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Abstract: The economic and strategic importance of tungsten is widely recognized, but several
concerns exist on its stable future supply. Portugal is one of the main tungsten producers in Europe,
having generated ~121 kt of contained tungsten in mineral concentrates from 1910 to 2020, i.e.,
~3.3% of the global production documented for the same time period. Since the early nineties,
tungsten mining in Portugal is confined to the Panasqueira deposit which accounts for 79% of
the country reserves (~5.4 kt). However, according to the performed Generalized Verhulst and
Richards curve-fitting forecasts, there is a significant future potential for increasing production in
Portugal due to the low (<2%) depletion rates of the remaining known tungsten resources (~141 kt).
This projected growth is not necessarily guaranteed, depending on many unpredictable economic,
technological, and political factors, besides appropriate social consents. Even so, a prudent land-use
planning oriented to long-term needs should avoid the sterilization of the most relevant tungsten
resources so far identified in the country. These are resources of “public importance”, as objectively
demonstrated with a weighed multi-dimensional (geological, economic, environmental, and social)
approach. Safeguarding the access to these resources does not implicate more than ~6% of the
Portugal mainland territory. The joint interpretation of results independently gathered for tungsten
production forecasts and for the definition of areas hosting tungsten resources of public importance,
provides additional support to political decisions on the urgent need to reconcile mineral exploration
surveys and mining with other land uses.

Keywords: tungsten primary resources; global and Portuguese historical production; curve-fitting
models for tungsten production forecasting; tungsten resources of public importance in Portugal

1. Introduction

Tungsten has unique properties and the intensive use of tungsten-bearing products
in a wide range of industrial applications (some of them highly specialized) explains the
economic and strategic value commonly ascribed to this metal, e.g., [1,2]. The global supply
chain of tungsten, as many other mineral-related commodities, depends significantly on
mining and subsequent processing of mineral concentrates, which are subjected to the
basic market laws [3,4]. Therefore, instabilities affecting the production of these upstream
industrial activities have potential to variably disturb the stability of tungsten supply glob-
ally. According to the “opportunity cost paradigm”, e.g., [5,6], the cumulative availability
curves [7,8] should be used to assess the total amount of tungsten that can be produced
economically at various prices with known technologies and considering other operational
constraints. Even so, indications provided by the remaining ultimately recoverable mineral
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resources [9] are also valuable if viewed as an exploratory inspection of the problem. The
same is true when reserves, i.e., the cost-effective fraction of mineral resources, are used in
preliminary surveys on potential short-run shortages caused by possible supply/demand
imbalances. In both approaches, the mineral resources and reserves are not seen as fixed
stocks but rather as valid estimations of the mineral-contained metal that potentially could
be recovered during a specific time-window.

In a recent assessment [10], tungsten was included in a particular group of metals
for which mining production is dominated by a few countries not existing in many other
viable alternatives to quickly change the intertwines that support the current global supply
chain. Actually, the world supply flow is dominated by production in China and exports
from China [11]. This country is also the main world’s tungsten consumer, followed by the
USA and EU [11]. Recent restrictions to the tungsten industry in China have created some
concerns about the world supply pattern for this mineral commodity in the future [3,12,13].
Therefore, considering the common market regulators, e.g., [7,14], production in other
countries is expected to increase via resuming exploitation works in old mines (making use
of up-to-date technologies) and the launch of new mining projects in known deposits. In
addition, increased investments in mineral exploration surveys are also likely, which may
lead to new discoveries (even in well-explored districts) that will expand the resources so
far identified.

Contrary to other mineral commodities, assessments on possible future depletion
of tungsten resources are scarce, limited in time and often focused on the Chinese terri-
tory [15,16]. Historically, for more than a century, Portugal has maintained a meaningful
share of the global production of tungsten mineral concentrates [17]. The main goal of
the present study is to evaluate the prevalent tendency for worldwide tungsten produc-
tion in the future and the possible growth of the Portuguese tungsten production, thus
reducing the EU reliance on imports. To this end, the known tungsten resources and
reserves, and the historical tungsten production at a global and national level, will be used
to constrain the Generalized Verhulst and Richards curve-fitting models. The forecasts
for mining outputs (wolframite and scheelite mineral concentrates) in Portugal will be
discussed taking into account the long-term trends also estimated for the world primary
production. Subsequently, the need of safeguarding the access to the most promising
tungsten resources in Portugal will be addressed, weighing the available geological knowl-
edge with the economic, environmental, and social dimensions implicated in the current
or foreseen exploitation activities. Consistent information regarding the collection and
recycling of tungsten-based scrap in Portugal is missing, but some thoughts on prospective
contributions of this secondary source for the country outputs will be provided.

2. Current Main Concerns about the Tungsten Supply Chain

The ammonium paratungstate (APT) and tungsten oxide, along with tungsten metal
powder and tungsten carbide, are fundamental components of the global supply chain.
The manufacture of all these products is supported by the exploitation, transformation, and
beneficiation (=70%) of wolframite and scheelite mineral concentrates, besides recycling
(~30%) of tungsten-based scrap, e.g., [3]. Cemented carbides (60-65%), steel and metal
alloys (10-15%), mill products (15-20%), and chemicals (<10%) are the main tungsten
applications, mostly consumed in the manufacture of a large variety of automotive compo-
nents, wear resistant cutting and grinding tools, catalysts and electrical /electronic devices,
e.g., [2,18]. However, the increasing importance of tungsten-containing supper-alloys in
aerospace/satellite applications, and of tungsten electron emitters and voltage regulators
in modern electronics, should rule future market expansions, e.g., [19,20].

The global tungsten market is projected to reach /125,000 metric tons (kt) by 2025,
despite the tendency for destocking by some tungsten first-users (i.e., relevant players in
the automotive, aerospace and tooling sectors) and their recent unpredicted reductions in
production during the SARS-Cov2 pandemic [21]. This figure represents the cumulative
effect of an average annual increase of ~2.5% for the tungsten demand since 2017, consid-
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ering the consolidated global consumption of 105 kt in that year. The forecasted average
demand growth is small and below previous estimates for the 2015-2020 period (3 to 4.5%),
but has potential to cause several instabilities in the worldwide tungsten supply chain.

According to data compiled by the United States Geological Survey (USGS) [22],
global primary production in the 2015-2020 time period decreased from 89.4 to 84 kt of
the contained tungsten in mineral concentrates. This production was completed in a large
number of countries, although clearly dominated (>80%) by the Chinese output. Many
efforts have been made in the last decade to expand the geological knowledge on the
tungsten-rich belts in China, e.g., [16,23]. Nonetheless, further developments of tungsten
mining activities in China will be largely constrained by the limited availability of high-
quality ores and new legal restrictions to some industrial routines [12,13]. This tendency
will gradually change the continuous path of increased production of mineral concentrates
over the last 40 years by this country, despite the sustained decline of tungsten prices
since 2014 (often below the break-even mining costs). The existing APT stocks (mostly in
China) and improvements in recycling of tungsten-based scrap have been instrumental in
the fulfilment of the most recent market needs and short-term demand growths. Even so,
the depletion rates of APT stocks in China are accelerating due to a consistent increase of
domestic consumption, thus reducing their lifetime and restraining exports of tungsten-
bearing products [13].

Inputs from recycling, although significant, are not enough to overcome strong re-
ductions of tungsten primary production. In China, the largest world consumer (=55%
of the whole tungsten market), recycling rates of tungsten-based scrap do not exceed
~10% [13,24], well below the global average value of 30% [3,25,26]. Furthermore, in many
applications, tungsten recycling is very demanding, highly expensive, and sometimes
impossible due to dispersion or dilution effects [3,25-28]. There are some options for
tungsten substitution in several applications but these result in losses of product perfor-
mance and/or higher manufacturing costs [2,28]. Therefore, (1) the hegemony of China in
tungsten-producer/consumer chains, (2) the challenges posed by tungsten recycling along
with the lack of appropriate and widespread post-consumer collection systems, and (3) the
poor merit of potential tungsten substitutes, generate concerns about the supply stability of
tungsten-bearing products in the future. These concerns combined with the economic and
strategic importance of tungsten have justified its classification as a critical raw material by
some main consumers, such as the USA, Japan, Australia, and the EU [29-33].

The use of tungsten-bearing products in the EU has reached a significant share (14
to 19%) of the global amount consumed yearly since 2011 [30]. The domestic produc-
tion of tungsten intermediates (APT and tungsten oxide) is negligible and the maximum
contribution from recycling is estimated on 49% of the total tungsten material input in
the region [34]. The EU output of mineral concentrates has remained relatively constant
over the past 20 years with production coming from Austria and Portugal and, from 2008
onwards, mostly complemented by the tungsten exploitation resurgence in Spain. Yet, this
output represents less than 15% of the non-Chinese primary production [29,30]. Reduc-
tion of the EU reliance on tungsten imports implies concerted political /industrial actions
that definitely encourage the development of domestic endeavors on mineral exploration,
mining and processing of mineral concentrates, besides the ongoing agendas on reuse and
recycling, e.g., [35].

3. Databases and Data Handling

The open data series available on the USGS website was used to characterize the
historical global production of tungsten from 1910 to 2020 [22]. Reference values for the
tungsten world resources and reserves were also compiled from the same source to ensure
internal data consistency. The historical record of tungsten production in Portugal from
1910 to 2020 was obtained in official reports of the General Directorate for Energy and
Geology (DGEG—https:/ /www.dgeg.gov.pt/pt/estatistica/geologia/, accessed on 18
January 2021). Data on tungsten resources and reserves in Portugal were collected from
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DGEG inventories and cross-checked with figures reported in the Information System of
the Portuguese Mineral Occurrences and Resources (SIORMINP, [36]) managed by the Por-
tuguese Geological Survey (LNEG), also summarized in a recent published assessment [17].
All these numbers are in Table S1 of Supplementary Materials.

The SIORMINP national catalogue was used to collect the baseline information on
all the documented tungsten occurrences/deposits in Portugal, further complemented
with details provided by DGEG about areas granted for mineral exploration and exploita-
tion (https://www.dgeg.gov.pt/pt/areas-setoriais/geologia/depositos-minerais-minas/,
accessed on 27 January 2021), and with up-to-date technical information on the most
relevant tungsten ore systems so far recognized in the country. The resulting database
assisted the multi-criteria methodology explained in Section 3.2, aiming at a safeguarding
recommendation/decision on the current and future access to the Portuguese tungsten
resources.

3.1. Curve-Fitting Models for Tungsten Production Forecasting

As reported in many studies, e.g., [37—41], mineral production over time are mostly
often described by bell-shaped or logistic curves. The numerical approaches so far tested
differ in several details, but the Generalized Verhulst Model (GVM)

n _ 1) p(k(t—tm))
4(t) = URR(t) x S L (@ -1e _ .
[14 (2 — 1)elk(t=tm)]
and the Richards Model (RM)
-1
Q(t) = URR(t) x {1 +bx e(—k(t—tm))} G o

cover suitably the range of curve-fitting solutions to historic production data. In fact, GVM
reproduces the Hubbert model when the distribution of the annual production 4(t) is
symmetrical, i.e., when the curve shape parameters (k and n) match 1 and ¢, = 50 (the
time at which the resource is one-half depleted). The RM replicates the Logistic curve
for the cumulative production over time Q(t) when the shape parameter b = 1, being
equivalent to the Gompertz model when b — 0, see also [38,42]. In both Equations (1) and
(2), URR(t) denotes the ultimately recoverable resources, i.e., the upper limit to cumulative
production. This is a critical parameter, often uncertain and variable with time due to
advancements in geological knowledge and/or technology, besides externalities related
to the evolution of economy/market conditions and/or to political factors. Therefore,
URR(t) values are not fixed stocks. They represent instead a time-dependent estimation of
variably characterized quantities that should be reviewed regularly in accordance to the
results of mineral exploration surveys, e.g., [43]. The fraction of resources that could be
economically exploited in a specific time-frame is classified as reserves. The latter are also
time-dependent amounts vulnerable to a large number of economic, financial, regulatory,
legal, social, and environmental parameters related to mining, mineral processing, and
trading, e.g., [43]. Accordingly, forecasts constrained by current estimations of resources
and reserves are controversial [7,43], despite their usefulness if correctly interpreted.

In this study, the long-term tungsten production in Portugal was estimated with GVM
and RM curve-fitting models and compared with trends similarly obtained for global
production. Modelling results were fitted to historical production data series from 1910
to 2020 using least squares minimization and URR(t) as a first constraint. The currently
estimated values for tungsten resources and reserves worldwide and in Portugal were
cautiously used to confine a plausible range for URR(t). The Portuguese output of tungsten
mineral concentrates over time shows a significant irregularity that could be tentatively
ascribed to distinct production cycles, but an adequate numerical inspection of this possible
multi-cycle pattern [44] is hindered by data quality compiled for some periods, namely
those previous to 1950. Therefore, a single production cycle was assumed during modelling.
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The depletion rate, a measure of how rapidly recoverable resources are exhausted,
e.g., [45], was also examined. Using the URR(t) values as reference, the depletion rate at a
time ¢ is
q(t)

URR;

However, considering the remaining recoverable resources at a certain time, the
resulting depletion rate
q(t)

dRRR,t = m

is far more useful in prospective analysis [45]. This measure is not influenced by the curve
shape nor by the number of cycles in modelling [42]. However, it can be used to prevent
models from reaching mathematically optimal but unrealistic production rates [39,46].
The numerical approaches in this study were constrained by an allowed maximum dgrgg
of ca. 5% [45]. Nonetheless, it should be noted that none of the models reported in
Section 4.1 for the global tungsten production actually reaches this drgg ; upper limit. In
what concerns the Portuguese production, the limitation imposed to drgg  was useful in
forecasting the analysis constrained by minimum URR(t) values. Considering the dynamic
character of URR(t), high depletion rates do not necessarily indicate “imminent collapses”
in production. They could simply be interpreted as an alert to the need to intensify efforts
on mineral exploration and improve the efficiency of mining/processing activities, together
with research seeking for suitable mixings of secondary sources of raw materials [47] and
references therein.

®)

Aurr: =

4)

3.2. Multi-Criteria Methodology for Delimit Tungsten Resources of Public Importance

The safeguarding of current and future access to mineral resources is a key issue
in any objective agenda for social-economic development. However, the need to assign
specific areas to mining activities and to reconcile active or latent conflicts with other
land uses is not free of controversy, being additionally of problematical implementation.
Different approaches have been recently proposed to deal with these issues [48-50]. In
this study, we will use the multi-criteria methodology reported in [48], which relies on
the concept of mineral resources of public importance (MRoPI). This implies that decision-
makers and authorities have the responsibility to justify their judgement on the basis of a
comprehensive analysis of what mineral resources should be safeguarded, evaluating what
benefits would be gained and by who, with which costs and risks [51-54]. Accordingly,
none of the identified mineral resources or promising exploration targets is excluded a
priori, as long as the available information is sufficiently robust and credible to support a
safeguarding decision and fully understood by all the concerned stakeholders.

The intended assessment, necessarily valid for a certain time range, is based on
various sets of criteria that should rank the relative importance of: (i) All the deposits
with proven or probable reserves; (i) all the known uneconomic deposits with measured,
indicated or inferred resources; and (iii) all the tracts hosting hypothetical deposits for
which there are exploration results. Four main sets of criteria were defined, allowing an
integrated appraisal of: (i) The level of geological knowledge (LGK) available for each
specific tract; and (ii) the past, ongoing or foreseen exploitation activities in a specific
tract, pondering equally the economic (Ec), environmental (Ev), and social development

4
and acceptance (SDA) dimensions. Factors backing each criteria (LGK = ) Gj;Ec =
i=1

5 7 5
Y Ecj;Ev= Y Ev;SDA = )} SDAy) were variably weighed (k;.. .. k), and a general
J=1 1=1 w=1

MRoPI ranking (=MRoPI,) was established by means of:
5

4 7 5
MRoPI, =55) (Gikj)QDA; + 1.5 <2 (Ecjkj)QDA;+ Y _(Evjk;)QDA; + ) (SDAwkw)QDAw> (5)
i=1 I=1

j=1 w=1
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where (QDA; ... QDAy) represent a general “qualitative data assessment”, which equals
1.00 if the data is considered sufficient to assist the appraisal or 0.00 if there is no data
available to support a credible assessment. Table 1 provides a summary of the criteria used
and their weigh, and further details can be found in [48]. Other application examples are
provided in published studies [55,56].

Table 1. Summary of the criteria used to assess MRoPI, based on the level of geological knowledge (LGK), economic (Ec),
environmental (Ev), and social development and acceptance (SDA) dimensions.

Criteria Weigh
Gy Background geological info and knowledge 0.20
Gy Regional exploration info and knowledge 0.30
LGK G3 Past exploitation info and knowledge 0.20
Gy Comprehensive, up-to-date info and knowledge 0.30
Ecq Intrinsic value of a specific tract, given the natural attributes 0.25
Ecy Mining/quarrying lifetime within a specific tract 0.20
Ec Ecs Contribution of an active operation to the added-value chain of mineral products 0.20
Ecy Relevance to domestic market, reducing the EU dependence in mineral imports 0.20
Ecs Significance of exports trade (outside the EU) 0.15
Evy Compatibility of mining/quarrying operations in a specific tract with other natural values 0.20
Ev, Impact of past exploitation activities in a specific tract 0.20
Evs Comparative impact with other land uses or economic activities (existent and projected) 0.10
Ev Evy Mining impact or foreseen disturbances in natural flows in a specific tract 0.15
Evs Ongoing or proposed mitigation and rehabilitation measures in a specific tract 0.10
Evg Land use for mining and processing in a specific tract 0.15
Evy Mining wastes/residues production and buffering in a specific tract 0.10
SDA; Mining acceptance 0.20
SDA; Compatibility with other land uses 0.15
SDA SDA3 Impact in the settlement and growth of populations 0.15
SDAy Impact in direct/indirect jobs creation and welfare rise 0.25
SDAs Wealth improvement and complementarity with other economic sectors 0.25

Different combinations of G; to G4 criteria show that high levels of geological knowl-
edge (i.e., LGK = 0.73), supporting MRoPI, > 4, offer the confidence needed to substanti-
ate a safeguarding recommendation/decision on the maintenance of current use and/or
future access to the mineral resource recognized. Priorities about the use/access of safe-
guarding of specific tracts scored in the interval 4 < MRoPI, < 10 can also be objectively
defined with this methodology, indicating:

e  As a first priority, specific tracts with MRoPI, > 7 where mining/quarrying activities
or detailed exploration surveys should have prevalence over any other kind of land
use;

e  Asasecond priority, specific tracts with 6 < MRoPI, < 7 where the land access/use
should be preferentially, but not exclusively, assigned to exploration and/or exploita-
tion works; alternative land uses are thus possible provided that they do not lead to
partial or total sterilization of the identified resources;

e  As a third priority, specific tracts with 4 < MRoPI, < 6 where land planning should
be managed carefully, favoring the progression of exploration surveys whenever
needed and avoiding circumstantial or long-lasting alternative land uses that can
jeopardize further endeavors that may guide to viable mining operations.

In addition, it should be noted that the Ec, Ev, and SDA dimensions were only con-
sidered in specific tracts scoring MRoPI, > 4 and whenever independent and up-to-date
studies on these issues could be consulted, otherwise, nil values for QDA;, QDA;, QD Ay
were used.

The final outputs were produced in ArcGIS 10.4.1 and all data information referred to
the PT-TM06 /ETRS89—European Terrestrial Reference System 1989. Whenever needed,
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the Geostatistical Analyst tool of ArcGIS was used in data handling and, as discussed
in [30], the variography-supported simple kriging interpolation was chosen to delimit the
areas hosting tungsten resources of public importance.

4. Results
4.1. The Portuguese Share of Tungsten Global Primary Production

All the available statistics show that Portugal has had a significant participation in
the global primary production of tungsten mineral concentrates, being one of the most
relevant players in Europe for more than a century. From 1910 to 2020, the Portuguese
input totaled 121.53 kt of the contained tungsten in mineral concentrates, representing ca.
3.3% of the world production documented for the same time period (3.71 million metric
tons, Mt)—Figure 1a (data in Table S1 of Supplementary Materials). The golden periods
of production occurred in the 1910-1920 and 1940-1950 decades during which Portugal
accomplished more than 10% of the global production (Figure 1b).
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50,000 World production
= 1 . -
World pr n
q:) 1,000,000 - orld productio £
= E -
5 c
o 8
= 100,000 + = 5000
© ] G
o .
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(a) (b)

Figure 1. (a) Cumulative tungsten production in Portugal and worldwide over the 1910-2020 period; (b) annual tungsten
production in Portugal and worldwide from 1910 to 2020; the percentage of the Portuguese input to global production is
indicated by the broken dashed-line in orange. Data in Table S1 of Supplementary Materials.

Intensive mining of several quartz-lode deposits along with many artisanal panning
and digging exploitation works (mostly in low-tonnage and low-grade cropping-out quartz-
lode occurrences) were decisive to the annual tungsten production increase in Portugal
between 1937 (overcoming for the first time 1 kt) and 1945. This combined effort allowed
achieving tungsten productions above 3 kt/year from 1941 to 1943, peaking at 3.42 kt in
1942. However, these were very particular years when the war effort in Europe (1939-1945)
encouraged production growths at any cost, using all the possible means. In general,
tungsten production in Portugal remained consistently above 1 kt/year between 1937
and 1990, excluding the brief 1963-1966 period when the outputs ranged from ~0.80 and
0.97 kt/year. From 1991 onwards, the tungsten produced yearly in Portugal was narrowed
to the interval 0.5-1 kt.

Empirical evidence show that operational difficulties in some underground mines
affected the tungsten mining production in Portugal during the late sixties and most of
the seventies. Several technical setbacks (or investment shortages) in the upgrading of
processing lines for specific ore types (often showing a complex mineralogical matrix) also
occurred in that period. Therefore, the Portuguese tungsten industry was vulnerable when
the rapid decline in international prices of tungsten began in 1980, determined by the large
quantities of low-priced Chinese ores in the market. All these factors led to the gradual
closure of extractive operations in the country. In the early nineties, only the Panasqueira
Mine was active and, despite various critical episodes (the most serious in 1994), it was
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possible to continue the production in this important industrial center up to the present
time.

4.2. Future Trends of Tungsten Primary Production in Portugal

As briefly addressed in Section 3.1, the upper limit to cumulative production (URR(t))
and the depletion rates of remaining recoverable resources (drrr ;) are the most important
constraining factors of the intended GVM and RM curve-fitting models. Both factors will
be examined in the next two subsections, preceding the report of modelling results.

4.2.1. Reserves and Resources

Information on tungsten reserves and resources so far recognized in the most impor-
tant Portuguese deposits [17,36] is summarized in Table 2. Estimates on tungsten reserves
(proved and probable) are only available for three quartz-lode deposits: Panasqueira,
Borralha (also comprising mineralized quartz-breccias), and Vale das Gatas. Jointly, the
Portuguese reserves make 5.4 kt of contained tungsten in wolframite-dominant mineral
concentrates, representing 0.16% of the world reserves (3.4 Mt) indicated by the USGS
database. Circa 79% of the country reserves are confined to Panasqueira, but these figures
could change in a near future as a result of ongoing studies about the economic feasibility
to resume the exploitation works at Borralha and Vale das Gatas (both suspended in the
late eighties).

Table 2. Tungsten resources and reserves (metric tons of metal content in mineral concentrates) estimated for the most

relevant known deposits in Portugal. Data revised in 2017 [17].

Resources Reserves
Measured Indicated Inferred Proved Probable
Panasqueira 854 4910 1744 2543
Borralha 456 32 127
Vale das Gatas 956
Lagoaga-Fonte Santa 26,269
Covas 6111
Cerdeirinha 2296
, Valdarcas 932
Serra d'Arga Fervenga 994
Lapa Grande 592
Telheira 850
Sta Leocadia-Barcos 1190
S. Pedro das Aguias 6463 5710
Bejanca-Bodiosa 1866
Vale de Porros—Riba d’Alva 1461
Tarouca 9516 11,102
Murcos 41,141
Y 42,460 17,289 62,862 2741 2670

Computation of total tungsten resources in Portugal is not free of controversy as data
presented in different studies and technical reports vary significantly, also reflecting the use
of distinct measurement procedures and criteria over time. Thus, the numbers in Table 2
should be understood as the best possible approximation, being certainly influenced by
inaccuracies that cannot be suitably assessed. Tungsten resources (measured, indicated,
and inferred) reported for the 11 deposits listed in Table 2 totalize 122.6 kt and ~60% of this
amount corresponds to scheelite-dominant mineral concentrates that could be obtained in
skarn-type deposits and endo- to exo-granite batholith stockworks.

On the basis of the figures in Table 2, one may conclude that tungsten reserves so far
recognized in Panasqueira, Borralha, and Vale das Gatas could be used as a conservative
threshold for URR(t). In other words, the 5.4 kt of tungsten could be viewed as the upper
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limit to short-term cumulative production in Portugal, assuming that mining will proceed
in Panasqueira and that exploitation works will restart soon in Borralha and Vale das Gatas.
However, the tungsten production forecasting over longer time runs should consider the
known resources in the country, besides its reserves. The 128 kt (122.6 + 5.4) documented
in Table 2 represents a good starting number to estimate a plausible maximum value
for URR(t), which must include the resources of many other (small) tungsten deposits
(Figure 2). The main problem is that no reliable estimates exist on this part of the whole
tungsten endowment of the Portuguese territory. This difficulty was circumvented by
assuming that resources related to all these small deposits represent 10% of the amount
listed for the 11 main deposits in Table 2, i.e., 12.8 kt of tungsten. As a result, the upper
limit to long-term cumulative production of tungsten in Portugal was tentatively placed
at 141 kt (=122.6 + 12.8 + 5.4), which corresponds to 2% of the tungsten world resources
(7 Mt) indicated by the USGS database.

10°0'0"”"W 0°0'0”"W

40°0°0”N

© Tungsten deposit of large dimension
© Tungsten deposit of medium dimension
Tungsten deposit of small dimension
Administrative boundaries
1- Panasqueira; 2 — Borralha; 3 —Vale das Gatas; 4 — Lagoacga-Fonte Santa; 5 —

Covas-Cerdeirinha; 6 — Sta Leocéddia-Barcos; 7 — S. Pedro das Aguias; 8 —
Bejanca-Bodiosa; 9 — Murgos; 10 — Vale de Porros-Riba d’Alva; 11 — Tarouca.

Figure 2. Spatial distribution of the known tungsten deposits in Portugal mainland, according to the Information System

of the Portuguese Mineral Occurrences and Resources (SIORMINP, [19]) managed by the Portuguese Geological Survey
(LNEG). The 11 deposits listed in Table 2 are numbered as in the official maps provided by LNEG.

4.2.2. Depletion Rates

The variation of depletion rates over time can be evaluated considering the historical
production of tungsten in Portugal and worldwide, and the range of URR(f) imposed
by current estimates for the country and global reserves and resources (Figure 3; see also
Table S2 of Supplementary Materials).

Making use of minimum URR(t) values, i.e., the known reserves, the highest (>2%)
durr, rates were achieved in Portugal during 1940-1943 and 1951-1953, besides the year
of 1957 (Figure 3a). With the exception of these periods, dijrr + remained around 1.2-1.3%
from 1938 to 1990, despite some occasional fluctuations, and from 1991 onwards, diirg ¢
values dropped to 0.5-0.7%. This general tendency for dijrgr; decreasing with time in
Portugal does not follow the consistent rising trend of depletion rates of world reserves
from ~0.3% in 1938 to ~1.2% in 2020 (Figure 3a). As expected, similar conclusions can
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be drawn for the record of depletion rates referred to maximum URR(t) values, i.e., the
known resources, only lowering the absolute dijgrr ; values in each year (Figure 3a).

The scenario changes significantly when the difference URR (#)—Q(t) is used to assess
the variation of depletion rates over time (Figure 3b). Taking into account the Portuguese
tungsten reserves, drgr ¢ values ranged from 2 to 4% during 1940-1944, 1951-1957, 1960-
1961, and 1968-1983, exceeded 4% in the course of 1984-1990, 1995-1998, and 2000-2004
periods, and went above 5% from 2005 onwards. This progression, suitably described by
a Sth-order polynomial function (Figure 3b), reflects a marked depletion of Portuguese
reserves over time, which has accelerated in the last 15 years in consequence of intense
mining confined to the Panasqueira deposit. The evolution registered for the annual
depletion rates of world tungsten reserves is not so fast (Figure 3b), consistently exceeding
1% only after 2000. However, in the last 19 years, the depletion rate of the remaining
tungsten global reserves has increased significantly, reaching 2% in 2012 and 2.7% in 2020.
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Figure 3. (a) Variation of dijgg ¢ over the 1910-2020 time period, using the Portuguese and global tungsten reserves and
resources as maximum and minimum URR(t) values; (b) variation of drgrr + over the 1910-2020 time period, considering
the remaining Portuguese and global reserves and resources; the green dashed-line represents the 5th-order polynomial
fitting the depletion rates of remaining tungsten reserves in Portugal. For calculation purposes, the reference URR(t) values
are obtained by adding the historical cumulative production to current estimates of URR. Data in Table S2 of Supplementary

Materials.

When the remaining global recoverable resources of tungsten are taken as reference,
the drrRr + values are necessarily lower but the trend of gradual increase in depletion rates
(exceeding 1% in 2011) is not modified. On the contrary, the figures for Portugal show a
clear decline since 1986, from ~1 to 0.4% in 2020, with a mean value of ~0.5% throughout
these 34 years. This record, being consistent with the slowdown and subsequent ceasing
of tungsten mining in many Portuguese deposits during the eighties, suggests that the
remaining resources could be the target of future exploration and exploitation endeavors.

4.2.3. Modelling the Long-Term Primary Tungsten Production

Fundamental results of the performed modelling are summarized in Table 3. The
complete datasets, also supporting the cross-plots provided in this subsection, are listed
in Tables S3 and S4 of Supplementary Materials. Additional cross-plots, using the annual
tungsten production, q(t), rather than cumulative production, Q(t), are in Figure S1 of
Supplementary Materials.

Curve-fitting models for tungsten production in Portugal are shown in Figure 4b.
Using the known reserves as the lower URR(t) threshold, the peak year estimated with
GVM and RM are comparable, differing in just 4 years. The time expected for the depletion
of one-half of these reserves is also similar in both models (1962 in GVM and 1961 in
RM). When the upper URR(t) threshold is used as reference, i.e., total resources, the
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GVM-, and RM-projected peak years differ significantly, although displaying analogous
maximum productions. The peak year indicated by the GVM curve-fitting precedes in 14
years the time at which one-half of the Portuguese tungsten resources should have been
exploited (1972), which is attained 12 years earlier than predicted by the RM approach. The
goodness-of-fit to historical data is higher in the GVM-derived solution, but indications
provided by RM are not necessarily unreasonable, as discussed in Section 5.1.

Table 3. Main curve-fitting solutions to historic tungsten production data in Portugal and worldwide,
making use of the Generalized Verhulst Model (GVM) and Richards Model (RM).

World Portugal
URR(t) 3.4 Mt 7 Mt 5.4 kt 141 kt
CVM Peak year 2020 2029 1965 1958
Maximum production (kt) 68.9 76.6 1.7 1.8
RM Peak year 2014 2036 1961 1984
Maximum production (kt) 68.2 90.1 1.9 2.0
250,000 T 250,000 +
200,000 URRpgnyq = 141 kt 2200000 | URRpgpen = 141 kt
[ [
€ €
S GVM S RM
= 150,000 + = 150,000 +
k] k]
2 2
o o
‘:; 100,000 + ‘:; 100,000 +
% %
E E
d 50,000 + d 50,000 +
0 + + + + ! 0 t t t {
1900 1950 2000 2050 2100 1900 1950 2000 2050 2100
(a) (b)
5.0 1 5.0 +
URRPortugal =141kt URRPM“gaI =141kt
4.0 + 4.0 +
GVM RM
X X
E 3.0 E 3.0 +
o o
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5 5
20 | 20 L
10 10
0.0 /\‘ 0.0 ; ; ; |
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(c) (d)

Figure 4. Forecasting of cumulative tungsten production in Portugal using curve-fitting models constrained by historical
data (black dots) and maximum and minimum URR(#) values (i.e., tungsten reserves and resources estimated for the
country): (a) Generalized Verhulst Model (GVM); (b) Richards Model (RM). Variation of drgr over time as predicted
by results from GVM (c) and RM (d) approaches. For calculation purposes, the reference URR(t) values are obtained by
adding the historical cumulative production to current estimates of URR. Data in Table S3 of Supplementary Materials.

According to GVM curve-fitting results, maximum (~4.4%) depletion rates of the
remaining recoverable reserves in Portugal were reached during the early nineties, quickly
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declining afterwards (Figure 4c). The RM curve-fitting results also placed depletion rates
around 4.4% in the same time-span, but drrr ; growth continues until the limiting level
of 5.0-5.1% is reached from 2017 onwards (Figure 4d). Depletion rates of the remaining
recoverable resources in Portugal progressed at a substantially lower range of values, as
expected. For the GVM curve, drrr; peaked at ~0.9% in 1964-1965, gently falling in the
subsequent years (Figure 4c). The logistic progression inherent to the RM approach predicts
a smooth increase of drgg ¢ over time, attaining 0.9% in 1965 and advancing until values
above ~1.5% from 2009 onwards, although never exceeding 2%.

For the global production of tungsten (Figure 5a,b), GVM and RM approaches yield
similar estimates in peak year, only differing 6-7 years. The peak years forecasted with
GVM (2020 and 2029) occur 3 years after the time at which the world reserves should be
half depleted, but precedes in 10 years the expected consumption of half of the known
global resources. The peak years estimated with RM (2014 and 2036) coincide with the
projected time for the reduction to one-half of the world reserves and resources so far
recognized.
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Figure 5. Forecasting of cumulative tungsten production in the world using curve-fitting models constrained by historical

data (black dots) and maximum and minimum URR(t) values (i.e., global tungsten reserves and resources): (a) Generalized
Verhulst Model (GVM); (b) Richards Model (RM). Variation of drrg ; over time as predicted by results from GVM (c) and
RM (d) approaches. For calculation purposes, the reference URR(t) values are obtained by adding the historical cumulative

production to current estimates of URR. Data in Table S4 of Supplementary Materials.

In agreement with GVM curve-fitting results, maximum depletion rates of the re-
maining world tungsten reserves (=23.7%) should be reached by 2075, but only 23 years
(from 2018 to 2041) will be needed to accelerate the progression of dgrrg ; from ~2 to ~3%
(Figure 5c). If RM-derived results are considered, the drrr plateau of ~3.7% will be
achieved from 2087 onwards, exceeding for the first time ~2 and ~3% by 2015 and 2043,



Resources 2021, 10, 64

13 of 26

P Auagw
D Auw ©
@ Bew ]
© PbAWW @
® Powsn @
@ sbwau ©
@ sn ©
@ sntaw @
@ snw G
@® sowri @
@® usnw @
® uw o
ow )

respectively (Figure 5d). Possible future scenarios could be “less stressful” if the remaining
known tungsten resources are considered in modelling. In fact, when the evolution of
tungsten global production over time is constrained by the maximum URR(t) value, the
GVM-estimated production generates drrg ; rates that never exceed 2%, coming close to
~1.9% only by 2100 (Figure 5c). For the same starting conditions, the RM curve-fitting
results yield depletion rates that attain 2% by 2046, further increasing up to ~3% until 2089
before reaching the plateau level (~3.2%) several decades after 2100.

4.3. Tungsten Resources of Public Importance in Portugal

The methodological procedure introduced in Section 3.2 was applied to 385 specific
tracts listed in SIORMINP, which include the 284 tungsten occurrences/deposits, plus 101
more where tungsten stands as an important, although not the prevalent, metal (Figure 6a).
This allowed scoring each specific tract with a MRoPI, value. However, for land-use
planning objectives, the scattering of data points in a map is insufficient, being necessary
to delimit areas. To this end, simple kriging interpolation was used, considering the
vertices and centroids of polygons hosting the main tungsten exploration targets in the
country besides the 385 specific tracts (Figure 6b). These polygons represent areas recently
(2007-2016) granted by DGEG for tungsten exploration and exploitation in Portugal, after
selecting solely those whose centroid was positioned within a maximum distance of ca.
1000 m from a mineral deposit/occurrence. When in the presence of superimposed and
geometrically (dis)similar prospects assigned to one or more companies during 2007-2016,
the smallest polygon was preferably chosen.
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Figure 6. (a) Spatial distribution of the 385 tungsten-bearing specific tracts in Portugal mainland, considering the geographi-
cal coordinates and the geochemical association listed in the Information System of the Portuguese Mineral Occurrences
and Resources (SIORMINP, [19]). (b) Vertices and centroids of selected polygons based on the exploration/exploitation
areas granted by DGEG from 2007 to 2016. Colors and patterns of polygons indicate the relative importance of tungsten in
the contract; the most significant surveys are those oriented to tungsten (yellow), tungsten-tin (red), and tin-tungsten (blue).
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4.3.1. The Level of Geological Knowledge (LGK)

According to the methodology used [48], the public importance of mineral resources
and their safeguarding rely on geological attributes. Therefore, criteria supporting the
LGK appraisal will determine the MRoP]I, value. The subsequent assessment of economic,
environmental, and social dimensions will contribute with added-value features to specific
tracts having MRoPI, > 4, and should be based on results of up-to-date studies.

The background geological data (G;) for the region where tungsten deposits/occurrences
were recognized is suitably detailed and of good quality. The existing/documented results
on regional mineral exploration (G;) are satisfactory (covering several areas with a reason-
able sampling density for soil and stream sediments geochemistry, locally complemented
with whole-rock geochemical data), although needing some improvements besides surveys
aiming at the search of concealed deposits. Information regarding old and current tungsten
mining activity (Gs) in the country is also available in many technical reports that can
be consulted in DGEG, fulfilling the requirements of the selected approach. Thus, for
all the 385 specific tracts, the values 1.00, 0.75, and 1.00 were set for criteria G;, Gy, and
Gs, respectively. The basis of G4 scoring was the resource category as reported in the
official catalogue SIORMINP, which follows the United Nations Framework Classification
for Reserves and Resources (version 1997), also covering mineral occurrences (Table 4).
As a result, three specific tracts host deposits with assessed reserves, 32 specific tracts
host deposits with estimated resources, and 350 specific tracts represent prospects with
promising exploration results or sites where some kind of exploitation was completed in
the past. The lowest category (“Mineral”) was further divided into different classes (0.15,
0.25, and 0.35) by adding or subtracting 0.10 in function of bonus or penalty sub-criteria,
respectively (Table 4). The objective was to weigh the existing information about these
particular tracts gathered through exploration and/or exploitation works carried out in the
past.

Table 4. Reference conditions used in G4 scoring.

Categorisation of
Tungsten Resources in Scores Bonus and Penalty Sub-Criteria Scores
Portugal (SIORMINP)

Production data referring
exclusively to the period of

World War II or showing
. . —0.10
Mineral decreasing values since that
(exploration results, 0.25 period .or z.artisanal Panping and
hypothetical resources) digging exploitation.
Documented production data or
10 or more old exploitation +0.10

contracts over or surrounding
the specific tract.

Inferred resources 0.50
Indicated resources 0.75
Measured resources 1.00

Proved reserves 1.00

The application of LGK criteria allowed scoring 104 specific tracts with MRoPI, > 4,
i.e., 27% of the 385 entries listed in SIORMINP (Figure 7). These tracts include 69 prospects
with promising mineral exploration results in addition to the tungsten deposits with
assessed reserves (3) or estimated resources (32). A large part of these tracts coincide,
as expected, with those classified as “high potential” in some most recent appraisals,
e.g., [17,57]. The MRoP]I, values obtained for the tungsten resources listed in Table 2 range
from 4.68 to 5.09 (for a possible maximum of 5.5.), the lower scores depicting examples
from Serra d’Arga with the exception of Covas.



Resources 2021, 10, 64

15 of 26

MRoPIr
o 3.69-3.99

» AvAgw ©
D Auw ©
® Bew )
® PbAWW @
® PoWSn @
@ sbwau ©
@ sn O
@ SnTaw @
@ snw €]
@ SwTi @
® usnw @&
@ uw ]
ow ')

Active Mine
R Panasqueira

/
WAsAu

WAUAg
WBe
WMo
WQz
WSbAu

) WSn

WSnAg
WSnBe
WSnCu
WSnF
Wwu
WAs

©
® " MRoPIr histogram and statistics
Frequency 10” Count  :385 Skewness 12,7365
250 Min 13,685  Kurtosis 19,5505
Max 15,0875 1-st Quartile : 3,85
07 Mean  :3,9661 Median 13,85
Std. Dev.:0,31356 3-rd Quartile : 4,015

S g

300 s 397 an 425 43 453 487 a8 495 500

0 25 50 )
— ) Km

Figure 7. Spatial distribution of the 104 tungsten-bearing specific tracts with MRoPI, > 4 in Portugal mainland.

4.3.2. Economic (Ec), Environmental (Ev), and Social Development/Acceptance (SDA)
Dimensions

Of the 104 specific tracts with MRoPI, > 4, Panasqueira is the only one that can be
objectively assessed in terms of Ec, Ev, and SD A dimensions because it is the sole tungsten
mine active in the country since the early nineties, which also has been subjected to recent
studies providing factual data for the criteria listed in Table 1.

The Panasqueira is a well-known world-class tungsten deposit recording a long-
lasting exploitation activity and far from being exhausted [58,59] and references therein.
Considering the natural attributes of this tract and the relevance of mining production in
Panasqueira to the global tungsten supply chain, criteria Ec; and Ec, were scored with 1.00,
regardless of some concerns raised in [60]. As there is no domestic cluster for specific added-
value beneficiation of tungsten mineral concentrates, nor any smelter, the minimum score
(0.25) was ascribed to Ecz. All the produced tungsten mineral concentrates are exported to
countries out of Europe, having as prime destiny the USA, not really contributing to the
European market, but impacting on the Portuguese exports trade, therefore justifying the
scores of 0.25 and of 1.00 assigned to Ecy and Ecs, respectively.

The Ev dimension was evaluated according to results of the “Environmental Impact
Assessment” released by the Portuguese Environment Agency (APA) and the information
reported in [60]. Regarding Ev;, Panasqueira scores 0.75, fulfilling all the requirements
imposed by the mandatory environmental licence. The 0.50 score credited to Ev; reflects the
long mining history at Panasqueira and the very significant impact inheritance, although
being minimised through a series of recent and well-succeeded rehabilitation programs.
No attempts were made to quantify Evs given the inexistence of reliable data to do so. A
score of 0.50 was ascribed to Ev, since active measures to minimise impacts related to ores
exploitation and subsequent production of mineral concentrates exist and are monitored,
resulting in moderate levels of natural flows disturbance. Impacts associated with the
old mining inheritance require an expensive maintenance and long-lasting systematic
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monitoring, justifying the 0.50 score attributed to Evs. As Panasqueira is an underground
mine with large-scale processing facilities, Evs was settled at 0.50. The Ev; was also
scored at 0.50, reflecting the production of significant amounts of wastes/residues correctly
accumulated and buffered.

The SDA assessment was based on results reported in [61], addressing the social
perception of risk in two Portuguese mining communities (Panasqueira and Aljustrel).
A score of 0.50 was ascribed to SDA;, denoting a “sceptic to apprehensive social ac-
ceptance in relation to mining operations” performed at Panasqueira. The SD A, scores
1.00, since the compatibility with other land uses is strong, according to the information
in recently updated Municipal Land-Use Plans. The considerable impact in population
settlement and growth and in jobs creation, despite the less favorable perception of pop-
ulation [43], support the 0.75 score assigned to SDA3z and SD Ay criteria. The industrial
activity directly and indirectly related to the Panasqueira Mine has also significant impacts
in wealth improvement, as factually documented by the official institute “Statistics Portu-
gal” (https:/ /eportugal.gov.pt/entidades/instituto-nacional-de-estatistica, last accessed
on 3 February 2021), thus supporting an SD As of 0.75.

Assembling the scores gathered for criteria behind LGK, Ec, Ev, and SD A dimensions,
a final MRoP]I, of 8.07 (in 10.00) results for the Panasqueira tract when Equation (5) in
Section 3.2 is applied.

4.3.3. Mapping the Tungsten Resources of Public Importance in Portugal

The use of vertices and centroids of polygons hosting the main tungsten exploration
targets in the country increased the spatial point-density and improved the interpolation
outputs. The MRoPI, value ascribed to vertices and centroids was done separately, in both
cases considering the LGK appraisal results previously obtained for the 385 specific tracts.
Based on the combination of two spatial union operations, the MRoPI, value of the nearest
neighboring specific tract was compiled for each vertex and centroid, together with some
numerical attributes (higher, lower, and average values) of the group formed by the “cloud”
of closest points. This procedure led to a total of 1360 data points, including the original 385
specific tracts. Table 5 summarizes the allocation of MRoP]I, values assigned to vertices and
centroids of polygons considering the nearest neighboring specific tract with MRoPI, > 4,
as well as the higher and lower MRoPI, value obtained for the “cloud” of closest points.
The resultant “MRoPI,(higher)” distribution for the whole set of specific tracts and polygon
vertices/centroids is slightly better dispersed around the MRoPI, average values than
those yielded by “MRoPI,(lower)” and “MRoPI,(nearest)” distributions, and so the former
distribution was selected for the subsequent interpolation.

Table 5. Allocation of MRoPI, values to vertices and centroids in function of the nearest neighboring specific tract with
MRoPI, > 4 and of the higher and lower MRoP]I, value of the “cloud” of closest points.

MRoPI, > 4
Data Info Higher Lower
MRoPI,, Nearest % (Max, Average, % (Min, Average, %
Nearest) Nearest)
Centroids 56 15 26.8 30 53.6 3 54
Vertices 919 161 17.5 191 20.8 144 15.7
Specific Tracts 385 104 27.0 104 27.0 104 27.0
Total 1360 280 20.6 325 23.9 251 18.5

Despite the spatial point-density enhancement provided by the vertices and centroids
of polygons, the low variability of MRoPI, persisted. Even so, an acceptable mean square
relative error was obtained for simple kriging interpolation of “MRoPI,(higher)” data
modelled with anisotropy (Figure 8a), thus considering the prevalent direction of regional
geological structures. The mapped areas are plausible and fully consistent with the current
knowledge about tungsten resources in Portugal, often coming along with tin and some
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other metals of economic interest (Figure 8b). Safeguarding the access to all these resources
does not implicate more than ~6% of the Portugal mainland territory.
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Figure 8. (a) Variograms and parameters used in simple kriging interpolation of “MRoPI; (higher)” data modelled with
anisotropy. (b) Delimitation of areas scoring MRoPI, > 4, therefore comprising tungsten resources of public importance.

5. Discussion

Curve-fitting models can provide important indications about long-term trends of
mining production. However, as discussed in several studies, e.g., [38—46], modelling
results should be cautiously interpreted since a high goodness-of-fit in relation to historical
data only means that the forecasted future tendency is plausible without offering any
guarantee that the estimated outcomes will be achieved. For this study, we used the
global tungsten reserves (3.4 Mt) and resources (7.0 Mt) indicated by USGS as best current
URR(t) estimates. The former figure is a reasonable reference to constrain the models
of short- to medium-term world production, while the latter quantity is an acceptable
boundary to confine models of long-term world production. However, in addition to
the uncertainties related to the calculation of global reserves and resources, it should
be noted that these estimates could vary significantly in narrow time-windows. In fact,
improvements in geological knowledge provided by ongoing mineral exploration surveys
may expand the reference value for global resources, but the access to resources could be
restrained by political decisions, legal issues, environmental policies or even social disputes.
Technological developments may increase total reserves, lessening the production costs of
active operations or assisting the exploitation of new ore types. On the contrary, tonnage
and ore-grades decreasing usually imply higher recovery costs, thus lowering reserves.
Variations in international trading prices or in market demands also affect reserve estimates.
For a general assessment to the issue applied to new tungsten mining projects, see [62].

Notwithstanding all the uncertainties affecting URR(t) estimates, the performed mod-
elling suggests that one-half of the world tungsten reserves have been already consumed
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and that depletion rates are accelerating from 20142017 onwards, reaching values above
~3% after 2041-2043. The modelled maximum productions in 2014 and 2020 (considering
the lower threshold of URR(t)) are ca. 15 to 19 kt below the factual data recorded in those
years (87 and 84 kt, respectively). These differences represent 22 and 18% of the tungsten
produced in 2014 and 2020, respectively, and could reflect either circumstantial variations
in primary production of mineral concentrates or contributions from existing mineral
stockpiles. The general trend indicated by this forecast concurs with projections made for
the Chinese reserves (representing ~58% of the global amount), which could be exhausted
within 30 years if the present demand continues [13].

The consumption of one-half of global tungsten resources is projected for 2036-2039
and depletion rates tend to remain low to moderate (<2%) over time. The modelled
maximum productions in 2029 and 2036 (considering the upper URR(t) threshold) are ca.
8 and 6 kt below and above, respectively, the mean value of global tungsten production
during the 2011-2020 period (84.3 kt). Such differences in modelled and factual figures
imply a gradual declining of primary production throughout the next two decades. If
so, an increasingly higher consumption of existing tungsten mineral stockpiles and/or
APT stocks should be expected, assuming that market demands will be subjected to a
conservative growth and the share of tungsten provided by recycling will not exceed
significantly the current global average value of 30%.

In short, the strong consistency of GVM and RM curve-fitting forecasts suggests that
global tungsten primary production should be subjected to significant pressure in the
forthcoming years, possibly determining changes in the supply chain until 2040-2050. This
pressure can be relieved if mining and mineral processing procedures are technologically
improved, increasing their efficiency and allowing the exploitation of lower-grade ores,
and if exploration activities succeed with new discoveries, expanding the known tungsten
resources.

5.1. Primary Tungsten Production Improvements in Portugal

The historical record of tungsten production in Portugal shows strong fluctuations
in several time-windows. These fluctuations do not impede a general appraisal of the
evolving trend over time but create additional difficulties when the best fitting to GVM
and RM curves is searched. Accordingly, the goodness-of-fit decrease and, in some cases,
different admissible solutions can be found. The most satisfactory curve-fitting results
were reported in Section 4.2.3 and it should be noted that the highest inaccuracies were
documented for the logistic approach (RM) when constrained by the maximum URR(t)
value.

Another source of uncertainty is related to the URR(t) estimates used in modelling.
Current review of the Portuguese tungsten reserves indicate 5.4 kt of contained tungsten in
wolframite-dominant mineral concentrates. This figure is higher than the one indicated
by the USGS database, which only considers the amount of reserves reported for the
active Panasqueira Mine. Furthermore, the 5.4 kt could be viewed as a cautious estimate
for tungsten reserves in Portugal, not comprising yet the data provided by the ongoing
reassessments of the Borralha and Vale das Gatas deposits. The upper URR(t) limit is also
imprecise due to the lack of data regarding a large set of small tungsten deposits and was
tentatively placed at 141 kt.

The curve-fitting models constrained by minimum URR(t) suggest that one-half of
the known tungsten reserves in Portugal were exploited until 1961-1962, being afterwards
subjected to an increasingly higher rate of depletion. The maximum productions indicated
by GVM and RM approaches for 1961 (1.7 kt) and 1965 (1.9 kt), respectively, are ~30 to 40%
above the mean value of historical data from 1961 to 1965, but this divergence is merely
the result of a numerical time-integrated adjustment of tungsten production, which was
atypically high during the 1951-1960 period (2.2 kt/year, on average). From the beginning
of the nineties to the present, there is an evident decline of tungsten reserves in Portugal.
However, this reflects mostly the suspension of mining activities in several deposits along
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with the lack of international market conditions to support continuous investments in
mineral exploration.

According to results yielded by the GVM curve-fitting, the consumption of one-
half of the Portuguese tungsten resources should have occurred in 1968, 10 years after
production reached its maximum value (1.8 kt). The latter figure exceeds in ~39% of the
documented amount of tungsten produced in 1958 (=1.1 kt), although it weighs reasonably
the higher productions attained during 1951-1957 (/2.6 kt, on average) and the subsequent
recovery in 1959-1961 (~1.4 kt, on average). Notwithstanding these indications, depletion
rates of the remaining resources over time remain continuously below 1%, keeping open
positive perspectives on future improvements of tungsten production in Portugal. A similar
conclusion could be obtained from results of the RM curve-fitting, despite differences in
the projected production peak year (1984) and the previewed timing for depletion of half of
the tungsten resources (1980). In fact, results from GVM and RM curve-fittings constrained
by maximum URR(t) start to diverge from 1984 onwards, i.e., when the growing trend
of tungsten production in Portugal was strongly disturbed by technological factors and,
above all, by adverse international market conditions. Therefore, the evolution presented
by the RM curve after the mid-late eighties can be interpreted as what could have been
produced in Portugal if the gradual closure of many tungsten mines in the country did
not happen. Nonetheless, it is clear that the forecast based on the RM curve-fitting is
speculative, and so the projected tungsten production towards the future should be taken
merely as a hypothetical upper limit.

The cross-plots in Figure 9 document the progression of tungsten production in Portu-
gal from 2021 to 2100, making use of the modelling results. When models are constrained
by the known reserves (minimum URR(#)), the forecasted cumulative production for the
period 2021-2100 will range between 2.5 kt (GVM) and 6.3 kt (RM), representing ~0.1
and 0.2% of the projected world production for the same time-window, also limited by
the lower URR(t) threshold. Realistically, this means that the Portuguese input to the
global primary tungsten supply chain will be irrelevant in 10 to 20 years. In other words,
recoverable reserves will be exhausted soon, and no other mines will be active in Portugal
besides Panasqueira, eventually supplemented by short-run exploitation at Borralha and
Vale das Gatas. The time-span could be expanded for a few more years, if reserves in these
three deposits increase in a near future. However, in this scenario, the relative weight of
Portuguese production in the international market will always be limited. On the contrary,
when models are constrained by the known resources (maximum URR(f)), the relevance
of Portuguese input to the global tungsten supply chain will tend to last for some more
decades. The relative weight of this contribution may follow a conservative trajectory
(close to that predicted by GVM modelling) or a growing path (approaching that indicated
by RM modelling). In such scenario, the estimated cumulative production in Portugal for
the period 2021-2100 will range between 22.4 kt (GVM) and 76.3 kt (RM), accounting for
~0.5 and ~1.4% of the predictable world production for the same time range, also limited
by the upper URR(t) threshold.

Future trends of tungsten production in Portugal, as in other non-Chinese countries,
will depend on the renewing of old mines and/or the opening of new mining centers.
In addition, several technological improvements, e.g., [4,63] should be introduced to
minimize “tungsten losses” in mining operations and ores beneficiation, typically ranging
from 10 to 40%. The success of these future ventures implies also renewed investment
commitments with mineral exploration, as well as technological upgrading in order to
ensure the development of modern mining centers operating sustainably, e.g., [47] and
references therein.
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Figure 9. (a) Annual tungsten production in Portugal from 1910 to 2020 (black dots) and projected outputs (colored lines),
from 2021 onwards, according to GVM and RM curve-fitting results constrained by reserves (Ptmin_V and Ptmin_R,
respectively) and resources (Ptmax_V and Ptmax_R, following the same order). The green dashed-line is the moving
average trend (5-year period) for production data. The reference URR(t) values used in production forecasts are obtained
by adding the historical cumulative production to current estimates of URR. (b) Zoom of the previous plot, illustrating
the progression of projected annual productions. (c) Percentage variation of the Portuguese input to the global primary
tungsten supply chain over time, considering the historical data (black dots) and modelling results (colored lines). The
green dashed-line is the 6-order polynomial fitting the relative weight of the Portuguese contribution (in %) documented by
historical data. (b) Zoom of the previous plot, showing the Portuguese contribution (in %) based on the projected annual
productions. Data in Tables S3 and S4 of Supplementary Materials.

5.2. Safequarding the Current and Future Access to Tungsten Resources in Portugal

The 385 tungsten-bearing tracts identified in the official catalogue SIORMINP spread
all over the north, northeast, and central regions of Portugal mainland. These regions are
mostly rural albeit displaying various potential land-use conflicts due to other profitable
economic activities, such as: (i) Forest and derived products, some with high commercial
value; (ii) agriculture, including vineyards, olive-, almond-, cherry-, and other fruit-farms
of local species highly appreciated in national and foreigner markets; and (iii) cattle raising
of autochthonous species for meat production and various derivatives (ham, sausages,
cheese, milk, etc.). Other real or latent land-use conflicts exist in some areas due to addi-
tional natural values (here including biodiversity and geological heritage, besides unique
goods and eco-services) or cultural values (e.g., archaeological sites) already covered by
safeguarding measures provided by the legal framework in force. However, the conciliation
of all these activities and heritage protection with mining is not impossible if an adequate
land-use planning exists.

As demonstrated in Section 4.3, only 27% of the 385 tungsten-bearing tracts identified
in the country have known geological attributes that justify a “public importance” label,
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and their safeguarding implicates no more than ~6% of the Portugal mainland territory.
The obtained results also show that the MRoPI, score of these 104 tracts range mostly from
4.68 to 5.09, with the exception of Panasqueira that reaches 8.07 in 10.00. If mining works
recommence at Borralha and Vale das Gatas, their MRoP]I, scores should naturally rise in
accordance to up-to-date assessments of Ec, Ev, and SD A dimensions. Therefore, excluding
the confined locations where mining facilities are or could be implanted at Panasqueira,
Borralha, and Vale das Gatas, the safeguarding decision on the current and future access
to the areas indicated in Figure 8b are classified as third priority (4 < MRoPI, < 6). This
could be viewed as a feeble result, merely confirming what is obvious. Nonetheless, the
decision scope is quite significant since it provides the political support needed to include
in land-use planning tools the boundary conditions to favor the progression of exploration
surveys whenever needed and avoid alternative land uses that may lead to resources
sterilization.

Presently, at the level of the Municipal Land-use Planning (MLP) in Portugal, the
access and use of mineral resources have been considered by the official committees
when legally established easements exist. Representatives of DGEG are part of the MLP
monitoring groups and the safeguarding of granted areas for mineral exploitation, as well
as areas of demonstrated potential, are a matter of their permanent concern. This work has
been made on the basis of mutual agreements between the interested (public and private)
parts: (i) Preventing and managing the land-use related conflicts, according to the best
procedures and to the law enforcement on the access to land; and (ii) securing land-use
rights beyond property rights for all. Even so, growing symptoms of social distrust have
contributed to an increase of negative perceptions regarding the resurgence of mining in
many regions of the country. Regulation improvements by including the MRoPI concept
and related methodology [48] could represent an important step-forward in restoring the
necessary social confidence on (re)industrialization policies, without neglecting compliance
with demanding environmental standards. If well-succeeded, these improvements will also
represent a fundamental support for the design of a national plan for mining development
under the legal instruments of land-use management, considering the medium to long-
term general and specific goals of the intended Sustainable Development. In this regard,
the safeguarding of tungsten resources can be strategically defined in two distinct but
coexisting ways: (1) For future access, ensuring the supply of forthcoming generations and
avoiding the sterilization of tracts rated with MRoPI, > 4; and (2) for the short-medium
term access, assigning specific areas to exploitation activities at stable extraction rates,
therefore substantiating the consolidation and growth of responsible tungsten mining in
Portugal.

5.3. Prospective Contributions of Tungsten-Based Scrap Assembled in Portugal

An increasingly stronger connection between the Mining Life Cycle and the Product
Life Cycle is fundamental for a correct management of future demands in raw materials
and of their flows within the economic/industrial system, e.g., [35]. By increasing the
inputs from recycling and remanufacturing, along with wider obsolescence cycles and
higher material efficiency, it will be possible to reduce the pressure on the exploitation of
primary resources, e.g., [47]. Current recycling rates of tungsten-based scrap is significant,
representing ~30% of the total consumption, e.g., [3,24-28], but it could be improved in a
near future. The relatively low price of tungsten in international markets has been one of
the most limiting factors for recycling enhancements and secondary production incentives.
However, the circumstances supporting the low price of tungsten are changing [3,13] and at
some point it will be economically feasible (and strategically recommendable) to upgrade
the efficiency of existent collecting systems for tungsten-based scrap and its subsequent
transformation.

To our knowledge, there is no selective collection of tungsten-based scrap in Portugal.
However, many tungsten-bearing materials are used extensively in the automotive and
metal-casting sectors, both having a very significant weight in the national GDP. If we add to
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these consumptions the cutting and abrasive materials used yearly by the Portuguese extrac-
tive industry (three active world-class mines—Panasqueira, Neves Corvo, and Aljustrel—in
addition to several dozens of large exploitations for industrial rocks/minerals and ornamen-
tal stones), the possibility of gathering considerable quantities of different tungsten-bearing
materials is, at least conceptually, high. A careful inventory of all these sources will have
to be carried out to ascertain the specific nature of the materials that can be collected and
their amounts. If our inference proves to be correct, an economic feasibility study is also
needed to evaluate the opportunity to create in Portugal an industrial row committed
to the collection and subsequent recycling of tungsten-based scrap. This may represent
an (important?) increase of the amount of tungsten produced annually in Portugal, also
contributing to the reduction of the EU external dependence on the supply of this critical
raw material.

6. Conclusions

The current supply of tungsten-bearing products depends largely (~=70%) on exploita-
tion of primary resources and this reliance should not change considerably in the near
future. Over the last 20 years, mining and subsequent transformation of tungsten ores in
China have accounted for more than 80% of the world production, but this hegemony will
hardly be maintained in the coming decades due to constraints imposed by the limited
availability of high-quality ores. In addition, if the growing trend of Chinese consumption
of tungsten remains at high rates, the likelihood of export restrictions of tungsten-bearing
products from China should not be discarded. Therefore, the search for new inputs of
primary tungsten production in the global supply chain is a pertinent issue, as well as the
need of safeguarding the future access to known tungsten resources never mined or whose
exploitation was interrupted in the past due to economic or technological adversities.

Over the last decade, the amount of tungsten consumed in the EU accounted for 14
to 19% of the global market, but its production of mineral concentrates did not exceed 3%
of the quantity yearly generated worldwide. The contribution of Portugal to this share is
significant and has potential to grow in the next decades.

Current estimates on the Portuguese reserves indicates 5.4 kt of contained tungsten
in wolframite-dominant mineral concentrates, accounting for 0.16% of the world reserves
(3.4 Mt). Circa 79% of the country reserves are confined to Panasqueira, but these figures
could change in a near future as a result of ongoing exploration surveys at Borralha and
Vale das Gatas deposits. The tungsten resources in Portugal were tentatively placed at 141
kt, representing 2% of the tungsten world resources (7 Mt).

The role of Portugal in the global primary tungsten supply chain will be irrelevant in
10 to 20 years if the existing reserves are not expanded. However, considering the known
tungsten resources in the country, the relevance of the Portuguese input could continue
for some more decades and achieve an estimated cumulative production ranging from
22.4 to 76.3 kt during the 2021-2100 period (i.e., from ~0.5 to ~1.4% of the forecasted
world production for the same time range). In addition to this possible increase in primary
production, contributions from the selected collection and transformation of tungsten-based
scrap are plausible and should be investigated.

According to the available geological knowledge, 104 of the 385 tungsten-bearing tracts
identified in Portugal fulfil the basic requirements to be classified as “mineral resources of
public importance”. These 104 tracts cover ~6% of the country territory and include three
deposits with assessed reserves, 32 deposits with estimated resources, and 69 prospects
with favorable mineral exploration results. The MRoP]I, scores of the most relevant known
deposits range between 4.68 and 5.09, excluding Panasqueira that reaches 8.07 in 10.00. With
the exception of locations where mining facilities are or could be implanted (Panasqueira,
Borralha, and Vale das Gatas), the access and safeguarding of all the remaining tracts are
of third priority. This means that land-use planning in these areas should be managed
carefully, favoring the progression of exploration surveys whenever needed and avoiding
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circumstantial or long-lasting alternative land uses that can jeopardize further endeavors
that may guide viable mining operations.

By default, the Generalized Verhulst and Richards curve-fitting forecasts reported
in this study are sensitive to estimates on the remaining ultimately recoverable mineral
resources. However, the available data on tungsten resources and reserves are not used as
fixed stocks but rather as current valid estimates that should change over time according
to improvements in geoscientific knowledge and to variations in the modifying factors
usually considered in reserves appraisal (reflecting economic, technological, and regulation
changes). Therefore, the obtained results represent possible trends that should be closely
monitored and recurrently updated. An incessant evaluation of mineral resources and
reserves is also crucial to a correct periodic review of the areas that should be assigned to
mineral exploration and mining, following the principles that support the multi-criteria
methodology used to assess the “public importance” attribute. Despite the limitations
inherent to both approaches, the results provided by them are useful and realistic, repre-
senting additional support to political decisions on the urgent need to reconcile mineral
exploration surveys and mining with other land uses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/resources10060064 /s1. Table S1: Tungsten production in Portugal and worldwide from 1910 to
2020 (metric tons of metal content), according to the open data series provided by DGEG and USGS,
respectively; Table S2: Variation of depletion rates over time considering the historical production of
tungsten in Portugal and worldwide from 1910 to 2020 and the range of URR(t) values imposed by
current estimates for the country and global reserves and resources; Table S3: Forecasting of tungsten
production in Portugal and worldwide considering the GVM curve-fitting results constrained by
the range of URR(t) values that correspond to current estimates for the country and global reserves
and resources; Table S4: Forecasting of tungsten production in Portugal and worldwide considering
the RM curve-fitting results constrained by the range of URR(t) values that correspond to current
estimates for the country and global reserves and resources; Figure S1: Forecasting of annual tungsten
production in Portugal and worldwide using the RM and GVM curve-fitting constrained by historical
data and maximum and minimum URR (¢) values.
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