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Abstract 
Mid-ocean ridges (MORs) accrete new ocean crust by magmatic and tectonic 

spreading processes and are cooled by hydrothermal circulation often creating seafloor 
massive sulphides (SMS). MORs spreading at slow- to intermediate rates (~20 to 
60 mm/yr) host the majority of known hydrothermal occurrences (active, inactive and 
extinct) and are favourable settings for the accumulation of large SMS deposits, which 
are a potential future resource for metal supply. Geological maps are a common tool 
in land-based exploration to identify the setting of SMS deposits and to target 
exploration; however, vast portions of the MORs remain unmapped. As a result, the 
majority of sulphide occurrences are yet to be discovered and estimates of the global 
resource potential of the ocean floor are incomplete. 

This thesis presents workflows and methodologies for geological mapping of the 
ocean floor at different scales ranging from ship-based surveys to collection and 
interpretation of high-resolution data using autonomous underwater vehicles. 

Systematic approaches for interpretation of common remote sensing data of MORs 
are developed with the aim of assessing the geology and the key geological controls on 
hydrothermal systems. Examples are presented from 1) a regional-scale study of the 
Rodriguez Triple Junction in the Indian Ocean, 2) multi-scale mapping around 
hydrothermal occurrences in an area of the central Indian Ocean, and 3) site-specific 
mapping around 32 hydrothermal occurrences in the Indian Ocean. 

At the Rodriguez Triple Junction, regional hydrothermal venting has accompanied 
abrupt changes in the rate of crustal growth, which are determined from area-age 
relationships and spatial distribution of large-scale geological units bound by crustal-
scale structures. Geological mapping reveals larger SMS deposits occur >8 km from 
the MOR axis, where long-lasting hydrothermal circulation can be sustained by 
relatively stable crust and deeply rooted faults. Six distinct settings that host 
hydrothermal venting are identified in association with specific types of MOR crust: 
1) off-axis volcanic fields, 2) axial shield volcanoes, 3) rift valleys, 4) tectonic massifs, 
5) oceanic core complexes, and 6) shear-zone settings. This refines previous 



 

 Abstract 

 

7 

 

classifications of the settings of MOR hydrothermal vents as either ‘magmatic’ or 
‘tectonic’ with additional interpretations of favourable geological formations and 
structures that enable targeted exploration for SMS deposits, where only remote 
sensing data are available. 

As more ship-borne multibeam echosounder data becomes available the geological 
models developed here for active and inactive SMS deposits can be applied in mineral 
potential mapping at other MORs. In particular, the approaches for geological 
mapping bridge an important exploration gap between the resolution of common 
remote-sensing data and the sizes of individual hydrothermal occurrences. 
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Zusammenfassung 
Mittelozeanische Rücken (MOR) formen mit magmatisch-tektonischen 

Spreizungsprozessen neue ozeanische Kruste, die durch hydrothermale Zirkulation 
gekühlt wird und häufig mit der Bildung von Massivsulfiden am Meeresboden 
einhergeht. Die meisten bekannten hydrothermalen Vorkommen (aktive, inaktive 
und erloschene) sind an MOR mit langsamen bis intermediären Spreizungsraten (ca. 
20 bis 60 mm/a) gebunden, die die Akkumulation von größeren Vorkommen 
begünstigen und daher als eine potenzielle, zukünftige Rohstoffquelle für Metalle 
gehandelt werden. Ein entscheidendes Werkzeug für die Exploration von 
Hydrothermalvorkommen an Land sind geologische Karten, mit denen die geologische 
Umgebung von Vorkommen charakterisiert wird und gezielt nach unbekannten 
Vorkommen gesucht werden kann. Der Meeresboden ist jedoch in weiten Teilen noch 
nicht (geologisch) kartiert, sodass der Großteil der Massivsulfidvorkommen bisher 
unentdeckt geblieben ist und Schätzungen des globalen Rohstoffpotenzials 
unvollständig sind. 

Diese Dissertation präsentiert Arbeitsabläufe und Methoden für das geologische 
Kartieren des Meeresbodens über Maßstabsgrenzen hinweg, von schiffsbasierten 
Untersuchungen bis hin zur Sammlung und Interpretation von hoch-auflösenden 
Daten mittels autonomer Unterwasserfahrzeuge. 

Der systematische Ansatz bei der Interpretation typischer Fernerkundungsdaten 
von MOR ermöglicht es, die Geologie und Schlüsselprozesse an bekannten 
Hydrothermalvorkommen zu erfassen. Dies wird anhand von Beispielen gezeigt, wie 
1) der Studie der „Rodriguez Triple Junction“ in regionalem Maßstab, 2) einer 
maßstabsübergreifenden Kartierung an ausgewählten Hydrothermalvorkommen im 
zentralen Indischen Ozean, sowie 3) der Analyse von insgesamt 32 
Hydrothermalvorkommen im Indischen Ozean im lokalen Maßstab. 

An der Rodriguez Triple Junction tritt hydrothermale Zirkulation in Verbindung 
mit Veränderungen in den Bildungsraten neuer Ozeankruste auf, die sich aus der 
regional-skalaren Verteilung von kartierten, geologischen Krusteneinheiten ableiten 
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lassen und in Verbindung zu Störungszonen im Krusten-Maßstab stehen. Größere 
Hydrothermalvorkommen befinden sich in mehr als 8 km Entfernung zur MOR-
Achse, wo relativ stabile Ozeankruste und tiefgreifende Störungszonen eine 
langfristige hydrothermale Zirkulation begünstigen. Insgesamt konnten sechs 
verschiedene Arten von Ozeankruste definiert werden, die hydrothermale Zirkulation 
begünstigen: 1) das abseits der Rückenachse gelegene vulkanische Feld, 2) der axiale 
Schildvulkan, 3) der zentrale MOR-Graben, 4) das tektonische Massiv, 5) der 
ozeanische Kernkomplex und 6) die Scherzonen-Umgebung. Diese Einteilung 
verfeinert die bisher geltende Unterscheidung von „magmatischen“ und 
„tektonischen“ Vorkommen und ergänzt die Klassifizierung um konkrete lithologische 
Begebenheiten, Grenzwerte und Strukturen. Dies ermöglicht eine gezielte Suche nach 
ähnlichen geologischen Begebenheiten in Regionen, von denen es lediglich 
Fernerkundungsdaten gibt. 

In Anbetracht der stetig wachsenden Verfügbarkeit von schiffsbasierten 
Fächerecholotdaten bieten die hier präsentierten Modelle für aktive und 
inaktive Massivsulfidvorkommen eine wichtige Grundlage für die Anwendung 
von „Mineral Potential Mapping“ an anderen MOR. Diese Anwendungen 
schließen eine bedeutende Lücke in der Exploration des Meeresbodens, die 
sich aus der typischen Auflösung von Fernerkundungsdaten und der Größe 
(erloschener) Hydrothermalvorkommen ergibt. 
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1. Introduction and aim of study 
Mid-ocean ridges (MORs) host more than half of the known hydrothermal vent sites 

(Beaulieu et al., 2013; Beaulieu et al., 2015; Hannington et al., 2015) and associated 
seafloor massive sulphide (SMS) deposits (Figure 1.1) deposits. SMS are the modern 
analogues of volcanic-hosted massive sulphide deposits that are mined on land today. 
Understanding their formation and evolution (Figure 1.2) is crucial, as they are a 
potential future resource of metals for a growing global population and economy (e.g., 
Rona, 2003; Hannington et al., 2011; Petersen et al., 2016). 

SMS deposits represent small exploration targets (several thousands of square 
meters on the seafloor) compared to the scale of the MOR system. Current exploration 
techniques limit exploration to actively venting hydrothermal fields. However, active 
hydrothermal systems that are currently accumulating SMS deposits and hosting 
unique vent fauna are less favourable for potential future mining compared to inactive 
deposits associated with waning or extinct hydrothermal activity (Jamieson et al., 
2014; Beaulieu et al., 2015; German et al., 2016; Van Dover et al., 2018). Inactive 
deposits are commonly larger, as they have formed throughout a complete life cycle of 
a hydrothermal system, and they are more common, because they are not restricted 
to active spreading centers (German et al., 2016). 

 Seafloor exploration, in general, relies on remote sensing data, the most common 
type of data being digital elevation models (DEMs) of seafloor depth derived from 
acoustic measurements. Unlike sound, electromagnetic waves (i.e., light) are rapidly 
attenuated due to absorption in water and cannot be used under water. Seafloor depth 
can, however, be inferred from satellite-based altimetry and gravity measurements at 
a global scale with a spatial resolution of 1 km (Sandwell et al., 2014). At regional 
scales, the most common remote sensing tools for underwater exploration are 
multibeam echosounders (MBES) to measure water depth (Searle, 2013), which are 
commonly installed as hull-mounted systems on research vessels. MBES systems also 
can be deployed closer to the seafloor with towed or diving platforms, such as 
autonomous underwater vehicles (AUVs). This results in higher spatial resolution 
(<5 m) that can image individual features on the seafloor (e.g., volcanic units, 
hydrothermal deposits, etc.; e.g., Graber et al., 2020). The spatial referencing of high-
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resolution MBES data requires an acoustic positioning network and intensive 
processing of the data. Because of the limited MBES coverage of the seafloor there is 
strong demand for multi-survey mapping campaigns providing large-coverage, high-
resolution bathymetric data (Graber et al., 2020). Unfortunately, these data are not 
widely shared, due to the expensive survey equipment and the intense processing 
effort. 

Although open access MBES data compilations, such as GeoMapApp (Ryan et al., 
2009), are growing, ship-based MBES data are only available for less than 20 % of the 
Earth’s seafloor (Wölfl et al., 2019). The Nippon Foundation–Seabed 2030 Project aims 
to close this gap by the end of the coming century (Mayer et al., 2018). This raises the 
demand for more careful and comprehensive interpretation of these (expensive) data 
(Lecours et al., 2017). 

Remote sensing data are increasingly used to map the geological makeup of the 
ocean floor. Current geological maps of the seafloor are limited to broad divisions of 
the ocean crust by age (Scheibner et al., 2013; Bouysse and Ségoufin, 2014) or a 
general classification of seafloor morphology (Harris et al., 2014). Geological mapping 
using remote sensing data is usually limited to segment-scale interpretations of MOR 
structure, whereas more detailed mapping is possible when ground-truthed by direct 
seafloor observations from sampling or visual inspection (e.g., Smith and Cann, 1990, 
1992; Ondréas et al., 1997; Searle et al., 2010; Escartín et al., 2014; Paulatto et al. 
2015; Eason et al., 2016; Klischies et al., 2019; Graber et al., 2020). Although ship-
borne MBES systems are inadequate for identifying hydrothermal features on the 
seafloor, the data produced can be used to determine general geological characteristics 
of the MOR spreading environment hosting individual hydrothermal sites (e.g., 
Paulatto et al., 2015; Eason et al., 2016; Klischies et al., 2019; Graber et al., 2020). 

The thesis addresses the following objectives: 
1) How to produce high-resolution maps of large coverage of the ocean floor? 
2) How do crustal growth processes influence deposit formation? 
3) How can the geological settings of hydrothermal deposits quantitatively be 

assessed across scales? 
For this, the thesis presents a workflow for mapping the complex, magmatic-

tectonic terrains of MORs in high-resolution with near-seafloor, multi-survey 
mapping techniques using AUVs (Chapter 2) and develops a common legend for 
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geological interpretation of remote sensing data at MORs (Chapter 3 and Chapter 4). 
The legend is applied to remote sensing data in the Indian Ocean to map the geology 
of known hydrothermal systems at slow- to intermediate-spreading MORs, the most 
common setting for large SMS deposits at oceanic ridges (Hannington et al., 2011). A 
case study around the Rodriguez Triple Junction in the central Indian ocean is 
presented using geological mapping to link crustal growth to the incidence of 
hydrothermal mineralization (Chapter 3). Regional maps are then compared to high-
resolution, near-seafloor DEMs to understand the key processes that control SMS 
accumulation, including their associated potential to form economically feasible 
resources (Chapter 4). Geological mapping across the Indian Ocean links different 
types of hydrothermal occurrences to specific geological settings that are then used to 
characterize different deposit types (Chapter 5). 

The approach to geological mapping and analysis developed in this thesis 
overcomes an important gap in the exploration for both active and inactive SMS 
deposits at MORs, providing better constraints on the recognition of favourable 
settings from remotely-sensed data collected at regional and local scales. The results 
contribute to improved models of the formation of SMS in different settings and, in 
particular, provide additional criteria for exploration for extinct SMS deposits in off-
axis regions, which may constitute a substantial unrecognized resource. The 
geological modelling provides new guidelines for identification of permissive areas for 
additional exploration and form mineral potential mapping. Improved methods for 
interpretation of remotely-sensed data also will contribute to high-resolution 
geological mapping elsewhere on the ocean floor. 
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Figure 1.1. A) Global spreading centers coloured by their spreading rate and distribution of 
known hydrothermal occurrences, including active, inactive and extinct hydrothermal vent sites 
with the GEBCO 2020 bathymetry grid (GEBCO Compilation Group, 2020) in the background. The 
Indian Ocean contains mid-ocean spreading centers with ultra-slow (<20 mm/yr), slow- and 
intermediate (20–60 mm/yr), and fast (>60 mm/yr) spreading rates. B) Sketch of a ‘typical’ mid-
ocean spreading center, at which two oceanic plates diverge and new oceanic crust is formed along 
the ridge axis by magmatic accretion (with melts originating from a partially melted, shallow 
mantle) and tectonic rifting (creating the typical abyssal hill pattern). Ridge axis discontinuities 
offset the ridge axis and generate a segmentation of the spreading center and the newly formed 
oceanic plate. Active hydrothermal vent sites are commonly located along the ridge axis and are 
associated with a hydrothermal plume that can be detected in the water column. 
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Figure 1.2 Sketch illustrating the principle of hydrothermal circulation on the modern seafloor. 
Hydrothermal venting is the surface expression of an underlying, subseafloor convection cell that 
exhales hot, buoyant, and acidic hydrothermal fluid into the water column. The hydrothermal fluid 
is altered seawater that seeped into the seafloor, was heated at depth, reacted with the surrounding 
rock, and rose upwards, carrying metals and other elements in a thermally buoyant fluid. 
Hydrothermal convection is driven by a heat source at depth, which is typically a cooling magmatic 
body or the shallow mantle. Pathways for fluid migration are high permeability areas in the (upper) 
oceanic crust, including fractured or porous rock bodies, such as pillow basalts, and structural 
unconformities, such as faults. In the shallow subsurface and at the seafloor, mixing with ambient 
seawater causes cooling of the hydrothermal fluid and precipitation of sulphate and sulphide 
minerals. These minerals are accumulated in the stockwork zone, hydrothermal mounds, crusts, 
chimney structures, and metalliferous sediments, or are lost into the water column in a 
hydrothermal plume.  
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2. AUV Abyss workflow: autonomous deep sea 

exploration for ocean research 
This chapter presents a technical workflow developed for producing multi-survey, 

high-resolution seafloor maps for deep sea exploration using the AUV Abyss 
(GEOMAR). The presented procedure aims to increase the efficiency of ship time by 
enabling fully autonomous seafloor exploration independent of the research vessel. 
The presented workflow and complementary software automates documentation of 
the survey set-up and the corresponding post-processing steps to enhance 
transparency in handling high-resolution, large-coverage data and the repeatability 
of produced results. The complementary software version of the workflow is published 
as a Jupyter Notebook via GEOMAR’s Git repository. 

The use of multi-survey, high-resolution seafloor maps is demonstrated in 
Chapter 4. 

The extended abstract was peer reviewed and the article was published as a 
conference contribution at the IEEE OES AUV 2018. 

 

Article: Klischies, M., Rothenbeck, M., Steinführer, A., Yeo, I.A., dos Santos Ferreira, 
C., Mohrmann, J., Faber, C. & Schirnick, C. (2018). AUV Abyss workflow: 
autonomous deep sea exploration for ocean research. 2018 IEEE/OES Autonomous 

Underwater Vehicle Workshop (AUV), pp. 1-6. doi.org/10.1109/AUV.2018.8729722 
Software: Klischies, M., Mohrmann, J., Yeo, I.A., Steinführer, A., Rothenbeck, M., 

dos Santos Ferreira, C., Faber, C. & Schirnick, C. (2018). AUV Abyss post-
processing workflow: autonomous deep sea exploration for ocean research. 
GEOMAR data repository. doi.org/10.3289/SW_1_2018 

 https://git.geomar.de/auv-abyss/AUVAbyssWorkflow 
 

The basic procedure was developed by M. Rothenbeck, I.A. Yeo, and A. Steinführer. 
The doctoral candidate structured the individual processing steps and transferred the 
workflow into the published Jupyter Notebook. The candidate produced all figures and 
authored the manuscript from the first draft to the final version.  
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Abstract 

Autonomous underwater vehicles (AUVs) equipped with multibeam echosounders 
(MBES) are essential for collecting high-resolution bathymetric data in the deep sea. 
Navigation of AUVs and accuracy of acquired MBES data is challenging, especially in 
deep water or rough terrain. 

Here, we present the AUV Abyss operational workflow that uses mission planning 
together with a long baseline (LBL) positioning network, and systematic post-
processing of the MBES data using feature matching. The workflow enables 
autonomous exploration even in difficult terrain, makes ultrashort baseline 
navigation during the AUV survey obsolete and with this, increases the efficiency of 
ship time. It provides an efficient workflow for multi-survey mapping campaigns to 
produce high-resolution, large-coverage seafloor maps. Automated documentation of 
post-processing steps enhances the archiving of produced results, facilitates 
knowledge transfer, adaptation to other systems and management of large datasets. 
Comprehensive documentation allows developing routines that provide a first step 
towards automatization of AUV operations and MBES data processing. 

Keywords – AUV navigation, high-resolution mapping, dive planning, post-
processing, multi-survey campaigns 

2.1. Introduction 
The AUV Abyss is primarily used to collect hydroacoustic datasets in deep water 

over rough terrain. In this paper we present AUV Abyss workflow, which has been 
established over nearly a decade of deep sea exploration including multi-survey 
mapping campaigns in rough, deep sea environment producing large-coverage, high-
resolution seafloor maps. 

The operational workflow describes best practice mission planning and works 
without ultra-short baseline (USBL) and minimizes the reliance on LBL positioning, 
which is commonly degraded by the presence of steep cliffs and valleys. The 
corresponding data processing workflow maximizes documentation, archiving and 
knowledge transfer. The AUV Abyss is a torpedo-shaped Remus 6000 type AUV (built 
by Hydroid, LLC, USA). The system was bought by the German Research Foundation 
(Deutsche Forschungsgemeinschaft, DFG) and has been operated by GEOMAR – 
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Helmholtz Centre for Ocean Research Kiel since 2008 (Linke and Lackschewitz, 2016). 
Since then, the AUV Abyss has conducted over 300 dives and the seafloor maps 
produces have been featured in numerous publications (e.g., Haase et al., 2009; Yeo et 
al., 2016; Escartín et al., 2017). 

The AUV Abyss workflow combines careful mission planning with systematic post-
processing. The first part of this paper summarizes the complex mission planning 
process and provides best practice solutions. The second part of the workflow describes 
the post-processing of MBES data and corresponding map production, data 
management, and documentation. Furthermore, this paper discusses associated 
uncertainties and future developments in terms of adaptation and automatization of 
the workflow. 

2.1.1. AUV Abyss Specifications 

Besides the AUV Abyss specifications summarized in Table 2.1, the system also 
comprises a control and workshop container, and a mobile launch and recovery system, 
developed by WHOI (LARS) with a deployment frame to be installed at the stern of 
the afterdeck or the side of an ocean-going research vessel (Figure 2.1A). The LARS 
allows AUV launch and recovery at weather conditions with a swell up to 2.5 m and 
wind speeds of up to six Beaufort. 

2.1.2. Fields of Use 

The AUV Abyss can be operated in water depths up to 6,000 m, which makes it 
applicable in the vast majority of Earth’s ocean. GEOMAR’s research activities target 
a huge variety of submarine environments including mid-ocean ridges, seamounts, 
fracture zones and back-arc basins. In this rough terrain, AUV Abyss operations aim 
for high-resolution, large-coverage mapping to enable scientific interpretation of the 
seafloor, mapping of small features and characterization of habitats. The AUV Abyss 
workflow has to allow adjustments to complex terrain including cliffs, calderas, slopes 
and volcanically active areas with variable seafloor properties. 

2.2. Mission planning 
Mission planning comprises survey setup, survey design and the LBL network 

setup. The research question determines the most essential factors to consider: 
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applied sensor configuration, sensor setup, ideal resolution and targeted area. The 
following mission planning workflow is applicable for the MBES configuration, which 
is the most common AUV Abyss operation setup. 

Pre-existing information is gathered in a geographical information system (GIS) 
project using software packages such as GlobalMapper (by Blue Marble Geographics) 
or QGIS (www.qgis.org). In this GIS environment, the survey setup is planned 
(section 2.2.1), the LBL network (2.2.2) positions and the AUV survey design (2.2.3) 
are geographically plotted. If available, MBES settings are adjusted to known seafloor 
substrate properties (2.2.4). In a final step, the mission planning is translated into a 
scripted mission file to be read by the AUV Abyss (2.2.5). 

2.2.1. Survey setup 

Both, the desired resolution (and therefore the operating frequency of the system) 
and the targeted area define the survey setup; meaning, (i) is a single survey sufficient 
or a multi-survey campaign required to cover the targeted area, and (ii) is an LBL 
network needed to provide an initial position update to correct for drift acquired 
during the descending phase. 

An individual survey is limited in coverage by dive time, which is controlled by 
battery capacity. Better coverage can be achieved by surveying at a higher survey 
altitude, however, this lowers the resolution of the acquired MBES data. An individual 
AUV Abyss mission maps on average 10 km2 in a spatial resolution of 3 m, when it 
surveys at 3 kn and 80–100 m altitude with standard MBES settings (see 2.2.4). A 
multi-survey campaign is needed if the targeted area exceeds the mapping capability 
of an individual mission (Figure (2.1B). To facilitate corresponding merging of 
multiple surveys during the post-processing, outer tracks of adjacent missions should 
overlap to 100 %. 

2.2.2. LBL network 

The LBL network provides an absolute position fix after the descent phase of the 
vehicle. The network is active for about 15 min enabling the AUV Abyss to triangulate 
its position. Afterwards, the network is turned off to prevent position updates and 
corresponding position jumps during the following survey. Position jumps can barely 
be corrected in the post-processing. 
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LBL transponders are pre-deployed and preferably positioned on relatively 
elevated terrain (e.g. hills or ridges) to avoid backscatter and multipath signals. View-
shed algorithms applied on ship’s bathymetry (e.g. in Matlab or in Global Mapper 
from Blue Marble Geographics) help to find the ideal setup of transponder positions 
and make sure that all are in line-of-sight with the vehicle. 

The transponders are positioned up to 5 km apart (long baseline) and several 
hundred meters to a few kilometers outside the target area, near the survey start. 
This setup gives the AUV enough time to acquire the position fix, but also physically 
prevents position updates during subsequent surveying. Position updates cause 
position jumps that are difficult to post-process. The increasing drift that occurs 
during surveying 

2.2.3. Survey design 

Careful planning of the AUV mission track is crucial, as it must maintain a constant 
DVL bottom detection throughout the entire survey to ensure accurate positioning. 
Further, mission track planning balances survey setup, aimed resolution and terrain, 
but also considers MBES settings, and demands for efficient data post-processing and 
map generation. 

Survey design relies on pre-existing terrain data of the area. Terrain data with a 
minimum resolution of 100 m proofed as sufficient and must be collected before the 
AUV surveys. Terrain, desired resolution and AUV MBES specifications (e.g. range 
settings, see 2.2.4) determine the overall mission track altitude; e.g. AUV Abyss 
mapping at 70 m above seafloor commonly results in a final grid resolution of 2 m. 

The AUV Abyss can map in two different altitude modes (Figure 2.1C): either (i) at 
constant water depth coinciding with variable altitude and hence variable resolution, 
or 

(ii) at a constant altitude resulting in constant MBES data resolution, but also 
requiring the vehicle to pitch more during the survey. A constant water depth ensures 
a smoothly moving vehicle and constant MBES data quality, if the terrain varies 
within the range of the MBES. Larger altitude changes require adjusting MBES range 
settings; therefore, constant altitude is usually preferred. 

The mission track pattern depends on the dimensions of the target area, 
corresponding terrain and the post-processing demands. A lawn-mower pattern, 
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ideally with long, continuous survey lines generally produces the best data, as it 
reduces vehicle movements while simultaneously covering large areas (Figure 2.1B). 
Over the duration of a survey, the vehicle drift increases; therefore, mission planning 
should avoid large time differences between overlapping, neighboring or crossing 
tracks to ensure good, relative positioning and sufficient overlap. 

The orientation of the survey lines will ideally follow the terrain to prevent crashes 
or losing DVL bottom lock. A mission track pattern parallel to contour lines also 
reduces pitch changes, which is especially important for the constant altitude mode. 
Slopes are best mapped contour-parallel from top to bottom. Steeper terrain requires 
more tightly-spaced survey lines. 

The spacing of survey lines has to ensure a consistent map coverage. Ideally, the 
line spacing causes an MBES swath overlap of at least 25 %, and of 50 % at best 
(Figure 2.1D). This also makes the navigation adjustment process using the feature 
matching algorithm much easier. Navigation adjustment of the data is further 
improved by including tie lines in the mission track planning. Tie lines cross the lawn-
mower pattern at an angle with full overlap (Figure 2.1B) and with this, provide 
additional spatial reference. 

Multi-survey campaigns require merging of data sets during post-processing; 
therefore, mission track planning for multi-survey campaigns has to ensure sufficient 
overlap in adjacent survey areas. Overlaps should be total, meaning 100 %, for the 
outer one or two tracks of each survey. Tie lines that cross other survey areas can 
further improve the navigation adjustment and merging result. 

If an LBL network is used for an initial position fix, the mission track planning has 
to enable both, DVL bottom detection and triangulation of the position fix with the 
LBL network. The usual LBL network setup outside of the target area (see 
section 2.1.2) results in a transit line towards the mapping area that can act as an 
additional tie line. 

2.2.4. MBES settings 

The AUV Abyss is equipped with a RESON Seabat 7125 MBES working at 200 and 

400 kHz. The MBES opening angle is fixed at 128◦ angle tightening the mission track 
planning (see section 2.2.3). The AUV transmits internal navigation, vehicle attitude 
data and sound velocity information with more than 8 Hz to the MBES. Its processing 
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unit saves these records together with the sounding data into the raw s7k-files. 
MBES settings to be adjusted in each survey include logging modes (on/off), power, 

pulse length, gain, range and ping rate. Power, gain and pulse length are set according 
to available substrate information (e.g. seafloor sampling) or based on MBES 
performance in initial surveys. The range, in which the sonar aims to detect the 
seafloor, depends on the survey altitude. The ping rate is set to maximum and with 
this, automatically adjusted to the range setting. 

MBES settings are defined in the objectives section of the mission file. 

2.2.5. Mission file 

The mission file is an ASCII (text) file using human-readable commands that 
transmit the survey planning to the AUV Abyss. The mission file is separated into a 
reference position section and an objectives section. The reference position section 
defines the LBL transponder positions the AUV Abyss needs for triangulation of its 
position prior to surveying, and positions of internal reference points. The objectives 
section is the main part of the mission file. It sets waypoints and associated speed, 
dive mode (attitude/altitude) and MBES settings to be applied (see above, 2.2.4). 
Enabling and disabling of LBL positioning is also set in this section, but is usually 
restricted to the early phase of a mission: after the first DVL lock and before the MBES 
survey start to prevent position updated during the MBES survey. 

2.3. Post-processing and navigation adjustment 
The post-processing workflow is based on the open source software distributions 

MB-System (Caress, 2015), Python (von Rossum, 1995), and Jupyter (Kluyver et al., 
2017) and is distributed as Jupyter Notebooks (section 2.3.1). The Jupyter Notebooks 
guide and facilitate the documentation of the post-processing workflow, corresponding 
obstacles and applied solutions. With this, the notebooks act as a metadata file of how 
the post-processing was conducted. They also assist data management including data 
handling, documentation and archiving of generated products (2.3.2). 

The plus-side of working in rough terrain is that it presents plenty of opportunity 
for using feature matching in MBES data to adjust the vehicle track and correct for 
drift (2.3.3), and to merge adjacent, overlapping surveys (2.3.4). In the very last step, 
the (navigation adjusted) MBES sonar data is manually cleaned from outliers and 
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erroneous data and then gridded to produce a final bathymetric grid (IIID). 

2.3.1. Software 

The workflow is published as Jupyter Notebooks running on MacOS and Linux 
operating systems with the open source distributions MB-System (Caress, 2015; 
version 5.5.23x), Python (von Rossum, 1995; version 3.x), and Jupyter (Kluyver et al., 
2017; version 5.0.0) installed. 

MB-System is an open source software package comprising a highly diverse 
collection of tools for processing and analysing swath mapping sonar data in a large 
variety of formats. MB-System is used in conjunction with Generic Mapping Tools 
(GMT; Wessel, 2013), an open source collection of tools for editing geographic and 
Cartesian data sets, producing and plotting maps. 

Packaged MB-System distributions contain GMT and other prerequisites, and are 
available for MacOS (as a Homebrew package) and Linux operating systems (included 
in Poseidon Linux and maintained in UbuntuGIS). 

Python is an open source programming language used to integrate a variety of tasks 
into the workflow that work beyond MB-System capabilities. Python is available in 
several packages and distributions, of which the Anaconda Distribution 
(www.anaconda.com) also includes Jupyter Notebook. 

Jupyter Notebook is an open source web application for interactive computing 
across programming languages that combines live coding, visualization, narrative 
text, and output documentation. The notebooks act as a wiki combined with a 
command line terminal allowing users to run commands through a web interface and 
automatically redirecting and archiving the terminal standard output into the 
notebook. With this, the notebooks facilitate sharing, adaptation, execution, 
documentation and archiving of AUV Abyss MBES post-processing. 

Maintaining a GIS project parallel to the post-processing workflow is recommended 
to keep an overview, check intermediate results and produced digital elevation models. 
This is especially applicable to surveys, where the DVL detection was lost, and to multi-
survey mapping campaigns, where post-processing has to manage and merge several 
surveys. GIS projects allow to compare the AUV data to ship based bathymetry or 
other available terrain data and to approximate survey positions. With this 
approximation, the corresponding data can be manually shifted to make navigation 
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adjustment possible. 

2.3.2. Data management 

To allow structured collaborative development and versioning, the Jupyter 
Notebooks are hosted on a public Git repository (https://git.geomar.de/auv-
abyss/AUVAbyssWorkflow). Publishing notebooks on the GEOMAR Git server 
provides public access via well-known standards, i.e. git checkout or download of an 
archive file. Contributions by external parties and structured development processes 
are well supported and documented via merge requests and issues. 

To ensure long-term availability, a Digital Object Identifier (DOI) has been to the 
version of the notebooks presented in this publication (Klischies et al., 2018). The DOI 
resolver directs to the landing page providing not only the notebooks themselves, but 
also links to the cited and future versions of the notebooks in the Git repository. 

The AUV Abyss workflow is designed to use raw MBES data, which is translated 
into an MB-System-specific format. Each processing step creates copies of the data, 
instead of editing the existing files. This implemented back-up provides the 
opportunity to redo individual steps in case of obstacles rather than redoing the entire 
workflow. Together with auxiliary files that are created automatically by MB-System, 
the amount of files increases rapidly over the course of a project. This makes a robust 
data management structure and naming convention inevitable. MB-System uses 
datalists to organize the project data and the AUV Abyss Jupyter Notebook includes 
both, execuTable python code and narrative comments, to systematically maintain the 
data management structure. 

The final products comprise both ASCII grid files and ASCII text files of the point 
cloud sounding data. The grid files are used to check the navigation adjustment 
results, while the text files (xyz-format) are the export product containing the latitude, 
longitude and depth information of the navigation adjusted sonar data. Export of the 
adjusted vehicle track is also possible. 

Automated archiving stores the raw MBES data, the adjusted MBES data, and 
the navigation adjusted and cleaned data. It also includes selected auxiliary files, 
such as those created by the tool mbnavadjust (see below). 

2.3.3. Navigation adjustment 

Figure 2.2 gives a schematic overview of the individual processing steps that 



 

 

 

30 
 

mainly use the MB-System tools mbpreprocess, mbset, mbprocess, and mbnavadjust. 
Mbpreprocess prepares the raw data for processing by converting it into an MB-

System-specific format. Mbset is used to generate a default parameter file for each 
raw file and set its values. This includes vehicle specific parameters (e.g. lever arm 
offsets) and mission specific parameters (e.g. horizontal shifts to correct for drift). 
Mbprocess applies edits made in the parameter files, and can perform a variety of other 
processing functions. Mbnavadjust, the ‘multibeam navigation adjustment’ tool, is the 
most crucial part of the AUV Abyss workflow, as it eliminates relative navigational 
errors. The program uses bathymetric feature matching in overlapping and crossing 
swaths to invert the corresponding navigation (Figure 2.3A–B). For this, the swath 
sonar data is automatically split into tiles of a user defined length, in which the 
relative shift of bathymetric features is manually corrected by matching contour lines 
of overlapping tiles. 

Mbnavadjust works through an interactive graphical interface that is started from 
the Jupyter Notebook. Comments in the notebook provide best practice descriptions 
guiding through the navigation adjustment. The feature matching of the AUV Abyss 
workflow is conducted in consecutive steps. Starting from tiles with true crossings 
(total overlap), features are matched in a second and third step in tile-pairs with 50 % 
and 25 % overlap, respectively. After each matching step, the navigation is inverted 
(by minimizing the first derivative of the perturbation following e.g. Parker, 1994; 
Caress, 2015) and applied to the data. If no positional fixes are available, the 
navigation adjusted data set is compared to pre-existing terrain data, and manual 
correction for drift, hence horizontal shift, is applied. The drift is estimated from 
bathymetric features in the navigation adjusted grid and pre-existing terrain model 
data, preferentially the -navigated ship-based bathymetry. Otherwise the best 
navigational fix, either from a feature with a known position in the survey area, or a 
good, nearby LBL position is used. Mbset assigns the shift in the parameter file and 
mbprocess implements the shift into the navigation adjusted sonar data. Shift of data 
sets relative to surveys with a good, robust navigation can also aid the merging 
process, as it provides more accurate overlap. This is a particularly useful pre-
navigation step in surveys that experienced DVL loss. When shifting relative to ship’s 
bathymetry, the resulting accuracy of the AUV map grid equals that of the underlying 
ship data. 



 

 AUV Abyss workflow: autonomous deep sea exploration for ocean research 

 

31 

 

2.3.4. Merging multiple surveys 

The second part of the post-processing only applies to multi-survey campaigns as it 
merges MBES data of adjacent, overlapping surveys. It uses two different approaches, 
depending on the previous treatment of individual surveys. 

In cases where the individual surveys had to be shifted (see above), the internal 
navigation of each individual survey has to be fixed, before merging it with others. 
This is achieved by setting navigational ties (every third or fourth) within the 25 % 
overlap tiles of each mission in a new mbnavadjust project. Subsequently, overlapping 
tiles of two different surveys are matched (Figure 2.3C–D). 

In case of unshifted surveys, the existing mbnavadjust projects can be merged by 
using the tool mbnavadjustmerge. This approach translates the already set ties of each 
individual survey into a new merge project, but requires sufficient overlap in the 
adjacent surveys. 

Although the first approach repeats setting of ties, it prevents the relative 
contraction of the data by correcting for drift (shift of data) prior to merging. 
Contraction of data is usually observed in very large, merged datasets compiling 
several surveys over extensive areas. 

2.3.5. Data cleaning 

Manual cleaning of outliers in MBES data is the last step of the AUV Abyss 
workflow; although, appropriate usage of the mbnavadjust tool might require some 
filtering and cleaning (e.g. using mbedit or mbeditviz) prior to the navigation 
adjustment. 

As the cleaning process is very labour intensive, it’s efficiency also depends on the 
operator’s software preference. Besides using the MB-System tools mbeditviz and 
mbnavedit, the Jupyter Notebooks also allow exporting the navigation adjusted, 
shifted and/or merged data in arbitrary formats (using mblist and mbnavlist 

commands) to be used for cleaning and gridding the data in other processing software, 
e.g. Qimera (QPS) or CARIS HIPS (Caris), instead of MB-System. 

2.4. Discussion 
The presented operational workflow works without USBL navigation and instead, 

uses an LBL network for an initial position fix. Robust USBL positioning during the 
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descent of the vehicle has the potential to replace the initial position fix obtained with 
the LBL network. But, as both calibrating the LBL network and communicating with 
the descending vehicle via USBL cost similar ship time, USBL positioning is only 
really a good option for single surveys. An LBL network is the preferred option during 
multi-survey mapping campaigns, as it saves ship time. 

Adaptation of the mission planning workflow to other AUVs depends on the vehicle 
type and their setup. Nevertheless, mission tracks producing sufficient overlap in the 
MBES data remain crucial, when aiming for high-resolution, large-coverage maps of 
the seafloor. 

The presented post-processing approach aims to reduce uncertainties in data 
handling and producing high-resolution, large-coverage maps of the deep sea. 
Remaining uncertainties mainly include the unknown terrain itself, but also the 
objectivity of the interpreter in feature matching. 

Accurate feature matching and corresponding navigation adjustment requires 
MBES data of good quality and data sets should ideally be cleaned prior to the 
navigation adjustment. This limits the cleaning to MB-System tools, or requires an 
extra step of exporting and importing data for cleaning in other processing software. 
Therefore, the presented workflow aims to ensure good data quality through careful 
mission planning, and neglects tiles with poor data in the navigation adjustment. If 
necessary, application of filters (e.g. using mbedit) proved as sufficient for a robust 
navigation adjustment. The systematic, guided post-processing approach addresses 
the objectivity of the feature matching. Although the feature matching remains 
subjective to a certain extent, the use of Jupyter Notebooks and coded archiving 
increases the reproducibility of results. The implemented back-up of intermediate 
results proved as important for learning and becomes obsolete with increasing post-
processing experience and routine. 

Adaptation and reproducibility are further supported by using only open source 
software distributions. MB-System supports more than four-dozen formats from sonar 
equipment manufactured and operated around the world (Caress, 2015). The 
mbnavadjust tool also enables navigation adjustment and merging across formats and 
resolutions. 

With this, the presented post-processing workflow is adapTable to other AUVs and 
MBES setups, but also applicable for multiple coordinated AUVs. The mbnavadjust 
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tool restricts the application of this workflow to mapping of rough, feature-rich 
terrain, and MBES data of good quality and sufficient overlap. 

Despite the systematic approach, post-processing of AUV Abyss MBES data 
remains time consuming; therefore, future objectives aim to automatize the workflow 
and to establish web-based co-working possibilities. Building the workflow upon 
the web-based approach of Jupyter Notebooks will allow remote access and enable 
multiple co-workers on the same project in the future. The mbnavadjust tool provides 
a function for automatic feature matching, but the results are mixed in complex 
terrain and the manual approach has, so far, proved as more efficient. Automatized 
feature matching is also implemented in SLAM-like mapping techniques 
(Simultaneous Localization and Mapping: Paull et al., 2014). The survey-
simultaneous localization is desirable, but not applicable to the current AUV Abyss 
vehicle setup. Nevertheless, SLAM algorithms have the potential to advance and 
automatize the post-processing of MBES data in the future. 

Although a fully automated post-processing workflow would not be based on 
Jupyter Notebooks, they document today’s post-processing requirements, according 
obstacles and valid solutions. With this comprehensive documentation, they aid to 
establish post-processing routines and systematic data handling. 

2.5. Conclusion 
The presented AUV Abyss workflow and associated Jupyter Notebooks presented 

here summarize nearly a decade of deep sea high-resolution mapping experience and 
map production. Using the combination of careful mission planning and systematic 
post-processing make USBL navigation unnecessary and with this, increase the 
efficiency of ship time. Jupyter Notebooks that provide a combination of live coding, 
scripting and narrative comments facilitate the use of MB-System for AUV MBES 
data processing. The automated documentation and guided archiving in the Jupyter 
Notebooks ensures an efficient map production and increased reproducibility. 
Combining MB-System with Jupyter Notebook enables adaptation of the workflow to 
other vehicles, or using multiple coordinated AUVs. The comprehensive 
documentation of the post-processing provides a first step towards automation of AUV 
operations and MBES data processing. 
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Table 2.1. AUV technical details. 

Item Specifications 
Vehicle dimensions Length: 4.10 m; diameter: 0.66 m 
Weight in air 880 kg 
Depth rating 6000 m 
Survey speed 3 kn 
Endurance 15-23 h (depends on used sensors) 
Power Source Lithium-Ion battery 
MBES RESON Seabat 7125 (200/400 kHz) 
Sidescan sonar Edgetech 2200-S (120/410 kHz) 
LBL system Hydroid transponders (6000 m, 4 channel, 9-13 kHz) 
Vehicle sensors Kearfott T-24 INS; Teledyne RDI Workhorse Navigator 

DVL WHN 300; Seabird CTD SBE49 FastCat; Wetlabs 
FLNTURTD 939 Turbidity Sensor; Eh Sensor (Ko-ichi 
Nakamura); Applied Physics Magnetometer Model 1540 

Propulsion Three-phase brushless DC motor; two blade propeller 
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Figure 2.1. A) AUV Abyss in the MBES configuration during recovery using the LARS on 
board R/V Meteor in 2016 (cruise M127: Petersen, 2017). B) Part of the mission pattern of the 
multi-survey campaign successfully conducted during cruise M127, showing mission tracks of 
200 kHz MBES surveys including lawn-mower patterns, total overlap for merging of adjacent 
surveys, transit lines between the LBL navigational gate and the survey area, and tie lines for 
additional navigational constrains (modified from Petersen, 2017). C) Sketch showing the two 
different mapping modes. The constant depth mode results in stable vehicle motion, but 
variable swath width and MBES data resolution. The constant altitude mode maps in a 
constant resolution and swath width, but rough terrain causes vehicle motion and variable 
coverage. D) Sketch illustrating overlap in MBES swath data between neighboring survey 
lines. 



 

 AUV Abyss workflow: autonomous deep sea exploration for ocean research 

 

37 

 

 

Figure 2.2. Schematic overview of the AUV Abyss post-processing workflow for MBES data 
and corresponding data management. 
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Figure 2.3. A) Mbnavadjust ‘Nav Err Window’ to inspect colour-shaded contour lines of two 
tiles of a true crossing (dotted rectangle) and corresponding mission tracks (black lines) in the 
main ‘Contour Display’. The ‘Vertical Misfit Display’ in the lower left corner shows the RMS 
bathymetric misfit as a function of relative horizontal offset between the two swaths. B) ‘Nav 
Err Window’ showing feature matched tiles (low misfit, marked by red in the ‘Vertical Misfit 
Display’) and a set tie (connected yellow squares). C) Mbnavadjust ‘Visualize Survey’ plot with 
mission tracks (black lines) and set ties (light blue lines) of an individual survey with a tie line. 
D) ‘Visualize Survey’ plot of a merged, multi-survey campaign with set ties within each 
individual survey (light blue lines) and set ties in between surveys (dark blue lines). Shown 
AUV Abyss data was acquired during the BGR INDEX project (INDEX2016-2). 
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3. Remote predictive geological mapping of the 

mid-ocean ridges: Breakthroughs in 

classification of crustal accretion at the regional 

scale 
This chapter reviews techniques of geological mapping of mid-ocean ridges from 

remote sensing data and introduces a systematic approach of map compilation in a 
case study of the Rodriguez Triple Junction in the central Indian Ocean. The paper 
provides recommendations for geological interpretation of remote sensing data, 
including multibeam echosounder data, the availability of which is increasing 
globally, for example through new initiatives such as the Nippon Foundation–GEBCO 
2030 Project and the Global Multiresolution Topography Data Synthesis. A mapping 
workflow is presented along with a map legend that divides oceanic crust into 23 
different formation types according to lithology, depositional facies, structure and age. 
The mapped formations are then grouped into distinct assemblages that reflect the 
magmatic and tectonic history of the different types of oceanic crust. 

The manuscript is prepared for submission to Marine Geology. 

Article: Klischies, M., Hannington, M.D., Petersen, S., Stewart, M.S., Mensing, R., 
Anderson, M.O., Graber, S., Krätschell, A., Schwarz-Schampera, U. (in prep.). 
Remote predictive geological mapping of the mid-ocean ridges: Breakthroughs in 
classification of crustal accretion at the regional scale. Marine Geology. 
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(University of Ottawa), participants of cruises INDEX2017 and INDEX2018 (led by 
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colleagues. Processed bathymetry data were provided by the BGR (Schwarz-
Schampera et al., 2020). The candidate processed the bathymetry data from the cruise 
MSM25 (Devey et al., 2014) and MGL0812 (Aghaei et al., 2014), and conducted the 
geological mapping. The candidate produced all figures and tables and authored the 
manuscript from the first draft to the presented version.  
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Abstract 

Large parts of the global mid-ocean ridge system have been surveyed by ship-borne 
multibeam echosounders (MBES). The availability of high-resolution bathymetric 
data is increasing through open access compilations, such as GeoMapApp and 
GEBCO, and new initiatives such as the Nippon Foundation–GEBCO 2030 Project 
aim to produce a high-resolution bathymetric map of the entire ocean floor by 2030. 
However, geological mapping of the ocean floor, which describes the structure and 
makeup of the crust, lags far behind. MBES-derived digital elevation models have 
been used to infer the geology of the seafloor, where the interpretations can be 
confirmed by direct observations at the seabed, but such studies are limited to 
relatively small survey areas. This paper describes a rigorous approach to geological 
mapping of the mid-ocean ridges (MORs) using widely available remotely-sensed data 
and training sets of geological observations at the seafloor to predict the geology of 
much larger areas. We review the different types of remote-sensing data that are 
available and present a systematic workflow for the geological interpretation of those 
data. We also introduce a comprehensive map legend and scale-dependent hierarchy 
of mappable geological units that can be applied virtually anywhere on the global 
MOR system. 

The lack of a common geological legend, particularly at the scales of typical MBES 
surveys (e.g., 1:50,000 to 1:500,000), has been a challenge in comparing maps of MORs 
from different locations and created by different workers has been the lack of a 
common legend, particularly at the scales of typical MBES surveys (e.g., 1:50,000 to 
1:500,000). Here, we develop criteria for assigning 23 different formation types to 
MOR systems, including methods for identifying the different units and assessing 
uncertainties in the maps. The result is a first step toward remote predictive 
geological mapping of the seafloor, a technique widely used in geological mapping of 
difficult to access regions on land and of other solid planets. A case study is presented 
at the Rodriguez Triple Junction (RTJ) in the central Indian Ocean where, until 
recently, geological data of the ocean floor have been relatively sparse, leaving the 
evolution of the triple junction unresolved at time scales shorter than a million years. 
In our map of the RTJ, we identify 16 different formation types, subdivided according 
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to lithology, depositional units, structure and age (where known), and group them into 
six assemblages that formed by different magmatic and tectonic processes during the 
evolution of the RTJ. The map area covers ca. 4600 km2 and contains 421 discrete 
polygons (average size of ~24 km2, excluding individual volcanoes). Each polygon is 
assigned an “M value”, which reflects the magmatic (versus tectonic) spreading 
component of the corresponding crust, thereby enabling an approximation of the state 
of crustal growth for different episodes in the evolution of the RTJ. Area-age 
calculations reveal significant changes in growth rates at 1 Ma, ~0.6 Ma, and ~0.2 Ma 
that can be linked to far-field geodynamic events, including a major rift jump of the 
Southwest Indian Ridge and migration of the triple junction southward. The derived 
geological map also indicates that these past changes in crustal growth formed 
crustal-scale structures that are reused by today’s hydrothermal circulation in the 
area (e.g., at Kairei, Yokoniwa, and Kaimana). 

 Keywords – Remote predictive geological mapping, multibeam bathymetry, mid-
ocean ridge geology, crustal growth. 

3.1. Introduction 
Large-scale geological compilations of the oceans have been published at 

1:25 million-scale by the Commission of the Geological Map of the World (Bouysse and 
Ségoufin, 2014) and at 1:17 million-scale by the Circum-Pacific Council for Energy 
and Resources (Scheibner et al., 2013), but they show little detail. Currently, only a 
fraction of the seafloor has been surveyed at the resolution needed to create 
meaningful geological maps (e.g., Mayer et al., 2018). This leaves governments 
without one of the basic tools to manage the resources of the deep seas (OECD, 2016). 
High-quality geological maps are needed to assess geological hazards, to establish 
marine protected areas (MPAs), and to conduct increasingly sophisticated exploration 
of the seabed for mineral resources (e.g., in the exclusive economic zones, EEZs, of 
individual countries and in “the Area” managed by the International Seabed 
Authority, ISA). However, only a fraction of the seafloor has been surveyed at the 
resolution needed to create meaningful geological maps for this purpose (e.g., Mayer 
et al., 2018). This challenge is being met, in part, by improved data collection and 
compilation (e.g., Nippon Foundation–GEBCO Seabed 2030 Project) and by increasing 
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sophistication of multibeam echosounder (MBES) and other remotely-sensed 
geophysical data (magnetics, gravity, vertical gravity gradient). Despite these 
advances, standardized approaches for converting those data to geological maps of the 
seabed are still lacking. Global seafloor geomorphology has been classified for the 
characterization of marine habitat (e.g., Harris et al., 2014) using bathymetric 
datasets, such as the Global Multi-Resolution Topography Data Synthesis (GMRT, 
Figure 3.1A: Ryan et al., 2009), and global sediment composition has been estimated 
from deep-sea sampling (Dutkiewicz et al., 2015). However, rigorous classifications of 
the underlying bedrock geology are limited to only very small areas. 

Geological maps are created by gathering units with similar properties, age, and/or 
origin and sorting them into stratigraphic order in such a way that the geological 
history of an area can be reconstructed, including the sequence of depositional events, 
the composition of the substrate, and its deformation. The spatial relationships of 
different rock units, their stratigraphic order, and structural features are directly 
linked to processes of crustal accretion that can be recorded in the geological maps. 
Using spatial data and area-age relationships from geological maps, precise models of 
crustal growth can be derived, with important implications for understanding the 
history and resource potential of large parts of the oceans. Detailed geological maps 
have been created where MBES data, acoustic backscatter and direct seafloor 
observations are combined (e.g., Smith and Cann, 1990, 1992; Ondréas et al., 1997; 
Searle et al., 2010; Anderson et al., 2016, 2017; Embley and Rubin, 2018; Klischies et 
al., 2019; Figure 3.1). However, these maps have limited extent and rarely attempt to 
correlate units across large areas. Most large-scale geological compilations show only 
the age of the ocean crust, inferred from magnetic data at very wide scales (Bouysse 
and Ségoufin, 2014; Scheibner et al., 2013). Where classified, the geology of the ocean 
floor is subdivided into just 5 very broad tectonic domains: abyssal plains, mid-ocean 
ridges, subduction zones, submerged continental landmasses, and oceanic crust 
overprinted by intraplate and hot-spot volcanism. However, some parts of the ocean 
basins are more data-rich than others. The global MOR system, in particular, has 
been explored extensively in the search for hydrothermal systems, with ship-based 
MBES coverage of over 45 % of the ridge axes (Figure 3.1A) compared to much less 
coverage for the rest of the ocean area (Mayer et al., 2018). These data are compiled 



 

 

 

44 
 

in GMRT (Figure 3.1A) and the General Bathymetric Chart of the Oceans (GEBCO; 
GEBCO Compilation Group, 2020), but careful evaluation of the data, complemented 
by seafloor observations and sampling, is needed to derive new knowledge from these 
compilations (Bishop et al., 2012; Lecours et al., 2015). 

The first step in the creation of a geological map at any scale to assemble a a 
comprehensive legend based on terrane characterization and geophysical 
interpretations in well-studied training areas, and then assigning units to similar 
terranes where the data are generally more sparse. This type of remote predictive 
mapping (RPM) is well established, for example, in orbital surveys of other planets 
(e.g., Wilhelms and McCauley, 1971; Williams et al., 2011; Tanaka et al., 2014). In 
this paper, we develop a similar workflow to create geological maps of the MORs at a 
range of scales from the systematic analysis of MBES data and other remotely-
acquired geophysical observations. Criteria for the recognition of geological units are 
established in the map patterns of selected training areas and then applied to regional 
data sets. Particular emphasis is given to recognition of different units with 
discernible depositional hierarchy. Uncertainties in the maps arising from the 
availability of data and the extent of ground truthing are explicitly addressed, as 
commonly done in RPM studies on land (e.g., Sabins, 1999; Schetselaar et al., 2007; 
Rogge et al., 2009; van der Meer et al., 2012). The more diverse the remote sensing 
data are, the greater the certainty of the geological interpretations. We demonstrate 
the applicability of the workflow for the creation of seafloor geological maps in a case 
study of the Rodriguez Triple Junction (RTJ) in the central Indian Ocean, where slow, 
intermediate and ultra-slow spreading centers meet in an area of prolific 
hydrothermal activity and abundant seafloor massive sulphide deposits. The map is 
used to quantitatively assess the recent spreading history, crustal accretion processes, 
and structural evolution of a ridge-ridge-ridge triple junction, a fundamental 
geodynamic element of the global MOR system. 

3.2. Digital elevation models of the seafloor 
Since the beginnings of MOR exploration, different bathymetric features were 

immediately recognized as belonging to distinct geological formations already known 
from subaerial volcanic systems (e.g., Anderson and Sclater, 1972; Macdonald, 1982). 
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The continuous improvement of MBES technologies brought these features into 
sharper focus, and even the surrounding seafloor could be classified from the returned 
acoustic signals (e.g., Searle, 2013; Wölfl et al., 2019). The data available for this type 
of geological mapping in the oceans are acquired at three scales – global, regional and 
local – with the coverage and spatial resolution of the measurements depending on 
the distance of the instrument platform from the seafloor. These data are routinely 
converted to digital elevation models (DEMs). In addition, acoustic backscatter, side 
scan sonar, crustal magnetization and gravity measurements are commonly collected, 
measuring different properties of the seabed and upper part of the ocean crust 
(Table 3.1). The GMRT (Ryan et al., 2009) and GEBCO grids (GEBCO Compilation 
Group, 2020) provide large-scale coverage of the ocean floor with spatial resolution on 
the order of tens of kilometres. The baseline data are derived from satellite-mounted 
radar altimeters, which measure the global sea-surface height (Sandwell and Smith, 
1997). The variations in the sea-surface height are interpreted in terms of 
gravitational effects of the underlying seafloor topography (Smith, 1998), and the 
modelled gravity is then converted to seafloor bathymetry, calibrated against local 
ship-borne measurements. The newest global marine gravity model has achieved a 
spatial resolution of about 1 km, vastly improving detection and classification of 
geological features at the regional scale (Sandwell et al., 2014). 

MBES surveys typically cover 100s to several 10,000s km2, depending on the 
system used and the duration and objectives of the research cruise. Data resolution 
ranges between 10 and 100 m, which, in the case of hull-mounted systems, mainly 
correlates with water depth. Although MBES systems are optimized for measuring 
water depth, they also record the strength of the sound pulse reflected from the 
seafloor. The backscatter intensity depends on the nature of the reflecting substrate 
and seafloor roughness, and therefore is used as an indication of the composition and 
shape of the seafloor (e.g., lava flow morphology, fracturing and/or sediment coverage: 
Lurton et al., 1997; Lamarche et al., 2011; Lamarche and Lurton, 2018). High 
backscatter intensities reveal fresh volcanic surfaces, and low backscatter intensities 
are associated with (fine-grained) sedimentary cover, such as volcaniclastic material, 
talus, and pelagic sediment (e.g., Ondréas et al., 1997; Gràcia et al., 2000; Eason et 
al., 2016; Klischies et al., 2019). MBES raw data, including bathymetry and 
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backscatter, are processed to reduce or eliminate signal errors, which are caused by 
such factors as poor sea state (strong ship motion), steeply inclined seafloor (angle of 
reflection), incised morphologies (side reflections), or a very soft seafloor (low acoustic 
impedance contrast). Post-processing of the data involves manual inspection, but also 
automatic filtering prior to gridding for generation of a DEM. Common MBES 
processing and gridding software are HIPS (by CARIS), Fledermaus or Qimera (by 
QPS), and MB-System (Caress et al., 2015). Algorithms, such as CUBE (Calder and 
Wells, 2007), automatically exclude signal errors for gridding the DEM surface and 
assign uncertainties to the computed DEM. Processing of backscatter data converts 
recorded amplitude information into an image of amplitude variations, typically in 
white to black. This can also be done in the software packages mentioned above. 

Near-seafloor MBES surveys with remotely operated vehicles (ROVs), autonomous 
underwater vehicles (AUVs), occupied submersibles or towed platforms are needed to 
create high-resolution DEMs of local areas. Therefore, only a very small portion of the 
global seafloor is included and typically only published in detailed scientific studies. 
Individual surveys usually cover less than 10 km2 are common, depending on the 
survey altitude. As for ship-based MBES surveys, near-seafloor data require 
processing prior to gridding, including filtering and manual inspection, but also 
correction of vehicle navigation. The latter is necessary since underwater navigation 
relies on internal navigation systems and positioning relative to a ship referenced by 
the Global Positioning System (GPS) or a seafloor transponder network. Often the 
navigation is corrected by matching of seafloor features identified in the MBES data 
(e.g., Klischies et al., 2018). 

3.2.1. Analysis and visualization of digital elevation models 

Approaches for the systematic analysis of DEMs are well-developed in the research 
fields of geomorphology and geomorphometry, which measure the complexity of land 
surfaces (Pike, 2009; Reuter et al., 2009; Bishop et al., 2012; Evans, 2012; Lecours et 
al., 2017). Five main attributes are considered: 1) local mean elevation; 2) position 
relative to mean elevation; 3) standard deviation of elevation (or rugosity); 4) 
orientation of slopes (easterness and northerness); 5) slope angle (Lecours et al., 2017; 
Wilson et al., 2007). From these parameters a range of landform elements can be 
extracted (i.e., features with relatively uniform internal properties and boundaries 
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defined by topographic discontinuities: Chorowicz et al., 1995, Wilson and Gallant, 
2000, Jordan et al., 2005; Pike et al., 2009). Harris et al. (2014) created the first 
geomorphological map of the oceans, aimed at classifying marine habitat, using 
‘landforms’ of the type catalogued by the International Hydrographic Organization to 
classify the seafloor (IHO, 2013). However, the ‘landforms’ identified have no strict 
meaning in terms of recognized geological processes (e.g., seafloor spreading, bedrock 
composition, etc.). 

A variety of DEM visualization approaches are used to assist in the interpretation 
of land surfaces. These include adjustments to the map projection, colour ramps, and 
terrain shading parameters that yield many different results, depending on the 
software, algorithms and operating parameters, which should always be reported 
(Lecours et al., 2017). Large DEMs are most affected by the choice of projection, as 
distortions increase with scale. The colour ramp can also greatly influence visual 
perception (Light and Bartlein, 2004; Liu and Heer, 2018). We use the colour scheme 
recommended by Nuñez et al. (2018), which consists of a linear colour range from dark 
blue to yellow (avoiding signal colours like red) and ramps both hue and brightness. 
Three-dimensional visualization of a DEM is achieved by shading relief; shading that 
removes the direction of light to reduce visual bias is preferred, such as the terrain-
texture shader of Brown (2010). Here, we shade seafloor with the first derivative of 
the slope, which is computed using a moving filter window (Pike et al., 2009). We also 
calculate rugosity within the filter window (Wilson et al., 2007; Dunn and Halpin, 
2009). Slope map and rugosity calculation tools, as well as visualization tools, are 
available in most MBES processing and GIS software packages. 

3.2.2. Other data 

Geological mapping of the seafloor is greatly enhanced by the availability of other 
types of acoustic data (e.g., side scan sonar, seismic surveys) and potential field 
measurements (gravity, magnetics, electromagnetics). Each method images a 
different property of the seafloor. As for MBES data, the distance of the measuring 
instrument to the seafloor determines the coverage and resolution (Table 3.1). Like 
backscatter, side scan sonar measures the ability of the seabed to reflect a high-
frequency acoustic pulse, which depends on factors such as morphology of the 
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substrate and grain size. Because the instruments ‘look’ sideways they cover a wide 
swath compared to MBES systems. Lower frequency acoustic data (e.g., parasound or 
seismic surveys, where the penetration depth increases with decreasing frequency) 
detect impedance contrasts that depend on densities and sound velocities in the 
subseafloor, including sedimentary sequences, rock layering, contacts, and structural 
discontinuities that are important for seafloor mapping (Prodehl and Mooney, 2014). 

Potential field methods (gravity, magnetics, electromagnetics) also distinguish 
important physical rock properties that can inform geological mapping. Gravity 
measurements detect changes in mass and density due to rock composition, sediment 
cover, seafloor morphology, and crustal thickness. Positive mantle Bouguer anomalies 
help to identify exhumed mantle rock bodies and thinned crust, whereas gravity lows 
point to thickened, low-density crust (Cannat et al., 1995; Detrick et al., 1995; Cannat 
et al., 1996). Background gravity models are globally available from satellite 
altimetry, which is complemented by high-resolution measurements from ship-based 
gravimeters (Smith, 1998). Crossing satellite paths can be used to calculate the 
vertical gravity gradient or VGG (Sandwell et al., 2014), which is particularly useful 
for identifying regional geological contacts and large-scale structures, including 
buried structures, that are otherwise not apparent in the DEM (MacLeod et al., 2009; 
Matthews et al., 2011). Seafloor magnetization, which also has been compiled globally 
(e.g., Maus et al., 2009; Meyer et al., 2017), is sensitive to the composition of the crust, 
reflecting variably magnetized (or magnetic) units, including different rock types, 
their alteration products, and the presence of subseafloor intrusive bodies, as well as 
the age of the crust. Near-seafloor magnetic surveys from AUVs or submersibles are 
able to detect hydrothermal alteration zones, which can further be used to reconstruct 
the subseafloor structure (e.g., Tivey and Johnson, 2002; Fujii et al., 2016; Szitkar et 
al., 2019; Galley et al., 2020). Electromagnetic methods measure conductivity or 
resistivity of the rock (including pore fluids), but require site-specific surveys that are 
not widely available (Constable, 2013; Reeck et al., 2020). 

3.3. Identifying the geological elements of mid-ocean 
ridges in remotely-sensed data 

Different elements derived from seafloor DEMs can be systematically assigned to 
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geological processes at MORs. MORs are well-studied and there are established 
criteria for the recognition in bathymetric and other geophysical data based on 
comparisons with terrestrial volcanic systems (e.g., Thouret, 1999). They include the 
products of both magmatic accretion and tectonic deformation, the relative importance 
of which correlate with spreading rate (Macdonald, 2001; Carbotte et al., 2016) and 
the nature of the underlying mantle (e.g., temperature, composition, asthenospheric 
flow, lithospheric strength: Ma and Cochran, 1997; Sempéré and Cochran, 1997; 
Carbotte et al., 2016). Fast- and intermediate-rate spreading ridges are dominated by 
magmatic accretion, whereas slow- to ultraslow-spreading ridges are dominated by 
tectonic deformation (Figure 3.2; Lonsdale, 1977; DeMets et al., 1994; Macdonald, 
2001; Baker, 2017). The magmatic products include a number of different intrusive, 
volcanic, and sedimentary facies (e.g., flows, breccias and finer-grained volcaniclasitc 
sediments), typically of basaltic composition (MORB and E-MORB). Intrusive rocks, 
including dikes, plugs and sill-like bodies of dominantly basalt and gabbro may also 
be exposed at the seafloor, and ultramafic, mantle-derived rocks are locally exhumed 
in areas of extreme faulting (Figure 3.2; e.g., Hekinian et al., 1993; Cannat, 1996; 
White et al., 2009; Warren, 2016). Already in 1977, these geological features were 
readily identifiable in MBES data, when combined with dive observations, bottom 
photography and deep-towed geophysical studies (Ballard and Van Andel, 1977) 

The axis of a MOR can be picked from magnetic data, DEMs, and VGG, and 
spreading fabric also can be traced off-axis based on patterns of symmetry on the 
abyssal hills (Goff et al., 2004). Morphotectonic elements of the ridge axis range from 
continuous to discontinuous axial valleys and axial rises (Small, 1999), and the 
difference in axial morphology between fast, intermediate, slow and ultraslow-
spreading ridges can be readily identified in the bathymetry (Buck et al., 1998; 
Macdonald, 2001). Elongated structures and linear boundaries between formations 
(see below) are widely evident in VGG, which also helps to delineate the ridge axis as 
well as the segmentation of the ridge. These large-scale features are well documented 
in global DEMs at the segment scale (e.g., Matthews et al., 2011), but cross-cutting 
structures and fabrics that can be used to distinguish different formations (e.g., crust 
with different formation history) require mapping with hull-mounted MBES (e.g., 
Figure 3.1B–D; Ballard and Van Andel, 1977; Gente et al., 1991; Smith and Cann, 
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1992; Allerton et al., 1995). 
With increasing resolution and backscatter information, it is possible to precisely 

identify the neovolcanic formations, including (faulted) hummocky volcanoes or 
eruptive hummocks, volcanic ejecta, sheet flows, oceanic core complexes, mass 
wasting deposits, and different sedimentary units, among other key geological 
features (e.g., Figure 3.1E–G; Ballard et al., 1981; Macdonald et al., 1989; Allerton et 
al., 1995; Gràcia et al., 1999; Parson et al., 2000; Searle et al., 2010; Yeo et al., 2012; 
Eason et al., 2016). The different features are identified from slope breaks, relative 
water depth (deeps vs. highs), surface texture, and acoustic reflectivity. Searle et al. 
(2010) grouped a number of mappable units, including hummocky volcanics and 
volcanic flows (of different age and sediment cover) into volcanic facies belonging to 
the ‘axial volcanic ridge’ (Table 3.2, Figure 3.1F). Escartín et al. (2014) included 
alignments of pillow mounds, several hundreds of meters long, with the axial volcanic 
units (Figure 3.1G). These studies were among the first to show that the geology of 
the MORs could be mapped at the formation and member level as described below. 

Boundaries between units in MBES data include the fronts of lava flows, slope 
breaks at the base of volcanic mounds, and changes in surface textures and/or acoustic 
reflectivity of units of different age or composition (Gràcia et al., 1999; Macdonald, 
2001; Deschamps et al., 2014; Le Saout et al., 2014). However, the volcanic facies 
defined by detailed flow morphology (e.g., massive flows, drained lava ponds or lava 
lakes, pressure ridges, pillowed flows, pillow mounds, lobate and sheet flows: Gràcia 
et al., 1999; Yeo et al., 2012; Deschamps et al., 2014; Le Saout et al., 2014) are 
generally not mappable in ship-based data and require near-bottom-surveys to 
resolve. Complementary visual observations from submersibles and ROVs provide 
important ground truthing of rock types, volcanic facies and structure at the outcrop 
scale. Features that can be mapped at this scale include volcanic ejecta, hyaloclastite, 
fault breccia, pillow breccia, landslide deposits, vesicular lava flows, intrusive rocks 
(exposed gabbro, peridotite), and sediments (e.g., Langmuir et al., 1997; Ondréas et 
al., 1997; Bohnenstiehl and Kleinrock, 1999; Gràcia et al., 1999; Blackman et al., 2002; 
Escartín et al., 2014; Eason et al., 2016; Schnur et al., 2017).  

Magmatic features of MOR crust are typically associated with positive seafloor 
relief caused by constructional volcanism and subsurface intrusions (e.g., Carbotte et 
al., 2006; Figure 3.3). Different height-to-width ratios and flank morphologies of 
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ridges and discrete volcanoes reflect different accretion and eruptive styles (e.g., see 
Supplementary Figure I.1). The boundaries between these features are typically 
drawn along the slope break at the foot of the ridge flank or cone (e.g., Grosse et al., 
2012; Klischies et al., 2019). Features that are mainly products of deformation (so-
called “tectonic units”) are commonly associated with negative relief caused by 
subsidence in extensional regimes or positive relief due to uplift or thrust faults, often 
near or within ridge discontinuities (e.g., Parson et al., 2000; Reston et al., 2002). 
Deformed crust commonly has angular or irregular morphology that overprints 
spreading fabric. In this case, the boundaries between units of different origin or age 
often correlate with faults or follow changes in the faulting patterns (e.g., Gràcia et 
al., 1999). Most faults are interpreted to be normal faults, as the stress regime of 
MORs is extensional (Shaw, 1992; Cowie, 1998; Small, 1998) They are identified from 
steep cliffs (the trace of the bottom of the scarp corresponding to the fault plane) or 
inferred where debris covers the footwall-hanging wall contact (Shaw, 1992; Allerton 
et al., 1995; Mallows and Searle, 2012; Klischies et al., 2019). The orientation and dip 
of the faults are readily observed in MBES backscatter or side-scan sonar relative to 
the angle of insonification (Parson et al., 2000; MacLeod et al., 2009; Eason et al., 
2016). On detachment faults, slip-parallel trough structures are commonly mapped 
on the fault surfaces (so-called corrugations) are specific to detachment fault planes 
(Cann et al., 1997; MacLeod et al., 2009; Mallows and Searle, 2012; Escartín et al., 
2017). 

The structure of MORs has been extensively studied (e.g., Vine and Matthews, 
1963; Wilson, 1965; Vine and Wilson, 1965; Morgan, 1968; Pavoni, 1966). A hierarchy 
of tectonic segmentation is widely recognized, with transform faults representing the 
first-order segmentation, and non-transform discontinuities (including propagating 
rifts and overlapping spreading centers) belonging to a second order (Macdonald et 
al., 1988; Grindlay et al., 1991; Thibaud et al., 1998; Bird, 2003; Bouysse and Ségoufin, 
2014; Carbotte et al., 2016).  

The first-order discontinuities, or transforms, offset the ridge axis by more than 
30 km and typically terminate in a nodal or overlap basin with spreading-oblique 
seafloor fabric at the ridge-offset-intersection (Hey et al., 1980; German and Parson, 
1996; Gràcia et al., 1999; Parson et al., 2000; White et al., 2009; Carbotte et al., 2016). 
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Second-order discontinuities are ridge-axis offsets of less than 30 km that include i) 
overlapping spreading centers, which are magmatically active, ii) propagating rifts, 
where a magmatically more robust segment propagates along-axis while the opposing 
segment stalls or appears to retreats, and iii) non-transform discontinuities commonly 
associated with broad along-axis, én echelon zones of deformation (e.g., Carbotte et 
al., 2016). Second-order offsets are also seen in the abyssal hill fabric as an alignment 
of axis-oblique ridges and basins (e.g., Grindlay et al., 1991; Thibaud et al., 1998). The 
major discontinuities are part of the plate boundary, with lateral strike-slip 
movements commonly resulting from obliquity of the plate boundary relative to the 
spreading direction (Morgan, 1968). The inactive parts of the faults (so-called 'traces', 
‘wakes’ or ‘fracture zones’) separate oceanic crust of different age but belonging to the 
same tectonic plate (e.g., Grindlay et al., 1991; Bouysse and Ségoufin, 2014). The 
seafloor expression of both transform faults and fracture zones include extensive, 
linear, deep valleys visible in DEMs, magnetic data and as VGG minima (Morgan and 
Sandwell, 1994; Thibaud et al., 1998; Gregg et al., 2007; Matthews et al., 2011; Gerya, 
2012; Carbotte et al., 2016; Gasperini et al., 2017).  

3.4. A common geological legend for mid-ocean ridges 
A challenge in comparing maps of MORs from different locations and created by 

different workers has been the lack of a common legend. We have compiled published 
geological maps of the MORs to derive a comprehensive legend applicable at scales of 
typical MBES surveys (e.g., 1:50,000 to 1:500,000; Figure 3.1E–G). The compilation 
includes thumbnail DEMs and slope maps for ‘type’ areas where different units are 
mapped (see the Supplementary Materials Figure I.1 to Figure I.4 in the appendix). 
Examples are taken from the INDEX Project in the Indian Ocean (Schwarz-
Schampera et al., 2020) and cruises MSM25 (Devey et al., 2014), MGL0812 (Aghaei 
et al., 2014; downloaded from Ryan et al., 2009), and SO237 (Devey et al., 2015) along 
the southern Mid-Atlantic Ridge, the East Pacific Rise, and the Vema Fracture Zone 
in the central Atlantic, respectively.  

The organization of the geological units is guided by the classification scheme of 
the International Commission on Stratigraphy (Salvador, 1994; Murphy and 
Salvador, 1999; see Table 3.2). Formations are the lowest rank at the scale of mapping 
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in this study (Table 3.2). They are defined as spatially and/or temporally distinct units 
that encompass coherent areas of oceanic crust with a common origin and a similar 
age. Examples may include the crust of a rift valley floor consisting of basaltic flows; 
or an oceanic core complex exposing ultramafic rocks. The formations representing 
different crustal types are assigned on the basis of structure, composition, magnetic 
character, volcanic geomorphology, spreading fabric, and sedimentary cover. Ages of 
different formations may be inferred from cross-cutting relationships (relative ages) 
or, in the case of crust formed at active ridges, from spreading ages calculated from 
the half-spreading rate and the distance to the ridge axis (after Briais et al., 2000; 
Escartín et al., 2014; Klischies et al., 2019). Standard undersea feature names 
established by the International Hydrographic Organization (IHO, 2013) are used to 
name the formations (e.g., volcanic or tectonic ridges, volcanic cones, volcanic flow 
fields, seamounts, mounds, and deformation zones), but the mapped formations also 
take into account crustal composition and origin based on available geophysical and 
geological data in the map area (sampling, seafloor observations). In this way, 
geological formations differ from simple geomorphological classifications. Depending 
on the scale of mapping (e.g., Table 3.2), formations may be further divided into 
subtypes, recognizing that some formations may include more than one rock type 
and/or depositional facies. For example, the rift valley may be dominated by basalt 
flows but may also include different facies (e.g., intrusive rocks such as sheeted dikes, 
gabbroic intrusions, or exhumed lower-crustal ultramafic rocks and serpentinized 
peridotites; Figure 3.2). 

Fast- (magmatic-dominated), slow- to intermediate- (magmatic-tectonic), and 
ultraslow-spreading (tectonic-dominated) crust are distinguished in a DEM or in VGG 
by different spreading fabrics (e.g., by the aspect ratio of the ridges, slope, and 
rugosity: Small, 1998; Thibaud et al., 1998; Macdonald, 2001; Bird, 2003; Searle, 
2013). Magmatic-dominated crust, such as that of the East Pacific Rise at 9°N, is 
characterized by an axial high and wide ridge flanks with a gentle across-axis 
inclination and overall low rugosity. Slope changes are minor, and ridge-parallel or 
slightly ridge-oblique structures dominate. These attributes are also inherited by 
abyssal hill fabric in older off-axis crust (Goff et al., 2004; Figure 3.3). Magmatic-
tectonic crust is characterized by short ridge and abyssal hill structures that are 
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separated by ridge-oblique valleys (Figure 3.3). Tectonic-dominated crust is 
characterized by the absence of the typical abyssal hill pattern associated with a 
complex slope pattern and a high rugosity (Figure 3.3). 

Some geological units identified as formations are products mainly of deformation, 
such as crust that makes up ‘transpressive ridges’ (Maia et al., 2016) or ‘inside corner 
highs’ (Reston et al., 2002). The crust underlying these areas is considered to have a 
different origin and history compared to undeformed crust, and therefore is assigned 
to different formations. Cataclasite and mylonite are dominant rock types in some of 
these formations. 

3.4.1. Major depositional units 

We have identified 23 different formation types in MOR crust (Table 3.3). They are 
broadly grouped into: 1) volcano formations, 2) spreading center formations, 3) 
tectonized formations, and 4) shear-zone formations. 

The volcano formations (Ov) include 6 different types: 1) cone volcanoes (Ov1), 2) 
shield volcanoes (Ov2), 3) dome volcanoes (Ov3), 4) axial volcanoes (Ov4), 5) volcanic 
fields (Ov5), and 6) volcanic seamounts (Ov6). The cone volcanoes (Ov1) and dome 
volcanoes (Ov3) are ~1 km in diameter and less than 500 m high, mainly originating 
from point source eruptions, and are dominated by pillow and lobate flows but also 
include other depositional facies (breccia, hyaloclastite, lapilli and ash) that can be 
observed at the seafloor. They are generally smaller than the large conical volcanoes 
mapped in volcanic arc and back-arc settings (e.g., Stewart et al., 2022). Shield 
volcanoes (Ov2) and axial volcanoes (Ov4) are several kilometers in diameter and rise 
with gently inclined flanks more than 200 m above the surrounding seafloor. They are 
formed by repeated voluminous eruptions near or on the ridge axis (Fouquet et al., 
1994; Klischies et al., 2019). These volcano types erupt large magma volumes, 
including flows and volcaniclastic material, commonly accompanied by crater or 
caldera collapse. They are similar in size and shape to the shield volcanoes at back-
arc spreading centers (e.g., Stewart et al., 2022). The mapped volcanoes may be intact 
(e.g., Ov4a), rifted (e.g., Ov4b), or lack any evidence of recent eruptions (e.g., relict 
volcanoes, Ov4c). The volcanic fields (Ov5) are large (up to several 10s of kilometers 
in diameter) accumulations of variable dimensions, generally lacking the typical 
conical shapes of other volcanoes; they commonly originate at shield volcanoes and 
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may be surrounded by volcanic ejecta but evidence of individual eruptive centers are 
often not observed. A general term, volcanic seamount (Ov6), is used to designate large 
(up to 1000s of meters high) edifices that may be volcanic in origin (e.g., products of 
intraplate magmatism or a mix of intraplate and MOR volcanism), but lack a clear 
volcano morphology. 

Spreading center formations include crust of the volcanic ridges (Oc1), the rift 
valley floor (Oc2), and the stretched basement (Oc3). All crust of this type is 
characterized by fabric typical of abyssal hills (e.g., Goff et al., 2004; Carbotte et al., 
2006) including spreading-induced normal faulting, volcanic ridges, and smoother 
seafloor plains. This fabric is evident in both gravity and VGG, where positive gravity 
anomalies and steep gradients correspond to the thickened crust of the volcanic ridges. 
The crust of the volcanic ridges (Oc1) includes the products of constructional 
volcanism and subseafloor diking, indicated at the seafloor by fissure eruptions 
(Carbotte et al., 2006). Crust of the rift valley but away from the axial fissures (Oc2) 
is formed by a combination of flanking eruptions and eruptions along growth faults 
and consists of flows and talus strongly affected by subsidence and normal faulting. 
This crust has generally smaller gravity anomalies and lower VGG than the ridge-
axis volcanics. Oceanic crust dominated by stretched basement (Oc3) consists of 
heterogeneously deformed mantle rocks exhumed by tectonic rifting and detachment 
faulting and is characterized by smooth seafloor and negative gravity anomalies (due 
to the thin magmatic crust: Sauter et al., 2013). 

Where the depositional units of the spreading center are clearly of different age 
(e.g., nearer or farther from a spreading center; erupted onto pre-existing flow fields) 
they are designated ‘upper’ and ‘lower’ with lower case “u” and “l”. Where multiple 
units are mapped, the designation ‘middle’, “m”, also may be used. These designations 
facilitate correlation of units over larger areas, including formations that have been 
widely separated by seafloor spreading or other tectonic processes. The ‘upper’ units 
are located on the active spreading center and are affected by on-going magmatic 
accretion and initial tectonic extension. The ‘middle’ units are still within the axial 
valley but are affected by extensive faulting and less active magmatism. The ‘lower’ 
units occur at the ridge flanks, where some tectonic displacement may still occur but 
otherwise only erosion and weathering processes take place. Sampling typically 
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confirms the degree of alteration and weathering (e.g., beginning with 
palagonitization of volcanic glass), sediment infill of cavities and ferromanganese 
crusts on the ‘lower’ formations (Gràcia et al., 1999). 

Crust that originated at a spreading center but has a significant tectonic overprint 
is designated tectonized oceanic crust (Ot). This includes crust with internal 
deformation affected by large faults (throws >100 m, block tilt >10 °) and intense mass 
wasting. At the seafloor, talus, breccia, fault gouge, cataclasites, and densely fractured 
rock bodies are observed. These units lack the typical appearance of volcanic 
formations (bulbous, round shapes) and instead appear angular in DEMs. Where the 
formation can be associated with a specific spreading center, slope breaks strike 
dominantly parallel to the ridge axis. 

Four types of tectonized crust are recognized: tectonized crust on graben walls 
(Ot1), tectonic massifs (Ot2), oceanic core complexes (Ot3), and basement horsts (Ot4). 
Tectonized crust on graben walls (Ot1) is dominated by talus produced by spreading-
induced tectonic extension (e.g., Macdonald et al., 1975; Allerton et al., 1995; Searle 
et al., 2010; Paulatto et al., 2015). Tectonic massifs (Ot2) are uplifted blocks that show 
complex faulting patterns, commonly with an axis-oblique fabric overprinting the 
spreading fabric (Figure I.3). Tectonized crust with an axis-oblique fabric that lacks a 
preferred orientation is designated Ot2a; tectonized crust exposed at inside corner 
highs and clearly related to discontinuity-induced stress is designated Ot2b (Reston 
et al., 2002). Tectonized crust that is part of an oceanic core complex (Ot3) includes 
rocks that were exhumed by long-lived, deeply rooted detachment faults and 
commonly show greenschist facies alteration. They may include rocks of the entire 
crustal section down to mantle peridotite. Basement horsts (Ot4) are isolated blocks 
of deformed crust where opposing detachment faults expose mantle rocks. Such 
structures are well known from parts of the ultraslow spreading Gakkel Ridge and 
Southwest Indian Ridge (Snow et al., 2011; Sauter et al., 2013). 

Clear stratigraphic relations can be established between some of the formations 
from ‘spreading ages’ (after Briais et al., 2000; Escartín et al., 2014; Klischies et al., 
2019), the degree of faulting in units at similar distances from the ridge axis (Escartín 
et al., 2007), or the relative backscatter strength as a proxy for the thickness of the 
sediment cover (Yeo et al., 2016). However, ‘spreading ages’ cannot be applied to much 
of the tectonized crust or shear-zone formations (see below), which typically 
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incorporate rocks of different origins and ages. 

3.4.2. Major structures and related formations 

Deformed crust occupies a large part of the ocean basins. Strike-slip regimes 
associated with ridge discontinuities commonly contain intensely deformed oceanic 
crust and cataclastic units typical of shear-zones. Here, we identify shear-zone 
formations (Dz), as distinct from other tectonized oceanic crust (Ot), by the more 
intense fabric development that commonly completely obscures any pre-existing 
spreading fabric. Most shear-zones strike normal to the ridge axis and are 
characterized by linear gravity lows typical of old, cold crust (Detrick et al., 1995; 
Matthews et al., 2011). Locally, strike-slip faulting is associated with syntectonic 
magmatism and is designated volcanic shear-zone crust (Dz1). This type of crust 
includes massive flows extruded into a shear zone (Dz1a) or pillow lavas and mounds 
(Dz1b). The shear-zone related magmatism is most common, where spreading centers 
have propagated into ridge discontinuities (e.g., at overlapping spreading centers). 
Shear-zone crust that has subsided into a transtensional basin (i.e., in an extensional 
regime) is commonly covered by clastic material of various thickness and lacks obvious 
magmatism (Dz2). This crust has been mapped in nodal basins at the termination of 
ridge segments (Dz2a), in overlap basins between spreading centers (Dz2b), along 
transform valley walls (Dz2c), at the floor of transform valleys (Dz2d), in the walls of 
fracture zones (Dz2e) and at the floor of fracture zone valleys (Dz2f). 

Products of ductile deformation are exposed along many shear zones (Dz3), 
including at ‘transpressive ridges’, which are thrusts developed in transpressional 
strike-slip regimes (Maia et al., 2016). They are characterized by positive flower 
structures and exhumed lower crust, including mylonites and associated 
recrystallized rock units. Transpressional shear zone crust is particularly common at 
nodal massifs (Dz3a) and active (Dz3b) and relict (Dz3c) transpressive ridges. These 
features have high contrast in VGG. Similar formations are also exposed in 
‘transverse ridges’ (active, Dz4a, and relict, Dz4b), which are blocks of back-tilted 
crust adjacent to slow-slip transform faults (Gasperini et al., 2017). Highly deformed 
intra-rift basement blocks (Dz5) occur at the intersection of ridge-ridge-ridge triple 
junctions, as first described in the Hess Deep by Hekinian et al. (1993). 
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3.4.3. Mid-ocean ridge assemblages 

Groups of formations that share the same origins, inferred ages and deformation 
history may be grouped into assemblages (Figure 3.2 and Figure 3.3), similar to 
lithotectonic assemblages in volcanic terranes on land. We distinguish three main 
types of mid-ocean ridge assemblages formed at fast- (magmatic-dominated), slow- to 
intermediate (magmatic-tectonic), and ultraslow- (tectonic-dominated) spreading 
centers (Table 3.4). Shear-zone assemblages include formations of tectonized and 
deformed crust in transform faults and other ridge discontinuities. The formations 
that make up different assemblages may be very similar or even identical, but they 
commonly span a range of different spreading ages in different assemblages. 
Commonly, the age of the crust can be unambiguously classified on magnetic field 
reversals. However, the resolution of magnetic anomalies is limited, especially in 
oceanic crust formed within the last 1 million years, where only the Bruhnes-
Matuyama reversal at 0.78 Ma provides an absolute age (Paulatto et al., 2015). 
Different assemblage types may be in fault contact or depositional contact and, in 
some cases, are separated by major structures and discontinuities. 

3.5. Geological map of the Rodriguez Triple Junction 
To illustrate formation-level mapping of MOR crust, we present a new geological 

map of the RTJ that captures the recent spreading history and crustal growth at a 
ridge-ridge-ridge triple junction. The RTJ is located where three MORs with different 
spreading rates meet: the slow-spreading Central Indian Ridge (CIR), the 
intermediate-spreading Southeast Indian Ridge (SEIR), and the ultraslow-spreading 
Southwest Indian Ridge (SWIR). The triple junction occurs at the intersection of the 
Somalian Plate in the west, the Australian Plate in the east, and the Antarctic Plate 
in the south (Figure 3.4A; Munschy and Schlich, 1989). It has been the subject of 
numerous studies due to its long-term stability spanning the entire history of opening 
of the Indian Ocean (e.g., Tapscott et al., 1980; Patriat and Courtillot, 1984; Munschy 
and Schlich, 1989; Dyment, 1993; Honsho et al., 1996; Gerya and Burov, 2018). The 
stability of the RTJ is related to its T-shape and the different spreading regimes of its 
three arms (Munschy and Schlich, 1989; Gerya and Burov, 2018). The intermediate-
rate SEIR segment is magmatically the most robust, the ultraslow SWIR is dominated 



 

 Remote predictive geological mapping of the mid-ocean ridges: Breakthroughs in 

classification of crustal accretion at the regional scale 

 

59 

 

by rifting with relatively little new crust currently forming, and the slow-spreading 
CIR is characterized by highly variable magmatic-tectonic accretion processes 
(Munschy and Schlich, 1989; Dyment, 1993; Briais, 1995; Honsho et al., 1996; Gerya 
and Burov, 2018). The recent RTJ history also includes a southward jump of the SWIR 
rift tip, which has caused a second-order segmentation of the CIR (Briais, 1995; 
Honsho et al., 1996). 

3.5.1. Methods and data 

A large number of research expeditions have studied the area (e.g., Herzig and 
Plüger, 1988; Munschy and Schlich, 1989; Briais, 1995; Halbach et al., 1995; Honsho 
et al., 1996; Sato et al., 2009; Okino et al., 2015), from which we have compiled a multi-
scale data set, including MBES, backscatter, gravity, magnetics, and direct seafloor 
observations. MBES data (Figure 3.4B) were provided by the INDEX project (INDian 
ocean EXploration project: Barckhausen et al., 2020; Schwarz-Schampera et al., 2020) 
of the Federal Institute for Geosciences and Natural Resources (BGR), which is 
commissioned to investigate the area of the German exploration license for massive 
sulphides allocated by the ISA (International Seabed Authority) in 2015. Since 2011, 
MBES data have been acquired mainly with the Kongsberg Maritime © systems 
EM120 mounted in the old R/V Sonne and EM122 mounted in the new R/V Sonne. 
Compilation and post-processing of the data were carried out as part of the ISA license 
work (Schwarz-Schampera et al., 2020). From the compiled raw data we produced a 
regional-scale DEM and a complementary backscatter mosaic having spatial 
resolutions of 50 m and 40 m, respectively (Figure 3.4B). Direct seafloor observations 
and sampling were conducted during the INDEX project, and supplemented with data 
already in the literature (Figure 3.4B; Lehnert et al., 2000; Sato et al., 2009; Okino et 
al., 2015; Warren, 2016). Bottom stations were mainly on the ridge axes, an oceanic 
core complex at ~25°S on the CIR, and in the vicinity of known hydrothermal fields. 

Figure 3.5 shows the 1:400,000-scale geological map of the RTJ derived from the 
formation types listed in Table 3.3 and Table 3.4. Sixteen different geological 
formations were assigned to the map area of 4,600 km2 surrounding the triple 
junction. The map scale was chosen to emphasize the crust accreted over the last 
1.5 m.y. and the area currently being explored for hydrothermal activity by the 
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INDEX project. Sample locations and seafloor observations are shown in Figure 3.4B. 
Formation types were assigned to most parts of the map by comparing well-studied 
areas (i.e., training areas) to areas where direct observations are lacking (but 
remotely-sensed data are available; type locations for formations in the RTJ map in 
the Supplementary Material Figure I.6.). Sediments were not mapped, thus 
emphasizing the bedrock geology. In general, the pelagic sediment thickness in the 
map area is much less than 10 m, reflecting the young age of the crust and low 
sedimentation rates at low latitudes (Straume et al., 2019). 

Boundaries between formations were drawn where there are clear distinctions in 
the bathymetric or geophysical character of the seafloor and inferred where these data 
are lacking. The certainty of the boundaries depends on their contrast with the 
surroundings (e.g., a discrete slope change at the base of a volcanic cone separating it 
from surrounding flow formations). Structural boundaries typically can be mapped 
with a high degree of certainty (Minár and Evans, 2008). The boundaries are less 
certain between formation types with similar landform elements and where geological 
formations have been levelled over time by sedimentation, weathering, and mass 
wasting (e.g., typical at greater distance from the ridge axis: Allerton et al., 1995; 
Gràcia et al., 1999). Such boundaries are retained as ‘fuzzy boundaries’ of the type 
described by Evans (2012), in order to produce a continuous geological map (see 
below). Unless they are defined by faults, the contacts are interpreted to be 
conformable or disconformable. 

The uncertainty in the map depends on a) the accuracy in assigning a particular 
feature to a geological formation and b) how precisely the mapped feature can be 
delineated. The certainty is greatest, where a variety of different types of remote-
sensing data are used to identify the formations. In this study, the smallest object 
depicted on the full-scale map is 0.09 km2 (300 m in diameter or 6 times the spatial 
resolution of the DEM). The sizes of the polygons vary between an average of 0.47 km2 
for the cone volcanoes (Ov1) and 150 km2 for the oceanic core complexes 
(Ot3:Table 3.5). Excluding individual volcanoes, the average polygon size for the 
mapped area is 24 km2 (0.5 % of the map area). This is significantly more detailed 
than available geological maps dividing the crust by age or by geomorphogical criteria 
(Scheibner et al., 2013; Bouysse and Ségoufin, 2014; Harris et al., 2014) and provides 
a robust basis for spatial interpretations. 
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3.5.2. Mapped formations of the RTJ 

The mapped formations in the RTJ include all four types of mid-ocean ridge crust: 
1) volcano formations (Ov), 2) spreading center formations (Oc), 3) tectonized 
formations (Ot) and 4) shear-zone formations (Dz). Quantitative information on the 
distribution of the main formations are listed in Table 3.5 and Table 3.6. More than 
200 discrete volcanoes were mapped with a total combined area of 133 km2 and an 
average size of <1.6 km2. In general, this density (~50 volcanoes per 1000 km2) is at 
the order of submarine volcanoes mapped in other parts of the oceans (Smith and 
Cann, 1990). The majority are cone volcanoes (Ov1) and dome volcanoes (Ov3) with 
low volumes; larger shield volcanoes, volcanic fields and other volcanic seamounts 
were not observed. 

The spreading center crust (Oc) covers 2504 km2 and accounts for more than 50 % 
of the mapped formations by area. The majority (2249 km2) is either rifted or relict 
spreading center crust (mOc1, mOc2, lOc1 and lOc2). Formations that dominate the 
active portion of the spreading centers (neovolcanic ridges, uOc1, and axial rift valley 
crust, uOc2) cover 255 km2 and account for only 10 % of crust of this type, which is 
typical of slower spreading MORs with limited magma supply. The fresh surfaces of 
the neovolcanic ridges are clearly visible as high reflectivity areas in backscatter data. 
The crust of the rift valley floor (uOc2, mOc2, lOc2) has a low VGG (i.e., thick 
magmatic crust) and abundant normal faulting with low throws (i.e., limited tectonic 
deformation) typical of magmatically robust ridge segments. Stretched basement 
(Oc3), common at ultra-slow spreading MORs, was not observed. Instead, the ultra-
slow spreading rift tip of the SWIR is dominated by tectonized crust (Ot) and faults 
with large throws. However, evidence of recent volcanism (uOc2) nearby (23 km from 
the RTJ) suggests that the crust at this location is in the initial stages of thinning. 
This is consistent with earlier interpretations from GLORIA side scan data (Mitchell 
and Parson, 1993) and magnetic and gravity data (Honsho et al., 1996). Tectonized 
MOR crust covers 1569 km2 and accounts for 34 % of the mapped formations. About 
half is tectonized crust on graben walls (Ot1), typical of intermediate to slow-
spreading rates of MORs. The remaining tectonized crust consists of tectonic massifs 
(Ot2) and oceanic core complexes (Ot3) that occur in a large non-transform 
discontinuity on the ridge flanks of the CIR spreading center, and in the area east of 
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the triple junction. Two prominent oceanic core complexes are exposed adjacent to the 
non-transform discontinuity (‘25°S OCC’ and ‘Uraniwa Hills’: Figure 3.4). The 
widespread tectonism associated with this crust is consistent with the proposed rift 
jump of the SWIR and southward migration of the RTJ to its present position (Briais, 
1995; Honsho et al., 1996). A large, north-south striking fault bound by an extensive 
unit of tectonized crust (Ot1) between ‘Uraniwa Hills’ and the RTJ may be a product 
of this southward migration. Basement horsts (Ot4), more typical of the advanced 
stages of rifting, were not identified in the map area near the tip of the SWIR, but this 
type of formation is common along the SWIR outside the map area (Sauter et al., 
2013). Shear-zone crust occupies 9 % of the map area (413 km2), mostly in 
transtensional shear-zone structures (Dz2) associated with the non-transform 
discontinuity north of the CIR arm. Syntectonic magmatism associated with volcanic 
shear-zone crust (Dz1), typical of other MORs, also does not occur in the map area. 
Instead, the center of the RTJ is characterized by intra-rift basement blocks (Dz5), 
which have positive gravity anomalies indicating the tectonic exhumation of lower 
crustal rocks. 

3.5.3. Mapped structures of the RTJ 

The mapped structures in the RTJ include the ridge axes, non-transform 
discontinuities and their traces, normal faults, detachment faults, and corrugations 
(shown as lineaments in Figure 3.4C). The mapped normal faults (N=1234) are on 
average, 3.9 km long and dominantly parallel to the CIR–SEIR axes (see rose 
diagrams in the Supplementary Material Figure I.7.). The fault fabric is more complex 
along the CIR arm, where the throws are larger compared to the SEIR. Mapped 
lineaments of the non-transform discontinuity lack a preferred orientation, consistent 
with the strike-slip stress regime of the ridge offset. Corrugations of the ‘25°S OCC’ 
are, on average, 6.8 km long. They are much shorter (2.3 km long) at ‘Uraniwa Hills’, 
but an associated detachment fault could be traced for ca. 5 km parallel to the CIR 
axis. Along the SWIR axis, the mapped structures are mainly related to the rift tip 
and tectonized crust on the graben walls (Ot1). 

3.5.4. Mapped assemblages of the RTJ 

The mapped formations of the RTJ are grouped into the four main assemblage types 
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of MORs in Figure 3.6A and Table 3.6. The assigned names are based on major 
tectonic or geographic features they contain. The formations included in the different 
assemblages are broadly similar, but they are demonstrably of different age and 
deformation history. For example, the ‘West Rodriguez assemblage’ and the ‘East 
Rodriguez assemblage’ contain identical basaltic crust but have had different 
spreading histories (Figure 3.5 and Figure 3.6). The ‘West Rodriguez assemblage’, 
which belongs to the Antarctic plate, is located in the corner between the SWIR and 
SEIR, contains spreading center crust and a large number of volcanoes (6 % of the 
assemblage area: Table 3.6), and is partly thinned by the SWIR rift tip. The ‘East 
Rodriguez assemblage’ is located east of the CIR–SEIR axes on the Australian plate, 
contains both spreading center crust and tectonized crust, including the oceanic core 
complex ‘Uraniwa hills’. The differences reflect stronger deformation in response to 
the SWIR rift jump and RTJ migration in the East Rodriguez assemblage, whereas 
the crust of the West Rodriguez assemblage has been largely unaffected. 

The ‘Kaimana assemblage’, which belongs to the Somalian Plate, is located in the 
corner between the SWIR and CIR and also consists of a mixture of tectonized 
formations and spreading center crust (Table 3.5). The ‘Kairei assemblage’ is located 
east of the CIR axis and belongs to the Australian Plate. Both assemblages are 
dominated by formations resulting from magmatic and tectonic spreading (i.e., 
magmatic-tectonic assemblage: Table 3.6). The Kairei assemblage includes spreading 
center formations related to the CIR with a deep axial valley and steep ridge flanks 
but with ridge-parallel fabric that is cut by ridge-oblique to ridge-perpendicular 
structures (e.g., second-order MOR discontinuities). By contrast, the Kaimana 
assemblage includes mainly formations that originated at the SEIR spreading axis 
prior to the SWIR rift jump at 1 Ma. SWIR parallel faults in the Kaimana assemblage 
have spreading ages greater than 1 Ma, which may correspond to the older SWIR rift 
tip (i.e., the ‘Abandoned SWIR rift’: Figure 3.4 and Figure 3.5). The spreading fabrics 
of the Kaimana and Kairei assemblages reflect different deformation histories in 
response to the SWIR rift jump. The largest individual formation of the map area 
(231 km2) is the extinct core complex at 25°S (‘25°S OCC’ in Figure 3.5) in the 
Kaimana assemblage. 

The ‘SWIR rift tip assemblage’ is dominated by crust formed mainly by tectonic 
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extension (i.e., tectonic assemblage: Table 3.6) confined to the rift valley. The 
formations belonging to the SWIR assemblage are all marked by a very high rugosity 
and a complex slope pattern (Figure I.3). 

A sixth assemblage, the ‘Rodriguez Triple Junction assemblage’ consists of the 
different spreading center formations where the three arms of the triple junction 
meet, including shear-zone crust that cannot be assigned to a particular spreading 
center (Supplementary Material Figure I.7.). 

3.6. Quantitative analysis and evolution of the triple 
junction 

Spreading center crust account for 24 to 86 % of the mapped assemblages along the 
CIR–SEIR. Magmatically, this is the most robust arm of the triple junction (Munschy 
and Schlich, 1989; Briais, 1995; Honsho et al., 1996). The volcano density is also 
greatest on the crust that originated at the SEIR axis (3 % and 6 % volcano formations 
of the assemblage area: Table 3.6). Fewer volcanoes are associated with the magmatic-
tectonic crust of the CIR (1 % and 2 % of volcano formations by area), and volcanoes 
are absent in the SWIR assemblage. The SWIR assemblage contains little intact 
spreading center crust (<30 % of the area) and instead is dominated by crustal 
thinning, as suggested by Honsho et al. (1996), and mainly tectonized crust (>70 % of 
the area). The East Rodriguez assemblage also has a high proportion of tectonized and 
shear-zone crust (Table 3.6), as previously noted by Briais (1995), taking up most of 
the deformation in the highly dynamic environment of the triple junction. By contrast, 
the West Rodriguez assemblage has the lowest proportion of tectonized crust (9 %), 
although it formed in the area between the SEIR and SWIR. 

In a number of studies, different types of spreading have been classified in terms 
of the magmatic spreading component M, which reflects the relative importance of 
magmatic accretion and tectonic processes (Buck et al. 2005; Behn et al., 2006; 
Paulatto et al., 2015; Howell et al., 2019). M values of ~1 are assigned to ridge 
segments accreting oceanic crust by continuous, large-scale magmatic activity 
(“Oman-Type” crust: Cannat, 1996; Nicolas et al., 1996; Buck et al., 2005; Standish 
and Sims, 2010). M values of ~0.5 are assigned to crust formed by spreading with 
limited magmatic accretion but strong deformation and detachment faulting that 
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expose lower crustal and mantle rocks at the seafloor (Buck et al., 2005; Howell et al., 
2019). M values between ~1 and 0.5 are assigned to ridge segments characterized by 
both magmatic and tectonic spreading, typical of slow- to intermediate-rate spreading 
centers. M values of ~0 are assigned to crust in shear zones and associated with major 
strike-slip deformation in transform faults, which also have the potential to exhume 
mantle material (Maia et al., 2016). A wide range of rock units are associated with 
segments having different M values, from basaltic flows to dike complexes, gabbroic 
intrusions, exhumed peridotites, serpentinized rocks and strongly deformed rock 
bodies with complex tectonic patterns (Cannat, 1996; Standish and Sims, 2010). 

Paulatto et al. (2015) assigned M values by inspection of across-axis profiles in 
which they measured the displacement caused by tectonic versus magmatic 
spreading. In this study, we have assigned M values to different types of MOR crust 
(Figure 3.3) based on type examples described in the Supplementary Material 
(Figure I.1to Figure I.4). M values of ~1 were assigned to crust that is dominated by 
constructional volcanism (e.g., volcano formations and Oc1). Formations originating 
from magmatic accretion with coincident subsidence and normal faulting were 
assigned M values of 0.9 to 0.95 (e.g., Oc2). M values of 0.7 were assigned to formations 
of magmatic origin, but with a prominent tectonic overprint (e.g., Ot2). M values of 
~0.5 were assigned to rock bodies exhumed by detachment faulting, especially oceanic 
core complexes (Ot3; after Buck et al., 2005) observed in this study. Stretched 
basement (Oc3) and basement horsts (Ot4), not observed in this study, would also 
have M values of 0.5 following Buck et al. (2005). M values of 0 were assigned to 
tectonized crust associated with pure extension (Ot1). By assigning these values to 
the corresponding formations in the RTJ, we were able to investigate the spatial 
distribution and relative importance of different types of crustal accretion for the 
entire map area (Figure 3.6B). 

Buck et al. (2005) argued that M values should vary with spreading rate. Applying 
their criteria to the RTJ, the M values for crust accreted along the intermediate-rate 
SEIR should be close to 1, crust of the slow-spreading CIR should have values between 
0.5 and 1, and crust of the ultra-slow SWIR should have values less than 0.5 
(Table 3.7). We calculated the average M value for each assemblage of the RTJ, 
weighted according to the areas of the formations and their individual assigned M 
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values (see Supplementary Figure I.1 to Figure I.4). The area-weighted M values for 
each assemblage correlate well with the spreading rate of the associated spreading 
center (Table 7). A weighted average M value of ~0.9 was calculated for the SEIR 
assemblages, consistent with the intermediate spreading rate (53 mm/yr) suggested 
by Bartsch (2014). The weighted averages of M=0.66 for the eastern CIR (Kairei 
assemblage) and 0.60 for the western CIR (Kaimana assemblage) are consistent with 
slow spreading rates of 21 and 23 mm/yr, respectively (Bartsch, 2014) and with the 
formation of core complexes near the Kairei hydrothermal field (Okino et al., 2015). 
The weighted average M value of <0.5 calculated for the SWIR assemblage is 
consistent with the crustal thinning proposed by Honsho et al. (1996) and the ultra-
slow spreading rate of 12 mm/yr (Argus et al., 2011). M values from profiles across the 
SEIR and SWIR are consistent with the area-weighted averages for the entire 
assemblages, indicating little variation in crustal growth along-axis. However, M 
values calculated from profiles across the CIR axis differ from the area-weighted 
values for the whole of the Kairei and Kaimana assemblages (Table 3.7), indicating 
variation along the ridge axis as proposed by Howell et al. (2019). 

An estimate of the spreading age of each of the individual polygons of each 
formation is provided in Supplementary Table I.1. The spreading ages were calculated 
for the map centroid of each polygon using the spreading rates from Bartsch (2014) 
and Argus et al. (2011). The centroid position gives an average age for each polygon, 
but the error on the spreading age is greater for formations with larger across-axis 
dimensions than for spatially restricted units. For example, the polygon of the ‘25°S 
OCC’ extends over more than 20 km across-axis, which equals a time span of 
approximately half a million years. This application of spreading ages to the detailed 
map formations enables a much more detailed reconstruction of the recent spreading 
history of the RTJ that can be estimated from magnetic anomalies (Paulatto et al., 
2015). Comparing spreading ages to the assigned M value of the formations and their 
areas also sheds light on changes in the spreading style and the rate of crustal growth 
at the RTJ (Figure 3.6). For example, the sum of the numerical values of M assigned 
to a particular formation type over time is a measure of the relative importance of 
different styles of spreading responsible for the overall crustal growth. Figure 3.6C 
shows the cumulative value of M (i.e., sum of the numerical value assigned to each 
formation in a particular assemblage) over time for each of the four assemblages 
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related to the CIR–SEIR spreading center. Formations of the East Rodriguez 
assemblage older than 1 Ma were dominated by magmatic spreading, seen as a steep 
increase in cumulative M between 1.5 and 1 Ma. Between 1 Ma and 0.6 Ma, the curve 
flattens slightly indicating a greater proportion of tectonic spreading. In contrast, 
growth of the West Rodriguez assemblage shows more tectonic spreading in its early 
history, and then dominantly magmatic spreading from 1 Ma to the present. The 
Kaimana and Kairei assemblages show relatively less magmatic spreading (i.e., 
shallow slopes compared to the East and West Rodriguez assemblages). These changes 
in spreading style also correlate with changes in rates of crustal growth (cumulative 
area of the individual assemblages: Figure 3.6D, see below). 

Studies of magnetic anomalies across the Indian Ocean basin have shown that the 
RTJ has had a long history dominated by different configurations (ridge-ridge-ridge 
and ridge-ridge-fault) and alternating on short time scales (e.g., Dyment, 1993; Briais, 
1995; Honsho et al., 1996). However, the most recent spreading history and variations 
in crustal growth rates on the order of 100,000 years, cannot be resolved by magnetic 
anomalies. The area-age relationships shown in Figure 3.6D can be used to quantify 
the rates of crustal growth in greater detail (e.g., Peucker-Ehrinbrink and Miller, 
2002; Dürr et al., 2005; Wilkinson et al., 2009). Here, we calculate crustal growth from 
the areas of mapped formations and their spreading age (Figure 3.6D). Both the East 
and West Rodriguez assemblages and the Kaimana assemblage show broadly 
continuous crustal growth through time, as previously interpreted (Munschy and 
Schlich, 1989; Briais, 1995; Honsho et al., 1996). However, all three assemblages show 
steps at 1 Ma, 0.6 Ma, and 0.15 to 0.2 Ma. The apparent change in growth of the 
Kaimana assemblage at 0.6 Ma can be related to the oceanic core complex ‘25°S OCC’ 
in the northwestern map area, which was formed over a much longer time period 
(more than half a million years, see above). The steps at 1 Ma and 0.6 Ma correlate 
with changes in spreading style in all three assemblages (Figure 3.6C and Figure 3.7). 
The step changes at 1 Ma coincide with the proposed SWIR rift jump (Honsho et al., 
1996). The change in spreading style at 1 Ma (i.e. the cumulative M value: 
Figure 3.6C) suggests that the East Rodriguez assemblage responded to the SWIR rift 
jump with tectonic deformation, whereas the West Rodriguez assemblage continued 
to grow mainly by magmatic spreading. At 0.6 Ma, crustal growth began along a new 
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CIR spreading segment forming the Kairei assemblage (Figure 3.6D). During this 
time, the CIR spreading segment lengthened and the RTJ migrated southwards, 
shortening the SEIR arm and lowering growth rates in the East and West Rodriguez 
assemblages after 0.6 Ma. The migration of the triple junction along the CIR–SEIR 
axis formed the north-south oriented boundary between the East Rodriguez and 
Kairei assemblage (i.e., the ‘trace of the triple junction’ in Figure 3.7). The trace of the 
triple junction migration is marked by deeply rooted crustal-scale fault zones along 
its path bordering the tectonic massifs and oceanic core complexes (Figure 3.5). 
Uniform crustal growth rates over the past 150,000 to 200,000 years coincide with a 
nearly continuous axial valley along the CIR–SEIR axis that crosses the RTJ. This is 
consistent with a stable triple junction configuration for the past ca. 200,000 years. 

3.7. Conclusions 
Geological mapping from remote sensing data is a reliable way to capture the 

nature of crustal growth at MORs and to reveal geological relationships at a variety 
of scales. We have assembled a comprehensive legend of geological formations at 
MORs that can be used to systematically interpret regional DEMs and other remotely-
sensed data in terms of different crustal types and structures. The legend is a step 
reproducibly interpreting remotely-sensed data as discrete formations, which is a key 
challenge in producing consistent geological maps of the seafloor (Hansen, 2000). The 
workflow captures the complexity of the data to produce a seamless map product that 
algorithms cannot (Behn et al., 2004; Bishop et al., 2012; Evans, 2012; Wölfl et al., 
2019). Application of the legend and workflow to diverse datasets from the RTJ 
identified a complex pattern of crustal growth in the region. Spatial and temporal 
analysis of the mapped formations, including area-age relationships, reveal important 
changes in crustal growth that may lag as much as 400,000 years behind major 
changes in the regional geodynamic setting. In the RTJ, the triple junction migrated 
southward along the CIR–SEIR spreading center from ~0.6 to ~0.2 Ma, in response to 
a southward jump in the position of the SWIR rift at 1 Ma. Step-changes in crustal 
growth in response to these reconfigurations of the triple junction correlate with 
changes in spreading style and with regional hydrothermal activity and provide a 
useful guide for targeting undiscovered resources in the area. 
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The occurrence of hydrothermal venting at the RTJ can be directly linked to the 
evolution of the triple junction. Current hydrothermal venting has taken advantage 
of crustal-scale structures formed during much earlier episodes of crustal growth and 
changes in the stress field of the RTJ. The Kairei and Yokoniwa (Gamo et al., 2001; 
Fujii et al., 2016) are located in the Kairei assemblage far from the ridge axis and on 
crust that has spreading ages of ~0.5 Ma (Kairei) and ~1 Ma (Yokoniwa). The Kairei 
vent field is located in an area of crust with significant magmatic accretion (‘Hukuhu 
Knoll’ in Figure 3.5 after Fijii et al., 2016), but is surrounded by formations of 
tectonized crust including exhumation of lower crustal rocks. The Yokoniwa field is 
located in an area of inside corner massifs and oceanic core complexes that occur along 
the trace of the triple junction (see above). 

These off-axis locations suggest deeply-rooted crustal-scale pathways for 
hydrothermal fluid circulation that likely opened as a result of the reconfigurations of 
the triple junction at these intervals. The crust hosting the Yokoniwa field is of the 
same age as the SWIR rift jump and the formations surrounding the Kairei 
hydrothermal field have spreading ages that coincide with the onset of magmatic 
accretion along the newly formed CIR segment. The Kaimana hydrothermal field 
(Schwarz-Schampera et al., 2020) is located in crust with spreading ages of ~0.4 Ma 
in the Kaimana assemblage. Here, the crust consists of tectonized formations thinned 
by the SWIR rift tip, opening new crustal-scale pathways for hydrothermal 
circulation. 
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Table 3.1. Overview of different remote sensing methods and the imaged seabed property at 
different scales (G=global, R=regional, L=local) used for geological mapping. 

* Secondary or modelled properties in brackets. 
 
  

Method Detected property* Scales Strengths and weaknesses 
MBES Bathymetry, DEM 

(Backscatter) 
R + common tool 

+ good accuracy and precision 
+ well established workflows 

  L + good accuracy 
+ well established workflows 
– navigation adjustment 
required 

Side scan Acoustic reflectance, 
(Bathymetry, DEM) 
 

R, L + large coverage at high 
resolution 
– towed system 
– navigation adjustment 
required 

Gravity Distribution of mass, 
Direction of gravity 
(Bathymetry) 

G, R, L + subsurface information 
– sensitive equipment 
– extensive post-processing 

Magnetics Strength of magnetic field 
Direction of 
magnetization 

G, R, L + subsurface information 
– extensive post-processing 

Electromagnetics Conductivity R, L + subsurface information 
– sensitive equipment 
– extensive post-processing 

Photomosaics Colour, electromagnetic 
spectrum (Bathymetry) 

L + similarity to “human eye” 
– absorption of light in water 
– navigation adjustment 
required 
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Table 3.2. Comparison of the availability of data for seafloor geological mapping, including 
mappable units, and relationship to depositional hierarchy at different map scales. 

Global 
scale 

Regional 
scale 

Local scale Site scale Outcrop 
scale 

1:10,000,000 1:1,000,000 1:500,000 1:25,000 1:100 
Data available 

---- Satellite altimetry ----     
 ---------------- Ship-borne MBES ----------------   
   ----------- Near-seafloor MBES ----------- 
     Visual 

observation 
Age constraints 

Magnetic anomalies, 
sediment thickness, 

benthic fossils. 

Spreading ages, backscatter 
strength, relative 

positioning, degree of 
faulting. 

Backscatter strength, 
relative positioning, 
degree of faulting. 

Mappable units 
Mid-ocean 
ridges, 
ocean 
basins 
(abyssal 
plains), 
subduction 
zones, 
intraplate 
volcanoes, 
hot-spot 
volcanoes 

Fast-, 
intermediate-, 
slow-, ultra-
slow-
spreading 
mid-ocean 
ridges, 
transform 
faults, 
fracture 
zones, second-
order 
discontinue-
ties 
 

Seamounts, 
volcanoes, 
neovolcanic 
zones, axial 
volcanic 
ridges, axial 
summit rises, 
different types 
of 
discontinuities, 
faults, scarps, 
lineaments, 
axial or shield 
volcanoes, 
oceanic core 
complexes, 
inside corner 
highs, 
ultramafic 
massifs, nodal 
basins, nodal 
massifs, mass 
wasting, 
sedimented 
basins 
 

Flat-topped 
volcanoes, 
(inner) rift 
valleys, 
hummocky 
volcanoes, 
volcanic 
ejecta, 
drained 
lava lakes, 
eruptive 
fissures, 
detachment 
surfaces 

Sheet 
flows, 
lobate 
flows, 
pillow 
flows, lava 
flow fronts, 
pillow 
mounds, 
collapse 
pits, lava 
channels, 
pressure 
ridges, 
blocky 
terrain, 
sedimented 
depressions 

(Collapsed) 
sheet flows, 
lava pillars, 
lobate flows, 
massive basalt 
flows, gabbro, 
talus, debris, 
rubble, 
breccias, fault 
gouge, 
(serpentinized) 
peridotite, 
sediment 
types, 
alteration 
styles 

Depositional hierarchy* 
Province Assemblage Formation Fm. subtype Member Bed 

* adapted from Murphy & Salvador (1999). 
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Table 3.3. Geological legend of formation types and subtypes used for mapping of MORs. 

VOLCANO FORMATIONS (Ov) 
Cone volcano (Ov1) 

Intact cone volcano (Ov1a) 
Cone-shaped edifice composed of flows and volcaniclastic material, commonly with a 
summit crater (0.4–3km diameter) 
Rifted cone volcano (Ov1b) 
Cone volcano disrupted by normal faults and mass wasting 

Shield volcano (Ov2) 
Intact shield volcano (Ov2a) 
Mound-shaped edifice composed of massive lava flows and volcaniclastic material 
extruded onto oceanic crust, commonly with a central caldera (>2km diameter, >200m 
height) 
Rifted shield volcano (Ov2b) 
Shield volcano disrupted by normal faults and mass wasting 

Dome volcano (Ov3) 
Intact dome volcano (Ov3a) 
Dome-shaped edifice with a flat top composed of lava flows and volcaniclastic 
material (0.4–3km diameter; up to 300m high) 
Rifted dome volcano (Ov3b) 
Dome volcano disrupted by normal faults and mass wasting 
Hummocky volcano (Ov3c) 
Irregularly shaped dome volcano composed of stacked pillow lavas extruded onto 
oceanic crust 

Axial volcano (Ov4) 
Intact axial volcano (Ov4a) 
Shield volcano at a ridge axis, typically with an axis-parallel cleft or caldera  
Rifted axial volcano (Ov4b) 
Axial volcano dissected by axial graben or inner rift valley faults 
Relict axial volcano (Ov4c) 
Axial volcano split by normal faults and disrupted by mass wasting (commonly in two 
halves on opposite sides of a rift valley or ridge axis) 

Volcanic field (Ov5) 
Flanking volcanic field (Ov5a) 
Broad area of lava flows surrounding a defined volcanic center (a volcano or ridge 
axis) 
Off-axis volcanic field (Ov5b) 
Broad area of lava flows extruded onto mature (off-axis) oceanic crust, possibly from 
multiple vents or an undefined volcanic center 

Volcanic seamount (Ov6) 
Volcanic edifice of undetermined origin 

SPREADING CENTER FORMATIONS (Oc) 
Upper 
Neovolcanic ridge (uOc1) 

Axial high (uOc1a) 
Broad, elongated rise (>10km long) of massive lava flows at the ridge axis, commonly 
extruded from a single fissure vent and marking the active  
spreading center 
Axial volcanic ridge (uOc1b) 
Broad ridge (200–400m high; up to 30km long) of stacked pillow mounds and 
volcaniclastic material extruded from multiple fissures or point-source vents marking 
the active spreading center  
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Table 3.3. continued. 
Axial rift valley crust (uOc2) 

Axial summit trough (uOc2a) 
Young drain-back feature along the crest of an axial high, commonly with fissures 
Inner rift valley crust (uOc2b) 
Undivided oceanic crust in the inner rift valley of an active spreading center 

Axial stretched basement (uOc3) 
Smooth area of basement rocks exposed close to the axis of tectonic-dominated spreading, 
commonly composed of serpentinized peridotite and bound by detachment faults 
Middle 
Proximal volcanic ridge (mOc1) 
Elongated volcanic edifice or coalesced ridges adjacent to an active magmatic-dominated 
spreading center, commonly bound by axis-facing normal faults 
Proximal rift valley crust (mOc2) 
Faulted rift valley crust beyond the inner rift valley, commonly cut by normal faults typical 
of magmatic-tectonic spreading 
Lower 
Distal volcanic ridge (lOc1) 

Relict volcanic high (lOc1a) 
Elongated edifice or coalesced ridges on or beyond the ridge flank composed of 
massive lava flows, commonly with outward-dipping volcanic growth faults (may 
include products of off-axis volcanism) 
Relict volcanic ridge (lOc1b) 
Elongated edifice or coalesced ridge on or beyond the ridge flank, composed of pillow 
basalt, talus, and sediment, disrupted by normal faults, commonly tilted away from 
the spreading axis (may include products of off-axis volcanism) 

Distal rift valley crust (lOc2) 
Flanking tectonic crust (lOc2a) 
Faulted rift valley crust on or beyond the ridge flank of a magmatic spreading center, 
commonly cut by normal faults with low throws and obscured by sediment cover 
Relict rift valley crust (lOc2b) 
Faulted rift valley crust on or beyond the ridge flank of a magmatic-tectonic 
spreading center, commonly cut by normal faults and obscured by sediment cover 

Distal stretched basement (lOc3) 
Smooth area of basement rocks on or beyond the ridge flank, composed of serpentinized 
peridotite with sediment cover, commonly bound by detachment faults 

TECONIZED CRUST (Ot) 
Tectonized crust on graben walls (Ot1) 
Deformed oceanic crust, including cataclasites, fault gouge, and products of mass wasting 
relating to spreading-induced tectonic extension, adjacent to faults commonly dipping 
towards the ridge axis 
Tectonic massif (Ot2) 

Tectonized crustal block (Ot2a) 
Uplifted block of tectonized mafic to ultramafic rocks, cataclasites and products of 
mass wasting, with complex faulting patterns overprinting the spreading-induced 
fabric and large-throw high-angle faulting 
Inside corner massif (Ot2b) 
Tectonized crustal block at an inside corner high adjacent to a ridge axis 
discontinuity, commonly with grid faulting 

Oceanic core complex (Ot3) 
Axial core complex (Ot3a) 
Tectonized rocks of the entire crustal section and serpentinized peridotite, exhumed 
by a detachment fault on a corrugated surface adjacent to an active spreading center  
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Table 3.3. continued. 
Relict core complex (Ot3b) 
Core complex with a corrugated, domed surface beyond the outer rift valley, 
commonly with a sediment cover 

Basement horst (Ot4) 
Axial basement horst (Ot4a) 
Detachment-bound block composed of serpentinized, heterogeneously-deformed 
peridotite, commonly with rafted fault blocks, on or adjacent to an active spreading 
center 
Relict basement horst (Ot4b) 
Basement horst on of beyond the ridge flank, commonly with block faulting and 
sediment cover 

SHEAR-ZONE FORMATIONS (Dz) 
Volcanic shear-zone crust (Dz1) 

Volcanic high tip (Dz1a) 
Elongated edifice or rise, commonly curved, composed of massive lava flows extruded 
by syntectonic magmatism coincident with shearing (e.g., transtensional stress 
regime of an axis discontinuity) 
Volcanic ridge tip (Dz1b) 
Elongated edifice or ridge, commonly curved, composed of stacked pillow mounds and 
volcaniclastic material extruded by syntectonic magmatism coincident with shearing, 
commonly cut by low-throw curved faults 

Transtensional shear-zone crust (Dz2) 
Nodal basin (Dz2a) 
Deformed and subsided oceanic crust with an intense secondary fault fabric in nodal 
basins within a ridge discontinuity, commonly obscured by sediments 
Overlap basin (Dz2b) 
Deformed and subsided oceanic crust in an overlapping spreading center or its off-
axis trace, commonly bound by volcanic shear-zone crust and overprinted by pillow 
mounds 
Transform valley wall (Dz2c) 
Deformed crust exposed with an intense secondary fault fabric along a 
transform-scale escarpment cutting through the abyssal hill pattern  
Transform valley (Dz2d) 
Deformed oceanic crust, commonly transform valley wall, obscured by thick sediment 
Fracture zone valley wall (Dz2e) 
Deformed oceanic crust with an intense secondary fault fabric in the trace of a 
transform fault exposed along a basin-scale escarpment cutting through the abyssal 
hill pattern 
Fracture zone valley (Dz2f) 
Deformed crust, commonly fracture zone valley wall, obscured by thick sediment and 
mass wasting products 

Transpressional shear-zone crust (Dz3) 
Nodal massif (Dz3a) 
Uplifted, fault-bound blocks of deformed oceanic crust with an intense secondary fault 
fabric in an axis discontinuity (or its trace) 
Transpressive ridge (Dz3b) 
Elongated thrust blocks of deformed oceanic crust, including cataclasites and 
mylonites, with an intense secondary fault fabric, commonly in an active transform 
fault 
Relict transpressive ridge (Dz3c) 
Transpressive ridge in a transform fault trace  
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Table 3.3. continued. 
Transverse shear-zone crust (Dz4) 

Transverse ridge (Dz4a) 
Elongated back-tiled block of deformed oceanic crust with an intense secondary fault 
fabric related to translational shearing along a transform fault 
Relict transverse ridge (Dz4b) 
Transverse ridge obscured by extensive mass wasting 

Intra-rift basement block (Dz5) 
Fault-bound block of heterogeneously-deformed crust and mantle rocks, commonly at the 
center of a ridge-ridge-ridge triple junction 
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Table 3.4. Overview of assemblage types for mid-ocean ridges. 
ASSEMBLAGE TYPE* AND DESCRIPTIONS 

Magmatic assemblage 
Layered oceanic crust, including sequence of peridotite, layered and foliated gabbro, sheeted 
dykes, pillow basalt and other extrusive volcanic rocks. 
Magmatic-tectonic assemblage 
Deformed oceanic crust including partially layered magmatic rocks, sheeted dykes, lower 
crustal intrusions (gabbro), and uplifted lenses of (serpentinized) ultramafic rocks. 
Tectonic assemblage 
Deformed oceanic crust that lacks clearly layered volcanic sequences and may include 
exhumed ultramafic rocks with widespread faulting. 
Shear-zone assemblage 
Strongly deformed oceanic crust including cataclasite and mylonite with exhumed mantle 
and lower crust possible. 
* Assemblages are groups of formations of the same origin, inferred ages and 
deformation history. 
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Table 3.5. Quantitative data derived from mapped formations of the RTJ. 
Formation type Abbreviation N Area [km2] Average size 

[km2] 
Cone volcano Ov1 181 86 0.5 
Shield volcano Ov2 0 0 0 
Dome volcano Ov3 46 42 0.9 
Axial volcano Ov4 3 5 1.6 
Volcanic field Ov5 0 0 0 
Volcanic seamount Ov6 0 0 0 
Neovolcanic ridge uOc1 2 5 3 
Axial rift valley crust uOc2 6 250 42 
Axial stretched basement uOc3    
Proximal volcanic ridge mOc1 2 57 29 
Proximal rift valley crust mOc2 6 395 66 
Distal volcanic ridge lOc1 39 873 22 
Distal rift valley crust lOc2 29 924 32 
Distal stretched basement lOc3 0 0 0 
Tectonized crust on graben 
walls Ot1 61 709 12 
Tectonic massif Ot2 20 560 28 
Oceanic core complex Ot3 2 301 150 
Basement horst Ot4 0 0 0 
Volcanic shear-zone crust Dz1 2 6 3 
Transtensional shear-zone crust Dz2 14 210 15 
Transpressional shear-zone 
crust Dz3 6 151 25 
Transverse shear-zone crust Dz4 0 0 0 
Intra-rift basement block Dz5 2 46 23 
Total   421 4619 11 

‘N’ refers to the total number of polygons of each formation in the mapped area and 
‘Area’ refers to the total area of all polygons of the respective formation type. 
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Table 3.6. Sizes and compositions of the main assemblages of the RTJ. 
 

   Proportions of different formations  
Half-spr. 

rate * 
[mm/yr] 

Total 
area 
[km2] 

Ov 
[km2] 

Oc 
[km2] 

Ot 
[km2] 

Dz 
[km2] 

Ov 
[%] 

Oc 
[%] 

Ot 
[%] 

Dz 
[%] 

Kaimana 
(magmatic-
tectonic) 

23 1175 21 366 612 177 2 31 52 15 

Kairei 
(magmatic-
tectonic) 

21 438 6 206 97 129 1 47 22 29 

West 
Rodriguez 
(magmatic) 

26 1007 60 861 86 0 6 86 9 0 

East 
Rodriguez 
(magmatic) 

26 1608 42 990 556 20 3 62 35 1 

SWIR tip 
(tectonic) 

6 299 0 81 219 0 0 27 73 0 

RTJ 
(shear-zone) 

0 91 4 0 0 87 4 0 0 96 

Total  4619 133 2504 1569 413 3 54 34 9 
*Half-spreading rates from Bartsch (2014) and Argus et al. (2011). 
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Table 3.7. Summary of assigned M values (proportion of magmatic spreading) for different 
assemblages of the RTJ (see text for explanation). 
Assemblage A) Expected 

M 
B) M from cross 
sections 

C) Area-weighted M values from this 
study 

East 
Rodriguez 
West 
Rodriguez 

SEIR ~1 0.88 
0.87 

Lower East Rodriguez 
Lower West Rodriguez 
Upper and middle East to West 
Rodriguez 

0.90 
0.89 
0.89 

Kairei 
Kaimana 

CIR ~0.5 – 
<1 

0.66 
0.60 

Lower Kairei 
Lower Kaimana 
Upper and middle Kairei and 
Kaimana 

0.88 
0.79 
0.49 

SWIR Tip SWIR <0.5 0.36 SWIR assemblage 0.40 
(A) expected values based on spreading rate, (B) calculated values from across-axis 
profiles (following Buck et al., 2005), and (C) area-weighted values of individual 
formations from the whole of the map sheet (this study). 
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Figure 3.1. A) Global map of the openly accessible GMRT grid (Ryan et al., 2009). The GMRT 
grid makes ship-borne MBES data (light hue) available for more than 45 % of the oceanic spreading 
centers (shown as white lines, compiled by GEOMAR), and additional MBES data is openly shared 
on other online platforms, such as PANGAEA (Data Publisher for Earth and Environmental 
Science: www.pangaea.de), the Japan Oceanographic Data Center (JODC: www.jodc.go.jp) or the 
National Centers for Environmental Information (NCEI: www.ngdc.noaa.gov). B) Satellite-based 
interpreted bathymetry from the global gravity model of Sandwell et al. (2014) is used for regional-
scale mapping at 1:1,000,000. C) Ship-based MBES data is used for mapping at 1:500,000 to 
1:100,000 (local scale). D) Near-seafloor imaging (e.g., from submersibles or ROVs) and seafloor 
sampling is used at the outcrop scale. E) Example of a geological map of volcano formations on the 
Mid-Atlantic Ridge (MAR), based on MBES data after Smith and Cann (1990). F) Example of a 
geological map of volcano formations and volcanic flow facies on the MAR after Searle et al. (2010), 
based on MBES and side-scan data. G) Example of the distribution of lava morphologies over the 
Lucky Strike axial volcano and the surrounding rift valley on the MAR after Escartín et al. (2014). 
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Figure 3.2. Type sections through different oceanic crust assemblages. 
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Figure 3.3. Representative DEMs and VGG for different assemblage types at mid-ocean ridges. 
Examples and M values from Buck et al. (2005) are indicated. 
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Figure 3.4. A) Plate configuration of the Rodriguez Triple Junction in the central Indian Ocean 
(see globe inset) with GRMT (Ryan et al., 2009) and INDEX (INDEX project) bathymetry in the 
background shaded with the Terrain Texture Shader (TTS; Brown, 2010). B) Ship-based 
bathymetry with seafloor observations and sampling locations (Schampera et al., 2020; Lehnert et 
al., 2000; Okino et al., 2015; Sato et al., 2009; Warren, 2016). C) Lineament map of the RTJ area. 
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Figure 3.5. Geological map of the area surrounding the Rodriguez Triple Junction, Central 
Indian ocean, including 16 formation types recognized in the compiled bathymetric and other 
remote-sensing data. The slow-spreading Central Indian Ridge (CIR), the intermediate-spreading 
Southeast Indian Ridge (SEIR) and the ultra-slow Southwest Indian Ridge (SWIR) are labeled. 
Individual formation subtypes are described in Table 3.3. The stars mark the locations of three 
hydrothermal fields: Yokoniwa, Kairei, and Kaimana. 
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Figure 3.5. continued. 
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Figure 3.6. A) Summary map of the geological assemblages of the Rodriguez Triple Junction: 
the East and West Rodriguez assemblages (dominantly magmatic), the Kaimana and Kairei 
assemblages (magmatic-tectonic), and the SWIR assemblages (dominantly tectonic). B) M values 
assigned to mapped formations and centroids of formation polygons coloured according to their 
estimated spreading ages (distance from the SEIR, CIR, and SWIR, respectively for the East and 
West Rodriguez assemblages, the Kaimana and Kairei assemblages, and the SWIR assemblages 
with half-spreading rates from Bartsch, 2014, and Argus et al., 2011). C) Cumulative magmatic 
spreading component M over time, where a steep gradient represents a dominantly magmatic 
spreading style. D) Cumulative area of formations among different assemblages over time 
representing crustal growth rates. The attribute Table of the centroids is given in the 
supplementary material including assigned M values and the area of formations (Table I.1). The 
grey bands in C and D highlight the changes in crustal growth rates and styles at 1.0 Ma, 0.6 Ma, 
and 0.2 Ma.  
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Figure 3.7. Illustration of the evolution of the Rodriguez Triple Junction through time (grey 
rectangle refers to the RTJ map extent in Figure 3.4 and Figure 3.5). 
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4. Assessing the geology of the INDEX Area and 

guides for systematic exploration for 

hydrothermal deposits 
In this chapter, systematic geological mapping from remote sensing data at 

regional to outcrop scale is used to assess the magmatic-tectonic fabric of mid-ocean 
ridge crust in the ‘INDEX Area’ in the central Indian Ocean. Geological maps at 
different scales are used to characterize the settings of hydrothermal venting in the 
area, to assess their resource potential and to target exploration for similar 
environments in unexplored terrain of the INDEX Area. The presented methods and 
results were developed in the frame work of the INDEX-project (Indian Ocean 
Exploration project) led by the BGR. 

The manuscript is currently under review for publication in a Springer Nature 

book. 
 

Book chapter: Klischies, M., Petersen, S., Graber, S., Hannington, M.D. (in prep.). 
Assessing the geology of the INDEX Area and guides for systematic exploration for 
hydrothermal deposits. In: Schwarz-Schampera, U. (Ed.). Indian Ocean 
Exploration For Seafloor Massive Sulphides (in prep.). Springer Nature. Doi.org/ 

 

The processed bathymetry data were provided by the BGR (Schwarz-Schampera et 
al., 2020). The doctoral candidate conducted the geological interpretation in close 
cooperation with Sebastian Graber. The presented analysis and figures are the work 
of the doctoral candidate, who also drafted the manuscript and authored it to the 
presented version. 

  



 

 

 

102 
 

Abstract 

The Federal Institute for Geosciences and Natural Resources (BGR) applied for and 
was granted a contract area for the exploration for polymetallic seafloor massive 
sulphides (SMS) in the central Indian Ocean. The ’INDEX Area’ (Indian Ocean 
Exploration for Seafloor Massive Sulphides), comprises 12 clusters of license blocks 
extending over 10,000 km2 of seafloor that will need to be explored for the presence of 
active and extinct SMS deposits by the end of the license contract in 2030. As SMS 
deposits commonly outcrop only over a few hundred square meters, a major challenge 
is to locate favourable settings for the deposits within the license blocks in the contract 
time. 

This project uses geological mapping to characterize the settings and resource 
potential of known hydrothermal deposits and then applies these data to target 
exploration at larger scales. The geological maps are produced from regional multi-
scale remote sensing data, local-scale ship-based bathymetry and site-specific high-
resolution, near-seafloor surveys. Ground-truthing based on visual observations and 
sampling data at the outcrop-scale is essential to validate the mapping. 

Formation-level maps at the scale of 1:500,000 are the most applicable when 
characterizing the geological settings of hydrothermal activity at the scale of the 
license area and to target favourable settings for SMS where only remote-sensing data 
are available. Site-specific maps at the scale of 1:25,000 link ground-truthing 
observations and are most applicable for locating seafloor surveys to validate SMS 
targets. 

From the maps, four different settings have been identified as favourable for 
different types of SMS. The ’rifted axial volcano’ and ’inner rift valley floor’ settings 
commonly contain hydrothermal activity, but they are unlikely to host large deposits 
of economic interest. The ’axis-oblique, tectonic’ setting and the ’off-axis volcanic field’ 
setting have the greatest potential to host substantial SMS deposits, because they 
form in relatively stable crust at locations that can sustain long-lasting hydrothermal 
activity necessary for sulphide accumulation. The ‘axis-oblique, tectonic’ setting 
commonly contains exhumed lower crust and typically hosts deposits enriched in 
copper. This setting includes tectonic massifs and oceanic core complexes such as 
those in contract area’s clusters 04 and 05. These key formations also occur in clusters 
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07 and 09, where currently only limited near-seafloor and ground-truthing data are 
available. The ‘off-axis volcanic field’ setting is favourable for large-scale magmatic-
hydrothermal systems that may produce large SMS deposits and has been mapped in 
clusters 12 and 01. 

4.1. Introduction 
The Federal Institute for Geosciences and Natural Resources (BGR) holds a 

contract area for the exploration for polymetallic seafloor massive sulphides (SMS) in 
the central Indian Ocean. The ’INDEX Area’ (Indian Ocean Exploration for Seafloor 
Massive Sulphides), comprises 12 clusters of individual license blocks (each 10 km × 
10 km) that cover 10,000 km2 of seafloor (Figure 4.1). These license blocks are being 
explored in the search for potential seafloor massive sulphide (SMS) deposits 
(Figure 4.2), including ocean crust research, oceanographic investigations, 
biodiversity studies and other aspects of marine scientific research. 

The INDEX Area covers the axes of two mid-ocean ridges (MORs), the Central 
Indian Ridge (CIR) and Southeast Indian Ridge (SEIR) north and south of the 
Rodriguez Triple Junction (RTJ; at 70°E 25°S) (Figure 4.1). Both are spreading at 
intermediate to slow rates (CIR: 4.5–5.0 cm/year, SEIR: 5.3–6.1 cm/year, Argus et al., 
2011 and Bartsch, 2014). These spreading rates are known to favour the development 
of long-living hydrothermal systems with the potential to form large SMS deposits 
(German et al., 2016). MORs with these spreading rates are typically characterized 
by a significant portion of tectonic extension and in some places only limited magmatic 
accretion, which limits the direct magmatic heating of the crust but promotes deep 
circulation of hydrothermal fluids (Buck et al., 2005; German et al., 2016). Magmatic 
activity is focused in the neovolcanic zone along the MOR axis, which is typically 
targeted in the search for hydrothermal deposits (German et al., 2016; Petersen et al., 
2016). However, this exploration approach neglects the possible diversity of 
magmatic-tectonic settings that may be favourable for hydrothermal activity in slow- 
to intermediate spreading rate MORs (Briais et al., 2000; Buck et al., 2005), including 
off-axis areas that are estimated to host the majority of SMS deposits globally 
(German et al., 2016). 

Although SMS deposits are actively forming at hydrothermal vents, currently 
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inactive or completely extinct hydrothermal sites are potentially the most favourable 
locations for significant SMS accumulation (Jamieson et al., 2020). The latter lack the 
diverse fauna known from most active vent sites, and therefore may be prioritized 
when considering potential future mining targets (Koschinsky et al., 2018). By the 
end of 2019, nine actively venting and two inactive hydrothermal deposits were 
confirmed in the INDEX Area (Table 4.1). The Kairei and the Edmond hydrothermal 
fields were identified earlier (Gamo et al., 2001; Gallant and Von Damm, 2006), while 
the others have been discovered in the course of the INDEX project. Two additional 
inactive occurrences (Sonne: Halbach et al., 1998, and Yokoniwa: Fujii et al., 2016) 
are located in the same area, but outside the BGR’s licensed blocks. They are included 
in the analysis here (Table 4.1) to better capture the full spectrum of SMS deposits in 
the area. 

Exploration of large areas of seafloor for SMS deposits of this type requires the use 
of remote sensing data, including multibeam echosounder (MBES) bathymetry 
(Table 4.2 and Table 4.3). These data can be efficiently transformed into targeting 
criteria by geological mapping that recognizes the most favourable settings for the 
deposits. This study produced geological maps from remote sensing data across a 
number of different scales for the INDEX Area and around the known hydrothermal 
occurrences. Geological maps are key information tools for land-based exploration of 
mineral resources, to identify permissive areas for mineralization and to guide more 
detailed surveys. However, geological maps of the seafloor are scarce, limited in their 
coverage, or have a spatial resolution that is not applicable to the scale of the targeted 
formations or mineral deposits (e.g., Chapter 3). 

We produced geological maps of the INDEX project at different scales (regional, 
local, and site-specific) that correspond to different geological units (assemblages, 
formations, members, flow units: Figure 4.3). The maps contain crucial information 
about the geological setting of hydrothermal circulation, including the potential heat 
source, host-rock lithology, fluid pathways, and entrapment mechanisms. Key units 
that are spatially and temporally associated with hydrothermal activity are 
recognized that can be used to define target areas of a size that can be efficiently 
explored by near-seafloor mapping tools. This was made possible by the unique, multi-
scale data set available to the INDEX project due to the advanced stage of exploration 
for SMS deposits in the contract area. 
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4.1.1. Data integration 

The INDEX data set includes both geophysical data and direct seafloor 
observations. The geophysical (especially multibeam echosounder, MBES) data image 
(geological) seafloor properties over large areas (Table 4.2) and provide the coverage 
needed for a coherent geological map. The seafloor observations and sampling provide 
critical ground-truthing, but are restricted to individual geological (point) features or 
single tracks (Table 4.3). Together, these data were assembled in a common database 
(Table 4.4) in geographic information system (ArcGIS© by Esri), which was also used 
to produce the geological maps presented here. Data were georeferenced and mapping 
was conducted in the World Geodetic System (WGS84) reference frame. Area 
calculations are conducted in the World-Behrmann-Projection (ESRI:540179, 
www.epsg.io). 

The used data include global data sets derived from satellite-based gravity 
measurements (Sandwell et al., 2014) used to map at the level of assemblages 
(1:1,000,000 or smaller; see below). High-resolution data are acquired from research 
vessels or underwater platforms and provide an amount of detail to map at the local-
scale (1:500,000; formation and member level) down to the site-scale (1:25,000 or 
higher; flow level). Near-seafloor platforms include the towed Homeside (HMS) and 
Stromer (STR) platforms (both operated by the BGR), the autonomous underwater 
vehicle AUVAbyss 6000 (operated by GEOMAR; Linke and Lackschewitz, 2016), and 
the remotely operated vehicles (ROVs) ROPOS (operated by the Canadian Scientific 
Submersible Foundation CSSF), Kiel6000 (operated by GEOMAR), and Victor 
(operated by IFREMER). High-resolution data and visual observations from 
underwater platforms provide essential ground-truthing of geological formations at 
the outcrop scale. These observations rely on positioning from acoustic networks (e.g., 
ultra-short baseline navigation, USBL) and navigation adjustment during post-
processing (e.g., Klischies et al., 2018; Schwarz-Schampera et al., 2020). Visual 
inspection of the seafloor is also highly restricted in its spatial coverage leaving vast 
areas of the seafloor unexplored (Figure 4.4). ROVs are the preferred ground-truthing 
device, as they broadcast high-resolution video footage in real-time from the seafloor 
directly to the surface vessel, can be actively steered, and their position is accurately 
determined using acoustic navigation networks (e.g., USLB). Further, ROVs are 
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equipped to allow for controlled, active seafloor sampling with a high precision from 
an identified geological context. 

4.1.2. Geological mapping 

The hierarchy of map units used in the geological legend of the INDEX area was 
adapted from the standard depositional classification scheme of the International 
Commission on Stratigraphy (Murphy and Salvador, 1999; see the common geological 
legend for mid-ocean ridges: Chapter 3).  

Assemblages distinguish four discrete types of oceanic crust that share a similar 
magmatic-tectonic origin (see the common geological legend for mid-ocean ridges: 
Chapter 3). The next rank, the formation level, distinguishes 18 different formation 
types and 39 formation subtypes that discriminate spatially and/or temporally 
distinct rock units (Murphy and Salvador, 1999; Stewart et al., 2022; Chapter 3 for 
detailed unit descriptions and criteria). Formations represent the main geological map 
level in the INDEX project, because they were mappable for the entire license area 
and allow for targeting of near-seafloor surveys. 

At the local and site scale, we include members and flow units as lower depositional 
ranks that identify different types of volcanic, tectonic, and depositional facies 
(Figure 4.3; supplementary Table II.1). Some units may extend across formation 
boundaries; for example, a volcanic hummock field belonging to a neovolcanic ridge 
formation may overlap axial rift valley crust belonging to another formation. Flow 
units are distinctive parts of volcanic, tectonic, and depositional facies (Figure 4.3; 
supplementary Table II.2) that directly link to visual seafloor observations at the 
outcrop scale (Figure 4.3); e.g., the extent of an observed sheet flow is outlined in the 
flow-level map. 

In addition to the map units, the geological structures were mapped at all scales. 
Structures at one scale appear as a complex zone of different structures at a smaller 
scale. At the regional scale, they include the ridge axis, transform faults, fracture 
zones, non-transform discontinuities (NTD), NTD traces, overlapping spreading 
centers (OSC), discordant zones (OSC trace). At the local scale, they include normal 
faults, lineaments, corrugations, detachment faults, and caldera ring faults. In site-
specific maps, they are individual faults, fissures, and flow fronts (Figure 4.3). 
Structures observable in the digital elevation models (DEMs) often correlate with 
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contacts between geological units. Faults of more than 5 km length were classified as 
’major faults’ and shorter traces as ‘minor faults’. 

Mapping at the assemblage and formation level in this study followed the legend 
presented in Chapter 3. Mapping of members and flow units followed the legend 
described in the supplementary material (Table II.1 and Table II.2). Examples of the 
map units and criteria for their recognition at different scales are shown in Figure 4.5. 
Geological interpretations were drawn on DEMs coloured in a linear colour ramp from 
light yellow to dark blue. For a better perception of the seafloor relief, the coloured 
DEMs were set to a transparency of 30 % and underlaid with slope maps coloured in 
greyscale (from white to black between 0° to 60° of slope dip; e.g., as in Figure 4.1). In 
addition to the slope map, other DEM derivatives (e.g., rugosity or terrain ruggedness 
index) supported the classification of different units. The DEM derivatives were 
calculated using moving filter window algorithms (Pike et al., 2009) in ArcGIS© (by 
ESRI), Qimera© (by QPS), or in QGIS with the GRASS plugin (www.qgis.org). 

In addition to the DEM, which is derived from MBES data, complementary 
geophysical data were used to define geological units, including MBES backscatter 
data, and ship-borne magnetic and gravity measurements (Table 4.2). MBES 
backscatter records the acoustic reflectivity of the seafloor, distinguishing between 
sedimented surfaces and young volcanic terrain (Lamarche et al., 2011; Eason et al., 
2016). The magnetic have been used to calculate the spreading rates of the active ridge 
segments (Bartsch, 2014), which enabled estimates of the age relationships between 
mapped units. The gravity data has been used to identify exposed lower crustal rocks 
or cold and brittle crustal regions (e.g., Detrick et al., 1995; Smith et al., 2008). 

Discontinuities and patterns in the small-scale relief from the ship-based DEMs 
(e.g., bulbous, angular, smooth, or linear surface patterns with <100m relief; see 
supplementary Table II.1) were used to map members at the local scale. This was 
facilitated by slope maps and other DEM derivatives. They highlight surface patterns 
that are characteristic of different units (e.g., bulbous pattern of the ‘hummocky 
volcanic field’ member type) but independent of the underlying relief. Other surface 
textures are indicated by intensities of MBES backscatter (e.g., sedimented and rifted 
units with lower backscatter intensities: Eason et al., 2016; rugged surfaces with a 
highly variable, patchy backscatter pattern: Klischies et al., 2019).  
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Near-seafloor, high-resolution DEMs were used, where available, to map flow types 
and site-scale structures (supplementary Table II.1 and Table II.2). These can 
represent depositional contacts that separate units or they may occur within a single 
unit (e.g., flow fronts within a sheet flow). Ground-truthing is required to distinguish 
hydrothermal flow types (e.g., mound features are identified as pillow mounds by 
default until they have been confirmed as hydrothermal mounds). Additional data, 
such as magnetic anomalies or self-potential data also can be used to distinguish 
hydrothermal deposits (Tivey et al., 1993; Szitkar et al., 2014a; Kawada and Kasaya, 
2017). These landforms were labelled as ‘suggested’ hydrothermal deposits. 

The delineated units and structures in the final maps were produced as feature 
classes (ESRI shapefiles) in ArcGIS© at the assemblage scale (Figure 4.6), local-scale, 
and site-scale (Figure 4.7). The produced feature classes contain the digitized, 
spatially referenced unit boundaries as well as attribute tables. These tables store 
metadata for each shape including the unit type, shape length or area, shape 
orientation (azimuth), and the associated DEM data (with INDEX project year and 
station number). The certainty in the map depends on a) accuracy in assigning a 
particular feature to a geological formation and b) how precisely the mapped feature 
can be delineated. The certainty is greatest, where a variety of different types of 
remote sensing data are used to identify the unit types. 

4.2. Geology of the INDEX Area at the formation level 
The geology of the INDEX Area includes 18 different formation types of the common 

geological legend for mid-ocean ridges (Chapter 3), including volcano, spreading 
center, tectonized, and shear-zone formations. Formations map coherent parts of 
oceanic crust with similar origin and age. The volcano formations (Ov) include cone 
volcanoes (Ov1), shield volcanoes (Ov2), dome volcanoes (Ov3), axial volcanoes (Ov4), 
and volcanic fields (Ov5). The cone (Ov1) and dome volcanoes (Ov3) are small, isolated 
features (~1 km in diameter, 500 m high) and mainly originate from point source 
eruptions. Shield (Ov2) and axial volcanoes (Ov4) are larger (several kilometers in 
diameter, >200 m high) and formed by repeated voluminous eruptions near or on the 
ridge axis (Fouquet et al., 1994; Klischies et al., 2019). Volcanic field formations (Ov5) 
are of variable dimensions, but are generally larger than several 10s of kilometers in 
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diameter and are without evidence for an individual eruptive center. Spreading center 
formations (Oc) with a characteristic fabric typical of abyssal hills distinguish crust of 
volcanic ridges (Oc1) and rift valley floor crust (Oc2) produced by constructional 
volcanism from fissure eruptions and flanking eruptions with faulting induced 
subsidence, respectively. Tectonized formations (Ot) characterize mid-ocean ridge 
crust with a significant tectonic overprint (large faults with throws >100 m, block tilt 
>10 °, intense mass wasting) resulting in talus, breccia, fault gouge, cataclasites, and 
densely fractured rock bodies. Tectonized formations include tectonized crust on 
graben walls (Ot1), tectonic massifs (Ot2), and oceanic core complexes (Ot3). 
Tectonized crust on graben walls (Ot1) are talus-covered fault scarps. Tectonic massifs 
(Ot2) are uplifted, densely fractured deeper crustal blocks with an axis-oblique set of 
faults cross-cutting the spreading fabric. Oceanic core complexes (Ot3) are lower 
crustal, heterogeneously deformed rocks exhumed by detachment faults. Shear-zone 
formations (Dz) are associated with ridge discontinuities, generally lack any pre-
existing spreading fabric and include volcanic (Dz1), transtensional (Dz2), 
transpressive shear-zone crust (Dz3), and intra-rift basement blocks (Dz5). Volcanic 
shear-zone crust (Dz1) is associated with syntectonic magmatism, e.g., where 
neovolcanic eruptions propagated beyond the ridge segment into the ridge 
discontinuity. Transtensional shear-zone crust (Dz2) is subsided crust in an 
extensional, strike-slip regime. Transpressive shear-zone crust (Dz3) are uplifted and 
thrusted rocks in a compressional strike-slip regime. Intra-rift basement blocks (Dz5) 
are heterogeneously deformed crust and mantle rocks exhumed in the center of a 
ridge-ridge-ridge triple junction. 

Formations with the same origin and deformation history are grouped into 
assemblages. Four types of assemblages are defined in the common legend for mid-
ocean ridges (Chapter 3), which are all identified in the INDEX Area. There, the MOR 
crust is mainly classified as the magmatic-tectonic assemblage type that groups a mix 
of spreading center and tectonized crust formations (Figure 4.6). The SEIR segment 
adjacent to the RTJ is classified as the magmatic crust type. This is reflected in a 
significantly smoother abyssal hill pattern in VGG data, but also in the dominance of 
spreading center formations indicating robust magmatic supply to this ridge segment 
(Chapter 3: see also Munschy and Schlick, 1989; Briais, 1995). The SWIR is dominated 
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by tectonized crust formations that are grouped into a tectonic-dominated assemblage 
type (Figure 4.6). The crust at the RTJ itself is similar to a shear-zone type 
assemblage. Shear-zone assemblages are also associated with the two transform 
faults that offset the CIR (Gemino Transform; Figure 4.6) and the SEIR (Pelagia 
Transform; Figure 4.6). These zones include different types of volcanoes, spreading 
center crust (with varying proportions of magmatic and tectonic components) and 
tectonized crust. 

The diversity of formation types in the INDEX Area agrees with the complex crustal 
accretion processes characteristic of slow to intermediate spreading rates (e.g., 
Macdonald, 2001). Formations originating from dominantly magmatic accretion (e.g., 
cone and dome volcanoes, volcanic ridges, rift valley crust) occur along each ridge 
segment, in every INDEX cluster, and around the identified hydrothermal deposits 
(Figure 4.8). 

A dominant formation in the entire INDEX Area and near all of the hydrothermal 
fields is tectonized crust on graben wall (Ot1), associated with the widespread normal 
faulting (Figure 4.8). The diversity and complexity of member types is higher in areas 
with a larger portion of tectonized crust and shear-zone crust (e.g., Figure 4.7). The 
spreading center formations, on or near the axes (uOc1 and uOc2), represent the 
accretionary centers of the CIR and SEIR and consist of young crust with high 
reflectivity areas in backscatter data (Figure 4.4). This crust is dominated by sheet 
flow fields, hummocky volcanic fields, and volcanic flow fields (Figure 4.7).  

Where there has been significant ground-truthing, 18 different types of flow units 
have been recognized (Figure 4.3). Effusive flow facies (e.g., sheet and pillow flows) as 
well as constructive volcanism (e.g., pillow mound terrain or stacked hummocks) are 
characteristic for the spreading center formations (Figure 4.7) and are important 
hosts for the hydrothermal fields (Figure 4.8). 

Over 10,000 lineaments mapped at the regional scale (from 200 m up to 50 km in 
length) are oriented mainly parallel to the ridge axes. Axis-oblique trends in areas 
associated with or nearby ridge axis discontinuities in tectonized crust formations 
(e.g., Figure 4.9). 

4.3. Geological settings of the hydrothermal fields 
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Geological maps at the assemblage, formation and member level have been 
produced for all hydrothermal sites identified during the INDEX exploration program 
(Table 4.1). Flow-level maps have been produced at the hydrothermal occurrences 
within the INDEX license clusters, where high-resolution, near-seafloor data and 
visual observations were available. 

These maps are of sufficient coverage (available for the entire INDEX Area) and 
detail (18 different unit types, Figure 4.3) to discriminate different settings of the 
identified hydrothermal fields (Figure 4.8) and to reduce the target area to explorable 
size. The differences in the geological settings are evident within the first 5 km of each 
hydrothermal and sulphide occurrence (the ‘5 km buffer zone’, Figure 4.8 and 
Figure 4.9). This buffer zone size (78.5 km2) can be easily covered by near-seafloor 
surveys, such as the 132 km2 average near-seafloor multibeam (HMS-) survey 
coverage per expedition (Figure 4.2). Such near-seafloor and observational data are 
available for the 5 km around all of the hydrothermal vent and SMS sites in the 
INDEX license area (e.g., Figure 4.4, Table 4.4). 

The most abundant and largest hydrothermal fields occur in crust belonging to the 
magmatic-tectonic assemblage (Figure 4.6). This assemblage type is characteristic of 
MORs spreading at slow rates that commonly host larger sulphide deposits (German 
et al., 2016). The buffer zones are dominated by four discrete formation types: 1) the 
inner valley floor formations, 2) the rifted axial volcano formations, 3) the off-axis 
volcanic field formations, and 4) the axis-oblique, tectonic formations (Figure 4.9). 

The Pelagia and Surya hydrothermal fields are hosted by inner valley floor 
formations, which are surrounded by crust consisting of spreading center formations 
(Oc) and cone volcanoes (Ov1; Figure 4.8 and Figure 4.9). Pelagia is hosted in 
neovolcanic crust of the upper spreading center formations (uOc1) at the center of the 
median valley. Surya is located in the off-axis equivalents (lOc1) to the ridge axis 
(Figure 4.9). These formations are cut by axis-parallel, minor faults (Figure 4.9), 
although tectonized crust on the graben wall (Ot1) is present near both fields 
(Figure 4.9). The smallest of the fields, the Surya occurrence, is a weakly active site, 
less than 35 m across (Table 4.1). Pelagia is the youngest of the INDEX fields, located 
on the ridge axis, small in size (a single active vent, 100 m across), but with high-
temperature, black-smoker venting (Table 4.1). 
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The Sonne and New Sonne fields are hosted by axial volcano formations (Ov4) that 
are split by an axial graben structure, with tectonized crust on graben wall (Ot1) and 
the median valley (uOc; Figure 4.8 and Figure 4.9). The tectonized crust formations 
are associated with axis-parallel, segment-scale, normal faulting that separates the 
rifted, but more or less intact (or unfaulted) axial volcano half from the median valley 
where there is a high density of shorter faults (Figure 4.9). The Sonne field is extinct, 
but with 1500 m across, relatively large in size (Halbach et al., 1998). The New Sonne 
field extends over 1800 m with extinct, weakly-active and high-temperature vent sites 
(Table 4.1). 

The Huna and Penumbra hydrothermal fields are hosted by an off-axis volcanic 
field (Ov5) in lower spreading center formations (lOc; Figure 4.8 and Figure 4.9). 
Despite the off-axis location, there is a lack of tectonized crust except on graben walls 
defined by major, axis-parallel faults (Figure 4.8 and Figure 4.9). The volcanic field 
comprises a large area of rifted sheet flows that cover 81 % and 67 % of the 5 km 
around Huna and Penumbra, respectively (Figure 4.7). At both fields, hydrothermal 
vents are aligned along more than 2 km (Table 4.1) of axis-parallel, major faults. The 
largest sulphide accumulations of Huna and Penumbra were found where axis-oblique 
faults cross-cut the major, axis-parallel faults (Figure 4.9). 

The three hydrothermal fields, Alpha, Kaimana, and Yokoniwa. are hosted by 
tectonic massif formations (Ot2) and are surrounded by other tectonized crust 
formations (Ot) and shear-zone formations (Dz: Figure 4.8 and Figure 4.9). Together, 
the tectonized formation occupy more than >80 % of the 5 km surrounding these three 
fields (Figure 4.8). This coincides with a highly complex fault pattern of short faults 
with varying orientations, and the (near) absence of volcano formations (Figure 4.9). 
Unique to these occurrences is the detachment footwall, which is exposed over 12 %, 
4 %, and 2 % of the area within 5 km of the fields; an oceanic core complex (Ot3) 
occupies 30 % of Alpha’s buffer zone (Figure 4.8). 

The Kairei and the EGS sites are hosted by crust that is ‘transitional’ in character 
(Figure 4.9) resembling the crust of the inner rift valley setting and the axis-oblique, 
tectonic setting. The Kairei field is hosted in a distal volcanic ridge formation (lOc1), 
but lacks the volcano formations that are found around Pelagia and Surya (Figure 4.8 
and Figure 4.9). Although Kairei is surrounded by axis-parallel faults, the crust 
within 5 km is also cut by axis-oblique faults and locally dominated by a tectonic 
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massif formation (Ot2) typical for the axis-oblique, tectonic setting (Figure 4.9). At the 
EGS occurrence, the actively venting Edmond field is hosted by proximal rift valley 
crust (mOc2) and surrounded by spreading center formations (Oc; Figure 4.8). The 
inactive Gauss and Score sulphide sites are hosted in a large area of tectonized crust 
at the graben wall (Ot1; Figure 4.8) associated with major faulting with axis-parallel 
to -oblique orientations (Figure 4.9). Faulting of the crust surrounding the EGS 
occurrence is also affected by a detachment fault belonging to an oceanic core complex 
in the north (Figure 4.9). Tectonized crust (Ot) covers more than 40 % of the area 
within 5 km (Figure 4.8). 

4.4. Sulphide-forming environments and key criteria for 
exploration 

The geological characterization of the INDEX hydrothermal fields and sulphide 
sites combined with the mapped structures and visual observations have been used to 
identify key criteria for exploration of the license area (Table 4.5). These criteria take 
into account the possible heat source driving fluid circulation, the host rock geology, 
fluid pathways, and the potential for entrapment of hydrothermal fluids at or below 
the seafloor and the associated precipitation of metals. 

Proximity to potential heat sources is inferred from the type and spatial 
distribution (size, distance) of mapped volcanic units indicating a nearby magma 
source (e.g., voluminous sheet flows). Potential fluid pathways were reconstructed 
from orientations and dimensions of structures that can potentially tap the deepest 
and largest hydrothermal reservoirs. Mining of heat by deeply-rooted faults can occur 
over large distances at other MORs (e.g., Andersen et al., 2015; Klischies et al., 2019). 
Thus, the complex tectonic fabric in magmatic-tectonic crust of the INDEX Area 
strongly correlates with the sizes and venting temperatures of the deposits (Table 4.1). 
Potentially favourable host rock geology (e.g., metal-enriched ultramafic units) were 
identified by sampling and visual observations. 

4.4.1. Inner valley floor environment 

The inner valley floor is the most common target for hydrothermal exploration 
along the MORs, where the main heat source is subvolcanic magma associated with 
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neovolcanic formations along the median valley (e.g., German et al., 2016). The 
median valley of the ridge segments in the INDEX Area hosts only four of the known 
hydrothermal deposits and sulphide sites (Sonne, EGS, Pelagia, and New Sonne). The 
deposits Sonne, New Sonne and EGS are surrounded by spreading center crust, but 
the immediate host rocks are dominated by other formation types (large axial volcano 
at Sonne and New Sonne, see below; oceanic core complex at EGS, Figure 4.8). 

The Pelagia hydrothermal field lies directly on the ridge axis. The Surya 
hydrothermal field, with waning venting activity (Table 4.1), lies at a segment-scale 
graben wall ~8 km from the ridge axis. The spreading center formations that host the 
deposits (axial volcanic ridges, rift valley crust and their rifted equivalents) formed 
during episodes of fissure and dike eruptions (e.g., Yeo et al., 2016; Chapter 3). The 
cone and dome volcanoes surrounding the Pelagia and Surya fields (Ov1 or Ov3; 
Figure 4.9) also originate from frequent, point-source eruptions and suggest local, 
focused magmatic accretion of crust in this environment. Magmatic accretion and 
spreading-induced faulting commonly focuses at the center of the ridge segment (Behn 
et al., 2002), where hydrothermal venting is also most abundant (Figure 4.6). 

The rocks of the inner valley floor are basaltic. Visual observations and sampling 
around the Pelagia and Surya indicate that the pillow basalts are fresh or minimally 
disturbed by small tectonic movements in the course of rifting away from the ridge 
axis (Schwarz-Schampera et al., 2020). Small and frequent tectonic movements are 
indicated by numerous, very short, low-throw faults mapped around both fields 
(Figure 4.9). 

Hydrothermal fluid upflow in this setting at other MORs has been shown to follow 
the subsurface isotherms that dome underneath the ridge axis and the segment center 
(Hasenclever et al., 2014; Andersen et al., 2017), where the Pelagia and Surya fields 
are located (Figure 4.6). Fluid upflow is either directly upward through the highly 
permeable, fractured basalts of the inner valley floor, or redirected off-axis by 
segment-scale faults of the rift valley walls. Direct upflow of hydrothermal fluid is 
suggested for Pelagia, which is located at the center of the inner rift valley (Figure 4.9) 
and has very high venting temperatures (356°C, Table 4.1). The segment-scale faults 
that form the rift valley walls (Figure 4.9) may locally increase the crustal 
permeability at deeper crustal level and provide the pathways necessary to explain 
the off-axis venting at Surya. The off-axis venting may also explain the low venting 
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temperatures observed at the Surya field (31°C, Table 4.1). 
The focused venting and the high venting temperatures measured at Pelagia 

(356°C, Table 4.1) prevent the efficient entrapment of fluids and metals, and large 
hydrothermal mound structures have not been observed, so far (Schwarz-Schampera 
et al., 2020). At such high venting temperatures, the majority of metals is likely lost 
into the hydrothermal plume. The young age of the crust limits the time for sulphide 
accumulation and frequent tectonic movements may disrupt fluid pathways or bury 
deposits. Thus, the resource potential of the inner valley floor setting is suggested to 
be low (cf. Hannington et al., 2005; German et al., 2016). 

Key geological criteria for recognizing favourable environments of hydrothermal 
deposits in the inner rift valley are magmatically robust segment centers that show 
an overall abundance of cone and dome volcano formations, and a continuous, straight 
inner valley floor with anastomosing low-throw, segment-scale faults. Hydrothermal 
deposits form near local heat sources in recent spreading center formations that 
include pillow mounds, sheet flows, and volcanic hummock fields. Hydrothermal 
upflow may be redirected away from the ridge axis by segment-scale faults that are 
associated with tectonized crust on graben walls (Ot1). 

4.4.2. Rifted axial volcano environment 

Rifted axial volcanoes (Ov4) are common features at the segment center of the inner 
rift valley described above. They host the Sonne and New Sonne deposits (Figure 4.9) 
and are also known from other MORs, such as the Lucky Strike and Menez Gwen 
volcanoes on the slow-spreading Mid-Atlantic Ridge (Fouquet et al., 1994). 

The Sonne and New Sonne deposits are hosted on the footwall block of segment-
scale faults that separate the fractured inner valley floor from the largely intact rifted 
axial volcano formations (Figure 4.9). The extinct Sonne field rests on second-order 
faults that cut the axial volcano formation. Massive sulphides are hosted in a small 
graben structure created by small throw, axis-parallel faults (Halbach et al., 1998). 
The axial volcano formation around the New Sonne field appears largely intact with 
only local fractures and shallow fissures (Figure 4.9). The known vent sites of the New 
Sonne field align along the upper fault scarp at the edge of a terrace in the axial 
volcano formation (Figure 4.9). Fault gauge and exposed stockwork mineralization 
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and hydrothermal alteration occur within pillow basalts; however, vent sites at the 
fault trace or on the hanging wall block have not been found (Schwarz-Schampera et 
al., 2020). 

The host rocks of this hydrothermal setting are typically basaltic (Halbach et al., 
1998; Schwarz-Schampera et al., 2020) including pillow flows and extensive sheet 
flows and drained lava lakes (at New Sonne: Schwarz-Schampera et al., 2020). The 
heat source driving hydrothermal circulation in this environment is most likely a 
cooling, shallow magma chamber underneath the former eruptive center of the (rifted) 
axial volcano, as at other slow-spreading MORs (cf. Singh et al., 2006; Marques et al., 
2011; Escartin et al., 2014; Klischies et al., 2019). The pathways for rising 
hydrothermal fluids are controlled by the segment-scale faults dissecting the axial 
volcano and by local, minor faulting. Zones of hydrothermal alteration and 
metalliferous sediments extend over 1500 m strike length at the Sonne field and 
1840 m at New Sonne with active and inactive chimney structures (Table 4.1; Halbach 
et al., 1998; Schwarz-Schampera et al., 2020). Mound structures and the exposed 
stockwork observed at New Sonne (Schwarz-Schampera et al., 2020) suggest mixing 
of the hydrothermal fluids with cold seawater in the shallow subsurface. 

The potential of this environment to sustain prolonged periods of hydrothermal 
venting is high, owing to the large heat source of the volcanoes. Further, the segment-
scale faults that dominate the local structure are likely to remain open as fluid 
pathways. Hydrothermal activity at the Sonne field is estimated to have lasted about 
11,000 years (Halbach et al., 1998), and the New Sonne vent field experienced 
multiple stages of hydrothermal activity including high-temperature venting and 
subseafloor stockwork mineralization (Schwarz-Schampera et al., 2020). However, as 
elsewhere in the median valley, the mass accumulation is relatively low and the few 
mound structures observed at New Sonne are small (Schwarz-Schampera et al., 2020).  

Key geological criteria for recognizing settings that are favourable for sulphide 
deposits associated with rifted axial volcanoes include narrow rifts with hour-glass 
shaped, along-axis gravity lows (area of thickened and/or hot crust; Detrick et al., 
1995) and deeply-rooted, segment-scale faults that rift the volcano. Sulphide 
occurrences form at the transition between the heavily faulted rift valley wall and 
unfaulted volcanic hummock fields and volcanic flow fields with large sheet flows. 
Cross-cutting fault patterns are not observed and fault orientations are, in general, 
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axis parallel. 

4.4.3. Off-axis volcanic field environment 

The off-axis volcanic fields host the Huna and Penumbra deposits located 12 to 
14 km off axis. They are the first active hydrothermal fields discovered at this distance 
from the spreading centers in the INDEX Area and globally along MORs (Beaulieu 
and Szafranski, 2020; Schwarz-Schampera et al., 2020). 

Geological mapping of the MOR segment hosting the deposits revealed large off-
axis shield volcanoes with narrow neovolcanic zone (Figure 4.7). The size of the 
volcanoes suggest a voluminous, but spatially dispersed magmatic spreading 
component with abundant and laterally extensive sheet flows (Figure 4.7). Although 
it is possible that off-axis magmatism could be sourced at the spreading centers, a 
fault system that could support hydrothermal circulation could not be identified. The 
heat source is considered to be local (Figure 4.9; see below). Backscatter intensities 
and the observed sedimentary cover indicate the volcanic field surface are old (e.g., as 
the surrounding seafloor at a similar distance to the ridge axis). Although some of the 
volcanoes appear to have been split, a rifted equivalent on the opposing ridge flank of 
the spreading center is missing, which excludes an on-axis origin for the volcanic field. 
The host rocks are all basaltic (Schwarz-Schampera et al., 2020). Mature, low-throw, 
ridge-parallel faults that cross the volcanic fields are the main structural focus for 
rising hydrothermal fluids. Faults around the Huna and Penumbra occurrences are 
<300 m in height, but >5 km long (Figure 4.9). They accommodate relatively little 
tectonic displacement, but they may root deeply in the crust. Venting locations on the 
seafloor are associated with ruptures (secondary cross faults) in the larger exposed 
fault planes (Schwarz-Schampera et al., 2020). Penumbra‘s largest site is located, 
where the footwall block is cross-cut by an axis-oblique fault (Figure 4.9). At Huna, 
the sites are located near the top of an inclined fault scarp partly removed by mass 
wasting (Figure 4.9). In this off-axis environment, fault movement is likely limited 
and focuses on established faults; hence, fluid pathways are likely to be stable for a 
long period of time. 

The most likely heat source for hydrothermal activity in this setting is an off-axis 
heat source close to or underneath the vent fields. Redirection of fluids from an axis-
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centered neovolcanic heat source to off-axis vent locations is known at some MOR 
locations (e.g., Logatchev; Anderson et al., 2015), but an off-axis heat source similar 
to near-ridge seamounts or seamount chains (e.g., Butterfield et al., 1990; Davis and 
Clague, 2000) seems more likely. A heat flow measurement in INDEX cluster 12 
revealed an increased crustal heat flow at the off-axis boundary of the volcanic field 
formation at nearly 20 km distance to the ridge axis (Schwarz-Schampera et al., 2020). 

The resource potential of the off-axis volcanic field setting is high. Both occurrences 
consist of a large number of vent sites that are distributed over several kilometers 
(Table 4.1). Although the Huna and Penumbra deposits are basalt-hosted, both 
occurrences are characterized by high- and intermediate-temperature venting (296°C 
at Huna and 352°C at Penumbra; Table 4.1) with accumulation of copper- and zinc-
rich SMS (Schwarz-Schampera et al., 2020). Efficient deposition of metals at these 
sites may also be related to mixing within extensive talus aprons and mass wasting 
deposits covering the large off-axis faults. This is indicated by broad zones of diffuse 
discharge around the high-temperature sites (Schwarz-Schampera et al., 2020). At 
the Penumbra field, hydrothermal discharge forms large mound structures of up to 
220 m diameter (Schwarz-Schampera et al., 2020). The potential to form a large SMS 
deposit in this setting is further supported by the off-axis location, with limited 
tectonic and volcanic activity to disturb the hydrothermal circulation. The estimated 
spreading age of the crust at these locations (more than 215,000 years) allows for long 
periods of hydrothermal activity and SMS accumulation, as indicated by the extensive 
inactive vent sites with heavily degraded chimney structures and chimney debris 
observed at both deposits (Table 4.1). 

The key geological criteria for recognizing off-axis settings that are favourable for 
SMS deposits are large volcanic fields characterized by an overall shallow, domed 
seafloor indicating subseafloor intrusion of magma. Prospective fault patterns are 
dominated by long, low-throw faults that are cross-cut by axis-oblique faults. Although 
both discovered fields in this setting are located >12 km from the ridge axis, similar-
sized volcanic fields may exist closer to the ridge axis. 

4.4.4. Axis-oblique, tectonic environment 

The axis-oblique tectonic environments of the INDEX Area host the Alpha, 
Kaimana, and Yokoniwa hydrothermal fields, which are similar to tectonically 
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controlled hydrothermal systems elsewhere along the global MORs (e.g., German et 
al., 2016). The known deposits in this setting are located outside the median valley at 
3.4 km, 9.3 km, and 14.1 km distance to the ridge axis (Table 4.1), and the crust 
around the deposits lacks large volcanic edifices (Figure 4.9). 

The host rocks include basalt, ultramafic rocks at Yokoniwa, and pyroxenites and 
gabbros at Kaimana (Okino et al., 2015; Fijii et al., 2016; Schwarz-Schampera et al., 
2020). All three deposits are located at inside corners between ridge segments and 
non-transform discontinuities or another ridge segment (Figure 4.6), on tectonic 
massifs and oceanic core complexes that are tectonically overprinted (Ot2 and Ot3; 
Figure 4.8) and associated with large-throw faults (Figure 4.9). Such inside corner 
crust is characterized by large-throw faults due to a colder, magma-starved spreading 
environment and an axis-oblique, ridge-discontinuity stress regime (Behn et al., 2002; 
Paulatto et al., 2015; Klischies et al., 2019). Second-order discontinuities are known 
to induce transtensional and/or transpressional stress regimes in the adjacent ridge 
segment crust that favours the formation of inside corner massifs (Reston et al., 2002) 
that host the deposits (Figure 4.8). These structures expose lower crustal rocks at the 
seafloor and indicate deep crustal roots of associated faulting (Parson et al., 2000; 
Gràcia et al., 2000; Reston et al., 2002). 

The primary fluid pathways are the large-throw, deeply rooted first-order faults 
that mine the heat from a neovolcanic source or gabbroic intrusion (e.g., McCaig et al., 
2007; Andersen et al., 2015). Ongoing deformation in the inside corner crust is likely 
to keep the faults open for rising hydrothermal fluids. Second-order, axis-oblique 
faults observed around the vent fields (Figure 4.8 and Figure 4.9) likely distribute 
hydrothermal fluids and could account for the large number of active and inactive vent 
sites discovered at Alpha and Kaimana (Table 4.1), as well as the zone of strong 
magnetization underlying Yokoniwa (Fujii et al., 2016). As known from core 
complexes elsewhere (Dick et al., 2008; Escartín et al., 2017; MacLeod et al., 2009; 
Cann et al., 1997; Tucholke et al., 1997), the core complex at Alpha also developed 
from long-term (up to >1 Myr) localization of strain at a detachment fault (low fault 
dip) and likely exposes plutonic and mantle-derived (ultramafic) rocks. Detachment 
faults develop in an environment of strong tectonic deformation, where only half of 
the spreading is compensated by magmatic accretion (Buck et al., 2005). 
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The most likely heat sources in this setting are deep crustal magma bodies (e.g., 
gabbroic intrusions) or more distal neovolcanic heat of a nearby spreading center (e.g., 
German et al., 2016). Because the three INDEX deposits lack any large volcanic 
edifices (Figure 4.9), we suggest that mining of heat occurs over large distances from 
a heat source close to the active spreading center, as suggested for other tectonically 
controlled hydrothermal systems (e.g., German et al., 2016). High-temperature 
venting occurs at Alpha (351°C) and Kaimana (328°C; Table 4.1). However, the large 
hydrothermal mound structures observed indicate significant SMS precipitation at 
and below the seafloor. The zone of strong magnetization underlying Yokoniwa is also 
thought to be caused by voluminous hydrothermal alteration in the subseafloor (Fujii 
et al., 2016). 

The resource potential of this setting is high, promoted by the mining of heat over 
large distances, through large-scale faults, and relatively stable crust. According to 
the distance to the ridge axis, the crust hosting the three investigated fields (Alpha, 
Kaimana, Yokoniwa) is older than 74,000 years allowing significant time for sulphide 
accumulation. Additionally, the ultramafic host rocks are notably enriched in 
economically interesting metals (e.g., copper and gold) compared to normal MORB 
(German et al., 2016; Choi et al., 2020). High-temperature, black smoker chimneys at 
Alpha and Kaimana are particularly enriched in copper (Schwarz-Schampera et al., 
2020). 

The key criteria for recognizing this setting are inside corner massif and oceanic 
core complex formations (Table 4.5), dominantly at inside corners between ridge 
segments and non-transform discontinuities. The most favourable settings are 
characterized by large-throw rift valley walls (Ot1) and few volcano formations (Ov1 
and Ov3). The crust hosting the SMS deposits is intensely tectonized by faults with 
complex, axis-oblique orientations. The exposed lower crustal rocks are characterized 
by moderate magnetization and regional gravity highs that indicate thin crust and 
shallow mantle. Sulphide mineralization in ultramafic settings correlates with 
magnetic highs due to the formation and preservation of magnetite (e.g. Szitkar et al., 
2014b), which contrasts with local magnetic lows associated with deposits hosted in 
basaltic rocks (Tivey et al., 1993; Szitkar et al., 2014a). 

4.4.5. Prioritization of exploration areas 
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The size of the INDEX Area requires a prioritization of exploration activities and 
definition of targets for near-seafloor surveys (Figure 4.2). The key geological criteria 
defined for the different hydrothermal settings (see above, Table 4.5) allow us to 
estimate the probability that an area will host a hydrothermal deposit and to prioritize 
areas for future exploration activities. In order to rank areas for more detailed, near-
seafloor exploration in a systematic manner, we calculate the degree of the probability 
(in %) that a ‘high-priority area‘ (HPA) of the size of a single near-seafloor MBES 
survey (ca. 10 km2) will contain a hydrothermal deposit. Using the geological criteria 
outlined above (Table 4.5) and the formation-level map that is available for the entire 
INDEX Area (e.g., Figure 4.7A), we selected HPAs that meet as many of the defined 
exploration criteria as possible. Figure 4.10 shows examples for manually selected 
HPAs in clusters 06 to 09. The probability of an HPA hosting a hydrothermal deposit 
was estimated from the degree of match between the observed geological 
characteristics of the HPA and the key criteria for the most favourable settings 
(Table 4.6). A “true match” is assigned a value of one for each criterion; “no match” is 
assigned a value of zero. A map area meeting all of the defined criteria considered 
favourable for a particular setting would have an average probability to host a deposit 
of 100 %. We further characterized the HPAs according to the resource potential: 0.5 
for environments with a low resource potential and of 1 for those with a high resource 
potential (Table 4.5). Thus, if a chosen HPA matches all exploration criteria of the 
inner valley floor setting, for example, its exploration priority would be 50 % 
(probability of an occurrence of 100 % multiplied by the suggested resource potential 
of 0.5). Uncertainties in these calculations are manifold, including the non-systematic 
approach of selecting HPAs, biases in assigning the resource potential (e.g., the search 
focuses on sites similar to those already known), the available database (resolution, 
coverage, diversity), and the quality of the geological interpretations. However, the 
analysis provides a useful first order assessment of the mineral potential in the 
different terranes present in the study area. The results are presented in Chapter 5.  

Aside from the type locality in cluster 12, the key unit of the ‘off-axis volcanic field’ 
setting (the off-axis volcanic field formation, Ov5) also occurs in cluster 01. The 
tectonic massif and oceanic core complex formations (Ot2 and Ot3) that are key for 
the ‘axis-oblique, tectonic’ setting (located in cluster 04 and 05), were identified in the 
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less explored clusters 07 and 09. A first plume hunt across a tectonic massif formation 
in cluster 07 found an anomaly, called ‘Sooraj’ (Figure 4.10; Schwarz-Schampera et 
al., 2020). 

4.5. Conclusions 
Geological maps at different scales and map levels enable a systematic 

classification of the different settings in the INDEX Area, the definition of associated 
resource potentials, and identification of key exploration criteria. The established 
geological criteria highlight targets for more detailed exploration and exclude areas 
in the search for SMS deposits. 

The unique database of the INDEX project, including remote sensing data of 
different scales and coverage, visual observations and sampling data, allowed detailed 
geological mapping at the assemblage, formation, member, and flow level, as well as 
structural interpretations at all scales. The geological interpretations correlate across 
scales from regional geodynamics to ground-truthing observations. Systematic 
classification of hydrothermal settings focused on the formation level map, which is 
now available for the entire INDEX Area and of sufficient detail to define target areas 
for near-seafloor surveys (high-priority areas of ca. 10 km2). 

Four geological settings of highest priority were identified and analyzed for factors 
controlling the underlying hydrothermal circulation (including the heat source, host 
rock, fluid pathways) and its potential to form a resource (SMS accumulation and 
metal endowment). The ‘axis-oblique, tectonic’ setting and the ‘off-axis volcanic field’ 
environment were recognized as having the highest resource potential. Deposits in 
these settings formed in relatively stable crust, which favours sustained fluid 
circulation and the accumulation of large deposits. Although the driving heat sources 
are distal or unknown, deeply rooted fluid pathways favour large-scale hydrothermal 
circulation and the ultramafic host rocks are favourable for enrichment in 
economically interesting metals. The ‘rifted axial volcanoes’ and ’inner valley floor’ 
were found to be of lower priority owing to the relatively small sizes of the deposits 
and the unstable heat sources and fluid pathways. 

Based on our current understanding of hydrothermal mineralization in the INDEX 
Area, exploration efforts should focus on clusters with axis-oblique, tectonic and off-
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axis volcanic field environments. A key criterion for the axis-oblique, tectonic 
environment is exhumed lower crust, which is currently only known from two clusters 
(4 and 5), but geological mapping indicates the presence of lower crustal rocks also in 
other clusters that have not been fully explored or ground-truthed. The off-axis 
volcanic field environment is associated with large-scale volcanic flow units, which 
have, so far, only been mapped in two clusters (1 and 12). 
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Table 4.1. Location characteristics of hydrothermal occurrences in the INDEX Area and 
maximum measured venting temperatures (Schwarz-Schampera et al., 2020; D. Garbe-Schönberg, 
2020; Gamo et al., 2001; Gallant and Von Damm, 2006). 

Field Cluster 
no. 

Length 
[m] 

No. of 
active 
/inactive 
sites 

Mean 
water 
depth 
[m] 

Distance 
to ridge 
axis [m] 

Max. 
vent. T 
[°C] 

Sonne - 1500 0/1 2850 2820 - 
Alpha 4 1300 3/7 3060 3410 351 
Gauss 4 630 0/4 2925 7250 - 
Edmond 4 350 1/1 3300 5070 382 
Score 4 80 0/1 2715 7000 - 
Yokoniwa - 50 0/1 2490 14120 - 
Kairei 5 500 1/1 2430 8440 369 
Kaimana 5 850 3/3 2660 9290 328 
Surya 6 35 1/0 2920 8120 31 
Pelagia 8 100 1/0 3680 0 356 
New Sonne 11 1840 3/4 2910 2830 342 
Penumbra 12 2630 7/5 2460 14190 352 
Huna 12 2450 9/3 2545 12260 296 
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Table 4.2. Overview of different remote sensing methods, imaged seabed characteristics, as well 
as strengths, and weaknesses for the geological interpretation (modified from Chapter 3). 

Method Resulting data Strengths and weaknesses 
MBES DEM, backscatter 

mosaic 
+ hull-mounted in most research vessels 
+ good accuracy and precision 
+ well-established workflows 
- near-bottom systems require navigation 
adjustment 

Side scan Acoustic reflectance, 
DEM 

+ large coverage 
- near-bottom operation requires navigation 
adjustment 

Gravimetry Density distribution, 
direction of gravity 
field 

+ subsurface information 
- sensitive equipment 
- intensive post-processing 

Magnetics Strength of magnetic 
field, direction of field 

+ subsurface information 
- intensive post-processing 
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Table 4.3. Overview of different ground-truthing methods, corresponding data, sampling, 
strengths and weaknesses. 

Method Ground-truthing Strengths and weaknesses 
ROV, 
submersible 

Hard rock to sediment 
sampling; dive video; photo 
mosaic 

+ high precision and flexible 
+ steered 
+ diverse, a lot of data 
+ samples of known geological context 
- highly selective sampling, small size 
- complex, large equipment 

AUV Photo mosaic + independent of ship 
+ large coverage 
+ programmed dive track 
- intensive post-processing 
- navigation adjustment 

Towed 
camera 

Track video + robust device 
- not steered 
- no seafloor sampling 

TV-grab Sediment to hard rock 
debris samples; video 

+ robust device 
+ photo of sample in-situ 

Box corer Sediment (to small hard 
rock debris) samples 

+ consistent surface block of seafloor 
+ large sample mass 

Gravity core Sediment samples + penetrates into seafloor 
+ stratigraphy 
- fails in hard rock 

Multi-corer Sediment samples + penetrates into seafloor 
+ stratigraphy 
- fails in hard rock 

Dredge Passive; hard rock samples + robust device 
+ large sample mass 
- poor positioning 
- poor geological context 
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Table 4.4. Overview of data sets compiled for geological mapping of the INDEX Area, including 
data scale (total coverage and average resolution), data type and source. 
Data set Scale Type Reference 
Remote-sensing    
GEBCO 2020 grid Global DEM GEBCO Compilation 

Group (2020) 
Vertical Gravity 
Gradient (VGG) 

Global Gravity raster Sandwell et al. (2014) 

EMAG2 Global Magnetic raster Maus et al. (2009) 
Ship bathymetry INDEX Area, 40m DEM INDEX project 
Ship backscatter INDEX Area, 15m Backscatter mosaic INDEX project 
Ship gravity INDEX Area, ca. 

200m 
Gravity raster INDEX project 

Ship gravity 2017 Cluster 10 to 12, ca. 
100m 

Gravity raster INDEX project 

    
HMS bathymetry 
and backscatter 

Local to site scale; 
700 km2 at 3 m 

DEM, backscatter 
mosaic 

INDEX project 

AUVAbyss 
bathymetry 

Local to site scale in 
cluster 01 to 03; 
85 km2 at 3 m 

DEM INDEX project 

Victor bathymetry 
and backscatter 

Site scale at Pelagia, 
Edmond-Gauss-Score 
and Kairei; 10 km2 at 
1 m 

DEM, backscatter 
mosaic 

INDEX project 

Ground-truthing    
INDEX sampling 
stations 2011 to 
2019 

INDEX Area Sediment to hard 
rock samples, visual 
observations 

INDEX project 

ROV surveys INDEX Area, site to 
outcrop scale 

Sediment to hard 
rock samples, visual 
observations 

INDEX project 

PetDB Global Major rock types Lehnert et al. (2000) 
Global peridotites Global Peridotite lithology Warren (2016) 
Study of Okino et al. 
(2015) 

Cluster 05 and 
surrounding CIR 

Major rock types Okino et al. (2015) 

Study of Halbach et 
al. (1998) 

Sonne occurrence Major rock types Halbach et al. (1998) 

Study of Nath et al. 
(1997) 

Cluster 04 Ferromanganese 
crust types 

Nath et al. (1997) 
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Table 4.5. Summary of deposit models, corresponding main deposit-forming mechanisms and 
resource potentials in the INDEX Area. 

 Inner rift 
valley 

Rifted axial 
volcano 

Off-axis 
volcanic field 

Axis-oblique, 
tectonic 

Heat source Magmatic 
dikes, neo-
volcanic 
activity 

Shallow 
magma 
chamber 
and/or large, 
cooling 
magma body 

Shallow, fertile 
mantle? 

Distal volcanic 
activity, 
(gabbroic) 
intrusions, 
serpentinization 

Host rock Basalt Basalt Basalt Mafic, 
ultramafic 

Major fluid 
migration 
paths 

Highly 
permeable, 
fresh, partly 
fractured 
upper crust 

Segment-
scale, rift 
valley wall 
fault 

Mature, 
segment-scale, 
ridge-parallel 
faults 

Detachment 
fault 

Entrapment Mixing with 
ambient 
seawater at 
the seafloor-
level 

Mixing with 
ambient 
seawater at 
the seafloor 

Mixing with 
ambient 
seawater at 
seafloor-level 
and in talus 
aprons 

Mixing with 
ambient 
seawater at the 
seafloor, and in 
subsurface 
fractures 

Resource 
potential 

Low Low High High 

Active 
(inactive) 
type 
localities 

Pelagia 
(Surya) 

New Sonne 
(Sonne) 

Penumbra, 
Huna 

Kaimana, Alpha 
(Yokoniwa) 

Relation to 
ridge axis 

On-axis 
(neovolcanic 
ridge), at 
magmatic 
segment 
center 

Near-axis, at 
magmatic 
center 

Far off-axis, 
towards inside 
corner 

Off-axis, near 
segment ends 

Key 
formation 
type 

Continuous 
uOc2b, fine 
network of 
Ot1, 
occurrences of 
Oc1 and/or 
Ov4. 

uOc2b 
separating 
Ov4b; 
across-axis 
alignment of 
Ov4 

Ov5, occurrence 
of Ov2 

Large Ot1, 
occurrence of 
Ot2 and/or Ot3 

Relation to 
faults 

At or close to 
segment-scale, 
axis-parallel 
fault 

Footwall of 
segment-
scale, axis-
parallel fault 

Axis-parallel 
major faults cut 
by a second 
axis-oblique 
fault set 

Complex fault 
pattern of 
dominantly 
short faults 
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Table 4.6. Overview of high priority areas (HPAs) in license clusters 06, 07. 08, and 09, including 
the area of the HPA, the associated hydrothermal setting, the degree of match with the according 
geological key criteria, the resource potential assigned to the setting, and the resulting priority for 
exploration. 
Id Cluster Area [km2] Hydrothermal 

environment 
Degree of 
Match 

Resource 
Potential 

Priority 

1 6 7.58 Inner valley 88% 0.5 44% 
2 6 7.58 Inner valley 86% 0.5 43% 
3 7 6.15 Tectonic 93% 1 93% 
4 7 6.15 Tectonic 88% 1 88% 
5 7 6.15 Tectonic 75% 1 75% 
6 8 7.14 Axial volcano 76% 0.5 38% 
7 8 5.67 Tectonic & 

inner valley 
78% 0.5 39% 

8 9 6.10 Tectonic 90% 1 90% 
9 9 6.10 Tectonic & 

inner valley 
80% 0.8 64% 

10 9 6.10 Tectonic & 
inner valley 

64% 0.8 51% 
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Figure 4.1. Bathymetric map of the Central Indian Ridge (CIR) and South-East Indian Ridge 

(SEIR) with INDEX license blocks (yellow squares, each 10 by 10 km) arranged in 12 clusters with 
locations of known sulphide occurrences (active and inactive as black and white stars, respectively) 
and of a plume anomaly (blue star, Sooraj). The red line marks the ridge axes. Bathymetry data 
from the INDEX project (ship-based in 50 m resolution; Schwarz-Schampera et al., 2020) with data 
from Sandwell et al. (2014) in the background. 
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Figure 4.2. The areal extent of the license clusters and the ship-based bathymetry (100 % of the 

cluster area), in comparison to the coverage with near-seafloor bathymetry data, and the areal 
extent of the Penumbra hydrothermal field. Since INDEX2016/2, 7.9 % of the cluster area has been 
mapped in high-resolution (third pillar), of which the INDEX2016/2 expedition alone contributed 
241 km2 of coverage (fourth pillar) due to the simultaneous use of the BGR’s Homeside system 
(HMS; a deep-towed MBES platform) and an autonomous underwater vehicle (AUV). The size of 
the largest known hydrothermal field, Penumbra, equals 0.09 % of the average HMS coverage. 
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Figure 4.3. Scale of data basis (e.g., DEMs; A) used for delineation of units of different geological 
map levels (B) and structures (C) mapped in the INDEX Area. See Chapter 3 and supplementary 
material (Table II.1 and Table II.2) for detailed unit descriptions and map criteria. 
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Figure 4.4. A) Tracks of INDEX near-seafloor operations for collecting high-resolution 
bathymetry data (using BGR’s Homeside, HMS) and visual observations (using ROVs) and ground-
truthing information compiled from the literature (PetDB data base, Lehnert et al., 2000; Okino et 
al., 2015; Warren, 2016) at INDEX cluster 05. Ship-based EM120 backscatter data are shown in 
the background highlighting the neo-volcanic zone with high (light grey) backscatter intensities. B) 
Lithologies of seafloor samples from INDEX expeditions (2011 until 2018) with slope maps 
calculated from available data.  
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Figure 4.5. Examples of mapping criteria and unit description for MOR assemblage types, 

formation types, and structures introduced in Chapter 3. The scale-bar in the maps of the 
assemblage type example represents 100 km; the other scale-bars represent 500 m in all maps, 
where water depth is coloured from 0 to -5000 m (yellow to blue) and slope maps are shaded from 
0° to 60° (white to black).  
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Figure 4.6. Major structures and geological assemblages in the INDEX Area, where the latter 
are named according to the spreading center or transform fault they originating from, and a main 
(hydrothermal or geodynamic) feature they are hosting. The major portion of the INDEX Area is 
classified as assemblages of the magmatic-tectonic type (West and East EXFX CIR, Kaimana and 
Kairei CIR, West and East Sooraj SEIR, and West and East Penumbra SEIR), which are dominated 
by a mix of spreading center and tectonized crust formations. The ‘median valley’ outlines the 
neovolcanic zone dominated by upper and middle spreading center formations.  
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Figure 4.7. Map examples for geological formation types (A), member types (B), and local 

structures and bed-level interpretations (C and D) in cluster 12 that hosts the Huna and Penumbra 
hydrothermal occurrences. Slope maps of the ship-borne DEM and of near-seafloor HMS data in 
the background. The black rectangles in A and B mark the outlines of bed-level maps C and D.  
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Figure 4.8. Relative spatial distribution of mapped formation types within the 5 km buffer 

around each hydrothermal occurrence. The stars indicate the hosting formation type with actively 
venting sites labelled with black stars and inactive sites with white. 
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Figure 4.9. Formation types in 5 km buffer zones around INDEX hydrothermal occurrences, 

sorted into the four environments, where the occurrences Edmond-Gauss-Score and Kairei are 
classified as ‘transitional’ between two or more other settings.  
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Figure 4.10. Selected high priority areas and their exploration priority (see Table 4.6) in clusters 

06 to 09 with the mapped formations and the slope map in the background (legend as in the previous 
figures). 
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5. Deposit models for seafloor massive sulphides 

in the Indian Ocean: geological complexity at 

slow- and intermediate-spreading mid-ocean 

ridges 
This chapter expands the analysis conducted in Chapter 4 to define six types of 

deposit models for hydrothermal systems among 32 examples studied along the Indian 
Ocean mid-ocean ridges, beyond the INDEX Area. The classification scheme advances 
previous groupings of deposit settings as either ‘magmatic’ or ‘tectonic’ types and 
provides key geological indicators of the settings that can be implemented in mineral 
potential mapping approaches. 
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Abstract 

The simplest classification of the settings of mid-ocean ridge (MOR) seafloor 
massive sulphide (SMS) deposits subdivides the ridges into either ‘magmatic’ or 
‘tectonic’ dominated environments. This classification ignores the now well-known 
diversity of mid-ocean ridge hydrothermal systems and their settings. This 
discrepancy between simple deposit models and more complex mid-ocean ridge 
geology is limiting our ability to search for SMS deposits, in particular far from the 
neovolcanic zone, despite the increasing availability of multibeam echosounder 
(MBES) data and other seafloor remote-sensing data. 

Using available ship-based MBES data, global remote sensing data and seafloor 
observations (from sampling or visual inspection) we classified the local geological 
settings of 32 known hydrothermal occurrences along all of the Indian Ocean mid-
ocean ridges. A five kilometer zone around each occurrence was analyzed for the 
presence of key geological formations and structures known to be associated with SMS 
deposits in the region. Six endmember geological settings were identified: axial shield 
volcanoes, off-axis volcanic fields, rift valley crust, tectonic massifs, oceanic core 
complexes, and shear zones. The relative importance of magmatic versus tectonic 
extension in each setting was inferred from the mapped geological units and expressed 
in terms of the average magmatic spreading component (M value). Average M values 
around the investigated deposits decrease with distance from the ridge axis. The 
results highlight the importance of tectonic processes for the localization of SMS 
deposits outside the neovolcanic zones. A number of settings were classified as 
transitional in character highlighting the geological diversity among the targeted 
SMS. In all cases, hydrothermal vent locations are controlled by normal faults, which 
under different circumstances may act as impermeable barriers, recharge areas or 
provide permeability for hydrothermal upflow. 

From the analysis, we extracted criteria that can be used as input parameters for 
mineral potential mapping, applied to the systematic definition of permissive areas 
for exploration. This is particularly important for the discovery of inactive SMS 
deposits beyond the neovolcanic zone, where only remote sensing data are available. 
Including a number of more diverse settings in the assessment of SMS occurrences 
has the potential to significantly increase the currently predicted resources of the 
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global ocean floor. 
Keywords – Geological mapping, seafloor massive sulphides, seafloor exploration, 

deposit models 

5.1. Introduction 
Despite the many factors controlling hydrothermal circulation and the formation of 

seafloor massive sulphides (SMS) at regional and local scales (e.g., Fouquet, 1997), 
the settings in which deposits occur are typically classified into two categories: either 
‘magmatic’ or ‘tectonic’-dominated (German et al., 2016). The global mid-ocean ridges 
(MORs), which host the majority of hydrothermal systems in the oceans (Beaulieu et 
al., 2015), are characterized by very different spreading rates and diverse volcanic and 
tectonic conditions (e.g., Cannat, 1996). However, these differences are poorly linked 
to the processes of SMS formation. Moreover, exploration for hydrothermal systems 
mainly uses physical and chemical anomalies in the water column to detect active 
hydrothermal vents (Baker and German, 2004), limiting the number of discoveries of 
inactive and/or extinct deposits, especially in off-axis regions (Hannington et al., 2011; 
Petersen et al., 2018; Jamieson and Gartman, 2020). The latter are predicted to 
outnumber active vent sites, are generally larger (German et al., 2016), and are more 
favourable for exploitation for environmental reasons (Koschinsky et al., 2018). 

Different types of oceanic crust formed at slow- and intermediate-spreading rates 
host a number of different types of SMS deposits that need to be taken into 
consideration during exploration. The different crust types reflect a diversity of 
magmatic and tectonic processes (e.g., Briais et al., 2000; Parson et al., 2000; Paulatto 
et al., 2015). The proportion of crust formed by magmatic accretion has been modelled 
along and across selected mid-ocean ridge segments at different spreading rates (Buck 
et al., 2005; Ito and Behn, 2008; Howell et al., 2019). Traditionally, hydrothermal 
activity has been most closely associated with magmatic processes at the ridge axis, 
but several authors (e.g., Paulatto et al., 2015) have also shown the close link to 
tectonic extension, comparing the magmatic spreading component (M) to the tectonic 
spreading component (T) determined from fault surfaces in bathymetric data. They 
showed that hydrothermal activity associated with detachment faulting and non-
transform discontinuities can occur on crust with T values ranging from 0.6 to 0.8 (i.e., 
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M values as low as 0.2 to 0.4: Paulatto et al., 2015). 
The growing availability of bathymetric data through open-access compilations, 

such as the Global Multi-Resolution Topography synthesis (Ryan et al., 2009) allows 
increasingly systematic analysis for geological mapping (e.g., Klischies et al. (2019). 
The geological interpretations have enabled mineral potential mapping approaches 
and automated identification of permissive areas (e.g., Ren et al., 2016; Juliani and 
Ellefmo, 2018; Ma et al., 2020; Juliani and Juliani, 2020; Liu et al., 2021). However, 
these first attempts have been conducted at scales that are far larger than the size of 
the hydrothermal target, with the not-very-useful result that the identified permissive 
areas cover large parts of the seafloor. Precise geological mapping and careful 
interpretation of available remote sensing data and of published ground-truthing 
information are needed to guide exploration at an appropriate scale. Here, we address 
the question of what geological features can be mapped with available data to 
effectively target SMS deposits in a range of different settings at slow- to intermediate 
spreading ridges in the Indian Ocean. 

The Indian Ocean is the least explored ocean basin, but contains three MOR 
systems (Central Indian Ridge, CIR, Southwest Indian Ridge, SWIR, and Southeast 
Indian Ridge, SEIR), with different spreading rates (ultra-slow, slow, and 
intermediate). Different types of crust are represented in each system, ranging from 
that formed by dominantly magmatic spreading (high M values) to mainly tectonic 
extension (low M values). Currently, 32 hydrothermal occurrences are known on these 
different types of crust including both active (high-temperature) sites and inactive 
occurrences (Figure 5.1). 

To determine the geological features that are most closely related to each of the 
different deposits we have prepared geological maps at a local scale for each 
occurrence and assigned M values to the crust within a uniform 5-km radius around 
each hydrothermal site. The scale of the mapped areas (78.5 km2) is a hundred times 
larger than the smallest mapped units (see below), and from these data, we have 
extracted key geological formations that are uniquely associated with the different 
deposit settings. The mapped features include structures that are important for 
localizing sulphide deposits and geological formations that are related to processes fa 
favourable for hydrothermal activity (e.g., Head et al., 1996; Curewitz and Karson, 
1997; Buck et al., 2005; Tyler et al., 2007; Smith et al., 2008; Escartín et al., 2017; 
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Klischies et al., 2019). Establishing this geological framework is crucial for 
implementing search criteria in mineral potential mapping approaches at scales 
applicable to seagoing exploration. 

5.2. Data compilation and methods 
We generated geological maps from available ship-based multibeam echosounder 

(MBES) data, global remote sensing data (gravity and magnetic data), and ground-
truthing observations around 32 hydrothermal occurrences (Table 5.1) following the 
mapping procedure described in Chapter 3. 

The ship-based MBES data, global-scale remote sensing data, and local seafloor 
observations (sampling and visual inspection) are described in the Supplementary 
Material Table III.1). MBES raw data were post-processed and digital elevation 
models were gridded in Qimera (by QPS). Corresponding slope maps were calculated 
in QGis (qgis.org) using the GRASS plugin. The GEBCO 2020 grid (GEBCO 
Compilation Group, 2020) and GMRT grids (Ryan et al., 2009) were used to fill the 
gaps, where no high-resolution data were available. Published map figures were 
georeferenced and carefully included into the mapping process where available. The 
vertical gravity gradient grid (VGG: Sandwell et al., 2014) and magnetic data (EMAG–
2: Maus et al., 2009) supported the geological interpretation at all locations and map 
scales. 

Geological mapping includes the manual delineation of a variety of formation types, 
as well as structures that include the ridge axis, ridge discontinuities of first- and 
second-order, normal faults, lineaments and corrugations (see Chapter 3). We also 
assigned a magmatic spreading component (M values) to the crust surrounding the 
hydrothermal systems. The geological maps were constructed using the approach 
developed for other areas of the oceans (Anderson et al., 2016, 2017; Stewart et al., 
2022) and at other mid-ocean ridges (Chapter 3). Geological legends were created by 
gathering crustal units with similar properties, age, and origin and sorting them into 
distinct formations, taking into consideration the crust types (and thickness, where 
known), sequence of depositional events, the composition of different units, tectonic 
fabric and structure. Contacts between formations are based on mappable 
discontinuities in high-precision digital elevation models (DEMs), supported by 
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acoustic backscatter, other geophysical data (magnetics, gravity) and direct seafloor 
observations where available. The geological legend used in this study is described in 
Chapter 3 and is based on well-established criteria for classification of different 
geological formations at the ridges from numerous training areas. 

We determined the location of the ridge axis for the calculation of ‘spreading ages’ 
from high-resolution, ship-based bathymetry and the VGG. Spreading ages are useful 
for young oceanic crust where no absolute age data are available and the resolution of 
magnetic reversals is low (Briais et al., 2000, Escartín et al., 2014; Klischies et al., 
2019). The calculation is based on the geodetic distance of a point (e.g., a hydrothermal 
occurrence) to the ridge axis and the current spreading rate at the mid-ocean ridge. 
This approximation is sensitive to, among other things, the chosen location of the ridge 
axis and uncertainties in the spreading rates. Rates used in this study (Table 5.1) are 
taken from Argus et al. (2011) and inferred from ship-based magnetic data (Bartsch, 
2014). 

The spatial relationships of the hydrothermal occurrences to the main geological 
features of each map were analyzed. For this purpose, the locations of hydrothermal 
occurrences are taken as a single point, typically the active vent site with the highest 
measured fluid temperature, the largest hydrothermal feature, or the center of the 
hydrothermally altered area, although some occurrences may extend over several 
hundreds of meters. Hydrothermal occurrences less than ten kilometers apart are 
grouped together in five of the maps; thus 28 maps in total were produced (Figure 5.2). 
Data compilation, mapping and spatial analysis were conducted in ArcMap (v. 10.4, 
by Esri). Distance and area calculations were conducted in the World-Behrmann-
Projection (ESRI:540179, www.epsg.io), which is applicable over the entire Indian 
Ocean. Among the key attributes measured in each map were the areas of different 
formation types and the cumulative length and orientation of structures. 

5.3. Geological settings of hydrothermal occurrences 
Six distinct geological settings of hydrothermal occurrences on the Indian Ocean 

ridges were recognized: i) axial shield volcanoes, ii) off-axis volcanic fields, iii) rift 
valley crust, vi) tectonic massifs, v) oceanic core complexes, and vi) shear zones 
(Figure 5.3). Of the 32 SMS occurrences, 23 (in 20 map areas) were assigned to a 
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particular setting, and 9 (in 6 additional map areas) are in transitional settings. 
The axial shield volcano setting (type i) is characterized by large (>3 km diameter) 

shield volcanoes, as either intact edifices on the ridge axis or split volcanoes off-axis. 
This type of setting occurs throughout the Indian Ocean basin and hosts the Wocan–
1&2, Dodo, Sonne (all three on the CIR), New Sonne (on the SEIR), Duanqiao, and 
Mt. Jourdanne (both on the SWIR) sulphide occurrences. At these locations, the axial 
volcano formations (Ov4) occupy 30 % of the map areas (Figure 5.3). The hydrothermal 
occurrences are located at segment scale, ridge-parallel faults that cross the volcanic 
shields. Along the CIR, the shields are typically basaltic, e.g., at Dodo (Shimizu, 2019 
from PetDB; Lehnert et al., 2000) and Sonne (Halbach et al., 1998), whereas at Mt. 
Jourdanne on the SWIR the volcanic shield is dominated by E-MORB (Nayak et al., 
2014). 

The off-axis volcanic field setting (type ii) hosts the Huna-Penumbra occurrence 
along the SEIR. Similar to the setting of the axial shield volcanoes, the volcanic field 
formations (Ov5) occupy more than 30 % of the map area surrounding the deposit. The 
deposit occurs on axis-parallel fault scarps with low throw (<200 m) where they are 
cut by a set of axis-oblique faults, also with low-throw (Figure 5.2). 

The rift valley setting (type iii) includes the Solitaire, Surya, Pelagia, and Tianzuo 
occurrences. The map areas are dominated (>50 % by area) by spreading center 
formations. The Solitaire (CIR) and Pelagia (SEIR) deposits occur near the ridge axis 
within the upper and middle rift valley floor (inner rift valley floor or proximal rift 
valley crust: uOc2 and mOc2), Surya (SEIR) is located further off-axis on distal rift 
valley crust (lOc2). The Tianzuo occurrence on the SWIR is located in stretched 
basement rocks (uOc3) with exposures of lherzolite nearby (Li, 2019 from PetDB; 
Lehnert et al., 2000). At Solitaire, basalt was sampled (Lehnert et al., 2000; 
Figure 5.2). Mapped faults around the hydrothermal occurrences are of segment-scale 
extent and ridge parallel. 

The tectonic massif setting (type iv) is characterized by tectonized crust (covering 
more than 60 % of the map areas), exposed either on graben walls (Ot1) or as part of 
the tectonic massifs (Ot2), and hosts the Tianxiu, Kaimana, Yuhuang deposits and 
the occurrences at 09°48’S and 09°49’S CIR (Figure 5.2). The tectonic fabric is 
dominated by short (<10 km long) axis-parallel and axis-oblique normal faults. Near 
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segment ends and at inside corners of ridge discontinuities (e.g., at Tianxiu on the 
Carlsberg ridge) mapped structures show a prominent axis-oblique orientation with 
shear–zone formations (Dz) covering more than 20% of the mapped areas (Figure 5.2 
and Figure 5.3). The sampled host rocks are basaltic (Lehnert et al., 2000; Figure 5.2). 

The oceanic core complex setting (type v) is also dominated by tectonic formations 
(Ot; >50 % by area: Figure 5.3) consisting of lower crustal to ultramafic rocks (Ot3: 
Lehnert et al., 2000; Yi et al., 2014; Choi et al, 2020). This setting hosts the 
occurrences at Onnuri and Cheoeum on the CIR, which are located on large fault cut 
by smaller faults with low throw (Figure 5.2). 

The shear-zone setting (type vi) is dominated by deformed oceanic crust in or near 
transform faults or non-transform discontinuities that offset the ridge axis (Dz). These 
include the occurrences at Daxi on the Carlsberg Ridge as well as the OCC 4-2 and 
the 25°09’S occurrences on the CIR (Figure 5.3). These settings contain over 60 % of 
shear-zone formations and hardly any volcano formations, similar to the tectonic 
massifs and oceanic core complexes. The faulting is typically dense with a complex 
pattern (Figure 5.2). Sampling indicates the presence of basalt but also gabbro and 
peridotite in these areas (Lehnert et al., 2000; Pak et al., 2017; Figure 5.2). 

The different settings are found on almost all of the spreading ridges of the Indian 
Ocean, regardless of spreading rate. Axial shield volcanoes occur along all three 
ridges; however, only the SEIR hosts a deposit in the volcanic field setting (Huna-
Penumbra occurrence) and there are no known deposits in the oceanic core complex 
setting. All of the map areas contain tectonized crust on graben walls (Ot1), which 
hosts eight of the occurrences, including both active and inactive sites. All are within 
<100 m distance from the graben wall faults (Figure 5.2). One occurrence (Wocan–1) 
is located on the hanging wall block of the corresponding fault; the other occurrences 
(08°10’S CIR, Cheoeum, Tamaki, Gauss and Score, Surya, and New Sonne) are on the 
footwall block, either on the exposed part of the fault plane or above it. 

Longqi on the SWIR, as well as Alpha, EGS, Kairei-Yokoniwa, Tamaki, and 08°10’S 
on the CIR are in transitional settings (Figure 5.3). Alpha and EGS are associated 
with oceanic core complexes (Ot3) but are otherwise dominated by spreading center 
formations (EGS) or tectonized and shear-zone crust (Alpha; Figure 5.2). 

The differences between the deposit settings are indicated by the average M values 
for the formations in the mapped areas (Table 5.2). Volcanic formations are assigned 
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M values of 1 as direct products of magmatic spreading. Oceanic core complexes are 
assigned M=0.5 (Buck et al., 2005) and tectonized crust on graben walls is assigned 
M=0 as described in Chapter 3. Average M values for each map area are weighted 
according to the areas of the mapped formations. Those settings affected by recent or 
on-going magmatic accretion at the ridge axis have the highest average M values: 
M=0.83 for six map areas dominated by the axial shield volcanoes; M=0.81 for three 
map areas dominated by the shear zone setting; and M=0.74 for four map areas 
dominated by rift valley crust (Table 5.2 and Figure 5.4). The rift valley settings have 
average M value of less than 1 because of the one low value for the map of the Tianzuo 
occurrence (M=0.31). This is related to stretched basement that hosts the Tianzuo 
occurrence and the detachment faulting with limited magmatic accretion (Figure 5.2). 
In contrast, the off-axis volcanic field which hosts the Huna-Penumbra occurrence has 
a high M value (M=0.81; Table 5.2), although it is not located in an axial rift zone. 
Map areas of the tectonic massif and oceanic core complex settings have average M 
values of around 0.50 correlating with large-throw and detachment faulting (Table 5.2 
and Figure 5.3). Because the magmatic spreading component decreases with 
spreading age (Figure 5.4) the off-axis settings have low average M values. However, 
truly amagmatic off-axis hydrothermal fields have not been found yet. 

5.4. Hydrothermal circulation and deposit formation 
Geological mapping of the different settings that host the hydrothermal deposits in 

the Indian Ocean confirms that the simple tectonic vs. magmatic classification of 
German et al. (2016) does not capture all of the important settings of SMS formation. 
In our study, only four of the 32 occurrences are found in the rift valley setting where 
the dominant driving force of hydrothermal circulation is axial magmatism. 

We identify six distinct settings for which the underlying mineral systems, 
including the heat source driving hydrothermal circulation, the host rocks affecting 
the composition of the hydrothermal fluid, and the structures focusing fluid flow, are 
fundamentally different (Figure 5.5). 

The settings dominated by axial shield volcanoes (type i) are magmatically robust, 
with large, shallow magma chambers that drive hydrothermal circulation and also 
may contribute magmatic volatiles and metals to the hydrothermal system (e.g., Singh 
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et al., 2006; Crawford et al., 2010; Marques et al., 2011; Escartín et al., 2014; Portner 
et al., 2015). Similar settings are well documented, for example at Axial Volcano on 
the Juan de Fuca ridge, and Lucky Strike and Menez Gwen on the Mid-Atlantic ridge 
(Langmuir et al., 1997; Butterfield et al., 1990; Marcon et al., 2013). Axial shield 
volcanoes commonly also have summit calderas that play a major role in controlling 
fluid flow (Butterfield et al., 1990; Klischies et al., 2019). This may explain the location 
of the Wocan-1 and Wocan-2 occurrences off the center of the axial volcano 
(Figure 5.2). Axial volcanoes in the Indian Ocean erupt basaltic rocks with an E-
MORB signature (Nayak et al., 2014), which is typically reflected in the composition 
of the hydrothermal fluids and the mineral deposits on axial volcanoes at other ridges 
(Hannington et al., 2005; Marques et al., 2011; Dreyer et al., 2013). 

The off-axis volcanic field setting (type ii) that hosts the Huna-Penumbra 
occurrence is similar to the axial volcanic shields and therefore may also originate 
from local excess in magma supply (see Chapter 3). The active hydrothermal fields at 
Huna-Penumbra are basalt-hosted but occur more than 12 and 14 kilometers from the 
ridge axis in old crust with spreading ages of more than 400,000 years (Figure 5.4). 
The lack of large-throw faulting and the large size of the volcanic field suggest that 
the hydrothermal system are locally driven, rather than sourced from the ridge axis, 
which is a common fluid pathway for other off-axis hydrothermal occurrences (e.g., 
Andersen et al., 2015; Figure 5.2). Both occurrences are located at the intersections of 
minor faults, which contrasts with the large-throw normal faults that dominate the 
ridge axis. The setting appears to be unique but may reflect the tendency for 
exploration to focus on the ridge axis and the neovolcanic zone, neglecting the ridge 
flanks (Petersen et al., 2018).  

The rift valley setting (type iii), which hosts Solitaire, Surya, and Pelagia, is typical 
of neovolcanic accretion. The heat sources are dike injections and shallow magma 
lenses, as known from other mid-ocean ridges (e.g., Head et al., 1996; Carbotte et al., 
2012; Yeo et al., 2013). The volcanic rocks are dominated by basalt flows, and the 
frequent effusive eruptions at the ridge axis are thought to inhibit long-lived fluid 
pathways and large sulphide accumulations (German et al., 2016). German et al. 
(2016) suggest that ultra-slow, magma-starved rift valleys are more important for 
forming large SMS deposits because of the deeply-penetrating and long-lived faults 
that can sustain long-lasting hydrothermal circulation. The stretched basement and 
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exposures of peridotite mapped around Tianzuo in the ultra-slow spreading SWIR 
imply a lower magmatic spreading component (Ding et al., 2020; PetDB, Lehnert et 
al., 2000; Figure 5.2 and Figure 5.4). However, Seyler et al. (2003) sampled basalt in 
this area and Sauter et al. (2013) suggests local emplacement of volcanic rocks in this 
otherwise ultra-slow spreading tectonic-dominated setting.  

The tectonic massif setting (type iv) is considered to be magma-starved, even on 
magmatically robust ridge segments (e.g., Parson et al., 2000). Inside corners at non-
transform discontinuities or transform faults commonly have large-throw faults that 
propagate towards the segment center, which may be facilitated by (non-) transform-
induced shear stresses (Behn and Ito, 2004). However, the lack of magma at segment 
ends requires that heat is mined elsewhere along the neovolcanic zone. This could be 
facilitated by neovolcanic diking that propagates to the segment ends and beyond into 
ridge discontinuities (e.g., White et al., 2009). The large-throw faults could also be 
capable of redirecting hydrothermal fluids off-axis (e.g., Anderson et al., 2015), as 
suggested for the Kairei hydrothermal field (Okino et al., 2015). The setting of the 
Kairei hydrothermal field is classified here as transitional between the rift valley and 
the tectonic massif. It has similarities to the tectonic massif that hosts the nearby 
Yokoniwa occurrence but is surrounded by spreading center formations (Figure 5.3). 
At Kairei, the host rock is mainly basaltic, whereas lower crustal rocks are exposed at 
the nearby Yokoniwa occurrence (Okino et al., 2015; Fujii et al., 2016). The high H2 
and CH4-concentrations in vent fluids from the Kairei field also indicate an ultramafic 
influence (Okino et al., 2015). The exposure of older crust in close proximity to 
neovolcanic activity (of the neighboring segment) is a characteristic feature of inside 
corners. This boundary effect may explain why hydrothermal occurrences in tectonic 
massif settings are commonly found on crust with such a large range of spreading ages 
(Figure 5.4). Older, stable crust also may favour the accumulation of larger sulphide 
deposits (German et al., 2016). 

Oceanic core complexes (type v) are well-known to host SMS occurrences on their 
domed and corrugated surfaces, which are the exposed fault planes of large 
detachments (Smith et al., 2008; Tucholke et al., 2008; Escartín et al., 2017). This 
setting has been described only recently in the Indian Ocean (Onnuri and Cheoeum 
sites along the CIR; Pak et al., 2017; Kim et al., 2020; Choi et al., 2020). The oceanic 
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core complexes are related to long-term tectonic extension with exposures of 
ultramafic and lower crustal rocks and a low magmatic spreading component of 
M=0.5. The source of heat driving hydrothermal circulation is debated but may 
include serpentinization reactions, such as at Lost City (Kelley et al., 2001), or, more 
likely for high-temperature vents, magmatic intrusions into the root zone or footwall 
of the core complex (Allen and Seyfried, 2004; Seyfried et al, 2013; Escartín et al., 
2017, and references therein). The Onnuri occurrence is located along secondary, low-
throw faults cutting through the oceanic core complex. These are well-known 
structures for hydrothermal fluid flow in this environment (Escartín et al., 2017). 
Cheoeum is hosted in tectonized crust on graben walls (Ot1) next to an oceanic core 
complex (Figure 5.2). Hydrothermal flow in the shallow subsurface appears to be 
controlled by low-throw, partly cross-cutting faults, whereas deeper hydrothermal 
flow may be occurring along the detachment fault plane at depth (Figure 5.2). Fluid 
flow along the detachment fault plane is thought to be important for hydrothermal 
sites hosted on the basaltic hanging wall, such as at the TAG hydrothermal field 
(DeMartin et al., 2007; Graber et al., 2020). This may also be the case for fluid flow at 
Alpha and Edmond-Gauss-Score (EGS) on the CIR, which occur in crustal settings 
that are transitional between the rift valley and the oceanic core complex setting, with 
a relatively small detachment fault near the ridge axis, similar to TAG (Figure 5.2 
and Figure 5.3; Graber et al., 2020). The relatively stable crust, the magma-starved 
environment and the ultramafic rocks exhumed at oceanic core complexes favour the 
accumulation of large sulphide deposits and the enrichment of important metals such 
as copper, making oceanic core complexes a preferred target for SMS (e.g., Escartín et 
al., 2017). Transitional settings between the endmember rift valley type and oceanic 
core complex may also represent an important exploration target for large deposits 
such as TAG (e.g., Graber et al., 2020). 

The shear zone settings (type vi) represent deeply rooted, crustal scale deformation 
zones bound to offsets in the ridge axis (transform faults, non-transform 
discontinuities) or their off-axis traces. Because they are typically magma starved, 
any heat required for hydrothermal circulation must be from a distal source 
redirected, either along (detachment) faults or within the deformation zones, with 
enhanced permeability (Tyler et al., 2007; Paulatto et al., 2015). As with tectonic 
massifs, lateral dike propagation is likely affecting the shear zone environment (White 
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et al., 2009) and could provide additional heat to the hydrothermal systems. On-going 
deformation within the shear zone setting prevents stable, long-term fluid circulation 
and diminishes the potential for larger SMS occurrences. 

As noted above, across all settings average M values decrease with spreading age, 
highlighting the importance of fluid circulation over long distances in tectonically-
dominated settings (the tectonic massif, oceanic core complex, and shear zone setting). 
The key formations that should be targeted for exploration in off-axis areas identified 
in this study are oceanic core complexes and relicts of axial shield volcanos. However, 
our understanding of off-axis hydrothermal activity may be biased by an incomplete 
inventory of inactive systems and the targeting of exploration activities on the ridge 
axis. Most likely, occurrences in older crust of dominantly magmatic origin remain to 
be discovered. 

All of the settings that host hydrothermal occurrences are faulted and highly 
tectonized highlighting the importance of the permeability of the oceanic crust for 
hydrothermal upflow (Hannington et al., 2011; Andersen et al., 2017). Where 
hydrothermal fluid flow is focused by the fault hydrothermal deposits may remain 
hidden, for example, under a cover of mass wasting deposits. Where a permeable fault 
is cross-cut by a secondary fault set, e.g., at the Huna-Penumbra occurrence (axis-
oblique faults: Figure 5.2) or at TAG (intersecting faults: Graber et al., 2020), the 
deposits form on the fault plane and the hanging wall block above the fault. However, 
many of the deposits are located on the footwall block of large normal faults, rather 
than at the fault trace or in the hanging wall, especially in crust associated with rifted 
and relict volcanic ridges (Oc1) and axial volcanoes (Ov4; Figure 5.2). These rocks are 
relatively permeable for hydrothermal fluid flow (e.g., Yeo et al., 2012) and the normal 
fault may be a barrier to fluid flow due to closure of the fault by down-dropped blocks. 
Sealing of faults is also common, caused by volcanic activity or precipitation from 
hydrothermal fluid (e.g., Hannington et al., 1995). Numerical modelling has indicated 
that normal faults may also act as recharge zones preventing hydrothermal upflow 
and that their capability to redirect hydrothermal fluids depends on a complex 
interplay of factors (Anderson et al., 2015). For example, the interplay of cold recharge 
and hot hydrothermal upflow has been demonstrated in the seismic velocity structure 
of other mid-ocean ridges (Kim et al., 2019). 



 

 

 

158 
 

Most observations suggest exploration, on axis and off axis, should target footwall 
blocks of normal faults and intersecting structures as well as transitional settings 
with a tectonic fabric of deeply rooted faults and shallow, secondary faulting. 

5.5. Summary and conclusion 
Geological mapping around 32 hydrothermal occurrences in the Indian Ocean and 

comparisons with similar settings in other ocean basins has identified six distinct 
geological environments for the formation of SMS at slow- and intermediate-
spreading MORs, significantly expanding previous classifications (e.g., ‘magmatic’ or 
‘tectonic’ settings). The new classifications recognize the importance of tectonic 
deformation, which increases with the age of the crust, in controlling hydrothermal 
vent locations. 

Three settings are associated with robust magmatic accretion with an average 
magmatic spreading component M >0.7. The axial shield volcano setting, which is host 
to six deposits in this study, and the off-axis volcanic field setting, which is host to one 
deposit, are both characterized by large magma volumes, expressed as volcanic shield 
formations covering >30 % of the areas within 5 km of the deposits. The rift valley 
setting, which is host to four of the deposits in this study, is dominated by spreading 
center formations covering >80 % of the mapped areas. Although only one deposit has 
been found in an off-axis volcanic field, this setting is considered to have the highest 
potential for a large SMS occurrence (see Chapter 4). The tectonic massifs (host to 
four of the studied occurrences), the oceanic core complex (two occurrences), and the 
shear-zone setting (three occurrences) are all dominated by tectonized crust covering 
more than 60 % of the mapped area and are associated with low magmatic spreading 
components (M~0.5). By comparison with the tectonic massifs and oceanic core 
complexes, the average magmatic spreading component of the shear-zone setting is 
relatively high (M~0.8), reflecting the proximity to the neovolcanic zone in the cases 
studied. The variability of crustal accretion associated with hydrothermal 
environments is highlighted by the number of deposit settings identified as 
‘transitional’ in character, including six of the studied occurrences. 

All of the settings are characterized by normal faulting, which controls the 
hydrothermal discharge. The importance of large-throw faulting, which enables heat 
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transport for great distances, increases away from the ridge axis. Many hydrothermal 
occurrences are located on the footwall block of these large faults indicating that major 
fault planes may act as impermeable barriers for rising hydrothermal fluids forcing 
fluid flow through the footwall. The greatest potential for SMS deposits is in settings 
that are dominated by relatively stable crust and large structures that can sustain 
long-lasting fluid flow, namely in the off-axis volcanic fields, the tectonic massifs, and 
the oceanic core complexes. 

Criteria for the recognition of different settings established in this study can 
potentially be applied to automated classification of permissive areas for exploration, 
including the search for inactive deposits away from the neovolcanic zone. A first 
mineral potential mapping approach at the regional to local scale using these criteria 
is demonstrated in Graber et al. (under rev.). 
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Table 5.1. Overview of analyzed hydrothermal occurrences in the Indian Ocean. 
Occurrence 
name 

Activity, 
Tmax [°C] 

Hosting 
tectonic 
plate*, 
subregion 

Half-
spreading 
rate 
[cm/yr] 

Water 
depth 
[m] 

Reference 

Carlsberg Ridge 
Daxi Active, 

295 
IN–SO, 
60°10’E ridge 
offset 

1.2–1.25 3450 Wang et al., 2021 

Wocan–1 Active, 
360 

IN–SO, 
60°30’E 
segment  

1.25 2970 Wang et al., 2017 

Wocan–2 Inactive IN–SO, 
60°30’E 
segment 

1.25 3100 Wang et al., 2017 

Tianxiu Active, 
305 

SO, 63°50’E 
segment 

1.36 3370 Tao et al., 2013 

Central Indian Ridge 
08°10'S CIR Active, 

diffuse 
SO, 08°10’S 
segment 

1.75 3700 Kim et al., 2020 

09°48'S CIR Active, 
diffuse 

SO, 09°47’S 
segment 

1.76 2600 Kim et al., 2020 

09°49'S CIR Active, 
diffuse 

SO, 09°47’S 
segment 

1.76 3050 Kim et al., 2020 

Onnuri Active, 
high-T 

IN, 11°25’S 
segment 

1.81 2020 Kim et al., 2020 

Cheoeum Inactive AU, segment 
5 

1.85 3000 Pak et al., 2017 

OCC 4-2 Active AU, segment 
5 

1.85 3000 Pak et al., 2017 

Tamaki Inactive AU, segment 
6 

1.95 3200 cruise report YK16-
E02, 2016 

Dodo Active, 
356 

AU, 
Rodriguez 
segment 

2.04 2745 Nakamura et al., 
2012 

Solitaire Active, 
307 

SO, 
Rodriguez 
segment 

2.1 2610 Nakamura et al., 
2012 

Sonne Inactive SO, Meso-
zone 

2.3 2845 Herzig & Plüger, 
1988 

Alpha Active, 
351 

AU, 23°50’S 
segment 

2.3 2850 Schwarz-Schampera 
et al., 2020 

Edmond Active, 
382 

AU, 23°50’S 
segment 

2.3 3290 Van Dover et al., 
2001 

Gauss Inactive AU, 23°50’S 
segment 

2.3 3050 Schwarz-Schampera 
et al., 2020 

Score Inactive AU, 23°50’S 
segment 

2.3 3200 Schwarz-Schampera 
et al., 2020 

25°09’S CIR Inactive SO–AU, 
25°09’S ridge 
offset 

2.35 2440 Zeng et al., 2017 

Yokoniwa Inactive AU, CIR1 2.7 2500 Fujii et al., 2016 
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Table 5.1. continued. 
Occurrence 
name 

Activity, 
Tmax [°C] 

Hosting 
tectonic 
plate*, 
subregion 

Half-
spreading 
rate 
[cm/yr] 

Water 
depth 
[m] 

Reference 

Kairei Active, 
369 

AU, CIR1 2.7 2450 Hashimoto et al., 
2001 

Kaimana Active, 
328 

SO, CIR1 2.25 2660 Schwarz-Schampera 
et al., 2020 

Southeast Indian Ridge 
Surya Active, 31 AN, 25°50’S 

segment 
2.65 2920 Schwarz-Schampera 

et al., 2020 
Pelagia Active, 

357 
AN–AU, 
26°10’S 
segment 

2.7 3660 Han et al., 2018 

New Sonne Active, 
342 

AU, 27°15’S 
segment 

2.85 2930 Schwarz-Schampera 
et al., 2020 

Huna Active, 
296 

AU, 27°30’S 
segment 

2.85 2545 Schwarz-Schampera 
et al., 2020 

Penumbra Active, 
354 

AU, 27°30’S 
segment 

2.85 2460 Schwarz-Schampera 
et al., 2020 

Southwest Indian Ridge 
Yuhuang Inactive AN, segment 

29 
0.74 1400 Han et al., 2010 

Longqi Active, 
379 

AN, segment 
28 

0.74 2760 Tao et al., 2011 

Duanqiao Active, 
278 

SO, segment 
27 

0.74 1740 Tao et al., 2012 

SWIR 51.7°E Active, 
n.a. 

AN, segment 
25 

0.74 1600 Tao et al., 2012 

Tianzuo Inactive SO, 63°30’E 
ridge offset 

0.67 3630 Chen et al., 2018; 
Ding et al., 2020 

Mt. 
Jourdanne 

Inactive AN–SO, 
segment 11 

0.67 2940 Fujimoto et al., 
1999; Tao et al., 
2012 

      
*) SO = Somalian, IN = Indian, AU = Australian, AN = Antarctic plate. 
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Table 5.2. Statistics for formation types within the 26 analyzed map areas shown in Figure 5.2. 
Setting (# of 
examples) 

Statistics Ov Oc Ot Dz M 

Axial shield 
volcano (6) 
  

Mean 39 % 44 % 16 % 0 % 0.82 
Median 35 % 37 % 17 % 0 % 0.81 
Std 0.11 0.14 0.14 0.00 0.14 

Off-axis 
volcanic field 
(1) 

  65 % 24 % 11 % 0 % 0.81 

Rift valley 
crust (4) 
  

Mean 3 % 87 % 10 % 0 % 0.76 
Median 4 % 88 % 10 % 0 % 0.83 
Std 0.03 0.06 0.07 0.00 0.23 

Tectonic 
massif (4) 
  

Mean 0 % 17 % 76 % 6 % 0.57 
Median 0 % 18 % 76 % 0 % 0.57 
Std 0.01 0.12 0.07 0.12 0.13 

Oceanic core 
complex (2) 
  

Mean 0 % 10 % 90 % 0 % 0.48 
Median 0 % 10 % 90 % 0 % 0.48 
Std 0.00 0.15 0.15 0.00 0.01 

Shear-zone (3) 
  

Mean 1 % 4 % 15 % 81 % 0.81 
Median 0 % 0 % 6 % 82 % 0.81 
Std 0.01 0.06 0.18 0.17 0.03 

Transitional 
(6) 
  

Mean 1 % 42 % 45 % 12 % 0.65 
Median 1 % 47 % 46 % 9 % 0.60 
Std 0.01 0.14 0.10 0.15 0.10 

Percentages give relative coverages of volcanic (Ov), spreading center (Oc), 
tectonized (Ot), and shear-zone (Dz) crust formations. M values are the average 
magmatic spreading components for each map area are weighted according to the 
areas of the mapped formations. 
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Figure 5.1. Locations of hydrothermal occurrences in the Indian Ocean along the three mid-
ocean ridges indicated as red lines (Central Indian Ridge, CIR, Southwest Indian Ridge, SWIR, and 
Southeast Indian Ridge, SEIR). Geological maps were produced for each site from remote sensing 
data (Supplementary Material Table III.1). The GEBCO 2020 bathymetry is shown here in the 
background. 
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Figure 5.2. Geological maps in a five kilometer radius around 32 hydrothermal occurrences with 

formation types and major structures determined from available DEMs (derived slope maps in 
greyscale in the backgrounds, in the UTM projection) according to criteria described in Chapter 3 
and supported by published map figures (see Supplementary Material Table III.1). Hydrothermal 
occurrences located less than 10 km apart are grouped together for a total of 26 analyzed map areas. 
Available data for SWIR 51.7°E were too low in resolution to produce a geological map. Sampled 
rock types are from PetDB (Lehnert et al., 2000). The scale bar represents two kilometers. 
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Figure 5.3. Relative cover of volcanic (Ov), spreading center (Oc), tectonized (Ot), and shear-zone 

(Dz) formations within the 26 map areas shown in Figure 5.2. The distribution shows a clear 
distinction between six geological settings. The average magmatic spreading component (M value 
shown on the same scale) assigned to the units in each map area is indicated by the black bar. 
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Figure 5.4. Average magmatic spreading component (M value) of the mapped formations within 

five kilometer of 32 known hydrothermal occurrences of the Indian Ocean compared to the 
spreading age of the crust. M decreases with the age of the crust. The axial volcano and shear zone 
settings are restricted to relatively young crust, while the other settings occur span a range of 
spreading ages. 
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Figure 5.5. Sketches of six deposit settings identified in the geological mapping of the Indian 
Ocean SMS occurrences including potential heat sources, pathways for hydrothermal fluid 
circulation, and host rocks.  
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6. Synthesis and outlook 
This thesis presents standardized workflows for acquisition of remote sensing data of 

the ocean floor and for the conceptual interpretation of these data, which are used for 
producing detailed geological maps across scales and across ocean basins. The mapping 
results can be used to extract the regional and local controls on hydrothermal venting 
along ultraslow to intermediate-spreading mid-ocean ridges. Detailed workflows are 
presented for high-resolution (<5 m), large-coverage (>10 km2) mapping using multibeam 
echosounders on underwater vehicles with post-processing using feature matching to 
establish navigational constraints in purely autonomous surveys in deep water. 
Standardization of the workflows increases the efficiency of ship time, contributes towards 
automation of surveys, and facilitates informed interpretation of the produced maps. 

Geological mapping of mid-ocean ridges using data from satellite altimetry to ship-
based remote sensing enables detailed modelling of the magmatic and tectonic accretion 
of ocean crust at regional to local scales and systematic assessment of the environment of 
hydrothermal venting and massive sulphide accumulation. Regional-scale geological maps 
are used to reconstruct crustal growth and spreading style, as shown at the Rodriguez 
Triple Junction in the central Indian Ocean, leading to greatly improved models of 
geodynamic evolution in large parts of the oceans. Detailed geological reconstruction of 
the RTJ showed the response time of magmatic and hydrothermal systems across the 
basin adjusting to changes in the rate of crustal accretion on time scales of the order of 
~400.000 years. 

The INDEX Area, which hosts numerous hydrothermal occurrences of different sizes 
was studied in detail. It is relatively well-explored compared to other seafloor areas, with 
full-coverage, ship-based bathymetry, gravity and magnetic data, high-resolution 
bathymetry over large areas, and direct seafloor observations (visual and sampling). This 
unique data set was used to produce detailed geological maps down to the site scale (within 
5 km of known hydrothermal sites) and to relate the mapped geological formations to 
hydrothermal occurrences across scales. The largest massive sulphide occurrences are in 
off-axis formations, where relatively stable crust can sustain continuous hydrothermal 
circulation and long-term accumulation of sulphides. These deposits are either associated 
with voluminous off-axis magmatism, reflected in extensive volcanic fields and potential 
off-axis magma chambers, or form in settings of limited magmatic accretion, but with long-
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lived (axis-oblique) tectonic deformation that controls the permeability of the crust. 
Mapping around known hydrothermal occurrences reveals similar structural and 

depositional controls on vent locations across different spreading rates and magmatic-
tectonic crustal types. Six distinct geological settings emerged that are linked to specific 
geodynamic conditions, from magmatic accretion styles to purely tectonic regimes: 

1) The axial shield volcano setting accommodates hydrothermal circulation above a 
shallow, axial magma chamber. Vent locations are controlled by faulting and diking 
in the axial graben rifting the volcano along axis, or by graben wall faults that 
redirect the ascending fluids into the rifted axial volcano. 

2) The off-axis volcanic field setting sustains high-temperature hydrothermal venting 
in off-axis areas along large, ridge-parallel faults that are cut by second-order faults 
or strongly affected by mass wasting. 

3) The rift valley setting hosts small, short-lived, high-temperature vents in the 
neovolcanic zone, where fissure eruptions and initial faulting dominate the 
permeability structure of the upper crust and limit the formation of larger sulphide 
occurrences. 

4) The tectonic massif setting hosts hydrothermal vents that are focused along faults 
with large throws, typically at the inside corner of a MOR segment and a ridge-axis 
discontinuity. These large-throw faults redirect hydrothermal fluids from the ridge 
axis into off-axis areas, where complex faulting and intense fracturing in the upper 
crust favour sulphide accumulation also in the shallow subsurface. 

5) The oceanic core complex setting is particularly favourable for large-scale 
hydrothermal venting and the formation of large sulphide deposits. Hydrothermal 
venting occurs in the hanging wall block of the associated detachment fault, where 
vent locations are focused in complex, intersecting fault patterns in the upper crust. 
On the footwall, vent locations are controlled by ridge-parallel rift faults that dissect 
the core complex. 

6) The shear-zone setting hosts hydrothermal vents on nodal massifs, which are 
uplifted or thrusted parts of crust in the strike-slip stress regime of a ridge axis 
discontinuity. Hydrothermal venting is controlled by complex faulting and 
fracturing in the upper crust and may also be associated with sulphide 
accumulation in the shallow subsurface. 

Transitional settings are common and reflect the diversity of oceanic crust accreted at 
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MORs. The tectonic massif, oceanic core complex, and volcanic field settings are associated 
with oceanic crust with spreading ages of >300.000 yrs, highlighting the need to explore 
for hydrothermal occurrences off the mid-ocean ridge axes. Across all settings and scales, 
deposit location is controlled by normal faulting and associated permeability contrasts in 
the upper oceanic crust. Deep structures are identified from satellite- and ship-based data, 
while local-scale faulting is delineated in ship-based and high-resolution, near-seafloor 
data. 

These outcomes provide important criteria for interpretation of geological maps of the 
MORs, which can greatly assist in the identification of permissive areas for exploration, 
including by automated techniques of mineral potential mapping. The goal is to 
dramatically increase the efficiency of seabed prospecting at a scale that is appropriate for 
both the size of the claim areas and the size of the target deposits. In addition to mapping 
of key geological formations, future studies may focus on fault distributions and 
investigating fault development in the course of rifting to better constrain the permeability 
of the upper crust for hydrothermal fluid circulation. Future research may also help to 
constrain the metal potential of each setting, including the link between host rock 
lithology and composition of the accumulated SMS deposits. Future analysis of the most 
prospective areas will also need to consider the preservation potential of deposits through 
time. This knowledge will require the discovery of inactive deposits off the MORs and new 
maps of the geological settings of those deposits that can be created from the workflows 
described herein. 
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Appendices 

I. Supplementary material for Chapter 3 
Table I.1. Attribute Table for the area-age-calculations presented in Table 3.6. 
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385 East Rodriguez Ot1 Ot1 0.00 4.37 -25.26367 70.32412 36266 26.5 1368538 
412 East Rodriguez Ot2 Ot2b 0.70 3.26 -25.28718 70.32611 35241 26.5 1329837 
386 East Rodriguez Ot1 Ot1 0.00 4.12 -25.31005 70.32474 33986 26.5 1282475 
293 East Rodriguez Ot2 Ot2b 0.70 53.24 -25.26139 70.28517 32929 26.5 1242599 
388 East Rodriguez Dz2 Dz2a 0.80 2.44 -25.33375 70.32478 32823 26.5 1238608 
387 East Rodriguez Ov1 Ov1b 1.00 0.27 -25.36785 70.33023 31805 26.5 1200183 
305 East Rodriguez Ov1 Ov1b 1.00 0.48 -25.29978 70.29484 31799 26.5 1199978 
307 East Rodriguez Ov1 Ov1b 1.00 0.40 -25.34676 70.31867 31666 26.5 1194948 
356 East Rodriguez Ov1 Ov1b 1.00 0.39 -25.35367 70.31779 31280 26.5 1180389 
411 East Rodriguez lOc1 lOc1b 0.95 17.38 -25.33298 70.30623 31184 26.5 1176759 
310 East Rodriguez Ov1 Ov1b 1.00 0.50 -25.37179 70.32317 30979 26.5 1169024 
304 East Rodriguez Ov1 Ov1b 1.00 0.36 -25.27166 70.26732 30807 26.5 1162512 
358 East Rodriguez Ov1 Ov1b 1.00 0.14 -25.32565 70.29324 30376 26.5 1146271 
355 East Rodriguez Ov1 Ov1b 1.00 0.35 -25.37902 70.31629 30025 26.5 1133016 
389 East Rodriguez Ot1 Ot1 0.00 12.99 -25.29775 70.27370 30005 26.5 1132262 
413 East Rodriguez lOc1 lOc1b 0.95 5.32 -25.40337 70.32443 29814 26.5 1125043 
316 East Rodriguez Ov1 Ov1b 1.00 0.11 -25.47744 70.33269 29117 26.5 1098763 
287 East Rodriguez Ot2 Ot2b 0.70 7.76 -25.23352 70.22427 29084 26.5 1097526 
354 East Rodriguez Ov1 Ov1b 1.00 0.38 -25.30969 70.26933 29010 26.5 1094733 
303 East Rodriguez Ov1 Ov1b 1.00 0.26 -25.27867 70.24995 28898 26.5 1090473 
302 East Rodriguez Ov1 Ov1b 1.00 0.32 -25.27293 70.24629 28874 26.5 1089578 
294 East Rodriguez lOc2 lOc2b 0.95 33.73 -25.37048 70.29721 28639 26.5 1080730 
315 East Rodriguez Ov3 Ov3b 1.00 1.57 -25.52195 70.32378 28015 26.5 1057156 
306 East Rodriguez Ov1 Ov1b 1.00 0.42 -25.32851 70.26823 27982 26.5 1055906 
404 East Rodriguez Ot1 Ot1 0.00 2.68 -25.49890 70.31867 27549 26.5 1039584 
403 East Rodriguez Ov3 Ov3b 1.00 0.67 -25.53548 70.31659 27375 26.5 1033032 
379 East Rodriguez lOc1 lOc1b 0.95 89.67 -25.36826 70.27046 26267 26.5 991195 
402 East Rodriguez Ov3 Ov3b 1.00 0.39 -25.53715 70.30436 26167 26.5 987442 
301 East Rodriguez Ov1 Ov1b 1.00 0.40 -25.29925 70.22843 25910 26.5 977722 
309 East Rodriguez Ov1 Ov1b 1.00 0.72 -25.39466 70.27897 25890 26.5 976998 
311 East Rodriguez Ov1 Ov1b 1.00 0.36 -25.41240 70.28497 25733 26.5 971063 
357 East Rodriguez Ov1 Ov1b 1.00 0.43 -25.48683 70.29912 25679 26.5 969006 
378 East Rodriguez lOc2 lOc2b 0.95 30.68 -25.51511 70.30052 25666 26.5 968541 
308 East Rodriguez Ov1 Ov1b 1.00 0.62 -25.36684 70.26228 25575 26.5 965080 
292 East Rodriguez Ot2 Ot2b 0.70 8.78 -25.25619 70.19814 25518 26.5 962939 
390 East Rodriguez Ot1 Ot1 0.00 12.71 -25.27671 70.19589 24203 26.5 913309 
312 East Rodriguez Ov1 Ov1b 1.00 0.69 -25.48119 70.28216 24019 26.5 906385 
383 East Rodriguez Ot1 Ot1 0.00 19.48 -25.40695 70.26342 23918 26.5 902564 
296 East Rodriguez lOc1 lOc1b 0.95 99.86 -25.54342 70.28052 23864 26.5 900531 
291 East Rodriguez lOc2 lOc2b 0.95 26.53 -25.33081 70.21537 23105 26.5 871878 
314 East Rodriguez Ov1 Ov1b 1.00 0.38 -25.50140 70.26932 22580 26.5 852091 
410 East Rodriguez Ot2 Ot2a 0.70 23.17 -25.45738 70.25881 21947 26.5 828191 
382 East Rodriguez Dz2 Dz2a 0.80 17.51 -25.38720 70.22836 21545 26.5 813004 
313 East Rodriguez Ov1 Ov1b 1.00 0.74 -25.48835 70.25767 21509 26.5 811673 
414 East Rodriguez Ot1 Ot1 0.00 0.00 -25.65085 70.33543 21485 26.5 810739 
396 East Rodriguez Ot1 Ot1 0.00 2.37 -25.59096 70.27963 21094 26.5 796016 
415 East Rodriguez lOc2 lOc2b 0.95 2.49 -25.64066 70.32064 21046 26.5 794205 
416 East Rodriguez lOc2 lOc2b 0.95 2.49 -25.64066 70.32064 21046 26.5 794205 
417 East Rodriguez lOc2 lOc2b 0.95 0.00 -25.61938 70.30042 20920 26.5 789444 
418 East Rodriguez Ot1 Ot1 0.00 0.00 -25.61938 70.30042 20920 26.5 789444 
288 East Rodriguez Ot3 Ot3b 0.50 69.81 -25.28049 70.14618 19653 26.5 741630 
408 East Rodriguez lOc1 lOc1a 0.95 45.34 -25.61947 70.27957 19236 26.5 725869 



 

 Appendices 

 

181 

 

FI
D

 

A
ss

em
bl

ag
e 

Fo
rm

at
io

n 

Su
bt

yp
e 

M
 

A
re

a 
in

 R
T

J 
m

ap
 [k

m
^2

] 

C
en

tr
oi

d 
la

tit
ud

e 
[°

] 

C
en

tr
oi

d 
lo

ng
itu

de
 [°

]  

D
is

ta
nc

e 
to

 a
xi

s 
[m

]  

H
al

f -
sp

r.
 R

at
e 

[m
m

/a
] 

Sp
re

ad
in

g 
ag

e 
[a

] 

395 East Rodriguez Ot1 Ot1 0.00 1.58 -25.66644 70.31665 18932 26.5 714403 
405 East Rodriguez lOc2 lOc2b 0.95 17.10 -25.53506 70.23196 18906 26.5 713450 
290 East Rodriguez Ot2 Ot2a 0.70 44.18 -25.38442 70.19689 18792 26.5 709129 
391 East Rodriguez Ot1 Ot1 0.00 23.08 -25.40087 70.19659 18009 26.5 679602 
397 East Rodriguez Ot1 Ot1 0.00 6.69 -25.65281 70.28431 17363 26.5 655220 
401 East Rodriguez Ot2 Ot2a 0.70 15.97 -25.44223 70.19486 16086 26.5 607034 
400 East Rodriguez lOc1 lOc1b 0.95 105.43 -25.55845 70.19633 15941 26.5 601553 
317 East Rodriguez Ov1 Ov1b 1.00 0.29 -25.55288 70.19401 15540 26.5 586411 
393 East Rodriguez lOc2 lOc2b 0.95 5.88 -25.39838 70.16701 15411 26.5 581550 
392 East Rodriguez Ot1 Ot1 0.00 11.05 -25.45366 70.18578 14844 26.5 560135 
406 East Rodriguez Ot1 Ot1 0.00 2.22 -25.61709 70.21807 14354 26.5 541660 
419 East Rodriguez lOc2 lOc2b 0.95 1.14 -25.61921 70.21555 14012 26.5 528759 
420 East Rodriguez lOc1 lOc1b 0.95 1.14 -25.61921 70.21555 14012 26.5 528759 
394 East Rodriguez Ot1 Ot1 0.00 8.07 -25.71013 70.28761 13612 26.5 513657 
399 East Rodriguez Ot1 Ot1 0.00 1.77 -25.50227 70.17396 13008 26.5 490886 
344 East Rodriguez Ov1 Ov1b 1.00 0.31 -25.73021 70.29605 12844 26.5 484666 
318 East Rodriguez Ov1 Ov1b 1.00 0.38 -25.50369 70.16565 12164 26.5 459021 
384 East Rodriguez Ot2 Ot2a 0.70 103.45 -25.41083 70.13661 12058 26.5 455036 
409 East Rodriguez lOc1 lOc1a 0.95 25.01 -25.71163 70.26883 12047 26.5 454612 
351 East Rodriguez Ov1 Ov1b 1.00 1.14 -25.56618 70.14882 11868 26.5 447839 
289 East Rodriguez lOc2 lOc2b 0.95 217.20 -25.66751 70.22474 11641 26.5 439266 
367 East Rodriguez Ov1 Ov1b 1.00 0.49 -25.74508 70.29408 11627 26.5 438749 
345 East Rodriguez Ov1 Ov1b 1.00 0.57 -25.68289 70.23080 11090 26.5 418506 
407 East Rodriguez Ot1 Ot1 0.00 7.27 -25.63062 70.18716 10944 26.5 412972 
398 East Rodriguez Ot1 Ot1 0.00 3.80 -25.51522 70.15215 10751 26.5 405705 
343 East Rodriguez Ov1 Ov1b 1.00 0.42 -25.73498 70.27282 10720 26.5 404539 
319 East Rodriguez Ov1 Ov1b 1.00 0.43 -25.62060 70.17417 10513 26.5 396702 
350 East Rodriguez Ov1 Ov1b 1.00 0.25 -25.63046 70.17521 9962 26.5 375924 
352 East Rodriguez Ov1 Ov1b 1.00 1.10 -25.55422 70.13373 9911 26.5 373997 
377 East Rodriguez Ov1 Ov1b 1.00 0.33 -25.80490 70.33373 9677 26.5 365184 
361 East Rodriguez Ov1 Ov1b 1.00 0.15 -25.64025 70.17711 9510 26.5 358853 
353 East Rodriguez Ov1 Ov1b 1.00 1.00 -25.57221 70.11244 8876 26.5 334940 
381 East Rodriguez Ot1 Ot1 0.00 32.52 -25.43707 70.11373 8766 26.5 330786 
341 East Rodriguez Ov1 Ov1b 1.00 0.53 -25.81686 70.33166 8533 26.5 322008 
370 East Rodriguez Ov1 Ov1b 1.00 0.65 -25.79287 70.30086 8505 26.5 320934 
320 East Rodriguez Ov1 Ov1b 1.00 0.42 -25.62581 70.14759 8071 26.5 304571 
299 East Rodriguez Ov1 Ov1b 1.00 0.87 -25.58007 70.10560 7870 26.5 296966 
369 East Rodriguez Ov1 Ov1a 1.00 0.55 -25.76120 70.25702 7637 26.5 288185 
298 East Rodriguez Ov3 Ov3b 1.00 1.30 -25.55457 70.10453 7413 26.5 279749 
285 East Rodriguez Ot1 Ot1 0.00 37.99 -25.64892 70.15688 7289 26.5 275065 
300 East Rodriguez Ov1 Ov1b 1.00 1.08 -25.51416 70.11331 6847 26.5 258388 
368 East Rodriguez Ov1 Ov1a 1.00 0.35 -25.82431 70.31344 6722 26.5 253648 
360 East Rodriguez Ov1 Ov1a 1.00 0.17 -25.62057 70.11998 6278 26.5 236915 
342 East Rodriguez Ov1 Ov1a 1.00 0.53 -25.77180 70.24708 6116 26.5 230789 
347 East Rodriguez Ov1 Ov1a 1.00 0.46 -25.78314 70.25525 5929 26.5 223742 
376 East Rodriguez Ov1 Ov1a 1.00 0.36 -25.81168 70.28127 5640 26.5 212847 
362 East Rodriguez Ov1 Ov1a 1.00 0.82 -25.71877 70.19154 5527 26.5 208571 
328 East Rodriguez Ov3 Ov3a 1.00 0.47 -25.69026 70.16713 5497 26.5 207427 
295 East Rodriguez mOc1 mOc1 0.95 43.81 -25.66964 70.14399 4929 26.5 186013 
297 East Rodriguez mOc2 mOc2 0.90 158.00 -25.76289 70.22031 4684 26.5 176758 
339 East Rodriguez Ov1 Ov1a 1.00 0.48 -25.84029 70.29125 3932 26.5 148364 
349 East Rodriguez Ov1 Ov1a 1.00 0.63 -25.79023 70.23380 3780 26.5 142658 
364 East Rodriguez Ov1 Ov1a 1.00 0.35 -25.80466 70.24553 3643 26.5 137465 
380 East Rodriguez Ot1 Ot1 0.00 0.44 -25.87010 70.32135 3598 26.5 135781 
366 East Rodriguez Ov1 Ov1a 1.00 0.40 -25.81517 70.25422 3475 26.5 131134 
338 East Rodriguez Ov3 Ov3a 1.00 0.57 -25.82546 70.26541 3437 26.5 129714 
348 East Rodriguez Ov1 Ov1a 1.00 0.59 -25.76772 70.20279 2985 26.5 112628 
331 East Rodriguez Ov1 Ov1a 1.00 0.68 -25.78611 70.21503 2640 26.5 99618 
365 East Rodriguez Ov1 Ov1a 1.00 0.25 -25.80428 70.22868 2381 26.5 89856 
326 East Rodriguez Ov1 Ov1a 1.00 0.51 -25.64009 70.08532 2225 26.5 83968 
373 East Rodriguez Ov1 Ov1a 1.00 0.19 -25.79308 70.21433 2086 26.5 78733 
321 East Rodriguez Ov1 Ov1a 1.00 0.70 -25.65428 70.09529 2003 26.5 75592 
330 East Rodriguez Ov3 Ov3a 1.00 0.64 -25.76811 70.18853 1849 26.5 69774 
363 East Rodriguez Ov1 Ov1a 1.00 0.42 -25.80715 70.22056 1555 26.5 58661 
359 East Rodriguez Ov1 Ov1a 1.00 0.48 -25.64651 70.08170 1482 26.5 55927 
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346 East Rodriguez Ov1 Ov1a 1.00 0.93 -25.79304 70.20468 1351 26.5 50993 
286 East Rodriguez uOc2 uOc2b 0.95 61.74 -25.72571 70.14396 1287 26.5 48552 
327 East Rodriguez Ov1 Ov1a 1.00 0.45 -25.64179 70.07249 1149 26.5 43374 
371 East Rodriguez Ov1 Ov1a 1.00 1.12 -25.65677 70.08612 1114 26.5 42029 
375 East Rodriguez Ov1 Ov1a 1.00 0.19 -25.85198 70.26090 974 26.5 36759 
372 East Rodriguez Ov1 Ov1a 1.00 0.25 -25.83747 70.24261 891 26.5 33621 
337 East Rodriguez Ov1 Ov1a 1.00 0.43 -25.84355 70.24323 450 26.5 16992 
335 East Rodriguez Ov1 Ov1a 1.00 0.59 -25.82386 70.22145 425 26.5 16045 
323 East Rodriguez Ov1 Ov1a 1.00 0.67 -25.64676 70.06668 347 26.5 13078 
374 East Rodriguez Ov1 Ov1a 1.00 0.30 -25.87332 70.27839 309 26.5 11650 
332 East Rodriguez Ov3 Ov3a 1.00 0.72 -25.79575 70.19334 287 26.5 10817 
324 East Rodriguez Ov3 Ov3a 1.00 0.73 -25.63457 70.05344 282 26.5 10641 
334 East Rodriguez Ov3 Ov3a 1.00 0.47 -25.81912 70.21483 259 26.5 9778 
333 East Rodriguez Ov1 Ov1a 1.00 0.25 -25.77642 70.17446 173 26.5 6534 
322 East Rodriguez Ov1 Ov1a 1.00 0.32 -25.65680 70.07405 169 26.5 6374 
329 East Rodriguez Ov1 Ov1a 1.00 0.15 -25.76373 70.16235 120 26.5 4517 
336 East Rodriguez Ov1 Ov1a 1.00 0.13 -25.84932 70.24469 94 26.5 3542 
325 East Rodriguez Ov1 Ov1a 1.00 0.11 -25.69870 70.10733 76 26.5 2854 
340 East Rodriguez Ov1 Ov1a 1.00 0.08 -25.86367 70.26216 70 26.5 2643 
75 Kaimana Ot1 Ot1 0.00 0.09 -25.54922 69.70224 33828 23 1470803 
78 Kaimana Ot1 Ot1 0.00 0.10 -25.53714 69.70239 33187 23 1442909 
76 Kaimana Ot1 Ot1 0.00 0.08 -25.53066 69.70151 32867 23 1428999 
65 Kaimana Ot1 Ot1 0.00 1.25 -25.58281 69.71500 32256 23 1402451 
80 Kaimana Ot2 Ot2a 0.70 6.17 -25.53223 69.71161 32113 23 1396228 
81 Kaimana Ot2 Ot2a 0.70 17.99 -25.58139 69.72168 31604 23 1374093 
63 Kaimana Ov1 Ov1b 1.00 0.21 -25.55981 69.72519 31590 23 1373473 
64 Kaimana Ov3 Ov3b 1.00 0.73 -25.58287 69.72193 31562 23 1372275 
79 Kaimana Ot2 Ot2a 0.70 3.56 -25.50779 69.70852 30860 23 1341750 
77 Kaimana Ot1 Ot1 0.00 1.26 -25.51533 69.71457 30816 23 1339810 
85 Kaimana lOc1 lOc1b 0.95 1.39 -25.49304 69.70448 30359 23 1319947 
83 Kaimana Ot2 Ot2a 0.70 10.37 -25.61247 69.74028 29571 23 1285701 
84 Kaimana lOc1 lOc1b 0.95 17.26 -25.48651 69.71743 28870 23 1255215 
82 Kaimana lOc1 lOc1b 0.95 5.90 -25.55780 69.75453 28738 23 1249472 
68 Kaimana Ot1 Ot1 0.00 20.76 -25.48917 69.73376 27613 23 1200579 
60 Kaimana Ot1 Ot1 0.00 31.51 -25.57712 69.76787 27053 23 1176196 
32 Kaimana lOc1 lOc1b 0.95 22.44 -25.54232 69.77599 26902 23 1169636 
27 Kaimana lOc2 lOc2b 0.95 34.68 -25.51090 69.76381 26372 23 1146590 
69 Kaimana Ov1 Ov1b 1.00 0.44 -25.46150 69.73786 25619 23 1113873 
50 Kaimana Ov3 Ov3b 1.00 4.17 -25.43338 69.72348 24894 23 1082365 
41 Kaimana Ov1 Ov1b 1.00 0.65 -25.49253 69.77119 24716 23 1074608 
30 Kaimana Dz2 Dz2a 0.80 18.05 -25.41345 69.72313 23744 23 1032362 
51 Kaimana Ov3 Ov3b 1.00 0.53 -25.40423 69.72051 23482 23 1020977 
29 Kaimana lOc1 lOc1b 0.95 16.67 -25.50270 69.79431 23238 23 1010329 
31 Kaimana Ot2 Ot2a 0.70 33.44 -25.57135 69.81942 22049 23 958663 
35 Kaimana Dz2 Dz2a 0.80 0.80 -25.23246 69.70092 21681 23 942653 
28 Kaimana Ot2 Ot2b 0.70 20.00 -25.44171 69.77067 21668 23 942067 
43 Kaimana Ov1 Ov1b 1.00 0.28 -25.51063 69.81683 21652 23 941380 
25 Kaimana lOc2 lOc2b 0.95 37.52 -25.52068 69.82788 21164 23 920189 
34 Kaimana Dz3 Dz3a 0.70 3.73 -25.23445 69.71173 20582 23 894850 
61 Kaimana Ot1 Ot1 0.00 4.16 -25.59973 69.83101 20491 23 890895 
42 Kaimana Ov1 Ov1b 1.00 0.97 -25.50578 69.82881 20336 23 884193 
19 Kaimana Dz3 Dz3a 0.70 39.78 -25.39167 69.76179 19169 23 833436 
26 Kaimana lOc1 lOc1b 0.95 46.74 -25.52108 69.85161 19045 23 828060 
73 Kaimana Ot1 Ot1 0.00 6.98 -25.47803 69.84482 17471 23 759588 
44 Kaimana Ov1 Ov1b 1.00 0.35 -25.49465 69.85678 17275 23 751101 
70 Kaimana Ov3 Ov3b 1.00 0.43 -25.42533 69.81268 17174 23 746716 
45 Kaimana Ov1 Ov1b 1.00 0.43 -25.48448 69.85578 16834 23 731900 
87 Kaimana lOc1 lOc1b 0.95 0.01 -25.42365 69.82411 16090 23 699559 
88 Kaimana Dz1 Dz1b 0.90 0.01 -25.42365 69.82411 16090 23 699559 
40 Kaimana Ov1 Ov1b 1.00 0.77 -25.44790 69.84242 16014 23 696270 
24 Kaimana lOc2 lOc2b 0.95 69.84 -25.51593 69.88542 15746 23 684606 
74 Kaimana Dz1 Dz1b 0.90 5.62 -25.41782 69.82974 15274 23 664067 
62 Kaimana Ot1 Ot1 0.00 3.11 -25.54564 69.90105 14886 23 647196 
16 Kaimana Dz2 Dz2a 0.80 50.13 -25.39071 69.81784 14455 23 628494 
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58 Kaimana Ov1 Ov1b 1.00 0.34 -25.44647 69.86030 14452 23 628337 
46 Kaimana Ov1 Ov1b 1.00 1.15 -25.52386 69.90330 14299 23 621693 
17 Kaimana Ot3 Ot3b 0.50 231.15 -25.29052 69.77791 14135 23 614570 
53 Kaimana Ov3 Ov3b 1.00 1.64 -25.48189 69.88799 13841 23 601764 
71 Kaimana Ov1 Ov1b 1.00 0.49 -25.43505 69.86396 13425 23 583682 
52 Kaimana Ov1 Ov1b 1.00 0.35 -25.43662 69.86921 13099 23 569539 
47 Kaimana Ov1 Ov1b 1.00 0.40 -25.53312 69.92152 12596 23 547659 
23 Kaimana Ot2 Ot2a 0.70 35.98 -25.42666 69.88846 10884 23 473203 
18 Kaimana Ot2 Ot2b 0.70 80.55 -25.50597 69.93835 10451 23 454381 
20 Kaimana Dz3 Dz3a 0.70 26.64 -25.35062 69.84204 9901 23 430468 
67 Kaimana Ot1 Ot1 0.00 4.19 -25.42639 69.90410 9518 23 413840 
72 Kaimana Ot2 Ot2a 0.00 8.63 -25.37185 69.86645 9310 23 404779 
39 Kaimana Ov1 Ov1b 1.00 0.92 -25.39513 69.89337 8484 23 368889 
33 Kaimana Dz2 Dz2a 0.80 2.16 -25.22879 69.84268 7543 23 327940 
66 Kaimana lOc2 lOc2b 0.95 7.50 -25.35984 69.88607 6934 23 301479 
21 Kaimana lOc1 lOc1b 0.95 24.16 -25.40856 69.92575 6667 23 289848 
54 Kaimana Ov1 Ov1b 1.00 0.31 -25.32788 69.87137 6125 23 266292 
56 Kaimana Ov1 Ov1b 1.00 0.24 -25.34018 69.88455 5719 23 248671 
15 Kaimana Dz2 Dz2a 0.80 13.01 -25.32233 69.87944 5140 23 223498 
49 Kaimana Ov3 Ov3b 1.00 2.14 -25.29687 69.87499 4796 23 208533 
11 Kaimana Ot1 Ot1 0.00 77.06 -25.45124 69.97222 4744 23 206258 
22 Kaimana lOc2 lOc2b 0.95 28.90 -25.35690 69.91905 4102 23 178362 
59 Kaimana Ot2 Ot2b 0.70 9.42 -25.23968 69.88047 3581 23 155689 
86 Kaimana Ot1 Ot1 0.00 3.74 -25.25036 69.89305 2310 23 100432 
55 Kaimana Ov1 Ov1b 1.00 0.28 -25.26066 69.89978 1667 23 72489 
13 Kaimana uOc2 uOc2b 0.95 49.57 -25.40249 69.98182 1373 23 59708 
14 Kaimana Dz2 Dz2a 0.80 17.18 -25.26498 69.90334 1323 23 57527 
37 Kaimana Ov3 Ov3b 1.00 0.79 -25.23475 69.91378 995 23 43282 
36 Kaimana Ov1 Ov1a 1.00 0.85 -25.29150 69.91675 585 23 25442 
12 Kaimana uOc1 uOc1b 1.00 3.03 -25.38195 69.97982 478 23 20801 
48 Kaimana Ov1 Ov1b 1.00 0.36 -25.50502 70.04045 405 23 17591 
38 Kaimana Ov1 Ov1a 1.00 0.34 -25.33222 69.94632 267 23 11613 
57 Kaimana Ov1 Ov1a 1.00 0.25 -25.30993 69.92819 194 23 8420 
110 Kairei Dz2 Dz2a 0.80 6.99 -25.23555 70.31901 37287 21 1775564 
101 Kairei Dz3 Dz3a 0.70 0.33 -25.22465 70.24187 31108 21 1481315 
117 Kairei Dz3 Dz3a 0.70 5.38 -25.23006 70.19258 26688 21 1270844 
113 Kairei Ot1 Ot1 0.00 1.47 -25.23102 70.17156 24883 21 1184900 
96 Kairei Dz2 Dz2a 0.80 5.90 -25.22886 70.14428 22644 21 1078304 
100 Kairei lOc2 lOc2b 0.95 24.70 -25.32475 70.09055 12339 21 587550 
98 Kairei Ot2 Ot2b 0.70 42.05 -25.27808 70.04938 11648 21 554661 
97 Kairei Dz3 Dz3a 0.70 75.44 -25.24624 70.02159 10648 21 507042 
119 Kairei lOc2 lOc2b 0.95 0.36 -25.37533 70.09901 10445 21 497365 
120 Kairei Ov1 Ov1b 1.00 0.36 -25.37533 70.09901 10445 21 497365 
99 Kairei lOc1 lOc1b 0.95 44.67 -25.34261 70.05903 8607 21 409854 
116 Kairei Ot1 Ot1 0.00 2.51 -25.29300 70.00251 6866 21 326957 
105 Kairei Ov1 Ov1b 1.00 0.58 -25.37565 70.05811 6799 21 323754 
106 Kairei Ov1 Ov1b 1.00 0.66 -25.36588 70.04253 5927 21 282236 
114 Kairei Ov3 Ov3a 1.00 0.41 -25.47539 70.09764 5658 21 269445 
115 Kairei Ot1 Ot1 0.00 2.21 -25.34269 70.01977 5274 21 251120 
112 Kairei lOc2 lOc2b 0.95 66.64 -25.38457 70.04603 5261 21 250511 
111 Kairei Dz2 Dz2a 0.80 10.69 -25.50739 70.09559 5109 21 243280 
108 Kairei Ov1 Ov1b 1.00 1.43 -25.47329 70.08468 4495 21 214049 
118 Kairei Ot1 Ot1 0.00 48.51 -25.37158 70.00956 2703 21 128710 
104 Kairei Ov3 Ov3a 1.00 1.52 -25.42609 70.04079 2673 21 127289 
107 Kairei Ov1 Ov1b 1.00 0.39 -25.26588 69.94202 2568 21 122291 
95 Kairei Dz2 Dz2a 0.80 24.16 -25.25722 69.93564 1956 21 93134 
94 Kairei uOc2 uOc2b 0.95 67.53 -25.42295 70.01943 903 21 43003 
103 Kairei Ov3 Ov3a 1.00 0.68 -25.46429 70.04111 865 21 41212 
93 Kairei uOc1 uOc1b 1.00 2.38 -25.37432 69.98410 309 21 14709 
109 Kairei Ov1 Ov1a 1.00 0.11 -25.30837 69.93056 101 21 4797 
102 Kairei Ov1 Ov1a 1.00 0.03 -25.33033 69.94851 35 21 1681 
283 West Rodriguez lOc1 lOc1b 0.95 0.00 -25.87863 69.74123 41077 26 1579872 
284 West Rodriguez lOc2 lOc2b 0.95 0.00 -25.87863 69.74123 41077 26 1579872 
259 West Rodriguez lOc1 lOc1b 0.95 29.25 -25.85419 69.72739 40353 26 1552020 
228 West Rodriguez Ot1 Ot1 0.00 6.11 -25.84341 69.74970 37865 26 1456331 
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258 West Rodriguez Ov1 Ov1b 1.00 0.49 -25.80848 69.72462 37619 26 1446877 
260 West Rodriguez lOc2 lOc2b 0.95 32.80 -25.84586 69.76775 36668 26 1410311 
236 West Rodriguez lOc1 lOc1b 0.95 59.23 -25.83093 69.80583 32732 26 1258936 
227 West Rodriguez Ot1 Ot1 0.00 3.83 -25.80136 69.78391 32283 26 1241671 
226 West Rodriguez Ot1 Ot1 0.00 4.67 -25.80562 69.81298 30318 26 1166091 
248 West Rodriguez lOc2 lOc2b 0.95 37.85 -25.82999 69.85361 29092 26 1118930 
246 West Rodriguez Ov3 Ov3b 1.00 0.84 -25.76644 69.80449 28363 26 1090898 
247 West Rodriguez Ov3 Ov3b 1.00 0.53 -25.83868 69.88584 27017 26 1039117 
244 West Rodriguez Ov3 Ov3b 1.00 2.19 -25.84666 69.89800 26511 26 1019673 
277 West Rodriguez lOc1 lOc1b 0.95 0.01 -25.83886 69.89835 25990 26 999596 
278 West Rodriguez Ov3 Ov3b 1.00 0.01 -25.83886 69.89835 25990 26 999596 
245 West Rodriguez Ov3 Ov3b 1.00 0.33 -25.80924 69.87884 25680 26 987703 
243 West Rodriguez Ov1 Ov1b 1.00 0.13 -25.81654 69.88907 25374 26 975909 
235 West Rodriguez lOc1 lOc1b 0.95 76.58 -25.78684 69.86566 25009 26 961883 
242 West Rodriguez Ov1 Ov1b 1.00 0.22 -25.83871 69.91200 24858 26 956066 
177 West Rodriguez Ov1 Ov1b 1.00 0.71 -25.85847 69.92841 24838 26 955307 
256 West Rodriguez lOc1 lOc1a 0.95 20.33 -25.86007 69.93020 24799 26 953819 
175 West Rodriguez Ov1 Ov1b 1.00 0.42 -25.82237 69.90171 24687 26 949487 
144 West Rodriguez Ov1 Ov1b 1.00 0.97 -25.77428 69.85756 24669 26 948798 
241 West Rodriguez Ov1 Ov1b 1.00 0.23 -25.82686 69.90598 24611 26 946589 
263 West Rodriguez Ov1 Ov1b 1.00 0.00 -25.79617 69.88555 24237 26 932188 
264 West Rodriguez lOc1 lOc1b 0.95 0.00 -25.79617 69.88555 24237 26 932188 
145 West Rodriguez Ov1 Ov1b 1.00 1.22 -25.79095 69.88080 24197 26 930654 
240 West Rodriguez Ov1 Ov1b 1.00 0.30 -25.86078 69.94387 23746 26 913304 
176 West Rodriguez Ov3 Ov3b 1.00 0.68 -25.84780 69.93711 23433 26 901274 
202 West Rodriguez Ov1 Ov1b 1.00 0.59 -25.75225 69.85696 23158 26 890674 
225 West Rodriguez Ot1 Ot1 0.00 2.96 -25.77057 69.88158 22613 26 869733 
224 West Rodriguez Ov4 Ov4c 1.00 1.74 -25.84212 69.94676 22282 26 856999 
231 West Rodriguez Ov3 Ov3b 1.00 0.96 -25.77221 69.88926 22168 26 852618 
234 West Rodriguez lOc1 lOc1b 0.95 3.30 -25.85878 69.96205 22150 26 851925 
146 West Rodriguez Ov1 Ov1b 1.00 0.48 -25.78560 69.91147 21488 26 826466 
233 West Rodriguez Ot1 Ot1 0.00 1.96 -25.73799 69.86742 21374 26 822078 
223 West Rodriguez Ov3 Ov3c 1.00 3.86 -25.87286 69.98535 21286 26 818684 
261 West Rodriguez Ov1 Ov1b 1.00 0.00 -25.77282 69.90830 20807 26 800272 
262 West Rodriguez lOc2 lOc2b 0.95 0.00 -25.77282 69.90830 20807 26 800272 
143 West Rodriguez Ov1 Ov1b 1.00 0.76 -25.76849 69.90556 20685 26 795594 
232 West Rodriguez Ov1 Ov1b 1.00 0.27 -25.73205 69.87486 20385 26 784025 
201 West Rodriguez Ot2 Ot2a 0.70 31.60 -25.68607 69.85414 19866 26 764062 
142 West Rodriguez Ov1 Ov1b 1.00 0.46 -25.73485 69.88704 19591 26 753495 
254 West Rodriguez Ov1 Ov1b 1.00 0.23 -25.72719 69.89233 18652 26 717379 
190 West Rodriguez Ov1 Ov1b 1.00 0.23 -25.80781 69.96563 18496 26 711403 
222 West Rodriguez lOc1 lOc1a 0.95 16.32 -25.84209 69.99662 18270 26 702709 
255 West Rodriguez Ov1 Ov1b 1.00 0.09 -25.72156 69.89355 18183 26 699352 
189 West Rodriguez Ov1 Ov1b 1.00 0.43 -25.78359 69.95309 18011 26 692743 
218 West Rodriguez lOc1 lOc1b 0.95 9.09 -25.72899 69.90516 17771 26 683503 
221 West Rodriguez Ot1 Ot1 0.00 5.74 -25.83614 70.00337 17331 26 666593 
206 West Rodriguez Ot1 Ot1 0.00 4.82 -25.75117 69.93801 16989 26 653432 
279 West Rodriguez lOc2 lOc2b 0.95 0.15 -25.82520 70.00178 16735 26 643635 
280 West Rodriguez Ov1 Ov1b 1.00 0.15 -25.82520 70.00178 16735 26 643635 
238 West Rodriguez lOc2 lOc2b 0.95 5.00 -25.67874 69.89121 16096 26 619092 
149 West Rodriguez Ov1 Ov1b 1.00 0.35 -25.76108 69.96027 15972 26 614319 
239 West Rodriguez lOc2 lOc2b 0.95 197.96 -25.78840 69.98139 15961 26 613870 
147 West Rodriguez Ov1 Ov1b 1.00 0.93 -25.78422 69.97856 15936 26 612923 
148 West Rodriguez Ov3 Ov3b 1.00 1.17 -25.75356 69.95516 15849 26 609568 
140 West Rodriguez Ov1 Ov1b 1.00 0.41 -25.67472 69.89464 15615 26 600578 
229 West Rodriguez lOc1 lOc1b 0.95 2.35 -25.80809 70.00453 15384 26 591681 
253 West Rodriguez Ov1 Ov1b 1.00 0.26 -25.76552 69.97329 15210 26 585015 
269 West Rodriguez Ot1 Ot1 0.00 0.00 -25.66606 69.89684 15092 26 580455 
270 West Rodriguez lOc1 lOc1b 0.95 0.00 -25.66606 69.89684 15092 26 580455 
204 West Rodriguez Ot1 Ot1 0.00 2.74 -25.66068 69.89712 14875 26 572120 
230 West Rodriguez Ot1 Ot1 0.00 1.65 -25.80617 70.00970 14840 26 570788 
216 West Rodriguez Ot1 Ot1 0.00 1.64 -25.72899 69.94577 14755 26 567487 
251 West Rodriguez Ov3 Ov3b 1.00 0.36 -25.86785 70.06884 14436 26 555217 
252 West Rodriguez Ov1 Ov1b 1.00 0.25 -25.77355 69.99072 14263 26 548574 
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209 West Rodriguez Ov1 Ov1a 1.00 0.31 -25.69879 69.92437 14200 26 546147 
141 West Rodriguez Ov1 Ov1b 1.00 0.82 -25.70963 69.93431 14155 26 544431 
152 West Rodriguez Ov1 Ov1b 1.00 0.59 -25.80166 70.01624 14015 26 539057 
174 West Rodriguez Ov1 Ov1b 1.00 0.31 -25.80858 70.02768 13552 26 521242 
217 West Rodriguez lOc1 lOc1b 0.95 22.67 -25.70020 69.93814 13188 26 507249 
207 West Rodriguez Ot1 Ot1 0.00 10.15 -25.71591 69.95863 12823 26 493201 
150 West Rodriguez Ov1 Ov1b 1.00 1.14 -25.78170 70.01598 12718 26 489160 
208 West Rodriguez Ov3 Ov3a 1.00 0.40 -25.67473 69.92834 12502 26 480842 
250 West Rodriguez Ov1 Ov1b 1.00 0.21 -25.85361 70.08528 12161 26 467744 
139 West Rodriguez Ov3 Ov3b 1.00 1.18 -25.68323 69.93768 12135 26 466725 
151 West Rodriguez Ov1 Ov1b 1.00 0.71 -25.78395 70.02635 12032 26 462770 
173 West Rodriguez Ov1 Ov1b 1.00 0.50 -25.86240 70.09611 11934 26 459014 
249 West Rodriguez Ov1 Ov1b 1.00 0.10 -25.87591 70.11280 11612 26 446614 
191 West Rodriguez Ov1 Ov1b 1.00 0.35 -25.70592 69.96559 11561 26 444639 
215 West Rodriguez Ot1 Ot1 0.00 1.84 -25.68265 69.94934 11121 26 427720 
181 West Rodriguez Ov1 Ov1b 1.00 0.54 -25.64015 69.93102 10925 26 420198 
220 West Rodriguez lOc1 lOc1a 0.95 14.07 -25.82849 70.08310 10574 26 406679 
273 West Rodriguez Ov4 Ov4c 1.00 0.00 -25.74802 70.01646 10538 26 405299 
274 West Rodriguez lOc2 lOc2b 0.95 0.00 -25.74802 70.01646 10538 26 405299 
188 West Rodriguez Ov1 Ov1b 1.00 0.56 -25.64470 69.93898 10327 26 397181 
172 West Rodriguez Ov1 Ov1b 1.00 0.41 -25.85100 70.10680 10306 26 396394 
153 West Rodriguez Ov1 Ov1b 1.00 0.49 -25.75718 70.02720 10216 26 392934 
265 West Rodriguez Ov1 Ov1b 1.00 0.02 -25.78939 70.05418 10151 26 390407 
266 West Rodriguez lOc1 lOc1a 0.95 0.02 -25.78939 70.05418 10151 26 390407 
213 West Rodriguez Ov4 Ov4c 1.00 2.93 -25.74060 70.01618 10099 26 388440 
184 West Rodriguez Ov1 Ov1b 1.00 0.20 -25.78862 70.05640 9921 26 381586 
257 West Rodriguez lOc2 lOc2a 0.95 27.48 -25.83068 70.09436 9851 26 378886 
210 West Rodriguez Ov1 Ov1a 1.00 0.26 -25.66576 69.95302 9841 26 378507 
271 West Rodriguez Ot1 Ot1 0.00 0.00 -25.64687 69.94726 9616 26 369846 
272 West Rodriguez lOc1 lOc1b 0.95 0.00 -25.64687 69.94726 9616 26 369846 
214 West Rodriguez lOc1 lOc1b 0.95 21.42 -25.67411 69.96380 9389 26 361134 
267 West Rodriguez Ov1 Ov1b 1.00 0.00 -25.76518 70.04493 9296 26 357519 
268 West Rodriguez lOc1 lOc1a 0.95 0.00 -25.76518 70.04493 9296 26 357519 
200 West Rodriguez Ov1 Ov1b 1.00 0.42 -25.76617 70.04844 9079 26 349182 
205 West Rodriguez Ot1 Ot1 0.00 3.28 -25.68179 69.97678 8925 26 343286 
185 West Rodriguez Ov1 Ov1b 1.00 0.25 -25.84099 70.11676 8831 26 339669 
275 West Rodriguez lOc1 lOc1b 0.95 0.00 -25.73937 70.03094 8798 26 338372 
276 West Rodriguez lOc1 lOc1a 0.95 0.00 -25.73937 70.03094 8798 26 338372 
237 West Rodriguez lOc2 lOc2b 0.95 14.34 -25.68292 69.98584 8340 26 320753 
219 West Rodriguez lOc1 lOc1a 0.95 29.10 -25.79936 70.08951 8046 26 309452 
178 West Rodriguez Ov3 Ov3b 1.00 0.56 -25.86734 70.15434 7821 26 300795 
128 West Rodriguez Ot1 Ot1 0.00 30.28 -25.72018 70.03307 7427 26 285641 
281 West Rodriguez lOc2 lOc2b 0.95 0.72 -25.87203 70.16439 7389 26 284186 
282 West Rodriguez lOc1 lOc1b 0.95 0.72 -25.87203 70.16439 7389 26 284186 
196 West Rodriguez Ov1 Ov1a 1.00 0.28 -25.76651 70.07967 6587 26 253342 
180 West Rodriguez Ov1 Ov1a 1.00 0.77 -25.63551 69.98002 6096 26 234464 
183 West Rodriguez Ov1 Ov1a 1.00 0.45 -25.83934 70.15146 6036 26 232161 
179 West Rodriguez Ov1 Ov1a 1.00 0.80 -25.86580 70.17720 5963 26 229349 
194 West Rodriguez Ov1 Ov1a 1.00 0.35 -25.77982 70.10155 5746 26 221010 
138 West Rodriguez Ov3 Ov3a 1.00 0.35 -25.64389 69.98697 5736 26 220616 
182 West Rodriguez Ov3 Ov3a 1.00 1.06 -25.62230 69.98039 5614 26 215919 
158 West Rodriguez Ov1 Ov1a 1.00 0.64 -25.69045 70.03021 5597 26 215286 
137 West Rodriguez Ov3 Ov3a 1.00 0.37 -25.64812 69.99163 5500 26 211537 
156 West Rodriguez Ov1 Ov1a 1.00 0.63 -25.76017 70.08894 5421 26 208510 
136 West Rodriguez Ov1 Ov1a 1.00 0.79 -25.65370 69.99736 5333 26 205110 
154 West Rodriguez Ov3 Ov3a 1.00 0.77 -25.74942 70.08170 5293 26 203574 
195 West Rodriguez Ov1 Ov1a 1.00 0.36 -25.77066 70.10024 5211 26 200425 
159 West Rodriguez Ov1 Ov1a 1.00 0.39 -25.69474 70.03905 5205 26 200211 
203 West Rodriguez Ot1 Ot1 0.00 0.02 -25.58296 69.99287 5173 26 198950 
187 West Rodriguez Ov1 Ov1b 1.00 0.18 -25.58583 69.99143 5116 26 196768 
135 West Rodriguez Ov3 Ov3b 1.00 0.63 -25.59285 69.98874 4999 26 192288 
157 West Rodriguez Ov3 Ov3a 1.00 0.91 -25.78537 70.12025 4672 26 179709 
212 West Rodriguez mOc1 mOc1 0.95 13.50 -25.63589 69.99656 4536 26 174473 
211 West Rodriguez Ot1 Ot1 0.00 4.01 -25.62022 69.99551 4086 26 157151 
186 West Rodriguez Ov1 Ov1a 1.00 0.22 -25.84426 70.18313 3967 26 152580 



 

 

 

186 
 

FI
D

 

A
ss

em
bl

ag
e 

Fo
rm

at
io

n 

Su
bt

yp
e 

M
 

A
re

a 
in

 R
T

J 
m

ap
 [k

m
^2

] 

C
en

tr
oi

d 
la

tit
ud

e 
[°

] 

C
en

tr
oi

d 
lo

ng
itu

de
 [°

]  

D
is

ta
nc

e 
to

 a
xi

s 
[m

]  

H
al

f -
sp

r.
 R

at
e 

[m
m

/a
] 

Sp
re

ad
in

g 
ag

e 
[a

] 

155 West Rodriguez Ov1 Ov1a 1.00 0.41 -25.75260 70.10355 3744 26 144009 
197 West Rodriguez Ov1 Ov1a 1.00 0.36 -25.79569 70.14260 3652 26 140479 
130 West Rodriguez mOc2 mOc2 0.90 204.03 -25.74707 70.10263 3454 26 132828 
193 West Rodriguez Ov1 Ov1a 1.00 0.48 -25.77645 70.13028 3269 26 125725 
160 West Rodriguez Ov3 Ov3a 1.00 1.28 -25.69188 70.06497 2981 26 114652 
198 West Rodriguez Ov1 Ov1a 1.00 0.18 -25.78904 70.14529 2978 26 114549 
169 West Rodriguez Ov1 Ov1a 1.00 0.40 -25.83408 70.18830 2841 26 109286 
162 West Rodriguez Ov1 Ov1a 1.00 3.41 -25.74444 70.12473 1500 26 57702 
165 West Rodriguez Ov1 Ov1a 1.00 1.04 -25.79559 70.18031 715 26 27483 
134 West Rodriguez Ov3 Ov3a 1.00 0.60 -25.63293 70.04134 489 26 18820 
192 West Rodriguez Ov1 Ov1a 1.00 0.88 -25.72327 70.12012 472 26 18146 
133 West Rodriguez Ov3 Ov3a 1.00 0.96 -25.63927 70.04944 366 26 14069 
163 West Rodriguez Ov1 Ov1a 1.00 0.56 -25.76688 70.15926 341 26 13129 
131 West Rodriguez Ov1 Ov1a 1.00 0.66 -25.65969 70.07029 326 26 12532 
161 West Rodriguez Ov1 Ov1a 1.00 0.54 -25.70087 70.10426 315 26 12104 
170 West Rodriguez Ov1 Ov1a 1.00 0.50 -25.85223 70.24237 299 26 11498 
164 West Rodriguez Ov3 Ov3a 1.00 0.66 -25.79987 70.19010 254 26 9751 
171 West Rodriguez Ov1 Ov1a 1.00 0.32 -25.86614 70.26079 227 26 8749 
129 West Rodriguez uOc2 uOc2b 0.95 23.19 -25.73727 70.13519 184 26 7085 
166 West Rodriguez Ov1 Ov1a 1.00 0.21 -25.77863 70.17227 152 26 5837 
167 West Rodriguez Ov3 Ov3a 1.00 0.21 -25.82175 70.21227 125 26 4822 
132 West Rodriguez Ov1 Ov1a 1.00 0.16 -25.65009 70.06396 104 26 3991 
168 West Rodriguez Ov1 Ov1a 1.00 0.01 -25.82698 70.21864 13 26 509 
199 West Rodriguez Ov1 Ov1a 1.00 0.00 -25.87555 70.27633 13 26 495 
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Figure I.1. Representative DEMs for different types of volcano formations at MORs. Bathymetry 
is from the INDEX project (Schwarz-Schampera et al., 2020), expedition MGL0812 (Aghaei et al., 
2014), MSM25 (Devey et al., 2014), and SO237 (Devey et al., 2015) with the GEBCO grid (GEBCO 
Compilation Group, 2020) in the background. The DEMs colour water depth from 0 m (yellow) to 
5000 m (blue), slope maps are shaded in greyscale from 0° to 60°, and the scale bar represents 
500 m . References to type examples and estimated M values are provided.  
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Figure I.2. Representatives DEMs, type localities, and assigned M values for different types of 
spreading-center formations at MORs with the data and shading as in the previous Figure I.1. 
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Figure I.3. Representatives DEMs, type localities, and assigned M values for different types of 
tectonized crust formations at MORs with the data and shading as in the previous figures. 
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Figure I.4. Representatives DEMs, type localities, and assigned M values for different types of 
shear-zone formations at MORs with the data and shading as in the previous figures.  
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Figure I.5. Representatives DEMs for different types of structures at MORs with the data and 
shading as in the previous figures. 

 
  



 

 

 

192 
 

 
Figure I.6. Representative type locations for formation subtypes in the RTJ map with ground 

truthing stations from PetDB (Lehnert et al., 2000) and the global peridotite compilation (Warren, 
2016). The scale bar represents 1 km in all maps. The background is the 40 m resolution 
bathymetry in the cividis colour scheme (following Nuñez et al., 2018) with 30 % transparency 
above the greyscale-shaded slope derivative. 
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Figure I.7. A) Geological assemblages of the Rodriguez Triple Junction, including the 

dominantly magmatic (East and West Rodriguez), the magmatic-tectonic (Kaimana and Kairei) 
and the dominantly tectonic (SWIR) assemblages. B) Lineament map of the RTJ area. C) Rose 
diagrams of the lineaments intersecting with the different assemblages showing the frequency of 
lineament azimuths in 10° increments. 
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Figure I.8. Multidirectional hillshaded, 40m resolution bathymetry (coloured, greyscale shaded 

raster), 899 ground-truthing stations (blue dots), and summary of according ship-tracks (green 
lines) that were used in the creation of the RTJ map. Bathymetry data is from the INDEX2011-
2019 projects (Schwarz-Schampera et al., 2020). Ground-truthing stations include samples and 
visual observations from the INDEX2011-2019 project (Schwarz-Schampera et al., 2020), and other 
published sampling data (PetDB: Lehnert et al., 2000); Okino et al., 2015; Warren, 2016). 
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II. Supplementary material for Chapter 4 
 
Table II.1. Mapping criteria for identifying member types in ship-based bathymetry data. 

Member Label Geological description Characteristics 
VOLCANO TYPES 

   

Crater (c ) c Eruptive vent with volcanic 
ejecta, fragmented volcanic 
rocks and debris infill 

Funnel structure on the 
summit of a cone or dome 
edifice 

Caldera C Subsided volcano summit of 
sheet and lobate flows, 
volcanic ejecta and drained 
lava ponds 

Round or horse-shoe-shaped 
depression on the summit of a 
cone or dome edifice 

Volcano flank (Vc) Vc Succession of, occasionally 
stratified, volcanic rocks 
and talus 

Flanks of a cone-shaped 
edifice 

Flat-topped volcano 
flank (Vft) 

Vft Layered lobate and/or 
pillow flows and talus 

Flanks of a dome-shaped 
edifice 

Tectonized volcano 
flank 

Vt Succession of volcanic rocks 
disrupted by normal 
faulting and mass wasting 

 

Shield volcano 
flank 

Vs Stratified body of volcanic 
ejecta and volcanic breccia, 
commonly with sheet and 
lobate lava 

Gently inclined flank of a 
large dome edifice with 
downslope-pointing lobe 
structures and/or mottled 
texture 

Remnant shield 
volcano flank 

rVs Stratified body of mature 
volcanic ejecta and volcanic 
breccia disrupted by mass 
wasting and with sediment 
cover 

Gently inclined flank of a 
large dome edifice disrupted 
by scarps or mass wasting 

Axial volcano flank Va Succession of volcanic 
ejecta, volcanic breccia, and 
talus 

Gently inclined flank of a 
large, rifted dome edifice with 
downslope-pointing lobe 
structures and/or mottled 
texture 

Remnant axial 
volcano flank 

rVa Succession of mature 
volcanic ejecta, volcanic 
breccia, talus, mass wasting 
and sediment cover 

Gently inclined flank of a 
large, rifted dome edifice 
disrupted by scarps or mass 
wasting 

VOLCANIC FIELD 
TYPES 

   

Sheet flow field sF Sequence of voluminous, 
high-effusion rate, 
channelized lava flows, 
commonly erupted from 
fissure vents 

Broad, even plain with lava 
channels and flow fronts, 
occasionally cut by low-throw 
fault scarps 
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Member Label Geological description Characteristics 
Volcanic hummock 
field 

hF Composite field of pillow 
lava erupted with low-
effusion rates from 
(multiple) fissures and/or 
point-source vents 

Rugged, bulbous area with 
irregular mounds and 
depressions in variable water 
depth 

Volcanic flow field vF Composite field of pillow 
and sheet lava erupted from 
(multiple) fissures and/or 
point-source vents 

Area of a rugged texture of 
mounds and depressions, with 
smooth areas in between 

Rifted sheet flow 
field 

rsF Mature, high-effusion rate 
lava flows with sediment 
cover and ferromanganese 
crust 

Broad, even plain with low 
relief, commonly terraced by 
axis-parallel, low-throw scarps 

Rifted hummock 
field 

rhF Mature composite field of 
pillow lava disrupted by 
faults, commonly with talus, 
sediment cover and 
ferromanganese crusts 

Rugged, bulbous area with 
irregular mounds and 
depressions disrupted by fault 
scarps and with horst-graben-
structures 

Rifted volcanic 
field 

rvF Mature field of various lava 
types disrupted by faults, 
commonly with talus, 
sediment cover and 
ferromanganese crusts 

Rugged texture with smooth 
areas in between disrupted by 
fault scarps and with horst-
graben-structures 

TECTONIC TYPES 
   

Fault wall (fw) fw Normal fault plane with 
breccia, talus and mass 
wasting exposing the 
footwall geology 

Scarp face bound by two 
linear, subparallel slope 
breaks 

Detachment 
footwall 

dfw Exhumed, heterogeneously-
deformed basalt, gabbro, 
and/or peridotite, commonly 
with greenshist-facies 
alteration and a sediment 
cover 

Corrugated, domed surface 
with dip towards the ridge-
axis 

Tectonized terrain tt Tectonized rocks with 
breccia, talus, and mass 
wasting 

Rugged, irregular surface with 
low relief scarps and without 
the typical bulbous shapes 

SEDIMENTARY 
TYPES 

   

Landslide deposit ld Loose or consolidated debris 
of the collapsed rock body 

Irregular to fan-shaped 
feature at the bottom of, or 
along a larger escarpment, 
commonly with an up-slope, 
curved cliff (rupture surface) 

Sediment infill si Debris, sediment, and/or 
pelagic ooze, commonly 
stratified 

Smooth, levelled plain, 
commonly in a depression 
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Table II.2. Mapping criteria for identifying site-scale structures and flow types in near-seafloor, 
high-resolution bathymetry data. 
Flow type Characteristics Other criteria 

Sulphide 
mound 

Ground-truthed hydrothermal mound, 
commonly with sulphide chimney talus; 
may be encrusted. 

Mound-structure of up to a few 100m 
in diameter with a smooth to mottled 
surface texture.  

Inferred 
hydrothermal 
mound 

Unconfirmed mound structure of inferred 
hydrothermal origin. 

Mound-structure of up to a few 100m 
in diameter with a smooth to mottled 
surface texture.  

Crater Summit depression filled with volcanic 
ejecta marking the eruptive vent. 

Central depression within a volcano or 
mound 

Collapse pit Collapsed lava flow roof top. Irregular, shallow depression, 
commonly with a flat bottom and often 
within sheet or pillow flows. 

Sheet flow Volcanic sheet flow. Smooth, even terrain with very low 
relief, commonly with collapse features. 

Pillow flow Volcanic pillow flow. Even or slightly inclined terrain with 
lobate to bumpy texture (mottled 
texture), typically with pronounced 
flow fronts. 

Pillow mound 
terrain 

Area of pillow mounds with depressions 
and pillow talus in between. 

Area of isolated round mounds with 
depressions in between on a low relief 
plane. 

Stacked 
hummocks 

Stacked pillow mounds forming an 
irregular mound or ridge structure. 

Irregular pile of mound structures 
forming a feature of positive relief. 

Eruptive 
fissure 

Surface expression of a dike emplacement. Alignment of (stacked) pillow mounds 
forming a narrow ridge. 

Volcanic 
mound 

Composite or monogenetic volcano of 
volcanic ejecta. 

Cone-shaped feature (>200m in 
diameter) with continuous, smooth 
flanks or lobate to bumpy texture. 

Flat-topped 
volcano 

Monogenetic volcano of pillow and lobate 
lava. 

Cone-shaped feature (>200m in 
diameter) with a flat summit top. 

Tectonized 
terrain 

Highly tectonically overprinted seafloor of 
faulted blocks, breccia, talus, and 
sediments. 

Terrain of intense anastomosing to 
cross-cutting faults 
rupturing the original volcanic 
morphology. 

Fissure zone Area of extension with fissures and 
commonly horst-graben structures. 

Terrain of intense parallel to 
anastomosing fissures dissecting the 
original morphology. 

Fault scarp Fault plane exposing footwall rocks, 
typically covered by loose talus. 

Inclined plane with a smooth to edgy 
and chaotic texture. 

Fault block Fault-bound block of a coherent, intact 
rock mass 'riding' on a fault plane. 

Fault-bound block with volcanic 
surface texture and surrounded by 
faulted and tectonically overprinted 
terrain. 

Sediment Unconsolidated, fine-grained debris and 
pelagic ooze. 

Area without texture or faulting, 
commonly in depressions. 

Landslide 
mass 

Thick mass of a slided rock body, loose to 
partly consolidated, unsorted debris and 
talus. 

Irregular to fan-shaped mass with a 
smooth to mottled texture and concave 
fissures. 

Sulphide 
mound 

Ground-truthed hydrothermal mound, 
commonly with sulphide chimney talus; 
may be encrusted. 

Mound-structure of up to a few 100m 
in diameter with a smooth to mottled 
surface texture.  
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Figure II.1. Member unit, detailed description, map criteria, representative maps 

with the outlined unit (A: slope map, B: terrain texture shaded bathymetry, C: 
backscatter mosaic, C: terrain ruggedness index), main reference and other examples in 
slope maps, if available. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.1. continued. 
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Figure II.2. Flow units, detailed unit descriptions, map criteria and main reference, 

representative maps with the outlined unit (A: slope map, B: slope map with coloured 
bathymetry), and other examples in slope maps, if available. 
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Figure II.2. continued. 
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Figure II.2. continued. 
 

 



 

 

 

222 
 

 
 

 
Figure II.2. continued. 
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Figure II.2. continued. 
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Figure II.2. continued. 
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Figure II.2. continued. 
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Figure II.2. continued. 
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Figure II.2. continued. 
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Figure II.3. Local structures, detailed descriptions, map criteria and main reference, 
representative maps with the outlined unit (A: slope map, B: slope map with coloured 
bathymetry), and other examples in slope maps, if available. 
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Figure II.3. continued. 
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III. Supplementary material for Chapter 5 
 
Table III.1. List of compiled data sets for geological mapping, including data resolution (Res.), 

coverage, sources and references. 
Data set and 
type 

Res. Coverage Data repository Reference 

MBES data of 
the INDEX 
project 

40m German 
exploration 
license area, 
central Indian 
Ocean 

- Ulrich Schwarz-
Schampera et al., 2020 

CD149 MBES 
cruise data 

100m Carlsberg 
Ridge axis 

- Murton et al., pers 
comm. 

YK16_E01 
MBES cruise 
data 

100m Central 
Indian Ridge 

www.godac.jamstec.g
o.jp/darwin/datatree/e
, accessed on October 
11th, 2019. 

JAMSTEC (2016) 
YOKOSUKA YK16-E01 
Cruise Data. JAMSTEC. 
doi:10.17596/0001680 

YK13-02 MBES 
cruise data 

100m Solitaire, 
Central 
Indian Ocean 

www.godac.jamstec.g
o.jp/darwin/datatree/e
, accessed July 13th, 
2017. 

JAMSTEC (2013) 
YOKOSUKA YK13-02 
Cruise Data. JAMSTEC. 
doi:10.17596/0000075 

YK09-13 150m Central 
Indian Ocean 

www.godac.jamstec.g
o.jp/darwin/datatree/e
, accessed July 13th, 
2017. 

JAMSTEC (2012) 
YOKOSUKA YK09-13 
Leg1 Cruise Data. 
JAMSTEC. 
doi:10.17596/0001574 

GMRT v. 3.6 
DEM 

>120m Subsamples 
for all ridge 
systems 

GMRT.org, 
downloaded on 
February 20th, 2020. 

Ryan et al., 2009 

GEBCO_2020 
DEM grid 

>400m Global Gebco.org GEBCO Compilation 
Group, 2020 
 

Vertical 
Gravity 
Gradient (VGG) 

>500m Global Sandwell et al., 2014 Sandwell et al., 2014 

Magnetic 
anomaly grid 

2-arc 
min 

Global EarthRef.org Digital 
Archive (ERDA) 

Maus et al., 2009 

Georeferenced 
map figure 

~100m Daxi 
hydrothermal 
field 

- Wang et al., 2021 

DEM grid ~100m 08°10'S CIR, 
09°48'S CIR, 
09°49'S CIR 

- Kim et al., 2020 

Georeferenced 
map figure 

~100m Duanqiao 
hydrothermal 
field 

- Jian et al., 2017 

Georeferenced 
map figure 

~100m Duanqiao, 
Longqi, 
Yuhuang 

- Niu et al., 2015 



 

 Appendices 

 

233 

 

hydrothermal 
fields 

Data set and 
type 

Res. Coverage Data repository Reference 

Georeferenced 
map figure 

~100m Mt. 
Jourdanne 
and Tianzuo 
hydrothermal 
fields 

- Searle et al., 2003 

Global 
peridotite data 
base 

- Global Warren, 2016 Warren, 2016 

PetDB rock 
types and 
names 

- Indian Ocean PetDB Database 
(www.earthchem.org/
petdb), 
download on July 4th, 
2020. 

Lehnert et al., 2000 

Georeferenced 
sampling 
stations 

- Central 
Indian Ocean, 
Rodriguez 
Triple 
Junction 

- Okino et al., 2015 
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