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Abstract
Marine magnetic anomalies play an essential role in plate tectonics and geodynamics. The conventional method to identify marine magnetic anomalies is to visually compare synthetic and observed magnetic anomaly profiles, and there is usually no quantitative evaluation for the identification results. Therefore, we developed the sliding window curve similarity (SWCS) method to objectively identify marine magnetic anomalies and quantitatively evaluate the identification results. The synthetic model tests and practical applications show that the SWCS method is feasible and effective in identifying fast-spreading marine magnetic anomalies. The applications of the SWCS method show that the theoretical windows using combined polarity chrons can improve the accuracy of identification.
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Introduction
Marine magnetic anomalies cover large areas of oceanic basins and provide strong evidence for the seafloor spreading process (Vine and Matthews, 1963). Marine magnetic anomalies are caused by thermoremanent magnetization of the oceanic crust and record the palaeomagnetic field when magma rises at spreading ridges and cools below the Curie temperature (Vine, 1966; Dyment and Arkani-Hamed, 1995). The interpretation of marine magnetic anomalies is of great significance in plate tectonics and geodynamics (e.g., Vine and Matthews, 1963; Harrison, 1987; Veevers and Li, 1991; Gee and Kent, 2007; Müller et al., 2008; Granot and Dyment, 2015; Wang and Liu, 2018; Choe and Dyment, 2020; Tominaga et al., 2021; Li et al., 2021; Gürer et al., 2022). The conventional method of identifying marine magnetic anomalies is to visually compare synthetic and observed magnetic anomaly profiles (Harrison, 1987; Gee and Kent, 2007; Jacob et al., 2014). The identification results much depend on the experience of experts and rarely provide a quantitative evaluation. Honsho et al. (2009) attempted to calculate the coherency between the modelled and observed magnetic anomalies in the spectral domain to provide an evaluation of the visually identified results. However, the coherency is limited to an overall evaluation and could not provide a detailed comparison for magnetic anomalies of different polarity chrons.
Here we propose the sliding window curve similarity (SWCS) to objectively identify marine magnetic anomalies and quantitatively evaluate the identification results. First, the SWCS method is introduced, and then marine magnetic anomalies are simulated by synthetic models to test the feasibility and robustness of the SWCS method. Last, the SWCS method is applied to the observed marine magnetic anomalies in the Pacific Ocean.
Sliding window curve similarity method
Curve similarity of marine magnetic anomalies
The visual identification process of marine magnetic anomalies is equivalent to comparing the curve similarity between the synthetic and observed magnetic anomalies. To realize a similar identification process by the computer, it is necessary to find the quantitative parameter which can reflect the shape of the marine magnetic anomalies. Therefore, the concept of the curve similarity of marine magnetic anomalies is proposed here. The definition of the curve similarity of marine magnetic anomalies is as follows.
First, assume that the synthetic magnetic anomaly curve is A1B1 and the observed magnetic anomaly curve is A2B2 (Fig. 1). Every peak and trough of the curve A1B1 and A2B2 is divided into n blocks, and then each block is divided into k small zones. Second, integrate the small zones within each block to calculate the areas of each block by Eq. 1.[image: $$ S_{block} = \int_{{x_{0} }}^{{x_{k} }} {f(x)dx} = \sum\limits_{j = 0}^{k - 1} \frac{1}{2} \left[ {f(x_{{\text{j}}} ) + f(x_{j + 1} )} \right] \cdot (x_{j + 1} - x_{j} ) $$]

 (1)


[image: ]
Fig. 1The diagram of subdivision of the synthetic and observed marine magnetic anomalies


The block area set of every peak and trough of the synthetic magnetic anomalies is denoted by [image: $$P_{s} = \left\{ {S_{p1} ,S_{p2} ,...,S_{pn} } \right\}$$], and the block area set of every peak and trough of the observed magnetic anomalies is denoted by [image: $$Q_{s} = \left\{ {S_{q1} ,S_{q2} ,...,S_{qn} } \right\}$$].The similarity between the peaks (troughs) of synthetic magnetic anomalies and peaks (troughs) of the observed magnetic anomalies are calculated by the adjusted cosine similarity as Eq. 2.[image: $$ Sim = \frac{{(P_{s} - \overline{p} ) \cdot (Q_{s} - \overline{q} )}}{{\left| {P_{s} - \overline{p} } \right|\left| {Q_{s} - \overline{q} } \right|}} = \frac{{\sum\nolimits_{i = 1}^{n} {(S_{{p_{i} }} - \overline{p} )(S_{{q_{i} }} - \overline{q} )} }}{{\sqrt {\sum\nolimits_{i = 1}^{n} {(S_{{p_{i} }} - \overline{p} )^{2} } } \sqrt {\sum\nolimits_{i = 1}^{n} {(S_{{q_{i} }} - \overline{q} )^{2} } } }} $$]

 (2)


where [image: $$\overline{p} ,\overline{q}$$] are the mean value of the [image: $$P_{s} \;and\,Q_{s}$$], respectively.
The sliding window technique
The sliding window technique automatically calculates the curve similarities between the synthetic and observed magnetic anomalies. First, the synthetic magnetic anomalies are modleled based on the geomagnetic polarity timescale (e.g., Cande and Kent, 1995). Then the synthetic magnetic anomalies are divided into fragments as theoretical windows. Last, make these theoretical windows slide along the observed magnetic anomaly profile to calculate the curve similarity between peaks and troughs of the synthetic and observed magnetic anomalies (Fig. 2). If the theoretical window includes not only one peak or trough, the average curve similarity of peaks and troughs is used. Every peak and trough of the synthetic and observed magnetic anomalies are divided into n blocks, and then make the theoretical window slides along the observed magnetic anomaly profile with a step length of n blocks. Thus, the peaks and troughs of the theoretical window can correspond to the peaks (troughs) and troughs (peaks) of the observed magnetic anomalies. Curve similarity values will be calculated in different sliding steps when the theoretical window is sliding along the observed magnetic anomaly profile. The curve similarity will be the highest when the theoretical window slides overlap the corresponding step. Thus, the marine magnetic anomalies are identified.[image: ]
Fig. 2The schematic diagram of the sliding window technique


Synthetic marine magnetic anomaly test
Synthetic marine magnetic anomaly model
The single-layer model with the 0.5 km thick basalt layer to forward model marine magnetic anomalies is widely used in marine magnetic anomalies interpretation (e.g.,Vine and Matthews, 1963; Korenaga, 1995; Roberts and Lewin-Harris, 2000; Li et al., 2014, 2018). However, the magnetic anomalies induced by the dike and gabbro layers are also significant components of the marine magnetic anomaly (e.g., Cande and Kent, 1976; Blakely, 1976; Kidd, 1977; Dyment et al., 1994; Dyment and Arkani-Hamed, 1998; Gee and Kent, 2007; Granot and Dyment, 2019). Therefore, we modelled the marine magnetic anomalies by a three-layer oceanic crust model. The seafloor is at 2.0 km depth, the uppermost is the basalt layer with 5.0 A/m magnetization and 0.5 km thick, the second layer is the dike layer with 0.05 A/m magnetization and 1.5 km thick, the third layer is the gabbro layer with 0.5 A/m magnetization and 4.0 km thick. As a standard reference for comparison, the boundaries of normal and reversed magnetized blocks in each magnetic layer are assumed to be vertical (Fig. 3a). The directions of the geomagnetic field and magnetization are assumed to be vertical. The time of the marine magnetic anomalies is 60.9 Ma ~ 65.5 Ma from polarity chron C27 to C29. The magnetization distribution is based on the CK95 geomagnetic polarity time scale (Cande and Kent, 1995). The full spreading rate of the marine magnetic anomalies is 110 mmyr−1. The method to calculate the magnetic anomalies of polygonal blocks was first proposed by Talwani (1964), and then Won and Bevis (1987) improved the algorithm. Here, we use the method of Won and Bevis (1987) to calculate the magnetic anomalies. Figure 3b shows the forward modelled marine magnetic anomalies based on the three-layer oceanic crust model.[image: ]
Fig. 3The three-layer oceanic crust model and forward modelled marine magnetic anomalies. a Schematic diagram of the three-layer oceanic crust model. b The forward modelled marine magnetic anomalies of the three-layer oceanic crust model. Red dashed lines show the boundaries for different polarity chrons from C27 to C29


To show the identification process and verify the correctness of the algorithm, the forward modelled marine magnetic anomalies (Fig. 3b) are divided into three fragments, C27, C28 and C29, as theoretical windows. The whole magnetic anomaly profile (Fig. 3b) is treated as the observed magnetic anomalies in the following. Then make the theoretical windows slide along the observed magnetic anomaly profile by the sliding window technique to calculate the curve similarity between the synthetic and observed magnetic anomalies. In the curve similarity calculation, every peak and trough of the synthetic and observed magnetic anomalies are divided into ten blocks. Figure 4a–c show the identification results of polarity chron C27, C28 and C29 in different sliding steps. We can see that the magnetic anomalies of polarity chron C27, C28 and C29 are correctly identified at sliding steps 1, 3 and 5, respectively, with the highest curve similarity values of 1.0. Thus, the algorithm of the SWCS method is verified. In the following, we denote the curve similarity between the theoretical window and the observed magnetic anomalies as CCS when the theoretical windows slide over the corresponding step. The maximum absolute curve similarity at the position outside the corresponding steps is denoted as OMCS (Fig. 4a–c).[image: ]
Fig. 4Identification results of magnetic anomalies of polarity chron C27-29 by the SWCS method. a The identification results of polarity chron C27. b The identification results ofpolarity chron C28. c The identification results of polarity chron C29. The red lines represent the values of the curve similarity in different steps (Magenta marks). The CCS represents the curve similarity between the theoretical window and the observed magnetic anomalies at the position of the corresponding steps. The OMCS represents the maximum absolute curve similarity values between the theoretical window and the observed magnetic anomalies at the position outside of the corresponding steps


Identification under different skewness
Several reasons have been proposed to explain the anomalous skewness between the synthetic and observed marine magnetic anomalies, including temporal variations of the paleomagnetic field intensity, tectonic rotation of the magnetic layer, acquisition of a secondary magnetization of the basalt layer, and the sloping magnetic boundary in the deep crust and uppermost mantle (Dyment et al., 1994; Dyment and Arkani-Hamed, 1995; Gee and Kent, 2007; Ferré et al., 2021). To investigate the effects of different skewness on the identification of marine magnetic anomalies, we change the effective inclinations of total magnetization of the forward model to simulate marine magnetic anomalies with different skewness [image: $$\alpha$$]. Figure 5 shows the forward modeled marine magnetic anomalies with skewness [image: $$\alpha$$] of − 20°, − 10°, 0°, 10°and 20°, respectively.[image: ]
Fig. 5Magnetic anomalies of polarity chron C27, C28 and C29 with different skewness


The identification results of polarity chron C27, C28 and C29 are shown in Fig. 6a–c, respectively. The theoretical windows of magnetic anomalies of polarity chron C27, C28 and C29 are derived from Fig. 3b. The polarity chron C27, C28 and C29 should be identified with the highest curve similarities at the sliding step 1, 3 and 5, respectively. The identification results show that the polarity chron C27, C28 and C29 are identified with the highest curve similarities at the corresponding sliding steps 1, 3 and 5 for skewness 20°, 10°, 0°, − 10°and − 20°. However, for polarity chron C27, the curve similarity is 0.57 at step 1 and − 0.63 at step 3 when the skewness equals 20°, the absolute curve similarity value at step 3 is greater than the curve similarity value at step1. Thus the magnetic anomaly of polarity chron C27 has the danger of misidentification when it is not clear whether the magnetic anomaly formed in the southern or northern hemisphere. The same situation exists for polarity chron C29, the curve similarity is 0.45 at step 5 and − 0.51 at step 2 when the skewness equals − 20°, and the curve similarity is 0.6 at step 5 and − 0.67 at step 2 when the skewness equals 20°.[image: ]
Fig. 6Identification results of the polarity chron C27, C28 and C29 under different skewness of − 20°, − 10°, 0°, 10°, 20°. a The identification results of the polarity chron C27; b The identification results of the polarity chron C28; c The identification results of the polarity chron C29


Therefore, to investigate the detailed effects of different skewness on identifying marine magnetic anomalies, we test the skewness change from − 40°to 40°. The curve similarities between the theoretical windows and the magnetic anomaly profiles with different skewness are shown in Fig. 7a–c. The solid lines represent the curve similarity between the theoretical window and the observed magnetic anomalies at the position of the corresponding steps (CCS); for example, the corresponding steps of polarity chron C27, C28 and C29 correspond to steps 1, 3 and 5 (Fig. 4), respectively. The dashed lines represent the maximum absolute curve similarity values between the theoretical window and the observed magnetic anomalies at the position outside of the corresponding steps (OMCS). Therefore, when the CCS is greater than the OMCS, the magnetic anomalies of polarity chrons are correctly identified. The identification results show that the polarity chron C27, C28 and C29 can be correctly identified with the anomalous skewness in the range of -33° ~ 17°, -39° ~ 31° and -14° ~ 8°, respectively.[image: ]
Fig. 7The identification results of the polarity chron C27, C28 and C29 under skewness of − 40° ~ 40°. a The identification results of the polarity chron C27; b The identification results of the polarity chron C28; c The identification results of the polarity chron C29. The solid lines represent the curve similarity between the theoretical window and the observed magnetic anomalies at the position of the corresponding steps (CCS). The dashed lines represent the maximum absolute curve similarity values between the theoretical window and the observed magnetic anomalies at the position outside of the corresponding steps (OMCS)


Identification under different spreading rates
The full spreading rates of the mid-ocean ridge can be basically divided into fast (> 90 mmyr−1), intermediate (50 ~ 90 mmyr−1) and slow (< 50 mmyr−1) spreading types (Menard, 1967; Lonsdale, 1977; Macdonald, 1982; Dick et al., 2003). Figure 8 shows the magnetic anomalies of polarity chron C27 ~ C29 with fast (110 mmyr−1), intermediate (55 mmyr−1) and slow-spreading rates (28 mmyr−1) by changing the spreading rate of the forward model in Fig. 3. We can see that the fast-spreading magnetic anomalies show a clear saddle shape for every peak and trough. As the spreading rates decreased, the saddle shape weakened and disappeared, especially for narrow anomalies. This is because the ratio of the seafloor depth to the width of the magnetization blocks increases as the spreading rate decreases. The signal attenuation significantly smooths the shape of the marine magnetic anomalies. Here, we only consider the effects of signal attenuation on the shape of the marine magnetic anomalies; spreading rates can also affect the magnetic structure of the lower crust and uppermost mantle, especially for the slowing spreading oceanic crust (see Dyment and Arkani-Hamed, 1995, for a review).[image: ]
Fig. 8Marine magnetic anomalies of the polarity chron C27-29 with different spreading rates


The identification results of the polarity chron C27, C28 and C29 under different spreading rates of 110 mmyr−1, 55 mmyr−1 and 28 mmyr−1 are shown in Fig. 9a–c. The theoretical windows of magnetic anomalies of polarity chron C27, C28 and C29 are derived from Fig. 3b. Theoretically, the polarity chron C27, C28 and C29 should be identified with the highest curve similarities at the sliding step 1, 3 and 5, respectively. The results show that the polarity chron C27 are correctly identified with the highest curve similarities at sliding step 1 for fast-spreading (110 mmyr−1) and intermediate-spreading (55 mmyr−1) magnetic anomalies and failed to be identified for slow-spreading (28 mmyr−1) magnetic anomalies (Fig. 9a). The polarity chron C28 are correctly identified with the highest curve similarities at sliding step 3 for fast-spreading (110 mmyr−1) and intermediate-spreading (55 mmyr−1) magnetic anomalies and failed to be identified for slow-spreading (28 mmyr−1) magnetic anomalies (Fig. 9b). The polarity chron C29 are only correctly identified with the highest curve similarity for fast-spreading (110 mmyr−1) at sliding step 5 (Fig. 9c). For slow-spreading (28 mmyr−1) magnetic anomalies, the polarity chron C27, C28 and C29 are failed to be identified at the corresponding steps.[image: ]
Fig. 9Identification results of the polarity chron C27, C28 and C29 under different spreading rates of 110 mmyr−1, 55 mmyr−1 and 28 mmyr−1. a The identification results of the polarity chron C27; b The identification results of the polarity chron C28; c The identification results of the polarity chron C29


We change the spreading rates from 10 mmyr−1 to 200 mmyr−1 to investigate the detailed effects of different spreading rates on identifying marine magnetic anomalies. The curve similarities between the theoretical windows and the magnetic anomaly profiles with different spreading rates are shown in Fig. 10a–c. The identification results show that the polarity chron C27, C28 and C29 can be correctly identified with the spreading rates in the range of 38 ~ 200 mmyr−1, 44 ~ 200 mmyr−1 and 87 ~ 200 mmyr−1, respectively. Therefore, the polarity chron C27-C29 can be correctly identified under fast-spreading rates but failed to be identified at slow-spreading rates.[image: ]
Fig. 10The identification results of the polarity chron C27, C28 and C29 under different spreading rates. a The identification results of the polarity chron C27; b The identification results of the polarity chron C28; c The identification results of the polarity chron C29. The solid lines represent the curve similarity between the theoretical window and the observed magnetic anomalies at the position of the corresponding steps (CCS). The dashed lines represent the maximum absolute curve similarity values between the theoretical window and the observed magnetic anomalies at the position outside of the corresponding steps (OMCS)


Identification under random noises
The geomagnetic field is dynamic and constantly changing (Gee et al., 2000; Busse and Simitev, 2008; Laj and Channell, 2007; Roberts, 2008). Geomagnetic field behaviour of paleointensity variations and excursions, topographic relief, heterogeneous magnetization distribution, and instrument noise during observation may result in short-wavelength fluctuations. High-frequency variations are significant when data collection near the magnetic source layer (e.g., near-bottom magnetic anomaly profiles). Therefore, different amplitudes of random noises are added to the magnetic anomaly profile to test the robustness of the SWCS method. In the following, the magnetic anomaly profiles (Fig. 3b) are added with ± 30 nT, ± 50 nT and ±100 nT random noises, respectively (Fig. 11a–c) to test the robustness of the SWCS method.[image: ]
Fig. 11The marine magnetic anomaly profiles with different amplitude of random noises. a Magnetic anomaly profile with ± 30 nT noises. b Magnetic anomaly profile with ± 50 nT noises. c Magnetic anomaly profile with ± 100 nT noises


The identification results of marine magnetic anomaly profiles with ± 30 nT,  ± 50 nT and ± 100 nT random noises are shown in Fig. 12a–c. The theoretical windows of polarity chron C27, C28 and C29 are derived from the forward modelled marine magnetic anomalies in Fig. 3b. The results show that the polarity chron C27, C28 and C29 are all correctly identified with the highest curve similarities at the corresponding sliding step 1, 3 and 5, respectively.[image: ]
Fig. 12Identification results of the polarity chron C27, C28 and C29 under different random noises. a The identification results of the polarity chron C27. b The identification results of the polarity chron C28. c The identification results of the polarity chron C29


To investigate the detailed effects of the different amplitudes of random noise on identifying marine magnetic anomalies, we change the amplitude of random noises from 0 to 200 nT. The identification results of the polarity chron C27, C28 and C29 with different amplitudes of random noises are shown in Fig. 13a–c. The results show that the CCS is jumping and fluctuating under the effects of random noises. However, the polarity chron C27, C28 and C29 can still be correctly identified under random noises with the amplitude in the range of 0 ~ 121 nT, 0 ~ 165 nT and 0 ~ 71 nT, respectively.[image: ]
Fig. 13The identification results of the polarity chron C27-29 with different amplitude of random noises. a The identification results of the polarity chron C27. b The identification results of the polarity chron C28. c The identification results of the polarity chron C29. The black lines represent the curve similarity between the theoretical window and the observed magnetic anomalies at the position of the corresponding steps (CCS). The red lines represent the maximum absolute curve similarity values between the theoretical window and the observed magnetic anomalies at the position outside of the corresponding steps (OMCS)


Applications in actual marine magnetic anomalies
Southwest Pacific Profile
In the following, the profile EL33 of Southwest Pacific is derived from Cande (1976) to test the feasibility and effectiveness of the SWCS method. The synthetic and observed marine magnetic anomalies of EL33 are shown in Fig. 14a and b, respectively. The synthetic magnetic anomalies of EL33 are divided into six fragments, C32, C31, C30, C29, C28 and C27, as theoretical windows (Fig. 14a). Then the SWCS method is used to calculate the curve similarity between the theoretical windows and the observed marine magnetic anomalies of EL33. In the curve similarity calculation, every peak and trough of the theoretical windows and observed marine magnetic anomalies are divided into ten blocks. Figure 15a–f show the identification results of the polarity chron C32-27, respectively. The results show that a series of curve similarity values are derived as the theoretical windows slide along the observed marine magnetic anomaly profile. Figure 15a, b show that the polarity chron C32 and C31 are correctly identified with the highest curve similarity value of 0.80 and 0.54 at the corresponding step 1 and 5, respectively. The polarity chron C30 should be identified at step 7. However, the curve similarity 0.94 at step 3 is greater than the curve similarity 0.61 at step 7 (Fig. 15c); thus the polarity chron C30 is misidentified. Figure 15d shows the polarity chron C29 is correctly identified with the highest curve similarity 0.94 at the corresponding step 9. The polarity chron C28 should be identified at step 11. However, the curve similarity 0.87 at step 3 is greater than the curve similarity 0.74 at step 11 (Fig. 15e). Thus the polarity chron C28 is misidentified. Misidentification also happens for the polarity chron C27; it should be identified at step 13. However, the curve similarity 0.93 at step 9 is greater than the curve similarity 0.88 at step 13 (Fig. 15f); thus, the polarity chron C27 is also misidentified.[image: ]
Fig. 14The synthetic and observed marine magnetic anomalies of EL33 (From Cande 1976). a The synthetic marine magnetic anomalies of EL33. b The observed marine magnetic anomalies of EL33. Dashed lines show the boundaries of magnetic anomalies of different polarity chrons

[image: ]
[image: ]
Fig. 15The identification results of the polarity chron C32-27 of the marine magnetic profile EL33. a–f The identification results of the polarity chron C32, C31, C30, C29, C28 and C27, respectively. g The identification results of the polarity chron C30-31. h The identification results of the polarity chron C27-29. The red lines represent the values of the curve similarity in different steps (Magenta marks)


The magnetic anomalies of polarity chron C27, C28 and C30 are misidentified because these magnetic anomalies are only composed of one peak and one trough, and the magnetic anomalies are significantly affected by disturbances (Fig. 14b). To overcome this problem, we combined the polarity chron C31 and C30 as a theoretical window and polarity chron C27, C28 and C29 as a theoretical window, respectively. Figure 15g shows the identification results of the polarity chron C30-31. The highest curve similarity value is 0.57 at step 5, corresponding to the magnetic anomaly of polarity chron C30-31. Thus the polarity chron C30-31 is correctly identified. Figure 15h shows the identification results of the polarity chron C27-29. The highest curve similarity value is 0.86 at step 9, corresponding to the magnetic anomaly of polarity chron C27-29. Thus the polarity chron C27-29 is correctly identified. Therefore, combined polarity chrons can take advantage of comparing sequences of anomalies and involve more feature information, thus improving the identification accuracy.
East Pacific Rise Profile
Another marine magnetic anomaly profile covering recent polarity chrons derived from Li et al. (2021) is used to test the effectiveness of the SWCS method. Figure 16 shows the synthetic and observed magnetic anomaly profile of Area 1 (Hereafter abbreviated as A1) in the East Pacific Rise. The synthetic magnetic anomalies are calculated by a magnetized oceanic crust with 0.5 km thick and 3.5 km below the sea surface and a with full spreading rate of 160 mm/yr, and the magnetization is based on absolute paleointensity studies. The observed magnetic anomalies are stacked results of different profiles in Area 1 to suppress noises (Li et al., 2021). We divided the synthetic magnetic anomalies into four sections, Brunhes, Matuyama, Gauss and Gilbert, as theoretical windows. Then the SWCS method is used to calculate the curve similarity between the theoretical windows and the observed marine magnetic anomalies of profile A1. In the curve similarity calculation, every peak and trough of the theoretical windows and observed marine magnetic anomalies are divided into ten blocks. Short fluctuations with an age span of less than 0.1 Ma are not treated by a separately sliding step; instead, they are contained in the adjacent larger polarity chrons. Figures 17a–d show the identification results of the Brunhes, Matuyama, Gauss and Gilbert chrons, respectively. The results show that a series of curve similarity values are derived as the theoretical windows slide along the observed magnetic anomaly profile. Figure 17a shows that the Brunhes chron is correctly identified with the highest curve similarity value of 0.69 at the corresponding step 1; however, the curve similarity is -0.84 at step 3, which reflects that the short time window has low identification ability. Figure 17b shows that the Matuyama chron is correctly identified with the highest curve similarity value of 0.76 at the corresponding step 2. Figure 17c shows that the Gauss chron is correctly identified with the highest curve similarity value of 0.80 at the corresponding step 7. Figure 17d shows that the Gilbert chron is correctly identified with the highest curve similarity value of 0.81 at the corresponding step 10. The identification results provided a quantitative evaluation of the similarity between the synthetic and observed magnetic anomalies of profile A1 and verified the feasibility of the SWCS method.[image: ]
Fig. 16The synthetic and observed marine magnetic anomalies of profile Area 1 (From Li et al., 2021). a The synthetic marine magnetic anomalies of profile A1. b The observed marine magnetic anomalies of profile A1. Dashed lines show the boundaries of magnetic anomalies of different chron sections

[image: ]
Fig. 17The identification results of the magnetic anomalies of profile A1. a–d The identification results of the Brunhes, Matuyama, Gauss and Gilbert chrons, respectively. The red lines represent the values of the curve similarity in different steps (Magenta marks)


Discussion
The SWCS method provides a measure to objectively identify marine magnetic anomalies and quantitatively evaluate the identification results. Synthetic model tests show that the SWCS method can identify fast-spreading magnetic anomalies; however, it has difficulty identifying slow-spreading marine magnetic anomalies. One important reason is that the signal attenuation increases as the ratio of seafloor depth to the width of the magnetization blocks increases. Therefore, a potential measure to improve the identification of slow-spreading magnetic anomalies is to derive high-resolution magnetic data from the near-bottom magnetic observations (Honsho et al., 2009). However, the effects of alteration, deposited hydrothermal materials and small-scale geological structures will disturb the near-bottom observation. Therefore, methods of suppressing disturbances (e.g., stacked anomalies, upward continuation and low pass filtering) are suggested to process the magnetic data before identification. Furthermore, the identification of actual marine magnetic anomalies shows that magnetic anomalies of single polarity chrons or short time windows usually involve limited feature information and disturbances may significantly affect the identification results. Therefore, combined polarity chrons have advantages in constructing theoretical windows for identifying marine magnetic anomalies.
Deep-sea drilling and magnetization inversion studies show that the magnetic structure of the oceanic crust is anisotropic with changes in both vertical and horizontal directions (Wilson et al., 2006; Gee and Kent, 2007). Given the complexity of the magnetic structure of the oceanic crust, considering the detailed magnetization structure of the oceanic crust may improve the identification accuracy of the marine magnetic anomalies. However, it is beyond the scope of this study. The advantage of the SWCS method is that it can quantitatively evaluate the similarity between the synthetic and observed magnetic anomalies in any case.
Conclusion
The SWCS method is feasible and effective in identifying fast-spreading magnetic anomalies but has difficulty in identifying slow-spreading marine magnetic anomalies. Regardless of its limitation, the SWCS method can quantitatively evaluate the similarity between the synthetic and observed magnetic anomalies in any case. The applications in the actual marine magnetic anomalies show that magnetic anomalies of single polarity chrons or short time windows usually have limited feature information; In contrast, combined polarity chrons can take advantage of comparing sequences of anomalies, thus may improve the identification accuracy of marine magnetic anomalies.
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