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This study investigates the tectonic and subsurface structure of the Volturno Plain, a region linking 
the Southern Apennines with active volcanic districts of Campania. Vintage seismic profiles were 
vectorized, depth-converted, and integrated with historical gravity and magnetic data. The analysis 
reveals a coastal half-graben structure primarily controlled by NE-trending normal faults, with NW-
trending faults that downthrow the carbonate outcrops of the Southern Apennines toward the coast. 
These fault systems collectively drive subsidence exceeding 5 km beneath the mouth of the Volturno 
River. Enhanced Horizontal Derivative analysis of gravity data extends fault traces beyond the seismic 
coverage and helps to characterize major NE-striking fault systems, such as the Mt. Massico and Villa 
Literno fault zones, which are likely active and exhibit aseismic creep or low-magnitude seismicity. 
Gravity and magnetic anomalies highlight variations in the thickness of the sedimentary cover within 
fault-controlled depressions, as well as the presence of volcanic deposits in the southern plain, 
associated with buried volcanic edifices whose emplacement was influenced by NE- and NW-trending 
faults. InSAR-derived surface deformation patterns show a partial alignment with these fault systems 
but also reflect non-tectonic factors such as sediment compaction and anthropogenic activities. Our 
findings confirm the structural control of NE-trending faults on the plain’s evolution and Campanian 
volcanism. This work fills a knowledge gap regarding the tectonic and structural setting of the 
carbonate basement in the northern part of the Campanian Plain, for which a map of the depth to the 
base of the post-Miocene sedimentary cover was not yet available. This paper also highlights the value 
of integrating legacy seismic and potential field data using modern techniques to unravel the interplay 
of tectonic and magmatic processes.

The Volturno River Plain, located to the north of the Campanian Plain, is a vast alluvial plain bordered to the 
north by the Roccamonfina volcanic complex1,2 and Mt. Massico3, to the northeast by the Caserta Mountains4, 
and to the south by the Campi Flegrei volcanic system5. The Volturno Plain formation is linked to the subsidence 
of the Tyrrhenian margin of the Apennine chain, occurred during the middle and lower Pleistocene6–8 along 
NW-SE and NE-SW trending regional faults that displaced Meso-Cenozoic carbonatic rocks, sinking them 
down towards the Tyrrhenian margin. Tectonic subsidence brought the Mesozoic-Cenozoic Apennine units to 
great depths, leading to a substantial accumulation of Quaternary sediments of marine, volcanic and continental 
origin, reaching thicknesses, estimated to be of at least 3000 m in some areas of the plain9,10. This subsidence 
in the area began in the early Pleistocene and caused the submersion of significant portions of the Campanian 
Plain, as indicated by the discovery of early Pleistocene marine sediments atop Mesozoic or Miocene rocks in 
deep wells10–14.

The Mesozoic-Cenozoic carbonates, submerged in the Volturno Plain, are exposed to the north and east 
of the study area. Carbonate rocks outcrop at Mt. Massico (Fig. 1), which delimits the graben to the NW. The 
relief is characterized by a basal complex consisting of dolomites, formed from the Upper Triassic to the Upper 
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Cretaceous and cropping out along the northern front of the massif15. Bruno et al.16 interpreted the NE-trending 
Massico Fault as the southern tip of the Ortona–Roccamonfina lineament. Seismic swarms suggest that some 
segments of the Ortona–Roccamonfina line remain active17. A listric geometry for the fault along the southern 
margin of Mt. Massico was proposed by Mariani & Prato18 and Torrente & Milia19, based on seismic reflection 
data and sedimentary infill growth patterns in the Campanian Plain. The horizontal displacement of Mt. Massico 
offshore suggests a left-lateral movement along this fault16. Carbonate outcrops are also found in the Caserta 
Mountains to the east (Fig.  1). These outcrops constitute a complex of mountain massifs, i.e., the Trebulani 
Mountains20 and the Tifatini Mountains21,22, often characterized by fractured and karstified limestone lithologies.

Since the Middle Pleistocene, the filling of the Volturno depression has been influenced not only by the 
interaction between fluvial inputs of Apennine origin and marine contributions but also by volcanic activity 
from numerous eruptive centers associated with the volcanic districts of Campi Flegrei, Somma-Vesuvius, and 
Roccamonfina. This volcanism developed along major structural lineaments located both at the edges and within 
the plain9,11,23–25 and represents a regional feature. Volcanic activity in the region began during the Middle 
Pleistocene at the Roccamonfina volcanic district, which was active between 630 and 53 ka26,27. This activity was 
primarily aligned along structural axes trending NE-SW and N-S. Subsequently, volcanic activity initiated at 
Ischia28 and Campi Flegrei29 during the early late Pleistocene. Campi Flegrei are located on a structural high30, 
flanked by adjacent structural lows represented by the Gulf of Naples and the Volturno Plain. This horst structure 
extends onto the mainland with an anti-Apennine (i.e., NE) orientation, reaching the northernmost areas of the 
Campanian Plain in the Caserta region30,31. The origin of Campi Flegrei can be traced back to two significant 
collapses that occurred along NE and NW structural trends and are associated with two super-eruptions: the 
Campanian Ignimbrite (39.8 ka, Giaccio et al.32) and the Neapolitan Yellow Tuff (15 ka, Deino et al.33). Shortly 
thereafter, volcanic activity began at Somma-Vesuvius14.

Fig. 1.  Simplified geological map of the Volturno Plain. Geological Units are simplified and digitized from the 
maps of Vitale and Ciarcia20 and Corrado et al.35 and superimposed on a shadow relief of from DEM data49, 
showing: (1) Meso-Cenozoic carbonatic and flysch bedrock, see details in Vitale and Ciarcia (2018); (2) Late 
Pleistocene-Holocene Roccamonfina reworked pyroclastites; (3) Late Pleistocene-Holocene alluvial deposits; 
(4) Holocene Campi Flegrei Campanian Ignimbrite deposits; (5) Holocene Campi Flegrei Neapolitan Yellow 
Tuff deposits; (6) Holocene Campi Flegrei fallout deposits (7) Holocene marsh deposits; (8) Holocene dunal 
ridge deposits. Faults, from Vitale and Ciarcia (2018), are shown in red (dashed where inferred). Symbols: 
dashed black lines indicate seismic profiles, with those shown in Figs. 3, 4, 5 and 6 highlighted in blue to 
facilitate their recognition. Asterisks in cyan color highlight the position of the exploration wells. This map was 
generated with QGIS (https://qgis.org/), version 3.34.11 (Prizren).
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Santangelo et al.10 reconstructed the Quaternary evolution of the Volturno Plain by integrating stratigraphic 
and geomorphological data. Their study indicates that the region experienced significant subsidence throughout 
the Middle and Late Pleistocene, with volcaniclastics playing a key role in its recent evolution through extensive 
aggradation. During the early Middle Pleistocene, the coastline was situated further inland, at the base of the 
main carbonate massifs bordering the basin. Subsidence rates varied across the plain, and recent data suggest 
that over the past 130 ka, phases of relative tectonic stability alternated with periods of increased subsidence, 
particularly following major volcanic events.

Vertical displacement values obtained by the processing of interferometric data34 show that presently Volturno 
river plain is characterized by significant subsidence in the central axial sectors and in the river mouth area. 
Moderate uplift, related to tectonic activity, characterizes the eastern part. Matano et al.34 interpret the subsidence 
recorded in the Volturno Plain as being mainly a consequence of a natural process related to the compaction of 
the fluvial and palustrine deposits. However, it is reasonable to hypothesize that part of this subsidence might 
have a tectonic drive. Corrado et al.35, based on the analysis of borehole logs and new geomorphological surveys, 
estimated an average tectonic subsidence rate of about 0.5 mm/year for the plain​. However, the stress field acting 
in the whole Campanian area is poorly known. Structural observations on Pleistocene faults indicate normal-
to-sinistral motion along NW-trending faults and normal-to-dextral motion along NE-trending structures36, 
consistent with fault patterns along the inner margin of the Southern Apennines. Despite the high subsidence 
rate, the Volturno Plain exhibits significantly lower seismicity than the adjacent Apennine chain (Mw ≤ 4.8; 
Luiso et al.37). Minor seismicity (Mw < 5.5), including swarms and moderate-energy earthquakes, primarily 
occurs along the plain’s margins, particularly in volcanic areas.

This work aims to investigate the tectonic settings in the Volturno Plain by estimating the depths and 
morphology of the buried carbonate basement and mapping the major fault systems that displace it. These 
analyses are based on seismic reflection profiles acquired in the 1970–80 s, integrated with gravity and magnetic 
data. Understanding the depth and structure of the carbonate basement is crucial not only for interpreting the 
tectonic dynamics of the area and identifying the major faults driving subsidence but also for exploring the 
links between tectonic processes and volcanic activity in the region. The tectonic structures in the plain may 
influence or even share dynamics with the volcanic activity observed at the margins of the plain. Exploration 
wells11,12 drilled near the towns of Parete and Villa Literno (Fig. 1), a few km to the north of the Campi Flegrei 
Caldera, found massive volcanic deposits, matching with significant, intense magnetic and gravity anomalies 
in the southern plain, and suggest the presence of ancient volcanoes buried within the sediments of the plain9.

A better understanding of the tectonic evolution of the Volturno Plain is also essential for clarifying 
its structural relationship with the adjacent volcanic complexes, including Campi Flegrei to the south and 
Roccamonfina to the north. Notably, Campi Flegrei, located about 15 km west of Naples, is one of the most 
active and hazardous volcanic regions in the world. Its history of frequent explosive eruptions and proximity 
to densely populated areas poses a significant risk, further emphasizing the importance of understanding the 
tectonic-volcanic interactions in this region.

Seismic data
Vectorization and analysis
The dataset used for this study consists of nineteen TIFF and PDF images of time-migrated seismic profiles, 
dating back more than forty years. The seismic lines were acquired between 1977 and 1988. Early profiles 
(fourteen, acquired in 1977, 1980 and 1981) used explosive charges (2–5 kg) placed in wells at depths of 16–26 
m, with geophone arrays typically consisting of 48 to 60 groups spaced 50 m apart, each summing signals from 
24 geophones. For the five profiles acquired in 1988, the number of geophone groups increased to 120 with 
30-meter spacing, improving resolution and fold. These later recordings utilized four seismic vibrators with 
a 10-second, 12–70 Hz linear upsweep. Overall data quality is high, though it deteriorates below 2–3 s, Two-
Way-Travel-Time (TWTT) due to limited CDP coverage, choice of swept frequencies, and use of 14-Hz vertical 
geophones combined with analog band-pass filtering (8–125 Hz, 18 dB/Oct.). Original processing involved initial 
steps such as data demultiplexing,  amplitude correction to compensate for wavefront geometrical spreading 
and, when necessary, the definition of a crooked line geometry. Predictive deconvolution was a critical phase in 
this process, aiming at attenuating short-period multiples38,39. Deconvolution was followed by seismic velocity 
analysis, which is needed for the normal-moveout correction and common midpoint stack38,39. Subsequent 
refinement efforts focused on improving velocity models and CMP stacks through iterative cycles of residual 
statics corrections, complemented by further velocity analysis. Dip moveout correction, wavelet conversion 
from minimum to zero phase, and time-variant filtering completed the processing phase. A finite-differences 
time migration algorithm40 was applied post-stack.

The initial phase of our work involved vectorizing the images using a code developed in MATLAB® by 
Sopher41. In contrast to other programs, Sopher41 describes the method used for detecting trace baselines and 
identifying/removing timelines on the seismic image. Vectorization implies a certain degree of approximation 
(see Fig. 2); however, quantitative analysis of the method’s performance shows that an average trace-to-trace 
correlation coefficient ranging from 0.8 to 0.95 can be attained for typical plotting styles41. The georeferenced 
vectorized profiles, in SEGY format, were subsequently imported into Landmark’s SeisSpace processing suite for 
signal enhancement and conversion into depth using the original root mean square (RMS) velocity functions 
published in the TIFF images. Finally, the depth-converted, time-migrated seismic profiles were loaded into the 
open-source suite OpendTect® for interpretation. It is worth noting that depth conversion when solely based on 
surface P-wave velocity estimates, may be subject to an average error of 10%38. However, our interpretation of 
carbonate depths was calibrated with data from numerous exploration wells drilled in the plain, some of which 
are positioned along the seismic profiles.
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Seismic data Interpretation
Our goals for this phase were identifying the top of the carbonate units of Upper Triassic to Early Miocene age 
and the main faults dissecting it. We have deliberately ignored the complication of the reflective sequence above 
the top of carbonates. Faults were interpreted only when seismic data showed consistent reflector offsets and 
amplitude reductions or anomalies along the fault surface. Identification criteria included abrupt changes in 
reflection patterns, truncations or displacements of reflections and, where present, growth strata in the hanging 
wall dipping toward the fault. Identifying the top carbonate on seismic data relies on analyzing its reflection 
characteristics and the configuration patterns of the reflectors above it. Seismically, this interface appears as 
a highly reflective event, marked by a few low-frequency cycles with variable energy16. Locally, this reflector 
shows unconformity relationships with the overlying, mainly continuous and parallel reflectors, which may 
represent: (a) sedimentary and pyroclastic sequences of Plio-Quaternary age, (b) Mio-Pliocene sediments, and 
(c) terrigenous successions, primarily of Tertiary age. This thick Quaternary-to-Tertiary sequence deposited 
above the carbonates has been penetrated by nearly all wells9. Stratigraphic data11 show that this sequence 
exceeds 3300 m in thickness in the Volturno Plain. As the carbonate deepens, the signal-to-noise ratio decreases, 
making identification more challenging. Analyzing configuration patterns, cross-referencing with other seismic 
lines, and using data from numerous wells becomes crucial for distinguishing between various alternatives. 
Carbonate outcrops have served to constrain the depths of the basement.

To illustrate the tectonic style of the area, the reflectivity characteristics of the Meso-Cenozoic basement 
and the Plio-Quaternary fill of the Volturno Basin, we present interpretations of selected seismic profiles in 
Figs. 3, 4, 5 and 6. Our structural and stratigraphic interpretations of the post-stack time-migrated and depth-
converted seismic images are based on comparisons of reflection character and configuration patterns. Our 
interpretation considers: (1) gravity and aeromagnetic data42,43; (2) P-wave seismic velocities derived from the 
analysis of the seismic profiles; and (3) litho-stratigraphic information from the numerous deep boreholes and 
related geophysical logs available in the area (Fig. 1: Ippolito et al.11, Bernasconi et al.12). We also consider the 
geological, geophysical, and stratigraphic data collected in the Volturno Plain, published in both recent and 
older works6,9,10,14,16,18,20,37,44–47. Although47 Plio-Pleistocene reflectors are not the primary focus of this study, 
the main unconformities have been highlighted in the interpreted seismic sections shown in Figs. 3, 4, 5 and 6.

Figure 3 shows Line 18, which intersects the only well that reaches the Meso-Cenozoic basement at a depth 
approximately 1.5 km below the surface. This profile clearly displays the basement’s reflectivity characteristics, 
appearing as a relatively continuous doublet with a significantly lower frequency than the reflector package 
of the overlying basin fill. This reflector is generally associated with high P-wave velocities (VRMS > 4000 m/s) 
and marks the top of a poorly reflective, low-frequency seismic zone below, characteristic of massive carbonate 
units. Aside from the probable boundary between Mesozoic and Miocene carbonates, we interpret that most of 
the reflectivity observed beneath the doublet is likely attributed to multiples that were not effectively attenuated 
during processing. As the basement deepens, particularly on the left side of the section, the signal-to-noise ratio 
decreases, making it more challenging to trace the basement’s continuity. The profile also reveals a series of 
normal faults at approximately 2 km and 9–10 km along the line, dissecting the top of the carbonates. In some 

Fig. 2.  Comparison between the seismic data in bitmap TIFF format (A) and the result of vectorization (B) 
achieved using a MATLAB code developed by Sopher41. Vectorized data are plotted in a style consistent with 
the input data. Notably, timelines present in the bitmap have been effectively removed during the process. 
While vectorization involves some level of approximation, the comparison reveals minimal differences between 
the two images.
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cases, these faults extend into the overlying reflectors, though the decreasing offset prevents clear evidence of 
displacement.

Figure 4 shows a composite image combining parts of profiles 19 and 20, acquired along the coastline and 
intersecting the mouth of the Volturno River at a metric distance of 3.3 km. As evident from the geological 
map of Fig. 1, lines 19–20 run near Mt. Massico horst, located to the north of the map. The composite seismic 
section reveals a network of low-angle, anastomosing normal faults with a listric geometry, downthrowing the 
Meso-Cenozoic basement from a few hundred meters at the start of the line to over 5 km at approximately 12 
km. The overlying sediments are deformed due to fault activity, particularly showing a well-defined reverse drag 
between 2 and 5 km along the profile. Additionally, this image confirms that when the carbonate basement is 
deeply buried, poor signal-to-noise ratios complicate the ability to trace its continuity on the seismic profiles, 
making interpretation more challenging, as also discussed above, implying that constraints (wells and tie-lines) 
are fundamental for the interpretation.

Figure 5 presents the interpretation of Line 10, which trends NNW (see Fig. 1). The profile reveals a fault 
zone (F2-F4) south of Mt. Massico, corresponding to the same fault shown in Fig. 4, hereafter referred to as 
the Mt. Massico Fault. This fault zone rapidly downthrows the carbonate basement towards the SE, reaching 
depths exceeding 5 km. The basement then gradually rises to the south, defining a half-graben, with the master 
fault being Mt. Massico Fault. Despite the similarity in azimuth between this profile and the composite profile 
in Fig. 4 and a lateral spacing of about 3 km, the low-angle fault visible in the previous profile appears steeper 
here. This discrepancy suggests either a change in the strike of the Mt. Massico Fault near the coast, leading to an 
inaccurate representation of its true dip, or a significant decrease in fault dip near the coastline.

The previous interpretation is supported by the interpretation of Line 7 (Fig. 6), which starts approximately 
5 km south of Mt. Massico massif and runs NW-SE, terminating SW near the town of Grazzanise (see Fig. 1). 
Line 7 intersects Line 10 at approximately 4.5 km and the tectonic framework revealed is very similar to that of 
the previous profile, confirming the presence of a fault zone south of Mt. Massico, as clearly depicted in Fig. 4. 
Here our interpretation shows the half-graben structure from a slightly different azimuth, with the basement 
gradually rising towards the SE and reaching a minimum depth of 1.6 km below well QLN1, about 1.5 km to the 
south of the town of Villa Literno. Like the previous profile, this line intersects or is close to several exploration 
wells, which are crucial in defining a minimum depth for the carbonate basement, thereby reinforcing the 
reliability of the seismic interpretation regarding basement depth. As with the previous profile, but more 

Fig. 3.  (A) Grayscale image of the time-migrated and depth-converted Line 18. (B) Interpretation. In this and 
the following figures (4–6) yellow lines (dashed when uncertain) show interpreted faults; dashed white lines 
indicate major unconformities or the brightest reflectors in the upper Plio-Quaternary sequence; the Meso-
Cenozoic carbonate basement is colored in blue. Well APR1 intersects this line at ~ 8.5 km. This is the only well 
in the Volturno area that penetrates the Meso-Cenozoic carbonate basement, reaching it ~ 1.5 km from the 
surface. The other well (QLN1), is projected onto the seismic profile, from 1.5 km to the south (see Fig. 1) and 
reaches a depth of 1.2 km within the Plio-Quaternary sequence (pale yellow).

 

Scientific Reports |        (2025) 15:21602 5| https://doi.org/10.1038/s41598-025-03836-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


distinctly in this line, the Plio-Pleistocene basin fill overlying the carbonate basement is significantly deformed 
and includes several unconformities and bright spots, the latter likely originating from volcanic deposits, as 
suggested by well stratigraphy of QLN1.

Figure 7A shows, as an image map, overlaid by contour lines, the gridded depths of the Meso-Cenozoic 
basement in the Volturno Plain, derived from seismic profiles (white dashed lines) and constrained by basement 
outcrops (black dots) at NW (Mt. Massico), N and E (Caserta Mountains). Basement depths interpreted from 
the seismic profiles and outcrop data were interpolated using a kriging algorithm48. Approximately 12,000 points 
were interpolated into a grid of 9,292 nodes, with spacing of 101 m (easting) and 92 m (northing), covering 872 
km² and including the Volturno Plain and parts of the Massico and Caserta Mountains (Fig. 1).

This map reveals that the carbonate basement is primarily controlled by NE- and NW-trending fault systems. 
The main fault system responsible for most of the subsidence in the plain is composed of the Mt. Massico Fault 
System, made of a set of anastomosing normal faults (F1-F5), well evident on profiles 19 and 20 (Fig. 4) and 
forming a broad fault zone predominantly NE-striking, located SW of the Massico horst. This fault system causes 
the Meso-Cenozoic carbonate basement to subside by more than 5 km at about 10 km south of Mt. Massico. It 
should be considered the master fault system of the Volturno half-graben.

Fig. 4.  (A) Grayscale seismic image combining parts of Lines 19 and 20 across the Volturno River mouth (with 
overlapping areas removed). (B) Interpretation of seismic data. The seismic image reveals a set of low-angle 
anastomosing normal faults that form a broad fault zone, causing the Meso-Cenozoic carbonate basement 
(blue) to subside by more than 5 km south of the Mt. Massico outcrops. Symbols: F2, F3, F5, major faults;'??', 
features of uncertain interpretation. For other symbols see the caption of Fig. 1.

 

Scientific Reports |        (2025) 15:21602 6| https://doi.org/10.1038/s41598-025-03836-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Figure 7A also shows that the deepest part of the Volturno graben (> 5000 m) lies about 3 km north of 
the current Volturno River mouth. Faults F1-F5 accommodate most of the vertical displacement of the half-
graben as evident in the seismic profiles (Figs. 3, 4, 5, 6 and 7), while NE-trending, NW-verging faults (F9, 
F10, F18-to-F24), bounding to the SE the area of maximum subsidence (> 3000 m, in blue tones in Fig. 7A) are 
here interpreted as secondary, conjugate structures to the main SE-verging fault system (F1-F5). Additionally, 
NW-trending faults (F7–F15) appear less frequent and are considered a subordinate system contributing to the 
subsidence of the carbonate basement from the Caserta Mountains toward the depocenter.

Potential Field data Analysis and Interpretation
Gravity data
The Bouguer anomalies in the Volturno Plain area were digitized from the Gravity anomaly map of Italy42 and 
gridded at a regular step of 500 m. The gravity data were separated into regional and local (residual) components 
using a first order regression. The regional component approximates the gravity component of deep origin, 
presumably related to the deepening of the Moho from the Tyrrhenian area (SW) to the Apennine chain axis 
(NE), creating an evident SW-NE decrease of the gravity values in this area. After subtraction of the regional 

Fig. 5.  (A) Grayscale image of a particular of the time-migrated and depth-converted Line 10. (B) 
Interpretation. This line is situated near two clusters of exploration wells, which reach a maximum depth of 
~ 3300 m (CNC1), though none penetrates the Meso-Cenozoic carbonate basement. Symbols: MM; multiples; 
F2, F4, F9, F20; major faults. For other symbols see the caption of Fig. 1.
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component from the original data, the residual field shows local components that appear more tightly related to 
shallow sources (Fig. 7B). The main feature is a gravity low of amplitude about 20 mGal located on the west side 
of the study area (A in Fig. 7B), corresponding to the lower course of the Volturno River, about 7 km upstream 
from its estuary in the Tyrrhenian Sea. This gravity low extends slightly eastward, forming a pronounced 
branch (A’). It is bounded by gravity highs associated with the foothills of the Apennine Chain, specifically 
Mt. Massico to the north and the Trebulani/Tifatini Mountains to the east. This gravity low is interpreted as 
resulting from the subsidence of the carbonate basement, which outcrops to the north and east, and is marked 
by strong gravity highs. The low is caused by the density contrast between the carbonate series and the marine, 
fluvial, and volcanoclastic sediments filling the basin. In the southern Volturno Plain, the gravity field shows 
local highs (B and C in Fig. 7B) likely related to buried massive igneous bodies identified in exploratory wells 
PRT2 and VLL19,11,50. Other gravity highs in this region (e.g., D in Fig. 7B) can be instead attributed to buried 
carbonate horsts, as suggested by magnetic data analysis (Fig. 8A). In the northern part of the study area, east 
of Mt. Massico, the residual gravity map reveals a southwest-elongated high (E in Fig. 7B), corresponding to the 
buried portion of a carbonate ridge. Northwest of this ridge, a gravity low (F) extends northwards, connecting 
the Volturno Basin with another tectonic depression that hosts the Roccamonfina volcanic complex51.

We applied enhancement methods to the residual gravity field shown in Fig. 7B to delineate the edges of 
the gravity sources. Specifically, we employed a high-resolution boundary estimator based on the horizontal 
derivative technique, known as the Enhanced Horizontal Derivative (EHD; Fedi and Florio52). The EHD is 
defined as the amplitude of the horizontal derivative of a summation of vertical derivatives of various orders 
of the gravity field, each weighted according to schemes designed to selectively enhance different features of 
the original field. Like other boundary detection methods, EHD highlights the lateral edges of gravity sources 

Fig. 6.  (A) Grayscale image of the time-migrated and depth-converted Line 7. (B) Interpretation. Like the 
previous profile, this line also intersects or is near several exploration wells, with a maximum depth of ~ 3300 
m (CNC1), though none of the wells reach the Meso-Cenozoic carbonate basement. Symbols: F5, F9, F18-F20; 
major faults. For other symbols see the caption of Fig. 1.

 

Scientific Reports |        (2025) 15:21602 8| https://doi.org/10.1038/s41598-025-03836-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


through its maxima, enabling fast and preliminary mapping of concealed geological features. However, unlike 
other techniques, EHD may implement a Multiscale Derivative Analysis (MDA; Fedi53), acting as a filtering 
process without explicitly separating field components. By carefully selecting and weighting derivatives of 
different orders, EHD can enhance the gravity field at specific scales (e.g., local, intermediate, or regional). For the 

Fig. 7.  (A) Contour map of Meso-Cenozoic basement depths in the Volturno Plain, derived from interpolated 
seismic profile data (white dashed lines) and constrained by basement outcrops (black dots) at Mt. Massico 
(NW) and the Caserta Mountains (NE, E). (B) Contour map of the residual Bouguer anomaly, digitized from 
the Gravity Anomaly Map of Italy (Carrozzo et al.42) and gridded at 500 m intervals. Both maps include shaded 
relief from DEM data49, exploration wells (white dots), and fault strikes interpreted from seismic data (ticks 
mark the downthrown side). The coordinate system is WGS84 UTM Zone 33 N. This map was generated with 
Surfer (www.goldensoftware.com), version n. 27 (2024).
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Fig. 8.  (A) Image map of the Enhanced Horizontal Derivative (EHD; Fedi and Florio52), with values 
normalized between 0 and 1. EHD maxima are indicated by long dashes and plus signs. Maxima labeled 
“CL” correlate with faults from seismic and other data, while “UL” remain uncorrelated. (B) Contour map of 
aeromagnetic data for the Volturno Plain, digitized from AGIP maps (1:500,000 scale43), and gridded at 2000 
m intervals. Both maps include shaded relief from DEM data49, exploration wells (white dots), and fault strikes 
from seismic interpretation (ticks mark the downthrown side). This map was generated with Surfer (www.
goldensoftware.com), version n. 27 (2024).
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residual gravity field in Fig. 7B, we focused on enhancing intermediate-scale features by incorporating second- 
to fourth-order derivatives with unit weights in the EHD computation. The EHD map is shown in Fig. 8B. The 
EHD edges often coincide with tectonic structures, particularly where geological formations with contrasting 
densities are in lateral contact (e.g., the Meso-Cenozoic carbonate basement and marine or continental deposits).

Magnetic data
The aeromagnetic dataset for the Volturno Plain was digitized from AGIP maps at a 1:500,000 scale43 relative to 
an altitude of 2590 m above sea level and subsequently interpolated onto a regular grid with a 2000 m spacing. 
The dataset was reduced to the pole, so minimizing the offset between anomaly features and source positions, 
using the local average IGRF direction for both the inducing field and total magnetization vectors (Fig. 8B).

The reduced-to-the-pole total field in Fig. 8B is relatively flat in all of the Volturno plain, with the significant 
exceptions of strong magnetic anomalies along its northern and southern boundaries. Northern anomalies 
(north of F in Fig.  8B) are clearly associated with the presence of igneous products originating from the 
Roccamonfina volcanic complex. In contrast, the southern anomalies B and C (coincident with gravity 
anomalies) can be interpreted as related to the easternmost part of the “41 st parallel” magnetic lineament, a > 
200 km long transform zone separating the northern and the southern Thyrrenian basins16,31,54. Exploratory 
wells (QLN1, PRT2, VLL1, and GNS; Fig.  8B) drilled near or in correspondence to the southern anomalies 
confirm the presence of igneous bodies, including lava and pyroclastic deposits, embedded within the sediments 
of the Volturno Plain. Notably, the stratigraphy of wells PRT2 and VLL1, located close to the centers of anomalies 
B and C in Fig. 8B, reveal more than 1600 m thick andesitic lavas50. As can be noticed in Fig. 8B, the magnetic 
anomaly in the Villa Literno area (B) is more intense than that in the Parete area (C). As said above, the presence 
of these dense lava bodies also generates gravity highs; however, in this case the strongest gravity anomaly is 
that in the Parete area (anomaly C in Fig. 7B). On the other hand, gravity high D, located about 5 km north of 
magnetic anomaly C, does not coincide with any magnetic anomaly, suggesting that its source has a non-igneous 
nature and it is likely generated by a carbonate basement high.

Comparative analysis of results
The comparison between the gravity anomalies and the depth map to the carbonate basement (Fig. 7) reveals 
significant similarities. First, the gravity low observed north the mouth of the Volturno River has a similar 
shape to that of the carbonate basement low derived by the interpretation of seismic data. Notably, the gravity 
minimum does not align perfectly with the maximum depth of the carbonate basement estimated from 
seismic data, instead being offset by approximately 3 km to the northeast. This discrepancy may result from 
heterogeneities in the sediments filling the plain (e.g., cemented breccias, carbonate olistostromes), which cause 
variations in relative density and consequently affect the gravity response. One significant feature identified 
through seismic and gravity data is a north-elongated low in both maps (“F” in Fig. 7), which links the Volturno 
Plain to the Roccamonfina volcano. This feature, which could be interpreted as a graben, is flanked by Mt. 
Massico to the west and by the NE-trending carbonate ridge of the Trebulani Mountains (“E” in Fig. 7) to the 
east. Some differences in shape between the two maps, including the less pronounced secondary minimum 
A’ in the seismic data, can be attributed to the different areal data distribution of gravity and seismic data. 
The carbonate basement depth map was created by interpolating depth data sampled along seismic profiles 
irregularly distributed in the Volturno plain. In fact, the regions not crossed by seismic lines are sometimes 
significant in extent. In contrast, the gravity anomaly was more homogeneously sampled, providing a more 
uniform coverage of the Volturno Plain area.

To facilitate comparison, the fault pattern interpreted from seismic data was overlaid onto the gravity and 
magnetic maps. This reveals that the interpreted NE- and NW-trending tectonic structures bound nearly all 
gravity features, including the A–A’ minimum. Moreover, the A–A’ gravity low exhibits contour lines aligned in 
NE and NW directions. The same pattern is observed in the gravity high bounding Mt. Massico to the northwest. 
Additionally, the plain area adjacent to the Caserta Mountains shows a clear NE trend in the Bouguer Anomaly, 
closely following the NE trend of the carbonate basement. This alignment provides further evidence supporting 
the existence of NE- and NW-oriented tectonic structures in the Volturno Plain.

To assess the consistency of fault strikes interpreted from seismic profiles with gravity data, we compared 
them to the lateral edges of gravity sources identified by EHD maxima in Fig. 8A. It can be observed that most 
maximum amplitude trends of the EHD (“CL” in Fig. 8A) align well with the major fault lines inferred from 
seismic data. However, some linear trends of EHD maxima run parallel to certain faults but are consistently 
offset by a fixed distance relative to them. (e.g., F18-19–22 and CL22 in Fig. 8A). This horizontal shift between an 
EHD maxima trend and a mapped fault has been observed in similar structural settings37,55. This phenomenon 
is particularly evident for trends CL1 (partially), CL18, CL21, and CL22 in Fig. 8A and can be explained by the 
fact that for non-vertical faults, the EHD maxima trends are offset from the fault’s outcropping trace towards 
the dipping direction. Thus, these trends do not correspond to the fault position at the surface but exhibit an 
offset that increases with the fault throw and decreases with the dip angle56. Additionally, it should be noted that 
several linear trends of EHD maxima (labeled “UL” in Fig. 8A) are visible in areas where no faults are mapped 
based on seismic interpretation. This may occur either because some tectonic features remain undetected (e.g., 
areas not sampled by seismic profiles) or because the EHD highlights lateral density contrasts unrelated to faults. 
Nonetheless, the EHD map has proven to be a valuable tool for supporting structural interpretation of seismic 
profiles, as it confirms the presence of structural elements while also enabling the mapping of lateral extents of 
features that are hidden or visible only in limited areas along seismic profiles.

A further comparison of gravity and seismic data with the reduced-to-the-pole magnetic map shown in 
Fig. 8B reveals several shared features across the three datasets. Aside from the magnetic anomalies attributed 
to the Roccamonfina volcanic complex in the north and the strongly magnetized lava bodies in the Villa Literno 
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and Parete areas in the south, the Volturno Plain, including the area characterized by maximum basement 
subsidence, shows magnetic field anomalies of very low amplitude. This map thus enables the clear delineation 
of the basin fill, consisting predominantly of low-magnetization lacustrine and alluvial sediments, and areas 
containing highly magnetized lava bodies. As for gravity data, also magnetic anomalies in the map display 
boundaries mainly oriented in NE and NW directions. Notably, the magnetic highs B and C to the south, linked 
to the easternmost extent of the 41st parallel magnetic feature, likely indicate that volcanic activity related to the 
opening of the Tyrrhenian basin also occurred onshore, just north of the Campi Flegrei volcanic district and is 
presently buried under several hundred meters of Quaternary sediments.

Discussion and Conclusions
This study describes a multidisciplinary approach employed to investigate the tectonic and subsurface settings of 
the Volturno Plain by integrating vintage seismic reflection profiles, gravity and magnetic data. It demonstrates 
the value of legacy data combined with modern multidisciplinary analysis and interpretation techniques in 
unraveling the subsurface of large alluvial plains. Our findings provide a reliable tectonic framework for the 
Volturno Plain and highlight potential links to volcanism. The combined analysis of seismic profiles and gravity 
data allowed us to define a system of predominantly NE- and NW-trending normal faults that control the deep 
subsidence of the Meso-Cenozoic carbonate basement. These findings are summarized in the tectonic maps 
presented in Fig. 9. The faults depicted in this figure slightly differ from those in earlier figures, as they integrate 
the comparative analysis of seismic data and EHD trends obtained from gravity data (see Figs. 7 and 8). The 
EHD analysis was particularly useful for verifying the strike of many faults interpreted from 2D seismic profiles 
data and, in several cases, extending tectonic structures into areas not covered by seismic lines.

Our revised fault architecture accommodates basement displacements exceeding 5 km beneath the Volturno 
river delta, defining a half-graben system. These faults, consistent with NW- and NE-striking regional subsidence 
trends observed along the Tyrrhenian margin6–8,18, drive the downward displacement of the Meso-Cenozoic 
carbonate rocks towards the coast. Our findings align with morphotectonic and mesostructural analysis of 
Mt. Massico and Caserta Mountains3,20,35. Fault displacement at Mt. Massico (slip rates: 2–2.5 mm/yr from 
1.45 Ma to 0.36 ka and 0.2–0.5 mm/yr from 36 ka to present; Cinque et al.57) reaches several hundred meters, 
juxtaposing Quaternary deposits of the plain against carbonate and siliciclastic units. Notably, Mt. Massico’s Late 
Quaternary evolution reflects the Tyrrhenian margin’s E-W extensional regime3,8. Stratigraphic58 and remote 
sensing data34,59, confirm ongoing extensional kinematics in the plain.

To further contextualize our fault interpretation, we compared it with the fault network mapped by Vitale 
and Ciarcia20, shown in white in Fig. 9A. Their map integrates decades of studies (see references in Vitale and 
Ciarcia20), reinterpretations of 1:100,000 and 1:50,000 geological maps15,60, and original field surveys. Completely 
covered by Quaternary sediments and lacking significant bedrock outcrops, the Volturno Plain’s mapped faults 
are necessarily inferred from geophysical and remote-sensing analyses rather than direct outcrop observations. 
While most E-W faults they report in the Volturno Plain are inconsistent with the NE and NW fault trends 
revealed by our data, their NE- and NW-trending faults generally align with or extend the trends of our faults. 
Notably, their NE- and N-trending faults south of Mt. Massico correspond to our Mt. Massico Fault System, 
particularly splays F1 and F4, while their NE-trending fault near Villa Literno partly aligns with our Villa Literno 
Fault System (i.e., F19, F18, E18, F22).

Figure 9A presents a color map of cumulative vertical ground displacement (1992–2010; see Buffardi et 
al.61), derived from InSAR measurements34. Displacement patterns roughly align with our major NE and NW 
fault trends, though smaller-scale eastward and northward trends are superimposed. Subsidence maxima do 
not perfectly overlap to the main plain depocenters inferred by seismic interpretation or to gravity lows (labels 
A–F: Fig. 9A). The Volturno Plain currently exhibits subsidence rates up to 16 mm/year, far exceeding long-
term tectonic slip rates (~ 0.5-to-1 mm/year35,57). While tectonic subsidence contributes to cumulative vertical 
displacement, present-day deformation appears largely driven by non-tectonic processes such as sediment 
compaction, groundwater extraction, and other anthropogenic activities34, as often observed in sedimentary 
basins subjected to human-induced stresses. Our findings suggest that non-tectonic processes primarily drive 
short-wavelength deformations, while tectonic processes control broader-scale patterns. Therefore, tectonic 
subsidence remains active, primarily controlled by two NE-trending fault zones, the Mt. Massico Fault System 
(i.e., F1-to-F5) and the Villa Literno Fault System (i.e., F19, F18, E18, F22) (Fig.  9B). This interpretation is 
consistent with the results of Luiso et al.37, who documented ongoing fault activity at Mt. Massico since the Plio-
Pleistocene, characterized by low-energy earthquakes (Mw ≤ 4.8). The Mt. Massico and Villa Literno faults likely 
contribute to present-day deformation through aseismic creep and low-magnitude seismicity.

Figure 9B compares the main tectonic structures identified in this study with epicentres of instrumental 
(1985–2024, ISIDe Working Group62) and historical earthquakes (ASMI-CPTI: Rovida et al.63). The sparse 
and low-magnitude seismicity observed supports the hypothesis that present-day deformation along these 
fault systems is mainly aseismic. Insets display polar histograms of fault orientations, comparing our results 
(histogram a) with the faults reported by Vitale and Ciarcia20 (histogram b), most of which were identified at the 
outcrop scale, particularly in Mt. Massico, the Tifatini Mountains, and the Trebulani Mountains. Some of these 
faults are depicted in white in Fig. 9A. Both histograms account for fault length, though the inferred Volturno 
Plain faults from Vitale and Ciarcia20 are not included. Our dataset reveals consistent dominant trends aligned 
with NW and NE directions, in agreement with the regional tectonic framework. While Vitale and Ciarcia’s20 
field data, offering high-resolution measurements at the outcrop scale, predominantly show NW trends, our 
broader spatial coverage allows for the identification of additional structural trends, particularly a pronounced 
NE orientation not as strongly represented in field observations. This difference likely stems from the ability 
of geophysical methods to detect buried NE-trending structures that may be poorly exposed at the surface. 
Although field data provide essential ground-truth validation, the integration of seismic, gravity, and magnetic 
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Fig. 9.  (A) Image map of cumulative vertical ground displacement (1992–2010) from InSAR measurements61, 
based on Persistent Scatterer interferometry datasets (Matano et al.34). Fault segments mapped by Vitale and 
Ciarcia20 are in white; inferred faults are dashed. (B) Updated tectonic map of the Volturno Plain. In areas 
lacking seismic coverage, faults identified solely from EHD maxima are labeled with an “E” prefix (e.g., E25–
E28). Insets show rose diagrams of fault orientations. Yellow circles and orange stars represent instrumental 
(1985–2024, ISIDe Working Group62) and historical earthquake epicenters (ASMI-CPTI catalog: Rovida et 
al.63), including the 1960 Mw 5.2 Roccamonfina, 1457 Mw 4.4 Capua, and 1950 Mw 3.7 Pignataro Maggiore 
events. Symbol size is proportional to magnitude. Both maps include shaded relief from DEM data49 and fault 
strikes interpreted in this study (black, with ticks marking the downthrown side). This map was generated with 
Surfer (www.goldensoftware.com), version n. 27 (2024).
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analyses in this study highlights the dominant role of NE-trending faults in shaping the geometry and evolution 
of the Volturno half-graben, providing a complementary regional perspective on fault distribution.

The significance of the NE-trending faults extends beyond the Volturno Plain, as they appear to influence 
broader regional tectonic and magmatic processes in the whole Tyrrhenian margin. Their role in controlling 
Campanian volcanism is well established8,16,64–70. Acocella and Funiciello71, suggest that NE transtensive 
structures act as transfer faults accommodating differential extension within the stretched Tyrrhenian crust. 
According to them, these structures influence magma emplacement by: (1) forming extensional basins where 
decompression promotes magma accumulation at NW and NE fault intersections, leading to central volcanoes; 
and (2) enhancing permeability through strike-slip motion, facilitating fissure eruptions. While regional NW 
extension drives magma ascent, NE-trending faults play a critical role in controlling its emplacement at shallower 
levels.

Similar tectonic-magmatic interactions such as those in the Volturno Plain are observed further north. 
Roccamonfina volcano sits at the intersection of a NW-trending depression and the NE-oriented Garigliano 
graben, whose Early Pleistocene evolution was controlled by the Northern Mt. Massico Fault51. Colli Albani 
volcanism takes place at the intersection of NW faults within a N-S shear zone72. In Larderello, NE-trending 
transfer zones accommodate deformation, forming pull-apart basins that localize magmatism73. Mt. Amiata’s 
Pleistocene volcanic centers align NE, consistent with trends controlling other Italian volcanic fields74. These 
examples are in line with Acocella and Funiciello’s71 view that NE-trending transfer zones are key to volcanic 
evolution along the Tyrrhenian margin.

Additional evidence comes from NE- and NW-oriented gravity and magnetic highs identified in the southern 
Volturno Plain, near Campi Flegrei. In this sector, exploration wells PRT2 and VLL130,50 reveal ~ 2000 m of 
Pliocene-Quaternary volcanic deposits. These are interbedded with alluvial and marine sediments in the wells 
to the north of the town of Villa Literno (e.g., QLN1), reflecting the interplay between magmatic activity and 
tectonic subsidence, particularly high during the Quaternary10. Thick volcanic sequences correlate with gravity 
and magnetic anomalies and suggest buried volcanic edifices, as proposed by Ortolani and Aprile9. This volcanic 
activity, localized in the southern part of the plain where NE- and NW-trending regional faults intersect the 41st 
Parallel Lineament, is consistent with large-scale features observed at Campi Flegrei, where the caldera is also 
structured along NE- and NW-trending fault systems, with NE-trending transfer structures playing a primary 
role64.

Our findings confirm that the Phlegraean volcanic system, both continental and insular, developed along 
a NE-trending structural high30, bounded by two half-grabens: the Volturno Plain (controlled by the NE-
trending Mt. Massico Fault System) and the Gulf of Naples (controlled by the NE-trending Magnaghi-Sebeto 
Fault31,66,70,75.

Data availability
Gravity and Magnetic data sets generated during the current study are available from the corresponding author 
on reasonable request. Restrictions apply to the seismic reflection data used for the current study, which are not 
publicly available.
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