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Abstract

Geomorphological investigations in Rome’s river valley are revealing the dynamism of the prehistoric landscape. It is becom-
ing increasingly apparent that paleogeographic conditions that defined Rome in the historical era are the product of changes
since the Bronze Age, which may be the result of local fault activity in addition to fluvial dynamism. Through a dedicated
borehole chronostratigraphic study, integrated by '“C and archaeological dates, and paleomagnetic investigations, we offer
here new evidence for fault displacement since ca. 4500 years/BP. We present the failure of the sedimentary fabric of a clay
horizon caused by liquefaction processes commonly linked with seismic shaking, interpreting an (ca. 4 m) offset to signify
the existence of a fault line located at the foot of the Capitoline Hill. In addition, we show evidence for another (ca. 1 m)
offset affecting a stratigraphic horizon in the river channel, occurring along another hypothesized fault line crossing through
the Tiber Valley. Movement along this fault may have contributed to a documented phase of fast overflooding dated to the
sixth century BCE which eventually led to the birth of the Tiber Island. The most plausible scenario implies progressive
deformation, with an average tectonic rate of 2 mm/year, along these inferred fault lines. This process was likely punctuated
with moderate earthquakes, but no large event necessarily occurred. Together, the available evidence suggests that during
the early centuries of sedentary habitation at the site of Rome, active fault lines contributed to significant changes to the
Tiber River valley, capable of challenging lowland activities.

Keywords Pre-urban Rome - Tiber Island - Coring survey - Alluvial stratigraphy - Paleomorphology - Faulting - Fluvial
dynamics

Introduction

Recent geomorphological investigations performed across

the area of the ancient city known as the Forum Boarium
have revealed a dramatic paleogeographic transformation in

54 F. Marra Rome’s central river valley that occurred sometime between
fabrizio.marra@ingyv.it the Bronze Age (ca. 4500 years/BP) and the Archaic Period
(6th c. BCE; 2550-2450/BP) (Marra et al. 2018; Brock et al.

' Istituto Nazionale di Geofisica e Vulcanologia, Via di Vigna 2021).
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arata ome, Ty Based on combined geomorphological analysis and bore-

hole data, these authors suggest that this process of hydro-
logical change and landscape transformation was the result,
at least in part, of progressive movement along an NW-SE
striking fault zone aligned with the Murcia Valley and cross-
ing through the Tiber Valley. Besides providing new accom-
modation space for sediment accumulation, such faulting
activity could have been responsible for diversions of the
river course and the creation of the Tiber Island within a
fault-controlled river bend.
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In this study, we present the results of a new drilling cam-
paign, which was aimed at recovering idiosyncratic chron-
ostratigraphic markers and providing further evidence on
the occurrence, displacement, and the timing of the hypoth-
esized faulting process that arguably affected the alluvial
sediments of the Tiber River.

Morpho-stratigraphic setting of the Tiber
Valley

The investigated area is characterized by a complex geo-
morphological setting (e.g., Del Monte et al. 2016), orig-
inated by the convergence of two tributary valleys of the
Tiber River, the Murcia and the Velabrum (Fig. 1). During
the last glacial lowstand, the streams flowing in these val-
leys eroded the pyroclastic surface formed by the products
of the Monti Sabatini and Colli Albani Volcanic Districts,
separating the Capitoline, Palatine, and Aventine hills with
deep incisions. These appeared as isolated plateaus emerg-
ing from the flat-bottomed alluvial plains after the comple-
tion of the post-glacial sea-level rise, around 6000 year BP.
However, millennia of anthropic activity have smoothed the
terrain by filling the alluvial plains and modifying the slopes
of the hillsides (Luberti et al. 2018).

The valley of the Tiber River (Fig. 1) was deeply incised
as a consequence of the pronounced sea-level fall during the
Last Glacial Maximum (Marra et al. 2013, 2016a; Marra and
Florindo 2014). The base of the sedimentary fill deposited

in response to sea-level rise since ca. 18,000 years/BP dur-
ing the Last Glacial Termination (LGT) is 37 m below
sea level in the Forum Boarium area (Marra et al. 2018)
and reaches ~45 m b.s.l. in correspondence of the central
axis of the Tiber Valley (Corazza et al. 1999; Marra et al.
2013). A coarse gravel layer up to 8 m thick rests above the
basal erosive surface in the deepest portion of the incision,
while it lacks or it is replaced by a colluvial fan at higher
elevation along the valley flanks. Paleoclimatic data and
geochronologic ages constrain the deposition of this gravel
in the interval 18,000—12,800 years/BP (Marra et al. 2013,
2016a). An abrupt upward transition to a several m-thick
package of sandy clay sediments occurs throughout the Tiber
channel. The sedimentary switch is bracketed in the inter-
val 15,000-12,800 years/BP, coinciding with the meltwater
pulse MPW-1 during the LGT (Stanford et al. 2011; Marra
et al. 2016a). By 6000 years/BP an organic-rich, clayey
aggradational deposit filled the fluvial incisions reaching up
to the present sea-level elevation. At this age an estuarine
environment was established through the present coastal area
as well as in the river valley through the city of Rome, and
it is characterized by a temporarily emerging alluvial plain
at 1-2 m a.s.1. (Marra et al. 2018).

Re-incision of this early alluvial plain around
5500 years/BP down to 10 m b.s.1. is documented by the
unconformable contact with the overlaying, fining-upward
succession of yellow sandy-clay sediments and by the
occurrence of a cm-sized gravel layer, a few decimeters
thick, in the deepest portion of the new river channel

Fig. 1 Stratigraphic sketch SW
showing the sedimentary fill-
ing of the Tiber River alluvial
valley in the City of Rome.
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(Fig. 1). The origin of this unconformity, whether climatic,
isostatic, or tectonic, has been discussed in Marra et al.
(2013) (“mid-Holocene transgression”) and its analysis
is beyond the scope of the present work. The deposition
of this later aggradational succession, characterized by
lower sedimentation rates, started around 4500 years/BP
and continued at least until 2800 years/BP, according to
14C dating of interbedded organic materials (Marra et al.
2013, 2018).

A sudden increase in the sedimentation rate from
around 2600 years/BP (i.e., sixth century BCE) is docu-
mented by the deposition in less than one century of a
package of clayey sediments up to 6 m thick in the sector
of the river valley inside the ancient city. These sediments
overly a medium sized gravel layer ca. 10 cm thick, attest-
ing to a temporary increase in transport capacity due to
the establishment of a riverbed in this sector of the valley
(Marra et al. 2018).

We have suggested that such sedimentary processes
could be the result of a faulting process that caused the
diversion of the river channel and the lowering of the
fault's hanging wall. The increased accommodation space

SZ800

was then quickly filled by fine-grained alluvial sediments
as a consequence of the loss in transport capacity by the
shifting river. This change in the river regime could have
also triggered the formation of the Tiber Island along the
fault scarp. Combined '“C dates and archaeological ages
constrain this process between 2550 and 2450 years/BP
(mid-sixth—fifth century BCE) (Marra et al. 2018).

Other authors (e.g., Luberti et al. 2018) have hypothesized
that the reduction of the velocity of the Tiber River might
have been induced by the counter-flow waters provided by
the Murcia Valley tributary. However, the very small water-
course flowing in the Murcia Valley and the necessity for it
to maintain a straight NW-SE course throughout its terminal
tract, makes this hypothesis unlikely. On the other hand, the
alignment of the two watercourses could have been possible
if their beds were both controlled by the fault, making the
hypotheses of the counter-flow waters not conflicting with
the fault hypothesis.
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Fig.2 Summary cross section showing the stratigraphy, the '*C ages,
and the archaeological dates achieved in the boreholes performed
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Materials and methods

To verify the actual occurrence of the hypothesized faulting
process affecting the alluvial sediments of the Tiber River,
the scale of its displacement, and its chronology, a new dedi-
cated drilling campaign was planned in 2019 and aimed at
providing new chronostratigraphic markers. In Fig. 2, we
show the location of the ten new boreholes. The stratigraphic
logs summarize the results of the sedimentologic and strati-
graphic analysis of the ten new cores and the ones previously
published in Marra et al. (2018).

Granulometric analysis

Granulometric analyses have been performed on 10 repre-
sentative samples of the main stratigraphic units to provide
a quantitative assessment of the paleo-environments and of
the energy of the depositional system.

The analysis was carried out at the Free University of
Amsterdam using the laserscan technique for the estimation
of the grain size distribution of the fraction <2 mm. This
technique uses the differences in sedimentation velocity of
the various size fractions, measuring through the laser the
declining concentration of particles in suspension over time.
To apply this technique, the fraction >2 mm that settles too
rapidly is preliminarily removed by sieving. We use the grain
size distribution of the <2 mm fraction to establish deposi-
tional environments characterized by different energy, while
we provide visual evidence of the occurrence of the >2 mm
fraction (gravel) in one specific recurring stratigraphic layer.
This is a characteristic coarse-grained layer which was iden-
tified in 4 cores during the previous drilling campaign, dated
through combined '*C and ceramic ages at ca. 2550 years/
BP and interpreted as the sixth century BCE riverbed (Marra
et al. 2018). We have recovered this layer in 6 new cores and
we have provided three '“C and three archaeological new age
constraints to it.

Radiocarbon and archaeological dating

Every major stratigraphic component in each core was sam-
pled for the retrieval of organic material suitable for radio-
carbon dating. Sediments between the “Mid-Holocene trans-
gression” and the Roman anthropic fills were the main target
for sampling to obtain better chronological constraints for
the faulting process and the morphological transformations
in this part of the Tiber Valley. However, a few samples from
the plant rich deposits characterizing the earlier estuarine
environment were also collected to provide a lateral cor-
relation between the two sets of cores. Wet sieving of the
samples was carried out in the field with a 0.5 and a 1 mm
mesh. Alluvial deposits very rich in clay were pretreated

@ Springer

with sodium bicarbonate and then floated. The remains were
sorted and identified in the bioarchaeology lab at the Kelsey
Museum of Archaeology, University of Michigan using a
10-40X stereo zoom microscope. Priority for 1C dating has
been given to seeds, when not available to wood/charcoal or
animal bones. The radiocarbon analysis was performed at
the Chrono Lab at Queen University, Belfast.

All the ceramic fragments and other anthropic inclusions
visible in the sediments were collected and recorded. Par-
ticular attention has been paid to the ceramic classes that
define the transitional period between the end of the Bronze
Age and the Iron Age (3000-2600 BP), such as Impasto
Bruno and Impasto Rosso. In particular, Impasto Rosso is a
good chronological marker with a limited time range (i.e.,
2700-2550 BP).

While the anthropic fills were sampled and screened as
well for organic remains, they usually provided abundant
ceramic shards that offer a tighter chronological resolu-
tion than radiocarbon ages. In addition, ceramic dating was
preferred for these deposits, since it is easier to identify
reworked and residual ceramic fragments that are the major-
ity of the material in a Roman period anthropic fill.

Paleomagnetic sampling, laboratory procedures,
and analysis

Previous investigations highlighted the presence of a clay
layer, 2—3 m thick, characterized by a strong disturbance of
the Characteristic Remanent Magnetization (ChRM) incli-
nation values measured on discrete samples (Marra et al.
2018). A clay layer recovered in a new borehole (FB50) was
considered stratigraphically equivalent. In the present study,
we have performed paleomagnetic and rock magnetic inves-
tigations to provide further stratigraphic markers for cor-
relation and to understand the nature and the origin of this
anomaly. The detailed methodological approach is described
in Supplementary Material #1.

Micromorphological analysis

Soil micromorphology is the analysis of soil and sediment
samples in thin section under the polarizing microscope.
Samples are collected from a block of undisturbed and ori-
ented soil, so that all the components of the soil maintain
their original position. Micromorphological analysis has
been performed on two clay samples yielding, respectively,
anomalous and regular paleomagnetic inclination, with the
aim of verifying the origin of the anomalous ChRM inclina-
tion values. In particular, we wanted to test the possibility
that such low inclinations anomaly were due to the micro-
sedimentary features of the analyzed sediment samples. The
thin sections were produced according to standard methods
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Fig.3 Granulometric curves
and main grain size classes’ his-
togram distribution of 10 repre-
sentative samples from the four
stratigraphic horizons of the
Tiber River alluvial succession
defined in the present work. Full
granulometric data are provided
in Suppl. Mat. #1
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(Meer 1986) and described according to the terminology of
Stoops (2003).

Results
Granulometric analysis

Figure 3 shows the granulometric curve for the 10 analyzed
samples and the percentage distribution of the three main
granulometric classes (sand, silt, clay). Full analytical data
are provided in Supplementary Material #2.

The idiosyncratic riverbed layer, besides being the only
stratigraphic horizon characterized by the occurrence of
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Fig.4 Pictures of core portions, where samples, representative of the
four main stratigraphic horizons defined in the present work, were
collected for granulometric analysis
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a>2 mm, gravel fraction (Fig. 4), yielded a largely prevalent
sand matrix (65 to 90%), with little to very little (35-10%)
finer fraction (sample B1-3, Fig. 3). This layer attests to
a sudden increase in transport capacity by the river when
compared with the underlying, Bronze-age sedimentary
horizon (sample C1) which, instead, is distinguished by a
prevalent (56%) <2 mm fraction. An even more drastic grain
size switch, indicating a sharp reduction in capacity of trans-
port, occurs immediately above the riverbed layer. This sedi-
mentary succession (samples A1-3) is defined by a largely
prevalent fine fraction (40-46% clay, 45-55% silt), and a
scanty (20 to 5%) sand fraction. The last group of samples
belongs to the pre-Bronze age succession (samples D1-3)
and is characterized by very fine sediments, with prevailing
clay (45 to 60%) and abundant silt (35 to 45%) fractions, and
a minor (20 to 5%) sand fraction.

The succession of sedimentary deposits represented by
the sample groups D, C, B, A (Fig. 3) supports our interpre-
tation of a mainly lacustrine environment by 6000 years/BP
(pre-Bronze age succession), followed by the deposition of
fluvial sediments in an alluvial plain environment (Bronze-
age succession) (Marra et al. 2013, 2018). The sudden input
of coarse fluvial sediment, represented by samples B1-3, is
consistent with the establishment of a riverbed in this sec-
tor, while the overlying clayey-silt deposits evidence a sharp
change of the depositional context, caused by sudden drop
in capacity of transport as the river shifted away from this
zone in the sixth century BCE.

Chronological markers

Table 1 presents the new archaeological dates and radiocar-
bon ages acquired for the present work; it also summarizes
the relevant chronological markers provided in Marra et al.
(2018). All radiocarbon ages are calibrated according to
Intcall3.14c. Dates are included in Fig. 2, where they are
reported in year/BP range for the archaeological ones and as
2 sigma calibrated mean value + the age span, for '*C. BP is
calculated from 1950.

Dates not in sequence and/or inverted have been dis-
carded. In particular we discuss below four C ages
included in the illustrations (see Fig. 2 for a summary) that
are considered problematic or not reliable.

FB40-12.74

The radiocarbon analysis was performed on concentrated
pollen retrieved from a 6 cm thick section of sediment due
to the lack of any other datable material. However, recent
preliminary palynological analysis on those sediments
revealed some eroded pollen in the assemblage, including
Pliocene—Pleistocene flora. Likely, the presence of pollen
from the eroded clay substrate (see Fig. 1 unit 8) produced
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an average '*C age on the concentrated material much older
than the sediment itself.

FB50-17.6 The large error associated with the 1*C age is due
to the low graphite content of the sample, resulting in a cali-
brated date with a broader range.

FB58-16.4

The older than expected date for the riverbed layer in FB58
can be explained as reworked material. The bone sample
comes from the clay/alluvial deposits above the coarser riv-
erbed level.

S1-BV-19.05

The charred material used for this '4C analysis was extracted
from one small clay agglomerate included within the fine
gravel layer. Its reworked nature is, therefore, very likely.

Paleomagnetic investigations

The downcore variation of the ChRM inclination values
measured on discrete sediment samples from borehole
FB50 is shown in Fig. 5a, along with thin sections of two
samples displaying opposite (normal to reverse) inclination
values (Fig. 5b). ChRM inclination data indicates generally

a normal magnetic polarity except for a stratigraphic interval
characterized by a high-frequency alternation of normal and
reverse polarity likely due to sedimentary disturbance and
not representative of the geomagnetic field behavior.

The down-core variation of the other rock magnetic
parameters measured for FB50 core and the results of some
specific rock magnetic analyses are shown in Fig. 6.

Hysteresis loops indicate the presence of intermedi-
ate—low coercivity minerals, with coercive force (B) of ca.
10 mT. Thermomagnetic analyses show a shallow decrease
in magnetic susceptibility at about 580 °C during the heating
(red curves), which indicates the ubiquitous presence of Fe
spinels with a composition similar to magnetite.

Results of the paleomagnetic investigations performed
in core FB50 are compared with those obtained for cores
FB38 and FB40 in Marra et al. (2018) (Fig. 7). Evident in
all these three boreholes is a recurring layer, ca. 50 cm thick,
characterized by a high-frequency alternation of normal and
reverse polarity (yellow shaded intervals) within the pre-
Bronze age clays but at a different absolute elevation.

Micromorphological analyses
Sample FB50-c21
The thin section displays a foliated structure with mm-thick

layers characterized by slightly different granulometry
(Fig. 5b-1). In particular, all the layers are characterized by

Fig.5 a Lithostratigraphic (a) FB50 ChRM Incl (°)

column and downcore variation <2100V 90 -60 -30 0 30 60 90

of the ChRM inclination values 2= (b1) |
measured on discrete sediment ﬂ‘.‘.i -6 1100

samples in borehole FB50. b fima
Thin sections for micromorpho-
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Fig.7 Summary sketch showing the downcore variation of the
ChRM inclination values measured on discrete sediment samples in
FB50 (this work, see Fig. 5a) and in FB38, FB40 (Marra et al. 2018).

a “frank” silt matrix with sand inclusions of different grain
size. It makes exception layer 5, which has a finer, clayey-
silty matrix.

The laminated appearance is an indicator of decantation
in a low-energy environment. The sediments forming the

@ Springer

Radiocarbon (red lines) and ceramic (red triangles) age constraints
are also shown. Italicized age in FB40 is considered unreliable (see
“Chronological markers”)

sample are very compact and the voids almost absent (mas-
sive microstructure). The mineralogy of the various layers is
quite homogeneous: the matrix is calcitic in nature and the
mineral fragments are made up of quartz, mica, limestone
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fragments, fragments of metamorphic rocks and volcanic
scoriae.

Sample FB50-c 22

Unlike the previous sample, in this case no lamination
is observed, but the thin section includes only two lev-
els (Fig. 5b-2) which, apart from the rather homogeneous
mineralogical composition, have different characteristics.

The layer I is constituted by silty sediments with a fine
silty matrix of calcitic nature that includes fine sand frag-
ments and scarce medium sand fragments. It is poorly com-
pacted and displays bioturbation traces conferring a chan-
neled microstructure to the layer (Kooistra and Pulleman
2010). In contrast, layer II has a massive microstructure and
a finer, silty-clayey granulometry with very few, fine sand
fragments. The mineral composition of both layers is the
same as that of the layers in sample FB50-c21.

The structure observed in sample FB50-c22 should be
interpreted as the effect of the disruption of the original
sub-parallel layering, due to pore water overpressure. Such
phenomenon is common in water-saturated sediments and
may have different causes, including sedimentary load or
seismic shaking (e.g., Shanmu 2016).

Chronostratigraphy

Based on the sedimentologic and chronostratigraphic data
described above, we define the four main stratigraphic units
(Table 2) that we use to describe the aggradational process
affecting the continuous evolution of the Tiber River alluvial
plain, building up the paleo-landscape of the river valley in
the area of the Forum Boarium.

A 'C age of 4466 + 58 years/BP in borehole FB59 that
was drilled on Tiber Island provides good lateral correla-
tion with the Bronze age alluvial succession identified in the
Forum Boarium. On the other hand, a continuous deposition
of yellow clayey silt with frequent coarse sand and sparse
fine gravel (<1 cm in diameter) intercalations, in the interval
—7 to 2 m a.s.l., makes it impossible to identify in the Tiber
Island the boundary between the Bronze—Iron age and the
sixth century BCE aggradational succession (Fig. 2).

Discussion
Evidence of fault displacement

Each of the defined chronostratigraphic units offer strong
evidence of tectonic processes affecting the Forum Boar-
ium. The following markers and reference layers are used
to illustrate and constrain fault geometry and the scale of
displacements:

1.pre-Bronze age blue clay setting. Age constraints: '*C
ages on wood and pollen. Stratigraphic marker: paleo-
magnetically disturbed horizon.

2. Bronze—Iron age yellow clay setting. Age constraints:
l4c ages on seeds, charcoal, plant material; archaeologi-
cal ages on ceramic. Stratigraphic marker: Late Bronze
age alluvial plain edge onlapping the pre alluvial plio-
pleistocene substrate of the Sant'‘Omobono terrace.

3. sixth century riverbed setting. Age constraints: '*C
ages on bone collagen, seeds, plant material. Archaeo-
logical dates on ceramic. Stratigraphic marker: coarse
basal riverbed sedimentary layer.

pre-Bronze Age clay setting

These sediments, gray to bluish in color and deposited in
response to rapid sea-level rise up to 6000 years/BP, rep-
resent an anoxic, fluvial-lacustrine environment as dem-
onstrated by their granulometric composition and the
micromorphological sample C21 (Figs. 3; 4; 5-bl). They
include massive horizons alternating to finely laminated
beds. Frequent peat layers and waterlogged vegetal remains
occur throughout this thick sedimentary succession, with
the exception the upper < 6000 years/BP portion which is
represented by highly plastic, light grey clay beds.
Paleomagnetic investigation of this clay section per-
formed in boreholes FB38, FB40, FB50 reveal the occur-
rence of a ca. 50 cm thick layer characterized by a striking
anomaly of the ChRM inclination (Fig. 7). In particular, a
systematic inversion of the polarity affects several samples,

Table 2 Main chronostratigraphic units of the Tiber River alluvial deposits defined in the present study

Chronostratigraphic unit

Age (ka)

1) pre-Bronze age aggradational unit: basal coarse gravel horizon; gray organic-rich clay with sand lenses and frequent

peat layers;

Intervening sedimentary hiatus marked by an unconformity boundary (mid-Holocene transgression)

2) Bronze/Iron age aggradational unit: basal medium-sized gravel; yellow silty sand and sandy silt with dark brown,

organic silt lamination;

3) sixth century aggradational unit: 3a) basal fine-sized gravel (riverbed); 3b) yellow to brownish-gray silty clay with

fine lamination, lacking almost any anthropic inclusion

18-12.8; 12.8-5.5

5545
ca. 4.54.5-2.8

(2.87)-2.55; 2.55-2.45

@ Springer
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Fig.8 Markedly different elevation of the paleomagnetically dis-
turbed layer in boreholes FB40, FB50 and FB 38, combined with 4c
age constraints, are suggestive of a tectonic dislocation of the pre-

each one comprised between two regular samples (Fig. 5a).
Micromorphological analyses show that this anomalous
paleomagnetic signal is generated by the disruption of the
original, sub-horizontal foliation of the sedimentary struc-
ture when the sediment was still in a "plastic state" (Fig. 5b).
We use this horizon as a repere stratum for correlation
among the three boreholes.

New '“C age determinations in boreholes FB50, FB51,
FB58, S1-BV in addition to the four previously published
for FB38 (Marra et al. 2018) allow us to reconstruct the
chronostratigraphic setting of the pre-Bronze age clay
succession in a transect perpendicular to the Tiber Val-
ley (Fig. 8). By combining “C ages and paleomagnetic
analysis, we have created a “chronologically constrained
clay section” reference model in core FB38. This model
is based on isochron lines, spanning 7000-6400 years/BP
and determined by four in-sequence '“C ages, that allow
us to pinpoint the 6600 BP isochron at the base of the
paleomagnetic anomaly.

The chronological scale is then reproduced at the base of
the paleomagnetic anomaly in core FB50 and checked for
consistency with the '*C ages in this section. However, due
to the large associated error, the calibrated age of sample

@ Springer

Bronze age clay section. Three hypothetical faults (A, A', B) are pro-
posed as the possible cause of displacement. See text for comments

FB50-17.6 (6663 + 129 years/BP) covers almost the whole
chronological interval of the reference section, providing
neither a safe match nor a mismatch.

In contrast, the smaller age range associated with sample
FB51-15.07 (6754 +97 years/BP) offers a tighter compari-
son with the chronological reference section, suggesting the
lowering of the clay section recovered in FB51 with respect
to that occurring in FB38. Similarly, the 6570 + 86 years/BP
age in S1-BV suggests lowering of the clay section also in
this borehole, both with respect to FB38 and, more signifi-
cantly, to the nearby core FB58, where at approximately the
same elevation there is a 7818 + 111 years/BP age (Fig. 8).

To be noted is the lack of reliable '*C age constraints in
FB40 that does not permit any geochronologic check on the
hypothesized age for the paleomagnetic anomaly occurring
in this core.

Bronze-Iron age yellow clay setting

Several shallow percussion cores drilled in the
Sant'Omobono archaeological area (Brock and Terre-
nato 2016; Brock et al. 2021) depict a Late Bronze age
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Fig.9 Cross section A-B shows the occurrence of an alluvial plain
edge at ca. 5 m a.s.l. in the Sant'‘Omobono area. Age constraints on
this ca. 3-m thick alluvial succession highlight significant offset with

paleolandscape characterized by a terraced morphology
(Fig. 9). A dry, elevated northeastern sector, constituted
by Middle Pleistocene sedimentary deposits, faced an
alluvial plain located ca. 2 m below and periodically inun-
dated. On top of the pre-alluvial horizon in this sector are
material colluviated from the adjacent hill and dated by
14C to 3410 +45 years/BP. In addition, at the western edge
of the terrace an alluvial succession has been recovered
between 5 and 3 m a.s.l.,, intercalated with heterogeneous
deposits containing anthropic material, including ceramic
sherds and seeds dated by “C to the eleventh century BCE
(2972 +£93—3070+ 100 years/BP). Either dumped or col-
luviated, these deposits within the alluvial sequence both
attest to a human presence in the general vicinity from the
Late Bronze Age and provide ferminus post quem ages sug-
gesting a long stasis of aggradation process in the alluvial
plain during the Late Bronze Age through the Early Iron Age
(3000-2800 years/BP). Finally, a 2 m thick clayey succes-
sion, characterized by alluvial plain deposits occurs between
5.5 and 7.5 m a.s.l.. Elevation and lack of any anthropic
material in these alluvial deposits suggest correlation with
the sixth century overflooding of the Tiber Valley.

respect to the coeval alluvial plain deposits recovered in the nearby
Forum Boarium area, suggesting a possible tectonic dislocation
caused by a fault (A)

When the occurrence of an alluvial plain edge at+3-5 m
a.s.l. during the 3000-2800 year BP interval in the
Sant'Omobono area is compared with the much lower eleva-
tion of the coeval alluvial plain deposits recovered at bore-
hole FB47 and FB48 in the nearby Forum Boarium area, a
possible tectonic dislocation caused by a fault line between
these sectors (A in Fig. 9) is conceivable.

Sixth century riverbed

The retrieval in ten boreholes of a decimeter thick coarse
basal layer indicates that the river was previously flow-
ing east of its present position. The course of this river-
bed layer and its top elevations are provided in the map,
Fig. 10a; the cross section in Fig. 10b shows the lateral
correlation among the cores in which the riverbed layer
occurs.

The ceramic material in the newly performed FB52 and
FB55 boreholes confirm a chronological range for this river-
bed within the sixth century BCE (ca. 2550 years/BP), while
ceramic ages in S1-BV provide new evidence to the rapid
filling of the river channel up to 5 m a.s.l. by the late sixth
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Fig. 10 a Map reconstruction of the riverbed layer's top in the inves-
tigated area; b sketch cross section (vertical not to scale) showing
geometry compatible with tilting of faulted blocks, according to the

century, as hypothesized in Marra et al. (2018). However,
two new '“C ages, in FB58 and S1-BV (2810 + 46 years/BP
and 2870 + 79 years/BP), seem to push back the emplace-
ment of the new riverbed in the southern sector of the inves-
tigated area to the beginning of the eighth century. Two
explanations for the older than expected '*C ages in FB58
and S1-BV are possible. First, it must be remarked that the
dated material should be considered a terminus post quem
for the age of the sediment in which it is embedded. There-
fore, also given the straightforward lateral stratigraphic cor-
relation of this thin layer among all the boreholes (Fig. 10),
the two old ages may be attributed to reworked material,
as already discussed in “Chronological markers”. A second
hypothesis is that the eastward shift of the riverbed could
have occurred already around 2800 years/BP, possibly as a
result of the early faulting of the Late Bronze age alluvial
plain.

Figure 10 shows a sharp offset of the riverbed elevation
between the northern and the southern sectors of the inves-
tigated area, where this layer occurs around the present sea
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level and —0.6 to —1.7 m, respectively. This sedimentary
horizon is constituted by a 10-50 cm thick basal layer, char-
acterized by a medium-to-coarse sand matrix with sparse
fine gravel (<2 cm in diameter) (see Figs. 3, 4). The only
exception is in borehole FB43, where a finer gravel fraction
(£4 mm in diameter) is present in the upper, 10 cm-thick
portion, above a ca. 1 m thick sand layer. This latter, in turn
overlies colluvial clay and gravel. We attribute these peculiar
features to the position of borehole FB43 at the hanging wall
of fault A bordering the Tiber Valley to the east (Fig. 10).

Similarly, we attribute the abrupt offset of the riverbed
layer south of core FB57 to the displacement caused by a
second fault B (Fig. 10).

The new boreholes performed for the present study allow
at constraining more closely the position of this fault in the
map of Fig. 10a, consistent with its previously inferred
NW-SE alignment with the Murcia Valley and the Tiber
Island (Marra et al. 2018). Moreover, the location of the
three fault traces A, A', and B is also in agreement with their
inferred position in relation to the presumed dislocation of
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the pre-Bronze age clay succession, as shown in the cross
section of Fig. 8.

When the overall spatial variation of the riverbed top ele-
vation is considered, a consistent deformation pattern with
respect to the hypothesized fault traces is observed. This is
based on the common notion of uplift at the footwall and
tilting of the hanging wall of an extensional fault, as pre-
dicted by tectonic models and illustrated in Fig. 10b, where
an NE-SW transect, perpendicular to the three fault plains,
is presented. The three faulted blocks are tilted NE, accord-
ing to the geometry of the SW-dipping, high angle normal
faults A, A', B. Boreholes are projected on the faulted blocks
roughly perpendicular to the profile, to maintain their posi-
tion with respect to the fault planes. Indeed, the attitude
of the riverbed layer matches the geometry of the faulted
blocks, displaying progressive inclination towards the foot-
wall of the three faults.

Paleogeographic evolution

By integrating all the evidence described in the previous sec-
tions, we attempt to depict an evolutionary process account-
ing for the transformation of an original Late Bronze—Early
Iron Age landscape into the present chronostratigraphic set-
ting in this portion of the Tiber Valley. To do so, we palin-
spastically restore an ideal transect across Sant'‘Omobono,
the Forum Boarium, and the Tiber Island, constrained by
the chronostratigraphic data acquired in 9 selected boreholes
(Fig. 11). Several of these boreholes have been translated
upwards with respect to their present-day elevation, with
a variable elevation gain aimed at establishing a geo-mor-
pho-chrono-stratigraphically consistent picture (Fig. 11-i).
These translations are supposed to restore the subsequent
fault displacements, responsible for creating the complex
present setting shown in Fig. 11-v.

As shown in Fig. 9, present elevation of the Bronze—Iron
age sedimentary succession spanning 4400-2800 years/BP
recovered in FB48 (—5/—1 m a.s.1., Fig. 11-v) conflicts with
occurrence of alluvial plain sediments dating 3000 years
at+3-5 m a.s.l. in Sant‘Omobono.

By combining the reconstruction of an alluvial plain
of ~2800 years/BP characterized by limited, geomorpho-
logically plausible, varying elevation, with a sixth century
riverbed layer that originally was necessarily at homogene-
ous elevation (Fig. 11-ii), we have assumed a progressively
increasing dislocation of the boreholes, from 2 to 5.2 m in
elevation gain, towards the center of the valley (Fig. 11-
i). By restoring these offsets, we obtain a paleolandscape
characterized by a gently dipping alluvial plain, onlapping
the Sant'‘Omobono terrace on its western edge. This allu-
vial plain was initially created by continuous, steady sedi-
ment aggradation after the “Mid-Holocene transgression”
until ~2800 years/BP, and by the following accretion of a

sedimentary wedge (dashed lines) in the flooding area at the
margin of the valley (Fig. 11-i).

Starting from this undeformed paleo-landscape, we sug-
gest that a first fault displacement (A) might have been
responsible for the ground deformation causing either the
sudden or progressive shifting of the riverbed, previously
located in the middle of the Tiber Valley, between the late
8th and the sixth century (Fig. 11-ii). Continued fault activ-
ity during the sixth century, propagating towards the center
of the valley with a second fault segment (A'), would have
generated the early offset of the riverbed between FB52 and
FB 47, and the accelerated sediment accumulation to fill the
newly created accommodation space (Fig. 11iii). Finally, the
activation of a third fault segment (B) at the end of the sixth
century, would have triggered the observed ~ 1 m disloca-
tion of the riverbed layer (Fig. 10a), caused the westward
backshift of the river course and contributing to the creation
of the Tiber Island (Fig. 11iv). It is possible that anthropic
interventions would have been necessary to prevent subse-
quent erosion of the island (Fig. 11v).

Conclusions and final remarks

The data and their interpretation presented in this study pro-
vide additional support for a fault system affecting the Tiber
Valley in the Forum Boarium area. The different fault seg-
ments highlighted by the morpho-stratigraphic reconstruc-
tions should be considered part of a major NW-SE fault
zone, originated by the extensional regime acting in Pleis-
tocene times in this region (Montone and Mariucci 2016).
Such segments are independently re-activated under the
present-day weaker tectonic regime (Frepoli et al. 2010).

The present offset of the stratigraphic marker character-
ized by the ChRM inclination anomaly and by an originally
sub-horizontal attitude, is consistent with the position of the
inferred fault lines A and A'. The elevation at 3-5 m a.s.l.
of the 3000 years/BP isochrone within the archaeological
area of Sant'‘Omobono, when compared to the elevation of
coeval alluvial plain deposits at —1 m in the nearby Forum
Boarium, also suggest the occurrence of a tectonic displace-
ment affecting this area after ca. 3000 years/BP. Moreover,
indications of a 1 m displacement affecting the sixth century
riverbed layer allows us to trace more precisely fault line
B. This is a key-point to constrain in time (within the sixth
century) and in space (the NW-SE trending fault line adja-
cent to the Tiber Island) the origin of the Tiber Island with
the fault B activity, as previously hypothesized in Marra
et al. (2018).

One important issue that needs to be investigated further
is whether moderate to big earthquakes were associated with
this fault activity. In this regard, the soft-sediment deforma-
tion structures affecting the pre-Bronze age clay succession
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may be regarded as "seismites" (i.e., originated by seismic
shaking; Shanmu, 2016). The occurrence of deformed lay-
ers sandwiched between undeformed layers (see Fig. 6) is
indeed a major criterion for the identification of seismites
(Seilacher 1969; Rodriguez-Pascua et al. 2000; Rodriguez-
Lopezet al. 2007).

The seismic features of the several faults for which
activity in the historical period has been hypothesized in
the area of Rome is discussed in Marra et al. (2020) and
is beyond the aims of the present work. Here we consider
some specific aspects of the deformation picture outlined
by this study. The inferred offset of up to 5 m for the paleo-
landscape reconstruction in Fig. 11 is a cumulative effect of
a deformation that persisted for at least four centuries, span-
ning ~ 3000 to 2600 years/BP. However, the ca. 1 m offset
affecting the sixth century riverbed layer may be considered
as a relatively sudden event as indicated by the chronological
markers. Such large displacements are generally associated
with big earthquakes (e.g., M > 6.5, Wells and Coppersmith
1994), depending on the regional seismotectonic regime and
on fault parameters. Based on the historical and instrumen-
tal records for the City of Rome, the maximum expected
earthquake magnitude is M; =5.6 (Molin and Guidobobni
1989; Tertulliani and Riguzzi, 1995). The seven largest
events reported in the Catalogue of Strong Earthquakes in
Italy from 461 BCE to 1980 CE (Boschi et al. 1995) have
an estimated local magnitude > 5 <5.5. Therefore, unless
we postulate a recurrence times > 2000 years, an aseismic,
creeping behavior should be assumed for fault B. Creeping
behavior, which is a common feature of large fault zones
worldwide, is generally associated with cuamulative aseismic
deformation interpunctuated by seismic release during the
long-term evolution of the fault surface (e.g., Kaduri et al.
2017). In particular, for faults in the area of Rome, creeping
behavior may be regarded as consistent with the vertical
tectonics acting in this region during the last 300 ka (Marra
et al. 2019), that resulted in ca. 50 m uplift of the Tyrrhenian
Sea margin in Central Italy (Marra et al. 2016b, 2017, 2019).
Under such conditions, aseismic re-activation of small seg-
ments of pre-existing fault lines cannot be excluded. In this
scenario, the observed 1 m slip might have been caused by
an aseismic “slow earthquake” (e.g., Beroza and Ide 2011)
that occurred within a time frame of several decades. Indeed,
we cannot exclude that the observed offset was generated by
a very slow deformation that occurred from the sixth century
BCE through present time. In conclusion, the 5-6 m total
offset inferred for the Forum Boarium should be regarded
as a cumulated displacement that resulted from a progres-
sive deformation along the different fault lines during three
millennia, and that occurred with an average tectonic rate
of 2 mm/year. This deformation process was likely inter-
punctuated with moderate earthquakes, as suggested by
the seismites, but no large event necessarily occurred. A

combination of climatic and anthropic causes might have
triggered the subsequent overflooding of the Tiber Valley
during the sixth century, an accelerated hydrologic regime
that led to the emergence of the Tiber Island.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00531-021-02118-5.
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