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Abstract

This study addresses the growing recognition of zirconium raw materials as a critical mineral resource
in most industrialized countries and the need for a comprehensive assessment of the complex global zir-
conium market. Using statistical, graphical, and analytical methods, the study examines the zirconium
resource base, the spatial distribution of zirconium deposits by geological type, global commodity flows
(production, imports, exports, and consumption) by country, as well as prices and future production and
consumption trends. The analysis shows that global consumption of zirconium raw materials has increased
rapidly, from 39 kt in 1950 to 2.191 Mt in 2024. The main demand-side trend is the sharp rise in consump-
tion in China, driven by rapid economic growth: from 84 kt (8.7% of the global market) in 1997 to 1.83 Mt
(78%) in 2024. At the same time, growth of the global zirconium raw materials market is constrained by
rising demand and prices, the high share of international trade, and conflicting interests between produc-
ing countries (Australia, South Africa, Mozambique, Indonesia, and Senegal) and the major consuming
countries (China, the European Union, the United States, India, and Japan). Another major challenge is
that a significant share of global reserves is located in complex endogenic deposits that are difficult to
develop both technologically and economically. In most industrialized countries, zirconium is classified
as a critical mineral resource. Global proven reserves of zirconium raw materials in developed deposits
are estimated at 95 Mt, while forecast resources amount to 232 Mt. Production is currently concentrated
mainly in titanium-zirconium placer deposits; however, zirconium also occurs in complex endogenic de-
posits in carbonatites and alkaline igneous rocks in the form of zircon, baddeleyite, and eudialyte. Global
production of zircon concentrate increased from 537 kt in 1970 to 1.64 Mt in 2024 (+2.4% per year), while
cumulative global production for 1950-2024 reached 59.7 Mt. Export supply of zircon concentrate to the
global market, including re-exports, increased from 395 kt in 1970 to 1.86 Mt in 2024. In the 2010s, the
share of exports in global zirconium raw material production ranged from 61% to 98%. High demand led to
the emergence of a new group of producers developing placer deposits in Indonesia, Mozambique, Senegal,
Kazakhstan, Madagascar, Kenya, Vietnam, and Sierra Leone. Their share of global exports increased from
0.2% in 1999 to 30% in 2024. Production from placer deposits may increase significantly in Mozambique,
Madagascar, and Vietnam, while new mining operations may also emerge in Namibia and Tanzania. In
addition to placer deposits, projects are being considered for the development of complex endogenic de-
posits in which zircon concentrate would be produced as a by-product, including Strange Lake and Thor
Lake (Canada), Bear Lodge (USA), Baerzhe, Bozigor, and Tudiling (China), Khalzan-Buregtei (Mongolia),
and Katuginskoye, Ulug-Tanzekskoye, and Zashikhinskoye (Russia). Development of deposits representing
a new technological type—eudialyte ores, which constitute complex zirconium-rare-earth raw materials,
is also possible. These projects include Nechalacho (Canada), Tanbreez—-Kvanefjeld (Greenland), Toongi-
Dubbo (Australia), Lovozerskoye (Russia), and Saima (China).
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AHHOTaUuA

AKTyanbHOCTh PabOTHI OOYC/IOBJEHA CTATYyCOM LIMPKOHMEBOIO ChIPbSI KaK KPUTUYECKOTO MUHEDPATbHOTO
CBIPbSI, TPUHSATHIM B GOBIIMHCTBE MPOMBIIIIEHHO-PA3BUTBIX CTPaH, M HEOOXOOMMOCTBIO TIOTyUYEHUST MaK-
CUMAaJIbHO TIOJTHOM KapTUHBI €ro CJIO(KHOTO MMPOBOTO pPhIHKA. Ha OCHOBE CTaTMCTUUECKOTO, rpaduyeckoro
U JIOTMYECKOTO METOMOB IPOBEIeHO M3yUeHVe MMHEePaTbHO-ChIPbeBOii 6a3bl IIMPKOHMEBOTO ChIPHS, TTPO-
CTPaHCTBEHHOTO pa3MeleHNs MeCTOPOKIEeHM I IIMPKOHMS 10 TUTIAM reoiormyeckux hopmainmii, ITMHaAMUKA
TOBApHBIX IOTOKOB (ITPOU3BOJCTBA, UMIIOPTA, SKCIIOPTA, MOTPE6IEHMS) TIO CTPAaHAM MUPA, & TAK)KE MUPOBBIX
IeH U TIePCIeKTUB JO6bIUM U MOTpebieHus. AHaIU3 MOKa3al, YTO MUPOBOE MOTpebieHne UPKOHNEBOTO
CBIPbSI CTPEMUTENIBHO pacTeT — ¢ 39 Toic. T B 1950 . 1o 2,191 muin T B 2024 1. B AMHAMMKe CIIpoca IJIaBHbIM
SIBJISIETCSI TPEH[L ero B3pbIBHOTO pocTa B Kutae Ha poHe cTpeMuTeNbHOTO NMOJbeMAa HALMOHAIBHON 9KOHO-
MuKu: ¢ 84 Toic. T (8,7 % OT 06beMOB MUPOBOTO pbIHKA) B 1997 1. mo 1,83 mutH T (78 %) B 2024 1. PasButne
MMPOBOTO PbIHKA TIPEIJIOKEHNS] IIMPKOHMEBOTO CHIPBSI TP 3TOM OCJIOKHSIETCSI POCTOM OOBEMOB CIIPOCA
U LIeH, 3HAYUTEJIbHOI JoJeli MeXIYHapOIHO TOPTOB/IM MPY HAJIMUMK IIPOTUBOPEUMiT MHTEPECOB N06bIBA-
fomux crpad (ABcrpanusi, FOAP, Mo3am6uk, unoHesusi, CeHeras) U IJIaBHBIX CTpaH-moTpeduTeneit (Kurait,
EBpocoto3, CIIA, Uuaus, SdmnoHust), a Takke HaXOXAeHMeM 3HAUMTEeIbHON O MUPOBBIX 3al1acOB B KOM-
IVIEKCHBIX SHIOT€HHBIX MEeCTOPOKIEHUSIX, CJIOKHBIX AJ1S1 OCBOEHMS KaK I10 TEXHOJIOTMYECKUM, TaK U 3KOHO-
MMWYEeCKMM MPUUYMHAM. B GONBIIMHCTBE IIPOMBIIIIEHHO-Pa3BUTBIX CTPAH IMPKOHMII pacCMaTpPUBAETCsST Kak
KpPUTHUYECKOe MMHepaIbHOe ChIpbe. MUpOBbIe 3amachl UMPKOHMEBOTO ChIPbSI B MOATOTOBJIEHHBIX OJISI 9KC-
TJTyaTanyy MeCTOPOXKIEHNSIX OLIeHUBAIOTCS B 95 MIIH T, TPOTHO3HbBIE pecypchl — B 232 MuTH T. B pazpaboTke
HaXOISITCS MTPEUMYIIeCTBEHHO MeCTOPOXKAEHMSI TUTaH-IIMPKOHMEBO POCCHITTHOM GopMalu, OMHAKO IUp-
KOHMI TaKKe MPUCYTCTBYET B KOMIUIEKCHBIX SH/IOT€HHBIX MECTOPOKAEHUSIX B KAPOOHATUTAX U MIEIOYHBIX
MarmaTuMJyecKkux opojaax B BUe UMPKOHA, 6aaaenenTa u 3BauanuTa. MupoBoe mpou3BOACTBO IIMPKOHOBOTO
KOHIIEHTpaTa BbIPOCIO ¢ 537 Thic. T B 1970 1. mo 1,64 muH T B 2024 1. (+2,4 %/T0[), a HAKOIJIEHHAsI MUPOBast
mo6biva 3a 1950-2024 rr. coctaBuia 59,7 MJIH T. IKCIIOPTHOE IIpeIIoskeHle YPKOHOBOTO KOHIIEHTpaTa Ha
MMPOBOJ PHIHOK (BKJIIOUAsI PE3KCIIOPT) YBeIUUMIOCh ¢ 395 Thic. T B 1970 1. mo 1,86 muiH T B 2024 1. IIpu sTOM
B 2010-e rombl J0JIsT SKCIIOPTa B MYPOBOI TOOBIUE IIMPKOHMEBOTO ChIPbsI COCTABJIsLIA OT 61 10 98 %. BeicOKMIt
CITPOC MPUBEJ K MOSIBJIEHMIO Ha PbIHKE ITyJIa HOBBIX MTPOM3BOAMTEIEI, pa3pabaThiBAIOIIMX POCCHITHbIE Me-
cropoxknennst B iumonesuu, Mosambuke, CeHerasne, Kazaxcrane, Magarackape, Keaun, BbetHame u Chep-
pa-JleoHe. VX momnsi B MUPOBOM 3KcropTe yBeauumaach ¢ 0,2 % B 1999 r. go 30 % B 2024 r. B nepcriekTuBe
BO3MOXXHO 3HAUUTENIbHOE yBeIUeHe 00beMOB A00bIUM U3 pocchineir B Mo3ambuke, Mamarackape, BoeTHa-
Me, a TaKKe TI0SIBJIeHMe HOBBIX MPon3BoacTB B Hamu6un v Tanzanuu. Hapsigy ¢ poCChITHBIMMU CYIIIECTBYIOT
MPOEKTHI Pa3pabOTKM KOMIUIEKCHBIX SHIOT€HHBIX MECTOPOXKIEHUI C MOJTyYeHMEM LIMPKOHOBOTO KOHIIEH-
Tparta: CrpeitHmk-Jleiik u Txop-JIsiik (Kanaga), beap-Jlogx (CIIA), bamke, bosurop u Tyaunuur (Kuraii),
XansaH-byperte (Mouronus), Karyruackoe, Viuyr-Tanzerckoe u 3ammxmuHckoe (Poccust). BosmoskHa Takke
pa3paboTka MeCTOPOXKIEHNIT HOBOTO TEXHOJIOTMYECKOTO TUIIA — 3BIUATIUTOBBIX Py, TTPEICTABIISIONIUX CO-
60Ji KOMIUIEKCHOE IMPKOHUII-penKo3emMenbHoe chipbe: Heuanauo (Kanama), Tan6pus-Ksanedoenn (IpeH-
naugus), Tyuru-IIy66o (ABctpanus), JloBoszepckoe-aauanuToBoe (Poccust) u Cauma (Kuraii).
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Introduction
Since the 1920s, zirconium raw materials have
been used primarily as refractories, anti-adhesion
coatings and high-temperature ceramics, both in the
form of zirconium silicate (natural zircon) and zirco-
nium oxide — natural (baddeleyite) and synthetic, pro-
duced during the processing of zircon [1]. Beginning
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in the 1950s, a portion of zirconium raw materials has
been processed to produce metallic zirconium used in
the nuclear industry [2]. New zirconium dioxide-based
materials have since been developed, including single
crystals, thin-film coatings, microfibers, nanopow-
ders, and composite materials. Accordingly, the range
of applications for zirconium products has expanded.
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The biocompatibility of zirconium products enables
their use in medical devices, including dental im-
plants, joint replacements and bone screws [3].

Global consumption of zirconium raw materials
increased from 35-60 kt per year in the early 1950s
to 1.83-2.34 Mt/year in the 2020s. In most developed
industrial countries, zirconium is regarded as a cri-
tical mineral raw material [4-6]. The rapid growth in
the consumption of zirconium raw materials neces-
sitates assessing the adequacy of the global mineral
resource base and analyzing changes in global com-
modity flows.

Methodology

To examine the mineral resource base of zirco-
nium, data on global zirconium production for the
period 1950-2022 were compiled!. Production is un-
derstood here as the mining of zirconium deposits
followed by the production of concentrate. The vo-
lumes of mining, imports, exports, and consumption
of zirconium raw materials (zircon and baddeleyite
concentrates) are reported in metric tons. Prices for
zirconium raw materials are given in USD per metric
ton. Reserves and resources of zirconium raw mate-
rials are expressed in terms of 100 % ZrO,.

For indicators of commodity flow volumes, the
baseline data were taken from the U.S. Geological
Survey (USGS). These data were compared with infor-
mation from the British Geological Survey, the Uni-
ted Nations Data, the TrendEconomy platform, the
Mineral Information and Analytical Center and na-
tional customs statistics of individual countries, pri-
marily China. When discrepancies between sources
were identified, values reported by at least two inde-
pendent sources were adopted.

For a long period (1959-2014), USGS statistical
reports did not contain direct data on zirconium raw
material production; therefore, these values were de-
termined indirectly based on the balance of available
information on imports, exports, national consump-
tion, and stock changes of these products. Data on
zirconium raw material commodity flows in Australia
for the period 2007-2024 are also nontransparent: the
reported export figures (and, accordingly, production
levels) are significantly lower than the import volumes
of Australian zircon concentrate reported by importing
countries (primarily China). For this period, Austra-
lian import and production figures were adjusted based

! Data sources: U.S. Geological Survey. URL: http:/
minerals.usgs.gov/minerals/pubs/commodity/tin/index.
html#mcs; British Geological Survey. URL: https:/www.
bgs.ac.uk/; United Nations Data. URL: https://data.un.org/;
TrendEconomy. Open Data Portal. URL: https://trendeconomy.
ru/; Mineral Information and Analytical Center. URL: https://
www.mineral.ru/
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on the difference between Australia’s reported export
volumes and China’s reported imports from Australia.

Information on China’s imports of zirconium raw
materials prior to 1991 is almost entirely unavaila-
ble; therefore, the country’s domestic consumption
in the 1970s-1980s was most likely underestimated.
Estimates of zirconium raw material production in
China for the period 2006-2024 also vary conside-
rably across different sources. Data on reserves and
forecast resources for individual countries were com-
piled using the most recent information from the
Mineral Information and Analytical Center, the U.S.
Geological Survey (USGS), and national statistical
agencies. These figures were further adjusted to ac-
count for extraction volumes (reserve depletion) and
reported additions to reserves resulting from nation-
al geological exploration programs, reflecting the si-
tuation as of 2022.

Overview of global zirconium raw
material production

Between 1950 and 2022, a total of 59.7 Mt of zir-
conium raw materials (zircon and baddeleyite con-
centrates) were produced worldwide (Fig. 1). From
production levels of 33-75 kt per year in 1950-1955,
concentrate supply increased to 1.52-1.63 Mt/year in
2020-2024 (Fig. 2), corresponding to an average an-
nual supply growth rate of +5.7%.

Zircon concentrate, which accounts for about 99%
of all zirconium raw materials produced, is obtained
exclusively from the development of coastal marine
placer deposits (both modern and buried). Baddeleyite
concentrate, produced in very small quantities, is de-
rived from ores of carbonatite deposits.

i )
China Bgagl Iréd(;a
i 1.3 ’ :
Indonesia Other countries
2.7 2.7

USSR / Ukraine
2.7

United States .
6.5
South Africa ~

12.9

V/

Australia
29.1

59.7 Mt

Fig. 1. Cumulative zirconium raw material production
by country worldwide, 1950-2024, Mt

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/
minerals/pubs/commodity/tin/index.html#mcs;
British Geological Survey. Commodities & Statistics.
URL: https://www.bgs.ac.uk/; United Nations Data.
URL: https://data.un.org/
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Fig. 2. Dynamics of global zircon concentrate production by countries
with the largest cumulative output and its average global price, 1950-2024
Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs;
British Geological Survey. Commodities & Statistics. URL: https://www.bgs.ac.uk/;
United Nations Data. URL: https://data.un.org/

In the 1930s, global consumption of zirconium
raw materials was below 5 kt per year. Zircon concen-
trate production at that time took place in Brazil (the
leading producer until 1935), India, Senegal, Mada-
gascar, and Japan. In 1928, the development of tita-
nium-zirconium placers began in the United States (on
a relatively small scale), followed by the start of pro-
duction in Australia in 1932, which rapidly became the
dominant global producer of zirconium raw materials.

The 1950s marked the beginning of a period of
rapid growth in global zirconium raw material con-
sumption, largely driven by a sharp increase in prices
for metallic zirconium used in the nuclear industries
of the United States, the USSR, and France. Demand
for zirconium oxide used in refractory materials and
high-temperature ceramics also increased. As a re-
sult, zircon concentrate production rose from 50 kt in
1952 to 465 kt in 1971, while global consumption ex-
panded at a very high rate of +13.2% per year during
this period. Australia accounted for 60—-80% of global
zirconium raw material production, while the United
States contributed 15-25%. Beginning in 1962, zir-
conium raw material production also started in the
USSR, reaching 3-4% of global output.

During the 1970-1990s, global zirconium raw
material production increased from 510 kt in 1972 to
1.01 Mt in 1997. At the same time, the growth rate of
global consumption slowed to +2.6% per year, slight-
ly below the average global economic growth rate for
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that period (+3.24% per year). Production levels of the
global leader, Australia, remained relatively stable at
350-520 kt per year, although its share of global out-
put declined from 70% in 1972 to 50% in 1997. This re-
duction was largely due to the emergence of South Af-
rica as a major new supplier, increasing its production
from 15 kt in 1977 to 320 kt in 1996 (32% of global
output). The USSR also expanded production during
this period to 80-90 kt per year (8-11% of global out-
put), while the United States, despite increasing pro-
duction to 80-120 kt per year, saw its share of global
supply decline to 8-13%, compared with 17-30% in
the 1960s.

In the 21st century, global consumption of zirco-
nium raw materials accelerated again (+3.5% per year,
compared with global economic growth of +3.28% per
year) and reached 2.34 Mt in 2024. The supply of zircon
concentrate increased from Australia (up to 700 kt per
year) and South Africa (up to 420 kt per year). Several
new producers also emerged: China, which increased
production from 15 kt in 1999 to 140 kt per year; In-
donesia (up to 130 kt per year); Mozambique (up to
100 kt per year); Kenya (up to 90 kt per year); Kazakh-
stan (up to 78 kt per year); Senegal (up to 65 kt per
year); and Vietnam (up to 40 kt per year). At the same
time, production declined in Ukraine, which inheri-
ted zirconium production capacity from the USSR, de-
creasing from 60-80 kt per year in the 1990s to about
10 kt per year in the 2020s.
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Australia accounts for 48.8% of cumulative global  in the world, containing numerous deposits: the Perth
zirconium raw material production (29.1 Mt). Zircon Basin (Coburn, Eneabba, South Tutunup, Keysbrook,
mining in the country began in 1932 with the deve- Cataby, Cooljarloo, Thunderbird); the Eucla Basin
lopment of beach sand deposits at Greenbushes and  (Jacinth, Ambrosia, Tripitaka); the Murray Basin
Cheynes Beach in the Perth Basin of Western Austral- (Douglas, Donald, Mindarie, Pooncarie, Euston); and
ia. Following substantial production growth in the  deposits on the Tiwi Islands (Kilimiraka, Lethbridge
1950-1970s, Australia became the dominant global South) [7-9] (Fig. 3). In addition to placer deposits,
supplier of zircon concentrate (accounting for 83% of = Australia also hosts primary zirconium ore deposits,
global demand in 1970) and continues to hold up to  including the large zirconium-rare earth (eudialyte)
50% of the global zirconium raw material market, ex- deposit Toongi, located in alkaline syenites [10]. This
porting up to 916 kt of zircon concentrate per year. Aus- deposit is currently being prepared for development
tralia hosts some of the largest coastal placer basins  as part of the Dubbo Zirconium Project.
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Fig. 3. World map showing the distribution of zirconium deposits and the leading producers, exporters, and importers
of zirconium raw materials. Compiled using data from [7, 8].
Zirconium deposits: 1-4 — Canada (I - Thor Lake, 2 — Nechalacho, 3 — Athabasca, 4 — Strange Lake, 5 — Kipawa Lake); 6 — Greenland
(Tanbreez—Kvanefjeld); 7- 19 — United States (7 - Coos Bay, 8 — Bear Lodge, 9 — Aurelian Springs, 10 - Hickory, 11 — Lulaton,

12 — Mission, 13 — Amelia, 14 - Folkston, 15 — Boulogne, 16 — Green Cove Springs, 17 — Brink, 18 — Concord, 19 — Trail Ridge);
20-23 - Brazil (20 - Guai, 21 - Cumuruxatiba, 22 — Guaratiba, 23 — Pocos de Caldas); 24-25 - Senegal (24 — Diogo, 25 — Kayar—
Lompoul); 26 — Gambia (Brufut); 27-29 - Sierra Leone (27 — Sembekhan, 28 — Bradford-Rotifunk, 29 - Gbangbama-Mogbwemo);
30 — Cameroon (Tongo—Gandima); 31-33 — Namibia (31 — Cape Cross, 32 — Omaruru, 33 - Swakopmund); 34-40 - South Africa
(34 - Namaqua, 35 - Tormin, 36 — Fairbreeze, 37 — Hillendale, 38 — Richards Bay, 39 — Palabora, 40 - Pilanesberg);

41-45 - Mozambique (41 - Corridor Sands, 42 — Pilivili, 43 — Namalope, 44 - Sangage, 45 — pegmatites Muiane, Naimpa, Nanro,
Macula, Morrua, Marropino); 46 - Madagascar (Toliara); 47 - Tanzania (Fungoni); 48 — Kenya (Kwale, Vipingo, Kilifi, and Mambrui);
49 - Somalia (Kismayo); 50 — Egypt (Rashid); 51 - Turkey (Biiyiik Kuluncak); 52 — Germany (Cuxhaven); 53 — Sweden (Norra Karr);
54-58 — Ukraine (54 — Stremigorodskoye, 55 — Irshanskoye, 56 — Malyshevskoye, 57 — Mezhdurechenskoye, 58 - Volchanskoye);
59-74 — Russia (59 — Kovdor, 60 - Lovozero, 61 — Sakharyok, 62 - Unecha, 63 — Lukoyanovskoye, 64 — Tsentralnoye,

65 - Beshpagirskoye, 66 — Yaregskoye, 67 — Tarskoye, 68 — Tuganskoye, 69 — Ulug-Tanzekskoye, 70 — Zashikhinskoye,

71 - Katuginskoye, 72 — Algama, 73 — Rucharskoye, 74 — Khalaktyrskoye); 75-77 — Kazakhstan (75 — Shakashskoye,

76 — Obukhovskoye, 77 — Karaotkel); 78 - Mongolia (Khalzan-Buregtei); 79 — North Korea (Samchon); 80 — South Korea (Dancheon);
81-84 - India (81 - Kerala, 82 - Chavara, 83 — Chhatrapur, 84 — Srikurmam); 85-87 — Sri Lanka (85 - Trincomalee, 86 — Pulmoddai,
87 — Beruwala); 88 — Bangladesh (Cox’s Bazar Beach); 89-97 — China (89 - Bozigor, 90 - Baerzhe, 91 - Saima, 92 - Bohaiwan,

93 - Tudiling, 94 - Lingshui, 95 - Wanning, 96 — Qionghai, 97 — Wenchang); 98—-102 - Vietnam (98 — Cam Hoa, 99 - Ky Ninh,
100 - Ke Sung, 101 - De Ji [Cat Khanh], 102 — Ham Tan); 103-105 - Indonesia (103 — Bangka-Belitung, 104 — Mandiri,

105 - Tisma); 106-123 — Australia, including: 106 — Toongi; Perth Basin: 107-113 (107 - Coburn, 108 - Eneabba,

109 - South Tutunup, 110 - Keysbrook, 111 — Cataby, 112 - Cooljarloo, 113 - Thunderbird); Eucla Basin: 114-116 (114 -Jacinth,
115 - Ambrosia, 116 - Tripitaka), Murray Basin: 117-121 (117 - Douglas, 118 - Donald, 119 - Mindarie, 120 — Pooncarie,

121 - Euston); Tiwi Islands: 122-123 (122 - Kilimiraka, 123 — Lethbridge South); 124 - New Zealand (Barrytown)
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South Africa, a traditional supplier of mineral raw
materials, ranks second among producers and ex-
porters of zirconium raw materials since the 1970s
in terms of cumulative production of zirconium pro-
ducts (12.9 Mt, or 21.7% of total global cumulative
production) [8, 11]. After the commissioning of the
Richards Bay deposit in 1977, the country reached
a production level of about 150 kt/year in the 1980s
(14-22% of global production). In the 1990s, pro-
duction increased to 230-320 kt/year (17-36%), in
the 2000s to 320-420 kt/year (20-33%), in the 2010s
to 320-380 kt/year (20-28%), and in the 2020s to
290-310 kt/year (18-21%) (see Figs. 2, 4 a, b). Coas-
tal-marine placer deposits currently under develop-
ment include Namakwa, Tormin, Fairbreeze, Hillen-
dale, and Richards Bay [6, 7, 11] (see Fig. 3). At the
Palabora copper-phosphate carbonatite deposit,
by-product baddeleyite concentrate (5-13 kt/year)
was recovered from the ore until 2001 [12]. In northern
South Africa there is also the unique Pilanesberg zirco-
nium rare-earth (eudialyte) deposit hosted by alkaline
syenites [13]; however, its development is problematic
because it lies within a national park.

The United States, which has supplied 6.5 Mt to
the global market (10.8% of cumulative global produc-
tion) and ranks third among zirconium raw material
producers, has also long been the world’s largest con-
sumer of zirconium products. Domestic production of
zirconium raw materials in the United States began
in 1922 at the Pablo Beach placer deposit in Florida®.
By 1960, zircon concentrate production reached up to
56 kt (30% of global production). In the 1960-1980s
production remained at 60-80 kt/year (10-15%), in-
creased to 100-110 kt/year (8—9%) in the 1990-2010s,
and in 2019-2024 declared production remained at
100-110 kt/year (7-8%) (see Figs. 2, 4 a, b). Coas-
tal-marine placer deposits are exploited on both the
eastern coast (Coos Bay) and the western coast (Aure-
lian Springs, Hickory, Lulaton, Mission, Amelia, Folk-
ston, Boulogne, Green Cove Springs, Brink, Concord,
Trail Ridge) (see Fig. 3) [7]. Zirconium products may
also be obtained as by-products during the develop-
ment of the large complex Bear Lodge carbonatite
deposit in Wyoming, which is being considered as an
alternative source of rare-earth raw materials outside
China [14].

In the USSR, the zirconium raw material produc-
tion base was established in the 1960s with the de-
velopment of placer titanium-zirconium deposits in
Ukraine (Stremigorodskoye, Irshanskoye, Malyshevs-
koye, Mezhdurechenskoye, and Volchanskoye) [15, 16].
The cumulative production of zirconium raw mate-

2 U.S. Geological Survey. URL: http://minerals.usgs.gov/
minerals/pubs/commodity/tin/index.html#mcs
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rials in the USSR and post-Soviet Ukraine amounts
to 2.7 Mt, or 4.6% of global production. Production
levels in the 1960s ranged from 8-16 kt/year, in the
1970s from 16-73 kt/year, and in the 1980s from
75-90 kt/year (9-10% of global production). Af-
ter Ukraine’s independence, zirconium raw material
production declined from 75 kt in 1992 to 25 kt in
1999, remaining at 20-30 kt/year in the 2000-2010s
(1-3% of global production) and decreasing further
to 8—10 kt/year in the 2020s (see Figs. 2,4 a, b).

China accounts for 2.2% of cumulative global zir-
conium raw material production (1.3 Mt). Production
began in 1969 with the development of coastal-marine
placer deposits Bohaiwan, Lingshui, Wanning, Qiong-
hai, and Wenchang (see Fig. 3). Production during
the 1970-1990s was 10-15 kt/year. After increasing
output from 15 kt in 1999 to 120 kt in 2004, Chinese
zirconium mining has maintained zircon concentrate
production at 100-140 kt/year (7-10% of global pro-
duction) (see Figs. 2, 4 a, b). Zirconium is included in
the list of critical materials for Chinese industry, and
therefore projects are being considered for the deve-
lopment of ore deposits containing zirconium mine-
rals: zircon in the carbonatite deposits Bozigor,
Baerzhe, and Tudiling, as well as eudialyte in the alka-
line syenites of the Saima deposit [6, 17].

In the 21st century, rising prices for zirconium
raw materials led to the emergence of new suppliers
on the global market: Vietnam (since 2003), Indonesia
(since 2006), Mozambique (since 2007), Sierra Leone
(since 2009), Kazakhstan (since 2011), Senegal (since
2014), and Kenya (since 2014).

Indonesia ranks fifth in cumulative global zirco-
nium raw material production, with 2.7 Mt (4.4% of
global production). Development of tin-rare-metal
coastal-marine (Bangka and Belitung) and buried
(Mandiri and Tisma) placer deposits began in
2006 [18] (see Fig. 3). In 2006-2015 the country
produced 65-120 kt/year (5-8% of global produc-
tion), but production later declined to 30-60 kt/year
(2-3%) (see Figs. 2, 4 a, b). Zircon concentrate is also
produced as a by-product during the exploitation of
numerous placer tin deposits in Indonesia.

In Mozambique, coastal-marine placer deposits
Corridor Sands, Pilivili, Namalope, and Sangage have
been developed since 2007 (see Fig. 3). Cumulative
production amounts to 1.1 Mt (1.2% of global produc-
tion). In 2007-2013 concentrate production ranged
from 25-45 kt/year, later increasing to 50—100 kt/year
(3-5% of global production) (see Fig. 4, a). Projects
are also being considered to develop rare-metal peg-
matites containing zirconium and tantalum-niobium
raw materials (Muiane, Naimpa, Nanro, Macula, Mor-
rua, and Marropino) [19].
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Coastal-marine titanium-zirconium deposits in
Senegal have been developed since the 1930s, when
the country was still a French colony. Production
later ceased and resumed only in 2014 amid rising
zirconium prices, at the Diogo and Kayar-Lompoul
deposits (see Fig. 3) [20], reaching up to 64 kt/year
(see Fig. 4, a). Cumulative production amounts to
613 kt (1.0% of global production).

In Vietnam, rising zirconium prices led to the start
of zircon concentrate production in 2004 at offshore
coastal-marine placer deposits Cam Hoa, Ky Ninh, Ke
Sung, De Ji, Cat Khanh, and Ham Tan (see Fig. 3), with
production volumes of 10-15 kt/year [21]. Cumulative
production totals 416 kt (0.7% of global production).

Four placer titanium-zirconium deposits have
been explored in Kenya: Kwale, Vipingo, Kilifi, and
Mambrui (see Fig. 3). Mining began at the Kwale
deposit in 2014 and continues to the present, with
zircon concentrate production ranging from 26 to
90 kt/year [20]. Cumulative production amounts to
415 kt (0.7% of global production).

In Kazakhstan, development of the Obukhov tita-
nium-zirconium deposit began in 2010 [22, 23], with
production increasing to 78 kt in 2024 (see Figs. 2, 4 a).
Cumulative production in Kazakhstan already amounts
to 218 kt (0.4% of global production).

In Madagascar, the coastal-marine Toliara deposit
has been developed since 2009, with annual production
of up to 35 kt. Cumulative production in Madagascar
amounts to 351 kt (0.6% of global production).

In Sierra Leone, zircon concentrate is produced
as a by-product during the development of titanium
(mainly rutile) coastal-marine placer deposits Brad-
ford-Rotifunk, Gbangbama-Mogbwemo, and Sem-
bekhan [24]. Although rutile placers have been mined
since 1967, significant volumes of associated zirco-
nium raw materials were marketed in 1991-1994 (up
to 1.3 kt/year) and in 2009-2024 (3-11 kt/year) (see
Fig. 4, a). Cumulative production amounts to 415 kt
(0.7% of global production).

In India, coastal-marine placer mining began as
early as the 1930-1940s, but a significant increase in
zirconium raw material production at the Kerala, Cha-
vara, Chhatrapur, and Srikurmam (see Fig. 3) deposits
occurred in the 1970s [7, 25, 26]. Production volumes
were 10-20 kt/year, increasing to 30-40 kt/year in
2007-2017, but declining again to about 20 kt/year
by 2020 (see Fig. 2). Cumulative production in India
amounts to 853 kt (1.4% of global production). Zir-
conium raw materials have been designated a critical
resource for the nuclear industry in India [27].

In the 1930s Brazil was the global leader in zir-
conium raw material production. Initially mining was
carried out from weathering crusts of eudialyte-bear-
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ing alkaline syenites at the Pocos de Caldas depos-
it, with extraction of a colloform mixture of badde-
leyite and zircon (brazilite)®. Later, coastal-marine
titanium-zirconium deposits Guai, Cumuruxatiba,
and Guaratiba were brought into production (see
Fig. 3) [7, 28]. Production volumes in the 1950-1970s
reached up to 5 kt/year, increasing to 20-25 kt/year in
the 1980-2010s, but declining again to 6—11 kt/year
in the 2020s (see Fig. 2). Cumulative production in
Brazil amounts to 940 kt (1.6% of global production).

In Sri Lanka, as in India, zirconium raw materials
were mined as early as the 1930-1940s, with a signifi-
cant increase in production in the 1970s. Coastal-ma-
rine placer deposits Trincomalee, Pulmoddai, and
Beruwala are currently exploited (see Fig. 3) [7, 29].
Production volumes were 1-5 kt/year, increasing to
10-25 kt/year in 1990-2010, but subsequently declin-
ing again to about 5 kt/year. Cumulative production
amounts to 302 kt (0.5% of global production).

In Russia, zirconium raw materials are produced
at the Kovdor Mining and Processing Plant during
the beneficiation of apatite-magnetite ores from the
Kovdor carbonatite deposit, with recovery of by-pro-
duct baddeleyite concentrate (4-9 kt/year) [12, 30]. Zir-
con concentrate previously used in Russia was entirely
imported (up to 15 kt/year), but following the launch
in 2022 of the Tugan Mining and Processing Plant at
the buried coastal-marine placer deposit of the same
name, production is expected to reach up to 15 kt per
year from 2025 [30, 31]. At the Yarega oil-sand deposit,
which contains titanium-zirconium placers, extraction
of these minerals is technologically difficult and eco-
nomically inefficient [32]. In addition, several buried ti-
tanium-zirconium placer deposits have been (Tsentral-
noye [33], Lukoyanovskoye [34], Beshpagirskoye [35],
and Tarskoye [36]), as well as complex zirconium-bea-
ring ore deposits (Katuginskoye [37], Ulug-Tanze-
kskoye [38], Zashikhinskoye [39], and Sakharyok [40])
hosted by alkaline granites, and the Lovozero eudialyte
deposit in alkaline syenites [41] (see Fig. 3). The Alga-
ma baddeleyite deposit is also known in the weathering
crusts of the Algama carbonatite massif [42].

Small-scale zirconium raw material production
also occurs in Malaysia (up to 2 kt/year), Nigeria (up to
2 kt/year), Turkey (up to 1 kt/year), and Thailand (up to
1 kt/year).

Prepared reserves and forecast resources

The currently available prepared (proven) reserves
of zirconium raw materials worldwide (95 Mt) are suf-
ficient for 20 years at the current level of global con-
sumption, assuming annual growth of +3.5% (Fig. 5).

5 U.S. Geological Survey. URL: http://minerals.usgs.gov/
minerals/pubs/commodity/tin/index.html#mcs
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Of this total, 55 Mt, or 58% of global reserves, are con-
centrated in Australia, the undisputed and longstan-
ding world leader in zirconium raw material produc-
tion, supported by the largest resource base of numer-
ous coastal-marine placer deposits along the southern
and southwestern coasts of the continent.

Russia, with 12.4 Mt of zirconium raw materials
recorded on its balance sheet, formally ranks second
in the world. However, most of these reserves are as-
sociated with complex ore deposits in carbonatites, as
well as in alkaline granites and syenites* whose deve-
lopment is problematic. Only the Kovdor apatite-iron
ore deposit hosted by carbonatites has been under
development, where baddeleyite has been recovered
in small quantities as a by-product. The reserves of
technologically favorable titanium-zirconium placer
deposits in Russia amount to 2.3 Mt.

4 Ministry of Natural Resources and Environment of the
Russian Federation. The State Report “On the State and Use of the
Mineral Resources of the Russian Federation in 2023”. URL: https://
rosnedra.gov.ru/activity/documents/gosudarstvennyy-doklad-2023/
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South Africa, which ranks third in reserves and
second in production, holds 5.3 Mt (13% of global re-
serves) in placer deposits along the country’s southern
coast. Ukraine ranks fourth; although it is no longer
among the top ten producers of zirconium raw mate-
rials, it still has a substantial prepared explored base
of buried placer deposits amounting to 4 Mt (4.2%
of global reserves). The decline in production is due
to the fact that the Ukrainian deposits under devel-
opment are buried placers, which increase operating
costs, as well as to the complications arising under the
current economic and political crisis.

India (fifth in reserves) and Senegal (sixth in re-
serves and eighth in production) also have fairly large
prepared reserves of zirconium raw materials in coas-
tal-marine placer deposits, amounting to 3.4 Mt and
2.6 Mt, respectively (3.6% and 2.7% of global reserves).
However, whereas titanium-zirconium placer deposits
in Senegal are being brought into production relatively
actively, their development in India is constrained by
the high cost of land acquisition in coastal zones.

Indonesia
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0.3 0.2

Other countries

Egypt
Australia United States 0.6
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18 China .
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Fig. 5. Global proven reserves (a) and forecast resources (b) of zirconium as of 2024

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs;
Mineral Information and Analytical Center. URL: https://www.mineral.ru/
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In Canada, zirconium raw materials are not cur-
rently mined, but several explored complex ore de-
posits are known: Strange Lake [43] in carbonatites;
Thor Lake [44], Nechalacho [45], and Kipawa Lake [46]
in alkaline syenites; as well as technogenic accumu-
lations in the tailings of oil sand processing at the
Athabasca deposit that have been evaluated for zir-
conium raw materials [47] (see Fig. 3). These deposits
contain 2.3 Mt of zirconium raw materials (2.4% of
global reserves), placing Canada seventh in terms of
reserves. These deposits periodically attract interest
as potentially promising business projects, but their
development is complicated by technological and
economic challenges associated with complex miner-
al raw materials.

The top ten countries in terms of prepared (proven)
reserves of zirconium raw materials also include Brazil
with 2.2 Mt (2.3% of global reserves), Madagascar with
2.1 Mt (2.2%), and Mozambique with 1.5 Mt (1.6%).

Zirconium raw material reserves are being ex-
plored not only in the traditionally major producing
countries, but also in other states. Many deposits have
been explored but have not yet been brought into pro-
duction: Cape Cross, Omaruru, and Swakopmund in
Namibia [48]; the Rashid deposit in Egypt [49]; Ton-
go-Gandima in Cameroon [50]; Shakashu [51] and
Karaotkel [52] in Kazakhstan; and Cox’s Bazar Beach in
Bangladesh [53, 54]. The reasons for the delay in their
commissioning include marginal project economics in
some cases (Kazakhstan, Russia) and the high cost of
acquiring coastal land occupied by settlements and ag-
ricultural land in others (the coasts of India, Sri Lanka,
Bangladesh, Brazil, Turkey, and Germany).

There are notable differences between the rank-
ing of countries by zirconium raw material resources
(232 Mt) and by prepared reserves (see Fig. 5). While
Australia remains the leader, with 30 Mt of zirconi-
um raw material resources (mainly placer deposits),
or 12.9% of global resources, Russia ranks second with
28 Mt (12.1%), predominantly in complex endogenic
deposits. Mozambique ranks third (while fifth in the
production ranking), with 24 Mt (10.3%): its coastline
containing placer deposits remains only weakly devel-
oped, and extensive lateritic weathering crusts over
alkaline granites are also considered prospective for
zircon. Fourth and fifth places are occupied by coun-
tries with limited zirconium raw material production
but substantial resources: coastal-marine deposits in
India (22 Mt, or 9.5% of global resources) and com-
plex ore deposits in Canada (20 Mt, or 8.6%). Senegal,
which ranks eighth in zirconium raw material produc-
tion, is sixth in resources, estimated at 20 Mt, or 8.6%
of the global total. The top ten countries in terms of
zirconium raw material resources also include Sierra
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Leone (18 Mt, 7.8%), South Africa (14 Mt, 6.0%), Indo-
nesia (9 Mt, 3.9%), and China (8.0 Mt, 3.9%).

The resources of many countries remain under-
estimated because of limited geological knowledge in
some cases and economic and political problems in
others. New coastal-marine placer deposits of zirconi-
um raw materials may be discovered along the marine
coasts of Somalia, Libya, Madagascar, Liberia, Cote
d’Ivoire, and Ghana in Africa; Indonesia and Papua
New Guinea in Asia; and Uruguay, Guyana, Suriname,
and French Guiana in South America (see Fig. 3).

Despite the traditional focus on technologically
favorable placer deposits of zirconium raw materials,
interest in ore deposits containing zirconium miner-
alization is increasing. As a rule, these are complex
rare-metal deposits in carbonatites, alkaline granites,
and syenites, as well as in weathering crusts devel-
oped over their ores and host rocks. The marketable
zirconium products from such deposits are zircon,
baddeleyite, and eudialyte.

Zircon concentrate is regarded as one of the sale-
able products of integrated development projects
for zirconium-rare-earth deposits in carbonatites
(Strange Lake [43] in Canada, Bear Lodge [14] in the
United States, Baerzhe [55] in China, Khalzan-Bu-
regtei [56] in Mongolia), as well as in alkaline granites
(Katuginskoye [37], Ulug-Tanzekskoye [38], and Za-
shikhinskoye [39] in Russia) and in alkaline syenites
(Thor Lake [44] in Canada, Bozigor [57] and Tudil-
ing [58] in China).

Baddeleyite (natural zirconium oxide), previously
mined at the carbonatite deposits of Pocos de Caldas
in Brazil and Palabora in South Africa, and current-
ly produced at the Kovdor deposit in Russia, may be-
come a target for future development at the Algama
deposit [42] in Russia.

Eudialyte ores represent a complex zirconium-ra-
re-earth raw material. Their deposits are known in al-
kaline syenite complexes: Nechalacho [45] in Canada,
Tanbreez [59] and Kvanefjeld in Greenland, Norra Karr
in Sweden [60], the Lovozero eudialyte deposit [41] in
Russia, Pilanesberg [13] in South Africa, Saima [62] in
China, and Toongi (the Dubbo Project) [10] in Austral-
ia. The development of eudialyte ores is complicated
by the production of several marketable products (zir-
conium and individual rare earths) that differ in value,
are subject to price fluctuations and vary in market
demand.

There is also some interest in zirconium deposits
in weathering crusts, not only those developed over
known primary zirconium occurrences (the carbon-
atites of Pocos de Caldas in Brazil [61], and the ra-
re-metal pegmatites Muiane, Naimpa, Nanro, Macula,
Morrua, and Marropino in Mozambique [19]), but also
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those developed over rocks with disseminated zirco-
nium mineralization, for example over ultrabasic-al-
kaline complexes in Brazil and the Philippines [63]
and over alkaline syenites in Turkey [64].

Technogenic dumps from old placer tin workings
in Indonesia [18] and Malaysia, as well as old gold
workings in New Zealand [65], may also potentially be
used for zirconium raw material production.

Commodity flows of zirconium raw materials

The marketable products of zirconium raw ma-
terials are zircon concentrate and baddeleyite con-
centrate.

The supply of baddeleyite (natural zirconium oxi-
de) on the global market is limited due to the rarity of
its deposits and amounts to only 4-9 kt/year [12, 30],
supplied primarily from Russia. It is used as an abra-
sive raw material and for the production of refrac-
tories. The share of baddeleyite concentrate in the
total global production of zirconium raw materials
accounts for only 0.3-0.7%.

Global production of zircon concentrate increased
from 537 kt in 1970 to 1.64 Mt in 2024 (+2.4% per year)
(see Fig. 4, a). Significant volumes of zircon concentrate
are produced by a limited group of producer countries.
While traditional producers of zirconium raw materials
(Australia, South Africa, and the United States) con-
tinue to dominate, the contribution of new producing
countries has increased over time, including Mozam-
bique, Senegal, Indonesia, China, as well as Madagas-
car, Kenya, Sierra Leone, and Vietnam. Production of
zirconium raw materials has declined at the enterpris-
es remaining in Ukraine, which inherited production
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capacity from the former USSR, decreasing from 65 kt
in 1991 to 10 kt in the 2020s. At the same time, stable
but relatively small-scale production of zirconium raw
materials continues in Brazil, India, and Sri Lanka.

Although the production volumes of the traditio-
nal leaders (Australia, South Africa, the United States,
the USSR /Ukraine, Brazil, India, Sri Lanka, and Malay-
sia) increased in supplies to the global market from
455 kt in 1970 to 1,130 kt in 2024, their share in the
global supply of this raw material declined from 92% in
1999 to 69% in 2024. In contrast, the production of zir-
conium raw materials in new producing countries (Chi-
na, Mozambique, Senegal, Indonesia, Vietnam, Kenya,
Madagascar, Sierra Leone, and Kazakhstan) increased
from 2.2 kt in 1999 (0.2% of global exports) to 500 kt in
2024 (30%). The combined share of all other countries
amounts to 0.2-2.5% of global production (Fig. 6).

The dynamics of total global exports of zircon
concentrate (see Fig. 4, ¢) broadly correspond to the
dynamics of its total global production (see Fig. 4, a).
This relationship is explained by the extremely high
share of total global exports (including re-exports)
relative to production (61-98%). The supply of zircon
concentrate to the global market (exports) increased
from 395 kt in 1970 to 1.86 Mt in 2024. The growth
rate of global zircon concentrate exports (+2.8% per
year) slightly exceeds the growth rate of its produc-
tion (+2.4% per year), which indicates incomplete or
non-transparent reporting of production volumes by
some countries. There is also a clear trend toward an
increasing share of global zircon concentrate exports
relative to its production, rising from 60-80% in the
1970s to 85-98% in the 2010s-2020s (Fig. 7).
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2000 2010 2020 2024

—— Traditional (established) producer countries — the main suppliers of zircon concentrate

(Australia + South Africa + United States + USSR/Ukraine + Brazil + India + Sri Lanka + Malaysia)
—— New producing countries with significant zirconium raw material output (China + Mozambique +
Senegal + Indonesia + Vietnam + Kenya + Madagascar + Sierra Leone + Kazakhstan)
All other producing countries
Fig. 6. Dynamics of the shares of zircon concentrate production in total global output, 1970-2024

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs; British Geological
Survey. Commodities & Statistics. URL: https://www.bgs.ac.uk/; TrendEconomy. Open Data Portal. URL: https://trendeconomy.ru/
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Fig. 7. Shares of global zircon concentrate exports and imports, 1970-2024

Sources: U.S. Geological Survey. URL: http://minerals.usgs.gov/minerals/pubs/commodity/tin/index.html#mcs;
British Geological Survey. Commodities & Statistics. URL: https://www.bgs.ac.uk/; United Nations Data. URL: https://data.un.org/;
TrendEconomy. Open Data Portal. URL: https://trendeconomy.ru/

Australia ranks first in exports of zircon concen-
trate as the undisputed global leader in its production.
The country increased export volumes from 387 kt in
1970 to 950 kt in 2024 (adjusted to account for data
on imports of Australian concentrate into China) (see
Fig. 4, ¢), although its share in global zircon concen-
trate supply declined over this period from 98% to
50% (see Fig. 4, d). Australia exports 93-99% of the
zircon concentrate it produces.

South Africa, which began large-scale production
of zircon concentrate only in 1977, also exports 80—
98% of its output. Its exports increased from 3 kt in
1977 to a peak of 465 kt in 2017, with a high export
growth rate of +13.4% per year. In subsequent years,
exports have remained relatively stable in the range
of 340-400 kt/year. South Africa’s share in interna-
tional trade reached a maximum of 51% in 2002, but
later declined to local minima of 16% in 2022 and 20%
in 2023-2024, primarily due to the emergence of new
suppliers of zirconium raw materials (see Fig. 4, d).

Among the established exporting countries, the
United States shows a highly variable export flow
(6-119 kt/year, accounting for 2-13.6% of global ex-
ports), while Malaysia contributes a smaller export
stream (4-40 kt/year, or 0.8-4.8%) (see Fig. 4, ¢).

New producing countries rapidly expanded their
exports, shipping almost all of the zircon concentrate
they produce (see Fig. 4, ¢, d): Mozambique — exports
since 2007, reaching 101 kt in 2021, with a global ex-
port market share of up to 6.8%; Senegal — since 2014,
up to 92 kt/year, share up to 6.2%; Madagascar - since
2009, up to 68 kt/year, up to 6.8%; Kenya — since 2015,
up to 69 kt/year, up to 4.8%; Kazakhstan — since 2011,
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up to 78 kt/year, up to 4.2%; Vietnam — since 2000, up
to 25 kt/year, up to 1.9%.

Since 1991, international trade in zirconium raw
materials has experienced a sharp increase in transit
trade (re-exports), reaching 15-20% of total import
volumes. Among the re-exporting countries, several
traditional transit trading hubs without domestic pro-
duction should be noted, exporting 60-100% of their
import volumes: the Netherlands (up to 40 kt/year),
Belgium (up to 37 kt/year), and Hong Kong (up to
70 kt/year). In the United States, re-exports of zir-
con concentrate amounted to 7-26 kt/year in the
1970s-1980s, representing 10-25% of imports, but
in the 1990s-2010s they increased to 40-120 kt/year,
reaching up to 100% of import volumes. Malaysia, while
producing up to 26 kt/year of zirconium raw materials
and importing up to 65 kt/year, simultaneously exports
up to 40 kt/year (50-80% of its import volumes). Tran-
sit re-exports of zirconium raw materials also occur in
Italy and Thailand, though at smaller shares of imports.

For total global imports of zircon concentrate,
the share of imports relative to consumption shows
a smoother dynamic than the changes in the share
of exports relative to production, possibly due to the
influence of re-export accounting and unreported
changes in stock levels (see Fig. 7). Global imports
of zircon concentrate (including the double counting
associated with transit trade) increased from 319 kt
in 1970 to 2.19 Mt in 2024. The ranking of importing
countries includes both countries without domestic
production capacity (Japan and the European Union)
and producer countries (the United States, China, and
India) (see Fig. 4, e, f).
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In the 1970s-1980s, the European Union was the
global leader in zircon concentrate imports, pur-
chasing 100-280 kt/year, or 38-52% of global im-
ports. In the 1990s-2000s, import volumes increased
to 370-470 kt/year, although the EU share did not
grow and began to decline as China’s imports rose
to 25% of global imports by 2010. Subsequently, vo-
lumes decreased due to declining domestic con-
sumption, reaching 164 kt in 2024 (7.5% of global
imports) (see Fig. 7, e, f).

Within the European Union, imports are distrib-
uted among Italy, Spain, Germany, France, the Uni-
ted Kingdom, and the Netherlands (Fig. 8, a). Italy,
which imported 30-45 kt/year in the 1970s (10-15% of
global imports), increased purchases to 55-80 kt/year
(10-14%) in the 1980s and to 115-150 kt/year (11-16%)
during 1992-2008, reflecting the overall dynamics of
global zirconium raw material consumption. Howe-
ver, imports into Italy later declined to 40-65 kt/year
in the 2010s (2.6-6.7%) and to 28-44 kt/year in
the 2020s (1.3-2.4% of global imports). In Spain
(EU member since 1986), imports increased from
10-20 kt/year in the 1970s (3—-5% of global imports)
to 125-155 kt/year in the 2000s (7-15%), followed
by a decline in the 2010s-2020s (65-140 kt/year,
3-7%). Germany experienced a period of relatively
high zircon concentrate imports during 1970-2000
(40-85 kt/year, 6—14% of global imports) and lower
import levels thereafter (25-40 kt/year, 1.1-2.7%).
France maintained imports at 25-50 kt/year through-
out the entire period studied (2-6% of global im-
ports). In the United Kingdom, imports of zirconium
raw materials remained at 25-50 kt/year (2-6% of
global imports) until 2005, after which they declined
to 3-7 kt/year (0.2-1.0%). In the Netherlands, imports
range from 15-50 kt/year (1-6% of global imports),
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although a large share is re-exported through the
country’s transit trade. A portion of imported zirco-
nium raw materials is also re-exported from Germany
and France (up to 20-25% of import volumes).

Japan, which imported 90-190 kt/year in the
1970s-1990s (25-35% of global imports), began re-
ducing its imports after 1997 to 55-65 kt/year (5-9%)
in the 2000s and to 20-40 kt/year (1.0-3.3%) in the
2010s-2020s.

A similar trend is observed in the dynamics of zir-
conium raw material imports into the United States,
which imported 60-90 kt/year in the 1970s-1990s
(10-25% of global imports), followed by a decline to
25-45 kt/year (1.5-3.5%) in the 2000s-2020s (see
Fig. 4, e, f).

For China, reliable data on imports are not avai-
lable prior to 1991. Subsequently, however, imports
of zircon concentrate increased rapidly — from 99 kt
in 1992 to 1.75 Mt in 2024 (from 14% to 80% of glo-
bal imports), with an average growth rate of +8.9% per
year (see Fig. 4, e, f).

A gradual increase in import volumes is also
observed in India, from 3-10 kt/year in the 1990s
(0.3-0.7%) to 30-75 kt/year in the 2010s (3-5%) (see
Fig.4,e, /).

Imports of zircon concentrate into Malaysia
amounted to 0.5-3.0 kt/year in 1970-1980; sub-
sequently they increased to 30-50 kt/year (see
Fig. 4, e). However, most of these volumes are re-ex-
ported (25-40 kt/year), while domestic consumption
remains relatively small (5-10 kt/year).

Whereas Brazil was a net exporter of zircon con-
centrate in the 1950s-1960s, domestic consumption
later exceeded national production capacity, re-
sulting in additional imports of 15-23 kt/year (see
Fig. 4, e).

0.5 Mt 0.5 M
0.4 0.41
0.3 0.31
0.2+ 0.21
0.1 0.17

Italy Spain Germany B France

a

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 20202024 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 20202024

UK Other countries

b

Netherlands

Fig. 8. Dynamics of zirconium raw material imports (a) and consumption (b) in the European Union countries, 1970-2024
Sources: United Nations Data. URL: https://data.un.org/; TrendEconomy. Open Data Portal. URL: https://trendeconomy.ru/
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Changes in global zircon concentrate consump-
tion are primarily driven by demand in the main ap-
plication sectors: refractories in metallurgy and the
glass industry, as well as ceramics in the construction
sector. Consequently, there has been a pronounced
increase in zircon concentrate consumption in Chi-
na, associated with the rapid growth of its national
economy — from 84 kt (8.7% of the global market) in
1997 to 1.83 Mt (78%) in 2024 (see Fig. 4, g, h), with
an average growth rate of +11.9% per year. Most zir-
conium raw materials supplied to China are imported,
accounting for up to 79% of consumption.

The United States, which was initially the world
leader in zircon concentrate consumption (159 kt, or
31% of global consumption in 1971), reduced its use
to 95-140 kt/year (13-19%) in the 1980s-1990s and
to 75-110 kt/year (4-7%) in the 2000s-2020s (see
Fig.4, g, h). This trend was consistent with the post-in-
dustrial development policy of the United States in
1990-2010, which was accompanied by a reduction in
industrial production and construction activity. Nev-
ertheless, in the 2020s a process of reindustrialization
has emerged in the United States, accompanied by in-
creased consumption of mineral resources, including
zirconium raw materials, reaching 100-135 kt/year.
Due to the presence of domestic production, U.S. im-
port dependence on zirconium raw materials remains
relatively moderate at 18—-50% of consumption.

The European Union, which led global con-
sumption of zirconium raw materials in 1979-2005
(250-450 kt, or 25-40% of global consumption), has
since maintained consumption at a somewhat lower
level of 150-250 kt, representing 6—-20% of global con-
sumption due to China’s dominant role (see Fig. 4, g, h;
Fig. 8, b). The leading EU consumers of zirconium raw
materials are Spain and Italy (see Fig. 8, a). In these
countries, the consumption of zircon concentrate
has increased as a result of the development of cera-
mic production using opaque glazes, largely oriented
toward export markets. In Spain (EU member since
1986), zirconium raw material consumption amoun-
ted to 20-35 kt/year in the 1970s-1980s (2-5% of the
global market), increased to 50-95 kt/year in the 1990s
(5-10%), and reached 90-130 kt/year in the
2010s-2020s (7-10%). Spain currently ranks fourth
globally in zirconium raw material consumption. Con-
sumption in Italy increased from 30-40 kt/year in the
1970s (7-9% of the global market) and 50-60 kt/year
in the 1980s (also 7-9%) to 80-120 kt/year in the
1990s-2000s (9-12%). However, since 2007, a decline
in ceramic production has resulted in a reduction
in zirconium raw material consumption in Italy to
30-50 kt/year (2-3%) (see Fig. 8, b). In Germany, con-
sumption dynamics have changed more gradually:
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25-40 kt/year in the 1970s (5-9% of the global market),
increasing slightly to 45-65 kt/year in the 1980s—-1990s
(5-9%), followed by a decline after 2006 to 12-25 kt/year
(0.9-1.4%). In France, zircon concentrate consumption
has remained relatively stable throughout the study
period at 20-45 kt/year, corresponding to 1-5% of
global consumption. In the United Kingdom, zirconium
raw material consumption remained at 25-50 kt/year
(2-6% of global imports) until 2005, after which it de-
clined to 3-7 kt/year (0.2-1.0%). Zirconium raw ma-
terials consumed in EU countries are supplied almost
entirely through imports.

Japan, which experienced rapid growth in the
1960s in the metal-intensive shipbuilding and au-
tomotive industries, requiring large volumes of fer-
rous and non-ferrous metals, was also among the top
three global consumers of zircon concentrate (100%
supplied by imports). In 1970-1992, consumption
amounted to 120-200 kt/year (15-30% of global con-
sumption). Subsequently, against the backdrop of
slower economic growth, consumption declined to
50-75 kt/year (4-6%) in the 2000s and 20-40 kt/year
(0.9-2.8%) in the 2010s-2020s (see Fig. 4, g, h).

During its existence, the USSR ranked third glo-
bally in zirconium raw material consumption in the
1970s-1980s, with 65-96 kt/year (10-15% of global
consumption), all of which was produced domestical-
ly. Following industrial stagnation in the 1990s, Rus-
sia significantly reduced consumption of zirconium
raw materials to 8—10 kt/year (see Fig. 4, g, h).

A smaller but steady increase in zircon concen-
trate consumption is also observed in India, rising
from 10-15 kt/year in the 1970s-1990s (2—-3% of the
global market) to 35-75 kt/year in the 2000s (3-5%)
and 60-120 kt/year in the 2010s-2020s (3-5%) (see
Fig.4, g, h). India currently ranks fourth globally in zir-
conium raw material consumption. However, whereas
in the 1970s-1990s Indian industry relied primarily
on domestic zirconium raw materials (imports ac-
counting for only 0.5-1.1%), by the 2010s the share of
imports had increased to 70-85%, making India criti-
cally import-dependent [27].

Discussion and conclusions
Global zirconium resources and reserves

The currently available prepared (proven) re-
serves and forecast resources of zirconium raw ma-
terials worldwide (95 Mt + 252 Mt) are sufficient for
several decades of global consumption at the current
level, assuming an annual growth rate of +3.5%. The
complexity of the zirconium mineral resource base
lies in the fact that most reserves and resources are
associated with endogenic deposit formations in car-
bonatites and alkaline rocks, whereas the entire his-
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torical development of zirconium raw materials has
relied on coastal-marine and alluvial placer deposits,
composed of loose sediments that are technologically
efficient for beneficiation and the production of zir-
con concentrate. High prices for zirconium raw ma-
terials make projects for processing compositionally
complex endogenic ores, which require preliminary
crushing, economically viable. At the same time, these
prices allow a reduction in the cut-off grades of plac-
er deposits, enabling the exploitation of poorer sands
and thereby expanding the resource base of this de-
posit type.

Placer deposits remain the primary source of zir-
conium raw materials, ensuring the leading positions
of Australia and South Africa in global production.
High demand for zirconium raw materials has also led
to the emergence of new producers, developing placer
deposits in Indonesia, Mozambique, Senegal, Kazakh-
stan, Madagascar, Kenya, Vietnam, and Sierra Leone.
A significant increase in zirconium raw material pro-
duction is possible in Mozambique, Madagascar, and
Vietnam, as well as the emergence of new mining
operations in Namibia, Tanzania, and Somalia.

The development of endogenic zirconium depo-
sits is complicated by the production of multiple mar-
ketable products (zirconium, niobium, and rare-earth
compounds), which have different and fluctuating
prices and varying demand in commodity markets.
Nevertheless, there are projects aimed at develo-
ping complex deposits with zircon concentrate as
a by-product, including Strange Lake and Thor Lake
(Canada), Bear Lodge (USA), Baerzhe, Bozigor, and
Tudiling (China), Khalzan-Buregtei (Mongolia), and
Katuginskoye, Ulug-Tanzekskoye, and Zashikhins-
koye (Russia). Development is also possible for a new
technological type of deposit — eudialyte ores, which
represent complex niobium-zirconium-rare-earth raw
materials. Development projects for such deposits in-
clude Nechalacho (Canada), Tanbreez and Kvanefjeld
(Greenland), Toongi-Dubbo (Australia), Lovozerskoye
(Russia), and Saima (China).

Beneficiation and processing challenges
of zirconium raw materials

Unlike the relatively simple gravity beneficiation
of sands from placer titanium-zirconium deposits,
ores from endogenic complex deposits containing
zircon mineralization require preliminary crushing
and grinding. Beneficiation (gravity and flotation)
uses complex flowsheets to produce individual mi-
neral concentrates with commercial value, inclu-
ding zircon concentrate. For eudialyte deposits, bene-
ficiation is also possible using gravity and flotation
methods, while processing of eudialyte concentrate
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can be carried out using a nitric acid flowsheet, fol-
lowed by sequential recovery of zirconium and rare
earth elements from solution through chemical pre-
cipitation [66]. The development of endogenic depos-
its (both eudialyte and zircon-bearing), in addition to
the extra costs associated with crushing and complex
beneficiation and processing flowsheets, involves
economic risks linked to the production of multiple
marketable products with different and variable pri-
ces and varying demand in commodity markets [67].

Structure of the global zirconium
raw materials trade

In the global zirconium industry, a bipolar struc-
ture has formed between producing countries and
consuming countries of zirconium raw materials. In
international trade, the share of global zircon concen-
trate exports relative to production volumes is very
high, with a clear increasing trend — from 60-80% in
the 1970s to 85-98% in the 2010s. The growth rate
of global zircon concentrate exports (+2.8% per year)
slightly exceeds the growth rate of its production
(+2.4% per year), which indicates incomplete repor-
ting of production volumes in some countries (China,
the United States, and Australia) and the presence of
significant volumes of unrecorded re-exports.

The main suppliers of zircon concentrate to the
global market remain the traditional producing coun-
tries Australia and South Africa. At the same time,
new producing countries have emerged that mine
zirconium raw materials in significant quantities,
including China, Mozambique, Senegal, Indonesia,
Vietnam, Kenya, Madagascar, Sierra Leone, and Ka-
zakhstan. New participants may also appear in the
market through the development of placer deposits in
Namibia and Tanzania, as well as through projects in-
volving endogenic complex deposits with by-product
zirconium in Canada, Greenland, and Russia.

Challenges for the global zirconium industry

The development of the global zirconium raw ma-
terials market is highly complex due to rapid growth
in consumption, rising prices, and the large share of
international trade in this raw material, combined
with conflicting interests between producing and
consuming countries. In addition, a significant por-
tion of global zirconium reserves is located in com-
plex endogenic deposits, which are difficult to develop
both technologically and economically [9, 30, 67, 68].
In most developed industrial countries, zirconium is
classified as a critical mineral resource.

In the dynamics of zirconium raw material con-
sumption, the key factor is the rapid increase in de-
mand in China, driven by the rapid growth of its
national economy. China will remain the largest
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consumer of zirconium raw materials in the future,
both through domestic production and — primarily —
through imports.

The main risk factor for the global zirconium in-
dustry lies in the existence of a group of producing
countries (Australia, South Africa, Mozambique, In-
donesia and Senegal) and major consuming countries
(China, the European Union, the United States, India,
and Japan). The share of international trade in zirco-
nium raw materials relative to production has already
exceeded 90%, prompting consuming countries to
classify this raw material as a critical commodity re-
quiring supply regulation. In most cases, consuming
countries have limited or no domestic production of
zirconium raw materials. Even in China and the Uni-
ted States, the main consumers of zirconium raw ma-
terials, domestic production (for which information
is not fully transparent) accounts for only 5-13% and
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raw material consumption, has virtually no domestic
mining operations. A substantial volume of transit
trade in zirconium raw materials has also emerged
(15-20% of global imports), with the largest re-export
volumes occurring in the Netherlands, Belgium, Hong
Kong, and Malaysia.

Given the spatial separation of production and
consumption centers, which has led to the majority
of mined raw materials entering international trade,
disruptions in the global zirconium raw materials and
zirconium products market are inevitable during eco-
nomic crises and political conflicts, inevitably affec-
ting prices, trade volumes, and supply routes.

In response to growing global demand, the deve-
lopment of new mining operations continues to focus
primarily on technologically efficient placer deposits,
while projects involving endogenic complex deposits
are slowed by risks associated with the production of

30-40% of consumption, respectively. The European
Union, which is among the global leaders in zirconium

multiple marketable products with differing prices
and market demand.
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