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Foreword

The PhD thesis is conceived as a systematic research using logical argument and
incorporating empirical evidence in support of a hypothesis. Back when PhD programs
were introduced in Italy, the traditional language of a PhD thesis was of course Italian.
Nowadays, albeit not compulsive, the use of English is highly recommended. This
happened because English is presently main language of scientific literature, and since
the PhD program is, or at least was conceived as the training step for an academic career,
the scientific results of PhD research need to be written in English.

Just has Italian has been the traditional language the traditional form of a thesis has
been for long a treatise. However, through the decades as the role of journals expanded
in science, directly constructing the dissertation as a set of essays has been considered
more convenient. Not surprisingly the essay format is now widely diffused in the USA
and in Europe. This format trains PhD students to do what they hope to do throughout
their careers, namely, write articles. Furthermore the essay format allows to address
more than one question or to combine different methodological approaches to a single
objective.

This PhD thesis, like probably every other existing PhD thesis, deal with a complex
problem: the effect of nutrients in the Miocene carbonate factories. Nutrification, namely
an increase in nutrient input to an environment resulting in a detectable change in
community structure (Hallock et al. 1993), can be easily mistaken, in the paleontological
record, for shift toward cooler climate. Furthermore there are almost no recognized bio-
proxy of high nutrient level among fossil benthic species. For these reasons, an in-depth
paleontological and sedimentological study was needed before I could start comparing

different carbonate sequences on the basis of their paleo-nutrient levels. I performed



different analyses and followed various approaches to accomplish this task.

Within this context, for the sake of clarity, the essay-format was the best choice to
present my findings. This thesis is therefore divided in to six chapter. The importance of
nutrients in the biogeochemical cycle of Earth and geological history of the Miocene are
covered in first introductory chapter. The second, third and fourth chapter are in the
form of research papers. The second chapter deals with the paleoecology and the
sedimentology of the Pietra da Cantoni Group and the third analyzes in detail the
paleoenvironment of the Sommieéres Basin. In the fourth chapter the two sequences are
directly compared and the paleontological results are integrated with geochemical
analyses to prove and support the hypotheses. The fifth chapter is a brief summary of all

the results of this study and the sixth chapter is a taxonomic appendix.

II



Index

1) Introduction - 1

2)

3)

4)

1.1)
1.2)
1.3)
1.4)

Essential nutrients - 3

Biogeochemical cycle of Phosphorous - 10
Fossil record of nutrients - 15

The Miocene geological setting - 26

The Burdigalian of the Tertiary Piedmont Basin — Coletti G., Basso D., Frixa A.,
Corselli C. (2015) - Transported rhodoliths witness the lost carbonate factory: a
case history from the Miocene of the Pietra da Cantoni Limestone, NW Italy.
Rivista Italiana di Paleontologia e Stratigrafia. - 36

2.1)
2.2)
2.3)
2.4)
2.5)
2.6)

Introduction - 37

Geological setting and regional evolution - 40
Material and methods - 43

Results - 46

Discussion - 65

Conclusion - 77

The Burdigalian of the Sommieéres Basin — Coletti G. et al. (in preparation) —
Coralline algae as depth indicators in the Sommiéeres Basin (Lower Miocene,
Southern France). - 79

3.1)
3.2)
3.3)
3.4)
3.5)
3.6)

Introduction - 80

Geological setting and depositional environment - 82
Material and methods - 86

Results - 89

Discussion - 103

Conclusion - 109

Nutrients Influence — Coletti G. et al. (in preparation) — Nutrient influence on
Miocene carbonate factories. - 111

4.1)
4.2)
4.3)
4.4)
4.5)

Introduction - 112

Material and methods - 114
Results - 118

Discussion - 129
Conclusions - 139

III



5) Conclusive Remarks - 141
6) Appendix: Coralline Algae taxonomical remarks - 143

6.1) Sporolithon sp. 1 - 144

6.2) Lithophyllum sp. 1 - 147

6.3) Spongites fruticulosus - 151

6.4) Lithoporella melobesioides - 155

6.5) Lithoporella minus - 158

6.6) Mesophyllum roveretoi - 160

6.7) Lithothamnion ponzonense - 167

6.8) Lithothamnion crispatum — Coletti G., Hrabovsky J., Basso D. (under
revision) - Lithothamnion crispatum: long-lasting species of non-geniculate
coralline algae (Rhodophyta, Corallinophycidae). Notebook on Geology. - 174

6.9) Lithothamnion giammarinoi - 197

6.10) Lithothamnion sp. 2 - 201

6.11) Phymatholithon sp. 1 - 205

6.12) Phymatholithon sp. - 209

7) Aknowledgements - 214

8) References - 216

v



1-Introduction

The aim of this work is to improve our knowledge of nutrients influence in the fossil
record of the Miocene. The studied succession were analyzed trough a multidisciplinary
approach encompassing paleontology, sedimentology and geochemistry in order to
extract information and disclose the existing relation between fossil skeletal assemblages
and nutrient abundance.

The Miocene has been a turning point for our Planet evolution. During the Miocene the
ocean circulation finally become comparable to the present-day situation and a decrease
in temperature brought climatic conditions very close to those of the present. Land and
marine life were fairly modern and many present-day ecosystems arose in the Miocene.
Lower Miocene is also the oldest period in which the principle of taxonomic uniformity
can be safely applied. Miocene is the first Epoch of modern Earth and therefore is the
perfect setting to study, on a geological time frame, ecological processes and draw
conclusions useful in the comprehension of present-day ecosystems.

While many other works have tried to analyzed productivity and nutrient fluctuation in
deep water sediments, this is one of the first attempt to approach the problem in shallow
water setting. Shallow water biota is deeply influenced by variations in nutrients supply
and may record these differences. Even thought chemical analyses may be sizeably
biased by diagenesis in coarse-grained shallow-water sediment, with certain techniques
and accurate combination of different groups of data it is possible to unveil precious
information.

The studied successions of the Pietra da Cantoni Limestone Group of the Tertiary
Piedmont Basin and of the Sandy Molasse Unit of the Sommieres Basin are both of

Burdigalian age and they were close-by during the Miocene. They were also



characterized by similar skeletal assemblages and by the abundance of coralline algae
and of heterotroph suspension-feeders. They were chosen to minimize climatic and
geographical variability and to concentrate over productivity.

Nutrient-rich waters have left a clear imprint on the fossil record by influencing the
marine biota. These traces can be brought to light and used to improve our knowledge of

the nutrients cycle of the Earth.



1.1 - Essential Nutrients

Essential nutrients are components that an organism uses to survive and grow. In
marine ecology this term is generally used to define those elements and compounds that
are needed for the development of photosynthetic organisms. Since plankton and benthic
algae are the base of the food chain, their health is of paramount importance for the
whole ecosystem.

To develop and grow plants needs water, oxygen, carbon dioxide, phosphorous, nitrogen,
potassium, calcium, magnesium, sulfur, iron, silica and other minor elements. Oxygen
and carbon dioxide are used for respiration and photosynthesis respectively, while the
others are involved in various and different metabolic processes. Phosphorous is used as
a structural component of the nucleic acid (both DNA and RNA) and in the phospholipids
of the cell membrane. Phosphorus is also a key component of the Adenosine triphosphate
(ATP) which is the coenzime used in the process of intracellular energy transfer.
Nitrogen is a fundamental constituent of amino acid, the building block of proteins, and
it is also essential to synthesize chlorophyll. Potassium is involved in the production of
carbohydrates and protein but also act as a contributor to photosynthesis, especially
under low-light conditions. Calcium regulates the transport of other nutrients within the
tissues and is involved in the activation of different enzymes. Magnesium is a
constituent of chlorophyll molecule and is also involved in various enzyme reactions.
Sulfur is a structural component of amino acids and vitamins and is essential in the
production of chloroplasts. Iron is another important element in the photosynthesis
reaction and other microbial processes. Silica while not directly involved in metabolic
processes, is used by diatoms, radiolarians, silicoflagellates, and other less common

planktonic organisms, to produce their skeleton.



Figure 1.1.1A : Mean annual phosphate [numol/l] at the surface
(Garcia et al., 2010)

Figure 1.1.1B : Mean annual nitrate [pmol/l] at the surface
(Garcia et al., 2010)

Figure 1.1.1C : Mean annual silicate [umol/l] at the surface
(Garcia et al., 2010)



Most of these nutrients are plentiful in the oceans, but P, N, Fe and Si can be limited.
Thus the abundance of these nutrients constrain the formation of phytoplankton
biomass by fixing its upper threshold level (Fig 1.1.1; Fig. 1.1.2).

Alan Redfield in 1958 assumed that most of marine environments are limited by P
abundance. This assumption was based on chemical analyses of the elemental
composition of marine organism and some fundamental concepts. The elemental ratio of
marine particles is 106C/16N/1P. N and C are supplied to ocean from the whole
atmosphere (via N, and CO,), while P is mainly supplied by river outflow. N fixation (i.e
the microbial process that reduces the inert N, into biologically available forms) and N
loss (the denitrification of organic matter, i.e the microbial process that oxidate the N of
organic matter to release N;) allow for a concentration of biologically available nitrogen
that keeps pace with the demands of photoautotrophs. Therefore, P availability is the
ultimate limiting factor. However, biological oceanographers have demonstrated,
through experiments and observations, that primary production is also very often limited
by the availability of fixed organic nitrogen.

Fe is not only necessary for photosynthesis but is also directly involved in nitrogen
fixation process (Falkowsky et al. 1998). Actually the vast majority of N fixation in the
oceans appears to be accomplished by a handful of species of cyanobacteria notably
Trichodesmium spp. (Capone et al. 1997). In this group of species photochemical and N
fixation processes require Fe (Postgate, 1971). Therefore, Fe abundance limits primary
production in environments otherwise limited by N availability. Since one of the major
source of Fe in the oceans is wind-blown dust, vast areas of world oceans are Fe limited,

notably the South Pacific (Falkowsky et al. 1998).



Figure 1.1.2 : Mean annual chlorophyll a concentration, a proxy of primary production, at ocean surface

(Data source: NOAA)

Silica, unlike the other nutrients which are needed by almost all marine plankton, is an
essential requirement just for siliceous-shelled biota. However, since diatom are one of
the dominant phytoplankton group responsible for world primary production (Dugdale et
al. 1995), silica availability is an important limiting factor for phytoplankton biomass
formation. Silica is supplied to the oceans primary from the rivers, but also from basalt
weathering, eolian dust and hydrothermal emanations and is immediately used by
siliceous phytoplankton (DeMaster, 2002).

These essential nutrients are fixed in the organic matter by the primary producers, in
the upper layer of the water column, the euphotic zone. After their death, marine

organisms start to sink down to oceans depth where photosyntesis is prevented by the



lack of light and destructive processes (either decomposition and dissolution) prevail.
Here nutrients are lost by particulate and dissolved organic matter (POM and DOM) and
enrich bottom waters.

Since almost no primary production occurs in the ocean depth, bottom waters become
rich of the essential nutrients which are conversely consumed in the primary production
of the photic zone. Wherever these bottom waters rise toward the surface, due to
oceanographic reasons, they fertilize the photic zone. This process of internal recycle of
nutrients, through upwelling currents and mixing of the water column, actually is one of
the main supplier of these essential molecules into the photic zone.

In paleoecological reconstruction is fundamental to understand which one of the above
mentioned nutrients is responsible for controlling primary production in the long run. P
and N are indeed the key players, the former is the ultimate limiting nutrient (i.e. the
nutrient whose supply rate forces total system productivity on the long time scale) while
the latter is the world wide most common proximate limiting nutrient (i.e. the nutrient
whose increases result in an enhancement of primary production within hours or days)
(Tyrrel, 1999). This statement resolve the divergence between the geochemical view of
the oceans (which predict that the production should be limited by the biologically-
available P abundance due to it limited supply by the river) and the biological view
(which observe that primary production is mainly limited by the biologically-available N
supply). Actually phytoplankton may be separated into two broad categories: those who
can fix nitrogen from the atmosphere and those who cannot. In a situation where
biologically-available P is present, the N-fixers (like Trichodesmium spp.) have an
obvious advantage if biologically-available N is scarce. The latter have an advantage
instead when biologically available N is abundant since N fixation requires a lot of
energy. In a normal environment, where both N-fixers and N-users phytoplankton
groups occur, an increase in biologically available nitrogen increases N-user abundance

but at the same time diminishes the niches for N-fixers thus reducing their ability to



[NO,I increase [PO,J* increase

Figure 1.1.3 : simplified environmental reaction to the increase of biologically-avialable N and biologically-available P



supply further biologically-available N to the environment. An increase of biologically-
available P instead boost N-users, creating a deficit of biologically-available N which in
turn open new possibilities for N-fixer to thrive (Fig. 1.1.3). Therefore a steady increase
in biologically-available P lead also to a steady increase of biologically available N. This
model (Tyrrell, 1999) explain why the scatter plot of the concentrations of biologically
available P and biologically available N in the oceans intersect near the origin of the axis
(Fig. 1.1.4). The model also proves that P is the ultimate limiting nutrient on the

geological time scale (Tyrrel, 1999).
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Figure 1.1.4: Nitrate concentrations vs phosphate concentrations in modern oceans (from Tyrrel, 1999)



1.2 - Biogeochemical cycle of Phosphorous

Phosphorous is the ultimate limiting element of ocean environment and thus hold a
remarkable importance in the regulation over the geological time scale of primary
production, organic carbon burial and even diversity of the marine biosphere (Hallock,
1987; Sarnthein et al. 1988; Brasier, 1992; Raymo, 1994; Martin, 1996; Delaney,
1998). Therefore, paleontologists focus on the fluxes of P into and out of the oceans, on
the oceanic P inventory and its internal distribution.

P is not found free in nature, due to its high reactivity, its most common occurrence is
the phosphate ion [PO,]*. P is widely distributed in many minerals, mainly phosphate
and continental crust has an average of 0.1% of P in weight (Delaney, 1998). The
continental weathering of phosphate-bearing igneous and sedimentary rocks is the
most important (and the largest pre-anthropogenic one) source of P (Froelich et al.
1982; Follmi, 1996; Fig 1.2.1 A). The direct contribution of continental volcanism is
poorly quantified and although it may be important on a local to regional scale, it may
represent a negligible source of P when integrated over the geological time.
Hydrotermal activity and wheathering of basalts at mid-oceans spreading centers
provide neglible amount of P (Froelich et al. 1982; Delaney, 1998). These processes
may also act as additional sinks for P, due to removal of dissolved P onto suspend iron
oxyhydroxides derived from hydrothermal activity and direct uptake of P through
reaction with basalt (Froelich et al. 1982; Follmi, 1996; Fig. 1.2.1 B).

Weathering of P-containg rock is therefore the main source of all biologically-available
in natural systems. Apatite (Ca;o[PO4s(OH,F,Cl),) is the most abundant P-bearing
mineral, its dissolution is largely driven by exposure to acid, especially organic acids

generated by soil microorganism like fungi (Slomp, 2011).
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A Eolian input:
0.95x10" gfyr of total P
(0.2x10" g/yr of reactive P)

Reactive P delivered to the ocean:

5.5x102 glyr of P @"’0,
X '
Reactive P sinking into the ocean depth:

102.5x10" gfyr of P ) P - Total riverine input:

22x10" gfyr of total P
Upwelling of reactive P:
96.8x10" gfyr of P

Sea Level

(135x10" g/yr of P from man-made pollution)
Detrital P buried in coastal sediments:
16.5x10" g/yr of P
Reactive P buried on shelf sediments:
2.35x10"gfyr of P

Total sedimentary reservoir: 4x10*' g of P

Mineable: 2x10" g of P

Reactive P buried in ocean-basin sediments:

2.35x102g/yr of P Man Mining: 1.4x102 g of P

P dissolved from eolian dust:
<031x10" glyr of P

B " - * River input of reactive P: - - -
Oceﬁ‘llglﬁ%sefrl‘;"m - 1t03x10° glyr of P C Estimates of natural (pre-antropogenic) and modern (present-day) river fluxes
go
__ Type of fluxes Dissolved | Particulated Total
P remor y hydrotermal processes:
| 0.205x10" glyr of P (glyr) p P
Natural
P flux at the seafloor:
10.2x10% gfyr of P Meybeck et al. (1982) 1x1022 20x10'2 21x10%2
P regeneration flux Froelich et al. (1982) na na 10x10%2
Howarth et al. (1995) 1x10%2 7x10'2 8x1012
Ruttenberg (2004) 1-2x10 1820x102 | 19-22x10'2
Modern
P burial flux in sediments: 3 12
s authigenic and biogenic Ca-P minerals: Froelich et al. (1982) na na 292-30x10
from <0.3x10% to >3.1x10'2 gfyr of P Howarth et al. (1995) 25102 20102 92510
as organic P:
from 0.3x10% to 0.6x10™ glyr of P . "
as FeMn oxyhydroxide: Smith et al. (2003) 2x10 na
<03x10% ghyrof P Harrison et al. (2010) 2x10% 13x10% 15x10%

Figure 1.2.1 : the cycle of Phosphorous
A: Exogenous P cycle (modified from Follmi et al., 1996)
B: Ocean P inventory and fluxes (modified from Delaney, 1998)
C: pre-antropogenic and modern river fluxes of P (modifed from Slomp, 2011)
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Human activities and pollution represent an other large source to the environment.
Man's acceleration of the denudation processes (through deforestation, agriculture and
urbanization) may have doubled the natural P-flux toward the oceans (Froelich et al.
1982; Howart et al. 1995; Fig. 1.2.1 C). In addition to increased continental erosion,
the runoff of water from agricultural land and the discharge of sewage from highly
populated areas are a major and man-made source of P to the environment (Slomp,
2011).

P moves from continent toward the oceans through water and eolian transport; soils
constitute important temporary reservoirs and have high phosphate content, therefore
denudation rate has a significant effect on P supply rate (Froelich et al. 1982; Follmi,
1996). P occurs in river runoff as solution and suspended particulate, in both mineral
and organic forms (Follmi, 1996; Baturin, 2003). Dissolved organic and inorganic P
appear usually in low quantities (Follmi, 1996). The portion of suspended P
incorporated in volcanic apatite is almost geochemically inert, whereas the portion
associated with organic matter and iron oxyhydroxides is instead reactive (Baturin,
2003). Submarine groundwater discharge is an additional source of dissolved P
especially in areas where groundwater flow rate is high (Slomp, 2011). While rivers
are the main carrier, a non negligible (approximately 4-5%, Duce et al. 1991; Fig
1.2.1A-B) fraction of particulate P is transported through the air in the form of
mineral particles and small organic remains (Fo6llmi, 1996); eolian transport become
significant especially in those oceanic regions far away from terrestrial input.

Just a fraction of the P eroded from the continents enters the oceans in a form that is
available for the marine organisms (Follmi, 1996). Froelich (1988) estimated that
approximately 25% of the P that is delivered to the oceans is in a bioavailable form.
Almost all this reactive and bioavailable P is used in the surface zone of primary
productivity and incorporated into organic matter, while the fraction of P that is not

biologically available is directly buried within the sediments (F'6llmi, 1996).
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Eventually P is transferred to the deep ocean in the form of organic matter and, upon
oxidation, of dissolved inorganic phosphate. Most of P is taken up by intermediate and
deep water circulation and reintroduced to the photic zone by upwelling processes
(Follmi, 1996; Fig. 1.2.1 A). A small fraction of the sinking P reaches the sea floor and
is incorporated into the sediment either as organic P (in organic matter and fish
debris) or as inorganic P, through adsorption on iron and manganese oxyhydroxides or
incorporation in phosphate-bearing minerals (F6llmi, 1996). Once P has reached
marine sediments it can either be incorporated again into the lithosphere or being
recycled back in to the biosphere (Fig. 1.2.1 B). Whether it follows one or another path
is up to its form and the sedimentological and chemical conditions at the water-
sediment interface. The key forms of P in sediments are exchangeable (or loosely-
bound) P, Fe-oxyhydroxides-bound P, authigenic and biogenic Ca-P minerals, detrital
apatite and organic P (Ruttenberg, 2004). Authigenic and biogenic Ca-P minerals and
even more detrital apatite are mostly refractory, whereas exchangeable P, organic P
and Fe-oxyhydroxides-bound P and may show considerable postdepositional mobility.
The latter group is particularly sensible to changes in redox potential and can easily
release P back in to the water. The abundance of “weak” sinks of P, like exchangeable
P and Fe-oxyhydroxides-bound P, is also related to the grain-size and the chemical
and mineralogical characteristic of sediments (Andrieux-Loyer and Aminot, 2001).

P that is finally buried within the sediment may be eventually lost in the mantle
through subduction, this loss is balanced, over the geological time scale, by the
formation of new rocks through igneous activity.

Since the major input of P in the exogenous cycle is from the weathering of continental
rocks, the P supply rate to the oceans represent a powerful link between geological
activity and biological activity, allowing the reconstruction of long-term feedback
mechanisms between climate, environment and ecology (Froelich, 1988; Garzanti,

1993; Follmi, 1996; Delaney, 1998; Guidry et al. 2000; Baturin, 2003) .
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Furthermore understanding the effects of the variations in P supply rate in the
geological past may allow present-day researchers to gaze in the long-term effects of
human P-based pollution on the environment, the consequences of which can not yet

be clearly seen (Hallock, 1988).
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1.3 — Fossil Record of Nutrients

Limiting nutrients and P in particular affect global primary production this in turn has
various major consequences on world climate. Since the ocean store much more CO, than
the atmosphere, relatively small changes in the dissolved oceanic CO; can bring about
large changes in the atmospheric CO,, which in turn has a major control over the green-
house effect. The most likely means of achieving this is by changing the rate of carbon
fixation by marine primary productivity. Increased delivery of reactive P from the land
and/or faster recycling of P through upwelling currents can actually boost CO, uptake
and therefore it may start a global cooling (Sarnthein et al. 1988). Conversely low
nutrient supply and limited CO, uptake may led to global warming. Variations in
primary production also influence water chemistry, both its chemical composition and
isotopic signature. Of course nutrient supply doesn't simply and only controls primary
production: the whole food web is influenced. Different supply of essential nutrients may
lead to completely different environment. These changes are on such a large scale that
are indeed recorded, directly or indirectly, in the geological history of the Earth and
therefore they may be investigate by paleontology (Hallock and Schalger, 1986; Hallock,
1988; Brasier, 1992; Brasier, 1995a; Brasier, 1995b; Martin, 1996).

Since several process of organic synthesis result in a disequilibrium fractionation of
carbon stable isotope, primary production may be recorded by the isotopic signature of C
(Brasier, 1992). Actually marine autotroph during the photosynthesis shows a preference
toward the light isotope of C, *C, leaving surface water enriched in the heavier isotope
3C. Where light and temperature are optima, availability of dissolved nutrients controls
primary production and hence the carbon isotope fractionation. Heterotrophic organisms

consume this light carbon, releasing light CO? back into the ocean.
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This light CO2 is favored for the photosynthesis by autotroph. Where light and
temperature are optimal, availability of limiting nutrients, and above all P, controls the
limits of primary production and hence of carbon isotope fractionation. Thus a trend
towards heavier carbon isotopes cannot take place in sea-water unless there is an
adequate supply of P to fuel primary production and fractionation. Therefore positive 0*C
indicates an higher P content, while negative 9**C indicates an oligotrophic environment
(Brasier, 1992). The inverse correlation between biologically-available P and 0**C is so
strong that the latter can be regarded as a proxy for reconstruction of changes in P
supply (Brasier, 1992). However 0"C is also controlled by other factors. Studies on
modern skeletons show that vital effects (i.e. biological processes that involve the
utilization of metabolic C in the secretion of the skeleton) may overprint the
environmental signal producing 0'*C values which are not in equilibrium with the
environment. Furthermore organic decomposition in mid waters and upwelling currents
may bring light C into the water column (Brasier, 1995a). For these reasons 0'*C are
often contradictory and their interpretation is difficult (Brasier, 1995a).
Paleoproductivity may also be estimated by comparing the difference between 0'*C values
of a pair of benthic foraminifers (e.g. Cibicioides wuellerstorfi) which can record bottom
waters at the water-sediment interface and below, in the interstitial pore-waters (e.g.
Uvigerina peregrina; Corliss, 1985). The decomposition of organic matter within the
sediment release ?C into the interstitial water, this ?C become incorporated in Uvigerina
tests. Cibicides lives above the sediment surface and therefore has a lower *C/**C ratio.
This gradient exist and can be measured at any given site. The difference between the
two species increase when surface waters are more fertile, since large amount of organic
matter reaches the bottom and are decomposed in the sediment, releasing *C (Brasier,

1995a).
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An other geochemical proxy of paleoproductivity is Barium. Ba is strongly associated with
organic matter and more than 90% of barium in oceanic sediments (far away from mid-
ocean ridge since hydrothermal inputs are significant close to the spreading center) is a
residue of biogenic material (Dymond et al. 1992). Ba in suspended organic particles is
dominantly in the form of barite and the mineral forms in the upper water column by
decomposition of organic matter (Dymond et al. 1992). The Ba content of sediment is then
related to the primary production, however, in strongly-reducing environment, barite is
dissolved and Ba mobilized again (Dymond et al. 1992). Ba/Ca ratio in biogenic skeletons
is also a good tracer for high productivity and upwelling zones (Von Breymann et al.
1992; Brasier, 1995a).

Cadmium has a similar distribution to Ba and P in the water column, being depleted in
surface waters and concentrated in the oxygen minimum zone or at depth. Due to this
strong correlation between Cd and P concentration in sea water, the former (as Cd/Ca
ratio) has been exploited to reconstruct past nutrient distribution (Delaney and Boyle
1987; Boyle, 1992; Brasier 1995a). This distribution is characteristic of an algal nutrient
and actually the element is used by some group of marine phytoplankton, generally but
not always in place of Zinc, to develop en enzyme involved in the inorganic carbon
acquisition (Cullen et al. 1999). It has been proved that Cd uptake is also largely
regulated by CO, concentration in the water mass. A modulation of Cd uptake by CO2
suggests that indeed the biogeochemical cycle of this element should respond to major
changes in global climate (Cullen et al. 1999). However since the relationship between Cd
and P in moder ocean is mediated by CO; and Zn concentration, past changes in these
two may have altered Cd-P relationship, either regionally or globally (Cullen et al. 1999).
The rare earth element Cerium is also used in studying paleoproductivity. Normal
marine biogenic apatite is markedly deficient in Ce when compared with other rare earth
like Lanthanum and Neodymium. However in anoxic regions of the sea floor, such as the

Black Sea, the Ce deficiency is reduced.
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SEDEX extraction line

Step Extractant Extracted
. (pHS)
I-A 0.5 g sediment MglCll,;_SI:’Ci
MgCl, (pH8)
I-B Sh5°C
Exchangeable or
loosely sorbed P
H,0O wash
I-C ho5C
H,0O wash
I-D 5h25°C
CDB (pH7.6)
II-A 8h, 25°C D
e
MgCl, (pHS8) C
II-B 5h, 35°C r
e
a
H,0O wash
II-C T, 25°C S
1
n
Acetate buffer (pHA4.0)
III-A oh, 25°C g
MgCl, (GHS) I?I
III-B Sh95°C
MgCl, (pH8)
II-C S 95°C
H,0O wash
III-D 5h 550
v 1M HCI (pHO) Detrital Apatite
16h,25°C plus other inorganic P
Ash 550°C; 1M HCI (pHO) .
V 16h, 250 C

Figure 1.3.1 : SEDEX extraction line; modified after Ruttenberg 1992
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Actually marine authigenic phosphates and carbonates incorporate rare element
distribution pattern of the sea-water in which they precipitated. In normal oxic condition
Ce exists as insoluble Ce** and therefore is scarce into seawater. Under suboxic/anoxic
environment, Ce undergoes reduction to soluble Ce®* and become available to be
incorporated in authigenic minerals.

The magnitude of Ce anomaly, compared to the other rare earths, can be therefore used
as a proxy of anoxic conditions, which is generally associated to high primary production
on the surface (Brasier, 1995a). However post-depositional alteration, diagenesis and
weathering may considerably affect the original rare earth elements pattern and thus
destroy the original paleoenvironmental signal (Shields and Stille, 2001; Pattan et al.
2005).

A different and possible approach is to directly measure the P content of the sediment or
of the rock with colorimetric (molybdenum blue with stannous chloride) and X-ray
fluorescence analyses (Follmi, 1995). However to produce more complete results it is
necessary to separate biologically-available P from non-reactive P, it is necessary to
separate and quantify the various solid-phase reservoirs of sedimentary P. This is
difficult because P is present in low concentration and therefore direct identification of
mineral phases with techniques, such as X-ray diffraction, is almost impossible. The most
viable method to achieve this results are sequential extraction techniques. Sequential
extraction methods consist in a series of chemical reaction, or step, based on the
reactivity of a particular mineral phase in a given extractant. The extractant is a
chemical compound specifically devised and tested to remove efficiently just a given
phase from the bulk of the sample. Such techniques for P, where initially developed of
continental setting (Williams et al. 1976) and become routinely applied in marine settings
after the seminal work of Ruttenberg, 1992 (Fig. 1.3.1). The SEDEX scheme presented by
Ruttenberg (1992; Fig. 1.3.1), consists of five step which separate the major reservoir of

sedimentary P into five pools: loosely sorbed or exchangeable P; ferric Fe-bound P;
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authigenic carbonate fluorapatite + biogenic apatite + CaCOs-bound P; detrital apatite of
igneous or metamorphic origin; organic P (Fig. 1.3.1). This method can detect P
concentration as low as 0.005% in weight with a 4% error (Ruttenberg, 1992). The
strength of SEDEX is that this method is able to perfectly separate authigenic/biogenic
apatite from metamorphic/igneous apatite, while the first is actually related to
biologically-available P the latter is not. Furthermore the extraction is devised to avoid
analytical artifacts resulting from redistribution and adsorption, during the extraction, of
P onto the surface of the residue. These sediment-matrix effect is successfully reversed by
washing the sediment with MgCl, between the steps (Ruttenberg, 1992; Fig. 1.3.1). In the
various years the technique has been modified and improved (e.g. Slomp et al. 1996;
Ruttenber et al. 2009) and is commonly applied for the study of recent and fossil
sediments (e.g. Slomp et al. 2002; Bodin et al. 2006; Kraal et al. 2012).

Paleobiological proxies can also be good indicators for the nutrients status in the fossil
record since the nutrient supply rate has large consequences on the ecological structure of
the environment and on its species assemblage (Hallock and Schalger, 1986; Hallock,
1987; Brasier, 1995a; Brasier, 1995b).

Major biogenic silica deposits have long been thought to accumulate during past episodes
of high ocean productivity (e.g. Calvert, 1966). Studies on sediment traps confirm that
under area of high productivity the flux of siliceous skeletons is indeed more abundant,
on the other hand calcareous plankton dominates in the oligotrophic mid-ocean gyre
(Takahashi, 1986). The accumulation rate of siliceous skeletons may also be derived from
ancient sediments and then used to estimate past ocean productivity (e.g Tiedemann et
al. 1989). Among siliceous skeletons the relative ratio of diatom and radiolarian skeletons
can be used to map upwelling intensity since the former dominate in the highly fertile
core of the most upwelling areas, while the latter dominate in the surrounding areas (e.g.
Molina-Curz, 1977). However the diatoms are more vulnerable than radiolarians to

solution in the water column and in the sediment, therefore their ratio is greatly altered
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through time (e.g. Abrantes, 1992). The abundance of eutrophic-adapted diatom may also
be used to track paleoproductivity of the environment (Brasier, 1995a).

Large deposits of phosphatic skeletons are also typical of upwelling areas of present-day
oceans (e.g. Thiede and Junger, 1992). Assemblages dominated by phosphatic skeletons,
associated with phosphorites are known since the early Paleozoic (Brasier, 1992) and
grainstone-phosphorite sediments are often related to nutrient enrichment, although
they can also be produced by very slow sedimentation rate (Brasier, 1995a). The fossil
accumulation of phosphatic remains therefore can be used, with caution, to identify past
areas of high primary production (Brasier, 1995a).

Areas of high primary production are characterized by organic-matter rich sediments.
The combined effect of a remarkably high production in surface waters and reduced
mixing and oxygenation at the sea floor may lead to the preservation of the organic
matter produced and then at the formation of a sapropel layer. The presence of these
layers may be used to identify period of enhanced nutrient supply and high primary
production (e.g. Slomp et al., 2002)

Since also Ba is also a good tracer for area of high primary production, the accumulation
of biogenically secreted baryte may also be used as a productivity indicator (Brasier,
1995a).

Upwelling areas are also characterized by peculiar assemblages of planktonic
foraminifers and coccolithophorids. These assemblages are composed by species well
adapted to the high nutrient supply of these areas. Planktonic foraminiferal taxa best
adapted to upwelling conditions prefers cool water and a diet of phytoplankton, they lack
spines and supplementary apertures and seldom have endosymbionts (e.g.
Neogloboquadrina pachyderma; Brasier, 1995a). Among modern coccolithophorids small
placoliths are abundant in upwelling areas and display an opportunistic behavior, quickly
increasing their numbers whenever favorable conditions occur, a suitable strategy to take

advantage of the high nutrient supply present (Okada and Honjo, 1973).
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Non-oligotrophic carbonates (Mesotrophic) Vs Oligotrophic carbonates

Mesotrophic Oligotrophic
Limit of the photic zone 50m 130m
Reefs Bindstones, bafflestones, mudmounds Framestone
Larger foraminifera Archaids, soritids Rotaliids
Coralline algae May flourish Less important
Fleshy algae Abundant Incospicuos
Seagrasses May flourish Present
Microbes and bacteria Fourish and mats may develop Incospicuos
Micritized grains Common Incospicuos
Bioeroders Abundant Incospicuos
Carbonate sediments Detrital sands Skeletal sands

Non-oligotrophic (Eutrophic) environment Vs Oligotrophic environment

Eutrophic

Oligotrophic

New nutrient supply High, unstable Lower, more stable
Net productivity High, especially plankton Lower, especially benthos
Water clarity Low High
Diversity Low High
Trophic strategy Generalist/Opportunist Specialist
Population stability Unstable Stable
Benthic feeding method Suspension feeders Grazers, Symbiosis
C and P loss to sediment High Low
Bioerosion level High Low
Associated sediments Concent'raed pelagic lime'stone,. Shelly-benthic limestone,
phospohorite, black shale, diatomite framework reefs

Figure 1.3.2 : Oligotrophic Vs Non-oligotrophic environment. A) Sketch model of water clarity and benthic
communties under oligotrophic and non-oligotrophic conditions. B) Characteristics of carbonates developed
under oligtrophic and non-oligotrophic conditions; modified from Brasier (1995b). C) Characteristics of an
oligotrophic environment and of a non-oligotrophic environment; modified from Brasier (1995a).
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The same behavior was displayed by small reticulofenestrids (e.g. Reticulofenestra
minuta), these forms, beside their biostratigraphic significance, could be important
paeloecological indicators (Negri and Villa, 2000; Kramer et al., 2006).

Nutrient supply rate do not only have effect on planktonic organism (and the
accumulation rate of their remains) but they affect the whole marine ecosystem,
including also the benthic communities of the shelf. Actually optimal conditions for
primary production are very often confined to coastal areas, which can benefit from the
abundant nutrient supplied by rivers and continental run-off. This where the highest
levels of mean primary productivity may be achieved and highest benthic biomass is
present. Furthermore this area may as important as the vastness of the ocean in carbon
burial processes. The oceanic systems, although more extensive, is less effective in
permanently remove carbon from the coupled atmosphere-ocean system, because the
organic carbon exported to the deep oceans is largely oxidized in the water column and
the CO, released back in to the environment (Brasier, 1995a). The neritic system, on the
other hand, may permanently store organic carbon on the shelf ad upper-slope sediments
since both high primary production and large benthic communities contribute toward
oxygen-depletion of the bottom sediments and therefore higher burial rate of organic
matter (Tyson and Pearson, 1991; Brasier, 1995a). Therefore benthic indicators of
nutrient abundance are essential to study the nutrient cycle of the oceans through time.
One the major physical mechanism by which increased nutrient availability affects
benthic communities, aside of course its direct influence on the food availability, is
through the reduction of water transparency (Hallock and Schlager, 1986; Fig. 1.3.2).
Nutrients control the biomass of plankton and, consequently, the amount of particulate
organic carbon in the ecosystem. As nutrients increase, plankton biomass increases,
reducing water transparency (Hallock and Schlager, 1986; Fig. 1.3.2). Reduced water
transparency is a major detrimental factor for hermatypic corals, it decreases the depth

ranges of other benthic autotrophs and mixotrophs including calcareous algae and large
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benthic foraminifers, and generally move shoreward the whole benthic zonation (Hallock
and Schlager, 1986; Vannucci et al. 2003; Hallock, 2005; Fig. 1.3.2).

Nutrient supply also influences the distribution of skeletal assemblages. Grain
association dominated by debris of benthic foraminifera, mollusks, barnacles, bryozoans,
echinoderms and calcareous red algae (heterozoan, sensu James, 1997) are generally
typical of temperate and cold water, while assemblages where the contribution from
zooxanthellate hermatypic corals and calcareous green algae are important (photozoan,
sensu James, 1997) are more common in warm water settings. However significant shifts
from this ideal model exist in the oceans and these differences are tied to nutrients
supply rate (Hallock and Schlager, 1986). Wherever nutrients are plentiful, and
consequently water transparency is scarce, photozoan assemblages are at disadvantage to
heterozoan assemblages. The former thrive due to their bond with zooxanthellae, which
provide to the host the products of photosynthesis, but in eutrophic condition this mutual
symbiosis is not beneficial anymore. When food supply is plentiful active feeding is more
efficient and therefore the heterozoan assemblage, where heterotroph suspension feeders
(like bryozoans and barnacles) are abundant, has an advantage. Furthermore photozoan
assemblage also require high water transparency, therefore hermatypic corals and green
calcareous algae are even more at disadvantage when nutrients are abundant. On the
other hand, coralline red algae (which are present in both assemblages but are more
important and abundant in the heterozoan association) can thrive also in low light.
Consequently heterozoan grain association in warm water setting, where photozoan
association would be expected, may be related to high nutrient supply (Hallock and
Schlager, 1986; Hallock, 2005; Halfar et al. 2006).

The species assemblage of benthic foraminifers is also influenced by nutrient supply and
certain species can be used to draw information on the organic matter abundance and
oxygen concentration at the sea floor (Brasier, 1995a). Infaunal species of the genera

Uvigerina, Bolivina, Bulimina and Nonionella can tolerate low oxygen concentrations.
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They are smaller, when compared to their relative that live in normal conditions, and
they reproduce fast. These assemblage have been used to track changes in upwelling
intensity and map eutrophication-induced anoxia (Brasier, 1995a).

Invertebrates with autotrophic protistan endosymbionts may provide an other useful
index to nutrient levels (Brasier, 1995b). In the case of large benthic foraminifers, that
have a long stratigraphic range and therefore are a perfect potential tool to study
nutrients through time, the presence of photosymbionts is associated with a particularly
complex endoskeletal architecture (Brasier, 1995b). The test actually become larger,
develop multiple apertures and a large number of chamberlets that works as miniature
green-houses for the photosymbionts (Hottinger, 1982). Once symbiosis is established in a
group, diversity appears to be favored by prolonged, stable, oligotrophic conditions
(Hallock and Schalger, 1986). An increase in nutrient levels instead could bring about a
decline and maybe the extinction of the group (Hallock and Schalger, 1986; Hallock,
1988b).

Trace fossil and bioturbation are also related to nutrient supply rate. Increased
availability of nutrients and organic carbon stimulates bioerosion, because many
bioeroders feed on plankton which is abundant when nutrients are plentiful (Hallock and
Schlager, 1986). Whenever primary production become really intense, the large flux of
sinking organic matter may cause widespread anoxia at the sea floor. Anoxic sediments
are consequently generally well-laminated, barren of burrow structures and bioturbation
in general (Brasier, 1995a).

Tracking down nutrient variations in the distant past of Earth History may be an
exceedingly difficult task, but a wealth of useful research instruments exists. Since
different possibilities are available an integrated approach should be preferred. The
single results obtained from a single line of analysis may be equivocal but the combined
use of both geochemical and paleobiological indicators can provide consistent results and

allow meaningful reconstructions of the past.
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1.4 — The Miocene Geological Setting

The Miocene is the first geological epoch of the Neogene period. During the Miocene the
definitive transition between the old, “greenhouse”, Earth and modern, “icehouse” Earth
took place. The beginning of this fundamental transition date back to the Eocene, when
the Drake Passage opened, starting the isolation of Antarctica from the other land
masses (Lagabrielle et al. 2009). The isolation became complete near the
Oligocene/Eocene boundary when also the Tasman gateway was sufficiently open
(Stickley et al. 2004). As a consequence of this, in the stretch of sea along Antarctica,
which was now clear of any landmass, the Antarctic Circumpolar Current began forming.
This current is still active nowadays and prevents the warm surface water from
subtropical gyres from reaching Antarctica, thermally isolating the continent in a ring of
cool water, resulting in substantial cooling of the South Pole (Nong et al., 2000). After
the development of the current an ice sheet began to form. The ice cover expanded
rapidly during the earliest part of the Oligocene, reaching a mass as great as 50% that of
the present-day ice sheet, this glacial event is clearly recorded in 0**0 record and is the
first major glaciation of the Cenozoic (Zachos et al. 2001). This ice sheet persisted until
the latter part of the Oligocene, when it was greatly reduced by warm period. From this
point until the middle Miocene global ice volume remained low and albeit a remarkable
glacial event (the Mi-1 Glaciation of 21 Ma ago) and other minors occurred (recorded in
the 0'®0 record and in antarctic sediments of Ross Bay; De Santis et al. 1995), ice sheets
in Antarctica where ephemeral and partial (Zachos et al. 2001). After the Mi-1 Glaciation
Miocene climate become again warmer, this warm phase peaked in the late middle

Miocene climatic optimum (17 to 15 Ma; Zachos et al. 2001). During this warm period
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thermophilic fauna and flora are present even in Northern Europe, Northern Japan and
New Zealand (Flower and Kennet, 1994; Bohme, 2003; Bohme et al. 2007; Harzhauser
and Piller, 2007).
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Figure 1.4.1 : Principal global events of the Cenozoic and global, deep-sea, oxygen and carbon isotope

records for the Era (Zachos et al., 2001)

In the warm Early Miocene red calcareous algae replaced corals as the most abundant
carbonate producers in platform environment. In the circum-Mediterranean region,
rhodalgal carbonates (i.e a bioclastic-grain association dominated by coralline algae;

Carannante et al. 1988) were volumetrically more abundant than coral reef facies and
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thick accumulation of rhodolith-dominated facies were widespread in the Pacific and
Atlantic Ocean (Esteban, 1996; Halfar and Mutti, 2005). Coralline algae are common
carbonate producers since the Cretaceous, but became most widespread and exhibited
their greatest species richness during the Miocene (Aguirre et al., 2000). The prevalence
of rhodalgal carbonates was probably initially triggered by a global enhancement of
trophic resources started in the Burdigalian (Halfar and Mutti, 2005). In the Middle
Miocene nutrient availability was further augmented and this increase, together with
declining temperatures, led to a further expansion of the rhodalgal facies (Halfar and
Mutti, 2005).

During the warm lower part of the Miocene a world-wide important geodynamic
occurred: the uplift of the Tibetan Plateau. A major phase of deformation and
reorganisation of the orogenic wedge occurred between 21 and 17 Ma with fast
exhumation rate and relief increase (Raymo, 1994; White et al. 2002). The elevation of
the Plateau, with its large mass, probably had a profound effect on the atmospheric
circulation pattern, but certainly in connection with the uplift event an associated
increase in chemical weathering and river suspended load is recorded by the strontium
isotopic curve (Raymo and Ruddiman, 1992; Raymo, 1994). Tibetan Plateau position and
elevation promoted an accelerated and massive weathering of an enormous amount of
rocks, this released huge amount of nutrients to the sea through rivers suspended load
and the chemical weathering processes sequestered large amount of CO; from the
atmosphere (Raymo and Ruddiman, 1992; Raymo, 1994).

Immediately after the increase in global weathering rate (principally caused by the
erosion of the Himalaya mountain range) the Monterey Excursion event began (De Paolo
and Finger, 1991; Raymo, 1994). This long-lasting positive excursion in 0**C started in
the warm Lower Miocene (17 Ma) and ended at 13.5 Ma (Holburn et al. 2007). The event
got his name from the Monterey formation in California, the formation is composed by a

calcareous and organic-rich facies, a phosphatic facies and a siliceous and diatom-rich
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facies and its clearly connected to a period of very high primary production (Raymo,
1994). Diatomaceous rocks and phosporite of the same age of the Monterey Formation
deposited around the rim of the Pacific Ocean and in the Atlantic (Raymo, 1994). The
Monterey event is also recored in the Western Tethys, in the Oligo-Miocene carbonate
platform and shelf sediments of the Maltese Islands, here the deposition of phosphatic
facies occurred between 25 and 16 Ma and the 0'°C excursion between 18 and 12.5 Ma
(Jacobs et al. 1996). The timing of the Monterey event suggests that the uplift and
erosion of Tibetan Plateau had a main role in the 0*C excursion, but periodic orbital
variations were also forcing factors (Holburn et al. 2007).

Just slightly before the end of the Monterey event, the warm period that characterized
the Miocene thus far, came to an end. The Middle Miocene Climate Transition occurred
between 14.2 and 13.8 Ma and is one of the major steps in Earth’s Cenozoic climate
evolution (Zachos et al. 2001; Shevenell et al. 2004). Large-scale growth of Antartica ice
sheet occurred (Flower and Kennet, 1994 ; De Santis et al. 1995). Actually the antarctic
cryosphere prior to the Middle Miocene Climatic Transition was substantially different
from that of today: the volume of the ice Sheet varied significantly over time scales as
short as 100 k.y. (Pekar and DeCanto, 2006; Lewis et al. 2007), and the glaciers were wet
based (i.e glacier with temperatures at the ice-ground interface above the freezing point).
After the transition Antartic climate become much colder, the ice sheet largely more
stable and the glacier cold based (i.e glacier with temperatures at the ice-ground
interface below the freezing point), like those of present-day Antartica (Lewis et al.
2007).

After the Middle Miocene Climatic Transition Earth climate become definitively colder
and as a matter of fact, the Middle Miocene Climatic Optimum, that preceded the
transition, is the last warm period of Earth Geological History.

In the second, cold, half of the Miocene, Earth experienced a number of important

ecological events. Modern savannas, temperate grasslands and arid shrublands are
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dominated by C, plants (i.e plants characterized by a Hatch-Slack cycle photosynthetic
pathways). C, plants appeared during the Oligocene but did not become ecologically
important till the Late Miocene. Actually paleontological and geochemical studies
indicate a world-wide rapid expansion of C, biomass starting between 7-5 Ma. Since C4
plants have a competitive advantage over C; plants, under conditions of drought, high
temperatures and CO, limitation, they were able to thrive in the post climatic-transition,
“icehouse”, world, characterized by low CO; concentration in the atmosphere and
widespread aridity (Cerling et al. 1993; Pagani et al. 1999). An other important group of
organism arose in the Late Miocene: the hominids. Molecular studies suggest that the
lineages leading to humans and chimpanzees diverged approximately at 6.5- 5.5 Ma, in
the cold Late Miocene (Haile-Selassie, 2001).

During the end of the Miocene an other geodynamic event further cooled Earth climate:
the closure of Panama isthmus (Haug and Tiedemann, 1998; Zachos et al. 2001; Bartoli
et al. 2005; Schneider and Schmittner, 2006). The gradual closing of the Isthmus of
Panama lasted from 14 Ma to 2.75 Ma (Lunt et al. 2008; Schneider and Schmittner,
2006), and its effect become more and more obvious starting from about 6 to 5 Ma (Haug
and Tiedemann, 1998). The event caused a large reorganization of the oceanic circulation
that became very similar to the modern one, with with strong climatic impact. The
closure of the seaway actually led to decreased mixing of Atlantic and Pacific water
masses intensifying the Gulf Stream, strengthening the Atlantic thermohaline
circulation and increasing global primary productivity (Haug and Tiedemann, 1998;
Bartoli et al. 2005; Schneider and Schmittner, 2006). Due to the strengthening of
thermohaline circulation the high latitude of the Northern hemisphere, received an
intensified moisture supply resulting in the build-up of a larger ice-sheet and
culminating in the intensification of Northern hemisphere glaciation (Haug and

Tiedemann, 1998; Bartoli et al. 2005).
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The end of the Miocene in the Mediterranean region is characterized by spectacular and
massive event: the Messinian salinity crisis. In the Mediterranean basin nowadays
evaporation exceeds precipitation and river run off. The basin, to keep its balance is
continuously refilled by Atlantic waters. In the Late Miocene the Mediterranean become
isolated from the Atlantic Ocean (the eastern connection with the Indo-pacific has been
severed at the end of the Early Miocene; Adams et al. 1977) and underwent a salinity
crisis during which vast evaporites deposits were laid down in the dried up basin (Hsii et
al. 1973). The massive extraction of the dissolved salts in the world oceans, brought
about by Mediterranean dessication, could also have an influence on the global climate
by lowering the average salinity of the water of the oceans (Adams et al. 1977). At the
end of the Messinian age, the Gibraltar Strait opened and the waters of Atlantic Ocean
flooded the Mediterranean basin. The flood was an extremely fast event, consistent with
the exceptionally rapid restoration of deep marine conditions at the Miocene-Pliocene
boundary (Hsii et al. 1973; Garcia-Castellanos et al. 2009). Although the whole process
may have lasted for up to several thousand years most of the water was transferred in
short period (some years or even just few months), with maximum rate of sea level rise of
over 10 m per day: an outburst flood larger than any other similar events in Earth
History (Garcia-Castellanos et al. 2009).

The Miocene was a time of climatic changes, from the warm Early Miocene, to the
Middle Miocene Climatic Optimum, to the cold Late Miocene. In the oceans modern
termohaline circulation established. Nutrients supply changed as well due to the
increased weathering rate and the strengthened oceanic circulation. This Epoch of
changes give us the opportunity to follow the evolution of marine ecosystems during one
of the turning point in our Planet Evolution.

The area where the study presented hereafter has been performed, the Mediterranean
region, during the Miocene was directly involved in the major geodynamic and

oceanographic events of the Epoch. Plate tectonic activity caused the shrinking of the
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Figure 1.4.2 : Paleogeographic reconstructions of the Mediterranean area during the
Burdigalian; 1= Pietra da Cantoni Basin; 2= Sommiéres Basin. A) Paleogeograhic

reconstruction of the basin during the Early Burdigalian; black arrow= main current direction;

modified from Rogl (1999). B) Paleogeograhic reconstruction of the basin during the
Burdigalian; modified from Harzhauser & Piller (2007). C) Paleogeograhic reconstruction of the
basin during the Early Burdigalian; modified from Meulenkamp (2000)
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Mesozoic Tethys Ocean and by the end of the Eocene the Tethys basin was reduced to a
sea almost completely enclosed by land: the Proto-Mediterranean (Rogl, 1999;
Harzhauser and Piller, 2007). The basin was divided in two major water masses by the
rising Alpine island chains, which acted as geographic barriers: the Paratethys Sea in
the North and the Proto-Mediterranean s.s. in the South (Rogl, 1998; Rogl, 1999;
Harzhauser and Piller, 2007). During the Late Oligocene/Early Miocene the basin had
extensive connection with both the Atlantic and Indo-Pacific Ocean, and multiple open
seaways connected the Paratethys and the Proto-Mediterranean s.s. (Rogl, 1998; Rogl,
1999). During this period also a small connection could have existed between the
Paratethys and the North Sea Basin (Rogl, 1998; Rogl, 1999; Harzhauser and Piller,
2007).

In the Early Burdigalian, the period analyzed in this thesis project, one of the main
connection between the Proto-Mediterranean s.s. and the Paratethys was the Alpine
Foreland Basin (Fig. 1.4.2; Rogl, 1998; Rogl, 1999; Harzhauser and Piller, 2007). This
narrow seaway (about 100 Km wide and about 1000 Km long; Allen et al. 1985) was
dominated by tidal currents (Allen et al. 1985; Harzhauser and Piller, 2007). Atlantic
tide entered the basin from a southwesterly direction, becoming progressively amplified
by the narrow and shallow passage, promoting vigorous currents reflected in the tidally
controlled shelf-deposits occurring throughout the whole Alpine Foreland Basin during
the Early Burdigalian (Allen et al. 1985; Harzhauser and Piller, 2007). Many of these
deposits are dominated by skeletal grains since along this narrow and shallow seaway
carbonate factories flourished.

In Early Burdigalian time, slightly toward the east from the southern end of the Alpine
Foreland Basin, in the north-central part of the Proto-Mediterranean, was located the
Tertiary Piedmont Basin (Fig. 1.4.2). The Tertiary Piedmont Basin was a long lived
depression that evolved from the Late Eocene to the Late Miocene over the inner part of

the Alpine wedge. The basin was dominated by the sedimentation of the siliciclastic
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material eroded from the Alpine chain. At the beginning of the Miocene the deformation
caused by the rotation of the Alpine wedge uplifted a number of isolated banks and
islands in the middle of the basin (Clari et al. 1994; Maffione et al. 2008). During the
Early Burdigalian along these shallow banks and islands, protected from the main
siliciclastic sedimentation, carbonate deposition was possible (Clari et al. 1994).

The bioclastic carbonate successions studied in this thesis project deposited in the Alpine
Foreland Basin (Sommieres Basin) and in the Tertiary Piedmont Basin (Pietra da
Cantoni Basin), in the Lower Burdigalian, just before the beginning of the Monterey
Event, under similar climatic conditions, but in very different hydrodynamic settings: a
tide-dominated seaway the former and an isolated bank the latter. Both differences and
similarities between the two basin are faithfully recorded in the fossil associations
preserved and the changes in species assemblages and abundances are related to an

environment gradient mainly created by different nutrients supply-rate.
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2.1 — Introduction

This work is aimed at improving our knowledge of fossil rhodalgal factories by
emphasizing rhodoliths as a tool in the study of transported sediments. The Pietra da
Cantoni Group (PDC; Lower Miocene) of the Tertiary Piedmont Basin (TPB)
(Schiittenhelm, 1976; Vannucci et al. 1996; Bicchi et al. 2002; Bicchi et al. 2006) has been
chosen as an example of a rhodalgal carbonate platform, where the main area of
carbonate production is not flawless preserved in place. In this framework we analyze
and integrate literature data and new observations on the paleontology and
sedimentology of the PDC and we review the mechanisms and processes involved in
rhodolith transport.

From the Oligocene onward, coralline algae have spread massively throughout the
platform photic zone. Because they are well adapted to a broad range of climatic
conditions and can thrive even in dim light, they are one of the most common and
important carbonate producers in platform environment. Coralline algae dominate in the
rhodalgal carbonate factories (Carannante et al. 1988) where they are the main
carbonate producers. During the Miocene these carbonate factories were common in the
Mediterranean area (Civitelli and Brandano, 2005), in the Indo-Pacific and in the
Caribbean (Braga et al. 2010). They are a rich archive of past climatic and
environmental information with a potential that is still underexplored (D'Atri, 1990;
Carannante et al. 1996; Basso and Tomaselli, 1994; Basso et al. 1998; Pomar et al. 2002;
Brandano et al. 2005 ; Civitelli and Brandan,o 2005; Halfar and Mutti, 2005; Vigorito et
al. 2005 ; Bassi et al. 2006; Bassi et al. 2010; Brandano et al. 2007; Brandano et al. 2009;
Brandano et al. 2010; Brandano et al. 2012; Checchoni and Monaco, 2008; Checconi et al.
2010; Braga et al. 2010; Puga-Bernabéu et al. 2010). They are also important

hydrocarbon reservoirs with large oil and gas fields located in the Pacific and in the
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Atlantic areas (Erlich et al. 1990; Heubeck et al. 2004; Neuhaus et al. 2004; Sattler et al.
2004; Vahrenkamp et al. 2004; Fournier and Borgomano, 2007; Borromeo et al. 2011;
Coletti et al. 2016).

Unlike chlorozoan carbonate factories, rhodalgal factories may develop outside the
tropical belt and in conditions (e.g., tropical upwelling regions) where hermatipic coral
growth is inhibited and the platform lacks a marginal rim (Schlager, 2003; Vigorito et al.
2005). Without this barrier to waves and currents, sediment transport and reworking
may play an important role in the depositional architecture, and the platform often
develops a ramp or a distally steepened ramp profile (Carannante et al. 1996; Pomar et
al. 2002; Vigorito et al. 2005; Pomar and Kendall, 2007; Williams et al. 2011). Similar
processes of transport and resedimentation are also recorded in other carbonate systems
dominated by loose-grained production (e.g., Senonian rudist-bearing platforms,
Carannante et al. 1999; and Cenozoic foraminifer-dominated ramps, Beavington et al.
2005). Sediments transported basinward may have a high preservation potential
(Parson-Hubbard et al. 1999; Halfar et al. 2001); if the carbonate factory become lost or
unobservable, the transported skeletal remains might provide information on the
shallow-water environment where they were produced (Nebelsick et al. 2001; Rasser and
Nebelsick, 2003). Therefore, when transport processes do not excessively alter the
original composition of the sediment through mixing and selection, displaced materials
can potentially be used to reconstruct the “lost” shallow-water environment (Nebelsick et
al., 2001; Basso et al., 2012; Leszczynski et al., 2012). This could be especially useful in
active, compressional tectonic settings, where short-lived small carbonate platforms
develop on topographically high areas over thrust sheets and where resedimentation is
frequent (Carannante et al., 1996; Bosence, 2005).

Rhodoliths have an added value for these paleoecological reconstructions. During their
growth, they bind skeletal grains of their native environment preserving the record of

the changing benthic associations through time or space (Basso, 1991; Basso and
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Tomaselli, 1994; Basso et al. 1998; Checconi and Monaco, 2008). Other organisms may
also overgrow them or bore and nest inside (e.g., barnacles, bryozoans, encrusting
foraminifers, mollusks, annelids, etc.) adding other fruitful details. These small and free-
living “carbonate factories” can be regarded as “island habitats” (Lee et al. 1997) that
retain all the information accumulated during their development and preserve them

after transport and burial.
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2.2 - Geological setting and regional evolution

The Pietra da Cantoni Group develops from the Burdigalian to Early Langhian
(Novaretti et al. 1995), and outcrops in the eastern sector of the Monferrato area
(Piedmont, Italy), which is part of the TPB. The TPB is a long-lived basin that evolved
from the Late Eocene to the Late Miocene over the inner part of the Alpine wedge and it
has recorded the complex interplay between the tectonic forces of the continental
collision. During the Early Oligocene, sedimentation in the TPB was confined to small
fault-bounded basins and continental and shallow marine facies prevailed (Mosca et al.
2009; Rossi et al. 2009). In the Oligocene, the basin became deeper and there was a
transition toward open marine conditions (Mosca et al. 2009; Rossi et al. 2009). At the
beginning of the Miocene (Aquitanian stage), the deformation caused by the rotation of
the Alpine Wedge (Maffione et al. 2008) uplifted and divided the Monferrato area into an
eastern and a western sector. The western sector was deeper and dominated by a slope to
basin environment as indicated by the deposition of siliceous ooze (Bonci et al. 1990;
Clari et al. 1994; Clari et al. 1995; Novaretti et al. 1995). The eastern Monferrato was
uplifted resulting in the formation of an angular unconformity along which the
Aquitanian-Early Burdigalian interval is missing. In the Burdigalian the deformation
was completed in the eastern Monferrato and the PDC deposited at the top of the
unconformity developed upon the underlying deposits (Casale Monferrato, Marne di M.
Piano, Cardona, Antognola Formations). In the western Monferrato basin instead, the
sedimentation was dominated by siliciclastic sand.

During the Burdigalian the rhodalgal carbonate factories developed in a shallow sea

environment, which was, according to paleogeographical reconstruction, between
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latitude 35° and 40° N (Meulenkamp et al. 2000). In the Early Miocene the Earth climate
was globally warmer than present day, with tropical and subtropical climatic region
extending to higher latitude (Adams et al. 1990; Billups et al. 2010). Reconstruction of
the terrestrial climate of Europe, based on continental proxies, suggests temperatures up
to 6°C warmer (Mosbrugger et al. 2005). Taking these elements into consideration a
tropical climate is conceivable for the region, as testified by fossil assemblages (Vannucci
et al. 1996). From the Langhian onward, the western and eastern Monferrato had
similar subsidence rates, leading to uniform deposition of fine carbonate to mixed
carbonate-siliciclastic sediments (the calcareous member of Tonengo sandstone Fm.,
Dela Pierre et al. 2003). After the Early Serravallian, a further deepening occurred,
which is indicated by the deposition of the Marne di Mincengo Formation.

The PDC is divided into two sequences (Bicchi et al. 2006). The older Sequence 1
(Aquitanian-Lower Burdigalian) outcrops exclusively in the village of Rosignano
Monferrato. It is composed of bioclastic wackestone and packstone with scattered
rhodoliths. The boundary with the overlying Sequence 2 is a ravinement surface with
small scattered lenses of rhodolith-rich, coarse bioclastic material (Bicchi et al. 2002).
The second sequence is further divided into two units. The lower unit is the main subject
of this work and outcrops only in the eastern part of the basin. It consists of coarse
bioclastic limestone deposited in a shallow marine environment (Schiittenhelm 1976;
Bicchi et al. 2006). The upper unit consists of marly packstones and marls deposited in a
deeper environment (Schiittenhelm, 1976; Bicchi et al. 2006). Outcrops of the upper unit
of Sequence 2 are present in the whole PDC basin. The two units are separated by a thin
interval that shows heavily reworked and bioeroded bioclasts (mainly mollusk shells but
also small rhodoliths and fish bones), pebbles and authigenic minerals (mainly glaucony
and phosphate). According to literature (Novaretti et al. 1995; Bicchi et al. 2006), the
lower unit is referred to Biozone N7a (Globigerinoides trilobus subzone, Blow, 1969). The

base of this biozone is marked by the disappearance of Catapsydrax dissimilis and dated
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at 17.62 Ma in the open ocean (Wade et al. 2011). In the TPB, an ash layer with an
“Ar/*Ar age of 18.7£0.2 Ma (Ruffini, 1995; D'Atri et al. 1999; D'Atri et al. 2001), located
above the disappearance of Catapsydrax dissimilis, suggests a possible diachrony of the
event. On these bases, the lower unit of Sequence 2 should have been deposited between
about 19 and 18 Ma (Novaretti et al. 1995). Calcareous nannofossils, planktonic
foraminifers and miogypsinds distribution in the Villa San Bartolomeo succession shows
that in the studied area, the lower unit of Sequence 2 belongs to Biozone N7a

(Schiittenhelm, 1976; Vannucci et al. 1996; Bicchi et al. 2002; Bicchi et al. 2006).
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2.3 — Material and Methods

Currently, the PDC outcrops are scattered and discontinuous. The rock is poorly
cemented and porous, therefore it weathers rapidly and is generally covered by thick soil
and dense vegetation. Outcrops are visible in villages and dismissed quarries. The lower
unit of PDC Sequence 2 was studied in the following dismissed quarries located near the
villages of Rosignano and Terruggia (Fig. 2.3.1): Villa San Bartolomeo (VB), Castello di
Uviglie (UV), Torre Veglio North (TN), Torre Veglio South (T'S). Presently, VB is no
longer accessible and TN and TS are buried.

The outcropping successions were measured, and described by grain-size and texture.
The rhodolith size was measured, and nodules larger than 3 cm were extracted and
broken to study their internal structure and composition. The rhodolith shape and
structure were described following Bosellini and Ginsburg (1971), Bosence (1983a)
Vannucci et al. (1996) and Basso (1998).

Since VB, UV, TN and TS outcrops did not offer a sufficiently large surface for
sedimentological observations of large-scale structures, further fieldwork was performed
in the other nearby PDC outcrops. In particular, the outcrop of Rosignano, which is very
close to the studied area (Fig. 2.3.1), offers a very large exposure of the lower unit of PDC
Sequence 2. Further observation were done in the Treville village, the westernmost
outcrop of the rhodolith-bearing unit of PDC Sequence 2.

Thin sections of 115 samples collected by Vannucci et al. (1996) in VB and TN, and 85
samples collected in 2010 by the authors in UV and TS, were analyzed for this work.
From these, 110 thin sections were obtained from isolated rhodoliths and 90 were
dedicated to both rhodoliths and their embedding sediment. On 12 samples from UV and
TS sections, X-ray diffraction (XRD; PANalytical's Xert PRO Materials Research
Diffractometer) and X-Ray fluorescence (XRF; PANalytical's Eilon 3-XL energy
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Figure 2.3.1 : Upper panel: sketch map of the investigated outcrops
(stars); Uviglie (UV; 45° 4.70' N 8° 24.79' E); Villa San Bartolomeo (VB;
45° 4.82' N 8° 25.27' E); Torre Veglio North (TN; 45° 5.53' N 8° 25.85"' E);
Torre Veglio South (TS; 45° 5.25' N 8° 25.84' E). A) Simplified map of
Europe with Northwestern Italy (black box). B) Simplified map of
Northwestern Italy, with the studied area (star). C) Map of all the
outcrops of PDC, modified after Schiittenhelm, 1976.
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dispersive X-ray fluorescence spectrometer) analyses were performed to assess their
mineralogical and chemical composition after rhodolith removal. The glaucony of the
samples was qualitatively studied following the procedure of Amorosi (1997) to assess its
autochthony and its maturity.

The texture, composition and bioclastic assemblage of the rhodolith-embedding material
were quantified by point counting (Fliigel, 2009) on digital photomicrographs of thin
sections. A 150x150 um grid was used and an average of 400 points was counted in each
analyzed section. The recognized categories were: coralline algae, barnacles, benthic
foraminifers, planktonic foraminifers, mollusks, bryozoans, echinoids, serpulids,
ostracods, micrite, sparite, glaucony, authigenic phosphate and non-carbonate minerals.
On suitable thin sections of the rhodoliths, point counting was also performed on the
sediment patches trapped within the nodules to assess the differences between the
material inside and outside the rhodoliths. Data from point-counting were statistically
treated by hierarchical cluster analysis and non-metric multidimensional scaling
ordination (MDS) based on the Bray-Curtis similarity with PRIMER 6 (Kruskal 1977,
Field et al. 1982; Clarke and Gorley, 2006).

The growth-form and relative abundance of coralline algae were studied on thin sections.
Coralline taxonomy follows Kato et al. (2011) and Bittner et al. (2011). The identification
of foraminifers was conducted to the lowest taxonomic level possible (mostly genus or
species), which required extraction of foraminifer tests from the sediment after
disaggregation of rock samples. The foraminifers were identified under stereomicroscope
and scanning electron microscope (SEM; TESCAN mega TS5136 XM). For SEM analysis,
specimens were cleaned, mounted on SEM stubs by an adhesive conductive carbon disk
and then gold-coated. With the exception of the SEM-prepared specimens, the remaining
foraminifers were eventually embedded in epoxy resin, cut and prepared in thin sections.
The taxonomic nomenclature follows Loeblich & Tappan's revision (1987). Among the
other skeletal grains the most abundant taxa of barnacles, bryozoans and mollusks were
also identified.
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2.4 — Results

The results have been divided in two sections, a former with the presentation of the
detailed paleontological and sedimentological data of the four main outcrops (Villa San
Bartolomeo, Uviglie, Torre Veglio North and Torre Veglio South) and a latter dedicated

to the sedimentological description of Rosignano and Treville outcrops.

Villa San Bartolomeo (VB), Uviglie (UV), Torre Veglio North (TN) and Torre
Veglio South (TS)

Paloeontological and sedimentological analyses in these outcrops allowed the recognition
of different facies, lithozones and the identification of the most abundant taxa of the

fossil association.

Facies description. Four facies were recognized, based on rock characteristics, texture,
and statistical treatment of compositional data (Fig. 2.4.1). Each facies includes one or
more lithozones, identified in the outcrop on the basis of their rock texture, mineralogy
and macroscopic fossiliferous content. Lithozones were numbered from 1 to 6, from the
oldest to the youngest (Figs 2.4.2; Fig. 2.4.3).

Facies 1 is a typical rhodalgal assemblage (sensu Carannante et al. 1988) characterizing
lithozones 1 to 4a. The coarse skeletal elements are composed of rhodoliths, large benthic
foraminifers and barnacle plates. The fine fraction is dominated by fragments of coralline

algae, barnacles, benthic foraminifers, bryozoans, echinoids and mollusks. In the
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Figure 2.4.1 : Simplified stratigraphic log of the studied PDC sections summarizing bioclastic composition,
mineralogical composition, general attributes of sampled rhodoliths, coralline-algae assemblages and facies
distribution. In lithozones 1UV, 1TS, 3TS, coralline algae were insufficiently studied due to poor preservation.



hierarchical cluster analysis and MDS ordination, samples of Facies 1 gather in Clusters

1 and Cluster 2. The rock is an almost pure limestone with a siliciclastic fraction

primarily composed of silt-sized and sand-sized grains of quartz.

Glauconitic, planktonic Glauconitic, planktonic Glauconitic, planktonic Glauconitic, planktonic
6 foraminifers marly-packstone. 6 foraminifers marly-packstone. 6 foraminifers marly-packstone. 6 foraminifers marly-packstone.
Micriteis abundant Micriteis abundant Micriteis abundant Micriteis abundant
Phosphatic-glauconitic Phosphatic-glauconitic Phosphatic-glauconitic Phosphatic-glauconitic
5 rudstone. Micriteis 5 rudstone. Micrite is 5 rudstone. Micriteis 5 rudstone. Micrite is
abundant abundant abundant abundant
Glauconitic rhodolith Glauconiticrhodolith Glauconitic rhodolith Glauconitic, reverse
4b rudstone. 4b rudstone. 4b rudstone. 4b graded, rhodolith rudstone.
Micriteis present Micriteis present Micriteis present Micriteis present
Rhodolith rudstone. Rhodolith rudstone. Rhodolith rudstone.
4a Without 4a Without 4a Without 4a Absent
interstitial material interstitial material interstitial material
Barnacle and rhodolith Barnacle and rhodolith Rhodolith rudstone with
3 rudstone. Without 3 rudstone. Without 3 barnacle fragments. 3 Absent
interstitial material interstitial material Without interstitial material
Bedded rhodolith floatstone. Bedded rhodolith floatstone. Bedded rhodolith floatstone. Rhodolith rudstone.
2 Almost without 2 Almost without 2 Almost without 2 Almost without
interstitial material interstitial material interstitial material interstitial material
Lepidocyclinid grainstone Lepidocyclinid grainstone Coralline-algae packstone .
1 with scattered rhodoliths. 1 with scattered rhodoliths. 1 with scattered rhodoliths. 1 ﬁ;oiﬂ;ﬁh r;ds‘g)net.
Without interstitial material Without interstitial material Micrite is abundant ¢ Sabuncan

Figure 2.4.2 : Lithozones characteristics

Facies 2 characterizes the upper part of the fourth lithozone (4b). Large skeletal

elements are rhodoliths and barnacle plates. The fine fraction is mainly composed of

planktonic foraminifers and grains of authigenic minerals. The rock is an impure

limestone: it is rich in silicate minerals constituting up to 40% of the fine-grained

fraction. Samples of this facies are included in the Cluster 3.

Facies 3 characterizes lithozone 5. The coarse fraction of the rock is composed of abraded,
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Figure 2.4.4 : Field pictures of the studied successions. A) Lithozones from 1 to 4 of UV
quarry. B) Lithozones from 2 to 6 of TS quarry. C) Lithozone 2UV structures and the
lower part of the overlaying lithozone 3UV. D) Lens of rhodolith floatstone at the
boundary between lithozone 2UV and lithozone 3UV; arrows = base of the lens. E)
Barnacle encrusting rhodolith surface.
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winnowed and often phosphatized bioclasts (mainly pebble-size rhodoliths and mollusk
shells). The finer material embedding the large elements is almost entirely composed of
planktonic foraminifer tests, glaucony and authigenic phosphate grains. In the
hierarchical cluster analysis and MDS ordination the samples of Facies 3 and 4 are
grouped in Cluster 4. The rock is a marly limestone, and nearly half of the material is
composed of silicate minerals.

Facies 4 characterizes lithozone 6. Large skeletal elements are almost absent, and most
of the rock is composed of planktonic foraminifer tests; glaucony grains are frequent and
phosphate grains occur. The rock is a marly limestone with abundant clay minerals. In
the hierarchical cluster analysis and MDS ordination the samples of this facies are

encompassed in Cluster 4, together with Facies 3.

Lithozones description. In the outcrops on the basis of their rock texture, mineralogy and
macroscopic fossiliferous content different lithozones were identified. The lithozones
were numbered from 1 to 6, from the oldest to the youngest (Fig. 2.4.3), their
characteristics are summarized in Table 1. The thickness and characteristics of the
lithozones slightly vary among the quarries, and certain lithozones do not occur in all
quarries. These lithozones can be correlated with those used by previous authors (Fig.
2.4.3).

1VB, the basal lithozone of the VB section, is a lepidocyclinid-rich grainstone with
scattered small rhodoliths. The rock is characterized by a weak fabric with common
orientation of the large and flat skeletal elements. This lithozone is overlain by a bedded
rhodolith floatstone (2VB), which is then followed by a rudstone composed of barnacle
fragments and rhodoliths (3VB). The fourth lithozone (4VB) is a rhodolith rudstone. The
material in which the rhodoliths are embedded at the base is composed of coarse skeletal
fragments (mainly barnacle and coralline debris) (4aVB), whereas at the top is mainly

composed of planktonic foraminifers and grains of glaucony and phosphate (4bVB).
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The base of the UV succession (Fig. 2.4.4A), 1UV, is a lepidocyclind-rich grainstone, with
scattered small rhodoliths. The overlying 2UV lithozone is composed of several 30-50 cm
thick beds of rhodolith floatstone alternated with thin beds of coralline-rich grainstone
(Fig. 2.4.4A, C). The thickness of these beds is variable and most of them are laterally
discontinuous. In the upper part of this lithozone, near the boundary with the overlaying
3UV lithozone, small, lens-shaped bodies of rhodolith floatstone are present (Fig.2.4.4D).
The boundary between 2UV and the overlaying 3UV is sharp and probably erosional
(Fig. 2.4.4C). 3UV is a rudstone composed of barnacle debris and rhodoliths. The base of
the lithozone is rich in rhodoliths while upward they are less common. The rock presents
a weak fabric with a common orientation of the large and flat skeletal elements. The
lithozone 4UYV is a rhodolith rudstone that is rich in bioclastic fragments at the base
(4aUV) and in planktonic foraminifers, glaucony and phosphate grains at the top (4bUV).
1TS, the first lithozone of the TS succession (Fig. 2.4.4B), is a rhodolith packstone. 2TS is
a bedded rhodolith floatstone, alike 2UV. The 3TS is a laterally discontinuous rhodolith
rudstone rich in barnacle debris. The lithozone 4TS, similarly to 4VB and 4UV, is
subdivided in two part: 4aTS and 4bTS.

The basal lithozones of TN, 1TN and 2TN are massive rhodolith rudstone (in 2TN
rhodoliths are larger than in 1TN).

The TN quarry lacks a lithozone characterized by barnacle abundance and without
glaucony and phosphate grains (the lithozone 3 of the other quarries). The lithozone 4TN
is a rhodolith rudstone. Since rhodolith-embedding material in 4TN, from the base to the
top, is principally composed by planktonic foraminifers, glaucony and phosphate grains,
the whole lithozone was correlated with the upper part of the fourth lithozone (4b) of the
other quarries.

Lithozones 5 and 6 have the same characteristics in all of the studied quarries (Fig 2.4.2;
Fig. 2.4.3). The lithozone 5 (lag deposit) is a thin bed of winnowed, phosphatized and

glauconized material, mollusk shells, small rhodoliths, fish skeletal remains and rock
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Figure 2.4 5 : Glaucony grains. A) Highly mature glauconite. B) Glaucony grain with an average
degree of maturity (arrow). C) Shallow-water skeletal grains inside the rhodolith from Treville
outcrop. D) Deeper water sediment outside the same rhodolith from Treville outcrop.
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fragments from the Casale Monferrato Fm. This lithozone is easily recognizable and
separates the lower and the upper units of Sequence 2. It belongs to the uppermost part
of Biozone N7a (Bicchi et al. 2006). The lithozone 6 is a planktonic-foraminifers-rich
marly packstone; this lithozone is the base of the upper unit of Sequence 2.

From a chemical and mineralogical perspective, lithozones 1 to 4a are almost pure
limestone (90-98% carbonate minerals) while 5 and 6 are marly limestone (60%
carbonate minerals; Fig. 2.4.1). The 4b is an impure limestone because the rhodolith
embedding material is mainly composed of authigenic minerals and clays (Fig. 2.4.1).
Calcite has a low magnesium content (Mg/Ca=0,01); quartz is the most common silicate
mineral found in lithozones 1 to 4a, while clay minerals become abundant upward.

The phosphorous concentration increases and phosphatized bioclasts become more
frequent from part b of the lithozone 4 upward. Glaucony is present in the whole
succession. In lithozones 1, 2, 3 and 4a, glaucony is rare and is mainly present as the
filling of skeletal-grain porosity; the grains are small, without cracks and of a pale-green
color. Upward it is common and especially abundant in lithozones 5 and 6. In the latter
lithozones the glaucony grains are larger and of a deep-green color, they also present
cracks filled with pale-green glaucony (Fig. 2.4.5A, B). The angular shape of the grains
and their occurrence as the filling of intraparticle porosities, suggest an in situ origin for
these minerals in all the lithozones. The abundance of authigenic minerals peaks in

lithozone 5.

Multivariate Statistical Analyses. Data from point-counting analyses of biogenic
components, performed on both the material inside and outside of the rhodoliths, were
classified by a hierarchical cluster analysis and ordinated by non-metric
multidimensional scaling (MDS). This procedure identified three large groups and a
smaller group at 60% of Bray-Curtis similarity (Fig 2.4.6; Fig 2.4.7). Clusters 1 and 2

include all of the samples from Facies 1 (lithozones from 1 to 4a), including also samples
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Figure 2.4.6 : Hierarchical agglomerative dendrogram based on Bray-Curtis similarity of the
bioclastic composition of samples. Point counts of bioclastic composition were standardized and then
analyzed for Bray-Curtis similarity. The samples are grouped in clusters 1 to 4 at 60% of Bray-

Curtis similarity. Samples from inside rhodoliths are in bold.
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from inside the rhodoliths. Cluster 1 encompasses samples rich in coralline algae debris
and benthic foraminifers, whereas samples with abundant barnacle fragments are in
Cluster 2.

The small Cluster 3 stands in the central part of the plot, slightly closer to Cluster 1 and
2; this cluster includes samples from Facies 2 (lithozone 4b) together with samples with
peculiar assemblages. In sample 1TNa, bryozoans are more abundant than in any other
sample, whereas in samples 4TNe¢ (a bioturbation of the outer layer of a rhodolith) and
4bUVa, coralline algae and barnacle fragments are mixed with planktonic foraminifers.
Cluster 4 includes all of the samples from Facies 3 and 4 (lithozones 5 and 6).

Glaucony is far more abundant in Clusters 4 and 3 than in Clusters 1 and 2 (Fig. 2.4.6;

Fig. 2.4.7).

Rhodoliths. According to pebble shape classification (Zingg 1935; adopted for the algal
nodules by Bosence 1983a), most of the studied rhodoliths are spherical, discoidal
specimens are rare. This result is confirmed by the quantitative sphericity analysis
(Sneed & Folk 1958): most rhodoliths have sphericity > 0.8. Rhodoliths are small, pebble-
sized (long axis less than 6.5 cm) in lithozone 1 and generally large, cobble-sized (long
axis more than 6.5 cm) from lithozone 2 upward (Fig. 2.4.1).

The coralline growth form is almost always encrusting to lumpy and has an internal
laminar structure made of closely stacked overgrowing crusts. Some rhodoliths with a
columnar structure have been observed in 5TN.

Melobesioideae dominate the rhodolith algal assemblages, with abundance ranging from
60% to 90% (Fig. 2.4.1). Corallinaceae and Sporolithales are common accessories. Among
Corallinaceae, Spongites and Lithoporella are the most frequent genera.
Lithophylloideae are rare and were only identified in 4VB, 4UV and 5TN. The most
abundant species are Lithothamnion moretii, Lithothaminion gianmarinoi,

Lithothamnion sp., Phymatholiton sp., Mesophyllum roveretoi, Sporolithon sp.,
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Spongites fruticulosus and Lithoporella melobesioides.

Rhodolith nucleus is generally composed of bioclastic material. Some nodules grow as
coated grains (Steneck, 1986; Basso et al., 2009) around large angular to sub-angular
pebbles issued from the Casale Monferrato Fm.

In Facies 1, the bioclastic debris trapped inside the rhodoliths is composed of coralline
fragments (50-70%), barnacle detritus (10-30%), benthic foraminifers (5-10%) and rare
fragments of mollusks, bryozoans, echinoids and serpulids. The same association of
skeletal grains is also observed in all of the boreholes of the algal nodules. In Facies 2,
the very same association of skeletal grains is observed trapped inside the rhodoliths,
whereas, planktonic foraminifers and glaucony grains are found in the boreholes of the
outer layer of the rhodoliths. Rhodolith surfaces are often encrusted by bryozoans,
barnacles (Fig. 2.4.4E) and serpulids; rhodoliths with barnacle-encrusted surfaces are

especially common in lithozones 3 and 4.

Other skeletal grains: distribution and preservation. Coralline fragments are the main
component of the studied lower unit of Sequence 2 (Facies 1 and Facies 2; lithozones 1 to
4); in lithozones 1 and 2 they represent up to 60%-65% of the skeletal grains. In the
lithozones 3 and 4a, in the UV and VB quarries, the percentage of coralline algae debris
is lower (30-40%) and barnacle fragments are more abundant (40%). Entire individual
barnacles encrusting the rhodoliths have been observed in lithozones 2, 3 and 4 (Fig.

2.4 4E). The studied specimens have been identified as Balanus sp. and placed in the
Balanus trigonus group (sensu Newman & Ross 1976) on the basis of their similarity to
B. spongicola and B. calidus (Buckeridge pers. comm., 2013).

Benthic foraminifers are generally common (10%) but in the lithozones 3 and 4, in the
UV and VB quarries, they are scarce. Textulariidae comprise 20-25% of the total
observed benthic foraminifers in lithozone 1, their numbers decrease upward. In VB and

UV quarries, in lithozone 1, large lepidocyclinids (Nephrolepidina tourneri and
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Figure 2.4.8 : Microfossils. A) Lenticulina B) Bolivinidae sp.. C) Amphistegina with chambers

filled by glaucony; arrows = glaucony. D) Lagena E) Bifissurinella lindenbergi. F) Lobatula
lobatula.




Eulepidina dilatata according to Schiittenhelm 1976) dominate the association. In
lithozone 2, 3 and 4, and in lithozone 1 in the TN and T'S quarries, the association is
dominated by Lobatula lobatula (Fig. 2.4.8F), Amphistegina cf. radiata (identified
following O'Herne 1974 description) and Elphidium crispum. Operculina complanata,
Miogypsina spp., Rosalina sp., Eponides repandus, Sphaerogypsina globulus,
Stomatorbina torrei and Neoconorbina orbicularis are common accessories.

In Facies 1 and Facies 2, specimens of Lenticulina calcar, Lagena and Bolivinidae (Fig.
2.4.8A, D, B) were found in association with the previously mentioned shallow-water
foraminifers despite their typical distribution in deeper waters.

Planktonic foraminifers are uncommon in Facies 1, they become more frequent in Facies
2. and they are extremely abundant in Facies 3 and Facies 4. Among them, Globigerina
ciperoensis, Globigerina praebulloides, Globigerinoides trilobus, Globigerinoides
quadrilobatulus, Zeaglobigerina woodi woodi and Globaquadrina dehiscens are common
species (Bicchi et al. 2006).

Bryozoans are present as minor components and are slightly more frequent in TN and
TS than in the VB and UV quarries. In Facies 1 and Facies 2, the articulated bryozoan of
the Bicorniferidae family, Bifissurinella lindenbergi (Fig. 2.4.8E) commonly occurs.
Mollusks and echinoids are less frequent than bryozoans, except in Facies 3 where
bivalve shells are abundant. Bivalve identification is hindered by poor preservation, and
whenever complete specimens are found (generally large Pecten), the shells are too
brittle for extraction; no articulated specimens were observed. Specimens of the genera
Pecten, Flabellipecten, Amussium, Cardita, and Ostrea have been recognized. Serpulids
and ostracods are rare. Deep-water ostracods have been reported by previous authors
(Schiittenhelm 1976). Gastropods were not directly observed but gastropod borings were
observed on barnacle shells.

Breakage and abrasion are the most common biostratinomic processes observed on

skeletal grains; rounding is negligible, and most of the bioclasts retain their angular
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shape. Barnacle opercular plates are thinned, and their superficial features are abraded.
Parietal plates are highly fragmented and abraded, and only their upper and thicker
edges are usually preserved. In lithozones 2 to 4, Amphistegina tests are frequently
eroded and the innermost whorl of the chamber can be exposed; Elphidium and
lepidocyclinid tests are also often deeply abraded. Bivalve shells are generally
fragmented. Borings are common in rhodoliths, and gastropod perforations are frequent
on barnacle opercular plates. Encrusting bryozoans, although not abundant, are
scattered on barnacle plates and coralline algae; coralline algae encrust both barnacle
plates and bryozoan colonies. Rare and poorly preserved specimens of Amphistegina,
Lepidocyclina and Miogypsina with chamberlets filled by glaucony are present in
lithozones 2 to 4 (Fig. 2.4.8C). Bryozoan zoecia and other skeletal porosities in Facies 1
are also infrequently filled by glaucony. Phosphatization and glaucony fillings of skeletal

grains are common in Facies 3.

Rosignano and Treville

Rosignano outcrop dominates the top of the hill where the village was built. It is long
several hundreds of meters and over 15 meters high. The base of the succession is
massive (Fig. 2.4.9A); the central and upper portions are bedded, with each bed 2 to 20
cm thick, frequently showing an erosive base (Fig. 2.4.9C). In the upper part of the
outcrop, several channels are present (Fig. 2.4.9A; Fig. 2.4.10A, B). In the western part of
the outcrop the succession is thinner and bedded, with beds 5 to 40 cm thick (Fig.

2.4.9B). Thick beds are continuous while thin beds are composed by small lens-shaped
bodies cutting each other (Fig 2.4.9D). Cut samples show a weak fabric of the bioclasts.
Small mud-clasts are abundant. The rock is a grainstone with large benthic foraminifers,

echinoderm plates, bryozan colonies and scattered rhodoliths. Rhodoliths are abundant
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Figure 2.4.9 : Rosignano outcrop (45° 4.85' N 8° 24' E). A) Overview of the outcrop;
arrows=channels. B) Western part of the outcrop. C) Lens shaped bodies in the western
part of the outcrop. D) Detail of the erosive base of the beds.
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Figure 2.4.10 : A) Detail of a large channel in Rosignano outcrop. B) Detail of a rhodolith-filled channel in Rosignano
outrcop. C) Coarse bioclastic limestone (arrow) interbedded in marls (m), in Treville outcrop (45° 5.81'N 8° 22' E). D)
Rhodoliths scattered within the marls in Treville outcrop.
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just in the uppermost part of the succession, in a channel deposit (Fig. 2.4.10B).

Treville outcrop is located on the hill of the village graveyard, and consists of marls
interbedded with skeletal grainstone (Fig. 2.4.10C). Rhodoliths-rich beds are also present
(Fig. 2.4.10D). The skeletal assemblage observed within the rhodoliths of these beds is
composed by coarse, shallow-water, skeletal fragments (Fig. 2.4.5C). The marls in which
the rhodoliths are embedded are mainly composed of clay, micrite and tests of planktonic
foraminifers (Fig. 2.4.5D). Both Treville and Rosignano outcrops belongs to biozone N7a
(Schiittenhelm, 1976; Bicchi et al. 2006).
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2.4.5 — Discussion

The Burdigalian PDC Platform

Several sedimentological and paleontological evidences suggest that the carbonate
sediment of the lower unit of PDC Sequence 2 moved from their shallow-water original

environment toward slightly deeper waters.

1. The coarse skeletal layers, interbedded in marls in Treville, were also deposited by
sediment gravity-flows, but in a deeper environment, probably on the slope of the
platform. According to a previous reconstruction of the basin (Schiittenhelm, 1976)
Treville was closer than UV, VB, TN, TS and Rosignano to the basin depocenter (Fig.
2.5.1). Being the westernmost outcrop of coarse skeletal limestone, it represents the
distal margin of a submarine deposit formed by skeletal grains that were produced by
the shallow-water rhodalgal carbonate factory of the PDC platform (Fig. 2.5.1).

2. The channels and the erosional scars in the Rosignano outcrop suggest that the
sediment was probably transported by sediment gravity-flow. The common presence of
mud clasts and the lack of a strong fabric support this interpretation (Major, 1998; Mutti
et al. 2009). These events may have been triggered by the impact of storm currents.
Strong currents generated by storm waves can provide enough energy to trigger
sediment motion (Paull et al. 2003). Each channel scour probably represents a single
event in which the sediment gravity-flow erodes the underlying substrate and then fill
the depression. The presence of a rhodolith-filled channel at the top of Rosignano

succession is an evidence that flows, mainly composed by rhodoliths, were common in the
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3. PDC platform (Fig. 2.4.10B). The beds in the western part of Rosignano outcrop
(Fig. 2.4.10B, D) were also deposited by gravity-flows. The nearby VB, UV, TN and TS
deposits probably originated in a similar way, as suggested by the presence of lensoidal
beds (Fig. 2.4.4C, D). However, due to the small exposed surface, it was impossible to
observe any large-scale structure.

4. No fossil in life position was observed in the studied outcrops. Bivalve shells and
colonies of articulated bryozoans (Bifissurinella lindenbergi) were always disarticulated,
suggesting remobilization of the thanatocenosis before the final burial.

5. Skeletal grain porosities filled by glaucony commonly occur in all of the studied
layers of UV, VB, TN and TS outcrops. This mineral forms in marine water below 50-60
m (Odin and Matter 1981; Odin and Fullagar, 1988; Carozzi, 1993; Amorosi, 1997);
however, since the fossil association suggests a shallower environment, a transport
toward slightly deeper waters is assumed.

6. The presence of deeper-water foraminifers (e.g. Lenticulina calcar, Goubert et al.
2001; Murray, 2006; Fiorini, 2015) and ostracods (Schiittenhelm, 1976) mixed with inner

platform benthic foraminifers, also suggests a transport toward slightly deeper waters.

Resedimentation is common in rhodalgal platforms and is widely recorded in the fossil
record (Pomar et al. 2002; Vigorito et al. 2005; Puga-Bernabéu et al. 2014). Currently,
similar processes have also been recorded from the southern tip of Baja California
(Mexico), where rhodalgal carbonate is produced in the inner part of the platform and
transported into the basin by sediment gravity-flows (Schlanger and Johnson, 1969;
Halfar et al. 2001). The skeletal composition of the transported material is still similar to
the in situ assemblage (Van Andel, 1964; Schlanger and Johnson, 1969). Similar to the
PDC limestone, the Baja California carbonate platform also lacks important framework
builders (coral are only present in small patches fringing the shoreline) and it is exposed

to strong currents. Unlike the Baja California platform, the PDC shallow-water skeletal
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Figure 2.5.1 : Reconstruction of PDC basin during the deposition of Sequence 2, lower unit. The position of
the main localities of PDC and the depositional environments of the carbonate ramp are shown. Modified

after Schiittenhelm (1976).
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grains were transported just slightly deeper than their original formation environment.
They were moved from inner-middle ramp settings toward at least the lowermost part of
the middle ramp, were glaucony formation could take place. Treville gravity-flow
deposited in an even deeper environment, probably on the slope.

The transport rate and the carbonate factory exert a significant control over the long-
term evolution of the carbonate platform (Pomar and Kendall 2007; Williams et al. 2011).
The high transport rate and the presence of a rhodalgal carbonate factory fostered the
development of a distally steepened ramp profile in the PDC system. Inherited
topographic elements such as elevated areas and depressions must have locally warped
this simple profile. According to regional-scale studies, the PDC complex deepens
westward and is characterized by NW-SE oriented troughs and highs arranged parallel
to the main tectonic lineaments (Schiittenhelm, 1976; Dela Pierre et al. 1995). Channels
crossing the productive areas of the inner-middle ramp exerted significant control over
the facies distribution and the depositional architecture of the system. Sediments were
funneled along a VB-Treville northern depression and a Moleto-Ottiglio southern
depression (Schiittenhelm, 1976; Fig. 2.5.1). Angular clasts from the Casale Monferrato
Fm. (Early-Middle Eocene) are common rhodolith cores, indicating that those rocks were

exposed on nearby areas that also influenced the sediment distribution.

Rhodolith Transport

Rhodoliths are precious tools in paleoecological reconstruction of environment with high
rate of sediment transport, since they preserve the record of the changing benthic
associations through time or space (Basso and Tomaselli, 1994; Basso et al. 1998;

Checconi and Monaco, 2008). Therefore, it is useful to provide a brief overview
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encompassing the known examples of rhodolith transport from past and present-day
oceans.

Transport may be a single or a multiple stage process (Fig. 2.5.2). In the latter,
rhodoliths and other skeletal grains produced in shallow-water carbonate factories are
first moved across the platform under the action of strong currents (Kamp et al. 1988;
Puga-Bernabéu et al. 2010; Brandano et al. 2012) (Fig. 2.5.2, case 1). Sediment then
accumulates on the slope-break and it may eventually move again as sediment gravity-

flow (Fig. 2.5.2, case 2) (Schlanger and Johnson, 1969; Halfar et al. 2001).

Across shelf movement caused
by currents

Successive sediment
gravity-flow

Shoreward transport caused
by storm waves

Straight sediment
gravity-flow
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by rip currents

Sediment gravity-flow
triggered by river flood
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Figure 2.5.2 : Block-diagram summarizing the six main cases of rhodolith transport.

During across-platform transport, bioclasts undergo a suite of destructive biostratinomic
processes, the most important of which are fragmentation, abrasion, corrosion, size-

selection, and biodestruction (Johnson, 1962; Staff et al. 1986; Brett and Baird, 1986;
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Wilson, 1988; Basso et al. 2009). Rhodoliths may continue to grow by further coralline
encrustation or by other constructive biostratinomic processes, which is indicated by
sharp contrasts of bioturbation and microfaunal assemblages between the rhodolith
nucleus and the rhodolith surface (Basso, 1991; Checconi and Monaco, 2008; Checconi et
al. 2010). Further development of rhodoliths may occur in the time between the
deposition near the slope-break and later movements. This period of growth is marked by
a sharp change in the algal association of the rhodoliths, with deep water species
systematically on the outer layer of the rhodoliths and shallow-water species near the
core.

During the subsequent process of sediment gravity-flow, skeletal assemblages may
undergo further selection and additional breakage. If the final resting place is within the
photic zone, rhodoliths may slowly grow until they are eventually buried. In this
situation, a change in both algal assemblage and algae growth form should be detected,
with growth forms (of shallow-water species) at the rhodolith nucleus recording frequent
overturning, and growth forms (of deep-water species) in rhodolith outer layers that
record a less turbulent setting.

During all the stages of the process, skeletal grains may become trapped inside the
rhodoliths by either algae binding or by seeping through borings. Although seeping may
happen any time, binding only occurs during coralline life. The distribution of skeletal
grains inside the rhodoliths is therefore useful to understand whether or not they have
formed in the same environment of the algae (Basso, 1991).

Single-stage transport is also possible, especially on narrow shelves. Strong storm-
induced currents may sweep shallow-water rhodoliths and move them directly into
deeper-waters (Fig. 2.5.2, case 5) (Checconi et al. 2010; Brandano and Ronca, 2014). Also
a straight gravity-driven process may carry the rhodoliths directly into the basin (Fig.

2.5.2, case 4) (Fravega and Vannucci, 1982). The flow may be triggered by seismic
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activity, strong currents but also by exceptional river floods (Brandano and Ronca, 2014)
(Fig. 2.5.2, case 6). As in the two-stage transport, both destructive biostratinomic
processes and new encrustation are always possible until the final burial.

The transport of lithified or partially lithified sediment may also occur. Rhodoliths can
be exposed to erosion as a result of uplift or sea-level fall, and the detached elements
might move basinward (Leszczynski et al. 2012) similar to other rock fragments (Fig.
2.5.2, case 6). The rhodolith-bearing intraclast-rich limestone is likely related to the
erosion of lithified or partially lithified sediment.

Channel networks may funnel sediments downslope, leading to the development of
channel and channel-related depositional bodies (Cherchi et al. 2000; Vigorito et al. 2005;
Vigorito et al. 2006; Bassi et al. 2006).

Shoreward transport, in which shallow-water rhodoliths are moved to the shore by
hurricane-generated waves (Johnson et al. 2011), cannot be ruled out (Fig. 2.5.2, case 3)

since it is known in present-day environments and in the fossil record.
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Figure 2.5.3 : Circle charts showing a comparison between the bioclastic composition of the sediment inside

and outside rhodoliths; Facies 1.
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As a general rule, long transport in space and time increases the chance of mixing
different materials; longer times also enhance the effects of biostratinomic processes.
Transport by gravity flow is likely to be less selective than transport by currents and
may allow both rhodoliths and associated skeletal grains to reach deeper settings as a
recognizable unit.

In this framework, it is possible to sketch the processes that moved the PDC rhodoliths.
The skeletal assemblage observed inside rhodoliths is characterized by shallow-water
elements: barnacle fragments, large benthic foraminifers (lepidocyclinids, Amphistegina)
and small, shallow-water, benthic foraminifers (E. crispum, L. lobatula). In Facies 1 this
assemblage is present both inside the borings at the rhodolith cores (which is generally
the oldest part of the coated grain) and within the coralline thalli. The similarity
between the skeletal assemblages inside and outside the rhodoliths, in VB, UV, TN and
TS outcrops (Fig. 2.5.3), indicates negligible mixing effects, which is consistent with a
transport mainly caused by sediment gravity-flow. Negligible mixing also point-out to a
short distance transport from the formation environment to the final resting place. In
Facies 2 the shallow water assemblage is present within coralline thalli and in some bore
holes, but glaucony and planktonic foraminifers are present in the borings of the
rhodolith outer layers. The lack of planktonic foraminifers and authigenic minerals
bound by coralline thalli implies that the final depth of deposition was below the photic
zone where rhodoliths could no longer grow. The seeping of deeper water sediment in the
bore holes occurred after the death of the rhodoliths.

The absence of a recurring pattern in coralline species assemblages and in growth forms
suggests a situation closer to the single-stage transport (Fig. 2.5.2, case 4), where
rhodoliths are moved directly by sediment gravity-flow.

The rhodoliths of Treville, which are interbedded in marls, preserve inside their core the

same shallow-water assemblage of skeletal grains of the rhodoliths of UV, VSB, TN and
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TS (Fig. 2.4.5C), testifying that they originated in the same environment. The clear
difference between the skeletal assemblage inside the rhodolith and the skeletal
assemblage outside the rhodoliths (Fig. 2.4.5C, D) is an evidence that the rhodoliths of
Treville, unlike those of VB, UV, TN, TS, were transported in a deeper environment,
probably on the slope. Obviously coralline-algae growth was impossible in this

environment too, and therefore no deep-water material was bound by coralline-algae.

Facies interpretation

Facies 1. The presence of coralline algae and large symbiont-bearing benthic foraminifers
(lepidocyclinids, Amphistegina, Operculina, Miogypsina) indicates a formation
environment within the photic zone for Facies 1. E. crispum is one of the most common
benthic foraminifers in all of the lithozones of Facies 1. This species lives between 0 to 50
m (Murray, 2006). The other commonly occurring benthic foraminifers A. radiata (20-90
m, Murray 2006); L. lobatula (0-150 m, Holcova and Zagorsek, 2008), O. complanata (50-
90 m, Murray, 2006) and Miogypsina (0-50 m, Geel, 2000) indicate a similar depth.
Considering the abundance of barnacle encrustation between coralline layers inside the
rhodoliths and on the rhodolith surfaces, environmental conditions were clearly suitable
for both coralline algae and barnacles. Large internally compact spherical rhodoliths and
the low micrite content suggest the important role of bottom currents in sweeping the
ramp on a regular basis. This high-energy environment is also consistent with the
barnacle abundance of Facies 1. The growth rate of barnacle has been directly correlated
to water turbulence and plankton abundance (Sanford and Menge, 2001); barnacle-rich
fossil sandstones have been related to turbulent and food-rich environments (Kamp et al.

1988).
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The high phosphate content (represented by authigenic phosphate) in lithozone 4 and 5
suggests mesotrophic to eutrophic conditions. The widespread occurrence of authigenic
phosphate and glaucony also indicate nutrient-rich waters (Pufahl, 2010). Therefore, the
studied associations might have developed in non-oligotrophic, high-energy waters. The
increase in particulate organic carbon, driven by nutrient abundance, reduces the water
transparency and moves the entire benthic zonation shoreward (Hallock and Schlager,
1986; Vannucci et al. 2003; Hallock, 2005). Hapalidiales dominate the PDC coralline
algae association (Fig. 2.4.1). Currently, similar assemblages are generally found in clear
oceanic waters deeper than 60 m (Braga and Aguirre, 2001). According to the supposed
nutrient abundance and the related water turbidity, we suggest a water-depth of less
than 40 m, in the inner-middle ramp, for the formation environment of the rhodoliths of
Facies 1. A depth shallower than 40m is also in accordance with the bathymetric range of
the benthic foraminifers association. The final depth of deposition should be placed
slightly deeper, in the middle ramp, below 50-60m, the shallowest depth for the
formation of glaucony (Odin and Matter, 1981; Odin and Fullagar, 1988; Carozzi, 1993;
Amorosi, 1997). Although they were transported, Facies 1 skeletal elements compose a
coherent assemblage. Both rhodoliths and most of the smaller bioclastic fragments
indicate the same formation environment, as testified by the presence of the same grain
association outside and inside rhodoliths (Fig. 2.5.3).

The different skeletal compositions within Facies 1 may be interpreted as variability in
sediment supply. The barnacle-dominated rudstone (3UV and 3VB), characterized by the
abundance of hard-bottom dweller foraminifers (Amphistegina and Lobatula), formed in
current-exposed areas. The assemblage of the grainstone, rich in lepidocyclinds,
epiphytic foraminifers and agglutinated foraminifers (1UV and 1VB), originated in more

sheltered zones, possibly with seagrass or other non-calcareous seaweeds.
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Facies 2. Facies 2 indicates the inception of sediment starvation after the final drowning
of the rhodalgal factory by relative sea-level rise. According to regional studies, this sea-
level change initially had a main eustatic component, however, it occurred at the
beginning of a long period of tectonic subsidence driven by regional geodynamic
processes (Dela Pierre et al. 1995; Bicchi et al. 2006). Therefore, it is difficult to precisely
locate this transgression event on the global eustatic curves because of the complex local
interplay between tectonic and sea-level fluctuations.

The sea-level rise reduced the sediment supply, by drowning the rhodalgal carbonate
factory and by reducing the transport of skeletal material toward the lower parts of the
middle ramp. According to the low-stand shedding model (Carannante et al. 1996), in
carbonate systems dominated by heterozoan production, there is a decrease in sediment
transport during high-stand, since the carbonate factory is well below the wave base and
therefore wave action is no longer able to move the sediment.

The qualitative analyses suggest that glaucony of this facies has an average degree of
maturity. The occurrence of abundant glaucony grains, which are more mature than the
light-green grains of Facies 1, is an evidence for the reduced sedimentation rate.
Bioturbation processes and long exposure on the seafloor, caused by the low
sedimentation rate, allowed fine planktonic sand and glaucony to seep inside the coarse,
rhodolith-dominated, underlying deposits.

The rhodoliths of Facies 2 and Facies 1 are similar (shape, size, coralline algae
composition, skeletal assemblage inside rhodoliths), suggesting that both rhodolith
groups formed in the same environment in the inner-middle ramp and were later

transported in the lower middle ramp.

Facies 3. Facies 3 corresponds to a major sedimentation break in the area. The carbonate
production and the sedimentation rate are at their lowest. The massive reduction in

carbonate supply is recorded by the transition from the limestone/impure limestone of
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Facies 1 and Facies 2 to the marly limestone of Facies 3 and 4. Small highly
phosphatized rhodoliths swept away from the shallow-water area testify the last
transport episodes. Sediment deposited at depth well below 50-60 m, on the lower
boundary of the middle-ramp and were exposed for a long time on the sea floor before the
final burial, promoting glaucony and phosphate development. Observations of the
glaucony grains indicate a high degree of maturity (Fig. 2.4.5A). This facies probably
represents the maximum flooding surface of the initial marine transgression. According
to Amorosi (1995) model, high concentration of mature glaucony in a condensed bed, at
the boundary between shallow marine deposits and outer ramp, marks the maximum
flooding surface of a marine transgression.

Facies 4. Facies 4 indicates the onset of hemipelagic sedimentation dominated by
calcareous foraminifers, nannofossils and clays. Glaucony occurs in large, deep-green,
angular grains and glaucony-filled planktonic foraminifers are common, testifying a still
low sedimentation rate. The complete disappearance of coarse, shallow-water skeletal

grains suggests a further deepening of the depositional environment.
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2.6 — Conclusions

The studied Burdigalian section (lower unit of Sequence 2, sensu Bicchi et al. 2006) of
the PDC represents a carbonate platform developed in a compressional setting where the
inner ramp facies are unknown because they were either dismantled and not preserved
in place, or buried under younger sediments. The inherited topography exerted a strong
control over the facies distribution, depositional profile and pathways of sediment
transport. Based on rock texture, mineralogy, chemical composition and fossil content,
four main facies were recognized in the studied area. These facies record the evolution of
the carbonate factory from maturity to final drowning and dismantling. The relative sea-
level rise drowned the ramp and stopped the rhodalgal carbonate factory. This caused a
progressive decrease in basinward sediment transport from facies 1 to 3, with the latter
testifying the complete starvation.

The limestone of Facies 1 was composed of large skeletal elements formed in a rhodalgal-
dominated inner-middle ramp setting. Currents moved the sediments across the ramp,
supplied the energy for rhodolith overturning and produced the water turbulence that
the barnacles required to thrive. Sediment gravity-flows carried the sediment basinward
in a slightly deeper environment.

The impure limestone of Facies 2 was characterized by an increased contribution of
pelagic components and authigenic minerals, indicating the inception of sediment
starvation.

The complete sediment starvation was marked by the deposition of the condensed

glauconitic-phosphatic limestone of Facies 3. Finally, the sedimentation of the marly
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limestone of Facies 4, dominated by the planktonic foraminifer tests, prevailed over the
entire area.

The study of the skeletal assemblages trapped inside the rhodoliths and of rhodolith
characteristics allowed a better reconstruction of the carbonate ramp and its processes.
The PDC sediments deposited at a slightly greater depth than their original
environment, after a short-lived transport.

Where only rhodoliths are left to witness the presence of a carbonate factory, the
material stored inside these nodules may be sufficient to draft the characteristics of that
environment. A reconstruction of the platform assemblage and of the major carbonate
producers may be achieved based on sedimentary bodies consisting of transported grains
as long as it is supported by detailed paleoecological analyses and taphonomy (Nebelsick
et al. 2001; Rasser and Nebelsick, 2003). The investigation of rhodolith algal
assemblages, structure, encrusting organisms and rhodolith-trapped sediment proved to
be helpful since rhodoliths are free-living archives that retain all of the information
accumulated during their development. Rhodoliths may store a record of their original
environment, the platform across which they moved, and their final resting place. When
buried and preserved in deeper settings, they may survive the platform and retain a

fragment of its history.
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3 — The Burdigalian of the Sommiéres Basin

Coralline algae as depth indicators
in the Sommieres Basin

(Lower Miocene, Southern France)

Giovanni Coletti

(Article in preparation)
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3.1 — Introduction

In paleoenvironmental reconstructions establishing the water depth is extremely
important (Perrin et al. 1995). This determination is generally based on both
paleontological and sedimentological evidences but the results are always relative since
neither criteria have proxies directly related to water depth. Actually the only physical
variable directly related to water depth is pressure and pressure does not strongly
influence organisms distribution or depositional processes. Taxa distribution is rather
controlled by light penetration, water turbulence, temperature, salinity and nutrient
concentrations, which in turn are controlled by water depth. Sedimentological processes
are mainly influenced by the proximity to the coastline (identified as the main source of
detritus) and water turbulence, which are once again related to water depth. Due to
these limitation, the integrated approach, based on the comparison of independent
biological and sedimentological proxies, are favored over single-instrument studies.
Coralline are a powerful instrument since they may provide information on both light
penetration and hydrodynamic energy. Actually their distribution is deeply connected to
light availability and their growth morphology is tightly related to the hydrodynamic
energy (Steneck, 1986; Lund, 2000). Furthermore coralline algae are among the major
contributors to carbonate production in shelf environment during the Cenozoic and they
are widespread from the poles to the tropics and from the intertidal zone to the lower
limit of the photic zone (Adey and Macintyre, 1973; Aguirre et al. 2000).

Although crustose coralline algae are among the most abundant marine carbonate
producers and can potentially provide a wealth of information, they are relatively
underemployed in paleoecological reconstruction. This is due in part to difficulties in
identification since strong similarities in appearance exist among phylogenetically

distant taxa (Adey and Macintyre, 1973; Steneck, 1986). The introduction of anatomical
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characters used by modern phycologist lead to important and valuable changes in fossil-
coralline taxonomy, but also created additional problems since the vast majority of fossil
species discovered in the past is poorly described and type specimens are partially
missing. Even though there have been several taxonomic revisions based on the modern
approach, most of fossil species cannot be identified with confidence (Bassi, 1998; Rasser
and Nebelsick, 2003). As a result of these problems, many scientists are reluctant to
undertake detailed studies involving fossil coralline algae, and their potential in
paleoenvironmental reconstruction is insufficiently exploited.

The aim of this work is to prove the usefulness of quantitative analyses on coralline
distribution. Within a well constrained sedimentological and paleontological context, the
abundance of corallines, both at order, genus and species level, is quantified in the form
of the area occupied by the different taxa. The various species identified are thoroughly
described in order to make potential future taxonomic revisions as easy as possible. The
distribution patterns are then studied along a bathymetric gradient to assess the overall
response of the group and identify the species that are more susceptible to variations in
water depth, which have the potential to be used as proxies in paleoenvironmental
reconstruction, at least on the local scale. Although it is very difficult with coralline algae
to safely generalize local findings, this line of work may produce interesting results and
can be repeated in many different context, hopefully laying the foundations for large-

scale conclusions on fossil coralline distribution and a renewed interest in the subject.
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3.2 - Geological setting and depositional

Environment

In the Early Burdigalian the sea flooded the Alpine Molasse Basin (also know as
Perialpine Foreland Basin), creating a narrow seaway, connecting the Western
Mediterranean with the Parathetys, which lasted till the Early Langhian (Allen et al.
1985; Rogl, 1998; Dercourt et al. 2000; Reynaud and James, 2012; Fig 3.2.1). This
narrow seaway (about 100 Km wide and about 1000 Km long; Allen et al. 1985) was
dominated by tidal currents (Allen et al. 1985; Harzhauser and Piller, 2007). Atlantic
tide entered the basin from a southwesterly direction, becoming progressively amplified
by the narrow and shallow passage, promoting vigorous currents reflected in the tidally
controlled shelf-deposits occurring throughout the whole Alpine Molasse Basin during
the Early Burdigalian (Allen et al. 1985; Harzhauser and Piller, 2007).

Near the Rhone River delta, in Southeastern France, the marine transgression in the
Molasse Basin lead to the deposition of extensive, tide-controlled, shelf deposits over the
folded Mesozoic and Paleogene strata (Besson et al. 2005; Reynaud et al. 2006; Reynaud
and James, 2012). The Sommiéres Basin was one of the many sub-basin of the Molasse
Basin in SE France, located near the junction of the seaway with the Western
Mediterranean (Reynaud and James, 2012; Fig. 3.2.1). The basin was a depression near
15 Km wide, connected to open sea through a corridor 6 km long and 2 km wide
(Reynaud and James, 2012). Inside the basin three main unit are recognized: Sandy
Molasse, Sandy Marls and Calcareous Molasse (Demarcq, 1970; Reynaud and James,
2012; Fig. 3.2.1). These units are respectively, lower, middle and upper Burdigalian in

age and they represents two different depositional sequences (Berger, 1974; Reynaud
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Figure 3.2.1 : Geographic and paleogeographic position of the Sommieéeres Basin. A)

Position in present-day Western Europe. B) Position in present-day France. C)
Geological map of Sommieéres Basin (modified after Reynaud and James, 2012). D)
Paleogeograhic reconstruction of the Mediterranean basin during the Early Burdigalian
(modified from Meulenkamp et al. 2000); left panel present the detailed reconstruction
of the Rodanian area of Alpine Molasse Basin, where Sommiéres Basin was located
(modified from Besson, 2005; Reynaud and James, 2012).
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and James, 2012). The first one is a transgressive sequence that records the flooding of
the Sommieres Basin. The beginning of the deposition of Sandy Molasse Unit testifies
the beginning of the transgression (Transgressive System Tract) while the Sandy Marls
Unit represent the maximum highstand of the succession (Highstand System Tract;
Reynaud and James, 2012). At the end of the deposition of the HST an abrupt sea level
fall is indicated by a major shift in facies distribution. The overlaying second sequence, is
composed of the Calcareous Molasse Unit and deposited during the second marine
transgression of the basin (Reynaud and James, 2012). The coarse grained base of the
unit corresponds to the low standing deposition (Lowstand System Tract), while the
overlaying beds are interpreted as the TST of the second sequence (Reynaud and James,
2012). This succession is similar to those in most of the other Burdigalian embayments of
Molasse Basin in SE France (Rubino et al. 1990; Reynaud et al. 2006; Reynaud and
James, 2012). By the end of the Burdigalian the basin was uplifted, due to the
reactivation of the Nimes fault and, as a consequences of that, the basin was filled up by
sediments (Seranne et al. 2002; Reynaud and James, 2012).

The basin depositional system was largely controlled by tidal currents and within the
system six main depositional environments are recognized by Reynaud and James
(2012): marginal conglomerate, tidal bars and channels, open-coast tidal deposits,
subtidal dunes, basinal bioclastic beds and basinal muds. Marginal conglomerates are
recognized mainly within Sandy Molasse Unit, at the basin edge near Souvignargues and
Boisseron villages, bordering the basin paleocoast (Fig. 3.2.1). They are characterized by
coarse grained rocks with a remarkable detrital fraction issued from the erosion the
bedrock of the basin and a bioclastic fraction with abundant fragments of barnacles and
other encrusting biota. The tidal bars environment is mainly recorded in the Sandy
Molasse Unit near the village of Pondres (Fig. 3.2.1), it developed slight basin-ward than
the marginal conglomerates, in a still shallow-water setting dominate by large tidal bars

draped by smaller subaqueous dunes and cut by swatchway channels. Coarse-grained
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bioclastic grainstones, with abundant bryozoans and coralline algae dominate the
environment. Open coast tidal deposits are principally found in the outcrops of the
Calcareous Molasse Unit near the village of Gallargues (Fig. 3.2.1), and developed in a
more distal setting. They are composed of alternating mudstones, composed of lime mud
created by the disintegration of skeletal grains, and bioclastic packstones transported
basin-ward from shallow areas during storms. Subtidal dunes environment is
widespread in the basin and is recorded both in the Sandy and Calcareous Molasse units,
with the best outcrops near the Junas quarry (Fig. 3.2.1). It is dominated by the
deposition of thoroughly cross-bedded coarse-grained bioclastic sediments with abundant
bryozoans, coralline algae and echinoids. Basinal bioclastic beds are recorded in the
Calcareous Molasse unit and outcrop in the village of Sommieres (Fig. 3.2.1). These beds
are made up by fining-up packages with bryozoan-rich rudstone at the base and
mudstone at the top. They deposited into an offshore low-energy environment near the
center of the basin, occasionally affected by storm events. The basinal muds, composed of
minute shell fragments, sponge spicules, ostracods and fine-grained quartz-grains,
deposited in a low energy and relatively deep environment. This environment is largely
recorded in the Sandy Marls Unit, with scattered outcrop in the central part of the basin
(Fig. 3.2.1).

The basin hosted an heterozoan carbonate factory where the most important carbonate
producers were bryozoans, barnacles, coralline algae, echinoids and mollusks (Reynaud
and James, 2012). Lesser contributors were benthic foraminifers, serpulids, brachiopods
and ostracods (Reynaud and James, 2012). Barnacles and other hard-substrate biota
were more common along the coast of the basin while soft-substrate taxa thrived more

offshore (Reynaud and James, 2012).
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3.3 — Material and Methods

The Sandy Molasse Unit, of lower Burdigalian age, is the main subject of this work. The
outcrop studied are located near the village of Souvignargues, near an old dismissed
quarry (43° 48.387'N; 4° 7.147'E), and near the village of Pondres in the active quarry of
La Garenne (43° 48.466'N; 4° 5.94"' E).

Since the rock is coarse-grained, very large (5kg each) volumes of rock were taken in
order to obtain compositionally representative samples. Samples were taken after the
removal of the upper and probably weathered rock surface.

A small tile (approximately 10x10cm) was produced from each sample, over the tile
surface the gravel-sized elements were analyzed and quantified by point-counting, using
a grid with a mesh size of 2 mm. The recognized categories were: rock fragments,
macroscopic skeletal grains and sand-sized elements (< 2 mm).

For each sample X-ray diffraction analyses (XRD; PANalytical's Xert PRO Materials
Research Diffractometer) were performed to better quantify the mineralogical
composition of the rock.

From each sample 2 to 3 thin sections (35 thin sections in total) were prepared to study
texture, mineralogical and bioclastic composition of the rock by point-counting (Flugel,
2009). In each thin section 6 digital photomicrographs were captured, the photos were
captured in a random position and with no overlap between them. A digital grid with a
mesh-size of 300 ym was used and more than 300 hundred points were identified for
each photomicrographs. The recognized categories were: void, sparitic cement, micrite,
rock-fragments, silicate minerals, authigenic minerals, coralline algae, bryozoans,
barnacles, mollusks, echinoids, larger benthic foraminifers, smaller benthic foraminifers,

planktonic foraminifers, brachiopods, ostracods and serpulids.
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Thin sections for to the identification and study of coralline algae were produced from
each sample. Forty thin sections (separated from the previous group) were produced and
analyzed for this purpose. Thin sections of coralline algal were observed under light
microscope to study and measure their anatomical features. Growth-forms terminology
follows Woelkerling et al. (1993). Vegetative anatomy was measured along longitudinal
radial section (Quaranta et al. 2007; Vannucci et al. 2008). The diameter of the cells was
measured including the cell wall; cell length was measured as the distance between two
primary pit connections and includes the cell wall (Basso et al. 1996). Conceptacles were
measured along their axial section (i.e. the longitudinal section that cuts a conceptacle
medially resulting in the pore canal being completely visible Afonso-Carillo et al. 1984),
in accordance to Quaranta et al. (2007) and Vannucci et al. (2008) methodology.
Coralline taxonomy at higher taxonomic ranks follows Woelkerling (1988) adapted to the
paleontological use by Braga et al. (1993) and later modified by Harvey et al. (2003),
Kato et al. (2011), Bittner et al. (2011) and Nelson et al. (2015).

Coralline algae abundance was quantified by scanning whole thin sections, importing the
raster image in a vector graphics editor, defining in the vectorial environment the area
occupied by coralline taxa (coralline were previously identified under light microscope)
and finally querying the program for the extension of the area, therefore quantifying in
mm? the coralline abundance in each section (Fig. 3.3.1). These results allowed to
determine accurately the contribution of each species to the total assemblage and its

distribution in the studied sequences.
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3.4 — Results

Paleontological, petrographical and mineralogical analyses allowed the recognition of
different lithozones and the identification of the dominant coralline algae species (Fig.
3.4.1; Tab. 3.4.1; Tab. 3.4.2). The presentation of the results is divided in two sections, a
former with the information relative to the Souvignargues succession and a latter
dedicated to the Pondres succession. Detailed descriptions of the coralline algae

presented in this chapter are delivered in the taxonomic appendix (Chapter 6).

Souvignargues

Lithozone description. The studied succession of Souvignargues has not been further
divided in to various lithozones since paleontological and petrological characteristics of
the rock are homogeneous (Fig. 3.4.1; Tab. 3.4.1; Tab. 3.4.2).

The rock is an impure rudstone with 20% of silicate minerals and traces of authigenic
phosphate. A crude lamination can be seen due to the common orientation of skeletal
elements (Fig. 3.4.2 A-B). Half of the elements are gravel-sized, among them coralline-
algal branches (group I and II, sensu Bosence, 1976) and bryozoans colonies are fairly
common, very small rhodoliths (less than 2 cm in diameter) are less frequent (Fig. 3.4.2
C). Small rounded pebbles of limestone and quartz are present (Fig. 3.4.2 C).

Point count analyses show that bryozoans are the most common skeletal grains,
occurring either as small fragments or as whole colonies (with branched and nodular

morphologies); coralline algae are also very abundant (Fig. 3.4.2 D-E; Tab. 3.4.1).
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Pondres

Lithozone Souvignargues Lithozone 1 | Lithozone 2 | Lithozone3 @ Lithozone4 | Lithozone 5
Calcite minerals (XRD) 79% 73.3% 68% 86.2% 84.5% 78.3%
Silicate minerals (XRD) 20.5% 26.7% 32% 13.8% 15.5% 21.7%
o Cresidelemews
Elements <2mm 49.8% 85.2% 96% 95.2% 81.4% 85.1%
Bioclastic fraction 46.2% 14.4% 3.9% 4.8% 18.6% 14.8%
Detrital fraction 4% 0.4% 0.1% 0% 0% 0.1%

Bioclastic elements 69.2% 66.4% 61.3% 77.3% 78.1% 76%
Silicate grains 12.1% 25.5% 30.7% 16.4% 15.1% 20%
Rock fragments 18.7% 8.1% 8% 6.3% 6.8% 4%
S remtcoutmg®idastofwton
Bryozoans 51% 43.2% 44.3% 56.6% 35.2% 40%
Coralline algae 32.4% 24.7% 16.1% 15.7% 43.7% 30%
Mollusks 9.5% 4.8% 6.5% 5.2% 7% 11.9%
Echinoids 5% 19.1% 23.2% 19.1% 10.2% 14.4%
Barnacles 2% 6.2% 6.5% 1% 2.3% 1.4%
Benthic foraminifers 0.1% 1.8% 2.6% 2.2% 1.5% 1.8%
Planktonic foraminifers 0% 0% 0% 0% 0% 0%
Brachiopods 0% 0.2% 0.8% 0.2% 0.1%< 0.4%
Others 0% 0.1%< 0% 0% 0.1%< 0.1%

Table 3.4.1 : Petrographic and bioclastic characteristics of the analyzed lithozones in the

Sommiéres Basin



Pondres

Lithozones Souvignargues Lithozone 1 Lithozone 2 Lithozone 3 Lithozone 4 Lithozone 5
Hapalidiales 85% 92.8% 99.5% 95.2% 100%
Corallinales 9.5% 7.2% 0.5% 4.8% 0%
Sporolithales 5.5% 0% 0% 0% 0%
o Wemtfledspedes
Sporolithon sp. 1 8.7% 0% 0% 0% 0%
Lithophyllum sp. 1 2.6% 1.8% 0.6% 1% 0%
Spongites fruticulosus 0% 2.4% 0% 3% 0%
Spongites sp. 1 0% 4.6% 0% 0% 0%
Spongites sp. 2 0% 0.3% 0% 0% 0%
Lithoporella melobesioides 0.1% 0.1%< 0.1%< 0.1%< 0%
Lithoporella minus 0.1%< 0% 0% 0.1%< 0%
Mesophyllum roveretoi 15.9% 67.6% 16.5% 42.6% 11.1%
Mesophyllum galettoi 4.5% 0% 0% 0% 0%
Mesophyllum ishijimai 4% 0.4% 0% 0% 0%
Mesophyllum sp. 1 17.3% 0% 0% 0% 0%
Lithothamnion ponzonense 19% 13.4% 0% 20.5% 0%
Lithothamnion crispatum 5.2% 0% 0% 0% 0%
?Lithothamnion sp. 2* 8.2% 0% 0% 18.3% 0%
Lithothamnion/Phymatolithon sp. 1 9.8% 0% 0% 1.6% 0%
Lithothamnion/Phymatolithon sp. 2 0% 6.9% 0% 0% 39%
Phymatolithon calcareum 0% 2.6% 0% 1.2% 0%
Phymatolithon sp.* 4.7% 0% 59.4% 11.7% 19.3%
Phymatolithon sp. 1 0% 0% 23.4% 0% 30.6%

Table 3.4.2 : Coralline algae association in the studied lithozones of the Sommieéres Basin

*= ?Lithothamnion sp. 2 and Phymatolithon sp. are both sensu Hrabovsky et al. 2015.
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Figure 3.4.1 : Stratigraphic log of the Sommieéres Basin and of the studied

sections. The general log of the basin is modified from Reynaud and James

(2012). f: fine; m: medium; c: coarse; gr: gravel; pb: pebble; cb: cobble
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Figure 3.4.2 : Souvignargues outcrop. A) Old quarry of Souvignargues. B) Detail of

the lamination. C) Detail of the rock texture; black arrow=rock fragment; r=very

small rhodolith. D) Thin section of a sample from Souvignargues; Qz=rounded
quartz grain; white arrows=bryozoans; black arrow=limestone rock fragment;
Co=coralline algal branch. E) Thin section of a sample from Souvignargues;
Qz=rounded quartz grain; Mol=mollusk; Bar=barnacle.
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Mollusks, especially oyster fragments, are common while echinoids and barnacles are
minor components (Fig. 3.4.2 D-E; Tab. 3.4.1). Benthic foraminifers, both larger and
small are extremely rare, the former group is entirely represent by a few rare specimens
of Amphistegina (Tab. 3.4.1). The siliciclastic fraction is mainly composed of rock
fragments, but quartz grains are also very common (Fig. 3.4.2 D-E; Tab. 3.4.1).

Authigenic minerals are also present, especially authigenic phosphates.

Coralline algae assemblage. Coralline algae association is dominated by members of the
order of the Hapalidiales, while Corallinales and Sporolithales are minor components in
most of the samples (Tab. 3.4.2).

Among recognized Hapalidiales the genus Mesophyllum, is the most common and is
represented by four different species: Mesophyllum sp. 1, Mesophyllum roveretoi,
Mesophyllum ishijimai and Mesophyllum galettoi (Tab. 3.4.2). Among them
Mesophyllum sp 1 is most abundant and occurs in most of the samples, M. roveretoi
covers an overall high percentage of surface but occurs only in one sample. M. galettoi
and M. ishijimai are minor components. The genus Lithothamnion is represent by two
species, Lithothamnion ponzonense, which is the most important species of the whole
association, and Lithothamnion crispatum which instead occurs just in one sample (Tab.
3.4.2). The only species allocated with certainty in the genus Phymatolithon is
Phymatolithon sp. (sensu Hrabovsky et al. 2015), which occur just in one sample. Other
two Hapalidiales species, with uncertain generic placement were recognized ?
Lithothamnion sp.2 (sensu Hrabovsky et al. 2015) and Lithothamnion/Phymatolithon sp.
1; neither of the two species are very abundant (Tab. 3.4.2).

Taxa of the order Corallinales occur in the majority of samples from Souvignargues.
Among identified Corallinales the encrusting species Lithophyllum sp. 1 is the most
common (Tab. 3.4.2). In some samples very small crusts of Lithoporella melobesioides are

present and only in one sample Lithoporella minus was observed.
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The overall area covered by Sporolithales is low but Sporolithon spl, the only recognized

species of the order, occurs in approximately 25% of the samples (Tab. 3.4.2).

Pondres

Lithozone description. In the quarry of La Garenne, on the basis of their rock texture,
mineralogy and macroscopic fossiliferous content different lithozones were identified, the
lithozones are numbered from 1 to 5 from the oldest to the youngest (Fig. 3.4.1).
Lithozone 1 is an impure coarse grainstone with more than 25% of silicate minerals (Tab.
3.4.1). The rock shows locally a thin lamination, but is generally massive. Small, 1m
thick and 2-3m wide, channel structures are present in the upper part of the lithozones,
the sediments filling the channels are coarser-grained with abundant large skeletal
elements.

Most of the elements are sand-sized and only 15% is gravel-sized, mainly bryozoans,
either nodular and branched colonies, but also coralline-algal branches (group I and II)
(Fig 3.4.3 A-C; Tab 3.4.1). Rare rhodoliths do also occur in Lithozone 1 (Fig 3.4.3 B). They
are mostly pebble-sized and elliptical in shape, some of them are box-work rhodoliths
and they entrained a remarkable amount of sediment between their crusts. Some large
nodules are composed of both coralline-alga crusts and bryozoans.

The point count results from lithozone 1 samples shows that bryozoans are again the
most common skeletal elements, coralline algae and echinoids are very abundant, lesser
amount of barnacles and mollusks are also present (Fig. 3.4.3 D; Tab 3.4.1). Both larger
and smaller benthic foraminifers are rare, among the former Amphistegina is the only
recognized genus, the latter are mainly represented by Cibicides and Elphidium. The
terrigenous fraction is mainly composed of sand-sized quartz grains with lessere amount

of rock fragments. Authigenic glaucony is also present, albeit not abundant (Tab. 3.4.1).
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Figure 3.4.3 : The lower part of the outcrop of Pondres in the quarry of La Garenne.
A) Lithozone 1 and lithozone 2. B) Rhodoliths in lithozone 1; black arrows=rhodoliths.
C) Sharp transition between lithozone 1 and lithozone 2. D) Coralline-rich lithozone 1;

Co=coralline alga; Br=bryozoans. E) Coralline-poor lithozone 2; Ec=echinoids;
Br=bryozoans.
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Lithozone 2 is an impure bioclastic-grainstone with silicate minerals composing over 30%
of the rock (Tab. 3.4.1). The rock is massive, the grains are well sorted, present a
common orientation and their overwhelming majority is sand-sized (Fig. 3.4.3 E; Tab.
3.4.1).

Bryozoans dominate the skeletal assemblage, echinoids are abundant and coralline algae
are present in lower proportion relatively to lithozone 1 (Fig. 3.4.3 E; Tab. 3.4.1).
Mollusks and barnacles are also present. Benthic foraminifers are more common than in
Lithozone 1. Larger benthic foraminifers are rare and represented by specimen of
Amphistegina. Cibicides, Elphidium and various agglutinated forms are common among
the smaller benthic foraminifers. Rare brachiopods also occur in this Lithozone. The
siliciclastic fraction is mainly composed of sand-sized quartz grains and rare rock
fragments. Authigenic minerals also occur.

Lithozone 2 upper boundary is an erosive surface and the overlying Lithozone 3 is
characterized by a pervasive herringbone cross-stratification with mud drapes (Fig. 3.4.4
A-C). The rock is an impure grainstone with a small amount of silicate minerals. Gravel-
sized elements are rare, albeit some coralline-algal branches occur (Tab. 3.4.1).

There is a higher proportion of bryozoans compared to the underlying lithozone 2,
echinoids and coralline algae are common while mollusks are not (Fig. 3.4.4 D; Tab.
3.4.1). Barnacles, benthic foraminifers and brachiopods are rare. Larger benthic
foraminifers are absent in this lithozone, smaller benthic foraminifers are mainly
represented by Cibicides, Elphidium and agglutinated forms. The siliciclastic fraction is
composed by small sand-sized quartz grains, rock fragments are present in lesser
amount relatively to the previous lithozones (Tab. 3.4.1). Authigenic minerals occur also
in this lithozone.

Lithozone 3 is cut by small and large channel. These channels are massive and they are
filled by coarser-grained elements relatively to the surrounding lithozone 3. The fillings

of these channels as been defined as lithozone 4 (Fig. 3.4.4 A, C). Lithozone 4 channels
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Figure 3.4.4 : The upper part of the outcrop of Pondres in the quarry of La Garenne.

A) Lithozone 4 channels cutting through lithozone 3; in the upper part lithozone 5 is
visible. B) Herringbone cross-stratification in lithozone 3. C) Lithozone 4 channel
within lithozone 3. D) Bryozoans-rich lithozone 3; Br=a group of small bryozoan

colonies; Ec=echinoids. E) Coralline-rich lithozone 4; Co=coralline alga.
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are scattered and discontinuous at the base of lithozone 3 but became a continuous layer
toward the top (Fig. 3.4.4 A). The rock is a coarse impure grainstone with 15% of silicate
minerals (Tab. 3.4.1). The majority of the elements are sand-sized but nearly 20% are
gravel-sized, mainly coralline algae branches (group I and II) but also bryozoan colonies
and some rare barnacle plates (Tab. 3.4.1). Rare rhodoliths also occurs in this lithozone,
generally pebble-sized and elliptical in shape.

In this lithozone, according to point counting analyses, the skeletal association is
dominate by coralline algae, bryozoans are also very common but they are present in
lesser amount compared to the previous lithozones (Fig 3.4.4 E; Tab. 3.4.1). Echinoids
and mollusks are common while barnacle are are, albeit they are more abundant that in
the surrounding lithozone 3. Benthic foraminifers are are rare, they are mainly
represent by Cibicides and Elphidium, some agglutinated taxa are also present; only one
specimen of Amphistegina was observed in this lithozone. The siliciclastic fraction is
mostly composed of sand-sized quartz grains but some rock fragment also occur;
authigenic minerals are present (Tab. 3.4.1).

Still upward coralline algae become less common while bryozoans increase in abundance
and bryozoan macroids become very common. This lithozone, lithozone 5, is an impure
grainstone with more than 20% of silicate minerals (Tab. 3.4.1). The base of the lithozone
is massive, but moving upward a faint planar lamination appears (Fig. 3.4.4 A). Most of
the elements are sand sized, gravel-sized elements are mainly bryozoans colonies and
extremely rare, very-small rhodoliths and coralline-algal branches.

Skeletal assemblage is dominated by bryozoans, but coralline algae are very common
(Fig. 3.4.5 B; Tab. 3.4.1). Mollusks and echinoids are common, while barnacle are rare
and in lesser amount relatively to the previous lithozone. Some very rare brachiopods
were also observed in this lithozone. Benthic foraminifers are rare, the most common
species belong to genera Elphidium and Cibicides but agglutinated forms are also

present. Also within this lithozone no larger benthic foraminifer was observed.
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Figure 3.4.5 : The uppermost part of the Pondres outcrop in the quarry of La Garenne. A) Layers with

abundant bryozoans macroids; black arrow=layers with bryozoans macroids. B) thin section of a sample of

the uppermost part of lithozone 5. C) Detail of a bryozoan macroid. D) Clear parallel lamination in fine-
grained sediments, further upward than the layers with macroids. E) Further upward large bryozoan
macroids are once again present. F') Locally also cross lamination is once again present.
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The siliciclastic fraction is almost entirely composed of sand-sized quartz grains, rock
fragment are less abundant that in other lithozones; authigenic minerals are present
(Tab. 3.4.1).

Still upward the rock is clearly parallel laminated with decimeter thick layers rich in
large bryozoans macroids (Fig 3.4.5 A, C). Moving upward the mud content increase and
large skeletal elements are absent, but the overlying layers are again characterized by
the presence of bryozoans macroids and herringbone cross-stratification (Fig 3.4.5 D-F).
This upper intervals of the succession of Pondres were not studied in detail in this work

since they lack almost entirely coralline algae.

Coralline algae assemblage. Hapalidiales dominate coralline algae assemblage in
lithozone 1 (Tab. 3.4.2). Corallinales are minor components but they are present in
almost every sample. Among recognizable Hapalidiales the genus Mesophyllum is the
most common and it is almost entirely represented by M. roveretoi, the most abundant
and common species of the association (Tab. 3.4.2). L. ponzonense is another common
Hapalidiales and is the only representative of its genus. Phymatolithon calcareum is rare
and is the only representative of genus Phymatolithon. Corallinales are represented by
five different species, three species included in the genus Spongites, L. melobesioides and
Lithophyllum sp. 1 (Tab. 3.4.2).

In lithozone 2 coralline algae are not common especially rhodoliths and large branches.
The small fragments present always lack the taxonomic elements essential for their
classification and therefore their identification was impossible.

Lithozone 3 coralline association is dominated by Hapalidiales, Corallinales are very rare
and represented only by small crusts of Lithophyllum sp. 1 (Tab. 3.4.2). Hapalidiales are
mainly represented by the genus Phymatolithon, with two different species:
Phymatholithon sp., which is the most common species of the association and

Phymatholithon sp. 1 (Tab. 3.4.2).
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Genus Mesophyllum is entirely represented by M. roveretoi and genus Lithothamnion is
absent.

In lithozone 4 Hapalidiales still dominate the association but Corallinales are more
abundant (Tab. 3.4.2). Among the latter Spongites fruticulosus is the most common,
Lithophyllum sp. 1 increases in importance relatively to the previous lithozone. L.
melobesioides and L. minus are also present (Tab. 3.4.2). Among Hapalidiales
Mesophyllum and Lithothamnion have similar importance, but the former is more
abundant. In this lithozone the only recognized species of the genus Mesophyllum is M.
roveretoi that is also once again the dominant species of the association (Tab. 3.4.2).
Lithothamnion is mainly represented by two species of equal importance L. ponzonense
and ?Lithothamnion sp.2 . Phymatholithon is present in lower proportion and is
represent by the species Phymatholithon sp. (common) and P. calcareum (rare).
Coralline association of lithozone 5 is entirely composed by Hapalidiales, among them
Phymatolithon is most important genus (Tab. 3.4.2). The encrusting-foliose species
Phymatolithon sp. 1 dominate the association together with an other species of uncertain
generic placement Lithothamnion/Phymatolithon sp. 2; Phymatolithon sp. is also
abundant (Tab. 3.4.2). Genus Mesophyllum is uncommon and its only representative in

this lithozone is M. roveretoi (Tab. 3.4.2).
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3.5 — Discussion

General interpretation

Heterozoan skeletal assemblages dominate the basin, bryozoans and coralline algae are
the main carbonate producers in the studied successions while barnacles dominate on
the other side of the basin (near the village of Boisseron; Fig. 3.2.1; Reynaud and James,
2012). These assemblages are typical of temperate latitudes in present-day oceans but
many of the recognized species suggest warmer waters. Among benthic foraminifers the
presence of Amphistegina suggests average annual temperatures around 20 °C (Geel,
2000; Langer and Hottinger, 2000; Beavington-Penney and Racey, 2004). Among
coralline algae Sporolithon and Lithoporella are both genera of remarkable tropical
affinity (Adey, 1979; Fravega et al. 1989; Vannucci et al. 1996; Braga and Aguirre, 2001).
North-western Europe during the Early Miocene, was characterized by a warm-tropical
climate (Adams et al. 1990; Mosbrugger et al. 2005; Billups et al. 2010), therefore a
warm water setting is coherent with the general paleoclimatic reconstruction of the
region. High nutrient supply to the basin could have caused the more temperate style of
the assemblage. Abundance of nutrients may actually cause a decrease in water clarity
and drive out taxa related to tropical and oligotrophic reef environment, thus “cooling”
the “look” of the assemblage (Hallock and Schlager 1986; Vannucci et al. 2003; Hallock
2005; Halfar et al. 2006; Coletti et al. 2013). The presence of abundant trophic resources
in the seawater of Sommieres Basin during the Early Burdigalian is proved by the
widespread presence of authigenic phosphate and by the high biomass of suspension-

feeders (barnacles and bryozoans) in the Sandy Molasse Unit (Reynaud and James,
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2012). Therefore taking into account both the nutrient “cooling” effect and the rarity of
tropical species, a sub-tropical climate for the Sommieres Basin during the Early
Burdigalian is suggested.

The depositional environments of Souvignargues and Pondres successions were different.
Souvignargues area during the Early Burdigalian was very close to the rocky coastline as
testified by the common rounded pebbles and rock fragments issued from the erosion of
basement of the basin (Tab. 3.4.1). Rock texture and fabric suggest an high-energy
environment close to the shore (Tab. 3.4.1; Fig. 3.4.2). Moving further toward the shore
(toward the village of Souvignargues) the impure rudstone of the studied outcrop grade
in to conglomerates deposited in high-energy conditions as pocket beaches or spits
against the rocky shoreline of the basin (Reynaud and James, 2012). Therefore a very
shallow sub-tidal environment is assumed for the Souvignargues succession.

Pondres succession, as suggest by the lower abundance of rock fragments and the
general texture of the rock (Tab. 3.4.1), deposited further away from the coast, in a tidal
estuary with large tidal bars cut by tidal channels (Reynaud and James, 2012).

The channel structures in lithozone 1 represent ephemeral channels, along which
skeletal grains were drifted off-shore. These bioclastic elements originated in slightly
shallower water, as testified by coralline algae which are more common in the fillings
than in the surroundings. Lithozone 4 deposited within larger and more important
channels. The skeletal assemblage characterized by coarser-grained fragments, more
abundant coralline algae and barnacles, and the more frequent rock fragments than in
the surrounding lithozone 3, testifies that also lithozone 4 elements formed in a proximal
environment and were later transported into deeper-waters (Tab. 3.4.1). The pervasive
herringbone cross-stratification of lithozone 3 was instead generated by the migration of
smaller bedforms created by tidal currents, over the larger tidal-bars.

Pondres succession records a transgressive trend from lithozone 1 to 5. This is suggested

by the decrease of the detrital fraction, especially rock fragments, the decrease of
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barnacles and larger benthic foraminifers and the replacement of rhodoliths by
bryozoans macroids (Tab. 3.4.1). This deepening upward is in accordance with the
general interpretation of the basin which reconstruct the Sandy Molasse Unit as the
transgressive system tract of a depositional sequence (Reynaud and James, 2012).
Therefore Pondres lithozone 1 deposited in a shallow-water tidal setting, but at greater
depth than Souvignargues rudstone; lithozones 2, 3 and 5 deposited further deeper, but
still within the photic zone. Lithozone 4 skeletal assemblages formed in shallow water,

like lithozone 1, but was later transported into deeper conditions.

Coralline algae distribution

Coralline-algae distribution in the studied succession is closely related to the
paleobathymetric setting. In present-day oceans Corallinales are generally dominant in
shallow water settings, while Hapalidiales characterize deeper waters, the very same
trend has been recognized throughout the Neogene (Adey and Macintyre, 1973; Adey,
1979; Adey et al. 1982; Minnery et al. 1985; Adey, 1986; Perrin et al. 1995; Lund et al.
2000; Braga and Aguirre, 2001; Braga et al. 2009). Accordingly Corallinales abundance
peaks in Souvignargues samples and decreases in the Pondres succession following the
deepening-upward trend (Tab. 3.4.2). It should be pointed out that even though both
Pondres and Souvignargues succession both deposited in a relatively shallow-water
setting, Hapalidiales always dominate coralline-algal assemblages (Tab. 3.4.2). This is a
consequence of the high nutrient supply-rate. Increased plankton biomass, caused by
nutrients, increases the amount of particulate organic carbon in the ecosystem which in
turn reduces water transparency and light availability to the benthic community,
therefore moving shoreward the whole benthic zonation (Hallock and Schlager, 1986;

Vannucci et al. 2003; Hallock, 2005).
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Figure 3.5.1 : distribution of the most common coralline algae species of Sommiéres basin,
through the different environments.




Coralline-algal species distribution is also heavily influenced by water depth and among
the species identified in the flora of the Sommieéres Basin, many of them seem to be
tightly related to the availability of light at the sea-floor.

Lithophyllum sp.1 is an encrusting species characterized by very thin thalli with a
growth morphology that closely resemble that of the modern Titanoderma pustulatum. It
commonly occurs in samples close to the paleo-shoreline of the basin and become more
rare moving toward deeper waters (Fig. 3.5.1). Lithophyllum is typically a shallow-water
genus which require strong light to thrive (Adey and Macintyre, 1973; Adey, 1979; Adey
et al. 1982; Minnery et al. 1985; Adey, 1986; Perrin et al. 1995; Braga and Aguirre, 2001;
Braga et al. 2009). Morphologies with thin adherent crusts and raised conceptacles, are
common in fast developing coralline algae which dominate habitats with intense physical
disturbance, like the shore-line (Steneck, 1986). Therefore is likely that Lithophyllum
sp.1 can actually be used in the context of the Sommieres Basin and elsewhere as a
proxy of shoreline proximity.

Like Lithophyllum sp. 1 also Spongites fruticulosus is more common in shallow-water
samples (Fig. 3.5.1). This species commonly occur in shallow-water assemblages and is
frequent in the coralline algae assemblages of the Mediterranean area since the
Oligocene (Vannucci et al. 1996; Braga et al. 2001; Braga et al. 2009).

In the context of Sommieres Basin also Sporolithon sp. 1 shows a remarkable preference
toward shallow-water conditions (Fig. 3.5.1). While the Corallinales are typically
shallow-water dwellers, most of the modern species of the order Sporolithales are more
common in to deep-water assemblages (Adey and Macintyre, 1973; Adey, 1979; Adey et
al. 1982; Adey, 1986; Perrin et al. 1995; Lund et al. 2000; Braga and Aguirre, 2001).
However some species of Sporolithon prefer instead shallow waters (Minnery et al. 1985;
Adey, 1986; Perrin et al. 1995), this situation is frequently observed in climatic condition
at the boundary between temperate and tropical realm (Basso et al. 2009; Neill et al.

2015). Since light limitation is a primary ecological factor in coralline, they can be used
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to reconstruct the water depth of the paleo-environment, but coralline fragments may be
transported and whenever a substrate heterogeneity is present low-light algae may occur
close to high-light algae (Adey, 1986). Taking this into account, although shore-ward
transport sometimes occurs (Johnson et al. 2011), the lack of Sporolithon into Pondres
samples rule out the possibility that the specimens were transported in to Souvignargues
are from somewhere else. Whether Sporolithon sp. 1 is a cryptic species inhabiting a
shallow-water environment or is a coralline algae which thrive in well-lit superficial
waters cannot be distinguished, but in the context of the Sommieéres basin the species
can be used as a proxy of near-shore conditions.

Mid-depth and deeper-water conditions in the basin are dominated by Hapalidiales (Tab.
3.4.2). Among them Mesophyllum roveretoi is the most common species, its abundance
peaks at middle-depth (Lithozone 1 of Pondres; Fig. 3.5.1) and this kind of depth-
distribution is frequent within the genus Mesophyllum (Minnery et al. 1985; Adey, 1986).
Lithothamnion ponzonense shows a slight preference toward deeper waters but thrive
also in shallow-water (Fig 3.5.1), suggesting a rather large tolerance to various

light conditions.

Phymatolithon sp. 1 is a readily recognizable species, it is characterized by very thin
leafy crusts and produces rhodoliths, with a loose laminar arrangement. In the
Sommieres basin is remarkably restricted to deep water conditions (Fig. 3.5.1).
Phymatholithon sp. 1 is also known from the Tertiary Piedmont Basin Pietra da Cantoni
Limestone (as Lithothamnion crispithallus), where its abundance peaks just before the
drowning of the carbonate ramp (Vannucci et al. 1996). Phymatholithon sp. 1 morphology
is potentially well adapted to a life under low-light conditions, actually in present-day
oceans coralline living near the algal extinction depth, have similar morphology to
maximize their area/volume ratio and consequently capture more light (Steneck, 1986;
Lund et al. 2000). Therefore it might be possible to use this species in Miocene

carbonates, as a proxy of deep-waters, near the lower limit of the photic zone.

108



3.6 - Conclusions

During the lower Miocene the area of the Rhone River mouth (Southeastern France)
hosted the junction of the Alpine Molasse Basin with the Western Mediterranean. In
that area was located the Sommieéres Basin, a tide-controlled Burdigalian embayment
connected to the Molasse sea through a narrow seaway. Along its coastline an heterozoan
carbonate factory, dominated by bryozoans, barnacles, coralline algae and echinoids,
flourished, notwithstanding the warm climate, thanks to high level of nutrient
availability. Within this basin the impure rudstone of Souvignargues's succession
deposited in an high-energy environment nearby the shoreline. They are composed of
bryozoans, coralline algae and an abundant detrital fraction of rounded pebbles and
sand-sized quarz grains. The coarse-grained grainstones of Pondres succession deposited
further away from the coast in a tidal estuary dominated by the interplay of tidal bars
and tidal channels. This succession records, in its different lithozones, a deepening-
upward trend coherent with the general transgressive trend of the lower Burdigalian
unit. The skeletal assemblage is dominated by bryozoans, coralline algae and echinoids.
Coralline algae and in particular rhodoliths are more common in the shallow-water part
of the Pondres succession while bryozoan macroids become more important in the
deeper-water part.

Coralline-algal associations were quantitatively studied along this well constrained
bathimetric gradient. Hapalidiales largely dominate the coralline-algal flora of the basin,
but they are significantly more abundant in deeper waters. Corallinales conversely are
remarkably more common in shallow water environment (albeit they are always less

abundant than Hapalidales).
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The very same distribution is commonly observed in modern oceans.

Among the most common identified species many taxa shows a distribution remarkably
related to water depth. Mesophyllum roveretoi is the most common species in the basin
and its abundance peaks at middle depth. Lithothamnion ponzonense is frequent and
abundant in most of the sample and show a slight preference toward deeper waters. The
easy recognizable leafy crusts of Phymatholithon sp.1 dominate in deep-water rhodoliths.
Among Corallinales the encrusting species Lithophyllum sp. 1 is preferentially
distributed in shallow waters near the shore-line. Also Spongites fruticulosus is more
common in shallow-water environment.

While these species follow a pattern similar to those of their modern relatives, the
distribution of Sporolithon sp. 1 is more peculiar. Actually in the Sommieéres Basin this
species is restricted into shallow waters while in modern oceans Sporolithon more
commonly dwells into low-light, deep-water environment. Nonetheless shallow-water
species of Sporolithon also occur, especially at the transition between the tropics and the
temperate realm (eg. Northern New Zealand), a climatic situation probably very close to
that of lower Burdigalian Sommiéres Basin.

These results prove that quantitative analyses of coralline algae distribution, within a
well constrained paleoenivronmental framework, are useful to detect and understand
coralline autoecological preferences. Further studies performed with the same approach
will make it possible to strengthen these findings and establish new coralline-based
paleoecological proxies. The distribution of the three order of crustose coralline algae is
an important source of information on the paleoenvironment but a more accurate

reconstruction can be achieved through species-level identification.
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4 — Nutrients Influence

Nutrients influence on Miocene carbonate factories

Giovanni Coletti

(Article in preparation)
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4.1 — Introduction

Nutrient availability is an important control in the distribution of carbonate forming
biota in modern oceans (Hallock and Schalger, 1986; Hallock, 1988a; Hallock, 2005;
Carannante et al. 1988; Wood, 1993; Holmes et al. 1997; Brasier, 1995a; Brasier,
1995b; Halfar et al. 2004; Wilson and Vecsei, 2005; Jessen et al. 2014). High nutrient
supply increases plankton biomass and provide more organic matter to heterotrophs,
moreover the abundance of plankton and of organic matter suspended in the water
column reduces water clarity and further influences benthic communities (Chapter 1).
The most visible result of nutrient influence on carbonate factories is a shift from
autotrophs-dominated, light-dependent association toward a heterotrophs-dominated,
light-independent association. Therefore nutrients influence has been often used to
justify the presence of Heterozoan carbonates (sensu James, 1997), which commonly
occur in cool climates, in an otherwise warm-water context (e.g. Carannante et al
1988; Brandano and Corda, 2002; Cunningham and Collins, 2002; Vannucci et al.
2003; Reynaud and James, 2012; Coletti et al. 2015; Brandano et al. 2016). However,
nutrients influence, in the vast majority of paleoenvironmental reconstructions, is just
assumed on the basis of fossil assemblages, without direct measurement of the
concentrations of phosphorous, the ultimate limiting nutrient, whose rate of supply
regulates primary production over long timescales (Tyrrel, 1999). Most of techniques
actually can measure only proxies related to phosphorous abundance or the total
amount of phosphorous present in the rock. The latter is not a direct expression of
biologically-available phosphorous since it considers also unaltered grains of detrital
apatite of igneous and metamorphic origins, which are not a viable source of
phosphate. Therefore classical geological techniques (e.g. X-ray fluorescence) are not
suitable to study nutrients abundance in the fossil record. The aim of this contribution

is to use SEDEX sequential extraction, a methodology devised to separate and
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measure biologically-available phosphorous from the total mass of phosphorus, for a
paleonvironmental reconstruction of two lower Miocene carbonate successions: the
Pietra da Cantoni Group of Tertiary Piedmont Basin and the Sandy Molasse Unit of
the Sommieres Basin (details of the geological setting are present in Chapter 2 and
Chapter 3). The skeletal assemblages of these two sequences are dominated by
coralline algae, bryozoans and barnacles, but developed in climatic conditions that
should have supported a more classical warm-water association (Chapter 2; Chapter
3). In this study SEDEX phosphorous extraction is combined with detailed
paleontological analyses of the skeletal assemblages and of coralline algae flora to

provide direct evidences of nutrient influence on Miocene carbonate factories.
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4.2 — Material and Methods

The sequence of Uviglie was selected as representative of the Pietra da Cantoni group
and the sequences of Souvignargues and of Pondres were selected as representative for
the Sandy Molasse Unit of the Sommieres Basin (Chapter 2; Chapter 3, for details on the
geological setting of the two basins). Very large and representative samples were taken
from each lithozone in the selected outcrops (Chapter 2; Chapter 3, for the summary of
the various lithozones and their characteristics). The samples were taken after the
removal of the superficial part of the rock that might have been altered by weathering.
Using the same procedure a sample was picked from the outcrop of Boisseron (Sandy
Molasse Unit, Fig. 3.2.1), which was located on the opposite shore (relative to
Souvignargues and Pondres) of the Sommieres Basin, to further study nutrient dynamics
within the basin. Serving as internal reference of low phosphorous concentration, a
sample of coral-reef limestone of Miocene age (Balza di Rocca Limata, Terravecchia
Formation, Sicily, Grasso and Pedley, 1988) was also included in the analyses.

Rock samples were grounded in an agate mortar to <125 ym and a dry weight of 0.08 g
from each sample was used in the sequential extraction. The remaining of the grounded
samples was used for quantitative x-ray powder diffraction, total organic carbon
analysis, CHN analysis and a portion was stored as archive. The extraction was
performed according to Ruttenberg et al. 2009, which proposed an improved version of
the original SEDEX sequential extraction (Ruttenberg, 1992) aimed to reduce procedural
flaws (excessive sample manipulation and loss of material; Fig. 4.2.1; Fig. 4.2.2). The
extraction, through a series of chemical reactions, dissolves all P-bearing minerals and

allows for an accurate quantification of P separated in its different sedimentary
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Figure 4.2.2 : improved SEDEX extraction line; modified after Ruttenber et al. 2009
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while the other one is void; both sample holders are mounted on the shaker table for the reaction step.

B) Sample holder fully loaded and seated on the vacuum chamber for supernatant collection;

on the right panel the details of the structure of the stopcocks of the reaction vessels.

C) The structure of the sample holder, only in the right-lower bottom of the sample holder a single reaction

vessel is mounted; on the right panel details of the structure of the reaction vessel.




reservoirs (Fig. 4.2.1). These are exchangeable (or loosely-bound) P, Fe-oxyhydroxides-
bound P, authigenic and biogenic Ca-P minerals, organic P and detrital apatite
(Ruttenberg, 2004). All these reservoirs, except detrital apatite, are sinks for the reactive
P present in the water (Ruttenberg, 1992); therefore, the sum of their contribution to the
total phosphorous pool, in this study, has been used as a proxy for nutrients availability
in the paleoenvironment.

Petrographic characteristics and skeletal assemblages of the limestones were studied
with point-counting technique performed on digital photomicrographs of thin sections
(Flugel, 2009). To further study authigenic minerals, scanning electron microscope
observations (SEM) and energy-dispersive X-ray spectroscopy (EDS) analyses were
performed on carbon-coated thin sections.

Coralline distribution was studied by direct measurement, with a vector graphics editor,
of the area covered by the different taxa of coralline-algae in the thin sections. Coralline
algae identification follows Woelkerling (1988), adapted for paleontological use by Braga
et al. (1993) and modified by Harvey et al. (2003), Kato et al. (2011), Bittner et al. (2011)
and Nelson et al. (2015) (further details on the point-count technique and taxa
identification are present in Chapter 2.3 and Chapter 3.3).
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4.3 — Results

Skeletal assemblages

Pietra da Cantoni Group. In lithozones UV1 to UV4 skeletal fragments derives from a
benthic carbonate factory while in lithozones UV5 and UV6 the main carbonate
producers are planktonic foraminifers (Fig. 4.3.1; Tab. 4.3.1). The transition from
benthic carbonate production to the planktonic carbonate factory occurs at the top of
lithozone UV4 (sub-zone UV4b; Tab. 4.3.1). The benthic production system is dominated
by coralline algae, benthic foraminifers and barnacles. Mollusks, echinoids and
bryozoans are minor components; ostracods and serpulids are rare (Tab. 4.3.1). Coralline
algae are especially abundant in lithozone UV1 and UV2 ( >>50% of the skeletal grains).
Coralline still dominate in lithozone UV3 and UV4 but they are less common (Tab. 4.3.1).
Coralline nodules (rhodoliths; Fig. 4.3.1B) are also very common in all the lithozones,
further emphasizing the importance of coralline as carbonate producers in the Pietra da
Cantoni Group.

Benthic foraminifers are a major component of the skeletal assemblages of lithozones
UV1, UV2 and UV4, while in lithozone UV3 they are less abundant (Tab. 4.3.1).
Lithozones UV1 and UV2 are dominated by larger benthic foraminifers of the genera
Nephrolepidina, Eulepidina, Miogypsina, Sphaerogypsina, Amphistegina and Operculina
(Fig. 4.3.1D). In lithozones UV3 and UV4 smaller benthic foraminifers (Elphidium,
Lobatula, Rosalina, Eponides, Stomatorbina and Neoconorbina) are more common; the
larger forms, albeit rarer, are still present (further details of benthic foraminifers

distribution are presented in Chapter 2.4).
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Lithozones [Point counting]

Authigenic minerals

Traces

Uv2 Uvs UV4a = UV4b UV5 UVvé PON1 PON2 PON3 @ PON4 PON5 SOUV1
Coralline algae 74% 75.1% 47% 47.1% 27.4% 12.8% 0% 24.7% 16.1% 15.7% 43.7% 30% 32.4%
Bryozoans 2.3% 4.6% 6.4% 4.5% 4.7% 0% 0% 43.2% 44.3% 56.6% 35.2% 40% 51%
Barnacles 3.6% 4.4% 41.4% 37.7% 25% 0% 0% 6.2% 6.5% 1% 2.3% 1.4% 2%
Benthic foraminifers 17% 10.7% 3.4% 3.7% 10.8% 12.5% 2.9% 1.8% 2.6% 2.2% 1.5% 1.8% 0.1%
Planktonic foraminifers 0% 0.2% 0% 0.6% 17.5% 66.4% 97% 0% 0% 0% 0% 0% 0%
Echinoids 1.8% 2.5% 1% 2.2% 5.6% 0% 0% 19.1% 23.2% 19.1% 10.2% 14.4% 5%
Mollusks 0.3% 1.9% 0.7% 3.1% 7.1% 8.3% 0% 4.8% 6.5% 5.2% 7% 11.9% 9.5%
Brachiopods 0% 0% 0% 0% 0% 0% 0% 0.2% 0.8% 0.2% 0.1%< 0.4% 0%
Ostracods 0% 0.1% 0% 0.6% 1.4% 0% 0.1% 0.1%< 0% 0% 0.1%< 0% 0%
Serpulids 1% 0.5% 0.1% 0.5% 0.5% 0% 0% 0% 0% 0% 0% 0.1% 0%
. PoshooscnentmolPlgofsample
Bioavailable P 25.38 26.2 23.62 24.48 69.01 121.95 83.39 31.64 34.51 24.2 34.31 33.71 44.44
Detrital P 0.37 0.98 0.48 0.76 48.76 75.76 70.22 2.15 2.15 1.83 3.27 2.13 2.03
. Detrital and authigenic ractions [Point countingl
Detrital fraction 0.4% 1.6% 0.5% 2.1% 10.7% 19.5% 10.6% 33.5% 38.7% 22.7% 22% 26% 30.8%
Bioclastic fragments 99.5% 98.3% 99.5% 97.8% 75.3% 46.4% 68.2% 66.4% 61.2% 77.3% 78% 75.9% 69.2%
Traces Traces Traces 14% 34.1% 21.2% Traces Traces Traces Traces Traces Traces

Silicate minerals 4.9% 8.9% 2.3% 2% 42.5% 52.6% 37.8% 26.7% 32% 13.8% 15.4% 21.6% 20.4%
Carbonate minerals 95.1% 91.1% 97.3% 97.7% 55.8% 43.5% 57.8% 73.3% 67.9% 86.2% 84.5% 78.3% 79.2%
Carbonate-Apatite Traces Traces Traces Traces 1.4% 3.7% 4.4% Traces Traces Traces Traces Traces Traces

Table 4.3.1 : Skeletal assemblages, phosphorous content, petrographic characteristics and mineralogical composition of

the lithozones of the studied successions.



Figure 4.3.1 : Pietra da Cantoni Group. A) Channels in the Pietra da Cantoni limestone. B) Uviglie, rhodolith
floatstone, lithozone 2. C) Uviglie, lithozone 5, impure limestone rich in authigenic phosphates. D) Uviglie, lithozone
1, larger benthic foraminifers. E) Uviglie, lithozone 3, barnacles fragments. F) Uviglie, lithozone 4, Phymtolithon sp.

1. G) Uviglie, lithozone 4, Lithothamnion crispatum.
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Barnacles are extremely abundant in lithozones UV3 and UV4 and fragments of
barnacle plates are almost just as common as coralline algae fragments (Fig. 4.3.1E; Tab.
4.3.1). In these lithozones barnacle-encrusted rhodoliths are also very common (further
details on the skeletal assemblages of the Pietra da Cantoni Group are presented in

Chapter 2.4).

Sommiéres Basin. The carbonate factory of the Sommieres Basin, during the lower
Burdigalian, was dominated by bryozoans, coralline algae, barnacles and echinoids (Fig.
4.3.2). In the studied sections of Souvignargues and Pondres the vast majority of skeletal
grains derives from bryozoans and coralline algae, echinoids are abundant, barnacles
and mollusks common, benthic foraminifers rare, brachiopods, serpulids and ostracods
very rare (Fig. 4.3.2B-D; Tab. 4.3.1). Bryozoans are almost always the main producers,
only in lithozone PONS3 coralline algae are slightly more abundant (Fig. 4.3.2D; Tab.
4.3.1). Both rhodoliths and bryozoans macroids occurs in both successions and the latter
are common at the top of Pondres succession (Fig. 4.3.2B-C; further details on the
skeletal assemblages of the Sommieres Basin are presented in Chapter 3.4). Benthic
foraminifers, both larger and small are rare, the former group is entirely represent by a
few rare specimens of Amphistegina; Cibicides, Elphidium and agglutinated forms occur
within the latter (Fig. 4.3.2E).

The skeletal assemblage of Boisseron outcrop is largely dominated by barnacles and
mollusks fragments (mainly oysters), bryozoans and echinoids are common and coralline

algae and benthic foraminifers rare.
Coral-reef limestone of Balza di Rocca Limata. The Messinian coral-reef of Balza di Rocca

Limata (NE Sicily, Southern Italy) belong to the Terravecchia Formation (Grasso and
Pedley 1988). It consist of a large (45m high and 2km wide) in situ deposition formed by
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Figure 4.3.2 : Sommieres Basin. A) Boisseron outcrop. B) Pondres, Lithozone 4;

r=rhodoliths. C) Pondres, above Lithozone 5, bryozoans macroids. D) Pondres, Lithozone
3. E) Pondres, Lithozone 4, Amphistegina. F) Pondres, Lithozone 1, Mesophyllum
roveretoi. G) Pondres, Lithozone 4, ?Lithothamnion sp.2.

122



branched colonies of Tarbellastrea and some, scattered, both massive and branched,
colonies of Porites. The skeletal assemblages is largely dominated by fragments of

hermatypic corals.

Coralline algae distribution

The detailed descriptions of the morphology of the coralline algae described in this

paragraph is presented in the taxonomic appendix (Chapter 6).

Pietra da Cantoni Group. Hapalidiales dominate coralline association of all the
lithozones. Within lithozones UV1-3 Corallinales and Sporolithales contribution is
minimal, while in lithozone UV4 they are more important, albeit not common (Tab.
4.3.2). Actually in UV4, Corallinales and Sporolithales occur associated together and in
large quantities, in few samples but they are almost completely absent in most of the
others.

The most common and frequently occurring species are: Lithothamnion giammarinoi,
Lithothamnion ponzonense, Lithothamnion crispatum, Lithothamnion/Phymatolithon sp.
3, Phymatolithon sp.1, Mesophyllum roveretoi and Lithoporella melobesioides (Fig.
4.3.1F-G). Mesophyllum galettoi, Mesophyllum ishijimai, Spongites fruticulosus and
Sporolithon sp.1 are locally abundant but they do not frequently occur in the association.
Other species, like Lithophyllum sp.1, Lithophyllum sp.2, contribute only marginally to

the association.

Sommieres Basin. The coralline association of the Sandy Molasse Unit of the Sommieéres
Basin is also largely dominated by Hapalidiales. Corallinales occur in all lithozones
except lithozone PON5 were only Hapalidiales are present. Albeit Corallinales

contribution is small they actually occur in almost every sample; they are especially
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Hapalidiales 99.7% 98.6% 98.2% 83.2% 99.5% 95.2% 100% 85%
Corallinales 0.3% 1.4% 0.8% 8.6% 0.5% 4.8% 0% 9.5%
Sporolithales 0% 0% 1% 8.2% 0% 0% 0% 5.5%
Sporolithon sp. 1 0% 0% 0% 7.7% 0% 0% 0% 8.7%
Sporolithon sp.2 0% 0% 1.5% 0% 0% 0% 0% 0%
Lithophyllum sp. 1 0% 0% 0.4% 0.5% 0.6% 1% 0% 2.6%
Lithophyllum sp. 2 0% 0.1% 0% 0.1% 0% 0% 0% 0%
Spongites fruticulosus 0% 0% 0% 7.2% 0% 3% 0% 0%
Spongites sp. 1 0% 0% 0% 0% 0% 0% 0% 0%
Spongites sp. 2 0% 0% 0% 0% 0% 0% 0% 0%
Lithoporella melobesioides 0.3% 1.3% 0.8% 1.5% 0.1%< 0.1%< 0% 0.1%
Lithoporella minus 0% 0% 0% 0% 0% 0.1%< 0% 0.1%<
Mesophyllum roveretoi 19.4% 2.9% 0% 13.9% 16.5% 42.6% 11.1% 15.9%
Mesophyllum galettoi 0% 19.5% 0% 0% 0% 0% 0% 4.5%
Mesophyllum ishijimai 19% 0% 0% 0% 0% 0% 0% 4%
Mesophyllum sp. 1 0% 0% 0% 0% 0% 0% 0% 17.3%
Mesophyllum sp.2 0% 1.7% 0% 0% 0% 0% 0% 0%
Lithothamnion ponzonense 5.8% 38.8% 0% 6.5% 0% 20.5% 0% 19%
Lithothamnion crispatum 0% 18.7% 0% 8.5% 0% 0% 0% 5.2%
Lithothamnion giammarinot 47.3% 4.9% 32.8% 6% 0% 0% 0% 0%
?Lithothamnion sp. 2* 0% 0% 0% 0% 0% 18.3% 0% 8.2%
Lithothamnion/Phymatolithon sp. 1 0% 0% 0% 0% 0% 1.6% 0% 9.8%
Lithothamnion/Phymatolithon sp.2 0% 0% 0% 0% 0% 0% 39% 0%
Lithothamnion/Phymatolithon sp. 3 0% 2.9% 9% 14.3% 0% 0% 0% 0%
Phymatolithon calcareum 0% 0% 0% 0% 0% 1.2% 0% 0%
Phymatolithon sp.* 0% 0% 0% 0% 59.4% 11.7% 19.3% 4.7%
Phymatolithon sp. 1 0% 7.6% 55.6% 24.4% 23.4% 0% 30.6% 0%
Phymatolithon sp.2 0% 0% 0% 3.9% 0% 0% 0% 0%

Table 4.3.2 : Coralline algae association; in lithozones UV5, UV6 and PON2 due to paucity of coralline the association has

.

not been studied; *= ?Lithothamnion sp. 2 and Phymatolithon sp. are both sensu Hrabovsky et al. 2015.



abundant in lithozone SOUV1. Sporolithales only occur in SOUV1, but is remarkable
that in this lithozone they are very frequent.

The most abundant and frequently occurring species are: Mesophyllum roveretoi,
Lithothamnion ponzonense, ?Lithothamnion sp. 2, Phymatolithon sp. (sensu Hrabovsky et
al. 2015), Phymatolithon sp. 1 and Lithophyllum sp.1 (Fig. 4.3.2F-G).

Mesophyllum sp.1 and Sporolithon sp.1 are common only in SOUV1, the former is quite
abundant in this lithozone. Lithothamnion crispatum, Phymatolithon calcareum,
Mesophyllum galettoi, Mesophyllum ishijimai, Spongites fruticulosus and Lithoporella
melobesioides contribute only marginally to the association (further details on coralline

distribution and trends in Sommieéres basin are presented in Chapter 3.4).

Phosphorous content, petrography and mineralogical composition

Pietra da Cantoni Group. The limestones of the Uviglie section of the Pietra da Cantoni
Group may be separated in two groups from the mineralogical point of view: the pure
limestones (with >90% of carbonate minerals) of lithozones UV1-UV4a and the impure
limestones (with <90% of carbonate minerals) of lithozones UV4b-UV6 (Fig. 4.3.1C; Tab.
4.3.1). This difference in mineralogical composition, resulting from XRD analyses, is
supported by point counting observations that show an increase in the detrital fraction
and in the abundance of authigenic minerals, in particular glaucony but also authigenic
phosphates (Fig. 4.3.3A-B; Tab. 4.3.1). Actually in lithozones UV1-UV4a glaucony grains
are rare, small and pale green in color, while in lithozones UV4b-UV®6 they are larger, of
a deep-green color, and far more common (Fig. 4.3.3A).

The concentrations of both detrital phosphorous (Det-P from here onward) and
biologically-available phosphorous (Bio-P from here onward) are far higher in the impure

limestones than in the pure limestones (Tab. 4.3.1). The average Bio-P content from the
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Figure 4.3.3 : Authigenic minerals. A) Pietra da Cantoni Group, glaucony and authigenic

phosphates. B) Pietra da Cantoni Group, Uviglie, Lithozone 6, glaucony and authigenic
phosphates. C) Sommiéres Basin, Pondres, Lithozone 3, transmitted light microscope,
skeletal grain with authigenic phosphate. D) Sommiéres Basin, Pondres, Lithozone 3, SEM,
backscattered electron image highlights the differences in density between calcite (dark
grey) and the authigenic phosphate (light gray) in the skeletal grain. E) Sommiéres Basin,
Souvignargues, detail of authigenic phosphates (light gray) interweaving with biogenic
calcite (dark grey). F) EDS spectra of the authigenic phosphates.
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pure limestones is 24.92 ymol/g of sample, Det-P contribution is neglible (0.65 ymol/g),
on the other hand impure limestone sample have an average concentration of 91.45
umol/g of Bio-P and of 64.91 umol/g of Det-P. This difference is also supported by XRD
analyses and that shows the abundant presence of Carbonate-Apatite in the impure
limestones (Tab. 4.3.1).

Organic matter analyses show a negligible amount of organic carbon in all the samples.

Sommieres Basin. Pondres and Souvignargues succession of the Sommiéres Basin are
entirely composed of impure limestone (with <90% of carbonate minerals), this is
supported by both XRD analyses and point-counting (Tab. 4.3.1). It must be stressed that
in this instance detrital fraction is underestimated by XRD since limestone rock-
fragments, eroded from the Oligocene and Cretaceous bedrock of the basin, are very
common in the studied successions. Actually according to point-counting analyses the
detrital fraction represents, on average, 1/3 — 1/4 of the rock (Tab. 4.3.1). Authigenic
minerals, both glaucony and phosphates, occur in small amounts in all the lithozones
(Fig. 4.3.3C-F; Tab. 4.3.1). The sample of Boisseron outcrop is also an impure limestone
(79.4% of carbonate minerals, 20.1% of silicate minerals and traces of Carbonate-
Apatite).

Phosphorous concentration is more uniform in Pondres and Souvignargues successions
than in the succession of Uviglie of the Pietra da Cantoni group. The average value of
Bio-P is 40.56 umol/g, the highest values are recorded in SOUV1 and the lowest in PON3
(Tab. 4.3.1). The average value of Det-P is 2.26 nmol/g and only minor differences occur
between the different lithozones (Tab. 4.3.1). Boisseron sample has a Bio-P concentration
of 31.37 ymol/g and a Det-P concentration of 1.79 pmol/g.

Organic matter analyses show only negligible amounts of organic carbon in the samples.
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Coral-reef limestone of Balza di Rocca Limata. The coral-reef limestone is a pure
limestone with 93.7% of carbonate minerals and 6% of silicate minerals; it has a Bio-P
content of 16.78 nmol/g and a Det-P content of 0.89 umol/g.

According to organic matter analyses there is just a negligible amount of organic carbon

in this sample.
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4.4 — Discussion

Skeletal assemblages

Both Sommieéres Basin and Pietra da Cantoni Group benthic skeletal assemblages are
temperate in character. They are dominated by bryozoans, coralline algae, barnacles and
benthic foraminifers and they also lack skeletal elements which are usually common in
tropical assemblages, like corals and abundant green-calcareous algae (Tab 4.3.1). On
the other hand paleontological indicators of tropical climate occur in both sequences.
Larger benthic foraminifers are abundant and diverse in the sequences of the Pietra da
Cantoni Group; in the Sommiéres Basin they are less common and only Amphistegina
occurs, but they are not completely excluded from the association (Fig. 4.3.1; Fig. 4.3.2).
Their presence suggests warm waters with average annual temperature generally above
20°C (Beltzer et al. 1997; Geel, 2000; Langer and Hottinger 2000; Beavington-Penney
and Racey, 2004) Sporolithon sp.1 and Lithoporella melobesioides occur both in the
French and Italian samples and they are typical of warm waters (Adey 1979; Fravega et
al. 1989; Vannucci et al. 1996; Aguirre et al. 2000). General paleoclimatic reconstructions
also suggest warm climate during the lower Miocene and the persistence of tropical
condition in the Mediterranean region during this stage (Zachos et al., 2001; Pomar et al.
2004; Mosbrugger et al. 2005). Furthermore during the Burdigalian there is even a slight
northwards expansion of zooxanthellate corals in the Mediterranean, and symbiont-
bearing corals are recorded even in the northern part of the Alpine Molasse Basin
(Perrin and Bosellini, 2012). Therefore symbiont-bearing corals were present even

further north than the two localities considered in this study.
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Therefore there is an apparent contradiction between the temperate association of the
Sommiéres Basin and of Pietra da Cantoni Group and the general warm-
temperate/tropical climate of the Mediterranean region during the lower Burdigalian.
Nutrients supply strongly affects carbonate producing organism (Hallock and Schalger,
1986; Wood, 1993; Mutti and Hallock, 2003); a shift from corals to coralline algae
domination can occur in response to a modest increase in nutrient flux, while a shift from
corals to a heterotroph-dominated biota can result from a substantial increase in
nutrients flux (Hallock, 2001). In the present-day Gulf of California, consistently with a
strong gradient in nutrients concentration, different carbonate factories exist: coral reefs
dominate in oligotrophic-mesotrophic conditions, coralline algae in mesotrophic-
eutrophic sectors, and bryozoans and mollusks in eutrophic environments (Halfar et al.
2004; Halfar et al. 2006). Along the eastern coasts of Australia experiments on the
recruitment and the early growth of calcareous organism proved that coralline algae and
corals are remarkably more abundant far away from terrestrial run off, while bryozoans
are more common near shore, in nutrient-rich turbid waters (Holmes et al. 1997).
Similar patterns also occur well within equatorial waters. Along the Spermonde shelf
(Sulawesi, Indonesia) river run-off and nutrient abundance reduce water clarity and
restrict hermatypic corals to clear and most shallow water of the shelf (Wilson and
Vecsei, 2005). On the other hand larger benthic foraminifers thrive in the mesotrophic
waters of the shelf and are a major component of the skeletal assemblage (Wilson and
Vecsei, 2005). In situ nutrients-enrichment experiments in tropical waters further
suggest that coral settlement is negatively impacted by an increase in nutrient supply,
bryozoans recruitment is increased and coralline algae cover remains roughly constant
(Jessen et al. 2014).

On the basis of the observable behavior of modern systems, nutrients influence on
carbonate factories has been successfully recognized in the fossil record and has become

a factor that must be taken into account in paleoenvironmental reconstructions (e.g.
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Carannante et al. 1988, Brasier 1995b; Brandano and Corda, 2002; Cunningham and
Collins, 2002; Hageman et al. 2003; Vannucci et al. 2003; Pomar et al. 2004; Reynaud
and James, 2012; Brandano et al. 2016).

According to these strong lines of evidence it is reasonable to assume that nutrients
played a major role in driving out hermatypic corals and fostering the dominance of
heterotroph suspension-feeders (bryozoans and barnacles) and mesophotic and
oligophotic carbonate producers (larger benthic foraminifers and coralline algae) in the
Pietra da Cantoni Group and in the Sandy Molasse Unit of the Sommiéres Basin. During
the Burdigalian the two localities were at the same latitude and they were separated just
by a few hundreds of kilometers, so there was no room for large climatic differences.
Therefore the existing differences between the two environments were, more than likely,
caused by nutrients influence. The coralline-barnacle-larger benthic foraminifers
association of the Pietra da Cantoni limestone probably developed in mesotrophic waters
while mesotrophic-eutrophic conditions fit in perfectly with the bryozoans dominance of

the Sommiéres Basin.

Coralline algae distribution

Hapalidiales largely dominate coralline-algae assemblages in all the lithozones of both
areas (Tab 4.3.2). Most of the algal cover is produced by species of genera Lithothamnion
and Phymatolithon and only in lithozones PON1 and PON4 Mesophyllum species are
dominant (Tab 4.3.2). In tropical and warm-temperate waters the abundance of
Hapalidiales, and of the group Lithothamnion+Phymatholithon in particular, peaks
between middle-platform depth and the lower end of the photic zone (Adey, 1986;
Aguirre et al., 2000). The paleobathymetric indicators in the two localities suggest

instead more shallow-water. Souvignargues succession is characterized by the
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abundance of rock-fragments and the common presence of large rounded pebbles,
suggesting a near-shore depositional environment (Chapter 3.5 for details). Pondres
sequence deposited deeper but the presence of barnacles and rock-fragments still suggest
a not so deep near-shore environment (Chapter 3.5 for details). In the Uviglie section the
spherical morphology of the rhodoliths and the laminar growth form of coralline algae
suggest frequent overturning, this, together with barnacle abundance, point once again
to a not so deep middle-ramp environment for the area of rhodolith formation (Chapter
2.5 for details).

Therefore the presence of oligophotic algae in shallow and mid-depths waters on the
plankton, strongly suggests a reduced light penetration in both localities. This is in
agreement with nutrients abundance. Nutrients directly affect water clarity by
increasing plankton biomass and consequently particulate organic carbon (Hallock and
Schalger, 1986). Furthermore if the source of nutrients is river run off, water
transparency is further reduced by river suspended-load.

Lithothamnion crispatum distribution gives further insight on water clarity in the two
localities. Actually this coralline alga in present-day oceans shows a remarkable
preference toward clear and well-lit waters (Pascelli et al. 2013; Neill et al. 2015). L.
crispatum is common in Uviglie rhodoliths, but is quite rare in the Sommieres Basin,
occurring only in Souvignargues nodules (Tab. 4.3.2), suggesting that in the Sommieres

Basin water transparency was probably lower than in the Pietra da Cantoni area.

Phosphorous concentration

The concentrations of Bio-P measured with SEDEX extraction in the samples faithfully

reflect benthic skeletal assemblages, supporting mesotrophic conditions for the Pietra da

Cantoni Group and mesotrophic-eutrophic waters for the Sommieres basin.
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Off-shore transport

Legend:
I 93 =23 pmol of Bio-P/ g of sample

31

34

24

Pondres

PON1

'PON2

PON3

PON4

Figure 44.1: Bio-P concentration (umol P/ g) in the benthic-skeletal-
grains dominated lithozones studied in the Tertiary Piedmont Basin
and in the Sommiéres Basin




Actually Bio-P concentration in Sommieres Basin samples is higher than in lower part of
the Uviglie sequence (Tab 4.3.1; Fig. 4.4.1). Bio-P concentrations of both localities are
higher than the Bio-P concentration in the coral-reef sample of Balza di Rocca Limata,
which was supposed to have the lowest concentration of phosphorous since coral-reef are
oligotrophic environments (Tab 4.3.1). The highest values of Bio-P are however recorded
in the upper portion of the Uviglie section, dominated by pelagic sedimentation. These
results are also in agreement with XRD analyses that indicate abundant authigenic
phosphates in these samples.

It should be remembered that SEDEX extraction measure phosphorous concentration for
a given weight of sample. This mass of rock corresponds to a volume of rock and
consequently to a sedimentation rate. Bio-P concentrations in the samples are therefore
directly proportional to the concentration of phosphorous in the paleoenvironment and
inversely proportional to the sedimentation rate. Actually when the sedimentation rate
is low, skeletal elements lie exposed at the water-sediment interface for a long time and
authigenic phosphate minerals can develop. Glaucony abundance and maturity are also
directly related to sedimentation rate (Amorosi, 1995; Amorosi, 1997). According to
glaucony distribution and characteristics, the sedimentation rate was lower in the Pietra
da Cantoni area than in the Sommieres Basin. Glaucony is especially abundant and
mature in lithozones UV4b and UV5, which correspond to a major sedimentation break
in the area and to a period of extremely low sedimentation rate. Large and mature
glaucony crystals also occur in lithozone UV6 (Fig. 4.3.3A), testifying a still low
sedimentation rate during the deposition of this lithozone. Consequently the high Bio-P
content of these samples is related to the very low sedimentation rate. Moreover, on
these basis, the difference in Bio-P concentration measured between the Sommieres
Basin and the lower part of Pietra da Cantoni sequence, corresponds to an originally
even larger difference of Bio-P concentration in the paleoenvironment.

Diagenesis is another factor that should not be underestimated since has the potential to
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change the original composition of the sediment through time. Authigenic Ca-P minerals
(Carbonate-fluorapatite) are one of the major sink of Bio-P on continetal margins
(Ruttenberg and Berner, 1993). These minerals are quite resistant to alteration, they are
more resistant than carbonate minerals (calcite, magnesite and dolomite) and display the
same dissolution rate of albite (Guidry and Mackenzie, 2003). Moreover in these
minerals P is preferentially retained in the crystal lattice during the early stages of
dissolution (Guidry and Mackenzie, 2003). Only in the acid condition present within
soils, these minerals can dissolve and lose their phosphorus. However, during organic
carbon analyses no remarkable amount of organic matter was detected, thus ruling out
plant and soil related alteration. Fe-oxyhydroxides are a relatively less stable sink for P.
Under anoxic condition, near the sediment-water interface, the P adsorbed to these
mineral surfaces is released back in to the water column (Krom and Berner, 1981). In
both successions there are no paleoecological indicators that suggest anoxic conditions at
the sea floor, therefore also this phosphorous sink should have not been compromised.
Finally it should also been stressed that the two studied sequences are characterized by
a similar history of short and very shallow burial, limited tectonic deformation and
meteoric diagenesis. Rock texture is also rather uniform and since they have the same
age, also the length of the exposure to meteoric alteration (within the very same climatic
zone) is similar. Therefore if any alteration occurred, it should have modified the original
composition in the same way in both localities, therefore preserving the original
differences.

Taking in to account all these evidences is unlikely that the measured concentrations of
Bio-P are just the random result of different diagenetic alteration. The observed Bio-P
concentrations reflect instead the original differences in nutrients supply which are also
faithfully recorded by the skeletal assemblages and coralline algae association (F'ig.

4.4.1).
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Nutrients supply line

The Pietra da Cantoni carbonate system developed on an isolated bank uplifted by the
rotation of the Alpine Wedge (Maffione et al. 2008) and therefore protected from the
siliciclastic detritus eroded from the Alps. The presence of angular rock fragments,
issued from older formations, suggests the existence of small and low-lying emerged
lands. These small islands however were clearly not a large source of detritus and
nutrients. Actually the lower portion of Uviglie sequence is composed only of very pure
limestone with minimal siliciclastic contribution (Tab. 4.3.1). Accordingly also the Det-P
fraction of total P concentration is minimal (Tab. 4.3.1). After the drowning of the
carbonate platform the detrital fraction become more important since the bioclastic
contribution of the benthic carbonate factory was reduced to almost zero (Tab. 4.3.1).
Within this setting is unlikely that nutrients were supplied by river runoff during the
development of Pietra da Cantoni benthic carbonate factory. An upwelling source is more
consistent with the very low concentration of Det-P in the lower part of the sequence.
The deposition of siliceous ooze westward (and basin-ward) from Pietra da Cantoni area
support this hypothesis (Bonci et al. 1990). The increase of Det-P in the upper part of
Uviglie sequence is simply related to the increased importance of the detrital fraction
due to the low sedimentation rate caused by the decrease of carbonate production.
Differently from the Pietra da Cantoni, the Sommieéres Basin was almost completely
enclosed by land and was connected to the open sea by a flooded paleo-incised valley
(Reynaud and James, 2012). Accordingly the contribution of the detrital fraction is
remarkably more important than in Pietra da Cantoni limestones. Det-P concentration is
also higher than in the lower part of the Uviglie sequence and there is a correlation
between the detrital fraction and the total phosphorous concentration (Tab 4.3.1). The
near-shore area of Souvignargues actually has higher phosphorous concentration than

the more off-shore area of Pondres (Tab 4.3.1). It is therefore likely than in the
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Sommieres Basin the source of nutrient was land based, either due to small rivers or

directly from the runoff of the land.

Paleoenvironmental reconstruction

The carbonate factories of Pietra da Cantoni of the Tertiary Piedmont Basin and of the
Sandy Molasse Unit of the Sommieres Basin developed during the Burdigalian in the
Northern part of the Mediterranean region. The climate in the period was warm (sub-
tropical to warm-temperate) in the whole area and symbiont-bearing corals were present
even in the Northern part of Alpine Molasse Basin (Pomar et al. 2004; Mosbrugger et al.
2005; Perrin and Bosellini, 2012; Fig. 1.4.2). However these two carbonate systems are
characterized by “temperate” carbonate factories due to nutrients influence.

In the Tertiary Piedmont Basin (Fig. 1.4.2), the mesotrophic condition along the Pietra
da Cantoni ramp foster the development of a rhodalgal carbonate factory (sensu
Carannate et al. 1988), dominated by crustose coralline algae, with important
contribution of larger benthic foraminifers and barnacles. The source of nutrients is the
moderate upwelling of water from the deeper western sector of the Tertiary Piedmont
Basin. Since they have low-light requirements coralline and larger benthic foraminifers
are not affected by the reduced water clarity and can thrive along the ramp. Barnacle
abundance is promoted by the high concentration of particulate organic matter
suspended in the water column and by the strong currents that sweep the ramp,
ensuring turbulence.

The Sommieres Basin is located a few hundreds of kilometers westward, on the other
side of the rising mountains range of the Alps, along the coasts of the Alpine Molasse
Basin, near its junction with the Western Mediterranean (Reynaud and James, 2012;

Fig. 1.4.2). In this tide-dominated inlet a bryo-rhodalgal (sensu Carannate et al. 1988)
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carbonate factory develops. Small ephemeral rivers and direct terrestrial runoff provide
the strong injection of nutrients in the basin that foster bryozoans dominance. The
mesotrophic-eutrophic turbid waters of the basin favor suspension-feeders heterotrophs
over light-dependent organism. Larger benthic foraminifers are almost driven out from
the association and only the stress-resistant taxa are able to survive. Coralline algae,
which can live even with very-low levels of light, are still present and locally abundant

but alway less common than in the mesotrophic Pietra da Cantoni ramp.
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4.5 — Conclusions

The carbonate factories of the lower part Pietra da Cantoni Group of Tertiary Piedmont
Basin and of the Sandy Molasse Unit of the Sommiéres Basin developed in the
Mediterranean region in the Burdigalian, during a period of warm climate in the area.
Due to the abundant nutrients supply, most sub-tropical taxa were driven out from the
association. Low-light coralline algae were able to thrive in these shallow turbid-waters
and heterotrophs suspension feeders flourished thanks to the plentiful supply of
particulate organic carbon.

The rhodalgal carbonate factory of the Pietra da Cantoni grew up in mesotrophic waters
on an isolated bank affected by upwelling currents. At the same latitude, mesotrophic-
eutrophic waters fostered the development of a bryo-rhodalgal carbonate factory in the
semi-enclosed Sommieéres Basin. In this inlet nutrients supply was land-based and its
high rate favored bryozoans dominance over coralline algae and almost completely wiped
out larger benthic foraminifers and the nutrient-sensitive coralline algae species like
Lithothamnion crispatum.

Paleontological results are in complete agreement with geochemical analyses on
phosphorus content. The latter actually indicates remarkably higher abundance of
biologically-available phosphorous in the bryo-rhodalgal association than in the
rhodalgal association. This proves that SEDEX sequential extraction is a viable
instrument to investigate paleo-nutrient levels in neritic carbonates, opening new

research possibilities in the field of paleoenvironmental reconstructions.

139



The integrated approach of this study has revealed a clear ecological distribution of

Miocene Mediterranean carbonate-factories, based on nutrients abundance:

> Hermatypic corals in oligotrophic environment.

> Coralline algae, larger benthic foraminifers and heterotrophs supension feeders in

mesotrophic environment.

> Bryozoans, coralline algae and other heterotrophs suspension-feeders in

mesotrophic-eutrophic environment.

Nutrients availability, like temperature and hydrodynamic energy, strongly influences
benthic organisms and controls carbonate facies associations. Their influence is
preserved within the fossil record and paleontological and geochemical analyses can

extract these information, improving the knowledge of Earth past.
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5 — Conclusive Remarks

The integrated and detailed analyses of the two Miocene carbonate sequences studied in
this thesis has produced remarkable scientific results which can be applied in different

geographical areas and other epoch of Earth History.

» The investigation of the Pietra da Cantoni Group suggested that the observed
rhodalgal facies in a warm-water context could be connected to a non-oligotrophic
environment. The study also proved that rhodoliths are useful tools in the
reconstructions of carbonate system with a high rate of sediment transport.
Rhodoliths during their growth bind skeletal grains of their native environment
and preserve them after transport and burial in deeper settings. In the event that
the carbonate factory is lost or unobservable, the transported rhodoliths may

provide information on the shallow-water environment where they grew up.

» Bryozoans dominance in the Sandy Molasse Unit of the Sommiéres Basin was
probably related to non-oligotrophic conditions. The wealth of particulate organic
carbon suspended in the waters of the basin fostered heterotrophs dominance at
the expenses of water clarity. The paleontological study also proved that
quantitative analysis of coralline distribution is useful for bathymetric
reconstructions. Order-level distribution is an important source of information, and
a more accurate reconstruction can be achieved through species-level

identification. Within the Sommieéres Basin three species proved to be good proxy
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of shoreline proximity (Spongites fruticulosus, Lithophyllum sp.1, Sporolithon
sp.1), another to be a deep-water dweller (Phymatolithon sp.1), and other two to be
able to thrive over most of the photic zone (Mesophyllum roveretoi and

Lithothamnion ponzonense).

» The comparison of the two sequences based on paleontological and geochemical
evidences, highlighted the potential of SEDEX extraction in studying paleo-
nutrient levels and the sensitivity of benthic organism to nutrients influence.
Nutrients supply-rate had a major influence over the distribution of Miocene
skeletal assemblages in the Mediterranean, fostering hermatypic corals in
oligotrophic waters, coralline algae and larger benthic foraminifers in mesotrophic
conditions and bryozoans in mesotrophic-eutrophic waters. Within this context the
complete dominance of Hapalidiales in a shallow warm-water setting, appears to

be an important indicator of turbidity and a clue of nutrients abundance.

These two carbonate sequences were chosen to minimize climatic and geographical
variability and to concentrate over productivity. However, it would not have been possible
to study nutrients influence, without having first thoroughly investigated both
environments. Only with a sound understanding of the whole benthic community and its
evolution through time and space, is possible to identify the effects of a single variable,
which, together with many others, shapes the environment of a carbonate platform. This
works proves that with this integrate and accurate approach is possible to unveil precious
information stored in coarse-grained shallow-water limestones.

Nutrients have left a clear imprint on marine biota through time, and the results of this
influence are preserved within the fossil record. Dig up these information will improve

our knowledge of Earth past and of the future evolution of modern ecosystems.
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6 — Appendix

Coralline Algae Taxonomical Remarks

This chapter is dedicated at the detailed description of the most common and abundant
species of coralline algae identified in the Pietra da Cantoni Group of Tertiary Piedmont
Basin and in the Sandy Molasse Unit of the Sommieres Basin. Details of their
distribution in the above mentioned carbonate sequences, are presented in Chapter 2,
Chapter 3 and Chapter 4.

The description of Lithothamnion crispatum is presented in the form of the paper with

which the fossil species has been synonymized with its modern relatives.
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6.1 — Sporolithon sp. 1

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL & SAUNDERS, 2007
Order Sporolithales LE GALL et al. 2009
Family SPOROLITHACEAE VERHELJ, 1993

Genus Sporolithon HEYDRICH, 1897
Description

Encrusting to warty-fruticose growth form (Fig. 6.1.1A-B). Protuberances cylindrical up
to 8 mm long and 6 mm wide (Fig. 6.1.1A). Thalli with monomerous organization, with
crustose portions 500 um to over 1mm in thickness (Fig. 6.1.1C). Non-coaxial ventral core
up to 200 um but generally thinner; interposed secondary ventral core are present in the
protuberances (Fig. 6.1.1D-F). Ventral core cells are rectangular, 7 to 14 pm in diameter
and 11 to 25 ym in length (Tab. 6.1.1). Peripheral zone cells are rectangular, 7 to 14 pm
in diameter 5 to 23 ym in length (Fig. 6.1.1D; Tab. 6.1.1). Cell fusions are present.
Trycocytes have not been observed. Epithallial cells have not been observed.
Compartments are grouped into slightly raised sori (Fig. 6.1.1E-H). Sori are 300 to 1750
um in length (Fig. 6.1.1C). No layer of elongated cells occur below the sori. The
compartments are elliptical in shape; they are 33 to 59 uym in diameter and 76-115 ym in
height (Tab. 6.1.1). Compartments are separated by 1 or 2 filaments of cells (very rarely
3-4) composed of 4 to 5 cells (Fig. 6.1.1E-H). No calcified stalk-cell was observed within
compartments.
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Diameter Height

Ventral core (hypothallus) cells [um] 7-14[9.7 mean; 2.1 s.d.] 11-25[16 mean; 2 s.d.]
Peripheral zone (perithallus) cells [um] 7-14[11 mean; 2 s.d] 5-23[13.5 mean; 4 s.d.]
Sporangial compartments [um] 33-59 [49 mean; 8 s.d.] 76-115[91 mean; 11 s.d.]

Table 6.1.1 : biometry of Sporolithon sp. 1
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Figure 6.1.1: Sporangial thallus of Sporolithon sp. 1. A) TPB, Lithozone 4, thallus overview. B) Sommiéres,
Souvignargues, thallus overview. C) TPB, Lithozone 4, thallus overview. D) TPB, Lithozone 4, detail of the peripheral
zone. E) TPB, Lithozone 4, vegetative and reproductive anatomy; white arrow=ventral core. F) Sommieéres,
Souvignargues, vegetative and reproductive anatomy; black arrow=ventral core. G) TPB, Lithozone 4, detail of sporangial
cavities. H) Sommieres, Souvignargues, detail of sporangial cavities.
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6.2 — Lithophyllum sp. 1

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order CORALLINALES SILVA and JOHANSEN, 1986
Family Corallinaceae LAMOUROUX, 1812
Sub-family Lithophylloideae SETCHELL, 1943
Genus Lithophyllum PHILIPPI, 1837

Description

Encrusting growth form (Fig. 6.2.1). Thalli with dimerous organization 100 to 300 pm in
thickness (Fig. 6.2.1). Ventral layer of cells composed of cells square in section, slightly
larger than the cells of the peripheral zone, 10 to 19 ym in diameter and 9 to 20 ym in
height (Tab. 6..2.1; Fig. 6.2.1C). Peripheral zone cells are rectangular to square in section,
well-defined cell walls separate adjacent filaments and cell fusion have not been
observed. There is a clear lateral alignment of cells of adjacent filaments and the thallus
has a net-like appearance, cells are 7 to 16 uym in diameter and 8 to 19 um in length (Tab.
6.2.1; Fig. 6.2.1C-F). Trycocytes have not been observed. Epithallial cells have not been
observed. Uniporate conceptacles chambers are 140 to 215 ym in diameter and 50 to 85

um in height (Tab. 6.2.1: Fig. 6.2.1D-F). The conceptacles protrude from the surrounding
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thallus surface, the pore canal is conical in shape, tapering toward the conceptacle roof

(with a base of up to 50 uym in diameter and a length of up to 35 um). The central part of
the floor of the conceptacle is slightly raised (Fiig. 6.2.1D-E). The roof of the conceptacles
is characteristically formed by one or two rows of cells longer than the surrounding cells,

measuring 20-25 ym in length (Fig. 6.2.1E-F).

Diameter Height
Ventral layer (hypothallus) cells [um] 10-19 [14 mean; 3 s.d.] 9-20 [14 mean; 4 s.d.]
Peripheral zone (perithallus) cells [um] 7-16 [11 mean; 2 s.d.] 8-19[13 mean; 4 s.d.]
Conceptacles [um] 140-215 [185 mean; 40 s.d.] 50-85 [70 mean; 10 s.d.]
H/D ratio 0.37 mean; 0.08 s.d.

Table 6.2.1 : biometry of Lithophyllum sp. 1

Remarks

This species is remarkably similar to Lithophyllum nitorum, a modern Atlantic species,
reported by Braga and Aguirre (1995) in the Neogene of Spain. The holotype (Adey and
Adey, 1973) is characterized by a thin thallus with a dimerous structure and conceptacles
raised above the surrounding surface of the thallus. Lithophyllum sp.1, the Atlantic
holotype of L. nitorum and L. nitorum of the Neogene of Spain have the same general
morphology. Conceptacles are similar: they are small, with a slightly raised floor that can
be interpreted as a columella and they have short conical pore canal. Furthermore, they
all have a layer of cells longer than the peripheral-zone average, in the conceptacle roof.
However significant differences exist in both reproductive and vegetative anatomy. The

cells of the peripheral zone of the modern Atlantic species are smaller (5 to 13 um of
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diameter and 5 to 11 um of length) than those of Lithophyllum sp. 1. On the other hand
conceptacles are significantly larger (255 to 385 um of diameter and 100 to 135 pm
height; Adey and Adey, 1973). The L. nitorum of the Neogene of Spain has similar cell
size but larger conceptacles, the chambers are 216 to 396 uym in diameter and 84 to 168
um height (Braga and Aguirre, 1995). Therefore, albeit Lithophyllum sp. 1 may be

related to L. nitorum, it cannot be consider a conspecific.
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Figure 6.2.1 : Lithophyllum spl. A) BTP, Lithozone 4, thallus overview. B) Sommieres,

Pondres, Lithozone 1, thallus overview. C) Sommieres, Pondres, Lithozone 1, vegetative
anatomy; black arrow=dimerous hypothallus. D) Sommieéres, Pondres, Lithozone 1,
vegetative and reproductive anatomy; black arrow=dimerous hypothallus. E) Sommieres,
Pondres, Lithozone 1, conceptacles; black arrow=row of enlongated cells on conceptacle roof.
F) Sommieres, Pondres, Lithozone 1, detail of an asexual conceptacle; black arrow=row of

enlongated cells on conceptacle roof.
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6.3 — Spongites fruticulosus

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order CORALLINALES SILVA and JOHANSEN, 1986
Family Corallinaceae LAMOROUX, 1812
Genus Spongites KUTZING, 1841

Spongites fruticulosus KUTZING, 1841

Description

Thallus encrusting or warty to fruticose (Fig. 6.3.1). Crustose portions up to 1 mm thick.
(Fig 6.3.1A). Protuberances up to 2 mm in diameter and more than 2 mm in length.
Dimerous and monomerous organizations coexist on the same thallus (Fig. 6.3.2). In
portion with monomerous organization the ventral core is non-coaxial, plumose and
composed of large rectangular cells, 10 to 40 uym in length and 8-18 um in height (Tab.
6.3.1; Fig. 6.3.1D). The ventral layer of cells, in portion with dimerous organization, is
composed of large cells with the shape of a parallelogram, 10 to 21 ym in diameter and 15
to 17 um of height (Tab. 6.3.1; Fig. 6.3.1E). The peripheral zone has growth lines and cell
shapes range from rectangular to pentagonal. The cells of the peripheral zone have a
diameter of 6 to 13 uym and they are 9-24 um high (Tab. 6.3.1; Fig. 6.3.1). The fusions
between cells of adjacent filaments are extremely common and therefore the peripheral

zone has a messy appearance (Fig. 6.3.1). Each cell filament terminates at the thallus
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surface with a single, dome-shaped, epithallial cell, like in the modern species (Fig.

6.3.2A-B). Trichocytes have not been observed.

Uniporate conceptacles slightly protrude above the surrounding thallus surface (Fig.

6.3.1C). Conceptacles chambers are flask-shaped, 230 to 550 um in diameter and 95 to

185 ym in height (Tab 6.3.1; Fig. 6.3.1A-C). The base of the pore canal is 60 to 100 um

wide (80 um on average) and the canal is 75 to 170 um long (120 uym on average; Fig.

6.3.1B-C). The roof of the conceptacles is 40 to 65 pum thick (50 ym on average) and is

composed of 3 to 6 layers of cells. The remnants of a short columella can be observed on

the floor of some conceptacles (Fig. 6.3.1B-C).

Diameter Height
Ventral layer (dimerous organization) cells [um] 10-21 [16.5 mean] 15-19[17 mean]
Ventral core (monomerous organization) cells [pm] 8-18[12.6 mean; 3 s.d.] 10-40 [21.5 mean; 7 s.d.]
Peripheral zone (perithallus) cells [am] 6-13[10.5 mean; 2 s.d.] 9-24 [13 mean; 2.5 s.d.]
Conceptacles [um] 230-500 [335 mean; 60 s.d.] 95-185 [135 mean; 30 s.d.]

Table 6.3.1 : biometry of Spongites fruticulosus.
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Figure 6.3.1 : Spongites fruticulosus. A) BTP, Treville, thallus overview. B) BTP, Torre
Veglio Nord, uniporate conceptacle. C) Sommieéres Basin, Pondres, Lithozone 4,
uniporate conceptacle. D) BTP, Torre Veglio Nord, non-coaxial ventral core in a part
of the thallus with monomerous organization. E) BTP, Treville, monostromatic ventral

core in a part of the thallus with dimerous organization
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Figure 6.3.2 : Spongites fruticulosus, details of vegetative anatomy. A)
Epithallial cells of a modern S. fruticulosus of Elba Island. B) BTP, Torre
Veglio Nord, epithallial cells; black arrows=epithallial cells. C) BTP, Torre

Veglio Nord, thallus with both dimerous and monomerous organization; black
arrow=monomerous organization with non-coaxial ventral core; white

arrow=dimerous organization with monostromatic ventral core.
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6.4 — Lithoporella melobesioides

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order CORALLINALES SILVA and JOHANSEN, 1986
Family Corallinaceae LAMOROUX, 1812
Genus Lithoporella FOSLIE, 1909

Lithoporella melobesioides FOSLIE, 1909

Description

Thallus encrusting, consisting of a single, thin, layer of large cells, with a diameter of 11
to 36 uym and 11.5 to 44 um high (Tab. 6.4.1; Fig. 6.4.1). The thallus sprouts radially from
a basal disk that can be observed along section parallel to the surface on which L.
melobesioides grow (Fig. 6.4.1F). The vegetative cells are covered by small, dome-shaped
epithallial cells. Adjacent cells are connected by cell fusions (Fig. 6.4.1B). Trichocytes
have not been observed.
Uniporate conceptacles are remarkably raised above the surrounding thallus surface,
they are 315 to 320 uym in diameter and 200 to 245 pm high (Tab. 6.4.1; Fig. 6.4.1E). The
pore canal is cone-shaped, tapering toward the floor of the conceptacle, the canal is
around 70 pm wide at its opening and is near 130 uym long (Fig. 6.4.1E). The roof of the
conceptacle is composed of irregularly arranged cells and is near 50 um thick (Fig.
6.4.1E).
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Diameter Height

11-36 [24 mean; 7.5 s.d.; 27 11.5-44 [25 mean; 6.5 s.d.; 26

Vegetative cells mode] mode]

Conceptacles [um] 315-320 200-245

Table 6.4.1 : biometry of Lithoporella melobesioides.
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Figure 6.4.1 : Lithoporella melobesioides. A) BTP, Uviglie, Lithozone 4, thallus
overview. B) BTP, Uviglie, Lithozone 4, detail of a series of thalli of L.
melobesioides; black arrow=thallus of L. melobesioides. C) BTP, Uviglie, Lithozone
2, monostromatic thallus. D) Sommieéres, Souvignargues, monostromatic thallus. E)
BTP, Uviglie, Lithozone 4, detail of the reproductive anatomy. F) BTP, Uviglie,
Lithozone 2, detail of the basal disk.
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6.5 — Lithoporella minus

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order CORALLINALES SILVA and JOHANSEN, 1986
Family Corallinaceae LAMOROUX, 1812
Genus Lithoporella FOSLIE, 1909

Lithoporella minus JOHNSON, 1964

Description

Thallus encrusting, consisting of a very thin single layer of cells, with a diameter of 8 to
19 um and 11 to 21 um high (Tab. 6.5.1; Fig. 6.5.1). Crusts are commonly formed by
various thalli stacked on each other (Fig 6.5.1). The thallus sprouts radially from a basal
disk that can be observed along section parallel to the surface on which L. minus grow
(Fig. 6.5.1C). Adjacent cells are connected by cell fusions. Trichocytes have not been

observed. All the observed specimens were infertile.

Diameter Height

Vegetative cells 8-19[12 mean; 3 s.d.; 27] 11-21[14.5 mean; 2.5 s.d.]

Table 6.5.1 : biometry of Lithoporella minus.
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Figure 6.5.1 : Lithoporella minus. A) BTP,
Treville. B) Sommiéres Basin, Pondres, Lithozone

4. C) Sommieéres Basin, Pondres, Lithozone 4,

basal disk D) BTP, Treville.
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6.6 — Mesophyllum roveretoi

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order Hapalidiales NELSON et al., 2015
Family Hapalidiaceae GRAY, 1864 (emended HARVEY et al., 2003)
Subfamily Melobesioideae BIZZOZERO, 1885
Genus Mesophyllum LEMOINE, 1928

Mesophyllum roveretoi CONTI, 1943

Description

Encrusting to warty growth form (Fig. 6.6.1). Protuberances are formed by various thalli
stacked onto each other. Crusts 200 to 800 um thick (Fig. 6.6.1B-D). Monomerous
organization, coaxial ventral core 100 to 150 um thick (Fig. 6.6.2A-B). Ventral core cells
elongated and rectangular in section, 5 to 12 pm in diameter and 10 to 30 um in length;
the shortest cells are at the periphery while the longest are at the center of the ventral
core (Tab. 6.6.1; Fig. 6.6.2A-B). Peripheral zone with the irregular alternation of larger
cells and smaller cells (Fig. 6.6.2C). The cells of the peripheral zone are elongated and
rectangular in section, 5-10 um in diameter and 6-15 um in height; larger and longer cells
(up to 35-50 um) border multiporate conceptacles (Tab. 6.6.1; Fig. 6.6.2). Cells of adjacent
filaments are connected by cells fusion, the fusion are very common in both the

peripheral zone and the ventral core (Fig. 6.6.2). Trichocytes have not been observed.

160



Epithallial cells have not been observed.

Multiporate sporangial conceptacles are moderately raised above the surrounding thallus
surface (Fig. 6.6.2D-F). Conceptacle chambers are elliptical in shape, 190 to 450 ym in
diameter and 90 to 250 um high (Tab. 6.6.1: Fig. 6.6.2D-F). The chambers are very often
filled by large adventitious cells (Fig. 6.6.2F). The roof of the conceptacles is flat, 25 to 60
um thick (Tab. 6.6.1). The pore canals are conical and taper toward the roof; they are 10
to 20 pm wide and 30-40 pum long (Tab. 6.6.1).

Gametangial plants are dioecious.

The male gametangial thallus has the same vegetative anatomy of the sporangial thallus
(Tab. 6.6.1; Fig. 6.6.3). Uniporate male gametangial conceptacles are slightly raised from
the surrounding thallus surface, the chambers are very narrow and flask-shaped, they
measure 170 to 325 uym of diameter and they are 40 to 120 um high (Tab. 6.6.1; Fig.
6.6.3D-E). The pore canals are narrow (about 30 pym wide) and short. Conceptacle roof is
30 to 40 pm thick.

The female gametangial plant vegetative anatomy is similar to those of the male
gametangial and sporangial plants (Tab. 6.6.1; Fig. 6.6.4). Unfertilized uniporate female
conceptacles are raised from the surrounding thallus surface, the chambers are narrow
and flask-shape, they measure 180 to 250 ym in diameter and they are 50 to 100 uym high
(Tab. 6.6.1; Fig. 6.6.4C). The pore canals are cone-shaped, narrow (about 30 ym wide) and
short (Fig. 6.6.4C). The roof of the conceptacle is 35 to 70 um thick. After presumed
karyogamy, carposporophytes develop within female conceptacles and the chambers
become larger, 380 to 500 ym in diameter and 135 to 155 um high (Tab. 6.6.1; Fig.
6.6.4D-E). The floor of the carposporangial conceptacles generally presents a central

columella (Fig. 6.6.4D-E).
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Sporangial thallus

Diameter Height
Ventral core (hypothallus) cells [pm] 5-12[7.5 mean; 2 s.d.] 10-30 [19.3 mean; 5 s.d.]
Peripheral zone (perithallus) cells [am] 5-10[6.85 mean; 1 s.d.] 6-15[11.1 mean; 2 s.d.]
Conceptacles [um] 190-450 [305 mean; 50 s.d.] 90-250 [165 mean; 25 s.d.]
H/D ratio 0.35-0.69 [0.55 mean; 0.09 s.d.]
Roof thickness [um] 25-60 [45 mean]
Pore canal 10-20 [13.5 mean] 30-40 [35 mean]
Male gametangial thallus
Ventral core (hypothallus) cells [um] 5-9[7 mean; 1s.d.] 10-30[18.1 mean; 6 s.d.]
Peripheral zone (perithallus) cells [am] 4-8[5.7 mean; 1 s.d.] 7-15[11 mean; 2.5 s.d.]
Conceptacles [um] 170-325 [265 mean; 55 s.d.] 40-120 [80 mean; 25 s.d.]
H/D ratio 0.18-0.4 [0.3 mean; 0.06 s.d.]
Female gametangial thallus
Ventral core (hypothallus) cells [um] 5-10[7.5 mean; 2 s.d.] 10-37[18.5 mean; 7.5 s.d.]
Peripheral zone (perithallus) cells [pm] 5-9[6.75 mean; 1 s.d.] 5-17[11.1 mean; 2.5 s.d.]
Conceptacles unfertilized [pm] 180-250 [220 mean; 60 s.d.] 50-100 [70 mean; 25 s.d.]
Carposporangial conceptacles [um] 380-500 [425 mean] 135-155 [145 mean]

Table 6.6.1 : biometry of Mesophyllum roveretoi.
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Figure 6.6.1 : Mesophyllum roveretoi. A) BTP, Uviglie, Lithozone 4, thallus overview. B)

Sommieres Basin, Pondres, Lithozone 1, thallus overview. C) Sommiéres Basin, Pondres,
Lithozone 1, thallus overview. D) BTP, Uviglie, Lithozone 4, reproductive anatomy. E) BTP,
Uviglie, Lithozone 4, equatorial section of multiporate conceptacles. F) Sommieres Basin,

Pondres, Lithozone 4, reproductive anatomy.
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Figure 6.6.2 : Mesophyllum roveretoi. A) BTP, Uviglie, Lithozone 2, coaxial

ventral core. B) BTP, Uviglie, Lithozone 4, coaxial ventral core. C) BTP,
Treville, detail of the peripheral zone. D) BTP, Uviglie, Lithozone 4,
multiporate conceptacle. E) BTP, Uviglie, Lithozone 4, multiporate conceptacle.

F) Sommieres Basin, Pondres, Lithozone 4, multiporate conceptacle.
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Figure 6.6.3 : Mesophyllum roveretoi, gametangial male thallus. A)

Sommieres Basin, Pondres, Lithozone 1, thallus overview. B) Sommieéres
Basin, Pondres, Lithozone 1, coaxial ventral core; white arrows=coaxial
ventral core of male M. roveretoi; black arrow= coaxial ventral core of an
asexual M. roveretoi thallus. C) Sommieres Basin, Pondres, Lithozone 1,
uniporate conceptacles. D) Sommieres Basin, Pondres, Lithozone 1;

uniporate conceptacle.
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Figure 6.6.4 : Mesophyllum roveretoi, gametangial female thallus. A) BTP, Treville, thallus

overview. B) BTP, Treville detail of zone peripheral zone. C) Sommieres, Pondres, Lithozone

4, unfertilized female conceptacles. D) BTP, Treville, carpsporangial conceptacle; black

arrow=columella. E) BTP, Treville, carpsporangial conceptacle; black arrow=columella.
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6.7 — Lithothamnion ponzonense

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order Hapalidiales NELSON et al., 2015
Family Hapalidiaceae GRAY, 1864 (emended HARVEY et al., 2003)
Subfamily Melobesioideae BIZZOZERO, 1885
Genus Lithothamnion HEYDRICH, 1897

Lithothamnion ponzonense CONTI, 1943

Description

Encrusting to warty growth form (Fig. 6.7.1; Fig. 6.7.2). The protuberances (2. mm in
diameter and more than 2.5 mm of length) are formed by various thalli stacked onto each
other. Thalli have a thickness of 200 um to 1 mm (Fig. 6.7.1; Fig. 6.7.2). Plants with
monomerous organization with a non-coaxial ventral core 50 to 150 um thick (Fig.
6.7.1C); interposed, thin, secondary ventral core are common between stacked thalli.
Ventral core cells are rectangular in section, 11 to 23 pm in length and 6-15 pm in
diameter (Tab. 6.7.1; Fig. 6.7.1C). Peripheral zone is characterized by lensoid zones
created by the irregular alternation of larger and smaller cells (Fig. 6.7.1; Fig. 6.7.2).
Peripheral-zone cells are square to rectangular in section, 7 to 17 pm high and 6 to 12 uym
wide (most common values around 10x10um; Tab. 6.7.1). At the sides of the conceptacle

chambers, cells are significantly longer (Fig. 6.7.1; Fig. 6.7.2). Cells of adjacent filaments
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in the thallus are connected by cell fusions. Trichocytes have not been observed.
Epithallial cells have not been clearly observed.

Multiporate sporangial conceptacles are slightly raised above the surrounding thallus
surface (Fig. 6.7.1; Fig. 6.7.2). Conceptacle chambers are rectangular to elliptical in
shape, 190 to 500 ym in diameter and 70 to 150 um high (Tab. 6.7.1; Fig. 6.7.1; Fig.
6.7.2). Conceptacles with a remarkably larger diameter, created by the merging of two
nearby conceptacles, were observed in most of the specimens (Fig. 6.7.1A; Fig. 6.7.2.D).
Conceptacles chambers are sometimes filled by large adventitious cells (Fig. 6.7.2). The

roof of the conceptacles is 20 to 40 um thick (Tab. 6.7.1; Fig. 6.7.1; Fig. 6.7.2).

Description of the Holotype

Encrusting to warty growth form (Fig. 6.7.3). The protuberances (2mm in diameter and 3
mm of length) are formed by various thalli stacked onto each other. The thallus has a
thickness of 200 um to 1 mm. Plants with monomerous organization with a non-coaxial
ventral core 50 to 150 um thick; interposed, thin, secondary ventral core are common
between stacked thalli (Fig. 6.7.3D). Ventral core cells are rectangular in section, 9 to 21
um in length and 8-13 ym in diameter (Tab. 6.7.1; Fig. 6.7.3D). Peripheral zone
characterized by lensoid zones created by the irregular alternation of larger and smaller
cells (Fig. 6.7.3). Peripheral-zone cells are square to rectangular in section, 7 to 16 pm
high and 8 to 13 ym wide (Tab. 6.7.1; Fig. 6.7.3). At the sides of conceptacle chambers
cells are remarkably longer. Cells of adjacent filament in the thallus are connected by cell
fusions. Epithallial cells are flattened; sub-epithallial initials are long as or slightly
longer than their inward derivatives (Fig. 6.7.3F).

Multiporate sporangial conceptacles are slightly raised above the surrounding thallus

surface (Fig. 6.7.3G-H). Conceptacle chambers are rectangular to elliptical in shape,
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315 to 470 pym in diameter and 90 to 120 ym high (Tab. 6.7.1; Fig. 6.7.3G-H). Larger
conceptacles, created by the merging of two nearby conceptacles, were observed (Fig.
6.7.3C). Conceptacles chambers are often filled by large adventitious cells (Fig. 6.7.3E).
The roof of the conceptacles is 15 to 35 pum thick.

In the holotype a female gametangial thallus is also preserved (Fig. 6.7.4). The plant has
the same vegetative anatomy of the sporangial thallus (Fig. 6.7.4). Unfertilized uniporate
female conceptacles are small and narrow (Fig. 6.7.4D). After presumed karyogamy,
carposporophytes develop within the female conceptacles, the chambers become larger,
495 to 500 pm in diameter and 110 to 140 ym high (Tab. 6.7.1; Fig. 6.7.4A-C). The pore
canal is cone-shaped and broad, 100 ym wide and 150 um long. The floor of

carposporangial conceptacles may presents a central columella (Fig. 6.7.4A).

Sporangial thallus (Sommieéres Basin and Pietra da Cantoni Group)

Diameter Height
Ventral core (hypothallus) cells [pm] 6-15[9.8 mean; 2 s.d.] 11-23 [16.5 mean; 2.5 s.d.]
Peripheral zone (perithallus) cells [nm] 6-12[9.4 mean; 1.5 s.d.] 7-17[10.9 mean; 2 s.d.]
Conceptacles [um] 190-500 [320 mean; 80 s.d.] 70-150 [115 mean; 20 s.d.]
H/D ratio 0.22-0.47 [0.34 mean; 0.06 s.d.]
Roof thickness [um] 20-35 [26 mean]
Holotype Sporangial thallus (Ponzone, NW Italy)
Ventral core (hypothallus) cells [pm] 8-13[10.3 mean] 9-21 [15 mean]
Peripheral zone (perithallus) cells [am] 8-13[10 mean; 1.2 s.d.] 7-16[11.9 mean; 2.2. s.d.]
Conceptacles [um] 315-470 [390 mean] 90-120 [105 mean]
H/D ratio 0.21-0.35 [0.28 mean]
Roof thickness [um] 15-35 [25 mean]
Holotype Female gametangial thallus (Ponzone, NW Italy)
Carposporangial conceptacles [um] 495-500 110-140

Table 6.7.1 : biometry of Lithothamnion ponzonense.
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A)

, BTP, Uviglie, Lithozone 2

Figure 6.7.1 : Lithothamnion ponzonense

Thallus overview; white arrow=fused (double) conceptacles. B) Vegative and

reproductive anatomy. C) Non-coaxial ventral core. D) Detail of the peripheral

F) Multiporate conceptacle.

zone. E) Multiporate conceptacle.
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Figure 6.7.2 : Lithothamnion ponzonense, Sommiéres Basin, Pondres. A) Lithozone 1,

thallus overview. B) Lithozone 4, thallus overview. C) Lithozone 4, multiporate
conceptacles. D) Lithozone 1, multiporate conceptacles; white arrow= conceptacles in
the process of fusing together. E) Lithozone 1, detail of a multiporate conceptacle. F)

Lithozone 1, couple of multiporate conceptacles filled by adventitious cells.
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Figure 6.7.3 : Lithothamnion ponzonense, holotype, Miocene, Ponzone, NW Italy. A) Thallus

overview. B) Overview of the female gametangial thallus. C) Vegetative and reproductive anatomy;
white arrows=fused (double) conceptacles. D) Secondary ventral core. E) Zoned peripheral zoned
with conceptacles filled by adventitious cells; black arrows=conceptacles filled by long cells. F)
Epithallial layer, with sub epithallial intial slightly longer that their invard derivatives; black

arrow= epithallial layer G) Multiporate conceptacle. H) Multiporate conceptacle.
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Figure 6.7.4 : Lithothamnion ponzonense, female gametangial plant;

holotype, Miocene, Ponzone, NW Italy. A) Overview of the female
gametangial thallus; white arrow=central columella of a
carposporangial conceptacle. B) Carposporangial conceptacle. C)

Carposporangial conceptacle. D) Unfertilized female conceptacle.
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6.8 — Lithothamnion crispatum

Lithothamnion crispatum : long-lasting species
of non-geniculate coralline algae (Rhodophyta,

Hapalidiales)

Giovanni Coletti
Juraj Hrabovsky

Daniela Basso

Carnets de Geologie — Notebooks on Geology (2016, under review).
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Introduction

According to taxonomic uniformitarianism it is possible to extrapolate the ecological
significance of modern species to their fossil counterparts. In most cases this core
principle of paleoecology can be safely applied at least for paleoenvironments not older
than the Miocene (Haunold et al. 1997; Aguirre et al. 2000). To accomplish this goal,
recent species need reliable identification in the fossil record achievable through the
application of the same criteria used in biological classification. In this way, the
biological and paleontological classifications can be made consistent as far as fossil
preservation allows. For coralline algae this approach has been developed in various
contributions (Braga et al. 1993; Basso et al. 1996; Basso et al. 1997; Rasser and Piller,
1999; Rasser and Piller, 2000; Bassi et al. 2009; Iryu et al. 2009; Aguirre et al. 2012;
Woelkerling et al. 2014; Hrabovsky et al. 2015).

The aim of this paper is to contribute to this development by introducing a new
diagnostic character never seen nor described before in the fossil material: the presence
of pits surrounding the pore canals in the roof of the sporangial conceptacles. This is the
key morphological feature of the non-geniculate coralline Lithothamnion crispatum
Hauck 1978, unknown as a fossil until now. Fossils from the Pleistocene and the Miocene
have been compared with modern Mediterranean specimens of L. crispatum to assess
and study their relationship. The modern cosmopolitan distribution of L. crispatum
includes the Mediterranean (Bressan and Babbini, 2003; Basso et al. 2011), the Atlantic
Ocean (Keats et al. 2000; Nobrega-Farias et al. 2010), the Indian Ocean (Silva et al.
1996), the Pacific coast of Australia (Harvey et al. 2003) and the northern coast of New
Zealand (Neill et al. 2015). Living specimens have been collected from 2 to 80 m of water

depth, as rhodoliths or crusts attached on hard substrates, particularly in well lit waters
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(Keats et al. 2000; Nobrega-Farias et al. 2010; Basso et al. 2011; Pascelli et al. 2013;
Neill et al. 2015).

This species has a complex taxonomic history (details in Basso et al. 2011). In 2000 Keats
et al. established that Lithothamnion superpositum is conspecific with Lithothamnion
indicum. Subsequently Nobrega-Farias et al. (2010) merged L. superpositum with
Lithothamnion heteromorphum. Finally, in 2011 Basso et al. synonymized L.
heteromorphum with L. crispatum, the Mediterranean species with nomenclatural
priority. As a consequence of these taxonomic revisions, the geographic and ecological
distribution of the species has become very broad, encompassing all the oceans and both
hemispheres. The key feature that allowed synonymizing these species is the occurrence
of pits over the roof of the multiporate conceptacles, a unique feature among Hapalidiales
and a diagnostic feature in the delimitation of this Lithothamnion species (Wilks and
Woelkerling, 1995). These roof pits are the consequence of the disintegration of the
outermost cells in filaments surrounding the pore canals. In the resulting structure the

pore canal is slightly raised in the center of a rosette of degenerate cells.
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Material and methods

The specimens analyzed come from different localities, with some being studied in
previous investigations (Table 1). Different specimens from the same sample or from the
same outcrop were grouped together for analysis. Morphological data on Recent L.
crispatum come from samples collected in the Egads Archipelago of the western

Mediterranean (Marettimo Island, Basso et al. 2011).

Geographic Position Age N° of thin sections Collector Useful references
NW Italy-Tertiary Piedmont Basin-Villa San Bartolomeo Burdigalian 1 Vannued G. Vannuceietal, 1996 and Coletietal,
NW Italy-Tertiary Piedmont Basin-Uviglie Burdigalian 3 ae ek i
NW Italy-Tertiary Piedmont Basin-Torre Veglio b 9 Veomoi G coralline algae flora
s ? 3 A Reynaud and James, 2012, for finther details on the
S France-Sommiéres Basin-Souvignragues Burdigalian 1 GC sokipical Gty G b heis
Czech Republic-Central Parathethys-Zidlochovice L 1 JH
Filipescu and Girbacea, 1997; Kovacet al.,
Romania-Central Parathethys-Lopadea Veche B s e PN 1 JH 2005; Saint Martin et al,, 2007 Dolakova et
al., 2008; Hrabovsky et al., 2015, for
Slovakia-Parathethys-Stupava-Vrchna Hora Upper Langhian 1 JH information regarding the geological setting
and coralline algae flora
Slovakia-Parathethys-Sandberg Lower Servavallian 1 JH
S Italy-Sicily-Castelluccio Pleistocene 3 DB

Table 6.8.1 : Fossil samples analyzed.

Fossil samples were cut with an abrasive rock saw, and the porosity was then filled with
epoxy resin. The surfaces were polished with silicon carbide and glued onto standard
glass slides. The excess material was subsequently cut off and the thickness of the
sample was reduced to less than 30 uym. The thin sections of coralline algal samples were
then observed under light microscope to study and measure their anatomical features.
Growth-forms terminology follows Woelkerling et al. (1993). Vegetative anatomy was
measured along longitudinal radial sections (Quaranta et al. 2007; Vannucci et al. 2008).
The diameter of the cells was measured including the cell wall; cell length was measured

as the distance between two primary pit connections including the cell wall (Basso et al.
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1996). Conceptacles were measured along their axial section (i.e., the longitudinal section
that cuts a conceptacle medially so that the pore canal is completely visible Afonso-
Carillo et al. 1984), in accordance to Quaranta et al. (2007) and Vannucci et al. (2008).
Very large conceptacle chambers, clearly resulting from the merging of two nearby
conceptacles, were not considered in statistical analyses. The diameter of the roof pits
was measured either in the axial section of conceptacles or in the equatorial section
tangential to the roof-top layer of cells. The length of the degenerate cells (i.e., the depth
of the roof pit around the pore canal) was measured in the axial section of the
conceptacles.

Analysis of variance (ANOVA) was employed to support the morphological comparison of
the specimens and Levene's test was used to assess the equality of variances. Since
ANOVA can analyze only one character at time, the H/D ratio of asexual conceptacle
chambers was used, because it summarizes both conceptacle dimensions. In order to
analyze differences and similarities between the samples further, multivariate statistics
were performed with PRIMER 6 (Kruskal, 1977; Field et al. 1982; Clarke and Gorley,
2006). Bray-Curtis (B-C) samples similarity was calculated on average standardized
values of the ventral core (hypothallium) and peripheral zone (perithallium) cell size,
conceptacles diameter (D) and height (H), H/D ratio and roof thickness. The size of roof
pits was not included in this analysis because of the small number of observations in the
fossil and because no reference values was available for the modern specimens. Results,

based on B-C similarity, were plotted as hierarchical agglomerative dendrograms.
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Results

Systematic Paleontology

Class Florideophyceae Cronquist, 1960
Sub-class Corallinophycidae Le Gall & Saunders, 2007
Order Hapalidiales Nelson et al., 2015
Family Hapalidiaceae Gray, 1864 (emended Harvey et al., 2003)
Subfamily Melobesioideae Bizzozero, 1885
Genus Lithothamnion Heydrich, 1897

Lithothamnion crispatum Hauck, 1878

Habit and vegetative structure. Fruticose to foliose growth form (Fig. 6.8.1).
Protuberances from cylindrical to lamellate, up to 6 mm long and 3 mm wide and
commonly club-shaped. Thalli with monomerous organization, with crustose portions 100
to 500 um thick (Fig. 6.8.2A-B). Ventral core up to 100 um thick composed of plumose
filaments that arch toward the thallus surface to form the peripheral zone (Fig. 6.8.2.C).
Ventral core cells are rectangular, 9 to 28 ym in length and 6 to 12 ym in diameter (Tab.
6.8.2). Peripheral zone with alternation of larger cells and smaller cells (Fig. 6.8.2A).
Peripheral zone cells rectangular, 8 to 31 um in length and 8 to 15 ym in diameter (Tab.
6.8.2). Primary pit connections connect cells of the same filament while cells of adjacent
filaments are connected by cells fusions (Fig. 6.8.2D); in Recent specimens secondary pit
connections have not been observed (see Basso et al. 2011). Trichocytes have not been
observed. It was not possible to observe clearly the shape of epithallial cells either due to
the abrasion of the upper layer of cells or the excessive thickness of the sections. No

significant difference in length was observed between the alleged sub-epithallial initials
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Figure 6.8.1 : Growth-forms of fossil specimens. A) Branches, Upper Langhian, Slovakia, Stupava-Vrchna Hora. B) Wavy crusts, upper part

of Lower Langhian, Czech Republic, Zidlochovice. C) Crusts in a rhodolith, Burdigalian, NW Italy, Tertiary Piedmont Basin, Villa San
Bartolomeo. D) Branch formed by stacked crusts, Pleistocene, S Italy, Castelluccio. E) Branch formed by stacked crusts, upper part of Lower
Langhian, Romania, Lopadea Veche. F) Epilithic crust, Pleistocene, S. Italy, Castelluccio.



L.crispatum

L.crispatum

L.crispatum

L.crispatum

L.crispatum

L.crispatum

pat! pat! art of upper part of L.crispatum ;
Burdigalian Burdigalian upperparto pperpart o . Pleistocene Recent
Tertiary Piedmont Basin mogz:.wnmmm Basin Hbﬁmn% Fgmgmb Lower Langhian Cmmu er H.M_ﬂ MWM an Castelluccio Marettimo
NWltaly SFrance Zidlochovice Lopadea Veche upavaslovaiia S. Italy S Mediterranean
CzechRepublic Romania
Thallus organization monomerous monomerous monomerous monomerous monomerous monomerous monomerous
\V 1 Non coaxial Non coaxial Non coaxial Non coaxial Non coaxial Non coaxial Non coaxial
entral core structure plumose plumose plumose plumose plumose plumose plumose
11-28 um 10-28 um 9-26 um 10-26 um 13-25um 11-34um
VC cells length [16 mean; 3.25.d.;n=80] /" [16.8 mean; 4.55.d.;n=30] | [16.7mean; 3.65.d.;n=32] | [169mean:355.d;n=42] |  [18mean;n=10]  |[18.6mean;4.25.d.;n=258]
: 7-12nm 7-121m 7-11pm 6-11 pm 7-11pm 5.5-15um
VC cells height [9.6 mean: 1.65.d.;n=80] " [10.5 mean; 1.55.d.;n=30] | [9.6mean;1.25.d;n=32] | [9mean:155.d;n=42] [85mean;n=10] | [9.5mean;2.25.d;n=258]
PF zonation yes yes yes yes yes yes yes
PF cells1 ht 8-22pum 10-15pum 9-20 pm 8-31um 11-20 pm 9-19 pm 7-25 pm
cells leng [13.3 mean;2.3s.d.;n=160]| [12.5mean;1.5s.d.;n=30] | [13.7mean;3s.d.;n=50] | [14.3mean;4.5s.d.;n=50] | [13.8 mean;2.4s.d.;n=42] | [13.2mean;2.5s.d.;n=90] | [15mean;3.1s.d.;n=332]
PF cells diamet 8-14pum 9-12um 9-13um 9-15um 9-12um 8-13um 7-16m
cells diameter [10.2 mean;0.9s.d.;n=160]| [10.5mean;1.5s.d.;n=30] | [10.5 mean;0.9s.d.;n=50] | [11.2mean;1.2s.d.;n=50] | [10.4mean;0.9s.d.;n=42] | [10.4mean;1s.d.;n=90] | [12mean;1.7s.d.;n=332]
Conceptacle 265-425 pm P 280-510 pm 265-415 m 260-495 1m 290-550 pm 270-720 pm
chamber diameter [340 mean; 55s.d.;n=30] [355 mean;60s.d.;n=15] | [350 mean;50s.d.;n=14] | [390mean;80s.d.;n=14] | [425mean;70s.d.;n=22] | [430 mean; 128s.d.;n=18]
Conceptacle 90-135 m / 95-140 pm 110-145 pm 110-150 pm 105-190 pm 100-315 pm
chamber height [115mean;10s.d.;n=30] [115mean; 15s.d.;n=15] | [130mean;10s.d.;n=14] | [125mean;15s.d.;n=14] | [140 mean;20s.d.;n=22] | [177 mean;66s.d.;n=18]
Conceptacle 0.29-0.47 pm J/ 0.25-0.49 pm 0.29-0.5um 0.27-0.44pum 0.26-0.39 pm 0.15-0.57 pm
H/D ratio [0.34 mean;0.05 s.d.;n=30] [0.33 mean;0.07 s.d.;n=15]|[0.38 mean; 0.06 s.d.; n=14]|[0.33 mean; 0.06 s.d.; n=14]|[0.33 mean; 0.05 s.d.; n=22]|[0.41 mean; 0.11 s.d.; n=19]
. 27-48 ym 36-50 pm 40-62 um 34-51um 38-54 pym 20-45 pm
Roof thickness [36 mean; 6s.d.;n=30] 4 [42mean;5s.d.;n=15] [50 mean;6s.d.;n=14] [40mean;5s.d.;n=14] [46 mean;6s.d.;n=22] [30 mean]
Number of roof cells 3to4 // 3to4 3to6 3to4 3to5 4t06
. . 19-36 um 26-47um 43-59 pm 26-44 um 26-38 um
Diameter of the pits [28 mean; 5 5.d.;n=20] " [31mean;5sd;n=17] | [49mean;6sd;n=18] | [32mean;4s.d;n=20] | [34mean;3.55.d;n=20] \\
9-20 pm 15-26 pm 20-38 pm 12-24pm 15-24um
Lenght of the degenerated cells | 14 mean; 45.d.;n=20] \\ [20mean; 3s.d.;n=17] | [29mean;5s.d;n=18] | [18.5mean;35.d;n=20] | [19.3mean;2.5s.d;n=20] Z
Number of rosette cells 6to7 /l / / /l 6 5t07
Oodomvnwn_om position slightly raised slightly raised slightly raised slightly raised slightly raised slightly raised slightly raised

Tab. 6.8.2 : Comparison of features and biometry of modern and fossil L. crispatum. The specimens of L. crispatum from the
Lower Serravallian of Slovakia, Sandberg locality, were poorly preserved. Since it was not possible to make an appropriate

number of measurements for most of the parameters, they are omitted from the table; VC= ventral core; PF=peripheral zone;

s.d. =standard deviation; /= insufficient data cover.




Figure 6.8.2 : Vegetative anatomy. A) Thick crust, upper part of Lower

Langhian, Romania, Lopadea Veche. B) Thin crust, upper part of Lower
Langhian, Romania, Lopadea Veche. C) Plumose ventral core, Burdigalian,
NW Italy, Tertiary Piedmont Basin, Torre Veglio. D) High-magnification
detail of a secondary ventral-core and of the overlying peripheral zone,
Burdigalian, NW Italy, Tertiary Piedmont Basin, Uviglie, Lithozone 2; white

arrow=cell fusion; black arrows=cell filaments with visible primary pits.
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Figure 6.8.3 : Reproductive anatomy. A) Multiporate conceptacle, Burdigalian, NW Italy,
Tertiary Piedmont Basin, Villa San Bartolomeo. B) Multiporate conceptacle, Pleistocene, S.
Italy, Castelluccio. C) Multiporate conceptacle, upper part of Lower Langhian, Romania,
Lopadea Veche. D) Multiporate conceptacle, Upper Langhian, Slovakia, Stupava-Vrchna
Hora. E) Conceptacles almost merged (left) and conceptacles fully merged (right), upper part
of Lower Langhian, Romania, Lopadea Veche. F) Conceptacles almost merged, upper part of

Lower Langhian, Czech Republic, Zidlochovice. G) Rosette of degenerated cells around the
pore canals, Pleistocene, S. Italy, Castelluccio. H) Rosette of degenerate cells around the
pore canals, upper part of Lower Langhian, Romania, Lopadea Veche.

183



and their inward derivatives, in agreement with the observations of Recent specimens of
the species (N6brega-Farias et al. 2010, fig. 4; Basso et al. 2011, figs. 6, 10-11).
Reproductive anatomy. Only multiporate conceptacles have been observed in the
specimens studied. Conceptacle chambers are generally subrectangular in shape, 260 to
550 um in diameter and 90 to 190 um in height (Tab. 6.8.2; Fig. 6.8.3A-D). Conceptacles
with very large diameter (generally 700 ym but up to 1000 uym) may result from the
merging of two nearby reproductive chambers, since such large structures were always
observed close to adjacent couples of normal-sized conceptacles with the separating wall
partially dissolved (Fig. 6.8.3E-F). The conceptacles protrude slightly above the
surrounding thallus surface (Fig. 6.8.3A-F). The H/D (height/diameter) ranges between
0.25 and 0.5 (Tab. 6.8.2). The roof of the conceptacle is 27 to 62 ym in thickness and is
composed of 3 to 6 cells (Tab. 6.8.2). The roof of the conceptacles is pitted with
depressions, resulting from the disintegration of the uppermost cells of the filaments
around the pore canals. The roof pits have a diameter ranging from 19 to 59 um (Tab.
6.8.2; Fig. 6.8.3). The degenerate cells are 9 to 38 um in length (Tab. 6.8.2). Rosettes of
degenerate cells around the pore canal were observed in sections tangential to the roof of
the conceptacles, with 6 to 7 cells counted around the pore canal (Tab. 6.8.2; Fig. 6.8.3G-
H).

Statistical analysis. Levene's test verified that the variances of the H/D ratio of the
samples are homogeneous, allowing the use of ANOVA (F distribution with 8 and 97
degrees of freedom). The calculated F-ratio is 1.64, so that we cannot reject the null
hypothesis that the samples belong to a single population. That is, ANOVA demonstrates
that there are no statistically significant differences between the mean H/D ratios of the
conceptacles of the different samples. Multivariate statistical analysis of the main
biometric variables of vegetative and reproductive anatomy shows that all the samples

are grouped together at a very high level of B-C similarity (>90%). The dendrogram
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displays two main clusters: fossil and modern L. crispatum (Fig. 6.8.4). Within the
fossils, the largest difference is recognized between the Romanian sample of Lopadea
Veche and the remaining fossil samples (Fig. 6.8.4). This latter group is characterized by
a >95% of B-C similarity and encompasses samples of different age and different

geographical origin (Fig. 6.8.4).
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Figure 6.8.4 : Multivariate statistical analysis based on B-C similarity of the average value for each
specimen of vegetative cell size and morphological characters of the multiporate conceptacles (see text for
details); hierarchical agglomerative dendrogram. TPB=Tertiary Piedmont Basin, Burdigalian. ZIL=
Zidlochovice, upper part of Lower Langhian, Czech Republic. LV=Lopadea Veche, upper part of Lower
Langhian, Romania. ST=Stupava- Vrchna Hora , Upper Langhian, Slovakia. CAS=Castelluccio,

Pleistocene, S. Italy. MAR=Marettimo, modern, Mediterranean.

Paleoecological distribution and associated skeletal assemblages. The fossils occur in

various depositional environments and are associated with different benthic organisms.
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In the outcrops of Tertiary Piedmont Basin, coralline algae dominate the skeletal
assemblages, with barnacles and larger benthic foraminifers also very common. These
rhodalgal carbonates were deposited in a mesotrophic, high-energy environment at
tropical latitudes (Dercourt et al. 2000; Mosbrugger et al. 2005; Coletti et al. 2015).

The Sommieéres Basin was a small inlet of the Alpine Molasse Basin and located at the
same latitude as the Tertiary Piedmont basin (Dercourt et al. 2000). Bryozoans,
barnacles, echinoids and coralline algae were the main carbonate producers; larger
benthic foraminifers were, in this case, very rare. These heterozoan carbonates were
deposited in a tide-controlled environment under mesotrophic conditions as suggested by
bryozoan dominance and the presence of authigenic phosphates (Reynaud and James,
2012).

Red algal limestones from Zidlochovice were deposited in a stable shallow normal marine
environment with low terrigenous input and seagrass meadows (Dolakova et al. 2008,
2014). The section was deposited in a warm temperate to subtropical climate with
marked seasonality (Dolakova et al. 2014). Coralline algal to coralline algal-bryozoan
limestones point to a cooler environment than the coral — coralline algal limestones of the
southern sites of the Central Paratethys (Dolakova et al. 2008, Kovac et al. 2005).
Limestones from Lopadea Veche correspond to the Garbova de Sus Formation
(Transylvanian Basin) that is characterized by nodular limestones (Filipescu and
Girbacea, 1997). The foraminiferal associations suggest that limestones and marls were
deposited in a shallow water-environment. Other common components are bivalves,
bryozoans and rhodoliths (Filipescu and Girbacea, 1997). The occurrence of patch reefs in
the distinct reefal Podeni Member (limestone of Garbova de Sus Fm.) points to
subtropical conditions (Saint Martin et al. 2007).

Sands, sandstones and limestones of the Stupava Member from the Vienna Basin contain
the large benthic foraminifer Amphistegina (Hrabovsky and Fordinal, 2013) in high

abundance. Sandy limestones were deposited within a dynamic environment of normal
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salinity at the proposed depth of 35-80 m, affected by terrigenous input. The studied site
was located in a warm, temperate to subtropical climatic zone (Hrabovsky and Fordinal,
2013).

The Sandberg Member was proposed for marginal transgressive deposits of the Upper
Langhian of the Vienna Basin (Barath et al. 1994). Limestones were deposited in a
circalittoral or infralittoral environment, on rises protected from terrigenous input
(Barath et al. 1994). Although terrestrial ecosystems suggest a subtropical climatic zone
for these deposits, the marine microfauna indicates a cooling of the environment
compared to the rest of the Langhian period (Kovac et al. 2005).

Heterozoan carbonates of the Pleistocene sequences of Castelluccio are largely dominated
by bryozoans and coralline algae. The fossil association suggests a cool-temperate

climate, probably just slightly colder than the modern Mediterranean’s.
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Figure 6.8.5 : Comparison of conceptacle chamber dimensions
between fossil and recent samples. The long red bar indicates total
range; the pale red rectangle indicates the standard deviation around
the average which is represented by the large vertical black bar.
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Discussion

Comparison between fossil samples. Fossil samples have a remarkably similar vegetative
anatomy, without significant variation in thallus organization or the range and average
size of vegetative cells (Tab. 6.8.2; Fig. 6.8.2).

Reproductive anatomy is also rather uniform among fossil samples (Tab. 6.8.2; Fig.
6.8.3). Both the total range and the average (£ s.d.) interval overlap consistently, for both
conceptacle diameter and conceptacle height (Fig. 6.8.5). Pleistocene specimens have the
largest conceptacles among all the fossils, while those from the Tertiary Piedmont Basin
have the smallest (Table 6.8.2; Fig. 6.8.5). Conceptacle H/D ratio is very consistent
among the samples and most of the average values lie between 0.33 and 0.34 (i.e.,
conceptacle with diameter three times its height; Tab. 6.8.2). Only the sample from the
upper part of the Lower Langhian of Lopadea Veche (Romania) is characterized by a
slightly higher H/D ratio, due to its slightly higher than average conceptacle chambers
(Tab. 6.8.2). ANOVA testing of this morphological parameter confirms that there is very
little variation among the different samples and that they probably belong to the same
statistical population.

Besides conceptacle size, all the other features of the reproductive anatomy of the fossil
samples are remarkably similar. The number of cells that compose the roof and roof
thickness are uniform. Large conceptacles, created by the merging of two nearby
conceptacles, were observed in all the samples (Tab. 6.8.2).

Some differences may be observed in the morphology of roof pits (Fig. 6.8.3G-H). While
the number of cells composing the rosette around the pore canals in the examined
specimens is always 6 to 7, the diameter of the pits and the length of the degenerate cells
are quite variable (Tab. 6.8.2; Fig. 6.8.6). Most of the samples, especially those of the
Tertiary Piedmont Basin, have small and shallow pits (Fig. 6.8.3A-G), but the one from

the upper part of the Lower Langhian of Romania has larger and deeper pits

189



L.crispatum
Pleistocene, S Italy }
Castelluccio
L.crispatum
Lower Serravallian I :
Slovakia Sandberg
L.crispatum L i 3 |
Upper Langhian [ 1 ¥ 1
Slovakia Stupava -
L.crispatum | — ,
upper part of Lower Langhian = ' |
Romania LopadeaVeche
L.crispatum . ; ,
upper part of Lower Langhian ; | i |
Czech Republic Zidlochovice
L.crispatum . s T . |
Burdigalian, NW Italy I T T 1
Tertiary Piedmont Basin
TN T T T N T T N T A I N A N T O T A O O A IO A |
0 5 10 15 20 25 30 35 40 45 50 55 60
Pit Diameter
L.crispatum — \
Pleistocene,S Italy | |
Castelluccio
L.crispatum
Lower Serravallian I :
Slovakia Sandberg
L.crispatu}rln . T ,
Upper Langhian i 4
Slovakia Stupava ! e '
L.crispatum ; =1 . \
upper partof Lower Langhian 1 |
Romania LopadeaVeche
L.crispatum —
upper partof Lower Langhian { i |
Czech Republic Zidlochovice =
L.crispatum ’ =
Burdigalian, NW Italy I 1 |
Tertiary Piedmont Basin ——
TN T T T T N N I A T I T A O U A O O O O O I O
0 5 10 15 20 25 30 35 40

Degenerate cell length

Figure 6.8.6 : Comparison of the size of roof pits between fossil

samples. The long red bar indicates total range; the pale red

rectangle indicates the standard deviation around the average
which is represented by the large vertical black bar.

190



(Fig. 6.8.3C-H,; Fig. 6.8.6). These differences cannot be related to differential preservation
of the structures. Although mechanical and biological abrasion of coralline surfaces are
common, the Romanian sample shows preserved walls between the cells forming the
rosettes (Fig. 6.8.3H), so that abrasion processes must be ruled out. The internal details
of these structures are very well preserved and it is possible to distinguish between the
cavity of the central pore channel and the cavities of the surrounding degenerate cells
(Fig. 6.8.3C). Differential dissolution would have resulted in blurred structures and
therefore this process is also unlikely.

In the dendrogram (F'ig. 6.8.4) the Romanian sample is separated from all other fossils
indicating that, even setting aside the roof pits, this sample is somewhat different from
the others. However taking in to account the other morphological variables, there is still
an almost complete overlap between the ranges and the averages of this sample and
those of the remaining fossils (Tab. 6.8.2). Since the differences are largely overwhelmed
by the similarities and no comprehensive information exists on roof-pit morphological
variability in modern L. crispatum, the Romanian specimens are considered conspecific
with the other fossils examined.

In addition to the fossils discussed above, another specimen studied by Harlan Johnson
(1962; 1964) deserves attention. The specimen is Eocene in age and was collected in the
island of Ishigaki (Ryukyu, southern Japan). It was initially misidentified as
Lithothamnion vaughanii Howe 1919 (Johnson, 1962) and later as Mesophyllum
vaughanii. The published picture shows two conceptacles with clearly pitted roof
(Johnson, 1962, pl. 13 fig. 1; Johnson, 1964, pl. 6, fig. 6). According to Johnson’s
description, the specimen has perithallial cells 10 to 19 pym in length and 8 to 11 ym in
diameter, and conceptacles are 191 to 330 um in diameter and 102 to 132 pm in height
(Johnson, 1964). The vegetative anatomy is similar to that of the other fossils considered
here, but its conceptacles have a significantly smaller diameter. Since a revision of

Johnson’s material is beyond the scope of this work it is impossible to assess with
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Figure 6.8.7 : Comparison of the vegetative anatomy of fossil and recent L.
crispatum. (A) Zoned branch, Recent, Mediterranean, Egadi Islands, Marettimo.
(B) Zoned branch, Upper Langhian, Slovakia, Stupava-Vrchna Hora . (C) Plumose
ventral-core, L. crispatum lectotype, Recent, Rovigno, Mediterranean, Northern
Adriatic, modified after Basso et al. (2011). (D) Plumose ventral-core, Upper

Langhian, Slovakia, Stupava-Vrchna Hora.
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Figure 6.8.8 : Comparison of the reproductive anatomy of fossil and recent L. crispatum.

A) Conceptacle chamber, Recent, Mediterranean, Egadi Islands, Marettimo. B)
Conceptacle chamber, Burdigalian, NW Italy, Tertiary Piedmont Basin, Villa San
Bartolomeo. C) Rosette of degenerate cells around pore canals, Burdigalian, NW Italy,
Tertiary Piedmont Basin, Torre Veglio. D) Rosette of degenerate cells around pore canals,
Recent, Mediterranean, Egadi Islands, Marettimo.
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confidence its conspecificity with L. crispatum as circumscribed in this paper. However,
we suggest that multiporate conceptacles with pitted roofs could have appeared as early

as the Eocene.

Comparison with modern Lithothamnion crispatum. According to Wilks and Woelkerling
(1995), Keats et al. (2000), Nobrega-Farias et al. (2010) and Basso et al. (2011), the
presence of pore canals bordered by a rosette of degenerate cells is a diagnostic feature
that is unique to the genus Lithothamnion. It allows the identification of Lithothamnion
crispatum, so that the fossil specimens examined must be included in this species.
Setting aside this key feature, an accurate and direct comparison with the
Mediterranean specimens (Marettimo, Egadi Islands, southern Tyrrhenian Sea) reveals
that the fossil and modern groups are morphologically extremely similar (Fig 6.8.7; Fig.
6.8.8). The vegetative anatomy is almost identical in both ranges and average values
(Tab. 6.8.2; Fig. 6.8.7). Reproductive anatomy is also similar: the conceptacles of modern
L. crispatum are similar in size to the fossil ones, and so are the H/D ratio and the roof
characteristics (Tab. 6.8.2; Fig. 6.8.8). The multivariate statistical analysis further
emphasizes the similarity between Recent and fossil L. crispatum, since the two groups
are clustered at more than 90% of B-C similarity. On the other hand, it must be
recognized that the multivariate analysis separates the sample from Marettimo from its
fossil counterparts (Fig. 6.8.4). This separation is caused by the larger average size of the
conceptacles of the Recent specimens. The largest difference occurs between the lower
Burdigalian samples of the Tertiary Piedmont Basin and the Marettimo sample, while
the Pleistocene sample from Castelluccio is the closest to the modern one (Tab. 6.8.2; Fig.
6.8.5). However, since the total ranges of the two groups overlap completely, these
differences should be considered within the natural variability of the species (Fig. 6.8.5).
The outcome of the analysis of variance performed on the H/D ratio also strengthens this

hypothesis. The Marettimo specimens and the fossils also share similar morphology and
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a common diameter of the roof pits, length of the degenerate cells, and number of cells in
the rosette (Fig. 6.8.8C-D). Large roof pits, as large as those of the sample from Romania,
were observed in the lectotype from the Adriatic Sea, Mediterranean (Basso et al. 2011,
figs 13-14), suggesting that the size of the roof pits is a quite variable feature.

A general comparison with data from other papers on modern L. crispatum is more
difficult since biometric data are usually provided just as total range, and not all the
variables are measured every time. However, it should be pointed out that although all
the modern specimens are grouped together by the presence of roof pits, minor
morphological differences seem to exist amongst them (Basso et al. 2011, table 1).
Therefore, the variability displayed by the different populations of L. crispatum in the
world's oceans is comparable to, if not greater than, the variability observed amongst the
various fossil populations.

Since no morphological evidence can be used to separate modern L. crispatum from the
fossil corallines analyzed in this work, they must be considered conspecific, and
consequently the stratigraphic range of L. crispatum is extended at least to the

Burdigalian.
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Conclusions

Fossil and modern specimens share the same vegetative and reproductive anatomy and
are characterized by the same unique diagnostic feature: the presence of a rosette of
degenerate cells (a pit in axial sections) around the multiporate conceptacle pore canals.
Both qualitative comparison and statistical analyses show that their morphology is
remarkably similar. The fossil specimens analyzed here are thus conspecific with modern
Lithothamnion crispatum, whose stratigraphic range is extended back at least to the
Burdigalian. The species has been found associated with markedly different skeletal
assemblages and in very varied climatic conditions throughout the Cenozoic. The fossil
record, consistent with its modern cosmopolitan distribution, suggests a remarkable
adaptability. Although the morphofunctional significance of L. crispatum roof pits

remains unknown, they seem to be a successful and persistent feature.
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6.9 — Lithothamnion giammarinoi

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order Hapalidiales NELSON et al., 2015
Family Hapalidiaceae GRAY, 1864 (emended HARVEY et al., 2003)
Subfamily Melobesioideae BIZZOZERO, 1885
Genus Lithothamnion HEYDRICH, 1897

Lithothamnion giammarinoi FRAVEGA et al., 1993

Description

Encrusting thallus with crusts, 100 to 200 um thick in portions without conceptacles,
wherever conceptacles are present the thallus is thicker (Fig. 6.9.1). Thallus with
monomerous organization and thin non-coaxial ventral core composed of small cells
rectangular in section (Fig. 6.9.1C). Peripheral zone with the regular alternation of
smaller and larger cells (Fig. 6.9.1D). Peripheral zone cells are square to rectangular in
section, 5 to 13 ym in diameter and 6 to 14 pm high (Tab. 6.9.1). Cells of adjacent
filaments are connected by cell fusions. Epithallial cells flat; sub-epithallial initial long as
or longer than their inward derivatives. Trichocytes have not been observed
Multiporate sporangial conceptacles rise remarkably from the surrounding thallus
surface (Fig. 6.9.1E-F). Conceptacle chambers are elliptical in shape and very large, 450
to 750 um in diameter and 170 to 320 ym high (Fig. 6.9.1E-F). The roof is convex and
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50-90 um thick. Pore canals are cone-shaped and tapers toward the roof, they are
approximately 20 um wide at the base and 40 uym long (Fig. 6.9.1F).

Female gametangial plants have the same vegetative anatomy of the sporangial plant
(Tab. 6.9.1; Fig. 6.9.2). Carposporangial conceptacles are very large, 940 to 1090 um in
diameter and 250 to 295 pym high, with a pore canal up to 100 ym wide and 170 ym long
(Tab. 6.9.1; Fig. 6.9.2). The floor of carposporangial conceptacles may presents a central

columella (Fig. 6.9.2A).

Sporangial thallus
Diameter Height

Peripheral zone (perithallus) cells [am] 5-13 [8.25 mean; 1.5 s.d.] 6-14.[9.5 mean; 2 s.d.]

Conceptacles [um] 450-750 [585 mean; 100 s.d.]  170-320 [225 mean; 40 s.d.]

H/D ratio 0.29-0.51 [0.38 mean; 0.06 s.d.]
Roof thickness [pm] 50-90 [65 mean]
Female gametangial thallus
Ventral core (hypothallus) cells [um] 6-13 [9 mean] 12-25 [15 mean]
Peripheral zone (perithallus) cells [am] 5-10[7.75 mean; 1s.d.] 7-13 [9.5 mean; 2 s.d.]
Carposporangial conceptacles [pm] 940-1090 [1020 mean] 250-295 [280 mean]

Table 6.9.1 : biometry of Lithothamnion giammarinoi.
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Figure 6.9.1 : Lithothamnion giammarinoi, BTP, Uviglie. A) Lithozone 1,

thallus overview. B) Lithozone 1, thallus overview. C) Lithozone 1, non-
coaxial ventral core; white arrow=non coaxial ventral core. D) Lithozone 1,
zoned perithallus. E) Lithozone 1, multiporate conceptacle. F) Lithozone 4,

multiporate conceptacle.
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Figure 6.9.2 : Lithothamnion giammarinoi, female gametangial thallus,

BTP, Uviglie, Lithozone 1. A) Reproductive anatomy. B) Uniporate female
conceptacle. C) Peripheral zone. D) Detail of the pore canal of the

uniporate female conceptacle in B).
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6.10 — ?Lithothamnion sp. 2

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order Hapalidiales NELSON et al., 2015
Family Hapalidiaceae GRAY, 1864 (emended HARVEY et al., 2003)
Subfamily Melobesioideae BIZZOZERO, 1885

Genus Lithothamnion HEYDRICH, 1897

Description

Growth form fruticose, protuberances 2mm in diameter and several mm in length (Fig.
6.10.1A-C). Thallus with monomerous organization; only the secondary ventral core,
formed above conceptacles, was observed (Fig. 6.10.1D-E). Ventral core organization is
non-coaxial, the cells are rectangular in section, approximately 20 um long and have a
diameter of 11 pm (Fig. 6.10.1D-E). Peripheral zone with the irregular alternation of
short and longer cells (Fig. 6.10.1F). Peripheral zone cells are rectangular, 6 to 12 ym in
diameter and 9 to 20 um high (Tab. 6.10.1). Cells of adjacent filaments are connected by
cells fusions. Epithallial cells were not clearly observed. Trichocytes have not been
observed. Multiporate conceptacles slightly raised above the surrounding thallus surface.

Conceptacle chambers rectangular in shape, 200 to 660 ym in diameter and

201



100 to 160 um high (Tab. 6.10.1; Fig. 6.10.1G-H). The roof is flat and 30 to 45 ym thick
(Tab. 6.10.1; Fig. 6.10.1G-H).

Remarks

On the basis of both vegetative and reproductive anatomy the species observed in the
Sommieéres Basin (Fig. 6.10.1) has been identified as a conspecific of ?Lithothamnion sp.

2 of the Lower Langhian of the Parathethys Basin, identified by Hrabovsky et al. 2015

(Fig. 6.10.2).
Sporangial thallus
Diameter Height
Peripheral zone (perithallus) cells [am] 6-12[8.5 mean; 1.5 s.d.] 9-20[12.5 mean; 3 s.d.]
Conceptacles [um] 200-660 [370 mean; 70 s.d.] = 100-160 [125 mean; 20 s.d.]
H/D ratio 0.37
Roof thickness [ym] 30-45 [40 mean]

Table 6.10.1 : biometry of ?Lithothamnion sp. 2
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Figure 6.10.1 : ?Lithothamnion sp2. A) Sommieres Basin, Sovignargues, free-living branch,
thallus oveview. B) Sommieéres Basin, Pondres, Lithozone 4, free living branch, thallus
overview. C) Sommieres Basin, Pondres, Lithozone 4, reproductive anatomy. D) Sommieres
Basin, Pondres, Lithozone 4, secondary ventral core; black arrow=thin secondary ventral
core. E) Sommieres Basin, Pondres, Lithozone 4, secondary ventral core; black arrow=thin
secondary ventral core. F) Sommieres Basin, Pondres, Lithozone 4, peripheral zone. G)
Sommieéres Basin, Souvignargues, multiporate conceptacles. H) Sommieres Basin,

Souvignargues, multiporate conceptacle.




Figure 6.10.2 : figure 8 Hrabovsky et al. 2015 - ?Lithothamnion sp

2; Lower Badenian (Early Langhian), Krouzek, Carpathian
Foredeep, Czech Republic. A) Section through protuberant portion of
thalli with formerly raised conceptacles buried by continuous growth
of the protuberance; conceptacles are formed at the tips and at the

sides of the protuberance; scale bars=500 pm. B) Detail of

multiporate tetra/bisporangial conceptacle with cells of the roof of
different dimensions from cells of the rest of the peripheral zone;
white arrows=cell fusions in secondary ventral core and peripheral

zone; scale bars=100 pm.
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6.11 — Phymatolithon sp.

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order Hapalidiales NELSON et al., 2015
Family Hapalidiaceae GRAY, 1864 (emended HARVEY et al., 2003)
Subfamily Melobesioideae BIZZOZERO, 1885

Genus Phymatolithon FOSLIE, 1898

Description

Growth form encrusting to warty-fruticose, protuberances several millimeters wide and
several millimeters long (Fig. 6.11.1). The protuberances are formed by various thalli
stacked onto each other. Thallus with monomerous organization; only the secondary
ventral core interposed between stacked thalli, was observed. Ventral core coaxial to
plumose. Peripheral zone remarkably characterized by growth lines created by the
alternation of long and shorter cells (Fig. 6.11.1D). Peripheral zone cells are rectangular
in section, 5 to 9 ym in diameter and 6 to 17 um high (Tab. 6.11.1; Fig. 6.11.1D). Cells of
adjacent filaments are connected by cell fusions. Epithallial cells were not clearly
observed. Trichocytes have not been observed. Multiporate conceptacles slightly raised
above the surrounding thallus surface. Conceptacles elliptical in shape and small (110 to

255 ym in diameter and 70 to 115 um high; Tab. 6.11.1; Fig 6.11.1E-F).
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Conceptacle roof approximately 40 um thick (Tab. 6.11.1; Fig 6.11.1E-F).

Remarks

On the basis of both vegetative and reproductive anatomy the species observed in the
Sommieéres Basin (Fig. 6.11.1) has been identified as a conspecific of Phymatolithon sp. of
the Lower Langhian of the Parathethys Basin, identified by Hrabovsky et al. 2015 (Fig.
6.11.2).

Sporangial thallus
Diameter Height
Peripheral zone (perithallus) cells [pm] 5-9[7.4 mean; 1s.d.] 6-17[10.3 mean; 2 s.d.]
Conceptacles [pm] 110-255 [180 mean; 45 s.d.] 70-115 [95 mean; 15 s.d.]
H/D ratio 0.4-0.65 [0.54 mean; 0.11 s.d]
Roof thickness [um] 40

Table 6.11.1 : biometry of Phymatolithon sp.
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Figure 6.11.1 : Phymatolithon sp. A) Sommieres Basin, Pondres, Lithozone 4, free-

living branch. B) Sommiéres Basin, Pondres, Lithozone 3, free-living branch. C)
Sommieres Basin, Pondres, Lithozone 3, detaail of a ramification of a free living
branch. D) Sommieres Basin, Pondres, Lithozone 4, detail of the zoned perithallus.
E) Sommieéres Basin, Lithozone 3, multiporate conceptacles. F) Sommieres Basin,

Lithozone 3, multiporate conceptacles.




Figure 6.11.2 : figure 13 Hrabovsky et al. 2015 - Phymatolithon sp.; Lower Badenian

(Early Langhian), Zidlochovice, Carpathian Foredeep, Czech Republic. A) monomerous
thalli with non-coaxial VC and zoned PF; gametangial warty
protuberant plant is overgrown by tetra/bisporangial plant, and gametangial conceptacles
are borne on warty protuberance; scale bar=400 um. B) layer of
epithallial cells above cells of the meristem (arrow) that are as long as or shorter than
cells subtending them; scale bar=100 pm. C) multiporate tetra/bispor-
angial conceptacle with flat to slightly concave roof; partly raised conceptacle; scale

bar=100 pm. D) growth zones and gametangial uniporate conceptacles; scale bar=100 pm.
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6.12 — Phymatolithon sp 1.

Systematic Paleontology

Class Florideophyceae CRONQUIST, 1960
Sub-class Corallinophycidae LE GALL and SAUNDERS, 2007
Order Hapalidiales NELSON et al., 2015
Family Hapalidiaceae GRAY, 1864 (emended HARVEY et al., 2003)
Subfamily Melobesioideae BIZZOZERO, 1885

Genus Phymatolithon FOSLIE, 1898

Description

Foliose growth form (Fig. 6.12.1). Single crusts are thin (approximately 100 um); nearby
conceptacles the thallus become thicker (approximately 200-300 um; Fig 6.12.1C-H).
Monomerous organization, plumose ventral core composed of cells with a diameter of 7 to
15 ym and a length of 12 to 35 uym (Tab. 6.12.1; Fig. 6.12.1D-H). The peripheral zone is
very thin, with less than 10 layers of cells. Peripheral zone cells are rectangular to square
in section, 7-11 pym in diameter and 6-15 pm in height (Tab. 6.12.1). Nearby conceptacles
the peripheral zone is thicker and presents growth bands, cells are remarkably longer,
they are 7 to 11 ym in diameter and 8 to 23 ym high (Tab. 6.12.1). Cells of adjacent
filaments are connected by cell fusions. Epithallial cells are rounded; sub-epithallial
initial short as or shorter than their inward derivatives (Fig. 6.12.2A-B). Trichocytes have

not been observed.
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Multiporate conceptacles remarkably raised above the surrounding thallus surface (Fig.
6.12.2C-H). Conceptacles chambers are elliptical in shape and very large, they measure
370 to 650 um of diameter and they are 170 to 250 um high (Tab. 6.12.1; Fig. 6.12.2C-H).
Conceptacle roof is 35 to 80 um micron thick (Tab. 6.12.1; Fig. 6.12.2C-H). Pore canals are
cone shaped, they taper toward the roof and they are 15 to 25 um wide at the base (Tab.
6.12.1; Fig. 6.12.2C-H).

Gamentangial female plants were commonly associated with their asexuate counterparts.
The gamentagial thallus has the same vegetative anatomy and growth morphology of the
sporangial thallus (Tab 6.12.1; Fig. 6.12.1; Fig. 6.12.2; Fig. 6.12.3). Uniporate
conceptacles are very large, 310-660 um in diameter and 100 to 300 um in height (Tab.
6.12.1; Fig. 6.12.3E-H). Conceptacle size is very variable testifying different stages of
carposporophyte-chamber development. Pore canal is 35 to 70 um wide at the base and 70

to 130 um long (Fig. 6.12.3E-H).

Sporangial thallus
Diameter Height
Ventral core cells [um] 7-15[10.7 mean; 2.5 s.d.] 12-35 [21.5 mean; 6 s.d.]
Peripheral zone cells [um] 7-11 [8 mean; 1.1 s.d.] 6-15[9.6 mean; 2 s.d.]
Peripheral zone (nearby conceptacles) cells [um] 7-11 [8.6 mean; 1 s.d.] 8-23 [16 mean; 4 s.d.]
Conceptacles [um] 370-650 [525 mean; 85 s.d.] = 170-250 [190 mean; 25 s.d.]
H/D ratio 0.3-0.5[0.37 mean; 0.06 s.d.]
Roof thickness [um] 35-80 [55 mean]
Gametangial thallus
Ventral core cells [um] 6-13 [8.7 mean] 11-32[17.5 mean]
Peripheral zone cells [um] 5-10[7.5 mean] 6-13[10 mean]
Peripheral zone (nearby conceptacles) cells [um] 6-11[8.3 mean; 1.5 s.d.] 10-23[16 mean; 3 s.d.]
Conceptacles [um] 310-660 [480 mean; 90 s.d.] = 100-300 [210 mean; 90 s.d.]

Table 6.12.1 : biometry of Phymatolithon sp 1.
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Figure 6.12.1 : Sporangial thallus of Phymatolithon sp. 1. A) TPB, Lithozone 4, thallus overiview. B)
TPB, Lithozone 4, thallus overview. C) TPB, Lithozone 4, thallus overview. D) TPB, Lithozone 3,
ventral core. E) TPB, Lithozone 4, ventral core. F) TPB, Lithozone 4, peripheral region. G) TPB,
Lithozone 3, peripheral region nearby a conceptacle. H) TPB, Lithozone 4, normal peripheral region.
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Figure 6.12.2 : Sporangial thallus of Phymatolithon sp. 1. A) TPB, Lithozone 4, detail of epitallial cells; black
arrows=sub-epithallial cells as short or shorter than perithallial cells. B) TPB, Lithozone 4, detail of epitallial cells;
black arrows=sub-epithallial cells as short or shorter than perithallial cells. C) Sommiéres, Pondrés, Lithozone 3,
multiporate conceptacle. D) Sommiéres, Pondreés , Lithozone 3, multiporate conceptacle. E) TPB, Lithozone 4,
multiporate conceptacle. F) TPB, Lithozone 3, multiporate conceptacle. G) TPB, Lithozone 4, multiporate
conceptacle. H) TPB, Lithozone 3, multiporate conceptacle
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Figure 6.13.3 : Gametangial thallus of Phymatolithon sp. 1. A) TPB, overview of the thallus. B) Sommieéres, Pondres,

Lithozone 5, overivew of the thallus. C) Sommiéres, Pondres, Lithozone 5, overivew of the thallus. D) Sommiéres,
Pondres, Lithozone 5, detail of epithallial cells; black arrows=sub-epithallial cells as short or shorter of perithallial
cells. E) Sommieéres, Pondres, Lithozone 5, reproductive anatomy. F) TPB, Lithozone 4, reproductive anatomy. G)
TPB, Lithozone 4, gametangial conceptacle. H) Sommieéres, Pondres, Lithozone 5, gametangial conceptacle.
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