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INTRODUCTION

Diatom-rich deposits represent an intriguing issue for multidisciplinary
researches. Their sedimentological and paleontological analysis may shed light on
past climate conditions and oceanographic circulation patterns, as well as on spatial
and temporal variations of the nutrient supply to oceanic and lacustrine basins (e.g.,
Kemp, 1996; Jordan and Stickley, 2010). Their paleobiological content, often
exquisitely preserved, provides a unique opportunity to reconstruct the ancient
marine biocoenoses (e.g., Bradley and Landini, 1984; Gaudant et al., 1996, 2010;
Carnevale, 20044, b, c; 2006a, b, 2007; Carnevale and Bannikov, 2006; Carnevale
and Pietsch, 2006). Moreover, diatomaceous earths have been investigated for
commercial purposes and oil production (Shukla and Mohan, 2012; Cermefio, 2016).

Thick successions of marine diatomaceous sediments were deposited in the
Mediterranean region during the late Neogene, especially during the early Messinian
(~7-6 Ma). These diatom-rich deposits are usually alternated with organic-rich layers
and marls, forming cyclical successions reflecting orbitally-controlled (precession)
climatic changes (e.g., Hilgen and Krijgsman, 1999; Pérez-Folgado et al., 2003).
Their deposition has been classically linked to the progressive closure of the
connection between the Atlantic Ocean and the Mediterranean Sea (Selli, 1954;
Krijgsman, 2002) at about 7.2 Ma (Kouwenhoven et al., 1999; Kouwenhoven and

van der Zwaan, 2007), which culminated in the extensive deposition of evaporites



(carbonate minerals, gypsum and halite) between 5.97 and 5.33 Ma, during the so-
called Messinian salinity crisis (Krijgsman et al., 1999; Manzi et al., 2013).
However, many aspects of this extensive biosiliceous event are still poorly
understood. Among them, micropaleontology, sedimentology and (silica)
biogeochemistry represent three research fields that have been only marginally
treated. As far as the micropaleontological aspects are concerned, it is worth noting
that in the central Mediterranean, the study of the microfossil content of the upper
Miocene diatomaceous deposits has been mainly focused on the well-exposed and
continuous Sicilian sections of the Caltanissetta basin, in order to define
cyclostratigraphic correlations with other circum-mediterranean localities, especially
in Spain (Sorbas Basin) and Greece (island of Gavdos; e.g., Hilgen and Krijgsman,
1999; Pérez-Folgado et al., 2003). Conversely, the scattered sections outcropping
along the Italian Peninsula have received less attention. Moreover, very few works
attempted to compare both the siliceous and calcareous microfossils recorded in
these sediments (e.g., Bonci et al., 1991; Gaudant et al., 2010), mostly focusing on
the calcareous assemblages. Paradoxically, this resulted in a general overlooking of

the role of silicifiers during an event of significant increase in the opaline deposition.

As far as regards the sedimentology, until now macroscale descriptions have
prevailed over high-resolution approaches, limiting the interpretation of the different
facies, especially the laminated one, that characterizes the diatomaceous deposits of

the circum-mediterranean area. In light of these considerations, and taking into



account the importance of diatom-rich sediments for a comprehensive interpretion
of the paleoceanographic processes in the Mediterranean basin during a critical phase
of its geodynamic evolution, detailed lamina-scale investigations are urgently

needed.

Finally, many aspects concerning the sources of the silica exploited by
diatoms are still poorly understood. In this context, it is interesting to note that a
global enhancement of biosiliceous productivity occurred during the so-called late
Miocene-early Pliocene biogenic bloom (Cortese et al., 2004). This suggests that the
Mediterranean diatomaceous deposition was possibly controlled by the synergistic
effect of regional and supra-regional processes, although the latter have been
overlooked or just briefly discussed (e.g. Ogniben, 1955, 1957; Moissette and Saint

Martin, 1992; EIl Ouahabi et al., 2007).

Following this perspective, the research herein presented is aimed at
addressing the following points: i) the micropaleontological content of the Messinian
diatomaceous deposits and its paleoceanographic significance, with special emphasis
on the biosiliceous assemblages and their relationships with the calcareous ones; ii)
the sedimentological features of these deposits and the mechanisms responsible for
the formation of different microfacies and, especially, lamina-types; iii) the possible
relationships between the Mediterranean and the global opal deposition during the

late Miocene, under the perspective of the silica biogeochemical cycle.



In order to address the first and second points, this research combines the
analysis of siliceous and calcareous microfossil assemblages and provides the first
detailed sedimentological investigation of the upper Miocene diatom-bearing section
of Pecetto di VValenza, located in the Monferrato Arc structural high (Piedmont Basin,
NW ltaly), i.e. the northernmost offshoot of the Mediterranean basin during the late
Miocene.

The third point has been addressed throughout the review of the current state
of knowledge about the lower Messinian Mediterranean diatomites, with particular
focus on the possible terrestrial sources of silica and the processes that may have
promoted their seaward export. Moreover, the paleoclimatic and paleoceanographic
significance of the precessionally-controlled lithological cycles observed in the
Mediterranean diatomaceous successions is proposed, highlighting potential

relationships with the silica biogeochemical cycle.



CHAPTER 1 - INTEGRATED MICROPALEONTOLOGICAL STUDY OF THE
MESSINIAN DIATOMACEOUS DEPOSITS OF THE MONFERRATO ARC
(PIEDMONT BASIN, NW ITALY): NEW INSIGHTS INTO THE
PALEOCEANOGRAPHIC EVOLUTION OF THE NORTHERNMOST

MEDITERRANEAN REGION”

The upper Miocene diatom-bearing section of Pecetto di Valenza (Piedmont,
NW lItaly) represents a unique site for studying the paleoceanographic processes that
occurred before the onset of the Messinian salinity crisis in the northernmost sector
of the Mediterranean basin. The first micropaleontological investigation of the
Pecetto di Valenza section was carried out by Sturani and Sampo (1973), mainly
aimed at characterizing the foraminifer assemblage. Subsequently, Fourtanier et al.
(1991) investigated the matrix embedding a single fish specimen recovered during
the controlled excavations conducted in the Pecetto di Valenza area in the 1980s
(Pavia, 1989), providing a first list of the siliceous microfossils of Pecetto di Valenza.
Finally, Gaudant et al. (2010) reported the first cursory analysis of the microfossil
assemblage of the Pecetto di Valenza section, including diatoms, foraminifers and

calcareous nannofossils. This chapter presents an expanded and integrated analysis

* This chapter is based on Pellegrino, L., Abe, K., Dela Pierre, F., Gennari, R., Lozar, F., Natalicchio,
M., Mikami, Y., Jordan, R.W. and Carnevale, G. (in review). Integrated micropaleontological study
of the Messinian diatomaceous deposits of the Monferrato Arc (Piedmont Basin, NW Italy): new
insights into the paleoceanographic evolution of the northernmost Mediterranean region. Marine

Micropaleontology.
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of foraminifers, calcareous nannofossils, diatoms and other siliceous microfossils,
aimed at better definining the evolution of the biogenic sedimentation at Pecetto di

Valenza.

1. Geological and stratigraphic settings

The Pecetto di Valenza section is located in the Monferrato Arc, the
northernmost tectono-sedimentary domain of the Piedmont Basin (e.g., Piana, 2000;
Fig. 1A). The Piedmont Basin corresponds to a large wedge-top basin filled with
upper Eocene to Messinian sediments that developed in the Alpine retroforeland and
eventually became involved in the Apennine orogeny (Mosca et al., 2010; Rossi and
Craig, 2016; Rossi, 2017). The sedimentary succession of the Monferrato Arc begins
with the Cretaceous-Eocene Ligurian units (‘Argille Varicolori’) that are
unconformably overlain by Oligo-Miocene terrigenous sediments recording the
main evolutionary phases of the Apennine fold and thrust belt (e.g., Piana, 2000).
Since the early Miocene the Monferrato Arc became a structural high separating the
Alessandria Basin from the Po foreland basin (e.g., Frigerio et al., 2017). The
diatomaceous accumulation occurred in the Monferrato Arc for the first time during
the early Miocene (e.g., Bonci et al., 1990); a second stage of increased opaline
deposition, involving other sectors of the Piedmont Basin, took place in the late

Miocene, both before and after the onset of the Messinian salinity crisis (Sturani and



Sampo, 1973; Bonci et al., 1991; Fourtanier et al., 1991; Bonci et al., 1995; Irace,

2004).

In the Pecetto di Valenza area (Fig. 1B), the upper Miocene sedimentary
succession consists of the Sant’ Agata Fossili Marls (Tortonian-lower Messinian) and
of the Cassano Spinola Conglomerates (upper Messinian). The Sant’Agata Fossili
Marls are tectonically juxtaposed against the Cretaceous-Eocene Ligurian units and
consist of cyclically bedded hemipelagites (marls and silty clays) with lens-shaped,
coarse-grained bodies (sandstones and conglomerates) emplaced by gravity flows
(Fig. 1C). The upper part of the Sant’ Agata Fossili Marls is locally characterized by
organic-rich shales (Fig. 1C) and by carbonate and biosiliceous sediments (e.g.,
Frigerio et al., 2017); the latter are described herein. The Cassano Spinola
Conglomerates unconformably overlie the Sant’ Agata Fossili Marls (Fig. 1C) and
consist of fluvio-deltaic and lacustrine deposits with brackish water faunal
assemblages typical of the Lago Mare biofacies. These sediments were deposited
during the final stage of the Messinian salinity crisis (Sturani, 1976; Dela Pierre et

al., 2011, 2016; Frigerio et al., 2017).
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Figure 1. Geological and stratigraphic setting of the Monferrato Arc and Pecetto di Valenza area. A)
Structural sketch map of NW Italy and location of the study area (rectangle). TH — Torino Hill; MO
— Monferrato; AM — Alto Monferrato; BG — Borbera Grue; SVZ — Sestri Voltaggio fault zone; VVL
— Villavernia-Varzi line; IL — Insubric line. B) Geological sketch map of the Pecetto di Valenza area.
C) Sedimentary succession of the Pecetto di VValenza area. Panel A modified from Bigi et al. (1990);

panels B and C modified from Frigerio et al. (2017).



The studied section belongs to the upper part of the Sant’ Agata Fossili Marls
(Fig. 1C). Four lithological units have been distinguished from bottom to top (Fig.
2), including: 1) grayish-greenish homogenous marls (~60 cm-thick; Fig. 2A)
containing plant remains, pteropods, rare bivalves and echinoids; 2) a dark brown
Mn-rich laminated layer (~90 cm-thick; Fig. 2B) typified by rare nuculid bivalves
and fish remains; 3) white-to-pale-brown or yellowish laminated diatomites (~195
cm-thick; Fig. 2C) that yielded a remarkable fossil assemblage (Sturani and Sampo,
1973; Pavia, 1989; Carnevale and Tyler, 2010; Gaudant et al., 2010), mostly
represented by pelagic fishes (mainly myctophids, followed by Alosa elongata,
Lepidopus sp., Syngnathus albyi, Maurolicus muelleri, Scombrid indet., Merluccius
merluccius, Sarda sp., Trachurus trachurus, Archaeotetraodon bannikovi, and small
specimens of Arnoglossus sauvagei and Solea cf. solea), rare crustaceans
(represented by the decapod Necronectes sp. and the cirriped Lepas sp.), abundant
plant remains (e.g., wood fragments encrusted by the small oyster Ostrea cf.
neglecta), and rare seagrasses (Zosteraceae); 4) grayish-greenish homogenous marly

sediments (~120 cm-thick) barren in macrofossils.
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LOWER MESSINIAN
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Hom. marls

Figure 2. Stratigraphic column of the Pecetto di Valenza section (left) and images of the outcrop
(right). A) Homogeneous grayish marls. B) Transition from Mn-rich brownish laminated marls
(below) to diatomites (above). C) The diatomaceous interval.

1.1. Age of the section

The age of the Pecetto di Valenza section is controversial. While some
nannofossil and diatom biozonal markers seem to suggest a late Tortonian age
(Fourtanier et al., 1991; Gaudant et al., 2010), the planktonic foraminifer assemblage
indicates an early Messinian age (Sturani and Sampo, 1973; Violanti, 1996; Gaudant

etal., 2010). In this regard, three points are worth noting: i) the main lower Messinian
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nannofossil biozonal markers, that are mostly oligotrophic taxa (Amaurolithus spp.,
Discoaster spp.), can be underrepresented or even absent in the biosiliceous
sediments, due to the abundance of silica-secreting primary producers which
outcompete the non-siliceous phytoplankton in silica-rich waters (e.g., Egge and
Aksnes, 1992; Garcia-Bernal et al., 2017); ii) the diatom biostratigraphy for the
Mediterranean Neogene has been rarely used and is not updated; moreover, it is
based on the comparison of the circum-mediterranean diatom zonal markers with
those of the Pacific Ocean deposits (e.g., Burckle, 1978; Gersonde and Schrader,
1984), assuming their synchronic occurrence in very different paleogeographic and
paleoceanographic settings; this assumption makes the Mediterranean zonation
scheme highly questionable; and iii) conversely, the planktonic foraminiferal
biostratigraphy for the Mediterranean Neogene is very well-constrained, widely
applied and updated (e.g., Lirer et al., 2019). Indeed, in the sediments underlying the
diatom-rich unit Sturani and Sampo (1973) observed the presence of Globorotalia
acostaensis, G. continuosa, G. scitula, G. incompta, G. humerosa, Orbulina universa
and O. suturalis, whereas in the diatom-rich unit, they identified G. acostaensis, G.
humerosa, Turborotalita multiloba, G. dutertei, O. universa and O. suturalis.
Gaudant et al. (2010) also identified Globigerinoides eamesi, G. conomiozea and G.
praemargaritae. The presence of T. multiloba, an undisputable lower Messinian
planktonic marker whose first common occurrence is dated at 6.415 Ma (e.g., Sierro
et al., 2001), strongly supports the attribution of the studied section to the early

Messinian (e.g., Gennari et al., 2019). This conclusion is also confirmed by the
11



occurrence of the Messinian calcareous nannofossil Reticulofenestra rotaria
(Young, 1990; Raffi et al. 2003) and by the pteropod Cavolinia gypsorum (Sturani

and Sampo, 1973; see also Zorn, 1997; Merle et al., 2002).

2. Material and methods

The sampling campaign for micropaleontological investigations was
conducted on the section outcropping along the crossroad called ‘Strada Molina’
(44°58°50.2°°N, 8°40°30.8”’E), next to the village of Pecetto di Valenza. The upper
homogenous marly layer originally reported by Sturani and Sampo (1973) and Pavia
(1989) was not recorded during the fieldwork, because of the extensive vegetation
and soil cover. The section was systematically sampled every ~15 cm, obtaining four
samples from the lower homogeneous marls, six samples from the laminated Mn-
rich layer, and 11 samples from the diatomaceous layer. The samples were collected
using horizontally-oriented C-shaped metal boxes of ~15x4x4 cm, in order to obtain
small sediment cores of equal thicknesses.

Each sample was then separated in two aliquots: one half was removed for
the study of the foraminifers, while the remaining portion was smeared all along its
thickness for the study of calcareous nannofossils and siliceous microfossils.

For the investigation of foraminifer assemblages, about 150 g of dry sediment

were treated with hydrogen peroxide for 12 hours, gently washed, sieved into grain
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fractions greater than 125 pum and 63-125 pum and weighed. Quantitative analyses
were carried out on the residue greater than 125 um and every sample was split into
two aliquots containing approximately 300 planktonic and benthic foraminifer tests,
respectively. Foraminifers were picked and classified at the species or genus level.
Globigerina bulloides and G. falconensis were grouped in the G. bulloides gr. and
all the neogloboquadrinids were lumped into the Neogloboquadrina gr. The
Rectuvigerina specimens either occur with only triserial, triserial then biserial and
triserial, biserial and then uniserial enrollments; these three types are more easily
recognizable according to their test lengths, which varies from 200 to >550 pum and
are accordingly distinguished in the plots. The taxonomy of this group is rather
complicated (see Thomas, 1980); apart from the relatively short, only-triserial
morphotypes, in the samples analyzed it is possible to recognize both thick (R.
cylindrica gaudrynoides), thin (R. cylindrica cylindrica) and compressed (R.
bononiensis) tests, which are generally prevalent. To avoid a taxonomic bias, the
three taxa were lumped together in the Rectuvigerina gr. Another noteworthy group
is represented by the epiphytic taxa, including Elphidium spp., Rosalina spp.,
Discorbis spp., Cibicides refulgens, Cibicides labatulus, Neoconorbina spp. and
Astigerinata spp. (Langer, 1993). Despite its overall low frequency, this group is
considered herein since it includes species requiring a substratum (mostly
represented by macrophytes), thereby living within the euphotic zone in an inner

shelf environment.
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For the investigation of calcareous nannofossils, samples were prepared as
simple smear slides (Bown and Young, 1998), scratching the surface (about 6.25
cm?) of each cored sample onto a cover-slide, then adding a drop of distilled water
to the powder. The suspension was dried on a hot plate, smeared with a toothpick on
the cover-slide, and permanently mounted with Norland Optical Adhesive 61.
Counting of at least 500 specimens was performed to obtain relative abundances at
the species level; the raw data were later transformed as percentages of the total
assemblage. The search for rare but biostratigraphically useful taxa (Discoaster spp.,
Amaurolithus spp.) was also performed on a given area of the slide (4.5 cm?), but is
not reported due to the rare occurrence of such taxa. Reticulofenestra minuta and R.
haqii (small reticulofenestrid taxa, with open central area) have been clustered into
the Reticulofenestra < 5 um group, and R. perplexa and R. producta
(reticulofenestrid < 8 um, with closed central area) into the R. antarctica group.

For the investigation of siliceous microfossils, each subsample (~2 g) was
first transferred into a beaker. Then, hydrogen peroxide and hydrochloric acid were
added, in order to remove the organic matter and the carbonate fraction, respectively.
A few grams of sodium pyrophosphate were also added in order to remove the clay
particles attached to the surface of microfossils. The beaker was then placed on a hot
plate (~70°C), until the effervescence vanished. Then, pure water was added and the
solution decanted at room temperature. After at least 8 hours, the supernatant was
aspirated with a vacuum pump, paying attention not to remove the sediment settled

on the bottom of the beaker. Various cycles of washing, decantation and supernatant
14



aspiration were repeated, until the pH of the solution was raised to ~7. Around 100
ML of each solution was pipetted onto a coverslip and dried on a hot plate (~70°C).
The coverslip was then fixed onto a slide glass with mounting media. Permanent
slides were observed at 500x, using a light microscope. A minimum of 250 diatoms
were counted for each subsample, as well as all the associated siliceous microfossils
encountered. In order to improve the identifications, further observations were
carried out using a scanning electron microscope (JEOL JSM 6510 LV). A few drops
of each solution were pipetted into a filter holder with ~200-250 mL of distilled water
and filtered onto a HA-type nitrocellulose Millipore filter (47 mm diameter, 0.45 pm
porosity) that was then air-dried and stored in a plastic Petri dish. A 5x5 mm piece
of each filter was then cut, glued onto an aluminum stub and sputter coated with gold

in an Eiko IB-3 ion coater, then observed in the SEM.

3. Results

Well-preserved planktonic and benthic foraminifers (Figs. 3, 4A-F) and
calcareous nannofossils (Figs. 3, 4G-O) have been identified all along the section.
Among the planktonic foraminifers, it is worth to mention the occurrence of
Turborotalita multiloba, a biozonal marker that supports the attribution of the
Pecetto di Valenza section to the early Messinian (e.g., Lirer et al., 2019; Figs. 4A-
B). Conversely, well-preserved siliceous microfossils have been identified only in

the diatomaceous interval (Figs. 3, 5-8). However, it is worth to mention that strongly
15



etched centric diatoms and sponge spicules have been observed in the Mn-rich level

during preliminary SEM observations (see below).

3.1. Foraminifers

3.1.1. Planktonic foraminifers

The lower part of the homogeneous marls (samples 1 and 2) is characterized
by a high abundance of planktonic foraminifers. This group is dominated by the
Globigerina bulloides gr. and by Turborotalita quinqueloba, showing opposed
abundance trends (Fig. 3); the Globoturborotalita gr. records its maximum
abundance (>15%) own to the common G. druryi. The neogloboquadrinids are
subordinated and show a shift from prevalent left-coiled to right-coiled specimens
(ca. 75%), a ratio that is maintained up to the top of the Mn-rich interval (Fig. 3).
The Globigerinoides gr. is rare (<2%). The upper part of the homogeneous marls
(samples 3 and 4) records a reduction of both planktonic and benthic abundance but
the composition of the assemblage is transitional to that of the Mn-rich laminated
marls, as right-coiled neogloboquadrinids became gradually prevalent among
planktonic at the expense of the Globoturborotalita gr. and of T. quinqueloba (Fig.
3). At the same time the Globigerina bulloides gr. retains common occurrences and

the Globigerinoides gr. records the maximum abundance (5-7%). Along the Mn-rich
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interval a clear upward trend of increasing relative abundance (45 to >60%) of the
Neogloboquadrina gr. is recorded, which culminates at the base of the diatomaceous
marls; neogloboquadrinids are still prevalently right-coiled (ca. 75%), but the coiling
ratio starts to decrease at the base of the diatomaceous marls (Fig. 3). The G.
bulloides gr. describes an opposite trend decreasing from 33% down to ca. 20% at
the Mn-rich/diatomaceous marls transition (Fig. 3). The other taxa are relatively
uncommon, each accounting for 5 to 10%. From the middle part of the diatomaceous
marls to the top of the section the only evident trend is the increase of T. quinqueloba
and the decrease of the Globoturborotalita gr., while the dominant taxa, the G.
bulloides gr. and the neogloboquadrinids show fluctuations in the range of 20 to 30%
and 40 to 50%, respectively (Fig. 3). Short-living excursion of increased left-coiled
neogloboquadrinids are recorded in the diatomaceous marls; the most pronounced of

which show values as high as ca. 70% (Fig. 3).

3.1.2. Benthic foraminifers

Benthic foraminifers are characterized by low abundances in the lowermost
homogeneous marls (Fig. 3), where their diversity is relatively high; however, a
marked prevalence of Cibicidoides pseudoungerianus and Hanzawaia boueana,
which together reach ca. 30%, is recorded. Other common to rare taxa are Bolivina
scalprata var. miocenica, Cibicidoides ungerianus, Globocassidulina oblunga,

Melonis padanum, Pullenia spp., Siphonina reticulata, Uvigerina peregrina.
17



As also observed for the planktonic counterpart, the transition from the
homogenous to the Mn-rich marls records a gradual change of the benthic
foraminifer assemblages (Fig. 3). Sample 3 is characterized by a high percentage of
bolivinids (B. dentellata, B. dilatata and B. spathulata), which are upward replaced
by the Rectuvigerina bononiensis gr. (up to ca. 90%), becoming prevalent along the
Mn-rich interval despite an upward decreasing trend. This interval also records an
increase in overall benthic foraminifer abundance (Fig. 3). Along with the
rectuvigerinids, the occurrence of Globobulimina affinis, Gyroidina parva, Cancris
auricula and G. oblunga it is noteworthy. Instead, the transition to the diatomaceous
marls is sharp in term of benthic foraminifers (Fig. 3); abundance drops and, apart
from the persistence of rare G. oblonga, all the taxa observed in the Mn-rich interval
temporary disappear and are replaced by C. pseudoungerianus, H. boueana, C.
refulgens, C. lobatulus, Elphidium sp. (and other scattered epiphytic taxa; see
Langer, 1993) and rare bolivinids (among which, B. scalprata var. miocenica is
dominant). This assemblage is recorded up to sample 17 and then gradually decrease
(Fig. 3); above this level, the abundance increases and the assemblage is the same
observed in the Mn-rich interval (Fig. 3), except that R. bononiensis gr. is less
abundant and shows an upward decreasing trend, opposite to that of the Bolivina gr.,
here dominated by B. spathulata and B. dilatata. Another difference is the variable
occurrence from 5 to 15% occurrence of Stainforthia sp., which is absent in the Mn-

rich interval (Fig. 3).
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3.2. Calcareous nannofossils

The calcareous nannofossil assemblage is dominated by placolith taxa,
although nicely-preserved coccospheres have been occasionally recorded throughout
the section (Figs. 3G-0O). From bottom to top, placoliths exhibit remarkably different
relative abundances that are often correlated with lithological changes (Fig. 3). The
most abundant taxa are Reticulofenestra <5 pm gr., Reticulofenestra antarctica gr.,
Coccolithus pelagicus, Umbilicosphaera jafari, R. pseudoumbilicus < 7 pum and
Helicosphaera carteri (Fig. 3). U. jafari dominates the assemblage at the base of the
section (up to 46% in the lower homogenous marls) and decreases in abundance
below 20% from the base of the Mn-rich marls upward (Fig. 3). R. antarctica gr., C.
pelagicus, and H. carteri abundances increase from bottom to top of the
homogeneous marls and show their highest abundance just below (R. antarctica) or
at the base of the Mn-rich bed (C. pelagicus, 23%; H. carteri, 9%), where U. jafari
decreases below 15% (Fig. 3). The highest abundance of C. pelagicus occurs just at
the base of the Mn-rich laminated marls, and steadily decreases toward the top of
this layer; its abundance drops below 10% and remains low in the diatomaceous
interval towards the top of the section, where a small increase occurs (13%; Fig. 3).
H. carteri decreases slowly from the base of the Mn-rich laminated marls to the top
of the section (Fig. 3). Reticulofenestra <5 pum is common in the homogeneous marls

and in the Mn-rich marls (20 to 33%) and dramatically increases (up to 64%) in the
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lower half of the diatomaceous interval; it shows a fluctuating and decreasing
abundance trend towards the top of the layer, despite its overall abundance remains
above 28% (Fig. 3). R. pseudoumbilicus < 7 um shows a positive abundance trend
from bottom to top of the section, although characterized by marked fluctuations
(between 4% and 12%) from the lower half of the diatomaceous interval to the top
(Fig. 3). In this interval R. antarctica gr. shows an opposite fluctuation trend
(between 16% and 29%; Fig. 3). At the base of the diatomaceous interval very rare
Sphenolithus abies and S. moriformis are recorded, their total abundance never
exceeding 3% of the assemblage. Pontosphaera multipora, P. discopora, and
Rhabdosphaera clavigera also occur discontinuously.

Besides sphenoliths, the entire section is characterized by the scattered
presence of deep photic zone dwellers (such as the discoasterids); amaurolithids,
commonly used as biostratigraphic markers in upper Miocene sediments, are absent.
The Messinian marker species R. rotaria is discontinuously present along the

section.

3.3. Diatoms

Diatoms mostly occur as well-preserved single valves, with the exception of
the larger (especially discoid) specimens, which are often fragmentary or partly
dissolved. The diatom assemblage is composed by fully marine taxa that, according

to their present-day ecology (e.g., Round et al., 1990; Hasle and Syvertsen, 1997),
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can be separated into five sub-assemblages (Tab. 1), listed herein based on their
decreasing abundance: i) an opportunistic, monospecific sub-assemblage,
represented by the planktonic pennate diatom Thalassionema nitzschioides (Fig. 5A-
C); i) aresting stage sub-assemblage, composed by Chaetoceros resting spores (Fig.
5D-I); iii) an open ocean sub-assemblage, mainly composed by the planktonic
pennate diatom Denticulopsis (Fig. 5J-K); iv) a neritic sub-assemblage, composed
of a wide variety of benthic and epiphytic genera associated to a scarcely diversified
but more abundant meroplanktonic component, mainly represented by Actinoptychus
senarius (Fig. 5L-U); v) a deep chlorophyll maximum (hereafter: DCM) sub-
assemblage, mostly characterized by large and heavily silicified discoid diatoms,

especially Coscinodiscus spp. (Fig. 6).

Diatom sub- Main components LA HA HA
assemblage

Opportunistic Thalassionema nitzschioides ~65% ~39% ~50%
Resting stage Chaetoceros resting spores ~9% ~37.5% ~20%
Open ocean Denticulopsis spp. (mostly D. simonsenii)  ~0.5% ~15% ~5%
Neritic Benthic-epiphytic: Biddulphia spp., ~4% ~16% ~9%

Climacosphenia sp., Cocconeis spp.,
Grammatophora spp., Haslea sp. (?),
Isthmia sp., Lithodesmium sp., Navicula
spp., Rhaphoneis spp., Synedra sp.
Meroplanktonic: Actinoptychus spp.
(mostly A. senarius), Paralia sulcata

DCM Coscinodiscus spp. (mostly C. marginatus  ~3% ~13% ~6.5%
and C. radiatus), Hemiaulus spp.,
Hemidiscus cuneiformis, Stephanopyxis
turris, Thalassiosira leptopus,
Rhizosolenia spp. (mostly R. miocenica
and R. styliformis)

Table 1. Diatom sub-assemblages observed in the diatomaceous interval, with their main components
and relative abundances. LA: lowest abundance; HA: highest abundance; pA: mean abundance.
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An ecologically uncertain sub-assemblage, is mostly represented by
planktonic diatoms of the genus Thalassiosira. The opportunistic group exhibits a
fluctuating trend around 50%, increasing in the upper part of the diatomaceous
interval, opposite to that of the resting stage sub-assemblage, which is more abundant
in the lower part; indeed, these two sub-assemblages show an opposing trend (Fig.
3). The open ocean sub-assemblage tends to decrease toward the upper part of the
diatomaceous interval (Fig. 3). The neritic and DCM sub-assemblages show a rather
similar, fluctuating trend; the neritic sub-assemblage shows a significant increase in

the uppermost part of the diatomaceous interval (Fig. 3).
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Figure 3. Relative abundances (%) of the most relevant foraminifers, calcareous nannofossils and diatoms. Sample numbers are reported on the right of the stratigraphic column.
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Figure 4. Selected foraminifers and calcareous nannofossils (SEM micrographs). Planktonic
foraminifers: A-B) Turborotalita multiloba. Benthic foraminifers: C-D) (Recto)Uvigerina
bononiensis; E) Elphidium macellum. F) Stainforthia cf. fusiformis. Calcareous nannofossils: G)
coccospheres of Reticulofenestra perplexa (bigger) and R. producta (smaller); H) coccosphere of
Reticulofenestra hagii; 1) coccosphere of Coccolithus pelagicus; J) placolith of C. pelagicus; K)
placoliths of Umbilicosphaera jafari (white rectangle) in a fecal pellet; L) placolith of Helicosphaera
carteri; M) placolith of Pontosphaera sp.; N) Rhabdosphaera claviger; O) Discoaster sp. Scale bars:
A-B =50 pm; C-F =100 pm; G-J =2 pm; K =10 pm; L-N =1 pm; O =5 pum.
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Figure 5. Diatoms (SEM micrographs). Opportunistic sub-assemblage: A-C) Thalassionema
nitzschioides. Resting stage sub-assemblage: D-1) Chaetoceros resting spores. Open-ocean sub-
assemblage: J-K) Denticulopsis sp.. Neritic sub-assemblage: L) Synedra sp.; M) Climacosphenia sp.
(fragment); N) Diploneis sp.; O) Actinoptychus senarius; P) Paralia sulcata; Q) Grammatophora sp.;
R) Triceratium sp.; S) Cocconeis sp.; T) Rhaphoneis sp.; U) Haslea sp. (?). Scale bars: A-B, O, Q, T
=10 um; C-E, G, N, P, R-S, U =5 um; F, H-K = 2 um; L-M = 20 pm.

25



Figure 6. Diatoms (SEM micrographs). DCM sub-assemblage: A) Coscinodiscus radiatus; B)
Stephanopyxis turris; C) Coscinodiscus marginatus; D) Hemiaulus sp.; E) Thalassiosira leptopus; F)
Hemidiscus cuneiformis; G) Rhizosolenia miocenica. Scale bars: A, E =20 um; B, D =5 um; C, F-
G =10 pm.
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3.4. Non-diatomaceous siliceous microfossils

Beside diatoms, six subordinated groups of siliceous microfossils (Tab. 2;
Figs. 7-8), whose contents show a rather fluctuating trend, have been recognized in
the diatomaceous interval. In order of their mean relative abundance, they are:
sponge spicules, silicoflagellates, ebridians, endoskeletal dinoflagellates,

radiolarians and chrysophytes.
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Figure 7. Relative abundances of non-diatomaceous siliceous microfossils. Sample numbers are
reported on the right of the stratigraphic column.

The spongolitic assemblage (Figs. 7, 8A-P) comprises both macro- and
microscleres, the former occasionally broken but almost lacking any sign of

dissolution. The assemblage is marine, characterized by two dominant morphotypes
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of macroscleres, i.e. oxeas and styles, associated to a subordinated and well-
diversified component. Their trend roughly mimic that of the neritic and DCM
diatom sub-assemblage.

The silicoflagellate assemblage (Figs. 7, 8Q-U) is generally well-preserved
and includes the genera Distephanopsis (e.g., D. crux), Dyctiocha (e.g., D. aspera,
D. fibula), Mesocena, Paramesocena and Stephanocha (e.g., S. speculum). The latter
taxon is the most common in the assemblage, that is characterized by a
(Dictyocha+Distephanopsis)/Stephanocha mean ratio of about 0.6. Aberrant
morphologies have been only rarely observed. The relative abundance trend of the
silicoflagellates is highly fluctuating, especially in the lower part of the diatomaceous
interval.

The ebridian assemblage (Figs. 7, 8V-X) is poorly preserved, however the
better preserved specimens can be attributed to the genera Haplohermesinum,
Ammodochium and Parathranium. Triangular remains (triodes) deriving from the
fragmentation of Haplohermesinum-like ebridians are rather common. The ebridians
reach the highest abundances at the base (e.g., sample 11), at the middle (e.g., sample
18) and at the top (e.g., samples 23-24) of the diatomaceous interval.

The endoskeletal dinoflagellates (Figs. 7, 8Y-A*) are mostly represented by
well-preserved specimens of the genus Actiniscus (especially A. pentasterias and A.
tetrasterias). Like the ebridians, they reach the highest abundances in the lower
(samples 11 and 12), middle (sample 17) and upper part (sample 24) of the

diatomaceous interval.
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The radiolarian assemblage (Figs. 7, 8B*) is mostly composed by fragmented
specimens that cannot be confidentially identified. Nassellarians seems to be more
abundant and generally better preserved than Spumellarians. Only episodic, weak
increases of their abundance are recorded along the diatomaceous interval.

Chrysophytes (Figs. 7, 8C*-E*) are represented by well-preserved and
variously ornamented stomatocysts. Their abundance is extremely low, with just a

small increase in the lower part of the diatomaceous interval.

Other siliceous microfossils ~ Main components LA HA HA

Sponge spicules Oxeas and styles dominant, ~19% ~69% ~40%
associated to acanthostrongyles,
acanthostyles, acanthosubtylostyles,
acanthotriaenes, achantoxeas,
diancistrons, hexactines, isocheles,
microstrongyles, microxeas,
oxyasters, plagiotriaenes, sigmas,
spherasters, spirasters, sterrasters
(Geodia sp.), strongyles, toxas,
triaenes (calthrops), tylostyles,
tylotes.
Silicoflagellates Distephanopsis crux, Dictiocha ~17% ~55% ~37%
aspera, D. fibula, Mesocena sp.,
Paramesocena sp., Stephanocha
speculum
Ebridians Haplohermesinum sp., ~3% ~25% ~13%
Ammaodochium rectangulare,
Parathranium

Endoskeletal dinoflagellates  Actiniscus pentasterias, A. ~25% ~18% ~7.5%
tetrasterias

Radiolarians Nassellarians (better preserved) and - ~82% 2%
Spumellarians (fragmentary)
unidentified

Chrysophytes Stomatocysts indet. - ~5% 1%

Table 2. Non-diatomaceous siliceous microfossil groups, with their main components and relative
abundances. LA: lowest abundance; HA: highest abundance; pA: mean abundance.
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Figure 8. Non-diatomaceous, siliceous microfossils (LM and SEM micrographs). Sponge spicules:
A-B, 1) oxeas; C) strongyle; D) tylote (fragment); E) triaene; F) style; G, J) acanthosubtylostyle; K)
sigma; L) microstrongyle; M) spicule indet.; N) isochela; H, O) oxyaster; P) plagiotriaene?
(fragment). Silicoflagellates: Q) Paramesocena sp.; R) Mesocena sp.; S) Dictyocha fibula; T)
Distephanopsis crux; U) Stephanocha speculum. Ebridians: V) Haplohermesinum sp.; W)
Ammodochium rectangulare; X) Parathranium sp.. Endoskeletal dinoflagellates: Y-Z) Actiniscus
pentasterias; A*) Actiniscus tetrasterias. Radiolarians: B*) Nasselarian indet. Chrysophytes: C*-E*)
stomatocysts indet. Scale bars: A-D, F-G =25 pym; E, J, M, P-U =10 pm; H, L, N-O, V-A*, D*-E*
=5um; I, B*=20 pm; C* =1 pm.
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4. Discussion

4.1. Foraminifers

According to the variations documented by foraminifer assemblages
recorded along the section, four intervals can be recognized, which are not coincident
with the lithologic changes. These intervals are defined by sudden changes in benthic
assemblages, while planktonic ones show more gradual variation across the interval
boundaries.

Benthic foraminifers primarily reflect changes in nutrient and oxygen content
on the sea floor (Murray, 2006); in the lower part of the homogeneous marls
(lowermost 2 samples) the moderate diversification and low abundance of benthic
foraminifers, together with the relatively common C. pseudoungerianus and H.
boueana point to a (outer) shelf environment characterized by oligo- to mesotrophic
conditions and good oxygenation (Jorissen et al., 1995; Altenbach et al. 1999), where
indeed these epifaunal taxa may find a suitable habitat. Planktonic foraminifers
suggest that these conditions are associated with cold and productive surface waters
(Kallel et al., 2000; Incarbona et al., 2019). The surface to sea-floor nutrient gradient
could be explained by the remineralization process or other processes leading to
inefficient export. From sample 3, a series of gradual, but rapid changes are recorded:

a) decrease of T. quinqueloba, which suggests a slight increase of sea surface
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temperature (SST); b) concomitant increase of neogloboquadrinids, which points to
a shift from a prevalently surface productivity to a deeper one, possibly related to the
onset of a DCM (Rigual-Hernandez et al., 2012). The temperature trend may also be
inferred from the shift from prevalently left to right coiled neogloboquadrinids from
samples 1 to 3. Overall, the SST increase likely resulted in the stratification of the
water column. In fact, towards the top of the homogeneous marls, a sudden drop of
the benthic foraminifer diversity and an increase in abundance occurs, first related to
the Bolivina gr., and then, from sample 4, to the R. bononiensis gr. (Thomas, 1980).
These changes towards the dominance of shallow to deep infaunal taxa are related
to the onset of eutrophic environments and/or low oxygen levels (see the trox model
of Jorissen et al., 1995). In particular, the Bolivina gr. is an opportunistic taxon well-
adapted to low oxygen conditions (Jorissen et al., 1992; Melki et al., 2010), while
the R. bononiensis gr., being morphologically similar to the uvigerinids, can be
associated with a high availability of organic matter (Nomaki et al., 2005, 2006).
Actually, in the Pliocene successions of the Eastern Mediterranean, R. bononiensis
is a common component of the sapropel assemblages (Jonkers, 1984).

In the Mn-rich laminated marls the trends of the R. bononiensis gr. and of
right coiled neogloboquadrinids are opposite; however, they both constantly prevail
among the benthic and planktonic foraminifer assemblages, respectively, suggesting
rather constant paleoceanographic conditions. At the base of the diatomite, the
former group suddenly disappears, while the second persists and reaches its

maximum slightly above the Mn-rich/diatomite boundary (samples 12). Then, the R.
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bononiensis gr. is replaced by both the epifaunal and epiphytic groups, pointing to
the re-establishment of oligo/mesotrophic conditions on the sea floor. In the late
Miocene to Pliocene deposits of the Eastern Mediterranean the increase of inner shelf
epiphytic taxa in the diatomites is often attributed to downslope transport (Jonkers,
1984; Kouwenhoven, 2000). Another outstanding change at the Mn-rich/diatomite
transition is the increase of siliceous productivity leading to silica preservation in the
sediment. Recent observations highlight how the shift from calcareous to siliceous
primary producers in the water column may led to a decrease of benthic productivity
(Takata et al., 2018, 2019), because of the reduced ballast effect of siliceous particles
respect to the calcareous ones. This mechanism may have had the same effect in the
Piedmont Basin, supressing the proliferation of infaunal benthic foraminifers, thus
favoring epifaunal taxa. This interval is also characterized by a slight increase of left-
coiled neogloboquadrinids, which, rather than being temperature-related (indeed, no
concomitant T. quinqueloba increases are observed), could be linked to changes in
the productivity or water column structure, possibly in relation to an increase of
silica-secreting biota. This feature requires detailed investigation of the different
morphotypes that compose the Neogloboguadrina gr. (e.g., Eynaud et al., 2009).

Within the diatomaceous interval, a clear difference can be drawn between
the lower and upper parts. Again, the change among the benthic foraminifers is more
abrupt, while the planktonic foraminifers show a more gradual change.

On the sea floor, meso- to oligotrophic conditions can be inferred up to

sample 17; from sample 18 up to the top of the section a sudden increase of the R.
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bononiensis and Bolivina groups testifies to the establishment of eutrophic and
probably less oxygenated conditions. Some differences can be identified comparing
this interval with the Mn-rich one, where R. bononiensis gr. alone is prevailing. Up
to sample 21 the overall abundance of benthic foraminifers is scarce (like in the lower
part of the diatomite), with R. bononiensis gr. being dominant and minor percentages
of epifaunal taxa still present; above sample 21 the Bolivina gr. increases, associated
with Stainforthia sp. The latter taxon may tolerate very low oxygen conditions
(Melki et al., 2010) and has an opportunistic habit, being very efficient in
recolonizing the substratum after pollution episodes (Alve, 1994). Moreover, these
changes are coupled with a drastic reduction of epifaunal taxa.

To better understand the benthic foraminifer trends, it is useful to consider
the gradual changes recorded by the planktonic foraminifers. These show a slight
reduction in the neogloboquadrinids (i.e., deep dwellers) and a concomitant increase
of the cold water and eutrophic surface dweller T. quinqueloba. This pattern suggests
a decrease of SST and a marked annual seasonality, with a possible analog in the
glacial Pleistocene Tyrrhenian Sea periods (MIS 4 and 6, see Kallel, et al., 2000).
The combination of calcareous surface and DCM production in the water column
can explain the increasing export of organic matter to the sea floor and the
proliferation of infaunal taxa, including those better adapted to low oxygen
conditions.

Overall, the data confirm the previous interpretations of the diatomaceous

sediments of Pecetto di Valenza as deposited in an outer shelf to upper slope
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environment, ranging between 200 and 500 m (Sturani and Sampo, 1973; Violanti,

1996).

4.2. Calcareous nannofossils

The assemblage is dominated by U. jafari, Reticulofenestra < 5 um, R.
antarctica gr., C. pelagicus, and H. carteri, and is similar to those of other Messinian
successions of the Mediterranean region (e.g., Pollenzo section, Italy: Lozar et al.,
2010; Dela Pierre et al., 2011; Monte del Casino section, Italy: Negri et al., 1999;
Perales section, Spain: Flores et al. 2005; Faneromeni section, Greece: Negri and
Villa, 2000; Kalamaki section, Greece: Karakitsios et al., 2017; Polemi section,
Cyprus: Wade and Bown, 2006; Tokhni section, Cyprus: Gennari et al., 2019). The
scattered occurrence of R. rotaria demonstrates the Messinian age of the section.
Changes in the relative abundance of selected taxa correlate with environmental and
lithological changes. At Perales U. jafari shows high abundances in the upper marls;
it has been suggested that this correlates to silica depleted surface water, immediately
after diatomite deposition (Flores et al., 2005). At Pollenzo (Lozar et al., 2018) U.
jafari peaks in carbonate beds just below or at the base of sapropels, testifying a to a
well-mixed water column and arid/cool climate. The high abundance of U. jafari at

the base of the section may indicate well remixed mesotrophic surface waters at the
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time of homogeneous marl deposition, where efficient nutrient recycling occurred in
the upper and middle photic zones and the water column was silica depleted.

C. pelagicus is an extant taxon mainly distributed in the northern high
latitudes, where it prefers cool-temperate waters and mesotrophic to eutrophic
conditions (Negri et al., 1999; Cach&o and Moita, 2000; Ziveri et al., 2004) being
able to proliferate in a wide range of salinities (from 26.9 to 36%o) (Silva et al., 2008).
The abundance record of C. pelagicus is high at the base of the Mn-rich laminated
marls (23%) and decreases towards the top of the bed. Similar trends have been
reported in Pleistocene sapropels, where the base is marked by a sharp peak of C.
pelagicus, followed by a sharp decrease in abundance (Negri et al., 2003); this is also
recorded in Miocene sapropels (Monte del Casino, Negri et al., 1999) and suggests
that the Mn-rich laminated marls could represent a sapropel-like layer, as also
suggested by the increased abundance of H. carteri. The latter is an extant middle
photic zone dweller (Crudeli et al., 2006) that lives in meso- to eutrophic, low
salinity, and turbid biotopes (Bukry, 1974; Giraudeau et al., 1992; Colmenero-
Hidalgo et al., 2004; Ziveri et al., 2004), especially in warm waters (Brand 1994). It
is not abundant in the samples, but its presence (up to 9%) at the top of the
homogeneous marls and at the base of the Mn-rich marls suggests a further trend
towards warmer (and humid) conditions and an increase in surface water
productivity that could be attributed to increased fresh water supply, leading in turn

to enhanced stratification of the water column and possible onset of the DCM.
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In the diatomaceous interval the Reticulofenestra gr. dominates the
calcareous nannofossil assemblages. These opportunistic taxa are surface water
dwellers adapted to changing environmental conditions. R. pseudoumbilicus is a
common constituent of the calcareous nannofossil assemblage in the diatomite of the
Sorbas basin (Flores et al., 2005); Reticulofenestra < 5 um (often reported as small
Reticulofenestra), has been interpreted as eutrophic surface water dwellers in other
Messinian sections (Negri and Villa, 2000; Lozar et al., 2010), and R antarctica is
regarded as a cool water species, due to its remarkable abundance in the Southern
Ocean (Wei and Wise, 1990). The high abundance of Reticulofenestra <5 um in the
lower half of the interval suggests a sharp increase in nutrient availability in the upper
photic zone. The high abundance fluctuation of Reticulofenestra < 5 pmand R.
pseudoumbilicus, with an opposite trend with respect to R. antarctica, suggests high
seasonality and an overall eutrophic surface water with available dissolved silica
(Flores et al., 2005; Negri and Villa, 2000). The decreasing trend of Reticulofenestra
<5 um towards the top of the level and the opposite increasing trend of R. antarctica
and R. pseudoumbilicus could suggest a shift towards cooler surface waters or a high-
frequency alternation between cool and warm phases. Low abundances of the middle
photic zone dwellers (C. pelagicus, H. carteri, U. jafari) furthermore suggest that,
during diatomite deposition, calcareous nannofossils exploiting high nutrient level
were mainly confined to the upper photic zone, possibly outcompeted by diatoms in
the middle photic zone, where taxa able to flourish in low(er) light are more

successful (Balch, 2004).
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The calcareous nannofossil assemblage contain rare deep dwellers irregularly
present along the section; the only weak evidence they provide to support the
development of the DCM is the very low abundances of Sphenolithus gr. (up to 3%)
in the lower part of the diatomaceous interval. This pattern is somehow unusual,
since deep photic zone dwellers are usually abundant at DCM and commonly
associated with warm surface waters (discoasters, sphenoliths) and common in the
Pliocene and Pleistocene sapropels (e.g. Negri et al., 1999; Gibbs et al., 2004). Their
low abundances at Pecetto di VValenza could be related to cooler waters linked to the
latitude of the section (Lozar et al., 2010). On the other hand, their very low relative
abundances (< 3%) in the lower part of the diatomaceous interval could testify to the
development of the DCM. Their low abundances could also be related to high trophic
level, as suggested by diatom assemblages and by the high abundance of placolith
taxa along the section; eutrophic surface waters could have prevented the blooming
of calcareous nannofossil DCM taxa, mainly adapted to oligotrophic warm water

(Gibbs et al. 2004; Flores et al. 2005; Violanti et al., 2013; Gennari et al. 2019).

4.3. Diatoms

As far as concerns the diatom assemblage, three striking features deserve
particular attention: i) the overall opposing trend of the opportunistic sub-assemblage
dominated by T. nitzschioides and the resting stage sub-assemblage represented by

Chaetoceros resting spores; ii) the rough similarities between the fluctuating trends
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of the neritic and DCM sub-assemblages; iii) the general decline of the open ocean
sub-assemblage toward the upper part of the diatomaceous interval.

The opposing trend of the opportunistic and resting-stage sub-assemblages is
suggestive of marked fluctuations of the water column configuration and nutrient
availability. T. nitzschioides is a cosmopolitan diatom, particularly abundant in
nutrient-rich, neritic to oceanic surface waters influenced by a wide variety of
oceanographic processes (e.g., Hasle and Syvertsen, 1997). On the other hand,
Chaetoceros resting spores are produced in response to the nutrient depletion of the
upper water column (e.g., Rigual-Hernandez et al., 2013; Bosak et al., 2016). It is
worth to note that the ratio between the abundances of T. nitzschioides and
Chaetoceros resting spores is often considered as a reliable tracer of the occurrence
and strength of upwelling (e.g., Gaudant et al., 1996; Lopes et al., 2006), with the
lower values (i.e., T. nitzschioides << Chaetoceros resting spores) indicative of
stronger coastal upwelling regime and upper values (i.e., T. nitzschioides >>
Chaetoceros resting spores) of weaker coastal upwelling. On the other hand, other
authors suggested how Chaetoceros resting spores may be related to shelf reworking
(e.g., Pestrea et al., 2002; Pestrea and Saint Martin, 2002) or even to water column
stratification (e.g., Crosta et al., 1997). Therefore, it is difficult to assess the
triggering factors responsible for the proliferation of T. nitzschioides and the
significance of Chaetoceros resting spores at Pecetto di Valenza. In any case,
according to the traditional interpretations, a direct link with a vigorous upwelling

regime can be ruled out, since Chaetoceros resting spores are always subordinated
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to T. nitzschioides, similarly to other upper Miocene circum-mediterranean diatom-
bearing sediments (e.g., Gaudant et al., 1996; Pestrea et al., 2002; El Ouahabi et al.,
2007; Mansour et al., 2008). In agreement with Gaudant et al. (2010), the possible
intensification of upwelling along the Monferrato Arc could be just inferred in the
lower part of the diatomaceous interval, where Chaetoceros resting spores reach their
maximum abundance. However, this interpretation can be challenged by the slight
increase of neritic diatoms and by the peak of DCM-forming diatoms at the same
stratigraphic level, hinting at a possible link with shelf sediment reworking and/or
water column stratification (see below).

Shelf reworking and water column stratification could explain also the
second main feature observed in the diatom assemblage of Pecetto di Valenza, i.e.
the similar fluctuating trend of neritic and DCM-forming diatoms. Indeed, if the
reworking of the shelf environment responsible for the displacement of neritic
diatoms was triggered by riverine runoff, the input of freshwater combined to the
thermal stratification of the water column may have fostered the DCM-forming
diatoms. These latter are representative of a modality of primary production and
sedimentation, consisting in the slow proliferation of diatoms in the deeper part of a
stratified water column and their rapid sink linked to the breakdown of the
stratification (fall dump sensu Kemp et al., 2000), which could have significantly
contributed to the diatomaceous accumulation during the late Miocene in the
Mediterranean area (e.g., Pestrea and Saint Martin, 2002). It is worth to note that,

even if quantitatively lower than other sub-assemblages, this group is composed by
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large and heavily silicified diatoms, each of them representing the equivalent
biomass of a number of smaller individuals of the other sub-assemblages. Moreover,
their poor state of preservation may have led to their underestimation, a problem that
has been already documented in the other Messinian diatomaceous sediments (see
El Ouahabi et al., 2007). The ongoing decrease of the sub-assemblage typified by
Denticulopsis spp. may indicate a progressive deterioration of the connection with
the open ocean, that agrees with the increasing inshore diatom influence in the
uppermost part of the diatomaceous interval.

Summarizing (Tab. 3), it is possible to state that the abundance peaks of T.
nitzschioides correspond to periods characterized by the enhanced availability of
nutrients in the upper part of the water column; the eutrophication was unlikely
related to the occurrence of a vigorous coastal upwelling, but can be explained with
the convective remixing that normally exerts the major controls on the phytoplankton
productivity in the Mediterranean area (e.g., Estrada, 1996; Siokou-Frangou et al.,
2010). Chaetoceros resting spores reflect periods characterized by the establishment
of surface oligotrophy. This condition was possibly associated with the stratification
of the water column, favoring the proliferation of DCM-forming diatoms in the sub-
surface layers. Runoff of diluted waters of continental origin, beside displacing the

neritic diatoms, fertilized the water column and contributed to its stratification.
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Diatom sub-assemblages  Interpretation

Opportunistic Eutrophication of surface waters
Resting stage Oligotrophy of surface waters
Open ocean Improved oceanic circulation
Neritic Downslope transport

DCM Establishment of water column

stratification

Table 3. Interpretation of the diatom sub-assemblages observed in the diatomaceous interval.

4.4. Non-diatomaceous siliceous microfossils

Caution is needed in interpreting the other biosiliceous microfossils (Tab. 4)
observed in the Pecetto di Valenza section, because of the paucity of comparative
studies that addressed the paleoecological significance of this overlooked component
of the marine biosiliceous sediments, especially in the Mediterranean area.

As far as regards the silicoflagellates, the mean ratio of
(Distephanopsis+Dictyocha)/Stephanocha is shifted toward Stephanocha.
Assuming this genus as a reliable indicator of low sea surface temperatures, such
result is in line with the geographical location of the Piedmont Basin in the
Mediterranean. Today, significant concentrations of S. speculum have been observed
in the Mediterranean only in the northernmost regions influenced by cold water
masses (e.g., Rigual-Hernandez et al., 2010; Malinverno et al., 2019). On the other
hand, the high abundance of Stephanocha is consistent with the observations of the
silicoflagellate assemblages from other upper Miocene circum-mediterranean

sections (e.g., Frydas and Keupp, 2015) located in different latitudinal contexts. This
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may indicate that the deep triggers of the widespread distribution of Stephanocha in
the Mediterranean during the late Miocene were not (only) related to low sea surface
temperatures, but to other processes. Indeed, Malinverno et al. (2019) suggested that,
beside the linkage with cold water masses, the occurrence of S. speculum is strongly
influenced by nutrient availability and low salinities. The very rare occurrence of
aberrant morphologies in the observed samples excludes stressing conditions during
the diatomaceous accumulation.

The abundant and well-diversified sponge spicule assemblage all along the
diatomaceous interval is in line with the general feature of the biosiliceous
accumulation in the Piedmont Basin during the late Miocene. Indeed, also the
deposits of the Cappella Montei section, located few tens of kilometres south of
Pecetto di Valenza and whose accumulation occurred in an inner shelf environment,
record a remarkable spongolitic component (Bonci et al., 1991; Bonci, 1995; Bonci
et al., 1996). In agreement with Sturani and Sampo (1973), the sponge spicules
observed in the Pecetto di Valenza section were likely sourced from the shallower
area of the basin, likely in response to riverine runoff. This is confirmed by SEM
observations (see Chapter 2), that highlighted the systematic association of the
spongolitic components to fine-grained terrigenous grains at lamina-scale. Such
observation is also in line with the constant presence of ebridians, commonly used
as an evidence of brackish water influences (Korhola and Smol, 2001).

Endoskeletal dinoflagellates represent a neglected component of the upper

Miocene circum-mediterranean and global diatomaceous deposits (e.g., Bonci et al.,
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1991; Rai et al., 2006; Gaudant et al., 2015). Moreover, studies concerning their
present-day ecology are scarce (Takahashi, 1991; Onodera et al., 2015), thereby
limiting the paleoecological interpretations. However, it is worth to note that while
in the Pecetto di Valenza section the endoskeletal dinoflagellates are much rarer than
the silicoflagellates, at Cappella Montei they may reach similar abundances (Bonci
et al., 1991), suggesting a possible affinity with marginal settings.

For what concerns the radiolarians, any sort of speculation is precluded due
to the overall poorly-preserved and inadequate record.

The rare occurrence of chrysophyte cysts, often interpreted as indicative of
freshwater inputs (e.g., Kato, 2019), does not necessarily exclude the role of rivers,
but may support the distal location of the Pecetto di Valenza depositional
environment, shielded by the influx of freshwater biogenic particles. This
interpretation is in line with that provided by Bonci et al. (1991) from the inner shelf
deposits of Cappella Montei, where chrysophyte cysts may reach the same

abundances of the silicoflagellates.

Other siliceous Interpretation

microfossils

Sponge spicules Riverine-influenced reworking of the shelf

Silicoflagellates Temperate to cold sea surface temperatures
and/or nutrient availability

Ebridians Brackish influence

Endoskeletal Unclear

dinoflagellates

Radiolarians Unclear

Chrysophytes Brackish influence

Table 4. Interpretation of the non-diatomaceous siliceous microfossils.
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4.5. An integrated perspective about the evolution of the biogenic sedimentation

The integrated analysis of the foraminifers, calcareous nannofossils, diatoms
and associated siliceous microfossils recorded in the Pecetto di Valenza section,
allowed to recognize four main evolutionary stages of biogenic sedimentation (Fig.
9) that occurred in an upper slope environment and can be tentatively correlatable
with specific precession/insolation phases (Fig. 10).

The first stage (Fig. 9) was characterized by a silica depleted but productive,
cold and well-remixed water column. The remineralization process was very
efficient, and likely occurred before the accumulation of the organic matter at the
seafloor. This stage might correspond to the transition from precession
maxima/insolation minima toward precession minima/insolation maxima (Fig. 10).

The second stage (Fig. 9) of the biogenic accumulation corresponds to the
deposition of the Mn-rich laminated marls and was marked by a considerable
productivity in both the upper and deeper water column, with the establishment of a
DCM in response to the stratification of the water body, probably under a warmer
and humid climate attributable to a phase of precession minima/insolation maxima
(Fig. 10). The persistence of high productivity conditions both in the upper and
deeper waters may have boosted the accumulation of organic matter at the seafloor,
in turn favoring the establishment of a dense benthic population. No straightforward

evidence of anoxia can be inferred
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<A AFigure 9. Sketch resuming the four main stages of biogenic sedimentation in the Pecetto di
Valenza section. See text for detailed explanations. The black color of the sponge spicules and diatoms
in stage 2 indicates their dissolution under conditions of increasing accumulation of organic matter;
the different size of the symbol of water column remixing indicates the variable intensity of water
column remixing, weaker in stage 3 and stronger in stage 4. For simplicity, among the non-
diatomaceous biosiliceous assemblage only the sponge spicules are reported. CC: calcium carbonate.
DCM: deep chlorophyll maximum. DSi: dissolved silica. OM: organic matter.

based on of the micropaleontological observations, although the accumulation of Mn
oxides suggests a conspicuous build-up of Mn?*, in response to the establishment of
reducing conditions in the sediment pore waters during water column stratification
(e.g., Robertson et al., 2019). It is possible to hypothesize that once the water column
remixing occurred, oxygen repletion favored the precipitation of Mn-oxides.

However, it is unclear whether the interplay between stratification/remixing of the
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water column and reducing/oxidizing conditions at the seafloor occurred on seasonal
scale or pluri-annually, possibly on precessional scale (e.g., Robertson et al., 2019;
see also Filippelli et al., 2003, in regard of phosphorus recycling during sapropel
deposition). In any case, this may point to a weak restriction of the communications
between the basin and the main Mediterranean waters, likely driven by tectonics or
eustatic lowering, resulting in the possible enhancement of the climatic forcing of
oceanic circulation (e.g., Robertson et al., 2019). The possible role of DCM-forming
diatoms in shuttling the organic matter to the seafloor during this stage can be
tentatively proposed based on some evidences, but deserves future investigations.
The third stage (Fig. 9) represents the onset of the diatomaceous deposition,
that probably occurred under an ongoing cooling trend. Remixing and stratification
of the water column, respectively favorable to the proliferation of opportunistic and
DCM-forming diatoms, became much more frequent, likely in response to the
climatic deterioration during the transition from precession minima/insolation
maxima to precession maxima/insolation minima (Fig. 10). A moderate productivity
in the upper water column, probably associated with a good ventilation of the
seafloor in turn linked to the still good connection with the Mediterranean water
body, prevented a significant accumulation of organic matter and the establishment
of a dense benthic population. Hypoxia was probably a very localized and transient
phenomenon. It is unclear whether the displacement of epiphytic foraminifers from
the shelf area corresponds to a more proximal depositional setting, or a possible

increase of downslope transport likely associated with riverine runoff.
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The fourth evolutionary stage (Fig. 9) of the biogenic sedimentation
recognized in the Pecetto di Valenza led to the deposition of the second part of the
diatomaceous interval, which reflects an increasing rate of primary productivity,
especially in the upper water column; this was likely associated to a cooler climate
triggered by the incipient onset of the precession maxima/insolation minima (Fig.
10), which in turn favored a more vigorous remixing of the water column. The

Precession accumulation of organic matter at the

® ©

seafloor was probably fostered, favoring
the establishment of benthic populations
adapted to exploit nutrient-rich and
probably less oxygenated environments.

Nevertheless, the establishment of

extensive and prolonged anoxic
conditions can be ruled out, as already
suggested by Violanti (1996).

A reduction of the coarser

biogenic fraction (epiphytic
Insolation

Figure 10. Possible correlation of the Pecetto di
Valenza lithological cycle with the
precession/insolation curve.

foraminifers) reworked from the neritic
area may suggest both a deepening of the
basin or a decrease of downslope transport attributable to runoff. In any case, the
continuous occurrence of the finer biogenic fraction with neritic affinity (diatoms

and associated siliceous microfossils) suggests the persistence of shelf reworking
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during the whole diatomaceous deposition, likely associated to riverine plumes. A
possible reduction of the communication with the Mediterranean water body, even
in this case potentially linked to tectonic uplift of seaward basin margin or to eustatic

lowering, can also be inferred during this stage.

4.6. Comparisons with other Messinian diatomaceous deposits of the circum-

mediterranean area

In the overall context of the diatomaceous deposition that took place in the
circum-mediterranean area during the Messinian, the Pecetto di Valenza section
represents a very peculiar case study.

Considering the Mn-rich laminated marls of Pecetto di Valenza as analogs of
sapropelitic sediments, the lithological succession studied herein is similar to that
typically recorded in the Central and Eastern Mediterranean, typified by the
Metochia section (Gavdos) tripartite cycles consisting of the alternation of a
homogenous marl, a thin sapropel and a prominent diatomaceous layer (Pérez-
Folgado et al., 2003). For what concerns the diatomaceous assemblage, the
dominance of T. nitzschioides is a feature shared both by the Pecetto di VValenza and
Gavdos diatomites, and indeed by all the other marine diatom-bearing sediments
deposited in the Mediterranean area during the late Miocene. However, while at
Gavdos the diatomites are characterized by a remarkable accumulation of
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Rhizosolenia spp., the Pecetto di Valenza section does not record such a feature.
Moreover, the Chaetoceros resting spores reach their highest abundances at the top
of the Gavdos diatomaceous layers, while they are much more abundant at the base
of the Pecetto di Valenza diatomite. In addition, conversely to the diatomaceous
deposits of Gavdos, those from Pecetto di Valenza section does not record the
establishment of seafloor anoxia (see Pérez-Folgado et al., 2003), as demonstrated
by the continuous occurrence of benthic foraminifers. Under this perspective, the
Pecetto di Valenza diatomites can be more easily assimilated than those of Sorbas,
which according to Pérez-Folgado et al. (2003) accumulated under oxygenated
conditions. However, the Sorbas diatomites occur within a quadripartite cycle
composed by a thick sapropel, an intermediate marl, a thin diatomaceous layer and
an upper marl (Pérez-Folgado et al., 2003). Therefore, it seems that the Pecetto di
Valenza diatomaceous sediments occupy an intermediate “position” between those
from Gavdos and Sorbas. Moreover, the planktonic foraminifer dataset confirms that
a temperature gradient was present between the Piedmont and southern
Mediterranean, where the pre-evaporitic successions record considerably higher
percentages of warm water taxa, although concentrated in levels correlated to
insolation maxima (Blanc-Valleron et al., 2002, Sierro et al. 2003). Indeed, the
planktonic foraminifer assemblages of the Pecetto di Valenza section find a better
analog in the present-day Atlantic Ocean rather than in the Mediterranean (Kallel et

al., 2000).
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5. Conclusions

The four main stages of biogenic sedimentation that occurred during the late
Miocene in certain sectors of the Monferrato Arc structural high were characterized
by a wide variability of both water column and seafloor conditions. The water
column configuration evolved from well-remixed to periodically stratified, and the
seafloor from well-oxygenated to slightly oxygen-depleted, but definitely not anoxic.
Even if no data are available from the upper homogeneous marls, it is possible to
hypothesize that upper marls witness water column and seafloor conditions in line
with their lower analogue, i.e. a well-remixed water column and an oxygenated
seafloor.

Caution is needed in attributing the onset of the diatomaceous deposition to
the intensification of upwelling or to the establishment of oxygen-depleted
conditions at the seafloor. Indeed, the lower part of the diatomaceous layer does not
point to similar conditions. A more complex scenario, characterized by the interplay
between riverine-induced fertilization, stratification and overturn of the water
column, with this latter hardly controlled by a vigorous coastal upwelling, can be
proposed.

Beside the use of foraminifers, calcareous nannofossils and diatoms, other
siliceous microfossils constitute a promising tool for the reconstructions of the

Mediterranean paleoceanographic dynamics during the late Miocene. Comparative
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studies from other coeval, circum-mediterranean diatom-bearing localities are
urgently needed.

Finally, it is worth to note that the bulk approach to micropaleontological
investigation herein proposed has intrinsic limits, related to the main
sedimentological feature of the studied material, especially their laminated fabric.
Indeed, if each lamina reflects peculiar sub-annual paleoceanographic conditions
(Fig. 11; see in particular Chapter 2), sediment homogenization may easily lead to
biased results; the non-uniform scraping of the surface of the investigated samples
during smear slide preparation, may add further biases, by intensifying or weakening
the signal provided by some clusters of laminae; for example, as noted above the
occurrence of poorly preserved specimens may be underestimated (Fig. 11). These
aspects may account for the observed incongruences between the different signals,
both within the same group of microfossils and especially between them. Therefore,
in order to better address the paleoceanographic significance of the marine laminated

sediments, it is useful to couple the bulk analysis with in-situ observations.
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Figure 11. SEM observation of the Pecetto di Valenza laminated sediments, potentially recording
sub-annual paleoceanographic signals. Diatomaceous interval: A) accumulation of benthic diatoms;
B) concentration of specimens of Coscinodiscus; C) needle-like meshwork of Thalassionema
nitzschioides; Mn-rich interval: D) diagenetically-altered centric diatoms; arrowhead points to a mold
of the silicoflagellate Mesocena left on a diatom valve.
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CHAPTER 2 - THE UPPER MIOCENE DIATOMACEOUS SEDIMENTS OF THE
NORTHERNMOST MEDITERRANEAN REGION: A LAMINA-SCALE

INVESTIGATION OF AN OVERLOOKED PALEOCEANOGRAPHIC ARCHIVE'

The studies concerning the diatomaceous sediments deposited in the
Mediterranean area during the late Miocene essentially addressed the well-preserved
macrofossil (e.g., Carnevale, 2004c, 2006; Carnevale and Bannikov, 2006;
Carnevale and Pietsch, 2006; Gaudant, 2008) and microfossil contents (e.g.,
Jurkschat et al., 2000; Blanc-Valleron et al., 2002; EI Ouahabi et al., 2007; Mansour
et al., 2008) or the tuning of the cyclical stacking pattern to the astronomical
periodicities, assuming that cyclicity was controlled by astronomically forced
climate changes (e.g., Hilgen and Krijgsman, 1999; Pérez-Folgado et al., 2003;
Sierro et al., 2003). Notably, intensified upwelling currents, increased salinity prior
to the onset of the Messinian salinity crisis, and extensive build-up of bottom water
anoxia have been proposed to explain the onset of the enhanced proliferation of
diatoms across the entire Mediterranean basin and the laminated fabric of the
diatomaceous sediments (e.g., Selli, 1954; Parea and Ricci-Lucchi, 1972; Sturani and
Sampo, 1973). However, recent investigations of diatomaceous sediments from

extra-mediterranean basins cast doubt upon the unequivocal model for the

" This chapter is based on Pellegrino, L., Dela Pierre, F., Jordan, R.W., Abe, K., Mikami, Y.,
Natalicchio, M., Gennari, R., Lozar, F. and Carnevale, G. (2020). The upper Miocene diatomaceous
sediments of the northernmost Mediterranean region: A lamina-scale investigation of an overlooked

paleoceanographic archive. Sedimentology (doi:10.1111/sed.12748).
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depositional interpretation of laminated diatomites, which are not consistently
related to upwelling, hypersalinity or the establishment of deep anoxic conditions
(e.g., White et al., 1992; Kemp and Baldauf, 1993; King et al., 1995; Pike and Kemp,
1999; Pilskaln and Pike, 2001; Gariboldi, 2015; Kemp and Villareal, 2018; Koizumi

and Yamamoto, 2018).

A significant improvement of the depositional models of the late Miocene
diatomaceous event that occurred in the Mediterranean may be achieved using an
SEM-based, non-destructive morphological approach. This type of approach has
been successful in interpreting the paleoceanographic significance of many diatom-
bearing laminated sediments of different ages worldwide, allowing for the
identification of single, geologically instantaneous (annual to sub-annual)
depositional processes (for an exhaustive review see Schimmelmann et al., 2016).
The main advantages of this method are: i) to investigate the paleoceanographic
signal recorded in each lamina, without introducing biases potentially derived from
sediment homogenization and manipulation (e.qg., acid cleaning), and hence avoiding
the alteration of the original taphocoenosis; and ii) to discriminate small-scale but
significant processes affecting the fine-grained sediments (e.g., grading and

microbioturbation; O'Brien, 1996, Pike et al., 2001).

The present chapter provides the first lamina-scale, SEM-based study of the
upper Miocene diatomaceous sediments from the Pecetto di VValenza section, in order
to: i) describe the micro-nannofacies and taphocoenosis preserved in their lower
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portion, so that the processes responsible for the onset of diatomaceous deposition
can be unraveled; ii) propose an interpretative model for their annual accumulation;
and iii) shed light on the mechanisms underlying the biosiliceous sedimentation at

the northernmost offshoot of the Mediterranean basin during the late Miocene.

1. The Pecetto di Valenza diatom-rich unit

The diatom-rich unit studied herein (Fig. 12) is characterized by a fine
alternation of whitish and pale- to dark-brown laminae (Figs. 13), frequently
interrupted by cm-thick, silty-to-sandy grayish layers (Figs. 12A and 13C). The latter
display sharp lower contacts, convoluted bedding, soft sediment deformation
structures and ripples, and are typically overlain by thicker, pale-brownish, fine-
grained layers (Fig. 13C) that are locally characterized by plane-parallel, whitish,
mm-long strings interpreted as clasts of cohesive diatom-rich sediments (Chang and

Grimm, 1999).
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Figure 12. The Pecetto di Valenza section. A) Simplified stratigraphic column. Note the transitional
contact between the lower homogeneous marls and the Mn-rich marls. Sandy layers interbedded with
Mn-rich and diatomaceous marls are shaded in pale gray, while the massive layer in the diatomaceous
marls is reported in dark gray. B) Photomosaic of the studied section (lower portion of the
diatomaceous marls) in reflected and transmitted light (left: parallel nicols; right: crossed nicols) and
backscattered electron imaging (BSEI). Note that the homogeneous layers may contain isolated
diatom-rich laminae. The terminology used to describe laminae and facies is reported in Tables 5 and
7.
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Figure 13. Outcrop-scale images of the Pecetto di Valenza diatom-rich unit. A) Overview of the
diatom-rich unit. B) Detail, showing the alternation of pale and dark laminae. C) Sandy layer overlain
by a fine-grained layer; note the convoluted laminae in the sandy layer. D) Burrow in the laminated
layers; note the blackish spots. E) Pinkish phosphatic nodule embedded within a laminated layer; note
the presence of a blackish rim. F) Normal fault in the massive muddy layer.
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Transversal, oblique and plane-parallel burrows belonging to the ichnogenera
Planolites and Thalassinoides are present in both the diatomaceous and sand-rich
layers (Fig. 13D). Scattered pinkish ellipsoidal phosphatic nodules, ranging in size
from some mm to a few cm, were also observed (Fig. 13E). At about 75 cm from the
base of the diatomaceous unit, the laminae are abruptly interrupted by a ~1.5 cm-
thick, dark massive muddy layer (Fig. 13F), characterized by an erosive lower
contact with cut and fill and flame structures. Both normal and inverse

synsedimentary faults locally affect the interval (Figs. 13F).

2. Material and methods

Before sampling, the outcrop was carefully cleaned and scraped with a
spatula. Then, using a “U” shaped steel box, a ~30 cm-thick section was sampled
from the lower part of the diatomaceous interval exposed along the crossroad ‘Strada
Molina’ (44°58°50.2°°N, 8°40°30.8"’E), close to the village of Pecetto di Valenza

(Fig. 12).

Half of the sample was vacuum resin-embedded and slabbed perpendicularly
to the bedding plane in order to obtain 9 polished thin sections representing a
continuous record of the studied interval. The thin sections were subsequently

studied both with reflected and transmitted light, for comparison with the
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backscattered electron imagery (BSEI). The polished thin sections were then carbon-
coated and BSEI observations were performed with a JEOL JSM IT300LV scanning
electron microscope (SEM) at an operating voltage of 15kV. Diatom-rich laminae,
composed of highly porous frustules filled with carbon-based resin, are characterized
by an average low atomic number and therefore by a low backscatter coefficient,
resulting in a dark signal; less porous laminae enriched in terrigenous particles have
an average high atomic number and therefore a high backscatter co-efficient,

resulting in a bright signal (see Krinsley et al., 1998).

A low magnification (50x) photomosaic of each polished thin section was
automatically acquired using the software AZtec (Oxford Instruments) and used as
a general map for the identification of the major faciological components. These
components were manually investigated in detail at higher magnification. Using a
dissecting microscope, the non-consolidated counterpart of the sample was carefully
split parallel to the bedding plane using a scalpel along selected intervals. The
resulting sub-samples were mounted on aluminum stubs for topographic
investigations. The sub-samples were first investigated under reflected light for
subsequent comparison with electron imagery. Secondly, they were carbon coated
and observed in secondary electron (SE) or backscattered modality. Occasionally,
qualitative energy dispersive spectroscopy (EDS) was performed on both thin

sections and stubs.
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Laminated diatomaceous sediments in thin section were described using
terminology proposed by Chang et al. (1998) that was partially modified (Tab. 5). A
detailed description of each micro-nannofacies, from the single lamina types to their
arrangement in the laminated packets, is reported below and summarized in the Tabs
6 and 7. Diatom abundance was roughly estimated, following the approach used by

Brodie and Kemp (1994), Bull and Kemp (1995) and Pike and Kemp (1996).

3. Results

Under reflected light, the section can be distinguished into mm- to cm-thick,
whitish-grayish to reddish laminated packets that are interrupted by brownish to
pale-gray non-laminated intervals (Fig. 12B). Laminated packets comprise
alternating mixed terrigenous-biogenic laminae and diatom-rich laminae. Additional
components include burrows (Fig. 12B), um- to mm-thick opal-rich aggregates and

mixed pelletal structures.
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Category

Thickness

Spacing

Bimodality

Domination

Cyclicity

Continuity

Lamina
boundary
preservation

Descriptor

Razor-striped
Pin-striped
Chalk-striped
Closely-spaced
Moderately-
spaced
Widely-spaced
High
bimodality
Moderate
bimodality
Low
bimodality
Mud-
dominated
Diatom-
dominated
Subequal
Couplet

Triplet

Packet

Good
Moderate

Poor
Good

Moderate
Poor

Specifications

<0.2 mm
0.2-1.0 mm
1.0-1.5 mm

>10 laminae/cm
5-10 laminae/cm

<5 laminae/cm

Marked contrast in grayscale (BSEI
observation)

Moderate contrast in grayscale (BSEI
observation)

Small contrast in grayscale (BSEI
observation)

>1.5:1 mud or detritus

>1.5:1 biosilica

~1:1
Single pair of dark (mixed terrigenous-

biogenic) and light (diatomaceous mud or

diatom ooze) lamina.
Sequence of three lamina types (mixed

terrigenous-biogenic, diatomaceous mud

and diatom ooze).

Suite of couplets situated between non-
laminated intervals. Triplet observed in one

case (Fig. 24)

Laterally continuous lamina

Few interruptions occurring along the
lamina

Many interruptions occurring along the

lamina

Well-defined lamina boundaries
Moderately-defined boundaries
Poorly-defined lamina boundaries

Table 5. Terminology adopted for description of single lamina types and their arrangement in
laminated packets. Modified from Chang et al. (1998).
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3.1. Mixed terrigenous-biogenic laminae

These laminae (Figs 14 and 15; Tab. 6) range in thickness from razor- to
chalk-striped. They do not show clear erosional bases or grading. Under reflected
light, these laminae are darker than their diatom-rich counterparts, ranging in color
from grayish to pale-brown and yellowish (Fig. 14A). With transmitted light (Figs.
14B to D) and under BSE (e.qg., Figs. 14E-F) the mixed terrigenous-biogenic laminae
appear bright. The high birefringence observed with crossed nicols points to an
enrichment in calcite and clays, confirmed by BSEI observations and EDS analysis.
The matrix consists of abundant calcareous nannofossils, mostly occurring as single
coccoliths and more rarely as complete coccospheres, mixed with clayey particles.
Such biogenic-detrital 'mud’ embeds a heterogeneous, coarse component represented
by: 1) silt-sized terrigenous grains (Figs. 14E to G); ii) isolated or clustered
hexactinellid and demosponge spicules (mostly monoaxons) and rarer microscleres
(Figs. 14G-H); iii) aggregates composed of silty particles, foraminifers and sponge
spicules, aligned parallel to the bedding plane (Figs. 14H to J); iv) abundant and
variably preserved planktonic (globigerinids; Figs. 14D, | and 15A) and benthic-
epiphytic foraminifers (e.g., Cibicididae, Uvigerinidae, Bolivinidae; Figs. 14E, 15B
and C); v) scattered, randomly oriented centric diatoms (Figs. 14E-F); and vi)
radiolarians (mainly polycistine spumellarians; Fig. 15D). The topographic
observation of these laminae confirms the low abundance of well preserved diatoms
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(Fig. 15E). However, the frustules of inshore taxa can be recognized, mostly
represented by the robust planktonic genus Actinoptychus (A. senarius and rarer A.
splendens) and by the epiphytic genera Arachnoidiscus and Isthmia (Figs. 15A, D,
F to ). Isthmia specimens occur as valves and girdle bands still joined together, and
in exceptional cases as vestiges of larger colonies (Round, 1984). The inshore diatom
assemblage consists of taxa belonging to the genera Cocconeis, Grammatophora
(notably G. oceanica), Navicula, Rhabdonema (notably R. adriaticum), Synedra,
Surirella and Biddulphia (Fig. 15J). The planktonic, oceanic component is mostly
represented by the genera Asterolampra (particularly A. acutiloba, with only the
inner, star-shaped hyaline area preserved), Chaetoceros (resting spores),
Coscinodiscus, Hemidiscus (notably H. cuneiformis) and Thalassiosira. Very rare
specimens of the genus Hemiaulus have been also observed. Relatively well-
preserved rafts or larger aggregates (discussed below) of the planktonic pennate
diatom Thalassionema nitzschioides have been observed, but this taxon commonly

occurs as etched fragments unevenly distributed on the lamina surface.
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Figure 14. Mixed terrigenous-biogenic laminae in polished thin section. A) RL micrograph.
Alternation of mixed terrigenous-biogenic (dark) and diatom-rich (pale) laminae; arrowhead points
to a mixed terrigenous-biogenic lamina. B) TL micrograph. Same area shown in A; note the high
birefringence of the mixed terrigenous-biogenic laminae; arrowhead points to the same mixed
terrigenous-biogenic lamina highlighted in A. C and D) TL micrographs. Alternation of mixed
terrigenous-biogenic and diatom-rich laminae; in D, the arrow points to a planktonic foraminifer
(globigerinid). E) BSEI micrograph. Detail of D: specimen of Cibicidoides sp. (arrowhead) associated
with terrigenous grains and scattered diatom frustules. F) BSEI micrograph. Randomly oriented
centric diatom frustules (arrowheads), dispersed in a fine-grained, bright matrix.
G and H) BSEI micrographs. Sponge microscleres (arrowheads); in H, an aggregate of terrigenous
grains is highlighted (above the white dotted line). I) BSEI micrograph. Aggregate of sponge » »
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spicules (s) and planktonic foraminifers (pf). J) BSEI micrograph. Aggregate of terrigenous and
skeletal grains (arrowheads). RL: reflected light. TL: transmitted light. n//: parallel nicols; nx: crossed
nicols.

Figure 15. SEM topographic observation of mixed terrigenous-biogenic laminae. A) Planktonic
foraminifers (pf) and fragments of the epiphytic diatom Arachnoidiscus sp. (Ar). B-C) Benthic
foraminifers (Bolivina sp. and Uvigerina sp., respectively). D) Polycistine radiolarian (center);
note a small specimen of Actinoptychus senarius (Ac) and scattered specimens of Thalassionema
nitzschioides (Th). E) Etched diatom valves (white dotted circles) and a dense aggregate of » b
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sponge spicules. F) Meroplanktonic diatom A. senarius (arrowheads point to coccoliths). G to 1)
Epiphytic diatoms (Arachnoidiscus sp. in G and H; Isthmia sp. in I, highlighted by white dotted lines);
note in H the fine-grained matrix including calcareous nannofossils and terrigenous grains
(arrowheads). D) Epiphytic diatoms (Isthmia sp.; white dotted lines). J) Fragment of a benthic diatom
(Biddulphia sp.). K) Warm-water silicoflagellates (Mesocena sp., Me; Dictyocha sp., Di). L-M)

Sponge sterrasters.

Topographic observations included silicoflagellates, namely Dictyocha spp.,

Distephanopsis spp. and Mesocena sp., Paramesocena sp. and generally less

common Stephanocha speculum (Fig. 15K).

Figure 16. Biogenic remains filled with framboidal
pyrite from mixed terrigenous-biogenic laminae, in
polished thin section and observed parallel to the bedding
plane. A) TL micrograph. Foraminifer. B) BSEI
micrograph. Same foraminifer reported in A. C to G) SEI
micrographs. Variously preserved centric diatoms; in E
the frustule is completely dissolved (black dotted line
indicates the mold). TL: transmitted light.

Additional components included
endoskeletal dinoflagellates (e.g.,
Actiniscus pentasterias), ebridians
and chrysophycean stomatocysts.
Among the spongolitic
component, besides the dominant
robust monoaxons (Fig. 15E),
well-preserved geodiid sterrasters

are present (Figs. 15L-M).

Framboidal pyrite mostly
infills the chambers of foraminifer
tests (Figs. 16A-B) and the
frustules of some centric diatoms

(Figs. 16C to G).
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3.2. Diatom-rich laminae

Under reflected light, the white color of the best-preserved, more continuous
diatom-rich laminae distinguishes them from the mixed terrigenous-biogenic
laminae. However, the identification of the diatom-rich laminae is not always
obvious, especially if they are razor-striped and poorly continuous. In such cases,
these laminae can be more confidently identified with transmitted light and BSEI;
due to their opal content and high porosity, these laminae appear darker than the
mixed terrigenous-biogenic laminae. According to their taxonomic composition, two
main subtypes can be distinguished (Tab. 6): i) diatomaceous mud laminae (Figs.

17-18) and ii) diatom ooze laminae (Figs. 19-20).

3.2.1. Diatomaceous mud laminae

These are razor-striped laminae, with a few exceptions characterized by
moderate to poor lateral continuity and poor preservation of the lamina boundaries
(Figs. 17Ato G). In thin section, these laminae are characterized by valves of centric
taxa (Figs. 17H-1) intermingled with pennate diatoms that do not form continuous
and well-defined mats. When observed parallel to the bedding plane, the assemblage

appears dominated by Coscinodiscus spp. (notably C. marginatus, C. radiatus, C.
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oculus-iridis; e.g., Figs. 18A to D), commonly associated with Hemidiscus
cuneiformis (Figs. 18C-D) and large thalassiosiroids (e.g., Thalassiosira leptopus;
Fig. 18C). In some cases, the valves of Coscinodiscus spp. cover the entire surface
of the lamina (Fig. 18A). Valve preservation is poor, and evidence of maceration and
partial or complete opal dissolution are often observed. In many cases the original
presence of the valves can be inferred by the molds in the matrix, which is
characterized by abundant calcareous nannofossils (Fig. 18E). In this regard, very
large centric valves likely of the genus Coscinodiscus (likely C. asteromphalus or C.
wailesii) often show evidence of dissolution resulting in a characteristic ‘crescent
moon' shape (Fig. 18D). The occurrence of T. nitzschioides is patchy (Fig. 18E),
rarely abundant enough to cover significant portions of the lamina surface. The
ancillary biogenic component is represented by inshore or oceanic diatoms (e.g.,
Asterolampra acutiloba; Fig. 18F), aggregates of Chaetoceros resting spores (Fig.
18G), sponge spicules, scattered foraminifers, radiolarians and silicoflagellates (Fig.

18H), as already observed in the mixed terrigenous-biogenic laminae.
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Figure 17. Diatomaceous mud laminae in polished thin section. A) RL micrograph. Type 1 laminated
packet. Whitish colored, discontinuous razor-striped diatomaceous mud laminae alternating with
grayish mixed terrigenous-biogenic laminae. In the upper half a reddish halo hampers the distinction
of the two lamina types. B and C) TL micrographs. Details of A: the diatomaceousmud laminae are
darker than the mixed terrigenous-biogenic laminae. D and E) BSEI micrographs. Details of B and
C: the diatomaceous-mud laminae are dark; note the coarse biogenic components, such as planktonic
foraminifers (pf) and sponge spicules (s). F and G) BSEI micrographs. Alternation of dark
diatomaceous mud and bright mixed terrigenous-biogenic laminae. H and I) BSEI micrographs.
Details of two diatomaceous mud laminae highlighted in F and G (white rectangles), respectively;
arrowheads point to the valves of centric diatoms. RL: reflected light. TL: transmitted light.
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Figure 18. SEM topographic observation of diatomaceous mud laminae. A and B) Lamina surface
covered by the valves of centric diatoms (Coscinodiscus spp.). C) Assemblage dominated by
Coscinodiscus spp. (Co), with subordinated Hemidiscus cuneiformis (He) and a large thalassiosiroid
(Tha); note the different degree of preservation of diatom valves. D) Very large centric frustules
preserving only the marginal portion of the valve surface (‘crescent moon’ pattern); note a specimen
of H. cuneiformis (He). E) Cluster of valves of Thalassionema nitzschioides; the square highlights a
small cluster of coccoliths. F) Cluster of Asterolampra acutiloba (arrowheads), with only the central,
star-shaped hyaline area preserved. G) Chaetoceros resting spores. H) Cluster of warm-water
silicoflagellates (Mesocena sp.).
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3.2.2. Diatom ooze laminae

These consist of razor- to chalk-striped laminae with good lateral continuity
and moderate to good preservation of the lamina boundary (Figs. 19A to D). Overall,
these laminae are dominated by frustules of Thalassionemataceae, forming uniform
mats entrapping subordinated biogenic and lithogenic components (e.g., Figs. 19E-
F). Observations of lamina surface confirm the considerable amount of closely
entangled frustules of pennate diatoms, dominated by Thalassionema nitzschioides,
(Figs. 20A to C). Thus, these laminae can be considered as almost monospecific
diatom oozes. Grazing and dissolution of diatom frustules is evident (e.g., Fig. 20D),
although at a more limited degree than in the other two lamina types. Inshore diatoms
are absent to very rare, even though an accumulation of naviculoid diatoms has been
recognized in the upper part of the section (e.g., Fig. 20E) where other pennate
diatoms (e.g., Denticulopsis spp., Nitzschia praereinholdii, Rouxia californica) are
also more represented, but always occur within the Thalassionema-rich oozes (e.g.,

Figs. 20F to G).

The subordinate components of these laminae consist of scattered frustules
of Coscinodiscus spp., small thalassiosiroids and Chaetoceros resting spores (e.g.,
Fig. 20H), silicoflagellates (mainly Stephanocha speculum), isolated radiolarians
(e.g., Fig. 201), scarce calcareous nannofossils, ebridians and endoskeletal
dinoflagellates, pelletal structures (see below) and scattered silt-sized grains.
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Figure 19. Diatom ooze laminae in polished thin section. A) RL micrograph. Type 2 laminated packet
characterized by continuous, pin- to chalk-striped white diatom ooze laminae. B) TL micrograph.
Detail of A: diatom ooze laminae are darker than the mixed terrigenous-biogenic laminae. C) BSEI
micrograph. Detail of B: note the accumulation of diatom frustules and the stark grayscale contrast
between the central, mixed terrigenous-biogenic lamina and the diatom ooze laminae above and
below. D) BSEI micrograph. Sharp contact between a mixed terrigenous-biogenic lamina (below) and
a diatom ooze lamina (above). E and F) BSEI micrographs. Almost monospecific composition of
diatom ooze laminae, dominated by Thalassionema nitzschioides. RL: reflected light. TL: transmitted
light. n//: parallel nicols; nx: crossed nicols
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Figure 20. SEM topographic observation of diatom ooze laminae. A to C) Examples of different
lamina surfaces; note the intricate meshwork deriving from the near-monospecific accumulation of
needle-like frustules of Thalassionema nitzschioides. D) Cluster of macerated biogenic silica. E)
Dense accumulation of naviculoid diatoms. F) Denticulopsis sp. (De) and Thalassiosira sp. (Tha). G)
Nitzschia praereinholdii. H) Chaetoceros resting spores. 1) Radiolarian (family Spongodiscidae).
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Lamina types and
subtypes

Mixed terrigenous-
biogenic

Diatom-
rich mud

Diatom ooze

Diatomaceous

Diagnostic

components

e Mixed clay-
nannofossil-
rich matrix

e Silt-sized
terrigenous
particles

e Inshore
biogenic grains
(diatoms,

foraminifers)

Nannofossil-
rich matrix

e Large centric
diatoms (mostly
Coscinodiscus

spp.)

o Meshwork of
needle-like
pennate
diatoms (mostly
Thalassionema
nitzschioides)

Mechanism of
formation

Influx of fine-
grained lithogenic
particles and coastal
taxa

Background
sedimentation
dominated by
calcareous
nannoplankton
Basin shielded by
coarse terrigenous
influx

Proliferation of
deep chlorophyll
maximum (DCM)-
forming diatoms
during water
column
stratification
Convective
remixing of the
water column
Sedimentation of
DCM-forming
diatoms (“fall
dump”; Kemp et al.,
2000)

Proliferation of
opportunistic
diatoms during
water column
convective remixing
Exhaustion of
nutrients in the
upper water column
En masse
sedimentation of
opportunistic
diatoms

Reference
figures

Figs. 14-15

Figs. 17-18

Figs. 19-20

Table 6. Lamina types and subtypes, diagnostic components and genetic mechanisms.

76



3.3. Laminated packets

Two main types of laminated packets were distinguished (Tab. 7). Type 1
laminated packets (e.g., Figs. 12B and 17A) mostly comprise low bimodality, mud-
dominated, closely spaced suites of couplets that are composed of razor- to pin-
striped mixed terrigenous-biogenic laminae alternating with razor-striped, diatom-
rich (mainly diatomaceous mud) laminae (e.g., Figs. 17D to G). The diatom-rich
laminae typically show a poor to moderate lateral continuity and a moderate
preservation of lamina boundaries. Isolated, better preserved, razor- to pin-striped

diatom ooze laminae may occur within these packets.

Type 2 laminated packets represent a very limited fraction of the laminated
portion of the section (e.g., Figs. 12B and 19A). They are composed of moderate to
high bimodality, subequal- to diatom-dominated suites of couplets. These are closely
to moderately spaced and characterized by pin- to chalk-striped terrigenous-biogenic
laminae alternating with razor-striped or pin- to chalk-striped diatom ooze laminae,
displaying a moderate to good lateral continuity and preservation of lamina
boundaries (e.g., Figs. 19B to D). In the lower 10 cm of the studied section (Fig.
12B), a triplet has been observed. It is composed of a mixed terrigenous-biogenic
lamina at the bottom, followed by a diatomaceous mud and a diatom ooze lamina

(see Discussions).
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3.4. Non-laminated intervals and burrows

Non-laminated intervals (Fig. 12B; Tab. 7) consist of homogeneous or
graded layers ranging in thickness from >1.5 mm to a few cm and showing indistinct
upper and lower contacts. In the homogeneous layers (Fig. 21A) the original laminae
have been compromised by bioturbation. However, in some cases remnants of the
original laminated fabric can still be discerned. Occasionally, lithogenic particles
coated with Mn-Fe oxides (according to EDS analysis) occur as bright spots. Thin
section and topographic observations confirm that the bulk composition of these
layers is similar to that of the mixed terrigenous-biogenic laminae (Figs. 21A-B).
The graded layers are composed of a mixture of clay- and silt-sized terrigenous
grains, diatom valves and calcareous nannofossils, while the other biogenic
components (e.g., foraminifers, sponge spicules) are very scarce to absent (Figs. 21C

to F).

Burrows are unevenly distributed throughout the section, affecting both
laminated packets and non-laminated intervals (Fig. 12B). The burrows are often
characterized by amorphous blackish spots of Fe-Mn-oxides; transmitted light and

BSEI observations highlighted their mixed clastic-biogenic composition.
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Figure 21. Non-laminated intervals in polished thin section and observed parallel to the bedding
plane. A) BSEI micrograph. Homogeneous layer. B) SEI micrograph. Homogeneous layer; note the
presence of terrigenous and skeletal debris. C) TL micrograph. Graded layer. D-E) SEI micrographs.
Graded layer showing relatively well-preserved specimens of Actinoptychus senarius (Ac) and
Hemidiscus cuneiformis (He), the neritic diatom Paralia sulcata (Pa), Nitzschia praereinholdii (Ni)
and scattered specimens of Thalassionema nitzschioides (Th). F) SEI micrograph. Fragmented
biogenic remains and clayey terrigenous particles in the upper part of a graded layer; note the presence
of strongly etched diatom valves (arrowheads). TL: transmitted light. n//: parallel nicols; nx: crossed
nicols.
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3.5. Opal-rich aggregates and mixed pelletal structures

Opal-rich aggregates (Tab. 7) are shaped as short subovoidal pellets (Figs.
22A-B) and elongated, flattened or wavy strings (Fig. 22C) with a thickness in the
range of some tens of micrometers and a major axis ranging from hundreds of
micrometers to more than 1 mm. Only the thickest aggregates can be identified; they
appear as whitish strings generally arranged parallel or slightly oblique to the
bedding plane, well distinguishable from the surrounding matrix because of their
sharp boundaries and color contrast. These features occur in the type 1 laminated
packets or in the non-laminated intervals. Because of their high opal content, with
transmitted light and under BSEI the aggregates appear dark, similar to the well-
preserved diatom-rich laminae (Figs. 22A to F). When observed parallel to the
bedding plane, the opal-rich aggregates show variable shapes, ranging from irregular
to sub-circular (Fig. 22G). They are mostly composed of pristine valves of
Thalassionema nitzschioides (Figs. 22D and H-I), although rare isolated aggregates
of Chaetoceros resting spores and setae (Figs. 22C, F and J-K) and of
silicoflagellates (Stephanocha speculum; Figs. 22B, E and L-M) have been also

observed.
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Figure 22. Opal-rich aggregates in polished thin section and observed parallel to the bedding plane.
A and B) TL micrographs. Short, subovoidal pellets. C) BSEI micrograph. Flattened string. D to F)
BSEIl micrographs. Details of A, B and C, showing a dense accumulation of Thalassionema
nitzschioides (D), silicoflagellates (E) and Chaetoceros resting spores (F). G) RL micrograph. Sub-
circular aggregate observed; note the well-defined boundaries and the color contrast with the
surrounding matrix. H and 1) BSEI micrographs. Aggregate dominated by T. nitzschioides; note the
compositional contrast with the surrounding matrix composed of clay and calcareous nannofossils. J
and K) BSEI micrographs. Aggregate composed of Chaetoceros setae and scattered specimens of T.
nitzschioides. L and M) BSEI micrographs. Silicoflagellate-rich aggregate composed of Stephanocha
speculum. Dotted lines mark the aggregate boundaries. RL.: reflected light. TL: transmitted light. n//:
parallel nicols; nx: crossed nicols.
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Mixed pelletal structures have a bright appearance in BSEI, due to the
presence of comminuted lithogenic and biogenic particles, both siliceous and
calcareous (Fig. 23; Tab. 7). The abundance of these types of pellets, apparently
higher in the mixed terrigenous-biogenic laminae, is probably underestimated, since

sediment compaction could have modified the original, subovoidal shape.

Figure 23. Mixed pelletal structures in polished thin section (A and B, TL and BSEI micrograph,
respectively) and observed parallel to the bedding plane (C, SEI micrograph). TL: transmitted light.
n//: parallel nicols; nx: crossed nicols.
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Facies and subfacies

Laminated Type 1
packets laminated
packets
Type 2
laminated
packets
Non- Homogeneous
laminated layers
intervals
Graded layers
Burrows

Opal-rich aggregates

Mixed pelletal structures

Description and
occurrence

Low bimodality
Mud-dominated
Couplets composed of
mixed terrigenous-
biogenic laminae
alternating with
discontinuous diatom-
rich (mainly
diatomaceous mud)
laminae

Common

Moderate to high
bimodality

Subequal to diatom-
dominated

Couplets composed of
mixed terrigenous-
biogenic laminae
alternating with
diatom ooze laminae
Triplet observed (see
Fig. 24)

Rare

Structureless fabric
Common

Normal grading
Rare

Common

Strings and pellets
mostly composed of
Thalassionema
nitzschioides
Common

Fecal pellets
concentrated in the
mixed terrigenous-
biogenic laminae
Common

Interpretation

Inefficient nutrient
cycling

Weak seasonality,
warm-humid climate
Slight convective
remixing with limited
reinjection of nutrients
in the upper water
column

Limited proliferation of
ooze-forming diatoms
Efficient nutrient
cycling

Vigorous convective
remixing with sustained
reinjection of nutrients
in the upper water
column

Enhanced proliferation
of ooze-forming
diatoms

Pervasive bioturbation
of former laminated
packets

Bioturbation favored by
scarcity of diatom-rich
(especially diatom
00ze) laminae

Gravity flows possibly
related to
synsedimentary
tectonic instability or to
the rheological
behaviour of the
diatomaceous deposits
Bioturbation
Self-sedimentation of
scattered colonies of
siliceous phytoplankton

Grazing in the water
column and at the
sediment-water
interface

Table 7. Main facies and sub-facies observed in the studied section.

Reference
figures

Figs. 12B
and 17

Figs. 12B
and 19

Figs. 12B,

21A-B

Figs. 12B,
21Cto F

Fig. 12B
Fig. 22

Fig. 23
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4. Discussion

4.1. Origin of mixed terrigenous-biogenic laminae

The composition of these laminae (Figs. 14-15) reflects an increased rate of
fine-grained terrigenous supply to a basin that was normally characterized by a
background biogenic sedimentation dominated by calcareous nannoplankton and
associated with a moderate biosiliceous production. The presence of mixed pelletal
structures and the poor preservation of diatom valves (with the exception of the most
robust taxa), indicates intense zooplankton and benthic grazing, resulting in the
production of fecal pellets. The seafloor was sufficiently oxygenated to sustain
benthic life, allowing processes of extensive bioturbation, as suggested by the
random orientation of centric diatom frustules (e.g., Fig. 14F). Nevertheless, local
anoxic niches formed, probably in response to a major concentration of organic
matter, as witnessed by the presence of rare foraminifer tests and centric diatom
frustules filled with framboidal pyrite (e.g., Fig. 16). The possible winnowing of the
seafloor by (weak) bottom currents is indicated by clustered detrital and biogenic

coarse particles (e.g., Figs. 14H to J).

The fine-grained terrigenous component and the abundance of calcareous

nannofossils points to a relatively distal setting, partly shielded from the coarser
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detrital influx. The angular shape of the silty particles suggests a brief transport from
a nearby exposed area. Both the lithogenic and the coarsest biogenic particles with
inshore affinity were likely transported via suspension and then settled from the

water column (e.g., Chang et al., 1998).

The abundant spongolitic content of these laminae can be interpreted as being
displaced from the shelf and re-deposited into a more distal and deeper setting
(Sturani and Sampo, 1973). This interpretation is reinforced by the presence of
sterraster microscleres of Geodia spp., representing an inner-shelf environment

(Bonci et al., 1996).

The periodic input of terrigenous and inshore biogenic particles into the basin
was caused by riverine discharge and/or eolian transport, reflecting wetter and drier
conditions, respectively. The presence of geodiid remains (e.g., Bonci et al., 1996)
and especially of the silicoflagellates of the Dictyocha-Distephanopsis-Mesocena-
Paramesocena group points to a temperate-warm climate (e.g., Locker and Martini,
1989), which agrees with the interpretation of humid conditions during the

deposition of these laminae (e.g., Rigual-Hernandez et al., 2010).

4.2. Origin of diatomaceous mud laminae
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The oligotypic assemblage of large centric diatoms that are characteristic of
these laminae (Figs. 18A to D) can be primarily attributed to the selective grazing
and/or dissolution of the less silicified opaline skeletons (e.g., Shemesh et al., 1989;
Tanimura et al., 1990; Burckle et al., 1992). Grazing and dissolution are evidenced
by the presence of comminuted opaline remains and scarcely-preserved diatom
valves. Moreover, small-scale bioturbation that disrupted the lateral continuity of
these laminae may have further obliterated the original assemblage due to
mechanical breakage and preferential dissolution of the lightly silicified taxa.
However, the overall composition of these laminae is too distinctive and recurrent,
suggesting that the processes that modified the original bio- and taphocoenosis
played a marginal role. Thus, this type of laminae can be attributed to the
proliferation of 'giant' diatoms that are able to survive in the lower photic zone when
the water column was stratified and typified by an oligotrophic upper layer,
producing the so-called deep chlorophyll maximum (DCM). In modern oceans, the
en masse sedimentation of these large taxa takes place when an abrupt, physical
reconfiguration of the water column occurs (fall dump sensu Kemp et al., 2000). In
contrast to the fast-growing, bloom-forming diatoms, this 'shade flora' is adapted to
exploit the sub-photic layer of the water column (Sournia, 1982) and has a slower
growth rate. The shade flora relies on the nutrient pool trapped below the pycnocline,
on specific endosymbiotic diazotroph associations for its nitrogen demand and on
the ability to control its buoyancy in order to migrate to the upper photic zone to

photosynthesize (e.g., Kemp et al., 2000; Kemp et al., 2006; Kemp and Villareal,
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2013). Members of the shade flora have been observed from the morphological and
geochemical investigations of diatom-bearing and organic-rich sediments from
different ages worldwide (e.g., Gombos, 1984; Pearce et al., 1998; Kemp et al., 1999;
Pike, 2000; Burke et al., 2002; Bahk et al., 2003; Seeberg-Elverfeldt, 2004; Romero
and Schmieder, 2006; Davies et al., 2009; Xiong et al., 2013; Gariboldi, 2015;
Ohkouchi et al., 2015; Davies and Kemp, 2016; Kemp and Villareal, 2018), but were
rarely considered as an additional controlling factor of the latest Miocene opaline
accumulation in the Mediterranean (e.g., Pestrea et al., 2002; Pérez-Folgado et al.,
2003). However, the few works that addressed the lamina-scale composition of the
Mediterranean diatomaceous sediments by means of non-destructive SEM
observations have already shown that the laminae are almost entirely dominated by

large centric diatoms (e.g., Rouchy, 1982; Mansour et al., 1995).

The best known modern representatives of the DCM and fall dump process
belong to the genera Ethmodiscus, Coscinodiscus, Hemiaulus, Rhizosolenia and
Thalassiothrix (e.g., Villareal et al., 1999; Kemp et al., 2000), although increased
interest about this mode of primary production provides continuous evidence of the
non-ancillary role of other diatoms usually considered as solely bloom-forming taxa,
including selected species of the family Chaetocerotaceae, recurrently present in the
deep photic layer of the Mediterranean (e.g., Estrada, 1991; Siokou-Frangou et al.,
2010; Crombet et al., 2011; Rigual-Hernandez et al., 2013). Thalassionema

nitzschioides also has been observed as a major component of the DCM in the
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Mediterranean, as well as in the Celtic Sea (Hickman et al., 2009), providing further
evidence of its opportunistic nature (discussed below; e.g., Siokou-Frangou et al.,
2010). With respect to observations of characteristic taxa in the diatomaceous mud
laminae, it is noteworthy that Coscinodiscus radiatus and Hemidiscus cuneiformis
are common components of DCM patches that develop during summer water column
stratification in the Northwestern Mediterranean (e.g., Estrada, 1991; Latasa et al.,
1992). Therefore, the diatomaceous mud laminae can be interpreted as the product
of the sedimentation of the ‘shade flora’ in response to the abrupt water column
destabilization after a period of stratification. Since the examination of the
nannofossil assemblage did not reveal the common occurrence of deep dwellers
(excepted scattered Discoaster spp.), it is likely that when the water column was
stratified the biomineralized phytoplankton was segregated into a community
dominated by coccolithophores living in the oligotrophic surface waters, and a
biosiliceous community represented by large centric diatoms inhabiting the more
eutrophic subsurface waters. In this light, the limited occurrence and reduced
preservation of the ubiquitous diatom Thalassionema nitzschioides (with the
exception of the very well-preserved lensoidal aggregates discussed below) is
consistent with nutrient-depleted conditions, and therefore with low rates of
proliferation in the upper, oligotrophic water column, where this diatom was exposed
to dissolution and grazing. Conversely, the occurrence of Chaetoceros resting spore
aggregates within these laminae is consistent with the tendency of this taxon to live

at the pycnocline during periods of water column stratification.
88



There is no evidence of the establishment of extensive bottom anoxia during
the formation of this lamina type. Relatively low rates of primary production were
unlikely to trigger a marked depletion of oxygen levels through the aerobic
decomposition of organic matter. Limited primary production is also suggested by
the overall thinness of these laminae, which were clearly affected by processes of
microbioturbation. Benthic microbioturbators, however, were unable to completely

obliterate the original taphocoenosis.

4.3. Origin of diatom ooze laminae

Diatom ooze laminae dominated by entangled and relatively well-preserved
valves of Thalassionema nitzschioides (Figs. 20A to C) likely reflect bloom events
followed by nutrient exhaustion and fast export of diatom aggregates to the seafloor,
partially bypassing zooplankton grazing pressure (self-sedimentation sensu Grimm
et al.,, 1997). Rapid transport can be attributed to diatom-related mucilage
production, which increases the diatom sinking rates and protects the frustules from
dissolution in the water column and at the sediment-water interface (Grimm et al.,
1997). A further contribution to the preservation of these laminae could be related to
their stiffening nature, which results from the rapid accumulation of the needle-like

frustules of T. nitzschioides.
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4.3.1. Possible triggers of the bloom events

Identifying the possible triggers responsible for the proliferation of T. nitzschioides
IS necessary for interpreting the processes underlying the formation of the diatom
ooze laminae. While correlating the proliferation of T. nitzschioides to relatively
eutrophic conditions in the upper water column is generally correct, the possible
triggers responsible for this eutrophication are less obvious. The overabundance of
T. nitzschioides in the upper Miocene diatomaceous sediments of the circum-
mediterranean region has been often considered as indicative of strengthened oceanic
circulation that promoted upwelling of cold, nutrient-rich and oxygen-depleted
waters along the continental margins (e.g., Gaudant et al., 1996, 2006, 2010, 2015;
Mansour and Saint Martin, 1999; Pestrea and Saint Martin, 2002; Saint Martin et al.,
2003; El Ouahabi et al., 2007; Mansour et al., 2008). This interpretation is based on
the assumption that the North Pacific basins, where upwelling actually exerted a
major role on the latest Miocene diatomite accumulation (e.g., Barron and Baldauf,
1990) and currently governs the seasonal opaline production (e.g., Calvert, 1966),
are the best analogues for interpreting the Mediterranean diatomaceous accumulation
(e.g., Sturani and Sampo, 1973; McKenzie et al., 1979; Bennet, 1980; Moissette and
Saint-Martin, 1992). In addition, T. nitzschioides is particularly abundant in Neogene
(e.g., Barron and Keller, 1983) and Quaternary (e.g., Calvert, 1966) diatom-bearing
sediments in the North Pacific, which is strongly influenced by upwelling. This
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interpretation, however, has been re-evaluated by several authors who have
considered some North Pacific species of Chaetoceros to be reliable indicators of
coastal upwelling, while T. nitzschioides seems to preferentially exploit the less
productive distal edges of upwelling plumes or even the gyres (e.g., Margalef, 1978;
Sancetta, 1992; Tanimura, 1999; Lopes et al., 2006). Thus, some authors have cast
doubt on the role that upwelling currents played in the accumulation of
Mediterranean diatomaceous sediments enriched in T. nitzschioides, highlighting the
broad spectrum of environmental conditions potentially exploitable by this
cosmopolitan and opportunistic species (e.g., Rouchy et al., 1995; Pestrea et al.,
2002). In the modern Mediterranean, rich assemblages of T. nitzschioides have been
observed at the mouth of the Nile River (e.g., Halim et al., 1967; Aleem, 1972), and
in other riverine-influenced settings, including the Northern Adriatic Sea (e.g., Bosak
et al., 2009; Supraha et al., 2011).

For the diatom ooze laminae observed in the present study, the reduction of
clastic debris points to a delay between the interval of detrital input, represented by
the mixed terrigenous-biogenic laminae, and the proliferation of T. nitzschioides.
Therefore, the diatom ooze laminae could be attributed to a limited clastic input and
a relatively well-remixed water column where nutrients that were previously trapped
at depth were re-injected into the photic zone. In the Mediterranean such conditions
do not necessarily coincide with upwelling, but mostly with the seasonal breakdown

of the thermocline that occurs during the winter (convective remixing; e.g., Aleem
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and Dowidar, 1967; Lakkis and Novel-Lakkis, 1981; Estrada, 1996; Rigual-
Hernandez et al., 2013).

The concentration of naviculoid diatoms within some of the diatom oozes
(Fig. 20E) is also relevant. Naviculoid diatoms show a wide spectrum of ecological
preferences, but they are mostly confined to shallow, coastal settings, where they
generally live in the epipelon (e.g., Round et al., 1990). The observed valves are
relatively well preserved, showing limited evidence of grazing and dissolution. If
naviculoid diatoms were displaced en masse from the inshore area, the main cause
may have been a sporadic riverine influx. This process is consistent with the reduced
terrigenous content observed within the diatom ooze laminae and the good

preservation of the valves.

4.3.2. Aggregation and sinking of diatoms

Today, colony-forming T. nitzschioides largely contributes to the formation
of marine snow (e.g., Riebesell, 1991; Engel, 2002; Thornton, 2002). This process is
mediated by the production of transparent exopolymer particles (TEP), a particular
class of the extracellular polymeric substances (EPS), in response to nutrient-
depleted conditions in the water column after a bloom episode (e.g., Passow et al.,
1994; Passow, 2002a,b; Mari et al., 2017). Through the aggregation of lithogenic and

biogenic particles suspended in the water column, the density of the mucilage would
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have increased, as would its sinking rate through the so-called ‘ballast effect’ (e.g.,
Ittekot, 1993; Hamm, 2002; van der Jagt et al., 2018; Neumann et al., 2019; Rixen
etal., 2017, 2019). Such a process reduces the zooplankton grazing pressure and the
bacterially mediated degradation that normally affects isolated diatom cells during
their slower descent in the water column, thus favoring the export and preservation
of their opaline skeletons (e.g., Grimm et al., 1996, 1997; Moriceau et al., 2007).
Once settled at the sediment-water interface, the cohesiveness of the marine snow,
and therefore the potential preservation of the resulting lamina, is fostered by
biostabilization processes involving EPS-rich substances and the benthic microbial
communities (e.g., Westall and Rincé, 1994; Gerbersdorf and Wieprecht, 2015;

Mejdandzic et al., 2015).

The pristine valves of T. nitzschioides within the diatom ooze laminae of
Pecetto di Valenza (e.g., Figs. 20A to C) strongly point to their encasement in
mucilage that limited dissolution during their descent to the seafloor and deposition
at the sediment-water interface. The larger diatoms, foraminifers, radiolarians,
sponge spicules and terrigenous debris, occasionally observed as minor components
of these otherwise monospecific diatom-ooze laminae, may have played a significant
role in ballasting the aggregates of T. nitzschioides that formed after the blooms, and
favored their fast export toward the bottom and therefore the relatively good
preservation of the opal. The role of zooplankton grazing was likely negligible in the

deposition of these laminae.
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4.3.3. Substrate nature vs oxygen levels: why was bioturbation inhibited?

A prominent feature of the diatoms of the family Thalassionemataceae (see
Hallegraeff, 1986; Hasle, 2001) is their tendency to produce highly tensile mats
composed of their densely interlocked, elongated frustules. Extraordinary examples
of such mono- to oligotypic meshworks, dominated by Thalassionema spp. and
Thalassiothrix spp., have been observed in the Southern Ocean (Grigorov et al.,
2002), in the Northern (Dickens and Barron, 1997) and Equatorial Pacific (Sancetta,
1983; Kemp and Baldauf, 1993), and in the Northern Atlantic (Bodén and Backman,
1996; Shimada et al., 2008). Moreover, mats of Thalassionema nitzschioides and
Thalassiothrix longissima have been observed in the Quaternary hemipelagic
sediments of the Santa Barbara Basin (Bull and Kemp, 1995), Gulf of California
(Pike and Kemp, 1999), Peruvian margin (Brodie and Kemp, 1994), and Baltic Sea
(Burke et al., 2002), as well as in the Miocene Monterey Formation (Chang et al.,
1998; Pike and Kemp, 1999), Pisco Formation (Gariboldi, 2015), and Gulf of Suez
deposits (Rouchy et al., 1995). In the Mediterranean sediments, laminae almost
entirely dominated by Thalassionemataceae have been reported in a few works
concerning the upper Miocene diatomites (e.g., Rouchy, 1982; Mansour et al., 1995;
Galan et al., 1993; Bellanca et al., 2001), and mid-Pliocene (Capozzi et al., 20064,

b) and Quaternary sapropels (e.g., Pearce, 1998).
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Bioturbation seems to have marginally affected these mats, which are not
exclusive to anoxic settings (e.g., Kemp and Baldauf, 1993; King et al., 1995). The
reduced bioturbation may be explained by the high sedimentation rates of the mats,
their fabric and/or their conspicuous thicknesses. In this way, benthic bioturbation
was inhibited by mechanical (i.e., suffocation) rather than biochemical processes
(i.e., oxygen consumption linked to the bacterial degradation of phytodetritus) (e.g.,
Kemp and Baldauf, 1993). It is noteworthy that Ploug et al. (1997) and Lehto et al.
(2014) observed that anoxia development inside the phytodetritus-rich aggregates is
a spatially limited transient phenomenon that is compositionally controlled and size-
dependent. Along the Adriatic coasts, Penna et al. (1993) examined the mass
occurrence of mucilaginous diatom aggregates, comprising T. nitzschioides, and did
not see any evidence of severe oxygen depletion at the sediment-water interface due
to the mucilage accumulation, with the exception of sites that were characterized by
a marked stratification of the water column. Interestingly, the authors concluded that
since no suboxia or anoxia occurred at the sediment-water interface, the mass
mortality of mollusks observed after the deposition of the mucilaginous diatom-rich
aggregates was related to the mechanical clogging of their filtration apparatus by

accumulated organic material on the sea floor.

At Pecetto di Valenza, anoxic to suboxic seafloor conditions possibly
occurred during the deposition of the diatom-ooze laminae. However, these

conditions were likely ephemeral for at least two reasons: i) the recurrent macro- and
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microbioturbations that partially affected these laminae in the studied section suggest
frequently oxygenated conditions; and ii) pyrite framboids that form under sustained
bacterial sulfate reduction are nearly absent, likely because of the low organic
content of the laminae. To sum up, the inhibition of bioturbation in the diatom ooze
laminae can be attributed to the tensile strength and cohesiveness of these laminae,

rather than to oxygen depletion of bottom waters.

4.4. The annual sedimentary cycle

In the type 2 laminated packet observed in the lower 10 cm of the studied
section (Fig. 12B), it was possible to identify a triplet composed of a terrigenous-
biogenic lamina at the bottom, a diatomaceous mud lamina in the middle and a
diatom ooze lamina at the top (Fig. 24). In other parts of the section, triplets were
not observed but couplets, composed of only two out of three laminae mentioned
above, were common.

According to the interpretation of each lamina type, the triplet should reflect
the complete sequence of seasonal environmental fluctuations and depositional
patterns over one year (Fig. 25). Specifically: i) the mixed terrigenous biogenic
lamina is interpreted as the sedimentary product of the humid season, typified by
increased terrigenous-inshore biogenic input into the basin (Fig. 25A); ii) the

diatomaceous mud lamina reflects the subsquent thermal stratification of the water
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column during the warm season, resulting in the formation of a DCM dominated by
the shade flora in the deeper part of the water column (Fig. 25B); lamina deposition
records water column remixing during the cold season and the consequent
breakdown of the thermocline (Fig. 25C); and iii) the diatom ooze lamina records
the proliferation of the bloom-forming diatoms under well-remixed conditions that
occurred during the cold season, and their deposition once nutrients were consumed
(Fig. 25C).

In the studied section, the triplet is approximately 300 pum thick, and consists
of a ~150 um-thick mixed terrigenous-biogenic lamina (lower MTB lamina in Fig.
24), a ~60 um-thick diatomaceous mud lamina (DM in Fig. 24) and a ~100 pm-thick
diatom ooze lamina (DO in Fig. 24). According to these values, the 'normal’ annual
sedimentation rate at Pecetto di VValenza was about 0.3 mm/year, which translates to
30 cm/kyr. Considering post-burial compaction, on average yielding ~60% of
volume loss (Isaacs et al., 1983), a more realistic sedimentation rate would be ~50
cm/kyr. This is within the range of the sedimentation rates calculated by Ogniben
(1957) for the Messinian diatomaceous deposits of Sicily, i.e. 10-50 cm/kyr.
Conversely, the sedimentation rate calculated for the upper Miocene laminated
diatomaceous mudstones of the Pisco Fm. (Peru) was ~250 cm/kyr (Gariboldi,
2015), i.e. from five to twenty-five times higher than in the Mediterranean. Although
the data obtained from the evaluation of some tens of centimeters of sedimentary
succession cannot be considered statistically significant (see Gariboldi, 2015),

striking differences can already be seen, in terms of the paleoceanographic regimes
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and related biological productivity, between the Mediterranean and other localities
during the latest Miocene. The lack of a vigorous oceanic circulation in the semi-
enclosed Mediterranean basin during the latest Miocene may have limited the
redistribution of nutrients mostly provided by riverine runoff, precluding the
possibility of sustained rates of biological productivity in a way similar to that

observed in upwelling-influenced Pacific settings (e.g., Suess and von Huene, 1988).

500 um

Figure 24. BSEI micrograph of the triplet identified in the lower part of the studied section (left; see
Fig. 12B). The magnification on the right highlights the mixed terrigenous-biogenic lamina (MTB),
the diatomaceous mud lamina (DM) and the diatom ooze lamina (DO); only the topmost part of the
lower, mixed terrigenous-biogenic lamina is shown.
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Figure 25. Interpretative sketch of the triplet reported in Fig. 24.
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4.5. The modification of the annual sedimentary cycle

Since most of the laminated packets are represented by the alternation of

mixed terrigenous-biogenic and diatomaceous mud laminae, with the occasional
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intercalation of thick diatom ooze laminae or biosiliceous-rich aggregates (type 1
laminated packets; Fig. 12B, Tab. 7), it is possible to hypothesize that the annual
sedimentary cycle underwent some modifications during the deposition of these
laminated packets. The alteration of the normal pace of phytoplankton productivity
was possibly linked to the reconfiguration of the hydrological cycles, in turn
affecting the water column. It is noteworthy that the type 1 laminated packets may
reflect the high-frequency variability of the water column within an overall warm
and humid climate. Under such conditions, a vigorous water column remixing was
probably prevented by thermal stratification and the stronger rainfall regime, which
precluded the regular formation and deposition of extensive mats dominated by the
Thalassionemataceae (e.g., Barron et al.,, 2013). Conversely, water column
stratification favored the development of DCM species, regularly interrupted by
slight water column perturbations. For these reasons, the annual sedimentary cycle
most commonly comprised the first two steps of the annual sequence.

Where the diatom ooze laminae reach their major thickness but are not
preceded by diatomaceous mud laminae within subequal to diatom-dominated (type
2) laminated packets (Fig. 12B, Tab. 7), the predominance of a drier and cooler

climate may have precluded water column stratification.
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4.6. Origin of non-laminated intervals and burrows

In the studied section, laminated packets are frequently interbedded with
homogeneous layers. Such layers are commonly interpreted as the product of re-
oxygenation events that allowed for the benthic bioturbation of laminated sediments
that were deposited under otherwise anoxic conditions (e.g., Govean and Garrison,
1981; Ozalas et al., 1994) and/or of sediment reworking by bottom currents (Bennet,

1980).

However, the compostional similarities between the homogeneous layers and
the terrigenous-biogenic laminae herein studied, may indicate that diatom
productivity in the water column was weak. Such a scenario does not imply an abrupt
increase in bottom water oxygen concentration with respect to the deposition of the
laminated packets, but emphasizes the translation of weak diatom production in the
water column to the accumulation of diatomaceous sediments that lack tensile
strength (Pike and Kemp,1999). In this way bioturbation was not prevented by any

physical obstacle, and the sediment could be reworked.

The graded beds can be unequivocally attributed to physical processes of
sediment reworking, possibly related to gravity flows. Besides the synsedimentary
tectonic activity (Fig. 13F), even the ongoing biosiliceous-terrigenous accumulation
may have contributed to creating an unstable depositional environment. Once the

highly porous, water-rich diatomaceous sediments are capped by low permeable
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clayey deposits, the excess pore fluids would have accumulated at the interface
between the two layers, increasing the shear stress and ultimately leading to failures
(e.g., Urlaub et al., 2018).

Finally, the occurrence of various types of burrows produced by crustaceans
and/or worms is another possible indication of the non-limiting nature of the oxygen

levels, at least in the upper part of the sedimentary column.

4.7. Origin of opal-rich aggregates and mixed pelletal structures

Unfragmented diatom aggregates have been either interpreted as flocs
derived from self-sedimentation processes (e.g., Grimm et al., 1997) or as fecal
pellets of planktonic or benthic origin, in this latter case derived from the original
diatom ooze (e.g., Brodie and Kemp, 1995; Bahk et al., 2000). In the present study,
the pristine aggregates of T. nitzschioides can be interpreted as being derived from
the self-sedimentation of scattered colonies that thrived in the upper portion of the
water column during conditions that were unfavorable to their proliferation and thus
prevented formation of continuous diatom ooze laminae. Bioturbation may have
partially displaced the flocs, or locally interrupted the lateral continuity of the thinner
flocs, but was ineffective in redistributing their content into the surrounding sediment
because of the stiffened and cohesive nature of the aggregates (e.g., Chang and

Grimm, 1999). The cohesiveness of the opal-rich aggregates could have been
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fostered by the diatoms’ increased production of TEP as a response to the nutrient-
depleted environment that likely characterized the upper water column (e.g., Mari et
al., 2017).

The mixed pelletal structures composed of crushed diatoms are clearly related
to grazing processes, which may have occurred both in the water column and at the
sediment-water interface, mostly during the formation of the mixed terrigenous-

biogenic laminae.

4.8. The latest Miocene diatomaceous deposition in the Piedmont Basin: key-

points and future directions

The latest Miocene opaline deposits outcropping in the Piedmont Basin
record paleoceanographic events that occurred both before and during the Messinian
salinity crisis (MSC). To date, only two pre-MSC sections (Pecetto di Valenza and
Cappella Montei; Sturani and Sampo, 1973; Gaudant et al., 2010; Bonci et al., 1990,
1996; Bonci, 1995) and one syn-MSC section (Castagnito; Fourtanier et al, 1991)
have been investigated in detail from a micropaleontological point of view, while
only preliminary studies have been conducted on the other pre-MSC section of
Mussotto (Sturani and Sampo, 1973) and the syn-MSC sections of Bric Santa
Margherita, Cascina Dogliana and Cascina Botto (Irace, 2004). The microfossil

assemblages document a shelf to slope depositional environment.
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Thalassionemataceae are always very abundant throughout these sections (e.g.,
Fourtanier et al., 1991; Bonci, 1995; Irace, 2004; Gaudant et al., 2010), and a marked
increase in the rhizosolenid diatoms was observed in the deposits that accumulated
during the MSC (e.g., Fourtanier et al., 1991; Irace, 2004). The increasing abundance
in rhizosolenioid diatoms deserves more attention, since it may underline a turnover
in diatom communities adapted to stratified water conditions during the salinity

crisis.

Diatoms and diatom molds have been also reported from other deposits of the
Piedmont Basin, such as in the bottom-grown gypsum crystals (e.g., Dela Pierre et
al., 2015; Carnevale et al., 2019) and the interbedded euxinic shales (Dela Pierre et
al., 2014) from the Primary Lower Gypsum unit that represent the first phase of the
MSC (Dela Pierre et al., 2011). The poor preservation of diatoms in the MSC
organic-rich mudstones is particularly interesting in light of the ambiguity of the
‘anoxic paradigm’, i.e. the systematic link between the preservation of opaline
laminated sediments and seafloor anoxia. Actually, a variety of processes occurring
in organic-rich and oxygen-depleted conditions, such as pH fluctuations related to
bacterial sulfate reduction, as well as reverse weathering, may promote biogenic
silica dissolution (see Chapter 3). Increased rates of opaline preservation in the
Piedmont Basin could have occurred only where oxygenated to transient anoxic
bottom conditions were established, e.g., along the Monferrato structural high where

the Pecetto di Valenza section is located. Conversely, in the deeper parts of the basin,
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more extensive anoxic conditions, possibly linked to a persistent stratification of the
water column, might have reduced the preservation of opal, resulting in the

accumulation of organic-rich but opal-poor sediments.

The influence of upwelling in the Piedmont Basin during the late Miocene is
rather questionable (see also Bonci et al., 1991). According to paleogeographic and
paleoceanographic reconstructions (e.g., Dela Pierre et al., 2014), the Piedmont
Basin was a sort of semi-isolated gulf, where the late Miocene diatomaceous
accumulation took place during the progressive restriction of the connection between
the Mediterranean and the Atlantic Ocean (e.g., Kouwenhoven et al., 1999), coupled
to an ongoing increase in riverine runoff (e.g., Natalicchio et al., 2017, 2019; Sabino

et al., 2020). These factors could have prevented upwelling conditions.

In sum, the late Miocene opal burst in the Piedmont Basin occurred under
complex conditions that included: i) a variable but high nutrient availability,
attributable to the occurrence of fluvial discharge rather than to the establishment of
upwelling phenomena; ii) the significant role of the shade flora in controlling
biosiliceous accumulation both before and after the onset of the Messinian salinity
crisis; and iii) the possible obliteration of the opaline signal due to diagenetic

processes that took place in slightly anoxic settings.
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5. Conclusions

The morphological investigation of the Pecetto di Valenza diatomaceous
sediments suggests that the initial stages of diatomaceous deposition in the
northernmost offshoot of the Mediterranean basin during the Messinian was
controlled by the interplay between riverine runoff and two different styles of
primary production, characterized by slow-growing and rapidly reproducing diatoms
that were able to thrive under stratified and well-remixed water column settings,
respectively. At the beginning of the diatomaceous accumulation, the basin was
shielded from coarser terrigenous influx, but was influenced by the deposition of
clayey and silty particles. The clastic influx was associated with input into the basin
of the remains of coastal diatoms and sponges that thrived in the shallower area of
the basin. Riverine runoff played a central role in fertilizing the water column. The
nutrients, mostly derived from the weathering of the uplifting Alpine range (see
Chapter 3), were trapped below the pycnocline during the warm season and
subsequently reinjected into the surface through convective remixing of the water
column during the cold season. The complete product of these processes is an annual
triplet composed of a mixed terrigenous-biogenic lamina, a diatomaceous mud
lamina and a diatom ooze lamina. However, only one triplet was recorded, since the
annual sedimentary cycle was modified by climatic or sedimentary perturbations, as
explained previously.
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No evidence for intensified upwelling and bottom water anoxia formation
was observed in the studied section. The annual rate of biosiliceous productivity,
based on the calculated sedimentation rate of 50 cm/kyr, was maintained at a level
that was much lower than those recorded in an active upwelling area, e.g., along the
eastern Pacific. The lack of persistent bottom anoxia is clearly demonstrated by the
slight but pervasive microbioturbation that was only inhibited during the deposition
of the diatom ooze laminae. Such a pattern suggests that bioturbation was suppressed
by physical (tensile-strength meshworks), rather than by chemical (oxygen

depletion) factors.

Future research addressing the late Miocene diatom-bearing sediments from
the Mediterranean area should consider the extensive application of non-destructive,
SEM-based approaches. In addition, quantitative geochemical investigations of
redox sensitive elements (e.g., Chang et al., 2015), may help to solve the question of
the role of oxygen concentration on the preservation of opaline laminated sediments.
A more comprehensive dataset could provide new insights on two of the most
peculiar sedimentary events of the Miocene epoch, i.e. the global increase in

biosiliceous productivity and the Mediterranean Messinian salinity crisis.
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CHAPTER 3 - THE MESSINIAN DIATOMITE DEPOSITION IN THE
MEDITERRANEAN REGION AND ITS RELATIONSHIPS TO THE GLOBAL

SILICA CYCLE*®

Since Neogene diatomaceous deposition studies began, there has been vivid
interest and debate on the processes responsible for the enhanced availability of the
silica exploited by diatoms and other silica-secreting microorganisms (e.g.,
Bramlette, 1946). The aim of this chapter is to summarize and update the current
state of knowledge about the processes that may have fostered the biogeochemical
cycle of silica during the Neogene, proposing an alternative (or at least a
complimentary) point of view on the deep causes at the origin of the Mediterranean

“opal burst”.

1. The Mediterranean diatomite deposition and the late Neogene global biogenic

bloom

Following the closure of the Tethyan Seaway about 19 Ma (e.g., Harzhauser
et al., 2007) the Mediterranean was transformed into a semi-enclosed appendix of

the Atlantic Ocean. Here, diatomite accumulation has occurred since around 7.8 Ma

 This chapter is based on Pellegrino, L., Dela Pierre, F., Natalicchio, M. and Carnevale, G. (2018).
The Messinian diatomite deposition in the Mediterranean region and its relationships to the global

silica cycle. Earth-Science Reviews 178, 154-176.
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(Krijgsman et al., 2000; Kohler et al., 2010), but the main phase of the Mediterranean
opal burst took place diachronously in the early Messinian, between 7 and 6 Ma,
forming the well-known ‘Tripoli’ unit (Hilgen and Krijgsman, 1999). This unit
exhibits a well-defined lithological cyclicity, recorded at both the macro- and
microscale. The former (Fig. 26A) is expressed by dm- to m-thick lithological cycles
consisting of diatom-rich layers rhythmically interbedded with calcareous marls and
sapropels, and is believed to reflect precessionally-controlled dry-wet climate
fluctuations influencing the hydrological budget of the Mediterranean marginal
basins (e.g., Hilgen and Krijgsman, 1999; Modestou et al., 2017). The microscale
cyclicity (Fig. 26B) is instead evidenced by the alternation of mm-thick biogenic and
lithogenic laminae, and is related to short-term (seasonal, annual), climatically-

driven variations in the terrigenous supply (e.g., Rouchy, 1982).

Figure 26. Cyclical patterns
of diatomaceous deposits, at
different scales. A)

. Macroscale cyclicity:
brownish layers correspond
to sapropels (s), grayish
layers to marls (m) and the

| thick whitish layer to

. diatomite (d) (Serra Pirciata
‘ section, Caltanissetta Basin).
. B) Microscale cyclicity:

1 greyish-brownish laminae
are detrital-rich, whitish
laminae are diatom-rich
(Capo di Fiume section,
Abruzzo).
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These cyclic diatomaceous deposits are found in a variety of uplifted
marginal basins that originated in different geodynamic settings along the southern
rim of the Mediterranean (Southern lberian Peninsula, Northern Africa, Sicily,
lonian Islands, Crete, Gavdos, Cyprus) and in the Apennine range (Fig. 27A). The
offshore occurrence of the lower Messinian diatomites is instead uncertain, due to
the paucity of data beneath the abyssal evaporites. A deep perspective is solely
provided by two DSDP-ODP sites (Cita et al., 1978; Pierre and Rouchy, 1990), but
this record is too scanty to support a broader distribution of the Messinian
diatomaceous facies throughout the entire Mediterranean.

In Spain, opal-cristobalite (opal-CT) layers that originated from the
diagenetic transformation of diatomites are found in the Sorbas and Nijar pull-apart
basins within the lower Abad Member (Turre Fm.), whose base is dated at 7.2 Ma.
They are overlain by a cyclic diatomaceous succession deposited between 6.7 and 6
Ma (upper Abad Member), represented by the quadripartite cycle of sapropel-marl-
diatomite-marl (Vazquez et al., 2000; Krijgsman et al., 2001; Sierro et al., 2001,
2003; Pérez-Folgado et al., 2003). In Morocco (Boudinar and Melilla-Nador post-
orogenic basins), diatomites deposited between 6.73 and 6.11 Ma (Saint Martin et
al.,, 2003; van Assen et al., 2006; El Ouahabi et al., 2007) are rhythmically
interbedded with marly, clayey and tephra layers. In Algeria, the alternation of
diatomites, scattered ash layers and diatomaceous, calcareous, sandy, clayey or
organic-rich marls are reported from the Chelif and Oran wedge-top basins, forming

the so called Beida Stage (Anderson, 1933, 1936; Perrodon, 1957; Baudrimont and
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Degiovanni, 1974; Rouchy, 1982; Gersonde and Schrader, 1984; Mansour et al.,
1995, 2008; Mansour and Saint-Martin, 1999; Arab et al., 2015). This succession is
one of the thickest (175 m on average) and best exposed outcrops in the
Mediterranean region; although detailed astrochronological dating is still missing,
its age is comparable with that of Moroccan deposits from Melilla-Nador, i.e.
between 6.7 and 6.1 Ma (Mansour and Saint Martin, 1999; Cornée et al., 2004). On
the Italian Peninsula, scattered outcrops of lower Messinian diatomites interbedded
with silty and sandy turbiditic layers are reported from the Piedmont Basin (Pecetto
di Valenza and Mussotto d'Alba), at the junction between the Alps and Apennines
(Sturani and Sampo, 1973). In the Northern Apennine, diatomitic layers are reported
from the main foredeep basins (Mondaino and Montefiore Conca), where they are
interbedded with bituminous marls, organic-rich mudstones, siltstones and turbiditic
sandstones (Selli, 1954; Savelli and Wezel, 1978; Arcaleni et al., 1995; Coward et
al., 1999), and from a hinterland basin developed along the Tyrrhenian margin of the
chain (Fine Valley), where diatomites alternate with silty and sandy marls (Bradley
and Landini, 1984; Bossio et al., 1998; Benvenuti et al., 2014). Similar successions
are reported from the Southern Apennine foredeep and wedge-top basins, near Monte
dei Frentani (Ciaranfi et al., 1980), at Capo di Fiume (Carnevale, 2004b) and in the
Apulia foreland ramp (Matano et al., 2005; Matano, 2007). The Tripoli Fm. is found
in the Calabrian wedge-top basins, near Rossano and Crotone (Roda, 1964; Barone
et al., 2008; Zecchin et al., 2013), and diatomites regularly interbedded with

sapropels have been also reported near Catanzaro (Cianflone and Dominici, 2011).
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In Sicily, cyclic sequences mostly composed of sapropel-diatomite-marl triplets were
deposited between 7 and 6 Ma (Tripoli Fm.) in the Caltanissetta foredeep basin and
in the Castelvetrano and Ciminna wedge-top basins (Gersonde and Schrader, 1984;
Pedley and Grasso, 1993; Hilgen and Krijgsman, 1999; Roveri et al., 2008). Thin
successions of nearly pure "papershale” diatomites are reported from the Iblean
foreland, associated with diatremes (Suiting and Schmincke, 2010). In the lonian
Islands, lower Messinian biosiliceous levels with diatoms and silicoflagellates are
reported from Zakynthos and Corfu (Rouchy, 1982; Frydas and Keupp, 2015). In
Crete, scanty silicoflagellate-bearing opaline deposits characterize the lower
Messinian succession of the Heraklion graben (Frydas, 2004). Cyclic diatomaceous
deposits dated between 6.8 and 6 Ma and characterized by sapropel-diatomite-marl
triplets have been described from Gavdos (Metochia section; Pérez-Folgado et al.,
2003; Drinia et al., 2007). The major biosiliceous event in Cyprus is dated between
6.5 and 6.1 Ma (Orszag-Sperber et al., 2009). Diatomites interbedded with marls,
sapropels and carbonate beds (Pakhna Fm.) occur in the Polemi, Pissouri and
Psematismenos basins, around the Troodos Massif (Rouchy, 1982; Orszag-Sperber
etal., 2009; Manzi et al., 2016) and in the Mesaoria basin, close to the Kyrenia Range
(Manzi et al.,, 2016; Varol and Atalar, 2016). In Turkey, lower Messinian
biosiliceous facies, primarily composed of sponge spicules, are found in the Adana

basin (Faranda et al., 2013).
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Figure 27. A) Distribution of lower Messinian marine biosiliceous (mainly diatom-rich) deposits in
the Mediterranean. B) Main stratigraphic architectures of the lower Messinian Mediterranean
diatomite successions. See text for a detailed discussion and references.
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Outside the Mediterranean, the last 15 Ma constitute a period of remarkable
intensification of opaline deposition in the global oceans (Renaudie, 2016),
associated with the evolutionary diversification of diatoms (Lazarus et al., 2014). In
this regard, it is interesting to note the global occurrence of extensive pelagic oozes,
starting at about 15 Ma, composed of mat forming giant diatoms of the genera
Coscinodiscus, Ethmodiscus, Rhizosolenia, Stephanopyxis and Thalassiothrix,
which are adapted to exploit stratified waters usually occurring in correspondence
with oceanic fronts or in response to the establishment of a seasonal pycnocline
induced by freshwater inflows in land-locked basins (Kemp and Baldauf, 1993;
Smetacek, 2000; Kemp et al., 2006). This highly-silicified "shade-flora" (Sournia,
1982) may support an enormous subsurface primary production at the Deep
Chlorophyll Maximum, rivaling or even outcompeting diatom taxa inhabiting the
surface layer (Kemp et al., 2006). The expansion of the cryosphere after the Mid-
Miocene Climatic Optimum favored the development of the North Atlantic Deep
Waters, the strengthening of the Antarctic Bottom Waters and the establishment of
the Atlantic anti-estuarine circulation, which promoted the collapse of the Atlantic
opaline productivity and the relative silica-enrichment of the Indian and Pacific
oceans (Cortese et al., 2004).

A subsequent peak in the global biosiliceous production took place broadly
between 7 and 4.5 Ma and is commonly referred to as the late Miocene-early

Pliocene biogenic bloom (Cortese et al., 2004; Fig. 28).
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Figure 28. Global distribution of Upper Miocene and Lower Pliocene oceanic diatom-bearing
deposits (circles). The rectangle indicates the Mediterranean basin. Modified from Renaudie (2016).

The late Neogene opal burst was associated with the world-wide
enhancement of carbonate, phosphate and barium accumulation rates, to the vertical
extension of the oxygen minimum zones (Diester-Haass et al., 2002, 2004), and to
the considerable abundance, biodiversity and increase in body size of many groups
of large predatory marine vertebrates, including fishes (e.g., Santini et al., 2013;
Santini and Sorenson, 2013; Schwarzhans and Aguilera, 2013), marine mammals
(e.g., Pyenson and Vermeij, 2016) and seabirds (Warheit, 2002; Norris et al., 2013).
These data support a scenario of dramatic boost of oceanic productivity dominated
by diatoms, fueling the whole trophic web (Berger, 2007). Originally recorded in the
equatorial Indo-Pacific ocean and reported as a product of the nutrient redistribution
between basins (Farrell et al., 1995), the world-wide extension of the late Miocene-
early Pliocene biogenic bloom suggests that it was rather related to an overall

increase of nutrient supply from lands to oceans (Filippelli and Delaney, 1994;
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Filippelli, 1997; Hermoyian and Owen, 2001; Diester-Haass et al., 2002, 2004, 2005;
Jianru et al., 2002; Cortese et al., 2004; Guptha et al., 2007; Lyle and Baldauf, 2015;

Zhang et al., 2016).

2. Geobiosphere interactions on continents: a neglected link to the silica cycle

The bioavailability of dissolved silica (orthosilicic acid, H4SiOs; hereafter
DSi) controls the diatom life-history in modern oceans (Sullivan and Volcani, 1981;
Egge and Aksnes, 1992; Martin-Jézéquell et al., 2000, 2003; Ragueneau et al., 2000)
and has triggered the evolutionary rise of diatoms as prominent primary producers
in the geological past, especially during the last 40 Ma (Falkowski et al., 2004;
Cermefio et al., 2015).

The current content of silicon in the modern oceans has been estimated to be
around 97,000 Tmol Si, with an average residence time of about 10,000 years.
Therefore, from a deep time perspective, the oceans are dependent on land-derived
DSi, which is mainly supplied by river runoff (~7.3 + 2 Tmol Si yr?). Nevertheless,
the continental silica cycle is not completely understood and quantified as in the
oceans, where about 240 + 40 Tmol Si yr* are sequestered by diatoms in the upper
(photic) water column to produce their siliceous tests (frustules), and ~6.3 + 3.6 Tmol
Si yr'! are exported to the ocean floor through sinking of diatom frustules (Tréguer

and De La Rocha, 2013).
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On land, the ultimate source of DSi is the weathering of silicate rocks, which

is based on the following reaction:

CaSiO; + 2H,0 + CO, — Ca2* + DSi + CO3

Silicate weathering is primarily the product of the interaction between tectonics and
climate (Fig. 29). Tectonic uplift increases the surface of fresh rock exposed to
meteoric agents and the deepening of fluvial erosion. On the other hand, elevated
mountain ranges exposed to insolation promote the seasonal formation of wide
atmospheric low-pressure zones, with consequent intensification of monsoonal
rainfalls, in turn increasing the riverine erosion and the oceanward transport of
weathered materials and dissolved nutrients (Ruddiman, 1997). A direct product of
tectonics is volcanism, which may favor silica eutrophication of aquatic basins
through the input of volcanic ashes (Taliaferro, 1933). Furthermore, the combined
effect of plate tectonics and orbital variability controls the growth of the cryosphere;
the consequent eustatic fluctuations expose subaerially the continental shelves and
lower the riverine base level, playing a fundamental role in the transfer of terrestrial
silicates toward the oceans (Hay and Southam, 1977).

Biogenic silica (hereafter BSi) is a fundamental component of the terrestrial
silica cycle, but its importance has been overlooked for a long time (Street-Perrott
and Barker, 2008). Vascular plants are weathering-agents of primary silicates and

clays, able to enhance the extraction of DSi from the substratum and to convert it
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into BSi in the form of phytoliths, which are released to the soil after plant
senescence and herbivore digestion (Cooke and Leishman, 2011). Although the
original role of plant silicification is still a matter of debate among evolutionary
biologists (Coughenour, 1985), phytoliths have a structural, physiological and
defensive role against a great variety of abiotic and biotic stresses (Raven, 1983;
McNaughton et al., 1985; Richmond and Sussman, 2003; Ma and Yamaji, 2006;
Cooke and Leishman, 2011). The high dissolution rates of the BSi particulate, which
is more rapidly convertible into DSi than lithogenic silica (Fraysse et al., 2006;
Guntzer et al., 2012), make a crucial contribution to the export of DSi from
continents to oceans from terrestrial vegetation (Alexandre et al., 1997; Derry et al.,
2005; Fulweiler and Nixon, 2005; Pokrovsky et al., 2005; Gérard et al., 2008; Struyf
and Conley, 2009; Struyf et al., 2010; Ran et al., 2015). According to Struyf and
Conley (2012), terrestrial plants are huge silica filters able to store ~60-200 Tmol Si
yrt in their living tissues. Such values are comparable to the annual production of
BSi in the oceans (see above). Nevertheless, the underground store of BSi, derived
from the ongoing accumulation of phytoliths in the soil, may be even more than 400
times greater than its aboveground counterpart (Blecker et al., 2006). Considering
the vast soil-plant pool of fast dissolvable BSi, it is therefore necessary to take into
account the evolution of terrestrial ecosystems and plant communities through time,
in order to properly interpret the history of oceanic opaline productivity (Conley and

Carey, 2015; Trembath-Reichert et al., 2015).
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Grass-dominated ecosystems, which presently cover ~40% of the Earth’s
landmass surface (White et al., 2000) and are dominated by plants with high silicon
requirements (up to 10% of their dry weight) and high turnover rates (Hodson et al.,
2005; Linder and Rudall, 2005; Ma and Yamaji, 2006), are considerably active
ecosystems in the so-called “terrestrial silica pump” (Blecker et al., 2006; Carey and
Fulweiler, 2012; Conley and Carey, 2015; Osterrieth et al., 2015; Fig. 29). In
grasslands, two additional components significantly contribute to the continental
silica cycle: grazers and fires. Grazers, both vertebrates and invertebrates, and fires
act as "ecological engineers" through a selective pressure triggering favorable
feedbacks for grassland stability and the expansion of grasses. Due to their low
metabolic requirement, grasses are more adaptable than trees or woody shrubs to
highly-stressed environments (Rice and Parenti, 1978; Batmanian and Haridasan,
1985; Abrams et al., 1986; McNaughton et al., 1988; Milchunas et al., 1988; Ojima
et al., 1989; Day and Detling, 1990; Wallace, 1990; Holland et al., 1992; Singh,
1993; Frank et al., 1998; Higgins et al., 2000; Bond et al., 2003a,b; Bond and Keeley,
2005). As a defensive response to grazing and fire, grasses tend to accumulate more
phytoliths, enhancing the DSi extraction (Cid et al., 1989; Massey et al., 2007;
Melzer et al., 2010). Phytoliths present in grazers’ feces are greater than 15 times
more susceptible to dissolution than those derived from the senescence of plant
tissues in the litter, due to physical and chemical digestive processes removing the
organic film that envelopes phytoliths (Vandervenne et al., 2013). Remarkably,

grazers are mobile and dependent on waterways, therefore they can further facilitate
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the silica input to rivers. Moreover, it should be taken into account that land mammal
mobility preceeding the late Pleistocene-early Holocene extinction events was much
greater than that of today, representing a key factor in the past land-to-sea nutrient
mobilization (Doughty et al., 2016). Fires act similarly to grazers, degrading the
organic envelope of phytoliths, enhancing their solubility and their long-distance
dispersion through ashes, which are rapidly mobilized by winds during dry periods,
or by rivers during flooding events (Folger et al., 1967; Locker and Martini, 1986;
LaClau et al., 2002; Pisaric, 2002; Vermeire et al., 2005; Pierson et al., 2011; Unzué-

Belmonte et al., 2016).
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Figure 29. Diagrammatic representation of the relationships between the terrestrial silica cycle and
diatomite deposition in the oceans.
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3. The global geobiosphere contribution to late Neogene silica fluxes

The analysis of the late Neogene geo-paleontological global record reveals
an intriguing coincidence between the intensification of tectonic processes, climate
changes and terrestrial biotic turnovers, overall favorable to the strengthening of
continental silica release to the ocean, and the latest Miocene opaline deposition
(Kidder and Erwin, 2001; Falkowski et al., 2004; Kidder and Gierlowski-Kordesch,
2005; Cermefio et al., 2015).

Tectonic processes were particularly intense during the middle and late
Miocene (Potter and Szatmari, 2009, 2015), and were responsible for the remarkable
events of mountain uplift, closure and opening of oceanic gateways, acceleration of
ocean spreading rates and increase of terrigenous fluxes to oceans. The two most
cited and debated late Miocene geologic events were the uplift of the Tibetan-
Himalayan sector at about 8 Ma (Harrison et al., 1992; Molnar et al., 1993; Zhisheng
et al., 2001; Molnar, 2005; Zheng et al., 2003, 2006; Yang et al., 2016) and the
roughly contemporaneous uplift of the Andean range, the latter associated with
widespread volcanism (Garzione et al., 2008). These processes largely affected the
global atmospheric circulation patterns, resulting in the reinforcement of monsoonal
regimes, river runoff, continental erosion and nutrient cycling (Raymo et al., 1988;
Rea, 1992; Molnar et al., 1993; Filippelli, 1997; Burckle, 1989; An et al., 2001;
Garzione et al., 2008). Similar coeval processes involved other sectors, such as

Africa and western Eurasia (Potter and Szatmari, 2009, 2015 and references herein).
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Such events occurred in a global context of considerable sea-level lowering (Haq et
al., 1987; Abreu and Anderson, 1998; Rai and Maurya, 2009) able to enhance the
erosional processes primarily driven by tectonic uplift.

During the middle and late Miocene a remarkable displacement of the forest
cover occurred associated with a global expansion of grassy biomes (Jacobs et al.,
1999; Stromberg, 2011; Pound, 2012), likely induced by a long-term (~40 Ma) trend
of cooling and aridification resulting from the progressive establishment of a marked
seasonality and wide rain shadows in continental interiors. The growth of ice caps
during the middle-late Miocene (Zachos et al., 2001) and the widespread Neogene
tectonics (Rea et al., 1998; Dettman et al., 2001; Zhisheng et al., 2001; Guo et al.,
2004; Sepulchre et al., 2006; Kohn and Fremd, 2008), actively contributed to such
an ecological transition.

The emergence of Cs photosynthesis was a powerful physiological
innovation which also contributed to enhance this turnover. Originally proposed as
an ecological response to a supposed global pCO drawdown (Cerling et al., 1997;
Ehleringer et al., 1997), the C4 revolution is currently considered a consequence of
enhanced seasonality, water stress and recurrence of fire, all conditions that
characterized the latest Miocene landscapes (Pagani et al., 1999; Bond et al., 2005;
Keeley and Rundel, 2005; Beerling and Osborne, 2006; Tipple and Pagani, 2007;
Osborne, 2008; Scheiter et al., 2012; Hoetzel et al., 2013; Bond, 2015). However, C3
grasslands remained common at higher latitudes and altitudes and continued to

persist and to be grazed upon in wetter patches of tropical-subtropical regions
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dominated by Cs grasses and sedges (Edwards et al., 2010; Stromberg, 2011).
Actually, it is possible to affirm that "fully open grasslands, whether Cs or C4, were
likely a late Miocene-Pliocene phenomenon” (Stromberg, 2011). However, as far as
the differences between the silica content of Cs and C4 grasses are concerned, the
available data are rather scanty and contradictory (e.g. Kaufman et al., 1985;
Mclnerney et al., 2011), with just a few studies stating that C, grasses accumulate
more phytoliths than Cs grasses (Merceron et al., 2005; Ségalen et al., 2007;
Bouchenak-Khelladi et al., 2009). The question is complicated by the fact that grass
opal content is not simply the direct product of the evolutionary history of the grass
taxa, but represents an ecological response to grazing and fire (see above). Therefore,
it is reasonable to hypothesize that the global rise of grassy open habitats, not their
specific C3-C4 grass composition (apparently not influential in terms of phytolith
production), represents the crucial biotic event that enhanced the terrestrial silica
pump in the latest Miocene.

The grassland spread had a significant influence on terrestrial animal
communities, especially among mammals (Janis, 1993), but also among birds (Fuchs
et al., 2015) and insects (\Voje et al., 2009). The Miocene-Pliocene herbivore record
clearly shows a marked adaptation to cursorial movements, and to the improvement
of the chewing of abrasive particles like phytoliths and grit (i.e. hypsodonty and
hypselodonty), thereby providing a clear indication of the broad occurrence of grass-
dominated open habitats subjected to periodical drought (Damuth and Fortelius,

2001; Hummell et al., 2010; Liu et al., 2012; Kaiser et al., 2013; Retallack, 2013).
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The expansion of grass-dominated "flammable ecosystems" provided the fuel for the
increase in the fire regime around 7 Ma, as suggested by the global charcoal record
(Bond, 2015).

Finally, the increased dust accumulation recorded in many oceanic and
terrestrial sectors during the latest Miocene (Diester-Haass et al., 2006) suggests the
global intensification of the eolian transport, likely favored by the reduction of the
dense arboreal cover and by the strengthening of monsoonal winds. Winds may have
provided a significant contribution to the continental silica flux, blowing phytolith-
rich dusts removed from grassland top soils during arid periods.

Summarizing this long discussion, the integrative analysis of the available
data indicates that the late Miocene-early Pliocene opaline peak was broadly coeval
to the global rise of Cz and C4 grasslands populated by grazers, affected by fire and
wind, and to an active geodynamic context and low global eustatic level (Fig. 30).
In some sectors of the Pacific margin of North and South America, reinforced
upwelling triggered by global cooling helped diatom proliferation (Suto et al., 2012),
but the amount of silica supplied by continents was evidently enough to ensure

opaline production also in typical oligotrophic contexts (Kemp and Baldauf, 1993).
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<«Figure 30. Proxies of the global intensification of silica cycle during the Cenozoic. 0/**0 (%) —
Zachos et al. (2001); Sea level (m) — Haq et al., 1987; Grassland-grazer coevolution — Jacobs et al.
(1999), Stromberg (2011); Wildfires (charcoal record) — Bond (2015), Miao et al. (2016); Eolian dusts
— Rea et al. (1998), Diester-Haass et al. (2006); &7Sr/%Sr (%o) — Filippelli (1997), Potter and Szatmari
(2015); Continental Si fluxes (relative to present) — Cermefio et al. (2015); Diatom abundance (%
median/smear slide) and biodiversity (% to modern) — Lazarus et al. (2014), Renaudie (2016); Marine
vertebrate evolution — Norris et al. (2013), Schwarzhans and Aguilera (2013), Pyenson and Vermeij
(2016), Mayr et al. (2017). The temporal extension of the late Miocene-early Pliocene opaline peak
is roughly indicated by the gray horizontal bar. PETM —Paleocene-Eocene Thermal Maximum; Oi-1
— 1st Oligocene oxygen isotope event; Mi-1 — 1st Miocene oxygen isotope event; MMCO — Middle
Miocene Climatic Optimum.

4. The Messinian silica-enrichment of the Mediterranean

The origin of lower Messinian diatomites in the Mediterranean has been
traditionally interpreted as the record of the early stages of restriction of the Atlantic
connection initiated at around 7.2 Ma and possibly resulting from the combined
effect of tectonic uplift and glacio-eustatic fluctuations (Kouwenhoven et al., 1999;
Krijgsman et al., 1999). According to this interpretation, such conditions may have
promoted a sluggish deep water circulation and the increase of bottom anoxia
characterized by weak benthic activity, which therefore favored the preservation of
diatom tests and opaline deposits (e.g., Parea and Ricci Lucchi, 1972; Sturani and
Sampo, 1973; Sturani, 1976). In addition, nutrient retention favored by the
weakening of the deep water outflow from the Mediterranean stimulated a
considerable diatom productivity. However, as prophetically noted by Ogniben
(1955, 1957), the remarkable world-wide occurrence of the Upper Miocene opaline
deposits suggests that besides the Mediterranean regional context, other global-scale

controlling factors must be taken into account. For instance, a reinforced upwelling
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regime bringing deep, nutrient-rich waters toward the photic zone, has been proposed
as the main triggering factor of diatom productivity (e.g., Perrodon, 1957; Sturani
and Sampo, 1973; McKenzie et al., 1979; Moissette and Saint Martin, 1992), mostly
based on the relative abundance of the diatom Thalassionema nitzschioides and the
foraminifer Globigerina bulloides in a few lower Messinian diatomites (but see
Pestrea et al., 2002). Nevertheless, the widespread occurrence of giant mat-forming
diatoms like Coscinodiscus spp. and members of the family Rhizosoleniaceae as well
as of neogloboquadrinid foraminifers, points to the periodic stratification of the basin
(Kemp et al., 2000; Kemp and Villareal, 2013) likely associated with conspicuous
freshwater inputs. Moreover, the progressive attenuation of the upwelling currents
and the increased influence of river runoff have been highlighted in many studies
focusing on the factors stimulating the deposition of lower Messinian diatomaceous
successions, especially in the central and eastern Mediterranean domains (e.g., van
der Zwaan, 1979; Suc et al., 1995; Bellanca et al., 2001; Blanc-Valleron et al., 2002;
Londeix et al., 2007; Pérez-Folgado et al., 2003), but also in the westernmost settings
(e.g. Moissette and Saint Martin, 1992; Mansour et al., 1995; van Assen et al., 2006).
Therefore, the role of upwelling currents in the Mediterranean during the early
Messinian should be framed within a context of considerable river runoff (Gladstone
etal., 2007; Simon et al., 2017).

In any case, even admitting a marked influence of riverine contribution, the

ultimate sources of the DSi delivered to the Mediterranean basin remain unclear.
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The lack of effort dedicated to this topic is surprising, particularly if
considered from the perspective of a land-locked sea surrounded by vast drainage
systems (Gladstone et al., 2007) and suffering the initial stages of ongoing isolation
from the oceanic domain (Kouwenhoven et al., 1999; Krijgsman et al., 1999). In such
a regional context, the rapid exhaustion of silicon and its efficient burial rate after
each event of frustule settling reduced the residence times of this element in the water
column (Laruelle et al., 2009), likely resulting in a growing demand from diatom
communities of crucial importance to maintain their ecological supremacy over non-
siliceous phytoplankton (see above). Consequently, a cyclical injection of DSi was
crucial to support the proliferation of diatoms and their preservation in the
sedimentary record. Therefore, the assessment of both oceanic and terrestrial sources
of DSi, as well as of the tectonic and eustatic processes that may have favored its
basinward release and the possible role of volcanism, is needed to explain the latest

Miocene silica enrichment in the Mediterranean.

4.1. The role of the Atlantic inflow

As mentioned above, the Atlantic Ocean experienced a dramatic decrease in
opaline accumulation since about 15 Ma. A partial recovery occurred during the late
Miocene-early Pliocene, although the Indo-Pacific domain continued to represent the
main opal sink and the Antarctic opal belt started to develop at that time (e.g.,

Gombos, 1984; Diester-Haass et al., 2002; Diekmann et al., 2003; Cortese et al.,
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2004; Renaudie, 2016). Intriguingly, the Amazon drainage system and its effective
runoff toward the Atlantic Ocean, started around 9 Ma becoming fully established at
6.8 Ma because of the intensification of the Andean uplift in a context of global
lowstand (Hoorn et al., 2010, 2017; Latrubesse et al., 2010). The Amazon river
drained extensive grassy areas, which developed from 9 Ma on soils derived from
the Andean dismantling (Hoorn et al., 2010, 2017; Latrubesse et al., 2010). On the
other side of the Atlantic, fire-inception in grass-dominated habitats is observed in
the pollen and charcoal records from the Niger delta since the Tortonian-Messinian
boundary (Morley and Richards, 1993). The pollen record of ODP Site 1081
(offshore Namibia) highlights an abrupt increase of grasses at 6.8 Ma and a peak in
charred cuticles between 7.1 and 5.8 Ma (Hoetzel et al., 2013). Therefore, both the
western and eastern Atlantic continental margins were prone to the release of DSi
during the late Neogene. Under this perspective, the Mediterranean was the
easternmost locus of the Atlantic opaline accumulation, and may have sequestered
significant amounts of DSi during the late Neogene phase of silica-enrichment of the
Atlantic waters.

However, the reduction of the connections between the Atlantic Ocean and
the Mediterranean Sea, started at about 7.2 Ma because of the tectonic uplift of the
Rifian and Betic gateways (Kouvenhowen et al., 1999; Capella et al., 2016), may
have severely limited the budget of DSi entering the Mediterranean Sea. In this
context, considering a Messinian anti-estuarine thermohaline circulation pattern

similar to the modern one (Kouvenhowen and van der Zwaan, 2006; but see Martin
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and Braga, 1994), the possible oceanic DSi inputs were limited to the surface Atlantic
inflow, which in terms of DSi concentration and transport is rivaled by the present
Mediterranean riverine discharge (Ribera d'Alcala et al., 2003). Therefore, although
an Atlantic contribution is not a-priori excludable, the main controlling factor of the
Mediterranean silica-enrichment actually was the continental supply from the

surrounding regions.

4.2. The terrestrial sources of silica

The late Miocene runoff in the Mediterranean basin was at least three times
greater than that of today and was strongly controlled by the African rivers,
particularly in the central and eastern parts of the basin (Gladstone et al., 2007). The
intensification of the African runoff was most likely related to the rearrangements of
atmospheric circulation patterns, in turn promoted by the combination of the orbital
variability, i.e. the precessionally-controlled northward shift of the Intertropical
Convergence Zone, as well as by the late Miocene geodynamics (Griffin, 2002;
Marzocchi et al., 2015). The tectonic uplift of Himalaya-Tibet (~8-7 Ma) and
Ethiopian (~10-6 Ma) plateaus triggered the enhancement of the coupled Asian-
African monsoonal system and the rejuvenation of the inner African watersheds
(Sepulchre et al., 2006; Gani and Gani, 2007; Kohler, 2008; Marzocchi et al., 2015).
At the same time, but especially between 7.5 and 4.6 Ma, the Eonile, Sahabi, Gabes

and Libyan basins began to supply the central and eastern Mediterranean with large
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amounts of continental waters derived from boosted seasonal rainfalls (Zeit Wet
Phase sensu Griffin, 2002). These basins covered vast regions of the African
continental interiors, characterized by the expansion of grass-dominated open
biomes during the late Neogene.

In the sectors immediately surrounding the Mediterranean, a general trend of
cooling and seasonal aridification occurred from 8-7 Ma until 5.9 Ma, promoting a
sharp decrease in the sea surface temperature (from 28 to 19°C), which reached its
lowest values at 7.2 Ma (Tzanova et al., 2015; Béhme et al., 2017). The onset of
Sahara desertification around 7 Ma (Schuster et al., 2006; Klaver et al., 2015; B6hme
et al., 2017) is one of the most impressive results of the late Tortonian-early
Messinian perimediterranean climate deterioration. Most likely, the resulting
expansion of open habitats and the consequent strenghtening of the eolian transport

were able to induce a further increase of DSi concentration into the Mediterranean.

4.2.1. The inner African opal reservoirs

The progressive expansion of savannah habitats with a significant Cs
component in central Africa about 7 Ma is documented by the mammal assemblages
(dominated by high-crowned bovids), mesowear and isotope ratios of dental remains
of Toros-Menalla, Tchad (Vignaud et al., 2002; Ségalen et al., 2007; Blondel et al.,
2010). Another evidence of the presence of the latest Miocene grassland expansion

in Central Africa is the high abundance of smectite in the clay fraction of Lake Chad,
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deriving from the leaching of vertisols surrounding the lake and developed under a
grassy cover (Moussa et al.,, 2016). The hydrographical and paleoecological
continuity between Tchad and Libya during the Messinian is suggested by the co-
occurrence of remains of the wetland anthrachotheriid Lybicosaurus petrocchii, in
coeval strata at Toros-Menalla and Sahabi (Lihoreau et al., 2006), as well as by
similar ichthyofaunas (e.g., Stewart, 2001).

The analysis of the pollen content of the DSDP 231 core from the Gulf of
Aden documents a peak in grass fraction around 10.5 Ma, suggesting an early
radiation of grass-dominated ecosystems in eastern Africa, followed by two
subsequent stages of expansion at about 7 Ma and 5.5 Ma (Bonnefille, 2010).
Although the East African grass pollen increase at ~7 Ma was associated with an
isolated tree pollen peak, likely indicative of a very short humid phase, the early
Messinian grassy burst occurred during an overall decrease of the forest cover,
attesting the rise of full open landscapes during this period. The early Messinian
phase of grassland spread in Eastern Africa coincided with the increase of
biodiversity and hypsodonty values in herbivorous mammals, particularly bovids, as
well as with shifts toward a Cs-rich diet (Cerling et al., 1997; Bibi et al., 2009; Bibi,
2011; Bobe, 2011; Stromberg, 2011). At about 6 Ma, the East African grasslands

collapsed, and a dramatic expansion of arid shrublands occurred (Bonnefille, 2010).
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4.2.2. The perimediterranean grassy biomes

The reconstruction of the perimediterranean Messinian biomes provided by
Favre et al. (2007), shows the presence of a mainly Cz-dominated grassy cover
(Cerling etal., 1997; Senut et al., 2009; but see Béhme et al., 2017) along the actively
drained southern margin of the Mediterranean (Gladstone et al., 2007), from the
Iberian Peninsula to the Nile delta, including the emerging Apennine chain, Southern
Greece and western Anatolia. According to Fortelius et al. (2006), high hypsodont
herbivores well adapted to exploit the grass-dominated ecosystems surrounding the
Mediterranean, were widespread at about 7-5 Ma.

More specifically, the North African fossil record reveals a clear trend toward
more open habitats during the late Miocene (Fauquette et al., 2006; Favre et al.,
2007). In Morocco, herbaceous taxa mainly represented by Poaceae and Asteraceae
are abundant in the Tortonian-Messinian pollen record from the Rifian Corridor
(Bachiri-Taoufiqg et al., 2008). In Algeria, the lower Messinian deposits of Chelif
Basin indicate a similar scenario, with extensive grassy lowlands behind the littoral
zone (Chikhi, 1992). The abundant carbonized plant remains recovered in the Beida
Stage of the Chelif Basin, suggest the presence of grassy environments affected by
fires in the proximity of the basin. Anderson (1936) reported that "Imprints of small
blades of fresh- or brackish-water monocotyledons are fairly common” and "The
blades of sedges or grasses are of types that grew either in fresh or, at most, brackish

water and are probably not far from their original habitat”, Based on the vertebrate
133



assemblage of the Sahabi Formation, Boaz et al. (2008) inferred a wooded savannah
punctuated by wetlands in northern Libya around 7 Ma. Compared to North Africa,
Calabria and Sicily probably experienced more arid conditions (Suc et al., 1995;
Fauquette et al., 2006). Nevertheless, as previously reported, their faunal
assemblages suggest similar savannah-like ecological settings (Ferretti et al., 2003,
Rook et al., 2006; Gramigna et al., 2008; Marra et al., 2011). The palynological
record of offshore Egypt (site Naf 1) corroborates a scenario where grassy open
habitats with different composition (steppe-like on the western side, savannah-like
on the eastern side, according to Fauquette et al., 2006) formed a more or less
continuous belt along perimediterranean North Africa during the Messinian.

In western Eurasia, the presence of open habitats dominated by Poaceae and
other herbaceous taxa is well documented in the Iberian Peninsula since the Early
Miocene, and an important increase of southern and eastern steppes in this region is
recorded during the Tortonian and Messinian (Jimenez-Moreno et al., 2010; Casas-
Gallego, 2015). On the Italian Peninsula, Neogene open vegetation is poorly
represented in the northern regions (Bertini and Martinetto, 2008), but abundant
grasses are documented in the early Messinian Apennine localities such as Gabbro
and Velona (Berger, 1957; Trevisan, 1967; Bradley and Landini, 1984; Ghetti et al.,
2002; Favre et al., 2007), suggesting a N-S aridity gradient. A synoptic overview of
the terrestrial paleoecological transitions in Greece was provided by loakim et al.
(2005), who reported a regional trend toward more open biomes in northern, central

and southern basins during the late Miocene (10-7 Ma), as well as a N-S gradient
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similar to that recorded in Spanish and Italian localities. Recently, Béhme et al.
(2017) have inferred a savannah biome with a significant C4 grassy component,
increasing from the late Tortonian to the early Messinian, at Pikermi and Pirgos. This
is only partially consistent with the phytolith and pollen record of Anatolia and
surrounding areas, which suggests the presence of mostly Cs- (rather than Cs-)
dominated savannah settings since the early Miocene, and their subsequent
expansion at about 9 Ma (Stromberg et al., 2007, 2011; Biltekin, 2010; Kayseri-Ozer
etal., 2017).

In the mammalian communities, two main events occurred in the late
Miocene, the so-called Vallesian Crisis and the rise of Pikermian mammals. The
Vallesian event occurred around 9.7 Ma and consisted of the extinction of many
european forest-adapted taxa (e.g., tapirids, cervids, hominoids, false saber-tooth
cats and bear dogs, flying squirrels; Agusti et al., 2013). The Pikermian faunas,
characterized by hypsodont savannah-adapted equids and bovids, originated in the
sub-Paratethyan region around 13 Ma and dispersed westward, reaching their climax
around ~8-7 Ma (Eronen et al., 2009; Boéhme et al., 2017). Since the earliest
Messinian, they were substituted by more dry-adapted mammalian guilds (post-
Pikermian faunas sensu Bohme et al., 2017), until their final disappearance around
the Miocene-Pliocene boundary, most likely due to the return of more humid and
forested conditions unfavorable to the presence of large assemblages of grazers in

western Eurasia (Fortelius et al., 2014).
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4.3. Tectonics and eustasy during diatomaceous deposition

The Mediterranean diatomaceous deposition between 7 and 6 Ma occurred in
a context of recurrent eustatic fluctuations (McKenzie et al., 1979; Thunell et al.,
1987; Pomar and Ward, 1994; Kouvenhowen et al., 1999; Pedley et al., 2007;
Orszag-Sperber et al., 2009) and active geodynamics (see below). Tectonics and
eustasy may have enhanced the release of continental DSi through the steepening
and expansion of hydrographic networks and the exposure of continental margins.
In any case, it is necessary to take into account that diatomites originated in the distal
sectors of the sedimentary basins mostly reached by nepheloid plumes triggered by
riverine transport or shelf instability, and therefore by the finest, dissolution-prone
and more distal detrital fraction deriving from the continental dismantling, able to
support diatom productivity without the dilution of the opaline tests due to the
detrital fraction, thereby promoting the preservation of pristine biogenic sediments

(e.g., Sturani and Sampo, 1973).

4.3.1. Betics-Rif

Diatomite deposition in the Betic Cordillera during the late Tortonian-early
Messinian coincides with important events of uplift, basin shallowing and restriction,
siliciclastic deposition and subsidence (Krijgsman et al., 2001; Sierro et al., 2001,

Braga et al., 2003; Jolivet et al., 2006), which are related to the tectonic inversion of
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the Algero-Balearic basin (Giaconia et al., 2015). Clear markers of synsedimentary
tectonic processes are small-scale deformations and the emplacement of turbiditic
layers and slumps recorded in the Sorbas-Nijar basins (Krijgsman et al., 2001; Sierro
et al., 2001, 2003; Braga et al., 2003; Pérez-Folgado et al., 2003; Flores et al., 2005).
The closure of the Betic Corridor started with the continentalization of the Granada
and Guadix basins about 7.3 Ma and was terminated at 6.8 Ma (Jolivet et al., 2006).
The mammalian record suggests land bridges were formed by the interplay between
tectonic and eustasy, which sporadically connected the Iberian Peninsula and North
Africa ~250.000 years before the onset of the salinity crisis (Agusti et al., 2006;
Gibert et al., 2013).

In the Rif area, Krijgsman et al. (1999) interpreted the shallowing of the Taza-
Guercif basin at around 7.2 Ma as the result of regional tectonic uplift and global sea
level lowering. This process was responsible for the progressive restriction of the
Rifian Corridor, which terminated at about 6 Ma. Conversely, the sectors
surrounding the eastern Rifian area, characterized by diatomaceous deposition (e.g.,
Boudinar and Melilla-Nador), were mainly affected by extensional tectonics
(Azdimousa et al., 2006). Moreover, the Arbaa Taourirt basin records a
sedimentological transition, from marls to shallow marine conglomerates and
sandstones in the early Messinian, while the nearby Boudinar basin shallowed at 6.5

Ma (Achalhi et al., 2017).

137



4.3.2. Atlas-Tell

Toward the easternmost regions of northwestern Africa (Algeria, Tunisia),
the Neogene uplift was less intense in a general setting primarily characterized by
extensional tectonics (Frizon de Lamotte et al., 2009). Diatomaceous deposition in
the Chelif Basin occurred during its maximum widening, in a local context
dominated by a moderate tectonic uplift (Neurdin-Trescartes, 1995). However,
synsedimentary tectonic activity is recorded in the Algerian diatomitic successions
by the local occurrence of slumps (Perrodon, 1957; Rouchy, 1982), and the
emergence of the Algerian coastline between Algiers and Chenoua Massifs, which
started in the middle Miocene and apparently increased since the late Miocene

(Authemayou et al., 2016).

4.3.3. Alps-Apennine

The extensive late Miocene erosion of the Alpine belt started at about 5.5 Ma
(Willett, 2010), and was preceded by the rapid exhumation of the external crystalline
massifs (Mt. Blanc, Aiguilles Rouges, Aar-Gotthard and Argentera) between 10 and
5 Ma (Bigot-Cormier et al., 2000, 2006; Carrapa et al., 2004; Glotzbach et al., 2008,
2010; Valla et al., 2012). The enhanced dismantling of Ligurian Alps occurred

around 7 Ma, in response to relative sea-level lowering (Foeken et al., 2003).
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According to Wolfler et al. (2016), the exhumation of many sectors of the eastern
Alps occurred during the Messinian.

In the Piedmont Basin (PB), the terrigenous contribution during the
diatomaceous deposition is attested by the recurrence of turbiditic siltstones and
sandstones and by the presence of plant remains within the Pecetto di Valenza
succession (Sturani and Sampo, 1973; Pavia, 1989; Gaudant et al., 2010). The major
source of detrital supply to the PB during the middle-late Miocene was most likely
the Argentera Massif, at least until 7.12 Ma (Carrapa et al., 2004). A huge slump
recorded in the Pollenzo section of the PB provides evidence of the remarkable
synsedimentary tectonic activity during the early Messinian in this area (Dela Pierre
etal., 2011).

The Apennines uplift rate intensified since the late Miocene, in response to
the opening of the Tyrrhenian Basin between 8.6 and 7.8 Ma (Duermeijer et al.,
1998) and the related eastward migration of the chain system. In the Northern
Apennines, the Peri-Adriatic foredeep basin originated in an active compressional
setting that led to the deposition of turbidites sourced by the erosion of the Alps (i.e.
Marnoso-Arenacea Fm.; Ricci Lucchi, 1986), and organic-rich shales. The latter are
coeval to the Tripoli Formation deposited in the marginal settings, and are associated
with enhanced denudation processes favored by the uplift of the surrounding sectors
(Coward et al., 1999; van der Meulen et al., 1999; Roveri et al., 2001; Husing et al.,
2009) and by the development of sill-restricted basins (Savelli and Wezel, 1978).

The diatomites outcropping in Emilia Romagna, Marche and Tuscany are
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characterized by important markers of synsedimentary tectonics (e.g., Sarti et al.,
1995), riverine incision (Savelli and Wezel, 1978; Arcaleni et al., 1995) and
terrestrial supply (Savelli and Wezel, 1978; Bradley and Landini, 1984). Erosional
surfaces, unconformities and synorogenic turbiditic deposits, confirm the active
denudation of Central Apennines during the late Tortonian-early Messinian
(Centamore and Rossi, 2009; Vezzani et al., 2010). Diatomites from the Capo di
Fiume section are characterized by recurrent markers of synsedimentary tectonics
and terrigenous supply, such as intrastratal microfractured zones, slumps, speckled
beds, fillites and other remains of continental origin (Carnevale, 2004b). In the
Southern Apennines, active compressional tectonics gave rise to the formation of
wedge-top basins and to the deposition of synorogenic sediments during the late
Tortonian-early Messinian (Vezzani et al., 2010). During the Messinian, the forearc
Crotone basin was characterized by "the highest accumulation rates of the whole
Late Neogene-Quaternary” and by "alternating pulse of subsidence and uplift"
(Massari et al., 2010). The sediment supply to the Crotone and Rossano basins was
supported by the erosion of the Sila Massif, along the lonian flank of the Calabrian

Arc, since the late Tortonian (Barone et al., 2008).

4.3.4. Sicily

A series of E-W striking wedge-top basins developed during the late

Tortonian-early Messinian in Sicily, in response to the southward migration of the
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fold and thrust Apennine-Maghrebides belt (Pedley and Grasso, 1993; Rosenbaum
et al.,, 2002; Roveri et al., 2008). These basins were filled with siliciclastic
(Terravecchia Fm.) and pelagic sediments (Licata Fm.), which are overlain by the
diatomaceous Tripoli Fm. (Butler et al., 1995). The diatomitic deposits exhibit
variation of thickness and sedimentation rate, which point to a strong synsedimentary
tectonic activity (Suc et al., 1995; Pedley and Maniscalco, 1999), further confirmed
by the recurrence of slumps (Richter-Bernburg, 1973; Bellanca et al., 2001). The
Iblean foreland of SE Sicily, records a late Tortonian-early Messinian tectonic
quiescence (Pedley et al., 2007), although manifold volcanic events occurred in this
area, where thin diatomitic layers are associated with diatremes, since about 7 Ma

(Schmincke et al., 1997).

4.3.5. Greek Islands

Following the late Miocene collision between the Apulian platform and
western Greece, the latter experienced a shortening phase that promoted the
progressive uplift of the lonian Islands, especially in the mid-Pliocene (van
Hinsbergen et al., 2006). The partial emergence of Zakynthos Island started,
however, during the early Messinian and is attested by terrigenous layers, rich in
terrestrial plant remains, which accumulated in Laganas Bay (Papanikolau and
Dermitzakis, 1981; Rouchy, 1982), and Corfu was also partly uplifted and eroded

during the Messinian (van Hinsbergen et al., 2006).
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The increased denudation of the Aegean uplifted area led to the first stage of
sapropel deposition at Gavdos around 10 Ma (Schenau et al., 1999), while a change
in the source of terrigenous supply occurred about 8.2 Ma, in this case with a
considerable contribution from North African rivers (Kohler et al., 2008). A strong
tectonic control on the lower Messinian succession of Metochia is inferred by Drinia
et al. (2007), who also reported reworked benthic foraminiferans (Elphidium spp.
and Asteriginata planorbis) most likely derived from erosional processes involving

the shallower area of the basin.

4.3.6. Cyprus and western Anatolia

Extensional tectonics affected Cyprus during the late Miocene-early
Pliocene, although evidence of an incipient emersion and erosion of the Troodos
Massif are recorded in the upper Tortonian-lower Messinian sediments bordering
this ophiolitic complex (Orszag-Sperber et al., 2009; Manzi et al., 2016). In the
Polemi basin, markers of synsedimentary tectonics (slumps, angular unconformities)
and terrigenous supply (plant remains) are recorded in many sections (Merle et al.,
2002; Orszag-Sperber et al., 2009). The Pissouri basin was certainly affected by
synsedimentary tectonics, at least during the last phases of diatomaceous deposition,
as revealed by the presence of slumps (Krijgsman et al., 2002; Merle et al., 2002).
The Tokhni section of the Psematismenos basin recorded an increase in detrital

grains from 6.5 Ma, suggesting the intensification of riverine supply, probably linked
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to the tectonically-induced shallowing of the basin (Orszag-Sperber et al., 2009;
Gennari et al., 2017). The Kyrenia range was actively uplifted in the late Miocene
(Rouchy, 1982; Harrison et al., 2004; McCay and Robertson, 2013; Varol and Atalar,
2016).

The late Miocene uplift of the Taurides range, along the southern margin of
the Central Anatolian plateau, started between 8-7 and 5.45 Ma (Cosentino et al.,
2012; Schildgen et al., 2012), and its dismantling resulted in the massive

accumulation of terrigenous deposits in the Adana basin (Faranda et al., 2013).

4.4. The role of volcanism

A causal relationship between Mediterranean volcanism and the deposition
of Messinian diatomites was proposed by Anderson (1933, 1936) and Ogniben
(1955, 1957), on the basis of the seminal work of Taliaferro (1933). Nevertheless,
such a relationship is weakly supported by stratigraphic evidence, particularly by the
lack of a systematic association between the diatomitic and ash layers. In the interval
comprised between 7 and 6 Ma only a few volcanic events are documented in the
perimediterranean region (see Potter and Szatmari, 2015). Volcanism mainly
affected the southwestern Mediterranean area (Savelli et al., 2002; Doblas et al.,
2007) and the Hoggar region in Southern Algeria (Azzouni-Sekkal et al., 2007). Only
in the Melilla-Nador and Chelif basins and locally in Sicily (Ogniben, 1955, Suiting

and Schmincke, 2010) and in a few sectors of the Southern Apennine (Matano,
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2007), does the occurrence of several ash layers interbedded with diatomites support
the hypothesis of a volcanic origin of DSi, but most likely at a very local scale
(Courme and Lauriat-Rage, 1998; Saint Martin et al., 2003; van Assen et al., 2006).
In the northernmost Mediterranean sector involved in the diatomaceous deposition
(Piedmont Basin), no volcanic activity has been documented during the Messinian
(Sturani and Sampo, 1973). The age for eastern Mediterranean volcanism was
substantially out-of-phase with the early Messinian marine diatomite deposition,
with only very minor events occurring between 7 and 6 Ma, in Thrace and western

Anatolia (Fytikas et al., 1984; Agostini et al., 2007).

4.5. A general model to interpret the Mediterranean opal burst

The above review of the current state of knowledge on the lower Messinian
Mediterranean opaline event strongly suggests that diatomites may represent the
sedimentary expression of the complex interplay between ecological turnover on
land and predisposing conditions in the basins, rather than the simple byproduct of
basin restriction preluding the onset of the Messinian salinity crisis.

Even if the restriction of the Atlantic communication at ~7.2 Ma
(Kouvenhowen and van der Zwaan, 2006) may have promoted nutrient retention in
the Mediterranean, in the absence of a continuous supply of DSi diatoms would have
been quickly replaced by other groups of microplaktonic organisms able to flourish

under silica-limited conditions (see above) and the deposition of diatomaceous
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sediments in the circum-mediterranean marginal basins would have been severely
limited. On the contrary, the extension, thickness, and excellent preservation of the
lower Messinian diatomites, are indicative of an overabundance of DSi in
Mediterranean waters, able to promote diatom productivity and the preservation of
their opaline remains within the sedimentary archive. DSi was supplied by river
runoff and, most likely, by the enhanced eolian transport of phytoliths from
continental sectors surrounding the Mediterranean peripheral basins, particularly
from the African inlands. The onset of diatomaceous deposition is remarkably coeval
with the expansion of the East African grassy biomes at about 7 Ma and with the rise
of grass-dominated ecosystems in the western and central regions of the continent
(Morley and Richards, 1993; Bonnefille, 2010). On the other hand, the demise of
Mediterranean diatomites at about 6 Ma coincided with the abrupt decline of
grasslands and the maximum expansion of arid shrublands in East Africa
(Bonnefille, 2010). These intriguing time relationships strongly support a causal
linkage between terrestrial turnovers and marine opaline production in the
Mediterranean during the latest Miocene (Fig. 31). It is reasonable to hypothesize
that the general trend of aridification that occurred in Eastern Africa during the early
Messinian stage of grassland expansion, acted as a further catalyst for silica
mobilization. At least initially, both deforestation and desertification may have
strongly favored the Mediterranean silica enrichment, promoting the opening of the
African grassy opal sinks and making them more susceptible to release their huge

siliceous reservoirs through stronger fluvial and eolian erosion. On the contrary, the
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extreme drought affecting the East African landscapes at ~6 Ma reduced the
extension of quickly dissolvable terrestrial opal reservoirs and promoted the
expansion of opal-poor biomes or dusty environments, mostly composed of inert
lithogenic silica scarcely exploitable by diatoms. As a consequence, the DSi budget
of the Mediterranean dropped, severely limiting the development of the
diatomaceous facies. Intriguingly, the decrease of the Eonile discharge after ~7 Ma,
in response to the Sahara desertification (Klaver et al., 2015), is consistent with these
interpretations.

Although the crucial factor for the silica enrichment of the Mediterranean
was the African inland contribution, the local DSi-supply from circum-
mediterranean regions was also relevant and may explain the temporal and spatial
distribution of diatomite deposits and their variable thickness. The distribution of
grass-dominated open biomes (Favre et al., 2007) and hypsodont mammals
(Fortelius et al., 2006) in the Mediterranean region during the Messinian was
associated with the main sites of diatomite deposition. The increases in cooling,
aridity and habitat opening that occurred during the early Messinian in the
Mediterranean region (Tzanova et al., 2015; Béhme et al., 2017), may have acted as
further positive feedback mechanism for terrestrial silica mobilization, promoting
concentrated seasonal rainfalls and strong winds able to remove the opal-rich topsoil
layers of the perimediterranean grass-dominated habitats, similarly to what happened

in Eastern Africa around 7-6 Ma.
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Diatomaceous deposition occurred in basins widely affected by late Miocene
geodynamics and sea-level fluctations. These basins were regularly eutrophied by
the highest bioavailable portion of the terrigenous supply, and only marginally
affected by the negative effects of the river discharge, for example the surface water
turbidity that could inhibit the proliferation of phytoplankton or excessively dilute
the biogenic fraction of the sediments. Only in these terms, is it possible to consider
such settings as “starved” (sensu Butler and Grasso, 1993). Moreover, tectonic and
eustatic re-arrangements affected the physiography of marginal basins (e.g.,
bathymetry and development of sills) and the accommodation space, influencing, for
example, the thickness of diatomitic successions. At a regional scale, the Sicily
Channel may have limited the connections between western and eastern sectors of
the Mediterranean, amplifying the difference between their hydrologic regimes
(Gladstone et al., 2007; Pérez-Folgado et al., 2003), well before the onset of the
Messinian salinity crisis (Jolivet et al., 2006). Paleocurrents may have played a
critical role in the redistribution of DSi within the Mediterranean peripheral basins.
This may explain why the diatomaceous event at the two extremities of the
Mediterranean, Algeria and Cyprus, occurred with different magnitudes, producing
more extensive and thicker deposits in the Algerian localities. This is apparently
surprising considering the proximity of many eastern basins to the main North
African river mouths, where certainly large concentrations of DSi and other nutrients
were introduced. Nevertheless, if an anti-estuarine circulation was active during the

early Messinian (Kouvenhowen and van der Zwaan, 2006), the eastern
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Mediterranean nutrient budget was partly transferred toward the westernmost
domains through the Levantine Intermediate Waters. In this regard, the
reconstructions of paleocurrents in the Chelif Basin provided by Neurdin-Trescartes
(1995) suggest a relevant E to W paleoflow. Therefore, the Algerian basins may have
profited from a favorable interplay between localized (herbaceous biomes,
volcanism) and more distal sources of DSi.

Volcanic ashes, very scattered within the (westernmost) early Messinian
diatomaceous successions of the Mediterranean, possibly played a local role as
sources of readily exploitable silica for diatom communities. However, the cyclical
occurrence of the diatomitic layers within the early Messinian successions suggests
a periodical increase of silica levels in the basin, hardly compatible with

discontinuous volcanic eruptions.
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Figure 31. A simplified model to interpret the Mediterranean silica-enrichment during the early
Messinian, in the light of the African and perimediterranean abiotic and biotic events. Tectonics and
eustasy promoted the mobilization of the local opal reservoirs. Moreover, the intensification of
monsoonal rainfalls during the northward migration of the Inter Tropical Convergence Zone (ITCZ)
favored the DSi-rich runoff from grassy African interiors and perimediterranean regions, affected by
aridification; the southward shift of the ITCZ promoted water stress, reduced runoff and increased
eolian transport of phytoliths. Green circles represent the main grassy areas. Gray arrows indicate
tectonic uplift. Red arrows indicate eustatic fluctuations in the main areas where diatomite deposition
occurred. Eustatic level — Pedley et al. (2007); SST (Sea Surface Temperature) — Tzanova et al.
(2015); East African grass pollen — Bonnefille (2010); Eonile runoff (inferred from DSDP sites 375-
376) — Klaver et al. (2015). The blue question mark refers to the possible Eonile flow toward the Gulf
of Sirt during the early Messinian, proposed by Carmignani et al. (2009).
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5. Sapropel-diatomite couplet and laminated fabric: an interpretation

The most striking feature of the lower Messinian diatomitic successions is
their rhythmic interbedding with organic rich layers (sapropels), arranged in cyclical
successions that are extremely heterogeneous throughout the Mediterranean (Fig.
27B) and whose interpretation still represents a matter of intense debate (e.g.,
Nijenhuis, 1999; Pérez-Folgado et al., 2003). Moreover, diatomites are often
characterized by a fairly laminated style that has been typically interpreted as
evidence of anoxic conditions at the ocean bottom (e.g., Sturani and Sampo, 1973;
Savelli and Wezel, 1978; Ciaranfi et al., 1980; Rouchy, 1982; Mansour et al., 1995).

However, an improved knowledge of diatom ecology and life cycles reveals
that an alternative explanation can be proposed to properly interpret the context of
diatomite accumulation. Many diatoms are able to constitute robust, rapidly sinking
flocs and mats via chemical or physical aggregation (Smetacek, 1985; Alldredge and
Gottschalk, 1989; Alldredge et al., 1993; Kemp and Baldauf, 1993; Passow et al.,
1994, 2001; Bodén and Backman, 1996; Grimm et al., 1997; Pike and Kemp, 1999;
Passow, 2002a,b; Prieto et al., 2002; Engel, 2004). Such aggregates efficiently
bypass zooplankton grazing, and once deposited on the seafloor form resistant,
impenetrable structures which hamper both benthic and infaunal activity, promoting

the excellent preservation of seasonal laminae and their associated biological
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content, also in well-oxygenated environments (Kemp, 1996; Brand et al., 2004;
Esperante et al., 2015).

Oxygen-poor environments favor the preservation of diatom coating,
composed of polysaccharides, amino acids and glycoproteins that protect frustules
from dissolution in DSi-undersaturated waters (Lewin, 1961; Hecky et al., 1973).
Bacteria, through their enzymatic activity, are the main degrading agents of such
organic envelopes (Patrick and Holding, 1985; Bidle and Azam, 1999, 2001; Bidle
et al., 2003; Roubeix et al., 2008; Passow et al., 2001). Assuming anaerobic bacteria
as being "relatively inefficient in decomposing organic matter” (Kaplan and
Rittenberg, 1963), anoxic conditions have been considered for a long time as a pre-
requisite for diatomite preservation (see Sturani and Sampo, 1973). However, recent
studies revealed that oxygen-depleted conditions may increase, rather than mitigate,
BSi dissolution, especially in the long term (e.g., White et al., 1992; Li, 1995;
Schieber, 1996; Schulz et al., 1996; Souchu et al., 1998; Wallman et al., 2008;
Villnass et al., 2012; Abe et al., 2014; Ekeroth et al., 2016a,b; Lehtimaki et al., 2016;
Petranich et al., 2018). The reasons behind the enhanced degradation of BSi under
conditions of oxygen depletion and organic matter enrichment are not fully clarified,
but they could be due to a shift in the composition of the microbial assemblages able
to decompose the organic coating of diatoms (e.g., Lehtiméki et al., 2016). Peculiar
bacterial communities may proliferate much easier in hypoxic waters, because of the
drastic reduction of bacteriovores (e.g., ciliates) (Cole et al., 1993). The analysis of

bacterial communities of Mediterranean sapropels and hypoxic settings in the Gulf
151



of Finland provided by Sif3 et al. (2004) and Sinkko et al. (2013), highlights the
presence of Proteobacteria, Actinobacteria and Bacteroidetes, which are involved in
BSi-dissolution (Bidle et al., 2003). Once the organic coating has been removed,
frustule degradation can be caused by the modulation of pH, because opal, and more
generally silicates, are prone to dissolution in alkaline environments (Brehm et al.,
2005; Ehrlich et al., 2010). It is well known that the degradation of organic matter
via sulfate-reducing bacteria, which are ubiquitous in oxygen-depleted waters
(Muyzer and Stams, 2008), may promote an increase of pore water pH that can
induce the dissolution of diatom frustules and the consequent remobilization of DSi.
The possible linkage between enhanced anoxigenic bacterial activity and the Si
biogeochemical cycle during the early Messinian diatomite accumulation may
explain the regular occurrence of well-developed sapropels interbedded with
diatomites, which is believed to reflect orbitally (precession) driven humid-arid
climate fluctuations (e.g., Hilgen and Krijgsman, 1999; Modestou et al., 2017); other
processes potentially involved in the dissolution of BSi under anoxic and organic-
rich conditions comprise the reverse weathering, which involves metal hydroxides,
dissolved cations and HCO3™ and led to the formation of authigenic clays (e.g.,
Wallmann et al., 2008).

The presence of sapropels attests that many Mediterranean basins, from
Algeria to Cyprus, were affected by prolonged periods of water stratification and
anoxia. According to Hilgen and Krijgsman (1999), such conditions were favored

during humid periods of marked runoff promoted by monsoonal rainfalls at times of
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precession minima. Therefore, it is reasonable to assume that huge amounts of DSi
derived by the leaching of grassland soils were massively supplied to the
Mediterranean during sapropel formation. Conversely, diatomite deposition
occurred during drier periods with increased mixing of the water column, which were
probably more accentuated in the western domain (Filippelli et al., 2003; Pérez-
Folgado et al., 2003) than in the central and eastern ones (Hilgen and Krijgsman,
1999; Pérez-Folgado et al., 2003). Such differences were possibly due to the complex
interplay between physio- and hydrographic features of the basins (e.g., Pérez-
Folgado et al., 2003). An overall reduction of continental runoff is expected during
the earliest stage of an arid phase, with a consequent reduction of DSi-rich waters
supply to the Mediterranean.

To reconcile such a complex scenario with the previous assumptions, the
intervention of stratification-adapted and heavily silicified giant diatoms, solenioid
diatoms, Thalassiothrix spp. and Coscinodiscus spp. (Kemp et al., 2000), during the
deposition of lower Messinian sapropels, can be proposed. In the modern oceans,
such taxa produce oligo- or mono-specific laminae after the seasonal breakdown of
thermocline and nutricline, when the destabilization of the water column promotes
their massive settling (fall dump sensu Kemp et al., 2000). These slow-growing
diatoms are abundantly represented in the lower Messinian diatomite successions of
the Mediterranean and have been reported in Morocco (El Ouahabi et al., 2007),
Algeria (Rouchy et al., 1982; Mansour et al., 1995, 2008), Spain (Saint Martin et al.,

2001), Apennine (Sturani and Sampo, 1973; Ciaranfi et al., 1980; Carnevale, 2004b;
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Fig. 32), Sicily (Gaudant et al., 1996; Bellanca et al., 2001; Blanc-Valleron et al.,
2002; Pestrea and Saint Martin, 2002), Gavdos (Pérez-Folgado et al., 2003) and
Cyprus (Pestrea et al., 2002). However, the possible role of these taxa in the
Messinian sapropel deposition has been underestimated or denied (e.g., Filippelli et
al., 2003), although their contribution to Pliocene and Pleistocene sapropel
deposition has been confirmed by several studies (e.g., Consolaro et al., 2013 and
references therein; Kemp and Villareal, 2013 and reference therein). This is
primarily due to the very poor preservation of diatom tests in Mediterranean
sapropelitic muds (Pearce et al., 1998). The lack of diatom remains in sediments
should not be considered as evidence of their absence in the water column. Molecular
fossil data revealed that mat-forming diatoms contributed to the deposition of many
organic-rich and BSi-free muds from the Late Cretaceous onwards (Koster et al.,
1998; Schwark et al., 2009; McKirdy et al., 2010, 2013; Kemp and Villareal, 2013).
Unfortunately, an accurate analysis of molecular fossils in the lower Messinian
sapropels is still not available. Some scattered, but intriguing physical evidence of
their presence was recorded in the lower Messinian successions of Gibellina (Sicily)
and Cyprus, where Pestrea and Saint Martin (2002) and Pestrea et al. (2002) recorded
an explosion of Rhizosoleniaceae abundance in the organic-rich layers. Furthermore,
Dela Pierre et al. (2014) identified abundant ghosts of giant mat-forming diatoms
derived by frustule dissolution in anoxic Messinian mudstones from the Piedmont

Basin.
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Figure 32. Concentration of Coscinodiscus sp. giant frustules in a diatomitic lamina from the Pecetto
di Valenza section (Piedmont Basin). Note the variable degrees of dissolution affecting diatoms tests.

During humid periods of enhanced monsoonal runoff at precession minima
(Fig. 33A), severe water stratification may have favored the proliferation of giant,
highly-silicified mat-forming diatoms, which slowly consumed the enormous budget
of DSi provided by rivers. Through their settling, such diatoms yielded a periodical
source of degradable organic matter to the bottom of the ocean, which was then
progressively metabolized by sulfate reducing bacteria. Such conditions promoted
the increase of bottom pH, frustule dissolution and the consequent release of DSi,

which remained trapped in the lower layers of the stratified Mediterranean waters.
155



During the subsequent onset of a cooler and arid climate (Fig. 33B), characterized
by a strong mixing of the water column, the DSi-rich waters were transported toward

the surface, where a broader spectrum of diatoms could proliferate.

A
.q;’(v)}

Phytolith-rich dusts

Sapropel Diatomite

Figure 33. A simplified Si-based model explaining the regular occurrence of sapropels and diatomites
in the early Messinian successions of the Mediterranean. A) Sapropel formation. During humid phases
(precession minima, insolation maxima), a strong runoff provided huge amount of DSi to the basins
and promoted water column stratification favoring the proliferation of oligospecific, highly silicified
subsurface diatom assemblages (shade flora). Upon reaching the seafloor, the diatom frustules were
dissolved due to the activity of sulfate reducing bacteria (SRB) which increased pH of the pore waters.
B) Diatomite formation. During arid phases the reduction of river runoff and the mixing of the water
column favored the reinjection of recycled DSi (previously trapped below the pycnocline) in the
photic layer. Phytolith-rich dust further contributed to the silica saturation of the water column.
Diversified diatom assemblages, adapted to exploit the silica-rich surface waters, proliferated and
their frustules were further deposited on well-oxygenated sea bottom. The suppression of sulfate
reducing bacteria favored the preservation of diatom frustules (see text for details).

A further contribution to the silica budget during the drier phases was most

likely provided by the wind-driven injection of BSi, through the direct transport of
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easily dissolvable phytoliths to the basins. Diatomite deposition occurred under
progressively more oxygenated waters, which prevented the activity of anaerobic
bacteria and the dissolution of frustules. Therefore, the preservation of laminated
fabric was ostensibly promoted by the aggregation strategies of diatoms depending
on their particular life-history, and not necessarily on the emergence of anoxic

conditions. Diatomite accumulation proceeded until the complete exhaustion of DSi.

6. Summary and conclusions

Considered from a deep time perspective, the interplay between abiotic and
biotic weathering of terrestrial silicates controls the release of DSi from land to
ocean. The late Miocene-early Pliocene opaline peak around 7-4.5 Ma was a global
event most likely promoted by the synergistic effect of vast tectonic readjustments
(uplift and volcanism), climatic reconfigurations (strong aridity and monsoonal
rainfalls) and biological turnovers (full expansion of grass-dominated ecosystems),
able to promote a substantial increase of the oceanic pools of silica through riverine
and eolian mobilization of the quickly-dissolvable terrestrial opal reservoirs.

The Mediterranean, a land-locked sea actively fed by rivers, represents a
virtually unstudied system for unravelling the complex relationships between the
terrestrial sources of silica and the marine biosiliceous production in the geological
past. The early Messinian diatomitic deposition in the Mediterranean at about 7-6

Ma was the product of synergistic geobiosphere events that occurred on a global
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scale, and their consequence on a semi-enclosed basin. Even if the Atlantic
contribution cannot be ruled out, the main contribution to the Mediterranean silica
enrichment was most likely provided by the African interiors and the
perimediterranean regions, both affected by active tectonics and characterized by an
extensive grassy cover in the early Messinian. The increasing aridity trend involving
these regions around 7-6 Ma, may have acted as a catalyst for silica mobilization
toward the Mediterranean, promoting the further expansion of grassy biomes and the
erosion of their opal-rich topsoils, through concentrated seasonal rainfalls and a
strong eolian transport. VVolcanic ashes, typically considered as a fundamental source
of DSi, were overall scanty and mainly localized in the westernmost domains of the
Mediterranean, likely representing only an extremely limited local contribution to
the early Messinian silica-enrichment of the Mediterranean.

The lower Messinian Mediterranean diatomite deposits share a fine
lamination and are commonly alternated with sapropels, i.e. organic-rich sediments
formed under stratified waters promoted by intensive runoff during the Northern
Hemisphere summer perihelion. Although typically interpreted as the byproduct of
oxygen-depleted conditions, the laminated fabric of diatomites may be efficiently
preserved also in well-oxygented settings, through the formation of compacted flocs
and mats able to hamper benthic activity. Recent advancements in the knowledge of
silica biogeochemistry in anoxic settings suggest a possible linkage between the
recurrence of sapropels, the recycling of DSi and the following episodes of diatomite

deposition. The proliferation of giant, mat-forming diatoms during prolonged
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periods of water stratification may have sequestered the huge amounts of silica
provided by increased runoff. Anoxic conditions, promoting the growth of sulfate
reducing bacteria able to increase the pH of bottom waters, may have completely
dissolved the settled frustules. The resulting DSi was therefore trapped below the
photic zone and subsequently re-injected during drier periods of stronger mixing of
the water column, promoting the proliferation of a broader spectrum of diatoms and
their preservation in oxygenated settings. Most likely, the drier periods of silica re-
injection were also characterized by a reinforced eolian regime, able to considerably
increase the amount of phytoliths dispersed toward the Mediterranean basins, and
promoting a further spike of silica concentration favorable to the preservation of
diatomites.

Although other triggering factors (e.g. peculiar physiography of each sub-
basin, paleocurrents, sources and distribution of other nutrients such as N, P and Fe)
should also be taken into account to more properly interpret the diachronic onset and
demise of the lower Messinian diatomite deposition in the Mediterranean, as well as
their specific stratigraphic architectures, a first attempt has been provided herein in
order to better frame this event under a terrestrial silica perspective, suggesting a
possible linkage with the latest Miocene global intensification of the oceanic opaline

production.
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CONCLUSIONS AND FUTURE RESEARCH PERSPECTIVES

Summarizing, the research presented herein provides the following results: i)
the improvement of the micropaleontological dataset of the upper Miocene diatom-
bearing section of Pecetto di Valenza, especially for what concerns the biosiliceous
assemblages of this overlooked but potentially very relevant locality for our
understanding of the Messinian events in the northernmost Mediterranean region;
the comparative interpretation of the response of silica-secreting and calcareous biota
to the dominant paleoceanographic processes triggered by precessionally-driven
climate changes; ii) a detailed analysis of the sedimentology of the Pecetto di
Valenza section, with the definition of the role of diatom ecological groups in the
formation of different types of laminae and the reconstruction of an annual
depositional cycle; iii) an updated ‘state of the art’ concerning the Messinian
diatomaceous deposition in the Mediterranean area and its possible linkages with
coeval global paleoceanographic and continental events.

Overall, the obtained dataset suggests that caution is needed in linking the
diatomaceous deposition that occurred in the Mediterranean area during the latest
Miocene to the enhancement of upwelling and/or to the establishment of anoxic
conditions at the seafloor. Rather than a regional-scale intensification of upwelling,
a more realistic model based on the interplay between riverine runoff, water column

stratification and convective remixing, in a general context characterized by a
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significant increase of silica availability triggered by abiotic and biotic continental
processes, can be proposed. Moreover, since the morphological analysis did not
reveal any unquestionable evidence of anoxia (such as for example widespread
occurrence of framboidal pyrite or the complete absence of macro- and
microbioturbations), the possible role of physical barriers able to limit the benthic
bioturbation of diatomaceous sediments should always be considered before
attributing the presence of laminations to oxygen depletion on the seafloor.

However, further researches based on high-resolution and non-destructive
micropaleontological and sedimentological investigations, possibly supported by
geochemical and biomarker studies, are needed in order to expand each of the above
mentioned points.

For what concerns the Pecetto di Valenza section, both the Mn-rich and the
upper diatomaceous layer deserve future investigations focused at understanding the
processes that occurred immediately before and after the onset of the diatomaceous
deposition, herein just hinted and tentatively interpreted. In particular, the Mn-rich
layer should be better characterized throughout the analysis of redox sensitive
elements. Moreover, useful information about the seafloor conditions may derive
from the taphonomic studies of macrofossils.

Comparisons with other sections are urgently needed in order to highlight
differences and similarities between the various upper Miocene diatomaceous
deposits located at different latitudes in the Mediterranean area. In this regard, it is

worth noting the potential relevance of the Messinian sections of Capo di Fiume
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(Abruzzo) and Serra Pirciata (Sicily), whose micropaleontological and
sedimentological characterization is already in progress.

The Capo di Fiume section (Abruzzo; Fig. 34) exhibits five lithological
cycles consisting in the meter-thick alternation of lithified diatomaceous sediments,
recording strike evidences of synsedimentary tectonic instability, and organic-rich
mudstones (Carnevale, 2004b). It represents an excellent case study for
understanding the role of diagenetic processes (involving silica, phosphorus and
organic matter) and tectonic activity on the diatomaceous and sapropelitic deposition
in the Central Apennine area.

The Serra Pirciata section (Sicily) is located in the Caltanissetta Basin and
consists of 25 cycles made up of a meter-thick alternation of sapropels, marls and
diatomites (e.g., Bellanca et al., 2001; Figs. 26A and 35). Even if this section has
been intensively studied, until now no detailed lamina-scale observations have been
provided.

Intriguingly, in both the Capo di Fiume and Serra Pirciata sections,
preliminary micropaleontological investigations highlighted an impressive
occurrence of large centric diatoms (Fig. 34E-F, 35). This feature might further
confirm the relevant role of the subsurface primary production during the Messinian

diatomaceous accumulation in the Mediterranean area.
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Figure 34. Capo di Fiume section (Abruzzo). A) A diatomaceous interval. B) Normal faults
affecting a laminated packet consisting of an alternation of diatom-rich (whitish) and terrigenous
laminae (brown). C) Phosphate nodule. D) LM micrograph (parallel nicols) of diatom-rich and
terrigenous laminae; the diatom-rich laminae are orange because of the presence of phosphates; note
the presence of a prominent water escape structure interrupting the lateral continuity of the laminae.
E-F) BSE and SE micrographs of a diatom-rich lamina entirely composed of centric diatoms,
observed in polished thin section and parallel to the bedding plane, respectively.
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Figure 35. Serra Pirciata section (Sicily). RL (A-B), LM (parallel nicols; C) and SE (D)
micrographs of a cm-thick layer characterized by the impressive accumulation of large centric
diatoms.

Finally, the study of Si-isotopes, as well as other land-derived elements (e.g.,
Sutton et al., 2018; Modestou et al., 2019) and biomarkers (e.g., Sabino et al., 2020),
may significantly improve the interpretation of the role of continental processes in
providing limiting factors able to boost the proliferation of diatoms in the

Mediterranean during the late Miocene.
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