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Abstract 

Topographic fabric of the rift valley floor has been analyzed using the multibeam echo sounder data 

obtained by the autonomous underwater vehicle (AUV) Abyss at two locations over a short segment 

of the slow spreading Central Indian Ridge between 10°18’S and 10°57’S. The region is influenced 

by hydrothermal venting in the near vicinity. Two AUV dives D51 and D52 were performed over this 

segment at two locations that are 30 km apart and covered 5 km2 and 8 km2 seafloor area respectively. 

The dive D51 covered the off axis part of the rift valley floor in the middle part of the segment, and 

the dive D52 is located near to the non-transform discontinuity that covered the terminal part of an 

oceanic core complex (OCC). High resolution seafloor topography as revealed by the AUV mounted 

multibeam echosounder system brought out several micro bathymetric features such as, a lava lake, a 

cratered volcano, an OCC, and the foot wall volcanic complex at the distal part of the OCC. The valley 

floor imaged in the D51 is marked by a lava flow encompassing an area of 1 km2 and a volcano in the 

NE corner. The volcano has a diameter of about 800 m with an elevation of about 200 m from the 

adjacent seafloor, and the partially mapped volcano crater has a relief of about 60 m. A prominent 

linear fissure running parallel to the ridge axis has been identified, this feature joins with the volcano. 

Analysis of AUV mounted CTD data indicated three distinct temperature spikes ranging 0.009 to 

0.013oC in the region of dive D51. The observed temperature spikes appear to be related to the linear 

fissure on the seafloor and probably represent leaky venting of fluids from the fissure. With respect to 

the dive D52, the foot wall volcanic features associated with the OCC are prominent. The volcanic 

seafloor feature covered an area of 3.45 km2 and is conspicuous with rugged topographic fabric at the 

base of the OCC. These inferences and the morphotectonics of the rift valley floor as revealed by the 

AUV data suggest moderate hydrothermal venting in this segment of the slow spreading Central Indian 

Ridge. 
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1. Introduction 

Autonomous under water vehicles (AUVs) are being increasingly used to map hydrothermal vent 

fields, including sub-meter nested scale surveys in conjunction with remotely-operated vehicles 

(ROVs) or human occupied submersibles (Ferrini et al.,2007; Fornari et al. 2004; Kelley et al. 2005; 

Shank et al. 2011; Yoerger et al. 2007). Typical exploration strategy is to detect the hydrothermal 

plumes in the water column based on shipborne surveys and then identify and map the active vent 

fields using AUVs and ROV or human occupied submersible. Introduction of AUVs facilitated the 

exploration of larger areas more efficiently. Hundreds of small volcanoes have been mapped over the 

rift valley floor of the Mid Atlantic Ride (MAR) (Smith and Cann, 1990) using the shipboard multi-

beam bathymetry system. Our ability to map the abundance of the volcanic features on the rift valley 

floor of the Mid Ocean Ridge (MOR) system has increased with the advent and application of AUV 

based near seabed mapping tools (Jamieson et al. 2014 and Clague et al. 2020). The analysis of high-

resolution (1m) bathymetry (microbathymetry), provided an alternative method for identifying 

hydrothermal deposits by making use of the distinct morphology of sulfide deposits consisting of 

chimneys and mounds at the Endeavour Segment of the Juan de Fuca (JDF) Ridge (Jamieson et al. 

2014 and Clague et al. 2020). Further, the high resolution near seabed data (acoustic, CTD and 

photography) provided great insights in to the tectonic and magmatic process at the dynamic divergent 

plate boundaries that are the most potential zones for hosting hydrothermal mineral deposits and home 

for exotic biological communities (Haase et al. 2007, 2009). Exploration of oceanic core complexes 

(OCC) over the Mid-Atlantic Ridge (MAR) found that these features host active hydrothermal vents, 

show extinct hydrothermal deposits, or both (e.g., Logatchev, TAG, Semenov, Lost City, Rainbow, 

Ashadze, and Von Damm) (Andreani et al. 2014; Dyment et al., 2009; Fruh-Green et al. 2003; German 

et al. 2010; McCaig et al., 2007; Ondreas et al. 2012; Pertsev et al. 2012; Petersen et al. 2009; Tivey 

et al. 2003). The recent microbathymetry data over the OCCs enhanced our knowledge about the 

processes related to detachment faults and their influence on hydrothermal activity (Escartin et al. 

2017). The near seabed investigations, in-situ observations and sampling are both technologically 

challenging and very expensive. This could be one of the reasons for their limited use over the slow 

spreading ridge segments of the Indian Ocean.  

The slow spreading Central Indian Ridge (CIR) has prominent signatures of mantle upwelling and 

oceanic core complexes (Kamesh Raju et al. 2015; Pak et al. 2017).  The Edmond, Kairei, Dodo and 

Solitaire were the only four vent fields over the CIR, that are confirmed by the visual observations 

using ROVs and manned submersibles (Gamo et al. 2001; Van Dover et al. 2001; Kawagucci et al. 
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2008, 2016; Nakamura et al. 2012; Okino et al. 2015). The recent near seabed investigations using 

deep-tow systems provided visual confirmation of four more active hydrothermal vent fields over the 

northern part of CIR between 8o-12oS (Kim et al. 2020).. We need to have a better understanding of 

the OCCs of the central Indian ridge, which are much less investigated. Here we present the 

microbathymetry and temperature data obtained from the first AUV investigations over the CIR around 

10°30’S. The segment surveyed is influenced by hydrothermal venting in the near vicinity as reported 

by the recent investigations (Son et al. 2014; Kim et al. 2020; Ray et al. 2020). The microbathymetry 

data are derived from the multibeam echo sounder data obtained by the AUV Abyss at two locations 

over a short segment of the CIR between 10°18’S and 10°57’S. The observed temperature anomalies 

and, the presence of a cratered volcano suggest diffuse venting, and the volcanic seafloor identified at 

the base of the OCC could be a favorable site for the presence of an inactive vent field over this ~70 

km long segment of the CIR. 

2. Geological setting 

CIR is segmented by number of NE-SW trending transform faults and is characterized by slow 

spreading rate (Engel and Fisher, 1975; DeMets et al. 1990). Full spreading rates varying from 26 to 

38 mm/yr were inferred based on magnetic anomaly identifications (Kamesh Raju et al. 2012). The 

computed spreading rate of the segment in the present study area is 37.3 mm/y (Pak et al. 2017). The 

recently discovered four vent sites on the CIR by Kim et al. (2020) are located on Segment 1 (north of 

Vema fracture zone), Segment 2 and Segment 3. The vent field in the Segment 1 (see Figure 1a of Kim 

et al., 2020) is at the base of an OCC, two sites on the Segment 2 are in a ridge parallel off-axis zone, 

and the fourth site the “Onnuri Vent Field (OVF)” is located on the summit of an OCC (Kim et al. 

2020) on the segment 3 (Fig. 1a). The AUV dives of the present study are located on Segment 3. The 

multibeam bathymetry map generated using the shipboard data (Fig. 1b) shows that the ridge segment 

between 10°18’S and 10°57’S is bounded by distinct transform offset in the north and a non-transform 

discontinuity (NTD) at the southern end (Ray et al., 2020). The ridge segment is characterized by well-

defined rift valley with steep walls. The rift valley is wide (18 km) and deep (4500 m) at the northern 

end and it is relatively shallow (3000 m) and narrow (8 km) at the central part of the segment. The 

valley floor depth increases to 3600 m towards the NTD in the south (Fig. 1b). The southern end of 

the valley joins the adjacent ridge segment through an oblique trough (Pak et al. 2017). Slow spreading 

ridges are characterized by magmatic and amagmatic sections (Kamesh Raju et al. 2008; Pak et al. 

2017). The morphotectonic characters suggest that the surveyed segment is in a magmatic phase of 

evolution (Son et al., 2014 and Pak et al., 2017). 
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The rift valley floor as seen by the AUV photos is covered by small pillow and eroded basalts, at some 

places; they are partially enveloped by a layer of sediment (Ray et al. 2020). Petrological analysis of 

the rocks from the southern end of the valley (between 10°51’S and 10°54’S) exhibited compositions 

of ultramafic, gabbro, and enriched and transition basalts (Yi et al. 2014). Mantle derived rocks were 

recovered from an OCC (Pak et al., 2017) at the southern end of the segment 3 (Fig. 1a). 

3. Data  

The data were acquired during ORV Sagar Nidhi cruise SN-48. Physical properties of the water column 

were obtained by using CTD and the Miniature Autonomous Plume Recorder (MAPR) sensors 

(NOAA-PMEL USA). More details regarding the water column data collection and results and the 

shipboard multibeam data were presented in Ray et al. (2020). Here we describe the AUV based data 

used for the present study. The AUV Abyss of IFM (Institut für Meereskunde) -GEOMAR was used 

for acquiring the high resolution microbathymetry, CTD (conductivity, temperature and pressure) and 

turbidity data. High resolution bathymetry data was acquired by using RESON Seabat 7125 multibeam 

operated at 200 kHz and the AUV is equipped with SBE49 CTD unit to acquire CTD data and a 

SEAPOINT turbidity sensor. Navigation of the AUV was achieved by bottom transponders that were 

deployed in the survey area. The AUV was flown at 140 m above the seafloor in bottom tracking mode 

and a track spacing of 300 m was maintained to achieve 100% insonification of the seafloor. The 

collected bathymetric data were processed with Reson PDS2000™ software. Grid size of 1m was used 

to prepare the bathymetry maps (Figs. 2 and 4). The dive D51 was selected based on the shipboard 

multibeam data to be in the middle of the surveyed ridge segment where the rift valley shallows to 

about 3000 m. CTD data was processed using standard SBE (Seabird Electronics) software. The 

potential temperature was computed by using the MATLAB routine (module SW ptmp). Potential 

temperature variations and turbidity data along selected AUV tracks are presented in Figs. 3 and 5. 

4. Results 

4.1. AUV dive D51- Microbathymetry of rift valley floor, potential temperature anomalies and 

cratered volcano 

An area of about 5 km2 was covered during this dive (Fig. 2). The depths within the dive area varied 

from 3200 to 3500 m. The dive location is slightly off-axis and encompasses a neo-volcanic ridge that 

runs parallel to the ridge axis. The deeper portion of the rift valley with smooth seafloor probably 

represents the exposed lava plain, whereas the shallow portion to the north appears to be sediment 

covered rocky substratum (Fig. 2), rift seafloor images presented by Ray et al. (2020) suggest sediment 
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covered valley floor. This covers an area of about 1.2 km2 extending sub-parallel to the ridge axis with 

a maximum width of about 500 m (Fig. 2). The microbathymetry studies carried out over at 45oN MAR 

show that median valley and the neo volcanic ridges are surrounded by areas of hummocky volcanic 

terrain or flat sediment covered lava regions (Searle et al., 2010 and Yeo and Searle, 2013). The neo-

volcanic ridge with a maximum relief of about 200 meters is defined by elevated mounds ranging in 

height of 10 to 85 m. 

A cratered volcano which is not resolved from the shipboard data is prominently seen on the 

microbathymetry map prepared from the AUV data (Figs. 2 and 3). The volcano has a relief of 200 m 

from the adjacent rift valley floor and has a diameter of about 800 m. From the partial coverage of the 

top of the volcano, it is observed that the crater has a relief of about 60 m (Fig. 2). The top of the 

volcanic ridge is marked by a fissure like feature (Fig. 2). The fissure feature merges with the base of 

the cratered volcano towards NNE corner covered by the dive. 

We examined the potential temperatures computed from the temperature data recorded by the CTD 

sensor along all the tracks of the AUV. Distinct temperature spikes/anomalies at three locations are 

noticed along the tracks that cover the fissure like feature observed on the bathymetry map (Fig. 3a). 

The characteristics of the observed temperature spikes are listed in Table 1. The observed anomalies 

though very small in magnitude ranging from 0.009 to 0.013oC are nevertheless distinctive relative to 

the adjacent potential temperature values along the tracks P1 & P2. The temperature anomalies t1 and 

t2 are observed on the adjacent tracks and probably belong to the same water mass layer. Another 

prominent anomaly, t3 was observed on the flank of the volcano (Fig. 3). We also observed some 

potential temperature spikes and turbidity anomalies on top of the crater, however, we cannot rule out 

the possibility of noise due to sharp changes in bathymetry. These anomalies need further 

confirmation. 

4.2 AUV dive D52 - Impression of OCC and volcanic seafloor as reveled by the microbathymetry. 

The dive D52 covered an area of about 8 km2 near to the intersection of an NTD and the ridge axis 

(Fig. 1). This dive covers a part of the OCC (OCC3-1, Fig.1a) identified in this region based on distinct 

corrugations observed in the shipboard bathymetry data (Son et al. 2014; Kim et al., 2020). The depth 

in the dive region varied from 3400 to 3900 m, the deepest portions are observed in the transform 

region and the shallowest is on the OCC feature (Fig. 4). The microbathymetry map documented 

distinct undulations on the flanks of the OCC and the steep slope marking the termination of the 

detachment fault (Fig. 4) that merges on to a corridor of smooth seafloor defining the apron (Escartin 

et al. 2017). Chaotic topographic fabric revealed by several elevated mounds is seen towards further 
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west of the apron, this region marks the volcanic seafloor (Figs. 4 and 5a). The termination fault, the 

apron (Escartin et al. 2017) and the volcanic seafloor defined by the rugged seafloor are conspicuous 

along the cross profiles (Fig. 5d). 

We have examined the potential temperature variations along the tracks P3 and P4 (Fig. 5b and c). 

Unlike the dive D51, no significant temperature spikes are observed along these tracks. Ray et al. 

(2020) have reported significant backscatter signature and elevated concentrations of DMn (dissolved 

manganese concentration in seawater) around 300 m above the seafloor close to this dive (Fig. 1b). 

The results of Ray et al. (2020) suggest the possibility of high temperature venting in the near vicinity 

of dive D52. Further, the bulk geochemical composition of ferromanganese encrustations (scraped-off 

from the rocks) from the flank of the OCC (10°47.62′S; 66° 30.27′E; water depth 2741 m) clearly 

shows the prominent negative cerium anomaly (Ce/Ce*=0.75 after PAAS normalization) which 

indicates the contribution from the local hydrothermal activity (Surya Prakash et al., 2020) and 

substantiates the argument of high temperature venting in the vicinity. 

5. Discussion  

The dive D51 was over a shallow rift valley floor in the center of the segment. The shallow rift valley 

floor is supported by relatively thicker crust and can be magmatically active (Lin et al., 1990; Kamesh 

Raju et al., 1997). The presence of the neo-volcanic ridge and the cratered volcano suggest magmatism 

with active diking. The linear fissure like feature identified on the off-axis rift valley floor observed in 

the microbathymetry of the dive D51 appears to be the result of a recent magmatic episode and may 

facilitate hydrothermal activity. We examine the extent of hydrothermal activity based on 

microbathymetry and the physical signatures in the water column. The heat transfer between the mantle 

and the hydrosphere at the plate boundaries happens majorly through the magmatism and the 

hydrothermal activity. Dike intrusion events with or without surface expression of lava flow appear to 

modulate the hydrothermal activity over the fast spreading ridges (Delaney et al. 1998). In contrast, 

many hydrothermal vent fields over the slow spreading ridges are controlled by well-developed fluid 

circulation channeled by the deep fractures connected to magma lenses (e.g. Singh et al. 2006). At 

slow-spreading ridges periods of volcanic activity may be followed by long episodes of tectonic 

activity. Slow spreading ridges with high magma budget and thick crust are more favorable zones for 

diking and eruptions than the ridge segments with normal thickness (Sinton et al, 2005). Therefore, it 

is plausible that hydrothermal systems of short duration are established in the ridge domains with thick 

crust. It has been documented that the large and long lived (1000s of years) hydrothermal systems like 

TAG and Snake pit over slow spreading ridges (Lalou et al. 1990) are supported by the fractures 
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reaching to the magma chamber (Singh et al., 2006). Fast cooling of the dike within a few weeks 

(Cherkaoui et al. 1997) probably prevents the establishment of long-lived hydrothermal vent systems. 

However, low temperature, diffuse venting is found at the slow-spreading ridges (German et al. 1994; 

Botz et al. 1999). Haase et al. (2007) reported hydrothermal venting associated with extremely fresh 

lava flows at an elevated, apparently magmatically robust segment of the slow-spreading southern 

Mid-Atlantic Ridge. These studies have suggested that the volcanic eruption events in the near vicinity 

can influence the hydrothermal activity and induce shallow magmatic activity. Further it is possible 

that the seamount-dominated axial volcanism will create a crustal structure very different from classic 

fissure-fed models (Smith and Cann, 1990). It is suggested that the axial volcanism is supported by the 

shallow magma lenses and support hydrothermal systems that are relatively short lived (~100s of 

years) (Haase et al., 2009), compared to the long lived systems (1000s of years) that are typically 

linked to the magma chamber through the deep running fractures (Lalou et al. 1990; Singh et al., 2006). 

Further, a comparative study of slow spreading ridges such as Mid-Atlantic Ridge and Carlsberg Ridge 

suggest that the segments with NTD’s characteristic of slow and ultra-slow spreading centres, have an 

axial valley of varying depth with one or more axial volcanic ridges (Murton and Rona, 2015). The 

observed temperature spikes near to the seafloor at 140 m above the seafloor could be indicators of the 

diffuse venting taking place in the region. Hydrothermal plume signatures in the water column were 

reported adjacent to the dive area (Son et al., 2014). These inferences suggest the neo-volcanic ridge 

could be a possible target to explore for hydrothermal sulphide deposits. 

The microbathymetry derived from the dive D52 is dominated by the presence of an OCC and the 

related morphotectonic features. OCCs have been identified along several segments of Atlantic, Indian, 

and Arctic Ocean spreading centers. The oceanic detachment faults that are integral part of the OCCs 

are thought to exhume lower crustal and upper mantle rocks to the seafloor (Blackman et al. 1998; 

Cannat et al. 2006; Dick, 1989; Karson and Dick, 1983; Tucholke et al. 1998). The OCCs are often 

characterized by corrugations extending up to tens of kilometers perpendicular to the ridge axis. 

Evolution of these morphotectonic features lead to the definition of a discrete mode of seafloor 

spreading (Escartín et al. 2008; Escartín & Canales, 2011; Ohara et al. 2001; Smith et al. 2006).  

Recent studies have shown that there is a strong relationship between the OCCs and hydrothermal 

activity (Escartin et al. 2017). The morphotectonic features identified on the seafloor like the apron 

suggests a zone of debris shed from the undulated detachment fault surface. The presence of apron is 

suggested to be the spread of rubble resulting from the continued extension of the underlying 

detachment fault (Escartin et al. 2017). A similar rubble cover was observed at the incipient 16o36’N 
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corrugated fault surface on slow spreading MAR (Parnell-Turner et al. 2018). With reference to the 

present study (Dive D52) we have identified a zone of smooth strip on the microbathymetry map at 

the base of the undulated fault zone and termed it as the apron zone. In the absence of optical imagery 

at this location we identified apron zone based on microbathymetry. The presence of this feature may 

indicate active detachment fault.  

In the present study, the volcanic seafloor identified further west of the apron feature (Fig. 5) is 

associated with the tectono-magmatic activity related to the evolution of the OCC and the detachment 

fault. Ray et al. (2020) suggested the possibility of high temperature venting in the near vicinity of 

dive D52. The temperature and turbidity data of dive D52 do not show any anomalies that directly 

indicate hydrothermal activity. However, active hydrothermal vents could exist in the neighborhood. 

Several extinct hydrothermal fields near 13o30’N detachment over the MAR were identified by the 

Russian researchers (Cherkashev et al. 2013; Cherkashov et al. 2017, 2010; Pertsev et al. 2012) using 

deep-towed self-potential system, TV-camera tows and sampling. These data and results clearly 

demonstrate that hydrothermal activity has been dominant in space and time throughout the exposed 

detachment fault surface, from its termination near the ridge axis to the corrugated surface. In addition 

to inactive hydrothermal fields, an active hydrothermal field (Semenov-2) was also observed (Beltenev 

et al. 2007; Cherkashov et al. 2010; Pertsev et al. 2012). These studies and the recent investigations on 

JDF Ridge (Jamieson et al. 2014 and Clague et al. 2020) indicate that the active and inactive 

hydrothermal fields co-exist or exist in very close proximity. These inferences and the observations in 

the present study indicate that the distal region of the OCC with the characteristics of volcanic seafloor 

can be a suitable location for the presence of extinct hydrothermal fields. 

6. Conclusions 

Microbathymetry obtained from the AUV mounted multibeam bathymetric system has brought out 

fissure-like feature on the seafloor running parallel to the ridge axis on the rift valley floor this feature 

is a part of the neo-volcanic ridge. The temperature spikes observed in the dive D51 appear to be 

emanating from the mapped fissure structure. 

A prominent volcano with a cratered top located on the rift valley floor has been imaged in the dive 

D51. Lava lake and a sedimented seafloor domain that are parallel to the ridge axis have been identified 

on the rift valley floor. 

Dive 52 has imaged the flanks of the OCC and the morphotectonic features such as the corrugated 

surface of the OCC, an apron zone identified based on smooth topography at the end of the steep slope, 
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and a domain of volcanic seafloor characterized by rugged topography at the distal end of the OCC 

are identified. The existence of chemical and physical signatures in the water column suggesting high 

temperature hydrothermal vent activity in the near vicinity increases the probability of occurrence of 

inactive hydrothermal mounds in the zone of volcanic seafloor. Further near seabed investigations with 

ROV and precise sampling is required to confirm this interpretation and to assess the seafloor massive 

sulfide resource potential of this zone. 
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Figure captions: 

Figure 1 a) Study area (rectangle box) along with locations of dives indicated by black square areas 

within the box, projected on the multibeam and tectonic elements map of Kim et al., (2020). 

Satellite derived gravity map was used as background. Ridge axis is marked by white line, red 

lines represent transform fault and the white dashed line indicate fracture zones. Star symbols 

denote the active the vent locations identified by Kim et al., (2020). NTD 3-1 is the non-transform 

discontinuity between segment 3 and segment 3a OVF is Onnuri Vent Field. b) Shipboard 

multibeam map of the study area, data from SN-48 cruise. D51 and D52 denote the Abyss AUV 

dive locations. Red dot is the probable vent location inferred by Ray et al., (2020), yellow dots 

are the plume locations of Son et al., (2014). 

Figure 2 Bathymetry map of dive D51, generated from the AUV mounted multibeam data, the data is 

gridded at 1m. Contours are at 50 m. Lava plain and sediment covered areas are demarcated. The 

ridge parallel linear fissure like feature is marked by red dashed line. The partially mapped 

volcano is prominent in the NNE corner of the map. 

Figure 3 a) High resolution bathymetry map derived from AUV mounted multibeam data. AUV track 

lines where temperature spikes were observed are shown along with the locations of the observed 

temperature spikes (t1, t2 and t3) indicated by open circle with cross. b) Temperature, turbidity 

and bathymetry profiles along the track P1. The black dashed line indicates the AUV path with 

respect to the seafloor. c) Temperature, turbidity and bathymetry profiles along the track P2. 

Black arrows on profiles P1 and P2 point to the observed temperature spikes. The AUV was flown 

in bottom tracking mode at an elevation of 140 m above the seafloor. The black dashed line 

indicates the AUV path with respect to the seafloor. 

Figure 4 Bathymetry map of dive D52, generated from the AUV mounted multibeam data, the data is 

gridded at 1m. Contour interval is 50 m. The outline of the volcanic seafloor complex at the base 

of the OCC is marked with yellow line.  

Figure 5 a) a) High resolution bathymetry map derived from dive D52 AUV mounted multibeam data 

along with AUV track lines P3 and P4. This dive is devoid of temperature spikes. b) and c) show 

the temperature, turbidity, and bathymetry along the tracks P3 and P4 respectively, the dashed 

line indicates the AUV path with respect to the seafloor. d) Profile plots along the near E-W 

trending lines C1, C2, and C3 are shown along with the morphotectonic elements associated with 

the OCC. Extent of the identified apron zone is marked by pink color on the profile. 
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Table-1 Details of observed temperature anomalies. 

 

S.no Latitude 

in degree. 

Longitude 

in degree 

Potential 

temperature 

Anomaly oC 

Depth 

m 

Remarks 

t1 10.643 66.555 ~0.01 3304 Over the fissure 

t2 10.637 66.5497 ~0.01 3341 West of fissure 

t3 10.641 66.5506 ~0.01 3297 On the flank of volcano 

 


