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Introduction

[2] In January 1999, six autonomous hydrophones, designed and built by NOAA's Pacific Marine Environmental Laboratory (PMEL), were moored on the flanks of the Mid-Atlantic Ridge (MAR) (Figure 1) to monitor the seismicity of a portion of this slow spreading ridge [Smith et al., 2002]. Here we present a detailed look at the seismicity of the northern MAR between 15°and 35°N as recorded by the hydrophones for a period of $2 years.

43

[3] The region of the MAR within the hydrophone array is 44 part of the French American Ridge Atlantic (FARA) project, 45 which extends from 15°to 40°N. This section of the MAR 46 has been subject to intensive study over the past several 47 years. Multibeam bathymetry data have been collected along 48 the entire length of the ridge axis, and several surveys have 49 extended well off axis [e.g., [START_REF] Cannat | Formation off the axial relief at the very slow spreading Southwest Indian Ridge (49°to 69[END_REF]Gente et al., 50 1995;[START_REF] Needham | The crest of the Mid-Atlantic Ridge between 40°N 1222 and 15°N: Very broad swath mapping with the EM12 echosounding 1223 system[END_REF][START_REF] Patriat | Evolution of the segmentation of the Mid-Atlantic Ridge between 28°1 229 and 29[END_REF]Romme-51 vaux et al., 1994;[START_REF] Sempe ´re | The Mid-Atlantic Ridge between 29°N and 31°30 0 N in the last 10 Ma[END_REF][START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF] 52 [START_REF] Tucholke | Segmentation and crustal structure of the western Mid-Atlantic Ridge flank, 25°25 0 -27°10 0 N and 0 -29 m.y[END_REF]. The FARA region includes several 53 sites of multidisciplinary study. Well-known examples of 54 which include the MARK area near 23°N [e.g., Karson et 55 al., 1987], the TAG hydrothermal vent field near 26°N [e.g., 56 Kleinrock and Humphris, 1996b;[START_REF] Rona | Nal-1249 walk, Tectonic fabric and hydrothermal activity of Mid-Atlantic Ridge 1250 crest (lat. 26°N)[END_REF], the 57 segments between the Hayes and Oceanographer transforms 58 (33°-35°N) [e.g., [START_REF] Detrick | Gravity anomalies and crustal thickness variations along the Mid-Atlantic Ridge between 33°N and 40[END_REF], and the FAMOUS 59 area near 37°N [e.g., Heirtzler and van Andel, 1977]. 60 [4] There have been a number of detailed studies of 61 teleseismic earthquakes on the MAR [e.g., Bergman and 62 [START_REF] Bergman | Earthquake swarms on the Mid-Atlantic Ridge: Products of magmatism or extensional tectonics?[END_REF][START_REF] Huang | Centroid depths of mid-ocean ridge 1192 earthquakes: Dependence on spreading rate[END_REF]Huang et al., 63 1986] and its fracture zones [e.g., Abercrombie and 64 [START_REF] Abercrombie | Earthquake slip on oceanic transform faults[END_REF][START_REF] Wolfe | Oceanic transform earthquakes with unusual mechanisms or locations: Relation to fault geometry and state of stress in the adjacent lithosphere[END_REF]. In addition, a number 65 of local microearthquake experiments using ocean bottom 66 seismometers (OBS) have been conducted at various loca-67 tions along the MAR [e.g., [START_REF] Barclay | Microearthquake characteristics and crustal V p /V s structure at the Mid-Atlantic Ridge, 35N[END_REF]Kong et al., 68 1992; [START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Hypocenters and focal mechanisms[END_REF][START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Tomography and tectonics[END_REF][START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-1333 Atlantic Ridge: The architecture of a slow spreading segment[END_REF]. All of 69 these studies provide a framework within which we can 70 place the results of the hydrophone monitoring. 71

[5] Results from the first year of hydrophone data 72 allowed us to make some general observations on the 73 seismicity [START_REF] Bohnenstiehl | Earthquake sequences detected using autonomous underwater hydrophone data from the northern Mid-Atlantic Ridge: February 1999[END_REF][START_REF] Bohnenstiehl | Aftershock sequences in the mid-ocean ridge environment: An analysis using hydroacoustic data[END_REF]Smith et al., 74 2002]. The magnitude of completeness of the hydrophone 75 data set is m c $ 3.0, with a number of smaller events being recorded. A significant variability in event rate along the axis of the MAR was observed within the array. Groups of neighboring segments appeared to behave similarly, producing an along-axis pattern with high and low levels of seismic activity. [START_REF] Smith | Hydroacoustic monitoring of seismicity at the slowspreading Mid-Atlantic Ridge[END_REF] suggested that this broad-scale pattern is likely influenced by the axial thermal regime. In addition, data from off-axis indicated that most seismic faulting occurs within 15 km of the axis center. Finally, several earthquake sequences were detected that had variable temporal characteristics, suggesting fundamental differences in the causes of their seismicity [START_REF] Bohnenstiehl | Earthquake sequences detected using autonomous underwater hydrophone data from the northern Mid-Atlantic Ridge: February 1999[END_REF][START_REF] Bohnenstiehl | Aftershock sequences in the mid-ocean ridge environment: An analysis using hydroacoustic data[END_REF][START_REF] Smith | Hydroacoustic monitoring of seismicity at the slowspreading Mid-Atlantic Ridge[END_REF]. [6] In this work we extend our study and present a detailed investigation of the relationship between the spatial hydrophones and the structure of the ridge, especially with 92 regard to ridge axis segmentation. An additional year of 93 data has been added. The $2 years of monitoring (day 52, 94 1999, to day 78, 2001) yielded a total of 4922 hydroacoustic 95 events from throughout the North Atlantic basin (0°-65°N, 96 60°W-20°W) recorded by four or more hydrophones. A 97 total of 3485 of these events were located within the array 98 (15°N-37°N, 50°W-34°W). This data set provides us with 99 an unparalleled view of the seismicity of the ridge over a 100 broad region and over a broad range of event magnitudes. 101 The results are compared with recent teleseismic activity 102 and with previous microearthquake studies within the study 103 area. This comparison allows us to identify possible factors 104 responsible for the observed patterns of seismicity and their 105 variations along axis.

143 2.2. Seismic Studies at the Northern MAR 144

[9] As mentioned there have been a number of detailed 145 studies of teleseismic earthquakes on the MAR [e.g., Berg-146 man and [START_REF] Bergman | Earthquake swarms on the Mid-Atlantic Ridge: Products of magmatism or extensional tectonics?[END_REF][START_REF] Huang | Centroid depths of mid-ocean ridge 1192 earthquakes: Dependence on spreading rate[END_REF] 147 [START_REF] Huang | Focal 1195 depths and mechanisms of Mid-Atlantic Ridge earthquakes from body 1196 waveform inversion[END_REF]. The larger earthquakes occur prefer-148 entially in areas with a deeper median valley (generally segment ends) [START_REF] Huang | Centroid depths of mid-ocean ridge 1192 earthquakes: Dependence on spreading rate[END_REF], and are likely to be tectonic in origin. [START_REF] Bergman | Earthquake swarms on the Mid-Atlantic Ridge: Products of magmatism or extensional tectonics?[END_REF] concluded that volcanic earthquakes on the MAR probably fall below the magnitude threshold for teleseismic detection using global seismic networks. They observed a number of teleseismic swarms on the MAR, and determined that they were due to tectonic extension. The results of these studies, though, have been limited in their capacity to provide a representative account of general seismicity at the MAR, because they do not include the lower magnitude tectonic and volcanic events.

[10] Local microearthquake experiments have shown differing trends in seismicity for different MAR segments. For instance a progressive shoaling of events within the crust was observed toward the segment center at 26°N [Kong et al., 1992], but that is not observed at 29°N [START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-1333 Atlantic Ridge: The architecture of a slow spreading segment[END_REF]. [START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-1333 Atlantic Ridge: The architecture of a slow spreading segment[END_REF] interpreted this as an indication that the thermal structure at the MAR is not in steady state. Therefore different styles of seismicity might be expected from segment to segment. Segment variability in microseismicity is corroborated by the study of [START_REF] Barclay | Microearthquake characteristics and crustal V p /V s structure at the Mid-Atlantic Ridge, 35N[END_REF], who found that the maximum depth of seismicity (3-4 km) at the center of the spreading segment near 35°N is anomalously shallow compared to other segments. [START_REF] Barclay | Microearthquake characteristics and crustal V p /V s structure at the Mid-Atlantic Ridge, 35N[END_REF] speculated that this is related to the thick crust and high crustal temperatures inferred for the center of the 35°N segment. Although not concurrent in time, these microearthquake studies help to constrain our interpretation of the hydrophone-recorded event patterns.

Hydrophone Data

[11] In order to monitor seismicity in remote areas of the world's oceans, PMEL developed autonomous hydrophone moorings. The hydrophones are able to record low-frequency acoustic energy in the Sound Fixing and Ranging (SOFAR) channel over extended periods. In 1996 PMEL moored six autonomous hydrophones in the equatorial Pacific and have been collecting data since then. On the basis of the success of the equatorial hydrophone array, in February 1999 six hydrophones were deployed in the North Atlantic. The Atlantic hydrophones are spaced $1000 km apart and centered on the ridge axis (Figure 1). The data analyzed in this work were recorded between day 52, 1999, and day 78, 2001, and thus represent just over two years of monitoring.

[12] The hydrophone data are processed at PMEL as detailed elsewhere [START_REF] Fox | Monitoring Pacific Ocean seis-1178 micity from an autonomous hydrophone array[END_REF]. The entire hydrophone earthquake database collected and processed to date is available on line at http://autochart.pmel.noaa.gov:1776/ autochart/GetPosit.html. An example of the data is shown in Figure 2. The peak amplitude of the T wave signal packet is visually picked and used as the earthquake arrival time. After picking the events on individual hydrophones, PMEL software derives an event location, which includes its latitude, longitude, and source time; which of the hydrophones recorded the event; the estimated error for location and time; the acoustic magnitude at the source, and the error of that magnitude based on the variation of the estimates from each sensor.

[13] Acoustic magnitudes of oceanic earthquakes are estimated from the T wave signal amplitude by removing the hydrophone instrument response and the transmission Using the frequency spectra during routine earthquake processing allows for identification of T wave arrivals not readily apparent in the time series data. There are various periods of noise in the data including shipping noise, air gun surveys, possible navy sources, and possibly cable strumming in the case of the fifth hydrophone. The noise on this hydrophone is intermittent and generally does not interfere with the picking of arrivals, as seen on the figure. 3A by [START_REF] Sloan | Kinematics of the North American-African plate boundary between 28°and 29°N during the last 10 Ma: Evolution of the axial geometry and spreading rate and direction[END_REF]. Bathymetry and gravity data were used to define the segmentation of the ridge axis within the hydrophone array. The results were based on published interpretations [START_REF] Sempe ´re | Segmentation of the Mid-Atlantic Ridge between 24°N and 30°40 0 N[END_REF][START_REF] Smith | The role of seamount volcanism in crustal construction at the Mid-Atlantic Ridge (24°-30°N)[END_REF][START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF]] and new information provided by multibeam bathymetry data collected during the hydrophone servicing cruises. Forty-five spreading segments have been identified between the Fifteen-Twenty and Oceanographer FZs (Table 1 andFigure 4). Of these 45 segments, 25 are ''standard'' MAR segments (indicated in Table 1), showing a shallower central region, a corresponding relative minimum in the gravity anomaly, and deeper extremities associated with relative gravity maxima [START_REF] Lin | Mechanisms of lithospheric extension at mid-1212 ocean ridges[END_REF]. The other 20 segments lack one or more of these characteristics.

[19] To examine the relationships between the spatial distribution of hydrophone-recorded events and ridge segmentation, we have assigned to each segment those events that have occurred within a box defined by flow lines passing 10 km to the north and south of the ends of the segment, and extending off axis to anomaly 3A (5.69 Myr). In cases of overlap, an event is assigned to the segment that is nearest to its location. To define this box, we have used the pole and angle of finite rotation given above [START_REF] Sloan | Kinematics of the North American-African plate boundary between 28°and 29°N during the last 10 Ma: Evolution of the axial geometry and spreading rate and direction[END_REF]. This corresponds to spreading directions that vary between 104°and 101°, and spreading rates that vary between 22 and 24.9 mm/yr, from south to north (Fifteen-Twenty FZ to Oceanographer FZ).

[20] We also compare the 2-year pattern of hydrophonerecorded events with the longer term teleseismic pattern, and the more temporally and spatially restricted pattern of earthquakes recorded by OBSs. Teleseismic event locations and magnitudes were obtained from the National Seismic System composite catalog for the period 1973 -2001. Because the coverage of the catalog is not uniform in time we restrict some of our comparisons to teleseismic events occurring between 1990 and 2000. Information on the microseismicity of the ridge axis was obtained from four regions within the hydrophone array where OBSs were deployed for periods of a few weeks or more. These regions are located along the axis of the MAR at $22.5°N [START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Tomography and tectonics[END_REF], 26°N (TAG) [Kong et al., 1992], 29°N [START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-1333 Atlantic Ridge: The architecture of a slow spreading segment[END_REF], and 35°N [START_REF] Barclay | Microearthquake characteristics and crustal V p /V s structure at the Mid-Atlantic Ridge, 35N[END_REF]. Seismic moments of the OBS events were converted to body wave magnitudes for ease of comparison to teleseismic magnitudes.

[21] Using the method described above, we assign 2842 of the 3485 events within the array to the 45 segments identified (Table 1); all 2842 have acoustic magnitudes !208 dB. The same procedure is used for teleseismic events recorded between 1973 and 2001. Most of the hydrophone (87.7%, Figure 5) and the teleseismic events (84.2%) are located <20 km from the ridge axis, even with the larger errors associated with teleseismic locations.

Large-Scale Variability in

Hydrophone-Recorded Events 5.1. Supersegments

[22] Within the hydrophone array the ridge can be divided into ''supersegments'': regions of the ridge bounded by the major fracture zones. Table 2 shows the number of hydrophone-recorded events normalized to a length of 100 km for Figure 3. Histograms of the T wave acoustic source levels of earthquakes located from the data collected during the 2year monitoring period. The events were all located within the hydrophone array, and only those events recorded on four or more hydrophones are included. The lower shaded histogram shows the number of events in 1-dB bins and indicates event detections are reliable to 208-210 dB. T waves are still recorded at <205 dB. The cumulative histogram is also shown and illustrates that more than 3000 events were recorded during the 2 years with acoustic magnitudes of 208 dB or greater, roughly 2 orders of magnitude more events than recorded teleseismically.

361 each supersegment for the two years of data. As described 362 in the previous section, the numbers include all events on 363 crust less than $5.69 Myr (anomaly 3A). Regional ridge 364 obliquity is also given in Table 2 and defined as the 365 difference between the overall azimuth of the ridge section 366 and the direction perpendicular to average spreading direc-367 tion. The ridge obliquity in the four supersegments varies 368 between 0°(Fifteen-Twenty to Kane), and 30°(Hayes to 369 Oceanographer). The normalized number of teleseismic 370 events for the 10-year period between 1990 and 2000 371 (and 1980 and 1990) is also given.

372

[23] Table 2 shows that the Kane to Atlantis superseg-373 ment had the highest normalized number of hydrophone-374 recorded events per 100 km in the 2 years of monitoring. 375 This value includes a large earthquake sequence (165 376 aftershocks) that occurred in the rift mountains of segment 377 18 [START_REF] Bohnenstiehl | Earthquake sequences detected using autonomous underwater hydrophone data from the northern Mid-Atlantic Ridge: February 1999[END_REF][START_REF] Bohnenstiehl | Aftershock sequences in the mid-ocean ridge environment: An analysis using hydroacoustic data[END_REF]. Without that 378 sequence, the number of hydrophone-recorded events/100 379 km is similar in the three supersegments between the 380 Fifteen-Twenty and Hayes FZ. The Hayes to Oceanogra-381 pher supersegment had the lowest number of hydrophone-382 recorded events. Teleseismic events recorded over the past 383 10 years show a different pattern, with the number of 384 events per 100 km increasing to the north instead of 385 decreasing. Normalized numbers of teleseismic events for 386 the previous 10 years (1980 -1990; Segments are numbered starting at the Fifteen-Twenty FZ and correspond to those in Table 1. Note the striking gaps in seismicity along the axis especially between the Fifteen-Twenty and Kane FZs.

393 5.2. Seismicity Along Transform Faults 394

[24] The major transform faults associated with the 395 Oceanographer, Hayes, Kane, Atlantis, and Fifteen-Twenty 396 FZs show differing amounts of seismic activity during the 397 two years of hydroacoustic monitoring (Figures 4 and6). 398 The Kane and Atlantis transform faults were active. In 399 contrast, the Fifteen-Twenty, Hayes, and Oceanographer 400 transforms showed little seismic activity. A seismic 401 moment deficiency has been observed teleseismically along 402 oceanic transform faults [e.g., [START_REF] Brune | Seismic moment, seismicity, and rate of slip along major fault zones[END_REF]Engeln et al., 403 1986;[START_REF] Abercrombie | Earthquake slip on oceanic transform faults[END_REF]. The lack of hydro-404 acoustically recorded seismicity along some of the trans-405 forms suggests that the seismic deficit may not be 406 accounted for by a high number of smaller-magnitude 407 earthquakes. Instead the lack of seismicity may indicate 408 that aseismic slip occurs. This is consistent with the 409 presence of serpentinite, which displays stable sliding 410 (velocity strengthening behavior) for velocities consistent 411 with those expected along slow spreading transform faults 412 [Reinen, 2000;[START_REF] Reinen | The frictional behavior of lizardite 1239 and antigorite serpentinites: Experiments, constitutive models, and impli-1240 cations for natural faults[END_REF].

Along-Axis Variability in Seismicity: Stripes and Gaps

[25] Within the hydrophone array, along-axis event rate shows an uneven distribution (Figure 6), with zones that are seismically inactive (gaps) and areas that have shown continuous seismic activity throughout the two years of monitoring (stripes). Gaps, defined as regions with less than five hydrophone-recorded events in 0.1°bins along the axis, must correspond either to areas where deformation is accommodated through low magnitude seismicity (lower than the detection limit of the hydrophone array) or to areas where deformation occurs aseismically, or to quiescent areas in which stress is accumulating and not being released [e.g., [START_REF] Arnott | The Krafla spreading segment, Iceland, 2, The accretionary stress cycle and nonshear earthquake focal mechanisms[END_REF].

[26] Eleven conspicuous stripes (areas of continuous activity as seen in the right panel of Figure 6) are identified, two of which correspond to the Kane and Atlantis transform faults. The other nine stripes correspond to areas with large numbers of events (Table 1). The segments within which the stripes occur are marked on Figure 6, the most prominent 433 being in segments 13 and 15. Note that the teleseismic 434 events that occurred within the monitoring period do not 435 appear to trigger the activity in the stripes.

436

[27] The pattern of seismically active/inactive areas 437 observed in the hydrophone data can be recognized in the 438 longer-term teleseismic record (data from 1973 to 2001), 439 although it is not as clearly defined. This lack of definition 440 may be due to the lower number of events (648 teleseismic 441 events, Figure 6), and perhaps the much larger error ellipses 442 associated with teleseismic locations. The similarities sug-443 gest that the patterns of seismicity along the axis can be 444 persistent at timescales of 1 year to a few decades. [28] To compare the level of seismicity between individ-448 ual segments, the number of hydrophone-recorded events in 449 each segment (Table 1) has been normalized to an average 450 segment length of 40 km. The normalized number of 451 hydrophone-recorded events varies between 5.5 (segment 452 10) and 182.5 (segment 15) for the 2-year deployment. 453 Figure 7 shows that the normalized number of hydrophone-454 recorded events is <40 in 25 out of the 45 segments. The 455 gaps in seismicity, as labeled on Figure 6 occur within these 456 segments that have low normalized number of events. 457 Stripes occur within segments that have normalized num-458 bers of hydrophone-recorded events >75. There are seg-459 ments with low and high number of events that are not gaps 460 and stripes. In these segments, the events are either clus-461 tered in time or spatially diffuse. For example, in the case of 462 segment 18 as mentioned above, the magnitude 5.9 normal 463 faulting event along the rift valley wall in April 1999 was 464 followed by 165 aftershocks [START_REF] Bohnenstiehl | Earthquake sequences detected using autonomous underwater hydrophone data from the northern Mid-Atlantic Ridge: February 1999[END_REF][Bohnenstiehl et al., , 465 2002;;[START_REF] Smith | Hydroacoustic monitoring of seismicity at the slowspreading Mid-Atlantic Ridge[END_REF], with a rapid decay in seismic 466 activity, following an Omori's Law [START_REF] Utsu | The centenary of the Omori formula for the decay law of aftershock activity[END_REF].

[29] The number of teleseismic events per segment for the period 1973 -2001, also normalized to a segment length of 40 km, varies between 2.1 (segment 10) and 29.7 (segment 44). Figure 7 shows that the normalized number of teleseismic events is <10 in 24 out of 45 segments. In general, the normalized number of hydrophone-recorded events within segments is positively correlated with the normalized number of teleseismic earthquakes recorded over the past 28 years. There are some significant exceptions to this, however. Segments 26 and 36 both have high rates of teleseismic activity, but have experienced only two and one teleseismic events, respectively, and <20 hydrophone-recorded events during the 2 years of monitoring.

[30] The supersegment between the Fifteen-Twenty and Kane FZs is dominated by segments with low levels of both hydrophone and teleseismic activity. This is especially striking in the region encompassing segments 7 -10. Also in this supersegment, segment 15 stands out for its high normalized number of hydrophone and teleseismic events. It is the well defined stripe seen at $775 km distance along the axis in Figure 6. Seismic activity was more or less continuous in segment 15 throughout the 2year recording period with an average rate of 1 event/3 days. An OBS study was conducted by [START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Tomography and tectonics[END_REF][START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Hypocenters and focal mechanisms[END_REF] at the northern end of the segment. We discuss the nature of this stripe in more detail in sections 7 and 8.

[31] Figure 8 shows that there is no clear relationship between the normalized number of hydrophone-recorded events in a segment, and the length or trend of the segment, the maximum offset of the discontinuities that bound the segment, or the contrast in MBA between segment ends and center. Many segments with a low normalized number of hydrophone-recorded events do, however, share two characteristics: they are ''standard'' segments (deeper extremities corresponding with gravity maxima, shallower center corresponding with gravity minima); and the axial depth at the segment center is 3700 m (Figure 9 and Table 3). All 11 segments that are associated with the gaps in seismicity marked on Figure 6 have an axial depth <3700 m at segment center (Figure 9 and Table 3), and only one of these segments is ''nonstandard'' (segment 12, which does not have a typically shaped MBA).

[32] Regional axial depths tend to shallow to the north of the study area, toward the Azores hot spot [e.g., Figure 5. Number of hydrophone-recorded events versus distance to the ridge axis (negative distances are to the west). Total number of events is 2842. t2.9 [START_REF] Schilling | Hotspotmigrating ridge interaction in the South Atlantic: Geochemical evidence[END_REF]. Using the best fit line shown in Figure 9 lets us account for this systematic variation in depth, but using this line as a depth threshold instead of a depth of 3700 m does not modify the proportion of segments with shallow centers and a low level of hydrophonerecorded activity.

[33] Of the 20 segments with normalized number of hydrophone-recorded events >40 m (Figure 7 and Table 3) and 11 are ''nonstandard'' segments with a segment center depth >3700 m, while 9 are ''standard'' segments with 7 of those having segment center depths <3700 m. Table 3 shows that the correspondence between the level of hydrophone-recorded activity (including stripes), segment morphology and gravity, and axial depth at segment center, 1). Segment numbers are shown between Figures 6 (left) and 6 (middle). Darker gray lines are FZs. Teleseismic events that occurred within the period of monitoring are shown as larger circles in Figure 6 (right). Note the presence of well-defined stripes of seismic events, indicating continuous seismic activity within a small area throughout the monitoring period. Stripes are marked to the right with black lines and labeled with the number of the segment within which they occurred. There are also gaps in the seismicity. These regions are marked on the right by gray lines and labeled with segment numbers. The marked gaps represent regions with less than five hydrophone-recorded events within the 2-year monitoring period.

[35] Most of the hydrophone-recorded events (79%) occur 554 within 20 km of the segment ends (Figure 10a), and most 555 segments are 40-70 km long (Table 1). This means that the 556 center part (i.e., >20 km away from segment ends) is often 557 shorter, if it exists at all, than the extremities (i.e.,<20 km 558 away from segment ends). The high proportion of segment 559 end events therefore, is largely due to the distribution of 560 segment lengths in the study area. Figure 10b shows, 561 however, that this trend of decreasing number of events with 562 increasing distance to segment end persists when numbers of segment center events are normalized to a length of 40 km (equal to the combined length of the two segment ends). The proportion of segment end events is then 57.4%.

[36] The spatial distribution of hydrophone-recorded event locations across the ridge axis varies between segment centers and segment ends. The proportion of events located <10 km from the axis decreases from 67.5% at the segment center to 54.3% at the segment end, while events located between 10 and 20 km from the axis (over the rift mountains) is 20.6% for the segment center and 33.3% for the [START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF]. Segments that correspond to the gaps in seismicity defined in Figure 6 (black dots) span a wide range of segment lengths, orientation, maximum offset, and along-axis MBA contrast. Open circles show segments containing stripes. 573 segment end (Figure 11). Increased numbers of hydro-574 phone-recorded event locations over the rift mountains of 575 segment ends may, however, be influenced by the raised 576 topography, which may act as a preferred radiator into the 577 oceanic sound channel versus events generated from deeper 578 locations which must propagate further before being 579 entrained. We currently do not understand how important 580 topographic steering is along this section of the MAR.

581

[37] The cross-axis spatial distribution of events also 582 shows a marked asymmetry with more events occurring at 583 inside corners (IC) than at the conjugate outside corners 584 (OC), as was first observed in OBS studies [e.g., Cessaro 585 and [START_REF] Cessaro | Transform seismicity at the intersection of the Oceangrapher Fracture Zone and the Mid-Atlantic Ridge[END_REF][START_REF] Rowlett | Seismicity at intersections of spreading centers and transform 1252 faults[END_REF]Rowlett and Forsyth, 586 1984;[START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-1333 Atlantic Ridge: The architecture of a slow spreading segment[END_REF]. To quantify this asymmetry, we 587 define boxes that extend 20 km from the axis and from the 588 discontinuity; the box on the active side of the discontinuity 589 corresponds to the IC, while the box on the conjugate, 590 inactive side corresponds to the OC. Only the 34 disconti-591 nuities with an offset >5 km (see Table 1) are used in the 592 calculation. Although on average more events occurred at 593 the IC (66.3%) than at the OC, the opposite pattern is 594 observed in some of the segments (Figure 12).

7. Segments With OBS Studies

596

[38] Although the OBS studies we consider here are all 597 limited in duration (a few to several weeks), we make the assumption that their results are representative of the longer term seismicity in these regions. We consider the geologic and geophysical characteristics of the four OBS segments (segments 45, 32, 24, 15) in detail (Table 4). Following [START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF] each segment is categorized as ''hot'' or ''cold,'' based on a combination of variables dependent on their thermal state. Hot segments show a strong change in along axis MBA and bathymetry, and a narrow inner valley, while cold segments have a smaller change in along-axis MBA and relief, and a wide inner valley floor. Additional information about crustal structure of each segment can be inferred from the shape of the along-axis profile taken along the top of the axial volcanic ridge, if one has been constructed, or the center of the segment otherwise [START_REF] Smith | Constructing the upper crust of the Mid-Atlantic Ridge: A reinterpretation based on the Puna Ridge, Kilauea Volcano[END_REF]. [START_REF] Smith | Constructing the upper crust of the Mid-Atlantic Ridge: A reinterpretation based on the Puna Ridge, Kilauea Volcano[END_REF] suggested, based on hydraulic potential arguments, that if magma reservoirs exist within the crust they must be located beneath the shallowest parts of the longitudinal profiles. If a profile comes to an abrupt peak, this would suggest that there is no magma reservoir within the crust or that it is small in its along-axis extent. If the shallowest part of the longitudinal profile is flat for some distance, then a magma reservoir (or at least a hydraulically connected magma system) could extend along the axis for as far as the crest is flat.

[39] Segments 45 and 32 (Table 4 and Figure 13) are hot segments and in our terminology are also standard, with depths at the bathymetric highs <3700 m, and bathymetric 
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Figure 10. Segment-scale distributions of hydrophone-recorded events. (a) Number of events versus distance to segment ends. E events are events occurring <20 km from the segment end. C events are events occurring >20 km from the segment end. Total number of events is 2842. (b) Normalized number of E events versus normalized number of C events in segments >40 km long. Total number of events is 2462. profiles with flat tops of $40 and $20 km, respectively. Segment 32 has a large axial volcanic ridge built along much of its length, indicating that large volumes of lava have been erupted. The extent of the flat portion of the bathymetric profile suggests that a crustal magma reservoir may have extended (or extends) along much of the length of segment 32. The bathymetric profile of segment 45 has a shorter flat portion suggesting that crustal reservoirs may be restricted to the center of the segment. Segment 45 displays the greatest along-axis change in MBA and shallowest water depth of the four segments (Table 4), and recent looking lava flows have been observed at its center [START_REF] Bideau | Contrasting volcanic-tectonic processes during the past 2 Ma on the Mid-Atlantic Ridge; submersible mapping, petrological and magnetic results at lat. 34°52 0 N and[END_REF]. A shallow low-velocity body has been inferred 1 -2 km beneath a volcano sitting near the segment center [START_REF] Barclay | Seismic structure and crustal magnetism at the Mid-Atlantic Ridge, 35[END_REF], and a chain of large seamounts extends to either side of the segment center [Rabain et al., 2001]. All indications are that magma emplacement is greatly enhanced at the center of segment 45.

[40] Segments 24 and 15 are cold segments and nonstandard, with depths at the along axis bathymetric high >3700 m (Figure 9 and Table 4). The profiles along segments 15 and 24 are sharply peaked with flat tops limited to $7 km and $15 km, respectively. If magma reservoirs reside within the crust at these segments they are likely limited in along-axis extent.

[41] In segment 45, the few events recorded by the hydrophones are located at the IC regions (Figure 13a). [START_REF] Barclay | Microearthquake characteristics and crustal V p /V s structure at the Mid-Atlantic Ridge, 35N[END_REF] reported on a microearthquake experiment conducted here. The OBS array was deployed at the Figure 11. Number of segment end (solid dots and solid line) and of segment center (shaded dots and dashed line) hydrophone-recorded events in 10 km bins representing distance to the ridge axis. Total number of events is 2842. Seismicity continues farther from the axis at segment ends. Increased numbers of hydrophone-recorded event locations over the rift mountains of segment ends may, however, be influenced by the raised topography, which may act as a preferred radiator into the oceanic sound channel (see text).

Figure 12. Number of inside corner (IC) versus outside corner (OC) hydrophone-recorded events in the 68 segment ends that abut discontinuities with offset >5 km. Total number of events is 1251. Number of IC events is more than the number of OC events in 51 of the 68 segment ends taken into account. segment length [Kong et al., 1992]. Kong et al. [1992] inferred that a recent magmatic intrusion was centered beneath the bathymetric high, extending southward $10 km, and coinciding with the flat portion of the bathymetric profile. The low-velocity region was thought to be relatively hot crust rather than molten material, and associated seismicity was interpreted as being triggered by cooling. Hydrophone-recorded events are located near the segment center where the largest magnitude microearthquakes (>1.5) were recorded. The hydrophone-recorded events are scattered across the bathymetric high into the nearby rift mountains (Figure 13c). As in segment 32 the hydrophone-recorded events in the rift mountains of segment 24 appear to be shifted to coincide with shallower topography. A teleseismic event occurred toward the end of the monitoring period in the eastern rift mountains at the southern end of the segment (Figure 13c) but lacked a typical aftershock sequence.

[45] Segment 15 contains a well-defined seismic stripe (Figure 6). An OBS array at the northern end of the segment [START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Hypocenters and focal mechanisms[END_REF][START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Tomography and tectonics[END_REF] recorded numerous events extending from the northern end of the segment to near to the center, with focal depths of 4 -8 km. The events were interpreted as tectonic in origin. The largest magnitude earthquakes (>2) recorded by the OBS array were located close to the center of the segment. On the basis of these results, [START_REF] Toomey | Microearthquakes beneath the median valley of the Mid-Atlantic Ridge near 23°N: Tomography and tectonics[END_REF] suggested that spreading has been accommodated by faulting at this segment for at least the last 10 4 years, implying that segment 15 is in an amagmatic phase. The hydrophone data show that the entire length of the segment was active during the two years of monitoring. As in other segments, there appears to be a shift in the hydrophone locations compared to the microearthquakes near the segment center and the northern end of the segment.

[46] Segment 15 has experienced a large number of teleseismic events in the last 28 years (Figure 13d). Three teleseismic events occurred during the hydrophone monitoring period, though none of them had a typical aftershock sequence [START_REF] Bohnenstiehl | Earthquake sequences detected using autonomous underwater hydrophone data from the northern Mid-Atlantic Ridge: February 1999[END_REF][START_REF] Bohnenstiehl | Aftershock sequences in the mid-ocean ridge environment: An analysis using hydroacoustic data[END_REF]. One of the teleseismic events was located in the rift mountains just to the west of the axial high, and the other two were located $10 and $20 km south of the high.

[47] Segments 15 and 24 are similar in many ways: very small or ambiguous ÁMBA, peaked bathymetric profile, teleseismic events during the deployment. In addition, they are both nonstandard segments with axial depths >3700 m. They are different in that segment 15 has a high number of hydrophone-recorded events while segment 24 has an intermediate number (Table 4). It is intriguing to think that segment 15 may be a snapshot of the TAG segment in an [48] There appears to be no simple correlation between 758 individual segment variables and normalized number of hydrophone-recorded events (Figure 8). However, when variables are considered together patterns emerge. For example, considering Thibaud et al.'s [1998] hot and cold segments, defined from a combination of along-axis topography, water depth, and ÁMBA (all of which depend on the segments axial thermal structure), we find that their example of a cold segment (segment 31) has a high level of hydrophone-recorded activity, their examples of cold/intermediate segments (segments 44, 42, 39, 23, and 8) have [49] On the basis of our results for all of the segments in 775 the study area (see Table 3), we suggest that it is segments 776 with standard characteristics (a shallower central region, a 777 corresponding relative minimum in the gravity anomaly, 778 and deeper extremities associated with relative gravity 779 maxima) and a shallow axial depth at center that have low 780 seismic activity. In contrast, segments with a large number 781 of hydrophone-recorded events frequently have nonstandard 782 characteristics and axial depths at segment center in excess 783 of 3700 m (Table 3). In the 15°-35°N region of the MAR, there is a correlation (although not a perfect one) between the axial depths at segment centers and the width and depth of the axial valley: the shallower the axial center depth, the narrower and shallower the axial valley. The shallow axial depths, as argued by [START_REF] Neumann | The paradox of the axial pro-1225 file: Isostatic compensation along the axis of the Mid-Atlantic Ridge?[END_REF], likely represent a combination of hot and thick crust and thinner lithosphere.

[50] We note that a large ÁMBA is not essential for segments to have low levels of hydrophone-recorded activity. The along-axis ÁMBA has often been used to infer magma budget (the amount of melt being supplied to a segment), and to determine its current magmatic or amagmatic state. If ÁMBA simply represents the difference in crustal thickness between a segment center and its ends, it is in fact more equivalent to the degree of magma focusing. For example, segments 7 -10 south of the Kane FZ, which have low levels of hydrophone-recorded activity, have small ÁMBAs and small along axis relief, but they all have shallow axial depths and shallow axial valleys, suggesting relatively thin lithosphere. They may be hot segments with poor magma focusing. In contrast, segments 14, 41 and 45, which also have low levels of activity, have a large ÁMBA, large along-axis relief, and shallow central depths suggesting that they are hot segments with focused melt supply.

[51] Gaps in activity occur predominantly in the center of standard segments with shallow axial depths. More than half of the gaps occur within segments that are long and have large along-axis relief and ÁMBA (e.g., segments 14, 38, 41, and 45 and, to a lesser extent, segment 12, 16, and 29). Gaps also occur in standard segments with shallow axial depths but small ÁMBAs (segments 10, 26, and 28). The only segment with a gap at its center that is not a standard segment is segment 12, which has no clear axial valley. The off axis traces of a wide and migrating discontinuity are observed on both flanks, and immediately to the east of the center is a large, recently constructed volcano [START_REF] Gente | Characteristics and evolution of 1186 the segmentation of the Mid-Atlantic Ridge between 20°N and 24°N 1187 during the last 10 million years[END_REF]. Our interpretation is that segment 12 is the locus of a recent large influx of magma that has not yet transformed the discontinuity into a new segment. Thus segment 12 is nonstandard but could have a hot axial thermal regime.

[52] On the basis of the OBS results at segment 45 [START_REF] Barclay | Microearthquake characteristics and crustal V p /V s structure at the Mid-Atlantic Ridge, 35N[END_REF], it is possible to argue that the low levels of hydrophone-recorded activity in segments similar to segment 45 (shallow, large along-axis change in relief and MBA) are due to thin lithosphere, producing earthquakes (tectonic or hydrothermal/volcanic) below the detection limit of the hydrophones and the teleseismic network. The thin lithosphere is a result of higher axial temperatures and focused upwelling generating significant changes in the MBA along the axis. The same can be argued for those segments with gaps that have shallow axial depths but small ÁMBAs (segments 10, 26, and 28), the lithosphere is thin even though magma supply is not focused.

[53] Our preferred interpretation, therefore, would be that local variation in the thickness of the axial lithosphere is the primary control on the level of seismic activity along the 15°-35°N region. A corollary to this interpretation would be that segments with moderate to thin lithosphere tend to present standard characteristics, while segments that are less clearly defined (nonstandard) correspond to portions of the ridge with a thicker lithosphere.

[54] Low hydrophone recorded event rate could also occur in quiescent areas in which stress is accumulating and not being released such as observed in Iceland [e.g., [START_REF] Arnott | The Krafla spreading segment, Iceland, 2, The accretionary stress cycle and nonshear earthquake focal mechanisms[END_REF][START_REF] Bjo ¨rnsson | Current rifting episode in north Iceland[END_REF][START_REF] Tryggvason | Surface deformation at the Krafla Volcano, north Iceland, 1982 -1992[END_REF]. [START_REF] Bjo ¨rnsson | Current rifting episode in north Iceland[END_REF] proposed that tectonic and volcanic activity in Iceland occurs episodically at intervals of $100-150 years, each episode lasting only 5 -20 years followed by 80-145 years of quiescence. The systematic association of seismic gaps with standard, shallow segments suggests that stress accumulation would likely be a secondary process though, and not responsible for the patterns observed.

Fifteen-Twenty to Kane Supersegment

[55] In the Fifteen-Twenty to Kane supersegment a majority of the segments (12 of 17) have low normalized numbers 861 of hydrophone-recorded events. All but four of these 12 862 segments have shallow axial depths (<3700 m, Figure 9) 863 arguing for a hot thermal regime and thin lithosphere 864 beneath them. Since the average depth of the ridge axis in 865 the supersegment is deeper than in the Atlantis to Hayes or 866 in the Hayes to Oceanographer supersegments, the litho-867 sphere in the Fifteen-Twenty to Kane supersegment is not, 868 on average, thinner than further north along the ridge. 869 [56] One way to explain the low seismicity level in so 870 many of the segments could be that cooling is reduced at its 871 discontinuities resulting in thinner lithosphere. This would 872 be especially important at discontinuities with small offsets.

873 Table 2 shows that the Fifteen-Twenty to Kane superseg-874 ment has zero obliquity, which is defined as the difference 875 between the overall azimuth of the ridge section and the 876 direction perpendicular to average spreading direction. A 877 calculation of the total offset and total offset normalized to a 878 100 km ridge length for the four supersegments is shown in 879 Table 5. The Fifteen-Twenty to Kane supersegment has a 880 total offset on discontinuities similar to that in the Kane to 881 Atlantis and the Atlantis to Hayes supersegments. At a 882 smaller scale, we find that offset lengths vary within the 883 continuous low-level region containing segments 6-12 and 884 can be large (Table 1). In addition, segments with low levels 885 of activity are adjacent to segments with high levels of 886 activity. All of these argue against offset length playing a 887 major role in controlling hydrophone-recorded event levels 888 in the region. 889 [57] Cooling might also be reduced at discontinuities that 890 are short lived: a discontinuity that is very young may be 891 seen as made of crust that is less pervasively disrupted by 892 faults, hence lesser hydrothermal cooling. The map of 893 predicted bathymetry [START_REF] Smith | Global sea floor topography from satellite altimetry and ship depth soundings[END_REF] shows 894 clearly, however, that discontinuities in the Fifteen-Twenty 895 to Kane region are long lived in places, especially those 896 associated with segments 6 -9. At this point we do not have 897 an explanation for the large number of segments that exhibit 898 low levels of hydrophone-recorded events in the Fifteen-899 Twenty to Kane supersegment. phone-recorded event activity (>75 events, Figure 7) occurred in 6 of these segments (segments 18, 25, 30, 32, 37, and 40). Four of them (segments 25, 30, 37, and 40) contain regions of near-continuous hydrophone-recorded activity (stripes). High hydrophone-recorded event activity also occurred in five nonstandard segments (segments 3, 13, 15, 27, and 31) with deep axial water depths (>3700 m). All of these five segments have stripes of seismic activity within them. Only segments 18 and 32, which had high event rates, are not classified as stripes. In these segments the events are clustered in time. In segment 18 a large aftershock sequence followed a teleseismic event in the western bounding walls. In segment 32 a large earthquake sequence was located near the southern IC.

[59] The possible causes for high level and persistent hydrophone-recorded activity could include (1) activity related to cooling of a segment; (2) deformation associated with magma movement within the crust; and (3) tectonic deformation. In segment 32 we infer that large volume eruptions have been occurring to build the robust axial volcanic ridge observed on the valley floor, and that a magma reservoir might have existed (or exists) beneath much of the segment to yield the extended flat top of the along axis profile. The ÁMBA suggests that the crustal thickness may vary by as much as 3 km from the end to the center of the segment [START_REF] Lin | Evidence 1214 from gravity data for focused magmatic accretion along the Mid-Atlantic 1215 Ridge[END_REF]. In contrast, results from the OBS study of [START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-1333 Atlantic Ridge: The architecture of a slow spreading segment[END_REF] indicate that that the thickness of the brittle layer, as inferred from microearthquake activity, does not shallow from the southern end of the segment to its center. One way to interpret this is that cooling of the segment is very efficient, and/or that it is occurring at a timescale shorter than that recorded by other segment variables, such as bathymetry or gravity structure. If this is the case then persistent seismic activity in some of the standard, shallow segments may reflect these cooling processes. The seismicity might result from faulting and/or hydrothermal cracking with magnitudes large enough to be detectable by the hydrophones.

[60] Recent studies of the Gakkel ridge in the Arctic Basin have shown that the movement of magma within the crust and eruption of lava can be detected teleseismically at this ultra slow spreading ridge [START_REF] Edwards | Evidence of recent volcanic activity on the ultraslow-spreading Gakkel ridge[END_REF][START_REF] Tolstoy | The seismic character of volcanic activity at the ultra-slow spreading Gakkel Ridge[END_REF]. It is not known what the seismic characteristics of an eruption at the slow spreading MAR would be, but based on the sizes of the axial volcanic ridges built on the valley floor [START_REF] Smith | Constructing the upper crust of the Mid-Atlantic Ridge: A reinterpretation based on the Puna Ridge, Kilauea Volcano[END_REF] they might last several years and thus be characterized by persistent seismic activity over a long period of time. We have no additional evidence, however, to suggest that eruptions have occurred during our monitoring period.

[61] Seismic activity at segment 15 was more or less continuous throughout the 2-year recording period with an average rate of 1 event/3 days. In our first paper [Smith et al., 2002] we suggested the possibility that the characteristics of the events in segment 15 may indicate volcanic activity or a response to deformation caused by magma movement at depth. Other evidence from deep-towed camera imagery (our unpublished data), however, suggests that the part of the segment south of the central high has not been volcanically active for some time as sediments cover it. Whether the hydrophone-recorded activity signals a more recent episode of dike injection with or without an 974 associated eruption, or perhaps the beginning of a new 975 episode of magma inflation at this segment is not known.

976 The sharply peaked bathymetric profile suggests though 977 that any magma within the crust would be very limited in 978 extent. 979 [62] Another possible explanation for the continuous 980 seismicity at segment 15 is related to its similarities to 981 segment 24, which contains the TAG hydrothermal vent 982 field. As discussed above segments 15 and 24 share many 983 characteristics. They both have very small or ambiguous 984 ÁMBAs. Their along-axis profiles are sharply peaked. In 985 addition, in both segments the neovolcanic zone is shifted 986 west away from the northern IC high. They are both 987 nonstandard segments with axial depths >3700 m. The 988 segments are different in that segment 15 has a high number 989 of hydrophone-recorded events while segment 24 has an 990 intermediate number (Table 4). A new interpretation of the 991 TAG segment based on high-resolution magnetic data (H.

992 Schouten and M. Tivey, personal communication) in com-993 bination with near bottom side-scan data [Kleinrock and 994 Humphris, 1996a] and the results of the microearthquake 995 study [Kong et al., 1992] suggests that the detachment fault 996 associated with the northern IC and the neovolcanic zone 997 may be active at the same time. The high-resolution side-998 scan data show that the hanging wall of the detachment fault 999 is pervasively cut by faults and cracks and may be broken 1033 occurred in the north of the study area in the supersegment 1034 between the Hayes and Oceanographer FZs. Since the 1035 pattern of teleseismic events is different from the hydro-9. Seismicity may reflect thermal structure at the ridge axis at short timescales (decadal or longer), while bathymetry and crustal thickness may integrate this structure over longer periods of time (order of 1 Myr). The lack of a clear correlation between bathymetry and crustal thickness (as a proxy for long-term magmatic state of the axis) and seismicity (as a proxy of the present-day thickness of the brittle lithosphere) may be explained by the differences in the timescales of the processes involved.
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Figure 1 .

 1 Figure 1. Map showing the location of the hydrophone array in the North Atlantic. Stars indicate the location of individual hydrophones. Red circles show the location of seismic events recorded by the hydrophone array during the first 554 days of deployment. A total of 4902 events were recorded within the Atlantic basin, and 3485 events were recorded within the hydrophone array by four or more hydrophones. Boxes mark the regions shown in Figure 4.

Figure 2 .

 2 Figure 2. Display showing the time series and corresponding frequency spectra for an earthquake side by side. The earthquake was recorded by six hydrophones from the Atlantic array. Numbers mark the data from the six different hydrophones. Time stamps are shown along the time series data. The diagram shows several minutes of hydrophone time series data sampled at 128 Hz. The frequency spectra range from 0 to 64 Hz and were estimated from consecutive 1-s windows of the time series data. White arrows highlight the position of the T wave signals from this earthquake. Using the frequency spectra during routine earthquake processing allows for identification of T wave arrivals not readily apparent in the time series data. There are various periods of noise in the data including shipping noise, air gun surveys, possible navy sources, and possibly cable strumming in the case of the fifth hydrophone. The noise on this hydrophone is intermittent and generally does not interfere with the picking of arrivals, as seen on the figure.

Figure 4 .

 4 Figure4. Location of hydrophone-recorded events (red circles) and bathymetry derived from satellite gravity data[START_REF] Smith | Global sea floor topography from satellite altimetry and ship depth soundings[END_REF] of the region between (a) Atlantis and Oceanographer FZs, 30°-35°N; (b) Kane and Atlantis FZs, 24°-30°N; and (c) Fifteen-Twenty and Kane FZs, 15°-24°N. Segments are numbered starting at the Fifteen-Twenty FZ and correspond to those in Table1. Note the striking gaps in seismicity along the axis especially between the Fifteen-Twenty and Kane FZs.
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  445 5.4. Along-Axis Variability in Seismicity: 446 Variability Between Segments 447

a

  For crust <5.69 Myr old.
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 78 Projected to a great circle passing through pole of rotation.t2.Numbers given for two time periods: 1990 -2000 (1980 -1990).

  540is not as straightforward for segments with high hydro-541 phone-recorded activity as those with low activity. The event locations we use correspond to the points 546 where seismic energy radiates from the seafloor into the 547 water column. These locations do not necessarily corre-548 spond to earthquake epicenters, and to what extent they can 549 be used to determine small-scale variations in earthquake 550 patterns is unknown. Nonetheless, we find there are system-551 atic variations in the distribution of hydrophone-recorded 552 events, and these are discussed below.

Figure 6 .

 6 Figure6. (left and middle) Histograms of distance along axis versus number of events for teleseismic and hydrophone source locations on crust <5.69 Myr old, 11 km (0.1°) bins: (left) 648 teleseismic events, (middle) 2842 hydrophone-recorded events, (right) 2842 hydrophone-recorded events plotted against deployment day starting from 1 January 1999. Light gray lines on Figures 6 (left) and 6 (middle) mark segment ends (Table1). Segment numbers are shown between Figures 6 (left) and 6 (middle). Darker gray lines are FZs. Teleseismic events that occurred within the period of monitoring are shown as larger circles in Figure6(right). Note the presence of well-defined stripes of seismic events, indicating continuous seismic activity within a small area throughout the monitoring period. Stripes are marked to the right with black lines and labeled with the number of the segment within which they occurred. There are also gaps in the seismicity. These regions are marked on the right by gray lines and labeled with segment numbers. The marked gaps represent regions with less than five hydrophone-recorded events within the 2-year monitoring period.

Figure 7 .

 7 Figure 7. Number of events by segment, normalized to a segment length of 40 km: (top) hydrophonerecorded events and (bottom) teleseismic earthquakes (1973 -2001). Dots indicate normalized number of earthquakes per segment. Horizontal lines are arbitrary and divide the segments into those with high (blue dots), medium (red dots), and low (yellow dots) event activity. Gray shading shows segments with low numbers of both hydrophone and teleseismic events. Standard segments are shown in bold.

Figure 8 .

 8 Figure 8. Number of hydrophone-recorded events per segment, normalized to a segment length of 40 km, as a function of different segment variables. (top left) Segment length. (top right) Segment trend (direction orthogonal to average spreading direction; zero obliquity is N12°). (bottom left) Maximum length of offset of discontinuities that bound the segment. (bottom right) Contrast in MBA between segment ends and segment center[START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF]. Segments that correspond to the gaps in seismicity defined in Figure6(black dots) span a wide range of segment lengths, orientation, maximum offset, and along-axis MBA contrast. Open circles show segments containing stripes.

Figure 9 .

 9 Figure 9. Axial depth at segment center as a function of latitude for the 45 ridge segments between the Fifteen-Twenty and Oceanographer FZs. Gray circles indicate segments with a normalized number of hydrophone-recorded events <40. Solid circles indicate gaps. Red circles indicate stripes. Blue circles indicate others. Dashed line is 3700 m. Dotted line is best polynomial fit of the data, excluding segments 41 and 45 that stand out as particularly shallow. Axial depths tend to shallow to the north of the study area, toward the Azores hot spot. Twenty-five segments have <40 hydrophone-recorded events (55%); of these 19 have shallow axial depths. All segments with gaps have axial depths <3700 m.

  stage. This is discussed in more detail 753 below. 754 8. Discussion 755 8.1. Controls on Low Levels of Hydrophone-Recorded 756 Event Rate 757

Figure 13 .

 13 Figure 13. (a) Segment 45 near 35°N; (b) segment 32 near 29°N; (c) segment 24 (TAG) near 26°N; and (d) segment 15 near 22.5°N. Each shows the bathymetry of the area contoured at 200 m intervals. The ridge axis is marked by a solid dark line. Red circles are hydrophone-recorded events; blue circles: OBS events; white triangles are teleseismic events for the last 25 years. Panels show time series of the hydrophone and teleseismic data sets. (top and middle) Number and source levels of hydrophone data plotted as a function of days since 1 January 1999. Green circles show teleseismic events that occurred during the monitoring period plotted at an arbitrary acoustic magnitude of 240 dB. (bottom) Magnitudes of teleseismic events over the last 25 years. Where magnitudes of events are unknown they are plotted as zero. In Figure 13c the white cross marks the location of the TAG hydrothermal mound [e.g., Kleinrock and Humphris, 1996a].
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 13 Figure 13. (continued)

  The correspondence between the level of hydro-903 phone-recorded activity, segment morphology and gravity, 904 and axial depth at the segment center, is not as straightfor-905 ward for segments with high hydrophone-recorded activity 906 as those with low hydrophone-recorded activity. The con-907 clusion that low levels of hydrophone-recorded activity 908 occur in standard segments with shallow water depths at 909 their centers seems robust. The opposite is not always true, 910 however. Standard segments with shallow water depths at 911 the center do not always exhibit low activity. High hydro-t5.1

  1000 up in response to faulting events. The persistent activity 1001 recorded by the hydrophones at segment 15, therefore, may 1002 result from a combination of fracturing of the hanging wall 1003 following a faulting event on the detachment fault, renewed 1004 hydrothermal circulation within the newly fractured hanging 1005 wall and consequent cooling of the inferred low velocity 1006 zone underneath the segment center[Kong et al., 1992], and 1007 perhaps magmatic/volcanic activity within the neovolcanic 1008 zone. Segment 15 may be a snapshot of the TAG segment in 1009 a seismogenically active phase. More detailed studies will 1010 be needed at segment 15, though, to understand more 1011 completely the origin of the seismic activity at this stripe 1012 From the spatial and temporal patterns deduced from 1016 two years of hydrophone data collected between 15°and 35°N at the MAR we conclude the following:1018 1019 1. The major proportion of the events located within the 1020 array are closely associated with the spreading axis: 88% 1021 occur within 20 km of the axis (Figures4 and 5). This 1022 implies that seismogenic faulting does not continue far out 1023 on to the flanks of the ridge and that it is not a major process 1024 associated with aging of the crust after $1.5 Myr, at least at 1025 the magnitude level detected by the hydrophones. This 1026 result is consistent with the results from studies of fault 1027 morphology [e.g., Escartı ´n et al., 1999]: there appears to be 1028 little, if any, evidence for faulting beyond the crest of the rift 1029 mountains (20 -40 km from the axis). 1030 2. Four supersegments bounded by the major FZs occur 1031 within the array. The lowest number of hydrophone-1032 recorded events (normalized to a 40 km long segment)
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 2 , however, 387 show yet a different pattern, suggesting that there is no 388 persistent difference in the frequency of large earthquakes 389 between the four supersegments. In the period1980 -1990 390 the Hayes to Oceanographer supersegment was the least 391 active teleseismically, similar to what is observed from the 392 hydrophone data (Table2).
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Table 1 .

 1 Characteristics of Segments Within the Hydrophone Array a

			South End	North End								
	t1.2	Segment	Lat, °N	Lon, °W	Lat, °N	Lon, °W	Length, km	Az, °N	Off S, km	Off N, km	Depth, b m	Hyd	Tel	Comment
	t1.3	1	15.358	46.625	15.9	46.617	60.24	0.81	175.0	1.7	4300	36		
	t1.4	2	15.9	46.633	16.283	46.617	42.6	2.3	1.7	0.0	3600	41		
	t1.5	3	16.283	46.617	16.7	46.525	47.37	11.94	0.0	6.5	4000	106		
	t1.6	4	16.683	46.467	16.917	46.45	26.07	3.98	6.5	4.5	4700	24		
	t1.7	5 c	16.95	46.475	17.508	46.425	62.24	4.89	4.5	9.6	3800	74		K11 d
	t1.8	6	17.53	46.513	17.8	46.5	30.04	2.63	9.6	26.7	4500	17		
	t1.9	7 c	17.917	46.72	18.517	46.617	67.56	9.26	26.7	28.2	3500	25		K10
	t1.10	8 c	18.5	46.35	18.958	46.225	52.57	14.49	28.2	16.5	3700	29		K9
	t1.11	9 c	18.983	46.07	19.308	46	36.86	11.5	16.5	0.0	3400	13		K8
	t1.12	10 c	19.308	46	19.817	45.9	57.53	10.49	0.0	16.5	3300	8		K7
	t1.13	11 c	19.817	45.742	20.397	45.642	65.29	9.2	16.5	6.1	4000	41		K6
	t1.14	12	20.4	45.7	20.967	45.683	63.04	1.61	6.1	10.4	3400	29		
	t1.15	13	20.975	45.783	21.397	45.742	47.09	5.18	10.4	40.8	4400	99		
	t1.16	14 c	21.355	45.35	22.225	45.108	99.86	14.48	40.8	0.0	3000	22		K3
	t1.17	15	22.225	45.108	22.667	45.008	50.18	11.81	0.0	3.1	3900	229		
	t1.18	16 c	22.667	44.978	23.15	44.925	53.95	5.77	3.1	1.7	3400	23		K2a
	t1.19	17	23.15	44.942	23.628	44.905	53.25	4.06	1.7	148.6	4300	87		
	t1.20	18 c	23.85	46.345	24.45	46.208	68.11	11.77	148.6	0.0	4200	190		KA14
	t1.21	19	24.45	46.208	24.65	46.125	23.76	20.68	0.0	9.5	4200	9		
	t1.22	20	24.633	46.033	24.883	45.75	39.84	45.79	9.5	22.7	4400	49		
	t1.23	21	24.883	45.525	25.35	45.45	52.44	8.27	22.7	5.0	3500	49		
	t1.24	22	25.35	45.4	25.617	45.258	32.91	25.65	5.0	7.7	4100	47		
	t1.25	23	25.6	45.183	25.95	45.033	41.69	21.1	7.7	10.6	4200	33		
	t1.26	24	25.917	44.933	26.25	44.808	39.05	18.63	10.6	6.8	3800	68		
	t1.27	25 c	26.233	44.742	26.625	44.625	45.09	14.96	6.8	4.3	3600	117		KA9
	t1.28	26 c	26.6	44.592	26.908	44.492	35.64	16.17	4.3	0.0	3500	8		KA8
	t1.29	27	26.908	44.492	27.133	44.425	25.87	14.86	0.0	9.9	3900	54		
	t1.30	28 c	27.167	44.333	27.733	44.067	68.15	22.64	9.9	2.4	3400	54		KA6
	t1.31	29 c	27.717	44.05	28.2	43.895	55.79	15.83	2.4	6.1	3200	29		KA5
	t1.32	30 c	28.2	43.833	28.677	43.607	57.43	22.62	6.1	8.2	3200	144		KA4
	t1.33	31	28.692	43.525	28.85	43.383	22.35	38.23	8.2	9.8	3800	61		
	t1.34	32 c	28.842	43.283	29.408	43.083	65.83	17.15	9.8	17.5	3200	156		KA2
	t1.35	33 c	29.367	42.908	30.117	42.7	85.73	13.54	17.5	69.2	3300	107		KA1
	t1.36	34	30.025	41.988	30.417	41.933	43.88	6.91	69.2	8.4	3800	68		
	t1.37	35	30.492	41.925	30.83	41.655	45.57	34.49	8.4	5.6	3400	23		
	t1.38	36 c	30.8	41.608	31.192	41.35	50.02	29.43	5.6	8.4	3500	15		HA7
	t1.39	37 c	31.167	41.267	31.75	40.753	81.07	36.95	8.4	9.3	3300	203		HA6
	t1.40	38 c	31.717	40.663	32.267	40.242	72.87	32.99	9.3	15.8	3200	71		HA5
	t1.41	39	32.283	40.075	32.683	39.983	45.28	10.98	15.8	6.4	3200	44		
	t1.42	40 c	32.667	39.917	33.12	39.475	65.08	39.33	6.4	21.2	3400	124		
	t1.43	41 c	33.125	39.247	33.717	39.033	68.72	16.79	21.2	75.5	2300	51		HA1
	t1.44	42	33.583	38.233	33.717	38.133	17.53	31.85	75.5	32.4	3950	30		
	t1.45	43 c	33.717	37.783	34.1	37.633	44.75	18.01	32.4	38.7	3100	27		OH3
	t1.46	44 c	34.05	37.217	34.527	37	56.63	20.6	38.7	39.0	3100	80		OH2
	t1.47	45 c	34.5	36.575	35.267	36.283	89.3	17.34	39.0	120.0	2200	28		OH1

a Az, azimuth; Off S, offset at south end; Off N, offset at north end; Hyd, number of hydrophone events; Tel, number of teleseismic events.

Table 3 .

 3 Stripes and Gaps

	t3.1						
						Shallow	Deep
	t3.2	Segments	Total	Standard	Nonstandard	(<3700 m) a	(>3700 m) a
	<40 events b		25	18	7	16 (3)	2 (4)

Table 4 .

 4 Segments With Microearthquake Studies

	t4.1							
					Normal Number		Flat Top	
					of Hydrophone		of Long-Axis	
	t4.2	Segment	ÁMBA ÁR a	Events	Designation b	Bathymetry Profile	OBS Study	Interpretations
		45 (OH1)	À37	1300	12	hot	20 km	Barclay et al. [2001]	hot regions beneath axis, in
	t4.3								magmatic stage
		32 (Broken Spur)	À21	600	94	hot	40 km	Wolfe et al. [1995]	brittle/ductile transition does
									not shallow toward center

Table 5 .

 5 Cumulative on Offsets for Each Supersegments

			Cumulative Length	
		Cumulative Length	of Offsets	
	Supersegment	of Offsets, km	per 100 km, km	t5.2
	Fifteen-Twenty to Kane	171.3	18.4	t5.3
	Kane to Atlantis	120.5	15.9	t5.4
	Atlantis to Hayes	75.1	16.4	t5.5
	Hayes to Oceanographer	110.1	47.8	t5.6