Structural and geodynamic framework of Tyrrhenian margin
The investigated coastal sector lies along the Tyrrhenian flank of the Apennine chain, a region where the long-term construction of the orogenic wedge, the development of the Tyrrhenian back-arc basin and later extensional tectonics have interacted through time. 
The geodynamic evolution of this margin reflects the construction of the foreland-directed shortening Apennine orogenic wedge during subduction and collision involving Africa–Europe convergence, and the subsequent development of the Tyrrhenian extensional margin driven by slab retreat and back-arc opening during Tortonian–Pleistocene (Vitale and Ciarcia, 2013; Ciarcia and Vitale, 2024). 
Rather than representing a single extensional episode, recent geological and geophysical studies indicate that the eastern Tyrrhenian margin evolved through successive stages of continental extension and hyperextension, associated with the progressive eastward migration of deformation and magmatism accompanying slab rollback. During this evolution, crustal stretching generated rotated fault blocks, low-angle detachment systems, fault-bounded depocentres and widespread volcanic activity, producing the inherited structural architecture that presently controls the distribution of carbonate structural highs, sedimentary basins and coastal plains along the peri-Tyrrhenian margin (Milia et al., 2026).
Potential-field modelling and integrated geophysical investigations further show that the Tyrrhenian side is characterized by a shallower crustal structure compared to the Apennine belt, with gravity-based estimates placing the crystalline basement at depths of about 2-4 km beneath the Tyrrhenian back-arc domain and up to 14 km beneath the inner Apennine thrust-and-fold belt, while the Moho deepens from about 11 km beneath the back-arc Tyrrhenian basin to more than 34 km beneath the Apennine orogen. This crustal configuration reflects the transition from the thinned Tyrrhenian domain to the structurally thickened Apennine chain and provides a first-order geodynamic framework for interpreting possible spatial differences in coastal vertical land motion (Kelemework et al., 2021). 
The Tyrrhenian margin lies along the western side of the Central–Southern Apennine system, where active subduction is no longer the dominant process and the high topography is not fully compensated by a crustal root (i.e., crustal thickening alone cannot account for the observed elevation) and is associated with positive residual topography, positive vertical motions and a thermal anomaly at Moho depth, suggesting an additional regional component of mantle-driven dynamic support following slab break-off (Lanari et al., 2023).
This implies that a long-wavelength geodynamic component may be superimposed on the regional sea-level signal, whereas local departures may reflect faulting, basin subsidence, sediment compaction or structural inheritance (Lanari et al., 2023).
The Tyrrhenian coastal belt displays a strongly segmented morpho-structural architecture, expressed by the alternation of carbonate structural highs (Circeo Promontory, Aurunci Mountains, Mt. Massico, Lattari Mountains and the Cilento Promontory) with fault-controlled sedimentary basins and coastal plains such as the Tiber Delta, Formia–Gaeta, Garigliano, Volturno and Sarno plains. Many of these morpho-structural domains continue offshore and correspond to crustal blocks inherited from the polyphase extensional evolution of the eastern Tyrrhenian margin, where hanging-wall subsidence and footwall uplift generated tilted blocks, accommodation zones and spatially variable subsidence patterns (Tavani et al., 2021; Milia et al., 2026; Aiello et al., 2026).
This segmentation is particularly evident across the southern Latium–northern Campania transition, where the Ponza–Alife accommodation zone marks a major inherited structural boundary within the Tyrrhenian back-arc margin. This ENE–WSW-oriented system extends from the offshore Ponza Ridge through the Formia–Garigliano area toward the Alife Basin and separates crustal domains affected by different extension directions (Tavani et al., 2021), reflecting how the present-day arrangement of carbonate highs, fault-bounded plains and offshore basins is partly controlled by deep structural inheritance.
Linking long-term tectonic inheritance with present-day deformation
The inherited tectonic framework outlined above represents the long-term geological architecture within which present-day crustal deformation occurs. However, the persistence of inherited structures does not necessarily imply that all fault systems remain equally active today. Independent geodetic observations are therefore required to assess whether the spatial segmentation inherited from the Plio–Quaternary evolution of the Tyrrhenian margin is still reflected in contemporary vertical land motion.
Over the last two decades, satellite geodesy has considerably improved the capability to detect millimetric ground deformation. Continuous GNSS observations provide robust estimates of three-dimensional crustal velocities at discrete locations, whereas satellite radar interferometry (InSAR) offers dense spatial coverage of surface displacement by measuring changes in the radar Line-of-Sight (LOS) between repeated satellite acquisitions. The complementary use of these techniques allows regional deformation patterns to be investigated with both high spatial resolution and long-term temporal stability (Ferretti et al., 2001; Crosetto et al., 2016). 
Persistent Scatterer Interferometry (PSI) and Small Baseline Subset (SBAS) approaches, originally developed for ERS and ENVISAT SAR missions and subsequently extended to the Sentinel-1 constellation, have become standard tools for monitoring ground deformation over both natural and urban environments (Ferretti et al., 2001; Berardino et al., 2002; Ferretti et al., 2011; Crosetto et al., 2016). These multitemporal techniques exploit large SAR image stacks to retrieve displacement time series while minimizing atmospheric artefacts and temporal decorrelation, allowing deformation rates of only a few millimetres per year to be resolved over regional scales. The free and systematic acquisition strategy of the Sentinel-1 mission has further enhanced the capability to monitor long-term crustal deformation continuously across Europe. 
Within the Tyrrhenian region, InSAR observations have documented highly heterogeneous deformation patterns. Rapid LOS displacements characterize active volcanic districts such as Campi Flegrei and Ischia, where deformation is primarily controlled by shallow magmatic and hydrothermal processes, whereas non-volcanic sectors generally exhibit significantly lower deformation rates. Along sedimentary coastal plains, localized subsidence may instead result from sediment compaction, groundwater withdrawal or basin-scale tectonic processes, while carbonate structural highs generally behave as relatively stable sectors suitable for long-term relative sea-level investigations.
Because InSAR measurements represent displacement projected along the satellite LOS rather than the true vertical component, direct comparison with geological observations requires careful interpretation. LOS velocities include both vertical and horizontal deformation according to satellite acquisition geometry. Consequently, ascending and descending Sentinel-1 observations are commonly integrated with continuous GNSS measurements to reconstruct the three-dimensional deformation field and to validate InSAR-derived velocity estimates (Crosetto et al., 2016; Ferretti et al., 2007). 
For the investigated Tyrrhenian coastal sectors, continuous GNSS observations from the INGV Rete Integrata Nazionale GNSS (RING) network therefore provide the most robust independent constraint on present-day vertical crustal motion (EPOS-INGV, https://gnss-epos.eu/, last accessed: 19 June 2026; Avallone et al., 2010; INGV RING Working Group, 2016). GNSS observations complement the geological framework by verifying whether the inherited tectonic segmentation identified from geological and geophysical data is still expressed in the contemporary deformation field, while InSAR observations provide the spatial continuity necessary to identify localized deformation associated with active faults, sedimentary basins or volcanic systems.
In this study, to evaluate present-day deformation along the investigated coastal sectors, vertical velocities were derived from continuous GNSS stations belonging to the INGV Rete Integrata Nazionale GNSS (RING) network (EPOS-INGV, https://gnss-epos.eu/, last accessed: 19 June 2026; Avallone et al., 2010; INGV RING Working Group, 2016).
Along the Tyrrhenian coastal belt, the closest RING stations indicate a heterogeneous but generally low-amplitude pattern of vertical motion. Expressed in the ITRF2014 reference frame, most non-volcanic coastal sectors are characterized by velocities close to stability or affected by slight subsidence. The largest negative velocities are recorded at Ponza (VENT00ITA: −0.80 ± 0.37 mm yr⁻¹) and the Sorrento Peninsula (ENAV00ITA: −0.60 ± 0.33 mm yr⁻¹), whereas intermediate subsidence characterizes the Volturno Plain (MODR00ITA: −0.30 ± 0.37 mm yr⁻¹). Cilento (BULG00ITA: +0.10 ± 0.35 mm yr⁻¹) and Northern Latium (INGR00ITA: −0.20 ± 0.28 mm yr⁻¹) remain close to tectonic stability. These observations indicate that present-day deformation is spatially heterogeneous but generally modest, reinforcing the interpretation that local structural inheritance and sedimentary processes modulate the long-wavelength geodynamic signal. Although the magnitude of these present-day velocities is modest, their spatial variability broadly mirrors the inherited structural segmentation of the Tyrrhenian margin. Carbonate promontories generally exhibit greater long-term stability than adjacent fault-bounded sedimentary basins, supporting the interpretation that regional mantle-driven processes are locally modulated by crustal inheritance and basin-specific geological conditions.
Within this framework, the interpretation of Holocene and Late Quaternary relative sea-level indicators requires a sector-based approach that explicitly accounts for the hierarchical nature of vertical land motion. Regional mantle-driven uplift, crustal deformation inherited from the evolution of the Tyrrhenian back-arc margin, and local geological processes contribute at different spatial and temporal scales to the observed elevation of coastal sea-level markers. Consequently, carbonate promontories, fault-bounded sedimentary plains and volcanic districts cannot be considered as tectonically equivalent settings and should be evaluated separately when reconstructing long-term relative sea-level change.
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