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Abstract

:

This paper represents the final part of a series of studies aimed at creating the most reliable and representative earthquake catalog covering the Russian and European Arctic. The earthquake catalog of the Gakkel and Knipovich ridges, as well as the Svalbard Archipelago with a unified magnitude scale, was formed based on the combination of four regional Russian catalogs and the ISC catalog. The merging of catalogs was carried out using the modification of the author’s methodology, which allowed for the identification of records in different datasets related to the same seismic event. The modification was introduced due to significant changes over time in the source catalogs. The unified proxy moment magnitude scale was formed based on regression analysis of the different magnitude estimates provided by various agencies. The integrated catalog included 17,922 earthquakes that occurred during the period 1962–2022. Analysis of the integrated catalog showed that the level of registration in the studied area significantly varies over space and time. Before 1995, the catalog contained only strong and moderate earthquakes, and the magnitude of complete registration Mc was 5.0 in the Gakkel Ridge, 4.7 in the Knipovich Ridge, and 4.5 in the Svalbard Archipelago. The number of recorded events increased in the period 1995–2011, and Mc decreased to 4.0 in the Gakkel and Knipovich ridges and to 2.8 in the Svalbard Archipelago. The best level of registration in the Svalbard Archipelago and the Knipovich Ridge was achieved after 2012, when Mc reached 1.7 and 2.8, respectively. In the Gakkel Ridge, despite a noticeable increase in the number of reported events from 2012, the magnitude of complete registration did not improve and was 4.0. The presented integrated earthquake catalog is intended for a wide range of studies of the seismic regime of the Arctic.
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1. Introduction


The seismicity of the territory occupied by the Svalbard Archipelago and the Gakkel and Knipovich ridges within the Arctic Ocean is studied in the present paper. These ridges are a part of the Mid-Ocean Ridges (MOR) system. The Gakkel Ridge forms the divergent boundary between the North American and Eurasian lithosphere plates in the Arctic Ocean. It extends in a sub-parallel direction for 1800 km from the Laptev Sea continental margin, transitioning to the west through a complex combination of transform faults and rifts (Spitsbergen and Molloy fracture zones) into the Knipovich Ridge, the northernmost fragment of the Mid-Atlantic Ridge (Figure 1).



The Gakkel Ridge is the center of spreading for the Eurasian basin and belongs to the ultra-slow spreading rift zones. It is characterized by the lowest spreading rates among the entire MOR system. The maximum spreading rate in the orthogonal direction ranges from 6–7 mm/year in the east to 9–13 mm/year in the west [5,6]. The distance between volcanic areas along the Gakkel Ridge is 110–130 km. They are located perpendicularly to the ridge axis. It should be noted that the Gakkel Ridge is undisturbed by transform faults [7,8,9]. Similar characteristics of spreading rates and structure are also present in the eastern segment of the Southwest Indian Ridge. This is reflected in similar seismic activity features that distinguish these ridges from ridges with slow and medium spreading rates [10].



Based on the morphological features and deep structure, the Gakkel Ridge is divided into three provinces: the Western Volcanic Zone (WVZ) (7° W–3° E), the central Sparsely Magmatic Zone (SMZ) (3° E–30° E), and the Eastern Volcanic Zone (EVZ) (30° E–85° E) [1,2]. Despite its lower spreading rate, the WVZ is characterized by extensive magmatic processes, which are reflected in the similarity of its relief to that of the Mid-Atlantic Ridge rift zone. The maximum depth of the WVZ reaches 4.3 km. The length of volcanic ridges identified in its central part ranges from 15 to 50 km, with heights ranging from 0.4 to 1.4 km. The rift valley is composed of basalts, and several hydrothermal plumes have been identified within it [7,11,12]. In contrast, the SMZ is characterized by rare manifestations of magmatism, with a single large volcanic center located in the 19° E area. The maximum depth of the rift valley is 4.8–5.4 km [6,7,12].



Within the EVZ, extended amagmatic sections with gentle slopes and lengths of 40–120 km separated by volcanic centers can be distinguished. The maximum depth of the amagmatic sections is 4.8–5.1 km. The largest volcanic center of the Gakkel Ridge is located in the eastern part of the segment, in the 85° E area [6,7,12]. In 1999, an unprecedented surge in seismic activity was recorded there. It was caused by an effusive-explosive underwater volcanic eruption. The seismic network deployed on ice floes allowed for the registration of a swarm of 209 events with hypocenter depths up to 25 km [3,4]. Based on the data obtained in [13], a seismic tomography model was constructed. The combination of ultra-slow spreading rates with low potential mantle temperatures leads to the production of low-temperature, volatile-rich magmatic melts. Explosive underwater eruptions occur as a result of the degassing of these melts [13,14].



Maximum magnitudes are recorded in the eastern segment of the Gakkel Ridge (in the Laptev Sea). The strongest earthquake within the Gakkel Ridge, with MS = 6.5 (International Seismological Centre), occurred there on 25 August 1964 [15]. The epicenters of two earthquakes with MW = 6.4 and MW = 6.2 (Global Centroid-Moment-Tensor), which occurred on 21 March 1988 and 6 March 2005, respectively, were also located in this area [16].



The Svalbard Archipelago includes more than a thousand small and large islands, among which West Spitsbergen, Prince Charles Land, Barents Island, Edge, and Northeast Land can be distinguished. More than half of the archipelago’s area is covered by glaciers. The first temporary seismic station was installed in 1911 in Longyearbyen. Subsequently, several analog stations were installed in Kapp Linné (1958–1963), Ny-Ålesund (1967), Hornsund (1978), Barentsburg (1979), and Pyramiden (1982–1989). In addition, several large-scale seismic surveys were conducted on Phipps Island, Southern Spitsbergen, and Northeast Land in 1976–1986 to study the tectonic structure of the region [17,18].



It should be noted that, until the 1970s, numerous researchers believed that the most seismically active zone in the Svalbard region was the area of the Mohn and Knipovich ridges. The territory of the archipelago itself was considered to be seismically quiet. However, on 18 January 1976, an earthquake with M = 5.7 occurred on the eastern coast of West Spitsbergen in the Storfjorden, which caused a revision of these views. On 21 February 2008, the strongest earthquake for the archipelago, with Mw = 6.1, was recorded in the same area [18,19].



Over the past few decades, the seismic network of the Svalbard Archipelago has continuously expanded and developed. Today, it consists of stationary stations equipped with digital seismometers and serves as a backbone network for cryoseismological research in the region. The seismic stations of NORSAR, GSN, GEOFON, and IGF PAS operate on the territory of the archipelago. In 2010, two seismic stations were installed in Barentsburg by the Kola Science Centre of the Russian Academy of Sciences, in collaboration with NORSAR [17,18].



The Knipovich Ridge stretches for 550 km along the continental margin of the Svalbard Archipelago from 73°45′ to 78°35′ N. It is a section of mid-ocean ridges with an ultra-slow spreading rate of 15–17 mm/year. Like the Gakkel Ridge, it is not disrupted by transform faults [20,21]. Within the rift valley, magmatic and amagmatic segments can be distinguished. Magmatic segments are represented by volcanic ridges oriented perpendicularly to the direction of extension. Amagmatic segments are expressed as deep depressions on the rift valley floor located parallel to its axis [9].



Earthquakes with magnitudes of MWISCGEM = 6.54 and MWGCMT = 6.1 that occurred on 1 June 1915 and 9 September 1992, respectively, were the strongest events in the area of the Knipovich Ridge [15,16]. The epicenters of three earthquakes with magnitudes of MWGCMT = 5.4, which occurred on 3 February 2000, 21 June 2009, and 22 June 2009, were also confined to the Knipovich Ridge [16].



At the same time, the strongest earthquake in the considered region was an event with a magnitude of MWGCMT = 6.7, which occurred on 20.07.1992 in the Molloy transform fault. Also, the epicenters of four earthquakes with a magnitude of MWGCMT ≥ 6.0 were confined to the Molloy transform fault and Spitsbergen fracture zones area [16].



Until recently, earthquakes on the Gakkel and Knipovich ridges were only recorded at teleseismic distances with thresholds ranging from M ≥ 4.5 to M ≥ 3.5 for different segments. Information on weak seismicity is valuable for studying tectonic and volcanic processes occurring in rift zones. In this regard, it should be noted that the installation of stationary seismic stations of the Arkhangelsk seismic network on the Arctic archipelagos of Franz Josef Land and Severnaya Zemlya in 2012 allowed for the registering of low-magnitude events within the Gakkel Ridge at closer distances [22,23]. It should be also noted that stations located in Svalbard (BERGEN, NORSAR, and KOLA) and Greenland (DNK) contribute to the registration of low-magnitude events within the Knipovich Ridge.



The earthquake catalog of the Gakkel and Knipovich ridges is a fundamental basis for studying seismicity, regional segmentation, and seismotectonics of the poorly studied boundary between the Eurasian and North American plates. It should be noted that, in [24], the earthquake catalog was created, covering the area north of 72° N for the period 1955–1999. Using regional bathymetry and potential fields, a seismicity model was obtained and a segmentation of the interplate boundary was proposed.



The present paper aims to create a unified integrated earthquake catalog of the Gakkel and Knipovich ridges, as well as the Svalbard Archipelago, merging all available data from Russian and international agencies. The author’s methodology of intelligent merging (with the identification of formed duplicate events and their separation from aftershocks [25]) of earthquake catalogs from different networks and seismological agencies is described in detail in [26]. The unified integrated earthquake catalogs that were created using this methodology for the eastern and western sectors of the Russian Arctic zone are available to the public at: http://www.wdcb.ru/arctic_antarctic/arctic_seism.html (accessed on 1 August 2023), and a description of the assembly process is given in [27,28].



Therefore, this article, along with the results by the authors in [26,27,28], completes the creation of the most reliable integrated unified earthquake catalogs that cover the whole Russian and European Arctic.




2. Materials and Methods


The region considered in the present paper (Figure 2) covers zones that were not included in the Eastern (catalog I) and Western (catalog II) sectors of the Russian Arctic. The territory is directly adjacent to the Eastern and Western sectors, but does not intersect with them. The schematic coverage map for catalogs I, II, and III is presented in (Figure S1, see Supplementary).



The set of initial data was compiled from five earthquake catalogs (Table 1):




	
The Arctic catalog from the annual journals Earthquakes in the USSR 1962–1991, Earthquakes in Northern Eurasia 1992–2017, and Earthquakes in Russia 2018–2021 (hereinafter ARC);



	
The catalog of the FCIAR network (Arkhangelsk network) 2008–2017 from the annual journals of Earthquakes in Northern Eurasia (hereinafter ARKH);



	
The catalog of the Svalbard Archipelago territory for 2010–2021 from the annual journals of Earthquakes in Russia (hereinafter SHB);



	
The ISC 1962–2022 catalog, which is a composite and contains data from many world and also Russian agencies (Table S1, see Supplementary);



	
The catalog Seismicity of the western sector of the Russian Arctic for 1962–2020 [29] (hereinafter Morozov). The Morozov catalog was recently presented in [29]. In this catalog, earthquakes are relocated based on the analysis and merging of all available seismic bulletins from Russian and European seismic networks using modern velocity models. The Morozov catalog covers the shelf zone of the Western Sector of the Russian Arctic, which we included in our previous study [28], but some earthquakes were relocated [29] from the shelf to the Gakkel Ridge. We include these events in our catalog, since we consider determinations [29] to be the most reliable.








According to [30,31], a large number of small seismic events registered in the Svalbard archipelago are ice-quakes. Such events are not presented in Russian catalogs. The ISC catalog includes 16 non-earthquake events (explosions and glacial events), all of them in Svalbard. One of these events is presented in the ARC catalog and another in the ARKH catalog. These events were excluded from the source catalogs. No additional checks were performed after merging the catalogs.



According to [30,31], a large number of seismic events registered in the Svalbard Archipelago with magnitudes ranging from 1 to 2.2 are ice-quakes. This is confirmed, among other things, by a seasonal periodicity that is not typical for earthquakes. However, in the ISC catalog, only 6 events were marked as glacial events (ice-quakes). Either the ice-quakes were cleared out by the compilers, or most of the events were still earthquakes. More than 90% of the events had a significant depth, which is not typical for ice-quakes, so we considered them earthquakes and included them in the integrated catalog (Figure S1, see Supplementary).



Events with unknown magnitude/class were excluded from consideration. Earthquakes were selected within the boundaries of the studied region (Figure S2, see Supplementary).
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	Catalog
	Period
	Number of Events
	Number of Earthquakes with Energy Classes and/or Magnitudes
	Number of Non-Earthquakes





	ARC
	1965–2021
	2404
	2403
	1 *



	ARKH
	2008–2017
	1493
	1492
	1 *



	SHB
	2010–2021
	2634
	2634
	0



	ISC
	1962–2022
	16,953
	16,937
	16



	Morozov
	1962–2020
	4 **
	4
	0







* According to ISC data. ** Four events with known magnitudes from an additional catalog were included. They were relocated outside the studied area considered in [29], but were within the area studied in the present paper.











The methodology for identifying duplicates when merging catalogs is described in detail in [26]. It was successfully applied to create catalogs of the eastern and western sectors of the Russian Arctic [27,28]. A basic three-parameter model (1) showed efficiency for assessing the proximity between earthquakes. It takes into account the time difference DT, and the epicenter difference in the longitude DX and the latitude DY. After that, the classification of earthquakes into unique and duplicates is carried out using the threshold value of the metric   R o  


  R o =      D T   2         σ   T     2     +     D X   2         σ   X     2     +     D Y   2         σ   Y     2      ,  



(1)




where     σ   T    ,     σ   X      ,     σ   Y     are the standard deviations of time, longitude, and latitude differences between the nearest events from two source catalogs.




3. Results


3.1. Merging Catalogs


As shown in (Table S1, see Supplementary), in the studied region, a significant majority of events are registered by European seismic networks, the data of which are collected in the composite ISC catalog. The number of earthquake records in the ISC catalog is approximately three times greater than the total number of events in the Russian catalogs. Moreover, the data on earthquakes presented in [29] was specified based on the analysis and combination of all available seismic bulletins of Russian and European seismic networks using modern velocity models of the environment. Thus, in the task of merging earthquake catalogs, the following priority sources of earthquake data were chosen (Table 1, Figure 3):




	
Earthquakes from the Morozov catalog (4 events);



	
Earthquakes from the ISC catalog (16,937 events);



	
Earthquakes from catalogs of ARC (2404 events), SBH (2404 events), and ARKH (1493), with preference given to data from the ARC catalog in overlapping areas.
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Figure 3. Assembly diagram of the integrated catalog of the studied region. At each stage, the main catalog is marked with a bold frame. The stage numbers are given in ellipses and correspond to Table 2. 
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Table 2. Scheme and compilation parameters of the integrated catalog.
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	Stage
	Main Catalog
	Additional Catalog
	   Metric   Parameters     σ   T          min ,     σ   X          km ,     σ   Y      km
	Threshold Value

of the Metric
	Estimation of the Number of Errors
	Number of Duplicates
	Merged Catalog





	1
	ARC

2403 events
	SHB

2634 events
	0.054;

22.5;

21.3
	12
	0.7%
	502
	ARC_SHB

4535 events



	2
	ARC_SHB

4535 events
	ARKH

1492 events
	0.048;

23.9;

22.8
	14
	0.3%
	1136
	RUS

4891 events



	3
	ISC

16,937 events
	RUS

4891 events
	0.05;

28.3;

24.7
	17.5
	0.9%
	3906
	ISC_RUS

17,922 events



	4
	Morozov

4 events
	ISC_RUS

17,922 events
	
	
	
	4
	N_ARCTIC0

17,922








Before the merging process, each of the source catalogs (Table 1) was checked for internal duplicates. Statistical analysis did not reveal any anomalous groups of close events (Figure S3, see Supplementary).



At each stage, the merging of catalogs is performed in two steps. First, the metric parameters (1) are determined. For this, the metric (1)   R o   between the nearest events from two source catalogs with standard parameters     σ   T   = 0.05   m i n  ,     σ   X   =   σ   Y   = 15   k m   is calculated. The threshold value of the metric   R o = 10   is used for the preliminary duplicate identification, which corresponds to the time and space difference of 0.5 min/150   k m  . Standard deviations     σ   T    ,     σ   X      , and,     σ   Y     of the variables DT, DX, and DY are calculated for the pre-identified duplicates (Figure 4, Figure 6, and Figure 8). In the next step, a threshold value of the metric is determined and the final duplicate identification takes place (Figure 5, Figure 7, and Figure 9).



The catalogs for the studied region consist of a mixture of data from a large number of agencies. This applies not only to the ISC catalog but also to the ARC catalog, which combines data from several regional networks KOLA, FCIAR, and the GS RAS teleseismic network. In addition, catalogs significantly change over time: the diversity of sources (contributing agencies) and the number of events significantly increase starting from the mid-1990s and then in 2010.



For this reason, metric parameters     σ   T    ,     σ   X      , and,     σ   Y     change over time (Figure 8), and heavy tails appear in the distributions of DT, DX, and DY. In this situation, using the methodology applied in [27,28] to determine the threshold value of the metric leads to an increased probability of missing duplicates (Figure S4, see Supplementary). Therefore, in this paper, it was decided not to use a multivariate normal distribution model. Instead, the sampling distribution (without modeling by the normal distribution, as in the original method) of the metric for the nearest events from the two merged catalogs is used.



We assume that the maximum value of the metric for events that can be duplicates is   R o = 30  , which corresponds to a time and space difference of about 1.5 min and 600 km. We construct the distribution of such events   F d u b  . The red lines in Figure 5b, Figure 7b, and Figure 9b represent the value of   1 − F d u b  , which we consider as the probability of missing a duplicate (error of the first kind). The probability of a false duplicate (error of the second kind) is estimated in the same way as in [27,28]. For this, we calculate the values of the metric (1)   R o   between events within an additional catalog. The blue lines in Figure 5b, Figure 7b, and Figure 9b represent the proportion of events with a proximity less than a given value of   R o  . The black lines show the estimate of the total probability of the first and the second kind errors. The threshold value of the metric minimizes the total number of errors. Figure 5c, Figure 7c, and Figure 9c show the distribution of normalized times and distances for the nearest events from the merged catalogs. The metric contour lines correspond to the chosen threshold value, which provides the optimal separation of duplicates and unique events.



The numerical parameters of the catalog merging are given in Table 2. The integrated catalog contains 17,922 events.
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Figure 4. Stage 1. Determination of numerical parameters of the metric (1) for merging the ARC and SHB catalogs. Distributions of variables DT, DX, DY, and the dependence of dispersion and mean values on time and magnitude of events. 
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Figure 5. Stage 1: Merge of catalogs ARC and SHB. (a) Comparison of the metric distribution ARC/SHB pairs (blue histogram) and the same metric for SHB/SHB earthquakes (red histogram); (b) Threshold optimization: the red line shows the probability of missing a duplicate, the blue line shows the probability of a false duplicate, and the black line shows the total probability of the first and the second kind errors. The threshold value   R o = 12  , which minimizes the total number of errors, approximately 0.7%, is shown by a dashed line; (c) Distribution of normalized DT and DR, and the contour line of metric (1). Colored dots represent ARC/SHB pairs (pink dots are duplicates, blue dots are unique events), and black dots are distances between SHB/SHB events in metric (1). The values of the metric for earthquakes in the SHB catalog are significantly larger than for ARC/SHB duplicates (pink dots). The contour line of the metric (1)   R o = 12   provides close to optimal separation of duplicates and naturally grouped events. Absolute duplicates are not shown. 
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Figure 6. Determination of numerical parameters of the metric (1) for merging the ARC_SHB and ARKH catalogs. Distributions of variables DT, DX, DY, and the dependence of dispersion and mean values on time and magnitude of events. 
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Figure 7. Stage 2: Merge of catalogs ARC_SHB and ARKH. (a) Comparison of the metric distribution ARC_SHB/ARKH pairs (blue histogram) and the same metric for ARKH/ARKH earthquakes (red histogram); (b) Threshold optimization: the red line shows the probability of missing a duplicate, the blue line shows the probability of a false duplicate, and the black line shows the total probability of the first and the second kind errors. The threshold value   R o = 12  , which minimizes the total number of errors, approximately 0.7%, is shown by a dashed line; (c) Distribution of normalized DT and DR, and the contour line of metric (1). Colored dots represent ARC_SHB/ARKH pairs (pink dots are duplicates, blue dots are unique events), and black dots are distances between ARKH/ARKH events in metric (1). The values of the metric for earthquakes in the ARKH catalog are significantly larger than for ARC_SHB/ARKH duplicates (pink dots). The contour line of the metric (1)   R o = 12   provides close to optimal separation of duplicates and naturally grouped events. Absolute duplicates are not shown. 
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Figure 8. Stage 3. Determination of numerical parameters of the metric (1) for merging the ISC and RUS catalogs. Distributions of variables DT, DX, DY, and the dependence of dispersion and mean values on time and magnitude of events. 
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Figure 9. Stage 3: Merge of catalogs ISC and RUS. (a) Comparison of the metric distribution ISC/RUS pairs (blue histogram) and the same metric for RUS/RUS earthquakes (red histogram); (b) Threshold optimization: the red line shows the probability of missing a duplicate, the blue line shows the probability of a false duplicate, and the black line shows the total probability of the first and the second kind errors. The threshold value   R o = 12  , which minimizes the total number of errors, approximately 0.7%, is shown by a dashed line; (c) Distribution of normalized DT and DR, and the contour line of metric (1). Colored dots represent ISC/RUS pairs (pink dots are duplicates, blue dots are unique events), and black dots are distances between RUS/RUS events in metric (1). The values of the metric for earthquakes in the RUS catalog are significantly larger than for ISC/RUS duplicates (pink dots). The contour line of the metric (1)   R o = 12   provides close to optimal separation of duplicates and naturally grouped events. Absolute duplicates are not shown. 
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3.2. Magnitude Unification in the Integrated Earthquake Catalog


During the second stage of creating the integrated earthquake catalog, the magnitude unification of events was carried out. The integrated catalog contains multiple definitions of the magnitude of different types from various agencies. Different magnitudes are presented in different periods and different parts of the considered region. A preliminary study showed that some magnitude estimates significantly changed over time: MLNAO magnitude changed in 2009, MDBER magnitude changed in 2010, and MLDNK magnitude changed in 2015 (Figure 10).



Moreover, we assumed that the magnitude ratio may vary in different seismically active zones. We identified three sub-regions: Svalbard, Knipovich Ridge, and Gakkel Ridge (Figure 2). Magnitude unification was independently performed in these three sub-regions.



As the reference scale, we chose the magnitude based on the seismic moment determined by GCMT. We analyzed correlation ratios between various magnitudes and proposed conversion formulas for obtaining “proxy-MW” estimates. We used a simple shift-type ratio   M = m + a   for almost all magnitudes, except for surface wave magnitudes MSISC, MSMOS, and MLHGSR, for which linear ratios were used.



3.2.1. Svalbard


The catalog of the Svalbard sub-region contains 6921 events. The magnitude MWGCMT is determined for only 6 events, while the magnitudes mbISC, mbNEIC are known for 153 events. The magnitude mbISC ≈ MWGCMT (Figure 11a). This corresponds to the practice of ISC that uses mb as a proxy-MW for earthquakes with M < 5.0 [32]. This significantly increases statistics and expands the magnitude range for converting other magnitudes to proxy-MW. Most events (5927) have a local magnitude MLBER. In total, about 88% of events have MWGCMT, mbISC, NEIC, and MLBER magnitudes. We consider the ratios between these magnitudes as basic (Figure 11). For the remaining magnitudes, we built ratios with mbISC and MLBER. Regressions with mbISC and MLBER for most magnitudes are very close (Figure 12 and Figure 13). This confirms the hypothesis of linearity in the ratio between different estimates over a wide range of magnitudes. The exception is the MDBER magnitude in 2010–2011, for which magnitude estimates for 34 events, where other determinations are absent, were considered unreliable. For 12 events, the ratios were poorly determined due to the small number of events with both magnitude determinations (Figure 14). For 16 events, the ratios were not determined. In total, the unified magnitude was poorly determined for less than 1% of events. Statistics and formulas for converting magnitudes in the Svalbard sub-region are presented in Table 3.
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	Agency
	Type of Magnitude
	Priority
	Number of Events
	Magnitude

in the Integrated Catalog
	Correlation
	Figure
	Mmin—

Mmax. Initial Magnitude Scale
	Note





	GCMT
	MW
	1
	6
	M = MWGCMT
	
	
	4.7–6.1
	



	ISC
	mb
	2
	130
	M = mbISC
	0.78
	11a
	3.1–5.6
	



	NEIC, NEIS
	mb
	2
	17
	M=mbNEIC–0.1
	0.75
	11b
	3.3–4.9
	



	BER
	ML
	3
	5927
	M = MLBER + 0.3
	0.39
	11c
	0.3–3.9
	



	KOLA
	ML
	4
	330
	M = MLKOLA
	0.79
	12c
	1.4–3.4
	



	NAO
	ML
	4
	250
	M = MLNAO + 0.4
	0.65
	13a
	0.9–3.2
	1998–2008



	NAO
	ML
	4
	47
	M = MLNAO
	0.53
	13b
	1.2–3.5
	2009–2022



	FCIAR
	ML
	4
	46
	M = MLFCIAR–0.7
	0.47
	12f
	1.8–3.8
	



	BER
	MD
	4
	92
	M = MDBER + 0.4
	0.43
	13c
	0.9–3.2
	1990–2009



	BER
	MD
	5
	34
	M = MDBER–0.1
	0.25
	13d
	0.8–2.3
	2010–2011 unreliable,

Non-linear relation



	MOS
	mb
	4
	2
	M = mbMOS–0.3
	0.89
	12a
	4.9–5.8
	



	BER
	Mw
	4
	7
	M = MwBER–0.1
	0.85
	12b
	3.1–3.9
	



	HEL
	ML
	4
	4
	M = MLHEL
	0.53
	12d
	2.3–3.2
	



	IDC
	mb
	4
	1
	M = mbIDC
	0.78
	12e
	3.5
	



	DNK
	ML
	5
	3
	M = MLDNK + 0.7
	0.66
	14a
	1.8–2.0
	Poorly determined



	EDIC
	ML
	5
	7
	M = MLEIDC–0.1
	0.20
	14b
	2.8–4.0
	Poorly determined



	LAO
	M
	5
	2
	M = MLAO + 0.2
	0.07
	14c
	3.4–3.8
	Poorly determined



	NAO
	mb
	5
	1
	M = mbNAO
	
	
	4
	Not Determined



	HEL
	MD
	5
	5
	M = MDHEL
	
	
	3.2–4.0
	Not Determined



	BER
	mb(Pn)
	5
	4
	M = mb(Pn)BER
	
	
	2.5–2.8
	Not Determined



	WAR
	M
	5
	5
	M = MWAR
	
	
	2.1–3.0
	Not Determined



	NUR
	M
	5
	1
	M = MNUR
	
	
	3.9
	Not Determined



	Total
	
	
	6921
	
	
	
	
	









3.2.2. Knipovich and Gakkel Ridges


The Gakkel and Knipovich ridges are structures of a similar tectonic type, known as “mid-ocean ridges”. Preliminary analysis of the ratio of different magnitudes, for which there are sufficient statistics in both ridges, shows that most of the ratios are very similar. Figure 15a,b show the ratios for MWGCMT and mbISC, mbNEIC. In many cases, we construct ratios based on combined data from the Gakkel and Knipovich ridges. The ratios were found to be different for MLFCIAR. For some magnitude types in the Gakkel Ridge, there are insufficient statistics, and the ratios from the Knipovich Ridge were used, which we considered unreliable. Detailed statistics are separately presented for the Knipovich and Gakkel ridges.



The catalog for the Knipovich Ridge sub-region contains 8912 events. The MWGCMT magnitude is determined for 112 events, while magnitudes mbISC and mbNEIC are known for 885 events. Magnitude MWGCMT ≈ mbISC + 0.2 (Figure 15a). A large number of events have magnitudes of MLBER (2974), MwBER (1892), mb(Pn)BER (1521), and M = MLDNK (2602), which together make up over 92% of events. The ratios between MWGCMT, mbISC, NEIC, and MLBER magnitudes are considered basic (Figure 15). For other magnitudes, the ratios are constructed with MWGCMT, mbISC, and MLBER when there are sufficient statistics. As in the Svalbard region, regressions with MWGCMT, mbISC, and MLBER for most magnitudes are very close (Figure 16 and Figure 17). This confirms the hypothesis of linearity in the ratio between different estimates over a wide range of magnitudes. The exception is the magnitude MDBER in 2011–2012, where estimates for 20 events with no other determinations were considered unreliable. Ratios for 16 events were poorly determined due to small statistics (Figure 18). Ratios for 11 events were not determined. In total, the unified magnitude was poorly determined for less than 1% of events. Statistics and formulas for converting magnitudes in the Knipovich Ridge sub-region are presented in Table 4.
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	Agency
	Type of Magnitude
	Priority
	Number

of Events
	Magnitude

in the Integrated Catalog
	Correlation
	Figure
	Mmin—

Mmax. Initial Magnitude Scale
	Note





	GCMT
	MW
	1
	112
	M = MWGCMT
	
	–
	4.6–6.7
	



	ISC
	mb
	2
	805
	M = mbISC + 0.2
	0.67
	15a
	2.9–6.3
	Gakkel and Knipovich



	NEIC, NEIS
	mb
	2
	80
	M = mbNEIC + 0.1
	0.66
	15b
	3.3–4.9
	Gakkel and Knipovich



	BER
	ML
	3
	2974
	M = MLBER + 1.2
	0.54
	15c
	0.3–3.7
	Knipovich



	BER
	Mw
	4
	1892
	M = MwBER − 0.1
	0.72
	16a
	1.3–5.0
	Gakkel and Knipovich



	BER
	mb(Pn)
	4
	1521
	M = mb(Pn)BER − 0.1
	0.82
	16b
	1.7–4.6
	Gakkel and Knipovich



	DNK
	ML
	4
	83
	M = MLDNK + 0.6
	0.79
	16c
	0.9–3.1
	2008–2015.2 Knipovich



	DNK
	ML
	4
	753
	M = MLDNK + 1.3
	0.57
	16d
	0.1–3.1
	2015.3–2022 Knipovich



	KOLA
	ML
	4
	82
	M = MLKOLA + 0.5
	0.65
	16e
	1.3–3.4
	Knipovich



	NAO
	ML
	4
	265
	M = MLNAO + 1.1
	0.53
	16f
	0.2–3.4
	1990–2008 Gakkel and Knipovich



	NAO
	ML
	4
	32
	M = MLNAO + 0.4
	0.69
	16g
	1.7–4.2
	2009–2022 Gakkel and Knipovich



	FCIAR
	ML
	4
	102
	M = MLFCIAR
	0.42
	16h
	2.3–4.1
	Knipovich



	BER
	MD
	5
	96
	M = MDBER + 1.1
	0.62
	17a
	1.5–4.4
	1990–2009 Knipovich



	BER
	MD
	5
	20
	M = MDBER + 0.8|MD < 2.7
	0.23
	17b
	1.5–2.5
	2010–2011 Knipovich, unreliable



	IDC
	mb
	4
	21
	M = mbIDC + 0.2
	0.85
	17c
	3.0–3.6
	Gakkel and Knipovich



	EIDC
	mb
	4
	11
	M = mbEIDC + 0.3
	0.76
	17d
	2.9–3.7
	Gakkel and Knipovich



	USCGS
	mb
	4
	4
	M = mbUSCGS + 0.2
	0.83
	18a
	4.2–4.6
	Gakkel and Knipovich



	MOS
	MS
	4
	1
	M = 0.515MSISC + 2.88
	0.71
	18d
	4.7
	Gakkel and Knipovich



	NAO
	mb
	4
	3
	M = mbNAO + 0.5
	0.62
	18b
	3.6–4.1
	Knipovich



	HFS
	mb
	4
	1
	M = mbNAO + 0.5
	0.50
	18c
	3.9
	Knipovich



	OTT
	ML
	4
	27
	M = MLOTT + 0.1
	0.23
	18e
	3.2–5.0
	Gakkel and Knipovich



	EIDC
	ML
	5
	7
	M = MLEIDC + 0.2
	0.05
	18h
	3.4–4.2
	Poorly determined



	BER
	Mc
	5
	3
	M = McBER + 0.4
	0.03
	18f
	1.7–3.2
	Poorly determined



	DNK
	Mc
	5
	6
	M = McBER − 0.5
	0
	18g
	2.1–3.7
	Poorly determined



	CGS
	M
	5
	5
	M = MCGS
	
	
	4.2–4.7
	Not Determined



	DNK
	MD
	5
	1
	M = MDBER
	
	
	2.4
	Not Determined



	PAL
	M
	5
	2
	M = MPAL
	
	
	4.3
	Not Determined



	STU
	M
	5
	1
	M = MSTU
	
	
	5.2
	Not Determined



	OTT
	Mn
	5
	1
	M = MnOTT
	
	
	3.1
	Not Determined



	WAR
	M
	5
	1
	M = MWAR
	
	
	2.6
	Not Determined



	Total
	
	
	8912
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Figure 15. Basic shift-type correlation ratios for magnitudes MWGCMT, mbISC, NEIC, and MLBER in the sub-region of Knipovich Ridge. Ratios (a,b) are constructed using Knipovich (gray dots) and Gakkel (black dots) ridges data. In (c), correlations of MLBER with mbISC (blue) and MWGCMT (black) are very similar. The Y-axis for mbISC is shifted to 0.2 in accordance with the ratio between mbISC and MWGCMT shown in (a). Dots are observations, lines are the best shift-type fits. The 95% confidence intervals are not shown since they are less than 0.1. 
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Figure 16. Correlation ratios for different magnitudes with MWGCMT (black), mbISC (blue), and MLBER (red) in the sub-region of Knipovich Ridge. The Y-axes for MWGCMT, mbISC and MLBER are shifted relative to each other in accordance with the basic ratio between the magnitudes shown in Figure 15. Dots are observations, lines are the best shift-type fits. The 95% confidence intervals are not shown since they are less than 0.1. 
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Figure 17. Correlation ratios for MDBER and mbIDC, mbEIDC with MWGCMT (black), mbISC (blue), and MLBER (red) in the sub-region of Knipovich Ridge. Y-axes for MWGCMT, mbISC and MLBER are shifted relative to each other in accordance with the basic ratio between the magnitudes shown in Figure 15. Black crosses in (b–d) are the population mean of MLBER and mbISC. Ratios for mbIDC mbEIDC are constructed using the Knipovich and Gakkel ridges data. Dots are observations, lines are the best shift-type fits. The 95% confidence intervals are not shown since they are less than 0.1. 
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Figure 18. Correlation ratios for various magnitudes with MWGCMT(black), mbISC, NEIC (blue), and MLBER (red) in the sub-region of Knipovich Ridge. Y-axes in (b,c) for MWGCMT, mbISC are shifted relative to each other in accordance with the basic ratio between the magnitudes shown in Figure 15. All ratios are shift type, excluding MSMOS (d), where we use linear relation. Dots are observations, lines are the best fits. Ratios are constructed using the Knipovich and Gakkel ridges data. Ratios (f–h) are poorly determined, and dashed lines show 95% confidence intervals. 
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The catalog of the Gakkel Ridge sub-region contains 2089 events. The magnitude MWGCMT is determined for 138 events, while the magnitudes mbISC and mbNEIC are known for 1053 events. A large number of earthquakes (561) have a MLFCIAR magnitude, accounting, together with MWGCMT, mbISC, and mbNEIC, for almost 84% of the events. The magnitude MWGCMT ≈ mbISC + 0.2 (Figure 15a). The magnitude ratios, only using events from the Gakkel Ridge, are shown in Figure 19. We constructed ratios with MWGCMT and mbISC. The MLFCIAR magnitude was not used due to insufficient statistics (for most events with MLFCIAR, it is the only determined magnitude). For local magnitudes MLBER, MLDNK, and MLKOLA (a total of 45 events), ratios obtained for the Knipovich Ridge events were used, but we considered them unreliable. For 21 events, the ratios were poorly determined due to the small statistics (Figure 18e and Figure 19h). For seven events, the ratios were not determined. In total, the unified magnitude was poorly determined for 3.5% of the events. Statistics and formulas for converting magnitudes in the Gakkel Ridge sub-region are given in Table 5.





3.3. Statistics of the Integrated Catalog for Three Sub-Regions


Figure 20 shows the distribution of earthquake epicenters from the created integrated catalog. The catalog contains 17,922 events, 989 events are from Russian catalogs, and the rest are from ISC. In the sub-regions of Svalbard and Knipovich Ridge, the addition of Russian data to ISC is insignificant. However, in the Gakkel Ridge, Russian data accounts for more than a quarter of the events, and more than half since 2012. Detailed statistics are provided in Table 6.
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	Time Period, Catalog *
	N Total
	N from ISC
	N from GS RAS, Morozov
	Mc
	N,

M ≥ Mc
	Mmax





	1962–2022
	
	
	
	
	
	



	N_Arctic
	17,922
	16,933 (94.2%)
	989 (5.8%)
	-
	
	6.7



	Svalbard
	6921
	6617 (95.6%)
	304 (4.4%)
	-
	
	6.1



	Knipovich Ridge
	8912
	8794 (98.7%)
	118 (1.3%)
	-
	
	6.7



	Gakkel Ridge
	2089
	1522 (72.9%)
	567 (27.1%)
	-
	
	6.5



	1962–1994
	
	
	
	
	
	



	N_Arctic
	703
	683 (97.2%)
	20 (2.8%)
	5.0
	181
	6.7



	Svalbard
	94
	94 (100%)
	0 (0%)
	4.5
	20
	5.6



	Knipovich Ridge
	329
	329 (100%)
	0 (0%)
	4.7
	166
	6.7



	Gakkel Ridge
	280
	260 (92.9%)
	20 (7.1%)
	5.0
	102
	6.5



	1995–2011
	
	
	
	
	
	



	N_Arctic
	4377
	4261 (97.3%)
	116 (2.7%)
	4.0
	762
	6.5



	Svalbard
	2209
	2103 (95.2%)
	105 (4.8%)
	2.8
	696
	6.1



	Knipovich Ridge
	1408
	1405 (99.8%)
	3 (0.2%)
	4.0
	275
	6.5



	Gakkel Ridge
	760
	752 (98.9%)
	8 (1.1%)
	4.0
	454
	6.2



	2012–2022
	
	
	
	
	
	



	N_Arctic
	12,842
	11,989 (95.4%)
	853 (6.6%)
	4.0
	657
	6.0



	Svalbard
	4618
	4419 (95.7%)
	199 (4.3%)
	1.7
	2351
	5.3



	Knipovich Ridge
	7175
	7060 (98.4%)
	115 (1.6%)
	2.8
	3447
	6.0



	Gakkel Ridge
	1049
	510 (48.6%)
	539 (51.4%)
	4.0*
	388
	5.9







* Excluding the most eastern segment, where Mc = 4.5.
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Figure 20. Map of earthquake epicenters M ≥ 2.0 of the integrated catalog. Blue dots show events from the ISC catalog, and red dots show events from Russian catalogs. 
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Figure 21, Figure 22 and Figure 23 show event distributions over time and magnitude, as well as differential magnitude-frequency graphs for various time periods for the sub-regions of Svalbard, Knipovich Ridge, and Gakkel Ridge.



Figure 24 shows spatial-temporal variations of the magnitude of complete registration Mc, constructed using the multi-scale method. To determine spatial-temporal variations of the magnitude of complete registration, we used the author’s multi-scale method [33,34]. It was developed for the analysis of heterogeneous catalogs with significant variations in the registration level. The algorithm was based on adapting the dimension of the studied zone to the range of the event magnitude. We associated ranges of larger magnitudes with increasing areas for data selection. The high resolution of the Mc-value was achieved through the determination of the smallest space–magnitude scale in which the Gutenberg–Richter law is verified. The high accuracy and resolution of the method were confirmed by testing on real earthquake catalogs and on synthetic data with the prescribed Mc. The data in Table 6 are based on multi-scale analysis, the results of which are presented in Figure 24.
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Figure 24. Spatial-temporal variations of the magnitude of complete registration Mc (a) Gakkel Ridge; (b) Knipovich Ridge; (c) Svalbard. 
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The number of recorded events in the Svalbard Archipelago and the Knipovich Ridge noticeably increased in 2010, but the best level of registration occurred in 2012. In the Gakkel Ridge, the number of weak events significantly increased after 2012 (data from the Arkhangelsk FCIAR network). However, the magnitude of complete registration Mc only decreased in certain spatial-temporal areas, with Mc = 4.0 for the region as a whole, except for the easternmost segment where Mc = 4.5. The Mc maps are in good agreement with the spatial-temporal distribution of magnitudes (Figure S5, see Supplementary).





4. Conclusions


In this paper, the data from seismic catalogs of various monitoring networks were generalized and integrated using the author’s technique [26] based on statistic distribution analysis. The target was to create the most complete and representative earthquake catalog of the Gakkel and Knipovich ridges, as well as the Svalbard Archipelago. The magnitude estimates were unified in the obtained integrated catalog. The earthquake epicenter map of the integrated catalog is shown in Figure 20. The integrated catalog was made available to the public on the website of the World Data Center for Solid Earth Physics, Moscow, at http://www.wdcb.ru/arctic_antarctic/arctic_seism.html (accessed on 1 August 2023).



Based on the conducted study and obtained results, the authors consider it possible to formulate the following conclusions:




	
The earthquake catalogs of the studied region (the Gakkel and Knipovich mid-ocean ridges plus the Svalbard Archipelago) are a mixture of data from a large number of agencies. Moreover, the catalogs significantly vary over time. As a result, heavy tails appear in the DT, DX, and DY distributions. Therefore, determining the threshold value of the metric using the methodology applied in [27,28] leads to an increased probability of missing duplicates. For this reason, in this study, we decided not to use a multivariate normal distribution model. Instead, the actual distribution of the metric for the nearest events from two combined catalogs was used. As a result, the estimated number of errors in the integrated catalog does not exceed 1%;



	
The integrated catalog contains 17,922 events; 16,933 are from the ISC and 989 events are from Russian catalogs. The latter were not presented in the ISC, while the information regarding 578 events from Russian catalogs was used as a part of the ISC data. In the Gakkel Ridge, Russian data accounts for more than a quarter of events, and more than half after 2012. In the sub-regions of Svalbard and Knipovich, the addition of ISC data with Russian catalogs is insignificant. However, an important aspect here is the unification of magnitude;



	
The ratios between local magnitudes ML with the reference magnitude MWGCMT and mbISC significantly differ in Svalbard and mid-ocean ridges. In Svalbard, the difference between the local and moment magnitudes is about 0.3 (Table 3). In the Knipovich and Gakkel ridges, the estimates of local magnitudes are significantly underestimated compared to the moment magnitude, with a difference exceeding 1.0 (Table 4 and Table 5). Figure 25 shows the frequency-magnitude distributions constructed using original magnitudes. In Svalbard, noticeable discontinuities in the distribution are observed (Figure 25a). This can significantly affect the estimates of the b-value (the slope of the magnitude-frequency plot), which is an important parameter in seismic hazard assessment. The distribution in the Knipovich Ridge (Figure 25b) has a bimodal character, which contradicts the Gutenberg-Richter law. This is an independent confirmation of the inconsistency of magnitude estimates ML and MWGCMT, mbISC. In the Gakkel Ridge (Figure 25c), the distribution weakly follows the Gutenberg-Richter law. After the proposed magnitude conversion, the magnitude-frequency plots acquired a common form (Figure 21b, Figure 22b and Figure 23b);








	4.

	
When creating the unified magnitude scale, ratios were used with three types of magnitude, MWGCMT, mbISC, and MLBER, which are well represented in the studied region. The shift-type ratios turned out to be very similar for most magnitudes of different types determined by various agencies. This approach allows for a significant expansion of the interval for converting magnitudes to proxy-MW, increases statistics, and thus increases the reliability of the conversion. The MWGCMT magnitude is only determined for strong earthquakes with M > 5.0. The use of correlations with mbISC and MLBER allows for an extension of the interval to M of the order of 1. Strictly mathematically, this is not proof of the linearity of ratios between different magnitudes, but it is a weighty argument in favor of such an assumption;




	5.

	
The level of registration significantly varies over time and differs in sub-regions. The best registration level is on Svalbard (Mc = 1.7 after 2012), where there are many seismic stations of the BER, NORSAR, and KOLA networks. A good registration level is apparent in the Knipovich Ridge (Mc = 2.8 after 2012), which is provided by Norwegian and Russian stations on Svalbard and Danish DNK stations in Greenland. The worst registration level is in the Gakkel Ridge (Mc = 4.0), which is not surprising. The nearest seismic stations of FCIAR are located on the archipelagos of Severnaya Zemlya and Franz Josef Land, approximately 600 km from the seismic zone. The distance from Svalbard stations to the Gakkel Ridge is approximately the same;




	6.

	
The integrated earthquake catalog created and reported in this paper is intended for a wide range of researchers involved in both the study of the seismic regime of the Arctic and, in general, seismic hazard assessment [35,36,37,38,39,40,41,42,43,44,45,46]. Presented here, the integrated earthquake catalog, along with the author’s Arctic catalogs [27,28], provides an important contribution to the development of an Arctic Big Data system. Its creation is one of the important requirements for starting a full-scale system analysis of geophysical dynamics in the Arctic;




	7.

	
Figure S6 (see Supplementary) presents all three created integrated earthquake catalogs for the Arctic zone of the Russian Federation. The integrated catalog of Arctic regions I, II, and III contains 45,793 events. In the Svalbard region, 12 duplicates were identified and removed. We believe that the magnitude scale is homogeneous, because all magnitudes were converted to proxi-Mw. The catalog is available to the public at: http://www.wdcb.ru/arctic_antarctic/arctic_seism.html (accessed on 1 August 2023).
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Figure 1. Scheme of the Arctic region and seismic networks. The red line is the boundary between North American and Eurasian plates. The red dotted line is the part of the boundary after the Gakkel ridge. WVZ and EVZ are the Eastern and the Western Volcanic Zones in the Gakkel ridge, and SMZ is the Sparsely Magmatic Zone [1,2]; a star marks the location of volcanic eruption and earthquake swarm in 1999 [3,4]. Arrows show the spreading direction. Triangles are seismic stations of European and Russian networks (see legend). 
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Figure 2. Map of the studied region with earthquake epicenters from the ISC catalog: events with mbISC and mbNEIC magnitude determinations are marked in blue, and events with MwGCMT determinations are marked in red. MFZ and SFZ are Molloy and Spitsbergen fracture zones. Dashed lines delineate sub-regions Svalbard (A), Knipovich (B), and Gakkel (C). 
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Figure 10. Change in magnitude estimates in time: (a) MLNAO; (b) MDBER; (c) MLDNK. 
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Figure 11. Basic shift-type correlation ratios for magnitudes MWGCMT, mbISC, NEIC, and MLBER in the sub-region of Svalbard. Dashed lines in (a) show 95% confidence interval, in (b) and (c), 95% confidence intervals are not shown since they are less than 0.1. 
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Figure 12. Shift-type correlation ratios for different magnitudes with mbISC (blue), and MLBER (red) in the sub-region of Svalbard. Y-axis for mbISC is shifted to 0.3 in accordance with the ratio between mbISC and MLBER in Svalbard (Table 4 and Figure 11). Dots are observations, lines are the best shift-type fits. The 95% confidence intervals are not shown since they are less than 0.1. 
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Figure 13. Shift-type correlation ratios for MLNAO and MDBER magnitudes with mbISC (blue), and MLBER (red) in the sub-region of Svalbard in the different periods. Black crosses in (d) are the population mean of MLBER. The Y-axis for mbISC is shifted to 0.3 in accordance with the ratio between mbISC and MLBER. Dots are observations, lines are the best shift-type fits. The 95% confidence intervals are not shown since they are less than 0.1. 
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Figure 14. Shift-type correlation ratios for different magnitudes in the sub-region of Svalbard. Correlations are unreliable due to a small amount of data. Correlations with mbISC and MLBER are shown in blue and red, respectively. Dots are observations, lines are the best shift-type fits. Dashed lines show a 95% confidence interval. 
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Figure 19. Correlation ratios for various magnitudes with MWGCMT (black), and mbISC (blue) in the sub-region of Gakkel Ridge. Y-axes for MWGCMT, mbISC in (a–c,e) are shifted relative to each other in accordance with the basic ratio between the magnitudes shown in Figure 15. All ratios are shift type, excluding MSISC (f) and MLHGSR (g), where we use linear relation. Dots are observations, lines are the best fits. The ratio (h) is poorly determined, and dashed lines show 95% confidence intervals. Intervals are not shown in (a–g) since they are less than 0.1. 
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Figure 21. Svalbard. (a) Event distribution over time and unified magnitude; (b) non-cumulative frequency-magnitude distributions in different periods. Colored dots in (a) show events with unreliable magnitudes (Table 3), and the dashed lines show preliminary estimates of completeness magnitude Mc. 
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Figure 22. Knipovich Ridge. (a) Event distribution over time and unified magnitude; (b) non-cumulative frequency-magnitude distributions in different periods. Colored dots in (a) show events with unreliable magnitudes (Table 4), and the dashed lines show preliminary estimates of the completeness magnitude Mc. 
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Figure 23. Gakkel Ridge. (a) Event distribution over time and unified magnitude; (b) non-cumulative frequency-magnitude distributions in different periods. Colored dots in (a) show events with unreliable magnitudes (Table 5), and the dashed lines show preliminary estimates of the completeness magnitude Mc. 
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Figure 25. Non-cumulative frequency-magnitude distributions constructed using original magnitudes. (a) Svalbard, arrows mark discontinuities in distribution. (b) Knipovich Ridge, arrows mark two modes of distribution. (c) Gakkel Ridge, distribution weakly follows the Gutenberg-Richter law. 
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Table 5. Magnitude in the integrated catalog: Gakkel Ridge.
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	Agency
	Type of Magnitude
	Priority
	Number

of Events
	Magnitude

in the Integrated Catalog
	Correlation
	Figure
	Mmin—

Mmax. Initial Magnitude Scale
	Note





	GCMT
	MW
	1
	138
	M = MWGCMT
	
	–
	4.6–6.4
	



	ISC
	mb
	2
	979
	M = mbISC + 0.2
	0.67
	15a
	3.0–6.3
	Gakkel and Knipovich



	NEIC, NEIS
	mb
	2
	74
	M = mbNEIC + 0.1
	0.66
	15b
	3.2–4.8
	Gakkel and Knipovich



	FCIAR
	ML
	3
	561
	M = MLFCIAR + 0.6
	0.37
	19a
	2.0–4.3
	Gakkel



	KOLA
	mb
	4
	32
	M = mbKOLA + 0.2
	0.74
	19b
	3.1–4.2
	Gakkel



	MOS
	mb
	4
	1
	M = mbMOS
	0.82
	19c
	5.3
	Gakkel



	USCGS
	mb
	4
	2
	M = mbUSCGS + 0.2
	0.83
	18a
	3.8–4.0
	Gakkel and Knipovich



	BER
	Mw
	4
	23
	M = MwBER − 0.1
	0.72
	16a
	3.1–4.1
	Gakkel and Knipovich



	BER
	mb(Pn)
	4
	30
	M = mb(Pn)BER − 0.1
	0.82
	16b
	2.6–4.0
	Gakkel and Knipovich



	BER
	ML
	5
	3
	M = MLBER + 1.2
	0.54
	15c
	1.9–2.3
	Knipovich, unreliable



	DNK
	ML
	5
	3
	M = MLDNK + 0.6
	0.79
	16c
	1.7–2.3
	2008–2015.2, Knipovich, unreliable



	DNK
	ML
	5
	15
	M = MLDNK + 1.3
	0.57
	16d
	0.6–2.2
	2015.3–2022, Knipovich, unreliable



	KOLA
	ML
	5
	24
	M = MLKOLA + 0.5
	0.65
	16e
	1.3–3.5
	Knipovich, unreliable



	NAO
	ML
	4
	3
	M = MLNAO + 1.1
	0.53
	16f
	2.4–2.8
	1990–2008, Gakkel and Knipovich



	LAO
	M
	4
	5
	M = MLAO + 0.4
	0.79
	19d
	3.7–4.5
	Gakkel



	IDC
	mb
	4
	141
	M = mbIDC + 0.2
	0.85
	17c
	3.2–4.3
	Gakkel and Knipovich



	EIDC
	mb
	4
	19
	M = mbEIDC + 0.3
	0.76
	17d
	2.7–3.9
	Gakkel and Knipovich



	GSR
	MPV
	4
	2
	M = MPVGSR
	0.44
	19e
	4.4–5.0
	Gakkel



	ISC
	MS
	4
	1
	M = 0.5MSISC + 2.88
	0.85
	19f
	5.3
	Gakkel



	GSR
	MLH
	4
	4
	M = 0.52MLHGSR + 2.6
	0.75
	19g
	3.0–3.4
	Gakkel



	OTT
	ML
	5
	5
	M = MLOTT + 0.1
	0.23
	18e
	3.2–4.2
	Gakkel and Knipovich Poorly determined



	GSR
	k
	5
	16
	M = k/2 − 1.2
	0.51
	19h
	9–11
	Gakkel

Poorly determined



	CSEM
	ML
	5
	2
	M = MLCSEM
	
	–
	2.2–2.6
	Not Determined



	CGS
	M
	5
	2
	M = MCGS
	
	–
	4.2–4.6
	Not Determined



	MSCGS
	M
	5
	1
	M = MMSCGS
	
	–
	4.3
	Not Determined



	PAL
	M
	5
	2
	M = MPAL
	
	–
	4.0–4.8
	Not Determined



	STU
	M
	5
	1
	M = MSTU
	
	–
	4.8
	Not Determined



	Total
	
	
	2089
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