the shape entropy parameter was calculated on every test, the use of the
best-suited settling velocity equation give a consistent result for every single test. The

nummulitids always posses the highest settling velocity respect to species belonging to
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the genus Assilina and to operculinids, which are always characterized by lowest
settling velocity values.

The operculinid’s shape generates strong resistance against water during sinking, thus
causing the deviation from a sinking sphere. Rather globular forms such as N. globulus,
N. globulus nanus (Schaub, 1981) or even A. luterbacheri (which does not belong to the
operculinids) show a slope of the regression line slightly below 1 (figs: 6 and 8); this
documents the inefficiency of shape entropy in globular forms, thus justify the use of a
different formula. The use of the settling velocity in further works is highly solicited as
such parameter defines the grain in all its aspects. Settling velocity in its calculation
includes density shape and size and therefore is the most suitable parameter to define
the behavior of a particle (or a shell) within the water column or lying on the seafloor.
Therefore, such parameter can be used also for planktonic foraminifera even if the
settling velocity calculation should take into account several more parameters reducing
sinking speed almost to zero such as spines (e.g., in globigerinids) or highly perforated
surfaces (e.g., orbulinids). Diameter/thickness ratio calculation is important as well but
too superficial to get into the hydrodynamic behavior of such a divers group as the
nummulitids is. Such ratio can be very useful in the field to have a fast quantification of
differences among layers and outcrop (as this ratio is dimensionless it is usable as linear
parameter); however it is not suitable for detailed study or for publications.

The application of all the mathematic calculation to the collected samples along the
profile gave extraordinary results both crosschecking the microfacies analyses obtained
by thin sections and producing quantitative data to assess palaeodepths. Sea level
fluctuations are visible and can be visible in longer profiles both in small- or large-scale
events just by reproducing the calculation proposed. The settling velocity range
obtained characterized depths between 20 to 50 meters water depth with a normal fair-

weather condition swell (Briguglio & Hohenegger, 2010).

DISCUSSION
The use of hydrodynamics and settling velocity to investigate samples or geological
profile may lead to some misinterpretations. A particle possessing a certain settling

velocity is able to resist water motion if the energy input acting on the particle is

vectorially reverse to gravity and shorter in magnitude. It does not mean that the particle
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can resist all kinds of transport. In fact, critical shear velocities, which quantify the
minimum velocity required for an energy input to entrain a particle without keeping it in
suspension, for investigated tests are much lowers then their settling velocity. Thus,
transport may always occur as entrainment or traction on the seafloor and can move
heavier tests. Test damages are considered the evidence of these events but some studies
no not agree (Beavington-Penney, 2004). Additionally, the used calculation of the
settling velocity is a mere theoretical approach. It does not consider bed friction and
roughness of sea floor given by sedimentary grains, it does not consider turbulence,
which may vary the real velocity felt at seafloor. The value of the settling velocity is a
good representation of the environment but with the many limits belonging to a model.
The general decrease of the settling velocity correlated with increased test flatness
explains the capability for flat forms to be kept in suspension easier, while rounded
forms are less easily transportable because of their higher settling velocity. Because of
these transportability differences, fragile forms as the here studied operculinids must
testify very quite environments. However, the constant presence of operculinids within
the samples we have presented must be discussed.

Operculinids do not possess a settling velocity similar to nummulitids; they are
hydrodynamically incompatible. Possessing such higher settling velocity, nummulitids
can live in shallower environment respect to the flat operculinids, which, because of
their broader surfaces, may host a major number of endosymbionts and thus may inhabit
much deeper and less illuminated environments. The most convenient solution for LBF
is to live at the shallowest depth possible below that boundary given by higher bottom
orbital velocity. Such depth may provide the highest illumination possible for
symbionts. Only in very few cases, symbionts do not require such abundant light
intensity (Holzmann et al., 2001). Consequently, if both large nummulitids test and
large operculinids test are present within an assemblage, without considering upslope
transport events, nummulitids must be considered as transported. The poor preservation
of the majority of the larger tests within the samples of facies F2, is a logical
consequence of such process. The higher settling velocity of such large tests may justify
also their poor preservation due to re-suspension and rewashing effects. In recent
environments, operculinids do not live abundantly together with nummulitids, and if

they do, than the hydrodynamics of their test has comparable settling velocities to the
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water depth of nummulitids, i.e. they have not a flat shape (Yordanova & Hohenegger,
2007; Briguglio & Hohenegger, 2010).

Beside these considerations, many others can be the analyses the settling velocity study
can give.

Because the main parameters to be calculated are the three diameters and the main test
geometry can be represented only by the major and the minor axes, the calculation
proposed can be used also on axial oriented sections, normally most available on thin
sections. A further step in the study of the hydrodynamics of nummulitids
accumulations will be the study of the correlation between sediments and faunal
association, where orbital velocity and gravity should have been acted the same.
However, the calculation of the settling velocity, with its accuracy and speediness

permits a broad use of such parameter in many environmental science branches.

CONCLUSIONS

This study provides a contribution to the interpretation of fossil accumulations, on
reworking phenomena and on transportation and re-distribution of living/dead
nummulitids.

More than 600 well-preserved nummulitids from the lower Eocene of the Pyrenean area
were measured and investigated to understand how and how much their hydrodynamic
behavior influenced their distribution in a shallow water environment. Thin sections
were made on the same sediments to crosscheck hydrodynamics with microfacies
analysis.

The calculation used provides some parameters for a better definition of hydrodynamics
of tests and of entire samples. Shape-independent parameters, which describe size of
grains, are most suitable for correlation among different tests. A precise calculation of
the shape factors for ellipsoidal tests helps in observing different hydrodynamic
behaviors among tests belonging to the same taxon.

The settling velocity, here broadly used and discussed, is the only parameter really
representing the particle in all its characteristics within an aquatic realm. As the
equation to get the settling velocity considers density of the particle and its shape and

volume (i.e., its size), the value obtained can be considered as the most important one to
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understand many physical processes as transport, deposition and to have insight on the
energy of the environment where the particle lies or has been transported in.

Together with the calculation of the Reynolds number and the drag coefficient, the
settling velocity is a pivotal parameter to analyze and interpret particles accumulation
and distribution with a correlation to the energetic input they have been deposited. Such
analysis fits very well studies on nummulitid accumulations. On a geological profile,
characterized by particularly abundance of nummulitids tests, the range of settling
velocities of all the tests has been calculated for each layer. Such settling velocity range
was used to evaluate the energy of the depositional environment, which was
characterized by water depth variations and by transport mechanisms often altering the
quality of the samples. Autochthonous from allochthonous material was differentiated
thanks to the hydrodynamic compatibility of the taxa for each layer. The comparison
with the bottom orbital velocity gives impressive results such as a quantitative
definition of the water depth and of the energy of the environments in term of sea waves

and currents occurrences producing depth transport.
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TABLE 1

Sample: 08032

1. Alveolina aragonensis (Hottinger, 1960);

2. Alveolina sp.,

3. Orbitolites sp. and Opertorbitolites transitorius (Hottinger & Krusat, 1972);
4. Alveolina aragonensis (Hottinger, 1960);

5. Opertorbitolites sp. and miliolids;

6. Opertorbitolites latimarginalis (Lehman);

7. facies characteristic wackestone;

8. facies characteristic wackestone;

Scale bar: 1 mm
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TABLE 2

Sample: Slu5 (1-5);
Sample: Slu6 (6);
Sample: Slu7 (7).

1. Nummulites soerenbergensis (Schaub, 1951);

2. Assilina ammonea ammonea (ex Operculina) (Leymerie, 1846);
3. Assilina subgranulosa (Ex Operculina) (d'Orbigny, 1850);

4. Assilina subgranulosa (Ex Operculina) (d'Orbigny, 1850);

5. Assilina ammonea ammonea (ex Operculina) (Leymerie, 1846);
6. Operculina douvillei (Doncieux, 1962);

7. Assilina leymeriei (d'Archiac & Haime,1853).

Scale bar: 1 mm
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TABLE 3

Sample: 08034

1. Well-preserved discocyclinids and poorly preserved larger nummulitids;
. rarely broken operculinids and common discocyclinids;

. bioclastic debrish with abundant broken and damaged nummulitids tests;
. bioclastic wackestone;

. well-preserved large operculinids;

. well-preserved large operculinids and broken nummulitids tests;

. wackestone with discocyclinids and larger bioturbated nummulitids;

o 9 N L B W

. nummulithoclast.

Scale bar: 1 mm
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TABLE 4

Sample: 08046

1. Assilina (leymeriei?);

. bioturbation tracks on nummulitids B form;

. bioclastic debrish with rounded broken nummulitids;

. wackestone with broken larger nummulitids tests;

. Nummulites globulus (Leymerie, 1846);

. well-preserved small nummulitids and poorly preserved larger tests;

. wackestone with larger broken nummulitids tests, orbitolinids occur;

o N N B W

. well-preserved operculinids and broken nummulitids tests.

Scale bar: 1 mm
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TABLE 5

Sample: 08047

1. Bioclastic debris with well-preserved small nummulitids;

2. wackestone with well-preserved small nummulitids and middle sized to large
operculinids;

3. wackestone with Nummulites soerenbergensis (Schaub, 1951)and N. globulus
(Leymerie, 1846);

4. operculinids with a much finer matrix testifying low energy environments;

5. bioclastic debris with Assilina ammonea (Leymerie, 1846);

6. example of facies;

7. broken nummulitids and well-preserved operculinids.

Scale bar: 1 mm
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TABLE 6

Sample: 08048

1. Wackestone with poorly-preserved alveolinids and larger nummulitids;
. broken nummulitids tests within a bioclatic debris;

. poorly-preserved assilinids and nummulitids;

. facies example;

. well-preserved small nummulitids and small operculinids;

. bioturbated larger nummulitid test;

. nummulithoclast;

o N N L B W

. well-preserved discocyclinids within a bioclastic wackestone.

Scale bar: 1 mm
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TABLE 7

1. Wackestone with nummulitids;

2. bioturbated large nummulitid test;

3. broken and bioturbated nummulitid test;

4. transported alveolinids with well-preserved nummulitids;

5. bioturbated larger nummulitid test;

6. broken and bioturbated nummulitid test;

7. Nummulites globulus (Leymerie, 1846) and Assilina ammonea (Leymerie, 1846);

8. facies example.

Scale bar: 1 mm
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TABLE 8

1. Wackestone with broken nummulitids, and well-preserved discocyclinids;
. well-preserved small operculinids and broken nummulitid tests;

. facies example;

. wackestone with well-preserved discocyclinids and abraded nummulitids;
. wackestone with broken nummulitids, and well-preserved discocyclinids;
. well-preserved operculinids (probably transported);

. wackestone with well-preserved discocyclinids and abraded nummulitids;

0 N N W B~ W

. well-preserved discocyclinids within a bioclastic debris.

Scale bar: 1 mm
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Appendix A

APPENDIX A
1 B C D E
2 value unit definition Excel formula
3
4 g cm/(sec?) gravity constant 981.0327
3 density of the :
5 Ps g/cm tost insert value
3 density of the
6 of g/cm vater 1.025
7w Pa*s dynamic 0.0108
viscosity
8 b2 (Pa*s)? =E7/2
constant _ 4 AN
9 of Wd to calculate Wd =4.731*10"-6
10 Cgrf‘s\‘,tvasnt to calculate Ws ~ =((E6*2)/(E7*E4*(E5-E6))M(1/3))
11 C%?S[t)z”t to calculate Dd =(E6*E4*(E5-E6)/E8)\(1/3)
12 constant to calculate v =(2*E4*(E5-E6))/E6
13 L mm major dimaeter insert value
14 L cm major dimaeter =E13/10
15 I mm m’:je_rmedlate insert value
iameter
16 | cm intermediate =E15/10
diameter
17 S mm minor diameter insert value
18 S cm minor diameter =E17/10

area calculated
2 on the
equatorial
section

19 areaeq mm =PI()*(((E13+E15)/2)"2)
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20

21

22

23

24

25

26

27

28

29

30

31
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area ax

TND

TND

Dd

Dn

Wd

Uc*

P

Pi

area calculated

N

mm on the axial
section

mm?® volume

cm?® volume

True Nominal

mm ;
Diameter

True Nominal

cm ;
Diameter

Dimensionless
Size of the
Equivalen

Sphere

True Nominal
Diameter
according to Le
Roux (1997)

cm

Dimensionless
Sphere Settling
Velocity

Critical Shear
Stress

Critical Shear

cm/sec Velocity

Proportion of the
Axes

Proportion of the
Axes

=E13*E17/2

=E19*E20/E13

=E21/1000

=2*(((3*E21)/(P1()*4))(1/3))

=2*(((3*E22)/(P1()*4))\(1/3))

=((E14*E16*E18)(1/3))"E$11

=((E14*E16*E18)"(1/3))

=0.375+0.29*E25-
0.002*(E2542)+E$9*(E25A3)

=0.029+0.003*(E27)-
9.935*0.00001*(E272)

=1.959+0.253*SQRT(((D28*D4)*((D

14*D16*D18)7(1/3))/1.32))*((D5-
D6)/D6))

=E13/(E$15+E$13+E$17)

=E15/(E$15+E$13+E$17)
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32

33

34

35

36

37

38

39

40

41

42

Ps

Hr

We

Re We

\'

Re Ws

Re v

cm/sec

cm/sec

cm/sec

Proportion of the
Axes

Shape Entropy

Settling Velocity
of the
Equivalent
Sphere

Settling Velocity
of a non
Spherical Grain

Reynold
Number
Calculated with
We

Drag Coefficient

Slant height

Area of the Shell
Contrasting
Water During
Sinking

Settling Velocity

Reynold
Number
Calculated with
Ws

Reynold
Number
Calculated with
\Y;

=E17/(E$15+E$13+E$17)

((D30*LN(D30))+(531*LN(D31))+(D3
2*LN(D32)))/1.0986

=E27/E$10

=E34*((E33-0.5833)/0.4167)

=(E$6*E14*E35)/E$7

=(4*E24*E$4*(E$5-
E$6))/(3*E$6*(E34/2))

=SQRT(((E14/2)"2)+((E18/2)"2))

=(PI()*(E14/2)*((E14/2)+E38))/2

=SQRT(E$12*E22/(E37*E39))

=(E$6*E14*E34)/E$7

=(E$6*E14*E40)[E$7
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