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ABSTRACT

This study reports a high-resolution micromorphological characterization of

floodplain deposits to investigate the relationships among compositional,

textural and geotechnical data, and integrate soil micromorphology with

sequence stratigraphy. Compositional and textural characterization of facies

associations and soil features are calibrated against geotechnical parameters.

The latter, obtained from cone penetration and pocket penetrometer tests

from a borehole advanced 60 m into the Tiber channel belt and floodplain,

show that depositional features and post-depositional modifications are

intrinsically associated with cone penetration test parameters: cone resis-

tance; sleeve friction; and friction ratio. Petrographic and micromorphologi-

cal features document pedogenetic modifications across stratigraphic

markers evidenced by faunal and plant activity, accumulation of peat, and

typified by precipitation of heavy metals, iron oxides and secondary carbon-

ates. All of these features developed in correspondence with alluvial flood-

ing surfaces that are correlated with non-marine and marine flooding

surfaces recognized in the transgressive and highstand coastal and lagoonal

deposits of the Tiber Depositional Sequence. These observations may serve

as a model to reconstruct the sequence-stratigraphic evolution of ancient

relict soils. Nevertheless, additional criteria (for example, their stratigraphic

position and correlative surfaces) are necessary to adequately interpret the

genesis of such low-rank stratigraphic surfaces. This work demonstrates that

a combination between sedimentological and stratigraphic observations and

soil micromorphology can be critical to supplement field observations and

determine the relative effect of pedogenic and depositional processes on the

organization, composition and texture, and geotechnical properties of flood-

plain in urban areas.

Keywords Flooding surfaces, floodplain, geotechnical parameters, micro-
morphology, palaeosols, sequence-stratigraphy, Tiber River, Upper Pleis-
tocene–Holocene.
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INTRODUCTION

Floodplains areas are highly sensitive to changes
in sediment discharge and accommodation space
and record a complex depositional history that
reflects allogenic processes, including climate
and base-level changes, and local autocyclic pro-
cesses (Kraus, 1987; Blum et al., 1994; McCarthy
& Plint, 1998; Blum & T€ornqvist, 2000; Allen,
2008; Romans et al., 2016). Depositional hiatuses
occurring in these deposits, record physical and
chemical modifications caused by pedogenesis, a
process influenced by changes in water table and
rainfall rates, weathering and biological activity
(Retallack, 2001). This complexity is expressed
by a high vertical and lateral facies variability
and results in a significant textural and composi-
tional heterogeneity of floodplain deposits. Thus,
developing reliable models to predict the ancient
stratigraphic architecture of alluvial plains and
palaeovalleys can be very challenging. In this
respect, Quaternary depositional systems, and
especially the ones developed in the Holocene,
offer well-preserved archives where the response
of local factors to the external and internal forcing
can be linked to high-resolution stratigraphic
records.
Non-marine Quaternary successions have been

recently investigated to describe and document
palaeosol–channel belt stratigraphic relation-
ships to interpret their development at a basin
scale (Blum & T€ornqvist, 2000; Blum et al.,
2013; Amorosi et al., 2017). This is of great
value for sequence-stratigraphic studies but has
the inevitable downside of overlooking facies
variability at the mesoscale and microscale. In
this regard, palaeosol micromorphology deserves
closer attention as it provides indications with
respect to the duration of non-deposition and
the degree of soil development (McCarthy &
Plint, 1998), and thereby can be employed to
recognize major and minor stratigraphic markers
(for example, sequence boundaries, maximum
flooding surfaces, parasequence boundaries,
transgressive and non-marine flooding surfaces;
Blum & Price, 1998; Blum & T€ornqvist, 2000;
Diessel, 2007; Srivastava et al., 2010; Jerrett
et al., 2011; Milli et al., 2016; Srivastava et al.,
2018; Zuffetti et al., 2018; Amorosi et al., 2021).
Although the use of petrographic procedures to
characterize compositional variations within
chronostratigraphic units and across strati-
graphic unconformities has been applied in sand
provenance studies (e.g. Zuffa et al., 1995;
Amorosi & Zuffa, 2011; Tentori et al., 2016,

2018; Tentori et al., 2021), a clear understanding
of its application to characterize the soil
chronosequence within depositional sequences
needs more careful scrutiny (see Blum & T€orn-
qvist, 2000).
This study focuses on mesoscopic and micro-

scopic sedimentological description of flood-
plain deposits and their associated palaeosols by
integrating micromorphological and petro-
graphic analyses to demonstrate that soil micro-
morphology is an essential prerequisite for the
reconstruction of palaeoenvironmental settings
and to investigate post-depositional soil transfor-
mations. For this purpose, sedimentological,
stratigraphic and pedological observations from
a core (60 m depth) into the Tiber Holocene
floodplain succession in Rome were combined.
A detailed micromorphological characterization
of the deposits through petrographic, X-ray
diffraction (XRD) and scanning electron micro-
scopy (SEM) analysis was carried out to investi-
gate the processes accountable for the genesis of
pedogenetic features. Sediment provenance and
soil micromorphology were used in combination
to reconstruct the mutual cause�effect relation-
ship regulating detrital and authigenic mineral
composition and texture, and to determine the
relative effect of pedogenic and geological pro-
cesses on floodplain deposits organization, com-
position and texture. Lastly, micromorphological
features are used to characterize incipient
palaeosols that developed in correspondence
with alluvial flooding surfaces traced across a
selected sector the Holocene Tiber alluvial plain
and that should correspond with the marine and
non-marine flooding surfaces recognized in the
transgressive coastal and lagoonal deposits of
the Tiber Depositional Sequence (TDS). There-
fore, this study proves that a combination
between sedimentological and stratigraphic
observations and soil micromorphology can be
critical to supplement employed field observa-
tions and stratigraphic methods (see also
McCarthy & Plint, 1998).
Our case study offers the opportunity to

anchor continuous microscopic observations
with geotechnical parameters obtained from a
penetration well acquired during a geotechnical
survey in the city of Rome. Several studies
demonstrated, in fact, that interpretation of
micromorphological features of soil can be used
to support the calibration of qualitative and
semi-quantitative compositional and textural
data with physical parameters (Aslan & Autin,
1996; Schleuß et al., 1998; Vissac, 2005; Styllas,
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2014; Stoops et al., 2018; Prokof’eva et al., 2020,
2021). This approach has important implications
in the proper management and monitoring of
metropolises built on alluvial plains. Flood-
plains of urban rivers are prone to soil and sub-
surface modifications indirectly related to
riverine flood influences on groundwater table
(Bozzano et al., 2000, 2008), extensive soil com-
paction associated with structural degradation
and loss of porosity, and pedogenic modification
associated with soil sealing and contamination
from anthropogenic sources (Jim, 1998; Adder-
ley et al., 2010; Nirei et al., 2014; Prokof’eva
et al., 2001, 2020, 2021). Thus, integrating
geotechnical and meso and micromorphological
observation is important to properly evaluate the
soil geomechanical properties and adequately
assess geological influences on environmental
and engineering hazards.

GEOLOGICAL AND STRATIGRAPHIC
SETTING

The studied area is located within the Roman
Basin (Conato et al., 1980), a Plio-Pleistocene
extensional basin which stretches north and
south of the Tiber Delta for about 135 km and that
is mainly filled with sediment provided by the
Tiber River (Fig. 1). This basin developed from
the Late Pliocene along the Latium margin in con-
nection with the opening of the back-arc Tyrrhe-
nian Sea Basin, in turn related to eastward
migration and rollback of west-directed Apennine
subduction (Malinverno & Ryan, 1986; Patacca
et al., 1990; Doglioni et al., 2004; with references
therein). The development of the Roman Basin
was accompanied by a continuous regional uplift
(Milli, 1997; Bordoni & Valensise, 1998; Giordano
et al., 2003; Mancini et al., 2007) and by the
intense volcanic activity of the Roman Magmatic
Province since the Pleistocene (Locardi et al.,
1976; Fornaseri, 1985; De Rita et al., 1993, 1995;
Peccerillo, 2005). Thus, its stratigraphic frame-
work records a complex interplay among tectonic
uplift, volcanic activity and Quaternary glacio-
eustatic fluctuations (Cavinato et al., 1992; De
Rita et al., 1994, Milli, 1994, 1997; De Rita et al.,
2002; Giordano et al., 2003; Mancini & Cavinato,
2005; Mancini et al., 2013a; Milli et al., 2008).
The Roman Basin fill is constituted by several

continental to marine low-rank depositional
sequences (sensu Mitchum & Wagoner, 1991;
Catuneanu et al., 2009, 2011) with a duration
variable from 30 to 120 kyr, stacked to form two

composite high-rank sequences named Monte
Mario Sequence (MMS, Lower Pleistocene) and
Ponte Galeria Sequence (PGS, late Lower Pleis-
tocene–Holocene; Milli, 1997; Milli et al., 2008,
2013, 2016; Fig. 2).
The analyzed deposits belong to the most

recent low-rank sequence known in the litera-
ture as Tiber Depositional Sequence (TDS) or
PG9 sequence (Bellotti et al., 1994, 1995), which
developed entirely during the highstand systems
tract (HST) of the PGS (Milli et al., 2013, 2016).
In particular, the TDS developed during the last
glacial–interglacial cycle of post-Tyrrhenian age
(last 120 kyr) and constitutes a still evolving
sequence where all of the systems tracts occur.
The lower boundary of this sequence is an ero-
sional surface (Fig. 3), carved into the underlying
Pliocene�Pleistocene deposits. The thickness of
TDS ranges for the most part from <1 to 40 m,
reaching approximately 80 m along the axis of
the incised valley (Fig. 4).
The recent elaborated three-dimensional geo-

logical model of the area (Maffucci et al., 2022)
shows several NNW–SSE high-angle normal
faults, dipping to the south-west, associated with
coeval north-east/south-west transverse system.
Both of these fault systems are responsible for
the volcanic activity of the Roman Comagmatic
Province (see Acocella & Funiciello, 2006, with
references therein) and probably controlled the
Tiber River path and local deviations. Most of
these faults cut the TDS basal unconformity and
deform the lower part of the TDS itself, indicat-
ing tectonic activity during the last 20 kyr.
The studied core (Figs 5 and 6), has been

drilled in the alluvial deposits filling the internal
sector of the Tiber incised valley. Here the low-
stand (LST), transgressive (TST) and highstand
systems tracts (HST) are constituted by channel-
ized and floodplain fluvial deposits that contain a
succession of immature palaeosols. The LST
deposits are locally preserved and constituted by
sand and gravel forming tabular bodies, 6 to 10 m
thick, which have been attributed to a braided
channel belt. The TST deposits are well-
preserved and characterized by two main archi-
tectural elements: (i) vertically stacked channel
bodies interpreted as deposited by meandering
rivers; and (ii) genetically related floodplain
deposits constituted by soft grey-bluish mud
often very rich in organic matter, freshwater gas-
tropods and peat layers, and locally associated
with overbank and crevasse splay sandy silt
deposits (Figs 5 and 6). The HST show a deposi-
tional context similar to TST, but with a reduced
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thickness of the deposits. Additionally, the fluvial-
channel sand bodies tend to be wider than the
underlying transgressive deposits and form a sandy
amalgamated channel belt. Floodplain sediments
are essentially represented by over-consolidated
grey and brown mud with rare peat layers and with
dry palaeosols, carbonate concretions and terres-
trial gastropods (Milli et al., 2013, 2016).
The composition of the studied succession

reflects the source rock lithology of the Tiber
drainage basin characterized, in the upper por-
tion, by a Miocene turbidite succession and in
the middle and lower portions by Mesozoic car-
bonates and Quaternary potassic and ultrapotas-
sic volcaniclastic rocks of the Roman magmatic
province (Fig. 1; see Tentori et al., 2016, 2018).

METHODS

This work is based on a detailed facies and stra-
tigraphic analysis of the Upper Pleistocene and

Holocene alluvial deposits filling the Tiber
incised valley occurring in the Rome urban area.
Here, several coring boreholes, which provided
lithological and textural information as well as
qualitative and quantitative data on macro and
microfauna content and radiocarbon age dates,
were analyzed. These boreholes were used to
construct some correlation panels showing the
lateral and vertical stratigraphic relationships
between the different lithological units (Figs 7
and 8). This was framed within the sequence
stratigraphic scheme of the Tiber Upper Pleis-
tocene to Holocene deposits proposed by Milli
et al. (2016). Among the boreholes, one was
selected for micromorphological, petrographic
and geotechnical analysis. The analyzed contin-
uously cored borehole (60 m deep) was chosen
based on previous technical and sedimentologi-
cal observations (Figs 5 and 6). The studied
deposits are, in fact, representative of the main
facies associations making up the majority of the
alluvial subsurface in the city of Rome (see
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Mancini et al., 2013a, 2013b; Milli et al., 2016;
Di Salvo et al., 2020).
Besides, in order to better constrain the

stratigraphy and the compositional characters
of the selected borehole, some of the surfaces
of sequence-stratigraphic significance recog-
nized in the coeval lagoonal and coastal
deposits (see correlation panel of Fig. 4), were
traced into the alluvial sediments; this allowed
to evaluate the facies lateral changes among
these depositional environments and to give a
more relevant significance to the surfaces
bounding the stratigraphic units individuated
in the studied borehole.
Pocket penetrometer (PP), cone penetration

tests (CPT) and Vs profile (Fig. 9) were
acquired during a geotechnical survey in 2013
as part of a joint collaboration among CNR-
IGAG, SAPIENZA University of Rome, and a
private service company (Geoplanning S.r.l.). In
addition to continuous visual examination of
sediment texture and composition, micromor-
phological characterization of lithofacies and
soil features were carried through petrographic,
SEM and semi-quantitative XRD analyses. A
total of 26 undisturbed samples were collected
with an Osterberg sampler at different intervals
to cover the whole spectrum of sedimentary
facies. Thin sections of the coarser grain sizes
(fluvial sand and overbank sand and silt depos-
its) were point-counted to investigate composi-
tional characters and sediment provenance.
Quantitative sand composition was defined
using the Gazzi-Dickinson method (Ingersoll

et al., 1984) and counted grains grouped into
monomineralic and polymineralic categories
(Table S1). Recalculated parameters were plot-
ted on QFL, QMKF and LmLvLs ternary dia-
grams to investigate sediment provenance by
comparing our results with compositional data
reported in Tentori et al. (2016, 2018), that
describe the petrographic and compositional
characters of the continental and marine depos-
its of the high-rank PGS sequence. Thin sec-
tions of organic-rich clay and silty clay
deposits allowed to optically describe the main
detrital and authigenic components, sediment
texture and accessory material (fossils, plants
and wood fragments). Micromorphological and
semi-quantitative chemical analyses were per-
formed on impregnated slices of clay and silty
clay samples by SEM using a FEI-Quanta 400
(SEM-EDS; FEI Company, Hillsboro, OR, USA)
instrument, operating at 20 kV, equipped with
X-ray energy-dispersive spectroscopy at the
Dipartimento di Scienze della Terra SAPIENZA
Universit�a di Roma. The SEM imaging was col-
lected both in the secondary electron (SE) and
back-scattered electron (BSE) modes. Energy-
dispersive X-ray spectroscopy (EDS) spectra
and X-ray maps were also acquired to highlight
the elemental distribution through the sample.
The EDS spectroscopy was used for elemental
analysis and chemical characterization of major
components. In order to evaluate bulk mineral-
ogy, XRD analysis was directly performed on
sample powder, using a Bruker D8 FOCUS
diffractometer (Bruker Corporation, Billerica,

Fig. 3. Contour map (in metres) of
the Tiber Depositional Sequence
(TDS) boundary from Rome to the
outer shelf. Red lines indicate the
track of the stratigraphic cross-
section reported in the paper. Black
point indicates the location of the
‘BP’ borehole described in the paper
(modified after Milli et al., 2016).
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MA, USA), with Cu Ka radiation on a Bragg-
Brentano h/2h geometry, equipped with a Si(Li)
solid-state detector, Sol-X (XRD Laboratory,
IGAG-CNR, Montelibretti, Rome). Acquisition
conditions were 40 kV and 40 mA. Scans were
obtained from 20° to 80° 2h with a count time
of 2 s. The XRD data were processed using
X-powder software combined with PDF2.DAT
database of ICCD.

Description of facies associations by core analy-
sis and interpretation of piezocone tests as well as
a detailed microscopic investigation of organic,
detrital and authigenic material is presented in the
following sections. Textural classification of bulk
sediment based on visual estimation of grain-size
distribution is after Blott & Pye (2012), whereas ter-
minology for descriptions of features seen in soil
follows guidelines from Stoops (2021).

Fig. 5. Stratigraphic column of the
‘BP’ core showing the main facies
associations, the inferred
depositional environments and the
sequence-stratigraphic
interpretation. HST, Highstand
Systems Tract; TST, Transgressive
Systems Tract; SB, sequence
boundary; mfs, maximum flooding
surface; afs: alluvial flooding
surface. Note in this case that the
sequence boundary of the low rank
Tiber Depositional Sequence (TDS)
and the high rank Ponte Galeria
Sequence (PGS) coincide. For the
core location, see Figs 3 and 4.
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Fig. 6. Photographs showing the
stratigraphy of the ‘BP’ core with
the different facies associations and
their environmental interpretation.
Red line marks the sequence
boundary separating the Tiber
Depositional Sequence (TDS) from
the underlying Lower Pliocene clay
shelfal deposits of the Monte
Vaticano Formation (MVF). First
transgressive surface and sequence
boundary coincide. The green line
corresponds to the maximum
flooding surface. The yellow line
marks the position of the
Paludification Surface (PaS). The
white lines represent the
boundaries between each facies
association. Within the well-drained
floodplain deposits note the local
A/Bk horizonation.
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RESULTS AND DISCUSSION

Facies associations and sedimentological
interpretation of piezocone tests

Five facies associations were identified in the
deposits of the analyzed borehole and compared

with the stratigraphy and sedimentological inter-
pretation of the boreholes reported in Mancini
et al. (2013b) and Milli et al. (2016). The CPTU
interpretation is based upon three major parame-
ters: corrected cone resistance (qc), sleeve friction
(fs), friction ration (FR = fs/qc) and pore water
pressure (u). These five facies associations

Fig. 7. Stratigraphic cross-sections showing the depositional architecture of the alluvial deposits within the Tiber
valley. For the track of cross-sections see Fig. 3.

Fig. 8. Stratigraphic cross-section showing the depositional architecture of the alluvial deposits within the Tiber
valley. For the track of cross-section see Fig. 3.

© 2022 International Association of Sedimentologists, Sedimentology

10 D. Tentori et al.



F
ig
.
9
.
S
tr
a
ti
g
ra
p
h
ic

lo
g
o
f
th
e
‘B
P
’
c
o
re

sh
o
w
in
g

th
e
p
o
si
ti
o
n

o
f
th
e
sa
m
p
le
s
u
se
d

fo
r
m
ic
ro
m
o
rp
h
o
lo
g
ic
a
l
a
n
d

c
o
m
p
o
si
ti
o
n
a
l
a
n
a
ly
se
s,

th
e

id
e
n
ti
fi
e
d

p
a
la
e
o
so
ls
,
a
n
d

th
e
X
-r
a
y
d
if
fr
a
c
ti
o
n

(X
R
D
)
a
n
a
ly
se
s
(p
ie

c
h
a
rt
s)

o
f
m
a
in

m
in
e
ra
l
p
h
a
se
s
(q
u
a
rt
z
,
fe
ld
sp

a
r,

c
a
lc
it
e
,
m
ic
a
s
a
n
d

c
la
y
m
in
e
ra
ls
).

O
n

th
e
ri
g
h
t

th
e
m
a
in

p
h
y
si
c
a
l
a
n
d
g
e
o
te
c
h
n
ic
a
l
p
a
ra
m
e
te
rs

o
f
th
e
st
u
d
ie
d

d
e
p
o
si
ts
:
p
o
c
k
e
t
p
e
n
e
tr
a
ti
o
n
(P
P
)
v
a
lu
e
s,

V
s
w
a
v
e
s
v
e
lo
c
it
y
p
ro
fi
le

v
e
rs
u
s
d
e
p
th
,
a
n
d
p
ie
z
o
-

c
o
n
e
p
e
n
e
tr
a
ti
o
n
te
st
s
(C
P
T
U
).
V
s
v
e
lo
c
it
y
,
p
o
c
k
e
t
p
e
n
e
tr
a
ti
o
n
v
a
lu
e
s
a
n
d
C
P
T
U

p
a
ra
m
e
te
rs

(q
c
—
c
o
n
e
re
si
st
a
n
c
e
,
fs
—
sl
e
e
v
e
fr
ic
ti
o
n
a
n
d
u
—

p
o
re

p
re
ss
u
re
)

c
a
n
b
e
c
o
rr
e
la
te
d
w
it
h
g
ra
in
-s
iz
e
d
is
tr
ib
u
ti
o
n
a
n
d
p
o
st
-d
e
p
o
si
ti
o
n
a
l
te
x
tu
ra
l
m
o
d
ifi
c
a
ti
o
n
s
o
w
in
g
to

p
e
d
o
g
e
n
e
si
s
(s
e
e
te
x
t
fo
r
d
e
ta
il
s)
.
N
o
te

th
a
t
fl
u
v
ia
l
c
h
a
n
-

n
e
l
sa
n
d
s
a
re

c
h
a
ra
c
te
ri
z
e
d
b
y
fi
n
in
g
-u
p
w
a
rd

(F
U
)
tr
e
n
d
s
w
h
il
e
o
v
e
rb
a
n
k
d
e
p
o
si
ts

a
re

c
h
a
ra
c
te
ri
z
e
d
b
y
c
o
a
rs
e
n
in
g
-u
p
w
a
rd

(C
U
)
tr
e
n
d
s.

© 2022 International Association of Sedimentologists, Sedimentology

Compositional, micromorphological and geotechnical characterization of Holocene Tiber floodplain deposits 11



include: (i) fluvial-channel deposits (FCh); (ii)
floodplain with crevasse and overbank deposits
(FpCO); (iii) partially drained floodplain with cre-
vasse and overbank deposits (PFpCO); (iv) flood
basin with swampy deposits (FbS); and (v) well-
drained floodplain deposits (WFp) (Figs 5 and 9).

Fluvial-channel deposits (FCh)
Description. This facies association is character-
ized by grain size ranging from gravel to sand
and mud, organized in fining-upward facies
sequences, 3 to 5 m thick, with a sharp lower
boundary and a sharp or transitional upper con-
tact with the overlying muds (Figs 5 and 6).
Gravels (1 to 5 cm in diameter) are essentially
represented by well-rounded heterometric car-
bonate and chert fragments with subordinate
sandstone clasts and rare volcaniclastic material
(pumice and tuff). Sedimentary structures
include low to high angle cross-stratification
attributable to bedforms. Sand bodies show a
diagnostic CPTU signature, with cone tip resis-
tance values (qc) up to 22 Mpa, and decreasing
upward, pore pressure (U) ranging from 100 to
800 Kpa and a low friction ratio (FR < 2; Fig. 9).

Interpretation. The comparison between these
deposits and the surrounding ones, allows to inter-
pret them as channel fillings attributable to braided
channel belt (Figs 7 and 8). These channels form
tabular bodies, 6 to 10 m thick, and internally
show bedforms interpretable as dune and/or unit
bar (terminology from Bridge & Demicco, 2008).
Channels pass laterally to silty, sandy and muddy
sediments interpretable as floodplain deposits.
Upward these deposits are replaced by floodplain
silty mud sediments; this fining-upward trend is
also recognizable in the CPTU tests (Fig. 9).
According to Milli et al. (2016), the erosional con-
tact (see Figs 4, 7 and 8) between these fluvial
deposits and the underlying Pliocene clay and silty
clay shelfal deposits constitutes the sequence
boundary of the TDS. Indeed, these channelized
fluvial deposits occur at the base of the investi-
gated succession and have been attributed by the
previous authors to the initial portion of the trans-
gressive systems tracts of the TDS.

Floodplain with crevasse and overbank
deposits (FpCO)
Description. This facies association consists of
rhythmically bedded sands, silty sands, silts
and clayey silts, a few decimetres up to a metre
thick, generally organized to constitute units
with fining-upward and coarsening-upward

trends (Fig. 5). The single units are generally
packed inside thick portions of soft clay and
mud containing freshwater gastropods. The centi-
metric silty sand and silt layers, internally show
a climbing ripple cross-lamination and locally
the presence of rootlets, whereas the thicker fine-
medium sand beds (about 1 m thick) show a
sharp base and a fining or coarsening-upward
trend. No fauna has been recognized within this
facies association that, locally, is overlain by flu-
vial channel (FCh) sands. The finer fractions
(clay and silty clay) have low cone tip resistance
values (1.8 < qc < 2), and pore pressure U>>U0

(up to 1200 KPa). The sandy silt layers, which
commonly display sharp bases, are characterized
by qc values between 3 and 11 MPa, and pore
pressure U< U0. The overall FR of the deposits
ranges between 1.0 and 8.0 (Fig. 9).

Interpretation. The characters of this facies
association and its stratigraphic relationships
with the lateral channelized deposits (see Figs 7
and 8) allow to interpret these sediments as the
product of deposition in a floodplain environ-
ment where overbank and crevasse processes
occurred. The silty sand layers with climbing
ripples suggest deposition under decelerating
sheet flows related to flood events whose veloc-
ity decreases away from the channel belt,
whereas the muddy sediments record suspen-
sion fallout at the end of the flood events. The
thicker sand beds are interpreted as crevasse
splay or crevasse channels based on their lower
sharp or erosive boundary. These facies associa-
tions can be distinguished from FCh bodies by
the generally finer grain sizes and smaller thick-
ness, a feature well-evidenced by the generally
lower cone tip resistance (qc) and higher FR val-
ues (Fig. 9). The comparatively wide range of FR
and U values indicates a wide spectrum of tex-
tures, local changes in grain sizes, reflecting
repeated deposition of fine-grained detrital mate-
rial transported by flood events in the floodplain
area adjacent to the river channel.

Partially drained floodplain with crevasse and
overbank deposits (PFpCO)
Description. This facies association is composed
of varicoloured sand and silty sand beds forming
a succession about 10 m thick bounded by light
grey clay deposits containing rare carbonate nod-
ules (Fig. 5). The latter occur, together with plant
debris, rootlets and terrestrial gastropoda within
the sand and silty sandy beds that are organized
to form metre thick fining-upward and

© 2022 International Association of Sedimentologists, Sedimentology

12 D. Tentori et al.



coarsening-upward sequences (FU and CU,
respectively). Compressive strength values
derived from PP tests in the sand and silty sand
beds range from 1.1 to 1.5 kg cm�2. Cone tip
resistance values (qc) from CPTU tests are
between 1.9 to 22.0 MPa, and where these beds
form CU sequences these resistance values vary,
from bottom to top, from 2 to 3, 5, 6 and 11 Mpa.
Pore-water pressure values are <U0. The FR
ranges from 1.1 to 8.0 (Fig. 9).

Interpretation. The FU and CU sand and silty
sand units having plant debris, carbonate nod-
ules and rootlets suggest deposition in a flood-
plain with overbank/crevasse sedimentation
affected by incipient and local pedogenetic pro-
cesses. These deposits accumulated in a more
depressed sector of the floodplain due to more
frequent flood events and were finally capped
by muddy deposits when the flood events
ceased. The values of compressive strength and
cone tip resistance recorded by PP and CPTU
are characteristic of partially to well-drained
floodplain sediments (see also Amorosi &
Marchi, 1999; Sarti et al., 2012). In particular
peaks in fs, U and FR (fs/qc%) (Fig. 9) are inter-
preted to represent the CPTU response to slight
induration due to fluctuating groundwater levels
and incipient pedogenesis.

Flood basin with swampy deposits (FbS)
Description. This facies association is consti-
tuted by unlaminated soft grey-bluish silty clay,
very rich in organic matter and freshwater gas-
tropods, and by peat layers (Fig. 5). The latter are
less 1 m thick and are composed of wood frag-
ments and other plant remains; they also contain
a rich malacofauna of freshwater gastropoda. The
CPTU tests indicate qc values constrained
between 1.5 and 2 MPa with subtle peaks in qc
and fs in correspondence with pore pressure (U)
drops, the latter increasing for the most part lin-
early with depth (Fig. 9). Compressive strength
(PP) values range between 0.5 and 1.2 kg cm�2.

Interpretation. The soft silty clay deposits
showing homogeneous colour, high content of
organic matter, and the presence of freshwater
gastropoda suggest deposition in a swampy
environment developed in a shallow and sub-
aqueous flood basin. The presence of peat layers
and of deposits rich in organic matter confirm
such an interpretation, which is also confirmed
by the CPTU and PP values that are coherent
with this interpretation. Where the development

of peaty soils occurs, such deposits can be clas-
sified as Histosols (Soil Survey Staff, 2014).

Well-drained floodplain deposits (WFp)
Description. These deposits are composed of
over-consolidated, grey to greenish and pale
brown clay, mud and silt (Fig. 5). In these
deposits, peaty layers are rare, while well-
drained pedogenized-clayey levels are frequent.
The latter are rich in rootlets, terrestrial gas-
tropods (including Cepaea nemoralis and Vallo-
nia spp.), carbonate concretions and light grey
mottles. These deposits are characterized by a
subtle increase in cone resistance (qc) with
depth and a sharp fs (CPTU) and compressive
strength (PP) peaks with the highest sleeve fric-
tion (fs) and friction ratio (FR) in correspon-
dence with the uppermost section above the
groundwater table and just below the anthro-
pogenic layer (Fig. 9).

Interpretation. The sedimentological characters
of these deposits allow to interpret them as the
product of sedimentation in a well-drained flood-
plain affected by incipient pedogenetic processes.
Where pedogenesis is more evident, these imma-
ture soils are typified by a darker organic-rich
horizon (A) that overlies a paler calcic horizon
(Bk; Fig. 6), and can be classified as Entisols
according to Soil Survey Staff (2014). Palaeosols
lying below the anthropogenic layer and down to
10 m depth, identified by the highest values of fs
and compressive strength (PP) peaks, suggest
slightly different conditions of soil formation or
additional modification after burial (Fig. 9).

Petrography and soil micromorphology

Detrital grain composition and provenance of
fluvial channel (FCh) and floodplain with
crevasse and overbank (FpCO) deposits
Description. Sand collected from FCh (samples
BP45 and BP57) and FpCO deposits (samples
BP43, BP46, BP50 and BP53; Fig. 9) shows an
overall homogenous composition and consists of
abundant monomineralic quartz, common feld-
spar (K-feldspar and plagioclase) grains, and
minor pyroxenes, micas (biotite and muscovite),
iron oxides, and intrabasinal and extrabasinal
bioclasts (Fig. 10A to H, J and Table S2). Rock
fragments include abundant carbonate lithic with
micritic and sparitic texture, common volcanic
detritus with vitric, felsitic and microlithic tex-
tures, and minor low-grade metamorphic and
siliciclastic lithic fragments. These main
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components are the same as those recognized in
detrital silt-sized samples from PFpCO, FbS and
WFp deposits (Fig. 10I, K and L), which in addi-
tion exhibit common intrabasinal biogenic grains
(terrestrial gastropods and undifferentiated car-
bonate shell fragments, siliceous diatoms, phos-
phatic and organic particles; see Fig. S1).

Interpretation. FCh and FpCO show composi-
tional characters reflecting the proximal–distal
relationship with respect to the channel loca-
tion. This is well-evidenced in the distal flood-
plain overbank sand (samples BP46 and BP50;
Table S2) that shows lower proportion of heavy
minerals suggesting that denser grains are
deposited in proximity to the main trunk river.
The sand composition of these two facies

associations that were deposited during the HST

of the higher rank Ponte Galeria Sequence (see
Fig. 2), was compared with the PGS fluvial
(LST) and fluvio-palustrine (TST) sand to inves-
tigate long-term temporal changes in sediment
provenance (Fig. 11). Their comparison indi-
cates that the HST deposits of the PGS
(Q33F13L54; Lm5Lv16Ls79) overlap with the Tiber
modern downstream sand from the main trunk
and tributary streams (Q28F14L58; Lm5Lv14Ls81)
on the QFL and LmLvLs compositional diagrams
(Fig. 11), reflecting reworking of carbonate and
siliciclastic units of the central Apennines and
volcanic rocks of the Roman Magmatic Province
(Fig. 1). Conversely, FCh and FpCO sand show
intermediate LmLvLs composition between pre-
volcanic LST (Q61F19L20; Lm15Lv1Ls84) and syn-
volcanic TST sand (Q35F24L41; Lm3Lv67Ls30) of
the PGS (Fig. 11). Sedimentaclastic and

Q

LF

Lm

Lv Ls

BP57

BP46 BP53BP45

BP50

HST Sand
Modern Tiber River tributary samples (Tentori et al., 2016)

Modern Tiber River samples (Tentori et al., 2016) 

Fluvial samples (Tentori et al., 2016) 

Fluvio-palustrine samples (Tentori et al., 2016) 

TDS fluvial (BP45-57) and overbank (BP46-50-53) samples 
(this study) 
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Fig. 11. QFL and LmLvLs ternary plots comparing the Tiber Depositional Sequence (TDS) alluvial deposits con-
stituting the highstand systems tract (HST) of Ponte Galeria Sequence (PGS) with the transgressive systems tract
(TST) and lowstand systems tract (LST) fluvial sand composition of the PGS. Note that TDS sand (this study)
shows intermediate composition between Modern and Pleistocene sand (see also Tentori et al., 2016).
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quartzose LST fluvial sand suggests that before
the beginning of volcanic activity, the palaeo-
Tiber River was draining carbonate and silici-
clastic sedimentary rocks of the central and
northern Apennines. The sedimentaclastic sig-
nature was later diluted as the proportion of vol-
canic lithic content increased during deposition
of the TST and HST of the PGS. In particular,
the introduction of volcanic material is recorded
by the syn-volcanic TST deposits which show
the highest percentage of volcanic lithic frag-
ments (see also Tentori et al., 2016) whereas the
HST post-volcanic lithic composition of the PGS
was in part diluted by additional reworking of
sedimentary source rocks from the lower course
of the Tiber drainage basin. Alongside with
release of volcanic detritus is the liberation of
pyroxene phenocrysts that are concentrated by
grain-density sorting in the FCh deposits (see
Fig. 10B and C; Table S2).

Micromorphological features of flood basin
and swampy (FbS) deposits
Description. Samples collected from FbS depos-
its (BP16, BP17, BP18, BP20, BP21, BP22, BP25,
BP26 and B28; Fig. 9) are very slightly silty clay
with abundant organic matter. The finer micro-
mass shows a wide range of fabrics including
undifferentiated b-fabric, calcitic and sericitic
crystallitic b-fabric, and speckled striated and
strial b-fabrics combined with abundant fine and
amorphous organic matter. Pedofeatures include
organo-sedimentary structures such as rhizocre-
tions, roots casts, intact and decomposed leaves
and plant remains, authigenic calcitic hypo-
coatings, and acicular, lenticular and tabular
gypsum crystals occurring as single isolated
crystals within the matrix and in aggregates
around cracks and within cavities (Fig. 12).
Organic-rich layers interbedded with poorly
laminated silty clay consists of leaves (Fig. 12A

to F) and wavy organic stringers, nodules, and
aggregates (Figs 12G to I, K and 13A, G and H),
and phosphatic particles (seeds and spores;
Fig. 12C and F), diatoms and sponge spicules
(Fig. S1). Cracks within organic stringers are
locally filled with authigenic sparite cement
(Figs 12I and 13J), and lenticular tabular, and
acicular gypsum crystals (Fig. 12M to O). The
BSE images and qualitative SEM-EDS elemental
analyses (see Fig. S2) indicate the presence of
pyrite occurring mainly as framboids both
within the groundmass (Fig. 13D) and in associ-
ation with plant remains (Fig. 13E, H and I),
aggregates with radial arrangements of authi-
genic barite crystals (Fig. 13F), lenticular and
acicular gypsum crystals (Fig. 13K) and heavy
metals (for example, Cu, Ni and Cr) particles
(Figs 13L and S2).

Interpretation. The main process occurring in
the FbS deposits is the accumulation of peat,
which means that organic matter is produced
faster than it is decomposed (McCabe, 1985;
Jerrett et al., 2011). In this regard, different
stages of plant decay can be observed: (i) an
initial stage of decomposition characterized by
discolouration of the plant tissue (Fig. 12A
and B); (ii) an intermediate stage of decompo-
sition with deformation of plant cell structure
and shape (Fig. 12D and E); and (iii) a final
stage with the formation of amorphous organic
stain in the fine material (Fig. 12G, H and I;
see also Stolt & Lindbo, 2010; Stoops, 2021).
Associated with peat accumulation is the for-
mation of minerals typical of reducing soils,
such as pyrite (often in the form of framboids)
and siderite (Fig 13C and D). Pyrite is by far
the most common sulphide mineral occurring
in these deposits. Associations between organic
material and pyrite have been illustrated by
several authors (Rabenhorst & Haering, 1989;

Fig. 12. Soil organic material and pedofeatures in flood basin and swampy facies association (thin section views).
(A) Leaf in striated b-fabric showing minimal to no decomposition (planar view) (crossed polarized light, XPL).
(B) Cross-section of needle leaf showing minimal to no decomposition (plane polarized light, PPL). (C) Possible
seed remain showing minimal decomposition (XPL). (D) Decomposed leaf (plan view in XPL) in undifferentiated
b-fabric. (E) Decomposed leaf in crystallitic b-fabric (section view in XPL). (F) Partially preserved bark remain (b)
and organic phosphate grain (seed) (PPL). Note that these are more resistant to decomposition. (G) Multiple paral-
lel lenses rich in decomposed organic material (PPL). (H) Wavy-organic stringers with birefringent hypo-coatings
(XPL). (I) Infilling of calcite crystals (XPL). (J) Clay nodules within crystallitic b-fabric and bioclast rich interval
with shell fragments and ostracods within organic clay (PPL). (K) Birefringent hypo-coating enclosing decomposed
organic matter in striated b-fabric (XPL). (L) Roots encrusted with calcite (rhizoliths) (PPL). (M) Lenticular gypsum
crystals and enlarged view (XPL). (N) Loose continuous void infilling with tabular gypsum crystals and enlarged
view (bottom right) (XPL). (O) Acicular gypsum crystals (XPL).
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Fig. 13. Scanning electron microscope – back-scattered electron (SEM-BSE) images of soil pedofeatures in flood
basin and swampy facies association. (A) Wavy organic residues (dark features) associated with aggregates of
bright authigenic pyrite. (B) Organic matter (possibly leaf remain) with bright authigenic pyrite. (C) Calcium phos-
phate (yellow cross) revealed by energy-dispersive X-ray spectroscopy (EDS) analysis with ‘ropy’ texture (possibly
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remain. (D) Pyrite framboids within the groundmass. (E) Clustered pyrite framboids associated with organic mat-
ter. (F) Barite crystals. (G) Organic-rich laminae (black features) with sulphates (bright spots) and gypsum crystals
(arrows) within groundmass. (H) Same as (G) (enlarged view). Bright spots are authigenic sulphides (mostly pyr-
ite). (I) Carbonate clast embedded within organic-rich clay. (J) Carbonate infillings (brighter grey) within organic
stringers. (K) Acicular and lenticular gypsum crystals. (L) Copper particle.
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Rabenhorst & James, 1992). Wada & Seisuwan
(1986) suggested a relationship between degree
of plant decomposition and pyrite formation,
albeit our observations constitute an exception
to this rule. Pyrite occurs in different stages of
organic matter decomposition and its formation
can be explained by taking in consideration
several coexisting factors that include: (i) a
source of iron (from iron oxides and iron com-
pounds absorbed at the surface of clay miner-
als); (ii) the presence of sulphate ions from
brackish water; (iii) the presence of sulphate-
reducing bacteria within the groundmass and
associated with organic material; and (iv) fluc-
tuating reducing conditions.
The localized release of acids during organic

matter degradation causes dissolution of calcare-
ous materials (for example, carbonate rock frag-
ments) that percolate from the soil solution into
the matrix and precipitate in voids and cracks
forming micritic hypo-coatings (Fig. 12K) and cal-
cite infillings (Fig. 12I) (see also Sehgal & Stoops,
1972; Courty & Fedoroff, 1985; Kemp, 1995). In
particular, the sparry calcite concentrated in voids
is interpreted to be formed in groundwater
(Figs 12I and 13J; see also Retallack, 2001). Other
organo-sedimentary pedofeatures associated with
calcification–decalcification processes result in
the impregnation around decayed roots (for
example, rhizocretions; Fig. 12L). Such pedo-
genic modifications may be due to desiccation
processes during fluctuating dry conditions that
result in the redistribution of carbonate, iron and
phosphate within the soil matrix and precipitation
of sparite cement, sulphides and sulphates miner-
als (for example, gypsum and barite). Another
indication of high SO4

2� concentration in com-
bination with Ca2+ derived from the alteration of
limestone rock fragments and carbonates of bio-
logical origin is the formation of gypsum. Gyp-
sum occurs in acid sulphate soils (Poch et al.,
2018) and may form in the presence of organic
matter. Lenticular and acicular gypsum crystals
are associated with soil components that act as a
source of sulphur or calcium, such as pyrite
aggregates and shell fragments (Figs 12M, 12O
and 13K) (Moormann & Eswaran, 1978; Charp-
entier et al., 2001; Kostova & Zdravkov, 2007;
Poch et al., 2018). Clusters of roughly tabular
gypsum crystals occur as infillings of voids and
are related to fluctuations of the groundwater
table (Fig. 12N; Yamnova & Pankova, 2013).
Precipitation of sulphates and sulphides

could be also related to the landward migra-
tion of saline groundwater, testifying to the

up-dip migration of brackish water within the
incised valley (see also McCarthy & Plint,
1998). In such circumstances, the sulphate-
rich waters penetrating peat layers, could have
been used by sulphate reducing bacteria to
produce H2S, and reacting with Fe to form
pyrite (FeS2; see also Horne et al., 1978; Holz
et al., 2002).
The SEM-EDS elemental analyses detect sig-

nificant amounts of Cu, Ni, Cr at the base of
the FbS facies associations (Figs 13L and S2).
Heavy metals in these deposits should derive
from the leaching of parent detritus and their
concentration is affected by many factors
inclusive of, but not limited to, pH, redox sta-
tus and water contents. Metal transport in riv-
ers and accumulation in floodplain soils is
also determined by the movement of humus
acids and their subsequent deposition (Allo-
way, 2012). Copper has the strongest affinity
for humic and fulvic acids. Sulphides are a
source of Cu, and soils containing high
amounts of clay minerals and organic matter
generally show relatively high concentrations
of natural Cu (Oorts, 2012). Nickel is often
associated with sedimentary rocks and is inter-
preted to derive from weathering of silicate
minerals such as augite and biotite. Nickel has
an affinity with soil organic matter and occurs
in alluvial soils originating from volcanic
source rocks (Gonnelli & Renella, 2012).
In summary, our observations suggest that

deposition occurred for the most part in sub-
merged and reducing environments. However,
peaty horizons are associated with carbonate
and clay-rich horizons containing carbonate
concretions and suggest the existence of pedo-
genetic processes linked to water-table oscilla-
tions.

Micromorphological features of well-drained
floodplain (WFp) deposits
Description. Samples collected from WFp
deposits (BP5, BP6, BP7, BP8, BP10, BP12 and
BP14; Fig. 9) vary from very slightly sandy silty
clay to sandy silty clay. Thin sections domi-
nated by silt and very fine sand grains, which
are generally surrounded by clay coatings, show
a porphyric fabric whereas the finer-grained sam-
ples groundmass is dominated by a mixture of
clay and clay-sized carbonate (calcitic crystallitic
and undifferentiated b-fabric). Pedofeatures
include carbonate micritic nodules and mottles
of irregular shape (Fig. 14A and B), rounded
accumulation of illuviated clay (Fig. 14B and J),
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calcite hypo-coatings (composed of micritic car-
bonates formed from soil solutions percolating
along the soil fissure, Fig. 14E and F), Fe-nodules
(Fig. 14K and L), as well as organo-sedimentary
structures including rhizoliths, burrows, channel
infillings (pedotubules filled with detrital grains,
Fig. 14C), scattered plant remains (Fig. 14D) and
lignite remains (Fig. 14M, N and O). The finer
material shows a complex network of desiccation
cracks, burrows, branching root traces and root-
related channels filled with authigenic micrite
and sericite (Fig. 14G, H and I). SEM-BSE and
qualitative EDS elemental analysis (Fig. S2) indi-
cates the presence of authigenic iron oxides (for
example, hematite and ilmenite), sulphates (for
example, barite), and carbonate cement within
cracks (Fig. 15H to L).

Interpretation. Micromorphological evidence
suggests incipient pedogenization under fluctu-
ating drying and wetting conditions. Cracks are
the result of physical processes related to desic-
cation whereas mottling is usually associated
with alternation of oxidizing and reducing con-
ditions within a zone of water-table fluctuation
(Kraus & Aslan, 1993; McCarthy et al., 1998).
Dissolution and reprecipitation of calcite-
saturated water with respect to calcite during
water-table fluctuation or due to evaporation
processes led to the formation of impregnative
features, including calcite nodules and coatings
around void walls and organic matter remains
(see also Fedoroff et al., 2010; Adderley et al.,
2018). In particular, hypo-coatings around chan-
nels and plant remains are composed of micritic
and microsparitic carbonates formed from soil
solutions percolating along the pores or fissures
and penetrating into the soil matrix (Sehgal &
Stoops, 1972; Courty & Fedoroff, 1985; Kemp,
1995) or after rapid precipitation of calcium car-
bonate due to root metabolism (Wieder &

Yaalon, 1982). According to Klappa (1980), rhi-
zoliths result from precipitation of carbonate
around root channels and plant remains in dry
and alkaline conditions following water table
fluctuations and repeated cycles of wetting and
drying. Under these conditions, roots margins
alternately became wet and acidic (dissolving
carbonate) and dry and alkaline (precipitating
carbonate) and became progressively encrusted
with calcite, preserving the hole as the root dies
(see also Esteban & Klappa, 1983).
The presence of rounded soil Fe-concretions

is related to processes of reduction, transloca-
tion and oxidation of Fe and Mn oxides during
a seasonally fluctuating water table, and may be
indicative of a perched water table developing
above an indurated horizon acting as a natural
barrier and restricting water infiltration (Gas-
paratos, 2012; Vepraskas et al., 2012; Szyma�nski
& Skiba, 2013).
Loose infillings composed of silt and fine sand,

result from deposition of fine material in open
voids by surface and percolating water. Other
types of infilling are interpreted as faunal voids
filled with grains transported by soil animals
such as termites (for example, passage feature;
Kooistra & Pulleman, 2010; Marcelino et al.,
2018; Figs 14C and 15C). Clay illuviation and low
preservation of organic matter suggest generally
oxidizing conditions. In this context, the pres-
ence of sulphates (for example, barite), identified
through SEM-EDS analyses, appears to be related
to organic matter oxidation, saline groundwater
and hydromorphic or slightly hydromorphic
conditions (Chow & Goldberg, 1960; Stoops &
Zavaleta, 1978; Bullock et al., 1985). Barite pre-
cipitation may be an indicator for marine or
brackish water incursions (Fig. 15H).
All of the described soil micromorphological

features are characteristic of weakly developed
(immature) palaeosols (for example, Entisols

Fig. 14. Thin section views of soil pedofeatures in pedogenized and well-drained floodplain facies association.
(A) Orthic carbonate micritic nodule. Note the presence of detrital grains in the nodule and its irregular bound-
aries pointing to an impregnation or substitution (crossed polarized light, XPL). (B) Clay mottle (XPL). (C) Cross-
section through a channel infilling composed of silt grains and clay with a porphyric c/f-related distribution pat-
tern. Void and infilling are related to faunal passage feature (plane polarized light, PPL). (D) micritic carbonate
hypo-coating enclosing a root/plant residue PPL. (E) Channel surrounded by external calcite hypo-coating (hc)
(XPL). (F) Calcite hypo-coating on channel (ch) (XPL). (G) Desiccation cracks (planes void) in clay-rich intervals
within a calcitic crystallitic b-fabric (PPL). (H) Burrows (b) and root related channels (ch) with internal micritic
coatings in undifferentiated b-fabrics (XPL). (I) root related channels (ch) in undifferentiated b-fabrics (XPL). (J)
Rounded infiltrated clay, nodules and with plant remains (PPL). (K) Irregular iron nodules in fine calcitic crystal-
litic b-fabric (XPL). (L) Rounded Fe-nodule and scattered grains in fine calcitic crystallitic b-fabric (PPL). (M) Thin
section views of charcoal fragments (PPL). (N) Lignified tissue (XPL). (O) Thick-walled cells (PPL).
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Fig. 15. Back-scattered electron (BSE) images of soil pedofeatures in well-drained floodplain facies association.
(A) Calcite nodule (fractured) containing quartz and feldspar grains and iron oxides/Mn oxide inclusions. (B) Clay
mottles. (C) Channel with infilling of illuviated clay and silt-sized grains of possible biological origin. (D) Calcite
hypo-coating on channel (ch). (E) Calcium carbonate encrusting root (for example, rhizolith). (F) Sharp contact
between sand and clay. Coarser grains are interpreted as loose infilling related to depositional processes. (G)
Sand-sized channel infilling. (H) Barite crystals. (I) Ferruginous groundmass with irregular Fe-nodule. (J) Irregular
composite Fe-concretions. (K) Composite Fe-concretions. (L) Rounded Fe-nodule.
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according to Soil Survey Staff, 2014), which mark
short-lived phases of subaerial exposure (Retallack,
2001; Buol et al., 2011) that are normally found on
young geomorphological surfaces such as flood-
plains and alluvial sequences (Retallack, 2001).

Correlation between micromorphology and
geotechnical data

Sedimentological observations integrated with
the analysis of soil micromorphology and
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Fig. 16. Back-scattered electron (BSE) imaging and X-ray maps of samples BP7, BP8 and BP25, representative of
pedogenized well-drained and peaty soil deposits, showing the compositional variation of Si, Al, Ca, Fe, K, Na, C
and S. Note in sample BP25, the presence of Ca infilling, and organic stringers enriched in C and associ-
ated with Fe and S, forming pyrite framboids. BP8 shows Ca-hypocoating whereas in BP7 a Fe-rich nodule, and
scattered quartz and feldspar grains were observed. Note also that the groundmass in BP7 and BP8 is enriched in
Ca (see Fig. 14 for thin section view).
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geotechnical data (Fig. 9) allow to investigate the
factors and the sedimentary processes determin-
ing the physical properties of each facies associa-
tion. In particular, CPTU measurements seem to
be influenced by a number of interrelated factors
including compressibility, grain-size distribution,
mineralogy and grain shape (see also Cai et al.,
2014) and whose contribution can be better eval-
uated thanks to detailed textural, petrographic
and micromorphological analyses.
Geotechnical properties of the FCh and flood-

plain with crevasse/overbank deposits are espe-
cially affected by the sediment grain-size
distribution. This is well-illustrated by the char-
acteristic channel infill showing a fining-upward
trend recognizable in the cone tip resistance val-
ues of CPTU tests and can be also deduced by
looking at the spectrum of qc and fs values within
the overbank deposits, that record a heterogenous
succession of contiguous sandy and silty layers
(resulting from extensive channel crevassing dur-
ing periodic flooding) alternated with floodplain
clay. This study also observed a more general
trend of upward decreasing particle size typified
by decreasing cone tip resistance and sleeve fric-
tion values. Grain-size decrease in the floodplain
is connected with a step-wise rising of the river
depositional base level that determines a cyclic

formation of depositional units in response to
change in relative sea level.
The finer-grained floodplain facies associations

(clay and silty clay) show more homogenous cone
tip resistance values (qc) but variable fs and FR
between FbS and WFp deposits. In the FbS facies
associations, the most important feature influenc-
ing the geotechnical properties of clay is the pres-
ence of organic matter. Organic soils (with
organic content greater than 20%) are associated
with high plasticity, high shrinkage and high
compressibility that contribute to its poor engi-
neering characteristics (see also Mitchell & Keni-
chi, 2005; Kazemian, 2015; Ou & Fang, 2017).
The CPTU tests indicate an overall uniform
behaviour with subtle peaks in qc and fs that
could be related to different degree of organic
matter decomposition. Peaty horizons (with
organic content exceeding 75%) can in fact be
classified according to their fibre content and
degree of humification or decomposition into
fibric, hemic and sapric peat and show different
behaviours in terms of compressibility, shear
strength and permeability (Mitchell & Kenichi,
2005; Kazemian, 2015). Our micromorphological
observations (Fig. 12A to H) document different
stages of organic matter decomposition and
seem to validate this hypothesis.
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Fig. 17. Thin section views (A) to (E) of well-drained and pedogenically modified floodplain deposits showing a
characteristic calcitic crystallitic b-fabric with clay nodules, carbonate concretions and scattered silty grains and
Fe-nodules. Indurated carbonate-rich horizons from the upper core show the highest penetration values (see
Fig. 9).
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Besides organic-matter content, precipitation
of secondary calcite can be considered another
important discriminatory factor between the
physical behaviours of FbS deposits, the latter
showing the highest Ca amount at the top of the
succession (see also XRD bulk analyses in pie
charts of main mineral phases of Fig. 9). The
degree of stiffness within pedogenically modified
deposits appears to be related to induration pro-
cesses that mark phases of subaerial exposure due
to precipitation of secondary carbonates and iron
oxides related to groundwater fluctuations within
the soil horizon (Figs 16 and 17). Impregnative fea-
tures, including calcite nodules and hypo-coatings
are interpreted as being developed through disso-
lution and precipitation during evapotranspiration
in alternating wet and dry conditions and related
to leaching of calcareous detritus and subsequent
precipitation from soil solutions into the soil
matrix. This complex mix of detrital, pedogenic
and groundwater carbonates is a common feature
in surface soils in seasonally dry riverine plains
(Stolt & Lindbo, 2010) and release an identifiable
fingerprint into the CPT values.
A further process responsible for the extensive

over-consolidation within the uppermost 10 m
of the succession, is possibly the precipitation
of additional fine-grained carbonate within the
soil matrix (Fig. 17) associated with leaching
from calcareous building debris derived from
the above anthropogenic layer (for example,
cement, mortar, concrete, brick fragments; Jim,
1998), which increases the area of grain contact
(i.e. reduces porosity) and hardens the pore
structure (Kenter et al., 2007; Husseiny &
Vanorio, 2015). In this regard, indurated com-
pound soils may have acted as a dense natural
barrier to water infiltration, leading to seasonal
groundwater saturation and subsequent leaching
of the above anthropogenic layer. Accumulation
of calcium carbonate linked with soil contami-
nation by construction debris has been observed
in modern urban soils (for example, Moscow;
Prokof’eva et al., 2020) and is a frequent feature
in many archeological sites (Adderley et al.,
2010; Itkin et al., 2016). The common character-
istics in urban soils are the redistribution of cal-
cium carbonate within the micromass evidenced
by the formation of calcitic crystallitic b-fabric
and the authigenic precipitation of calcite coat-
ings and infillings pedofeatures (Figs 14 and
17). Carbonate crystal size is commonly fine
(micritic) because of rapid evaporation and/or
transpiration leading to high levels of supersatu-
ration and rapid precipitation but sparite cement

also occurs. Alongside with increased fs and FR
ratio parameters, micrite precipitation within
the matrix results in a slight increase of the S-
wave velocity given that the seismic properties
(for example, P-wave and S-wave velocities) are
largely controlled by the contacts between grains
and porosity (Kenter et al., 2007; Husseiny &
Vanorio, 2015; Fig. 9). Analyses on Holocene
uncemented soils, show, in fact that the qc or
Vs values depend mostly on the void ratio (for
example, density index), and effective stress and
compressibility (Fear & Robertson, 1995; Cai
et al., 2014).
Understanding the intrinsic characteristics of

urban soil, including textural and micromorpho-
logical features, has important implication to
assess potential engineering hazards related to
local seismic amplification and influenced by the
anthropic layer contamination.

The depositional history and the
stratigraphic context of the BP core

Micromorphological features along the studied
core were framed within the depositional context
and the sequence stratigraphic scheme from the
TDS alluvial deposits, to characterize petro-
graphic changes across major stratigraphic sur-
faces. In particular, compositional and textural
features reflect major facies changes, the environ-
mental conditions of soil formation, the
cause�effect relationship between detrital and
authigenic mineral composition and the coexis-
tence of pedogenic and geological processes;
these processes are the expression of the close
interaction between change in accommodation
space and sediment supply. The early develop-
ment of the fluvial succession was characterized
by river incision into the marine deposits of the
Monte Vaticano Formation, followed by deposi-
tion and fluvial aggradation during the late low-
stand, transgressive and highstand systems tracts
of TDS (Figs 4, 7 and 8). Following the base level/
sea-level fall responsible for the Tiber incised val-
ley formation, a palaeodrainage rearrangement is
recorded by the sharp facies changes and by a sig-
nificant textural and compositional change across
the TDS sequence boundary. The sandy transgres-
sive fluvial deposits of the TDS, show a change in
lithic fragment composition with respect to the
older Plio-Pleistocene deposits, especially in
terms of Ls to Lv proportion (from Lm5Lv1Ls94 to
Lm5Lv16Ls79), and document the presence of vol-
canic material, introduced into the system
through the extensive reworking of the Middle–
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Upper Pleistocene volcaniclastic rocks of the
Roman Magmatic Province cropping out into the
Tiber drainage basin (Figs 10 and 11; Table S2).
In the Tiber incised valley the TST deposits of

the TDS (Figs 7 and 8) show an alternation of
muddy floodplain with sandy overbank and cre-
vasse splay deposits associated with vertically
stacked meandering channels. In the lower portion
of these deposits, scattered plant remains, clay
nodules and a pervasive silt and clayey silty
matrix provide little evidence of pedogenesis
(sample BP43; Figs 9 and 14J). Clay accumulation
is, substantially, linked to infiltration processes
occurring in permeable silty layers within the
vadose zone, emplaced through overbank and cre-
vasse processes during the periodic flood events
(see also Ketzer et al., 1999). These features sug-
gest that repeated deposition and overbank and
crevasse processes prevented the development of
palaeosols (see also Milli et al., 2016).
In the upper portion of the studied core (from

26 m upward), an abrupt increase of predomi-
nantly muddy units reflects a sudden drop in
supply/accommodation ratio and a decrease in
sedimentation rate (from 6.5 to 3.0 m kyr�1). In
this context, peat began to accumulate under a
regime of rising groundwater and increasing
accommodation, that facilitated the preservation
of organic matter (as evidenced by organic-rich
samples BP20, BP21, BP22, BP25, BP26 and
BP27; Figs 9, 12 and 13). The base of the flood
basin with swampy deposits is interpreted as a
‘paludification surface (PaS)’, (sensu Diessel
et al., 2000; Diessel, 2007). This surface shows
pedogenetic features associated with faunal
voids, excrement and plant remains (sample
BP28), and is overlain by an organic-rich layer
with a significant concentration of heavy metals
(sample BP27). This diagnostic concentration in
heavy metals (Cu, Ni) in the above layer, could be
affected by many factors including organic matter
content, sediment composition, pH condition and
water saturation. In addition to plant activity,
which exerts a significant effect on the availability
of metals through the release of exudates from the
roots, the presence of copper and nickel can be
linked, for example, with the presence of organic
matter (Alloway, 2012). Copper has a strong affin-
ity for humic and fulvic acids and tends to natu-
rally precipitate in Histosols (Alloway, 2012;
Oorts, 2012). Another possible explanation for the
presence of the heavy metals throughout the suc-
cession, could be related to the leaching of vol-
caniclastic alluvial material. The poorly stable
phenocryst phases of volcaniclastic detritus (for

example, pyroxene grains), may undergo rapid
weathering during pedogenesis, releasing Ni and
Cr metal concentrations in leaching groundwater
that eventually precipitates within clay-rich inter-
vals (Gonnelli & Renella, 2012).
Although a cursory examination of peaty hori-

zons may link their formation to stagnant waters
and stable reducing waterlogged conditions,
micromorphological evidence from organic-rich
floodplain deposits allows us to investigate in
more detail the conditions of water saturation
and pH during the organic layers formation. In
particular, the stratigraphically lower flood basin
with swampy deposits (26 to 21 m depth; Figs 5
and 9) are dominated by the presence of amor-
phous organic matter, calcareous nodules and
gypsum precipitates (samples BP21, BP22, BP25
and BP26; Fig. 12M, N and O) that are indica-
tors of neutral to moderately alkaline soils (pH
8.0 to 8.5). Conversely, up-section (from 21 to
16 m; Fig. 9), organic matter is associated with
pyrite and siderite (samples BP16, BP17, BP18
and BP20; Fig. 13D, E and F) providing evidence
for a reducing regime that became predominant
during the formation of fibric and hemic hori-
zons and is indicative of extremely acidic (pH
2.8 to 4.5) to near-neutral (pH 6.5 to 8.0) condi-
tions with limited aeration (Retallack, 2001).
Thus, the presence of interlayered sapric hori-
zons within the flood basin with swampy facies
associations, suggests that this sector of the allu-
vial plain experienced fluctuating oxidating
regimes because of subaerial exposure and verti-
cal groundwater variations. The sampled palaeo-
sols at the top of the flood basin with swampy
deposits (Figs 5 and 9) show carbonate impreg-
native features and gypsum precipitates that
suggest relatively prolonged episodes of sub-
aerial exposure and evapotranspiration pro-
cesses (samples BP16 and BP18). This palaeosol
couplet is separated by a charcoal-rich horizon
(sample BP17 in Figs 9, 14M to O), which indi-
cated that drought periods may have caused a
lowering of water table allowing swamp fires.
Above the flood basin with swampy deposits, a

drying-upward trend is recorded within the high-
stand deposits developed during the last 5 to 6 kyr.
The HST deposits of the TDS developed when sea-
level rise decreased reaching a relative stable posi-
tion, and sediment bypassed leading to extensive
seaward progradation (Milli et al., 2016). Inland,
the HST alluvial deposits host evidence of soil
forming processes associated with precipitation of
secondary carbonates and iron oxides (Fig. 14A, B,
K and L). The HST alluvial deposits are, in fact,
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characterized by incipient pedogenesis, owing to
the slow aggradation rates and prolonged subaerial
exposures. Such deposits are composed of indu-
rated clay and silt with rare lignite layers, whereas
carbonate-rich dry palaeosols with carbonate con-
cretions, Fe/Mn oxide nodules and root traces are
found frequently (samples BP5, BP6, BP7, BP8 and
BP10; see also Milli et al., 2016). Impregnative fea-
tures and carbonate precipitation within the soil
matrix are related to natural evapotranspiration
and groundwater table fluctuation induced by the
climatic variability. The formation of compound
indurated soils acted as a natural barrier restricting
water infiltration and leading to seasonal develop-
ment of a perched water table. Such conditions
favoured the occurrence of redox processes whose
most common feature is represented by Fe nodules
(Figs 14K, 14L and 15J to L).

The sequence-stratigraphic approach

The combination of sedimentological, micromor-
phological and compositional analyses allowed
to characterize petrographic changes within the
TST and HST alluvial deposits of the Tiber Depo-
sitional Sequence and across the main surfaces of
sequence-stratigraphic significance. Considering
that flooding surfaces related to single marine
parasequences lacked physical expression in the
floodplain deposits, the boundaries of groups of
parasequences that were traced from coastal to
alluvial environments within the TST and HST
deposits of the TDS were recognized and tenta-
tively correlated (Figs 4, 7 and 8).

In addition to the first transgressive and the
maximum flooding surfaces, separating LST
from TST and TST from HST, respectively, three
main surfaces were recognized by using the
detailed description of the BP well, constituting
the landward expression of marine flooding sur-
faces in the paralic and floodplain deposits of
the TST and HST, respectively (Fig. 4). In the
lagoon/paralic deposits such surfaces corre-
spond to the ‘non-marine flooding surfaces’ by
Diessel et al. (2000) and occur on top of
shallowing-upward lagoon units (parasequences)
ending with peat layers (Fig. 18). In the alluvial
deposits these surfaces, herein named ‘alluvial
flooding surfaces’ (afs), occur on top of flood-
plain units with crevasse and overbank deposits
which are characterized by incipient pedogene-
sis and at the base of peat layers (paludification
surface by Diessel et al., 2000) forming the ini-
tial deposits of organic-rich mud units (Fig. 18).
In the TST deposits, the alluvial flooding sur-

face separates the FpCO from the PFpCO facies
associations that are laterally associated with a
series of vertically stacked active channel bodies
with accreting side bars typical of a meandering
channel (Figs 7 and 8); in the coastal sector this
surface is placed at the top of the first group of
parasequences of the TST (Fig. 4), which show a
main aggradational and a subordinate retrogra-
dational stacking pattern. Such a stacking pat-
tern is coherent with the rate of sea-level rise
that decreases to a value of 7.5 � 1.1 mm year�1

due to the colder period of Younger Dryas (see
Bard et al., 2010). An alluvial marine flooding

Fig. 18. Conceptual scheme showing the suggested physical correlation among the group of parasequences devel-
oped in the coastal, paralic/lagoon, and alluvial deposits constituting the transgressive systems tract (TST) of the
Tiber Depositional Sequence (TDS). Not in scale.

© 2022 International Association of Sedimentologists, Sedimentology

Compositional, micromorphological and geotechnical characterization of Holocene Tiber floodplain deposits 27



surface also separates the PFpCO from the FbS
facies associations. The PFpCO develops during
an increase sea-level rise rate followed by a
deceleration in the final phase of this facies
association that could be related to the cold
8.2 yr BP event (Barber et al., 1999; Clarke et al.,
2004). In the coastal sector this sedimentation
phase shows a clear retrogradational stacking
pattern of the second group of parasequences
while the alluvial and floodplain deposits are
characterized by FCh and floodplain aggrada-
tion, and record recurrent flood events through
thick overbank and crevasse splay deposits. The
final part of the PFpCO shows, locally, the pres-
ence of incipient palaeosols on top of which
another alluvial flooding surface can be placed.
The above organic-rich deposits mark the pas-
sage to the FbS facies association. On this basis,
and taking into account the occurrence in these
deposits of well-developed peat layers, the
authors consider this alluvial flooding surface as
the expression of the paludification surface by
Diessel et al. (2000).
The FbS facies association suggests that such

deposits formed during lower rates of sea-level
and groundwater table rise and reflect processes
that are accompanied by a greater stability of the
alluvial and the coeval coastal/paralic environ-
ments, as evidenced by the sequence strati-
graphic models developed by Kosters & Suter
(1993), Bohacs & Suter (1997) and Tibert & Gib-
ling (1999). In particular, the coeval deposits of
FbS in the coastal/lagoon sector show an evident
aggradational stacking pattern of two parase-
quences with peat layers developed in the back-
barrier position (Milli et al., 2016). This sector
records the phase of maximum expansion of
peatland that occurs just below the maximum
flooding surface (Figs 4, 7 and 8). As evidenced
by Diessel et al. (2000) the sedimentation rates of
the peat layers are considerably lower than the
associated clay deposits. Consequently, peat accu-
mulation tends to form after the relative sea-level
rise had decelerated to a rate that is compatible
with the rate of peat formation. This is particularly
evident in the TDS paralic/lagoon deposits (Milli
et al., 2016) where peat layers occur at the top of
the depositional cycles constituting the landward
expression of the coastal parasequences. In the
alluvial deposits the FCh show marked amalgama-
tion that reflects a reduction of the accommoda-
tion space. All of this is coherent with a
deceleration of sea-level rise and with the changes
of parasequence stacking pattern (from retrograda-
tion/aggradation to progradation) that characterize

the final phase of the TST and the beginning of
the HST across the maximum flooding surface
(see also Hamilton & Tadros, 1994; Flint et al.,
1995; Bohacs & Suter, 1997; Diessel, 2007; Wang
et al., 2019, 2020).
The top of the FbS facies association is marked

by the maximum flooding surface above which
WFp deposits occur. The latter formed during the
HST of the TDS characterized by a slow rise in
relative sea level which produced a slow alluvial
plain aggradation of about 2.8 to 3.0 mm year�1.
An increase of sediment supply during the HST
prevented the peat formation within these flood-
plain deposits, while the occurrence of dry
palaeosols, rich in carbonate concretions, Fe/Mn
oxide nodules, terrestrial gastropods and root
traces suggest well-drained conditions.
These observations tell us about a specific his-

tory case of soil formation in an alluvial sector
of the Tiber Depositional Sequence but may
serve as a model to reconstruct the sequence-
stratigraphic evolution of ancient relict soils.
Nevertheless, additional criteria (for example,
their stratigraphic position and correlative sur-
faces) are necessary to adequately interpret the
genesis of such low-rank stratigraphic surfaces.
The analysis of the deposits from a petro-

graphic point of view certainly defines the char-
acters attributable to pedogenesis and palaeosol
formation. However, it is also evident that the
lack of a clear horizonation suggests incipient
pedogenesis. These immature palaeosols are typ-
ified by very low compressive strength values
(from 3 to <2 kg cm�2) which may also suggest
slight induration related to fluctuations in the
groundwater levels. Nevertheless, although these
immature palaeosols are discontinuous and have
poor geotechnical properties the authors main-
tain that their use, from a sequence-stratigraphic
point of view, can be made if framed in a robust
sequence-stratigraphic scheme and where the
physical relationships among depositional sys-
tems and systems tracts and the significance of
the main stratigraphic surfaces are clear.

CONCLUSIONS

Depositional base level change and groundwater
vertical movements influenced river sedimentation
and the stacking pattern relationship among
the facies associations developed in a selected
sector of the Upper-Pleistocene/Holocene Tiber
alluvial plain releasing an identifiable fingerprint
on palaeosol surfaces. In particular, compositional
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and micromorphological characterization of alluvial
deposits developed within the transgressive systems
tract (TST) and the highstand systems tract (HST) of
the studied core suggests the following (from bottom
to top):

1 Initial aggradation of fluvial channel (FCh)
deposits prevented soil formation. Channel infill
deposits show scattered plant remains and a
pervasive silt and clayey silty matrix.
2 Slow but continuous sedimentation in the

floodplain with crevasse and overbank deposits
(FpCO) inhibited weathering and soil formation,
although incipient pedogenesis has been recog-
nized at the top of this facies association. This
surface documents a palaeoenvironmental change
from the FpCO to partially drained floodplain
with crevasse and overbank (PFpCO) facies asso-
ciation. A weakly developed palaeosol document-
ing a partial subaerial exposure with bioturbation
features and plant remains marks the passage
from PFpCO to flood basin and swampy (FbS)
facies association. This surface coincides with
the paludification surface (PaS) and constitutes
the base of the overlying peaty succession.
3 Within the FbS facies association the presence

of multiple peat layers forming vertical stacked
Histosols suggests increased waterlogging and
flooding in response to a rising, although fluctuat-
ing, water table. Sulphide content within the peat
can be associated with the presence of organic
matter and may be related to the availability of
sulphate in the groundwater. The top of this
facies association is marked by a surface with a
palaeosol couplet, characterized by encrusted
roots, lignite remains, impregnative carbonate
features and gypsum precipitates that document
subaerial exposure; this surface represents the
landward expression of the maximum flooding
surface (mfs).
4 In the highstand deposits a periodical oxida-

tive removal of plant material was observed
because of increased microbial degradation and
subaerial exposure during short-lived lowering
of the water table. Such deposits are marked by
incipient soil formation typified by iron oxides
and carbonate precipitation. Iron nodule forma-
tion and carbonate translocation and precipita-
tion are attributed to alternating wet and dry
conditions. To explain the extensive over-
consolidation within the uppermost portion of
the HST deposits, precipitation of secondary
carbonate released from soil solution leaching
calcareous building debris from the above
anthropogenic layer, may be envisaged.

In summary, the interpretation of pedogenetic
features contextualized within a sequence-
stratigraphic framework allowed to document
changes in sediment composition and texture
across stratigraphic surfaces of different genetic
significance. Moreover, this study highlights that
petrography and soil micromorphology can be
used as a supporting tool to investigate the
geotechnical characteristics of specific facies asso-
ciations, which can be difficult to differentiate
from cone penetration test (CPT) profiles or when
using only grain-size criteria. However, care must
be taken when expanding our results to similar
alluvial settings, as CPT interpretation may not be
relevant outside the local area.
In this study, one core is described in detail,

but the authors emphasize that many of the
facies associations and soil features described
are common to the Tiber alluvial plain in the
Rome urban area, providing a critical prerequi-
site for the understanding of the intrinsic char-
acteristics of this urban soil.
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