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A Recent Volcanic Eruption Discovered on the Central Mariana Back-Arc Spreading Center
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Submarine volcanic eruptions are difficult to detect because they are hidden from view at the bottom of the ocean and far from land-based sensors. However, most of Earth’s volcanic activity is in the oceans along tectonic plate boundaries, and modern tools of oceanography now allow us to find and study recent eruptions in the deep sea. The first known historical eruption on the Mariana back-arc spreading center was discovered in December 2015 during exploration of the southern back-arc for new hydrothermal vent sites. A water-column survey along the axis of the back-arc showed hydrothermal plumes over the site characterized by low particle concentrations and relatively high reduced chemical anomalies. A dive with the autonomous underwater vehicle Sentry collected high-resolution (1 m) multibeam sonar bathymetry over the site, followed by a near-bottom photographic survey of a smaller area. The photo survey revealed the presence of a pristine, dark, glassy lava flow on the seafloor with no sediment cover. Venting of milky hydrothermal fluid indicated that the lava flow was still warm and therefore very young. A comparison of multibeam sonar bathymetry collected by R/V Falkor in December 2015, to the most recent previous survey of the area by R/V Melville in February 2013, revealed large depth changes in the same area, effectively bracketing the timing of the eruption within a window of less than 3 years. The bathymetric comparison shows the eruption produced a string of lava flows with maximum thicknesses of 40–138 m along a distance of 7.3 km (from latitude 15∘22.3′ to 15∘26.3′N) between depths of 4050–4450 m bsl (meters below sea level), making this the deepest known historical submarine volcanic eruption on Earth. The cross-axis width of the lava flows is 200–800 m. The Sentry bathymetry shows that the new lava flows are constructed of steep-sided hummocky pillow mounds and are surrounded by older flows with similar morphology. In April and December 2016, two dives were made on the new lava flows by remotely operated vehicles Deep Discoverer and SuBastian. The pillow lavas have many small glassy buds on the steep flanks of the mounds, locally thick accumulations of hydrothermal sediment near the tops of mounds, and small cones of radiating pillows at their summits. The 2015–2016 observations show a rapidly declining hydrothermal system on the lava flows, suggesting that the eruption had occurred only months before its discovery in December 2015. The morphology of the pillow lavas is similar to other historical eruption sites, so the greater depth and ambient pressure of this site had no apparent effect on the processes of lava extrusion and emplacement. This study reveals that some segments of the Mariana back-arc have active magmatic systems despite the relatively low spreading rate, and that other eruptions are possible in the near future.
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INTRODUCTION

Documented historical volcanic eruptions in the deep-sea are relatively rare, because they usually have no expression at the ocean surface and only produce small earthquakes which are difficult to detect in the ocean basins. For example, Rubin et al. (2012) highlighted the fact that only 17 deep [>500 m bsl (meters below sea level)] submarine eruptions were known to have occurred in the last 500 years, compared to 497 known eruptions on land. Historical deep-sea eruptions have been found in a variety of ways, including by distinctive hydrothermal plumes detected during water-column surveys, repeated bathymetric mapping showing depth changes, time-series visual observations by camera or submersible, radiometric dating of young lava flows, remote detection of seismic swarms by hydrophone or seismometers, and rarely by pumice rafts appearing on the ocean surface (Cowen et al., 2004; Dziak et al., 2011; Baker et al., 2012; Rubin et al., 2012; Carey et al., 2018). Only two seamounts have been directly observed erupting, NW Rota-1 in the Mariana arc and West Mata in the NE Lau Basin (probably both long-lived eruptions) (Chadwick et al., 2008; Resing et al., 2011; Embley et al., 2014; Schnur et al., 2017). More recently, a cabled observatory established at Axial Seamount captured an eruption in 2015 (Kelley et al., 2014; Chadwick et al., 2016; Nooner and Chadwick, 2016; Wilcock et al., 2016). Most of these known eruptions have been found on mid-ocean ridges or in submarine volcanic arcs. We know even less about the character and frequency of deep-sea eruptions in back-arc settings.

Recent systematic exploration of the southern Mariana back-arc between 13 and 18.5°N during research cruises on R/V Falkor in 2015 and 2016 (FK151121 and FK161129) led to the discovery of new hydrothermal vent sites along the back-arc spreading axis (Baker et al., 2017; Butterfield et al., 2018). That work included the collection of new EM302 multibeam sonar bathymetry along the back-arc that permitted a refined mapping of the axis of spreading, and allowed geologic interpretation of the back-arc spreading segments and their tectonic and magmatic character (Anderson et al., 2017). The R/V Falkor cruises also included high-resolution bathymetric mapping of selected sites with the autonomous underwater vehicle (AUV) Sentry in 2015, followed by dives with the remotely operated vehicles (ROV) SuBastian in 2016. In between those, the NOAA Ship Okeanos Explorer made three exploratory dives with the ROV Deep Discoverer (D2).

During the exploration for new vent sites we discovered evidence of a very recent eruption on the axis of the central Mariana back-arc. The only other known historical submarine eruptions on back-arc spreading centers are on the NE Lau Spreading Center (NELSC), including one discovered in November 2008 when hydrothermal event plumes were encountered by chance in the overlying water column during a regional survey (Baker et al., 2011; Rubin et al., 2012), and eruptions near Tafu cone on the NELSC that were recently discovered by before-and-after bathymetric surveys and confirmed by ROV dives (Rubin et al., 2018a,b).

Here, we describe the physical setting of the recent eruption site, constrain the timing of the eruption to within a 3-year period based on before-and-after surveys, show high-resolution bathymetry and ROV visual observations of the young lava flows that provide information about their emplacement, and present observations and sensor data that show a rapidly diminishing hydrothermal system associated with the new lava flows. These results confirm the value of collecting repeated ship-based bathymetry in potentially active submarine volcanic settings for detecting eruptions, illustrate how AUV-based high-resolution bathymetry helps interpret submarine lava flow morphology and emplacement, and reveal that some segments of the Mariana back-arc have active magmatic systems, despite the relatively low spreading rate.

Geologic Setting

The Mariana back-arc spreading center is an example of upper plate spreading in an oceanic subduction setting (Fryer, 1995; Stern et al., 2003). Here the Pacific plate subducts beneath the Philippine Sea plate forming the Mariana trench and the active volcanic arc, which is made up of nine islands and over 60 seamounts, a third of which are hydrothermally active (Embley et al., 2007; Baker et al., 2008; Resing et al., 2009). The Mariana back-arc spreading center is located to the west of the volcanic arc and transitions from a relatively shallow ridge in the south (∼3000 m bsl) to a series of deep basins (up to 5000 m bsl) north of 13°N that are segmented and arranged in an en-echelon pattern (Figure 1).
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FIGURE 1. Regional map showing location of the study area on the 15.5°N segment of the Mariana back-arc. Black box shows area of Figure 2. Inset map shows the location of the Mariana back-arc relative to the western Pacific trenches, with Japan to the north and the Philippines to the west.



In this paper, we focus on the Mariana back-arc segment centered at 15.5°N [following the naming scheme of Anderson et al. (2017)], which has a spreading rate of ∼25–40 mm/yr (Kato et al., 2003). This segment is ∼34 km long, with an axial valley that is ∼22–25 km wide, with a maximum depth that ranges from 4650 m bsl in the south to 4350 m bsl in the north (Figure 2). The neovolcanic zone is dominated by hummocky volcanic morphology with little or no faulting and has an axial volcanic ridge that rises up to ∼1050 m above the surrounding seafloor with a shallowest depth of 3820 m bsl near 15.5°N (Anderson et al., 2017). Anderson et al. (2017) classified this segment as a tectonic segment currently undergoing magmatic extension, where extension is accommodated by the intrusion of dikes, and the morphology is characterized by an axial valley with moderate-to-high relief at the segment center (600–1300 m), a prominent hummocky axial volcanic ridge (800–1050 m) without a central graben, and limited faulting within the axial valley. Anderson et al. (2017) also calculated the volume of neovolcanic material on this segment as a first-order estimate of eruption rates and magma supply, in comparison to the other segments in the Mariana back-arc. Interestingly, the 15.5°N segment had the second-lowest calculated eruption rate per kilometer (3912 m3/yr/km) of all the segments in their study area (from 12.7°N to 18.3°N). So, in some ways, this segment was the least likely to have hosted a recent eruption. However, the calculated long-term eruption rate is based on its morphology produced by activity over perhaps the last 100,000 years. In contrast, the recent eruption is a manifestation of the present-day (or very recent) magma supply. Therefore, the recent eruption on this segment is consistent with the characterization that the segment is undergoing recent magmatic rejuvenation, as is the discovery of high-temperature black-smoker vents at the Perseverance vent field located on the along-axis high just 5 km north of the eruption site (Figure 2; Baker et al., 2017; Butterfield et al., 2018; Chadwick et al., 2018).
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FIGURE 2. Bathymetric map of the 15.5°N segment of the Mariana back-arc showing the location of CTD tow T15B-06 (red line; data shown in Figure 3), AUV Sentry dives 369 and 367 (white lines; the latter shown in Figure 4), and areas of depth change between bathymetric surveys in 2013 and 2015 (black outlines; data shown in Figure 6). Red dot shows location of Perseverance vent field.



Discovery of the Recent Eruption Site at 15.4°N in December 2015

The search for new hydrothermal vent sites along the southern Mariana back-arc during the FK151121 expedition included first using a towed Conductivity, Temperature, Depth (CTD) instrument package. The CTD was raised and lowered from 10 s to several hundred meters above the seafloor as the ship slowly drove forward, resulting in the CTD producing a saw-tooth path in a vertical 2D profile above the seafloor along the tow track (Baker et al., 2017). Where hydrothermal plumes were discovered with the CTD, we deployed the Sentry to collect high-resolution bathymetry in those areas, which was used later when ROV dives were made to localize the source of the plume on the seafloor. Hydrothermal plumes can be detected by CTD sensors that measure temperature, light scattering [turbidity (ΔNTU, Nephelometric Turbidity Units) from hydrothermal particles], and oxidation reduction potential [or ORP (ΔE), for detecting reduced chemicals such as Fe2+, HS-, H2]. On the Sentry mapping dives these same sensors were housed in a self-contained instrument called a Miniature Autonomous Plume Recorder, or MAPR (Walker et al., 2007). The MAPR data from the Sentry dives were complementary to the CTD data (Walker et al., 2016a; Baker et al., 2017).

CTD tow T15B-06 was conducted along the axis of the back-arc segment centered at 15.5°N (Figure 2), and revealed two plumes with distinctly different character (Figure 3). To the south of the highest part of the segment, between 15°23.4′ to 15°27.6′N a plume was detected with relatively low ΔNTU values but high ΔE values. Further north, between 15°27.6′ to 15°33.0′N, the opposite was found in a plume that had relatively high ΔNTU values and lower ΔE values (Figure 3). This was interpreted as evidence for low-temperature diffuse venting in the south and high-temperature focused venting in the north (Baker et al., 2017).
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FIGURE 3. Depth cross-section along the axis of the 15.5°N segment of the Mariana back-arc showing data from CTD tow T15B-06 (from Baker et al., 2017). Gray is seafloor profile. Colors above seafloor show turbid particle plumes as ΔNTU anomalies. Colored lines along CTD tow path (gray zigzag lines) show ΔE anomalies in millivolts from ORP sensor (see inset for scale). Red dots are confirmed (solid) or inferred (open) hydrothermal sites from Baker et al. (2017). Yellow highlight on the bathymetry profile indicates extent of new lava flows. Note relatively high ΔE but low ΔNTU anomalies over new lava flows, and high ΔNTU and lower ΔE anomalies over northern-most hydrothermal site, at the Perseverance vent field with black-smoker chimneys.



To investigate further, we deployed Sentry for dive 367, which collected multibeam sonar and plume data in a 2- × -3.5-km area at an altitude of 70 m above the bottom, and then conducted a photo survey at a lower altitude of 5 m over a smaller area (500 m × 1000 m) centered on the highest ΔE anomaly from the CTD tow (Figure 4). We had anticipated that we might photograph some vent animals at a diffuse venting site, but unexpectedly the Sentry photo survey revealed pristine young pillow lavas covering some of the area (Figures 5a,b). The young lava flow was dark, glassy, and completely lacking in any sessile animals or even pelagic sediment. A very light dusting of hydrothermal sediment could be seen in a few areas at the tops of pillow mounds (Figure 5c), and within one of those areas a cloud of milky hydrothermal fluid was photographed coming out of the flow (Figure 5d). The surrounding lava flows are clearly much older with a few cm of sediment completely mantling the lava lobes (Figure 5e). On the eastern edge of the photo survey, in low-lying areas below 4300 m bsl that are noticeably more faulted, the older seafloor is locally completely buried by sediment (Figure 5f).
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FIGURE 4. AUV Sentry bathymetry from dive 367 with ΔE anomalies from MAPR instrument shown as pink to purple colored lines (see inset for scale) overlain on Sentry track lines (white; widely spaced tracklines were 70 m above bottom). (A) Map of whole survey (modified from similar figure in Baker et al., 2017). Dashed black box is area of Figure 4B. (B) Detailed map of Sentry photo survey area (white track lines; 5 m above bottom). Black outlines show area of depth change between multibeam surveys; red outlines show edges of the 2013–2015 lava flows based on visual observations and interpreted from features in AUV Sentry bathymetry. AUV Sentry bathymetry was re-navigated and then shifted 60 m east and 20 m north to better match ground-truth from ROV dive observations.
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FIGURE 5. Images from AUV Sentry dive 367 photo survey on 03 December 2015 showing young lava flow, evidence of hydrothermal venting, and surrounding older seafloor. Horizontal dimension of photos is ∼5 m. See Figure 4B for photo locations. Numbers in parentheses are time of photo in GMT. (a) Contact between young and old lava (07:33:20), (b) glassy young pillow lava (07:03:43), (c) hydrothermal sediment on young flow (07:04:43), (d) milky hydrothermal venting from young flow (07:05:53), (e) surrounding older lava (09:42:10), (f) older seafloor at east edge of survey with almost complete sediment cover (12:05:26).



The MAPR data collected by Sentry during dive 367 (Walker et al., 2016b) showed multiple ΔE anomalies indicative of hydrothermal venting in the western half of the survey area during the mapping at 70 m above bottom (Figure 4A). During the photo survey at 5 m altitude, a large ΔE anomaly was recorded at the same time and location that the milky vent fluid was photographed (Figure 4B). The photograph of active venting and the number of anomalies detected by the MAPR on Sentry suggest that the lava flows were young enough to be still warm and actively cooling (implying the lavas were only months to years old). On the other hand, chemical analysis of water samples from the CTD tow over the young lava flows showed low levels of hydrogen, indicating that the eruption had ended at least days to weeks beforehand. Active submarine eruptions produce high levels of hydrogen from magma-water interaction, which has a short residence time in the water column (McLaughlin-West et al., 1999; Lilley et al., 2003; Baker et al., 2011; Resing et al., 2011; Baumberger et al., 2014). The 1-m resolution bathymetry collected by Sentry during dive 367 shows that the areas within the young lava flow photographed by Sentry have smooth (unfaulted) hummocky morphology, typical of pillow lava mounds (Figure 4B).

To constrain the age of the young lava flow eruption, we compared (post-eruption) ship-based multibeam bathymetry collected by R/V Falkor with its EM302 sonar system on 01 December 2015 [expedition FK151121 (Resing, 2016b)], with the last survey of the area collected by R/V Melville with its EM122 sonar on 14 February 2013 (expedition MV1302a). Comparing the two surveys revealed a string of five areas with maximum depth change from 40 m up to 138 m (Table 1), extending over a distance of 7.3 km along the back-arc spreading axis from latitude 15°22.3′ to 15°26.3′N (Figure 6). The cross-axis width of these depth changes was 200–800 m. For convenience, we number the areas of depth change 1 to 5, from north to south (Table 1). The third area of depth change includes the area photographed and mapped by Sentry (Figures 4, 6). The timing of the eruption can be bracketed within the 2.8-year period between the two bathymetric surveys. However, the fact that the young flows were still emitting hydrothermal fluids when first photographed suggests that the eruption was probably late within that time period (Baker et al., 2018). A search for anomalous seismicity in the area that might have narrowed the eruption time window further did not uncover any unusual activity1, so the eruption was not detected remotely.

TABLE 1. Estimates of the thicknesses, areas, and volumes of new lava flows, based on depth changes between 2013 and 2015 bathymetric surveys.
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FIGURE 6. Depth changes between ship-based multibeam bathymetric surveys (numbered 1–5 from north to south in Table 1). (A) Pre-eruption bathymetry collected in February 2013 by R/V Melville (MV1302a; EM122 sonar). (B) Post-eruption bathymetry collected in December 2015 by R/V Falkor (FK151121; EM302 sonar). (C) Depth differences between the two surveys showing 5 areas of significant depth change (outlined in white; color scale at lower right). Numbers indicate maximum depth change within each area. Black boxes show area of Figure 4.



The 2013–2015 eruption is the deepest known historical submarine volcanic eruption, and extends over a depth range of 4050 to 4450 m bsl. The post-eruption bathymetry, the photo survey, and the relatively large magnitude of the depth changes between the surveys indicates that the eruption produced a chain of hummocky pillow lava mounds, which commonly accumulate to thicknesses of tens to over 100 m in divergent plate boundary settings (Caress et al., 2012; Yeo et al., 2012; Chadwick et al., 2013; Yeo et al., 2013; Chadwick et al., 2016; Clague et al., 2017). The outlines of the depth changes (and young lava flows) shown in Figure 6 are minimum areas, since the detection threshold used was a depth difference of 5 m, and therefore any areas where the flow thickness is less than that (including flow margins) are not resolved. For example, observations from later ROV dives show that some of the separate areas of depth change are actually connected by young lavas (described below). Nevertheless, the before-and-after bathymetry can be used to constrain the thickness and area of the lava flows and the volume of lava erupted (Table 1). Our analysis shows that the total area of the young flows is 1.81 × 106m2 and the total eruptive volume was 66.3 × 106 m3. For comparison, this volume is larger than all the previously documented historical eruptions on the Juan de Fuca and Gorda spreading ridges in the NE Pacific, except for the 2011 and 2015 eruptions at Axial Seamount, which is a hot spot volcano superposed on the Juan de Fuca spreading ridge (Chadwick et al., 1998; Rubin et al., 2012; Yeo et al., 2013; Clague et al., 2017).

The area surveyed during AUV Sentry dive 367 (Resing, 2016a) covered part of the northern half of the chain of lava flows along the back-arc spreading axis (covering the second and third areas of depth change), but did not extend all the way to the northern end where the thickest of the flows was located (Figures 4, 6). Superposing the outlines of the areas of depth change determined by the ship-based bathymetric comparison on the high-resolution Sentry bathymetry shows that all the ΔE anomalies recorded by the MAPR on Sentry were located over relatively thick accumulations of lava (Figures 4, 6). The Sentry bathymetry also shows that the hummocky flows produced by this most recent eruption (on the west side of the Sentry survey area) are very similar in morphology to previous eruptions along this segment of the back-arc (on the east side of Figure 4A). In fact, it would be impossible to map the boundaries of 2013–2015 lava flows on the AUV bathymetry without the additional information from multibeam depth changes and the visual observations. In general, the young lava flows have a smooth but hummocky morphology in the AUV bathymetry, which shows that they were emplaced from multiple local eruption centers along a N-S fissure system. The Sentry photo survey was fortuitously located spanning the southeastern edge of the third area of depth change (Figure 4B). The navigation of AUV Sentry dive 367 bathymetry was reprocessed using mbsystem navadjust software (Caress and Chayes, 2016) based on matching features in overlapping swaths, and then was shifted 60 m east and 20 m north to best match the ship-based EM302 bathymetry. The location of the edge of the young lavas mapped by the Sentry data and the ROV dives (described below) compared to the areas of depth change between bathymetric surveys gives an idea of the uncertainty in the ship-based multibeam comparison method. The lava flow boundary mapped by visual ground truth (red lines in Figure 4) is generally within 50–100 m of the depth change boundary (black outlines in Figure 4).

Visual Characterization of the 2013–2015 Lava Flows and Changes Over Time

After the discovery of the recent eruption site in December 2015, two later expeditions with ROVs visited the site in 2016: NOAA ship Okeanos Explorer cruise EX1605L1 with ROV Deep Discoverer (D2) in April 2016, and R/V Falkor cruise FK161129 with ROV SuBastian in December 2016. Each expedition made one ROV dive on the new lava flows, which allowed for visual observations over different parts of the eruption site, sampling of the lava flows, and a search for evidence of any on-going hydrothermal activity.

ROV Deep Discoverer (D2) made dive EX1605L1-09 on 29-30 April 2016 on the northern-most and thickest of the 2013–2015 lava flows (Figure 7), for which we only have ship-based bathymetry (∼40 m resolution), because it is north of the Sentry survey. The ROV dive made a north-to-south zig-zag traverse over three haystack-shaped mounds of young pillow lavas, each 50–100 m high and 200–400 m wide, along a horizontal traverse of ∼750 m, during ∼5.5 h of time on the bottom. The second of the three mounds has the thickest accumulation of pillow lavas, with a maximum depth difference of 138 m, although the ROV track skirted the very thickest part (Figure 7). The pillow lavas on the relatively steep sides of the mounds frequently were decorated with an extraordinary number of extremely glassy “buds” or “fingers” of lava (5–10 cm in diameter) extending outward for a few 10s of cm from the main pillow tubes (0.5–1.0 m in diameter) (Figures 8a,b). These are similar to the “knobby pillows” described by Ballard and Moore (1977) on the mid-Atlantic ridge, interpreted to be indicative of faster flow rates on the steeper flanks of pillow constructs. The flanks of the mounds had little or no hydrothermal sediment on the lava. In contrast, the tops of the pillow mounds had much broader and flatter pillows and were commonly dusted with low-temperature hydrothermal sediment composed mainly of iron oxy-hydroxide, which locally accumulated into thicker deposits between the lobes (Figures 8c,d). The pillow mounds were topped with small conical constructs that were ∼10 m high and ∼5 m in diameter and formed of radiating pillow tubes (Figures 8d,e), apparently representing late-stage eruption centers. These are similar to the “pillowed cones” described in Ballard and Moore (1977).
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FIGURE 7. Detailed maps showing the track of ROV Deep Discoverer dive EX1605L1-09 (black squiggly line) across northern-most and thickest lava flow. (A) Bathymetric map, mostly ship-based data (40-m resolution) with a small sliver of AUV Sentry data (1-m resolution) at bottom. Arrows with numbers show locations of ROV images in Figure 8. (B) Depth changes between ship-based bathymetric surveys in 2013–2015. (C) Depth profile along ROV dive EX1605L1-09 track line, showing 3 haystack-shaped pillow mounds (ship-based bathymetry). Vertical dashed lines indicate major bends in the dive track.
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FIGURE 8. Images from ROV Deep Discoverer dive EX1605L1-09 on 29–30 April 2016, which crossed the northern-most and thickest of the 2013–2015 lava flows. See Figure 7 for photo locations. Numbers in parentheses are time of photo in GMT and horizontal scale. (a) Pillow lavas with extremely glassy finger-like buds (03:41:31, 2 m). (b) ROV set up to sample a glassy pillow bud (03:49:32, 4 m). (c) Broader lobes on top of one of the pillow mounds with hydrothermal sediment (00:03:48, 5 m). (d) Conical eruptive center at the top of a mound with radiating pillow tubes and hydrothermal sediment (02:43:00, 6 m). (e) View of ROV illuminating a conical eruptive center (02:40:20, 20 m). (f) Nearly vertical cliff with intact and truncated pillows (01:12:11, 10 m). (g) Primary pillow talus at base of cliff (01:06:06, 3 m). (h) Fragmental deposit on top of pillows beyond the talus apron (01:03:14, 2 m).



The north slope of the second, thickest mound was nearly vertical and consisted of a mix of intact and truncated pillows (Figures 7, 8f), with an apron of talus at the bottom consisting of pillow fragments (Figure 8g). The talus was likely primary and formed by auto-brecciation during lava flow emplacement and mound construction, rather than due to later tectonism. Beyond the apron of talus, smaller angular glassy fragments were deposited on top of pillow lavas and extended outward for 50–75 m from the base of the cliff (Figure 8h), a more distal component of auto-brecciation, also formed by pillow fragments tumbling down the cliff. The dive started and ended within the new lavas and no contacts with older lavas were seen.

During the dive we saw one area of noticeable diffuse hydrothermal venting where we measured a temperature of 7.0°C with the ROV’s temperature probe, well above the ambient temperature of 1.65°C (Figure 9a). Vent endemic species were commonly sighted throughout the dive, including polychaetes (Figure 9b), shrimp (Figure 9c), and squat lobsters (Figure 9d). This is additional evidence that the lava flows were still actively cooling in April 2016, and had hosted diffuse hydrothermal venting long enough to be colonized by mobile vent animals, but not by sessile species that take longer to colonize. This is consistent with the lava flows only being months to years old when first discovered. The nearest known hydrothermal site is the Perseverance vent field located ∼5 km to the north on the segment high (Figures 3, 4).
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FIGURE 9. Images of hydrothermal vent animals observed on the new lavas during ROV Deep Discoverer dive EX1605L1-09 on 29–30 April 2016. Numbers in parentheses are time of photo in GMT and horizontal scale. (A) ROV manipulator arm measuring temperature of 7.0°C (ambient = 1.65°C) in an area of very diffuse venting (02:17:21, ∼5 m). (B) One of many polychaetes seen swimming above the bottom (23:03:48, ∼6 cm). (C) Shrimp (00:11:20, ∼3 cm). (D) Squat lobster (00:24:51, ∼5 cm).



Seven months later on 12 December 2016, a second ROV dive was made during expedition FK161129 from R/V Falkor with ROV SuBastian. Dive S45 started 240 m SSE of the end of the previous ROV dive and explored areas further south where high resolution bathymetry had been collected by AUV Sentry a year earlier (Figure 10) and where the MAPR on Sentry detected ΔE anomalies, indicating hydrothermal activity (Figure 4A). The dive started at a depth of 4045 m bsl in young lava with a light dusting of yellow hydrothermal sediment (Figure 11a) at the top of a pillow mound at the SW end of the northern-most area of depth change (Figure 10). The south side of that pillow mound was a nearly vertical cliff, over 110 m high, that was mantled by almost completely intact young pillow lavas (Figure 11b). The pillows on the cliff face were narrow glassy elongated tubes appearing like elephant trunks or the drips of wax on the outside of a candle (Figures 11c,d). It was remarkable how little talus was at the base of the cliff, in strong contrast to the cliff encountered on the previous dive (Figures 8f–h), apparently because these lavas were emplaced at a higher extrusion rate so the pillows remained intact even though the lava was flowing down such a steep slope. Extrusion rate would affect the thickness of lava crusts during pillow emplacement, with more rapidly emplaced pillows more likely to have a thinner plastic crust before solidification, rather than a thicker brittle crust that is more likely to result in auto-brecciation. The location of this cliff on the Sentry bathymetry coincides with a navigation artifact, so on the map it appears even more steep than it actually is (Figure 10). The cliff on the map is between the northern-most two areas of multibeam depth change, but this ROV dive showed that young lavas are continuous and actually connect the two areas (but the lava must be relatively thin there). On Figures 4, 10, the red outlines show our interpreted mapping of the extent of the young lava flows, based on ROV observations and the Sentry high-resolution bathymetry.
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FIGURE 10. Detailed maps showing the track of ROV SuBastian dive S45 (thin black squiggly line), which crossed parts of the northern 2013–2015 lava flows. Thicker black outlines are areas of depth change from ship bathymetry; red outlines are interpreted edge of new lava, based on dive observations and AUV bathymetry. (A) Bathymetric map, mostly AUV Sentry bathymetry (1-m resolution), except at northern and western edges where it is ship bathymetry (40-m resolution). Pink to purple colored lines overlain on dive track show ΔE anomalies from MAPR instrument on ROV (see inset for scale). Labeled times (02:30 and 03:50) show beginning and end of MAPR time-series data in Figure 12. Arrows with numbers show locations of ROV images in Figure 11. The arrow pointing to the location of Figure 11b–d is the location of the nearly vertical cliff mentioned in the text. (B) Depth changes between ship-based bathymetric surveys in 2013–2015 with ROV dive track overlain. (C) Depth profile along ROV dive S45 track line, showing pillow mounds (Sentry bathymetry). Vertical dashed lines indicate major bends in the dive track.
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FIGURE 11. Images from ROV SuBastian dive S45 on 12 December 2016. See Figure 10 for photo locations. Numbers in parentheses are time of photo in GMT and horizontal scale. (a) Young pillow lava at the top of a mound at the beginning of the dive (01:31:24, 4 m). (b) Nearly vertical cliff mantled by intact young pillow lavas (01:47:42, 15 m). (c) Glassy narrow pillow tubes on the cliff face (01:48:26, 12 m). (d) Close up of glassy pillow buds about mid-way down the cliff face (01:57:36, 2 m). (e) Pillow cone atop a low pillow mound dusted with yellow hydrothermal sediment (02:14:58, 8 m). (f) Locally thick accumulation of hydrothermal sediment on a young pillow mound (02:21:05, 10 m). (g) Western contact of the young lavas (glassy in upper left) with surrounding older lavas (with sponge attached at lower right) (04:19:45, 5 m). (h) Surrounding older lavas with anemone attached (04:22:14, 5 m).



South of the cliff, the ROV track crossed over several low pillow mounds, each 20–25 m high and 70–100 m wide. At the top of the first one, we found another steep-sided pillow cone representing a local eruptive center, covered with a fine dusting of hydrothermal sediment (Figure 11e). The high-resolution bathymetry shows that many of the pillow mounds in this area (both young and old) have these pillow cones at the shallowest points (they appear as small dimples on the map). The dive proceeded southward to the top of the highest of the pillow mounds within the second area of multibeam depth change, which is located near the southern edge of the area of depth change, and is topped by a ridge with an E-W orientation (Figure 10). Here the ROV turned and headed west, zigzagging along the crest of the E-W pillow ridge and followed it down to the western contact between young and old lavas (Figures 11g,h). There, the young lavas were again characterized by larger pillows with many glassy pillow buds. The remainder of the dive continued south onto an older pillow ridge that separates the second and third areas of depth change (Figure 10). The older lavas had moderate sediment accumulation and were colonized by sessile animals such as sponges, anemones, and crinoids (Figures 11g,h). The dive covered 1.6 km on the bottom in 3.75 h (twice as far as the ROV D2 dive in less time), but the dive had to be terminated early due to deteriorating weather.

While traversing over the younger lavas during ROV SuBastian dive S45, we saw several areas with thick accumulations of yellow hydrothermal sediment (Figure 11f), but no visible fluid flow (shimmering water). However, we had a MAPR instrument on the ROV and the data show minor temperature and ΔE anomalies in the areas with thick hydrothermal sediment (Figure 12) especially on the E-W pillow ridge near the end of the dive, indicating that hydrothermal fluids must still have been seeping out, but so diffusely that they were not visible. Although the two ROV dives were in different (but adjacent) areas, the observations are consistent with a rapidly waning hydrothermal system as the lava flows were cooling in the aftermath of the eruption. Sentry saw robust ΔE anomalies 70 m above the lava flows in December 2015, then ROV D2 found only one area of visible venting and elevated temperature on the flows in April 2016, and finally ROV SuBastian did not encounter any visible diffuse flow, but still detected barely measurable instrumental anomalies near the seafloor. Likewise, CTD tow T15B-06 and vertical cast V15B-06 in 2015 showed the rise height of ΔE anomalies was > 400 m above bottom (Figure 3), whereas CTD cast V16A-03 in 2016 near the same location had only a weak ΔE anomaly at less than 100 m above bottom. In terms of biological colonization, on ROV SuBastian dive S45 we saw some of the same vent-endemic animals as on the previous ROV D2 dive (polychaetes, shrimp, and squat lobsters), but in much fewer numbers, also consistent with a rapidly waning hydrothermal system. All these observations suggest that the eruption occurred relatively late in the 2013–2015 time window constrained by the multibeam sonar surveys. They also imply that the hydrothermal activity from the lava flows was likely temporary and short-lived, consistent with observations of the hydrothermal response after multiple eruptions at Axial Seamount (Chadwick et al., 2013; Baker et al., 2018).
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FIGURE 12. Time-series data from MAPR instrument on ROV SuBastian dive S45 showing that temperature and ΔE anomalies (black line and pink bars, respectively) are well-correlated, providing evidence of weak hydrothermal activity associated with the new lava flow. The largest anomalies are where the ROV crossed over the thickest parts of the pillow mound within the second area of depth change (see Figure 10). This was the same time interval when thick accumulations of hydrothermal sediments were observed (Figure 11f) along with occasional sightings of vent fauna.



DISCUSSION

This study was a fortuitous outgrowth of a large-scale exploration of the spreading axis of the southern Mariana back-arc for new hydrothermal vent sites between 13 and 18.2°N, an area that had not been systematically surveyed previously. The discovery of the new vent sites (Baker et al., 2017) and characterization of their chemistry and biological communities (Tunnicliffe et al., 2017; Butterfield et al., 2018) will fill a knowledge gap to help interpret the biogeography of the region and the connections between geology, chemistry, and chemosynthetic ecosystems (Chadwick et al., 2018). Understanding such links will have important implications for management plans of the Mariana Trench Marine National Monument.

Judging from the relatively low spreading rate of the central Mariana back-arc segments [∼25–40 mm/yr (Kato et al., 2003)], individual eruptions would be expected to be relatively rare (perhaps only every 100 years or more). On the other hand, Baker et al. (2017) point out that back-arc basins can have both enhanced incidence of hydrothermal venting and an enhanced magma supply where they are close to adjacent magmatic arcs, although this back-arc segment is not particularly close to the Mariana arc. In any case, it was surprising to discover fresh new lava flows on the 15.5°N segment of the Mariana back-arc. There have been relatively few deep-sea (>500 m depth) eruptions documented worldwide (<40), due to the difficulty in detecting them far away from land-based sensor networks (Dziak et al., 2012; Rubin et al., 2012), despite the fact that ∼75% of Earth’s volcanic output is in the oceans (Crisp, 1984). That makes finding and characterizing recent deep-sea eruptions rare, valuable, and informative. The investigation of these historical eruption sites provides information on the frequency of eruptions, their volumes, and their chemical and biological impacts in the deep-sea. They also give us a glimpse of the fundamental process of seafloor spreading and ocean crust formation.

It is known from laboratory analog experiments that pillow lavas form at relatively low extrusion rates whereas sheet flows form at higher extrusion rates (Griffiths and Fink, 1992; Gregg and Fink, 1995). More recent studies have interpreted larger constructional volcanic features in terms of extrusion rate. For example, studies at the hotspot-influenced Axial Seamount on the Juan de Fuca ridge in the NE Pacific have used 1-m resolution AUV bathymetry and ROV observations to document a range of morphologies on lava flows erupted in 1998, 2011, and 2015 (Caress et al., 2012; Chadwick et al., 2013, 2016; Clague et al., 2017). Chadwick et al. (2013) introduced the concept of map-scale lava flow morphology to describe features that are on the scale of hundreds of meters, which are discernable in high-resolution AUV bathymetry. They proposed three types: inflated lobate flows, inflated pillow flows, and pillow mounds, mainly distinguished by the extent of a molten lava core within the interior of each flow type during emplacement. “Pillow mounds” were interpreted to be map-scale constructions without a significant molten core. Clague et al. (2017) modified this terminology and used the terms “channelized flows” and “hummocky flows” instead. The “channelized flows” of Clague et al. (2017) include the “inflated lobate flows” and “inflated pillow flows” of Chadwick et al. (2013), and are interpreted as near-vent and distal facies, respectively, of the same flow type. The “hummocky flows” of Clague et al. (2017) are pillow lavas that form mounds, coalesced mounds, or ridges. The main difference to the “pillow mounds” of Chadwick et al. (2013) is that “hummocky flows” also have small to voluminous molten cores, evident from summit collapses, levee-bounded lava ponds, surface tumuli, and off-fissure hummocky flows fed through tubes.

In this paper, we have used the terms “pillow mounds” and “hummocky flows” interchangeably, and we agree with Clague et al. (2017)’s interpretation that these flow types are commonly emplaced with molten cores in their interiors. However, although the “hummocky flows” erupted at Axial Seamount often show more obvious morphologic evidence of a molten interior, the 2013–2015 flows on the Mariana back-arc do not. While there were clearly multiple eruption centers distributed along their lengths and widths, based on the multiple pillow-cones encountered during the ROV dives and that are evident in the Sentry bathymetry, there are no areas of lava drain-out and collapse or the other features described above. This, and the prevalence of locally steep constructional pillow-lava slopes in some places suggest that the Mariana back-arc hummocky flows were emplaced relatively rapidly, perhaps within a time window of only a few days. This interpretation is based on the observation that the thickest hummocky flows emplaced during the 2015 eruption at Axial Seamount, which had levee-bounded lava ponds at their summits as mapped by Clague et al. (2017), were emplaced over a time period of nearly a month, based on the duration of summit deflation (Nooner and Chadwick, 2016) and the explosion-like sounds recorded by a local network of seismometers and hydrophones (Wilcock et al., 2016; Caplan-Auerbach et al., 2017). The Mariana back-arc flows are more consistent with the observations of “lava domes” or pillow mounds on the axis of the southern East Pacific Rise by White et al. (2000) who interpreted that they formed directly over eruptive fissures over time periods of days. The discontinuous distribution of the hummocky flows along-axis on the Mariana back-arc may be evidence of pre-eruption focusing of magma within a mildly overpressurized feeder dike as it rose to the surface, similar to the discontinuous pillow mounds documented by Yeo et al. (2013) on the Juan de Fuca and Gorda ridges.

This eruption in the central Mariana back-arc produced a series of hummocky pillow lava mounds along the spreading axis that were comparable in size and morphology to other recent eruption sites at back-arc and mid-ocean ridge spreading centers, as well as the older lavas at this site. In fact, despite being the deepest historical eruption documented thus far on Earth (>4000 m bsl), the morphology of the pillow lavas is otherwise indistinguishable from other historical eruption sites, so the greater depth and ambient pressure had no apparent effect on the processes of extrusion, flow, volcanic construction, and solidification. However, it was unusual in that it was one of the first discovered in an active back-arc setting. It was also one of the largest historical seafloor eruptions in terms of volume, 66.3 × 106 m3 based on before-and-after bathymetric surveys, but that may also reflect the small number of documented submarine eruptions to date. Smaller eruptions are probably more frequent, and if so larger less frequent events will only become apparent over time (Perfit and Chadwick, 1998). Perhaps most significantly, this eruption, and the discovery of the Perseverance high-temperature vent field 5 km to the north, indicate that there is probably magma currently stored under the axial high of this segment of the Mariana back-arc, and that other eruptions on this segment may be possible in the not-too-distant future.

CONCLUSIONS

(1) A very recent volcanic eruption was discovered on the central Mariana back-arc spreading center between latitude 15°22.3′ to 15°26.3′N, and between depths of 4050–4450 m bsl. This is the first known historical eruption on the Mariana back-arc, and the deepest one documented anywhere on Earth.

(2) The date of the eruption is constrained between February 2013 and December 2015 by before-and-after bathymetric surveys, and the rapid decline in hydrothermal venting observed in 2015–2016 suggests it occurred only months before its discovery.

(3) The eruption produced a discontinuous chain of hummocky pillow lava mounds along a distance of 7.3 km that are 200–800 m wide and up to 40–138 m thick. The lack of collapse features or evidence of lava drain-out suggests they were emplaced relatively rapidly, perhaps in less than a week.

(4) The volume of lava erupted was at least 66.3 × 106 m3, making this one of the largest historical submarine eruptions documented so far.

(5) The high ambient pressure at >4000 m bsl had no apparent effect on the eruptive processes that controlled the morphology of the lava flows, since they appear similar to those at other shallower eruption sites.

(6) This eruption shows there is magma currently stored beneath the 15.5°N segment of the Mariana back-arc spreading center that is likely providing heat to the newly discovered Perseverance vent field (5 km to the north), and could be mobilized to feed additional eruptions.
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* The areas and volumes of depth change are minimum estimates of the areas and volumes of the new lava flows, since they do not include the thin margins of the flows.
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