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Abstract: A c. 31 m thick section straddling the fossil find of an Early Pliocene baleen whale

(“Brunella”, hereafter), made in 2007 in the sedimentary fill of the Middle Ombrone Basin of Tuscany,

is investigated for depositional age and environment combining palaeomagnetic, micropalaeonto-

logical (Foraminifera and calcareous nannofossils) and sedimentary facies analyses. Resting uncon-

formably onto Late Miocene continental deposits, the Early Pliocene marine deposits include, from

bottom to top, a coarse-grained wave-winnowing lag, the few metres-thick fossiliferous sandstone

bedset from which Brunella was unearthed, and several metres of clays. The stratigraphic organisa-

tion of these deposits indicate deposition in a deepening upward inner shelf environment. Successful

isolation of characteristic remanent magnetisation and calcareous nannofossil content indicate the

investigated marine section was deposited during the interval of polarity Chron C3n.2n correspond-

ing to the basal part of the Mediterranean nannofossil zone MNN13 (between Helicosphaera sellii Base

common and the Amaurolithus primus Top) and allow estimating the depositional age of Brunella to

c. 4.6 Ma. Sedimentary facies, benthic Foraminifera association and anisotropy of magnetic suscepti-

bility characterising the deposits that embedded Brunella suggest deposition above the fair-weather

base level.

Keywords: fossil whale; Italy; Tuscany; Pliocene; depositional environment; sedimentary facies

analyses; magnetostratigraphy; calcareous plankton biostratigraphy

1. Introduction

Pliocene deposit outcrops in Tuscany (central Italy) contain a relatively rich fossil
record of marine megafauna (Figure 1; see [1] for an extensive review) that appears sig-
nificantly different from that of the latest Miocene [2,3], predating the Messinian Salinity
Crisis [4]. Particularly, several palaeontological works have shown that there is a major
discontinuity between the Late Miocene and the Pliocene mysticete faunas at a global
scale [5,6]. In the fossil Balaenidae record of Tuscany, this Early Pliocene event is largely
documented [7,8] and characterised by a relative increase in balaenid and balaenopterid
diversity (Event 3 in [5]). However, very little is known about the first mysticetes that
re-invaded the Mediterranean as normal salinity conditions were re-established in the Early
Pliocene. Therefore, better understanding of taxonomy and age of fossil mysticetes from the
Zanclean stage is key to establish robust phylogenetic relationships, palaeobiogeography
and, ultimately, ecologic and trophic webs of these marine mammals [9–13].
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Figure 1. (a) Simplified geological sketch showing the Plio-Quaternary basins of Tuscany (modified,

after [14]). (b) Stratigraphic scheme based on biostratigraphic correlation of selected sections (see

geological sketch for location and legend for section names) from the marine Pliocene of Tuscany

(modified, after [1]) with occurrence of fossil mysticetes from [1].

This study focuses on the integrated stratigraphy (magnetostratigraphy, biostratigra-
phy and sedimentary facies analyses) of a sedimentary section (Brunella composite section,
hereafter) exposed near Montalcino (c. 42 km SE of Siena; Figure 1a) and straddling the site
where a partial skeleton of a mysticete balaenopterid was discovered in 2007 [15,16].

The specimen (ICCD 09 00000001-18; Figure 2), currently under investigation for
taxonomy, was nicknamed Brunella and rapidly gained some research interest for its sup-
posed Zanclean age (Figure 1b), which makes it one of the rare records of Early Pliocene
mysticetes of Tuscany [16]. The aim of the study is twofold: (i) dating the sedimentary suc-
cession embedding Brunella by combining magnetostratigraphy and calcareous plankton
biostratigraphy (planktonic Foraminifera and calcareous nannofossils) and (ii) providing a
depositional model for the Brunella composite section based on sedimentary facies analysis,
benthic Foraminifera ecology and anisotropy of magnetic susceptibility (AMS, hereafter).
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Figure 2. Skeletal portions of the ICCD 09 00000001-18 whale nicknamed Brunella. (a) Left dentary

showing typical balaenopterid characters in the posteriorly-oriented mandibular condyle, reduced

angular process and comparatively long distance between the condyle and the coronoid process;

(b) group including caudal vertebrae 3 to 5; (c) group including disarticulated lumbar vertebrae;

(d) large block including cervical and thoracic vertebrae, two scapulae, one humerus and most of

the ribs.

2. Geological Setting

The investigated sedimentary succession (Figure 3) is part of the sedimentary fill of the
Middle Ombrone Basin of Tuscany ([17–19]; cf. with the Cinigiano–Baccinello Basin of [20]),
one of several continental to marine Plio-Quaternary basins (Figure 1a) formed since the
late Neogene as a result of crustal extension in the Apennine hinterland [17,21–25]. These
late orogenic basins are regarded as graben-like elongated depocentres striking parallel
to the central Apennine chain that were infilled relatively rapidly by continental and
shallow marine clastics [23,26]. Even though a purely extensional horst-and-graben model
is supported by the lack of significant tectonic rotation since the late Messinian [27], other
authors suggested that late orogenic basins of Tuscany may have formed in a more complex
tectonic setting, in which compressional, extensional and strike-slip stress regimes coexisted
and/or alternated over time [28,29]. Recently, other studies suggested that these basins
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developed as hanging-wall basins associated with extensional detachments (Serravallian–
late Messinian) that formed a bowl-shaped structural depressions later dissected by late
Zanclean–early Piacenzian high-angle normal faults [25,30,31].

 

Figure 3. (a) Simplified geological map and (b) detail of the study area (modified, after [20,32]) with

location of the sections making the Brunella composite section; (c) stratigraphic log of the Brunella

composite section with positions of samples. Section G ’gully’ (Figure 4).
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Figure 4. (a) The amalgamated bedset of marine sandstones (sst) and conglomerates (cgl) of section

G. This bedset is erosion-based (b) and sits on top of plane-parallel laminated mudstones devoid of

marine fossils, most likely deposited in a continental flood-plain environment. (c) View of section W

with detail, showing the top of the fossiliferous sandstone bedset from which Brunella was unearthed,

sharply capped by mudstones; (d) view of the easterly outcrop with location of section H. (e) View

of the lower part of section H with sites of palaeomagnetism sampling; (f) detail of the highly

bioturbated basal part of the fossiliferous bedset. Arrows highlighting mollusc shell fragments (sf)

and trace fossils (tf).

The Whale Brunella and Its Host Sedimentary Rocks

The notoriety of the investigated sedimentary section (Figure 3) is due to the find of
Brunella (Figure 2) and the accompanying macrofossil biota [33,34], which is relatively
rich and comprises molluscs, barnacles, shark teeth, fish otoliths, echinoids and wood
fragments. Within a few months from its finding, Brunella was fully excavated, removed
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from the field along with its silty sandstone matrix and stored in a warehouse of the wine
company Banfi s.r.l. attached to the Poggio alle Mura medieval castle. In 2016, the Tuscan
Archaeological Superintendency started a project [15,35] that is still ongoing and includes
the study of several aspects of Brunella (e.g., musealisation, taxonomy, taphonomy, etc.)

Regarding the age of the sedimentary rocks embedding Brunella, early geological
mapping placed them in the Lower Pliocene Argille Azzurre Auct. [36]. Subsequent geolog-
ical mapping highlighted the site is located immediately above the boundary between the
Upper Miocene (Baccinello–Cinigiano Synthem of [32]; cf. with CB1 of [20]) and the Lower
Pliocene (cf. with S. Angelo Scalo Synthem of [32]; Figure 3a,b). Based on correlation with
nearby sections, Ref. [1] attributed the upper and easterly part of the investigated stratig-
raphy (cf. with Poggio alle Mura section of [37]) to the planktonic foraminiferal Biozone
MPL2 of [38], which is early Zanclean in age (between c. 5 and 4.5 Ma, following [39]).

Particularly, Ref. [1] interpreted the shell-rich bed containing Brunella as a marker
fossiliferous layer (the Haustator shell bed of [1]) correlatable with that of the nearby
sections of Arcille, Monte Antico and Camigliano [37,40,41] and suggested that the rapid
transition to clayey shelf mudstones above represented a major transgressive surface.
More recently, [42] studied the molluscan benthic assemblages of the Poggio alle Mura
section highlighting a well-diversified community typical of intertidal and shallow subtidal
settings of Early Pliocene age.

3. Materials and Methods

The c. 31 m thick Brunella composite section was obtained by logging two ancillary
sections (‘gully’ and ‘hillock’ sections, respectively; labelled G and H in Figure 3b,c) to the
west and to the east of the section where Brunella was unearthed (‘whale’ section, labelled
W in Figure 3b,c) and correlating them walking out the whale-bearing fossiliferous bedset.
Sections were logged using a high-precision Jacob staff with rotatable laser and graphical
logs drawn in the field at a scale 1:100, taking note of lithology, grain size of the clastic
component and fossiliferous content, including trace fossils.

Seventy-two oriented standard (10 cc) samples for palaeomagnetism were collected
from section H (corresponding to the Poggio alle Mura section of [37]; Figure 3c) using a
water-cooled electric drill. Rock magnetic and magnetostratigraphic analyses were per-
formed at the Laboratory of Magnetostratigraphy and Palaeogeography (PalMag) of the
University of Milan (Segrate, Milan). A sub-set of 4 samples was analysed for hysteresis
loops and backfield isothermal remanent magnetisation acquisition (backfield IRM), using
a Microsense EZ7 Vibrating Sample Magnetometer (VSM). Thermal demagnetisation of a
three-component IRM [43] was performed on 8 samples exposed to 1.5 T, 0.4 T and 0.15 T
orthogonal fields with an ASC IM-10-30 pulse magnetiser. Samples for natural remanent
magnetisation (NRM) and IRM analyses were thermally demagnetised from room temper-
ature up to a maximum of 685 ◦C in steps of 25 to 50 ◦C with an ASC TD48 furnace. The
magnetic remanence was measured after each demagnetisation step with a 2G Enterprises
755 DC-SQUID (Direct Current—Superconducting Quantum Interference Device) cryogenic
magnetometer hosted in a magnetically shielded room. The component directions of the
characteristic remanent magnetisation (ChRM) were extracted with standard least-square
analysis on linear portions of standard vector end-point demagnetisation diagrams.

Mean directions were calculated with standard Fisher statistics. The anisotropy of
magnetic susceptibility (AMS, hereafter; [44]) of selected samples was measured at the
Palaeomagnetism Laboratory of Roma TRE University (Italy) using a AGICO KLY-3 Kap-
pabridge susceptibility meter. AMS is represented by three symmetrical tensors, represent-
ing as many susceptibility axes (k1, k2 and k3 in descending order of susceptibility) of an
ellipsoid with variable shape and associated anisotropy. AMS is evaluated using Flinn
and Jelinek scatterplots, in which the foliation F = k2/k3 is plotted against the lineation
L = k1/k2, and the degree of magnetic anisotropy P = k1/k3 is plotted against the shape
parameter T = (lnL/lnF)/(lnL + lnF), respectively. Values of F/L < 1 for 0 < T < 1 indicate
oblate ellipsoids (i.e., disc-shaped), whereas values of F/L > 1 indicate prolate ellipsoids
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(i.e., cigar shaped). In sediments, mean susceptibility kmean = (k1 + k2 k2)/3 and P are
generally less than c. 300 × 10−6 and c. 1.05, respectively, and the anisotropy can be viewed
as an oblate ellipsoid displaying imbrication angles up to c. 20◦ [44,45]. On the other hand,
prolate ellipsoids with relatively higher kmean [46] generally relate to tectonic deformation.

Samples for micropalaeontological analyses were collected at each site of palaeo-
magnetic sampling along section H and at several additional sites along sections G and
W (Figure 3c) for a total of 85 samples. Based on abundance of the biogenic fraction
in the washing residue, fifty samples were considered for semi-quantitative analyses of
Foraminifera. Samples were dried under an infrared lamp, and 100 g of dried sediment
was disaggregated in a 30% aqueous solution of 30 volume hydrogen peroxide for about six
hours. The mixture was then washed through a 63 µm sieve using a water shower and the
residue was dried under the infrared lamps prior to being sieved again through a 250 µm
sieve. The two resulting fractions (i.e., smaller and larger than 250 µm) were observed
under the microscope separately. Abundant washing residue was analysed to detect even
the rarest species, particularly planktonic Foraminifera. On the other hand, smear-slides for
the analysis of calcareous nannofossils were prepared following standard procedures. A
small fraction of sediment was scratched from a fresh sample surface and mixed with a few
drops of distilled water to obtain a mixture that was then smeared on a coverglass using
a short plastic straw until banded areas of variable grain density material were obtained.
The coverglass was then dried on a hotplate, glued to glass slide using a UV-curing optical
adhesive and then placed below a UV lamp until completely dry. The smear-slides were
analysed using a light microscope and a magnification of about 1000×.

4. Results

4.1. Sedimentary Facies Association

The basal part of the Brunella composite section (section G in Figure 3c) is exposed in
a gully (Figure 4a). It begins with several metres of plane-parallel laminated mudstones
(Figure 4b) devoid of marine fossils and with sparse carbonate nodules suggestive of
deposition in a continental setting (cf. with the late Messinian unit CB1e of [20]). Carbon-
ate nodules can be interpreted as pedogenic hydromorphic features (gleying) linked to
ground-water table oscillations [47], a condition typical of poorly drained floodplains [48].
Above, the succession continues with a c. 3 m thick erosion-based bedset of sandstones and
conglomerates (Figure 4a,b) containing fragments of large marine mollusc shells. These de-
posits are generally well-sorted, structureless and organised to form several tens of cm thick
coarsening-upward sequences with grain size ranging from medium sand to large pebbles.
The bedset is initiated by a c. 30 cm thick normally graded very coarse-grained sandstone
with scattered pebbles and shell fragments and, overall, shows similarity with wave-
winnowing lags described elsewhere developing across wave-ravinement surfaces [49–52].
This relatively coarse bedset can be followed laterally for several tens of metres toward the
E before it is lost in the cover.

The first c. 2.5 m of section W are poorly exposed but include a conglomerate made
of well-sorted medium/large pebbles, locally with a coarse sandy matrix, which, based
on similar character, was correlated to the lowermost conglomerate beds of section G
(Figure 3c). Pebbles are well-rounded and commonly encrusted by barnacles and serpulids.
These deposits include relatively large fragments of robust shells of marine gastropods
and bivalves. Above the poorly exposed interval, the section continues with a c. 4 m thick
fossiliferous sandstone bedset rich in shell fragments and bioturbated. From base to top,
the bedset includes a c. 1 m thick fine-grained sandstone, 1.7 m of sandy siltstones and the
1 m thick medium-grained pebbly sandstone in which the disarticulated, partial skeleton
of Brunella was found (Figure 4c). The top surface of the fossiliferous bedset is slightly
erosional and rippled and is overlain by a fining-upward sandy to clayey siltstone c. 2.5 m
thick (Figure 4c).

The fossiliferous bedset of section W can be followed laterally for several tens of
metres toward the east, before it disappears in the cover in the close vicinity of section H.
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Its stratigraphic position suggests it corresponds to a relatively finer-grained c. 2 m-thick
bedset of section H, comprised of two sandstone beds sandwiching a sandy siltstone
(Figures 3c and 4e,d). This correlation is confirmed by the occurrence of a at the base of
section H, which after flattening the two section to the top of the fossiliferous bedset, turns
out to be at the same stratigraphic level as the conglomerate at the base of section W. As a
result, the fossiliferous bedset thins toward the E (from section W to section H) by c. 2 m
over a distance of c. 200 m.

Also in section H, the fossiliferous bedset is sharply overlain by clayey siltstones that
alternates with relatively thinner intercalations of silty marlstones for c. 6 m, before the
section is lost in the cover. Individual couplets of silty marlstone and the clayey siltstones,
typically a few metres thick, can be viewed as coarsening upward parasequence-like
packages (sensu [53]; cf. with ‘all offshore’ parasequences of [54]). The remaining part of
the section is poorly exposed, but spot outcrops suggest a gradual increase in grain size
before reaching the sandstone bed exposed at the top of the hillock.

4.2. Palaeomagnetism

4.2.1. Rock Magnetism

Backfield IRM acquisitions highlight that the remanent magnetisation is acquired in a
stepwise manner and that, for most samples, saturation is not achieved at the maximum
applied field of 2 T (Figure 5a). The coercivity of remanence Hcr varies in the range
0.05–0.2 T, suggesting co-existence of relatively low-coercivity ferromagnetic s.l. phases
(e.g., magnetite or possibly iron sulphides) and high-coercivity (non-saturating) phases
(e.g., hematite).

Hysteresis loops, corrected for the contribution of paramagnetic (positive slope) min-
erals, are relatively slender in the central section and tend to open up at higher fields
(Figure 5b). Such wasp-waisted loop shapes [55,56] suggest the occurrence of magnetic
phases with contrasting coercivities, in agreement with backfield IRM experiments. The
ratios of saturation remanence to saturation magnetisation (Mrs/Ms) plotted against the
ratios of coercivity of remanence to coercivity (Hcr/Hc) according to [57], with later modi-
fications by [58,59], indicate that all of the analysed samples are characterised by values
incompatible with single domain-multidomain magnetite mixtures and significant contents
of greigite (Figure 5d).

Thermal demagnetisation of three-axis IRM suggests that the contribution to mag-
netisation of low-coercivity minerals (0.15 T curve in Figure 5c) is greater than that of
intermediate and high coercivity minerals (0.4 and 1.5 T curves in Figure 5c). All thermal
demagnetisation curves show a relatively gradual decay of magnetisation, punctuated
by inflections. The 0.15 T curves show inflections centred around 300 ◦C, before reaching
complete demagnetisation at c. 580 ◦C (Figure 5c). On the other hand, the 0.4 T and 1.5 T
curves show maximum unblocking temperatures of c. 675 ◦C (Figure 5c). All in all, results
of rock magnetic experiments are suggestive of a complex magnetic mineralogy, most likely
comprising magnetite, hematite and iron sulphides.
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Figure 5. (a) IRM backfield acquisition curve, (c) hysteresis loop and (b) thermal demagnetisation

paths of three-axes IRM of the representative sample PM06 (see Figure 3c for stratigraphic position);

(d) Log–log scatter plot of ratio of saturation remanence to saturation magnetisation (Mrs/Ms) against

ratio of remanent coercive force to ordinary coercive force (Hcr/Hc) of all samples analysed for

magnetic carrier mineralogy. Black lines delimit variability fields of single domain (SD), pseudo-

single domain (PSD) and multidomain (MD) grains after [57]. Dotted lines are theoretical mixing

curves of SD+MD (below) and superparamagnetic (SP)+SD magnetites after [58]. The ellipse in the

upper left corner highlights values of greigite-bearing samples from a global compilation by [59].

4.2.2. Characteristic Remnant Magnetisation

Reliable ChRM directions were isolated for 60 samples by selectively removing a sec-
ondary component between room temperature and 150 ◦C. ChRM directions are relatively
stable across an unblocking temperature that is typically in the range 150~300 ◦C, but can
extend up to 650 ◦C (e.g., PM15 and PM31, and PM50 and PM43, respectively; Figure 6).
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Figure 6. Vector end-point demagnetisation diagrams for representative samples (see Figure 3c for

stratigraphic position) in in situ coordinates. Closed (open) squares are projections onto the horizontal

(vertical) plane.

They are associated to mean angular deviation (MAD) values generally <10◦ (Figure 7)
and appear oriented to the north and down (positive inclinations, e.g., PM30 in Figure 6) in
all samples, with the exception of samples PM15 and PM31 (Figure 6), which are oriented to
the south and up (negative inclinations). These ChRM component directions are grouped
around an overall mean direction of Dec = 353.1◦E, Inc = 57.9◦ (k = 17.4, alpha95 = 4.5,
n = 60) in in situ (geographic) coordinates, and of Dec = 328.7◦ E, Inc = 58.3◦ after correction
for homoclinal bedding tilt (Figure 8 and Table 1).
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Figure 7. Stratigraphic log of section H (see Figure 3b,c for location and stratigraphic position, respec-

tively) with (from left to right, unblocking temperature of ChRM, mean angular deviation (MAD),

declination, inclination and virtual geomagnetic pole (VGP) and interpreted magnetic polarity.
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−

Figure 8. Equal-area projections of the ChRM component directions from palaeomagnetic samples

from section H in (a) in situ (geographic) and (b) tilt-corrected coordinates. In red, mean direction

(square) with a95 confidence.

Table 1. Palaeomagnetic mean directions from samples collected along section H (Figure 7). N:

number of samples; k: Fisher precision parameter; a95: radius of the cone of 95% confidence; Dec.:

mean Declination of the ChRM component; Inc.: mean Inclination of the ChRM component.

Mean Directions

In Situ Tilt-Corrected
N k a95 Dec. Inc. k a95 Dec. Inc.
60 17.4 4.5◦ 353.1◦E 57.9◦ 17.4 4.5◦ 328.7◦ 58.3◦

The tilt-corrected direction indicates a counter-clockwise tectonic rotation of c. 31◦,
which is slightly greater than that reported from some sites of similar age located in other
Neogene basins of Tuscany (cf. with sites TS14 and TS05 from the Volterra Basin and TS01
and TS10 from the Siena–Radicofani Basin in [27]).

The declination and inclination values of the ChRM component directions and the
associated virtual geomagnetic pole (VGP) latitudes plotted versus stratigraphic thickness
show the occurrence across the sampled section of an at least c. 25 m thick interval of normal
magnetic polarity (positive VGP values), interrupted by two intervals of single-sample
reverse polarity (negative VGP values) (Figure 7).

4.2.3. Anisotropy of Magnetic Susceptibility (AMS)

Samples analysed for AMS come from the sedimentary package of Section H strad-
dling the bed of Section W where Brunella was found, are relatively sandy and, in some
instances, rich in mm-sized shell fragments. Mean susceptibility kmean and anisotropy
degree P are in the ranges 0.6–2 × 10−4 and 1–1.057 (Figure 9a,b) and are largely uncorre-
lated (Figure 9b), albeit there is the tendency of stratigraphically higher and finer-grained
samples to show larger values of both kmean and P. This may relate to a relative increase
in amount of paramagnetic minerals, such as micas. Scrutiny of Flinn and Jelinek scatter-
plots (Figure 9c,d) indicates that all samples are characterised by oblate AMS ellipsoids,
which coupled with relatively low values of kmean and P, suggests the AMS fabric is of
sedimentary origin.

However, there is no clear clustering of the k3 axes perpendicular to bedding planes,
as expected in sedimentary rocks deposited in low-energy environments [60]. This may
reflect superimposition of different factors, including continuous sediment reworking by
wave action and, secondarily, modification of primary fabric by bioturbation.
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Figure 9. Anisotropy of Magnetic Susceptibility (AMS) of selected samples from the whale-bearing

layer in section H (see Figure 3 for stratigraphic position). (a) Histogram of kmean. (b) Scatterplot of

shape parameter P to Kmean suggesting there is no correlation between AMS shape and susceptibility

intensity. (c) Jelinek and (d) Flinn scatterplots highlighting the prolate nature of AMS ellipsoids.

(e) In situ and (f) tilt-corrected equal area projection of poles of k1, k2 and k3 susceptibility axes.

4.3. Micropalaeontology

4.3.1. Calcareous Plankton

The calcareous plankton assemblages of the Brunella composite section comprise both
nannofossils and Foraminifera that, although generally rare, provide useful biostratigraphic
insights (see Section 5.1).

Abundance and preservation of calcareous nannofossil assemblages range from scarce
to common and from poor to very good, respectively. Twenty taxa were identified (Figure 10),
among which the most common are the long-ranging species Coccolithus pelagicus and
Reticulofenestra small- and medium-sized.

Useful elements from a biostratigraphic point of view are represented by the presence
of Helicosphaera carteri, common since early Miocene [61]; Helicosphaera sellii (Figure 11d),
whose common occurrence marks the basal boundary of the Early Pliocene calcareous
nannofossil zone MNN13 of [62]; and Amaurolithus primus delicatus (Figure 11e) and
A. delicatus (Figure 11f), whose last occurrence falls within the lower part of the same bio-
zone. Other significant species are Ceratholithus acutus (which postdates the Early Pliocene
re-flooding of the Mediterranean Sea, following the Messinian Salinity Crisis [63,64]), and
Discoaster brouweri, D. pentaradiatus (Figure 11g,h), D. surculus (Figure 11a) and
D. subsurculus (Figure 11b).
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Figure 10. Stratigraphic distribution of (a) calcareous nannofossils and (b) planktonic Foraminifera

in the Brunella composite section based on samples from sections G and H.
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μ
Figure 11. Microphoto of calcareous nannofossil (a–h; optical microscope 1000× magnification)

and Foraminifera (i–x; scale bar 200 µm). (a) Discoaster surculus (// nicols, PM68); (b). Discoaster

subsurculus (// nicols, PM68); (c) Discoaster variabilis (// nicols, PM28); (d) Helicosphaera sellii (X nicols,

PM63); (e) Amaurolithus primus (// nicols, PM66); (f) Amaurolithus delicatus (// nicols, sample

PM68); (g) Discoaster pentaradiatus (// nicols, PM67); (h) Discoaster pentaradiatus (X nicols; PM67).

(i) Globigerinoides cf. elongatus (PM 64, 1—umbilical and 2—spiral view); (l) Pullenia bulloides (PM 52,

apertural view); (m) Sphaeroidina bulloides (PM 52, umbilical view); (n) Cassidulina neocarinata (PM60,

1-apertural/side view and 2-side view); (o,r) Ammonia beccarii (PM 75, 1—umbilical, 2—apertural

and 3—spiral view); (p) Cancris auriculus (PM59, 1—spiral and 2—umbilical view); (q) Elphidium

crispum (PM76, side view); (s) Fursenkoina schraebersiana (PM59, side view); (t) Nonion boueanum (PM

03, 1-side and 2-apertural view); (u) Ammonia inflata (PM59, 1—umbilical, 2—peripheral and 3—spiral

view; (v) Valvulineria bradyana (PM59, 1—umbilical and 2—spiral view); (x) Uvigerina pygmaea (PM59,

side view).

Planktonic Foraminifera are generally rare and do not include any zonal marker.
Nonetheless, it was possible to identify eighteen species (Figure 10b), among which the
most frequent taxa are Globigerina bulloides, G. falconensis, Globigerinoides cf. elongates
(Figure 11i), G. extremus, G. obliquus, Globoturborotalita apertura, Orbulina suturalis, O. universa
and Trilobatus trilobus.



J. Mar. Sci. Eng. 2023, 11, 455 16 of 23

4.3.2. Benthic Foraminifera

Apart from the Upper Miocene lowermost part of section G (Figure 3c), which is barren,
benthic Foraminifera are generally very abundant in the Brunella composite section.

The stratigraphic distribution and abundance (estimated semi-quantitatively
following [65]) of the most significant taxa (out of a total of 120 recognised species) is shown
in Figure 12a,b. Abundant and stratigraphically ubiquitous taxa are Ammonia beccarii
(Figure 11o,r), A. inflata (Figure 11u), Bolivina spp., Bulimina spp., Fursenkoina schraebersiana
(Figure 11s), Globobulimina spp., Nonion boueanum (Figure 11t), Pullenia bulloides (Figure 11l),
Textularia spp. and Valvulineria bradyana (Figure 11v). Based on benthic Foraminifera assem-
blages, four biofacies can be recognised, labelled 1 to 4 from bottom to top of the composite
section (Figure 12a,b).

Biofacies 1 is typified by a very low specific diversity, dominated by A. beccarii,
Asterigerinata planorbis and Elphidium crispum Figure 11q), and occurs in the lowermost
and coarser-grained marine part of the composite section (uppermost part of section G).
On the other hand, Biofacies 2 (lowermost c. 8 metres of section H) characterises the
fossiliferous marker bedset and the deposits immediately below and above and includes
common to abundant A. inflata, Bolivina spp., N. boueanum, Textularia spp. and V. bradyana
and common Prosononion granosum and Sphaeroidina bulloides (Figure 11m). Up-section
(above c. 11 m), in parallel with the fining-upward of the succession, Biofacies 2 is re-
placed by Biofacies 3. The washing residues of samples from this interval show relatively
lower terrigenous contents and a larger number of benthic Foraminifera compared to
Biofacies 1 and 2. The assemblage is dominated by A. inflata, Bolivina spp., Bulimina spp.,
Cassidulina neocarinata (Figure 11n), F. schraebersiana, Globobulimina spp., Heterolepa spp.,
N. boueanum, Pullenia bulloides, Textularia spp. and V. bradyana (Figure 11v) and appear over-
all well-diversified. Finally, the sudden increase in terrigenous content of the washing
residues in the uppermost part of the studied section is accompanied by establishment
of Biofacies 4, which comprises abundant N. boueanum, common A. beccarii, and rare to
common Bolivina spp. and Bulimina spp. (Figure 12a).

The micropalaeontological assemblage characterising the fossiliferous bedset in sec-
tion W (Figure 3c) is typified by a very low planktonic foraminifera content and abundant
benthic content (Figure 12b). This comprises Ammonia beccarii, Cribroelphidium decipiens,
Elphidium macellum, Heterolepa spp., Nonion boueanum, Prosononion granosum and
Reussella spinulosa, and shows similarities to Biofacies 2 of section H (Figure 12a).

All in all, the composition of Biofacies 1–4, in tandem with plankton–benthos ratios
always less than 3% [66], suggest a marine inner shelf depositional environment [67].
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Figure 12. Spindle diagrams illustrating the stratigraphic distribution and estimated abundance of

the most significant benthic Foraminifera species in (a) the investigated stratigraphy (sections G and

H) and (b) the deposits embedding Brunella (section W).

5. Discussion

5.1. Depositional Age of Brunella

To date, the chronological assessment of Mediterranean fossil mysticetes indicates
a poorly diversified Zanclean fauna with a generally ill-defined depositional age. The
Zancelan mysticete fauna of Italy comprises a few Balaenopteridae and Balaenidae taxa
whose age was inferred based on lithostratigraphy. These include the balaenopterids
Archaebalaenoptera castriarquati and Cetotheriophanes capellinii, and C. cortesii from Emilia
Romagna [13], unearthed from sedimentary rocks with likely ages in the ranges 4.12–3.84 Ma
and 5.33–3.57 Ma, respectively, and the balaenid Balaena montalionis from Tuscany, with a
supposed age between 4.5 and 3.9 Ma [68].

The discovery of Brunella [15,33–35] was important in that it added a specimen to
the existing database of Early Pliocene balaenopterids, which based on a preliminary
anatomical assessment of selected bones (i.e., mandibular, ear and squamosal bones; [16])
appears remarkably different from Cetotheriophanes and Archaebalaenoptera. Therefore,
dating Brunella is key to better understanding of the Neogene mysticetes phylogenesis.

Even if calcareous plankton is generally rare in the Brunella composite section, calcare-
ous nannofossils and Foraminifera assemblages (see Section 4.3) provide useful biostrati-
graphic insights. Key biostratigraphic elements of the calcareous nannofossil assemblage is
the concomitant presence of Ceratholithus acutus, which postdates the Messinian Salinity
Crisis [63,64]; Helicosphaera sellii, whose common occurrence marks the basal boundary of
the Early Pliocene calcareous nannofossil zone MNN13 of [62]; and Amaurolithus primus
and A. delicatus, whose last occurrence falls within the lower part of the same nannofossil
biozone (Figure 13). Despite the lack of zonal markers in the planktonic Foraminifera
assemblage, the presence of Globigerinoides cf. elongatus and the concomitant absence of
typical specimens of G. elongatus suggest that the sampled interval was deposited before
the first occurrence of Globorotalia puncticulata [69], corresponding to the basal boundary of
the Early Pliocene MPl3 Biozone of [70] (Figure 13).
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Figure 13. Bio-magneto-chronostratigraphic framework of the Brunella Composite section. Plank-

tonic Foraminifera and calcareous nannofossil zonal schemes are from [70] and [62], respectively. The

geological time scale (GTS) is from [71], following the ATNTS2004/2012 by [39,72].

On the other hand, palaeomagnetic data (Section 4.2) show that the isolated ChRM
component directions are the product of primary (sedimentary) remanent magnetisation
and that the marine part of the Brunella composite section was deposited during a normal
polarity chron. Specifically, rock magnetism experiments, ChRM unblocking temperatures
and the magnetic directions allow excluding that the remanent magnetisation was acquired
either during a late diagenesis (e.g., due to growth of authigenic greigite; [73]) or as the
product of modern weathering (i.e., at any time after the local tectonic rotation highlighted
by mean declination; Figure 8 and Table 1).

All in all, the magnetobiocronology results of this work indicate that the marine part of
the Brunella composite section was deposited during a normal polarity time interval after
the first common occurrence of the calcareous nannofossil Helicosphaera sellii, and before the
first occurrence of the planktonic foraminifer Globorotalia puncticulata and the last occurrence
of the calcareous nannofossils Amaurolithus primus and A. delicaus. This corresponds to the
interval of the polarity Chron C3n.2n between 4.62 Ma (H. sellii Bc—Base common) and
4.55 Ma (A. primus T—Top) (Figure 13) and the lowermost part of the calcareous nannofossil
zone MNN13 of [62]. These results place the depositional age of Brunella within a very
short chronological interval of c. 70 Ky and suggest that, in agreement with previous
estimations by [74], the investigated sedimentary section was deposited at a pace greater
than c. 40 cm/Ky.

5.2. Palaeoenvironmental Insights from Sedimentary Facies, AMS and Benthic Foraminifera

Even though the depositional environment of the Lower Pliocene cropping out at
Poggio alle Mura is discussed in a number of works [1,37,42], sedimentary facies of the
deposits embedding Brunella and their significance have never been investigated in detail.
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Stratigraphic position (i.e., above continental Late Miocene deposits) and sedimen-
tary character (e.g., grain-size, texture, sharp top, macro-fossiliferous content, etc.; see
Section 4.1) of the basal conglomerate that initiates the fining-upward marine part of the
Brunella composite section, suggests it may represent a winnowing lag associated to a wave-
ravinement surface [50–53] formed during the Early Pliocene regional transgression [75]. In
keeping with this interpretation, the benthic Foraminifera assemblage from this lag deposit
(Biofacies 1) is characterised by the Ammonia–Elphidium assemblages (Section 4.3.2), typical
in mobile sediments from highly energetic shallow water settings [76–78].

The fossiliferous bedset that hosted Brunella lays immediately above this basal lag. It
is relatively sandy and rich in mollusc shell fragments, locally bioturbated, and typified
by a relatively more diversified benthic Foraminifera assemblage (Biofacies 2) suggestive
of an energetic habitat, albeit deeper than that of Biofacies 1. Sedimentary facies and
thickness of this bedset are laterally highly variable (Figure 3c), becoming relatively coarser
and fossiliferous toward the west as the bedset thickens. This stark facies and thickness
lateral variability can be interpreted to reflect deposition onto an uneven seafloor affected
by wave action. Continuous sediment reworking by wave action is confirmed by the
scrutiny of AMS data from section H (Section 4.2.3). In fact, AMS highlights a highly
dispersed magnetic fabric that is hardly interpretable as the result suspension settling plus
traction (by a slow-moving unidirectional current) in a low-energy environment [60]. These
observations, together with the disarticulated nature of the partial skeleton of Brunella,
indicate deposition in a nearshore setting above the fair-weather base level.

6. Conclusions

This contribution focusses on age and depositional environment of a c. 31 m thick sec-
tion straddling the fossil find of an Early Pliocene baleen whale Brunella from
the sedimentary fill of the Middle Ombrone Basin of Tuscany. Age and depositional
environment of Brunella have been addressed earlier, but never with an integrated
magnetobiostratigraphic approach.

Integration of sedimentary facies, palaeomagnetism and micropalaeontological
(Foraminifera and calcareous nannofossils) analyses allows drawing the following conclusions:

• Magnetobiochronology results provide evidence that the clastic sediments embedding
Brunella were deposited during the polarity Chron C3n.2n and between 4.62 Ma
(H. sellii Bc—Base common) and 4.55 Ma (A. primus T—Top), which corresponds to the
lowermost part of the calcareous nannofossil MNN13 zone;

• The depositional age of the marine interval of the investigated composite section is
constrained to be within a very short chronological interval (c. 70 Ky) of the Zanclean,
which makes Brunella the earliest baleen whale of Tuscany postdating the Messinian
Salinity Crisis;

• Sedimentary facies and benthic Foraminifera assemblages indicate Brunella was buried
by sediments accumulating in a nearshore setting above the fair-weather base level, at
a pace greater than c. 40 cm/Ky.
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