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Abstract

The program for the development of the national economy based on own mineral raw materials as adopted
in the Socialist Republic of Vietnam requires an increase the volumes of minerals. This includes both liquid
hydrocarbons, and non-traditional solid minerals. This paper examines the resource base of mineral deposits
in the South China Sea. The objective was to determine and scientifically establish classification criteria for
zoning (regionalization), as well as to identify prospective areas with deposits of ferromanganese formations
and other solid minerals. An analysis was undertaken of placers on the shelf and deposits of ferromanganese
formations in the deep areas of the Vietnam Sea. A multiparameter analysis of the hydrological, geophysical,
engineering and geological, environmental conditions of the deposit positions was conducted. In addition,
criteria for the prospects of the formation and development of deposits of ferromanganese formations were
established. These criteria enabled areas with different prospectivity ratings to be identified. Within the South
China Sea, zones (areas) with a high, medium, and low potential for the presence of nodules were identified.
Similar zoning for the crusts was also identified. The areas of these zones were determined. The results of
the research established that the total potential area of ferromanganese nodules is 91,480 km?. The area with
the potential of ferromanganese crusts is 2,421.6 km?, while the area of coexistence of nodules and crusts is
18,777 km?. Furthermore, priority regions for future exploration are those with high nodule potential covering
an area of 18,110 km? and the regions of high crust potential with an area of 882.6 km?. Based on the materials
obtained, the bed of the Vietnamese Exclusive Zone of the South China Sea was zoned. Maps of the resource
and predictive prospects of the seabed were drawn, and the prospecting and exploration operations can be
established within this framework.
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AHHOTaUuA
[Mpunsitasg B Coumanuctuueckoii Pecriy6nnke BbeTHaM mporpamMmma pa3BUTHSI HAPOJHOIO X03siicTBa, 6a3u-
PYIOILIErocst Ha CO6CTBEHHOM MUHEPATbHO-ChIPhEBOI 6a3e, TpeGyeT MOBbIIEeHNUSI 00beMOB JOOBIUM TTOTE3-
HBIX MCKOTIAeMbIX, B TOM YMCJIe KUIKUX YIJIeBOJOPOOB, BOBIeUEHMSI HEeTPAIUIMOHHBIX BUIOB TBEPIbIX
TI0JIe3HBIX MCKOTIaeMbIX. VccemoBaHa pecypcHast 6a3a MeCTOPOKAEHMI TToJIe3HBIX MCKoTaeMbIx KkHo-Ku-

TaCcKOTO Mopsi. Vies McciemoBaHmil 3aK/I0Yanach B OMpenesieHnM 1 HayuHOM 060CHOBaHMM KiIaccuduKa-
LMOHHBIX KPUTEPUEB 30HUPOBAHMS (PAallOHMPOBAHMSI) U BBIEIEHUM TIePCIIeKTUBHBIX YUACTKOB C 3a/IeKaMu
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>KeJie30MapraHiieBbIx 00pa3oBaHMii U APYTUX TBEPIBIX MOJE3HbIX MCKOIIaeMbIX. [[pOBeeH aHalM3 POCCHII-
HBIX MeCTOPOKIeHNI Ha IIeb(e 1 3aeskell Jkeme30MapraHiieBbIx 00pa30BaHMii B ITyOMHHBIX paiioHaX BbeT-
HamcKoro mopsl. [IpoBefeH MHOTOCTOPOHHMIT aHAAN3 TUPOOTUYECKUX, FreoPU3NIecKmx, MHKeHepHO-Teo-
JIOTMYEeCKMX, SKOJIOTMUECKUX YCIOBUI 3aeraHyst MeCTOPOXKAeHUI, OTIpele/IeHbl KpUTepUM IePCIIeKTUBHOCTU
06pa30BaHMs ¥ PA3BUTUS 3aJI€KeN sKeJle30MapraHiieBbIx 00pa3oBaHmil. ITU KPUTEPUY TTO3BOIAIIY ITPOU3BE-
CTU BblJe/IeH)Ee YUYACTKOB C Pa3/JIMUHbIM PEITUHIOM MepcrieKTUMBHOCTU. B npepenax KOskHo-KuTarickoro Mmopst
BbIJle/IeHbI 30HbI (YUaCTKM) C BBICOKMM, CPEAHMUM M HU3KUM MTOTEHIMAIOM HaXOXeHMsI KOHKPeLyii, a TakoKe
BBISIBJIEHA aHAJIOTMYHAsI 30HAIbHOCTB 7151 KOPOK. OTipeesieHbl IVIOLAAM YKa3aHHbIX 30H. Pe3ynbraThl uccie-
IOBaHUIT MMOKA3aJIM, YTO 061Iast MOTeHI[MaIbHasl TUIONAb JKeJle30MapraHIleBbIX KOHKpeluii coctassieT 91
480 KM?, TIIOIIAAb C TTOTEHIIVAIOM JKeJie30MapraHIeBbIX KOPOK — 2421,6 KM? U IIOIIAAb COCYIeCTBOBAHMS
KOHKpeIii ¥ KOpok — 18 777 km?2. IIpy 3TOM MPUOPUTETHBIMU paiioHaMMU JiJist OYIyIMX Pa3BeIOK SIBJISIOTCS
PaiiOHBI C BHICOKMM ITOTEHIIMAIOM KOHKpeIuii miomanbio 18 110 Km? U paitoHbI ¢ BBICOKMM ITOTEHIIVAIOM
KOpOK 1uiomazbio 882,6 kM2 Ha ocHOBaHMM TOMyUeHHBIX MaTepUaioB IMPOKU3BeNeHO palioHMpoBaHMe THA
BpeTHaMCKOI 9KCKIHO3UBHOV 30HbI KO>kHO-KnTaickoro Mopsi ¥ cOCTaBI€HbI KapThl pECYPCHO-TIPOTHO3HOM
MepCIeKTUBHOCTM MOPCKOTO JHA, B IIpelenax KOTOPbIX HEOOXOAMMO OPraHM30BBIBATH MOMCKOBO-pa3Be-
JIOUYHbIE PAOOTHI.
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The program for the development of the na-
tional economy based on own mineral raw materi-
al, as adopted in the Socialist Republic of Vietnam
requires an increase in the volumes of mineral ex-
traction. This includes both liquid hydrocarbons, and
solid minerals (SM), deposits of which are virtually
not extant on land! [1-3].

The countryis characterized by the long coastline
of the western margin of the Pacific Ocean, the pro-
ximity of the northwestern border of the megabelt
and the northern subequatorial belt of ferromanga-
nese nodules. The results of the geological studies of
the seabed, the positive experience in the develop-
ment of placers on the coast and shelf, as well as the
intensification and claims of China for the develop-
ment of the South Chinese Sea (SCS) predetermine
the relevance of the extension of geological explora-
tion and development of offshore deposits by Viet-
nam [1-3, 4, 5].

Marine solid minerals (SM) contain the compo-
nents of strategic importance for the economic and
industrial development of Vietnam. They are espe-
cially important in the field of high-tech engineering,
and include placers of ilmenite, rutile, zircon, mona-
zite, cassiterite, inter alia, ferromanganese concre-
tions and crusts, polymetallic sulfides and, potential-
ly, enriched polymetallic mud [6, 7].

1 Resolution No.36-NQ/TW (October 22,2018) “Vietnam’s
marine economy to 2030 and vision to 2045”

Thus, the exploration and prospecting of marine
minerals in Vietnam are of great importance. They
will contribute to a focused and rational use of mine-
ral resources for the process of industrialization pro-
cess, the consolidation of the country’s sovereignty in
the Exclusive Economic Zone, and the development of
Vietnam towards becoming a maritime power. Viet-
nam adopted the Strategy for Sustainable Maritime
Economic Development of the country up to 2020
(starting from 2007), 2030 and further up to 20452

In order to address the issue of the development
of the resource base, engineering and geological
substantiation of the prospects for the development
of offshore deposits of solid minerals of Vietnam was
undertaken. This was based on the use of maps of
predictive resource zoning of the seabed. The pur-
pose of the research was to identify and scientifi-
cally establish the classification criteria for zoning
(regionalization), as well as to identify prospective
areas with deposits of ferromanganese formations
(FMF) and other solid minerals (SM). Classification
attributes were used with regard to the development
of zoning maps. This was in accordance with the
priority of prospecting for offshore deposits and the
development of tools and methods for engineering
and geological studies of seabed deposits in the shelf
zone and deep areas of the Vietnam Sea (the Exclu-
sive Economic Zone) [2, 3].

2 Resolution No.36-NQ/TW (October 22,2018) “Vietnam’s
marine economy to 2030 and vision to 2045”
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For this purpose, we conducted the following
studies:

- analysis and assessment of the current level
and state of offshore exploration, as well as the extent
to which Vietnam has developed shelf zone and deep
areas in the South China Sea;

—assessment of the conditions for the formation
and accumulation of building materials and placers in
the coastal areas as well as the shelf zone, as prerequi-
sites for identifying zones and regions with potential and
prospective conditions for the formation and develop-
ment of ferromanganese deposits in the seas of Vietnam;
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—survey and analysis of the potential of so-
lid minerals of the seabed of Vietnam, including
the results of studies of deposits of building ma-
terials, placers in the Vietnam waters and ferro-
manganese deposits in the deep areas of the South
China Sea;

— a bathymetric map of the bed of the SCS was
drawn; other factors influencing the formation and
development of ferromanganese deposits in the
World Ocean were also summarized and analyzed for
the purpose of identifying these features in the Viet-
nam Sea (Fig. 1);
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Fig. 1. Bathymetric map of the bed of the South China Sea
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— favorable criteria impacting the formation of
ferromanganese ores were identified for the pur-
pose of zoning the bed of the SCS. This took into ac-
count the potential for their formation in the form
of nodules and crusts for future prospecting and
exploration.

These studies used a range of results from previous
studies in various fields, i.e. geology [4, 5, 8, 9], geo-
physics [5], petrography [5, 10], geochemistry [6, 7],
hydrology [7, 11-13], oceanography [7, 11, 12, 14],
geomorphology [6, 7, 9, 13, 15], engineering geology
[7, 16—18], mineralogy [19], seabed topography [20],
inter alia [21, 22].
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Criteria were developed on the basis of multiple
factor analysis. They are represented in Tables 1-3.

The zoning criteria are arranged in descending
order of prospectivity from 1 to 6. Criteria 1, 2, 3 are
essential in the conditions of the SCS and they shall
be given priority consideration.

In certain cases, in addition to these criteria,
geomorphological criteria are used, in order to assess
continental shelves, valleys between seamounts and
the topography of seamount tops.

The criteria used to identify the areas unfavora-
ble for the formation and growth of ferromanganese
nodules and crusts are presented in Table 4.

Table 1

Criteria for zoning of deposits of ferromanganese nodules

Value of the criterion for the rating assigned

No. Criterion
high medium low
1 |Seadepth, m 3,000-4,000 > 4,000 2,000-3,000 abyssal
plains near continental
slope and uplift
2 | Seabed slope angles, deg 0-3 0-3 0-3

3 | Age of formation

Multiple millions of years (Very

Seabed formed 15.5-24 myr ago Multiple millions

of seabed configuration favorable conditions — an old of years
(seamounts/plains), myr seabed: 15.5-24 myr)
4 | Presence of nuclei Present. The areas being away from Present. Areas away from Present
for the formation and submarine volcanoes, seamounts submarine volcanoes,
development of nodules being rich in silica bioclast seamounts rich in silica bioclast
5 | Current velocity, cm/s < 4 for the diagenetic genesis <3 No effect
6 |Sediments on the seabed Virtually none Virtually none Virtually none
surface
Table 2
Criteria for zoning of deposits of ferromanganese crusts
Value of the criterion for the rating assigned
No. Criterion
high medium low
1 | Sea depth, m 800-1,800 500-800; and > 1,800 500 m to the seabed
2 | Seabed slope angles, deg 15-40 15-40 15-40
3 | Age of formation Multiple millions of years (>3). Older Multiple millions of years Relatively young
of seabed configuration age favors to the formation of ores (>3). Older age favors to the surface

(seamounts/plains), myr

formation of ores

4 | Bedrock surface

No sediment on the basalt surface

No sediment Sediment in some

(very high), on the limestone surface,
granite, rhyolite (high)

places

5 | Current velocity, cm/s 4-5 4-15(500-800 m); and < 3

(at the depths > 1,800 m)

No need to consider

6 | Sediments on the seabed None None None

surface
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These criteria enable the bed of the Vietnam Sea
to be zoned, and a number of areas identified, where
it is advisable to undertake prospecting and explora-
tion for the presence of ferromanganese formations
(Fig. 2).

The results of studies of the Exclusive Maritime
Economic Zone of Vietnam, the potential classifica-
tion and the corresponding areas of ferromanganese
deposits are as follows:

Group of nodules

— The area with a high potential for nodules is
18,110 km?, the largest area of which is 13,460 km?,
located in the central valley in the southwest of the
South China Sea.

— The area with a medium potential for nodules
is 28,400 km?.
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—The area with a low potential for nodules is
44,970 km?, including 4 regions, the largest of which
with an area of 34,110 km? is located in the north
of the territory under investigation.

Group of crusts

The total area is 2,421.6 km?, including:

— the area with a high potential of 882.6 km?,

—the areas with medium and low potential of
1,539 km?.

Group of simultaneous (coexisting) nodules
and crusts with an area of 18,777 km?.

These maps constitute a basis for the planning
of exploration works within the Vietnam Sea, ena-
bling a high extent of detection of the deposits of
ferromanganese formations and further planning of
mining operations.

Table 3

Criteria for zoning of deposits of ferromanganese nodules and crusts

Value of the criterion for the rating assigned

No. Criterion
medium low - no
1 | Sea depth, m 500-4,000 500-4,000
2 | Seabed slope angles, deg 7-15 7-15
3 | Age of formation of seabed configuration >3 <3

(seamounts/plains), myr

4 | Bedrock surface

5 | Nucleus for the development of nodules

Nuclei present.
Sediment accumulation on the surface
is heterogeneous

Nuclei present.
Sediment accumulation
on the surface is heterogeneous

6 | Current velocity, cm/s

4-15 4-15

Table 4

Areas without potentially perspective conditions for the formation of nodules and crusts

No. Criterion

Crusts

Nodules

1 | Sea depth, m <500 m

Continental shelf, depth up to 500 m.
Plains exhibit a gentle slope angle (0° - 3°)
on continental slopes, seamounts exhibit
gentle tops

2 | Seabed slope angles, deg

Flat top of seamounts (0-3)

3-7 and > 40

3 | Age of formation of seabed
configuration (seamounts/plains),
myr

Relatively young surface, very young
volcanics

No affect

4 | Bedrock surface

No need to consider

Does not affect

5 | Presence of nuclei for the No affect Present
formation and development
of nodules

6 | Current velocity, cm/s No need to consider No affect




MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU U TEXHOJIOIMA

2023;8(1):5-12

elSSN 2500-0632

https://mst.misis.ru/

Kirichenko Yu. V. et al. The engineering and geological substantiation of the resource potential of the bed of the South China Sea

107°
14°

1089 109°
A

o
g

S

o

o e

S e

N S whan

B

10 _ o f
<. 8
A -
« i
A
ne’
‘17>
90 L S
- "..A;"‘ 5
:?I)_\s%\
: 3 x".v@"’
i d g
a
S
80
=
[,
9 &
70
0
107 108° 109 °© 110° 111° 29 113°

Zones with high potential for nodules
m Zones with medium potential
i for nodules

Zones with low potential for nodules

- Zones with high potential for crusts

- Zones with medium and low potential
for crusts, depth > 1,800 m

Fig. 2. Map of the zoning of the bed of the SCS according to the potential

Zones with medium and low potential
for crusts, depth < 800 m

Areas with simultaneous (coexisting) nodules

and crusts

Mainland islands

The border of the Exclusive Economic Zone

of Vietnam

Cities and provinces

for finding promising ferromanganese deposits (the area/map of exploration zones)

10



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2023;8(1):5-12

Conclusions

The Vietnamese Sea represents a typical geologi-
cal structure of marginal seas. It includes a shelf with
placers, abyssal plains with seamounts bearing deposits
of ferromanganese formations of various types, all of
which considerably enhance the mineral resource and
raw material potential of Vietnam.

The predictive zoning of the SCS bed for areas
for prospecting and exploration works shall be based
on the following factors: classification criteria iden-
tified in the results of the multiple factor analysis
of known underwater solid minerals (SM) deposits;
existing data from geological, hydrological, geophysi-
cal, engineering and geological, and other studies.

The zoning areas with different potential for
nodules and crusts to be identified in the following

elSSN 2500-0632
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categories: high, medium and low; on the South Chi-
na Sea bed (as well as within the Exclusive Economic
Zone of Vietnam), and for these areas to be defined.

The results of the research revealed that the
total potential area of ferromanganese nodules is
91,480 km?; the area with the potential of ferroman-
ganese crusts is 2,421.6 km?; and the area of coexis-
tence of nodules and crusts is 18,777 km?. Based on
the above, the priority regions for future exploration
are the regions of high nodules potential with an area
of 18,110 km?, and the regions of high crust potential
with an area of 882.6 km?.

It is recommended that offshore exploration
works in the SCS be planned and conducted on the
basis of the perspective areas and classification
attributes established herein.
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