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Abstract. The paper analyses features of the species composition and diversity of biotic communities living within the 
ferromanganese nodule fields (the Clarion-Clipperton field), cobalt-manganese crusts (the Magellan Seamounts) and 
deep-sea polymetallic sulphides (the Ashadze-1, Ashadze-2, Logatchev and Krasnov fields) in the Russian exploration 
areas of the Pacific and Atlantic Oceans. Prospects of mining solid minerals of the world’s oceans with the least possible 
damage to the marine ecosystems are considered that cover formation of the sediment plumes and roiling of significant 
volumes of water as a result of collecting the minerals as well as conservation of the hydrothermal fauna and microbiota, 
including in the impact zone of high temperature hydrothermal vents. Different concepts and layout options for deep-
water mining complexes (the Indian and Japanese concepts as well as those of the Nautilus Minerals and Saint Peters-
burg Mining University) are examined with respect to their operational efficiency. The main types of mechanisms that 
are part of the complexes are identified and assessed based on the defined priorities that include the ecological aspect, 
i.e. the impact on the seabed environment; manufacturing and operating costs; and specific energy consumption, i.e. 
the technical and economic indicators. The presented morphological analysis gave grounds to justify the layout of a 
deep-sea minerals collecting unit, i.e. a device with suction chambers and a grip arm walking gear, selected based on 
the environmental key priority. Pilot experimental studies of physical and mechanical properties of cobalt-manganese 
crust samples were performed through application of bilateral axial force using spherical balls (indenters) and producing 
a rock strength passport to assess further results of the experimental studies. Experimental destructive tests of the cobalt-
manganese crust by impact and cutting were carried out to determine the impact load and axial cutting force required 
for implementation of the collecting system that uses a clamshell-type effector with a built-in impactor. 
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Introduction. Ores that form accumulations on the ocean floor are not only of significant 
scientific interest [1-3], but also of practical significance associated with studying the possibility 
of their recovery [4-6]. Work under contracts between the Russian Federation and the UN Inter-
national Seabed Authority is in progress for the following three types of ocean solid commercial 
minerals (SCM) in the international seabed areas, i.e. ferromanganese nodules (FMN) in the  
Russian Exploration Area (REA-FMN) within the Clarion-Clipperton Field (Pacific Ocean); co-
balt-manganese crust (CMC) in the Russian Exploration Area (REA-CMC) within the Magellan 
Seamounts (Pacific Ocean) and deep-water polymetallic sulphides (DPS) in the Russian  
Exploration Area (REA-DPS) within the Mid-Atlantic Ridge (MAR). The main challenges in 
addressing the possible development of ocean mineral resources include the following: designing 
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of deep ocean mining equipment (collecting units); protection and preservation of the marine 
environment, including the unique ecosystems comprising the diverse biological communities of 
ore fields in the abyssal plains, mid-ocean ridges and seamounts of the world's oceans [7]. 

Problem statement. The entire scope of specific features related to the species composition and 
diversity of benthic life communities in the world's oceans have to be investigated in order to justify 
the rational parameters of technical means, which will minimize the impact on the benthic ecosystem 
during the commercial mining of deep-sea solid minerals, i.e. the ferromanganese nodules, cobalt-
manganese crust and deep-water polymetallic sulphides. The description of benthic organisms was 
based on the archive materials of the VNIIOkeangeologia Research Institute obtained during the  
JSC Polar Marine Exploration Expedition (PMGRE) and the JSC “Yuzhmorgeologia” voyages. 

Subsea fauna of the ferromanganese nodule areas. The ferromanganese nodules is a new type 
of mineral raw materials that contains strategically important metals for the ferrous (Mn) and non-
ferrous (Ni, Cu, Co) industries. These nodules have the same mineral content and the resource poten-
tial as the currently mined surface ore fields, while having the advantage of their complex composi-
tion and sorption properties [8]. 

Ferromanganese nodules in the Russian Exploration Area are confined to the Clarion-Clipperton 
ore province with the size of about 5000  10000 km located in the central abyssal basin of the Pacific 
Ocean. Over a half of the province is a flat horizontal field at the depths of 4000-6000 m, which 
terrain is complicated by individual meridionally oriented ridges and seamounts up to 2500 m high. 
Sedimentary rocks below the depths of 4200-4500 m, i.e. the critical depth of carbonate accumulation, 
are represented exclusively by clays; above this depth, carbonate rocks can be encountered [9]. The 
field is inhabited by diverse representatives of epifauna, which provide habitat for other species.  

Expeditions of JSC Yuzhmorgeologia and foreign publications [10-12] report representatives of 
macrofauna (numerous Polychaeta worms as well as Tanaidacea and Isopoda crustaceans), meiofauna 
(Nematoda filiform worm and Harpacticoida crustaceans), epifauna (representatives of the Stepha-
noscyphus Scyphozoa hydranth in the polypiform stage, colonies of bryozoans, xenophyophorids living 
in calcareous tubes of the Serpulidae Polychaeta worms) and infauna of the nodules (mainly shell-
less foraminifera). One of such organisms is the transparent anemone (Losactis vagabunda), which 
makes its way through the sediments and can ingest worms six times its own weight. Relatively large 
animals on the abyssal plains include sea cucumbers, sea urchins, and starfish (Fig.1). 

Despite the absence of large marine life communities and the favourable morphology of the ore 
deposits, the idea of large-scale mining of nodule deposits is actively opposed by some experts, who 
believe that nodule mining could lead to significant damage to habitats and to extinction of unique 
species. The physical recovery of manganese nodules takes millions of years [13]. The argument is 
based on observations made 26 years later at an experimental nodule mining site within the Clarion-
Clipperton Fracture Zone. Traces of the mining equipment 
were still clearly visible, and communities of the benthic life 
had not fully recovered [14]. 

Subsea fauna of the cobalt-manganese crust areas. Co-
balt-manganese crust of the Russian Exploration Area is found 
on the Magellan Seamounts at the depths of 1400-3500 m [15]. 
Cobalt-manganese crust is formed on the slopes of large table-
mounts, or guyots, rising over a kilometre above the seafloor. 
The apex plateau of a guyot is typically covered with loose 
carbonate sediments and is an ore-free zone. At the bound-
aries of the apex plateau, the gently sloping surfaces with 
gradients from 0-5 to 12-20 are almost always free  

Fig.1. Ferromanganese nodules  
in the Clarion-Clipperton field, Pacific Ocean  

(13° N, 133° E)  
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of sediments, and the thickest layers of the cobalt-manganese crust are encountered on the bedrock 
outcrops. These are usually continuous undisturbed covers, rarely topped with carbonate sediments. 
Approximately 2/3 of the seabed surface is covered with solid substrate in the form of crust formations 
or ferromanganese nodules, sometimes with a small amount of loose sediments (Fig.2, a). The rest of 
the surface is mainly topped with a thin layer of sediments. The cobalt-manganese crust is found on 
exposed bedrock surfaces, while the nodules are confined to areas of unlithified sediments (Fig.2, b). 
Seamounts of the Cretaceous age, which tops are located at the maximum depth of 1400-1600 m, are 
considered the most promising for discovery of rich cobalt-manganese crust ore fields [16]. 

The composition and diversity of benthic fauna depend on the depth of the producing slopes and 
the amount of sediments. Seamounts at the depths of three and more kilometres are similar to the 
abyssal plains in terms of their ecosystems. The shallower guyots, characterized by the presence of 
corals, anemones, feather stars and sponges, are sometimes compared to oases, which are used by 
some of the migratory species as feeding areas [17]. It is therefore recommended to classify sea-
mounts as sensitive marine ecosystems [18]. 

It should be noted that the benthic fauna of the guyots is almost exclusively concentrated on their 
flat tops covered with sediments, which are the primary areas of industrial interest.  

Frequent predominance of sea lilies is noted in the expeditions of JSC “Yuzhmorgeologia” and 
in foreign publications [7, 18]. The Decapoda crustaceans are observed among the animals (Fig.2, c). 
Large-size decapods are presented by the Nematocarcinidae and Polychelidae families. The sea-pen 
coral polyps (Pennatulacea) are relatively abundant in the seabed areas covered with sediments. 
There can also be found sea anemones (Actiniaria), tube anemones (Ceriantharia), soft corals 
(Alcyonacea), glass sponges (Hexactinellida) and ray-finned fish (Actinopterigii). 

The numbers of large-size representatives of the surface fauna are quite low (not exceeding 70-100 
individuals per hectare). Smaller-size specimens of the deep-sea benthos that inhabit the sediments 
are more abundant, particularly the meiofauna organisms, which number can reach up to 3000 indi-
viduals per 0.25 m2. However, the thickness of sediments on top of the guyots rarely exceeds 10 cm. 

Subsea fauna of the deep-sea polymetallic sulphides areas. Deposits of the deep-water 
polymetallic sulphides are widespread and are associated with different geological and geomorpho-
logical conditions. The considered hydrothermal fields are related to the crust spreading centres or 
mid-ocean ridges. The hydrothermal systems within such structures can be attributed to both ultraba-
sic rocks of Internal Oceanic Complexes (IOC) and basalts. The fields can be located within a wide 
range of depths (from the first hundred to 4000 m and deeper) within various geomorphological struc-
tures, i.e. in the central axial part of a mid-ocean ridge; on the flank of a mid-ocean ridge; on the slope 
of a rift valley; within the transform faults and intraplate hotspots.  

The presence of active hydrothermal processes is a major factor determining the diversity of 
species found near the deep-sea hydrothermal systems in the world's oceans. The hydrothermal solutions 

Fig.2. Comatulidae sea lilies (a) and Proisicrinus ruberrimus (b) (Guyot Alba, 16°52' N, 154°4' E);  
Aristaemorpha crustaceans (Aristidae) (c) (Guyot Kotzebue, 17°25' N, 153°10' E) 

a b c 
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circulating through the fracture system are enriched with numerous elements as the result of serpen-
tinization, leaching, and other processes. High concentrations of such elements as H2S, H2, CH4, NH3, 
Mn2+ and Fe2+ support microbial metabolism in the hydrothermal systems and plumes [19-21].  
The hydrothermal plumes are the result of interaction between the “nutrient” hydrothermal fluid and 
the surrounding seawater [22]. 

The hydrothermal biotic communities found within the Mid-Atlantic Ridge are no exception. 
They are usually dominated by the Bathymodiolus spp. bivalve mollusk, Rimicaris exoculata blind 
shrimp, which form large-size colonies on the walls of the “black smokers”, various Polynoid poly-
chaete worms, Segonzacia mesatlantica crabs and some numerically insignificant hydrothermal fish 
species. Close relationships between a primary bacterial producer and a consumer explain much of 
the biological abundance of the deep-sea hydrothermal vents. 

Recent results of modelling the distribution of active hydrothermal systems show that the number 
of undiscovered hydrothermal fields is highly underestimated (at least by a factor of 3-6). The re-
assessment would revise the distribution pattern of deep-sea hydrothermal fauna and increase the 
biogeochemical contribution of hydrothermal sources (including the low-temperature diffusive ones) 
[23, 24]. Studies have shown that even inactive hydrothermal systems with extensive deep-water 
polymetallic sulphide deposits may be of interest to the mining companies. Such areas are also char-
acterized with endemic associations of organisms that need to be protected and preserved during 
mining of the deep-water polymetallic sulphides [25]. 

Four typical hydrothermal sites can be identified within the deposits of deep-water polymetallic 
sulphides (DPS) in the Russian Exploration Area, which are differentiated by their hydrothermal activity, 
the number and density of hydrothermal fauna, as well as the species diversity of the communities studied. 

1. Ashadze ore cluster, Ashadze-1 ore field. Active hydrothermal activity in the Ashadze-1 field 
was studied in detail from the ROV Victor 6000 remote controlled multifunctional vehicle during the 
SERPENTINE Russian-French expedition on board the “Pourquoi Pas?” research vessel in 2007 [26-28]. 

The Ashadze-1 hydrothermal field on the Mid-Atlantic Ridge is the deepest one (4080 m), and 
is located within the stepped-and-faulted ultramafic rocks that make up the inner oceanic complexes, 
i.e. serpentinites, harzburgites (peridotites), and pyroxenites. The hydrothermal activity is controlled 
by deep tectonic faults (detachments) [29]. 

Low-temperature vents (up to 113 C) with low flow rates are observed in most parts of the 
field. They are accompanied by a large number of inactive sulphide pipes covered with yellow 
oxides; there are black coloured structures characteristic of the fresh sulphides of slightly active 
“smokers” (Fig.3, a). However, most of the hydrothermal structures are confined to a few vents 
with the temperatures above 347 C. The increased acidity of hydrothermal solutions (pH = 2-4) 
should be noted. 

In terms of the species composition and diversity, the Ashadze-1 hydrothermal field displays 
some interesting biological features. Numerous populations of symbiotic species, in particular, Rimi-
caris exoculata, are almost completely absent there [26]. At the same time, two species, which in 
other areas are known as the peripheral species, form large populations that colonize the available 
environment, i.e. anemone (actinia, mainly Maractis rimicarivora) and chaetopteridae (Fig.3, a). 

The following three shrimp species are present on the outer walls of the high-temperature  
“smokers” in descending order in terms of their abundance: Mirocaris fortunata, Chorocaris chacei 
and Rimicaris exoculata. The latter species is usually found on the Mid-Atlantic Ridge in clusters of 
several thousand organisms, but only seven individuals were found [26].  

Small-size populations of Ashinkailepas (aff) briandi gastropods (about 10 organisms),  
flatworms, and bacterial mats were found in the oxidized and active zones of the diffusion low-tem-
perature discharge. The temperature was about 10 C. In the oxidized zones, a large number of chae-
topteridae tubes, probably Spiochaetopterus, were observed. These tubes make up large clusters at 
the base of the “smokers” and are used as a substrate for other species and the bacterial mats.  
A variety of associated fauna was also observed [26]. 
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2. Ashadze ore cluster, Ashadze-2 hydrothermal field. The Ashadze-2 field is a poorly studied 
hydrothermal crater and an adjacent ridge of slightly sloping hills on the western side of a rift valley 
of the Mid-Atlantic Ridge within the same internal oceanic complex as the Ashadze-1 field. The hills 
are composed of sulphides of various oxidation levels (Fig.3, b). However, hydrophysical sounding 
showed the presence of hydrophysical anomalies within this field. The host rocks and tectonic con-
ditions are similar to the previously described Ashadze-1 field [29]. 

In the central part of the hydrothermal crater there is a relatively inaccessible area of high-tem-
perature discharge, where only individual Mirocaris fortunata shrimps were found. In the fracture 
zone around the crater with “black smokers” there is a diffusion zone with unusual composition of 
life communities and the temperature above 12 C.  

Various sponges and a population of mollusks were observed among the rare representatives of 
fauna. The stone blocks were covered with an unusual jelly coat of unknown origin. This atypical 
formation had a limited distribution and is probably related to organic enrichment [26]. 

3. Logatchev hydrothermal field. The Logatchev field was discovered in 1993-1994, during the 
seventh voyage of the “Professor Logatchev” research vessel [30]. The field was repeatedly investi-
gated by international expeditions, including those using manned subsea vessels [29]. The most com-
plete studies of the field that included bottom water sounding, detailed mapping, photo and video 
recording, geological and biological sampling were conducted from the Alvin crewed deep-ocean 
research submersible during the DIVERSEXPEDITION expedition onboard the Atlantis research 
vessel (2001) and from ROV Victor 6000 during the Russian-French SERPENTINE expedition 
onboard the “Pourquoi Pas?” research vessel in 2007 [26, 27, 31].  

Seven groups of “black smokers” and hydrothermal craters with the solution temperatures of 
348-352 С as well as a large number of diffusion seepage zones of warm water with the temperatures 
of 10-20 C are distributed over the entire area of the field. All the discharge zones are colonized by 
numerous biological communities [32]. The geological and tectonic conditions are similar to those of 
the Ashadze hydrothermal field. The Logatchev hydrothermal field is also confined to gabbro-peri-
dotite rocks of the internal oceanic complex, and its hydrothermal activity is controlled by the detach-
ments [33]. 

The most remarkable characteristics of this hydrothermal field include a large number of Bathy-
modiolus puteoserpentis mussels, Phymorhynchus ovatus gastropods, and clusters of Rimicaris ex-
oculata blind shrimps (Fig.4, a). The Chorocaris chacei and Alvinocaris sp. shrimps are less abun-
dant. Another typical feature of the Logatchev field areas is the high abundance of Ophioctenella 
acies brittle stars. Studies have shown a growth in populations of different species, e.g. the mussel 
biomass has increased, including that in the zones of diffusive discharge of the “twinkling” warm 
solutions.  

Fig.3. The seabed topography at the Ashadze-1 site, dominated by disintegrated material of decaying inactive 
smoker tubes and a population of the Maractis  rimicarivora sea anemones and the Chaetopterids worm tubes 

(12°58' N, 45°30' W) (a); oxidized sulphide ores of the Ashadze-2 field (12°58' N, 45°30' W) (b) [26] 

a b 
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4. Krasnov hydrothermal field. This field includes one of the largest ore bodies of the deep-water 
polymetallic sulphides within the Russian Exploration Area, composed mainly of massive oxidized 
iron sulphides (Fig.4, b). Detailed bathymetric survey and sampling of the Krasnov field was first 
performed during the Russian-French SERPENTINE expedition onboard the “Pourquoi Pas?”  
research vessel in 2007 [26]. The field is confined to basalts and is located at the interface of the 
eastern side of a rift valley and a nontransform discontinuity at the depths of 3700-4000 m [33]. 

Hydrothermal activity was not observed in the Krasnov field, so the fauna usually associated 
with hydrothermal discharge was not detected. Nevertheless, rather thick layers of bacterial mats were 
registered. These observations suggest the possibility of warm solution discharging through the loose 
strata of oxidized sulphides. In addition, an anemone, whose morphology resembles Boloceroides 
daphnae described in the hydrothermal fields of the East Pacific Rise, was found in one of the cavities 
within the sulphide-oxide strata (the first observation of this anemone in the Mid-Atlantic Ridge). 

The given typification of the hydrothermal fields based on the distribution features of benthic 
organisms, the nature of ore clusters and the hydrothermal activity allows us to make conclusions 
regarding the possibility of mining these mineral resources. 

1. High temperature and aggressive acidic (pH = 2-4) fluids of the “black smokers” in the areas 
of the increased hydrothermal activity (such as the Logatchev field) make operation of machinery for 
mining of the deep-water polymetallic sulphides more challenging. For this reason, creation of equip-
ment that would be resistant to the high-temperature aggressive solutions to operate in these condi-
tions is currently not possible. 

2. The abundant and unique fauna of active hydrothermal fields does not allow the use of avail-
able mechanisms for mining operations in the zone of active “smokers” in the fields of high and 
medium activity (such as the Logatchev and the Ashadze-1 fields). Ore mining in these conditions is 
impossible without inflicting serious damage to the colonies of hydrothermal communities of living 
organisms close to the deep-water hydrothermal systems of the ocean. At the same time, it is possible 
to select inactive areas available for mining in the fields of low and medium activity (such as the 
Ashadze-1 and the Ashadze-2 fields). 

3. The absence of high-temperature discharge of ore-forming solutions and the hydrothermal 
fauna in inactive hydrothermal fields (such as the Krasnov and the Ashadze-2 fields) makes mining 
of the mineral resources most favourable using the machinery, developed also for mining of the fer-
romanganese nodules and the cobalt-manganese crust accumulations. 

4. It should be noted that a certain amount of benthic organisms, especially microbiota, is also present 
in inactive hydrothermal fields. Therefore, it is very important to select specific effectors that would min-
imize the mechanical impact on the seafloor when choosing the technology and mechanical means for 
mining cobalt-manganese crust, ferromanganese nodules and deep-water polymetallic sulphides. 

Therefore, the geological and geomorphological occurrence conditions of the main solid miner-
als of the World Ocean, e.g. the ferromanganese nodules, cobalt-manganese crust, and deep-water 
polymetallic sulphides, are fundamentally different. Whereas the ferromanganese nodules are located 

Fig.4. Logatchev field: shrimps, crabs, mussels, and gastropods near the Irina-2 vent group (14°45,17' N,  
44°58,75' W), DIVERSEXPEDITION Expedition (a) [31]; Krasnov field, SERPENTINE Expedition (b) [26] 

a b 
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in relatively levelled areas, which simplifies their mining, the cobalt-manganese crust is often found 
on the slopes of guyots. The deposits of deep-water polymetallic sulphides are characterized by the 
most challenging conditions. They typically feature a wide variety of occurrence depths, as well as 
the host rocks and structures to which they are confined. In addition to the contrasting differences in 
the occurrence conditions, the areas of prospective mining of different solid minerals fundamentally 
differ in the character of benthic ecosystems near the deposits. Considering all these conditions, we 
can make the conclusion that it is currently impossible to create a universal complex to mine all the 
mentioned above solid minerals of the ocean that would ensure preservation of the benthic ecosystems. 

Methodology. Examination of mining equipment that would minimize the environmental impact 
should be done for the cobalt-manganese crust and ferromanganese nodules collecting units, since 
their technical implementation is possible. 

The Nautilus Minerals concept has been developed and tested for industrial mining of solid min-
erals, which consists in the use of technical solutions developed for the onshore mining and adapted 
for deep-water applications [34]. The Japanese concept, which involves the use of a crawler-based 
sea-floor assembly with the milling-type effectors, is being actively developed [35, 36]. These con-
cepts can have a significant impact on the environment. 

Tables 1 and 2 present an analysis of design options for the deep-sea equipment intended to 
collect ferromanganese nodules and cobalt-manganese crust, with an impact assessment of the ten 
most important parameters of each specific device within the most relevant concepts. The scores  
(1 – maximum, 0 – minimum) are the numerical representation of the analysis performed by experts 
and specialists of VNIIOkeangeologia Research Institute and researchers of Saint Petersburg Mining 
University involved in deepwater mining. The scores show the most preferable technical solution 
depending on its parameters and functions performed. In order to understand how a particular func-
tion and device will meet the requirements, i.e. its environmental impact and reasonable technical and 
economic performance indicators, a coefficient of significance is introduced, which will not be equal. 

In cases where it is required to develop and justify the movement gear (Table 1), the environ-
mental safety will be the key priority, as it is possible to design devices that would bring the impact 
on the environment down to an acceptable level. 

In cases where the minerals collection systems are developed and justified (Table 2), a depend-
ence was identified that by minimizing the impact on the environment, we reduce the viability and 
profitability of mining these minerals. There do not exist even conceptual designs for devices that can 
acceptably minimize the impact on the environment. Therefore, the collection systems will be developed 
as a balance between the two priorities, i.e. environmental safety and technical and economic perfor-
mance. Table 2 presents both of the importance factors and the overall estimates that take these factors 
into account and which can be used when selecting the equipment to collect deep-sea solid minerals 
that show high technical and economic performance and have minimal impact on the environment. 

 
Table 1 

 
Movement gear of the sea-floor assembly (with environmental safety as the key priority) 

 

Function Importance 
factor 

Machines with 
manipulators 

Walking type 
machines 

Crawler-
based ma-

chines 

Possibility to fit various collecting mechanisms 0.3 1 0.7 1 
High travel speed 0.7 0.8 0.6 1 
Machine stability during operation 0.6 0.9 0.8 0.9 
Simple design of key assemblies 0.5 0.7 0.8 0.6 
Preservation of near-bottom areas 1 1 0.5 0.4 
High collection performance 0.8 0.7 0.8 1 
Availability of analogous key assemblies in the industry 0.4 0.8 0.7 1 
Prevention of contamination with finely dispersed silt 0.9 0.9 0.4 0.3 

      

Overall estimate  4.44 3.29 3.71 
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Table 2 
 

Bottom minerals collection systems 
 

Function Importance fac-
tor 

Machines with ma-
nipulators and grip-

pers designed as 
suction chambers 

Machines with hy-
draulic rippers and 
gripping water jets 

Machines with 
gathering ele-

ments (scrapers, 
arms, chains) 

Augers, ripper 
bars, disks, 

drums 

Buckets, rope-
driven 

or chain-
driven 

High yield 1**, 0.5* 0.6 0.7 1 0.8 0.5 
Possibility and simplicity 
of selective collection 

0.2**, 0.6* 1 0.8 0.7 0.7 0.6 

Minimum mechanical impact  
on the seabed areas 

0.3**, 1* 0.9 0.5 0.6 0.7 0.5 

Minimal roiling 0.5**, 0.9* 0.9 0.5 0.6 0.6 0.5 
Low specific energy consumption 0.8**, 0.4* 0.8 0.7 0.9 0.7 0.6 
High efficiency 0.9**, 0.3* 0.6 0.7 0.8 0.8 0.6 
Simplicity of its own design and 
mounting on the delivery vessel 

0.6**, 0.2* 0.6 0.7 0.8 0.8 0.9 

Minimal manufacturing cost 0.7**, 0.8* 0.7 0.7 0.9 0.8 0.9 
Possibility to pick up and carry the 
materials within the dimensions of 
the collecting unit 

0.3**, 0.7* 0.9 0.5 0.9 0.8 0.9 

        

Overall estimate  3.92**/4.52* 3.59**/3.4* 4.52**/4.25* 4.09**/3.7* 3.58**/3.61* 
        

Note. * – meets the environmental impact top priority; ** – meets the technical and economic performance top priority. 

 
The priority in terms of environmental impact (roiling, mechanical impact on the sea floor) puts 

the devices with suction chambers and grip arm walking gear on high places; in terms of technical 
and economic indicators (cost, yield, efficiency), concepts with the crawler gear and hydraulic 
transport appear to be the optimal ones. 

In order to create a feasible design for collecting deep-sea ferromanganese nodules and cobalt-
manganese crust, the following three options should be considered: 

• for small and medium-sized ferromanganese nodules (up to 100 mm) in the absence of unique 
flora and fauna forms; 

• for ferromanganese nodules and cobalt-manganese crust with a significant variation in particle 
sizes (50-250 mm) in the presence of abundant unique forms of flora and fauna; 

• for uniform cobalt-manganese crust with complex occurrence conditions on guyot slopes in the 
presence of unique flora and fauna forms. 

The concept with a crawler-based collecting unit and a vertical hydraulic transport is applicable 
for the first option. For example, the Indian concept that uses a crawler-based collecting unit with 
a drum effector, a conveyor and a flexible duct that transports the collected ferromanganese nod-
ules to the supply vessel using a pumping unit, perfectly meets these requirements [37-39]. It is 
also necessary to consider the design options that use hydraulic transport with an intermediate 
pumping capsule [40]. 

The second option can use the collecting unit designed at the Saint Petersburg Mining University 
(Fig.5, a) with effectors that use suction chambers 1, which are able to suck in large nodules and 
move them into the bunker. The suction chambers (Fig.5, b) are shaped as hollow plates 2 where 
lower pressure (relative to the external pressure) is created, with suction cups 3 on the working face 
that collect the minerals 4 due to the pressure difference. The suction chambers work in cycles by 
pressing against the seafloor, sucking in the nodules and then pulling away from the seafloor, carrying 
the collected material into the bunker. 

The third option can also use the concept of developed at the Saint Petersburg Mining University. 
The difference consists in replacing the suction chambers fixed to arms 5 with clamshell-type buckets 6 
equipped with impactors (Fig.5, c) [41]. The efficiency of the clamshell-type effector (Fig.5, d) with 
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a minimum impact on the environment will be achieved by selective and controlled collection without 
damage to the substrate. In case the cobalt-manganese crust has significant hardness, and the axial 
pressing force is not sufficient to introduce and clamp jaws 8, it is proposed to preliminarily break up 
the massif with a built-in impactor 7, which will allow separating the cobalt-manganese crust from 
the substrate without additional dilution. 

A design concept of the deep-water complex with the collecting unit proposed by the Saint Pe-
tersburg Mining University that provides improved environmental performance is shown in Fig.6, a. 

The mining system includes: an supply vessel 8 with two winches located fore and aft; self-
propelled platforms 3 to accommodate the stationary equipment; power supply equipment including 
a transformer 6, a hydraulic powerpack 5 and a winch 4; a self-propelled collecting unit 13; a self-
propelled feeder 12; a bucket (or a bunker) 11. 

The connection of the collecting unit with the power supply equipment is accomplished through 
the winch 4, which carries an umbilical cable 2 to supply the collecting unit with electrohydroenergy. 
The power supply equipment is connected to the vessel by means of a high-voltage self-supporting 
cable 7. Lowering and lifting of the bucket is carried out by a gripping mechanism 10. The grip-
ping mechanism has maneuvering devices 9 that ensure its accurate positioning during lowering 
and lifting. 

The recovered minerals are transferred from the bucket to the vessel's storage bin, the material 
being pre-processed by separating the liquid part and dewatering. Further transportation can be done 
using an additional barge, on which the dried minerals are reloaded, or by the supply vessel itself 8. 

Positioning and orientation of all the units and devices takes place with the help of transceivers 1, 
spaced at a certain pitch and forming a coordinate grid. All signals from the transceivers are routed to the 
central control unit located onboard the supply vessel, which sends the response control signals to the 
transceivers, and they forward the signals to the units and devices involved in the collection of minerals. 

Other transport systems can be used, e.g. those using a screw feeder 14 and a closed-type  
bucket 15 connected to the duct of the hydraulic transport system (Fig.6, b); lifting by means  
of a propeller-driven bucket 17 attached to a cable 16 (Fig.6, c); using a skip hoisting system in which 

Fig. 5. A walking-type collecting unit with suction chambers as effectors (a) 
and the design of a suction chamber in close view [42, 43] (b); a walking-type collecting unit  

with a clamshell-type effector (c) and the design of the clamshell effector with a built-in impactor [44] (d) 
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the skips 19 are loaded with a chain conveyor 20, lifted to the supply vessel and unloaded in the hoist 
head frame 18 (Fig.6, d). Application of the latter system is possible when the waters are calm or with 
the use of special rolling and pitching compensation systems. 

When assessing the output of the complex, the key factor is the parameters and the type of col-
lecting unit, which will control the mining performance. 

The estimated per hour output of one collecting unit should be calculated using the following 
equation [41] 

est
col load trav unload return( )

ЕQ
Т Т n Т Т Т




   
, 

where  is the density of the mineral; E is the intermediate bunker volume; Tcol is the collecting time 
per effector; Tload is the time to load one bucket into the bunker; n is the number of effectors required 
to fill the bunker; Ttrav is the travel time to the reloading station; Tunload is the time to unload the bunker 
onto the reloader; Treturn is the travel time to the previous or new collection point. 

Finding the Tload, Ttrav, Tunload and Treturn values consists in calculating the parameters related to 
the operating time of the hydraulic cylinders of the effectors. Each operation can be calculated as a 
combination of hydraulic cylinders working simultaneously or sequentially only once the required 
hydraulic cylinder type has been selected for each particular operation. The order and degree of ex-
tension of the hydraulic cylinder rods is calculated using the designed planogram of the collecting 
unit. In order to determine the timing of Tcoll, it is necessary to know the physical and mechanical 
properties of the minerals and the forces at the effector. The choice of effector dimensions will also 
depend on the occurrence characteristics of the deposits (their average thickness). 

The number of collection operations n required to fill the bunker depends on the volume of the 
bunker and the number of the collecting units. This problem is basically solved at the feasibility study 
phase of the field mining system, which should maximize the uninterrupted operation of the transport 
system. 

Fig.6. A concept for cobalt-manganese crust and ferromanganese nodule mining system with a walking-type collecting unit pro-
posed by Saint Petersburg Mining University (a); options for the hydraulic transport system (b), bucket (c) and skip hoisting (d)  
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Based on the geological data, to ensure profitability it is required to keep the production rate of 
1 million t/year of minerals, which corresponds to 150-250 t/h. 

Discussion. In order to verify the possibility of using a clamshell-type effector to collect the 
cobalt-manganese crust with a minimum environmental impact, experimental tests were performed 
to determine the basic regularities in cobalt-manganese crust breaking by cutting, i.e. through intro-
duction of the clamshell bucket, and by impact pulses, i.e. separation of the cobalt-manganese crust 
from the substrate. Since no definite data on physical and mechanical properties of the cobalt-man-
ganese crusts are available, and their structure and parameters may vary with the occurrence depth, it 
is necessary to specify physical and mechanical properties of the available samples before conducting 
the experimental tests with rock-cutting tools on the designed test benches. For this purpose a calcu-
lation method was used that was based on the parameters experimentally obtained by loading the 
samples with spherical indenters [45], and building the strength data sheet of the cobalt-manganese 
crust in three states: air-dry, as is (20 % moisture content), and water-saturated (Table 3). 

 
Table 3 

 

Definition of physical and mechanical properties of cobalt-manganese crust samples with spherical indenters 
 

Defined property 
State of the cobalt-manganese crust 

Air-dry As is (20 % moisture content) Water-saturated 

Ultimate tensile strength t, MPa 0.82 0.86 0.78 
Ultimate compressive strength c, MPa 5.4 5.87 5.83 
Ultimate shear stress (cohesion) C0, MPa 1.35 1.45 1.02 
Brittleness index Kbr 6.5 6.7 7.45 
Maximum shear resistance max, MPa 8.6 9.42 10.14 

 
The rock strength profile (Fig.7, a) represents plots for each state of the CMC samples consisting 

of interconnected tangents to the Mohr circles which radii are defined by the ultimate stress values 
for different types of failure. 

The experimental tests on failure of the QMC by cutting were performed on the Zwick/Roell 
Z100 testing machine with a reference cutter. The results of these tests were used to plot the depend-
ences of the cutting force on the compressive strain of the cobalt-manganese crust (Fig.7, b) while 
changing the chip thickness from 10 to 30 mm. Due to the high porosity and brittleness of the cobalt-
manganese crust samples, it was not possible to achieve a repetitive series of chipping, the exception 
being a series of experiments with 20 mm chips, which was accompanied by several basic chippings, 
which is characteristic of the cutting process. 

Experimental tests on the impact failure of the cobalt-manganese crust were carried out using a 
laboratory pendulum-type impact machine with a striker that was set at different angles and would 
strike the samples with different energy along or across the deposition layers of the cobalt-manganese 
crust. The depth of the striker penetration into the samples was recorded for each series of tests. Plots 
of the striker penetration depth versus the impact energy were made based on the test results (Fig.7, c). 

Conclusion. The species composition and diversity of benthic biotic communities on the sea-
floor in the areas of the proposed mining of ferromanganese nodules, cobalt-manganese crust, and 
deep-water polymetallic sulphides are characteristic features of the observed ecosystems.  

The zone of ferromanganese nodules in the Russian Exploration Area in the Clarion-Clipperton 
deep-sea field is characterized with the absence of large concentrations of marine organisms and the 
morphology of the ore deposits, which is favourable for collecting the nodules from the seafloor. 

Within the Magellan Seamounts, the cobalt-manganese crust is formed on the upper parts of the 
guyot slopes. Thus, operations to separate the cobalt-manganese crust from the bedrock are not  
expected to cause serious damage to the benthic fauna. However, the collateral effects of these oper-
ations associated with formation of sediment plumes and roiling of significant volumes of water may 
negatively affect the marine biota. 
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Three types of hydrothermal systems, differentiated in terms of their hydrothermal activity, the 
number, density and species diversity of marine life, have been identified within the deposits of deep-
water polymetallic sulphides in the Russian Exploration Area (the Mid-Atlantic Ridge).  

1. Fields with limited present-day high-temperature hydrothermal activity and little (Ashadze-1) 
or no hydrothermal fauna (Ashadze-2). Fields of this type represent the majority of the studied  
hydrothermal mineralization sites within the deposits of deep-water polymetallic sulphides in the 
Russian Exploration Area. When mining resources at such sites, it is necessary to use equipment that 
would maximize preservation of hydrothermal fauna and to restrict work within the impact zone of 
high-temperature hydrothermal vents. In addition to higher concentrations of living organisms around 
the vents, the negative impact of the high temperature acidic solutions on mining equipment should 
also be taken into account.  

2. Active hydrothermal fields with abundant and unique fauna (the Logatchev field type) are 
characterized with high temperatures and aggressive behavior of the acidic fluids of the “black smokers”. 
Analysis of the occurrence conditions of solid minerals and specific features of the species composi-
tion and diversity of the hydrothermal biotic communities helps to identify typical hydrothermal fields 
in the Russian Exploration Area within the Mid-Atlantic Ridge. The greatest challenges the mecha-
nisms face in mining these minerals are the presence of areas with increased and moderate hydrother-
mal activity (such as the Logatchev and the Ashadze-1 fields). Ore mining in these conditions is 
impossible without inflicting serious damage to the colonies of hydrothermal communities of living 
organisms close to the deep-water hydrothermal systems of the ocean. At the same time, it is possible 

Fig.7. Experimental studies of CMC failure: by spherical indenters (a);  
by cutting using the Zwick/Roell Z100 testing machine (b); by impact forces using a pendulum-type impact machine (c) 
1 – air-dried cobalt-manganese crust; 2 – as is (20 % moisture content); 3 – water-saturated cobalt-manganese crust; 4 – a strike across  

the cobalt-manganese crust bedding; 5 – a strike along the cobalt-manganese crust bedding; 6 – a strike along the bedding  
(together with the substrate); 7 – theoretical dependence; 8 – a strike against the substrate  
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to select inactive areas available for mining in the fields of low and medium activity (such as the 
Ashadze-1 and the Ashadze-2 fields).  

3. The absence of high-temperature discharge of ore-forming solutions and the hydrothermal 
fauna in inactive hydrothermal fields (such as the Krasnov and larger part of the Ashadze-2 fields) 
makes mining of the mineral resources most favorable using the developed machinery.  

When mining the considered types of solid minerals, it should be taken into account that a certain 
amount of benthic organisms (especially microbiota) is always present even in relatively “deserted” 
areas of the ocean floor. In selecting the technology and tools to mechanize the mining processes, it 
is therefore very important to choose specific designs of effectors that would minimize the mechanical 
impacts on both the seabed surface and the underlying rocks and benthic waters. It is worth noting 
that the contrasting occurrence conditions and the composition of benthic ecosystems do not allow 
creating a universal design of the mining equipment that would be capable of preserving the deep 
water inhabitants of all of the above types of solid mineral deposits. 

Analyzing features of the developed devices in terms of the environmental aspects (roiling, mechan-
ical impact on the sea floor) makes the devices with suction chambers and a grip arm walking gear top 
priorities.For the cobalt-manganese crust that is found in particularly difficult conditions, the technology 
developed by Saint Petersburg Mining University stands out as the most efficient since it features collect-
ing units with grip arms with integrated clamshell-type effectors and impactors. In order to create a  
feasible design for mining deep-sea ferromanganese nodules or cobalt-manganese crust with a significant 
variation in average nodule sizes (50-250 mm) or lumps of broken-off cobalt-manganese crust (in the 
presence of abundant and unique forms of flora and fauna), it is proposed to use the concept developed at 
Saint Petersburg Mining University. It is presented as a specific design of a deep-sea bottom collecting 
unit with enhanced environmental performance. Correct application of this concept with fine-tuning of 
the walking gear and selection of rational design parameters for both the collecting unit and the effector 
will ensure that the mechanical impact on the bottom areas is minimized. 

The following designs have been proposed and patented to secure efficient collection of deep-
water cobalt-manganese crust: a concept of ferromanganese nodules and cobalt-manganese crust col-
lection; a walking-type unit for cobalt-manganese crust collection and a clamshell-type effector with 
an integrated shearing tool, i.e. an impactor. The performed experimental testing of the cobalt-man-
ganese crust samples in terms of their collection efficiency with a clamshell-type effector with an 
integrated impactor has shown that it is possible: 

• to translate the obtained values of physical and mechanical properties of the available cobalt-
manganese crust samples to the mineral mass in actual mining and geological conditions; 

• to penetrate into the upper (less strong) layers of the cobalt-manganese crust using a clamshell-
type bucket with an axial force of 300-600 N; 

• to intensify penetration into the middle layers of the cobalt-manganese crust, and splitting min-
erals pieces off the substrate by means of impactors integrated into the clamshell jaws using the im-
pact energy of up to 30 J. 

 
The authors express their appreciation to I.N.Ponamareva, Deputy Chief Geologist of  

“Yuzhmorgeologia” JSC, for providing samples of cobalt-manganese crust for experimental testing. 
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