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Abstract

:

We propose a processing workflow to enhance the information content of aeromagnetic data. Our workflow is based on the downward continuation and subsequent L-transform of magnetic data. This workflow returns a map showing single highs, which correspond to the location of magnetic bodies, and does not need any a priori information about the source magnetization. We validated our workflow using the aeromagnetic anomalies of the Tyrrhenian Sea (Italy), by a comparison of the reprocessed aeromagnetic anomalies with high-resolution shipborne magnetic data in three selected areas. Through this comparison, we show that the proposed processing workflow of aeromagnetic data leads to more accurate interpretative results. Our results indicate that, in areas where higher resolution data are lacking, the reprocessing of aeromagnetic data according to our workflow may be as decisive as to suggest changes to their previous interpretations or, at least, useful for highlighting areas of special interest, deserving to be magnetically explored by a dedicated high-resolution shipborne survey.
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1. Introduction


The acquisition and analysis of magnetic data represents a fast and non-invasive way for obtaining information about the Earth’s interior at various scales, from depths of a few centimeters to tens of kilometers. Magnetic surveys can be planned for obtaining answers to a wide range of geological and engineering problems. Typical geological applications include the determination of the depth to basement in basin areas [1], of the presence of intrusions [2], of the position of faults and lineaments [3] or of mineral deposits [4], the study of volcanoes [5], of the hydrothermal alteration at depth [6], the geological mapping [7], or the depth to the bottom of the magnetized crust [8], which is associated with the Curie temperature.



This brief list of possible applications clarifies the potential importance of these kinds of data from a scientific as well as economic point of view. Magnetic data can be rapidly collected from different moving platforms, such as satellites, planes, ships, aerial [9] or submarine drones (ROV; [10]) and, of course, magnetometers can be carried by hand while walking in local ground surveys. These different platforms imply differences in the resolution of the acquired data and in the uniformity of magnetic field sampling in an area. The resolution with which a geological structure is seen in a magnetic map is dictated by the distance to the target and the separation of the survey lines. Thus, ground or shipborne surveys can have a high resolution but may suffer from the presence of obstacles preventing data acquisition in some areas. Aeromagnetic or drone-borne magnetic data have lower resolutions, but conduct uniform sampling across the area of interest.



Many hundreds of thousands of linear kilometers of aeromagnetic data have been acquired over wide regions or continents from planes flying at altitudes typically ranging from 500 to 2500 m above ground, allowing the study of magnetic anomalies generated by geological targets at a resolution of several kilometers. Generally, the magnetic surveys are performed at a constant altitude, although sometimes a “draped-survey” is chosen, flying at an approximately constant height above the topography.



However, more accurate, better positioned, and more detailed data are often needed for thorough assessments of the local geological structures. Nevertheless, the cost of new higher resolution surveys may not always be affordable; in these cases, the only possibility to obtain geologic insights from magnetic data is to analyze old, higher altitude, low-resolution regional aeromagnetic data. When analyzing aeromagnetic datasets, it is essential to be able to extract as much information as possible, somehow enhancing their resolution. The processing of aeromagnetic data can take advantage of many specific filters and transformations which improve the readability of magnetic maps (e.g., reduction to the pole filter [11]) as well as to enhance the high-wavenumber part of the spectrum (e.g., vertical differentiation [12]), enabling better separation of the effects of nearby sources.



In this paper, we demonstrate the potentialities of a processing workflow based on published filtering tools, aiming to enhance the information content of aeromagnetic data. After its description, we present its application to the aeromagnetic data in selected areas of the Tyrrhenian Sea (Italy). We evaluated the obtained results by comparing the enhanced aeromagnetic data with the magnetic anomaly maps relative to three local, high-resolution shipborne surveys. This comparison demonstrated that by following our procedure, it is possible to obtain, from high-altitude data, a transformed magnetic field with an information content similar to that of marine datasets and useful for improving the interpretation of local structures.




2. Materials and Methods


The process of enhancing aeromagnetic data implies, in their spectral representation, a relative amplification of high wavenumbers. The practical effect of this amplification is a reduction in the mutual interference and of coalescence effects, so that the individual contributions to the magnetic field generated by nearby sources are more visible and separated than in the original data. Another useful enhancement of the aeromagnetic anomalies would be to simplify their shape, reducing the bipolarity, typical of magnetic anomalies at mid-latitudes, to a single magnetic high or low located in correspondence to their source. This simplification is required not only for removing the ambiguity about the source position, but also for reducing the interference and the complicated patterns it can create. Definitely, even bipolarity removal can increase the resolution of a magnetic anomaly map.



The data resolution is primarily dependent on the acquisition altitude; therefore, a filtering method highly appropriate for enhancing aeromagnetic data is the analytical downward continuation [11]. This process enables estimation of the magnetic field intensity at a lower altitude than that actually measured, provided it is still in the harmonic (source-free) region. This condition is certainly valid over ocean areas if the final continuation altitude is at sea level. The downward continuation filter enhances the high-wavenumber portion of the spectrum, as does the differentiation filter (Figure 1). In fact, the computation of the vertical derivative, or its experimental evaluation, is used since many decades for the analysis of the magnetic and gravity fields [12]. Downward continuation is an unstable operation; thus, the resulting map may show a rather low signal-to-noise ratio. However, several stabilized algorithms have been proposed in recent decades [13] and good results can be obtained even if the altitude difference is equal to several times greater than the magnetic grid sampling step, as long as the final altitude does not violate the harmonic region boundary.



The application of filters such as downward continuation or vertical differentiation is relatively straightforward; however, the use of the reduction to the pole presents much more difficulties because the unknown direction of the magnetization is required as an input, and because of the instability of this filter at low latitudes.



Stavrev and Gerovska [14] proposed new magnetic field transforms with interesting features:




	
Similar to the reduction to the pole, the transformed field has a simple relationship with their sources, being rather independent of the magnetization direction;



	
Their computation does not require unknown quantities in input, differently from the reduction to the pole;



	
The transformed field shows an increased resolving power with respect to the original field, because their computation includes a differentiation process.








These transforms are based on the computation of the modulus of the anomalous magnetic intensity, T, defined as [14]:


  T =    X 2  +  Y 2  +  Z 2     



(1)




where X, Y, and Z are the three Cartesian components of the total field magnetic anomaly vector, which can be directly measured or computed from the total field data by a directional integration and differentiation process [14]. As shown in Equation (1), T is always positive. Starting from Equation (1), ref. [14] defined a set of four magnetic transforms based on differential operators, such as the gradient or the Laplacian of T, able to differently enhance the measured field. In this study, to enhance the information content of low-resolution aeromagnetic datasets, we needed strong amplification of the high-wavenumbers part of the spectrum; thus, we propose using the L-transform, based on second-order derivatives of T [14]:


  L =  ∇ 2  T =  (     |  ∇ X  |   2  +    |  ∇ Y  |   2  +    |  ∇ Z  |   2  −    |  ∇ T  |   2   )  /    X 2  +  Y 2  +  Z 2     



(2)







Ref. [14] showed that L is always positive.



We refer readers to the original paper by Stavrev and Gerovska [14] for an in-depth analysis of the properties of these transforms. In Figure 2, we show, in practice, what the effects of the transformation of the total field into T or L fields are. To this aim, we computed the total field of a square-based prismatic source with 5 km long sides, at a depth to the top of 2.5 km and a thickness of 12.5 km (we used the formulas presented in [15]). In (a), the total source magnetization is parallel to a geomagnetic field with a declination of 0° and inclination of 50° (mid-latitude case). The total field (Figure 2a) shows a dipolar form, with a complex relationship between the anomaly and the source positions. Notably, the magnetic anomaly extends over practically all the sampled area. The anomalous magnetic intensity T (Figure 2b; Equation (1)) instead presents a single maximum, almost perfectly positioned above the source. The area interested by the T anomaly is smaller than that of the corresponding total field anomaly (Figure 2a). This suggests that in real applications, the T field should be less affected by interference from the magnetic effects of nearby sources than the original total field. The Laplacian of T (i.e., the L-transform, Equation (2)) implies a second-order differentiation process, with an amplification of the high-wavenumber part of the spectrum. The L field has a maximum which is very well centered above the source. Furthermore, differently from the total field or the T transform (Figure 2a,b), the contours of L-transform (Figure 2c) do not have a round shape, their shape providing some information about the true source shape. These features, as well as the reduced horizontal extension of the L anomaly, demonstrate the effect of the increase in resolution compared with the original total field anomaly. These general features of the T- and L-transformed anomalies can also be seen in the low-latitude case (Figure 2d–f) and when there is a strong component of remanent magnetization (Figure 2g–i), confirming that these transforms are very stable with respect to the source magnetization direction [14].



This simple analysis showed the benefits that these transformations can bring to the interpretation of magnetic anomaly data. Thus, our workflow for enhancing high-altitude regional aeromagnetic data in the Tyrrhenian Sea area is composed of two phases:




	
Downward continuation of original magnetic anomalies to the sea-level altitude; this process was performed using the stabilized approach proposed by [13];



	
Computation of the L-transform of the downward continued data to obtain a high-resolution field, easily relatable with the position of their sources.








It is clear that the increase in resolution obtainable by the above workflow when applied to aeromagnetic datasets is limited by the sampling theorem [16]. It defines the minimum wavenumber as the double of the grid sampling step. The grid sampling step is, in turn, related to the actual distance among the measurement lines flown during the aeromagnetic survey.



In the subsequent sections, we compare the reprocessed aeromagnetic anomalies according to our workflow with high-resolution marine magnetic data in three selected areas in the Tyrrhenian Sea. Through this comparison, we will show that the proposed processing workflow of aeromagnetic data may lead to interesting interpretative results. In areas where higher-resolution data are lacking, the reprocessed data may be as decisive as to suggest changes to previous interpretations of aeromagnetic data or, at least, very useful for deciding if higher resolution surveys in selected areas would be needed or not.




3. Geological Settings


3.1. Tyrrhenian Sea


Tyrrhenian Sea (Italy) is a Miocene–Pleistocene oceanic back-arc basin associated with the northwest subduction of the Ionian lithosphere below the Calabrian Arc [17,18]. Extensional tectonic processes related to the slab rollback started about 11 Ma ago in the prevailing east–west direction, inducing the formation of the Vavilov sub-basin (between ca. 10 Ma and 2 Ma BP) and Vavilov Seamount (4.3–2.6 My [19,20]). The subsequent slab retreat led to the opening of the Marsili Sub-Basin (ca. 2 Ma to 0.2 Ma [21,22]) and the emplacement of Marsili Seamount. This large-scale extension produced the onset of volcanism throughout the Tyrrhenian Sea and the surrounding coasts [23,24,25]. High values of heat flow (>150 mW m−2 [26]), thin crust (7 km on average), and the presence of basaltic crust in the Marsili Basin [19,21] demonstrated the young formation age of oceanic crust in the Tyrrhenian Sea. OIB–MORB type characterizes the Vavilov Basin, whereas basalts from Marsili Basin show a more complex history, with additional calc-alkaline components [27,28].




3.2. Marsili Seamount


Marsili Seamount (MS) is an elongated volcanic structure located in the center of the deepest Tyrrhenian plain at 3500 m bsl. MS elongates ca. 70 km in the N 10° E direction, is 30 km wide, and its summit reaches ca. 500 m bsl. Due to its position and shape, MS was interpreted as the spreading center of the Marsili back-arc basin [28]. Residual magnetic anomalies allowed calculating an average spreading rate of 2.8–3.1 cm/year for this back-arc basin [29]. However, further studies, mainly based on magnetic anomalies [30] and morphology [31], suggest that MS cannot be interpreted as a classical spreading ridge. MS morphology shows a wide range of volcanic shapes, with prevailing dikes and aligned cones in the central part (at depths from −1150 to −600 m bsl), whereas the presence of flat-topped edifices occurs in the northernmost sector [31]. According to [32], these morphologic differences between volcanic structures are potentially due to different eruption rates, with smooth and flat-topped edifices emplaced by slower effusion rates and lower magma pressures.




3.3. Ischia Island


Ischia Island belongs to the Phlegrean Volcanic District, characterized by extension and volcanism during the Pliocene–Quaternary [33]. Ischia volcanic activity started ca. 135 ka [34] and consisted of a major ignimbritic eruption (Green Tuff, occurring at 55 ka [35]) and a large number of small-to-medium events, also inferred to occur at sea [36]. Ischia Island represents the uppermost part of a larger volcanic complex [2] characterized by high seismicity [37], hydrothermal activity [38,39], and vertical ground motion, whereas triggered the uplift of Mt. Epomeo, the highest relief on the island, over the last 33 ky [34]. Primary northwest–southeast, northeast–southwest and, subordinately, north–south and east–west fracture systems control volcanic activity and the resurgence of Mt. Epomeo [40,41].




3.4. Gaeta Gulf


The Gaeta Gulf is located in the uppermost sector of the Campanian–Latium offshore, characterized by lithospheric thinning and volcanism during the Pliocene–Quaternary [42]. The fault pattern of the Campania margin is marked by structures trending east–west, northeast–southwest, and northwest–southeast [43,44,45,46,47]. Tectonic subsidence has allowed the emplacement of a 4000 m thick Pliocene–Quaternary basin [44,45] and magma ascents mostly align along a regional lineament trending east–west along the 41° N parallel [48]. This lineament is characterized by the alignment of several magnetic anomalies extending for about 150 km, ending on land in correspondence to a buried lava intrusion north of Phlegrean Fields [49]. The 41° N parallel lineament, interpreted as a strike-slip [50], a transform [51], or as a transfer fault [42], is not associated with any relevant seafloor morphology. In the Gaeta Gulf, polygenic volcanic activity led to the onset of ancient (4.2 to 1.0 Ma) rhyolitic volcanic edifices in Ponza, Zannone, and Palmarola Islands [52], whereas younger (0.8 to 0.13 Ma) and less acidic products can be found at Ventotene Island.





4. Comparison of Enhanced Aeromagnetic Data with Shipborne Magnetic Data in Three Selected Areas in the Tyrrhenian Sea


In this section, we first describe the aeromagnetic data of the Tyrrhenian Sea to be enhanced by the workflow proposed in Section 2. Then, we focus on the comparison of the enhanced aeromagnetic data with shipborne higher resolution data available in three selected areas in the Tyrrhenian Sea (namely, the western offshore of Ischia Island, the Gaeta Gulf, and the Marsili Seamount).



4.1. Aeromagnetic Data


In the frame of programs aimed at the hydrocarbon research, during the decade 1970–1980, the former Italian oil company (AGIP) carried out an aeromagnetic survey covering the entire Italian territory, using scalar, Cesium-vapor magnetometers. The constant flight altitude, as well as the spacing of survey and control lines, varied in the Italian region according to the terrain elevation [53]. In the Tyrrhenian Sea area, the constant flight altitude was 1463 m above sea level, with 5 km spaced southwest–northeast survey lines and 7.5 km spaced, perpendicular tie lines. Near to coastal areas, the survey line spacing was 2.5 km, and even smaller locally [54]. The aeromagnetic maps at 1:500,000 scale covering the Tyrrhenian Sea area were digitized and a 2 km spaced grid was obtained. The resulting map, after the subtraction of a constant value of 3077 nT, is shown in Figure 3.



The great complexity of the Tyrrhenian aeromagnetic field is exhibited by the presence of many patterns of anomalies related to the presence of geological structures whose nature and origin are, in some cases, still uncertain [55]. Most of the magnetic anomalies in the area can be related to volcanic rocks or shallow intrusions in the young Tyrrhenian oceanized crust. High-amplitude anomalies are present in the southeast area, in correspondence to the Aeolian Islands and the Marsili and Palinuro Seamounts. Aligned anomalies, trending east-northeast–west-southwest, are clearly visible in the southwestern part of the basin, as well as reversed anomaly generated by the magnetized structures of the Vavilov Seamount, at the center of the map.




4.2. Magnetic Data in the Ischia Area


In the offshore area west of the Ischia Island (located in box IS in Figure 3), the shipborne magnetic data are based on a survey carried out in 2000 by employing a proton magnetometer towed at 250 m from a ship and at 20–25 m depth. The survey lines were north–south oriented and their spacing (1.5 or 0.75 km) enabled computation of a magnetic anomaly map with a 375 × 375 m2 cell grid size. The high resolution of the data sampling highlighted the presence of magnetic anomalies (Figure 4) spatially correlated with two main east–west and northeast–southwest volcanic ridges and with the presence of magma intrusions often emplaced along regional northeast–southwest tectonic features [2].



An intense dipolar anomaly (more than 1200 nT at sea level) is located on the southern flank of a bathymetric northeast–southwest ridge (H1 and L1 in Figure 4). Another southwest–northeast elongated anomaly is present in the westernmost area (H2 and L2 in Figure 4), having an anomalously intense and extended low area, exhibiting the presence of an intrusion with a probable large remanent component in the total magnetization. Moreover, this anomaly does not correlate with any seafloor feature, that in this area, is relatively flat. Northeastward, several small anomalies form a rather complex pattern, probably due to the coalescence of highs and lows of anomalies caused by small and shallow body sources very close to each other.



The aeromagnetic anomalies of the western offshore of the Ischia Island show only a single large dipolar anomaly (H1–L1 in Figure 5) extended over a 30 × 30 km2 surface and with a peak-to-throw axis in a northwest–southeast direction, a direction very different from the current declination of the main geomagnetic field in this area. The knowledge of the higher-resolution magnetic field at sea level [2] implies that the aeromagnetic single anomaly is actually the result of coalescence effects at the flight altitude (1463 m above sea level); thus, any interpretation of the aeromagnetic anomaly as generated from a single source [56] is misleading.



Continuing the aeromagnetic field downward to sea level enriched the magnetic map with many features, more complex than a single main dipolar anomaly (Figure 6). As an example, a weak magnetic low (L1 in Figure 6) appears in correspondence of the low related to the southeastern high visible in the shipborne data map (L1 in Figure 4). However, the enhancement of high wavenumbers given by the downward continuation to sea level is still not sufficient to resolve the main dipolar anomaly into more interfering components and clearly identifying the northwest anomaly visible in the shipborne dataset (H2–L2 in Figure 4).



A much greater resolution improvement was achieved by computing the L-transform of the airborne data continued to sea level. The L-transform presents two intense highs with elongated shapes aligned in the southwest–northeast direction (Figure 7). These highs are highly spatially correlated with the main magnetic anomalies in the shipborne survey. In fact, the southern L-transform high (A in Figure 7) corresponds to a southwest–northeast bathymetric ridge, whereas the northern L-transform high (B in Figure 7) corresponds to the expected source position of the western southwest–northeast elongated shipborne anomaly (H2–L2 in Figure 4). In fact, as explained in Section 2, the L-transform of a dipolar anomaly presents a single high in correspondence to the magnetic source, being rather independent of the source magnetization direction.



Thus, we see that, in this case, the processing workflow of the aeromagnetic anomalies revealed very important insights into the structure of the magnetized shallow crust, showing the strong limitations of a simple qualitative interpretation of the original aeromagnetic data.




4.3. Magnetic Data in the Gaeta Gulf Area


The shipborne magnetic data in the Gaeta Gulf (located in box GG in Figure 3) were collected during two oceanographic cruises in 1992 and 1993 along survey lines oriented northwest–southeast and northeast–southwest, by employing a proton magnetometer towed 250 m from the ship and at 10–40 m depth. After standard processing, the data were interpolated on a 750 × 750 m2 cell grid size.



The shipborne magnetic anomaly map shows a sharp anomaly with reversed polarity (H1–L1 in Figure 8). This anomaly was interpreted as a high susceptibility east–west elongated volcanic edifice, with a high remanent magnetization component along a direction opposite from that of the present inducing field [57]. It is interesting to notice that this reversed anomaly is hard to identify in the aeromagnetic data, because it lies in an area where many magnetic lows develop (L2 and L3 in Figure 8), related to normally magnetized buried sources emplaced further south.



In fact, the case of the anomaly of the Gaeta Gulf well shows the loss of information and the ambiguity of interpretation due to the high measurement altitude of an aeromagnetic survey. The map of the aeromagnetic field (Figure 9) shows only a single magnetic low (L1 in Figure 9) in the investigated area, whereas there is no evidence of the small and weak magnetic high visible northward in the shipborne data map (H1 in Figure 8). In this case, the low resolution and the great distance from the causative source affect the correct representation of the shape of the anomaly, concealing an essential attribute such as its dipolar character. This can compromise any attempt of analysis, thus causing misleading interpretations.



The downward continuation of the airborne data to sea level highlights the dipolar character of the main anomaly, by the presence of a small magnetic high north of the main low (L1–H1 in Figure 10). The magnetic low in the downward continued magnetic anomaly map has approximately the same shape and position of the main anomaly visible in the map from shipborne data. The only difference consists of the geographic position of the relative high, shifted slightly eastward (~2000 m) with respect to that shown in the shipborne magnetic map. This mislocation is probably generated by the large spacing among the airborne survey lines (5 km). The map of the L-transform of the airborne data continued to sea level returns a well-evidenced maximum located at the position of the main anomaly source (Figure 11). The magnetic high in the L-transform map appears slightly elongated westward just as the shipborne magnetic anomaly (L1 in Figure 8).



This case showed the benefits of the increase in resolution provided by our workflow that singled out the magnetic anomaly generated by a reverse-magnetized volcanic source. Moreover, because the L-transform is relatively independent from the unknown source magnetization, it was possible to easily and unambiguously locate the anomalous source on the map.




4.4. Magnetic Data in the Marsili Seamount Area


A high-resolution shipborne magnetometric survey was carried out in the area of the Marsili Seamount (located in the box MS in Figure 3) during 2006 [58]. Data were collected with a Cesium magnetometer along east-southeast–west-northwest track lines, with the spacing gradually decreasing from 15 km to 3 km toward the central area of the seamount. The grid of the total magnetic field over the MS area has a cell size of 500 × 500 m2 [29]. The total field anomalies (Figure 12) show a series of highs along the seamount crest and deep lows in the northwest area. Other magnetic lows are present to the north and to southeast of the seamount. The geodynamical context, in a young back-arc basin, the elongated shape of the seamount and its overall dimensions lead several authors to interpret the magnetic anomalies in the MS basin as an expression of the oceanized floor expansion, with the presence of bands of crust magnetized with alternating polarity [20]. The analysis of aeromagnetic data and of its anomalous magnetic intensity [30] demonstrated the diffuse presence of reverse-magnetized rocks in the MS basin, although they could not confirm the presence of a well-organized striped pattern of magnetic anomalies. However, the analysis of the higher-resolution shipborne magnetic dataset of Figure 12 highlighted the presence of subtle, low-amplitude, elongated highs developing symmetrically to the MS axis, in its northern part [29]. These symmetric magnetic highs were interpreted as generated by magnetized structures at the base of the volcanic edifice dating back to Jaramillo subchron (about 1 million years ago), marking the transition from lateral spreading to a phase with prevailing vertical growth of the seamount [29].



The map of aeromagnetic anomalies shows two main highs (H1 and H2 in Figure 13) at the northern and southern ends of the MS, whereas three lows are visible along its western slope (L1, L2, and L3 in Figure 13) and only one low is located on its eastern slope (L4 in Figure 13).



The shipborne magnetic map (Figure 12) shows a number of small details not visible in the aeromagnetic map. It consists of a complex pattern of several highs and lows that cannot easily be coupled in dipolar anomalies because of a coalescence of effects and the presence of reverse magnetization. Most of them seem to be distributed perpendicular to the main axis of the MS and the alternance of highs and lows (in Figure 12, from the seamount axis towards the northwest: H1, L4, H8, L5, and H9; from the seamount axis towards the southeast: H6, L2, H7) was interpreted as the result of the spreading evolution of the Marsili Basin [29]. Along the central axis there is a presence of other small anomalies as H2 and H3 highs (Figure 12) or L3 and L6 magnetic lows flanking the seamount from both sides (Figure 12).



The downward continuation of the aeromagnetic anomalies to sea level (Figure 14) produces a noticeable increase in information. The aeromagnetic field presents many similarities to the pattern of anomalies recognized in the shipborne data (e.g., L1, H4, H5 and H10). In particular, the two small peaks placed in the central part of the Seamount in shipborne magnetic anomalies are also detectable in the airborne data continued to sea level (H3 an H2 in Figure 14). The same applies for most of the low-amplitude highs and lows already shown in the shipborne data map along the western and the eastern side of the seamount (in Figure 14, from the seamount axis towards the northwest: H1, L4–L5 and H8–H9; from the seamount axis towards the southeast: H6 and L2). As in the shipborne data, are also visible magnetic lows L3 and L6 flanking the seamount from both sides (Figure 14). However, in the magnetic field continued downward to sea level, it is still not possible to see some features visible in the map from shipborne survey, such as the central low (L1 in Figure 12) interpreted as due to a crustal volume demagnetized by hydrothermal alteration [29], or the high H6 in Figure 12, only barely detectable in the airborne data continued downward.



The analysis of the L-transform of the total field downward continued to sea level allowed establishing a spatial correlation between each anomaly and the corresponding crustal source, regardless of whether the magnetization is normal or reversed. In Figure 15, the anomalies A, B, C, D and G appears easily relatable to the magnetized structure of the MS. More interestingly, the map of the L-transform (Figure 15) shows several roughly parallel and northeast–southwest elongated highs, having a short length (about 20 km, at most). On the northwest side, such elongated features are the anomalies L and M and I (Figure 15). On the southeast slope of the seamount, other elongated features of the L-transform map can be observed, such as the subtle E–H anomaly and the F anomaly, located on the external margin of the eastern slope (Figure 15). In some cases, the above magnetic features seem to be correlated with the sea-floor morphology: anomaly I apparently corresponds to a small, thin ridge placed just at the base of the western Marsili slope, whereas linear anomaly F seems to be related to a bathymetric step of the sea bottom at the base of the eastern slope.



Although sometimes having a slightly different location, these features of the enhanced aeromagnetic field are clearly relatable to the subtle total field symmetric anomalies interpreted as demonstrating the spreading evolution of the Marsili Basin [29]. Detailed modelling of the aeromagnetic L anomalies would be not an easy task. However, in the absence of a marine dataset, these results would indicate the presence of magnetic features of interest that may be the target for further detailed surveys.





5. Discussion and Conclusions


This analysis has not aimed to propose new methodological tools for the processing of magnetic data. Moreover, we have demonstrated how the combination of two well-known magnetic field transformations can be very helpful to increase the information content of high-altitude, low-resolution aeromagnetic data. Sometimes, the information increase is such that it leads to anomalies completely different from the original ones. In this paper, we have shown that the transformed aeromagnetic data compare very well with high-resolution shipborne magnetic datasets, confirming the consistency and the utility of the proposed workflow.



From the examples illustrated here, it is clear that in the case of the Italian aeromagnetic dataset, the simple processing proposed can greatly enrich the information content of the magnetic maps.



In the Western undersea section of the Ischia volcanic complex and in the Gaeta Gulf cases, the contribution given by our processing workflow to the correct interpretation of aeromagnetic data was evident. In both cases, the interpretation of the aeromagnetic map at the original flight altitude would have been misleading because of the interference and coalescence effects. Moreover, in both cases, the shape of some anomalies demonstrates the presence of a strong component of remanent magnetization, complicating the magnetic pattern and any modelling attempt.



As we have shown, in the Ischia case, the L-transformed data continued downward resolves a single, abnormally shaped, aeromagnetic anomaly (the peak-to-through axis deviates from the direction of the local magnetic meridian) into two distinct anomalies that correlate very well to magnetic features visible in the shipborne magnetic anomaly map. These two anomalies are, in turn, relatable to two main magmatic bodies: the first corresponds to an east-northeast–west-southwest volcanic ridge with a clear morphological expression; the second, almost parallel to the previous ridge, does not show a clear morphological signature and suggests a deeper intrusion controlled by the local southwest–northeast tectonic trend [2].



In the Gaeta Gulf case, a reverse-magnetized source producing an anomaly hidden in a vast area with magnetic lows (related to the presence, further south, of normally magnetized sources along the 41° parallel lineament) was clearly evidenced and correctly positioned, in spite of the unknown magnetization of the sources, by the L-transform of the data continued downward.



In the Marsili area, the L-transform of the aeromagnetic data continued downward evidenced the presence of several linear anomalies otherwise not visible in the original dataset. These linear features could be related to magnetization inhomogeneity, perhaps due to the cooling of magmatic masses under the influence of the Earth’s magnetic field with different polarities. Some of the L-transform elongated anomalies may also be related to local seafloor morphologies. These linear anomalies in the L-transform map cannot exactly be spatially correlated to the subtle linear anomalies seen in the shipborne total field. However, we believe that, if no shipborne data were available, their presence would be suggestive of the importance of more detailed investigations in the area. Thus, the processing of aeromagnetic data can help to identify areas of special interest for detailed local magnetic surveys.



The proposed workflow proved its efficiency in improving the resolution and readability of aeromagnetic maps in the Tyrrhenian area. The downward continuation and the differentiation implied in the L-transform enhance the high-wavenumber part of the spectrum, increasing the possibility of identifying details in the transformed magnetic maps and effectively separating the contributions due to nearby sources. Moreover, the L-transform directly provides anomalies located at the horizontal position of their sources, as it is relatively independent from the unknown total magnetization direction of the magnetic sources. In long-lasting, back-arc, volcanic settings such as the Tyrrhenian Sea, this is very useful, as reduction to the pole is not easily applicable because the magnetization direction is generally unknown and due to the coexistence of sources magnetized in different directions in the same area.



The transformed anomalies can be directly used for qualitative interpretation of large-scale airborne/satellite datasets analyzed in regional studies of magnetic anomalies [59,60]. In some cases, they may be used to identify areas of special interest worth magnetic exploration by a high-resolution shipborne survey. Therefore, before planning a marine magnetometric survey, we suggest studying the transformed aeromagnetic field according to our proposed workflow, which may allow for accurate selection of the areas of greatest scientific interest.



It is clear that the proposed enhancement of aeromagnetic data tends to increase the power of the high-wavenumber part of the spectrum, so that any noise present in the original data may be strongly enhanced if no special treatment is adopted in the downward continuation as well as in the differentiations needed to compute the L-transform. We used a stabilized algorithm for both the downward continuation [13] and for the vertical differentiation (the ISVD scheme [61]), while the horizontal derivatives were stably computed in the space domain through a simple finite difference algorithm.



As a final remark, of course, even shipborne magnetic dataset may benefit from such a processing, further decreasing the anomaly interference and producing a high-resolution alternative to commonly used reduced to pole maps.
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Figure 1. Wavenumber domain representation of the vertical derivative operator, for differentiation orders 1 and 2, and of the downward continuation filter, for continuation distances, Δz, equal to 1 and 2 times the magnetic grid sampling step. 
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Figure 2. Example of T- and L-transforms of total field data generated by a prismatic source. (a) Total field, mid-latitude case (purely induced magnetization at a magnetic inclination of 50°). (b) T transform of the field in (a). (c) L-transform of the field in (a). (d) Total field, low-latitude case (purely induced magnetization at a magnetic inclination of 10°). (e) T transform of the field in (d). (f) L-transform of the field in (d). (g) Total field, remanent magnetization case (the source has a remanent magnetization component with inclination of 10° and declination of 40°, at a magnetic inclination of 50°). (h) T transform of the field in (g). (i) L-transform of the field in (g). The white square outlines the source horizontal position. 
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Figure 3. Total field aeromagnetic map of the Tyrrhenian Sea relative to the altitude of 1463 m above sea level. Red boxes marked IS, GG, and MS locate the areas analyzed in detail in Section 4.2 (W offshore of Ischia Island), Section 4.3 (Gaeta Gulf), and Section 4.4 (Marsili Seamount), respectively. 
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Figure 4. Total field shipborne magnetic anomalies in the area west of Ischia Island. Letters identify single magnetic anomalies described in the text. 
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Figure 5. Total field aeromagnetic anomalies in the area west of Ischia Island at an elevation of 1463 m above sea level. Letters identify highs and lows of magnetic anomalies described in the text. 
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Figure 6. Total field aeromagnetic anomalies in the area west of Ischia Island, continued downward to sea level. Letters identify highs and lows of magnetic anomalies described in the text. 
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Figure 7. L-transform of the aeromagnetic anomalies continued downward to sea level in the area west of Ischia Island. The bathymetry is shown with magenta contours. Letters identify magnetic anomalies described in the text. 
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Figure 8. Total field shipborne magnetic anomalies of the Gaeta Gulf, along the 41° N parallel magnetic lineament. Letters identify magnetic anomalies described in the text. The black line in the northeast corner of the map represents the coastline. 
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Figure 9. Total field aeromagnetic anomalies of the Gaeta Gulf at an elevation of 1463 m above sea level. Letters identify magnetic anomalies described in the text. The black line in the northeast corner of the map represents the coastline. 
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Figure 10. Total field aeromagnetic anomalies of the Gaeta Gulf continued downward to sea level. Letters identify magnetic anomalies described in the text. The black line in the northeast corner of the map represents the coastline. 
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Figure 11. L-transform of the aeromagnetic anomalies continued downward to sea level in the Gaeta Gulf area. The bathymetry is shown with magenta contours. Letters identify magnetic anomalies described in the text. The white line in the northeast corner of the map represents the coastline. 
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Figure 12. Total field shipborne magnetic anomalies in the area of Marsili Seamount (digitized from [29]). Letters identify magnetic anomalies described in the text. 
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Figure 13. Total field aeromagnetic anomalies in the area of Marsili Seamount at the elevation of 1463 m above sea level. Letters identify magnetic anomalies described in the text. 
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Figure 14. Total field aeromagnetic anomalies in the area of Marsili Seamount, continued downward to sea level. Letters identify magnetic anomalies described in the text. 
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Figure 15. L-transform of the aeromagnetic anomalies continued downward to sea level in the area of Marsili Seamount. The bathymetry is shown with magenta contours. Letters identify magnetic anomalies described in the text. 
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