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The burgeoning demand for zirconium, driven by the rapid development of
smart devices, low-carbon energy technologies, and other emerging industries,
underscores the importance of understanding the dynamics of its global trade
network. However, the evolutionary patterns of the international zircon ore trade
network and its resilience to disruptions remain unclear. This study constructs
the international zircon ore trade network from 2013 to 2022, analyzes its
structural evolution at both the network and node levels, and evaluates its
robustness in 2022 using five attack strategies: random node removal, random
edge removal, edge degradation, targeted removal based on node degree, and
targeted removal based on node betweenness centrality. Our findings reveal
that: (1) the international zircon ore trade network exhibits a shift in the import
market towards Asia, with the export market dominated by Spain, the United
States, and Brazil. China plays a crucial role as a bridge connecting various
countries, while Japan exerts significant influence within the network; (2) the
network is particularly vulnerable to targeted attacks based on node degree
and betweenness centrality, highlighting the potential for significant disruption
following the removal of key nodes. This study provides valuable insights for
ensuring the stable and sustainable supply and consumption of zirconium
resources, informing the development of targeted policies for countries and
relevant industries.
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1 Introduction

Zirconium (Zr), a rare metal characterized by inherent extraction complexities, is
widely employed in the fabrication of refractory materials, glass, and ceramics owing to its
exceptional properties, encompassing corrosion resistance, high strength, heat resistance,
and abrasion resistance. These attributes render it indispensable in critical applications
such as nuclear reactors, atomic energy, aerospace, and other vital industrial sectors (Perks
and Mudd, 2019). The rapid global advancement of high-end alloy equipment, low-carbon
energy technologies, and smart devices has spurred a continuous surge in the demand for
zirconium resources, prompting an increasing number of nations to prioritize securing a
stable supply of zirconium as a strategic imperativ (Greenblatt et al., 2017; Xiong et al., 2023;
Zhu et al., 2023a; Fahad et al., 2024). China, as the world’s leading consumer of zirconium
resources, has formally designated zirconium as a strategic mineral and implemented a
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comprehensive suite of policy measures aimed at safeguarding
its zirconium resource supply (Yu et al., 2021). Similarly,
developed nations such as the United States and Japan have
also recognized the criticality of zirconium, incorporating it into
their respective lists of critical minerals or rare metal security
strategies. These countries are actively pursuing diversification
of zirconium resource supply channels and bolstering their
strategic reserves of this essential metal (Hayes and McCullough,
2018; Silveira and Resende, 2020; Giese, 2022). Driven by the
ongoing emergence of novel technologies and the sustained
expansion of the global economy, the strategic significance of
zirconium resources is anticipated to escalate further (Zhou et al.,
2022). Consequently, international competition for zirconium
resources will intensify, and ensuring a secure and stable supply
of zirconium will become a crucial determinant of national
competitiveness.

Zirconium resources are predominantly derived from alluvial
mining operations and exhibit a pronounced geographical
concentration. South Africa, Australia, Mozambique, Madagascar,
and Senegal collectively account for 90.5% of global reserves (USGS,
2024), resulting in a significant resource deficit for China and other
major consuming countries (Zhu et al., 2023b). The significant
disparity between global zirconium supply and demand has resulted
in a growing reliance on international trade, highlighting the crucial
role of the zirconium resource trading network in supporting
economic and social development (Chaney, 2014; Geng et al.,
2014; Petridis et al., 2020; Gutiérrez-Moya et al., 2021). However, in
recent years, the confluence of low-carbon development initiatives
and the rapid iteration of advanced technologies has sustained
high levels of global zirconium consumption. Consequently, the
supply dynamics of zirconium resources and the intricate web
of trade dependencies among nations have become increasingly
complex, leading to significant shifts in the structural characteristics
of the zirconium resource trade network (Gediga et al., 2019).
Furthermore, the frequency of recent emergencies, including
Australia’s export restrictions, the COVID-19 pandemic, and the
Ukrainian crisis, has profoundly highlighted the vulnerability of
the zirconium resource trade network to disruptions, underscoring
the need for a deeper understanding of its resilience and potential
risks (Klimek et al., 2019; Laber et al., 2023). These events have
triggered significant fluctuations in zirconium prices, with prices
ranging from$1.14/kg in 2021 to $1.62/kg in 2022, and even resulted
in resource shortages for some countries. Consequently, ensuring
a stable supply of zirconium resources has become a paramount
concern for nations worldwide (Henckens et al., 2019). Therefore,
elucidating the evolutionary trajectory of the zirconium resource
trade network, evaluating its resilience in the face of emergencies,
and identifying its vulnerable links hold immense strategic
significance. These analyses will enable countries to accurately
discern trends in zirconium resource trade patterns, forecast
future supply and demand scenarios, formulate more scientifically
sound and rational zirconium resource security strategies, and
ultimately safeguard the stable global supply of this critical
resource.

Extensive research has been conducted on the distribution of
zirconium resources, encompassing supply and demand patterns,
material metabolism, forms of related industrial development,
and prospective applications in representative countries and

regions (Zhu et al., 2023a). These studies have yielded valuable
insights into the significance of zirconium resources, the current
state of their exploitation and utilization, and anticipated future
development trajectories. While the international trade network
of zirconium ore and its associated risks remain understudied
(Li et al., 2021). Indeed, the import and export trade of zirconium
ore, as a representative commodity, reflects the specialization of
different countries and regions. Moreover, the promising prospects
of high-tech applications for zirconium have fostered a global
zirconium ore trade network that mirrors the intricate trade and
organizational structures among nations, offering insights into
emerging geopolitical patterns (Lee and Lee, 2024). Existing studies
on mineral resource trade networks have explored various aspects
of their structure, evolution, and resilience. A significant body
of research has focused on analyzing the topological features of
these networks, including network density, average path length,
clustering coefficient, and core-periphery structure (Xi et al.,
2020; Chang et al., 2023; Shuai et al., 2023; Xu et al., 2023).
These studies have revealed important insights into the patterns
of connectivity and the distribution of influence within mineral
trade networks. Furthermore, researchers have investigated the
drivers of network evolution, examining the role of trade policies,
technological advancements, and resource endowments in shaping
the structure and dynamics of mineral trade (Wang et al., 2023).
To assess the resilience of mineral trade networks to disruptions,
various analytical methods have been employed. Network centrality
analysis has been used to identify key nodes and trade relationships
that are critical for maintaining network connectivity (Sun et al.,
2021; Zhu et al., 2022; Shuai et al., 2023; Wang et al., 2023;
Xia, 2023; Chen et al., 2024). Scenario simulation and risk
assessment approaches have been applied to evaluate the potential
impacts of different types of shocks, such as natural disasters,
political instability, and economic crises, on mineral trade flows
(Chen et al., 2018; Hu et al., 2021; Zhao et al., 2023). These studies
have highlighted the vulnerability of mineral trade networks to
specific types of risks and have emphasized the need for proactive
risk management strategies. Furthermore, research on mineral
resource trade networks has increasingly integrated with studies
of supply chain and industrial chain resilience. These studies have
examined the interdependencies between mineral trade, supply
chain operations, and industrial production, explored strategies for
enhancing the resilience of the entire value chain (Hofmann et al.,
2018; Diprose et al., 2020; Sun et al., 2021; Berthet et al., 2024), and
have investigated the role of diversification, inventory management,
and collaboration in mitigating supply chain risks and ensuring
the stable supply of critical minerals (Althaf and Babbitt, 2021;
Liu et al., 2024). These research methodologies and models have
been extensively applied in trade network studies across various
mineral resources, including copper, iron, aluminum, lithium,
cobalt, chromium, and nickel (Nuss et al., 2016; Zhong et al.,
2018; Chen et al., 2020; Wang et al., 2020; Ren et al., 2021;
Sun et al., 2022; Tian et al., 2022; Chen et al., 2024). However,
in-depth studies specifically focused on the international trade
network of zirconium ore remain urgently needed. The specific
characteristics of the structural evolution of the global zirconium
ore trade network, at both the network and node levels, have
not been adequately explored. Moreover, the impacts and nuanced
differences arising from various event shocks on the zirconium
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trade network have not been effectively quantified. This study aims
to address this research gap by constructing a zircon ore trade
network, analyzing its structural evolution at both the network
and node levels, and evaluating its resilience to various types
of disruptions.

This study aims to achieve a comprehensive understanding
of the zircon ore trade network by: (1) mapping the evolution of
its structure over the past decade, including key shifts in major
trading partners and trade flows; (2) identifying the most influential
countries within the network and analyzing their roles in shaping
trade patterns; and (3) assessing the network’s vulnerability to
disruptions caused by various factors, such as targeted sanctions
or natural disasters. The network’s invulnerability will be evaluated
using simulations of both random and targeted disruptions to key
nodes and edges. Targeted disruptions will focus onmajor exporters
and importers, as well as countries with high betweenness centrality,
to understand the potential cascading effects of their removal from
the network. This analysis will help identify critical vulnerabilities
and potential bottlenecks in the zircon ore trade. The findings
of this study will provide valuable insights for policymakers and
stakeholders in the zirconium industry. By identifying vulnerable
nodes and trade relationships, this research will inform the
development of targeted policies to mitigate supply chain risks.
’The remainder of this study is organized as follows: Section 2
delineates the methodological framework, including data sources
and processing procedures, the construction of the zirconium ore
network model, the selection of structural analysis metrics, and the
implementation of the destructive resistance assessment model and
its associatedmeasurementmetrics. Section 3 presents anddiscusses
the key findings derived from the analysis. Finally, Section 4
summarizes the principal conclusions drawn from this
investigation.

2 Methodology

2.1 Data

In order to study zirconium ores and concentrates (HS Code
261510), the core trade commodity in the supply chain of the
zirconium industry chain, we obtained all the trade information
related to zirconium ores and concentrates from 2013 to 2022
globally from the UN Comtrade Database. We obtained all trade
information related to zirconium ores and concentrates from the
UN Comtrade Database from 2013 to 2022 on a global scale. Based
on obtaining the raw data, we removed internal trade data due to
territorial consolidation to avoid double-counting and exaggerated
trade volumes. In international trade, trade data of importing and
exporting countriesmaydiffer due to statistical caliber and reporting
time. To ensure the consistency of data, we prioritize the trade
data of exporting countries as the final trade flow data. Missing
trade volume data were addressed by calculating the average price
of zirconium ores and concentrates for the respective year and
then dividing the reported trade value by this average price to
approximate the missing volume. Outliers in trade values were
identified and removed. Specifically, extreme values, likely due to
reporting errors, were replaced with the average trade value of
the corresponding country in the preceding and succeeding years.

Finally, the zirconium flow in zirconium ores was calculated using
Equation 1 (Zhu et al., 2023a):

Zr flow =mass flow×Zrcontent (1)

where Zr flow is the net zirconium flow, mass flow is the flow of
the zircon ore and concentrate commodity, and Zrcontent is the
zirconium content of the commodity.

2.2 Network construction and structure
indicators

2.2.1 Construction of the zirconium ore trade
network

A directed weighted network was constructed to represent the
zircon ore trade, where nodes represent countries, directed edges
represent trade flows from exporting to importing countries, and
edge weights represent the volume of zircon ore traded. Complex
network analysis is used to construct the international trade network
of zirconium oreG = (V,E,W). WhereV = {v1,v2,v3,…,Vn} denotes
the nodes, which are composed of trade participating countries. The
edges of the network are denoted by E = {eij , i, j ∈ V}, symbolizing the
trade linkagesbetweennodes,andeij = 1 ifnode iexports tonode j.The
weights of the edges are denoted byW = {wij , i, j ∈ V}, which is the net
zirconiumtradeflowbetweencountries in this study.Weusediameter,
average path length, density, and modularity at the network level,
degree, betweenness centrality, and eigenvector centrality at the node
level to characterize the global zirconiumore trade network.Diameter
and average path lengthwere used tomeasure the overall connectivity
and efficiency of the trade network. Density was used to assess the
intensity of trade relationships between countries. Modularity was
used to identify trade blocs and regionalization patterns. Degree
centrality was used to identify major trading hubs. Betweenness
centrality was used to identify key intermediary countries in the trade
network. Eigenvector centralitywas used tomeasure the influence and
importance of countries in the network, considering both the number
and importance of their trading partners.

2.2.2 Average path length and diameter
Average path length refers to the average of the shortest path

lengths between all pairs of nodes in a network, reflecting the overall
connectivity tightness of the network and the average efficiency of
information or commodity propagation in the network (Chen et al.,
2018). Larger values indicate that the average distance between
nodes in the network is greater, connectivity is relatively weak,
and information or commodities are less efficiently disseminated.
Meanwhile, the diameter is an upper limit of the average path length,
i.e., the diameter must be greater than or equal to the average path
length, which is more concerned with the maximum extension of
the network (Parhami and Yeh, 2000). Their formula is described by
Equations 2, 3:

APL = 1
n(n− 1)

∑dij, i, j ∈ V (2)

Diameter =max(dij) (3)

where n is the total number of trade participating countries and dij
is the shortest path between country pairs.
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2.2.3 Density
The density of a trade network represents the ratio of the

number of trade connections to the number of all possible trade
connections in a trade network (Wise, 2014). It represents the
strength of trade relationships between individual nodes (countries
or regions) within the network. A higher density indicates that more
trade connections exist between the nodes in the network, more
frequent trade exchanges, stronger overall network connectivity,
and a higher degree of trade integration, but it may also mean
that the network is less resistant to risk. The definition is given
by Equation 4.

Density = m
n(n− 1)

(4)

where m is the number of trade network edges.

2.2.4 Modularity
Within trade networks, modularity is employed to quantify the

community structure (Bickel and Chen, 2009), representing the
degree to which nodes within the network cluster into distinct
groups. This metric can be utilized to understand patterns of
trade cooperation among different countries or regions (Karrer and
Newman, 2011). It represents the extent to which trade connections
in a network are clustered within different groups, compared to
randomly connected networks. It usually takes values between −1
and 1. The larger the value, the stronger the community structure
of the network and the more pronounced the trade blocs or
regionalization. Conversely, a smaller value of modularity indicates
a weaker community structure of the network, more decentralized
trade connections, and more diversified trading partners for
individual countries or regions. The calculation was performed
according to Equation 5:

Modularity = 1
2m
∑(wij −

(∑wi∙ +∑w∙i)(∑wj∙ +∑w∙j)
2m

)δ(ci,cj)

(5)

where wij denotes the weight of the trade edge from node i to node
j, wi∙ denotes the weight of the outgoing edge of node i, w∙i denotes
the weight of the incoming edge of node i, and δ(ci,cj) is an indicator
function that takes the value of 1 when node i and node j belong to
the same community and 0 otherwise.

2.2.5 Degree
The degree of a node in a trade network represents the number

of connections a country or region has in the trade network, i.e.,
the number of trade relationships that exist between that country
or region and other countries or regions (Broido and Clauset, 2019).
Entry-degree represents the number of trading partners of a country
or region that import zircon ore from other countries or regions.
The degree of entry represents the number of trading partners of a
country or region that export zirconium ores from other countries
or regions. A higher degree indicates that the country or region
has more trading partners connected in the trading network and is
more active in trade. A larger in-degree indicates that the country
or region has more diversified sources of imports and may be less
dependent on other countries or regions. In contrast, a larger out-
degree indicates that the country or region has a wider export

market. Equations 6–8 express the in-degree, out-degree, and degree
of node i:

Indegree =
n

∑
j=1

eji (6)

Outdegree =
n

∑
j=1

eij (7)

Degree = Indegree+Outdegree (8)

2.2.6 Betweenness centrality
The betweenness centrality of a node in a trade network

represents the importance of a country or region in connecting
the trade paths of other countries or regions (Geisberger et al.,
2008). In other words, it measures the extent to which a country
or region acts as a “bridge” or “middleman” in a trade network.
The larger the value, the more important an intermediate position
the country or region plays in the trade network, the more trade
paths connecting it to other countries or regions, and the more
important it is to the trade network. The larger the value, the more
important the intermediate position of the country or region in the
trade network, the more trade paths connecting other countries or
regions, and the greater influence on the overall connectivity of the
trade network and information flow. The betweenness centrality of
node i is calculated as follows, where σst is the number of shortest
paths of node s and node t passing through node i. The median
centrality of node i was calculated, as shown in Equation 9:

BC(i) = ∑
s≠t≠i

σst(i)
σst

(9)

2.2.7 Eigenvector centrality
Eigenvector centrality in a trade network represents the

influence and importance of a country or region in the network.
It considers not only the number of direct trading partners of the
country or region, but also the importance of its trading partners.
The larger the value, the higher the influence and importance of the
country or region in the trade network. This is not only because it
hasmore trading partners but also because it is close to those trading
partners that are important in the network, has easier access to trade
information and resources, and has more influence on the trade
network. It can be expressed as the eigenvector corresponding to
the neighbor matrix for the zircon trade network as in Equation 10,
which is usually found using an iterative algorithm (Ruhnau, 2000).

Ax = λx (10)

where A is the adjacency matrix of the zircon ore trade network.
x is an eigenvector representing the eigenvector centrality of all
the countries or regions. λ is the eigenvalue corresponding to the
eigenvector x. The eigenvector x is the eigenvalue of the zircon ore
trade network.

2.3 Invulnerability evaluation model

Against the background of the deepening development of
globalization, the international trade network of zircon ore
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has become increasingly complex and vulnerable to various
emergencies, such as natural disasters, political unrest, economic
crises, epidemics, and the failure of any one node or connection
may trigger a chain reaction and cause a major impact on the
global trade system. To simulate as much as possible the destruction
resistance of the zircon ore trade network under various risk events
that may occur such as major shocks to large trading countries
or hub countries, e.g., economic crises, political turmoil, etc.,
resulting in their inability to participate in international trade
normally, blockades or interruptions of crucial trade corridors or
transit countries, e.g., channel blockades, wars, etc., resulting in
the obstruction of international trade routes, as well as small-scale
localized conflicts, natural disasters, and so on. Five attack strategies
were employed to assess the invulnerability of the 2022 zircon ore
trade network: node degree attack, node betweenness centrality
attack, random node attack, edge weight degradation attack, and
random edge attack. The node degree attack simulates scenarios
where major trading hubs experience significant disruptions,
such as economic crises or political instability, hindering their
ability to participate in international trade. The node betweenness
centrality attack simulates disruptions to critical transit countries or
trade corridors. Nodes with high betweenness centrality represent
key intermediaries in the trade network. Attacking these nodes
simulates blockades, sanctions, or other disruptions that impede
the flow of goods through these crucial channels. The random
node attack simulates smaller-scale, localized disruptions, such
as natural disasters or unforeseen events affecting individual
countries. This attack randomly removes nodes from the network,
representing the unpredictable nature of such events. The edge
weight degradation attack simulates situations where trade flows are
gradually reduced, for example, due to escalating trade tensions,
increasing transportation costs, or declining demand. The random
edge attack simulates the disruption of specific trade routes
due to unforeseen circumstances, such as political disagreements
between countries or localized transportation disruptions. Each
attack strategy was simulated 20 times, and the arithmetic
mean of the results was used to account for the stochastic
nature of the attacks and to provide a more robust estimate of
the network’s invulnerability.

2.4 Indicators of invulnerability

In order to reflect the overall connectivity and functionality of
the network after an attack or failure, we measure the network’s
destructiveness in terms of its overall connectivity efficiency and
maximum connectivity size.

2.4.1 Global efficiency
Global efficiency refers to the average reciprocal length of the

shortest trade paths between all pairs of countries in the network,
which represents the convenience or efficiency of trade between
all countries in the entire network. Higher global efficiency means
lower costs and higher trade efficiency between countries in the
network (Shang et al., 2021; Engsig et al., 2024). A trade network
with high global efficiency can resume trade exchangesmore quickly
and maintain trade stability after a shock. The global efficiency is

calculated as in Equation 11:

E f ficiency = 1
n(n− 1)

∑
i≠j

1
dij

(11)

2.4.2 Largest connected component size
In trade networks, Largest Connected Component (LCC) size

refers to the proportion of nodes (n′) contained in the largest
connected subgraph in the network (Equation 12). When the trade
network suffers from shocks (e.g., natural disasters, political unrest,
economic crises, etc.), trade links between some countries may be
disrupted, resulting in the network splitting into several isolated
subgraphs.The LCC is the largest of these subgraphs, which contains
the largest portion of countries that are still able to trade with
each other, and the larger the LCC size, the larger the portion of
countries that are still able to trade with each other after a shock, and
the less the functionality of the network is impaired. On the other
hand, a smaller LCC size implies that the trade network splits into
more and smaller isolated subgraphs after a shock, and the overall
functionality of the trade network is impaired to a greater extent.
A trade network with a larger LCC size is still able to maintain a
larger scale of connectivity after a shock, and it maintains the basic
functions of the trade network (Cats and Krishnakumari, 2020).The
LCC size of the trade network is larger than the LCC size of the
trade network.

LCCSize = n
′

n
(12)

3 Results and discussion

3.1 Structural evolution of global
zirconium ore trade network

Figure 1A illustrates the fundamental trade scale of the
international zircon ore trade from 2013 to 2022, encompassing
the number of participating countries, the number of bilateral
trade relationships, and the overall trade volume. The number of
countries engaged in zircon ore trade increased from 110 to 115,
while the number of bilateral trade relationships rose from 530
to 570. Both metrics exhibit a consistent pattern of short-term
fluctuations with comparable frequencies, superimposed upon a
long-term trend of steady growth. This observation underscores
the continuous expansion of the international zircon ore trade
and the intensification of trade linkages. The overall trade volume
demonstrated a generally upward trajectory from 2013 to 2019,
reaching a peak of 587,200 tons in 2017, representing the highest
recorded value within the decade. This surge in trade volume
may be attributed to the recovery of the global economy and
the burgeoning demand for zircon ore in emerging economies.
However, the subsequent 3 years witnessed a sustained decline, with
trade volume plummeting to levels approaching those observed in
2015. This downturn can be plausibly linked to factors such as the
escalation of global trade frictions and the outbreak of the COVID-
19 pandemic. Notably, a rebound in trade volume materialized
thereafter, with year-on-year increases, highlighting the resilience
and recovery capacity of the international zircon ore trade.
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FIGURE 1
Changes in network structure indicators. (A) Shows the variation of nodes, edges, and trade volume. (B) Shows the evolution of diameter and average
path length. The evolution of density and modularity is shown in (C).

Within the same temporal boundaries, the overall connectivity
of the zircon ore trade network exhibits a comparable pattern of
fluctuations, as depicted in Figure 1B. The average path length
has remained relatively stable, oscillating between 2 and 3. This
observation suggests that, on average, zircon ore trade between any
two countries has typically necessitated the involvement of only
2 to 3 intermediary countries over the past decade. This finding
further implies that the trajectory of global economic development
during this period has not exerted a substantial influence on
the ease of international zircon ore trade. This phenomenon may
be indicative of a strong path dependence within the zircon ore
trade or a limited impact of broader structural changes in the
global trade network on this specific commodity. In contrast,
the diameter of the network has displayed more pronounced
fluctuations, ranging from 5 to 8 and reaching a peak of 8 in 2019.
This heightened volatility in the length of the longest trade path
within the network suggests a degree of instability and vulnerability
to external shocks. Specifically, it implies that alterations in the
trade policies of key countries or the occurrence of significant
geopolitical events could potentially elongate trade paths, thereby
increasing transaction costs and potentially disrupting the flow of
zircon ore.

Regarding the degree of local aggregation and community
structure, as illustrated in Figure 1C, the average clustering
coefficient exhibited an initial increase from 0.276 in 2013 to 0.307
in 2014. This upward trend suggests a growing propensity for
countries to engage in trade with the trading partners of their
existing partners during this period, leading to the formation of
more tightly knit trade circles. Localized connectivity intensified,
with individual countries and their trading partners exhibiting a
greater likelihood of establishing connections, indicating a gradual
strengthening of regional trade integration tendencies. However,
the subsequent years witnessed a decline in the average clustering
coefficient, reaching a nadir of 0.243 in 2020. This decline may
be attributed to the rise of global trade protectionism and the
escalation of trade frictions. A rebound subsequently occurred,
with the average clustering coefficient recovering to approximately
the 2015 level (0.262) by 2022, reflecting the adaptability and
resilience of the trade network in response to external shocks.
The network’s modularity has consistently fluctuated within a
range of 0.191–0.239, generally remaining at a relatively low level.

This suggests that the community structure within the zircon
ore trade network is not particularly pronounced, indicating a
greater degree of decentralization in trade linkages among countries.
The relatively weak community structure reflects the high level
of globalization characterizing the international zircon ore trade,
where trade relationships transcend geographical boundaries and
regional blocs, fostering a more interconnected and interdependent
global market.

Figure 2 visually depicts the international zircon ore trade
network in 2013, 2018, and 2022 (Figures 2A–C, respectively),
utilizing aGephi plot for network visualization. Countries belonging
to the same community are represented by the same color,
while the direction of arrows indicates the direction of zircon
ore trade flow. Line thickness corresponds to the magnitude of
trade flow, and countries are identified using their respective ISO
2006 three-digit code. To provide a comprehensive illustration,
we analyze the trade patterns and pivotal roles of each country,
encompassing all participating nations in the zircon ore trade
network. A visual examination of the network evolution from
left to right reveals that despite a relatively modest increase
in the number of bilateral trade relationships, the number of
distinct communities has risen from three in 2013 to five in
2018. Notably, these communities encompass member countries
from all continents, suggesting that international zircon ore trade
is not constrained by geographical proximity. This observation
indicates a growing trend towards decentralization within the
overall structure of the zircon ore trade network. Regional trade
integration appears to be gaining momentum, as evidenced by the
diversification of trade partnerships among countries. Countries are
increasingly inclined to establish trade linkages with a wider array
of partners, rather than confining themselves to traditional trading
relationships. This shift reflects the influence of factors such as the
ongoing restructuring of global value chains and the ascendance of
emerging economies on the evolving architecture of the zircon ore
trade network.

Furthermore, the pluralistic community structure of the zircon
ore trade network can, to some extent, mitigate systemic risk by
distributing dependencies and reducing the impact of localized
disruptions. China has consistently maintained a pivotal role within
the zircon ore trade network throughout the 2013–2022 period,
serving as the most significant importer of zircon ore and South
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FIGURE 2
Evolution of the international trade network for zircon ore. (A) Shows
the international trade network of zircon ore in 2013. (B) Shows the
international trade network of zircon ore in 2018. (C) The international
trade network of zircon ore in 2022.

Africa’s largest customer in terms of trade volume. It is noteworthy
that, in contrast to 2013 and 2018, South Africa and China were
members of the same community in 2022. This alignment suggests
that cooperative frameworks such as the BRICS partnership and
the Belt and Road Initiative have significantly bolstered trade
and collaboration between the two nations. Interestingly, while
the bilateral trade volume between China and the United States
had already reached a substantial scale in 2013, their trade
interactions primarily focused on labor-intensive and resource-
based products. Their participation in distinct regional trade
agreements resulted in their placement in different communities
within the network. However, by 2018, bilateral trade linkages
between China and the United States had intensified considerably,
accompanied by a deeper integration of their respective roles within
the global value chain, leading to their inclusion within the same
community. The 2022 analysis reveals that these two countries
once again belong to separate communities. This realignment
carries significant implications not only for China and the United
States but also for the broader landscape of global trade and the
global economy.

Within the global zirconium ore import market spanning the
period from 2013 to 2022, China, India, and Italy have consistently
exhibited robust import demand, consistently ranking among
the top five importers, as depicted in Figure 3A. This sustained
prominence underscores their status as major consumers of zircon
ore, highlighting their continued reliance on this resource for
diverse applications in industries such as ceramics, refractories,
and nuclear energy. The remaining major participants in the
import market demonstrate a discernible geographical shift over
time. Initially dominated by European countries such as France,
Poland, and the Netherlands, the composition of leading importers
has gradually transitioned towards North American countries like
Mexico and Canada, and subsequently towards Asian countries
including Japan and Thailand. This geographical realignment can
be attributed to several factors, including the rapid economic
expansion of the Asian region, the ongoing transfer of industries,
and the promotion of regional trade integration initiatives. These
developments have collectively fueled a surge in demand for
zircon ore within Asian economies. On the export side, Spain,
the United States, and Brazil have emerged as the three dominant
suppliers of zircon ore (Figure 3B), owing to their abundant reserves
and established technical expertise in mining and processing.
Concurrently, European countries such as Germany, Italy, and
the Netherlands have maintained a consistent presence in the
export trade, potentially fulfilling intermediary roles by importing
zircon ore from source countries and subsequently re-exporting it
to other destinations. Notably, Australia and China have steadily
enhanced their positions within the export market. This trend can
be linked to Australia’s intensified efforts in zircon ore extraction
and the burgeoning development of China’s zircon ore processing
industry, suggesting a shift in the global landscape of zircon ore
production and trade.

Within the international zircon ore trade network spanning the
period from 2013 to 2022, the betweenness centrality of individual
countries remained generally below 0.27, as depicted in Figure 4A.
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FIGURE 3
Changes in the in and out-degree of major nodes. (A) The change in the top 5 countries regarding inwardness from 2013–2022. (B) The change in the
top 5 countries regarding outgoing degrees in 2013–2022.

Notably, no single country consistently occupied a position within
the top five over the long term.This observation indicates a relatively
dispersed distribution of information and resource flowpathswithin
the network, suggesting the absence of a persistently dominant
intermediary. Countries exhibit a relatively equitable distribution of
positional power within the network, with no single nation wielding
the capacity to exert absolute control over the flow of information
or resources between other countries. The absence of an absolute
central node functioning as a “hub” or “bridge” points towards a
relatively balanced network structure. This balanced configuration
can potentially mitigate trade risks and enhance the overall
stability of the zircon ore trade network. Despite the prevailing
balance, China stands out as a notable participant. Its betweenness
centrality has remained comparatively high throughout most of the
analyzed period, signifying its considerable influence within the
network. This aligns with China’s prominent position in both the
import and export markets, as discussed previously, confirming its
crucial role as a vital nexus connecting other countries within the
zircon ore trade network. The analysis of eigenvector centrality,
however, reveals a contrasting picture (Figure 4B), highlighting
disparities in influence among trading nations. Japan’s eigenvector
centrality value consistently surpasses that of other countries,
starting at 0.504 in 2013 and steadily increasing to remain above
0.9 throughout the remainder of the period. This underscores
Japan’s formidable influence within the zircon ore trade network,
stemming from its status as a major global consumer of zircon
ore and its close trade relationships with numerous other key
players, including China and South Korea. As a major consumer,
shifts in Japan’s demand for zircon ore exert a significant impact
on the market, rendering its position within the trade network
paramount. China occupies the second position in terms of
influence based on eigenvector centrality. However, its value has
experienced a decline from 0.59 in 2013 to 0.153 in 2022, suggesting
a diminishing influence within the zircon ore trade network over
the past decade.

3.2 Invulnerability simulation of the global
zirconium ore trade network

To assess the resilience of the zircon ore trade network
against potential disruptions, predict vulnerabilities, and evaluate
its capacity to withstand malicious attacks, we conducted a
comprehensive simulation analysis on the 2022 network using
five distinct attack strategies. This analysis aimed to explore the
ramifications of various attack strategies on the network’s structural
integrity and overall functionality. The initial global efficiency of the
2022 network was 0.19, while the initial size of the largest connected
component (LCC) was 0.38. Figure 5A visually depicts the changes
in global efficiency of the 2022 zircon ore trade network under each
of the five attack strategies as the proportion of removed nodes or
edges increases. The random node attack strategy reveals a stepwise
decline in global efficiency as critical nodes are progressively
removed from the network. This pattern highlights the presence
of key nodes whose removal disproportionately impacts network
connectivity, underscoring their importance in maintaining the
network’s overall functionality.

Conversely, random edge attacks and edge weight descending
attacks demonstrate a near-linear decline in global efficiency,
suggesting a less pronounced disruption to the network structure.
This difference arises because removing edges or reducing edge
weights does not directly eliminate nodes, thereby preserving a
greater degree of connectivity within the network. Notably, when
the removal proportion is below 0.3, random edge attacks and edge
weight descending attacks prove to be more disruptive than random
node attacks.This phenomenonmay be attributed to the presence of
redundant edges within the network, where the removal of a limited
number of edges or the reduction of edge weights exerts a relatively
minor impact on the overall network structure.

Node degree attacks and node betweenness centrality attacks
exhibit a similar trend in reducing global efficiency, as both strategies
prioritize the removal of key nodes, resulting in comparable levels
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FIGURE 4
Changes in Node Betweenness Centrality and Eigenvector Centrality. (A) Changes in the top 5 countries ranked by betweenness centrality from 2013
to 2022. (B) Changes in the top 5 countries ranked by eigenvector centrality from 2013 to 2022.

FIGURE 5
Changes in Global Efficiency and LCC Size under Different Attack Strategies. (A) Represents global efficiency. (B) Represents the LCC Size.

of network damage. However, while the difference is subtle, node
degree attacks tend to reduce global efficiency to zero more rapidly.

Figure 5B presents the corresponding results for the size of
the largest connected component (LCC). When the node removal
proportion is below 0.3, random node removal and edge weight
descending removal strategies demonstrate even less disruptive
effects than random edge removal. However, random node removal
subsequently leads to a more accelerated decline in LCC size, with
the network’s LCC size diminishing to only 0.026 when the node
removal proportion reaches 0.68. In contrast, the two edge attack
strategies can more swiftly reduce the network’s LCC size to a
lower level (0.008). This disparity arises because the removal of
edges directly severs connections between nodes, leading to a rapid
deterioration of network connectivity.

Unlike the observations for global efficiency, node betweenness
attacks exhibit a faster reduction in LCC size compared to node
degree attacks. When the proportion of attacked nodes reaches 0.13,

the network’s LCC size stabilizes at 0.1, whereas node degree attacks
necessitate a removal proportion of 0.19 to achieve the same effect.
This discrepancy indicates that the removal of nodes characterized
by higher betweenness centrality exerts a more substantial impact
on network connectivity. Beyond this point, the network’s LCC
size remains constant until all nodes are removed, signifying not a
robust network but rather the absence of any remaining pathways
for inter-nodal communication.

3.3 Discussion

This study has elucidated the evolutionary trajectories of
the international zircon ore trade network, identified pivotal
nodes within the network architecture, and evaluated its overall
stability and resilience in the face of potential disruptions. These
findings provide a robust scientific foundation for governments
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and enterprises to formulate evidence-based policies and strategies
that enhance the security and sustainability of zircon ore supply
chains. Several key takeaways from this investigation merit
particular attention:

The COVID-19 pandemic have exerted profound and
multifaceted impacts on the international zircon ore trade.
The global COVID-19 pandemic inflicted severe damage on
the economies of numerous countries, triggering widespread
production stagnation across various industries worldwide. The
mining and processing of zircon ore experienced significant
disruptions, while demand plummeted precipitously, culminating
in a marked downturn in the global zircon ore market (Younis et al.,
2023). In addition to rapid economic expansion, industrial transfer,
and regional trade integration in Asia, factors such as the emergence
of trade barriers, the restructuring of global value chains, heightened
market uncertainty, intensified geopolitical competition, specific
policies (e.g., environmental regulations, industrial subsidies),
changes in demand for specific zircon products (e.g., for nuclear
energy), and shifts in transportation costs and trade routes could
also contribute to the observed shifts (Wen et al., 2023; Ma et al.,
2024). In light of these experiences, countries should proactively
address the potential threats posed by similar events to the security
of their domestic zircon ore supply. Strategies to ensure a stable and
resilient supply of zircon ore include the establishment of strategic
reserves of zircon resources and the strengthening of international
cooperation mechanisms to mitigate supply chain vulnerabilities
and enhance collective resilience in the face of future shocks.

Our invulnerability simulation reveals that targeted attacks,
specifically those based on node degree and betweenness centrality,
pose substantial risks to the zircon ore trade network. A targeted
attack based on node degree might involve the disruption of
major trading hubs like key exporting countries (e.g., South
Africa, Australia) or major importing countries (e.g., China,
India), causing significant trade volume reduction and trade route
blockades. Likewise, a targeted attack on countries with high
betweenness centrality, which often act as crucial intermediaries
in the trade network, could disrupt the overall flow of goods and
information, fragmenting the network and leading to increased
transaction costs, and reduced global efficiency. These disruptions
would not only affect trade flows directly but also cascade to
downstream industries, such as ceramics and aerospace, due to
the increased difficulties in obtaining zircon ore and the resulting
price volatility. The network invulnerability analysis demonstrates
that betweenness attacks are the most detrimental overall to the
zircon ore trade network’s integrity. This finding implies that the
removal of nodes characterized by high betweenness centrality
inflicts the most substantial damage on network connectivity
and global efficiency. However, the preceding analysis of node
betweenness centrality indicates that no single country consistently
occupies a dominant intermediary position within the international
zircon ore trade network. This apparent paradox—a network
characterized by equitable standing among its nodes yet exhibiting
heightened susceptibility to betweenness attacks—warrants further
examination. In actuality, the equitable status of countries within
the network does not necessarily translate into enhanced stability
for individual participants in the international zircon ore trade.
On the contrary, this seemingly balanced structure can render the
network vulnerable to widespread disruption upon the removal of

even a single node with relatively high betweenness centrality. This
vulnerability arises because, within a relatively balanced network
architecture, each node can potentially fulfill a crucial intermediary
role in specific trade pathways. Even if a country’s overall trade
volume ismodest or its direct trade connectionswith other countries
are limited, it may still serve as a critical link between vital trading
partners. The removal of such a node would effectively sever these
pathways, leading to a substantial decline in network connectivity
and potentially triggering cascading failures throughout the system.
This finding presents a concerning prospect for all participants
in the international zircon ore trade. It signifies that a localized
trade disruption in any single country, regardless of its perceived
importance, could potentially have far-reaching consequences,
propagating through the network and impacting a wide range of
trading partners. Therefore, countries cannot afford to adopt a
myopic focus solely on their major trading partners. They must also
diligently assess the potential impact of disruptions originating in
countries with whom they may not have direct trade relations, as
the indirect effects of such disruptions can be substantial and cannot
be disregarded. Although degree centrality attacks exhibit a greater
impact on global efficiency than betweenness centrality attacks,
they have a lesser effect on the size of the LCC. This suggests that
while high-degree nodes are crucial for overall network connectivity,
nodes with high betweenness centrality play a more significant
role in maintaining the integrity of the largest connected subgraph.
This could be because these nodes act as bridges between different
clusters within the network. Removing them effectively fragments
the network, leading to a more rapid decline in LCC size.

To mitigate these vulnerabilities, Zirconium industry
participants must take proactive measures to enhance the resilience
of the supply chain. These steps include: (1) conducting regular
supply chain risk assessments to identify potential vulnerabilities;
(2) investing in research and development to explore alternative
materials that reduce dependence on zirconium; (3) diversifying
procurement practices to lower reliance on individual suppliers;
and (4) establishing collaborative mechanisms across the industry
to share resources and mitigate risks. By diversifying supply
sources, optimizing trade routes, strengthening information
sharing, developing alternative materials to zircon, and promoting
sustainable zircon mining and processing, we can make the global
zirconium ore trade network more resilient to disruptions. This
will require a coordinated effort from governments, industries, and
international organizations, with a focus on long-term strategic
planning and a commitment to global cooperation.

The analysis of the evolving structural characteristics
and resilience of the international zircon ore trade network
underscores the interconnectedness and interdependence inherent
in the globalized economy, highlighting that no participant in
international trade can remain insulated from the actions and
circumstances of others. To foster the healthy and sustainable
development of the international zircon ore trade and ensure the
stability and security of both domestic and global markets, it is
imperative that countries actively engage in the global trading
system, foster deeper international collaboration, and cultivate
a more open, inclusive, and resilient trade network architecture
by expanding and diversifying trade partnerships, exploring and
developing alternative trade routes, establishing and improving
risk early warning mechanisms, and actively participating in
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the formulation and refinement of international trade rules and
norms. Only through the concerted efforts of all participating
nations, guided by a commitment to establishing mutually
beneficial trade partnerships and fostering a spirit of shared
responsibility, can we effectively address global challenges such as
trade frictions, pandemic-induced shocks, and other unforeseen
disruptions, thereby collectively safeguarding the stability and
security of the international zircon ore trade network and ensuring
its continued contribution to global economic prosperity and
sustainable development. Strategies for enhancing resilience include
diversifying supply sources, optimizing trade routes, strengthening
information sharing, developing alternative materials to zircon, and
promoting sustainable zircon mining and processing. For example,
businesses should explore new trade routes and partnerships
with emerging zircon producers in regions like Africa and South
America. Establishing an information sharing platform could
enhance risk awareness and early warning capabilities. Investing in
research and development of zircon substitutes could also mitigate
reliance on this resource.

4 Conclusion

Zircon, a critical strategic resourcewith extensive applications in
sectors such as nuclear energy, aerospace, chemicals, and ceramics,
exhibits a highly concentrated distribution of global reserves,
primarily located in a few countries like Australia and South
Africa. Consequently, numerous nations rely heavily on frequent
international trade of zircon ore to acquire sufficient resources to
support the development of their respective industries, rendering
a stable zircon ore supply crucial for their economic prosperity
and national security. To gain a comprehensive understanding
of the evolutionary dynamics within the international zircon ore
trade, identify key actors within the trade network, and provide
empirical evidence and decision-making support for the sustainable
development of individual countries and relevant industries, this
study constructs a zircon ore international trade network spanning
from 2013 to 2022 and employs complex network analysis methods
to conduct a rigorous and systematic investigation of the network’s
structural characteristics, the evolution of national roles, and
its resilience to potential disruptions, with the primary findings
summarized as follows.

The international zircon ore trade network exhibits
characteristics of scale expansion, stable yet vulnerable connectivity,
fluctuating local clustering, and an indistinct community structure.
The number of participating countries and bilateral trade
relationships has demonstrated consistent growth, while the overall
trade volume has followed a trajectory of initial increase, a sharp
decline, and a gradual recovery. The average path length has
remained relatively stable, oscillating between 2 and 3, indicating
the absence of significant shifts in trade facilitation over the
analyzed period. The average clustering coefficient experienced
an initial increase from 2013 to 2014, suggesting a strengthening of
regional trade integration trends, followed by a subsequent decline
and a rebound after 2020, highlighting the network’s adaptability
to external shocks. The network modularity has consistently
remained at a low level, signifying an unclear community structure
characterized by relatively dispersed trade connections and

implying a high degree of globalization within the international
zircon ore trade.

China has consistently maintained a pivotal role within the
zircon ore trade network, serving as a major importer and a
primary trading partner of South Africa, with bilateral trade
cooperation between the two countries experiencing significant
strengthening in recent years. India and Italy remain prominent
consumers of zircon ore, exhibiting continued growth in demand.
Spain, the United States, and Brazil have emerged as major
suppliers, while Australia and China have steadily enhanced their
export positions within the global market. Geographically, Asian
countries have witnessed a surge in demand for zircon ore, leading
to a gradual shift in the import market from Europe and the
United States towards Asia. Regarding national roles within the
network, betweenness centrality values are generally low, with no
single country consistently occupying a dominant intermediary
position. This observation suggests a relatively balanced network
structure, characterized by amore equitable distribution of influence
among participating nations. Japan exhibits the highest eigenvector
centrality, underscoring its considerable influence within the zircon
ore trade network, stemming from its position as a major consumer
and its close trade ties with other key players in the market.

Different attack strategies demonstrate varying degrees of
impact on the network’s global efficiency and the size of the
largest connected component (LCC). Random edge attacks exert
the least disruptive effect, followed by edge weight descending
attacks. Random node attacks induce a stepwise decline in network
performance, underscoring the critical role that key nodes play in
maintaining overall network connectivity. Both node degree attacks
and node betweenness centrality attacks lead to a rapid decline in
global efficiency, highlighting the significant disruption caused by
the removal of these central nodes. However, node degree attacks
exhibit a faster rate of network degradation compared to node
betweenness centrality attacks.Notably, node betweenness centrality
attacks prove to be more detrimental to LCC size than node
degree attacks, indicating that the removal of nodes characterized
by higher betweenness centrality exerts a more substantial impact
on overall network connectivity. These findings emphasize the
importance for countries to proactively acknowledge potential
risks and vulnerabilities within the zircon ore trade network,
strengthen international cooperation mechanisms to enhance
collective resilience, and mitigate over-reliance on individual key
nodes to promote a more robust and stable trade environment.

This research, grounded in data meticulously collected from the
UN Comtrade database, provides a comprehensive analysis of the
international zircon ore trade network’s structure, national roles, and
resilience, yielding valuable insights with significant implications for
ensuring the sustainable global supply of zircon resources.While our
analysis employed five distinct node and edge removal methods to
simulate the impact of sudden, disruptive events on the network, this
approach may not fully encompass the complexities of all potential
risks and vulnerabilities. The network analysis model simplifies the
complexity of the real-world trade system, assuming static trade
relationships and not fully accounting for dynamic factors such
as policy changes, technological advancements, or shifts in market
demand. This simplification may not fully capture the nuances of
the dynamic interactions between countries. External factors, such
as geopolitical conflicts, environmental regulations, and trade policy
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changes could also significantly impact the trade dynamics but
were not included in our model. This might affect the predictive
power of our model, particularly on a longer time scale. Future
research should build upon these findings by incorporating more
sophisticated attack simulation techniques, considering dynamic
attack scenarios and their impacts on the entire supply chain;
developing cascading failure models to better understand how
disruptions propagate through the network and the potential
magnitude of their impact; utilizing dynamic network analysis
methodologies to explore the time-varying characteristics of the
trade network; incorporating external factors like geopolitical risk
and environmental policy into the analysis; conducting micro-level
studies to investigate the trade behavior and risk management
strategies of individual companies. These future research directions
will lead to a more comprehensive and practical understanding of
the zircon ore trade network and enhance the development of robust
policies and strategies.
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