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ABSTRACT 
 
Systematic engineering-geological studies are carrying out, as part of the 
exploration of polymetallic sulphides (PMS) in the Russian Exploration 
Area (REA) of PMS at the Mid-Atlantic Ridge (MAR). They are aimed 
on a comprehensive assessment of engineering-geological conditions of 
potential deposits of polymetallic sulphides for their exploration and 
possible future exploitation. In the process of research, the main specific 
engineering-geological features of the ore fields within the REA that 
affect the design specifications of the exploration and exploitation 
machinery were identified. Based on these results this paper discusses 
the prospects for deep-water equipment design and present experimental 
examples of the Russian deep-water machinery for PMS study and 
mining. 
KEY WORDS: Mid-Atlantic Ridge; Russian Exploration Area; 
polymetallic sulphides; engineering-geological study; ore fields; 
exploration and exploitation machinery. 

 
INTRODUCTION 
 
Over the past years, the Russian Federation has been exploring 
polymetallic sulphides at the Mid-Atlantic Ridge (Cherkashev et al., 
2018), basing on the contract with the International Seabed Authority 
(ISA) established in 2012. Besides such obligations as: PMS exploration, 
legal and financial provisions, the contract includes the articles by which 
the contractor has to develop deep-sea exploration and mining equipment 
and to test them in deep-sea conditions. Contract works at the REA are 
carried out using the Research Vessel (R/V) Professor Logachev (Fig. 1) 
belonging the “Polar Marine Geosurvey Expedition” (Saint-Petersburg, 
Russia). 
 
Until 2019, eighteen hydrothermal ore fields were discovered in the 
REA, which are potential targets for PMS exploitation. In parallel with 
the ore fields exploration, engineering-geological studies are being 
conducting (Kondratenko et al., 2017, Kondratenko et al., 2018), which 
results will determine the requirements for the development of deep-
water machinery.  
 
The development of new technical facilities relevant to the exploration 
and further mining operations within the REA involves the analysis of 

 
 
Fig. 1. R/V Professor Logachev (http://www.pmge.ru/index.php?id 
=665&lang=RUS) 

 
certain engineering-geological characteristics like: water depth; 
geological structures; dissection of seafloor surface (seafloor roughness); 
gravitational instabilities; seismic activity and the physical-mechanical 
properties of the bottom formations. 
 
PURPOSE OF WORK 
 
The purpose of this work is to identify specific engineering-geological 
conditions of the PMS deposits within the Russian Exploration Area. 
Based on this, this study will define the prospects of deep-water 
exploration and exploitation machinery design adapted for work on the 
hydrothermal ore fields of PMS of the Mid-Atlantic Ridge.  
 
BACKGROUND 
 
The REA of PMS is located in the rift zone of the MAR within the 
interval of 12048’-20054’N (Kondratenko et al., 2018). Total area of the 
REA is 10000 km2. It consists of 100 exploration blocks with their size 

http://www.pmge.ru/index.php?id


of 10 x 10 km each block. The blocks are grouped in 7 clusters. There 
are 18 hydrothermal ore fields of PMS identified within the REA, which 
include 55 ore bodies. The total area of ore fields covers ~14 km2 
between depths from 1,900-4,100 m. Statistical analysis shows that 55% 
(10 of 18) of the ore fields are restricted to depths between 2,000-3,000 
m (Fig. 2).  
 

 
Fig. 2. Water depth variations at the REA’s ore fields. Blue bars – 
maximum depth, orange bars – minimum depth. 

 
As a rule, PMS ore fields occur on slopes and, therefore, are 
characterized by some water depth variations (Fig. 2). Thus they located 
in a certain water depth interval, here called the “vertical extent”, which 
is defined as the difference between the upper and lower bathymetric 
levels of ore field’s limits (Table 1). The “Vertical extent” is one of the 
parameters of the engineering-geological conditions of the ore fields. 
The maximum "vertical extent" observed along the REA corresponds to 
~510 m at the Zenith-Victory ore field, while the minimum "vertical 
extent" corresponds to 60 m, observed at the Semenov-1 ore field. 

 
Table 1. “Vertical extent” of the hydrothermal ore fields at the REA 

 
Water depth interval, m Sum of ore fields 

<100 3 
100-200 5 

200-300 5 

300-400 2 
400-500 2 

>500 1 
 
ENGINEERING-GEOLOGICAL FACTORS AFFECTING 
THE DESIGHN OF EXPLORATION AND EXPLOITATION 
MACHINERY  
 
Main features of the geological structure of the REA  

 
The main geological features at the REA are characterized as follows 
(Kondratenko et al., 2018): basalts and gabbro-peridotite complex 
represent the igneous host rocks of hydrothermal sulphide deposits. 
Basalts cover most of the area of the REA. They occur in the axial part 

of the rift valley (inner floor and sides) and on its flanks. Mostly observed 
geological structures (rift ridges, axial volcanic build-ups, volcanoes of 
the central type, etc.) are composed with basalt. Gabbro and peridotites 
constitute large blocks of lower layers of the oceanic crust are exposed 
at the seabed surface. In the literature, they are known as the “oceanic 
core complexes” (OСС) (Smith et al., 2006). The OCC widely spread 
within the REA, 12 of the 18 ore fields are confined to the such blocks. 
 
Sedimentary cover within the REA is represented mainly by biogenic 
carbonate sediments. These sediments are enriched by the hydrothermal 
fluids within the ore fields. The sedimentary cover is discontinuous, 
usually its thickness is from 1 to 3 m. But the Kholmistoye ore field, for 
example, are completely covered with sediments, reaching 12 m thick 
(according to acoustic data). The Puy des Folles ore field, as opposite 
example, practically are not covered with sediments. 

  
PMS ores are represented by different formations. The most interesting 
for mining are massive sulphides which are represented by solid form of 
sulphide mineralization. The most typical morphology of massive 
sulphide formations are ore mounds, often crowned with chimneys of 
various heights. At present (in the lack of drilling), the thickness of the 
ore deposits is merely prognostic. In most of the ore fields, the thickness 
of the ore deposits is preliminary estimated for a depth of about 10 m. 
The maximum thickness of massive sulphides is estimated for the ore 
field Krasnov as being up to 60 m (according to underwater TV 
observing along a scarp). The areas of solid accumulations of 
polymetallic sulphides (ore bodies) vary between 0.0002 and 0.5 km2. 

 
Seafloor relief 
 
Seafloor roughness  
 
The nature of the bottom microrelief is of great importance for assessing 
the degree of feasibility of exploration and exploitation operations within 
the ore fields. According to the results of the study of the 
geomorphological structure of the bottom surface is highly rough. 
According to (Kondratenko et al., 2017), the morphological types of 
seafloor observed at ore fields are as follows: quasi-horizontal and 
inclined surfaces complicated by gentle hills and ridges. These are, in 
turn, characterized by microrelief features like: igneous rocks debris; 
exogenous deposits (cones of landslides and landfalls etc.) related to 
gravitational sliding; cracks; scarps (first meters in heght); volcanic 
terraces (first meters in heght) formed by thin lava flows; tectonic 
terraces with different heights (up to 10 m); sulphide formations with 
chimney systems (maximum height of 40 m) and their debris; sulphide 
mounds with a height of 10-20 m; massive sulphide ore debris. Naturally, 
the complex microrelief of ore fields will create certain difficulties for 
exploration and mining work. 
 
Dangerous gravitational processes 
 
Various kinds of gravitational processes, as the result of seismic (mainly 
microseismic) activity (see below) are widely spread within the ore 
fields. Gravitational deposits resulting from such processes as landslips, 
scree, landfalls of debris, accumulation of debris and biogenic material 
are widespread observed within the ore fields (Fig. 3). The angular range 
of the slopes inclination, which correlate to various gravitational 
processes is quite wide (Egorov at al., 2012). These processes occur in a 
very complicated way. Different combinations of these features form 
various, often extremely complex engineering-geological conditions for 
works at the ore fields. 

 



 
                                                                                                                                               

Fig. 3. Sonar image of the bottom surface (an area of the Zenith-Victory 
ore field), illustrates the types of geological gravitational processes. Data 
obtained using side-scan sonar survey from R/V Logatchev. Water depth 
as of 2,310-2,480 m, survey height (distance of the apparatus above 
seafloor) as of 70-90 m. 

 
Engineering-geological zoning 
 
In engineering-geological studies, zoning is considered as one of the 
most effective methods of cartographic analysis engineering-geological 
conditions of identified ore targets.  The uniform methodology of 
engineering-geological zoning allows to carry out a comparison between 
the PMS targets in terms of favourability for their exploration and 
exploitation, based on the engineering-geological conditions. 
 
The geomorphological characteristic determining the morphological 
features of the seabed surface and their relationship with the 
development of gravitational processes was adopted as a criterion of 
engineering-geological zoning of the ore fields at the REA. Three types 
of engineering-geological plots, in accordance with their favourability 
for work, were identified based on zoning using their morphological 
characteristics such as bottom surface inclination: favourable (slopes 
below 50); relatively favourable (slopes of 50 to 150); unfavourable 
(slopes over 150). At seismic activation, the slopes over 15 degrees are 
expected to develop dangerous gravitational processes in the form of slip, 
scree and collapses of rocks (Egorov et al., 2012). Actually, within the 
REA, according to the world network of seismic stations for the period 
1964-1995, the maximum magnitude reached 5.8, and the average value 
at the REA is up to 9 seismic events per year (Boldyrev, 1998).  

 
The microseismic activity is “identified via the remote detection of the 
small magnitude (< 4 mb) earthquakes caused by intrusion of magma 
through brittle ocean crust” (Dziak et al., 2012). For example, at 370N 
(to the north of the REA) there were recording between 10 to 30 (!) 
microearthquakes per day (Macdonald et al., 1977). Monitoring of 
microseismic activity on MAR between 150 and 350N was carried out for 
2 years (1999-2001). 3,485 acoustic events were recorded (Smith at al., 
2003) which is an average ~10 events per day. 

 
At 2019, the engineering-geological zoning was made out at the northern 
part of the REA for 7 hydrothermal ore fields. Summary results of this 
zoning indicate a high degree of heterogeneity of engineering-geological 
conditions for the studied fields (Fig. 4).  
 

 

 
 
Fig. 4 - Different types of engineering-geological plots within the ore 
fields of PMS at the REA: favourable - slopes below 50; relatively 
favourable - slopes 50 to 150; unfavourable - slopes over 150. 
 
Within the studied ore fields, unfavourable areas located on the slopes, 
over 15 degrees vary within a fairly wide range, from 21% in the 
Yubileynoye ore field to 86% in the Pobeda-2 ore field. Only within the 
Puy des Folles ore field unfavourable areas are completely absent.   

 
Physical-mechanical properties of bottom formations 
 
Sulphide ores, magmatic host rocks and biogenic sediments represent 
bottom formations of the REA.  
 
Massive sulphide ores are represented by various mineral associations. 
The main ore-forming minerals are pyrite, chalcopyrite and sphalerite. 
Of non-metallic minerals quartz, opal and aragonite are present. Due to 
the variety of mineral composition and the features of formation of 
sulphide ores, their physical-mechanical properties widely vary: bulk 
density - 1.77-4.52 g/cm3, compressive strength - 0.6-198.0 MPa (Fig. 
5).  
 

 
Fig. 5. Compressive strength of polymetallic sulphides and host rocks of 
the REA (Kondratenko et al., 2018). 

 
 
 
 



 
Igneous host rocks are basalts and gabbro-peridotite complex. Basalts, 
as a rule, are the rocks of high bulk density and strength (bulk density of 
2.64-2.94 g / cm3, compressive strength of 93.4–295.0 MPa). Physical-
mechanical properties of gabbro (bulk density of 2.60-3.06 g / cm3, 
compressive strength of 28.3-164.0 MPa) are close to serpentinized 
peridotites (bulk density of 1.45-2.82 g / cm3, compressive strength of 
1.8-131.8 MPa). At the same time, they both are significantly inferior to 
basalts by their strength characteristics. The hydrothermal circulation 
results in decompaction and softening of basalts and rocks of gabbro-
peridotite complex (Kondratenko et al., 2018). Thus, the sulphide ores 
hosted in gabbro-peridotite complexes and hydrothermally processed are 
more favourable for mining in comparison with those hosted in basalts. 
 
Carbonaceous bottom sediments, including their varieties enriched in the 
products of hydrothermal activity, are weak bottom formations of low 
bulk density (1.40-1.59 g/cm3) and shear strength (4.3-12.2 kPa).  
 
 
PROSPECTS FOR THE DEVELOPMENT OF DEEP-SEA 
EXPLORATION AND EXPLOITATION MACHINERY 
 
Basing on the results of a study of engineering-geological conditions of 
hydrothermal ore fields in the REA and analysis of global trends in the 
development of deep-sea technical means, we considered possible 
prospects for the design of exploration and exploitation machinery to 
work in the specific conditions of the REA.  

 
At present, a development of exploration instruments is an urgent 
priority under the contract for exploration of polymetallic sulphides. In 
the next years it will be necessary to establish the exact boundaries of the 
ore deposits, their thickness, their resource potential and to continue 
engineering-geological studies to estimate the parameters of potential 
deposits for a pilot production. In this regard, special attention was paid 
to the key features of deep-sea equipment, ensuring implementation of 
these tasks. 

 
Firstly, it is necessary to develop the drilling equipment, capable of 
drilling wells up to 50-60 m deep at rough topographic terrains and steep 
slopes, at least up to 300, in the presence of sedimentary thickness up to 
12 m. In addition, the prospects of using multifunctional units for 
exploration at maximum efficiency are considered. 

 
Exploration machinery 
 
The main difficulty in the operation of exploration equipment, from the 
standpoint of engineering-geological conditions in the REA, is its ability 
to work on steep slopes often covered with sediments. At present, 
Russian developers offer the following solutions to this problem.   
 
Drilling machinery 
 
To perform the tasks with the set conditions, it is assumed that the 
exploration equipment for PMS may include two modifications of the 
TK-15 drilling rig (Fig. 6, 7), capable of drilling to a depth of 15 m at the 
first stage, and of 50 m at the second stage. Drilling operations will 
improve adequacy of the forecast resource assessment and will allow 
selecting the most promising ore fields for further development. At 
present time the drilling rig TK-15 provides drilling to a depth of 15 
meters; it passed sea tests in 2016. Drilling to a depth of 50 m can be  

 
 

 
 

Fig. 6. Drilling rig TK-15. Test mockup. Numbers indicate: 1- leveling 
cylinder; 2 - drilling module; 3 – deep water swivel (current collector) 
- relives torsional stresses from the umbilical; 4 - hydro-electric drive. 

 
 

 
 

Fig. 7. Drilling rig TK-15. On the deck of the R/V Professor Logachev 
during sea tests.  

 
achieved by upgrading the TK-15 increasing the number and size of drill 
rods and the power of the machine. In addition, developments are 
underway to improve TK-15 and solve the problem of horizontal 
alignment of the unit at slopes over 150. Technical characteristics of the 
TK-15 are presented in the Table 2. 

 
 
 
 



 
Table 2. Technical characteristics of the TK-15 drilling rig. 

 
Characteristics Value 

Maximum diving depth (m) 6,000 
Drilling depth (m) 15 
Drilling diameter (mm) 76 
Core diameter (mm) 50.5 
Maximum inclination of bottom surface 
(degree) 15 

Drilling method (technique) rotational, with 
removable rods 

Number of drill rods in the drum 12 
Drill rod length (mm) 1360 
Inclined drilling up to 150 
Electrical power (transmission) 2,500VAC 
Power  (max. kW) 24 
Type of drive electrohydraulic 

Power supply 3 phase 380 V 
(automatic switch 40A) 

Size: height / width / length (m) 4.8 / 2.85 / 3.79 
Weight ( max. kg)  6,000 

 
This drilling rig is controlled from a carrier vessel equipped with: on-
board power supply system (PSS), trip-lift device (TLD), portal, a deck 
crane, optical cable, monitoring equipment for visual control and a 
dynamic positioning system. The R/V Professor Logachev has 
undergone modernization in 2016 and is equipped with these options for 
operations in the REA.  

 
Multi-purpose self-propelled machinery 
 
For a number of years, HYCO Ltd. (Russia) has been developing a ROV 
crawler GK-5000 (Fig.  8, 9). 

 

 
 

Fig. 8. ROV crawler GK-5000, test mockup,  

 
B 

Fig. 9. ROV crawler GK-5000 on the deck of the R/V Professor 
Logachev. 

Solutions implemented in GK-5000 (Table 3) demonstrate the reality of 
creating a family of machines equipped with sampling and drilling tools 
for depths up to 5,000 m under a unified control/telemetry system.  

Table 3. Technical characteristics of a multi-purpose ROV GK-5000. 
 

Characteristics Value 

Maximum diving depth (m) 5,000 
Drilling depth (m) 1.0 
Drilling diameter (mm) 40-60 
Hydraulic system working pressure (bar) 150 
Hydraulic system flow max. (L/min) 80 
Power (kW) 22 
Electric power (Transmission) 2,500 VAC 
Crawler truck drive hydraulic 
Crawler speed (km / h) up to 3 
Drive of raising/lowering of the drill hydraulic 
Drill rotation drive hydraulic 
Drill speed (rpm) up to 900 
Maximum height the of the drill rod above the 
supporting surface (m) 0.5 

Maximum penetration of the drill rod below 
the supporting surface (m) 0.25 

Unit control remote (by cable) 
Size: height / width / length (m) 1.9 / 1.84 / 3.65 
Weight (max. kg) 4,500 

 
The possibility of controlled movement of the installation on the bottom 
allows to select the ore and rock sampling with a high accuracy of 
binding. The economic feasibility of this type of installation reducing the 
time necessary for geological work is also undeniable. The ability of 
remotely monitoring the selection of sampling points will minimize the 
number of "waste" samples obtained, and the ability to obtain several 
samples per dive will significantly reduce the number dives, which is the 
most time-consuming activity in deep-sea exploration. 
 
The ROV GK-5000 can be used for mapping by shallow drilling in order 
to assess the accuracy and reliability of the limits of the ore body, its 
internal structure (continuity) and to provide the pilot assessment of 
sulphide ore quality. With the use of this type of rig this work can be 



performed with higher efficiency than when working with the machines 
of TK-15 type.  

 
This type of equipment is demanded nowadays for the fulfilment of 
contractual exploration within the ISA carried out by the Russian 
Federation at the REA. Also this type of deep-water machinery has the 
prospect of further development by equipping them with various 
instruments and devices for deep-sea geological exploration and 
engineering-geological investigations:  

- module for drilling small mapping wells,  
- probe for determining mechanical parameters of bottom 

sediments in situ by static sensing,  
- video systems, sonar, lidar imaging to create panoramic 3D 

models of ore targets,  
- precis positioning equipment,  
- manipulator for sampling,  
- bulldozer blade for moving or removing bottom sediments,  
- equipment for environmental monitoring, etc. 

 
In addition, ROV GK-5000 can install anchors mounts, incl. for 
stationary equipment of long-term use as follow: seismic monitoring 
sensors, topographic reference beacons, as well as equipment for 
environmental monitoring such as the state of the water column, the 
monitoring of bottom currents, etc. 
 
Besides, due to the seafloor roughness at the ore fields, it seems 
promising to use GK-5000 as a technical tool for rock sampling. For this 
purpose, it should be possible to use, as a replacement equipment, an 
excavator bucket and a sampling box. This need is justified by the fact 
that the bottom surface within some ore bodies of the REA displays a 
stepped terrace. Quasi-horizontal surfaces often covered with sediments 
alternate with almost vertical walls composed of sulphide ore. For this 
condition, the selection of a large-volume ore sample by a TV-grab is 
impossible, and the use of a self-propelled remote-controlled platform 
equipped with sampling tools would solve this problem. 

  
The use of tracked units with removable equipment in the process of 
geological exploration allows significant increasing the accuracy of the 
research and the efficiency of work. The experience in the development 
of such equipment can be further used for the creation a family of 
machinery for the mining of seabed minerals. 
 
EXPLOITATION MACHINERY 
 
From the standpoint of engineering-geological features of the REA for 
the development of mining equipment, the systems for grinding and 
collecting sulphide ore, intermediate collecting, lifting ore on board the 
ship are specially interesting. In the world, there is a certain tendency of 
designing mining machines for exploitation of sulphide deposits and the 
main problems are common for all contractors. Nowadays, as is known, 
many global organizations have alternative projects for the development 
of mining equipment: Nautilus Minerals (International Company), 
JOGMEG (Japan), China Ship Scientific Research Center (China), 
BAUER (Germany), Neptun Minerals (USA), etc. 

 
On the other hand, as shown by our results, when developing equipment 
for mining operations it is necessary to take into account the engineering-
geological specifics of the REA fields. These characteristics are as 
follow: working in rough seafloor and terraced surfaces with steep slopes 
(at least at the initial organization of mining infrastructure), preliminary 
removal of large volumes of carbonate sediments and deposits resulting 
from gravitational processes, simultaneous excavation of different 
bottom formations by their mechanical properties bottom formations. All 
they largely determine the machinery design.  

For example, in contrast to the complex of devices developed by leading 
firms and focused on the grinding and collection of ore material, in the 
conditions of the REA it is necessary to provide for the development of 
a special unit or interchangeable equipment for the removal of biogenic 
sediments that cover the ore deposits. Another problem that in the world 
there are no alternatives to the system of energy supply from the surface 
(from the ship) via an umbilical cable. Probably, special development of 
more efficient power supply facilities is needed in connection with the 
forthcoming excavation of high strength sulphide ores and host rocks 
(Fig. 4).  

 
Analysis of the engineering-geological conditions at the ore fields of 
PMS shows that for the REA the most effectives are the units with 
topography adaptive capacity (for example, ore-collecting test machine 
by METI – JOGMEG, Japan, https://www.meti. 
go.jp/english/press/2017/0926_004.html), than the units with traditional 
tracked chassis. This chassis design allows to collect ore and move on 
the slopes up to 200. This direction seems promising for solving the 
problem of strong seafloor roughness at the ore fields of the REA. At the 
same time new design solutions are needed to increase the angle of 
operation, due to the real conditions in the REA 
 
SUMMARY 

 
Conducting engineering-geological studies set the basic requirements for 
the development of deep-sea exploration and exploitation systems. It 
allows to carry out engineering work as efficiently as possible in 
accordance with the real specifications of the engineering-geological 
conditions of the ore targets at the REA. The requirements for deep-sea 
machinery will be refined. According to the current results, the following 
conclusions are proposed: 
 
1. The ore fields identified in the REA are usually localized in complex 
engineering-geological conditions at the depths ranging between 1,900 
to 4,100 m. The main factors to be taken into account in the development 
of exploration and exploitation equipment are as follow: significant 
“vertical extent” of ore fields (from 50 to 450 m), complex microrelief 
of the seabed surface at the ore fields, considering the steep slopes with 
very wide range of their inclination and the associated development of 
hazardous gravitational processes, the seismic activity along the MAR 
that may result in gravitational instability, the varying strengths of 
sulphide ores and their host igneous rocks, the presence of sediments 
covering the ore fields and blocking direct access to exploration and 
exploitation equipment to the ore deposits.  
 
2. Hydrothermal ore fields of the REA are characterized by specific 
engineering-geological conditions, which should be taken into account 
in the development of exploration equipment. First of all, they affect the 
development of the drilling equipment. In this regard, the prospects for 
the development of drilling equipment include modernization of TK-15, 
and firstly, development of a horizontal alignment system on the steep 
slopes and availability of drilling up to 50 m. In addition, it should be 
possible to operate the equipment in the presence of bottom sediments, 
reached a considerable thickness in the ore fields of the REA. 
 
The development of self-propelled units with interchangeable 
replaceable equipment opens up broad prospects for carrying out a wide 
range of detailed exploration work required to study potential deposits of 
the PMS (including those in complex engineering-geological 
conditions). Based on the ROV crawler GK-5000, developed by HYCO 
Ltd. (Russia), the constructors of this company continue to conduct the 
design work, taking into account the specifics of engineering-geological 
conditions of ore fields in the REA and the requirements for exploration 
works. 

http://www.cssrc.com/
https://www.meti/


 
3. The main directions of development of mining equipment for 
exploitation of the ore targets in the REA are established in this study. 
Firstly, it is necessary to create a system for preliminary removal of the 
bottom sediments covering the major part of the ore fields. At the same 
time, it is necessary to develop environmentally friendly technologies 
that meet the requirements of the ISA for environmental protection. 
Secondly, PMS ores and their host rocks (basalts, gabbro, peridotites) 
belong mainly to the group of high-strength rocks, which will require the 
development of special power supply systems with increased efficiency 
for their destruction and crushing before lifting up to a ship. The 
complexity of exploitation operations will obviously require a 
development of special highly efficient power supply systems.  
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