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Abstract: In the Mediterranean area, several alluvial coastal plains, developed after the Holocene
transgression, are affected by subsidence. The Volturno alluvial-coastal plain, along the eastern
Tyrrhenian Sea (southern Italy) is characterized by subsidence rates determined through InNSAR
data analysis and ranging between 0 and <-20 mm/yr in an area of about 750 kmq across the
Volturno River. Inside this area, the pattern of subsidence shows sites with apparently anomalous
localized subsidence. To understand the driving mechanisms of this process, a lithostratigraphic
reconstruction was provided focusing on the spatial distribution of the horizons considered weak
by a geotechnical point of view; then, the subsidence map was overlain spatially with geological
data in a Geographic Information System (GIS) environment. The spatial analysis highlighted the
major ground deformation occurring within the outer boundary of the incised paleo-valley,
corresponding to the Holocene alluvial/transitional filling that overlies a compaction-free
Pleistocene basement. Inside this general trend, differential compaction was detected
corresponding to the thick occurrence of clay and peat deposits, suggesting that the subsidence rate
registered in the plain are due in part to the consolidation of primary settlements of soft and
compressible soils that characterize the subsoil of these areas, and in large part to the secondary
consolidation settlements.

Keywords: subsidence; Volturno delta plain; Holocene stratigraphic architecture; well log
correlation; Southern Italy

1. Introduction

Global mean absolute sea-level rise is estimated at around 3 mm/y and projection
until 2100 is in a range of 3-10 mm/y [1-4] (among others). In recent years, most of the
world’s major river deltas and related alluvial coastal plains are sinking due to both
accelerations in global sea-level rise and subsidence of human and natural origin. In
coastal and delta cities around the world, the latter phenomenon is a major threat to
infrastructures. The main effects of subsidence also include aquifer salinization,
inundation of low lands and coastal erosion, increased vulnerability to flooding and storm
surges, among others (for a review see Higgins [5]). The annual estimated damage
associated with subsidence worldwide is billions of dollars. Natural and anthropogenic-
driven subsidence rates can be 1-2 orders of magnitude greater than the rate of sea-level
rise predicted for 2100 [5]. Subsidence in deltas has been investigated long-term; however,
only in the 21st century has subsidence “came to be seen as a widespread phenomenon
characteristic of deltas” and related coastal plains [4]. The space-based techniques allowed
us to quantify the global delta subsidence.
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Studies have been carried out to figure out the potential drivers of subsidence.
Tectonics, reduced aggradation, volcanism, and fluid extraction are the most investigated
causes [6-9]. Among these, the over-exploitation of groundwater resources is considered
a major cause of this phenomenon [3,5].

In spite of this, in coastal and delta areas subsidence can also have natural causes
related to the natural compaction of alluvial/coastal plain deposits, mostly consisting of
alternating layers of sand, clay, and peat, still compacting under their own weight. In fact,
itis necessary to take into account that modern river deltas began to form about 6500 years
BP, following the Last Glacial Maximum (LGM), the sea level drop (20 ky), and the
subsequent Holocene aggradation and progradation. During the LGM lowstand, rivers
started to downcut the coastal lowlands forming incised valleys [10-14]

Fluvial deposits represent the lowstand and transgressive valley fill and are overlain
by transgressive and highstand marine/transitional deposits [15], characterized by sands,
silts, clays, and peats. Recent studies have demonstrated that natural compaction can
drive subsidence of several millimeters for years, especially in coastal organic-rich
deposits [7,16-21]. Peat, in particular, is the most compressible soil type and may be
considered the main one responsible for the local subsidence at many coastal sites. For
instance, Bloom [22] estimated that peat in the subsoil of Connecticut’s coastal marshes
had lost from 13 to 44% of original thickness since its deposition (7000 years).

The peat compaction is due not only to the lithostatic weight but also to biological
and chemical processes within the peat itself [19,23-25]. It is clear that as coastal delta
plains are complex environments from a geomorphological and stratigraphic point of
view, the natural compaction rates can vary by several orders of magnitude laterally at a
sub-km scale. The space-based techniques are unable to identify which subsurface layer
causes the vertical land movement. In this view, a deep knowledge of the subsurface
stratigraphy could allow a better understanding of the phenomenon.

Nevertheless, most investigations have measured compaction rates in the shallow
subsurface whereas few data exist that quantify compaction rates over the entire Holocene
succession overlying the Pleistocene substrate (i.e., the incised valley filling) (cf.
[16,19,26]). Although an engineering approach is of paramount importance to address
these issues, a careful geological-stratigraphic characterization would greatly support the
understanding of the phenomenon and the engineering projects.

In the Mediterranean area, several alluvial coastal plains, developed after the
Holocene transgression, are affected by subsidence [27]. The aim of the present study is to
decipher the contribution of the recent sedimentary evolution to the ground deformation
trends assessed for almost two decades (years 1992-2010), which characterize the alluvial
coastal plain of the Volturno River, located in the northern Campania coastal area
(Southern TItaly), along the eastern Tyrrhenian Sea. The Holocene stratigraphic
architecture of this coastal and deltaic plain has peculiar characteristics that may influence
land subsidence, as documented in similar geological settings worldwide. To verify the
possible correlation between stratigraphic characteristics and subsidence, an extensive
and detailed reconstruction of the stratal architecture was carried out, placing emphasis
on the lithological characteristics of the sediments and highlighting those lithologies that
are more subject to compaction. The assessment of the subsidence trends was previously
based on a temporal analysis and mapping of Persistent Scatterers (PS) data, obtained
from interferometric processing of radar satellite ERS-1/2 and RADARSAT scenes of the
study area [28]. In the present study, the distribution of ground deformations was
compared with the lithostratigraphic architecture reconstructed for the whole Volturno
river lower alluvial plain. Geological, stratigraphic, and SAR data have been managed
and analyzed in a GIS environment to figure out significant relationships between
subsidence patterns and underlying stratigraphic settings.
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2. Geological Setting

During the Late Pleistocene, the continental margin of the Campania region was
affected by significative volcanic activity that produced volcaniclastic aggradation and
was largely concomitant with an overall lowering of tectonic subsidence rates and the
eustatic regression associated with the last glacioeustatic cycle between 125 ky and 18 ky
[29,30]. In particular, Campania Grey Tuff (CGT) deposition, originated by the Campi
Flegrei caldera 39 ka eruption, sealed the marine-transitional environments that
characterized the Campania plain at that time, and since 39 ky B.P. most of the coastal
plain became emersed [31].

A seaward shift of the shoreline was induced by the above glacioeustatic cycle,
resulting in a forced regression of paralic-shallow marine depositional systems, while the
whole plain emerged and the paleo-Volturno River started fluvial downcutting forming
a major incised valley about 15-20 km wide and up to 30 m deep in the depocentre
[29,30,32].

The Campania Grey Tuff (CGT) forms the first substrate for the Holocene and recent
sedimentation. Similarly, to other Italian alluvial coastal plains, 6.5 ky cal BP a coastal
progradational phase allowed the formation of a wave-dominated delta system
characterized by lagoonal-marshy areas partially enclosed by well-developed beach-dune
ridges originated along the flanking strand plains. Beach and lagoonal environments still
persisted along the present coastal zone up to the Roman age (Figure 1a—c). The shape of
the palaeo-gulf and the beach-dune system is nowadays printed in the topographic setting
(Figure 1d).

The stratigraphic study carried out by the above authors on the whole plain has
permitted a preliminary reconstruction of the upper surface of the GCT in the whole Plain
and the recognition of the paleo-valley morphology [28,31].
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Figure 1. Sketch-map of the inferred evolution of the Volturno delta plain from the Late Holocene to present. (based on
[30,31]): (a) reconstruction of the approximate location of coastline around the maximum marine ingression (ca. 6.5 ka BP;
(b) coastline at ca. 4.5 ka BP, showing the onset of back-barrier lagoonal environments at the mouth of the Volturno River;
(c) present day setting of the Volturno delta plain; (d) Digital Terrain Model with 70 m cell size.

Geomorphology of the Plain and Land Use

The delta/coastal area lies at an elevation between 0 and —2 m bsl. This area represents
the remnant of the larger wetland that formed during the last thousand years, nowadays
partly preserved in several swamps and a small lagoon (Lake Patria; Figure 2).
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Figure 2. Schematic geologic map of the study area.

Significant landscape changes occurred in the northern Campania plain over the last
100 years following the land reclamation. The rapid economic development and the
growth of the urban settlements resulted in the loss of coastal wetland, severe coastal ero-
sion, the degradation of the marine ecosystem, and ultimately seawater intrusion. The
impact of changes in the Volturno catchment characteristics over the last two centuries
may be considered as the main trigger for the fluvial sediment deficit that dramatically
affected the delta and the adjacent coast [33-36].

The agricultural land use map shows intensive agricultural activity in Volturno’s val-
ley (Figure 3). The lands are almost all farmed both in summer and in the winter season.
These activities cover over 85% of the whole area. The urbanized environment takes a fair
percentage of the area (7.5%), and it extends mainly along the coast. Grain cereals and
grasslands are widespread as they are related to numerous zootechnical activities of the
area, mainly represented by buffalo farming.
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Figure 3. Land use map. Key: AL Arable Land; AS Artificial Surfaces; BD Beaches, Dunes; CF Co-
niferous Forest; FT Fruit Trees; MP Meadow and Pasture; OG Olive Grove; SV Sclerophyllous Veg-
etation; VY Vineyards; WB Water Bodies.

3. Materials and Methods

The stratigraphic reconstruction relies on more than 1500 shallow borehole stratigra-
phies (mostly up to 20-30 m in depth) located along the lower Volturno plain. Sedimen-
tological analyses were performed on boreholes drilled on the delta plain and compared
with radiocarbon dating previously performed [29,30,37].

Quaternary stratigraphic succession was reconstructed based on boreholes data anal-
ysis and field surveys that have also led to the draft of the geological map. The first sub-
strate for the Holocene and recent sedimentation is the Campania Grey Tuff (CGT). There-
fore, Stratigraphic data were interpreted and grouped into three main units:

1. Pre-CGT —comprises all the lithofacies deposited before the Phlegrean 39 ky vol-
canic eruption and settled below the tuff unit;

2. CGT —consists of the Campania Grey Tuff volcanic deposits;

3. Post-CGT—comprises all the sediments deposited after the CGT eruption and that
likely constitute the Holocene sedimentation.

The top and bottom depth of each unit surface was recorded in a relational database;
the geological data processing was performed in a GIS environment to develop: (i) a 3D
geological model of the upper CGT surface; (ii) a thickness map of the post-CGT deposits.

Reference stratigraphic sections were realized for different sectors of the study area
to compare thicknesses and lithology of the Post-CGT deposits. In order to understand if
and how these different lithologies are related to the distribution of subsidence rates, post-
CGT deposits were further classified and gathered on the basis of the main lithological
facies such as sands, clays, and peat (Table 1).
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Table 1. Example of the lithological database of the stratigraphic columns.
. . Total Tuff POST- Peat Clay Clay and Peat
1D Easting ~ Northing Thickness Thickness CGT Thickness Thickness  Thickness
MDRO039 2,429,487.28 4,550,926.81 19.00 12.00 7.00 4.20 0.00 4.20
CV106  2,435,452.90 4,542,001.03 31.00 1.50 29.50 0.00 18.00 18.00
CV010 2,434,970.05 4,546,819.03 28.70 0.00 28.70 0.20 17.50 17.70

A “Lithological Ratio” (LR) was established to define a relationship between the
thicknesses of the most compressible deposits (peat and clay) and the total thicknesses of
the Post-CGT deposits.

_ X (Thickness Peat+Thickness clay)

LR
Thickness POST.CGT

ey

The resulting values were ranked in six classes, “Rates of Lithological Ratio”, in order
to evaluate the potential of compressibility (Table 2).

Table 2. Ranking of the Lithological Ratios derived by equation (1).

Thickness (m)
0.00
0.00-0.20
0.20-0.40
0.40-0.60
0.60-0.85
0.85-1.00

—
MmO 0 WP

Furthermore, the total thickness of the whole Post-CGT was ranked into thickness
range (Thickness Classes—TC; Table 3).

Table 3. Ranking of the Thickness Classes of the Post-CGT.

TC Thickness Range (m)
P1 0-10

P2 10-20

P3 20-30

P4 30-50

P5 50-80

Finally, the LR was correlated with the TC to show the relationships that exist be-
tween those two, while the spatial distributions were also compared with subsidence
rates.

4. Results
4.1. Subsoil Architecture

An in-depth analysis of borehole data, coupled with a review of previous studies,
allowed us to better define the Late Quaternary stratigraphic evolution of the plain. The
reconstruction of the upper surface of the GCT in the whole Plain allowed us to recognize
a deep downcutting in correspondence of the modern Volturno River course. The top of
the above unit deepens moving away from the northern and southern outcrops and to-
wards the axis of the modern Volturno River and the coast. The processing of the strati-
graphic data by using the software Surfer highlighted a valley morphology entirely cut
into the ignimbritic unit, about 15-20 km wide and up to 30 m deep(Figure 4). The contour
map shows the gradual lowering of the top Ignimbrite from the margins of the plain to
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the river. The tuff lays a few meters below ground level at the edge of the plain whereas
it deepens toward the Volturno River axis and the coastal area.
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Figure 4. Contour map of the upper surface of the CGT. A valley morphology is evident along the present Volturno River
course and the Regi Lagni canal (previously Clanio River).

Fluvial terraces characterize the valley flanks suggesting a complex history of chan-
nel entrenchment and aggradation [29,32]. Large remobilization of pyroclastic material
took place during the re-establishment of the fluvial system, witnessed by the abundance
of reworked pyroclastic ash and clasts recognized in the alluvial deposits of the medium-
upper part of the valley fill (see further on). Based on Amorosi et al. [29], radiocarbon
dating indicates that the valley started to form at about 37 ky cal. BP. The onset of the
LGM renewed fluvial downcutting leaving the previously formed terraces about 10 m
above the valley floor.

To better outline the above morphology and with the aim to explore the relationships
between lithology and subsidence patterns, strike and deep lithostratigraphic sections
were constructed across the alluvial plain (Figure 5). Cumulative subsidence profiles were
drawn on each profile.

Close to the present coastline (Section D), the tuff top reaches the depth of more than
20 m b.s.l. in correspondence of the Volturno delta system and the Patria Lake area,
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whereas toward north it is less eroded. The same feature is recognizable in the inner trans-
verse profile (Sections E and F) where the asymmetry of the paleovalley is still evident.
The valley apex, close to Capua (Section G) displays a deep and narrow downcutting,
likely related to a structural control. The valley axis, outlined in profiles A, B, and C, high-
lights the deepening of the river incision below the present sea level.
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Figure 5. Deep (A-A', B-B', C-C') and strike (D-D', E-E', F-F', G-G') geological cross-sections with subsidence profile during
1992-2010 time span (in mm). Red labels refer to the intersection of the geological profiles; in blue the hydrography.

The strike D-D' and E-E' sections document the occurrence of thick fine-grained de-
posits, mostly silty and clay with frequent peaty intercalation either as thick layers of peat
or as organic content within the clay-to-sand deposits. The peat contribution is recogniza-
ble up to the Grazzanise area, whereas in the innermost sector (Sections F-F', G-G') it dis-
appears. This is even more evident in the deep sections (A-A', B-B', C-C') where the highest

thicknesses of post-CGT deposits are recognizable up to Cancello Arnone from the present
coastline.

4.2. Vertical Ground Displacement

Matano et al. [28] recorded continuous subsidence in the alluvial plain and the coastal
sector in a reference to a period of about twenty years (1992-2010), through the SAR data
analysis. Significant increases of ground deformation occur in some places of the plain
along the Volturno River course and the coastal plain (Figure 6).
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41000

The spatial intersection with the geological data has shown a sharp overlay of the
subsiding areas with the paleo-valley perimeter, considering as stable the areas
corresponding to subsidence rates comprised between -1 and +1 mm/yr. Most of the
Volturno River Plain, which covers about 215 km? of the investigated area, is characterized
by significant subsidence, with values ranging from —15 to —23 mm/yr. The major peaks
are located along the Volturno River and around the city of Grazzanise (-15 mm/yr). In
the coastal sector, close to the mouth of the river, a moderate subsidence rate is recorded,
ranging from -5 to —-15 mm/yr, while the dune ridge shows only minimal deformations.
In the remaining part of the plain, north and south of the river, the vertical displacements
due to subsidence are moderate (from —10 to -3 mm/yr).

41 5000 42()000 425000 430000 435000

454()000 454 5000 455()000 4555000

4535000

Incised valley

Hydrography

Subsidence rate

+1 to +3 mml/yr: uplift

-1 to +1 mm/yr: stable to low uplift

-3 to -1 mml/y: stable to very low subsidence
-5 to -3 mm/yr: low to middle subsidence

-7 to -5 mm/yr: middle subsidence

-15 to -7 mm/yr: middle to strong subsidence

-23 to -15 mml/yr: strong subsidence

Figure 6. Cumulative vertical ground displacement estimated during 1992-2010 (based on Matano et al., 2018).

The cumulative subsidence profiles associated with the geological cross-sections
provide a picture of the displacement rates across the above sectors. Strike sections display
the increased rates of vertical displacement along the Volturno axis, corresponding to the
deepest incision in the tuff horizon. The highest values were recognized in the inner
profiles E and F where about 15 m thick transitional/alluvial sediments rest above the CGT
upper surface. The sea-land trend of the subsidence rates can be better observed in the
deep profiles (A, B, C) characterized by a saw-shape curve with the greatest displacement
occurring in the area north and south of the Volturno River. These values do not
correspond to comparable thicknesses of the Holocene deposits lying on the tuff unit.

4.3. Subsidence vs. Stratigraphic Structure

In order to better constrain the relationship between lithological data and subsidence
patterns, the subsequent step was to identify the thickness of materials highly subject to
secondary consolidation compared to the total thickness of post-CGT deposits. The LR
were displayed compared to the subsidence values (also hierarchized) (Figure 7).
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-5 to -3 mm/yr: low to middle subsidence

-7 to -5 mm/yr: middle subsidence

-15 to -7 mm/yr: middle to strong subsidence
-23 to -15 mm/yr; strong subsidence

Lithological Ratio

The first two classes of LR are found in correspondence with the lower annual sub-
sidence rates while ratios greater than 0.50 are present in strongly subsiding areas. How-
ever, in the most subsided areas along the Volturno River, close to Grazzanise and Can-
cello Arnone, the distribution of the lithological data does not seem to have such an im-
mediate relationship with the subsidence. The LR, in fact, does not express the absolute
value of the total thickness of the post-CGT cover; similar ratios could correspond to very
different total thicknesses and therefore have a different influence on displacement. For
this reason, the LR was compared with the TC (Table 4).

Table 4. Matrix of the relationship between the LR and TC.

1 2 3 4 5 Tot.

A 148 26 15 1 190
B 5 8 6 4 23
C 13 12 5 30
D 15 7 5 2 1 30
E 29 29 7 1 66
F 20 55 15 1 1 92
Tot 230 137 53 9 431

It is noteworthy that the highest LR corresponds to low thicknesses. To understand
the relationship between these results and the subsidence, the spatial distributions were
also compared with subsidence rates (Figure 8; Figure S1 and Table S1).
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Figure 8. (LR vs. TC) vs. subsidence values. Labels correspond to the matrix (LR vs. TC). Input data and output graphic
detail in Figure S1 and Table S1. Note that medium values of subsidence correspond to high LR and high TC (mostly E
and F), whereas the highest vertical displacements correspond to high LR and low TC.

Borehole data with high LR and high TC are found in the correspondence of the zones
with medium-high values (not corresponding to the maximum values) of subsidence,
while in the zones where the subsidence rates are the highest the geological data show
medium-high LR and low TC; this is particularly evident proceeding from the coastal zone
towards the interior and can be easily read in the lithological sections A and B of Figure
6.

5. Discussion

Subsidence rates in the Volturno Plain were determined through InNSAR data analysis
and range between 0 and <-20 mm/yr in an area of about 750 kmq across the Volturno
River. Inside this area, the pattern of subsidence shows sites with apparently anomalous
localized subsidence. To understand the driving mechanisms of this process, a lithostrat-
igraphic reconstruction was provided focusing on the spatial distribution of those lithol-
ogies considered weak by a geotechnical point of view; then, the subsidence map was
overlain spatially with geological data in a GIS environment.

5.1. Geological Subsoil Model

The geological data analysis allowed us to single out the Holocene depositional evo-
lution and the timing of the delta formation [29,30]. This reconstruction was greatly facil-
itated by the widespread occurrence of the CGT unit that represents a major marker for
the analysis of the subsurface stratigraphic record.

Although we are aware of the low resolution of the map owing to a dishomogeneous
grid of the stratigraphic data, the contour map offers, approximately, a general represen-
tation of the Campania Grey Tuff top structure in a basin scale. It shows unequivocally
the presence in the plain of a valley structure in which the depocentre approximately cor-
responds with the modern Volturno River course, interpreted as an incised valley origi-
nated as a response to the LGM sea-level drop of ca. 120 m below present sea level. The
palaeo-valley shows a more steepened slope on the right side, close to the Capua-Grazza-
nise transect, where a sharp depth drop is detected (from +30 m a.s.l to =5 m). These results
agree with the less detailed models previously proposed by literature [38]. Along the left
side, the surface more gently slopes towards the Volturno axis.

The CGT top was thus shaped by the Volturno River and the other secondary streams
during the last glacial sea-level drop. The river erosion, in particular, accounts for the
channel-like incisions recorded in the coastal setting. There, south of the present Volturno
outlet, a smooth incision is recognizable close to the Patria Lake and can be inferred to the
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ancient course of the Clanio River, flowing in the “Literna Palus” (part of the present day
lake). This river was reclaimed during the Spanish vice-kingdom as it was affected by
ponding and swamping [33].

To the north, the tuff surface is less eroded. This can be explained considering that
the streams flowing north of the Volturno represent artificial canals realized during the
reclamation interventions carried out during the twentieth century.

Radiocarbon dating performed by Amorosi et al. [29] outlined the existence of a ter-
raced paleo topography dated 37 cal ky BP by which we can suppose a stepwise erosion
during the LGM sea-level lowering, as documented for other coeval drainage systems.
The presence of terraced surfaces is also outlined in the area between Grazzanise and Can-
cello e Arnone, in CC’ profile.

The coming back of more mild climatic conditions and the beginning of transgression
phases (early Holocene) resulted in the filling of the former incised valley; during the last
ca. 7500 cal yr BP, following the peak of the transgression and the deceleration of sea-level
rise, the progradation of the coast and the surface aggradation took place with the for-
mation of a wide lagoon basin partially enclosed with beach-dune ridges, afterward cov-
ered by fluvio-deltaic units (Figure 1).

5.2. Subsidence vs. Geology

The spatial analysis of the SAR data and stratigraphic architecture has demonstrated
that the major ground deformation occurs within the perimeter of the incised paleo-valley,
filled with Holocene alluvial/transitional deposits overlying a compaction-free Pleisto-
cene basement. This is consistent with the hypothesis that compaction of deeper Holocene
strata is still significant [3,16,23,25,39-42]. Inside this general trend, differential compac-
tion was detected, corresponding to high LR and low TC, proceeding from the coastal
zone towards the interior. The explanation of the apparent anomaly can be found firstly
in the geological history of the Plain: after the last deglaciation, the coastline moved in-
land, reaching first the area of Cancello e Arnone and then the area of Grazzanise. The
beach-dune system and related marshy area moved inward in a stepway fashion. The
lithostratigraphic sea-land transect BB’ in Figure 5 shows the stratigraphic position of the
compressible layers (clays and peat) in relation to the different average subsidence rates
that show local anomalous increases. The lithological section shows that with the same
LR, in the most interior zone, near Grazzanise, the clay and peat deposits are in a higher
stratigraphic position than those recognized in the surveys of the coastal area and that
they are located mainly towards the basal portions. The two different stratigraphic condi-
tions are associated with different subsidence values, being higher in the first of the two
reference areas.

This can be explained given the more recent age of the sediments in the inner part of
the plain, the ones corresponding to the maximum ingression of the sea during the Holo-
cene transgression. This can be confirmed by the consideration that most of the compac-
tion of peat, in fact, occurs during the formation phase, mainly due to microbiological and
chemical processes in wet environments. Thus the deepest peat deposits (the oldest ones)
have already compacted in the first stage of the Holocene transgression [23].

The clayey-peat deposits that characterize the basal intervals of the Castel Volturno
area have ages between 10 ka and 12 ka cal B.P., while those identified in the innermost
sections, at Grazzanise, and stratigraphically higher, have an age of about 6 ka cal B.P.
This suggests that the viscous component of these materials plays an important role in
their behavior: the geologically younger soils are still subject to secondary subsidence
while the older ones have already undergone much consolidation also because of the
lithostatic load.

From a geotechnical point of view, these soils can be classified as fine-grained soil
(mostly clayey) with poor mechanical properties (high compressibility and low strength).
Moreover, the inclusion of significant amounts of peat and organic matter clearly reflects
high values for the coefficient of secondary compression.
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As is well known, for problems like that under discussion, clayey soils experience
deformations due to: a) a primary consolidation process that derives from the change of
effective stresses as for instance those resulting from loads (livestock, warehouse, build-
ings) and/or changes of pore water pressures under constant total stresses; b) a secondary
consolidation (or creep) process, that is the continuous soil deformations under constant
effective stresses.

From one side, due to the agricultural use of a significant portion of the plain area, a
certain amount of water is continuously extracted from the aquifer, thus resulting in a
change of boundary conditions (reduction of pore water pressures) inducing downward
water flow movement. Being constant the total stresses, based on Terzaghi’s principle, an
increase of effective vertical stresses occurs and, consequently, of vertical soil defor-
mation. The latter, integrated over the affected soil volume, will result in a vertical move-
ment at the ground surface. From the other side, even if a primary consolidation process
is concluded (that means, pore water pressures are in equilibrium with the hydraulic
boundary conditions), creep still induces soil deformations. Once again, these defor-
mations, integrated over the affected soil volume, will result in an additional vertical
movement at the ground surface [43].

Previous studies [44] have proved that agricultural and zootechnical activities do not
exert significative impact on subsidence trends [28]. Instead, the overlay of these trends
with the geological data suggests that the vertical ground deformation is partly controlled
by the lithology and stratigraphic architecture of geological units forming the subsurface
of the alluvial plain [45].

Subsidence rates due to compaction of Holocene sediments, characterized by a
substantial amount of compressible sediments such as peat and organic-rich clay, were
documented in several alluvial and deltaic coastal plains worldwide [16,19,21,39-41,46—
51]. Peat compaction was regarded as a key control of coastal evolution in many delta
systems [7,19,43], leading to coastal erosion and destruction of coastal wetlands, among
others. On the delta of the Po River, peat-based correlations were used to assess
deformation of the Holocene strata [25,42], although the patchy distribution of these
compressible soils in the estuarine and deltaic subsoil makes the overall assessment
difficult. The biggest limitation in many of the coastal and deltaic sequences is that not
always a significantly more consolidated Pleistocene substrate occurs to be used as a
reference for compaction estimation, which is instead made possible in the Volturno
alluvial and coastal plain due to the widespread occurrence of the ignimbrite unit that acts
as a marker boundary for the post-LGM evolution.

An attempt to correlate the thickness of the peat layers in the Holocene sequence to
the subsidence rates was provided by van Asselen [21] for the Rhine-Meuse delta, where
the greatest subsidence was measured in the thickest layers of the central delta. It is clear
that compaction will not occur simultaneously for each layer, depending on the
stratigraphic position (i.e., age and depth) and spatial distribution. In this regard, to
characterize the geomechanical behavior of each horizon, it appears of paramount
importance a detailed reconstruction of the vertical stacking of the sedimentary units and
their variation over short distances, as demonstrated by Sarti et al. [51].

In this research, we have demonstrated that reconstructed lithological variability in
the Volturno plain accounts for the major subsidence rate variations observed. However,
unlike the assumptions of van Asselen, the analysis showed that the major settlements are
not related to the massive thicknesses of the Holocene sequence but that instead the
stratigraphic position of the compressible layers, and therefore age, seems to have a
fundamental role, especially since secondary consolidation is time-dependent. Alongside
these considerations, it should be taken into account that soil properties such as
compressibility, permeability, and coefficients of primary and secondary consolidation,
can greatly help in understanding the deformation process under observation and in
quantifying the contribution to the overall rate of settlement of primary consolidation and
creep. In this view, further studies are needed to provide the distribution of geotechnical
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parameters for the deposits responsible for the ground settlement in the study area in
order to manage potential risks for building damages. For the reasons above expressed,
the Volturno coastal and delta plain represents a valid and almost unique laboratory to
assess the main variables influencing subsidence and landscape evolution and
transformation through time.

6. Conclusions

Over the last two decades, land subsidence in coastal settings has become the most
studied phenomenon and its quantification benefited from advanced SAR-based
interferometry methods. In coastal areas around the world, this phenomenon is
particularly important as it enhances coastal erosion and the loss of coastal wetlands,
increasing flood vulnerability, and hence contributes to major economic damages. In
recent times, with the aim of providing an opportunity to share expertise in land
subsidence (basic research, monitoring, modeling, and management), the IGCP 663
project “Impact, Mechanism, Monitoring of Land Subsidence in Coastal Cities” was
promoted by the IUGS and Unesco.

This study is intended to provide a small contribution to the international debate on
basic research aimed at the understanding of phenomenology in heterogeneous coastal
environments. The main results suggest that among the triggers of subsidence, a key role
is played by the subsurface stratigraphic architecture, and in particular by the areal
distribution and thickness of Holocene deposits, such as clayey silts, clays, and peats,
filling the LGM valley cut in the late Pleistocene volcaniclastic deposits. From a
geotechnical point of view, these soils have poor characteristics. They are inconsistent
cohesive soils, medium-high compressible. The presence of clay, plastic clay, and peat
increases the values of the secondary compression coefficient. We can say that the
subsidence rates registered in the plain are due in part to the consolidation of primary
settlements of soft and compressible soils that characterize the subsoil of these areas, and
in large part to the secondary consolidation settlements. The secondary consolidation
settlements are due to the viscous strain of the soil skeleton, deformations that take place
even at constant effective pressure, and therefore also (but not only) in primary
consolidation exhausted. With this respect, our findings have demonstrated that the
highest land displacement values are recorded in correspondence with high thicknesses
of compressible materials, but not necessarily corresponding to high thicknesses of the
whole Holocene deposits. Furthermore, the stratigraphic position of these layers assumes
a significant role since the consolidation is time-dependent. With the aim of sharing
research results, the future goal could be to export the methodology developed in this
study to other coastal contexts in the Mediterranean area.
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