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Climate control on stacked paleosols in the Pleistocene of the Po Basin
(northern Italy)
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ABSTRACT: Paleosols are recurrent features in alluvial successions and provide information about past
sedimentary dynamics and climate change. Through sedimentological analysis on six sediment cores, the
mud-dominated succession beneath the medieval ‘Two Towers’ of Bologna was investigated down to 100
m depth. A succession of weakly developed paleosols (Inceptisols) was identified. Four paleosols (P1, P2, P3
and PH) were radiocarbon-dated to 40-10 cal ka BP. Organic matter and CaCOs determinations indicate
low groundwater levels during soil development, which spanned periods < 5 ka. The development and burial
of soils, which occurred synchronously in the Bologna region and in other sectors of the Po Plain, are
interpreted to reflect climatic and eustatic variations. Climatic oscillations, at the scale of the Bond cycles,
controlled soil development and burial during Marine Isotope Stage (MIS) 3 (P1 and P2). Rapid sea-level
oscillations probably induced soil development at the MIS 3/2 transition (P3) and favored burial of PH after
10 ka BP. Weakly developed paleosols in alluvial successions can provide clues to millennial-scale climatic and
environmental variations. In particular, the paleosol-bearing succession of the Po Plain represents an
unprecedent record of environmental changes across the Late Pleistocene (MIS 3 and 2) in the

Mediterranean region. Copyright © 2020 John Wiley & Sons, Ltd.

KEYWORDS: alluvial succession; climate control; Pleistocene; Po Basin; weakly developed paleosols.

Introduction

Paleosols are common features of alluvial successions. Due to their remarkable lateral extent and continuity,
they represent effective markers for stratigraphic correlation (Kraus, 1999; McCarthy and Plint, 2003).
Their degree of maturity and geometric relationships with associated fluvial-channel bodies provide critical
information about sedimentary processes and landscape evolution (Kraus and Bown, 1993; Demko et
al., 2004). Moreover, paleosol-bearing successions constitute an excellent terrestrial record of past
climate changes (Sheldon and Tabor, 2009; Markovic¢ et al., 2012; Srivastava et al., 2018).

Pedostratigraphy has been typically developed in outcrop studies (Cleveland et al., 2007; Dubiel and
Hasiotis, 2011). More recently, this technique was applied to the core analysis of late Quaternary

successions (Choi, 2005; Tsatskin et al., 2015). A suite of closely spaced paleosols was recently identified
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within the mud-dominated alluvial succession beneath the town of Bologna (Amorosi et al., 2014). Only

reconnaissance work of these paleosols was carried out in these early studies, which emphasized the
correlation potential of buried soil horizons and their geometric relations with channel-related facies. The
present study aimed to characterize the sedimentology and geochemistry of these paleosols beneath
two Medieval masonry towers (Asinelli and Garisenda, locally referred to as ‘Two Towers’). Paleosol
stratigraphy was used to reconstruct the sedimentary and pedogenic evolution of the area. In this regard,
six sediment cores were recovered within an area of 2000 m? around the Two Towers. A total of 245
sediment samples were analyzed for grain size, organic matter and CaCOs content. The chronological
framework was backed up by 14 radio- carbon dates. The relative influence of external controlling
factors (e.g. climate and sea-level oscillations) on soil development was explored through the analysis of
a vast stratigraphic and chronological dataset, composed of more than 80 radiocarbon-dated paleosols

from cores drilled over a wide portion of the Po Plain.

Geological setting

The town of Bologna is located at the southern margin of the Po Plain, close to the Apennine foothills. The
Apennine fold-and-thrust belt developed from the Late Oligocene to the present (Carminati and Doglioni,
2012) and was generated by the subduction of the west-dipping Adriatic lithosphere beneath Europe
(Doglioni et al., 1999). Since the early Pleistocene, large parts of the Northern Apennines, including the
area south of Bologna, have been involved in a generalized uplift (Argnani et al., 2003). By contrast, the Po
Plain has subsided at rates of 1-2 mm a* in the last 1.43 Ma (Carminati and Di Donato, 1999). The
Pliocene—Quaternary Po Basin fill, locally exceeding 8 km in thickness, consists of a shallowing-upward
sedimentary succession (Ricci Lucchi, 1986). The uppermost strata, dated to the last 0.87 Ma, are mainly
composed of alluvial sediments, supplied by the Po River and its tributaries (Muttoni et al., 2003). Close to the
Apennine foothills, fluvial-channel gravels are dominant. Mud-prone interfluvial sectors are preserved
only between adjacent river outlets (Amorosi et al., 2014). Two main rivers supply sediments to the
Bologna area from two closely spaced (~8 km) river outlets (Fig. 1). The Reno River drains a mountain
area of ~1055 km? and flows for 212 km, west of Bologna, down to the Adriatic Sea. The Savena River, to
the east, is a 55-km-long tributary of the Reno River. Its mountain basin is ~170 km2. The Apennine foothills
south of Bologna are drained by small creeks, <10 km long, with characteristic torrential regime and low
transport capacity. These river courses (Meloncello, Ravone and Aposa in Fig. 2A) drain a cumulative area of
just 20 km? (Figs 1 and 2A). The subsurface geology of the Bologna urban area is strongly influenced by this
configuration. Close to the Reno and Savena outlets, fluvial-channel deposits form multistorey gravel
bodies, hundreds of meters thick (Fig. 2A — not shown in cross-sections). Distally, they grade into

rhythmical alterna- tions of gravels and muds (Fig. 2B). Pollen analysis of a 300-m-long core (P515, Fig. 2B)



showed that gravel-mud alternations result from climate oscillations at the Milankovitch timescale (~100 ka). In
particular, fine-grained deposits include pollen diagnostic of warm-temperate (interglacial) climatic conditions,
whereas the onset of fluvial-channel gravel bodies marks the transition to a cold climate (glacial) vegetation
(Amorosi et al., 2001). The Marine Isotope Stage (MIS) 6/5 transition (i.e. the base of Late Pleistocene
deposits) was placed at 53 m core depth, where a marked upward increase in pollen concentration is
associated with the transition from shrubby-herbaceous communities with abundant Pinus to pollen
indicating a major expansion of relatively thermophilous forests, with Quercus as the dominant tree. Coarse-
grained fluvial deposits are rare beneath the historical centre of Bologna (Fig. 2B). This area has a relief of 20—
30 m above the Reno and Savena rivers and is fed by the minor drainage system between them. Accurate
core examination revealed the presence of thin, repeated paleosol sequences (Amorosi et al., 2014). Late
Pleistocene paleosols were tracked continuously across the triangle-shaped interchannel zone between the
Reno and Savena rivers (Fig. 2). Less developed and more discontinuous paleosols characterize the

Holocene succession (Bruno etal., 2013).

Methods

Six cores (SPZ100, SPZ20, SDH1, ASS1, INCL1 and INCL2, Fig. 3) were recovered between May and August
2016, in the Two Towers area. The rotary wash drilling method allowed high percentages (99.6%) of recovery
of fine-grained sediments. Borehole depths ranged between 12 m (INCL 2) and 100 m (SPZ100) m. Core
diameter was 101 mm, with the exception of core ASS1, which was drilled inside the Garisenda Tower, with a
diameter of 60 mm. Cores INCL1 and 2 were inclined, respectively, at 15° and 30° to the vertical plane to
collect samples beneath the Asinelli Tower foundation. In situ core descriptions and facies analysis relied on
lithology, color, consistency and accessory material (e.g. vegetal remains, carbonate concretions, manganese
and iron oxides). In situ pocket-penetrometer tests were carried out on cores SPZ100, SPZ20 and SDH1.

The uppermost 20 m of cores SPZ100, SPZ20, SDH1 and ASS1 were subsampled for laboratory analyses. In
particular, 52 samples were collected for grain size determinations.

The hydrometer method (ASTM D7928-17, 2017) was used for the fine-grained soil fraction (i.e. diameter <
0.075 mm) and the sieving procedure for the remaining part of the samples. To investigate the possible
influence of pedogenic processes (accumulation of organic matter and secondary calcite) on grain size
distribution, eight additional soil samples were tested using the laser diffraction method (LDM; Alen, 1981;
Bittelli et al., 2019), with the Analysette 22 NanoTec Laser Particle Sizer by Fritsch. Five of these samples, in
the clay—fine silt range (0.19-18.61 um, Table 1), were analyzed before and after pretreatment with hydrogen
peroxide (10 % solution) to remove organic matter. For the other three samples, in the coarse silt—fine sand
range (9.5-911.7 um, Table 2), tests were carried out before and after pretreatment with hydrochloric acid
(HCl, 10 % solution) to remove carbonates. The organic matter content was determined as loss of ignition

(ASTM F1647-11, 2018 — method A) in a 405 °C muffle furnace on 103 samples. Ninety samples were analyzed
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to measure the CaCO3 content using a ‘Dietrich-Fruhling’ calcimeter. Four- teen bulk sediment samples (Table

3) were dated by accelerator mass spectrometry (AMS) at Laboratory of lon Beam Physics (ETH, Zurich,
Switzerland). To avoid contamination from drilling fluids, samples were collected fresh from the innermost
part of the core and desiccated in a 40 °C oven. All samples were cleaned from contaminations through
acid—alkali—acid pretreatment. The 14C dates were calibrated with OxCal 4.3 (Bronk Ramsey and Lee, 2013),
using the IntCal13 calibration curve (Reimer et al., 2013). No optically stimulated luminescence (OSL) dating
was possible due to the absence of sand intervals.

Core data were correlated along a stratigraphic cross-section (see Fig. 3 for location). Three additional core
descriptions (S1, S2 and S16) from older drilling campaigns were reinterpreted, following calibration with new
cores, to minimize data spacing along the section. To assess the relative influence of climate change on soil
development, a dataset composed of 81 radiocarbon-dated paleosols from cores drilled in distinct sectors of
the Po Plain was analyzed and compared with indicators of global and local climate oscillations (e.g. 6180

curves from ice cores, pollen series from lacustrine successions).

Results

Depositional facies associations

With the exception of two thin stratigraphic intervals encountered in core SPZ100 at 94.2-94.8 and 95.9-97.0
m depths, which consist of well-rounded pebbles in an abundant clay matrix, silt and clay are the dominant
grain size fractions along the six cores. Three facies associations were identified within this mud-dominated

succession.
Facies description

‘Swamp’ facies association (SW, Fig. 4) was observed between 87.2 and 91.1 m core depth (Fig. 5). It is
composed of soft, gray (5Y 7/2) silty clay with abundant undecomposed organic material (e.g. wood
fragments and plant debris). Reaction to HCl was weak. Carbonate concretions, and Fe and Mn oxides were
not observed. ‘Poorly drained floodplain’ facies association (PDFP) is composed of soft, light gray (10Y 8/2,5 G
7/2, 5GY 8/1) silty clay (Fig. 4) showing weak reaction to HCI. Isolated carbonate nodules were rarely
observed. Fe and Mn oxides were not observed. This facies association is poorly represented in the cores (Fig.
5). Its thickness is < 2 m. ‘Well-drained floodplain’ facies association (WDFP) is the most well represented in
cores. It is composed of hardened clayey silt and silty clay. Thickness exceeded 40 m (Fig. 5). Colors varied
from grayish yellow (5Y 8/4) to light brownish gray (5YR 6/1), with yellowish mottles given by Fe oxides.
Carbonate concretions were abundant at discrete horizons in the form of nodules, coatings or filaments along
root traces. Reaction to HCl was strong, even where concretions were not detectable through visual
inspection. Nodules of Mn oxides, root traces and slickensides were observed. Olive-grey and dusky brown

(5Y 3/2, 5YR 2/2) horizons (Fig. 4), upto 2.3 m



thick, showing weak or no reaction to HCI, were present rhythmically along the core (Fig. 5). They generally

overlie carbonate-rich horizons. Carbonate concretions were rare in the dark horizons.

Facies interpretation

The dominance of fine-grained material along the cores suggests deposition in low-energy environments. The
preser- vation of undecomposed organic material and a lack of oxides in facies association ‘SW’ suggests
deposition under persistent reducing conditions. Local ponds or swamps may account for the deposition of
this lithofacies.

Given the absence of Fe and Mn oxides, facies association ‘PDFP’ is interpreted as being deposited in a poorly
drained floodplain, where waterlogging conditions are present only occasionally. The rare occurrence of
carbonate nodules may be related to fluctuations of the groundwater table close to the topographic surface.
Based on color, consistency and the abundance of carbonate concretions and Fe—Mn oxides, facies
association ‘WDFP’ is interpreted as deposited in a well-drained flood- plain. Carbonate-free, dark intervals
are interpreted as ‘A’ horizons of weakly developed palaeosols (Inceptisols of Soil Survey Staff, 1999). The
dark color results from the deposition and decomposition of organic material in the topsoil. The local
accumulation of carbonate concretions is interpreted to reflect illuviation from the topsoil to the underlying
‘Bk’ horizon. Nodules, coatings or filaments along root traces denote incipient soil development (Gile et al.,
1981; Machette, 1985) associated with periods of subaerial exposure, on the order of a few thousand years.
This estimate is substantiated by radio- carbon dates from similar paleosol profiles observed in the Bologna
area (Amorosi et al., 2014). The mobilization and transfer of carbonates, which require the presence of a
vadose zone, indicate a low groundwater table under conditions of subaerial exposure. Stratigraphic intervals,
where subtle evidence of weathering (e.g. oxidation, root traces, reaction to HCl) was observed, are
interpreted as ‘Bw’ horizons. The superposition of several soil profiles indicates multiple episodes of
pedogenesis, interrupted by the deposition of overbank muds related to major flooding events. This process,
along with continuous subsidence, was responsible for the accumulation and preservation of a > 40-m-thick
‘WDFP’ succession.

Paleosol characteristics

Individual paleosols are 2-5 m thick and exhibit A-Bk, A-Bw or A-Bk-Bw profiles. The results of laboratory
analyses confirm and provide quantification of the outcomes of core facies analysis. Partitioning of carbonates
and organic matter in distinct soil horizons was clearly observed (Figs 6 and 7). The amount of CaCO3 is 4.4 %
in ‘A’ horizons, 22 % in ‘Bw’ horizons and 30 % in ‘Bk’ horizons (median values in Fig. 8A). In ‘Bk’ horizons,
maximum values exceed 60 % (Figs 6 and 8A). The amount of organic matter is generally low (<5 %), with
lowest values (<3 %) in the ‘Bk’ and ‘Bw’ horizons (Fig. 8B).

The amount of clay (median values in Fig. 8C) decreases from ‘A’ (38 %) to ‘Bw’ (26 %) horizons. The
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percentage of silt increases in the same direction, from 51 to 59 % (median values in Fig. 8D). Sand is < 25 %

(Figs 6 and 7). LDM tests show a marked reduction of clay percentage after pretreatment with hydrogen
peroxide (Table 1). In particular, a greater reduction in clay percentage corresponds to a greater initial
organic-matter content (i.e. ASS1_10.6). Lower percentages of fine sand and coarse silt were observed in the
samples pretreated with HCl (Table 2). The greatest sand—silt reductions were found for samples with the
highest initial carbonate content (i.e. SPZ100_9.9 m); SPZ20_18 m is an exception, as it has the highest
carbonate percentage (32 %), but a low percentage of coarse silt—fine sand (17.1 %) and therefore a minor
particle reduction (8.6 %) compared to SPZ100_9.9 m (16.2 %).

Organic matter, CaCO3 and grain size vary significantly within individual soil profiles. In contrast, no
substantial changes were observed comparing ‘A’ horizons from distinct soil profiles. The same conclusion

derives from the comparison of ‘Bk’ and ‘Bw’ horizons from distinct paleosols.
Late Pleistocene paleosol architecture

Based on the stratigraphic correlation with nearby core P515 (Fig. 2B), cored sediments were assigned to the
Middle and Late Pleistocene. The Middle—Late Pleistocene boundary (i.e. the base of MIS 5e deposits) was
tentatively placed around 39 m depth, at the base of poorly drained floodplain deposits in core SPZ100 (Fig.
5). Below this boundary, pocket penetration (PP) values fluctuate around a mean value of 3.2 kg cm?. By
contrast, mean PP values of 2.2 kg cm? were measured in the Late Pleistocene—Holocene succession.
The uppermost 20 m was radiocarbon-dated almost entirely to the last 42 ka and four paleosols (P1, P2, P3
and PH, Fig. 9) were identified and correlated. As paleosol horizons at distinct stratigraphic levels can have
similar physical properties and sedimentological characteristics, correlations were based on numerical ages
and on the stratigraphic position of paleosols, rather than on their characteristics. Consistent with the
chronological framework reported by Amorosi et al. (2014), paleosols P1, P2 and P3 were dated to MIS 3 and
2 (between ~42 and 23 cal ka BP, Table 3), whereas PH marks approximately the Late Pleistocene/Holocene
transition (13-12 cal ka BP).
From base to top, paleosol characteristics can be summarized as follows:
1. 1Paleosol P1, 400-500 cm thick, has an A-Bk profile. The ‘A’ horizon is 65—-155 cm thick.
2. Paleosol P2, 180-260 cm thick, has A-Bk or A-Bw profiles. The ‘A’ horizon is 75—140 cm thick.
3. Paleosol P3, 400-500 cm thick, has an A-Bk-Bw profile. Thickness of the ‘A’ horizon ranges between
85 and 230 cm. The ‘Bk’ horizon is relatively thin (<90 cm), whereas the ‘Bw’ horizon is up to 250 cm
thick.
4. Paleosol PH, 240—-380 cm thick, has A-Bk and locally A-Bk-Bw profiles. The ‘A’ horizon is ~80 cm thick.
The ‘Bk’ horizon, 140-265 cm thick, has relatively high CaCO3 content (37.8 %).
Minimum elevations of paleosols P2, P3 and PH were observed beneath the Garisenda tower (P1 was not

encountered due to insufficient depth of ASS1). Paleosol P3 has lower elevation also beneath the Asinelli



tower, as observed in cores INCL1 and 2 (Fig. 9).

The Holocene succession is poorly preserved beneath the Two Towers, having been largely removed for the
construction of the foundation structures. Holocene paleosols were observed in just two cores (Fig. 9). In
SPZ100, two poorly developed paleosols (Entisols, Soil Survey Staff, 1999), 50-60 cm thick, overlie paleosol

PH. In SDH1, a paleosol dated to 7.4 ka BP was found to be amalgamated with the underlying PH paleosol.
Discussion

Soil development and burial in the Po Plain Consistent with the small drainage areas and poor transport
capacity of creeks that supply sediment to the Bologna region, silt and clays are the dominant grain size
fractions of the Middle and Late Pleistocene succession, down to 100m depth. Coarse - grained sediment
(sand and gravel) is highly subordinate, as the Reno and Savena rivers never spread through this area during
this period. Within this seemingly homogeneous floodplain succession, major textural and sedimentological
changes are marked by buried soil horizons, which developed during time intervals shorter than 5000 years
(Fig. 10). Between two successive phases of subaerial exposure, fluvial sedimentation led to deposition of
relatively thin (<5m) sediment packages that were entirely modified by pedogenic processes. Indeed,
unweathered deposits (‘C’ or ‘R’” horizons) were not observed. The sharp increase in carbonate percentage at
the transition from ‘A’ to underlying ‘Bk’ horizons (Figs. 6, 7 and 8A) suggests substantial vertical transfer of
CaCOs during pedogenesis. Relatively high carbonate contents in ‘Bw’ horizons (Fig. 8A), where carbonate
concretions were not observed, suggest possible CaCO3 illuviation that also affected ‘Bw’ horizons. However,
lacking micromorphological analyses, which would allow unequivocal distinction between primary and
secondary calcite, it is difficult to estimate the amount of carbonates supplied by the parent rock material.
The percentage of CaCOs measured in the ‘A’ horizons (up to 15.7 %, Fig. 8A) may indicate either incomplete
eluviation during subaerial exposure, or partial illuviation after burial, during the subsequent phase of soil
formation. Higher percentages of silt and sand within ‘B’ horizons (Figs 6, 7 and 8D) may be partly due to the
accumulation of secondary calcite in the form of micron- and millimeter-sized nodules or subtle coatings
around clay particles. This hypothesis was confirmed by LDM tests carried out on samples pretreated with
HCI, where a fine sand—coarse silt reduction was observed (Table 2).

While highly soluble compounds, such as CaCO3, appear to be clearly involved in eluviation/illuviation
processes, there is no evidence of clay mobilization and transfer along soil profiles, which is consistent with
the relatively short period of subaerial exposure (Retallack, 2001; Buol et al., 2011). The clay content is highest
in the ‘A’ horizons (Figs 6, 7 and 8C), probably due to the continuous mineralization of organic matter and its
association with clay minerals (Kalisz et al., 2010; Yandong et al., 2018). This hypothesis was confirmed by the
reduction of clay percentage after removal of organic matter with hydrogen peroxide. As a whole, vertical
changes in grain size appear to be mainly controlled by pedogenesis rather than by sedimentary processes.

The relatively low amount of organic matter measured in the ‘A’ horizons (Figs 6, 7 and 8B) suggests low
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groundwater levels during phases of subaerial exposure, which would have favored the rapid degradation of

plant debris. Organic matter content in soil depends on the balance between the rates of addition and
decomposition of organic material (Blair et al., 1995). It has been demonstrated that organic soils (organic
carbon content of ~30 %) subjected to human-induced drainage (i.e. lowering of the water table) are affected
by rapid and intense processes of organic matter transformation (e.g. mineralization, humification, changes in
composition, and oxidation to CO2; Okruszko, 1993; IInicki and Zeitz, 2003; Okruszko and Ilnicki, 2003) that

may lead to a drop in organic carbon content to ~5 % (Kalisz et al., 2010).

Climate control on soil development

To assess whether paleosol development and burial at the Po Basin margin reflect a local or regional control,
calendar ages on paleosols from the Bologna area were matched against radiocarbon dates from the central
and distal parts of the Po Basin, far from the direct influence of Alpine glaciers (Fig. 10). It is noteworthy that
numerical ages from paleosols P1, P2, P3 and PH are coincident across the entire region and invariably
confined in the narrow range of 3.5-5 ka, with few local exceptions (see also Fig. 9). This implies that soil
development occurred almost synchronously across distinct sectors of the Po Basin, thus suggesting
predominantly external control- ling factors.

Subsidence was a primary forcing factor at the scale of the entire Po River system, continuously creating
accommodation for the accumulation of thick floodplain successions. The formation of paleosol P3 is linked to
the rapid fall in sea level that occurred at the MIS 3-2 transition (~30-50 m between 30 and 24 cal ka BP,
Peltier and Fairbanks, 2006). During this phase, the rate of sea level fall overcame subsidence rates and led to
channel downcutting in the Po and Apenninic river systems. River incision prevented overbank flooding of
adjacent interfluvial areas, and induced lowering of local groundwater levels (Tebbens et al., 1999), with the
consequent development of paleosol P3 (Amorosi et al., 2014, 2017a).

Eustasy cannot account for the formation of paleosols P1 and P2, which formed in a period characterized by
low- amplitude sea-level oscillations (Chappell, 2002). Far from the influence of sea level, river behavior (i.e.
aggradation vs degradation) is controlled by the balance between sediment supply and water discharge (Blum
and Tornqvist, 2000), which in turn can be altered by rapid climate changes (Erkens et al., 2011). For example,
changes in vegetation type and density can induce short-lived periods of river instability (Vandenberghe,
2003) and modify the trajectory of pedogenesis dynamics.

If 14C dates are plotted against the 6180 curve from the NGRIP ice core (Svensson et al., 2008), one may note
that the development of paleosols P1, P2 and P3 was systematically interrupted during peak-cold phases, at
the culmination of Bond cycles (Bond et al., 1993), corresponding to North Atlantic Heinrich events (H in Fig.
10). Several pollen curves from European and Mediterranean lakes indicate variations in the vegetation cover

related to high-frequency climate oscilla- tions during MIS 3 (Fletcher et al., 2010; Helmens, 2014). In the



pollen record from Lagaccione (Magri, 1999) and Lake Firmon (Pini et al., 2010; see Fig. 1 for location) cold
phases related to Heinrich events are marked by: (i) the dramatic reduction of taxa typical of temperate
forests (e.g. Quercus, Tilia and Abies); and (ii) a parallel increase in herbs and xerophytes (Fig. 10). The pollen
curve of core P515 (Bologna area, Amorosi et al., 2001) also records fluctuations in the amount of arboreal
vegetation cover during the Late Pleistocene. However, a lack of radiocarbon dates between 45 and 10 ka BP
prevents unequivocal correlations with paleosols P1 to PH.

We argue that the generalized reduction of the arboreal vegetation cover triggered by cold peaks at the end
of Bond cycles enhanced erosion in the drainage basins and sediment transfer to the alluvial plains. Increased
sediment supply promoted the filling of fluvial incisions and favored overbank flows, resulting in the burial of
formerly exposed interfluves. The rapid transition to warmer climate conditions at the onset of a new Bond
cycle and the return to a denser vegetation cover inverted trends in the sediment supply/discharge ratio,
promoting renewed channel incision and and soil development in the adjacent interfluvial areas. This scenario
can be envisaged for all paleosols, including P3, which is tentatively related to the Bond cycle between H3 and
H2 (Fig. 10). Two isolated data younger than H2 (Fig. 10) are probably due to local morphological factors (e.g.
pre-existing topography or distance from an active channel). Enhanced erosion during MIS 3 has been
reported from several terrestrial archives (van Huissteden et al., 2001; Markovic¢ et al., 2014; Obreht et al.,
2017). However, in these sites, correlation with climate fluctuations at the scale of Bond events was not
possible due to limited chronological resolution. The Last Glacial Maximum, between H2 and H1, was
characterized by an intense fluvial activity that led to the deposition of widespread channel-belt gravel and
sand bodies (Amorosi et al., 2014; Campo et al., 2016), with consequent poor preservation of floodplain
deposits (Morelli et al., 2017). Therefore, paleosols between 20 and 15 ka BP are encountered only locally
(Bruno et al., 2015). Paleosol PH started to develop during the Bglling warm event, soon after H1, as recorded
in three sites in the central Po Plain (Fig. 10). However, radiocarbon dates suggest that generalized
pedogenesis occurred in the Po Basin (and in the Bologna area) during the Allergd warm phase, around 13.5
cal ka BP (Fig. 10). Coeval fluvial incision and soil development has also been recorded in other European
fluvial systems (Mol, 1997; van Balen et al., 2010; Janssens et al., 2012). It is noticeable that the Younger Dryas
(YD) cold reversal did not lead to the burial of paleosol PH, although this period is characterized by an intense
sediment flux in the Po Plain (Amorosi et al., 2017a) and elsewhere (Abdulah et al., 2004; Anderson et al.,
2004). Paleosol PH is associated with narrow and deep fluvial incisions (Morelli et al., 2017), through which
large parts of the sediment eroded from the Apennine and Alpine catchments bypassed the Po Plain,
accumulating downstream into the Adriatic Sea (Maselli et al., 2011). The YD event was probably too short-
lived to lead to complete valley filling, resulting in scarce or no overbank sedimentation. The burial of paleosol
PH occurred diachronously in the coastal plain after 10 ka BP, when this exposure surface was progressively

transgressed during the post-MWP1B sea-level rise (Bruno et al., 2017a). In the Bologna area, less continuous
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and less developed Holocene paleosols reflect increased accumula- tion rates after 10 ka BP (Bruno et al.,

2017b). A buried soil, identified within eolian sediments (‘Usselo layer’; HoSek et al., 2017a), has been dated
to the Allergd interstadial in several sites in northern Europe, with sparse dates around the YD and the early
Holocene (Kaiser et al., 2009). Although the ‘Usselo’ layer and paleosol PH formed in distinct geographical,
sedimentary and ecological settings (and therefore they show peculiar textural and geochemical
characteristics) the contemporary onset of pedogenesis in Italy and in northern Europe may have been driven
by climate changes in the high-latitude Northern Hemisphere. Paleosol sequences from the subsiding Po
Basin record variations in climate-related alluvial dynamics across MIS 3 and 2, with an unprecedented level
of temporal resolution. Comparable records derive from the Eurasian loess—paleosol sequences, which bear
evidence of past fluctuations in dust accumulation related to climate-driven changes in vegetation and
pedogenesis (Chen et al., 1997; Haesaerts et al., 2016; Moine et al., 2017). However, with a few exceptions
(Schirmer, 2016; Hosek et al., 2017b), the MIS 3 paleosol record of the European loess sequences is often
incomplete. In alluvial settings, the formation of a paleosol has been linked to climate oscillations at a coarser
scale (e.g. 21-ka precessional cycles, Abels et al., 2013). In general, MIS 3 deposits are poorly preserved in
tectonically stable alluvial systems, due to widespread fluvial incision during the Late Pleistocene sea-level fall
(Blum et al., 2013, and references therein). In the light of these remarks, the Po Basin paleosol sequence

represents one of the best-preserved records of climate and environmental changes across MIS 3 and 2.

Conclusions

A suite of vertically stacked, weakly developed paleosols beneath the ‘Two Towers’ of Bologna testifies to
cyclical changes in alluvial dynamics during the Mid- to Late Pleistocene. Overbank deposition alternated with
periods of subaerial exposure and soil development, shorter than 5000 years. Paleosols formed in a well-
drained floodplain environment, where presumably low groundwater levels led to: (i) carbonate mobilization
and transfer along the soil profile and (ii) intense degradation and oxidation of organic material.

The lack of evidence of clay mobilization is consistent with the relatively short exposure period.

Based on a vast chronological dataset, we document that the development and burial of paleosols occurred
synchronously in the Bologna area and in other sectors of the Po Plain. Paleosol formation is inferred to
reflect a combination of climatic and eustatic factors. Rhythmical climatic oscillations at the scale of the Bond
cycles probably controlled paleosol development and burial during MIS 3. In particular, a dense arboreal
vegetation during the warm part of each cycle favored soil development, whereas a more open vegetation
cover at peak-cold termination of cycles led to drainage basin erosion, high sediment supply/discharge ratios
and paleosol burial. An additional contribution from sea-level fall, which led to rapid channel downcutting, is
called into question to explain soil formation at the MIS 3/2 transition. Eustatic rise was responsible for soil

burial after 10 ka BP.



In alluvial settings, where sedimentary facies form typically lens-shaped sediment bodies, paleosols represent
laterally extensive stratigraphic horizons that can record variations in sedimentary dynamics related to
extrinsic factors. Weakly developed paleosols have been long neglected by stratigraphers, being considered
less correlable than mature paleosols. This study demonstrates that Inceptisols are stratigraphic markers that
can be traced on a basin scale. Compared to mature paleosols, which are associated with depositional
hiatuses of tens of thousand years, repetitive sequences of weakly developed paleosols store a less

fragmented record of past high-frequency (millennial-scale) climate fluctuations.

Data availability

The data that support the findings of this study are available from the corresponding author upon reasonable

request.
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Fig. 2A

Lagaccione

with small creeks draining the much smaller area south of Bologna (light blue).
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Figure 2. (A) Close up on the Bologna urban area and on its adjoining foothills. Amalgamated fluvial-channel gravel bodies
form alluvial fan systems (red areas) close to the Reno and Savena outlets. Gravel-mud alternations are present at more distal
locations (orange area). (B) Subsurface stratigraphy of the Bologna area along a stratigraphic panel transverse to the Apennine
chain (modified after Amorosi et al., 2001). Note a lack of coarse-grained deposits in the uppermost 100 m beneath the
historical center. (C) Stratigraphic profile across the historical center of Bologna, showing the high correlation potential of
Late Pleistocene paleosols P1, P2, P3 and PH (modified after Amorosi et al., 2014).
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Figure 3. (A) The Medieval center of Bologna, with location of the study area and of additional radiocarbon-dated cores and
outcrops used in this work. Yellow circles are cores from Amorosi et al. (2014); green and blue circles are outcrops described
in the Geological Map of Italy at 1:50 000 scale (Sheet 221 - Bologna) and in Cacciari et al. (2017), respectively. The open
circle marks a core from which a new radiocarbon date was obtained. (B) The ‘Two Towers’ study area, with location of the
analyzed cores.

Table 1. Results of particle size distribution tests with the laser diffraction method (LDM): comparison between paleosol
samples pretreated with hydrogen peroxide (used to remove organic matter) and non-pretreated samples.

Organic Pretreated clay

matter Clay percentage  percentage (%)

content (%) (%) (<0.002mm)  (<0.002 mm)
ASS1_11.6 m 2.50 26.6 25.8
ASS1_10.6 m 3.14 24.1 19.0
ASS1_7.75m 1.80 30.4 29.9
SDH1_13 m 2.31 20.7 19.8
SPZ20_12 m 2.30 18.6 16.5

Table 2. Results of particle size distribution tests with the laser diffraction method (LDM): comparison between paleosol
samples pretreated with hydrochloric acid (used to remove carbonates) and non-pretreated samples.
Sand percentage Pretreated sand

Carbonate (%) percentage (%)

content (%) (>0.075 mm) (>0.075 mm)
SPZ100_9.9m 28.5 46.0 29.8
SPZ20_10.1m 22.0 18.9 11.9

SP720_18 m  32.0 171 8.5
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Table 3. List of radiocarbon-dated paleosol samples of Fig. 3B and 9.

Core Depth (m) Code 'C age (ep) 20 calibrated age (s, median + error)
SPZ100 3.43 ETH-92213 5820 + 26 6630 + 40
SPZ100 4.7 ETH-92222 10 869 + 31 12740+ 20
SPZ100 7.74 ETH-92219 21332+ 88 25680+ 100
ASS1 7.1 ETH-90589 11175+ 40 13050+ 40
ASS1 10.3 ETH-90593 22 343 £ 67 26620+ 170
ASS1 15.2 ETH-90591 29452 £ 111 33700+ 100
SPZ20 4.8 ETH-90592 6502 + 36 7410 £ 45
SPZ20 4,95 ETH-92217 10 448 + 30 12390+ 110
SPZ20 7.9 ETH-98602 20230 £ 46 24 300 £ 100
SPZ20 11,9 ETH-98603 28 844 + 305 32940 + 440
SPZ20 15.2 ETH-90588 37923 £ 195 42 200 + 160
SDHA1 8.5 ETH-90587 19 408 + 58 23350+ 130
INCL1 9.4 ETH-90594 22 525+ 69 26 850 + 160
INCL2 10.8 ETH-90595 21043 £63 25400+ 110




Figure 4. Representative photographs of the facies associations identified in core SPZ100. From left to right: SW, organic-
matter-rich swamp clays; PDFP, poorly drained floodplain clayey silt and silty clay; WDFP, varicolored and hardened well-
drained floodplain clayey silt. For detailed description of paleosol horizons ‘A’ and ‘Bk’, see text.
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Figure 8. Boxplot graph showing percentages of CaCO3 (A), organic matter (B), clay (C) and silt (D) in the ‘A’, ‘Bk’ and ‘Bw’
horizons of the analyzed paleosols. Minimum and maximum values (lower and upper limits of vertical bars, respectively), the first
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within the boxes) are represented. ‘A’ horizons are characterized by the lowest carbonate contents and the highest organic
matter and clay contents. ‘Bk’ horizons exhibit the highest CaCO3 contents. Less marked differences in organic matter, clay and
silt content are observed between ‘Bk’ and ‘Bw’ horizons.
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Figure 10. (A) Paleosol chronostratigraphy from the Bologna area and the Po Plain and its correlation with the &30 curve from

the NGRIP ice core (Svensson et al., 2008) and the pollen record from Lagaccione (central Italy, modified after Fletcher et al., 2010;
location on Fig. 1). Radiocarbon dates on paleosols are from this work (open circles) or from published papers and maps (black
circles; sheets 205, 221 and 222 of the Geological Map of Italy 1:50 000 scale, Amorosi et al., 2014, 2016, 2017a,b;
Cacciari et al., 2017). AP, arboreal pollen; NAP, non-arboreal pollen. (B) Location of the radiocarbon- dated cores shown in A.



